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Summary 

Polyurethane (PU) is nowadays one of the most relevant polymers in the plastic market 

due to its versatility and suitability for a large number of applications, which makes its 

consumption to grow continuously. In fact, polyurethane is the 6
th

 most used polymer 

all over the world with a production of approximately 18 million tons per year.  

As a direct consequence of its commercial success and its resistance to biodegradation, 

an increasing quantity of polyurethane waste is being disposed in landfilling becoming 

a relevant environmental matter. Such waste comprises not only post-consumer 

products but also scraps from slabstock manufacturing, which can reach the 10% of the 

total foam production.  

In the past, landfilling was the solution to the problem; however, the massive 

enforcement of the environmental laws, following the mandates of the European 

policies about waste management, is pointing out a new route in the polymer waste 

removal sector based in the polymer recycling. This fact has brought the polymers 

waste treatment as a key research topic, engaging the attention of the scientific and the 

industrial world, with the global goal of maintaining the natural resources, diminishing 

the quantity of waste disposed in landfills and enhancing the sustainability for 

forthcoming generations. 

Physical recycling processes such as rebonding, powdering or compression molding are 

successfully applied to thermoplastics polyurethanes, but they are useless for the 

majority of the polyurethane specialties due to their thermostable nature. An alternative 

way for recycling includes chemical treatment to convert the PU back into its starting 

raw materials, mainly polyols. Hydrolysis, treatment with esters of phosphoric acid, 

aminolysis with low weight alkanolamines and glycolysis have been described as 

suitable procedures to break down the polyurethane chain, converting the PU back into 

its starting raw materials. Among them, glycolysis is the one that presents the highest 

development grade in terms of research and technological maturity. However, its 

development level depends on the process type considered: single-phase or split-phase, 

being the single-phase glycolysis processes the ones implanted in the industry up to 

now, in spite of the low quality of the recovered polyol that these processes yield. On 

contrary, split-phase glycolysis processes have been only developed up to pilot plant 

scale due to the uncertainty that exists with respect to its economic viability. The 
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problems for the economic feasibility are: the high price of the cleavage agent, which 

has to be used in a considerable molar excess to ensure phases separation, and the 

uncertain possibility of joint recycling of any kind of PU scraps without performing a 

selective and costly waste collection.  

Therefore, the purpose of this research work is trying to overcome these two main 

impediments of the split-phase glycolysis process. For this purpose the efforts have 

been focused first in demonstrating the feasibility of the process to any kind of flexible 

PU foam waste, regardless the polyol type used in the assembling of the original foam; 

and, second, in the necessary improvement of the recycling treatment economy, looking 

for a more convenient glycolysis agent. It is important to note that flexible foams are 

categorized as conventional (containing or non-containing polymeric polyols) (≈60%), 

viscoelastic (≈20%) and High Resilience (HR) (≈20%). 

A series of works about the split-phase glycolysis of a conventional flexible foam based 

on a flexible polyether polyol of Mn 3500 Da and hydroxyl number 48 mgKOH/g were 

previously carried out by the research group and represented the starting point of the 

present PhD Thesis, providing the optimal conditions to carry out the glycolysis process 

(catalyst concentration in the glycolysis agent = 1.3%; mass ratio of glycolysis agent to 

PU foam = 1.5:1; reaction temperature = 190ºC). 

Nevertheless, currently, flexible polyurethane production is mainly based on high 

performing foams, such as conventional foams containing polymeric polyols and 

viscoelastic foams, since they provide outstanding mechanical properties in comparison 

to conventional ones. Hence, the first efforts of this research work were focused in the 

extension of the split-phase glycolysis process to these flexible foams types.  

In this regard, split-phase glycolysis reactions were performed with flexible 

polyurethane foams waste containing graft polymeric polyols. From the obtained 

results, it was stated that it is possible to perform the glycolysis of these special foams 

using the same reaction conditions optimized for conventional polyurethane foams. In 

this study, an upper phase mainly formed by the recovered polyol (close to a 69 wt%) 

was obtained and after a purification step, consisting in a liquid-liquid extraction with 

slightly acidified water, the recovered polyols could be valorized in a further foaming 

process replacing part of a raw flexible polyether polyol. The purification process was 

optimized in order to maximize the yield and purity of the recovered polyol. The recipe 
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assayed for the synthesis of polyurethane foams with the recovered polyols was the 

same that had been used with the recovered polyol from conventional foam synthesized 

without graft polymeric polyol adjusting just the isocyanate proportion depending on 

the recovered polyol hydroxyl number in order to maintain the desired isocyanate index 

(105). Therefore, PU waste scraps coming from conventional foams could be treated 

together, regardless the presence of polymeric polyol, obtaining a similar final product 

susceptible of substituting partially the flexible polyether polyol in a further foaming 

process. 

With the same aim, next experiments were oriented to the extension of the glycolysis 

process to viscoelastic flexible PU foam scraps, due to the sharply growing that is 

undergoing the manufacture of these foams in recent years. The high production 

increase of the foam type is mainly resulting from its advantageously pressure 

distribution performance as a consequence of the employment of two polyalcohols, a 

high molecular weight polyether polyol and a short chain one, that provide the breaking 

of the polyurethane matrix symmetry, achieving low resiliency properties. 

Transesterification reactions were successfully carried out using the same reaction 

conditions optimized in previous works with flexible conventional PU foam waste. An 

upper phase mainly formed by the recovered polyol (≈61 wt%) was obtained confirming 

that a proper split-phase glycolysis took place. Moreover, after the same purifying 

process that commented above, a recovered polyol with optimal properties to be foamed 

was achieved (Mn = 2555.86, f = 2.983 y OH = 64.56 mg KOH/g). This way, it was 

demonstrated that the joint recycling treatment of conventional and viscoelastic PU 

foams blends would be possible, avoiding, this way, the necessity of a selective 

collection or a previous separation step of PU scraps. 

Furthermore, glycolysis bottom phase obtained from viscoelastic flexible PU foam 

scraps was put in value as a replacement of up to 75 % of a raw rigid polyether polyol in 

the synthesis of new rigid PU foams, achieving a global valorization of the glycolysis 

phases. 

Next, in order to accomplish the second main aim of the thesis by finding an 

economical, sustainable and environmental-friendly cleavage agent that allowed to 

improve significantly the split-phase glycolysis economy; crude glycerol (purity 80%) 

was used for the split-phase glycolysis of viscoelastic and high resilience polyurethane 
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foams. Crude glycerol is a subproduct of the biodiesel production, reason why its price 

is at least 10 times lower than DEG price. Besides, its use as cleavage agent would 

solve, in some cases, waste generation problems of the biodiesel industry and would 

give value to this waste. 

The crude glycerol molecule contains three hydroxyl groups that allow the interchange 

reaction with the ester group of the urethane, giving as a result the recovered polyol 

contained in the original foam and a low weight carbamate ending in hydroxyl groups. 

First, transesterification reactions with viscoelastic PU foam waste were carried out 

using a molar excess of crude glycerol and provided a split-phase product with lower 

content of byproducts and transesterification agent than in the case of using the best 

transesterification agent described until this moment (DEG), since crude glycerol 

presents a higher dielectric constant. Moreover, also as a result of crude glycerol higher 

dielectric constant, glycolysis bottom phases free of polyol were obtained, increasing 

this way the net yield of the glycolysis process in terms of polyol recovery content (≈70 

wt% vs 61wt%). 

Simultaneously, the feasibility of the glycolysis process of high resilience (HR) flexible 

polyurethane foam waste containing PU dispersion polyol (PIPA polyol) using crude 

glycerol was demonstrated. For this foam type, three different cleavage agents were 

assayed: DEG, glycerol 99% PS and crude glycerol. This way, the results obtained with 

crude glycerol were compared to those from DEG, which is the most common cleavage 

agent studied up to now; and, on the other hand, the use of glycerol 99% PS allowed to 

check the influence of the glycerol purity on the final results.  

As expected, two phases were obtained as a result of the chemolysis reactions of the HR 

foam. The upper phases were mainly constituted by the PIPA HR base polyol, whereas 

the bottom phases consisted of several glycolysis byproducts and the excess of the 

transesterification agents.  

Crude glycerol provided an upper phase with a lower concentration of byproducts and 

glycolysis agent and with a higher proportion of the HR recovered polyol (89 wt% vs 71 

wt% when DEG was used), which presented a similar hydroxyl number to the raw HR 

base polyol without need of purification. Additionally, crude glycerol avoided the 

solubilisation of the HR recovered polyol in the bottom phase. Furthermore, even after 

carrying out a purification process of the upper phase obtained from DEG as cleavage 
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agent, the upper phase directly obtained from the glycolysis reaction developed with 

crude glycerol presented a higher concentration of the HR recovered polyol (89 wt% vs 

79 wt%). These results pointed out crude glycerol as the best alternative from a 

technical, environmental and economical point of view to carry out the degradation 

process of any kind of flexible PU foam waste. Moreover, flexible and rigid PU foams 

were successfully synthesized, regardless the cleavage agent employed and the type of 

PU waste treated, by using the glycolysis upper phases (refined product in the case of 

the reaction with DEG) and the bottom ones, respectively.  

However, in spite of the promising properties that had presented the recovered polyols 

(OH number, functionality, molecular weight, water content) it was considered a crucial 

task to carry out a study of influence of the percentage of these polyols on the properties 

of the flexible foams synthesized in order to confirm the feasibility of the replacement 

of virgin polyol by the recovered ones in the synthesis of new polyurethane foams. 

Hence, a detailed analysis of the physical, mechanical and structural properties of the 

polyurethane foams synthesized by means of recovered polyols coming from different 

types of flexible polyurethane waste scraps was carried out.  

The analyses of the cell size and morphology, apparent density, remaining deformation 

50%, tensile strength and elongation at break; confirmed that it is possible to obtain 

flexible PU foams with physical and structural properties similar to those of a PU foam 

obtained with a raw flexible polyether polyol by means of employing mixtures of the 

recovered polyols with the raw ones. 

In fact, some properties (remaining deformation and tensile strength) experienced an 

improvement in comparison with the raw polyol based foam, depending on the PU foam 

recycled and the cleavage agent employed. Recovered polyols from viscoelastic foam 

yielded flexible PU foams with better compression set behaviour, regardless the 

cleavage agent used; crude glycerol let to obtain flexible foams with lower average cell 

size and new flexible PU foams with higher average cell size were achieved when the 

recovered polyol from graft polymeric conventional foam waste was the one employed. 

Moreover, an increase in the recovered polyol content provoked an improvement in the 

tensile properties of the PU foams synthesized, regardless the cleavage agent employed 

and the kind of PU foam recycled. Density and elongation values were nearly 
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maintained constant, regardless the type of PU foam recycled and the cleavage agent 

employed. 

Therefore, high quality flexible PU foams were synthesized by means of employing 

recovered polyols from different kinds of flexible PU foams waste employing as 

cleavage agents DEG or crude glycerol. 

Finally, the economic assessment of the split-phase glycolysis process for the recycling 

of flexible polyurethane foams waste employing crude glycerol as cleavage agent, 

showed that the proposed process is economically feasible. This fact, together with the 

environmental and sustainability advantages associated to the process, demonstrated 

that the developed split-phase glycolysis process presents great improvements with 

respect to the glycolysis processes industrially established at present. 

In summary it can be concluded that, the split-phase glycolysis process proposed in this 

work is sustainable, environmental-friendly, suitable for the recycling of practically any 

kind of polyurethane flexible foam waste and economically viable, obtaining valuable 

products of both glycolysis phases, encouraging the industrial implantation of the split-

phase glycolysis in the near future. 
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Resumen 

El poliuretano es en la actualidad uno de los polímeros más importantes de la industria 

plástica, debido a su versatilidad y adecuación para un gran número de aplicaciones, lo 

que hace que su consumo aumente de forma continua. De hecho, el poliuretano es el 6º 

polímero más usado en el mundo con una producción de aproximadamente 18 millones 

de toneladas anuales.  

Como consecuencia directa de su éxito comercial y de su resistencia a la 

biodegradación, una cantidad creciente de residuos de PU se está acumulando durante 

las últimas décadas en los vertederos, convirtiéndose en un gran problema 

medioambiental. Estos residuos no sólo provienen de deshechos al final de su vida útil 

sino también de rechazos y recortes de producción, los cuales pueden llegar a suponer 

un 10% de la producción total.  

Hace años los vertederos eran la vía de salida de los residuos, sin embargo, el masivo 

endurecimiento de las leyes medioambientales siguiendo los mandatos de las políticas 

europeas sobre gestión de residuos, provoca que una nueva ruta de gestión de residuos 

basada en el reciclado se esté implantando. Todo esto ha motivado que el desarrollo de 

tratamientos de residuos sea hoy un tema fundamental tanto a nivel científico como 

para el sector industrial; con el objetivo global de conservar las fuentes naturales, 

disminuir la cantidad de residuos desechados en vertederos y mejorar la sostenibilidad 

para generaciones futuras. 

El reciclado físico como rebonding, pulverización o moldeo por compresión se aplica 

con éxito a poliuretanos termoplásticos, pero es inapropiado para la mayoría de los 

poliuretanos, debido a su naturaleza termoestable. Los procesos químicos de reciclaje 

basados en la conversión del poliuretano en sus materiales de partida, principalmente 

poliol, suponen una alternativa muy interesante. La hidrólisis, el tratamiento con ésteres 

de ácido fosfórico, la aminólisis con alcanolaminas de bajo peso y la glicólisis se han 

descrito como métodos adecuados para la ruptura de la cadena de PU, convirtiéndolo en 

sus sustancias de partida. Entre ellos, la glicólisis es el proceso que presenta un mayor 

grado de desarrollo en términos de madurez tecnológica y científica. Sin embargo, su 

nivel de desarrollo depende del proceso de glicólisis considerado: en fase simple o en 

fase partida, siendo los primeros los que están implantados a escala industrial en la 

actualidad, a pesar de la baja calidad que presentan los polioles recuperados mediante 
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esta vía. Sin embargo, los procesos de glicólisis en fase partida se encuentran en nivel 

de desarrollo de planta piloto, debido a la incertidumbre que existe respecto a su 

viabilidad económica, principalmente por dos motivos: el elevado precio del agente de 

quimiólisis, que tiene que ser empleado con un considerable exceso molar para asegurar 

la separación de fases, y la falta de conocimiento sobre la posibilidad de reciclar de 

manera conjunta cualquier tipo de desecho de PU sin llevar a cabo una selectiva y 

costosa separación de los residuos a tratar. 

Por todo ello, se ha planteado, como objetivo principal de este trabajo de investigación, 

solventar los principales problemas de los procesos de glicólisis en fase partida. Para 

ello, en primer lugar, se han centrando los esfuerzos en demostrar la viabilidad del 

proceso para cualquier tipo de espuma flexible de PU, con independencia del tipo de 

poliol empleado en la síntesis de la espuma original; y, en segundo lugar, en la mejora 

necesaria de la economía del proceso mediante la búsqueda de un agente de glicólisis 

más conveniente. A la hora de la extensión del proceso a otras espumas, cabe recordar 

que las espumas flexibles se dividen en: convencionales (conteniendo o no polioles 

poliméricos) (≈60%), viscoelásticas (≈20%) y de alta resiliencia (HR) (≈20%). 

En el grupo de investigación en el que se ha desarrollado esta tesis doctoral, existía una 

amplia experiencia en la glicólisis en fase partida de una espuma convencional basada 

en un poliol poliéter flexible de Mn 3500 Da e índice de hidroxilo 48 mgKOH/g. Las 

condiciones óptimas que se obtuvieron de dicha experiencia para llevar a cabo el 

proceso de glicólisis de esa espuma convencional (concentración de catalizador en el 

agente de glicólisis = 1,3%; radio másico agente de glicólisis/espuma = 1,5/1; 

temperatura de reacción = 190ºC) son las que se van a tratar de extender a los demás 

tipos de espumas flexibles de poliuretano en esta tesis doctoral. 

En la actualidad, la producción de espuma flexible de PU se centra esencialmente en 

espumas de alto rendimiento, tales como las espumas convencionales conteniendo 

polioles poliméricos y las espumas viscoelásticas, puesto que son capaces de 

proporcionar propiedades mecánicas excelentes en comparación con los polioles 

poliéter convencionales. Por tanto, los primeros esfuerzos del trabajo de investigación 

se centraron en la extensión del proceso de glicólisis en fase partida a estos tipos de 

espumas flexibles. 
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En esta línea, se llevaron a cabo reacciones de glicólisis en fase partida con espumas 

flexibles de PU conteniendo polioles poliméricos de injerto. A partir de los resultados 

obtenidos, se comprobó que es posible llevar a cabo la glicólisis de estas espumas 

especiales usando las mismas condiciones optimizadas para las espumas 

convencionales. En este estudio, se obtuvo una fase superior compuesta 

mayoritariamente por el poliol recuperado (≈ 64% - 69% en peso), la cual, después de 

un tratamiento de purificación, consistente en una extracción líquido-líquido con agua 

ligeramente acidificada, se valorizó en un proceso posterior de espumación 

reemplazando parte de un poliol flexible virgen. El proceso de purificación se optimizó 

para alcanzar el máximo rendimiento y pureza del poliol recuperado. La receta ensayada 

para la síntesis de las espumas de poliuretano con los polioles recuperados fue la misma 

que se había empleado con anterioridad con el poliol recuperado proveniente de la 

espuma convencional sintetizada sin polioles poliéter de injerto, ajustando solamente la 

cantidad de isocianato dependiendo del índice de hidroxilo del poliol recuperado para 

mantener constante el índice de isocianato deseado (105). El éxito de estos ensayos, 

demostró que es posible tratar conjuntamente residuos de espumas de PU provenientes 

de espumas convencionales, independientemente de la presencia o no de polioles 

poliméricos, obteniendo un producto final similar susceptible de sustituir parcialmente a 

un poliol poliéter flexible virgen en la síntesis de nuevas espumas. 

En la misma línea, se extendió el proceso de glicólisis a espumas flexibles 

viscoelásticas de PU, debido al pronunciado crecimiento que está experimentando la 

fabricación de este tipo de espumas en los últimos años. Este crecimiento es resultado 

principalmente de su buena capacidad para distribuir la presión como consecuencia del 

empleo de dos tipos de polioles: uno de alto y otro de bajo peso molecular, lo que 

provoca la ruptura de la simetría de la matriz de PU proporcionando propiedades de baja 

resiliencia. Se llevaron a cabo con éxito reacciones de transesterificación empleando las 

mismas condiciones de reacción optimizadas en trabajos anteriores para residuos 

provenientes de espumas convencionales. Se obtuvo una fase superior constituida 

principalmente por el poliol recuperado (≈61% en peso), alcanzándose una adecuada 

glicólisis en fase partida. Además, después del mismo proceso de purificación 

comentado anteriormente, se obtuvo un poliol recuperado con propiedades óptimas para 

la espumación (Mn=2555,86, f=2,983 y OH= 64,56 mg KOH/g). De este modo, se 
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demostró que el tratamiento conjunto de espumas convencionales y viscoelásticas sería 

posible, con la ventaja de evitar el proceso selectivo de recolección o de una separación 

previa de residuos de PU. 

Además, se valorizó la fase inferior de las reacciones de glicólisis de espumas flexibles 

viscoelásticas como reemplazo de hasta un 75% de un poliol poliéter rígido en la 

síntesis de nuevas espumas rígidas, alcanzándose una valorización global de las dos 

fases de la glicólisis. 

Con el fin de llevar a cabo el segundo de los principales objetivos de esta Tesis se buscó 

un agente de glicólisis económico, sostenible y ecológico que permitiera mejorar de 

manera significativa la economía del proceso; como opción, se seleccionó glicerina 

cruda (80% de pureza) para la glicólisis en fase partida de espumas viscoelásticas y de 

alta resiliencia. La glicerina cruda es un subproducto de la producción del biodiesel por 

lo que su precio es al menos 10 veces menor que el precio del DEG. Además, su uso 

como agente degradante solucionaría, en algunas situaciones,  problemas de generación 

de residuos de la industria del biodiesel, proporcionando valor a dicho residuo. 

La glicerina cruda contiene tres grupos hidroxilo que permiten la reacción de 

intercambio con el grupo éster del uretano, dando como resultado el poliol recuperado 

contenido en la espuma original y un carbamato de bajo peso con terminación en 

hidroxilo. Primero, se llevaron a cabo reacciones de transesterificación con residuos de 

espuma viscoelástica, obteniéndose un producto en fase partida con menor contenido en 

subproductos y agente degradante que en el caso de emplear el mejor agente de 

transesterificación descrito hasta el momento (DEG), como consecuencia de la mayor 

constante dieléctrica de la glicerina cruda. Además, también como resultado de la mayor 

constante dieléctrica de la glicerina cruda, se obtuvieron fases inferiores de glicólisis 

libres de poliol, incrementando de este modo el porcentaje de poliol recuperado en fase 

superior (≈70% en peso vs 61% en peso). 

Igualmente, se demostró la viabilidad del proceso de glicólisis de residuos de espumas 

flexibles de alta resiliencia (HR) conteniendo poliol con partículas dispersas de PU 

(poliol PIPA). Con esta espuma, se ensayaron distintos agentes de glicólisis: DEG, 

glicerina al 99% de pureza y glicerina cruda. De esta forma, se pretende comparar los 

resultados de la glicerina cruda con el DEG (que es el agente más usado), así como ver 

la influencia de la pureza de la glicerina. Como resultado de las reacciones de 
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quimiólisis se obtuvieron en todos los casos dos fases claramente diferenciadas. Las 

fases superiores se componían esencialmente del poliol base que constituía el poliol HR 

PIPA, mientras que las fases inferiores consistían en diversos subproductos de reacción 

y en el exceso de agente de transesterificación.  

La glicerina cruda permitió obtener una fase superior con mayor concentración del 

poliol HR recuperado (89% en peso vs 71% en peso), el cual presentó un índice de 

hidroxilo similar al del poliol base HR sin necesidad de ningún tratamiento posterior de 

purificación, mejorando en gran medida los resultados obtenidos por el DEG. 

Adicionalmente, la glicerina cruda evitó la solubilización del poliol recuperado HR en 

la fase inferior. Además, incluso después del proceso de purificación de la fase superior 

obtenida con DEG como agente degradante, la fase superior obtenida de la reacción de 

glicólisis llevada a cabo con glicerina cruda presentó una mayor concentración de poliol 

HR recuperado (89% en peso vs 79% en peso). Por tanto, los resultados permitieron 

proponer la glicerina cruda como la mejor alternativa desde un punto de vista técnico, 

medioambiental y económico para llevar a cabo el proceso de degradación de cualquier 

tipo de residuo de espuma flexible de PU mediante glicólisis en fase partida. Además, 

se sintetizaron con éxito espumas flexibles y rígidas, con independencia del agente 

degradante empleado y del residuo tratado, a partir de las fases superiores (refinado en 

el caso de la reacción con DEG) y de las inferiores, respectivamente. 

A pesar de las prometedoras propiedades que habían presentado los polioles 

recuperados (índice de hidroxilo, funcionalidad, peso molecular, contenido en agua) se 

consideró indispensable llevar a cabo un estudio de las propiedades de las espumas 

flexibles sintetizadas a partir de los polioles recuperados con el objetivo de determinar 

la viabilidad del reemplazo del poliol virgen por los recuperados en la síntesis de nuevas 

espumas de PU. Para ello, se desarrolló un estudio detallado de las propiedades físicas, 

mecánicas y estructurales de las espumas de PU sintetizadas a partir de polioles 

recuperados provenientes de distintos tipos de residuos de espuma flexible. 

La estructura de celda y la morfología, la densidad aparente, la deformación remanente 

50%, la resistencia a la tracción y la elongación a la rotura mostradas por las espumas 

obtenidas con mezclas de los polioles recuperados con polioles vírgenes; confirmaron 

que es posible obtener espumas flexibles de PU con propiedades físicas y estructurales 

similares a las de una espuma de PU obtenida exclusivamente a partir de poliol poliéter 
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flexible virgen. De hecho, algunas propiedades (deformación remanente y resistencia a 

la tracción) experimentaron una mejora en comparación con la espuma basada en poliol 

virgen, dependiendo de la espuma de PU reciclada y del agente degradante empleado. 

Los polioles recuperados a partir de residuos de espuma viscoelástica permitieron 

obtener espumas de PU con mejores propiedades de deformación remanente, con 

independencia del agente de transesterificación empleado; la glicerina cruda permitió 

obtener polioles recuperados que dieron lugar a espumas con menor tamaño medio de 

celda y se obtuvieron en cambio los mayores tamaños de celda a partir de polioles 

recuperados de espumas poliméricas convencionales de injerto. 

Se demostró que, un incremento en la cantidad de poliol recuperado empleada en la 

receta provocó una mejoría en las propiedades tensoras de las espumas de PU 

sintetizadas, con independencia del agente degradante usado y del tipo de espuma 

reciclada. Los valores de densidad y elongación se mantuvieron prácticamente 

constantes, independientemente del tipo de espuma reciclada y del agente de 

transesterificación empleado.  

Por tanto, se sintetizaron espumas flexibles de PU de alta calidad mediante el empleo de 

polioles recuperados a partir de distintos tipos de residuos de espuma flexible de PU 

empleando como agentes de glicólisis DEG y glicerina cruda. 

Finalmente, la evaluación económica del proceso de glicólisis en fase partida para el 

reciclado de residuos provenientes de espumas flexibles de PU, empleando glicerina 

cruda como agente de glicólisis, mostró que el proceso propuesto es viable 

económicamente. Este hecho, junto con las ventajas medioambientales y de 

sostenibilidad asociadas al proceso, pusieron de manifiesto importantes mejoras por 

parte del proceso de glicólisis en fase partida desarrollado con respecto a los 

tratamientos de glicólisis implantados industrialmente en el momento actual. 

En resumen, se puede afirmar que el proceso de glicólisis en fase partida propuesto en 

este trabajo es sostenible, respetuoso con el medioambiente, aplicable a prácticamente 

cualquier tipo de residuo de espuma flexible de PU y económicamente viable, 

obteniéndose productos valiosos de ambas fases de la glicólisis, potenciando de este 

modo la implantación industrial de la glicólisis en fase partida en un futuro cercano. 
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Chapter 1 presents a deep analysis of the literature related to polyurethane chemical 

recycling processes, with a very special emphasis in the glycolysis since it represents 

the most important recovery process for polyurethanes. First, a brief description of the 

polyurethane chemistry and of the main polyurethanes types is carried out in order to 

understand in a better way the recycling processes described. Then, the different 

polyurethane recycling processes are described with special attention to the glycolysis 

one. Finally, the chapter also includes an exhaustive revision of the state of the art of 

both, glycolysis pilot plants and glycolysis industrial processes.  
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1.1. Preface 

Polyurethane is the 6
th

 most used polymer all over the world with a production of 

17.565 millions tons per year [1]. Opposite to other common used plastics, they are no 

polymerization but condensation polymers, synthesized from polyols and isocyanates.  

The wide diversity of polyols and isocyanates allows the synthesis of numerous 

different compounds covering a huge range of applications. The polyurethanes (PU) are 

classified mainly in foams and in the denominated CASEs (Coatings, Adhesives, 

Sealants, Elastomers). Furthermore, foams can be subdivided in flexible, such as the 

ones used in mattresses and automotive seats, and rigid, commonly applied in buildings 

isolation and commercial refrigeration. Regarding the CASEs applications, they can be 

found as part of sporty shoes, athletics tracks, electronic products and ships structures. 

As a direct consequence of their commercial success, an increasing quantity of waste is 

being disposed by landfilling in the last decades. Such waste comprises not only post-

consumer products but also scrap from slabstock manufacturing, which can reach the 

10% of the total foam production. However, the massive enforcement of the 

environmental laws is pointing out a new route in the polymer waste removal sector 

based in the polymer recycling, and this fact has placed the research in waste treatment 

as one of the most prolific topics nowadays. In fact, polymer recycling processes have 

experienced a growing attention from the research and industrial worlds as a direct 

result of the enforcement of the environmental legislations.  

Recycling is an alternative approach to landfilling. On the one hand, there are physical 

processes, which do not modify polymer internal structure. These processes consist 

basically on the waste mechanical transformation into flakes, granules or powder to be 

used in new materials production. The main advantages of these methods are their 

simplicity and their low cost with successful results for the thermoplastic polyurethane 

recovery. Approximately, physical processes consume at present a percentage that 

means the 1% of the total amount of produced polyurethane [2]. However, they cannot 

be applied for the PU foams recycling (only rebonding has been developed for carpet 

underlay [3]) due to their crosslinked structure and, as a consequence, chemical 

recycling processes are the best ones to be used.  

Chemical recycling processes allow the obtention of basic hydrocarboned units known 

as monomers (tertiary recycling) that are able to be used as synthesis materials in 
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chemical and petrochemical industry. This way, it is possible to achieve high value-

added products. As indicated, the suitability of the recycling process depends on the 

polyurethane type. Thus, a brief description of the polyurethane chemistry and of the 

main polyurethanes types is carried out in order to understand in a better way the 

recycling processes described. Then, the main part of the Chapter develops a wide 

analysis of the literature relative to polyurethane chemical recycling processes, with a 

very special emphasis in the glycolysis that represents the most important recovery 

process for polyurethanes. Finally, this Chapter also includes an exhaustive revision of 

the state of the art of both, glycolysis pilot plants and glycolysis industrial processes.  

 

1.2. Chemistry of polyurethane 

Polyurethane chemistry is essentially based in the condensation reaction between diols 

or polyols and diisocyanates or polyisocianates. Additionally, taking into account the 

polyurethane specialty to be produced, the manufacture process can comprise more 

reactions, such as the gas formation in the synthesis of the polyurethane foams.  

Next, the PU principal reactions (chain extension, gas formation, crosslinking and 

isocyanate polymerization reactions [4]) are going to be described. 

1.2.1. Primary or Chain Extension Reaction 

The reaction between a compound containing active hydrogen groups and an isocyanate 

is known in literature as PU chain extension reaction [4]. This reaction provides a 

substituted carbamic acid ester, also named as urethane. Chain extension reaction can be 

explained by means of a nucleophilic addition of the polyalcohol oxygen to the carbon 

of the isocyanate group, by six centred ring as reaction intermediate [5] (Scheme 1.1).  

In spite of the reaction exothermicity, primary reaction takes place slowly at room 

temperature in absence of any catalyst. Hence, catalysts are commonly added with the 

aim of accelerating the reaction. Some of the most employed ones are nitrogen 

compounds (N, N – Dymethylcyclohexylamine, triethylamine, N – ethylmorpholine, 

diaminobicyclooctane (DABCO), N-methyl –N´- dimethylaminoethylpipetazine, 

N,N,N´,N´- tetramethyl-1,3-butanediamine, ethoxylated hydroxyamines), 

organometallic compounds (stannous octoate, dibutyltindiacetate, dibutyltindilaurate) or 

Lewis acid [6]. Dialkyltin compounds and stannous carboxylates are about ten times 

more active than the catalysts based in tertiary amines. 
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1.2.2. Gas Formation Reaction 

Water reacts with isocyanate giving as product a substituted carbamic acid that is 

decompounded in an amine and carbon dioxide as a consequence of its enormous 

instability (Scheme 1.2). It is essential to remark that gas formation reaction provides 

the main gas source for blowing the foam, as well as the principal heat power for the 

expansion and cure of the polyurethane specialty [4]. This reaction also generates both 

covalent and hydrogen- bonding sites on the polymer chains [6]. 

 

Gas formation reaction is historically catalyzed by tertiary amines based compounds. In 

fact, the catalyst employed will deeply influence on the final polyurethane properties, 

since the rate of the gas formation with respect to the rates of the chain extension and 

crosslinking reactions will determine the material structure [7, 8].  

On the other hand, hydrochloroflurocarbons (HCFCs), hydrofluorocarbons (HFCs) and 

hydrocarbons (HCs) such as cyclopentane, n- pentane, iso- pentane and n-butane are 

also extensively employed as blowing agents. Moreover, methylchloroform and acetone 

have been also described as blowing agents mainly in the production on non-insulation 

foams [9]. 

(1.1) 

(1.2) 
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1.2.3. Cross linking reactions 

As a consequence of its high reactivity in the presence of labile protons, isocyanate also 

takes part in a series of additional reactions aside from the chain extension and gas 

formation reactions. These reactions are known as crosslinking reactions [4]. 

One of the most common crosslinking reactions is the one that takes place between 

amines formed during the gas formation reaction with free isocyanate, giving as a result 

a substituted urea (Scheme 1.3). It is important to take into consideration that 

isocyanates reaction with primary amines at room temperature in the absence of catalyst 

is much faster than the reaction with primary alcohols [4]. 

 

 

 

In another step, isocyanate may react with the active hydrogen atoms in urethanes to 

give as a result more complex and reticulated structures, known as allophanates 

(Scheme 1.4). 

 

 

Finally, the labile protons of the substituted urea or the ones of the allophanates could 

react with more free isocyanate to yield a biuret structure (Scheme 1.5). However, 

urethanes reactivity with isocyanates is lower than the ureas one, being necessary 

temperatures in the range of 120-140ºC to achieve a significant allophanate crosslinking 

in the absence of catalyst [4]. Moreover, the tertiary amines that are commonly 

employed as catalysts do not enhance in a significant way the allophanate linkages. 

  

(1.4) 

(1.3) 
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1.2.4. Isocyanate polymerization reactions 

Isocyanate polymerization reactions mainly yield three types of products: uretdiones, 

isocyanurates and carbodiimides. 

Uretdiones are achieved as a consequence of the dimerization of the isocyanate group 

(Scheme 1.6). This dimerization process is reversible [4]. 

 

On the other hand, the trimerization of the isocyanate group provides 1,3,5 – triazinones 

(isocyanurates) (Scheme 1.7). As a result of the high stability of the branches created, 

isocyanurate formation reaction is not easily reversible [6]. 

 

Finally, carbodiimides can be formed by means of a reaction involving two isocyanate 

groups with the evolution of CO2 (Scheme 1.8). 

 

(1.5) 

  (1.6) 

(1.7) 
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Moreover, isocyanate could further react with the carbodiimides yielding an 

uretomimine (Scheme 1.9). 

 

 

As a result of the high number of chemical reactions involved in the PU synthesis, a 

wide range of products with very different properties can be obtained depending on the 

kind and extension of the explained reactions. 

 

1.3. Types of polyurethanes 

As it was commented in the Preface section, depending on the polyol and the isocyanate 

employed in the reaction and on the extension of the reactions involved also, it is 

possible to obtain a huge variety of PU specialties, linear or reticulated. Moreover, in 

the current polyurethane manufacture processes, different additives (chain extenders, 

crosslinking agents, catalysts and foaming agents) are used with the aim of modifying 

the final product properties. From an application point of view, polyurethanes can be 

classified in foams (rigid or flexible) and in the denominated CASEs (Coatings, 

Adhesives, Sealants, Elastomers). 

1.3.1. Polyurethane foams 

1.3.1.1. Flexible foams 

Flexible foams represent about the 45% of the total polyurethane production [10], which 

means about 7.9 million tons per year. They can be separated into three different 

groups: conventional foams, viscoelastic foams and High Resilience (HR) foams [4]. 

(1.8) 

(1.9) 
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The conventional ones are produced as slabstocks. High resilience foams are used for 

cushions, especially in the automotive industry. Viscoelastic foams are usually 

employed for mattresses and pillows, since they adjust themselves to accommodate the 

various pressure points, such as the shoulder and hips, which are body areas that press 

hardest into the bed during sleep.  

The 90% of the flexible foams are synthesized from long chain polyether polyols based 

on ethylene and propylene oxide. Conventional foams are produced using only a 

flexible polyether polyol (uncommon) or a mixture of a flexible polyether polyol with a 

graft polymeric one and toluene diisocyanate (TDI) as isocyanate. The graft polymeric 

polyol consists on an acrylonitrile – styrene copolymer (SAN) dispersion in a flexible 

polyether polyol containing a small part of ethylene oxide. Molecular weights of the 

polyols involved in the synthesis of conventional foams are in the range from 2800 to 

4000 g/mol and the most common functionality is three, since the majority of these 

polyols are synthesized using glycerin as initiator.  

On the other hand, High Resilience foams are produced by long chain polyether polyols 

with higher molecular weights (4000 – 6000 g/mol) and a higher proportion of ethylene 

oxide [2]. Besides, in their synthesis is very common the employment of HR polymeric 

polyols instead of traditional HR polyols, with the aim of improving the mechanical 

properties of the final foam. Polymeric polyols can be divided, taking into account the 

nature of the dispersed polymer in the polyether matrix, into the following categories 

[11]: 

- Graft polyether polyols. The nonaqueous dispersant (NAD), also known as dispersion 

polymer or as dispersant polyol, can be generated in situ by grafting reactions. 

However, reactive NAD (polyethers with polymerisable double bonds) and nonreactive 

NAD (NAD without polymerisable double bonds) are also employed. 

-  Poly Harnstoff Dispersion (PHD polyols), which consists of dispersions of polyurea. 

- Polyisocyanate polyaddition (PIPA) polyols, consisting of a dispersion of 

polyurethane particles. 

- Other polymer polyols, such as epoxy dispersions, poliamid dispersions and 

aminoplast dispersions. 

One of the most important kinds of HR polymeric polyols are the PIPA ones since these 

polymeric polyols does not contain any monomers as styrene and acrylonitrile, 
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improving this way the flame retardant properties of the HR foam synthesized and 

reducing the emissions of residual VOCs (volatile organic compound) [12]. 

Additionally, PIPA HR polyols present excellent resilience (> 65 – 73% higher than 

normal HR); impressive support factor, also known as compression modulus, (up to 3.3, 

comparable to latex and about 20 to 25% higher than conventional HR foams); superior 

“hand feel” (similar to latex); superior long term physical properties, when compared to 

the usual HR systems available from the market; and lower odour, as a result of the 

elimination of styrene and acrylonitrile [12]. In the synthesis of HR foams the 

isocyanates employed are polymeric methylene diphenylisocyanate (PMDI) and TDI 

80:20.  

Finally, viscoelastic foams are produced by a mix of two kinds of polyols: a high 

molecular weight polyether polyol and a short chain one. The principal goal of using a 

mixture of polyols is to break the symmetry of polyurethane matrix in order to get low 

resiliency. Therefore, the main advantage of this type of foam is the pressure 

distribution performance. For this reason, viscoelastic foams are usually employed for 

mattresses and pillows. Due to their gradual recovery, viscoelastic foams can be also 

described as “slow recovery” foams. Aside from bedding and medical purposes, 

viscoelastic material can be also used in a lot of different applications: standard 

household furniture, office furniture and vehicle seating applications. Furthermore, it 

can be applied in sports equipment, power tools and footwear. Viscoelastic foam has 

also found utility in ergonomic applications such as neck, back and leg pads, as well as 

in arm and wrist rests for computers. Besides, it can act as shock protection within 

electronics equipment and has been used in specialty packaging, military and 

commercial aircraft seating and weaponry (for recoil suppression) [13]. 

The isocyanates employed in the synthesis of viscoelastic foams are PMDI and TDI, 

generally TDI 65:35. 

 

1.3.1.2. Rigid foams 

Rigid foams are mainly used in buildings isolation and commercial refrigeration. The 

main differences between the flexible and the rigid foams are the molecular weight of 

the polyol used and their functionality. Rigid foams are synthesized using short chain 

polyols, with molecular weights in the range 290-670 g/mol, although some polyols can 
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achieve a molecular weight of 1050 g/mol in some one-component rigid foams [4]. On 

the other hand, the used initiator determines the functionality of the polyol and, as a 

consequence, its reactivity. Rigid polyols are usually synthesized with initiators with 

reactivity higher than 3, promoting higher reticulation grades in the synthesized 

polyurethanes [4]. The most common initiators contain active hydroxyl groups, such as 

sorbitol, triethanolamine and sucrose or active amine groups, such as toluendiamine and 

ethylendiamine. It is also important to point out that rigid polyols do not usually contain 

ethylene oxide in their structure [14]. Sometimes a mixture of polyols is used, even a 

polyester and a polyether polyol. Furthermore, some rigid foams are synthesized using 

polyols based on natural oils [15]. Regarding the isocyanate, the mainly used in the 

synthesis of rigid polyurethane foams is the polymeric MDI (PMDI). 

1.3.2.  CASEs (coatings, adhesives, sealants, elastomers) 

Coatings, adhesives and sealants are used in construction, transport and in shipbuilding 

industry. Therefore, their applications are based in their hardness, humidity resistance 

and durability. On the other hand, elastomers are used in sporty shoes, athletics tracks 

and electronic products. 

In the synthesis of CASEs not only long chain or medium chain polyols are used but 

also different chain extenders of functionality 2, such as 1,4-butanediol (BDO). These 

chain extenders react with the isocyanate (generally pure MDI) producing the hard 

segments of the structure, while the soft segments are formed by macrodiols with 

molecular weights between 1000-2000 g/mol. The most common macrodiol is 

polytetramethylene glycol (PTMEG or PTHF, 650-2800 g/mol). PTMEG, produced by 

cationic polymerization of tetrahydrofuran, is a waxy solid at room temperature. It is 

insoluble in water and in aliphatic hydrocarbons but soluble in alcohols, esters and 

ketones, aromatic solvents, and chlorinated hydrocarbons [4]. Other common polyether 

polyols used are polypropylene glycol diol (400-4000 g/mol), polypropylene glycol 

capped diol (400-4000 g/mol) and poly(trimethylene ether)glycol (650-2400 g/mol) 

[16]. Polyesters polyols are also employed, such as polybutanediol adipate and 

polycaprolactone polyol [16]. Less commonly polybutadiene polyols are also used [16].  

Recent studies have demonstrated the use of 1,3- propanediol (PDO) as an alternative 

replacement for BDO giving a polyurethane with very interesting properties [16, 17]. 

Some of the improvements are flexibility and toughness, compression set and rebound 
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and transparency as a result of less crystallinity. The PDO elastomers have higher heat 

resistance and approximately 40% less deformation [16, 17]. Furthermore, PDO based 

elastomers present lower hysteresis, indicating that material absorbs less energy and is 

more resilient when stretched. Therefore, it is an optimal product to be used in 

applications where material is exposed to dynamic forces.  

Other chain extenders used are diethylene glycol, N,N´-bis-(2-hydroxypropyl) aniline 

(DHPA) and 1,4-di-(2-hydroxyethyl) hydroquinone (HQEE) [16]. Instead of 

hydroxylated chain extenders as BDO and PDO, diamine ones are also employed. Some 

of them are hydrazine, 1,4-cyclohexanediamine, diethyl-toluene diamine (DETDA), 

4,4´-methylene-bis-(2-chloroaniline) (MOCA) and 3,5-dimethylthio-toluene diamine 

(DMTDA) [18]. Crosslinkers of functionality 3 are also used, such as diethanol amine, 

triethanol amine, trimethylol propane (TMP) and glycerine [16]. 

 

1.4. Chemical recycling of polyurethanes 

As commented above, polyurethane is the 6
th

 most manufactured polymer all over the 

world with a production of approximately 17.565 million tons per year [1]. As a direct 

consequence of its commercial success, a lot of waste is generated and its treatment is 

an environmental and urgent challenge. In the past, landfilling was the solution to the 

problem. However, there is little information about the behaviour of PU in landfills due 

to the large life period of the polyurethanes (> 10 years) [18]. This fact, joined to the 

new environmental laws, do essential to develop environmental sustainable recycling 

processes. According to the standard ASTM D5033 [19] recycling processes can be 

classified this way: 

-Primary recycling is “the processing of scrap plastic product into a product with 

characteristic similar to those of the original product.” 

-Secondary recycling is “the processing of scrap plastic product into a product that has 

characteristics different from those of the original product.” 

-Tertiary recycling is “the production of basic chemicals or fuels from segregated 

plastic scrap or plastic material that is part of a municipal waste stream of other source.” 

-Quaternary recycling is “the useful retrieval of the energy content of scrap plastic by 

its use as a fuel to produce products such as steam, electricity and so forth.” 
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Physical recycling processes include the primary and the secondary recycling. These 

kinds of processes do not modify polymer internal structure. In physical processes, 

polymer waste is mechanically turned into flakes, granules or powder to be used in new 

materials production. The main polyurethane physical recycling processes are:  

      -Rebonding. Moulded polyurethane products made from pieces of chopped flexible 

polyurethane foam.  It is applied to produce carpet underlay and sports mats [20]. 

      -Regrind or Powdering. Polyurethane waste is powdered and mixed with one of 

the virgin reagents (generally with the polyol up to 30% wt) to create new polyurethane 

products [21]. 

       -Compression Molding. Polyurethane waste is powdered and then subjected under 

high pressures and heat in a mold. It allows to obtain up to 100 percent recycled content 

[22]. 

These physical processes are successfully used with thermoplastic polymers but, 

unfortunately, they are useless for the majority of the polyurethane specialties due to 

their thermostable nature.  

On the other hand, the chemical recycling processes, allow to obtain basic 

hydrocarboned units known as monomers (tertiary recycling) that can be used as 

synthesis materials in chemical and petrochemical industry. This way, it is possible to 

achieve high value-added products [23]. Taking all this into consideration, chemical 

processes are the most interesting ones from a technical, economic and environmental 

point of view. 

Therefore, a wide description of the literature related to the main chemical recycling 

processes for PU is developed all over this section, giving special attention to the 

glycolysis due to the fact that it represents the most important PU recovery process 

nowadays. 

1.4.1.  Hydrolysis 

Hydrolysis was the first process developed to recycle polyurethane waste in a chemical 

way, in particular for flexible polyurethane foams. Fort Moto Co. studied this process in 

the sixties. That study consisted on the reaction of the urethane waste with water steam 

in a wide range of pressures and high temperatures. In a first stage of development, the 

hydrolysis process was carried out at 300ºC and 15 atm but the next tries were focused 

on more extreme conditions such as temperatures around 450 ºC and pressures about 50 
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atm [2]. The reaction between the polyurethane and the water allows to recover the 

polyol (Scheme 1.10). 

 

 

     

Hydrolysis studies carried out by other authors, focused on the recovery and recycling 

of the polyol, demonstrated that steam temperatures around 288°C produced an 

excellent polyol for the synthesis of new PU foam for seat cushions when mixed with a 

5% of virgin material. Higher temperatures provide a decrease in the polyol recovery 

yield, but polyols recovered at lower steam temperatures produce more unstable new 

PU foams [24]. Moreover, hydrolysis processes in superheated water have been also 

described in literature [25]. In those processes, perfect liquid products could be obtained 

under 523 K for 30 min. The solid–liquid system of foam–water was converted to a 

two-phase liquid system after the reaction in which the upper layer consisted on an 

aqueous solution of TDA and the oil phase forming the lower layer was recovered 

polyol.  

Gerlock et al. [26] described the hydrolysis process of polyether-based polyurethane 

foams at temperatures between 190º C – 230º C yielding a high-quality polyol, isomeric 

toluenediamines and carbon dioxide as primary products. Matuszak et al. [27] 

determined that polyurethanes are more susceptible to alkaline hydrolysis than to acidic 

one. Anon [28] also reported the recovery of expanded polyurethanes by steam 

hydrolysis. Campbell et al. [24] reported polyurethane foam waste hydrolysis with dry 

superheated steam at atmospheric pressure and from 232-316 °C. Foams with a 

replacement up to 20% were synthesized. Grigat [29] by means of an extruder 

developed a continuous method of hydrolytically reconverting shredded polyurethane 

foams.  

(1.10) 



                                                                                                                                           INTRODUCTION 

   

  15 

Recently, Shi et al. [30] carried out several studies and stated that the increase of 

temperature and the presence of catalyst accelerate the hydrolysis reaction. 

An improvement of the hydrolysis process is the hydroglycolysis, in which water and 

glycols are combined under softer operating conditions. Gerlock et al. [31] suggested 

that hydroglycolysis could be used to recover polyols from mixed and/or contaminated 

water-blown polyurethane waste. Recently, Alavi Nikje et al. [32, 33] developed a 

hydroglycolysis process under microwave irradiation at atmospheric pressure and 

160°C using mixtures of glycerin, sorbitol, water, and sodium hydroxide as 

hydroglycolysis agent. Two phases were observed, the upper phase contained recycled 

polyol susceptible of being mixed with raw flexible polyol to synthesize new flexible 

polyurethane foams and the lower phase was a brown liquid containing aromatic amines 

that can be applied in rigid polyurethane foam formulations. It was also observed that, 

in order to produce high-quality recovered polyols, it is necessary to carry out a 

purification process. With this purpose, Braslaw et al. [34] described the liquid-liquid 

extraction of the polyol obtained from base-catalyzed hydroglycolysis of waste 

polyurethane foams. After this treatment, the recovered polyol could replace up to the 

50 %wt of the virgin polyol in PU foams synthesis. 

It is important to take into account that hydrolysis has been only developed for the 

recycling of flexible polyurethane foam waste. Besides, an important consideration is 

the fact that hydrolysis processes have only been scaled up to pilot plant but in no case 

they have achieved the commercial scale [35] due to the high energy input required into 

the reactor [2].  

1.4.2.  Aminolysis 

Aminolysis consists of a transesterification reaction, in which the ester group joined to 

the carbolinic carbon of the urethane is interchanged by the amine group (Scheme 1.11).  

 

 

 

The first reported aminolysis processes of polyurethanes proposed as cleavage agent 

mono and dialkanolamines such as monoethanolamine, diethanolamine, and dimethyl 

 (1.11) 
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ethanolamine and softer reaction temperatures than in the glycolysis process (80 – 

190ºC). The reaction generally proceeds under inert atmosphere, and is accelerated by 

basic catalysts such as sodium hydroxide, aluminium hydroxide and sodium methoxide 

[36]. 

At the beginning of the nineties, aminolysis processes employing alkanolamines with a 

restricted solubility in polyol began to be developed, giving as a result a split-phase 

product with a higher purity than in the case of single-phase aminolysis processes. 

Concretely, Kanaya et al. [37] reported the split–phase aminolysis of methylene 

diphenyl isocyanate (MDI)-based polyurethane flexible foams using alkanolamines in 

the absence of catalyst at 150°C. After the decomposition reaction, two layers were 

obtained. The upper phase was mainly formed by the recovered polyether polyol and the 

lower one was composed by methylene diphenyl amine (MDA) and alkanolamine 

derivatives such as 2-hydroxyethyl carbamic acid ester. It is worthy to point out that 

MDA is a monomer used for poly(p-diphenylmethylterephthalamide) synthesis [38]. 

This polymer is an aromatic polyamide generally used to improve several properties of 

some polymers, such as Nylon 6 and Kevlar. Furthermore, MDA can be used as a 

hardener for epoxy resin [39].  

Kanaya et al. [37] also reported that the decomposition process of polyurethane foams 

by alkanolamines was probably not aminolysis but alcoholysis. The reaction proposed is 

shown in Scheme (1.12). 

 

On the other hand, aminolysis of rigid foams have been also investigated by several 

authors. Chuayjuljit et al. [40] carried out aminolysis reactions with rigid polyurethane 

foam scraps using diethylenetriamine (DETA) as degrading agent and sodium 

hydroxide (NaOH) as catalyst. Previously, Xue et al. [39] had reported the improvement 

(1.12) 
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in the reaction rate and in the reduction of the product viscosity when diethylene 

triamine was used instead of using other common aminolysis reagents such as 

triethylene tetramine (TETA) and tetraethylene pentamine (TETP). Xue et al. carried 

out the aminolysis reaction without the presence of any catalyst. However, Van der Wal 

[41] found that potassium hydroxide could catalyze the depolymerization of PU foam 

when an alkanolamine was used as degrading agent. 

Taking all things into consideration, Chuayjuljit et al. [40] decided to study the 

possibility of carrying out aminolysis reactions of rigid PU foam scraps using DETA as 

aminolysis agent and an alkaline hydroxide, as sodium hydroxide (NaOH), as catalyst. 

Aminolysis reactions were carried out at 180ºC with a rigid PU foam:DETA ratio of 

2:1. It was reported an improvement in the recovery process when the NaOH amount 

was increased since NaOH not only acts as a catalyst for aminolysis but also reacts with 

urethane linkage and urea linkage of PU foam to form amines and polyols according to 

schemes (1.13a) and (1.13b). 

 

 

These reactions were proposed by Van Der Wal for the PU depolymerisation using 

KOH as catalyst [41]. Chuayjuljit et al. reported [40] that the main aminolysis products 

were methylene diphenyl amine (MDA), low molecular weight urethane oligomers and 

other chemicals. It was also stated that the greater the amount of NaOH used, the lower 

the quantity of MDA obtained due to the aminolysis of PU foam by MDA catalyzed 

with NaOH. 

Aminolysis processes have been only described for the recycling of foams, flexible and 

rigid, but they have not been developed for the denominated CASEs. It is also worthy to 

point out that aminolysis processes are still at the research stage. 

1.4.3. Phosphorolysis 

Phosphorolysis is a reaction analogous to hydrolysis in which esters of phosphonic or 

phosphoric acids perform in a similar way to that of water with the formation of a 

phosphate. Phosphorolysis let to obtain glycolyzates that can be used in the synthesis of 

polyurethanes with flame retardant properties due to the phosphate functionality of the 

recovered product. 

 (1.13a) 

 
    (1.13b) 
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An extensive work has been performed by Troev et al. in the study of the 

phosphorolysis of different polyurethane plastics [42].  

Initially, Troev et al. developed a phosphorolysis process for flexible polyurethane 

foams based on toluene diisocyanate (TDI) and polyester polyol [43, 44]. As 

degradation reagents, phosphonic acid diesters such as dimethyl phosphonate and 

diethyl phosphonate were used [43]. Moreover, triethyl phosphate, an ester of 

phosphoric acid, was also assayed as phosphorolysis agent [44]. The degradation 

reactions were carried out in the range 160 -190 ºC, with a cleavage agent:flexible PU 

foam ratio of 3:1 and in the absence of catalyst. After removing the unreacted 

phosphonate, two liquid layers were obtained. It was found that the upper layer was 

mainly formed by the recovered polyol with the phosphate group functionality and the 

bottom one consisted mostly of aromatic products. Then, the study was extended to 

flexible polyurethane foams based on toluene diisocyanate (TDI) but now with 

polyether polyols, using dimethyl phosphonate and triethyl phosphate and the same 

reaction conditions [44-46]. Again, two layers were obtained; the upper one containing 

phosphorus oligomers and a bottom one mainly formed by phosphorus-containing 

aromatic compounds. 

Further, the phosphorolysis of elastomers was widely studied by the research group of 

Professor Troev, in particular with microcellular elastomers, obtaining in all cases a 

homogenous liquid product. Troev et al. [47] carried out phosphorolysis reactions of 

microcellular elastomers based on diphenylmethane diisocyanate (MDI) and polyester 

polyol. In this case, reactions were performed using dimethyl phosphonate at 142ºC, in 

the absence of catalyst and with a ratio dimethyl phosphonate:microcellular elastomer 

of 2:1. In a further work, Troev et al. [48] changed the phosphorous compound, using 

triethyl phosphate and tris(2-chloroethyl) phosphate as degradation agents and increased 

the reaction temperature up to 180ºC and a degradation agent:microcellular elastomer 

ratio up to 3:1, obtaining similar results. Using this last degradation agent to 

microcellular elastomer ratio, diethyl phosphonate and tris(1-methyl-2-chloroethyl) 

phosphate as degradation agents and at 170 ºC, Troev et al. obtained phosphorus- or 

phosphorus and chlorine-containing oligomers due to the use of a degradation agent 

containing chloro as  tris(1-methyl-2-chloroethyl) phosphate [49]. In a further study, the 

research group of Professor Troev, carried out a recycling of microporous polyurethane 
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elastomers by means of employing tris(1-methyl-2-chloroethyl) phosphate as cleavage 

agent [50]. In this work, the phosphorus-containing degradation products formed were 

converted into reactive intermediates by reaction with propylene oxide and were used 

for the manufacture of new rigid polyurethane foams. The new rigid foams presented 

higher density, superior mechanical properties compared to the standard rigid 

polyurethane foams and a thermal stability comparable to commercial products 

containing higher amounts of flame retardants.  

It is really important to remark that the global aim of all the phosphorolysis glycolyzates 

is the possibility of being used directly, or after chemical treatment, for the synthesis of 

polyurethanes with flame retardant properties or as additives to improve the fire 

resistance of several polymers.  

Nowadays, as it was the case of aminolysis, phosphorolysis processes are still at the 

research stage. 

1.4.4. Glycolysis 

Glycolysis is the most widely used chemical recycling process for PU. It consists of a 

transesterification reaction, in which the ester group joined to the carbolinic carbon of 

the urethane is interchanged by the hydroxyl group of a glycol. 

The main reaction that takes place is the following one (Scheme 1.14). 

 

 

                                                       

Nearly all types of catalyst have been used: alkaline hydroxides such as sodium 

hydroxide and potassium hydroxide [31], alkaline acetate such as potassium acetate 

[51], Lewis acids [52], amines such as diethanolamine [53], organometallic compounds 

such as titanium butoxide [54, 55], metallic octoates [56, 57] and stannous compounds 

such as stannous octoate [58, 59]. 

(1.14) 



CHAPTER 1   

   

20 

Polyurethane structure is not only formed by urethane units, but it is also compounded 

by other functional groups such as urea. These urea groups appear due to the amines 

formed in the gas formation reaction of the polyurethane synthesis (Scheme 1.2). In a 

following step the amines may react with free isocyanate giving as a result a substituted 

urea (Scheme 1.3). Urea groups are also susceptible of the glycolysis process giving as 

a result a low weight carbamate and an aromatic amine [60]: 

 

Furthermore, the urethane group may react with water giving as a result a hydrolysis 

reaction that would be a competitive reaction for the glycolysis one (Scheme 1.16).  

 

 

As can be observed, this reaction leads to the formation of a polyol and an unstable 

carbamic acid that at the reaction temperatures decarboxiles and leads to the formation 

of a secondary amine while carbon dioxide is evolved [61]. 

What is more, the urethane group may react with amines (Schemes 1.15 and 1.16) to 

form a urea [60]. However, glycolysis is the main reaction since glycol is much more 

abundant than amines in the reaction system. 

 

 (1.17) 

(1.15) 

(1.16) 
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Finally, at the reaction temperatures urethane may be degraded in a thermal way giving 

as a result carbon dioxide, amines and unsaturated compounds (Scheme 1.18).  

 

It is important to remark that, with a large glycol excess, the reaction product splits in 

two phases, where the upper layer is mainly formed by the recovered polyol and the 

bottom layer by the excess of glycolysis agent and reaction by-products. This process 

allows to recover the polyol with higher quality than single phase processes. 

As has been commented before, glycolysis is the most important process to recover 

polyurethane waste with remarkable advances for all the different polyurethane types, 

which are summarized in the next sections.  

1.4.4.1. Elastomers  

Borda et al. [53] described the glycolysis of elastomers based on polyether polyol and 

MDI. They employed ethylene glycol (EG), 1,2- propylene glycol (PG), triethylene 

glycol (TEG) and poly(ethylene glycol) (PEG) as glycols and diethanolamine (DEA) as 

catalyst. The reaction temperature described was 170-180ºC, with a glycolysis agent:PU 

waste ratio of 2:1 and a DEA: ethylene glycol ratio between 1:1 and 1:9. A two-phase 

mixture was obtained where the upper liquid phase was the starting polyol. In another 

manuscript of these series, Borda et al. [62] stated that the obtained glycolyzates could 

be used as components in the synthesis of urethane adhesives. 

Wang et al. [63] described the glycolysis of thermoplastic polyurethane elastomers 

(TPU) based on 4,4'-diphenylmethane diisocyanate (MDI) and polyether polyol (PEG). 

Diethylene glycol (DEG) and ethylene glycol (EG) were used as low weight glycols 

whereas ethanolamine (EA) and lithium acetate were employed as catalysts. The 

degradation reactions were carried out at 160-190 °C. They found that, by using a 9/9/2 

ratio of DEG/EG/EA, the decomposition products were completely separated into two 

layers, where the upper one was the polyether polyol. 

 (1.18) 
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1.4.4.2. Coatings 

Datta et al. [64] proposed the glycolysis of polyurethane coating waste with mass ratios 

of scrap polyurethane coating to glycol ranging from 2:1 to 10:1, potassium acetate 

(KAc) and sodium hydroxide (NaOH) as catalysts and reaction temperatures from 190 

to 240°C. It would allow to obtain urethane oligomers that have the properties and 

structures suitable for using in the manufacturing of new polyurethane products. 

 

1.4.4.3. Rigid foams 

The glycolysis process of rigid foams consists on the treatment with a low molecular 

weight glycol that provides a single phase and homogeneous product of low viscosity 

and high hydroxyl number. This product can be reused as a raw rigid polyether polyol 

replacement in the synthesis of new rigid foams or even in the adhesives synthesis 

industry. However, in general, the glycolysis of rigid foams does not give as a result a 

recovered product of high quality and defined composition. 

Simioni et al. [65] described the glycolysis of rigid polyurethane foams using 

dipropylene glycol as low weight glycol and potassium acetate as catalyst. A single 

phase product was obtained that could be used in the synthesis of new rigid urethane 

foams.  

Xue et al. [66] obtained by means of glycolysis of rigid polyurethane foam waste, using 

diethylene glycol (DEG) as glycol and monoethanolamine (EA) as catalyst, a 

glycolyzate that could be applied as hardeners for epoxy adhesives  

Morooka et al. [67] carried out the glycolysis of rigid PU foam waste that came from 

refrigerators using diethylene glycol (DEG) as solvent and BaO or diethanolamine 

(DEA) as catalysts. They stated that up to a 10% wt of the glycolyzate obtained can be 

added to raw virgin polyol to produce new rigid polyurethane foams with similar 

thermal conductivities and compressive strengths as those of standard foams. Murai et 

al. [68] employed dipropylene glycol and tetraethylene glycol as glycols and as catalysts 

KOH and dibutyltindilaurate and a reaction temperature from 170 -200ºC. 

Nikje et al. [69] carried out glycolysis reactions of rigid polyurethane foams by means 

of microwave irradiation at atmospheric pressure. In microwave heating the energy can 

be applied directly to the sample rather than conductively, via the vessel. They used 

diethyleneglycol (DEG) as low weight glycol and, as catalysts, they tried various ones 
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such as sodium hydroxide (NaOH), potassium hydroxide (KOH), sodium acetate 

(NaAc) and zinc acetate (ZnAc2). The reactions were carried out with a glycolysis 

agent: PU foam ratio of 2:1 and at different microwave powers of 180, 300, 450, 600, 

and 900 watt. They found that in the absence of catalyst the transesterification reaction 

is difficult to carry out, even under high MW powers. The optimal catalysts were 

sodium hydroxide (NaOH) and potassium hydroxide (KOH) whereas the worst one was 

the zinc acetate (ZnAc2), considering that the glycolysis reaction time was very high 

when using this catalyst. The single-phase products were obtained and used to be mixed 

with virgin polyol up to 40% by weight in the synthesis of new rigid foams. 

Recently, Zhu et al. [70] reported glycolysis reactions of rigid PU foams coming from 

refrigerators, obtaining higher yields by means of employing EG instead of DEG. Zhu 

et al. observed catalytic efficiency from (NaOH) larger than those of triethanolamine 

and NaAc and found that the optimal reaction conditions were a ratio PU:EG of 1:1, a 

catalyst concentration in the glycolysis agent of 1% wt, a reaction temperature of 

197.85ºC and a reaction time of 2 h. They put in value the recovered glycolyzates as a 

rigid polyol replacement up to 10% by weight with respect to the total quantity of 

polyol in the new foaming recipes. 

 

1.4.4.4. Flexible foams 

Modesti et al. [71] carried out glycolysis reactions of flexible PU foams based on 

polyether polyol (mostly triol) and toluene diisocyanate (TDI). Ethylene glycol (EG) 

was used as low weight glycol and the reaction temperature was 190ºC. When a 

foam:EG ratio of 1:1 was used, a product containing two liquid phases and a solid one, 

with ratios, respectively, of 44:54:2 w:w:w was achieved. The upper phase was mostly 

the original polyether polyol and the bottom one consisted of mostly aromatic products 

with traces of polyether solved in EG, whereas the solid phase was formed mostly by 

ureas, but also by carbamates. On the other hand, when a foam:EG ratio of 4:1 was 

used, the quantity of this solid phase was increased. However, when 

hexamethylenetetramine (HMTA) was used, a two liquid-phase system was achieved 

without solid phase; obtaining this way a glycolyzate that presented a low free amine 

content (lower than 100 ppm). 
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Borda et al. [53] investigated the glycolysis of flexible PU foams in the temperature 

range from 170 to 180ºC. The low weight glycols used were EG, 1,2-propylene glycol, 

triethylene glycol and poly(ethylene glycol)] whereas diethanolamine was used as 

catalyst. A split–phase product was achieved, where the recovered polyol was the main 

component of the two phase liquid mixture and could be used as an industrial adhesive 

[62]. 

Wu et al. [51] also reported glycolysis reactions of flexible PU foams under 

atmospheric pressure and isothermal condition (220 ºC). In this study, diethylene glycol 

(DEG) and potassium acetate (KAc) were assayed as solvent and catalyst, respectively. 

They stated that the optimal concentrations of DEG and KAc are about 150% wt and 

1% wt of the PU flexible foam, respectively, and that glycolysis reaction was concluded 

when reaction time was 90 min. The obtained glycolyzate presented a high hydroxyl 

value and, therefore, the authors proposed a distillation process in order to reduce it and 

obtain a final product susceptible of being used in the synthesis of new PU products. 

Nikje et al. [72] carried out microwave assisted split-phase glycolysis reactions of 

flexible PU foam waste. They used glycerine, instead of a low weight glycol as reported 

by other authors, and sodium and potassium hydroxides as catalysts. Reactions were 

carried out at various temperatures (160, 180, 200 and 220°C). They observed that the 

higher the reaction temperature, the lower the reaction time. Nevertheless, it is 

important to take into account that at a temperature greater than 220 ºC, unwanted 

secondary reaction rates become competitive with respect to the glycolysis 

transesterification reaction, producing a glycolyzate with high amine content [73, 74]. 

Nikje et al. reported that with the use of microwave irradiation a glycolysis reaction 20-

30 times faster than with conventional heating methods can be achieved. In another 

article of these series, Nikje et al [75] evaluated DEG-pentaerythritol (PER) as a new 

solvent-reactant mixture by a traditional split– phase glycolysis process with sodium 

hydroxide as catalyst. The 4 hydroxyl functional groups contained in the pentaerythritol 

would accelerate the degradation of urethane structure. However, Nikje et al. stated that 

the higher the ratio DEG/PER, the higher the upper phase quantity and, as a 

consequence, the recovered polyol content. Furthermore, the upper phase was reused in 

the synthesis of flexible foams and the bottom phase was used in rigid foams 

production. In another work, Nikje et al. [76] carried out glycolysis reactions by means 



                                                                                                                                           INTRODUCTION 

   

  25 

of microwave irradiation using pentaerythritol in combination with glycerin and sodium 

hydroxide, as a PU bond degradation reagent environmentally sustainable, with the aim 

of obtaining an amine-free recovered polyol. They observed that the higher the 

pentaerythritol content in the composition of the degradation solvent, the greater the 

reaction times. 

Datta et al. [77, 78] reported glycolysis reactions of elastic PU foams using 1,6-

hexanediol (HDO) as low weight glycol and potassium acetate (KAc) as catalyst. Datta 

and his colleagues carried out the glycolysis reactions in the temperature range 230-

245°C with a PU foam:HDO mass ratios of 1:1, 2:1, 4:1, 6:1, 8:1, 10:1 and an amount 

of catalyst of 0.5% by weight with respect to the PU foam mass. They observed that, at 

PU foam:HDO ratios of 1:1, 2:1 and 4:1, a single phase liquid product was obtained. On 

the other hand, the reaction ran as ‘split-phase’ glycolysis when PU foam:HDO ratios of 

6:1, 8:1 and 10:1 were used. They also reported that the higher the PU foam:HDO ratio, 

the lower the hydroxyl number value and the higher the molecular weight of the 

obtained glycolysates. Besides, they found that the reaction time was a function of the 

PU foam:HDO mass ratio. This way, the reaction time was in the range 9-70 min. 

Furthermore, the glycolysates obtained with the highest PU foam:HDO mass ratios 

were successfully used as the only polyol components in polyurethane elastomers 

synthesis. In another works, Datta et al. [79, 80] studied the effect of using different low 

molecular weight glycols in the structure of the glycolyzates obtained. They used 

ethylene glycol (EG), propane 1,3 diol (PG), butane 1,4 diol (BDO), pentane 1,5 diol 

(GP) and hexanediol HDO with a PU foam:HDO mass ratios of 10:1, which had been 

demonstrated as the optimal one in one of the previously commented manuscripts [77]. 

FT-IR spectra results demonstrated the presence of similar chemical substances in 

glycolysates independently of the glycolysis agent used. Moreover, the higher the 

molecular weight of the used glycol, the higher the molecular weight of the obtained 

glycolyzate and the lower the polydispersity and the hydroxyl number. 

In a recent publication, Dos Santos et al. [81] found DEG and ZnAc2, respectively, as 

optimal cleavage agent and catalyst for the glycolysis reactions of flexible PU foams 

waste with a density between 32-35.4 kg/m
3 

and with a reaction temperature of 200ºC 

for 3 h. 
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Lately, Negm et al. [82] described glycolysis reactions of flexible PU foam scraps 

employing polyethylene glycol 400 as cleavage agent, in the absence of catalyst, with a 

transesterification agent:PU ratio of 2:1 and a reaction temperature of 250ºC during 3 h. 

In this study, they obtained a glycolyzate with a hydroxyl value of 145.7 mg KOH/g 

that was put in value by means of being esterified using oleic acid, linoleic acid, and 

acids obtained from hydrolysis of rapeseeds oil, coconut oil and castor oil. Finally, the 

esterified glycolyzates were applied as emulsifiers in the formulation of metalworking 

fluids. 

Furthermore, the group of Professor De Lucas at the University of Castilla-La Mancha 

developed a flexible foams glycolysis process that was the starting point of the present 

PhD thesis. This work achieved the whole recovery of the components of a 

conventional flexible foam based on a flexible polyether polyol of 3500 g/mol and 

hydroxyl number 48 mg KOH/g. Among the assayed glycolysis agents, DEG required 

the lowest time to achieve the complete degradation of the urethane chain and obtaining 

a polyol with properties similar to those of the raw one [83]. Regarding the catalyst, 

stannous octoate yielded the greatest quality for the recovered polyol as well as the 

highest decomposition rate [57]. On the other hand, it was proved that the optimal 

conditions to carry out the glycolysis reaction of polyurethane foam waste, using 

stannous octoate as the catalyst, are the following ones: catalyst concentration in the 

glycolysis agent of 1.3 wt%; mass ratio of glycolysis agent to PU foam = 1.5:1; reaction 

temperature = 190ºC [59, 84]. It was also stated that after a proper purification process, 

consisting on a liquid extraction with a slightly acid pH solvent [85], a purified polyol 

with properties susceptible of being foamed was obtained [86]. Amounts up to 25% by 

weight of recovered polyol could be applied instead of the raw one without any relevant 

change in the required physical properties of commercial flexible PU foams [86]. 

Finally, to get a complete utilization of the foam waste, it was developed a process for 

the valorization of the glycolysis bottom phase [87]. The process was based on the 

separation of the unreacted glycol from the isocyanate residue to reemploy the glycol 

into the process and the isocyanate residue as starter material for amine polyol [25]. As 

a final point, rigid PU foams were successfully synthesized using the amine polyols 

from the bottom phase residue. 
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1.4.4.5. Reaction Injection Mould (RIM) and Reinforced Reaction Injection Mould (R-

RIM) foams 

Reinforced Reaction Injection Mould (R-RIM) foams are a polyurethanes specialty with 

a high reticulation grade that are combined with polyureas and reinforced by means of 

glass fibers. As a result of their excellent mechanical properties are one of the structural 

components most widely employed in automobiles, mainly in dashboards and bumpers. 

The study of the treatment of this kind of waste has been historical favoured because of 

the life cycles control development of the automobile sector enterprises. 

According to the studies performed by Simioni and Modesti [88, 89], RIM PU 

glycolysis can be carried out employing dipropylene glycol, with a PU:glycol ratio of 

1:1, a reaction temperature of 200ºC and in the presence of organometallic catalysts to 

selectively favoured the glycolysis reaction over the secondary ones that take place 

during the chemolysis processes. The final product described by these authors is a 

monophasic one constituted by low molecular weight compounds, mainly carbamates, 

ureas, glycol and polyether polyol. This glycolyzate presents a high hydroxyl number 

and a low functionality and, therefore, presents suitable properties to be directly used in 

the synthesis of isolation rigid PU foams. However, its high OH number impedes its 

application in the manufacture of new RIM PU, making crucial a treatment to ensure a 

proper behaviour of the recovered product in a further foaming process. With the aim of 

getting this goal, Modesti [90] proposed to substitute a portion of the glycol excess by a 

quantity of high molecular weight triol (6000 g/mol) equal to the RIM PU waste treated. 

Following the described process, the Italian company EniChem was able to manufacture 

new RIM PU specialties employing up to a 50% of recovered product with respect to 

the total quantity of polyol used in the recipe. 

In the PU RIM glycolysis have been assayed as cleavage agents several diols such as 

mono, di and triethylene glycol, polyethylene glycol 400, butanodiol, 1,3 propane diol 

and 1,6 hexane diol and triols such as glycerol, employing as catalysts NaOH, KOH and 

NaAc [91]. The reaction temperature described was 210-220 ºC, employing low ratios 

glycol:PU (1:17) and obtaining a single phase product. Kresta et al. observed that the 

higher the cleavage agent molecular weight, the greater the viscosity of the final product 

and the slower the degradation rate [91]. Moreover, the author proved that triols 

increased the glycolyzate viscosity. The described process was developed and evolved 
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up to pilot plant scale by means of the employment of a 200 l reactor capacity by the 

company Lymtal International Inc. (USA). The recovered products were successfully 

applied in coatings, adhesives, sealants and new R-RIM polymers. 

Finally, with the aim of providing a general overview of the process, Table 1.1 

summarizes the main parameters of the glycolysis. 

Table 1.1. Global overview of the polyurethane glycolysis. 

Polyurethane 

type 
Catalyst Cleavage agent 

Glycol:PU 

by weight 

Temperature 

(ºC) 

Elastomer 

 

EA 

DEA 

LiAc 

 

Monoethylene glycol 

Monopropylene glycol 

Triethylene glycol 

Poly(ethylene glycol) 

Diethylene glycol 

2:1 160-190 

Coating 
KAc 

NaOH 
Monoethylene glycol 1:10 – 1:2 190-240 

Rigid Foam 

 

EA 

DEA 

BaO 

KOH 

NaOH 

Dibutyltindilaurate 

NaAc 

ZnAc2 

Diethylene glycol 

Dipropylene glycol 

Tetraethylene glycol 

 

2:1 

 

170-200 

Flexible Foam 

KAc 

DEA 

TiBut 

LiOct 

SnOct 

ZnAc2 

Monoethylene glycol 

Diethylene glycol 

Monopropylene glycol 

Dipropylene glycol 

Triethylene glycol 

Poly(ethylene glycol) 

Glycerine 

Butane 1,4 diol 

Pentane 1,5 diol 

1,6-hexane diol 

Polyethylene glycol 400 

 

1:10 – 2:1 160- 250 

RIM/ R-RIM PU 

Organometallic 

KOH 

NaOH 

NaAc 

 

Dipropylene glycol 

Monoethylene glycol 

Diethylene glycol 

Triethylene glycol 

Polyethylene glycol 400 

Butane 1,4 diol 

1,3 – Propane diol 

1,6-hexane diol 

Glycerine 

 

1:17 -  1:1 200 – 220 
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As can be observed in Table 1.1, the catalysts involved in the glycolysis process of 

polyurethanes are amines such as ethanolamine and diethanolamine; alkaline acetates 

such as lithium, potassium and sodium acetates; hydroxides such as sodium or 

potassium hydroxides; organometallic compounds such as titanium butoxide and 

metallic octoates such as lithium or stannous octoates.  

Regarding the cleavage agents employed, monoethyleneglycol (MEG), monopropylene 

glycol (MPG), diethylene glycol (DEG) and dipropylene glycol (DPG) are some of the 

most used, mainly DEG.  

Table 1.1 also shows the most common glycolysis agent:PU ratios employed in the 

transesterification reaction. It can be observed that the ratio glycolysis agent:PU is 

generally higher than 1 with the aim of getting a proper split-phase glycolysis and as a 

result a high quality glycolyzate, susceptible of being used in the synthesis of a new PU 

product. 

With respect to the optimal temperature to carry out the glycolysis reaction, Table 1.1 

shows a range between 160 – 250 ºC since lower temperatures provide a slow recovery 

process and a low polyol percentage; while higher temperatures may cause cleavage 

agent excessive evaporation and an increase of the secondary reactions extension.  

 

1.5. Glycolysis: pilot plant and industrial applications 

Up to this point, the most important chemical recycling processes of polyurethanes have 

been widely commented by means of an exhaustive revision of the literature. 

However, the majority of these processes have not achieved the industrial and 

commercial scale, even in some cases the development grade are laboratory tests. 

This Part of the present Chapter pretends to be a complete state of the art description of 

the chemolysis processes in the chemical industry, focusing the attention in the 

glycolysis since it is by far the most significant PU recycling process. 

Figure 1.1 shows an analysis of the different technologies attending to their 

technological maturity and economic one, quantity and quality of the waste susceptible 

of being recycled and commercial outlets of the glycolyzates obtained [1].  
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Figure 1.1. Evaluation of the maturity of the chemical recycling technologies for 

polyurethanes: a) Aminolysis b) Hydrolysis c) Glycolysis [1]. 

 

Technological maturity 

Economic maturity 

   Waste 

Market 

a) Aminolysis 

b) Hydrolysis 

c) Glycolysis 

Market 

Technological maturity 

Economic maturity 

   Waste 

Market 

Technological maturity 

Economic maturity 

   Waste 
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Table 1.2 shows the description about the different development levels, considering the 

economic maturity (economic development and evolution prospects), the waste 

availability (Quantity/ Quality/ accessibility of the available waste) and the possible 

market (Quantity/quality of the commercial outlets and potential substitution). 

 

Table 1.2. Analysis in levels of the technologies of chemical recycling for PU [1]. 

Level 

Technology 

readiness level  

(TRL) 

Technological 

maturity 

Economic 

maturity  

Waste  

 

Market  

 

0 1-2 
Preliminary  

investigation 

Non profitable 

technology. 

Limited 

forecast of 

change  

Part of the 

waste is 

inaccessible 

and not adapted 

to the 

technology 

Lack of 

commercial 

outlets 

1 3-5 Laboratory scale 

Non profitable 

technology.  

Strong 

development is 

expected. 

Part of the 

waste is barely 

accessible and 

barely adapted 

to the 

technology 

Limited 

commercial 

outlets or 

limited 

potential 

substitution for 

new 

polyurethanes  

2 6-7 Pilot plant 

Profitable 

technology. 

Limited 

forecast of 

change 

Part of the 

waste is 

accessible and 

adapted to the 

technology 

Average 

commercial 

outlets or 

average 

potential 

substitution for 

new 

polyurethanes 

3 8-9 

Technology 

ready  

to be 

commercialized 

 

Profitable 

technology.  

Strong 

development is 

expected 

Part of the 

waste is easily 

accessible and 

very adapted to 

the technology. 

 

High 

commercial 

outlets or high 

potential 

substitution for 

new 

polyurethanes 

 

There are some remarkable aspects relative to the development grade of the different 

available technologies of chemical recycling for polyurethanes: 

- Aminolysis and phosphorolysis processes are still in the stage of preliminary 

investigation and laboratory research scale [92]. 

- The hydrolysis process is just at a development level of pilot plant [92]. 
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- In respect of glycolysis, its development level depends of the glycolysis process 

considered: single-phase or split-phase. Small scale commercial chemolysis 

plants exist in; Italy (shoe soles), Austria (elastomeric foam), Germany 

(Reaction Injection Molding, RIM) and UK (Flexible slab stock) [92] but 

employing mainly single-phase glycolysis processes with the impurity of 

recovered polyol that they cause. As a consequence, these processes yield 

polyols which are only able to replace the virgin polyols in semi-rigid foams but 

not in flexible ones [92]. However, split-phase glycolysis processes have been 

only developed up to pilot plant scale. Hence, it can be observed that the lower 

the quality requirements of the glycolyzates and recovered polyols for their 

applications, the more implanted is the chemolysis process up to now.  

Next, an exhaustive description of the most relevant glycolysis processes that are, or 

have been, in the chemical industry is done; distinguishing between methods in single 

phase and in split one. 

1.5.1. Single-phase glycolysis processes 

1.5.1.1. Pilot plant scale 

i) EniChem 

As it was previously commented in Part 1.4.4.5, the Italian company EniChem 

produced new RIM PU products using the recovered polyol obtained by means of the 

process that is shown in Figure 1.2. 

 

Figure 1.2. Glycolysis process for R-RIM polyurethanes developed by EniChem [89]. 
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The process developed by Modesti and Simioni consists of the employment of 

dipropylene glycol (DPG) as cleavage agent, with a ratio DPG:R-RIM waste of 1:1, a 

reaction temperature of 200ºC and an organometallic catalyst in order to favour the 

glycolysis reaction over the secondary ones. The final product achieved by means of 

EniChem process is a single-phase glycolyzate that presents a hydroxyl number value 

too high to be employed in the synthesis of new RIM PU. The only application 

described for this product without further treatment is the manufacture of isolation rigid 

PU foams [89].  

However, with the aim of obtaining a final product, susceptible of synthesizing new 

RIM PUs similar to the ones recycled, a purification process is mandatory. As it can be 

observed in Figure 1.2, EniChem process proposes to substitute a portion of the glycol 

excess (about the half of the DPG introduced) by a quantity of high molecular weight 

triol (6000 g/mol) equal to the initial quantity of  RIM PU waste. According to this 

process, EniChem was able to manufacture new RIM PU using up to a 50% of 

recovered product with respect to the total quantity of polyol employed.  

Table 1.3 shows the properties of the RIM polyurethanes manufactured by EniChem. It 

can be observed that the glycolyzates (recovered products) allow to synthesize new RIM 

polymers with properties really similar to the ones obtained by means of employing the 

raw polyol. 

Table 1.3. Properties of R-RIM polyurethane obtained by means of EniChem glycolysis 

process [89]. 

PROPERTY 
RAW 

POLYOL 

GLYCOLYZATE PROPORTION IN THE POLYOL 

MIXTURE (%) 

25 
Deviation 

 (%) 
50 

Deviation 

 (%) 

Density (Kg/m
3
) 1270 1285 1.181 1275 0.394 

Hardness (shore D)  68 67.5 0.735 69 1.471 

Elongation at break (%) 163 166 1.840 168 3.067 

Tensile Strength (MPa) 29 30.7 5.862 27.7 4.483 

Flexural modulus (MPa) 1460 1620 10.959 1790 22.603 

Heat distorsion temperature (ºC)      153 142 7.190 135 11.765 

Impact strength at -25ºC (kJ/m
2
) 16 14.1 11.875 15.3 4.375 



CHAPTER 1   

   

34 

EniChem has also developed up to pilot plant scale a glycolysis process for flexible PU 

foam scraps [90], in which it is described the addition of a non-specified co-glycolysis 

agent in order to diminish the hydroxyl number and the viscosity of the final product. 

The final product reported is a monophasic one that can be applied without further 

treatment in the manufacture of rigid foams and R-RIM polyurethanes. 

 

ii) Lymtal International  

As it has been previously explained in Section 1.4.4.5, Lymtal International Inc. 

(USA) developed up to pilot plant scale (200 l reactor capacity) the chemolysis process 

conceived by Kresta et al. [91], consisting of RIM PU glycolysis by means of using as 

transesterification agents diols as mono, di and triethylene glycol, polyethylene glycol 

400, butanodiol, 1,3 propane diol and 1,6 hexane diol and triols such as glycerol, 

employing NaOH, KOH and NaAc as catalysts. The optimal reaction conditions 

described by Kresta et al. were a temperature of 210-220 ºC, a ratio glycol:PU of 1:17 

and a catalyst concentration of 9% wt. in the glycolysis agent [91]. Lymtal International 

process produces single phase products that can be put in value in the synthesis process 

of coatings, adhesives, sealants and new R-RIM polyurethanes. 

1.5.1.2. Industrial scale 

i) Maincoop and Polytecna 

Glycolysis processes of rigid PU foams have been employed by several European 

companies, such as the Italian ones Maincoop and Polytecna. Maincoop carried out 

also the chemolysis of shoe soles (elastomers). The glycolyzates obtained using both 

processes were single phase ones and were put in value as rigid PU foam synthesis 

components [93]. Both plants are not operative at present. 

 

ii) Regra and Aprithane 

Regra, located at Pirmasens (Germany), developed a glycolysis process for treating 

shoe soles (elastomers), with the final aim of obtaining a one phase recovered product 

susceptible of being applied in the synthesis of new shoe soles. On the other hand, 

Aprithane, situated at Abtsgmünd (Germany), carried out a glycolysis process of rigid 

PU foams and obtained a final single phase product that was successfully employed in 

the synthesis of new rigid PU foams [93]. Both glycolysis plants have ceased their 
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activity at present, since these glycolysis processes are far of being profitable [2] due to 

the employment of the traditional glycolysis agents. 

Moreover, as a consequence of the non-phase separation (single-phase glycolysis 

process), the final product presented a composition in which the 50% by weight is 

glycol and byproducts provoking a final product functionality lower than 3, and 

diminishing the mechanical properties of the new PU products manufactured. 

 

iii) BASF (US Patent 5.556.889) 

BASF developed a single-phase glycolysis process for PU rigid foams [94] obtaining 

recovered polyols with a low amine content, an acidity lower than 1% and viscosity 

values always under 5000 cps at 25ºC. To be able to achieve these characteristics, 

BASF process proposed to add epoxidized native fatty oils to the reaction mixture once 

the chemolysis reaction had concluded and when the temperature of the reaction 

mixture was between 10-80ºC below the glycolysis temperature. 

In the BASF process, the PU waste scraps are added to the reactor at a temperature 

between 190-240ºC, preferable between 200-230ºC (T1, addition temperature). Mass 

ratio PU:glycol is between 0.3-1.8. Once all the PU scraps have been fed and the 

reaction mixture is homogenized, the glycolysis temperature (T2) must be achieved. 

This temperature is generally lower than the addition one. Temperatures proposed in the 

BASF process are 180-210ºC, and more specifically 190-200ºC. In the patent developed 

by BASF is recommended to diminish the glycolysis temperature at least 15ºC with 

respect to the addition temperature with the aim of minimizing the secondary reactions. 

The reaction is concluded when all the PU scraps are degraded by the low molecular 

weight glycol and it is detected because the viscosity is maintained constant. The 

reaction time varies between 120-140 min. After the glycolysis reaction, the 

temperature is diminished up to 130-180ºC (T3) and this new temperature is maintained 

between 10-60 min. In this period is when BASF suggests adding the epoxidized native 

fatty oil. 

BASF process can be applied for the recycling of rigid PU foams coming from the 

building industry, however, this process was specially conceived for the recovering of 

rigid polyols coming from the refrigeration sector. 
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Regarding the low molecular weight glycols employed, BASF proposes diethylene 

glycol and dipropylene glycol, individually or using mixtures of both. The recovered 

polyols obtained from these cleavage agents have optimal properties of reactivity and 

viscosity. 

With respect to the epoxidized native fatty oils, BASF suggests to employ at least 

monoinsaturated natural oils, but it is preferable to use triinsaturated ones, such as 

soybean oil, linseed oil, rapeseed oil and nut oil. These epoxidized native fatty oils are 

added to the reaction mixture with a concentration between 1-15% by weight, 

preferably from 2 to 10% by weight. 

The recovered polyols obtained in the BASF process present low values of acidity and 

amines and can be directly employed in the synthesis of new PU products, concretely in 

the synthesis of rigid PU foams, without the necessity of any additional treatment. 

It is important to point out that the recovered polyols are only valid for manufacturing 

rigid PU foams but in no case flexible ones due mainly to two reasons: on the one hand, 

its high functionality since the PU waste treated came from rigid foams and; on the 

other hand, the high content in glycol (single phase glycolysis drawback) that generates 

a high hydroxyl number in the recovered product. 

 

iv) Pebra 

Pebra is a medium size automotive supplier operating in Germany that developed a 

recycling process for RIM polyurethanes. This process consists on a previous treatment 

of the PU waste with the aim of obtaining scraps with a size between 4-5 mm and the 

further glycolysis employing diethylene glycol as cleavage agent. Pebra glycolysis plant 

was placed at Sulzbach in Saarland (Germany) and its capacity was of 70-110 kg of 

recovered polyol per hour [93]. 

By means of this process, Pebra obtained a recycled polyol with a lower cost than the 

raw one. The glycolyzates were successfully applied in the synthesis of new RIM 

polyurethanes, up to a replacement of 60 %, obtaining mechanical yields similar to the 

ones of RIM polyurethanes synthesized with virgin polyols, as it can be observed in 

Table 1.4. 

 

 

https://en.wikipedia.org/wiki/Saarland
https://en.wikipedia.org/wiki/Germany
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Table 1.4. Properties of the R-RIM polyurethanes synthesized employing the 

glycolyzates obtained by means of Pebra glycolysis process [95]. 

 

In spite of these promising results, Pebra was absorbed by the Canadian company 

Magna that decided to cancel this recycling program [1]. 

 

v) Philip Environmental Services (BASF Technology) 

Philip Services and BASF carried out a collaboration process consisting of the creation 

of an industrial glycolysis plant for recycling RIM polyurethanes with a capacity of 10 

million pounds of glycolyzate per year. The plant was situated in Michigan, Detroit 

(United Sates), and its activity began in September 1997 [96]. From this process, BASF 

developed two new “polyols”: Pluracol® RP2001 and Pluracol® RP1464. Such polyols 

were really glycolyzates in single phase and, as a result of the non-phase separation, 

presented high hydroxyl numbers. Therefore, their application field was the synthesis of 

rigid and semirigid PU foams. 

Philip was the responsible of the PU waste collection and of its processing that was 

performed in Detroit, while BASF was the company that commercialized the obtained 

products. In fact, BASF and DaimlerChrysler Corporation signed a collaboration 

agreement that meant the first commercial scale process of the North American Free 

Trade Agreement (NAFTA), consisting in the employment of waste coming from 

automotive for the synthesis of new automotive parts. The first polyol to be 

commercialized was Pluracol® RP1464. A 13% by weight of this glycolyzate was 

PROPERTY 
RAW 

POLYOL 

GLYCOLYZATE PROPORTION IN THE POLYOL MIXTURE 

(%) 

30 Deviation (%) 60 Deviation (%) 

Density (Kg/m
3
) 1280 1290 0.781 1270 0.781 

Hardness (shore D)  68 67 1.471 69 1.471 

Flexural modulus (MPa) 1450 1500 3.448 1500 3.448 

Tensile Strength (MPa) 28 31 10.714 27 3.571 

Elongation at break (%) 164 165 0.610 168 2.439 

Impact strength at -25ºC 

(kJ/m
2
) 

16 13.6                  15 15.2 5 
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incoporated in some DaimlerChrysler Corporation 1999 models, for certain parts of the 

automotive roof such as the roof rails. 

Nowadays the process is not operating anymore since the economic expectations were 

not achieved. 

 

vi) Getzner Werkstoffe GmbH, Austria / Bayer (US Patent 6020386) 

Getzner Company developed a single-phase glycolysis process for recycling PU 

elastomers waste. Figure 1.3 shows that the chemolysis plant consists of the waste trims 

treatment by glycolysis, after passing through a granulator. 

 

Figure 1.3. Glycolysis process of Getzner Werkstoffe [97]. 

 

The final goal of Getzner process is to employ the recycled polyol in the synthesis of 

new elastomers by means of mixing it with raw polyol, as it can be observed in Figure 

1.3. Getzner had to adapt its recipes to be able to employ the glycolyzates. In an 

approximate way, one tonne of waste generates 0.5 tons of recovered polyol. 

Getzner operates under a License Agreement with a process developed by Bayer (US 

Patent 6020386 [98]). 
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vii) Troy Polymers, Inc (U.S. Patent No. 6,750,260) 

Troy Polymers has developed a single-phase glycolysis process of PU foams, which it 

is able to treat foams mixtures based both in polyether and polyester polyols and in 

toluene diisocyanate (TDI) or methylene diphenylisocyanate (MDI) (U.S. Patent No. 

6,750,260 [99]). 

Figure 1.4 shows the process patented by Troy Polymers. 

 

 

 

 

 

 

 

Figure 1.4. Glycolysis process of Troy Polymers [100]. 

 

As it can be appreciated in Figure 1.4, Troy Polymers process is based in two different 

steps. In the first stage, the glycolysis reaction takes place at a temperature between 

180-210ºC and employing KOH as catalyst [101]. In the second one, a propoxilation 

process is carried out considering the single phase glycolyzates obtained in stage 1 as 

polyols initiators. Finally, Troy Polymers process achieves polyols susceptible of being 

employed in the manufacture of new PU specialties. 

At present, Troy Polymers is commercializing two polyols, InfiGreen 320 for HR 

flexible foam synthesis and InfiGreen 420 for rigid foam synthesis. 

InfiGreen 320 can be successfully applied as a raw flexible polyether polyol 

replacement up to a 10% by weight in the manufacture of new HR flexible PU foams. 

The majority of the mechanical properties vary with the presence of InfiGreen 320. 

However, all of them are into the specified ranges for the production of automotive 

seats. In fact, Magna Seating employed InfiGreen 320 polyol in the Jeep Grand 

Cherokee 2011 seats. Those seats were manufactured in Highland Park Magna Seating 

Plant, situated at Michigan (United States). 

Polyurethane foam 

Diethylene glycol 

 
GLYCOLYSIS 

REACTOR 

Polyol inititator 

 
PROPOXYLATION 
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As a result of the commercial implantation of these polyols coming from PU waste, 

Magna Seating received an Innovation Award in the environmental category from the 

Society of Plastics Engineers (SPE) Automotive Division [100]. 

With regard to InfiGreen 420 polyol, it has been used as only polyol component in the 

synthesis of new rigid PU foams and since 2002 it is being applied in the manufacture 

of rigid foams for the automotive sector [100]. 

1.5.2. Split-phase glycolysis processes 

1.5.2.1. Pilot plant scale 

i) ICI – Huntsmann Polyurethanes 

ICI – Huntsmann developed a split-phase glycolysis process employing as glycolysis 

agent diethylene glycol and an organometallic catalyst. The PU waste recycled were HR 

flexible PU foams (synthesized with high molecular weight polyols 6000 g/mol, 

functionality 3) and based in MDI. 

ICI – Huntsmann process consisted of three stages, as it can be observed in Figure 1.5.  

 

Figure 1.5. Split-phase glycolysis process of ICI – Huntsmann. 
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Firstly, a previous treatment of the PU waste is carried out with the aim of increasing 

the density of the PU scraps, obtaining pellets with a density of 500 kg/m
3
 instead of 35 

kg/m
3
, which was the initial density of the HR flexible foam. 

Next, PU flexible foam pellets react during 3 hours at 200ºC of chemolysis temperature 

with the glycolysis agent in a mass ratio cleavage agent:PU of 1.5:1. In fact, the plant 

was designed to recycle 100 kg of polyurethane pellets using 150 kg of diethylene 

glycol. 

The final product was splitted in two phases. The bottom one was formed by the excess 

of glycol and several reaction byproducts derived of the isocyanate part of the recycled 

foam, mainly low weight carbamates and aromatic amines similar to toluene diamine; 

whereas the upper phase was constituted by the recovered polyol partially impurified. 

In order to increase the recovered polyol purity, ICI – Huntsmann process incorporated 

a purification unit consisting of an extraction with clean DEG and a further evaporation 

module that allowed to recover the glycol.  

Therefore, ICI – Hunstmann process was able to recover the polyol part of the PU foam 

recycled. Furthermore, purified recovered polyols were employed as a raw flexible 

polyether polyol replacement in the manufacture of new flexible PU foams.  

At present, ICI – Huntsmann plant exists but it is not operating anymore due to the non-

profitable economic conditions of the process [1]. 

 

1.5.2.2. Industrial scale 

As it has been commented above, split-phase glycolysis processes have not yet achieved 

the industrial scale due to the excess of cleavage agent required to ensure a proper phase 

separation and its high price. Therefore, the implantation of improvements in the 

economy and the efficiency of the split-phase glycolysis processes would suppose a 

great advance in the chemical recycling market of plastics, from an industrial, 

environmental and commercial point of view. 
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1.6. Other industrial chemical recycling processes for polyurethanes 

In addition to the conventional chemical recycling processes for PUs, in the last years it 

is being developed several processes at industrial or semi-industrial scale consisting on 

an association of technologies.  

Rampf Ecosystems and H&S Anlagentechnik are the most relevant enterprises 

operating in this sector nowadays. Both processes are based in a combination of 

glycolysis, polyolysis and acydolysis processes depending on the kind of PU waste 

treated. 

i) Rampf Ecosystems 

In Rampf process, PUR waste is broken down into small pieces of about 5 cm in a 

slicer for the production of recycling polyols. These are continuously introduced into a 

depressurized reaction container, in which there are already process reagents as basic 

substances depending on the type of residual substances, namely polyol, glycol or 

carboxylic acid, as well as catalysts and deaminating agents. At temperatures of about 

200ºC and with constant stirring, the PUR molecular chains are splitted. After the 

completion of the reaction process (lasting about 7 hours), the resultant liquid, which is 

a mixture of polyols and low-molecule urethane, is filtered. Filtration residues consist 

exclusively of incidental foreign matter. These can easily be removed through 

incineration with no after-effects and resultant energy may be reused. Finally the 

recycling polyol produced is either put into storage tanks, IBC-containers or barrels, as 

requested by the customer. The final product obtained by means of Rampf process is 

known as RECYPOL® and may be used either alone or mixed with new polyol for the 

production of PUR-foams [102].  

RAMPF has developed several semi rigid foaming experiments employing its recovered 

polyol from shoe sole, arm rests, automotive spoilers and beer keg productions waste. 

Up to a 60 % of RECYPOL® could be introduced in the formulation of new semi rigid 

PU foams with no quality loses against the original systems, as can be appreciated in 

Table 1.5. 
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Table 1.5. Properties of semi rigid PU foams obtained with Rampf RECYPOL® polyol  

[102]. 

 

MECHANICAL PROPERTY Master sample 60% RECYPOL® Test method 

Tensile strength (N/mm²) 3.8 5.2 DIN 53504 

Elongation at break (%) 473 464 DIN 53504 

Tearing strength (N/mm) 8.7 10.1 DIN 53507 

Hardness (Shore A) 57 57 DIN 53505 

Flexibility 100000 100000 DIN 53543 

 

In this sense, in 2012 Rampf Ecosystems designed and completed in Pirmasens 

(Germany), as part of a project funded by the German Federal Ministry of Education 

and Research to develop industrial-scale acidolysis for flexible slabstock foams, the first 

industrial plant in the world for manufacturing of polyols from PU flexible foam waste 

[102].  

Table 1.6 shows the chemical properties of the recovered polyols obtained by Rampf, 

coming from flexible TDI/MDI based foams, in comparison to a conventional flexible 

polyether polyol. 

Regarding polyol costs, RECYPOL® is about 0.94 – 1.14 €/kg in comparison to 1.80 

€/kg of a conventional polyether polyol, which means a costs reduction of 

approximately 40% [103]. RECYPOL® for flexible PU foams can replace a raw 

flexible conventional polyether polyol up to a 20% by weight without affecting the main 

mechanical properties of the resultant foams [103]. 

Table 1.6. Rampf  RECYPOL® flexible recovered polyol properties [103]. 

Properties 

Raw conventional 

polyether polyol 

RECYPOL® from 

MDI-molded foam 

RECYPOL® 

from TDI-flexible 

slabstock foam 

Hydroxyl number  (mg KOH/g) 48 54 56 

Acid number (mg KOH/g) <0.05 3 1.5 

Water content (%) <0.1 0.18 0.23 

Viscosity (cp) 500-600 3240 3180 
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ii) H&S Anlagentechnik 

H&S Anlagentechnik has developed a recycling process by means of technologies 

association distinguishing two kinds of processes depending of the PU foam type 

treated, flexible or rigid PU foams waste. 

Figure 1.6 shows the process steps for the recycling of flexible PU foam scraps. 

 

Figure 1.6. H&S chemolysis process for the recycling of flexible PU foams [104]. 

 

By means of H&S technology, flexible PU foams waste reacts with a mixture of 

carboxylic acids and basic polyol (2000-6000 g/mol; 36-56 mgKOH/g; 600-3000 cp). 

H&S states that the recovered polyols obtained present good reactivity and do not 

contain primary aromatic amines (methylene and toluene diamine) which are hazardous 

and not acceptable in bedding and upholstery foams.  

Table 1.7 shows the chemical recycling recipe employed by H&S in the case of the 

treatment of flexible PU foams. 
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Table 1.7. H&S chemolysis process recipe for the recycling of flexible PU foams [105]. 

Raw Materials (%) Weight percentage (%) 

Flexible PU foam waste 40 

Basic polyol 37 

Acids 13 

Additives 6 

Catalyst 4 

 

Table 1.8 shows the properties of the recovered polyol obtained employing the 

described recipe. 

 

Table 1.8. H&S flexible recovered polyol properties from flexible PU foam waste 

[104]. 

Property Value 

Hydroxyl number  (mg KOH/g) 48±4 

Acid number (mg KOH/g) <1.1 

Amine number (mg KOH/g) <7 

Viscosity (cp) 4000-7500 

Appearance 

viscous liquid of light brown 

to dark brown color - 

depending on the color of the 

foam residues 

 

However, it is crucial to note that H&S process presents a very important operative 

limitation to be able of obtaining these recovered products with low hydroxyl numbers, 

and this way, suitable for the synthesis of new flexible PU foams. H&S process requires 

separating the residues in case of essential chemical differences, for example MDI and 

TDI foam, conventional and HR foams, etc. For this reason, H&S recommends this kind 

of collecting and separating recycling for the treatment of clean shredded residues from 

slabstock production (industrial waste) [106]. 

Table 1.9 shows some mechanical properties of flexible foams synthesized employing 

the H&S flexible recovered polyols. 
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In Table 1.9 it can be observed that all parameters are in the range of the master 

samples, demonstrating that the flexible recovered polyol can replace a raw one up to a 

20% by weight. Moreover, H&S states that the costs for manufacturing its flexible 

recovered polyol are 25-30% lower than the market price of the original basic polyether 

polyol [104]. 

 

Table 1.9. Properties of flexible PU foams obtained with H&S flexible recovered 

polyol from flexible PU foam waste [104]. 

MECHANICAL 

PROPERTY 

Foam density 23 kg/m
3 

Foam density 40 kg/m
3 

Master 

 sample 

20% flexible 

recovered 

 polyol 

Master  

sample 

20% flexible 

recovered 

polyol 

Resilience (%) 42.6 44.3 47.2 48.7 

Hardness (N) 148.75 146.68 167.3 165.46 

Support factor 2.2 2.3 2.3 2.2 

Compression set (50%) 2.3 2.4 1.88 1.91 

Tensile strength (kPa) 156 152 158 157 

Elongation at break (%) 241 238 214 214 

 

Nevertheless, if a selective collection process is not performed, the recovered product 

presents a high hydroxyl number and could be only applied in the synthesis of rigid 

foams, replacing up to 50% of raw conventional rigid polyether polyol. H&S 

recommends this recycling route (non-waste separation and classification) for post-

consumer mattresses recycling [106].  

Table 1.10 shows the properties of the recovered product (rigid polyol) from flexible 

PU foams without a previous separation step of the residues treated. 
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Table 1.10. Properties of H&S rigid recovered polyol from flexible PU foams waste 

[105]. 

Property Value 

Hydroxyl number  (mg KOH/g) 240-310 

Acid number (mg KOH/g) <1.1 

Viscosity (cp) 4500-7500 

Appearance 

viscous liquid of light brown 

to dark brown color - 

depending on the color of the 

foam residues 

 

As commented before, H&S has also developed a chemolysis process for recycling rigid 

PU foam waste. In this case, the process carried out by H&S is a glycolysis process. 

Figure 1.7 shows the process employed for the recycling of rigid PU foam scraps. 

 

Figure 1.7. H&S chemolysis process for the recycling of rigid PU foams [104]. 

 

H&S recycling process for rigid PU foams consists of a glycolysis with DEG in the 

presence of a catalyst with the aim of improving the process kinetic. The optimal 
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conditions described by H&S are a catalyst concentration in the glycolysis agent = 

11%wt and a mass ratio of glycolysis agent to PU foam = 1.3:1. 

Table 1.11 shows the chemical properties of the recovered product. 

 

Table 1.11. H&S rigid recovered polyol properties from rigid PU foams waste [104]. 

Property Value 

Hydroxyl number  (mg KOH/g) 350-600 

Acid number (mg KOH/g) 3-15 

Amine number (mg KOH/g) 20-40 

Viscosity (cp) 2000-8000 

Appearance viscous liquid of dark-brown color 

 

It must be noted that the hydroxyl number obtained in this case is similar to those of raw 

rigid polyether polyols and for this reason the recovered product from rigid foams waste 

is employed for the synthesis of new rigid foams. It must be also observed that this 

product also presents a great similarity with the H&S rigid recovered polyols obtained 

from flexible PU waste since both recovered polyols present a high hydroxyl number 

what makes impossible its application for the synthesis of new flexible PU foams. 

Table 1.12 shows some mechanical properties of rigid foams synthesized employing the 

H&S rigid recovered polyol from rigid PU waste. 

 

Table 1.12. Properties of rigid PU foams obtained with H&S rigid recovered polyol 

from rigid PU foam waste [104]. 

MECHANICAL PROPERTY Master sample 20% rigid recovered polyol 

Density (kg/m
3
) 29 29 

Compression (%) 250 246 

 

In the case of H&S rigid recovered polyols, the manufacturing costs of the recycled 

polyol are approximately 30% lower than the market price of the original polyol and 

could replace up to a 30% of the raw rigid polyether polyol without any influence on the 

physical and mechanical properties of the PU foam. 
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1.7. Final remarks 

Chemical recycling processes are the optimal ones to be employed in the PU recycling 

as a consequence of the thermostable nature of these polymers. Among them, glycolysis 

is the one that presents a higher development grade. Single-phase glycolysis processes 

have achieved the commercial scale; however, these processes yield polyols which are 

only able to replace virgin polyols in rigid and semi-rigid foams but not in flexible ones, 

as a result of the non-phase separation. On the other hand, the development grade of 

split-phase glycolysis processes is just pilot plant scale due to the high cost associated 

with the quantity and the price of the cleavage agent excess required to ensure a proper 

phase separation for obtaining high quality polyols that justified the process costs. 

Therefore, the implantation of improvements in the economy and the efficiency of the 

split-phase glycolysis processes would suppose a great advance in the chemical 

recycling market of plastics from an environmental and commercial point of view. 
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Motivation 

Nowadays, polyurethane (PU) is one of the most important kinds of polymer in the 

chemical market due to the huge diversity of its applications, which makes that its 

consumption grows continuously. However, as a consequence of its resistance to 

biodegradation, PU waste treatment has become one of the most crucial environmental 

matters. Moreover, in the case of PU, waste is generated not only from post-consumer 

products but also from slabstock manufacturing. In the past, landfilling was the solution 

to the problem but, these days, the new environmental laws do essential to develop new 

environmental sustainable recycling processes with the aim of conserving the natural 

resources, reducing the amount of waste disposed in landfills and enhancing the 

sustainability for forthcoming generation. Recycling processes are mainly classified in 

physical or chemical. 

Physical recycling methods convert mechanically the PU waste in flakes, granules or 

powder to be used as fillers for new PUs but they can be only applied for thermoplastic 

polyurethane whereas the majority of polyurethane specialties are thermostable 

polymers. Hence, chemical recycling processes are the optimal ones to be employed in 

the recycling of polyurethane waste. Among them, glycolysis is the one that presents a 

higher development grade in terms of technological and research maturity. However, its 

development level depends in great extension of the kind of glycolysis process 

considered: single-phase or split-phase. Small scale commercial chemolysis plants are 

currently operating in Europe but employing mainly single-phase glycolysis processes, 

with the impurity of recovered polyol that they cause. As a consequence, these 

processes yield polyols which are only able to replace the virgin polyols in semi-rigid 

foams but not in flexible ones, obtaining a product that in the most of the cases is far 

from the market expectations. On the other hand, split-phase glycolysis processes have 

been only developed up to pilot plant scale due to the uncertainty that exist with respect 

to the economic viability and the possibilities of recycling any kind of PU scraps 

without performing a selective and costly waste collection.  

Taking into account all the previously commented, finding new solutions and 

improvements for the glycolysis processes is a crucial issue, mainly relative to split-

phase glycolysis, since this recycling treatment is able to achieve final products with 

better properties, in terms of recovered polyol purity, than single phase glycolysis. 
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Therefore, the motivation of the present work was focused in solving the two main 

drawbacks of the split-phase glycolysis process: the extension of the process to any kind 

of flexible PU foam waste, regardless the kind of polyol employed in the manufacture 

of the original foam, and the improvement of its economic feasibility by looking for an 

economic, sustainable and environmental friendly cleavage agent. 

Objetives 

The main goal of this Thesis is to overcome the split-phase glycolysis drawbacks, with 

the final aim of facilitating the industrial implantation of split-phase glycolysis in a near 

future. 

In order to achieve this global aim, the research work has been distributed in the 

following individual goals: 

 Extension of the split-phase glycolysis process to conventional flexible 

polyurethane foams waste containing graft polymeric polyols. 

 Extension of the split-phase glycolysis process to viscoelastic flexible 

polyurethane foams waste. 

 Study of the behavior of crude glycerol, coming from the biodiesel production, 

as novel, sustainable and economical transesterification agent. 

 Extension of the split-phase glycolysis process to high resilience flexible 

polyurethane foam waste containing PU dispersion polyol, comparing the 

influence of using DEG or crude glycerol as cleavage agent. Besides, the 

influence of the crude glycerol purity was also analysed by using glycerol 

99%PS as cleave agent as well. 

 Analysis of the physical, mechanical and structural properties of the 

polyurethane foams synthesized by means of recovered polyols coming from 

different types of flexible polyurethane waste scraps. 

 Economic assessment of the split-phase glycolysis process for the recycling of 

flexible polyurethane foams waste employing crude glycerol as cleavage agent. 
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Work plan 

According to the particular objectives and the main goal described in the previous 

point, a work plan shown in Figure 2.1 was carried out.  

 

 

  

 

      

  

 

                                

 

 

                                                                                                                                       

Figure 2.1. Thesis work plan 
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Thesis Overview 

Chapter 1 shows a general description of the main recycling processes developed for 

polyurethane, focusing on the glycolysis process that represents the most relevant 

recovery treatment for polyurethanes. Hence, this Chapter also includes an exhaustive 

revision of the state of the state of the art of both, glycolysis pilot plants and glycolysis 

industrial processes. Chapter 1 is based on the book chapter Sustainable Polyurethanes: 

Chemical Recycling to Get It, published in The Handbook of Environmental Chemistry. 

Environment, Energy and Climate Change I in Springer editorial. In Chapter 2, the 

motivation and objectives of the present work are described with the aim of providing a 

global overview of the research work developed. In Chapter 3, a description of the 

experimental setups, procedures and characterization techniques employed all over the 

present Thesis is shown. 

The thesis results have been divided in four main chapters:  

In Chapter 4, it is studied the feasibility of the split-phase glycolysis process extension 

to conventional foams containing graft polyether polyols and to viscoelastic foams, by 

means of employing the previous optimized conditions for conventional PU foams. The 

results showed in this Chapter have been published in the papers: Glycolysis of flexible 

polyurethane wastes containing polymeric polyols and Glycolysis of viscoelastic flexible 

polyurethane foam wastes, both in Polymer Degradation and Stability. 

Chapter 5 focused its attention in the feasibility study of the split-phase glycolysis 

process of flexible PU foam scraps by means of using crude glycerol, coming from the 

biodiesel production, as a novel, economical, sustainable and environmental friendly 

cleavage agent. This issue has been published in the paper Valorization of crude 

glycerol as a novel transesterification agent in the glycolysis of polyurethane foam 

waste, in Polymer Degradation and Stability. Moreover, this Chapter also shows the 

extension of the split-phase glycolysis process to high resilience flexible polyurethane 

foam waste containing PU dispersion polyol, checking simultaneously the performance 

of crude glycerol as cleavage agent and the influence of its purity in the treatment of any 

kind of polyurethane waste. This study is published under the title Glycolysis of high 

resilience flexible polyurethane foams containing polyurethane dispersion polyol, in 

Polymer Degradation and Stability. 
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In Chapter 6, the study of the physical, mechanical and structural properties of the 

polyurethane foams synthesized by means of recovered polyols coming from different 

types of flexible polyurethane waste scraps is dealt. This part of the research work is 

contained in the paper Flexible polyurethane foams synthesized employing recovered 

polyols from glycolysis: physical and structural properties, which is under revision in 

the Journal of Applied Polymer Science. 

Finally, Chapter 7 is focused on studying the economic feasibility of the split-phase 

glycolysis process of flexible polyurethane foams waste employing crude glycerol as 

cleavage agent. 
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Materials and Experimental Methods Chapter has been divided in four different 

sections: Materials, Experimental setups, Procedures and Characterization. A brief 

description of the equipment employed and of the applied procedures and techniques is 

shown. 
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3.1. Materials 

 

3.1.1. Polyurethanes foams waste 

Five different polyurethane foams have been used in this work: 

 TSUGFB. 

Conventional polyurethane foam with a density of 28 kg/m
3
 based on polyether 

polyol [poly(propylene oxide)-block (ethylene oxide), molecular weight (Mn) 

3500, OH number = 48 mg KOH/g, functionality with respect to OH groups (f) 

of 3 and polydispersity (PD) of 1.06] and toluene diisocyanate. This foam was 

supplied by ICOA S.A. Table 3.1 shows its formulation. 

 

                             Table 3.1. TSUGFB foam formulation. 

Reagent pph 

Flexible polyether polyol 100 

CH2Cl2 1.0 

H2O 3.3 

Silicone 1.65 

Amine 0.19 

Stannous octoate 0.29 

CaCO3 10 

Colorant  0.46 

TDI 80/20 42.3 

Isocyanate index 107 

 

 28S.  

Conventional polymeric flexible PU foam of density 28 kg/m
3
 based on 90 pph 

of polyether polyol [poly(propylene oxide-block-ethylene oxide), molecular 

weight (Mn) 3500, OH number = 48 mg KOH/g, functionality with respect to 

OH groups of 3 and polydispersity (PD) of 1.06],  10 pph of graft polyether 

polyol [containing 42% of SAN, functionality with respect to OH groups of 3, 

OH number = 32 mg KOH/g and base polyether polyol Mn = 3500] and toluene 

diisocyanate (TDI). This foam was supplied by Interplasp S.A. Table 3.2 shows 

its formulation. 
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                               Table 3.2. 28S foam formulation. 

Reagent pph 

Flexible polyether polyol 90 

Graft polyether polyol 10 

H2O 3.2 

Silicone 0.95 

Amine 0.25 

Stannous octoate 0.135 

TDI 80/20 41.62 

Isocyanate index 109 

 

 25HD.  

Conventional polymeric flexible PU foams of density 25 kg/m
3
 based on 60 pph 

of polyether polyol [poly(propylene oxide-block-ethylene oxide), molecular 

weight (Mn) 3500, OH number = 48 mg KOH/g, functionality with respect to 

OH groups of 3 and polydispersity (PD) of 1.06],  on 40 pph of graft polyether 

polyol [containing 42% of SAN; functionality with respect to OH groups of 3; 

OH number = 32 mg KOH/g;  base polyether polyol Mn = 3500] and toluene 

diisocyanate (TDI). Supplied by Interplasp S.A. Table 3.3 shows its formulation. 

 

                                   Table 3.3. 25HD foam formulation. 

Reagent pph 

Flexible polyether polyol 60 

Graft polyether polyol 40 

H2O 3.45 

Silicone 1 

Amine 0.25 

Colorant 0.4 

Stannous octoate 0.135 

TDI 80/20 44.27 

Isocyanate index 111 

 

 V-50 190.  

Viscoelastic PU foam of density 50 kg/m
3
 based on a viscoelastic polyol 

founded on polyether polyol [poly(propylene oxide-block-ethylene oxide), OH 

number = 160 mg KOH/g, functionality with respect to OH groups of 3] and 
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toluene diisocyanate (TDI). Supplied by Interplasp S.A. Table 3.4 shows its 

formulation. 

                           Table 3.4. V-50 190 foam formulation. 

Reagent pph 

Viscoelastic polyether polyol 100 

H2O 1.44 

Silicone 1.45 

Amine 0.365 

Stannous octoate 0.14 

TDI 65/35 35.96 

Isocyanate index 92 

 

 35HR.  

High resilience (HR) PU foam of density 35 kg/m
3
 based on a PIPA HR 

polyether polyol [poly(propylene oxide-block-ethylene oxide), functionality 3 

and OH number = 50 mg KOH/g, founded on a base polyol of Mn 4850 g/mol 

and OH number = 35 mg KOH/g)] and on toluene diisocyanate (TDI).  

Table 3.5 shows its formulation. 

                        

                             Table 3.5. 35HR foam formulation. 

Reagent pph 

HR polyether polyol 100 

H2O 2.14 

Silicone 0.35 

Amine 0.9 

Aditives 2.16 

Stannous octoate 0.1 

TDI 80/20 37.25 

Isocyanate index 104 

 

3.1.2. Chemical products 

 Stannous octoate, Sn[OOC(CH2)3CH(CH2CH3)CH3]2, purity 95%. Supplied by 

Sigma-Aldrich.  

 Diethylene glycol, O(CH2CH2OH), purity 99%. Supplied by Panreac. 
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 Glycerol PS, purity 99%. Supplied by Panreac.  

 Crude glycerol, purity  80%. Supplied by Biocombustibles de Cuenca. 

 Compressed nitrogen (N2), purity 99.999%. Supplied by Air Liquid. 

 Hydrochloric acid, HCl 37% volume. Supplied by Panreac. 

 Flexible conventional polyether polyol, hydroxyl number 48 mg KOH/g, 

molecular weight 3500 g/mol, viscosity 560 cp.  Supplied by Repsol. 

 Rigid polyether polyol, hydroxyl number 455 mg KOH/g, molecular weight 555 

g/mol, viscosity 5250 cp. Supplied by Repsol. 

 Toluene diisocianate (TDI) 2,4 – 2,6 80:20, purity 98%. Supplied by Merck. 

 Polymeric 4,4'-Diphenylmethane diisocyanate (PMDI). Supplied by 

Polyurethanes Aismar. 

 Tegoamin 33, amine catalyst. Supplied by Goldschmidt. 

 Tegoamin BDE, amine catalyst. Supplied by Goldschmidt. 

 Niax silicone L-620 LV. Supplied by Oxi Specialities. 

 Tegostab B8404, polysiloxane.  Supplied by Evonik Degussa International. 

 

3.1.3. Analysis and characterization reagents 

 Flexible graft polyether polyol, hydroxyl number 32 mg KOH/g, viscosity 4500 

cp, solids content 42%. Supplied by Repsol. 

 Flexible viscoelastic polyether polyol, hydroxyl number 160 mg KOH/g, 

viscosity 300 cp.  Supplied by Repsol. 

 Flexible high resilience (HR) PIPA polyether polyol, hydroxyl number 50 mg 

KOH/g, viscosity 300 cp.  Supplied by PCC Rokita. 

 Polyethylene glycol, GPC Standards. Mn = 106; 194; 375; 550; 900; 1430; 4120; 

5850; 10800; 21200. Supplied by Waters. 

 Tetrahydrofuran (THF), C4H8O, purity 99.99%. Supplied by Sigma-Aldrich. 

 Phthalic anhydride, purity 99%. Supplied by Panreac. 

 Pyridine, C5H5N, purity 99.5%. Supplied by Panreac. 

 Phenolphthalein, purity 99%. Supplied by Sigma-Aldrich.  
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 Sodium hydroxide NaOH 0.5 N.  Supplied by Panreac. 

 Ethanol, CH2CH2OH, purity 96%. Supplied by Panreac. 

 Potassium hydroxide, KOH, ethanolic solution 0.1 N. Supplied by Panreac. 

 Karl-Fischer methanol, CH3OH, purity 99.5%. Supplied by Panreac. 

 Karl-Fischer Hydranal Composite 5 Reactive. Supplied by Riedel-de Haën. 

 Potassium bromide discs, standard grade for FTIR. Supplied by Sigma-Aldrich. 

 

3.2. Experimental setups 

3.2.1. Glycolysis installation  

Glycolysis experiments of flexible polyurethane foams are carried out at laboratory 

scale in a device designed for that purpose.  

Figure 3.1 shows the equipment employed to perform the chemolysis reaction. 

 

 

 

Figure 3.1. Glycolysis installation at laboratory scale: a) View and b) Scheme. 

Glycolysis installation consists of a jacketed 1 l flask, thermostated with polyethylene 

glycol 400 coming from a recirculation thermostat Ultraterm 200 of Selecta, with a 

temperature range between -20ºC and 200ºC. Flask and conductions are thermally 

insulated to avoid heat losses. The flask has a section without insulation to be able of 

checking visually the state of dissolution of the foams waste. The installation presents 

1. JACKETED 1L FLASK 
2. REFLUXING CONDENSER 
3. N2  ATMOSPHERE 
4. STIRRER 
5. TEMPERATURE 

CONTROL SYSTEM 
6. CONTINUOUS FEEDER 

 

a) 
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also a reflux condenser, a N2 inlet with the aim of maintaining an inert atmosphere, a 

temperature indicator and a digital head of stirring Heidolph RZR 2041, with an 

agitation range 40-2000 rpm, which powers a 6 pallets Rushton type agitator. 

The feeding system consists of a glass adapter attached to the flask and a high precision 

feeder GAC 232.5 of Gericke, in which the polyurethane waste is driven from a hopper 

to the reactor by means of an Archimedean screw at constant flow. The device has a 

regulator that allows to adjust the feeding rate at the desired flow, with a maximum flow 

of 1000 g/h of flexible polyurethane foam scraps. 

Glycolysis experiments were also scaled up by means of using a jacketed 10 l flask 

employing an identical setup to the one showed in Figure 3.1. 

 

3.2.2. Liquid – liquid extraction installation  

Liquid – liquid extraction installation consists of a 1 l flask, thermostated with 

polyethylene glycol 400 coming from a recirculation thermostat Ultraterm 200 of 

Selecta, with a temperature range between -20ºC and 200ºC. The installation consists of 

a reflux condenser, a temperature control system and a digital head of stirring Heidolph 

RZR 2041, with an agitation range 40-2000 rpm, which powers a 6 pallets Rushton type 

agitator. 

Figure 3.2 shows the device in which the extraction process is carried out. 

 

 

 

Figure 3.2. Liquid – liquid extraction installation a) View and b) Scheme. 
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 Jouan MR 1812 centrifuge, with rotational speed, time and operation temperature 

control is employed to ensure separation between refined and extract phases.  

 

3.2.3. Foaming Setup 

Polyurethane foaming setup consists of an agitation system powered by a digital 

tachometer Heidolph RZR-2102 with the aim of providing a proper and uniform 

mixture of polyols, isocyanates, catalysts, silicones and additives during the foaming 

process and of moulding containers of different sizes depending on the foam 

synthesized. 

Figure 3.3 shows the foaming setup. 

 

 

   

 

 

 

     

 

 

 

Figure 3.3. Polyurethane foaming setup. 

 

3.3. Experimental procedures 

3.3.1. Glycolysis reaction 

Polyurethane foams are cut with an arbitrary sample size with values in the range 5-25 

mm of diameter before being treated by means of glycolysis. . 

The experimental process during the glycolysis reactions consists of introducing the 

transesterification agent (glycol and catalyst) into the reactor, installing the reflux 

condenser and the agitation head with a speed of 300 rpm and beginning the heating in 

the presence of inert atmosphere (N2). Once achieved the reaction temperature (190ºC), 

the required quantity of PU foam scraps is added by means of a continuous feeder 

during an hour, according to its dissolution. At given times intervals, aliquots of 
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approximately 10 ml are sampled from the reactor, cooled and centrifuged to ensure the 

total separation of phases. Both phases are dissolved in tetrahydrofuran (THF from 

Panreac, Spain) at a concentration of 10 mg ml
-1

 and then filtered (pore size 0.45 m) to 

be analysed by means of Gel Permeation Chromatography (GPC). 

 

3.3.2. Liquid – liquid extraction 

The extraction process to purify the glycolysis upper phase is performed by means of 

using solutions of hydrochloric acid in water, with the aim of getting solutions with a 

pH range 4-5, for the glycolysis reactions carried out with diethylene glycol and 

glycerol PS 99%, and with water when crude glycerol is the glycolysis agent employed. 

The purification process is carried out in a jacketed 1 L flask equipped with stirrer and 

refluxing condenser under nitrogen atmosphere to avoid oxidation. Once the extraction 

temperature is achieved (90ºC), the sample is agitated at 300 rpm during 10 minutes. 

Next, it was centrifuged for 10 min at 3000 rpm in a Jouan MR 1812 centrifuge to 

ensure phase separation. Furthermore, water is totally removed from the refined 

recovered polyol by means of a furnace working at 100ºC. 

 

3.3.3. Foaming of polyurethane foams 

Foams formulations are standardized taking as reference 100 parts per hundred in 

weight of polyol and taking into account the isocyante index for each experiment. With 

the goal of minimizing weighting errors, several batches containing all the components 

are prepared. The foaming procedure varies depending of the kind of polyurethane foam 

synthesized. 

 

- Rigid polyurethane foams 

The rigid PU foams are synthesized by weighting and mixing the desired masses of raw 

rigid polyol and glycolysis bottom phases (polyol mixture), silicone, water and amine 

catalyst. In this first step, the mixture is stirred employing 1000 rpm. Once the mixed is 

perfectly homogeneous, the agitation speed is increased up to 2000 rpm and the 

adequate quantity of polymeric 4,4'-diphenylmethane diisocyanate (PMDI) is added to 

the mixture and the resulting solution is stirred for just 5 s until the moment at which the 
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foam starts to grow up. Finally, the obtained foams are cured at room temperature 

during 15 min. 

 

- Flexible polyurethane foams 

With the aim of minimizing weighting errors, the mixtures named as catalyst and 

activator are prepared. Catalyst mixture is compounded by a solution of 10% by weight 

of stannous octoate in polyol. On the other hand, activator mixture consists of the amine 

catalysts (Tegoamin 33, Tegoamin BDE), the surfactant (Silicone L-620 LV) and the 

water employed as blowing agent. 

Firstly the required quantities of polyol and toluene diisocianate (TDI) are mixed 

increasing progressively during 30 seconds the rotational speed of the agitation head up 

to 2000 rpm. Then, the mixture is maintained under the same speed during 25 seconds 

more and after that, catalyst and activator mixtures are immediately added, both of 

them by means of previously weighted syringes. The resultant mixture is stirred for just 

5 s. Flexible foams synthesized are cured at 100ºC during 15 min. 

 

3.4. Characterization procedures 

3.4.1. Determination of molecular weight by means of gel permeation chromatography 

(GPC) 

The average molecular weight of the recovered products from glycolysis is determined 

by means of Gel Permeation Chromatography (GPC). This technique is included in the 

size exclusion chromatography methods and it is the most powerful and widely used in 

this field. Figure 3.4 shows the apparatus employed to carry out the GPC analyses. 

 

Figure 3.4. Gel permeation chromatograph Viscotek GPCmax VE- 2001 TDA 302 

Detectors. 
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Gel Permeation Chromatography (GPC) is used to determine the molecular weight 

distribution (MWD) as well as concentration of polyol in the products. The percentage 

of recovered polyol is calculated as a function of the chromatogram areas. The 

correspondence between the chromatogram areas and the polyol, subproducts and 

glycerol concentrations are determined by previous calibration with different solutions 

of raw polyols, diethylene glycol, glycerol 99% and crude glycerol of known 

concentrations. This method allows to calculate the polyol concentration in the upper 

phase with an accuracy of ±0.04 % by weight.  

As an example, in Figure 3.5 are depicted the GPC chromatograms of the solutions 

prepared for the calibration process for the glycolysis reactions of flexible PU foams 

containing polymeric polyols using DEG as cleavage agent. 

 

Figure 3.5. GPC chromatograms of the solutions in % by weight of flexible polyether 

polyol:graft polyether polyol (90:10 in weight)  in DEG used in the calibration process. 

Peak I=SAN; Peak II= flexible polyether polyol; Peak III= DEG. 

 

It must be appreciated that the higher the polyol content, the higher the areas of Peak I 

(SAN) and peak II (flexible polyether polyol). 

Figure 3.6 shows the calibration line for the flexible polyether polyol obtained from the 

areas integration of Figure 3.5. 
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Figure 3.6. Calibration line for the flexible polyether polyol content. 

 

On the other hand, Figure 3.7 shows the GPC chromatograms of the solutions prepared 

for the calibration process for the glycolysis reactions of viscoelastic flexible PU foams 

using DEG as glycolysis agent. 

 

Figure 3.7. GPC chromatograms of the solutions in % by weight of viscoelastic polyol 

in DEG used in the calibration process. Peak I=High molecular weight polyol contained 

in the viscoelastic polyol; Peak II= Low molecular weight polyol contained in the 

viscoelastic polyol; Peak III= DEG. 
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It can be observed that the higher the concentration of viscoelastic polyol, the higher the 

areas of peak I and peak II. From the areas of this figure, two different calibration lines 

were obtained, a calibration line for the high molecular weight polyol contained in the 

raw viscoelastic one and another one for the low molecular weight polyol. 

In Figures 3.8a and 3.8b are depicted these calibration lines, respectively.  

Figure 3.8. Calibration line for the High Molecular Weight Polyol content (a) and for 

the Low Molecular Weight Polyol one (b). 

 

The calibrations carried out for the other glycolysis systems studied were obtained in an 

analogous way. 

Measurements are performed with a Viscotek GPCmax VE- 2001 TDA 302 Detectors, 

equipped with two columns (Waters Styragel HR2 (0-1000 g/mol) and Styragel HR0.5 

(500-20000)) using THF as eluent at 40 ºC (flow:1 mL min
-1

) and a refractive index 

detector. Poly(ethylene glycol) standards (Mn = 106; 194; 375; 550; 900; 1430; 4120; 

5850; 10800; 21200) are used for MWD calibration. The analysis conditions are shown 

in Table 3.6. 

Table 3.6. Analysis conditions in molecular weight measurements. 

Variable Value 

Temperature (ºC) 40  

Flow rate (ml/min) 1  

Sample concentration (mg/ml) 10  

Injection volumen (l) 100  

Solvent THF 

wt% = 1.0774 % Area - 3.4293 

R² = 0.9969 
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3.4.2. Determination of the hydroxyl number of the recovered products 

Hydroxyl number of the recovered products is determined by a standard titration 

method (ASTM D-4274-16) [1]. 

Hydroxyl groups contained in the recovered product to be analysed are esterified by 

means of a solution of phthalic anhydride in pyridine at 98ºC. The anhydride excess is 

titrated with a standard solution of sodium hydroxide NaOH 0.5 N. 

The solution of phthalic anhydride in pyridine is prepared in a bottle of topaz colour by 

means of adding 111-116 g of phthalic anhydride to 700 ml of pyridine. The bottle must 

be agitated until achieving the complete solubilization and must be kept 24 hours before 

being employed, according to the standard method.  

Simultaneously, an indicator solution of phenolphthalein is prepared. This solution 

consists of 1 g of phenolphthalein in 100 ml of pyridine. 

The samples to be measured are added to several glass bottles together with 25 ml of 

solution of phthalic anhydride in pyridine. One of the bottles must only contain the 

phthalic anhydride in pyridine solution, with the aim of performing the titration of the 

reference sample. 

The quantity of sample to be added is calculated from its hydroxyl number value 

according to equation (3.1). 

 

                   
   

           
 

 

After that, the bottles containing the weighted quantities of samples are agitated until 

their complete dissolution and are introduced in an oven working at 98ºC during 2 

hours. 

Then, the bottles are allowed to cool at room temperature and once this temperature is 

achieved, 50 ml of pyridine and 5 ml of indicator solution of phenolphthalein are added 

to each bottle, including the one that does only contain phthalic anhydride in pyridine 

solution. 

(3.1) 



CHAPTER 3   

   

82 

Samples are titrated with a standard solution of sodium hydroxide NaOH 0.5 N until 

achieving pinkness coloration that must be maintained during at least 15 seconds. It is 

essential that the net titration (reference sample minus sample) is comprised between 18 

and 22 ml. If this is not the case, it is necessary to repeat the titrations modifying the 

sample weight according to the obtained result. 

Hydroxyl number is calculated by means of equation (3.2). 

 

              
            

 
  

       

Where A and B are the volume (in ml) of NaOH consumed during the titration of the 

sample and the reference sample, respectively, N the normality of the NaOH solution 

and g is the sample weight in grams. 

 

3.4.3. Determination of the acidity of the recovered products 

The goal of this method is to determine the quantity of base, expressed in milligrams of 

potassium hydroxide, which are necessary to titrate the acids components present in a 

sample gram, according to the standard method UNE 53985-2:2004 [2]. An automatic 

titrator METROHM 721 Net Titrino connected to a computer system with the program 

Tiamo is employed to carry out the analyses. 

The recovered product to be analyzed, between 12.5 and 15 grams, is weighted and 

solved in 50 ml of solvent consisting by ethanol 96%. The sample (solvent + recovered 

product) and the sample reference (consisting in 50 ml of ethanol 96%) are titrated by 

means of an ethanolic solution of KOH 0.1 N. Equation (3.3) shows the calculation of 

the acidity number. 

 

                   
            

 
 

Where A and B are the volume (ml) of KOH consumed during the titration of the 

sample and the reference sample, respectively, N the normality of the KOH ethanolic 

solution and g is the sample weight (g). 

(3.2) 

(3.3) 
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3.4.4. Determination of the viscosity of the recovered products 

The viscosity of the recovered products is determined by means of a Brookfield 

LVTDV-II viscometer. This viscometer is of rotational type and measures the torque 

necessary for which an element submerged in the fluid rotates with constant speed. The 

element to be immersed in the fluid is known as spindle. The viscometer has eight 

different levels of rotation (N = 0.3, 0.6, 1.5, 3.0, 6.0, 12.0, 30.0, 60.0 rpm). Brookfield 

LVTDV-II viscometer is also equipped with a thermostated unit that contains the fluid. 

The dimensions of the spindle employed are shown in Table 3.7: 

 

Table 3.7. Dimensions of the spindle (cm). 

Rb (spindle ratio) 0.942  

Rc (Internal ratio of the thermostated unit) 1.381  

Le (spindle equivalent lenght) 7.493  

 

Figure 3.9 shows the viscometer employed to carry out the analyses. 

 

Figure 3.9. Brookfield LVTDV-II viscometer. 

The analysis procedure consists of the measurement of the shear strength expressed in 

percentage (%) at different rotational speeds, beginning with the smallest one and 

finishing when a shear strength value of 100% is achieved. 

The viscosity () is calculated as the slope of the graphic representation of the shear 

tension ( ) versus the velocity gradient ( ). Equations (3.4) and (3.5) allow to calculate 

both parameters, respectively. 
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Before applying the Newton equations for the viscosity calculation and due to the 

complex nature of the products, polyols and glycols mixed with other substances, it is 

necessary to study the behauviour of the different products. According to the potential 

model, the shear strength applied over a fluid presents a potential relation with the 

velocity gradient (equation 3.6), while the relation between the viscosity and the 

velocity gradient is shown in equation (3.7).. 

 

        
   

  
 
 

 

 

       
   

  
 
   

 

Where K is the consistency index and n is the rhelogical behauviour index, which 

represents the deviation grade of the fluid with respect to a Newtonian fluid. If n=1, the 

viscosity index is the viscosity of the fluid, and the fluid is newtonian type. If n>1 the 

fluid is pseudoplastic and if n<1 the fluid is a dilatant one. 

Depicting in logarithmic double scale the torque percentage versus the spindle rotational 

speed a straight line is obtained whose slope is the rhelogical behauviour index. If the 

product presents non Newtonian behaviour, the equation for the calculation of the 

velocity gradient to be used is the equation (3.8), instead of using equation (3.5). 

 

         
  

  
   

 

                
 

 

 

 

(3.4) 

(3.5) 

(3.6) 

(3.7) 

(3.8) 
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3.4.5. Determination of the water content of the recovered products 

Water content measurements for the recovered polyols from flexible PU foam scraps is 

determined by Karl-Fischer method using an automatic titrator Titrino KF, according to 

the standard ASTM D-4672-12 [3]. The apparatus works employing methanol 

according Karl Fischer in which the sample is solubilized. Firstly, the device prepares 

the methanol to neutralize the water that could contain by means of Karl-Fischer 

Hydranal Composite 5 Reactive. Then, a known quantity of recovered polyol is added 

and the water content is automatically determined by means of titrating with the Karl-

Fischer Reactive, providing the final result as percentage (%) in water content. 

Figure 3.10 shows the Karl-Fischer titrator. 

 

 

Figure 3.10. Karl-Fischer titrator. 

 

3.4.6. Structural study by means of Fourier Transform Infrared Spectroscopy (FTIR) 

Chemical structures of the glycolysis recovered products are studied by Fourier 

Transform Infrared Spectroscopy using a Varian 640-IR FTIR spectrometer; droplet 

samples are impregnated on KBr discs. 

Figure 3.11 shows the apparatus employed to carry out the structural study by means of 

FTIR. 
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Figure 3.11. Varian 640-IR FTIR spectrometer. 

 

3.4.7. Mechanical characterization of the polyurethane foams 

i. Density  

Foams density is measured according to standard UNE-EN ISO 845:2006 [4]. The 

density of the foams is defined as the weight per unit of volume of the foam and it is 

determined in some specific conditions of temperature and relative humidity. The 

density testing is conducted on rectangular shape foam samples with the dimensions of 

50 mm × 50 mm × 25 mm which are cut using a hot wire device. Then, the specimens 

are weighed and their dimensions are measured. The density of the foams is then 

determined using equation (3.9): 

Apparent density (kg/m
3
) = Weight of foam/Volume of foam    

 

ii.  Compression set  

The compression set 50% (remaining deformation 50%) is measured according to 

standard UNE-EN ISO 1856:2000/Amd 1:2007 [5]. The remaining deformation of 50% 

measures the permanent changes of the thickness that take place in a test probe under 

compression of 50% at a specified humidity and temperature conditions during a certain 

period of time (22 h) and it is expressed in percent of loss of the initial thickness. The 

compression testing are conducted on rectangular shape foam samples with the 

dimensions of 50 mm × 50 mm × 25 mm which are cut using a hot wire device. 

Remaining deformation is calculated by means of equation (3.10): 

 

(3.9) 



                                                                                     MATERIALS AND EXPERIMENTAL METHODS          

   

  87 

                             
     

  
             

where d0 represents the initial thickness of the PU sample and dr the one after the 

compression test. 

 

iii.  Tensile strength and elongation  

The tensile strength and the elongation are measured according to standard UNE-EN 

ISO 1798:2008 [6]. The test determines the tensile strength at which the test probe 

failure occurs. The elongation is defined as the percentage of the initial length that the 

test tube increases in that moment. The tensile tests are performed on test probes type 

1A which are cut using a hot wire device.  

Tensile strength is calculated by means of applying formula (3.11): 

                       
 

 
             

where F represents the peak force observed (N) and A the average initial transversal 

section of the PU test specimen (mm
2
). 

Equation (3.12) shows the elongation calculation: 

 

               
    

  
             

where L represents the final length (mm) and L0 the initial length (mm) of the test probe 

breaking reference length. 

For the physical and mechanical tests, four samples were tested and the average value of 

the data and their standard deviations were calculated. 

 

3.4.8. Scanning electron microscope (SEM) for determining foam morphology, cell size 

and cell size distribution. 

Scanning electron microscope (SEM) is an extremely useful tool for the study of the 

cellular structure of the polyurethane foams. Quanta 250 (FEI Company) is the 

apparatus employed for scanning electron microscopy analyses. 

Figure 3.12 shows the scanning electron microscopy.  

(3.10) 

(3.11) 

(3.12) 
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Figure 3.12. Scanning Electron Microscopy Quanta 250. 

Synthesized flexible PU foams are depicted by SEM in order to visualize the possible 

changes in their cellular structure when different amounts of recovered polyols, coming 

from different kinds of flexible PU foams waste and obtained using distinct cleavage 

agents, are added to the foaming formulation.  

Foam cellular size distribution is determined by the Motic Image Plus program. 
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In this Chapter, a detailed study of the extension of the glycolysis process of flexible 

polyurethane foams to conventional flexible foams containing polymeric polyols and to 

viscoelastic ones is shown. The main aim is to extend the process with the previously 

optimized conditions for conventional PU foams in order to demonstrate the feasibility 

of the joint recycling treatment of conventional and viscoelastic PU foams blends, 

avoiding this way the necessity of a selective collection or a previous separation step of 

PU scraps. 
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ABSTRACT 

Nowadays, polymer-recycling processes are becoming a matter of great concern due to 

the increasing importance of the environment protection. One of the most important 

types of polymers are the polyurethanes (PU) and, among them, flexible foams are the 

most produced ones, posing about the half of polyurethane total production. Flexible 

PU foams can be classified as conventional (containing or non-containing polymeric 

polyols), viscoelastic and High Resilience (HR) ones. 

A series of works about the split phase glycolysis of the conventional flexible foam 

TSUGFB based on a flexible polyether polyol of Mn 3500 Da and hydroxyl number 48 

mgKOH/g were carried out previously by the research group and represented the 

starting point of the present PhD Thesis. 

However, nowadays, PU flexible foam market is dominated by much more complex 

foams systems, such as conventional foams containing polymeric polyols and 

viscoelastic foams. 

In this Chapter, a detailed study of the extension of the previously developed glycolysis 

process of the conventional flexible polyurethane foam TSUGFB is shown. Firstly, for 

the degradation of conventional flexible foams containing polymeric polyols and, 

secondly, for flexible viscoelastic polyurethane foams scraps. These foams types mean 

approximately the 80% of the total flexible PU foam production. 

In consequence, one of the biggest challenges of the flexible PU foam glycolysis has 

been achieved in this Chapter, since it has been demonstrated that the joint recycling 

treatment of conventional and viscoelastic PU foams blends would be possible, 

avoiding this way the necessity of a selective collection or a previous separation step of 

PU scraps. 
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RESUMEN  

Hoy en día, los procesos de reciclaje de polímeros son uno de los temas de 

investigación de mayor interés debido a la creciente importancia que está adquiriendo 

la protección del medioambiente. Uno de los tipos de polímero más importante son los 

poliuretanos (PU) y dentro de ellos las espumas flexibles, las cuales representan 

aproximadamente la mitad de la producción total de poliuretano. Las espumas flexibles 

de PU se clasifican en espumas convencionales (con o sin polioles poliméricos), 

espumas viscoelásticas y espumas de alta resiliencia (High Resilience, HR). 

El grupo de investigación en el que se ha desarrollado esta Tesis Doctoral llevó a cabo 

en un trabajo previo estudios de glicólisis de la espuma flexible convencional TSUGFB, 

basada en un poliol poliéter flexible de Mn 3500 Da e índice de hidroxilo 48 mgKOH/g. 

Dicho trabajo representa el punto de partida de la presente Tesis. 

Sin embargo, hoy en día, el mercado de las espumas flexibles de poliuretano está 

dominado por sistemas mucho más complejos, tales como espumas convencionales 

conteniendo polioles poliméricos y espumas viscoelásticas.  

En este capítulo, se muestra un estudio detallado de la extensión del proceso de 

glicólisis previamente desarrollado para la espuma flexible de poliuretano TSUGFB. 

En primer lugar se estudia la degradación de espumas convencionales conteniendo 

polioles poliméricos y, en segundo lugar, se lleva a cabo la extensión de la glicólisis a 

espumas flexibles viscoelásticas. Estos tipos de espumas representan aproximadamente 

el 80% de la producción total de espuma flexible de PU.  

Por tanto, los resultados obtenidos en esta parte del trabajo, han supuesto un gran 

avance en uno de los mayores retos del reciclaje de espumas flexibles de PU, puesto 

que se ha demostrado que sería posible la glicólisis conjunta de residuos provenientes 

de espumas convencionales y viscoelásticas, evitando de este modo la necesidad de una 

separación selectiva o de un proceso previo de separación de residuos de PU.   
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4.1. Preface 

Nowadays, polymer recycling processes are one of the most important research topics 

as a consequence of the enforcement of the environmental legislation. Several years 

ago, the final destiny of the most of the polymer waste was the landfills. However, the 

present legislation has forced to look for new solutions for the waste treatment. As a 

consequence, the investigation related to the polymer scraps treatment is a new and very 

promising field of research that has experimented an exponential growing in the last 

decade. Polyurethane is one of the most important polymers all over the world with a 

production of approximately 18 million tons per year [1] that placed PU the 6
th

 in the 

plastic market. As a result of the high versatility of PU, a lot of different products can be 

synthesized and each product produces a different kind of residue that must be treated to 

obey the environmental laws.  

Glycolysis is the most widely used chemical recycling process for PU. It consists of a 

transesterification reaction, in which the ester group joined to the carbonyl carbon of the 

urethane is interchanged by the hydroxyl group of the glycol. Glycolysis has been 

studied for a lot of polyurethane specialties, including flexible and rigid foams and also 

the denominated CASES (Coatings, Adhesives, Sealants, Elastomers). The glycolysis of 

elastomers based on polyether polyols and MDI has been described by several authors 

[2-4]. Besides, Datta et al. [5] studied the glycolysis of polyurethane coating waste with 

mass ratios of scrap polyurethane coating to glycol ranging from 2:1 to 10:1, potassium 

acetate (KAc) and sodium hydroxide (NaOH) as catalysts and reaction temperatures 

from 190 to 240°C. In addition to the glycolysis processes of CASES, glycolysis of 

foams has been also widely studied. Rigid PU foams glycolysis has been described in 

literature by several authors [6-10] with a range of temperatures between 170-200ºC and 

a ratio glycol:PU of 2:1 by weight. On the other hand, glycolysis processes of flexible 

PU foams have been also developed using different catalysts, glycols, temperatures and 

ratios glycol:PU [2,3,11-26], including the previous works of the Chemical Engineering 

group from the UCLM, which meant the starting point of this PhD Thesis. All the 

publications cited about PU flexible foams are related to glycolysis of conventional 

flexible PU foams synthesized only with a flexible polyether polyol, which only 

represents a really small proportion of the total flexible PU foam production. However, 

there is no report about two of the most demanded PU specialties in these days, the 
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conventional flexible PU foams containing polymeric polyols and the viscoelastic 

flexible PU foams. This fact provokes a great uncertainty around the chemolysis process 

industrial feasibility. Therefore, demonstrating that the split-phase glycolysis process 

would be extensible to any kind of flexible PU foam waste would suppose a great 

advance in the plastics recycling world and would suppose a step forward to the 

industrial implantation of the split-phase glycolysis process. 

4.2. Glycolysis of flexible polyurethane waste containing polymeric polyols 

As it has been commented, there are many publications related to conventional flexible 

polyurethane foams containing only flexible polyether polyols but there is no report 

about works performed with blends of flexible polyether polyols with polymeric ones, 

even though this kind of foams is the PU one most produced all over the world, what 

justified the interest of this part of the research work. Polymeric polyols are an 

acrylonitrile – styrene copolymer (SAN) dispersion in a flexible polyether polyol. The 

monomers of this polyol are soluble in the solvent (flexible polyether polyol) while the 

copolymer is insoluble. Two different types of polymeric flexible PU foam waste have 

been employed: 25HD (provided by Interplasp) with a proportion of 60 pph of flexible 

polyether polyol (Mn of 3500) and 40 pph of polymeric polyol and 28S (supplied by 

Interplasp) with a composition of 90 pph of flexible polyether polyol (Mn of 3500) and 

10 pph of polymeric polyol. 

 

4.2.1. Feasibility study of the glycolysis process of flexible PU foams containing 

polymeric polyol 
 

Glycolysis reactions for both foams were carried out in the optimal conditions 

determined by the research group in previous works for conventional flexible PU foams 

synthesized only with a flexible polyether polyol [25]. These optimal conditions are the 

following ones: catalyst concentration in the glycolysis agent = 1.3 %; Mass ratio of 

glycolysis agent to PU foam = 1.5:1; Reaction temperature = 190ºC. 

Figure 4.1 shows the GPC chromatograms of an upper phase (UP) and a bottom phase 

(BP) sample at 40 min of the 25HD foam glycolysis in comparison with GPC 

chromatograms of flexible polyether polyol, polymeric polyol and diethylene glycol 

(DEG). 
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Figure 4.1. GPC chromatograms of the upper phase (UP) and the bottom phase (BP) at 

40 min of the 25HD foam glycolysis obtained with diethylene glycol and stannous 

octoate in the glycolysis agent in comparison with GPC chromatograms of flexible 

polyether polyol, polymeric polyol and diethylene glycol (DEG). Peak I = SAN; Peak 

II= urethane oligomers; Peak III = recovered polyether polyol; Peaks IV and V= 

reaction by-products; Peak VI = glycolysis agent. 

 

In Figure 4.1 the Peak I of the upper phase of the 25HD foam glycolysis corresponds 

with a molecular weight of 27050 g/mol and it is assignable to styrene – acrylonitrile 

(SAN) copolymer since it coincides with the first peak of the polymeric polyol. Peak III 

of the upper phase corresponds to a molecular weight of 3500 g/mol, coinciding with 

the flexible polyether polyol peak and with the second peak of the polymeric polyols 

since they are an acrylonitrile – styrene copolymer (SAN) dispersion in a flexible 

polyether polyol [27]. This is so, since, as explained in the prefaces, flexible polyether 

polyol is added to the synthesis process of the polymeric polyol; as can be seen in their 

synthesis process, depicted in Figure 4.2.  
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Figure 4.2. Polymeric polyol synthesis process. 

 

In this process, the acrylonitrile and styrene monomers together with the chain 

transferitor and the polymerization initiator are added to a mixer preparing the initiator 

solution. The role of the chain transferitor is to reduce the viscosity. Then, the 

stabilizing polymer and the flexible polyether polyol are charged into the reactor. The 

function of the stabilizing polymer is to obtain a solvated polymeric layer by the 

dispersant over the particle surface [27]. Next, the mix of stabilizing polymer and 

flexible polyether polyol is heated until the reaction temperature. Once the desired 

temperature is achieved, the initiator solution is added to the reactor in a five hours 

interval with a carefully temperature control. Once the polymerization is finished a post 

reaction time is maintained with the aim of extinguishing the free radicals of the 

initiator and increase the monomers conversion. Finally, the resultant product is treated 

in a vacuum evaporator where residual monomers are eliminated and the polymeric 

polyol is obtained [27]. 

Peak II of Figure 4.1 corresponds with the urethane oligomers. At 40 min the glycolysis 

process is not finished yet since there is still a high concentration of these oligomers in 

the upper phase. 

Peaks IV and V of Figure 4.1 are assigned to the glycolysis byproducts, mainly low 

weight carbamates and aromatic amines [26] derivate from the glycol substitution in the 

urethane bond. As can be observed, these subproducts are in a very low concentration in 

the upper phase. 



                                                                                        EXTENSION OF THE GLYCOLYSIS PROCESS  

   

  99 

Peak VI of the upper phase of the 25HD foam glycolysis corresponds with the low 

molecular weight glycol (diethylene glycol) used as reactive in the glycolysis process 

since they have the same retention time. 

Figure 4.1 also shows the GPC chromatogram of a bottom phase sample at 40 min for 

the glycolysis product of the foam 25HD. As can be observed, glycolysis bottom phase 

only consists of reaction byproducts (Peaks IV and V) and diethylene glycol (Peak VI), 

what confirms the success of the split-phase glycolysis process. The reason of this fact 

is that the byproducts generated in the transesterification reaction are solubilised in the 

glycol phase (bottom phase) due to their similar polarity and, as a consequence, the 

concentration of these subproducts in the polyol phase (upper phase) is really low. On 

the other hand, the recovered polyol is insoluble in the glycol since the polarity of the 

polyol is considerably lower.  

In Figure 4.3 the GPC chromatograms of an upper phase (UP) and a bottom phase (BP) 

sample at 40 min of the other foam assayed, the foam 28S, are depicted. 

 

 

Figure 4.3. GPC chromatograms of the upper phase (UP) and the bottom phase (BP) at 

40 min of the 28S foam glycolysis obtained with diethylene glycol and stannous octoate 

in the glycolysis agent. Peak I=SAN; Peak II=urethane oligomers; Peak III= recovered 

polyether polyol; Peaks IV and V=reaction by-products; Peak VI= glycolysis agent. 
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The main difference in comparison with the foam 25HD is the intensity of peak I 

(SAN). In Figure 4.3 (foam 28S) the intensity of Peak I is considerably lower than the 

one of Figure 4.1 (Foam 25HD). This is due to 28S has a flexible polyether 

polyol/polymeric polyol proportion of 90/10 whereas 25HD presents a relation of 60/40 

and, therefore, 28S foam is synthesized with a lower quantity of SAN. 

Figure 4.3 also shows that peaks I, II and III are insoluble in the bottom phase, as 

required for a good split-phase and due to the low polarity of the polyol compared to the 

glycol one, as explained before.  

The glycolysis process has achieved the expected results for both foams assayed, that is 

an upper phase mainly formed by the recovered polyether polyol and a bottom phase 

formed by reaction byproducts and the excess of low weight glycol. Therefore, the 

viability of the glycolysis process of flexible PU foams containing polymeric polyol has 

been proved. 

 

4.2.2. Evolution of the glycolysis products in the upper phase 

Figure 4.4 shows the GPC chromatograms of upper and bottom phases obtained at 

different reaction times for the glycolysis reaction of the foams 25HD and 28S.  

As can be observed in Figures 4.4a and 4.4b, the intensity of Peak I (SAN) goes down 

with reaction time and at 150 min it has almost disappeared due to a thermal 

degradation of the SAN with the glycolysis temperature (190ºC) as a consequence of 

this temperature is higher than the crystalline melting temperature of SAN (120ºC) [28]. 

Besides, the higher the reaction time the lower the intensity of peak II (oligomers) as a 

consequence of the urethane groups degradation by the action of diethylene glycol and 

temperature. At 150 min practically all the urethane oligomers have been degraded, as 

can be appreciated in Figures 4.4a and 4.4b. Therefore, due to the glycolysis 

transesterification reaction, the urethane group is degraded and as a result the amount of 

the recovered polyol increased (peak III). 
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Figure 4.4. GPC chromatograms of the foams glycolysis product obtained with 

diethylene glycol and stannous octoate in the glycolysis agent as a function of time: a) 

upper phase of the 25HD, b) upper phase of the 28S, c) bottom phase of the 25HD, d) 

bottom phase of the 28S. WPU:Wg.a = 1:1.5; Catalyst concentration in the glycolysis 

agent 1.3 %; Tr = 190ºC. Peak I=SAN; Peak II=urethane oligomers; Peak III= recovered 

polyether polyol; Peaks IV and V=reaction by-products; Peak VI= glycolysis agent. 

 

On the other hand, as it can be also observed in Figure 4.4, subproducts (peak IV and V) 

are in a very low concentration in the upper phase and, furthermore, the higher the 

reaction time the lower the byproducts concentration due to the subproducts solubility 

goes down as the reaction progresses as a consequence of the progressive increase of 
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polyol content in this phase. The same effect is observed on the glycol concentration 

(peak VI), which is progressively diminishing in the upper phase. 

The area of a chromatogram peak is directly related to the substance concentration [29], 

so the percentage of recovered polyol was calculated as a function of the chromatogram 

areas. The correspondence between the chromatogram areas and the SAN, oligomers, 

polyol, subproducts and glycol concentrations were determined by previous calibration 

with different solutions of raw polyols and diethylene glycol of known concentration, as 

it is shown in Figures 3.5 and 3.6 of Materials and Experimental Methods Chapter. 

The evolution of polyether polyol content in the upper phase during the glycolysis 

reaction of the foams 28S and 25HD is depicted in Figure 4.5a.  

 

 

Figure 4.5. Evolution of polyether polyol (a) of oligomers b) content in the upper phase 

during the glycolysis reaction of 28S and 25HD foams.  

 

In Figure 4.5, it can be seen that for a reaction time of 150 min the polyol concentration 

in the upper phase remains nearly constant, indicating that the glycolysis is complete, 

reaching maximum polyol contents of 68.90 wt% and 64.21 wt% for the 28S and 25HD 

foams, respectively. 
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It can also be appreciated that the lower the SAN content in the foam assayed, the faster 

the kinetic rate of the glycolysis reaction at the first reaction times. For instance, after a 

reaction time of 10 min, the polyol content is 46.37 wt% for the 28S, that corresponds to 

a reaction progress of the 67.3%, while is only a 22.74 wt% for the 25HD foam, 

corresponding to the 35.41% of reaction advance. If there is not SAN in the system, the 

reaction, at the beginning of the degradation process, is even faster with a polyol content 

of 63.3% after 10 min, which means a reaction progress of 77.8% [25]. 

In Figure 4.5b is depicted the evolution of the peak II (oligomers). As expected, the 

higher the reaction time, the lower the oligomers concentration in the upper phase. In 

Figure 4.5b, it can also be appreciated that the presence of the SAN polymer produces a 

reduction of the foam glycolysis rate in the initial stages of the chemolysis reaction. 

There is a 22.55 wt% of oligomers remaining undegraded for the 25HD foam, only a 

7.54 wt% in the case of 28S after 10 min while no oligomers remains in the reaction 

media after this time when a conventional foam from not polymeric polyether polyol is 

treated [25]. 

With respect to the SAN concentration, its value decreases with the reaction time  as a 

consequence of the glycolysis temperature up to a value of approximately 5 wt% for the 

25HD upper phase, while the concentration of SAN in the 28S glycolysis upper phase 

was approximately 1%. 

Therefore, glycolysis process has achieved the expected results for both foams assayed, 

that is an upper phase mainly formed by the recovered polyether polyol with a low 

concentration of reaction byproducts and glycol.  

 

4.2.3. Polyol phase purification 

The upper phases, which are mainly constituted by the recovered polyol were 

characterized in order to evaluate the feasibility of their use for a further foams 

synthesis substituting commercial polyols. These properties and those of commercial 

polyols are shown in Table 4.1.  
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Table 4.1. Upper phase properties obtained with diethylene glycol and stannous octoate 

in the glycolysis agent (WPU:Wg.a = 1:1.5; Catalyst concentration in the glycolysis agent 

= 1.3 %; Tr = 190ºC) in comparison with the raw ones. 

 

PROPERTIES 
UPPER PHASE 

28S 

UPPER PHASE 

25HD 

COMMERCIAL 

POLYMERIC 

POLYOL 

COMMERCIAL 

FLEXIBLE 

POLYETHER 

POLYOL 

Hydroxyl number 

(mgKOH/g) 

200 352 32 48 

Viscosity 

25ºC (cp) 
4230 6412 4500 560 

Acidity 

(mgKOH/g) 
0.115 0.183 <0.1 <0.1 

 

As can be observed in Table 4.1, the upper phase properties are out of commercial 

specification due to the presence of by-products and glycol. Therefore, the upper phase 

purification is necessary. Viscosity high values can be explained by the remaining 

reaction byproducts in the upper phase even at low concentrations [30]. It can be 

observed that the viscosity value for the 25HD upper phase is greater than for the 28S 

upper phase due to the higher ratio of polymeric polyol in foam 25HD, which presents 

higher viscosity than the flexible polyether polyol. With respect to the acidity, the 

values obtained for both foams were similar to the raw products. However, in previous 

studies, where diethanolamine (DEA) was used as glycolysis catalyst, it was achieved a 

lower value [20]. 

As can be appreciated in Table 4.1, the 25HD upper phase presents a hydroxyl number 

higher than the 28S upper phase since the concentration of byproducts and DEG in the 

case of 25HD is approximately 33 %, while in the 28S upper phase is about 29%; 

according to the chromatogram areas of the GPC analysis. 

Hydroxyl number values are significantly greater than the ones of the raw polyols as a 

consequence of the glycolysis by-products and diethylene glycol (DEG) (DEG hydroxyl 

number: 1057 mgKOH/g) remaining in the upper phase.  

Therefore, polyol phase purification is an urgent task in order to obtain a recovered 

polyol susceptible of being used in a further foaming process. 

The presence of byproducts can be explained taking into consideration that in the 

glycolysis process, in addition to the transesterification reaction between the PU and the 
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low weight glycol to give as a result a polyol and a low weight carbamate (4.1), there 

are also other secondary reactions, such as the glycolysis of the urea groups (4.2), 

giving as a result a low weight carbamate and an aromatic amine [31]. 

 

 

                                                       

 

           

These urea groups are contained in the PU structure due to the amines formed in the gas 

formation reaction of the polyurethane synthesis since in a following step these amines 

react with free isocyanate giving as a result a substituted urea.  

Furthermore, the urethane group may react with water giving as a result a hydrolysis 

reaction (4.3) that would be a competitive reaction for the glycolysis one [32]. 

 

 

As can be observed, this reaction leads to the formation of a polyol and an unstable 

carbamic acid that at the reaction temperatures decarboxiles and leads to the formation 

of a secondary amine while carbon dioxide is evolved [33]. 

 (4.1) 

(4.2) 

(4.3) 
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Finally, at the reaction temperatures employed, urethane may be degraded in a thermal 

way (4.4) giving as a result carbon dioxide, amines and unsaturated compounds [32]. 

 

 

 

Taking into account equations (4.1) to (4.4), it can be observed that glycolysis reaction 

produces a series of byproducts, mainly amines, which must be removed from the 

recovered polyol to ensure its utility in a further foaming process.  

The purification method chosen was a liquid-liquid extraction due to previous studies 

by the research group [21]. The optimal conditions obtained to carry out the extraction 

process in the previous work were a solvent of pH between 4 and 5, mass ratio polyol 

phase:solvent of 1:1 and a temperature of 60ºC. However, the temperature value was 

established by the installation limitations instead of optimized, despite of being a very 

important variable. Therefore, for this work a new extraction installation has been 

designed in order to be able to increase the temperature, since a temperature increase is 

expected to improve the extraction efficiency due to the inverse solubility that the 

polyol presents in the solvent with the temperature [34], as it can be observed in Figure 

4.6, where an extraction temperature of 90ºC avoids totally the partial solubilisation of 

the polyol in the aqueous phase. 

 (4.4) 
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Figure 4.6. GPC chromatogram of the first extract obtained with an extraction 

temperature of 60ºC of the 25HD upper phase in comparison with the first extract of the 

25HD upper phase at 90ºC of extraction temperature. Peak I= recovered polyether 

polyol; Peaks II and III=reaction by-products; Peak IV= glycolysis agent. 

 

Finally, the extraction conditions chosen to carry out the polyol phase purification were 

the following ones: 

- Water with a pH between 4 and 5 as solvent. At this pH, -NH- groups 

corresponding to amines, transesterification urethanes and other by-products 

generated in the glycolysis reaction are protonated increasing their hydrophilia 

[30]. A lower pH causes an increase of polyol waste in the extract since pHs 

between 1 to 2 are able to cause the protonation of the polyol nucleophilic 

oxigens [35], increasing this way the polyol solubility in water and giving as a 

result lower extraction efficiency. 

- Solvent:upper phase mass ratio of 1:1 because higher ratios would cause an 

increase in the equipment volume without improving significantly the extraction 

efficiency [21]. 

- Extraction temperature of 90ºC which is the maximum temperature that avoids 

an excessive solvent evaporation.  

 

Figure 4.7 shows the GPC chromatogram of the 25HD upper phase in comparison with 

the refined and the extract ones for different extraction steps. It is important to comment 
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that the upper phase purification study was only performed for the foam 25HD, since 

this foam is the one that presents a higher content of SAN on its formulation. 

 

 

Figure 4.7. GPC chromatogram of 25HD upper phase obtained with diethylene glycol 

and stannous octoate in the glycolysis agent (WPU:Wg.a = 1:1.5; Catalyst concentration 

in the glycolysis agent =1.3 %; Tr = 190ºC) in comparison with the refined ones (a) and 

the extract ones (b). Peak I=SAN; Peak II=urethane oligomers; Peak III= recovered 

polyether polyol; Peaks IV and V=reaction by-products; Peak VI= glycolysis agent. 

 

It can be observed that the extraction process produces an important removal of 

byproducts and DEG of the recovered polyol, as can be appreciated in Figure 4.7a, 

giving as a result a refined with higher concentration of polyol from a 64.0 wt% to a 

72.5 wt% when three extraction steps are done. As can be observed, the polyol 
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concentration increases as a function of the extraction numbers but from refined 2 to 

refined 3, it only increases a 1.5 wt%. On the other hand, Figure 4.7 shows that 

byproducts and DEG proportion decreases in the refined phase as a consequence of its 

solubility in the solvent. After the first extraction, DEG concentration in the recovered 

polyol decreases from 16% up to 11 %. After the second extraction this percentage goes 

down up to 5 % and the concentration in the third and last refined is only 3 %. These 

results confirm that the optimal extraction number is three, since more extractions 

would not improve significantly the recovered polyol purity. Furthermore, the extract 

phase only contains subproducts and DEG but no polyol waste so the conditions are 

suitable to maximize the polyol purity without polyol lose towards the extract phase. 

Additionally, the FT-IR analyses showed in Figure 4.8 confirmed that SAN 

concentration increased due to the extraction process in the upper phase. In the 

glycolysis upper phase of the 25 HD foam, the copolymer SAN is not detected by FT-

IR, however once the purification process was carried out, SAN was detected by the 

absorption band corresponding to CN stretching at 2237 cm
-1

 [36, 37]. Logically, the 

intensity of the CN signal is lower for the recovered polyol than for the raw polymeric 

one since the recovered polyol was obtained from a PU foam synthesized with a 

proportion 60/40 of flexible polyether polyol/polymeric polyol (foam 25HD).  

 

Figure 4.8. Comparison of IR spectra in the interval 1800-2600 cm
-1

 of the recovered 

polyol before and after the extraction process. 
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Therefore, the purification process let to obtain a polyol of great purity. This way, 

recovered polyol hydroxyl number was reduced from 352 mgKOH/g to 60 mgKOH/g, 

mainly due to the DEG solubilization in the extract phase. This hydroxyl number is 

close to the raw polyol ones (Flexible polyether polyol: 48 mgKOH/g and polymeric 

polyol: 32 mgKOH/g). This hydroxyl number is also similar to the one achieved by the 

investigation group for the glycolysis of conventional foams synthesized without 

polymeric polyol, 63 mgKOH/g [23]. However the value obtained this time (60 

mgKOH/g) is slightly lower due to the presence of the polymeric polyol that presents a 

hydroxyl number lower than the one of the flexible polyether polyol. 

4.2.4. Synthesis of flexible PU foams with recovered polyol 

Once the viability of the glycolysis process of foams containing polymeric polyols has 

been demonstrated and the recovered polyol has been properly purified, it should be 

susceptible of being used as raw material for the PU foams synthesis. It is really 

important to take into account that flexible foams are synthesized by means of high 

molecular weight polyols (2000-6000), low functionality (2-3), low hydroxyl value (28-

160 mg KOH/g) and low NCO/OH ratio. The foaming experiments were carried out 

according to the evaluation method in free expansion foaming of conventional slabstock 

foams. A formulation recipe for flexible foams was employed based on a polyol of Mn≈ 

3500 Da in which the virgin flexible polyether polyol (P) was partially replaced for 

recovered polyol (R), once the extraction process had been carried out. Foams were 

only synthesized with the recovered polyol from the glycolysis of the foam 25HD, since 

this polyol is the one that presents a higher content of SAN in order to observe if the 

presence of the copolymer affects to the foaming process.  

This recipe had been successfully used in previous works [23] using as recovered polyol 

the one obtained in the glycolysis of conventional flexible foam synthesized only with a 

flexible polyether polyol but not with a blend of a flexible polyether polyol with a 

polymeric one. The recipe has been adjusted depending on the polyol hydroxyl number 

in order to keep an isocyanate index of 105. Thus, the higher the OH number, the higher 

the isocyanate quantity required to provide a stable structure to the PU foam. 

Three different flexible foams were assayed with different proportions of recovered 

polyol to ensure its utility: 0 pph (parts per hundred) (100 pph virgin flexible polyether 
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polyol), 25 pph (75 pph virgin flexible polyether polyol) and 50 pph (50 pph virgin 

flexible polyether polyol). The foams recipes are shown in Table 4.2. 

 

Table 4.2. Foaming experiments with different contents (pph of polyol) of purified 

recovered polyol.  

 

CHEMICAL P100-R0 P75-R25 P50-R50 

 

Raw polyol  Mn 3500 

(OH=48 mgKOH/g)) 

 

100 75 50 

 

Recovered polyol 

(OH=60 mgKOH/g)) 

 

0 25 50 

 

Hydroxyl number polyol 

mixture (mgKOH/g) 

 

48 51 54 

 

Water 

 

4.60 

 

Tegoamin 33 

 

0.10 

 

Niax A-1 

 

0.05 

 

Silicone L-620 LV 

 

1.40 

 

Sn Octoate 

 

0.20 

 

TDI (80 : 20) 

 

54.58 55.07 55.56 

 

Isocyanate index 

 

105 
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The physical aspect of the foams synthesized is shown in Figure 4.9.  

 

 

Figure 4.9. Physical appearance of the flexible foams synthesized with different 

proportions of recovered polyol. P100-R0 (0 pph of recovered polyol), P75-R25 (25 pph 

of recovered polyol) and P50-R50 (50 pph of recovered polyol). 

 

All the foams grew properly, reaching the same volume, as can be observed in Figure 

4.9. Besides, they exhibit a great homogeneity in their structure only with the presence 

of some occluded air bubbles, probably because of the incorporation of these bubbles in 

the mixture reaction during the agitation process. The main visual difference between 

the foams is that the higher the recovered polyol content the greater the colour intensity 

of the foam, as a consequence of the brown colour of the recovered polyol. However, in 

the PU industry, foams are normally tinted with different colorants and the colour 

intensity is not a drawback. The physical properties of these foams will be discussed 

further in Chapter 6. 

In consequence, it has been demonstrated the feasibility of the extension of the 

glycolysis process to conventional PU foams synthesized with blends of flexible 

polyether polyol and polymeric one obtaining by this way a recycling process that is 

able to recover the polyol from any kind of conventional flexible PU foam. What is 

more, it has been demonstrated that the recovered polyol obtained is really similar to the 

one obtained in the glycolysis of conventional foams synthesized only with flexible 

polyether polyol as indicates the similarity in the hydroxyl numbers and the possibility 

of using the same recipe to synthesize new flexible foams with the recovered polyol. 
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This fact is of great importance in order to introduce these polyols in the PU market. 

Therefore, it has been demonstrated that PU waste coming from conventional foams can 

be treated together, regardless of the presence of polymeric polyol, obtaining a similar 

final product susceptible of substituting partially a raw flexible polyether polyol in the 

synthesis of new flexible PU foams. 

 

4.3. Glycolysis of viscoelastic flexible polyurethane foam waste  

In spite of the high number of publications about the glycolysis of flexible PU foams, 

there is no report about one of the most demanded PU specialties in these days, the 

viscoelastic flexible PU foams. Viscoelastic foams, also known as memory or temper 

foams, were first commercialized during the mid 60’s as a result of NASA’s AMES 

Research technology transfer program. The properties of these foams allowed to 

redistribute the G-Force suffered by astronauts during take-off and re-entry. However, it 

has not been until the last decade when the viscoelastic flexible PU foam market has 

begun to grow considerably and commercial products have been made widely available 

to consumers. The main advantage of this kind of foam is the pressure distribution 

performance. For this reason, viscoelastic foams are usually employed for mattresses 

and pillows, since they adjust themselves to accommodate the various pressure points, 

such as the shoulder and hips, which are body areas that press hardest into the bed 

during sleep. Due to its gradual recovery, viscoelastic foam can be also described as 

“slow recovery” foam. These viscoelastic foam’s unique physical characteristics have 

promoted its popularity in the bedding and medical industries. Aside from bedding and 

medical purposes, viscoelastic material can be also used in a lot of different 

applications: standard household furniture, office furniture and vehicle seating 

applications. Furthermore, it can be applied in sports equipment, power tools, and 

footwear. Viscoelastic foam has also found utility in ergonomic applications such as 

neck, back and leg pads, as well as in arm and wrist rests for computers. Besides, it can 

act as shock protection within electronics equipment and has been used in specialty 

packaging, military and commercial aircraft seating and weaponry (for recoil 

suppression) [38]. The negative consequence of the viscoelastic flexible PU foams huge 

number of applications is the growing generation of non-biodegradable waste and 

finding a solution to this problem is an urgent environmental goal. Therefore, the main 
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aim of this second part of the Chapter is to carry out the recycling process of 

viscoelastic flexible PU scraps by means of glycolysis with the final objective of 

achieving a recovered polyol susceptible of being foamed in a further step.  

On the other hand, it is really important to remember that flexible PU foam scraps arrive 

to the waste manager as a mixed waste collection. As a consequence, the development 

of a process to treat together the PU scraps with independence of the kind of PU foam 

would avoid the necessity of a selective separation step of PU scraps and would mean a 

great advance in the glycolysis world. 

 

4.3.1. Feasibility study of the glycolysis process of viscoelastic flexible PU foams  

 

Based on the optimal conditions previously determined for conventional flexible PU 

foams with independence of the presence or not of polymeric polyol [25, 39], several 

glycolysis reactions were carried out using the viscoelastic flexible PU foam V-50 190. 

The upper and bottom phases (UP and BP, respectively) resulting at 30 min of the 

glycolysis process were characterized by GPC and their chromatograms are depicted in 

Figure 4.10 compared to those from the raw viscoelastic polyol and diethylene glycol 

(DEG). 

 

Figure 4.10. GPC chromatograms of an upper phase (UP) and a bottom phase (BP) 

samples at 30 min of the glycolysis of the V-50 190 foam glycolysis obtained with 

diethylene glycol and stannous octoate in the glycolysis agent in comparison with GPC 

chromatograms of raw viscoelastic polyol and diethylene glycol (DEG). Peak I= 

urethane oligomers; Peak II=High molecular weight polyol; Peak III= Low molecular 

weight polyol; Peaks IV and V=reaction by-products; Peak VI= DEG. 
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Taking into consideration the upper phase chromatogram, it can be observed six 

different peaks. The first one is assigned to the urethane oligomers with a molecular 

weight of 4592 g/mol.  On the other hand peaks II and III correspond with the recovered 

polyol ones. As can be observed in Figure 4.10, peak II can be identified as the high 

molecular weight polyol contained in the raw viscoelastic polyol and presents a 

molecular weight of 1996 g/mol. Otherwise, peak III of the upper phase chromatogram 

coincides in retention time with the second peak of the viscoelastic raw polyol 

confirming the nature of this third peak. For this reason, peak III corresponds with the 

low molecular weight polyol (705 g/mol) of the viscoelastic polyol. 

Peak IV and peak V can be explained as glycolysis subproducts such as low weight 

carbamates and aromatic amines similar to TDA [26]. The molecular weights of the 

byproducts are 477 g/mol and 355 g/mol, respectively. In Figure 4.10, it can be 

observed that the concentration of the subproducts in the upper phase is really low due 

to the fact that the dielectric constants of these compounds are more similar to the 

glycol than to the polyol one and, as a consequence, byproducts are solubilized in the 

bottom phase. Peak VI of the upper phase is assignable to the low molecular weight 

glycol (diethylene glycol) used as reactive in the glycolysis process due to the 

coincidence in the retention time with the GPC chromatogram of the raw glycol. As it 

happened with the byproducts, diethylene glycol (DEG) concentration in the upper 

phase is also really low as a consequence of the different polarity between the polyol 

and the glycol. 

Therefore, bottom phase chromatogram is mainly constituted by compounds with high 

dielectric constant such as the reaction byproducts (principally aromatic amines) and 

DEG (dielectric constant=31,69) and part of the low molecular weight polyol, whereas 

the upper phase mainly consists of the less polar products such as the oligomers and the 

recovered polyols. 

The presence in the bottom phase of the low molecular weight polyol contained in the 

viscoelastic raw one can be explained attending to the dielectric constants, since the 

lower the molecular weight of a polyol/glycol, the higher the dielectric constant [40] 

and the higher its solubility in a polar solvent as DEG. Despite of this fact, it has been 

demonstrated that is possible to carry out the glycolysis process of flexible viscoelastic 

PU foams using the same low molecular weight glycol (DEG) and the same reactions 
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conditions that have been optimized for conventional flexible PU foams since a split-

phase product has been obtained where the upper phase is mainly constituted by polyol. 

 

4.3.2. Evolution of the glycolysis products in the upper phase  

In Figure 4.11 are represented the GPC chromatograms of some upper phases samples 

taken at different reaction times for the glycolysis reaction of the viscoelastic foam V-

50 190. 

 

Figure 4.11. GPC chromatograms of the glycolysis upper phases at different reaction 

times using diethylene glycol and stannous octoate in the glycolysis agent WPU:Wg.a = 

1:1.5; Catalyst concentration in the glycolysis agent = 1.3 %; Tr = 190ºC. Peak I= 

urethane oligomers; Peak II=High molecular weight polyol; Peak III= Low molecular 

weight polyol; Peaks IV and V=reaction by-products; Peak VI= DEG. 

 

It can be observed in Figure 4.11 that the GPC chromatograms are practically identical 

with independence of the reaction time and as a consequence a reaction evolution can 

not be appreciated. This makes a real difference with respect to the results achieved in 

previous reports where the glycolysis of conventional flexible PU was studied [20, 22, 

25, 39], which was commented in Section 4.2. In these previous works, it could be 

observed that the higher the reaction time, the lower the intensity of the peak 

corresponding to oligomers as a consequence of the progressive urethane groups 

degradation by the action of diethylene glycol and temperature. As a result of these 
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oligomers disappearance process, the peak assigned to the recovered polyol was 

progressively increased. 

Moreover, the concentration of the phases compounds was obtained from the areas of 

the GPC chromatograms [29] due to the fact that each peak represents a substance of a 

different molecular weight. To get this aim, a calibration with different solutions of 

known concentration of raw viscoelastic polyol and diethylene glycol was carried out, 

as it is shown in Figures 3.7 and 3.8 of Materials and Experimental Methods Chapter. 

Taking into consideration the calibration equations, the evolution of the glycolysis 

products during the chemolysis reaction was obtained. 

Figures 4.12a and 4.12b show the concentration of polyol and oligomers during the 

glycolysis reaction, respectively.  

 

 

Figure 4.12. Evolution of polyol content in the upper phase a) and of oligomers b) 

during the glycolysis reaction of the viscoelastic foam V-50 190. WPU:Wg.a = 1:1.5; 

Catalyst concentration in the glycolysis agent = 1.3 %; Tr = 190ºC. 
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Figure 4.12 confirms the qualitative results observed in Figure 4.11, showing that the 

glycolysis process of flexible viscoelastic PU foams is much faster that the glycolysis 

process of the conventional ones since from the first reaction times the system maintains 

a stationary state. It can be observed that from the beginning of the reaction, the net 

polyol content in the upper phase is about 61% by weight; being impossible to observe 

the evolution of the polyol content with time in our set up. This fact indicates that the 

viscoelastic foams glycolysis is much faster than that of conventional flexible PU 

foams, probably due to the lower molecular weight of the viscoelastic polyol in 

comparison to the one used in the synthesis of conventional flexible PU foams [20, 22, 

25, 39]. Furthermore, as it has been explained in Chapter 3, the scrap foam was added 

by means of a continuous feeder during an hour, what means that the first sample (10 

min sample) was really taken at 70 min after the first PU piece had been fed into the 

reactor. This limitation of the experimental set up can cause the impossibility of seeing 

the reaction evolution in systems with a high kinetic rate. 

It is also important to comment that the polyol content (61 wt %) is slightly lower than 

the one achieved at the end of the glycolysis process for polymeric conventional PU 

foams [39]. Approximately a 52% corresponds to the high molecular weight polyol 

contained in the raw viscoelastic one whereas the low molecular weight polyol only 

represents a 9% by weight due to its solubilisation in the glycol phase as a consequence 

of its higher dielectric constant [40]. On the other hand, oligomers content in the upper 

phase is also maintained constant with a concentration of approximately 19% by weight, 

a quantity higher than the one obtained for conventional flexible PU foams [25, 39].  

In Figure 4.11, it can be also observed that subproducts (peak IV and V) and glycol 

(peak VI) present a low concentration in the upper phase, as a consequence again of the 

high polarity of these compounds in comparison with the polyol one.  

Taking into account the results obtained, it can be stated that the previously developed 

split-phase glycolysis process for flexible conventional and polymeric foams can be 

applied to viscoelastic ones, obtaining an upper phase mainly formed by the high 

molecular weight polyol with a low concentration of reaction byproducts and glycol. 

This way, it has been demonstrated the extension of the glycolysis process to this kind 

of foams. 
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4.3.3. Polyol phase purification 

As it was extensively commented in Section 4.2.3, in addition to the main glycolysis 

reaction between the PU and the low weight glycol, there are also other secondary 

reactions, with independence of the kind of flexible PU foam recycled, which provides 

several secondary products, such as low weight carbamates and aromatic amines. 

These byproducts and the glycol used as transesterification agent are in a low 

concentration in the upper phase of the split-phase glycolysis, as can be appreciated in 

Figure 4.10, but even at low concentration provoke a huge increase in the hydroxyl 

number (OH) of the recovered polyalcohol as a consequence of the higher hydroxyl 

number of these products (DEG hydroxyl number: 1057 mgKOH/g) in comparison to 

the raw flexible polyols hydroxyl numbers. Hydroxyl number of the upper phase was 

measured by a standard titration method (ASTMD-4274-88) and the value obtained was 

217.8 mg KOH/g. This value was also corroborated by means of a GPC analysis taking 

into account that the hydroxyl number can be calculated using equation (4.5) [26]: 

 

Mn

f
OH number




56100
 

where f represents the functionality of the compound, Mn is the number average 

molecular weight and 56100 is the molecular weight of KOH in mg mol
-1

. 

Table 4.3 shows the calculations carried out to obtain, approximately, the hydroxyl 

number of the glycolysis upper phase taking into account the concentrations in % by 

weight calculated by integration of the chromatogram areas and the molecular weights 

obtained by means of poly(ethylene glycol) standards. Byproducts functionalities were 

obtained in a previous study [26]. 

It can be observed that the value achieved (215.86 mg KOH/g) is really similar to the 

one obtained by titration with a percent error of only 0.89%. 

 

 

 

 

 

 (4.5) 
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Table 4.3. Approximate hydroxyl number calculation of the foamV-50 190 glycolysis 

upper phase at 150 min of the glycolysis by means of GPC. 

 

Upper Phase 

components 

 

Content 

(wt%) 
f Mn 

OH (mg KOH g
-1

) = 

56100*f/Mn 
OH * wt%/100 

Oligomers 19.08 3 4592 36.65 6.99 

High Mn Polyol 51.92 3 1996 84.32 43.78 

Low Mn Polyol 9.39 3 705 238.72 22.41 

Byproduct 1 2.60 3.2 477 376.35 9.80 

Byproduct 2 5.26 3.2 355 505.69 26.59 

DEG 11.75 2 124 904.84 106.28 

                                                                                                                                         OH = ∑= 215.86 

 

However, hydroxyl number of the glycolysis upper phase is not in the range of 

commercial flexible polyether polyols (28-160 mg KOH/g) and, therefore, a proper 

purification process is mandatory with the aim of removing the high hydroxyl number 

compounds of this phase and obtaining a recovered polyol susceptible of being used in a 

further foaming process. Polyols with high hydroxyl numbers were also obtained in the 

previous work about glycolysis of conventional flexible foams [39], described in the 

first part of the present Chapter, indicating that, with independence of the kind of foam 

scrap treated, a further purifying process of the upper phase is required. 

Besides, the same optimal conditions that were used in Section 4.2.3 for conventional 

flexible polymeric foams will be used for the purification of this polyol, due to the 

similarity of the byproducts that must be removed. 

In Figure 4.13 the GPC chromatogram of the viscoelastic foam glycolysis upper phase 

is depicted in comparison with the refined and the extract ones for different extraction 

steps. 
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Figure 4.13. GPC chromatogram of V-50 190 glycolysis upper phase obtained with 

diethylene glycol and stannous octoate in the glycolysis agent (WPU:Wg.a = 1:1.5; 

Catalyst concentration in the glycolysis agent = 1.3 %; Tr = 190ºC) in comparison with 

the refined ones (a) and the extract ones (b). Peak I= urethane oligomers; Peak II=High 

molecular weight polyol; Peak III= Low molecular weight polyol; Peaks IV and 

V=reaction by-products; Peak VI= DEG. 

 

Figure 4.13a shows that the purification process is able to remove a large proportion of 

the non desired compounds of the upper phase. In fact, the net polyol content is 

increased from 61.31 wt% to a 68.57 wt%, after the three extraction steps. The total 

concentration of DEG and byproducts is reduced from 19.61 wt% to 4.47 wt% due to 

the solubilization of these compounds in the solvent.  This is so because at the pH of the 

solvent, the -NH- groups corresponding to amines, transesterification urethanes and 

other by-products generated in the glycolysis reaction are protonated, increasing this 

way their hydrophilia. As expected, the net result is a purified recovered polyol with a 
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lower hydroxyl number (Table 4.4). Besides, Figure 4.13b shows that the extract phases 

only contain subproducts and DEG but no polyol waste indicating that the pH of the 

solvent is the correct one since the protonation of the polyol nucleophilic oxigens has 

not taken place. 

Hydroxyl number of the purified recovered polyol was measured by a standard titration 

method (ASTMD-4274-88) and the value obtained was 64.56 mg KOH/g, a value 

approximately three times lower that the one achieved in the glycolysis upper phase, 

demonstrating, once more, the high efficiency of the purification process, independently 

of the waste flexible PU foam treated. 

Furthermore, hydroxyl number of the purified product was also approximately 

calculated using equation (4.5) and the GPC results by means of obtaining a glycolyzate 

average molecular weight and functionality, as it is shown in Table 4.4. It can be 

appreciated as the value achieved (65.48 mg KOH/g) only presents a percent error of 

1.43% with respect to the titrator value. 

 

Table 4.4. Data for the calculation of the approximate hydroxyl number of the purified 

recovered polyol. 
 

Refined 3 

components 

Content 

(wt%) 
f Mn Mn * wt%/100 f * wt%/100 

Oligomers 26.96 3 4592 1237.69 0.809 

High Mn Polyol 63.74 3 1996 1272.26 1.912 

Low Mn Polyol 4.83 3 705 34.05 0.145 

Byproduct 1 0.74 3.2 477 3.54 0.024 

Byproduct 2 1.60 3.2 355 5.69 0.051 

DEG 2.12 2 124 2.63 0.042 

                                                                                           Mn =  ∑= 2555.86                f =  ∑= 2.983 

 

This hydroxyl number is similar to the ones achieved by the investigation group for the 

glycolysis of conventional foams synthesized without polymeric polyol (63 mgKOH/g) 

[23] and with polymeric polyol (60 mgKOH/g) [36] ensuring the similarity between the 

glycolyzates obtained once the purification process has been carried out. 
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4.3.4. Synthesis of flexible PU foams with recovered polyol from viscoelastic foam 

scraps 

 

With the aim of providing a final application to the purified recovered polyol obtained, 

a foaming process using the recovered glycolyzates from the glycolysis of viscoelasic 

foam scraps must be carried out. Several authors have used the recovered products from 

the glycolysis reaction to synthesize new PU products. Datta et al. used the glycolysates 

obtained from waste flexible PU foam as the only polyol component in the synthesis of 

PU elastomers [41-44].  

It is essential to take into consideration that for ensuring a proper flexible foam, polyols 

with molecular weights in the range 2000-6000, low functionality (2-3) and low 

hydroxyl value (28-160 mg KOH/g) are the ones that have to be employed. Purified 

recovered polyol presents suitable properties to be used as a flexible polyalcohol: 

Mn=2555.86, f=2.983 and OH= 64.56 mg KOH/g. Furthermore, water content was 

determined by Karl-Fischer method using an automatic titrator, obtaining a value of 0.1 

%, value that is in the range of commercial flexible polyether polyol.  

Then, foaming experiments were carried out according to the evaluation method in free 

expansion foaming of conventional slabstock foams. The formulation recipe employed 

was the same that had been used in previous reports for glycolyzates obtained from 

conventional foams [23, 39]. The recipe is based on a trifunctional polyol with a 

hydroxyl number of 48 mg KOH/g, in which the virgin flexible polyether polyol (P) 

was partially replaced for the purified recovered one (R). The recipe has been 

recalculated taking into account the hydroxyl number of the glycolyzate obtained from 

the flexible viscoelastic PU foam waste (OH= 64.56 mg KOH/g), varying the TDI 

amount in order to maintain the isocyanate index in 105. 

Table 4.5 shows in detail the foam recipes of the different synthesized foams using the 

obtained glycolyzate. 
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Table 4.5. Foaming experiments (parts per hundred (pph) of polyol) carried out with the 

purified recovered polyol obtained in the glycolysis of flexible viscoelastic PU foam 

scraps. 

 

CHEMICAL P100-Rv0 P75-Rv25 P50-Rv50 

 

Raw polyol  Mn 3500 

(OH=48 mgKOH/g) 

 

100 75 50 

 

Recovered polyol 

(OH=64.56 mgKOH/g) 

 

0 25 50 

 

Hydroxyl number polyol 

mixture (mgKOH/g) 

 

48 52.14 56.28 

 

Water 

 

4.60 

 

Tegoamin 33 

 

0.10 

 

Niax A-1 

 

0.05 

 

Silicone L-620 LV 

 

1.40 

 

Sn Octoate 

 

0.20 

 

TDI (80 : 20) 

 

54.58 55.25 55.93 

 

Isocyanate index 

 

105 

 

Figure 4.14 shows the physical appearance of the foams synthesized. It can be observed 

that the foams volume is not a function of the proportion of the purified recovered 

polyol in the recipe since all the foams achieved exactly the same height with 

independence of the quantity of glycolyzate used. 
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Figure 4.14. Physical appearance of the flexible foams synthesized with different 

proportions of recovered polyol. P100-Rv0 (0 pph of recovered polyol), P75-Rv25 (25 

pph of recovered polyol) and P50-Rv50 (50 pph of recovered polyol). 
 

Besides, they exhibit a great homogeneity in their structure as can be appreciated in 

Figure 4.15. The physical properties of these foams will be discussed further in Chapter 

6. 

 

    

Figure 4.15. Internal structure of the flexible foams synthesized with different 

proportions of recovered polyol. a) P100-Rv0 (0 pph of recovered polyol), b) P75-Rv25 

(25 pph of recovered polyol) and c) P50-Rv50 (50 pph of recovered polyol). 

 

Therefore, a glycolyzate with optimal properties to be used as replacement of a raw 

flexible polyether polyol has been obtained from viscoelastic flexible PU foam scraps. 

Consequently, the extension of the glycolysis process to this kind of PU foams has been 

proved. It is really important to remark that viscoelastic foam sector is the one that is 

  a)   b)   c) 
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undergoing a faster growing process at present, what would just justify the importance 

of this Chapter. In addition, it has been stated that the recovered polyol obtained is 

really similar to the ones obtained in the glycolysis of conventional foams [23,39], as 

shows the similarity in the hydroxyl numbers of the glycolyzates obtained, being 

possible to use the same foaming recipe. 

In consequence, one of the biggest challenges of the flexible PU foam glycolysis has 

been achieved since it has been demonstrated that the joint treatment of conventional 

and viscoelastic PU foams blends would be possible, avoiding this way the necessity of 

a selective collection or a previous separation step of PU scraps. 

 

4.3.5. Synthesis of rigid PU foams with the glycolysis bottom phase of PU viscoelastic 

foam scraps 

 

In Section 4.3.1 has been commented that the bottom phase obtained in the glycolysis of 

viscoelastic flexible PU foam waste had a remarkable concentration of the low 

molecular weight polyol from the viscoelastic raw one, due to its low molecular weight 

and consequently high dielectric constant [40] and solubility in a polar solvent as DEG. 

Hence, giving value to this bottom phase would increase the interest of the developed 

process, especially because the bottom phase is the most abundant one as a consequence 

of the glycol excess employed to displace the transesterification equilibrium to the 

polyol release.  

As said before, the bottom phase mainly consists of the excess of glycol, sub-products 

and of an important quantity of the low molecular weight polyol.  

Table 4.6 shows the concentrations in % by weight of the different products contained 

in the bottom phase obtained by means of integration of the chromatogram peaks and 

using the calibration equations obtained in Figure 3.8 of the Materials and Experimental 

Methods Chapter. Table 4.6 also shows the approximate molecular weight of the 

glycolysis bottom phase taking into account the concentration and the molecular weight 

of each individual product. 
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Table 4.6. Composition and approximate molecular weight of the glycolysis bottom 

phase by means of GPC. 

 

Bottom Phase 

components 

Content 

(wt%) 
Mn Mn*wt%/100 

Oligomers 0.18 4592 8.05 

High Mn Polyol 2.97 1996 59.22 

Low Mn Polyol 17.58 705 123.96 

Byproduct 1 21.53 477 102.72 

Byproduct 2 19.38 355 68.81 

DEG 38.36 124 47.56 

                                                                                    Mn =  ∑= 410.32 

 

It can be observed that the concentration of the low molecular weight polyol in the 

bottom phase is around 17.58 % by weight, what means a high content. 

Taking into consideration that rigid PU foams are synthesized using low molecular 

weight polyols (300-700 g/mol) with a functionality at least of 3 (generally 3-8) and 

high hydroxyl value (250-1000 mg KOH/g), if we compare the bottom phase molecular 

weight (410.32 g/mol) and its hydroxyl number (685 mg KOH/g) with those of the rigid 

polyols, both are in the range of those of rigid polyols. Thus, this bottom phase can be 

used for the synthesis of rigid PU foams.  

Therefore, several rigid PU foams were synthesized mixing in different proportions the 

bottom phase of the glycolysis with a raw rigid polyether polyol. The base recipe in 

which the foaming experiments are based on was successfully applied by Borreguero et 

al in previous works [45-47].  

The required quantity of polymeric MDI (PMDI) was calculated by means of equation 

(4.6): 

                                           
     

      
 

   

         
  

      

      
                                               (4.6) 

where the equivalents of isocyanate were obtained using equation (4.7): 

                                            
       

     
 = 

       

  
                                          (4.7) 
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in which 42 represents the molecular weight of nitrogen, carbon and oxygen 

(14+12+16=42). Besides, the isocyanate content (or NCO value) of PMDI, which is 

typically in the range of 30 to 33 per cent [48], has been considered 31. 

The equivalents of polyol have been obtained by means of equation (4.8): 

                                                                
     

   
                                                           (4.8) 

where 56100 is the molecular weight of KOH in mg mol
-1

 and IOH represents the 

hydroxyl number of the polyol in mg KOH/g. 

Equation (4.9) shows how to obtain the equivalents of water: 

                                                            
  

 
                                                    (4.9) 

Therefore, taking into account equations (4.6) to (4.9), the required quantity of PMDI 

can be obtained by means of equation (4.10): 

         
        

     
       

   

 
                                  (4.10) 

Finally equation (4.10) must be corrected taking into account the acidity and the water 

content of the polyol in which the recipe is based on: 

                                                                (4.11) 

Equation (4.11) let to obtain the theoretical amount of PMDI considering an isocyanate 

index of 100. The isocyanate index is defined by equation (4.12): 

 

                                     
                    

                         
                            (4.12) 

Formulations for producing rigid polyurethane foams normally have an index between 

105 and 125 [49]. In polyurethane formulations, an index > 100 ensures the complete 

reaction of the OH group. Excess NCO groups react, for example, forming allophanate 

structures. 

Hence, the final expression to obtain the amount of PMDI taking into consideration the 

isocyanate index is equation (4.13). 

                                                       
                

   
        

 where: 

- IOH: Hydroxyl number in mg KOH/g of the mixture of the raw rigid polyol with 

the glycolysis bottom phase. 

- Acidity: Acidity in mg KOH/g of the raw rigid polyol. 

 (4.13) 
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- g H2O: parts of water per 100 parts of polyol mixture in the recipe. 

- % Humidity: Water content of the raw rigid polyol.   

Acidity and humidity of the bottom phase were not measured, since these variables 

could be considered negligible in comparison to the value of the hydroxyl number and 

to the parts of water one, respectively, and for this reason the values of acidity and 

humidity of the raw rigid polyol were the ones used in equation (4.13), instead of using 

the values of the mixture of the raw rigid polyol with the glycolysis bottom phase.  

Table 4.7 shows in detail the recipes of the rigid foams synthesized using a mixture of 

bottom phase and pure rigid polyol, changing the bottom phase percentage from 0 to 

100%. It can be observed that the higher the content of bottom phase, the higher the 

required amount of PMDI to achieve the isocyanate index of 106, as a consequence of 

the increase in the hydroxyl number of the polyol mixture, as predicted by (4.13). 

 

Table 4.7. Foaming experiments carried out with the bottom phase obtained in the 

glycolysis of flexible viscoelastic PU foam scraps (materials contents in pph of polyol). 

 

CHEMICAL P100-BP0 P75-BP25 P50-BP50 P25-BP75 P0-BP100 

 

Raw polyol  Mn 555 

(OH=455 mgKOH/g) 

 

100 75 50 25 0 

 

Bottom phase 

(OH=685 mgKOH/g) 

 

0 25 50 75 100 

 

Hydroxyl number polyol 

mixture (mgKOH/g) 

 

455 512.5 570 627.5 685 

 

Tegostab B-8404 

 

1.5 

 

Water 

 

2.5 

 

Tegoamin BDE 

 

2.5 

PMDI 157.13 171.76 186.39 201.01 215.64 

 

Isocyanate index 

 

106 
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Figure 4.16 shows the internal structure of the rigid foams synthesized with different 

proportions of the glycolysis bottom phase.  

           

 

                             

Figure 4.16. Internal appearance of the rigid foams synthesized with different 

proportions of the glycolysis bottom phase. a) P100-BP0 (0 pph of bottom phase), b) 

P75-BP25 (25 pph of bottom phase), c) P50-BP50 (50 pph of bottom phase), d) P25-

BP75 (75 pph of bottom phase) and e) P0-BP100 (100 pph of bottom phase). 

 

It can be appreciated that rigid foams containing up to 75 pph of bottom phase showed a 

great homogeneity and did not show any structural fault. The main difference observed 

between the distinct formulations was that the higher the amount of bottom phase, the 

higher the rate of the foaming process since this phase presents an important content of 

amine compounds and the reaction of isocyanates with amines at room temperature is 

faster than the reaction with alcohols. Furthermore, the reaction between these amine 

compounds and PMDI forms substituted ureas. These ureas can crosslink with the 

urethane group, coming from the main reaction between the low molecular weight 

polyol and PMDI, giving as a result a polymer structure with a high reticulation grade. 

Some of the benefits of reticulated polyurethane foam are superior filtering and fluid 

management capabilities due to the consistent pore size. Besides, foams with high 

reticulation also exhibit high tensile strength, elongation, and tear properties which 

allow a lot of fabrication techniques.  

  a)   b)  c) 

  d)   e) 
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Therefore, it has been demonstrated that the bottom phase obtained in the glycolysis of 

flexible viscoelastic PU foam waste can replace in a great extension, even similar to 100 

pph, a raw rigid polyol in the synthesis of new rigid PU foams with a high crosslinking 

grade. Hence, a global recovery process of PU waste has been achieved since both 

glycolysis phases have been used as valuable products. 

 

4.4. Conclusions 

In this Chapter, a detail study of the viability of the glycolysis process of flexible 

polyurethane foams containing polymeric polyols and of viscoelastic flexible PU foam 

has been done. It has been stated that is possible to carry out the glycolysis of these 

kinds of foams using the same reaction conditions previously optimized by our group 

for conventional foams synthesized only with a flexible polyether polyol. As a result of 

the glycolysis reaction, an upper phase mainly formed by the recovered polyol has been 

obtained. After a proper purification step, the recovered polyol can be used in a further 

foaming process replacing part of the raw flexible polyether polyol. The recipe assayed 

was the same that had been used with recovered polyol from conventional foams 

synthesized without polymeric polyol modifying only the value of the recovered polyol 

hydroxyl number.  

Moreover, it has been stated that the glycolysis bottom phase obtained from viscoelastic 

flexible PU foam scraps can be used to replace at least up to 75 pph of a raw rigid 

polyether polyol in the synthesis of new rigid PU foams. Hence, a global valorization of 

the glycolysis phases has been achieved converting them in profitable substances. 

In conclusion, one of the biggest challenges of the flexible PU foam glycolysis has been 

achieved since it has been demonstrated that the joint recycling treatment of 

conventional and viscoelastic PU foams blends would be possible avoiding this way the 

necessity of a selective collection or a previous separation step of PU scraps. 
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Chapter 5 demonstrates the feasibility of the glycolysis process of flexible PU foam 

scraps using crude glycerol, a waste of the biodiesel production. The use of crude 

glycerol reduces approximately in ten times the operation costs associated to the 

chemolysis agent and increases the polyol recovery yield in comparison with the 

performance showed by the best commercial cleavage agent described until this 

moment (DEG). Besides, two waste substances (flexible PU foam scraps and crude 

glycerol) are valorized, obtaining valuable products of both glycolysis phases. 

Therefore, crude glycerol has been found to be a sustainable and economical 

transesterification agent for the glycolysis process of flexible PU foam. 
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ABSTRACT 

Glycolysis is the most widely used recycling process for polyurethanes. With a large 

molar glycol excess condition, the reaction product splits in two phases, where the 

upper layer is mainly formed by the recovered polyol, with a higher purity than in the 

case of single-phase glycolysis processes, and the bottom layer by the excess of 

glycolysis agent and reaction by-products. However, this huge molar excess causes an 

important increasing of the operation costs hindering the implantation of industrial 

glycolysis plants, in spite of the great research advances in this field. 

In this Chapter, the feasibility of the glycolysis process of flexible PU foam scraps by 

means of using crude glycerol, a waste of the biodiesel production, as a sustainable and 

economical transesterification agent is shown, reducing approximately in ten times the 

operation costs associated to the transesterification agent compared to DEG. 

Two different PU foams, a viscoelastic and a high resilience one, were assayed with this 

new cleavage agent. Both foams types were meticulously chosen due to the special 

characteristics, in terms of polarity, of the raw polyether polyols that constitute them; a 

viscoelastic polyol and a high resilience polymeric one containing PU particles, 

respectively. In both cases, crude glycerol provides a glycolysis upper phase with a 

lower content of byproducts and transesterification agent than in the case of using the 

best transesterification agent described until this moment (DEG), as a consequence of 

its higher dielectric constant. Furthermore, for the same reason, the net yield in polyol 

of the glycolysis process increases due to the almost negligible presence of polyol in the 

bottom phase. Moreover, once the washing of the glycolysis phases is done, the 

glycolysis upper phases can replace up to 25 parts per hundred (pph) of a raw flexible 

polyether polyol in the synthesis of new flexible PU foams. Besides, the glycolysis 

bottom phases can be valorized recycling it in the formulation of new rigid PU 

insulating foam replacing partially the raw rigid polyether polyol. 

On the other hand, since crude glycerol is a byproduct of the biodiesel industry and 

presents only a purity of 80%, the glycolysis of the same foams was carried out by 

means of employing glycerol 99%PS. This study demonstrated that the glycerol purity 

does not have a significant influence in the recovered polyol purity, and therefore, 

crude glycerol can be employ directly from the biodiesel plants. 
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Hence, a global, sustainable and economically viable glycolysis process has been 

achieved by means of using two waste substances (flexible PU foam scraps and crude 

glycerol), obtaining valuable products of both glycolysis phases. 
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RESUMEN  

El proceso de reciclado de poliuretanos más empleado es la glicólisis. El uso de gran 

exceso de glicol da lugar a un producto bifásico, en el que la fase superior está 

constituida principalmente por el poliol recuperado, con una pureza mayor que en el 

caso de los procesos en fase única, y la inferior por subproductos y exceso de agente 

glicolítico. Sin embargo, este gran exceso de glicol supone incrementar de manera 

notable los costes de operación, lo que dificulta la implantación industrial del proceso, 

a pesar de los importantes avances de investigación en este campo.  

En este Capítulo, se muestra la viabilidad del proceso de glicólisis de espumas flexibles 

de PU empleando glicerina cruda, un residuo de la producción del biodiesel, como 

agente de transesterificación sostenible y económico, reduciendo aproximadamente en 

diez veces los costes de operación asociados al agente quimiolítico en comparación al 

DEG. 

Se ensayaron dos tipos de espuma de PU diferentes con este nuevo agente degradante, 

una viscoelástica y otra de alta resiliencia. Ambos tipos de espumas fueron 

meticulosamente elegidas debido a las especiales características, en términos de 

polaridad, de los polioles que las forman; un poliol viscoelástico y uno de alta 

resiliencia conteniendo partículas de PU, respectivamente. En ambos casos, la 

glicerina cruda proporciona una fase superior con una concentración menor de agente 

degradante y subproductos que en el caso de emplear el mejor agente de 

transesterificación descrito hasta el momento (DEG), como consecuencia de su mayor 

constante dieléctrica. Además, por la misma razón, el rendimiento neto en poliol es 

mayor debido a la casi nula presencia del mismo en fase inferior. Asimismo, una vez 

realizado el proceso de purificación, las fases superiores pueden reemplazar hasta 25 

partes por cien (pph) de un poliol poliéter flexible en la síntesis de nuevas espumas 

flexibles. Del mismo modo, la fase inferior se valoriza como reemplazo de poliol rígido 

poliéter en la formulación de nuevas espumas rígidas de aislamiento. 

Por otro lado, como la glicerina cruda es un subproducto de la industria del biodiesel 

y tiene tan solo una pureza del 80%, se llevó a cabo la glicólisis de las mismas 

espumas empleando glicerina con un 99% de pureza. Este estudio demostró que la 

pureza de la glicerina no influye significativamente en la pureza del poliol recuperado, 
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por lo que se puede emplear la glicerina cruda según se obtiene del proceso de 

biodiesel.  

Por consiguiente, se obtiene un proceso de glicólisis global, sostenible y 

económicamente viable mediante el empleo de dos residuos (restos de espuma flexible 

de PU y glicerina cruda), obteniendo productos valiosos de ambas fases. 
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5.1. Preface 

Glycolysis is the most widely used chemical recycling process for PU. It consists of a 

transesterification reaction, in which the ester group joined to the carbonyl carbon of the 

urethane is interchanged by the hydroxyl group of the glycol [1]. 

The main reaction that takes place is the following one: 

 

 

All over the years a lot of different low weight glycols have been employed in the 

glycolysis process of polyurethane waste. Borda et al. [2] described the glycolysis of 

elastomers based on polyether polyol and MDI using ethylene glycol (EG), 1,2- 

propylene glycol (PG), triethylene glycol (TEG) and poly(ethylene glycol) (PEG) as 

glycols. Modesti et al. [3] also described glycolysis reactions of flexible PU foams 

based on polyether polyol (mostly triol) and toluene diisocyanate (TDI) using ethylene 

glycol (EG) and glycolysis reactions of reinforced PU by means of using dipropylene 

glycol (DPG) [4]. However, Wu et al. [5] reported glycolysis reactions of flexible PU 

foams using diethylene glycol (DEG). On the other hand, Nikje et al. [6, 7] carried out 

microwave assisted split-phase glycolysis reactions of flexible PU foam waste using 

glycerine and a mixture of DEG-pentaerythritol (PER) as a new solvent-reactant 

mixture. Recently, Datta et al. [8- 11] reported the glycolysis reaction of elastic PU 

foams using ethylene glycol (EG), propane 1,3 diol (PG), butane 1,4 diol (BDO), 

pentane 1,5 diol (GP) and 1,6 hexanediol HDO.  

On the other hand, in a previous work, the research group carried out a study to 

determine the optimal glycol to be used in the split-phase chemolysis reaction of 

flexible PU foams [12]. The foam used for that study was a conventional one based on 

glycerol based polyether polyol with a Mn of 3500 Da. In that work, diethanolamine 

(DEA) was used as catalyst and monoethylene glycol (MEG), diethylene glycol (DEG), 

1,2-propylene glycol (MPG) and dipropylene glycol (DPG) as low weight glycols. It 

(5.1) 
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was found that propylenic glycols increased the solubility between phases, worsening 

the phase separation. On the other hand, MEG provided a slow degradation rate, while 

DEG showed a good degradation capacity of the urethane chain requiring lower time to 

achieve their complete degradation and obtaining a polyol with properties similar to 

those of the raw one. As a consequence, DEG was the glycol selected to develop the 

split-phase glycolysis process and its extension to different flexible PU foams such as 

the ones containing polymeric polyols [13] and the viscoelastic ones [14], commented 

in Chapter 4 of this work. 

Despite of the good properties of the recovered polyols, it is important to remark that 

split-phase glycolysis process requires a large glycol excess to ensure that the reaction 

product splits in two phases [1]. It entails that for recovering the raw polyol 

(approximately value 2.5 $/kg [15]) from the PU foam waste it is necessary a huge 

quantity of glycol (approximately value 1.24 $/kg [16]) what makes difficult the 

implantation of industrial glycolysis plants. For this reason, the process has been scaled 

up to pilot plant but has not achieved the commercial scale; since the cost of operation 

do not get paid through the disposal fees that the shredder operators are willing to pay. 

However, small scale commercial chemolysis plants exist in Italy (shoe soles), Austria 

(elastomeric foam), Germany (Reaction Injection Molding, RIM) and UK (Flexible slab 

stock) [17] but employing mainly single-phase glycolysis processes that obtained 

recovered polyol of low purity. These low purity polyols are only able to replace the 

virgin polyols in semi-rigid foams but not in flexible ones [17]. However, at present, 

flexible foams mean about the half of the total PU production. 

Therefore, novel alternatives, economical and environmentally friendly, of glycolysis 

agents are a high priority topic for researchers involved with polymer recycling 

processes.  

In the case of the flexible polyurethane foams, with the aim of carrying out the 

transesterification reaction that implies the glycolysis process, it is necessary to look for 

new alternatives to the industrial glycols employed all over the last decades. These new 

alternatives should own end hydroxyl groups to be able to produce the interchange with 

the PU ester group and should be insoluble in the recovered polyols to ensure a proper 

split-phase glycolysis process. 
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A very promising alternative from an economical and environmental point of view to 

the common glycolysis agents, would be the employment of crude glycerol, coming 

from the biodiesel production. 

Biodiesel production can be defined as a transesterification reaction in which 3 mol of 

methanol reacts in three steps with glycerides [18] in the presence of a catalyst (sodium 

hydroxide and potassium hydroxide are the most commonly used) to give as a result 

methyl esters and glycerol. In the first reaction step, methanol reacts with triglycerides 

to form diglycerides and methyl ester. After that, methanol reacts again with 

diglycerides to form monoglycerides and methyl ester. Finally these monoglycerides 

react again with methanol to obtain glycerol and methyl esters (biodiesel). Crude 

glycerol is normally generated at the rate of one mol of glycerol for every three mol of 

methyl esters synthesized. Approximately, glycerol as a by-product on biodiesel 

production means about 10 wt% of the total product [19].  

It is really important to take into account that in the last decades, the energy demand has 

been increased in a large extension promoting a serious energy crisis as a consequence 

of the non-renewable energy sources extinction risk. Therefore, the transition of the 

non-renewable energy sources to the sustainable and renewable ones is an urgent task to 

be developed. One of the most known alternatives is the biodiesel. For this reason, 

biodiesel has become an attractive option since it is made from renewable biological 

sources such as vegetable oils and animal fats. Furthermore, it is biodegradable, non-

toxic has low emission profiles and, this way, is environmentally friendly.   

Hence, the growing extension of biodiesel production has provided a crude glycerol 

oversupply, and consequently the commercial price of glycerol has fallen down 

drastically. As a result of the low prices of glycerol, traditional producers such as Dow 

Chemical and Procter and Gamble Chemicals, decided to stop the glycerol production. 

Dow closed 140 million pound synthetic glycerin plant early 2006 [20] since it was 

impossible to compete under these market pressures. 

As a consequence of the glycerin oversupply, the development of the biodiesel industry 

is deeply affected since low prices of glycerol affect negatively the economy of 

biodiesel producers. Besides, crude glycerol represents a huge byproduct stream to be 

economically disposed of. Therefore, finding alternatives to mitigate this environmental 

and economical problem is an urgent task and for this reason the investigation of new 
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applications of glycerol is a high-priority topic for managers and researchers related to 

the production of biodiesel.  

The process to purify crude glycerol (that includes filtration, chemical steps, and 

filtration vacuum distillation) and convert it in technical grade glycerol (>97% pure, 

used for industrial type applications) or even in refined USP (United States 

Pharmacopeia) grade glycerol (>99.7% pure, used in cosmetics, pharmaceuticals or 

food) is mostly non viable from an economical point of view [21]. A proposal to solve 

the crude glycerin problem was to sell this glycerol to refineries. Nevertheless, glycerol 

producers have to pay for shipping the byproduct to refineries and, due to the big 

oversupply of the crude glycerol, transportation costs equal or exceed the price of this 

product [22]. Hence, novel alternatives of valorization of this waste are one of the most 

demanded research topics at present, with the final aim of improving the economic 

viability of the biodiesel industry. 

Therefore, one the main achievements of this Chapter is the development of a novel 

application for the crude glycerol. It consists of using this low cost byproduct 

(approximately 0.13 $/kg [23]), as a new transesterification reactive in the glycolysis of 

flexible polyurethane (PU) foam waste with the final aim of recovering the raw polyol. 

This way, a value added product is achieved using as reagents two waste substances 

(PU scraps and crude glycerol), providing an economical and environmental friendly 

solution to the oversupply of crude glycerin and reducing in ten times the operation 

costs relatives to the transesterification agent. 

For this purpose, crude glycerol has been used for the glycolysis of viscoelastic flexible 

PU foams and the results have been compared to those obtained when using DEG as 

cleavage agent and also for the case of using glycerol 99% PS. Besides, continuing with 

the idea of the extension of the glycolysis process to different PU foams, the glycolysis 

of HR foams with crude glycerol has been assayed as well. 

 

5.2. Glycolysis of viscoelastic flexible PU foams using crude glycerol  

5.2.1. Feasibility study of the glycolysis process  

The glycolysis of the viscoelastic flexible PU foam V-50 190 was carried out with the 

optimal reaction conditions that were described in Chapter 4 for conventional flexible 
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PU foams containing polymeric polyol [13, 24] and for viscoelastic ones [14], but using 

glycerol as glycolysis agent.  

This way, the results can be directly compared to those obtained when using DEG as 

transesterification agent. 

The reaction that takes place is the following one: 

 

In the case of using crude glycerol, its three hydroxyl groups are susceptible of 

producing an interchange reaction with the ester group of the urethane, giving as a result 

the recovered polyol contained in the original foam and a low weight carbamate ending 

in hydroxyl groups. 

Figure 5.1 shows the GPC chromatograms of an upper phase (UP) and a bottom phase 

(BP) sample at 60 min of the V-50 190 foam glycolysis in comparison with GPC 

chromatograms of the raw viscoelastic polyol and crude glycerol. 

It can be seen that Peak II and III of the upper phase chromatogram are identified as the 

high molecular weight polyol and the low molecular weight one, respectively, contained 

in the viscoelastic raw polyol. In Chapter 4 it was widely explained that viscoelastic 

polyols consist of two different ones of distinct molecular weight with the aim of 

getting low resiliency, as a consequence of breaking the symmetry of the polyurethane 

matrix [14]. 

On the other hand, peak I corresponds to urethane oligomers, whereas peaks IV, V and 

VII are assigned as reaction byproducts, mainly low weight carbamates ending in 

hydroxyl groups and aromatic amines [25]. Finally, peak VI is the one corresponding to 

the crude glycerol, since the retention time coincides with the one of the crude glycerol 

chromatogram. 

 

(5.2) 
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Figure 5.1. GPC chromatograms of an upper phase (UP) and a bottom phase (BP) 

sample at 60 min of the V-50 190 foam glycolysis obtained with crude glycerol and 

stannous octoate in the glycolysis agent in comparison with GPC chromatograms of raw 

viscoelastic polyol and crude glycerol. Peak I= urethane oligomers; Peak II=High 

molecular weight polyol; Peak III= Low molecular weight polyol; Peaks IV, V and 

VII=reaction by-products; Peak VI= Crude glycerol. 
 

As occurs when employing diethylene glycol as glycolysis agent [14], it can be 

observed that the presence of subproducts in the glycolysis upper phase is low since 

these compounds present a polarity more similar to the glycolysis agent (crude glycerin) 

than to the polyol. Hence, the byproducts are mainly solubilized in the glycerol phase 

that constitutes the glycolysis bottom phase, as can be appreciated in Figure 5.1. 

Besides, a remarkable and very interesting advantage can be observed when using crude 

glycerol with respect to DEG, this is that when crude glycerol is used as cleavage agent, 

the low molecular weight polyol contained in the viscoelastic one remains, in a great 
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extension, in the upper phase. This different behavior is due to the higher dielectric 

constant of glycerol (ε=42.5) compared to the DEG one (ε =31.69), this avoids the 

solubilization of the low molecular weight polyol of the viscoelastic foam in the crude 

glycerol phase (bottom phase) as happens when DEG is used. Furthermore, the high 

molecular weight polyol is totally insoluble in this phase since the higher the molecular 

weight of a polyol/glycol, the lower the dielectric constant [26] and consequently lower 

its solubility in a very polar solvent as glycerol. On the other hand, byproducts and 

glycolysis agent concentrations are also lower in the upper phase when crude glycerol is 

the transesterification reactive used instead of DEG, as a consequence again of the 

higher dielectric constant of the glycerol that causes a higher affinity of these non 

desirable byproducts with the glycolysis bottom phase. 

Therefore, crude glycerol provides a great improvement in the split-phase glycolysis 

process, avoiding polyol losses in the bottom phase and allowing to achieve an upper 

phase product mainly constituted by the high and low molecular weight polyols. The 

employment of glycerol allows the obtaining of a real viscoelastic polyol in the upper 

phase as a consequence of the non-solubilization of any polyol in the bottom phase, and 

of high purity. 

 

5.2.2. Evolution of the glycolysis products in the upper phase  

The evolution of the glycolysis products in the upper phase has been studied by means 

of the areas integration of the GPC chromatograms using the same methodology that 

was widely explained in the previous Chapter.  

Furthermore, in order to compare how affect the glycerol purity to the glycolysis 

process, several glycolysis reactions were carried out using glycerol 99% PS as 

transesterification reactive. 

Figure 5.2 shows the GPC chromatograms of some upper phase samples taken at 

different reaction times for the glycolysis reactions of the viscoelastic foam V-50 190 

using crude glycerol a) and glycerol 99% PS b) as glycolysis agents.  
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Figure 5.2. GPC chromatograms of the glycolysis upper phases (UP) at different 

reaction times (min) using crude glycerol and stannous octoate in the glycolysis agent a) 

and using glycerol 99% PS and stannous octoate b)WPU:Wg.a = 1:1.5; Catalyst 

concentration in the glycolysis agent = 1.3 %; Tr = 190ºC. Peak I= urethane oligomers; 

Peak II=High molecular weight polyol; Peak III= Low molecular weight polyol; Peaks 

IV, V and VII=reaction by-products; Peak VI= cleavage agent. 
 

Chromatograms at different reaction times are quite similar what indicates that the 

glycolysis reaction is very fast and, therefore, a real reaction evolution can not be 

observed. It indicates that independently of the glycolysis agent used, the glycolysis 

reaction of viscoelastic PU foam takes place at a faster rate that in the case of 

conventional flexible PU ones [13, 24].  
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In Figure 5.3 is depicted the evolution of polyols and oligomers concentration during 

the glycolysis reactions carried out with crude glycerol, obtained by means of the 

chromatograms areas integration.  

 

Figure 5.3. Evolution of polyols and oligomers content in the upper phase during the 

glycolysis reaction of the viscoelastic foam V-50 190 using crude glycerol as 

transesterification agent. WPU:Wg.a = 1:1.5; Catalyst concentration in the glycolysis 

agent 1.3 %; Tr = 190ºC. 

 

This Figure confirms that the glycolysis process of viscoelastic PU foams is very fast 

since no variations in the concentration of polyol are observed after finishing the 

feeding process of the foam to the discontinuous reactor that takes 1 h, moment in 

which the extraction of reaction samples starts. It means that the glycolysis of the PU 

linkage occurs few moments after the scrap touches the reaction media.  

Besides, as can be appreciated in Figure 5.2, the results obtained with crude glycerol 

and with glycerol 99% PS are almost identical, indicating that there is no advantage in 

the crude glycerol purification and that it can be applied directly from the biodiesel 

plants. 

Finally, the polyol concentrations in the glycolysis phases obtained using DEG [14], 

glycerol 99% PS and crude glycerol as glycolysis agents were compared (Tables 5.1 

and 5.2). 
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Table 5.1. Recovered polyols concentration comparison in the glycolysis upper phase at 

150 min of the glycolysis depending of the glycolysis agent used. 

 

 

GLYCOLYSIS 

AGENT 

 

Upper phase composition (wt%) 

High Mn 

Polyol 

Low Mn 

Polyol 

Net 

polyol 

Ratio 

High Mn polyol/Net polyol 

Glycolysis 

agent 

Diethylene glycol 51.92 9.39 61.31 0.85 11.75 

Glycerol 99% PS 33.50 37.82 71.32 0.47 5.01 

Crude glycerol 35.99 34.25 70.24 0.51 2.90 

 

As can be observed in Table 5.1, the lower dielectric constant of the DEG in 

comparison to the one of the glycerol causes a massive solubilisation of the low weight 

polyol in the glycol phase (bottom phase). As a consequence, the upper phase is mainly 

formed by the high molecular weight polyol since the dielectric constant of the low 

molecular weight polyol is too similar to the DEG one to avoid the solubilisation 

process. 

On the contrary, when glycerol 99% PS or crude glycerol are used as glycolysis agent, 

the mass ratio of high molecular weight polyol with respect to the net recovered polyol 

is approximately 0.5, which aggress with the typical composition of a raw viscoelastic 

polyol, since the higher dielectric constant of the glycerol avoids, in great extension, the 

solubilisation of the low molecular weight polyol in the bottom phase. In fact, in Figure 

5.3 it can be observed that the concentration in the glycolysis upper phase of the high 

molecular weight polyol is slightly higher than the one of the low molecular weight 

polyol when crude glycerol is used as glycolysis agent. The numerical proportion of 

both polyols in the upper phase was determined (Table 5.1) and, indeed, the high Mn 

polyol is the major component for the case of using crude glycerol with a mass ratio of 

0.51. 

Furthermore, as shown in Table 5.1, glycolysis agent concentration in the glycolysis 

upper phase is considerably lower when glycerol 99% PS and crude glycerol are used 

instead of DEG. In the case of DEG, the concentration of the glycolysis agent in the 

upper phase was approximately 11.75 % by weight, whereas when glycerol 99% PS and 

crude glycerol were the ones used, the glycolysis agent concentration was reduced to 
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5.01 % by weight and 2.90 %, respectively, as a consequence of the bigger difference in 

polarity of the recovered polyols with the glycerol (ε=42.5) than with the DEG (ε 

=31.69). 

Table 5.2 shows the polyol concentrations in % by weight in the glycolysis bottom 

phases obtained with DEG (Chapter 4), glycerol 99% PS and crude glycerol. 

 

Table 5.2. Recovered polyols concentration comparison in the glycolysis bottom phase 

at 150 min of the glycolysis depending of the glycolysis agent used. 
 

 

GLYCOLYSIS AGENT 

 

Bottom phase composition (wt%) 

High Mn Polyol Low Mn Polyol 

Diethylene glycol 2.97 17.58 

Glycerol 99% PS 0 1.74 

Crude glycerol 0 1.76 

 

As it can be observed in Table 5.2, high molecular weight polyol contained in the 

viscoelastic raw one is completely insoluble in the glycerol phases, and solubility of the 

low molecular weight one is also practically insoluble in them. As shown in Table 5.2, 

the low molecular weight polyol concentration in the glycolysis bottom phase is 

reduced from 17.58 % when DEG was the glycolysis agent used to 1.74 and 1.76 % 

when glycerol 99 % PS and crude glycerol were used, respectively. These results agree 

with upper phases’ composition showed in Table 5.1, demonstrating the non-

solubilisation of the recovered polyols in the glycerol phase and providing an upper 

phase with a higher net content of polyol (from a 61wt%, in the case of DEG, to a 

70wt% when using glycerol 99% PS or crude glycerol). Hence, a great similarity in the 

results obtained with glycerol 99% PS and with crude glycerol was observed. 

Therefore, crude glycerol has been proven as a novel transesterification agent to carry 

out the glycolysis process of flexible PU foam waste, achieving an upper phase mainly 

constituted by the recovered polyols and a bottom one formed by the excess of 

glycolysis agent and several reaction by-products. Furthermore, crude glycerol allows to 

obtain a glycolysis upper phase with a mass ratio high molecular weight polyol:total 
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recovered polyol of approximately 0.5 that agrees with the typical composition of a raw 

viscoelastic polyol. Besides, the concentration of by-products and glycolysis agent in 

the upper phase was also reduced when crude glycerol is employed instead of DEG, 

achieving more purity in the glycolysis upper phase. On the other hand, it has been also 

studied the influence of the glycerol purity and it can be stated that crude glycerol 

allows to obtain the same results than glycerol 99% PS. 

 

5.2.3. Polyol phase purification 

As it has been extensively discussed in Chapter 4, glycolysis process generates a series 

of by-products mainly aromatic amines [25] as a consequence of several secondary 

reactions such as the glycolysis reaction of the urea groups contained in the PU foam, 

the hydrolysis reaction of PU and the reactions of thermal degradation of PU at the 

temperatures in which the glycolysis process is carried out. 

Hence, with the aim of achieving a high quality recovered polyol, susceptible of being 

used in a further foaming step as a replacement of a virgin one, it is crucial to remove 

most of the impurities of the glycolysis polyol phase (upper phase).  

These impurities consist of amines and the excess of glycolysis agent whose hydroxyl 

numbers (OH) are far superior to the one of a flexible polyether polyol providing a huge 

increment in the OH number of the glycolysis upper phase in comparison to the 

hydroxyl number of the raw polyol. 

Hydroxyl number of the glycolysis upper phase obtained using crude glycerol as 

glycolysis agent was measured by means of a standard titration method (ASTMD-4274-

88) and the value achieved was 257.1 mg KOH/g. This value is higher than the one 

obtained when using DEG as glycolysis agent (217.8 mg KOH/g [14]). It can be 

explained attending to the different composition of the glycolysis upper phases showed 

in Table 5.1. 

Table 5.1 showed that the concentration of low molecular weight polyol in the 

glycolysis upper phase is higher when crude glycerol is used as glycolysis agent than 

when DEG was the one employed, on contrary to what happen with the high molecular 

weight polyol. At this point, it is important to take into account that the hydroxyl 

number can be calculated by means of equation (5.3) [27].  
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where f represents the functionality of the compound, Mn is the number average 

molecular weight and 56100 is the molecular weight of KOH in mg mol
-1

. 

Taking into consideration equation (5.3), it can be observed that the lower the molecular 

weight of the polyol the higher its OH number. Hence, the OH number of the glycolysis 

upper phase obtained with crude glycerol must be higher than the one obtained with 

DEG, as it was the case, explaining the results obtained by means of the standard 

titration method. 

On the other hand, as it has been commented before, the presence of by-products and 

the excess of glycolysis agent provokes an important increase in the hydroxyl number of 

the glycolysis polyol phase (upper phase), even at the low concentrations in which they 

are present in this phase, due to its huge hydroxyl numbers (crude glycerol hydroxyl 

number was determined by ASTMD-4274-88 and the value achieved was 1833 

mgKOH/g) in comparison to the typical ones of the flexible polyether polyols (28-160 

mg KOH/g [1]).  

High hydroxyl numbers were also achieved for the glycolysis upper phases in the case 

performed with DEG as chemolysis agent, regardless of the kind of PU foam treated: 

conventional without polymeric polyols [24], conventional with polymeric polyols 

(Chapter 4) and viscoelastic (Chapter 4). Therefore, a further purification of the 

glycolysis upper phase is an obligatory task, independently of the type of foam scrap 

treated and the glycolysis agent used. 

Thus, with the aim of obtaining a recovered polyol with optimal properties to be used as 

a replacement of a virgin one, a purification process based on a liquid–liquid extraction 

was carried out using the optimized conditions described in Chapter 4, since the 

glycolysis by-products to be removed are really similar, regardless of the PU foam type 

recycled and the transesterification reactive employed. 

Figure 5.4 shows the GPC chromatogram of the viscoelastic foam glycolysis upper 

phase obtained using crude glycerol as glycolysis agent in comparison with the refined 

and the extract ones for the three extraction steps. 

(5.3) 
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Figure 5.4. GPC chromatogram of the glycolysis upper phase obtained with crude 

glycerol and stannous octoate in the glycolysis agent (WPU:Wg.a = 1:1.5; Catalyst 

concentration in the glycolysis agent =1.3 %; Tr = 190ºC) in comparison with the 

refined ones (a) and the extract ones (b). Peak I= urethane oligomers; Peak II=High 

molecular weight polyol; Peak III= Low molecular weight polyol; Peaks IV, V and 

VII=reaction by-products; Peak VI= Crude glycerol. 

 

In Figure 5.4a it can be observed that the concentration of by-products and crude 

glycerol is progressively reduced in the refined phases with the extraction steps giving 

as a result a purified recovered product with a higher polyol content and practically free 

of bý-products. Furthermore, the extraction process avoids in a great extension polyol 

losses in the extract phases, as it is shown in Figure 5.4b. 

Hydroxyl number of the purified recovered polyol was measured by a standard titration 

method (ASTMD-4274-88) with the aim of checking the efficiency of the purification 

process. As a consequence of removing the high hydroxyl number products of the 

glycolysis upper phase, the purified recovered polyol is able to reduce its hydroxyl 

number from 257.1 mg KOH/g to 84 mg KOH/g, a value approximately three times 
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lower, as it was also observed when using DEG (Chapter 4), verifying this way the high 

efficiency of the purification process, regardless the glycolysis agent employed in the 

transesterification reaction. 

Besides, hydroxyl number of the purified recovered polyol was also approximately 

calculated taking into consideration the GPC results, based in the integration of the 

chromatogram areas and the molecular weights obtained by means of poly(ethylene 

glycol) standards and using the functionalities obtained in a previous work [25], 

obtaining a glycolyzate average molecular weight and functionality (Table 5.3).  

 

Table 5.3. Approximate hydroxyl number of the purified recovered polyol calculated 

from GPC areas. 

Refined 3 
Content 

(wt%) 
f Mn Mn * wt%/100 f * wt%/100 OH (mg KOH g

-1
) 

Oligomers 19.29 3 4007 773.04 0.579 

 

Mn

f
OH number




56100
 

High Mn 

Polyol 
47.65 3 2134 1016.90 1.430 

Low Mn 

Polyol 
29.39 3 723 212.49 0.882 

Byproduct 1 0.38 3.2 264 1.00 0.012 

Byproduct 2 0.49 3.2 164 0.81 0.016 

Crude 

glycerol 
0.12 3 103 0.13 0.004 

 

Byproduct 3 

 

2.66 3.2 80 2.13 0.085 

                                                                 Mn =  ∑= 2006.51       f =  ∑= 3.007 OHnumber = 84.07 

 

It has to be highlighted that the value obtained (84.07 mg KOH/g) is identical to the one 

obtained by the titrator ASTM method. This result confirms the utility of the novel GPC 

based method, created by the research group, to obtain hydroxyl numbers in an 

approximate way since it was also successfully applied in Chapter 4 when using DEG 

as transesterification reactive. 

However, a crucial difference when using crude glycerol instead of DEG must be noted, 

that is the higher OH value in the purified recovered polyol when crude glycerol is 

employed as a consequence of the non solubilisation of the low molecular weight polyol 

in the glycolysis bottom phase due to the higher dielectric constant of the crude glycerol 

in comparison to the DEG one. As it has been commented before, the lower the average 
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molecular weight of the purified recovered polyol the higher its hydroxyl number, that 

agrees with the results obtained. Besides, with the aim of verifying the high quality of 

the recovered polyol obtained, FTIR spectra were carried out to determine the chemical 

structures present in the final product. 

Figure 5.5 shows the IR spectra of the glycolysis upper phase, of the glycolysis bottom 

phase, the refined recovered polyol one and the one of the raw viscoelastic polyol with 

which the flexible foam V-50 190 was originally synthesized. 

Figure 5.5. Comparison of the FTIR spectra of the raw viscoelastic polyol with the 

purified recovered polyol, with the glycolysis upper phase and with the glycolysis 

bottom phase one obtained using crude glycerol as glycolysis agent. 

 

In Figure 5.5, it can be observed that the FTIR spectrum of the purified recovered 

polyol (refined 3) is practically identical to the one of the raw viscoelastic polyol 

ensuring the high quality of the final product. 

FTIR spectrum of the recovered polyol presents the typical functional groups of a 

polyalcohol, showing the absorption bands corresponding to the hydroxyl groups (one 

belonging to stretching vibrations of these OH groups at 3460 cm
-1

 and the other one 

produced by CO groups associated to hydroxyl end groups 1000-1200 cm
-1

). 

Furthermore, it can be also observed the absorption bands due to stretching vibrations of 
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CH bonds of the aliphatic carbons of the polyol chain in the spectral region 2800-3000 

cm
-1

 and the typical signal assigned to the bending vibrations of methylene groups in 

the polyol chain in 1373 and 1452 cm
-1

. Besides, intense stretching vibrations 

corresponding to aliphatic ether group of the polyol chain can be appreciated at 1060-

1150 cm
-1

,
 
overlapping with the band produced by C-O bond associated to hydroxyl 

end. 

However, FTIR spectra corresponding to the glycolysis upper phase and to the purified 

recovered polyol present three small additional signals due to the transesterification 

reaction that takes place in the glycolysis process and that generates a series of by-

products. One of these extra bands is the one assigned to the characteristic stretching 

vibrations of -NH bond (3363 cm
−1

) coming from urethane bond. Furthermore, it can be 

observed the stretching vibrations of the C=O bond (1736 cm
-1

) produced by the 

transesterification carbamates (glycolysis by-product) and by urethane groups of the 

original foam. The last extra band around 1625 cm
-1

 is the one assigned to amines 

similar to toluendiamine (glycolysis by-product), as a consequence of the bending 

vibrations of N-H bond. Nevertheless, in Figure 5.5 it can be also observed that the 

intensity of these three extra bands is quite low in the glycolysis upper phase, as a 

consequence of the massive solubilization of the transesterification by-products in the 

crude glycerol phase (glycolysis bottom phase). Besides, it must be noted that the 

intensity of these three additional signals and the intensity of the one corresponding to 

stretching vibrations of OH groups at 3460 cm
-1

 is considerably lower in the FTIR of 

the purified recovered polyol due to the solubilization of the reaction by-products and 

crude glycerol, respectively, in the extract phases, confirming this way the GPC results 

and verifying the high quality of the final product achieved. On the other hand, 

glycolysis bottom phase FTIR spectrum shows a great intensity of the bands 

corresponding to the non desirable products (glycolysis byproducts) as a result of the 

solubilization of these substances in the polar crude glycerol phase. Furthermore, it can 

be appreciated that the band belonging to stretching vibrations of OH groups at 3460 

cm
-1

 is huge due to the higher hydroxyl number of the crude glycerol in comparison to 

the one of the recovered polyol. 
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5.2.4. Synthesis of flexible PU foams with the purified glycolysis upper phase  

The final aim of the chemical recycling processes is to obtain products that can be 

useful as reagent materials in the chemical and petrochemical industry. Concretely, in 

the case of glycolysis, the goal is to achieve a recovered polyol with properties suitable 

to be used as replacement of a virgin one.  

The three main variables of a polyol involved in the foaming process are hydroxyl 

number value, functionality and average number molecular weight. 

For this reason, the value of these crucial properties has been obtained in order to ensure 

that the final product coming from the glycolysis upper phase presents suitable 

characteristics to be used as a replacement of a raw flexible polyether polyol. 

It is well known that for getting a successful PU flexible foam, the polyols used must 

present molecular weights in the range 2000-6000, low functionality (2-3) and low 

hydroxyl value (28-160 mg KOH/g). 

Table 5.3 showed the value of the average number molecular weight of the purified 

glycolysis upper phase together with the ones of the average functionality and of the 

hydroxyl number. It can be observed that the three variables are in the range of the 

flexible polyether polyols demonstrating this way the high quality of the obtained 

product. 

Additionally, water content measurements were carried out by means of Karl-Fischer 

method using an automatic titrator, achieving a value of 0.1 %, which is typical one for 

commercial flexible polyether polyols.  

Finally, several flexible PU foams were synthesized according to the evaluation method 

in free expansion foaming of conventional slabstock foams using the same formulation 

recipe employed in Chapter 4. PU foam recipes have been obtained taking into 

consideration the hydroxyl number value of the purified glycolysis upper phase (OH= 

84 mg KOH/g) and its water content (0.1 %). 

Three flexible PU foams were synthesized with different mixtures of purified glycolysis 

upper phase (recovered polyol) ranging from 0 to 25% with a virgin flexible polyether 

polyol with the goal of testing the foaming behavior of the recovered polyol. Table 5.4 

shows the foam recipes where the TDI content was modified in order to keep an 

isocyanate index of 105. 
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Table 5.4. Foaming experiments carried out with the purified glycolysis upper phase 

obtained by means of using crude glycerol as transesterification agent (reagents contents 

in pph of polyol). 
 

CHEMICAL P100-R0 P87.5-R12.5 P75-R25 

 

Raw polyol  Mn 3500 

(OH=48 mgKOH/g) 

 

100 87.5 75 

 

Purified glycolysis upper phase 

(OH=84 mgKOH/g) 

 

0 12.5 25 

 

Hydroxyl number polyol mixture 

(mgKOH/g) 

 

48 52.5 57 

 

Water 

 

 

4.60 

 

 

Tegoamin 33 

 

0.10 

 

Niax A-1 

 

0.05 

 

Silicone L-620 LV 

 

1.40 

 

Sn Octoate 

 

0.20 

 

TDI (80 : 20) 

 

54.58 55.31 56.05 

 

Isocyanate index 

 

105 

 

Figure 5.6 shows the flexible PU foams internal aspect. It can be observed that all the 

foams exhibited regular structure with not internal defects, demonstrating the high 

quality of the recovered polyol obtained by means of using crude glycerol. The physical 

properties of these foams will be discussed further in Chapter 6. 

 



CHAPTER 5   

   

162 

 
 

Figure 5.6. Internal appearance of the flexible foams synthesized with different 

proportions of recovered polyol. a) P100-R0 (0 pph of recovered polyol), b) P87.5-

R12.5 (12.5 pph of recovered polyol) and c) P75-R25 (25 pph of recovered polyol). 

 

 

5.2.5. Synthesis of rigid PU foams with the glycolysis bottom phase  

As explained in Chapter 4, the valorization of the glycolysis bottom phase is a crucial 

goal from the economic and environmental point of view since this phase is the most 

abundant one in the recycling process.  

As it has been commented all over the Chapter, glycolysis bottom phase mainly consists 

of the excess of crude glycerol and several glycolysis subproducts such as low weight 

carbamates and aromatic amines, all of them containing labile protons susceptible of 

reacting with the isocyanate group due to the high reactivity of the isocyanate group in 

the presence of labile protons [1]. 

The implemented alternative consisted on recovering the excess of glycol employed in 

the split-phase glycolysis of PU waste by means of distillation under reduced pressure 

(50 mbar) to reemploy the glycol into the process. On the other hand, the residue of the 

distillation column, containing the isocyanate part of the glycolysis by-products that had 

been considered as a dangerous waste up to that moment, was characterized and showed 

similar properties to toluendiamine (TDA), commonly used as initiator in the synthesis 

of new rigid polyols. Thus, this vacuum residue was used as starter material for amine 

polyol synthesis [25].  

Here, the alternative to explore will be to use the bottom phase, without further 

treatment, as polyol mixed with fresh one to obtain rigid foams, in order to reduce the 

process complexity and the associated costs to the distillation step. 

Hydroxyl number of the glycolysis bottom phase was obtained by means of a standard 

titration method with the aim of determining its suitability to be used as a replacement 

  a)   b)   c) 
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of a virgin rigid polyether polyol. The value obtained was 759 mg KOH/g that is in the 

typical range of raw rigid polyether polyols (250-1000 mg KOH/g [1]). 

Therefore, several rigid PU foams were synthesized with different mixtures of the 

glycolysis bottom phase ranging from 0 to 100% with a virgin rigid polyether polyol 

with the aim of checking the utility of this phase as a raw rigid polyether polyol 

replacement. Formulation recipes calculations were widely explained in the previous 

Chapter. In Table 5.5 are shown the recipes of the synthesized rigid foams.  

Table 5.5. Foaming experiments carried out with the glycolysis bottom phase obtained 

by means of using crude glycerol as transesterification agent (reagents contents in pph 

of polyol). 
 

CHEMICAL 
P100-

BP0 

P75-

BP25 

P50-

BP50 

P25-

BP75 

P0-

BP100 

 

Raw polyol  Mn 555 

(OH=455 mgKOH/g) 

 

100 75 50 25 0 

 

Glycolysis bottom phase 

(OH=759 mgKOH/g) 

 

0 25 50 75 100 

 

Hydroxyl number polyol mixture 

(mgKOH/g) 

 

455 531 607 683 759 

 

Tegostab B-8404 

 

1.5 

 

Water 

 

2.5 

Tegoamin BDE 2.5 

PMDI 157.13 176.46 195.80 215.13 234.47 

 

Isocyanate index 

 

106 

 

 



CHAPTER 5   

   

164 

In Figure 5.7, it can be observed the internal appearance of the rigid PU foams 

synthesized with different mixtures of the glycolysis bottom phase with a raw rigid 

polyether polyol. It must be noted that rigid foams containing up to 75 pph of the 

glycolysis bottom phase did not present any defects in their internal structure and 

showed a remarkable homogeneity in their surface with absence of structural faults and 

great homogeneity. As it was observed for the case of using DEG in Chapter 4, it has 

also been detected that the higher the proportion of bottom phase in the recipe, the 

higher the rate of the foaming process. It can be explained attending to the higher amine 

content that present the recipes with higher quantities of glycolysis bottom phase 

containing amines that react with isocyanates faster than alcohols at room temperature 

[1]. As a result of the interaction between these amine compounds and PMDI, 

substituted ureas that can crosslink with the urethane group are formed, providing a 

high reticulation grade in the PU structure.  

 

               

                                 

Figure 5.7. Internal appearance of the rigid foams synthesized with different 

proportions of the glycolysis bottom phase. a) P100-BP0 (0 pph of bottom phase), b) 

P75-BP25 (25 pph of bottom phase), c) P50-BP50 (50 pph of bottom phase), d) P25-

BP75 (75 pph of bottom phase) and e) P0-BP100 (100 pph of bottom phase). 

 

Hence, glycolysis bottom phase has been successfully used as replacement of a raw 

rigid polyether polyol in the synthesis of new rigid PU foams with a high crosslinked 

structure.  

  a)   b)  c) 

   d)   e) 
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Consequently, a global, sustainable and profitable recovery process of flexible PU foam 

waste has been developed since both glycolysis phases, coming from the 

transesterification reaction of the PU group with the crude glycerol, have been put in 

value. 

 

5.3. Glycolysis of high resilience flexible PU foam waste containing PU dispersion 

polyol using crude glycerol  

Glycolysis processes have been described for a great variety of polyurethane products, 

including flexible foams [2, 3, 5-9, 12-14, 24, 25, 29-35] and rigid ones [36-41] and also 

the denominated CASEs [2, 42-44]. Glycolysis processes of reaction injection 

molding (RIM) and reinforced reaction injection molding (RRIM) polyurethanes have 

been also reported [4, 45-47]. 

Nevertheless, glycolysis processes of high resilience flexible PU foams have not been 

yet reported in literature. In recent years, there has been a significant increase in the 

manufacture of HR foams in Europe and, as expected, HR foams are now attracting the 

attention of many foam manufacturers in North America and Asia [48]. In the last years, 

high resilience foam production has begun to increase sharply as a consequence of the 

wide application field that presents this kind of foams. HR foams are involved in 

flexible PU foams with high performance properties for superior comfort, support and 

durability. HR foams present a better support factor (which is the main function a foam 

can provide), higher fatigue resistance and larger durability compared to conventional 

foam and for this reason its popularity is increasing continuously, providing an 

important increment of the generated waste. HR foams are produced by long-chain 

polyether polyols with higher molecular weight (4,000–6,000 g/mol) and a higher 

proportion of ethylene oxide than in the case of conventional foams [49]. Besides, in 

their synthesis is very common the employment of HR polymeric polyols instead of 

traditional HR polyols, with the aim of improving the mechanical properties of the final 

foam.  

The last tendency in the synthesis of HR foams consists on the employment of 

polymeric polyols containing disperse particles of polyurethane (polyisocyanate 

polyaddition polyol, PIPA polyols [27]) in a traditional HR polyol with the aim of 

improving the mechanical properties of the final HR foam. This kind of polymeric 
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polyol does not contain any monomers as styrene and acrylonitrile, improving this way 

the flame retardant properties of the HR foam synthesized and reducing the emissions of 

residual VOCs (volatile organic compound) up to a 75%. Figure 5.8 shows the 

emissions reduction achieved by means of using HR PIPA polyols in comparison to the 

traditional graft HR polyols for a HR foam with a density of 60 kg/m
3
 [50].  

 

Figure 5.8. VOCs emissions comparison [50]. 

 

In another study, residual VOC tests carried out to LGA standard with the employment 

of a PIPA polyol based foam of 60 kg/m
3
 density showed that the total emissions were 

of 95 ppm after 3 days and of 25 ppm after 7 days [48], while for a similar 

styrene/acrylonitrile copolymer polyol (graft polyol) were 220 ppm after 3 days and 100 

ppm after 7 days. 

Additionally, PIPA polyols present excellent resilience (> 65 – 73% higher than normal 

HR); impressive support factor, also known as compression modulus (up to 3.3, 

comparable to latex and about 20 to 25% higher than conventional HR foams); superior 

“hand feel” (similar to latex); superior long term physical properties, when compared to 

the usual HR systems available from the market; and lower odour, as a result of the 

elimination of styrene and acrylonitrile. 

Taking into consideration all the commented technical and environmental advantages 

that provide PIPA polyols to the synthesis of HR flexible PU foams, it is estimated that 
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their level of production will increase sharply in the following years all over the world 

[48]. 

Hence, the principal goal of this Chapter Section is to extend the glycolysis process, 

developed for conventional and viscoelastic flexible foams, to PIPA polyols based HR 

foams with the same conditions and cleavage agents, in order to put in value the foam 

waste without needing a selective collection or a previous separation step. Furthermore, 

the other main goal is to demonstrate the great benefits (scientific, environmental and 

economic) of the employment of crude glycerol, coming from the biodiesel production, 

in the glycolysis process of flexible HR PU foam waste. Finally, the suitability of both 

of the recovered phases for new foams synthesis has been demonstrated. 

 

5.3.1. Feasibility study of the glycolysis process of HR flexible PU foams  
 

By means of using the same optimal conditions employed for the glycolysis of 

conventional flexible PU foams regardless the presence of polymeric polyol [24, 

Chapter 4] and for viscoelastic flexible PU foams, commented in Chapter 4 and in the 

first part of the present Chapter, several glycolysis reactions with the HR foam 35HR 

were performed. These reactions were carried out employing diethylene glycol (DEG), 

glycerol 99% PS and crude glycerol (waste from the biodiesel production) as 

decomposing agents in order to compare the effect of the glycolysis cleavage agent on 

the properties of the recovered polyol. 

Figure 5.9 shows the GPC chromatograms of upper and bottom phases (UP and BP, 

respectively) samples at 100 min of the 35HR foam glycolysis reactions and those of 

the raw PIPA HR polyol and of the transesterification agents. 

It can be observed that PIPA HR polyol is constituted by two different peaks. The first 

one, at a retention time of 11.40 min, corresponds to PU particles that are dispersed in 

the PIPA polyol, whereas the second peak is assigned to the HR base poyol (retention 

time 12 min; Mn=4850 g/mol).  

With the aim of understanding the showed chromatogram of the PIPA HR polyol it 

must be considered that polyisocyanate polyaddition (PIPA) polymer polyols consists of 

PU particles finely dispersed in liquid polyether polyol obtained in situ. The polyether 

polyols used most frequently for their synthesis are propylene oxide (PO) 

homopolymers or random propylene oxide - ethylene oxide (PO-EO) copolymers (MW 
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of 3000-3600 daltons) or PO-EO block copolymers with terminal poly[EO] block (MW 

of 4700-5000 daltons), as it is the case of the 35 HR foam assayed. 

The formation of PU particles takes place due to the TDI reaction with an alkanolamine 

(most used route) or a diol in the liquid polyether polyol. The most common 

alkanolamines are triethanolamine and diethanolamine, whereas the diisocyanates used 

are TDI and low functionality MDI [27]. PU particles are created as shown in formula 

(5.4): 

 

 
 

 

 

 

 

 

 

The reactivity of the hydroxyl groups from triethanolamine and from liquid polyether 

with the diisocyanate is quite similar. Therefore, with the goal of accelerating the 

reaction of diisocyanate with the primary hydroxyl groups of triethanolamine and 

ensuring the PU particles formation, catalysts such as dibutyl tin dilaurate or stannous 

octoate are added [27].  

 

 

 

(5.4) 

n 
n 

n 

2,4 TDI Triethanolamine 
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Figure 5.9. GPC chromatograms of upper phase (UP) and bottom phase (BP) samples 

at 100 min of the 35HR foam glycolysis reaction obtained with: a) diethylene glycol, b) 

glycerol 99% PS  and c) crude glycerol in comparison with GPC chromatograms of raw 

PIPA HR polyol and of the raw transesterification agents. Peak I= dispersed PU 

particles; Peak II=HR base polyol; Peaks III, IV and VI =reaction by-products; Peak V= 

Transesterification agent. 
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Peaks III, IV and VI of Figure 5.9 correspond with several glycolysis byproducts, 

mainly low weight carbamates ending in hydroxyl groups and aromatic amines similar 

to TDA [25]. These byproducts appear due to secondary reactions such as the glycolysis 

reaction of the urea groups contained in the PU foam waste, the hydrolysis reaction of 

PU and the reactions of thermal degradation of PU. Finally, Peak V is assigned to the 

transesterification agent employed, a) DEG, b) glycerol PS 99% or c) crude glycerol, 

according to the coincidence in the retention time with the GPC chromatogram of the 

raw glycol/glycerols. 

Regardless the transesterification agent used, Fig. 5.9 shows that the byproducts 

concentrations and the one of the decomposing agent are low in the glycolysis upper 

phase, since these species present a polarity more similar to the glycolysis agent than to 

the base HR polyol, which constitutes primarily the chemolysis upper phase. Thus, 

glycolysis bottom phases are mainly formed by high dielectric constant compounds, 

such as the reaction byproducts and the transesterification agents. 

It is worthy to point out that, glycerol (pure or crude) allows to obtain cleanest upper 

phases, with insignificant concentration of byproducts and glycolysis agent. This 

behavior can be explained considering the higher dielectric constant of the glycerol (ε = 

42.5) in comparison to the DEG one (ε = 31.69), generating this way a higher affinity of 

these non-desirable products for the glycolysis bottom phase. This result agrees with the 

one commented in the first part of the present Chapter relative to the glycolysis of 

viscoelastic PU foams. Moreover, DEG reaction GPC chromatograms show that the HR 

recovered polyol represents an important percentage of the glycolysis bottom phase in 

this reaction (10.6 % by weight), causing a significant decrease in the reaction yield. 

This can be explained taking into consideration that HR polyols present a higher 

proportion of ethylene oxide in their structure than conventional or viscoelastic polyols 

[49]. Polyols made only with propylene oxide are terminated with secondary hydroxyl 

groups and are less reactive than polyols capped with ethylene oxide, which contain a 

higher percentage of primary hydroxyl groups. Therefore, the increase of the ethylene 

oxide proportion implies an increasing in the molecule polarity. This is the reason why 

HR base polyol is partially soluble in the glycolysis bottom phase (even despite of its 

high average molecular weight) when DEG is the cleavage agent selected, as can be 

appreciated in Figure 5.9. However, the higher dielectric constant (higher polarity) of 
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the glycerol avoids the solubilization of the HR base polyol in the bottom phase, 

remaining entirely in the upper phase and increasing the glycolysis yield. For this 

reason, high resilience foam (higher ethylene oxide polyol based) was the one chosen to 

corroborate the superior performance of crude glycerol since it was expected to obtain 

polyol losses in the bottom phase when employing DEG due to the polar nature of the 

HR recovered polyol obtained in the chemolysis of high resilience foam scraps. This 

confirms that glycerol is the only real option of chemolysis agent to be employed when 

a glycolysis process of foams containing polyols with high polarity (viscoelastic foams 

or HR foams) pretends to be carried out, in order to avoid, as much as possible, polyol 

losses in the bottom phase and increase the polyol recovery yield. 

In summary, crude glycerol avoids the solubilization of HR base polyol in the 

glycolysis bottom phase and provides an upper phase practically free of byproducts and 

cleavage agent, demonstrating that can be applied as a novel, very effective and 

environmental friendly transesterification reactive in the glycolysis process of flexible 

HR PU foams. It has also the advantage of being the residue of another process and, 

hence, it has a null or low price, improving the economic feasibility and interest of the 

process.  

Furthermore, it has been demonstrated that is possible to recycle flexible HR PU foams 

using the same glycolysis reaction conditions previously optimized for conventional 

flexible PU foams [24, Chapter 4] and for viscoelastic ones [Chapter 4 and Section 5.2 

of the present Chapter]; avoiding the necessity of a selective collection or a previous 

separation step. 

 

5.3.2. Evolution of the glycolysis products in the upper phase during the 

transesterification reaction of HR PU foam scraps 

The evolution of the glycolysis products in the upper phase was studied by means of the 

areas integration of the GPC chromatograms using the same methodology that was 

widely explained in the previous Chapter. 

The concentration evolution of the PU dispersed particles, the HR base polyol 

(Mn=4850 g/mol) and the cleavage agent during the glycolysis reactions of the HR 

foam with the different transesterification agents are depicted in Figure 5.10.  
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Figure 5.10. Evolution of a) dispersed PU particles, b) HR recovered polyol and c) 

Transesterification agent content in the glycolysis/glycerolysis upper phase during the 

chemolysis reaction of the HR foam 35HR. WPU:Wg.a = 1:1.5; Catalyst concentration in 

the glycolysis agent = 1.3 %; Tr = 190ºC. 

 

In Figures 5.10a) and 5.10b), it can be observed that the higher the reaction time, the 

lower the dispersed PU particles concentration while the higher the HR base polyol one, 
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respectively. This is a consequence of the progressive urethane groups degradation by 

the action of the chemolysis agent.  

Moreover, Figure 5.10c) shows that the cleavage agent concentration, regardless the 

agent considered, is reduced with the reaction evolution since the higher the reaction 

time, the greater their differences in polarity with the glycolysis upper phase (polyol 

phase) and they pass to the bottom phase. Furthermore, it can be observed that the 

results obtained with glycerol 99% PS and with crude glycerol are really similar, 

demonstrating that the glycerol purity does not affect to the chemolysis process. This 

fact was also demonstrated in Section 5.2 of the present Chapter. 

It is important to note that when glycerols were used as cleavage agents, the split-phase 

did not happen until 40 min of reaction time probably due to the higher viscosity of 

glycerol (μ20ºC= 1500 cp) in comparison to the one of DEG (μ20ºC=35.7 cp) (Figure 

5.10b). This fact increases in a great extension the reaction media viscosity at the 

beginning of the chemolysis process and, as a consequence, worsens the contact 

between the PU scraps and the transesterification agent, provoking a slower degradation 

process for the first reaction times. 

However, when the recovered polyol content reaches the 35 wt% this condition changes 

and the degradation rate increases, being finally even better than that of the DEG. 

Moreover, as it was observed and commented in Figure 5.9, DEG provides an important 

solubilization of the HR recovered polyol in the bottom phase, at any reaction time 

considered, as a result of the DEG lower dielectric constant in comparison to the one of 

the glycerol. Furthermore, as it can be observed in Table 5.6, which shows the 

concentration of the glycolysis products in the upper phase, and it was previously 

observed in Figure 5.9, byproducts and cleavage agent concentration are considerably 

lower in the reaction carried out with crude glycerol that in the reaction developed with 

DEG.  
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Table 5.6. Glycolysis products concentration comparison in the glycolysis upper phase 

at 150 min depending of the used glycolysis agent. 

 

 

GLYCOLYSIS 

AGENT 

 

 

Upper phase composition (wt%) 

Dispersed 

PU 

particles 

(Peak I) 

HR 

recovered 

polyol 

 (Peak II) 

 

Byproduct 

1 

 (Peak III) 

 

Byproduct 

2 

 (Peak IV) 

 

Glycolysis 

 Agent 

(Peak V) 

 

Byproduct  

3 

 (Peak VI) 

Diethylene 

glycol 

 

0.75 

 

 

71.25 

 

6.11 

 

9.71 

 

12.18 

 

- 

Glycerol 99% 

PS 

 

0.63 

 

 

86.41 

 

0 

 

4.18 

 

3.02 

 

5.76 

Crude glycerol 

 

0.54 

 

 

89.26 

 

0 

 

3.31 

 

2.40 

 

4.49 

 

Hence, as a result of the lower byproducts and cleavage agent concentration and of the 

total insolubilization of the HR recovered polyol in the glycerol phase, crude glycerol 

provides a glycolysis upper phase with a substantial higher concentration of HR 

recovered polyol (89.26 % by weight) that in the degradation reaction carried out with 

DEG (71.25 % by weight).  

 

5.3.3. Polyol phase purification 

It is well known that glycolysis process generates a series of by-products that mainly 

consist of low weight carbamates and amines compounds; which are the result of 

secondary reactions such as the glycolysis reaction of the urea groups contained in the 

PU foam waste, the hydrolysis reaction of PU and the reactions of thermal degradation 

of PU, as it was explained in Chapter 4. 

These by-products and the glycol/glycerol used as transesterification agent are in a 

relative low concentration in the upper phase of the split-phase glycolysis. It has been 

found in the previous Section that the concentration of these undesirable products in the 

polyol phase (upper phase) depends of the cleavage agent polarity.  

In Figure 5.9 were shown the GPC chromatograms of the upper phases obtained with 

DEG, glycerol 99% PS and crude glycerol. 

It can be observed that the upper phases obtained from the glycolysis reactions carried 

out with glycerol as transesterification agent (glycerol 99% PS or crude glycerol), 
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present a significative lower proportion of undesirable products (by-products and 

cleavage agent). On contrary, upper phase obtained by means of employing DEG as 

reactive agent shows an important pollution of these non desirable compounds in the 

polyol phase (upper phase), provoking a reduction in the net content of HR recovered 

polyol and, therefore, a decrease in the chemolysis reaction yield. Hence, it is 

mandatory to carry out a purification process of the polyol phase obtained with DEG 

since these undesirable products cause a huge increase in the hydroxyl number (OH) as 

a consequence of their higher hydroxyl number. The removal of the byproducts allows 

to achieve a hydroxyl number similar to those of raw flexible polyols and facilitates the 

further foaming process. 

The hydroxyl number of the upper phase obtained with DEG was determinate by a 

standard titration method (ASTMD-4274-88) and the value obtained was 270 mg 

KOH/g. Moreover, with the aim of checking this datum, it was also calculated from the 

GPC results, with the integration of the chromatogram areas and the molecular weights 

obtained by means of poly(ethylene glycol) standards, as it was previously developed in 

Chapter 4. Table 5.7 shows the commented calculation of the hydroxyl number. 

 

Table 5.7. Hydroxyl number calculation by means of GPC of the 35HR foam glycolysis 

upper phase at 150 min of the glycolysis obtained with diethylene glycol. 

 

Upper phase 

components 

Content 

(wt%) 
f Mn OH

a
 (mg KOH g

-1
) Proportional OH

b
 

Dispersed PU particles 0.75 3 10849 15.51 0.12 

HR recovered polyol 71.25 3 4850 34.70 24.72 

Byproduct 1 6.11 3.2 392 457.96 27.98 

Byproduct 2 9.71 3.2 203 884.33 85.87 

DEG 12.18 2 106 1058.49 128.92 

OH  ∑= 267.62 mg KOH g-1 
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It can be appreciated that the value obtained by means of the GPC method (267.62 mg 

KOH/g) is practically identical to the one determined with the standard titration method 

(270 mg KOH/g), with an error percentage of only 0.88%. Furthermore, it must be 

noted that this percent error is almost the same that was obtained in the previous 

Chapter for the glycolysis of viscoleastic flexible PU foam waste (relative error: 0.89% 

[14]), showing the hydroxyl number GPC based calculation as a novel and robust 

characterization method, very useful when the dark colour of the recovered polyols 

makes difficult the titration of the standard method. 

However, the hydroxyl number obtained is not similar enough to the hydroxyl number 

of base HR flexible polyether polyol (35 mg KOH/g) of the PIPA HR polyol since the 

byproducts and DEG hydroxyl numbers (DEG: 1057 mgKOH/g) are much higher than 

the HR base polyol one. Thus, a purification process is crucial to ensure a recovered 

polyol suitable for further foaming process. Considering the similarity of the glycolysis 

by-products, regardless the PU foam waste, the polyol phase purification process was 

carried out using the optimal conditions determined and commented in Chapter 4.  

Figure 5.11 shows the GPC chromatogram of the 35HR foam glycolysis upper phase 

obtained with DEG in comparison with the refined and the extract ones for different 

extraction steps.  

It can be observed that the byproducts and DEG concentration is progressively reduced 

with the purification steps, passing from 28 wt% to 19.28 wt% in three extractions; 

causing an increase in the net polyol proportion, reaching a 79.37 wt%. Moreover, as it 

can be observed in Fig. 5.11b, the purification process does not produce polyol losses in 

the extract phases, showing that the selected solvent pH is the correct one since the 

polyol nucleophilic oxigens have not been protonated and for this reason polyol free 

extracts have been obtained. 
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Figure 5.11. GPC chromatogram of 35HR foam glycolysis upper phase obtained with 

diethylene glycol and stannous octoate as the glycolysis agent (WPU:Wg.a = 1:1.5; 

Catalyst concentration in the glycolysis agent =1.3 %; Tr = 190ºC) in comparison with 

the refined ones (a) and the extract ones (b). Peak I= dispersed PU particles; Peak 

II=HR base polyol; Peaks III, IV= reaction by-products; Peak V= Transesterification 

agent (DEG). 
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titration method (ASTMD-4274-88) and the value obtained was 42 mg KOH/g. 

Therefore, the extraction process is able to reduce the hydroxyl number from 270 mg 

KOH/g to 42 mg KOH/g, confirming the great performance of the purification process.  

Moreover, purified upper phase hydroxyl number was also determined by means of the 

GPC results (Table 5.8), calculating an average molecular weight and functionality of 

the purified HR recovered polyol, following the method previously commented for 

viscoelastic flexible PU foams [14, 35] and taking into consideration that the hydroxyl 

number can be calculated by means of equation (5.3) [27]. 

 

Table 5.8. Hydroxyl number calculation from GPC results of the purified recovered HR 

polyol coming from the glycolysis reaction of the 35HR foam with diethylene glycol. 
 

Refined 3 

components 

Content 

(wt%) 
f Mn 

Proportional 

Mn
a 

Proportional 

f
b OH (mg KOH g

-1
) 

Dispersed PU 

particles 
1.35 3 10849 146.46 0.041 

 

 

Mn

f
OH number




56100

 

HR recovered 

polyol 
79.37 3 4850 3849.45 2.381 

Byproduct 1 5.46 3.2 392 21.40 0.175 

Byproduct 2 10.09 3.2 203 20.48 0.323 

DEG 3.73 2 106 3.95 0.075 

 
Mn= 

∑=4041.75 

f =   

∑= 2.994 

 

OHnumber = 41.55 

 
 

                   
       

   
                           

     

                   
      

   
 

 

In Table 5.8, it can be appreciated that the hydroxyl number obtained by means of the 

GPC chromatograms (41.55 mg KOH/g) is very similar to the titrator value (42 mg 

KOH/g) with an error of 1.07 %. Besides, the error value is close to the percent error 

obtained in the case of the calculation of the purified upper phase hydroxyl number of 

viscoelastic flexible PU foam waste (1.43% [14]), remarking the trustworthiness of the 

obtained results. 
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On the other hand, as it was previously commented and observed in Figure 5.9, 

glycolysis upper phases coming from glycerol (99% PS or crude) present an almost 

negligible concentration of undesirable products. As a consequence, it was not 

considered to carry out any further treatment to the obtained upper phases, reducing the 

operative costs of the HR polyol recovery process. 

Therefore, upper phases hydroxyl numbers coming from the chemolysis process carried 

out with glycerol were measured by a standard titration method (ASTMD-4274-88), 

obtaining a value of 40.2 mg KOH/g and 39 mg KOH/g for the upper phases obtained 

with glycerol 99% PS and crude glycerol, respectively. These results were corroborated 

by means of the GPC based hydroxyl number calculation methodology developed by 

the research group, obtaining values of 39.65 mg KOH/g and 38.46 mg KOH/g for the 

polyols recovered by using glycerol 99% PS (Table 5.9) and crude glycerol (Table 

5.10), respectively. Hydroxyl number for the upper phase obtained with glycerol 99% 

PS presents a percent error of 1.37 % and the percent error of the upper phase coming 

from the glycolysis process with crude glycerol is 1.38 %. It can be observed that the 

percent errors are in the previously commented range, indicating again the reliability of 

the GPC based calculation. 

Hence, crude glycerol is able to provide a glycolysis upper phase with a hydroxyl 

number (39 mg KOH/g) really similar to the one of the PIPA HR base polyol (35 mg 

KOH/g) without further purification treatment. In addition, crude glycerol not only 

provides a higher content of polyol in the upper phase (89.26 wt%), even after of 

purifying the upper phase obtained with DEG (79.37 wt%), but also avoids HR 

recovered polyol solubilization in the bottom phase, as a consequence of its higher 

dielectric constant. 
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Table 5.9. Hydroxyl number calculation by means of GPC of the 35HR foam glycolysis 

upper phase at 150 min of the glycolysis obtained with glycerol 99% PS. 
 

Upper phase 

components 

Content 

(wt%) 
f Mn 

Proportional 

Mn
a
 

Proportional 

f
b
 

OH (mg KOH g
-1

) 

Dispersed PU 

particles 
0.63 3 10849 68.35 0.019 

 

Mn

f
OH number




56100
 

HR recovered 

polyol 
86.41 3 4850 4190.89 2.592 

Byproduct 1 0 3.2 233 0 0 

Byproduct 2 4.18 3.2 142 5.94 0.134 

Glycerol 

99%PS 
3.02 3 92 2.78 0.091 

Byproduct 3 5.76 3.2 80 4.61 0.184 

Mn= 

 ∑= 4272.56 

f =  

 ∑= 3.020 

 

OHnumber = 39.65 

 
 

                   
      

   
  

 

                  
      

   
 

 

Table 5.10. Hydroxyl number calculation by means of GPC of the 35HR foam 

glycolysis upper phase at 150 min of the glycolysis obtained with crude glycerol. 

 

Upper phase 

components 

Content 

(wt%) 
f Mn 

Proportional 

Mn
a
 

Proportional 

f
b
 

OH (mg KOH g
-1

) 

Dispersed PU 

particles 
0.54 3 10849 58.58 0.016 

 

Mn

f
OH number




56100
 

HR recovered 

polyol 
89.26 3 4850 4329.11 2.678 

Byproduct 1 0 3.2 233 0 0 

Byproduct 2 3.31 3.2 142 4.70 0.106 

Crude glycerol 2.40 3 92 2.21 0.072 

Byproduct 3 4.49 3.2 80 3.59 0.144 

Mn= 

  ∑= 4398.19 

f =  

 ∑= 3.016 

 

OHnumber = 38.46 
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Moreover, with the goal of checking the high quality of the recovered polyols, several 

FTIR analyses were carried out. The IR spectra of the glycolysis upper phases, of the 

glycolysis bottom phases and the spectrum of the raw PIPA HR polyol are depicted in 

Figure 5.12. 

It must be noted the great similarity of the raw polyol with the recovered ones, 

regardless the glycolysis agent employed. However, it is crucial to remind that in the 

case of using glycerol it is not necessary a further purification process, what implies an 

important additional operative advantage. 

 

 

Figure 5.12. Comparison of the FTIR spectrum of the raw PIPA HR polyol with the 

glycolysis upper a) and bottom phases ones b). 
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Raw PIPA HR polyol spectrum presents the characteristic functional groups of a 

traditional HR flexible polyether polyol, with an absorption band assigned to stretching 

vibrations of the hydroxyl groups at 3460 cm
-1

, the absorption bands corresponding to 

the stretching vibrations of CH bonds of the aliphatic carbons of the polyol chain in the 

spectral region 2800-3000 cm
-1

 and the characteristic signal of the bending vibrations of 

methylene groups in the polyol chain in 1373 and 1452 cm
-1

. However, raw PIPA HR 

polyol spectrum presents two additional peaks in comparison with a traditional HR 

polyether polyol as a consequence of the PU particles embedded in the HR polyol 

structure. The first additional signal appears at 3363 cm
−1

 and corresponds to the 

stretching vibrations of -NH bond coming from urethane bond and the second one can 

be appreciated at 1736 cm
-1 

and it is assigned to the stretching vibrations of the C=O 

bond of the PU embedded particles. 

It is quite interesting to note that the solid fraction of PIPA polymer polyols has an 

appreciable concentration of hydroxyl groups (see formula 5.4) and, as an immediate 

consequence, the PIPA polyols present a higher hydroxyl number than the initial 

polyols used as liquid medium for reaction. In the case of the foam assayed in this 

study, the raw PIPA HR polyol presents a hydroxyl number of 50 mg KOH/g [48], 

whereas the hydroxyl number of the base HR polyol, according to equation 5.3, its 

functionality (3) and its average number molecular weight (Mn 4850 g/mol), has a value 

of 34.7 mg KOH/g. This hydroxyl number agrees with that of the base HR polyol 

showed in the Materials and experimental methods Chapter (35 mg KOH/g). 

Upper phases spectra show a great similarity with the raw PIPA HR polyol. The main 

difference is that the band corresponding to the stretching vibrations of -NH bond of 

urethane bond (3363 cm
−1

) is not present anymore as a consequence of the chemolysis 

of the embedded PU particles. Furthermore, in the case of the upper phases spectra, the 

band at 1736 cm
-1

 is assigned to stretching vibrations of the C=O bond produced by the 

transesterification carbamates (glycolysis by-product) and not by the PU embedded 

particles. Moreover, a new signal at 1625 cm
-1

 can be also observed in the recovered 

polyols, regardless the cleavage agent employed. This signal is assigned to primary 

amine groups (glycolysis by-product) as a consequence of the bending vibrations of N-

H bond.  
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With respect to the glycolysis bottom phases spectra, it must be noted that the band 

assigned to stretching vibrations of -OH groups (3460 cm
-1

) presents a much greater 

intensity, due to the huge hydroxyl numbers of the cleavage agents (OHDEG= 1057 

mgKOH/g and OHGlycerol=1800 mgKOH/g) in comparison with the hydroxyl number of 

the raw PIPA HR polyol (50 mg KOH/g). 

 

5.3.4. Synthesis of flexible PU foams with the glycolysis upper phase 

The main aim of the work was the recovery of the HR foam raw materials for its use in 

further foam synthesis. In order to check the suitability of the recovered polyols for this 

purpose, it is crucial to attend to their hydroxyl number value (OHnumber), functionality 

(f) and average number molecular weight (Mn), which constitute the main aspects 

involving the PU foaming process.  

In a general way, polyols for synthesis of flexible PU foams present molecular weights 

in the range 2000-6000, low functionality (2-3) and low hydroxyl value (28-160 mg 

KOH/g). Concretely, high resilience (HR) foams are produced by long-chain polyether 

polyols with higher molecular weight (4,000–6,000 g/mol) than those for conventional 

and viscoelastic foams and with a higher proportion of ethylene oxide [49].  

Table 5.11 shows the values of these three parameters for the polyols recovered with 

DEG, glycerol 99% PS and crude glycerol. 

 

Table 5.11. Properties of the recovered polyols obtained with the different cleavage 

agents employed. 

 

 

 

GLYCOLYSIS AGENT 

 

Recovered polyol property 

Mn  f OH (mg KOH g
-1

) 

Diethylene glycol 4041.75 2.994 41.55 

Glycerol 99% PS 4272.56 3.020 39.65 

Crude glycerol 4398.19 3.016 38.46 

 

At this point, it is important to remind that the foam glycolyzed in this paper, 35HR 

foam, was synthesized by means of employing a base HR flexible polyether polyol with 

a molecular weight of 4850 g/mol, functionality 3 and a hydroxyl number value of 35 
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mg KOH/g. In Table 5.11, it must be noted that, regardless the cleavage agent used, 

molecular weight, functionality and hydroxyl number of the HR recovered polyols are 

similar to the ones of the raw flexible HR base polyol; indicating a successful glycolysis 

process. However, it is relevant to point out that the recovered polyols obtained by 

means of glycerols present more similar values to the virgin polyol than in the case of 

employing DEG. Additionally, water content was determined by Karl-Fischer method 

using an automatic titrator, obtaining values of 0.1 % for the three of the recovered 

polyols, value that is in the range of commercial HR flexible polyether polyols.  

Considering the hydroxyl numbers of the HR recovered polyols and its water content, it 

was calculated several formulations recipes by means of using the same base recipe 

employed for recovered polyols from conventional and viscoelastic PU foam waste. 

In order to check the foaming behavior of the HR recovered polyols, several flexible PU 

foams with proportions of HR recovered polyols from 0 to 25% with respect to the total 

polyol quantity were synthesized by means of mixing them with a raw flexible 

polyether polyol.  

Table 5.12 shows the foaming formulation recipes calculated for the HR recovered 

polyols obtained of the glycolysis process with DEG and crude glycerol as cleavage 

agents. The recipe has been adjusted depending on the polyol hydroxyl number in order 

to keep an isocyanate index of 105.  
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Table 5.12. Foaming experiments carried out with the HR recovered polyols obtained 

in the glycolysis of flexible HR PU foam scraps (reagents content in pph of polyol). 
 

 

CHEMICAL P100-RHR0 P87.5-RHR12.5 P75-RHR25 

 

Raw polyol  Mn 3500 (OH=48 mgKOH/g) 

 

100 87.5 75 

 

Water 

 

4.60 

 

Tegoamin 33 

 

0.10 

 

Niax A-1 

 

0.05 

 

Silicone L-620 LV 

 

1.40 

 

Sn Octoate 

 

0.20 

Recovered polyol 

 

DEG 

(OH=41.55 mgKOH/g) 

 

0 12.5 25 

Crude glycerol 

(OH=38.46 mgKOH/g) 

 

0 12.5 25 

TDI (80 : 20) 

 

DEG 

(OH=41.55 mgKOH/g) 

 

54.58 54.45 54.32 

Crude glycerol 

(OH=38.46 mgKOH/g) 

 

54.58 54.39 54.19 

 

Isocyanate index 

 

105 

 

 

Figure 5.13 shows the physical appearance of the flexible PU foams obtained with the 

HR recovered polyols.  
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Figure 5.13. Internal appearance of the flexible foams synthesized with different 

proportions of the recovered polyols and cleavage agents: a) DEG and b) Crude 

glycerol. 

 

Foams synthesized with the HR recovered polyols present a great homogeneity, with 

regular structure and without remarkable internal defects. 

Hence, crude glycerol, coming from the biodiesel production, has provided a high 

quality HR recovered polyol, avoiding the necessity of a further upper phase 

purification process, and allowing the valorization of two residues, HR polyurethane 

foam scraps and crude glycerol. 

 

5.3.5. Synthesis of rigid PU foams with the glycolysis bottom phase  

As for the rest of PU foams assayed, the glycolysis of HR foams generates an extensive 

bottom phase mainly constituted by reaction by-products and excess of cleavage agent. 

An important point to valorize the PU waste is to find also an application for this 

bottom phase.  

As already explained, the components of this bottom phase contain labile protons 

receptive of interacting with the isocyanate group as a consequence of the high 

reactivity of the isocyanate group in the presence of this kind of protons [1]. Thus, it is 

a) 

b) 

 P100-RHR0 P87.5-RHR12.5  P75-RHR25 

 P100-RHR0 P87.5-RHR12.5  P75-RHR25 
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probable that they can be used for the synthesis of polyurethanes. In order to explore 

this possibility, which was successfully applied for viscoelastic foam waste, hydroxyl 

numbers of the glycolysis bottom phases were measured by a standard titration method 

(ASTMD-4274-88). The hydroxyl numbers obtained were 602 mg KOH/g, 781 mg 

KOH/g and 785 mg KOH/g for the bottom phases obtained from the glycolysis 

reactions with DEG, glycerol 99% PS and crude glycerol, respectively. It must be noted 

that hydroxyl number values for glycerol based bottom phases are higher than the 

hydroxyl value of the bottom phase coming from DEG as a consequence of the higher 

hydroxyl number of the glycerol and the lower concentration of cleavage agent in the 

bottom phase obtained with DEG, as can be observed in Figure 5.9.  

Anyway, the hydroxyl number values obtained are in the typical range of raw rigid 

polyether polyols (250-1000 mg KOH/g [1]), independently on the transesterification 

agent used and, therefore, bottom phases obtained with DEG and crude glycerol were 

used as a raw rigid polyol replacement in the synthesis of new rigid PU foams.  

Several rigid PU foams were synthesized with different percentage of bottom phases 

ranging from 0 to 100% and a raw rigid polyether polyol. The amount of isocyanate 

needed was calculated following the procedure detailed described in the Section 4.3.5 of 

the previous Chapter.  

Table 5.13 shows the recipes of the manufactured rigid foams. It must be noted that the 

higher the content of bottom phase, the higher the required amount of PMDI as a 

consequence of the increase in the hydroxyl number of the polyol mixture, since the 

isocyanate index must be kept in 106. 
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Table 5.13. Foaming experiments carried out with the bottom phases obtained in the 

glycolysis of flexible HR PU foam scraps (reagents content in pph of polyol). 
 

CHEMICAL P100-

BP0 

P75-

BP25 

P50-

BP50 

P25-

BP75 

P0-

BP100 

 

Raw polyol  Mn 555 (OH=455 mgKOH/g) 

 

100 75 50 25 0 

 

Tegostab B-8404 

 

1.5 

 

Water 

 

2.5 

 

Tegoamin BDE 

 

2.5 

 

Bottom phase 

 

DEG 

(OH=602 mgKOH/g) 

 

0 25 50 75 100 

Crude glycerol 

(OH=785 mgKOH/g) 

 

0 25 50 75 100 

PMDI 

 

DEG 

(OH=602 mgKOH/g) 

 

157.13 166.48 175.83 185.18 194.53 

Crude glycerol 

(OH=785 mgKOH/g) 

 

157.13 178.12 199.11 220.09 241.08 

 

Isocyanate index 

 

106 

 

Figure 5.14 shows the internal appearance of the rigid foams synthesized with different 

contents of the glycolysis bottom phases.  

Regardless the cleavage agent employed, rigid foams presented a great homogeneity 

and did not show any structural fault. Moreover, it was observed a rise in the foaming 

process rate when the content of glycolysis bottom phase was increased in the recipe as 

a consequence of the amines contained in the bottom phases since the isocyanates 

reaction with amines at room temperature is faster than the reaction with alcohols [1]. 

The amines also provide a high reticulation grade in the PU structure as a result of 

polyurea domains in the polymer structure. 
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This behavior was also appreciated in the recovered products obtained from the 

glycolysis of viscoelastic PU foam waste, demonstrating the great similarity in the 

composition of the bottom phases obtained from the glycolysis process, with 

independence of the kind of PU waste recycled. 

 

 
 

 

 
 

 

Figure 5.14. Internal appearance of the rigid foams synthesized with different 

proportions of the glycolysis bottom phases and cleavage agents: a) DEG and b) Crude 

glycerol. 
 

 

Hence, it has been demonstrated that the glycolysis bottom phases coming from the 

glycolysis of HR flexible PU foam scraps containing polyurethane dispersion polyol are 

susceptible of being applied as a raw rigid polyether polyol replacement in the synthesis 

of new rigid PU foams with a high crosslinking grade. 

 

5.4. Conclusions 

The feasibility of the glycolysis process of flexible viscoelastic PU foam scraps by 

means of using crude glycerol from the biodiesel production, as a sustainable and 

economical transesterification agent has been demonstrated. 

Transesterification reactions have been carried out using a molar excess of crude 

glycerol and have provided a split-phase product with lower content of byproducts and 

transesterification agent than in the case of using the best transesterification agent 

described until this moment (DEG), as a consequence of its higher dielectric constant. 

a) 

b) 

   P100-BP0    P75-BP25    P50-BP50    P25-BP75    P0-BP100 

   P100-BP0    P75-BP25    P50-BP50    P25-BP75    P0-BP100 
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Furthermore, as a result of crude glycerol higher dielectric constant, glycolysis bottom 

phases free of polyol have been obtained, increasing this way the net yield of the 

glycolysis process. Glycerol 99% PS was also assayed as chemolysis agent obtaining 

analogous results in terms of glycolysis phases composition, demonstrating that there is 

no advantage in the crude glycerol purification and that it can be applied directly from 

the biodiesel plants. 

Simultaneously, the feasibility of the glycolysis process of HR flexible PU foam waste 

by means of employing the reaction conditions optimized in previous works for 

conventional flexible PU foam scraps and for viscoelastic ones has been demonstrated. 

Besides, different cleavage agents (DEG, glycerol 99% PS and crude glycerol) have 

been assayed. The HR foam chosen to carry out the study was a PIPA HR polyol based 

one, which represents the last innovation tendency in the polymeric polyols industry. As 

a result of the chemolysis reactions, two phases were obtained. The upper phases were 

mainly constituted by the PIPA HR base polyol, whereas the bottom phases consisted of 

several glycolysis byproducts and the excess of the transesterification agents. Crude 

glycerol provided an upper phase with a lower concentration of byproducts and 

glycolysis agent and, as a result, with a higher proportion of the HR recovered polyol, 

which presented similar hydroxyl number than raw polyols without need of purification. 

Therefore, the use of glycerol increases the polyol recovery yield in comparison with 

the performance showed by the DEG. Additionally, crude glycerol avoided the 

solubilisation of the HR recovered polyol in the bottom phase. Furthermore, even after 

carrying out a purification process of the upper phase obtained using DEG as cleavage 

agent, the upper phase obtained from the glycolysis reaction developed with crude 

glycerol presented a higher concentration of the HR recovered polyol, indicating that 

crude glycerol is the best alternative from a technical, environmental and economical 

point of view to carry out the degradation process of any kind of flexible PU foam 

waste. This confirms that glycerol is the only real option of chemolysis agent to be 

employed when a glycolysis process of foams containing polyols with high polarity 

(viscoelastic foams or HR foams) pretends to be carried out, in order to avoid, as much 

as possible, polyol losses in the bottom phase and increase the polyol recovery yield. 
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Finally, flexible and rigid PU foams were successfully synthesized, regardless the 

cleavage agent employed and the type of PU waste treated, by using the glycolysis 

upper phases and the bottom ones, respectively.  
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In Chapter 6, flexible polyurethane foams containing different proportions of some of 

the polyols recovered by the processes described in Chapter 4 and Chapter 5 are 

characterized by studying their structure, apparent density, tensile strength, elongation 

and remaining foam deformation 50%. The values of these properties were similar, and 

in some cases even better, to those of flexible foams manufactured from virgin flexible 

polyether polyols, demonstrating the high performance of the split-phase glycolysis 

process carried out. 

Besides, the influence of the glycolysis agent and of the type of the recycled foam waste 

on the properties of the final foam are analyzed. 
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Based on the paper: 

 Simón D, de Lucas A, Rodríguez JF, Borreguero AM (2017). Flexible 

polyurethane foams synthesized employing recovered polyols from glycolysis: 

physical and structural properties. Under revision in Journal of Applied Polymer 

Science. 
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ABSTRACT 

Depending on the main characteristics of a polyol (OHnumber, Mn, f ), the mechanical 

and structural properties of the obtained final PU foam are strongly affected and could 

present a remarkable variation of these properties in comparison to other foams 

synthesized employing polyols with different attributes.  

Hence, the aim of this Chapter is to evaluate several recovered polyols as replacement 

of a raw flexible polyether polyol in the synthesis of new flexible PU foams. These 

recovered polyols come from the split-phase glycolysis of different types of 

polyurethane foams and employing as cleavage agents DEG or crude glycerol 

(biodiesel byproduct). This way, the influence of the waste type and of the glycolysis 

agent is analyzed. The effect of the recovered polyols on the foams final properties was 

evaluated by performing several foaming tests according to the method of free 

expansion foaming of conventional flexible slabstock foams, using a formulation recipe 

previously optimized for flexible polyols for conventional foams. Synthesized flexible 

foams containing different proportions of recovered polyols were characterized by 

means of SEM in order to evaluate the cell structure; besides, the, apparent density, 

tensile strength, elongation and remaining foam deformation 50% were measured; 

obtaining similar values, and in some cases even better ones, to those of flexible foams 

manufactured from virgin flexible polyether polyols.  
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RESUMEN  

Las propiedades mecánicas y estructurales de las espumas de poliuretano dependen en 

gran medida de las principales características de un poliol (OH, Mn, f ) y podrían 

presentar una importante variación en función de las mismas. 

El objetivo de este Capítulo consiste en evaluar la viabilidad de emplear distintos 

polioles recuperados como reemplazo de un poliol poliéter flexible virgen en la síntesis 

de nuevas espumas flexibles de poliuretano. Estos polioles recuperados provienen de la 

glicólisis en fase partida de los diferentes tipos de residuos de espumas de poliuretano 

con los que se ha trabajado en los capítulos anteriores y empleando como agentes 

degradantes DEG o glicerina cruda (subproducto del biodiesel). La influencia de los 

polioles recuperados en las propiedades finales de las espumas se evaluó mediante la 

realización de varios test de espumación, de acuerdo al método de expansión libre de 

espumas convencionales flexibles en bloque, empleando una receta previamente 

optimizada para polioles flexibles para espumas convencionales. Las espumas flexibles 

sintetizadas conteniendo diferentes proporciones de poliol recuperado se 

caracterizaron mediante la determinación de su estructura, la densidad aparente, 

resistencia a la tracción, elongación y deformación remanente por compresión 50%, 

consiguiendo valores similares, y en algunos casos incluso mejores, que los obtenidos 

de espumas flexibles sintetizadas a partir de polioles poliéter flexibles vírgenes. 
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6.1. Preface 

Polyurethane is the 6
th

 most manufactured polymer all over the world with a production 

of approximately 17.565 million tons per year [1]. As a result of its commercial success, 

a lot of waste is generated and its treatment is an environmental and urgent challenge. 

Some decades ago, landfilling was the solution to the problem. However the large life 

period of the polyurethanes (> 10 years) [2] and the new environmental laws, do 

essential to develop environmental sustainable recycling processes. 

Physical recycling processes do not modify polymer internal structure but the polymer 

waste is mechanically turned into flakes, granules or powder to be used in new materials 

production. These physical processes can be successfully employed with thermoplastic 

polymers but they are useless for the majority of the polyurethane specialties due to 

their thermostable nature. On the other hand, chemical recycling processes allow to 

obtain basic hydrocarbon units that can be used as synthesis materials in chemical and 

petrochemical industry, achieving high value-added products [3]. Since chemical 

processes are suitable to treat thermostable polymers, these processes are the optimal 

ones to be used in the PU recycling. Among them, glycolysis is the most interesting and 

extended chemical recycling process for PU. It consists of a transesterification reaction, 

in which the ester group joined to the carbonyl carbon of the urethane is interchanged 

by the hydroxyl group of the glycol [4].  

Glycolysis processes have been widely described in literature for almost every 

polyurethane specialty, including flexible foams [5-24] and rigid ones [25-30] and also 

the denominated CASES [5, 31-33]. Glycolysis processes of reaction injection 

molding (RIM) and reinforced reaction injection molding (RRIM) polyurethanes have 

been also reported [34-37].  

Among the glycolysis processes, split-phase glycolysis has allowed to obtain higher 

quality recovered products than single-phase processes in terms of recovered polyol 

content. Performing the degradation reaction with a large glycol excess, the reaction 

product splits in two phases, where the upper layer is mainly formed by the recovered 

polyol and the bottom layer by the excess of glycolysis agent and reaction by-products. 

In previous chapters of this Thesis, Chapters 4 and 5, polyols from flexible PU foams 

(conventional, viscoelastic and high resilience foams) have been recovered by means of 

two-phase glycolysis by using both, diethylene glycol (DEG) or crude glycerol (a 
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biodiesel production by-product) as cleavage agents. However, in spite of the promising 

properties that presented the recovered polyols (OH number, functionality, molecular 

weight, water content) it is a crucial task to study the foaming behavior and the 

mechanical and structural properties of the flexible foams synthesized by means of 

recovered polyols in order to determine the feasibility of the replacement of virgin 

polyol by the recovered ones in the synthesis of new polyurethane foams.  

Hence, the aim of this Chapter is the characterization of foams containing different 

recovered polyols proportions according to several standard tests with the goal of 

studying the potential proportion of raw polyol replacement and its influence on the 

mechanical and structural properties of the obtained foams. 

The recovered polyether polyols for foaming assays in this Chapter were obtained from 

the glycolysis of three samples of residual flexible PU foams (TSUGFB, 25HD 

(Chapter 4) and V-50 190 (Chapters 4 and 5)). The glycolysis process and polyol 

purification was widely described in the two previous Chapters. Table 6.1 summarizes 

the properties of the recovered polyols. 

Table 6.1. Properties of the recovered polyols. 

Polyol type 
Recycled 

foam 

Foam 

type 

Cleavage 

agent 

Mn 

(g/mol) 

OH number 

(mg KOH/g) f 

Flexible polyether 

 Mn 3500  TSUGFB  Conventional 
Crude 

glycerol 
3309 51 ≈3 

Flexible polyether 

 Mn 3500 

+ 

Graft polyether  

25HD  
Polymeric 

conventional 

DEG 

- 60 ≈3 

 

Viscoelastic polyether 

 
V-50 190  Viscoelastic 

2556 65 ≈3 

Crude 

glycerol 
2007 84 ≈3 

 

The foaming experiments described in this Chapter were carried out according to the 

evaluation method in free expansion foaming of conventional slabstock foams. As it has 

been explained in the two previous Chapters, a formulation recipe for flexible foams 

was employed based on a trifunctional polyether polyol of Mn 3500 in which the virgin 

polyol was partially replaced by recovered one. The base recipe is shown in Table 6.2. 
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Table 6.2. Foaming recipe (parts per hundred –pph- of polyol). 

CHEMICAL P100-R0 P87.5-R12.5 P75-R25 P50-R50 

 

Raw polyol  Mn 3500 

(OH=48 mgKOH/g) 

 

100 87.5 75 50 

 

Purified glycolysis 

upper phase 

 

0 12.5 25 50 

 

Water 

 

 

4.60 

 

 

Tegoamin 33 

 

0.10 

 

Niax A-1 

 

0.05 

 

Silicone L-620 LV 

 

1.40 

 

Sn Octoate 

 

0.20 

 

Isocyanate index 

 

105 

 

 

6.2. PU foams physical characterization 

With the aim of characterizing the foams synthesized with the recovered polyols and 

ensuring that the new PU foams can be employed in the same applications than a 

commercial one made with raw polyol, it is a crucial task to determine some physical 

and mechanical properties. The properties considered were apparent density, remaining 

deformation 50%, tensile strength and elongation since elastic and compressive 

properties are the ones most important for flexible PU foams.  
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6.2.1. Apparent density 

Figures 6.1a) and 6.1b) show the apparent density values and their standard deviation of 

the PU foams synthesized with the recovered polyols employing DEG and crude 

glycerol as cleavage agents, respectively. 

 

 

Figure 6.1. Dependence of foams apparent density as a function of the recovered polyol 

percentage replacing the raw standard polyol. Cleavage agent: DEG a) and crude 

glycerol b). 

 

Figure 6.1 shows that the density of the foam obtained with the raw polyol is 

approximately 23 kg/m
3
. 

It can be observed that the foams obtained with the recovered polyols, regardless the PU 

foam recycled and the cleavage agent employed, presented similar density values to the 

one of the foam achieved by means of the raw polyol. It must be noted that the inclusion 

of small percentages of recovered polyols obtained with crude glycerol in the foaming 
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recipes provoked a slight reduction in the foam density, whereas higher percentages 

lead on to slightly greater density values since introducing recovered polyols implies to 

reduce the molecular weight of the polyol mixture, giving as a result a density increase. 

This behaviour was previously reported by other authors such as Sendijarevic [38] and 

Molero [39]. 

In order to evaluate the foams homogeneity, it was considered to carry out a statistical 

study, determining the standard deviation and the coefficient of variation of the obtained 

density values. Table 6.3 shows this statistical study. 

 

Table 6.3. Apparent density tests statistical study. 

Glycolyzed foam - 25HD 25HD 
V-50 

190 

V-50 

190 
TSUGFB TSUGFB 

V-50 

190 

V-50 

190 

Recovered 

polyol (wt%) 
0% 25% 50% 25% 50% 12.5% 25% 12.5% 25% 

Cleavage agent - DEG DEG DEG DEG 
Crude 

glycerol 

Crude 

glycerol 

Crude 

glycerol 

Crude 

glycerol 

Test I (kg/m3) 23.39 23.34 23.52 23.42 23.30 22.60 24.10 22.26 23.66 

Test II( kg/m3) 23.43 23.25 23.39 23.48 23.62 22.66 24.44 21.81 24.12 

Test III (kg/m3) 23.13 23.44 23.54 23.29 23.15 22.24 24.56 22.42 23.95 

Test IV (kg/m3) 23.39 23.42 23.71 23.44 23.44 22.54 23.72 22.34 23.13 

Average (kg/m3) 23.33 23.36 23.54 23.41 23.38 22.51 24.21 22.21 23.71 

Standard 

deviation(kg/m3) 
0.14 0.10 0.16 0.10 0.24 0.22 0.45 0.33 0.53 

Coefficient of 

variation (%) 
0.59 0.45 0.68 0.43 1.01 0.96 1.88 1.49 2.23 

 

It was observed a great homogeneity in the foams synthesized, since the maximum 

standard deviation had a value of 0.53 kg/m
3
 with a maximum coefficient of variation of 

2.23%. 
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6.2.2. Remaining deformation 50% 

In Figures 6.2a) and 6.2b) are depicted the remaining deformation 50% values and their 

corresponding standard deviation of the PU foams synthesized with the recovered 

polyols, employing DEG and crude glycerol as cleavage agents, respectively. 

 

 

Figure 6.2. Remaining foams deformation 50% as a function of the recovered polyol 

percentage replacing the raw standard polyol. Cleavage agent: DEG a) and crude 

glycerol b). 
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agent used. It can be explained attending to short chain segments present in the 

recovered polyols, such as the byproducts and the excess of chemolysis agent [21].  

On the other hand, PU foams synthesized employing recovered polyols coming from 

viscoelastic foam V-50 190, showed two different behaviors depending of the quantity 

of recovered polyol introduced in the formulation, regardless the cleavage agent 

considered. At low recovered polyol percentages, the influence of the short chain 

segments in the recovered polyol is more noticeable than the viscoelastic polyol effect 

provoking an increase in the remaining deformation of the PU foams. Nevertheless, 

higher percentages of recovered polyol lead to lower remaining deformation values than 

even in the case of the PU foam synthesized with the conventional raw polyol as the 

only polyol component in the recipe. At higher percentages of recovered polyol, the 

effect of the viscoelastic polyol (low remaining deformation) is more influential than the 

effect of the short chain segment in the recovered viscoelastic polyol. Moreover, it is 

crucial to remark that in the case of the recovered polyol obtained with crude glycerol, 

the “viscoelastic effect” appears at a lower recovered polyol percentage (25%) than in 

the case of employing DEG since crude glycerol let to obtain a polyol more similar to 

the raw viscoelastic one and, as a consequence, with a better remaining deformation 

performing than DEG [22, 23]. Thus, an increase of the recovered polyols content from 

viscoelastic foam in the foaming recipe, provokes flexible PU foams with better 

compression set behaviour, regardless the cleavage agent used, from the moment in 

which the viscoelastic behaviour is predominant over the influence of the short chain 

segments in the recovered polyol. 

Moreover, as it was the case with the apparent density section, it was decided to 

perform a statistical study of the results obtained, with the goal of confirming the data 

reliability. In Table 6.4 is shown the compression set statistical study.  
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Table 6.4. Compression set tests statistical study. 

Glycolyzed 

foam 
- 25HD 25HD 

V-50 

190 

V-50 

190 
TSUGFB TSUGFB 

V-50 

190 

V-50 

190 

Recovered 

polyol (wt%) 
0% 25% 50% 25% 50% 12.5% 25% 12.5% 25% 

Cleavage 

agent 
- DEG DEG DEG DEG 

Crude 

glycerol 

Crude 

glycerol 

Crude 

glycerol 

Crude 

glycerol 

Test I (%) 2.39 2.97 3.61 4.22 2.14 3.88 6.46 5.76 1.36 

Test II (%) 2.25 3.31 4.11 4.43 1.97 4.13 6.78 5.81 1.16 

Test III (%) 2.59 3.27 3.62 4.09 2.38 3.77 6.26 5.71 1.39 

Test IV (%) 2.19 2.97 3.83 4.51 2.25 3.94 6.57 5.79 1.38 

Average (%) 2.36 3.13 3.79 4.31 2.18 3.93 6.52 5.77 1.32 

Standard 

deviation (%) 
0.18 0.18 0.23 0.19 0.17 0.15 0.22 0.04 0.11 

Coefficient of 

variation (%) 
7.55 5.88 6.18 4.45 7.95 3.85 3.34 0.76 8.24 

 

 

6.2.3. Tensile strength and elongation 

Figure 6.3 shows the tensile strength and the standard deviation of the flexible PU 

foams synthesized employing DEG (a) or crude glycerol (b) as glycolysis agent. 

 

 



          CHARACTERIZATION OF THE POLYURETHANE FOAMS FROM RECOVERED POLYOLS          

   

  209 

 

 

Figure 6.3. Tensile strength of foams as a function of the recovered polyol percentage 

replacing the raw standard polyol. Cleavage agent: DEG a) and crude glycerol b). 

 

As reported by other authors [40], it can be observed in Figure 6.3 that an increase in 

the recovered polyol content causes an improvement in the tensile properties of the PU 

foams probably due to the higher crosslinking and higher urea formation. In fact, it can 

be observed that the foams synthesized with glycolyzates obtained employing DEG as 

cleavage agent show the highest values of tensile strength since these recovered polyols 

present the highest proportion of compounds that increase the crosslinking and the urea 

domains in the PU structure (glycolysis agent excess and byproducts) [21-23]. This is so 
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compared to the polarity of crude glycerol. Therefore, a part of DEG and bigger amount 

of byproducts remain in the recovered polyol.  

The results were statistically treated and the standard deviation and the coefficient of 

variation are shown in Table 6.5.  

 

Table 6.5. Tensile strength tests statistical study. 

Glycolyzed foam - 25HD 25HD 
V-50 

190 

V-50 

190 
TSUGFB TSUGFB 

V-50 

190 

V-50 

190 

Recovered polyol 

(wt%) 

0% 25% 50% 25% 50% 12.5% 25% 12.5% 25% 

Cleavage agent - DEG DEG DEG DEG 
Crude 

glycerol 

Crude 

glycerol 

Crude 

glycerol 

Crude 

glycerol 

Test I (kPa) 149.36 169.18 229.05 213.03 223.63 159.60 187.05 127.66 147.91 

Test II (kPa) 147.43 172.67 234.5 216.43 226.80 155.70 184.46 125.34 145.23 

Test III (kPa) 152.45 166.80 227.4 210.67 224.74 160.74 189.67 130.45 150.36 

Test IV (kPa) 151.45 174.60 231.76 214.98 221.17 163.63 188.34 132.41 148.58 

Average (kPa) 150.17 170.81 230.68 213.78 224.08 159.92 187.38 128.96 148.02 

Standard 

deviation (kPa) 

2.24 3.39 3.12 2.50 2.34 3.28 2.22 3.11 2.13 

Coefficient of 

variation (%) 

1.49 2.04 1.35 1.17 1.05 2.05 1.19 2.41 1.44 

 

The statistical study of the tensile strength data confirmed the obtained results reliability 

since the low standard deviations achieved (lower than 3.4 kPa) showed that all the 

density values of the different foams were clustered closely around the mean. Besides, 

the coefficients of variation were all lower than 2.5%. 

On the other hand, Figures 6.4a and 6.4b show the elongation and the standard deviation 

of the PU foams synthesized with the recovered polyols from glycolysis employing 

DEG and crude glycerol as cleavage agents, respectively. 
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Figure 6.4. Foams elongation as a function of the recovered polyol percentage replacing 

the raw standard polyol. Cleavage agent: DEG a) and crude glycerol b). 

 

As can be observed in Figure 6.4, elongation values remain in the range 120 – 140 %, 

regardless the recycled PU foam, the cleavage agent employed and the percentage of 

recovered polyol introduced in the formulation, confirming the high quality of the 

recovered polyols obtained by means of the split-phase glycolysis process. Therefore, it 

has not been reported a worsening in the tensile properties of the final PU foams as 

stated by other authors when glycolyzates from single-phase glycolysis were employed 

for the synthesis of new PU specialties [41, 42, 43]. 

Finally, Table 6.6 shows the statistical study carried out with the elongation tests. 
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Table 6.6. Elongation tests statistical study. 

Glycolyzed 

foam 
- 25HD 25HD 

V-50 

190 

V-50 

190 
TSUGFB TSUGFB 

V-50 

190 

V-50 

190 

Recovered 

polyol (wt%) 
0% 25% 50% 25% 50% 12.5% 25% 12.5% 25% 

Cleavage 

agent 
- DEG DEG DEG DEG 

Crude 

glycerol 

Crude 

glycerol 

Crude 

glycerol 

Crude 

glycerol 

Test I (%) 125.72 131.28 129.14 133.11 137.06 129.18 120.17 126.07 120.04 

Test II (%) 123.45 129.54 134.12 130.14 135.67 127.45 118.32 124.32 118.98 

Test III (%) 127.78 133.56 127.34 135.56 139.67 132.56 122.45 128.67 122.43 

Test IV (%) 126.12 132.12 130.16 133.89 137.85 130.32 121.67 126.78 120.87 

Average (%) 125.77 131.62 130.19 133.18 137.56 129.88 120.65 126.46 120.58 

Standard 

deviation (%) 
1.78 1.68 2.87 2.27 1.67 2.14 1.82 1.80 1.46 

Coefficient of 

variation (%) 
1.42 1.28 2.20 1.70 1.21 1.65 1.51 1.42 1.21 

 

For this property, the maximum values of the standard deviation and coefficient of 

variation were 2.87 and 2.20, respectively; showing again a good reproducibility of the 

foam performance.   

 

6.3. Foam morphology, Cell size and Cell size distribution 

In order to improve the characterization of the obtained foams and observe if the 

mechanical properties of the synthesized PU foams present a relation with the PU foams 

cell structure, it was carried out SEM analysis. Figure 6.5 shows the microphotographs 

obtained by SEM with magnification x100 of the foams synthesized by means of 

employing different proportions of recovered polyols from several kinds of PU foams 

waste obtained using DEG and crude glycerol as cleavage agents. 
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Figure 6.5. SEM micrographs with magnification x100 of the PU foam framework for 

different percentages of recovered polyols, coming from different types of PU foams 

waste and employing as cleavage agents DEG or crude glycerol. 
 

In a general way, it can be observed that the foams preserve the polyhedral cell structure 

independently on the content of recovered polyol and on the cleavage agent. However, 

crude glycerol promotes the reduction of the cell size, while when using DEG cell size 

increases with the amount of recovered product, regardless the kind of PU foam 

RAW POLYOL 
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recycled. This can be explained attending to the different viscosities of glycerol (1412 

cp at 20 ºC [44]) and DEG (35.7 cp at 20ºC [45]) since foam cell size is a function of 

the mixture viscosity and of the CO2 expandability [40]. In fact, the higher the viscosity 

of the polyol mixture, the more restricted the CO2 to be expanded, giving as a result a 

decreasing in the PU foam cell size [40, 46]. Figure 6.6 shows the cell-size distribution 

of all synthesized foams.  

         

    

        

 

        

 

Figure 6.6. Cell size distribution of the PU foams for different percentages of recovered 

polyols, coming from different types of PU foams waste and employing as cleavage 

agents DEG or crude glycerol. 
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From the cell size distribution depicted in Figure 6.6, it is possible to obtain the average 

cell size and the standard deviation of the PU foams cells, as can be appreciated in 

Figure 6.7.  

 

 

 

 

Figure 6.7. Average cell size and standard deviation of the synthesized foams as a 

function of the recovered polyol percentage replacing the raw standard polyol. a) 25 HD 

(DEG), b) V-50 190 (DEG), c) TSUGFB (Crude glycerol) and d) V-50 190 (Crude 

glycerol). 
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Figure 6.7 confirms that the higher the quantity of the recovered polyols obtained from 

crude glycerol as cleavage agent, the lower the cell size of the final PU foams 

synthesized. On the other hand, it has been also verified that increasing the quantity of 

the recovered polyols obtained with DEG lead on to higher cell sizes. Moreover, it can 

be also appreciated in a general way in Figure 6.7 that the higher the recovered polyol 

content employing DEG as cleavage agent, regardless the PU foam recycled, the higher 

the standard deviation. However, it must be noted that recovered polyols from crude 

glycerol as cleavage agent provides lower standard deviation values in the cells of the 

synthesized foams than recovered polyols from DEG. In fact, in the case of the foam 

TSUGFB, the standard deviation values are even lower than the one obtained for the 

synthesized foam with the virgin polyether polyol.  

Furthermore, it is also remarkable to note in Figure 6.7 that the recovered polyol from 

the conventional flexible PU foam containing polymeric polyol (foam 25HD) is the one 

that provides the highest average cell size. It can be explained attending to the presence 

of copolymer particles of SAN (styrene-acrylonitrile) in that recovered polyol [21]. 

These copolymer particles aid in cell opening at the end of the rise process, causing an 

increase in the average cell size [47, 48] and acting as a reinforcerment that improves 

the hardness and the load bearing properties of the resulting filled flexible PU foams. 

It is important to take into account that all the flexible PU foams synthesized in this 

research have been achieved by means of employing the same formulation, changing 

only the isocyanate quantity depending of the polyol mixture hydroxyl number. 

However, water content, surfactant, amine catalysts and chain extension catalyst 

concentrations have been maintained constant with the aim of adapting the recovered 

polyols to a further industrial production of flexible PU foams. Nevertheless, in order to 

keep perfectly constant all the structural and physical properties of the foams it could be 

performed a slight modification in the foaming recipe at high percentages of recovered 

polyol. 
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6.4. Conclusions 

The goal of the polyurethanes glycolysis is to recover the polyol that initially 

constituted the polymer with the final aim of synthesizing new PU specialties. 

Therefore, in the case of flexible PU foams, the essential parameter to determine the 

quality and utility of the recovered polyol is its capacity to produce high quality cellular 

polyurethanes.  

In this sense, SEM micrographs and physical and mechanical properties (apparent 

density, remaining deformation 50%, tensile strength and elongation at break) have 

confirmed that it is possible to obtain flexible PU foams with physical and structural 

properties similar to those of a PU foam obtained with a raw flexible polyether polyol 

by means of employing recovered polyols. 

In fact, some properties have experienced an improvement in comparison with the raw 

polyol based foam, depending of the PU foam recycled and the cleavage agent 

employed. Apparent density and elongation values have been nearly maintained 

constant, regardless the type of PU foam recycled and the cleavage agent employed. 

Recovered polyols from viscoelastic foam have yielded flexible PU foams with better 

compression set behaviour, regardless the cleavage agent used. Moreover, an increase in 

the recovered polyol content has succeeded an improvement in the tensile properties of 

the PU foams synthesized, regardless the cleavage agent employed and the kind of PU 

foam recycled, due to the higher crosslinking and higher urea formation that provoke in 

the new PU foams  the recovered polyols from the split-phase glycolysis process. 

Regarding the cell sizes of the obtained foams, crude glycerol let to obtain flexible 

foams with lower average cell size and recovered polyol from polymeric conventional 

foam has led to new flexible PU foams with higher average cell size.  

Therefore, high quality flexible PU foams have been synthesized by means of 

employing recovered polyols from different kinds of flexible PU foams waste 

employing as cleavage agents DEG or crude glycerol. 
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In Chapter 7, the scaled-up feasibility and the economic assessment of the split-phase 

glycolysis process for the recycling of flexible polyurethane foams waste employing 

crude glycerol as cleavage agent is evaluated with the aim of determining its suitability 

to be industrially implanted. 
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ABSTRACT 

In this Chapter, the economic viability of the split-phase glycolysis process for the 

recycling of any kind of flexible polyurethane foam waste employing crude glycerol as 

cleavage agent has been demonstrated.  

Firstly, experiments at pilot plant scale were carried out in order to check that the 

process can be extrapolated to larger scales. With the goal of scaling up the process 

from laboratory scale to pilot plant, geometric similarity criteria were applied together 

with dynamic similarity for laminar flow in agitated tank reactors. Hence, a pilot plant 

installation was designed with geometrically similar equipment to those used for lab 

scale, obtaining analogous results in terms of recovered polyol properties and mass 

balance. 

Then, the basic design of a split-phase glycolysis industrial plant with a capacity for 

treating 270 Tm per year of flexible PU foams scraps was proposed. Finally, the 

economic feasibility of such recycling process was confirmed because of the obtention 

of a Net Present Value (NPV) of 2,794,573, with an Internal Rate of Return (IRR) of 

27.65% and a payback time between 4 and 5 years. 
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RESUMEN  

En este Capítulo, se ha demostrado la viabilidad económica del proceso de glicólisis 

en fase partida, para el reciclado de cualquier residuo de espuma flexible de 

poliuretano, empleando glicerina cruda como agente degradante. 

En primer lugar, se llevaron a cabo experimentos a escala de planta piloto, con el 

objetivo de comprobar si el proceso es extrapolable a producciones mayores. Para 

hacer el cambio de escala de laboratorio a planta piloto, se aplicaron criterios de 

semejanza geométrica junto con semejanza dinámica para régimen laminar en 

reactores de tanque agitado. A partir de este estudio, se diseñó una instalación de 

planta piloto con equipos que mantenían semejanza geométrica con respecto a los 

empleados en escala laboratorio, obteniendo resultados análogos en términos de 

propiedades de poliol recuperado y de balance de materia. 

A continuación, se diseñó una planta industrial de glicólisis en fase partida, con una 

capacidad para tratar 270 Tm/año de residuos de espumas flexibles de PU. 

Finalmente, teniendo en cuenta las características de dicha planta, se comprobó la 

viabilidad económica del proceso de reciclado, obteniéndose un Valor Actual Neto 

(VAN) de 2.794.573, con una Tasa Interna de Rentabilidad (TIR) de 27,65% y un 

tiempo de recuperación entre 4 y 5 años. 
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Once shown in previous chapters the great improvements from a technical point of view 

of the developed split-phase glycolysis process with respect to the glycolysis processes 

industrially established at present, the next step is to scale-up the recycling process to 

pilot plant with the aim of checking the suitability of the process to treat larger 

quantities of polyurethanes scraps. 

 

7.1. Pilot plant scaled-up 

In order to achieve a proper scaled-up of the glycolysis process, it was necessary to take 

into account several points: shape factors requirements in the tank reactor, agitator 

dimensions, required agitator head power and rotational speed. 

7.1.1. Shape factors 

In an accurate scaled-up process it is mandatory that shape factors are maintained 

constant in order to ensure a proper geometrical similarity [1]. 

In the case of an agitated tank reactor these shape factors are the following ones: 

S1=D/T 

S2=Z/T 

S3=C/T 

where: 

T: Tank diameter 

D: Impeller diameter 

C: Distance from tank bottom to impeller center line 

Z: Depth of fluid in tank  

For the laboratory device the data calculation is shown below: 

 T: Tank diameter = 100 mm 

 D: Impeller diameter = 80 mm 

 C: Distance from tank bottom to impeller center line 

The bottom of the impeller is located a distance C from the bottom of the tank. The 

normal range for C/T is [1]: 

0.1 ≤C/T≤ 0.4 
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However, the most common value of C/T is 1/3. Normally C/T will approach the lower 

limit if a low level of mixing is desired or if off-bottom suspension of solids is desired 

[1]. 

Taking as design criteria C/T=1/3, it is obtained a value of C=33.3 mm. 

 Z: Depth of fluid in tank  

With the goal of calculating Z, the mass balance obtained in the split-phase glycolysis 

process at lab scale is shown below: 

 

 

 

 

 

             

 

 

 

 

 

 

 

 

Figure 7.1. Mass balance of the glycolysis process at laboratory scale. 

 

The density of the upper phase is approximately considered the same than the one of a 

typical polyether polyol (1.01 g/cm
3
), whereas the density of the bottom phase is 

considered to be the one of the crude glycerol (1.261 g/cm
3
), since both components 

(polyol and crude glycerol) are the majority ones in the respective phases. 

The reactor volume can be calculated from equation (7.1). 

 

         
 

 
      

 

GLYCOLYSIS 

 

UPPER PHASE 

 

BOTTOM PHASE 

 

300 g PU scraps 

 
444 g crude glycerol 

 6 g stannous octoate 

 

200  g (Purity in polyol 70%) 

550  g  

(7.1) 
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where T is the tank diameter and L the tank height, the depth of both phases can be 

obtained as shown below: 

Depth of upper phase (LUP) 

 

    
 

 
        

 

Where the volume of upper phase is obtained from formula (7.3) 

  

    
                       

                        
 
    

 

 

    
       

      
 
    

            

Therefore, the depth of upper phase is achieved employing equation (7.4). 

 

    
     
    

 
            

          
          

 

In an analogous way the depth of the bottom phase is shown below: 

Depth of bottom phase (LBP) 

    
 

 
        

 

Where the volume of bottom phase is obtained from formula (7.6). 
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Therefore, the depth of bottom phase is achieved employing equation (7.7). 

 

    
     
    

 
            

          
          

 

Hence, the depth of fluid in tank (Z) is determined by equation (7.8). 

                                      

In the literature exists several correlations in order to ensure a proper design of agitated 

tank that could be scaled-up to a higher scale [1]. With the aim of checking the 

suitability of the laboratory scale device to be scaled-up, the following correlations are 

going to be considered: 

► S1 = D/T 

D/T ratio. Normally the D/T ratio is set at 1/3 for turbulent flow regimes. It is important 

that this ratio is maintained constant during scale-up. This ratio may be varied in the 

range [1]: 

0.2 ≤D/T≤ 0.5    Turbulent flow 

                                             0.7 ≤D/T≤ 1.0     Laminar flow 

In the case of the laboratory installation employed, the regimen was laminar (as it will 

be demonstrated in section 7.1.3). 

 

 

 
 

     

      
     

 

As it can be observed in equation (7.9), D/T ratio is between the optimal range, 

ensuring that a proper laboratory installation design to be scaled-up has been carried 

out. 

(7.7) 

(7.8) 

(7.9) 
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► S2 = Z/T 

Z/T ratio. This ratio describes the fluid level in the tank. Normally, this ratio is unity, 

although the ratio Z/T can range from 0.5 to 1.0. This ratio has little bearing on the 

power consumption. Changes in Z/T can change flow patterns in the tank. But if Z/T 

exceeds 1, there may be dead zones in the tank, which can be eliminated with the 

addition of impellers [1]. 

Formula (7.10) shows the calculation of Z/T ratio for the laboratory scale: 

 

 

 
 
       

      
       

 

As it can be appreciated in equation (7.10), the laboratory scale employed agrees with 

the optimal Z/T ratio range. 

► S3 = C/T 

As it was previously commented, the optimal range for C/T is 0.1 ≤C/T≤ 0.4, being the 

most common value 1/3.  

 

 

 
 
        

      
 
 

 
 

 

Hence, the three shape factors are in the optimal range for an agitated tank reactor, 

demonstrating the employed laboratory installation suitability to be scaled –up. 

 

7.1.2. Pilot plant scale installation design 

The most accurate approach to the design of a plant-scale agitation unit is to obtain data 

from an appropriate experiment in a plant-scale apparatus. Unfortunately, this approach 

is usually not possible for new processes, and data must be taken in laboratory-scale 

equipment. Naturally, the closer the size of the laboratory vessel is to that of the actual 

process, the more reliable the scaled-up will be. Often, it is impossible to fulfill this 

requirement, and the design must proceed with data from a small-scale unit only. 

(7.10) 

(7.11) 
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Therefore, with the aim of ensuring a proper scaled-up process the shape factors must 

be maintained constants from the small scale to the large one in order to preserve the 

geometrical similarity, which affects strongly to the fluid dynamic of the process.  

► S1 = D/T=0.8 

Dimensions for the pilot plant installation: 

 T: Tank diameter = 201 mm 

 

Hence, taking into consideration equation (7.9), the impeller diameter of the pilot plant 

scale is calculated as shows the equation (7.12): 

                              

Moreover, it is a crucial task to design properly the impeller dimensions maintaining the 

geometric similarity with respect to the laboratory scale device. 

In the laboratory scale: 

 Impeller diameter, D = 80 mm 

 Impeller internal diameter, Dint = 50 mm 

 Blade length = 15 mm 

 Width of the impeller blades, W = 20 mm 

Therefore in the pilot plant scale: 

 

 
 
     

     
      

 

                                 

 

            

 
 
     

     
        

 

                                                 

 

(7.12) 

(7.13) 

(7.14) 
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Hence the dimensions relative to the impeller in the pilot plant scale are shown below: 

 Impeller diameter, D = 160.8 mm 

 Impeller internal diameter, Dint = 100.5 mm 

 Blade length = 30.15 mm 

 Width of the impeller blades, W = 40.2 mm 

 

► S2 = Z/T=0.807 

 

 
       

 

                             

► S3 = C/T=1/3 

 

 
 
 

 
 

 

  
 

 
   

 

 
           

7.1.3. Power calculation of the impeller 

The power consumed by an agitator, P, can be expressed as a function of the following 

variables: 

               

where: 

(7.15) 
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D: Impeller diameter 

g: gravitational acceleration 

μ: fluid viscosity 

ρ: fluid density 

N: Impeller rotational speed 

By means of the dimensional analysis, the variables can be grouped in several 

dimensionless modules: 

 

 

        
     

      

 
 

 

  
    

 
 

 

 

This equation can be expressed as follows: 

              

where: 

P0: Power number 

Re: Reynolds number 

Fr: Froude number 

In this analysis, Power number is analogous to a friction factor, Reynolds number can 

be seen as a relation between the inertia forces and the viscous ones and the Froude 

number is a relation between the inertia forces and the gravitational one. 

In order to calculate the Reynolds number, the viscosity and the density of the fluid are 

obtained taking into account Figure 7.1. 

► Fluid density 

Upper phase mass = 200 g 

Bottom phase mass = 550 g 

Density of the upper phase,    = 1.01 g/cm
3 

Density of the bottom phase  
  

= 1.261 g/cm
3
 

Upper phase volume,     = 200 g / (1.01 g/cm
3
) =198.02 cm

3
 

(7.16) 

(7.17) 
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Bottom phase volume,     = 550 g / (1.261 g/cm
3
) =436.16 cm

3
 

Hence: 

  
                

       
 
     

 
             

        
 
             

  

                     
       

 

   
 

 

► Fluid viscosity 

Viscosity of the upper phase = 560 cp = 0.560 kg/(s·m) 

Viscosity of the bottom phase = 1500 cp = 1.5 kg/(s·m) 

  
                

       
        

  

   
 

Therefore, once obtained the density and the viscosity of the fluid, the Reynolds 

number is calculated for the laboratory scale: 

  

    
      

 
 

where: 

N=300 rpm=5 rev/s 

Impeller diameter, D: 80 mm 

Fluid density, ρ = 1.183 g/cm
3 

Fluid viscosity, μ = 1.2065 kg/(s.m)
 

    
      

 
 

             
   

 
        

  

  

       
  

   

           

For Reynolds number values lower than 300, the Froude number has not any 

significative effect. Hence equation (7.17) can be written as: 

          

where b presents a value of -1 [1]. 

Therefore, the power consumed by the device can be obtained as shown below: 

(7.18) 

(7.19) 

(7.20) 

(7.21) 

(7.22) 
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By means of employing the turbine power correlation for baffled vessels depicted in 

Figure 7.2 [1], which represents the Power number versus the Reynolds one, it is 

possible to obtain the Power number taking into account the kind of impeller employed 

(6 pallets Rushton type agitator, Curve 1) and the Reynolds number. 

► Re=31.377 

                                                                           Power number (P0) = 4.25 

► 6 pallets Rushton type agitator (Curve 1) 

From equation (7.22), the value of the constant is obtained: 

K´= 133.35 

 

Figure 7.2. Turbine power correlation for baffled vessels [1]. 

Finally, taking into account equation (7.23), the required agitation power for the 

laboratory scale can be obtained: 

(7.23) 
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     μ                      
  

   
           

    

  
     

     

  
        

Moreover, with the goal of checking the value obtained, the power required was also 

calculated from the definition of the Power number. 

   
 

       
 

      
                      

    

  
     

  

  
      

     

  
        

In order to ensure a proper scale-up process, it is necessary to calculate the power 

consumption for the pilot plant scale by means of using equation (7.24). 

      
  
  

  
  
  
 
 

 

where Pi are the required agitation powers (P1= 2.06 W for lab scale), Vi the tanks 

volumes (V1=1 L, V2=10 L), Ti the tank diameters (T1=100 mm, T2=201 mm) and s is 

the exponent of the laminar flow scaled-up process (s = -2 for equal tip speed criterion) 

[1]. 

Therefore, the agitation power required for the pilot plant scale is shown below: 

      
  
  

  
  
  
 
 

      
      

    
  
      

      
 
  

       

 

7.1.4. Impeller rotational speed 

In order to perform the scaled-up process as accurate as possible, it is a crucial task to 

determine the impeller rotational speed at pilot plant scale by means of employing 

equation (7.23) and the agitation power calculated. 

In this equation it is necessary to consider that in laminar flow the value of the constant 

K´ is approximately 75 [1]. 

             

   
 

        
 

 
 
  

    
     

  

           
  
   

            

 

 
 

          
    

     
            

(7.24) 
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7.2. Economic assessment of the split-phase glycolysis plant 

The split-phase glycolysis experiments carried out at the pilot plant scale, confirmed the 

technical feasibility of the recycling process at larger scales, since analogous results in 

terms of recovered polyol properties and mass balance were obtained.  

Once confirmed the success in the scaling-up of the process, the design and the 

economic assessment of a split-phase glycolysis industrial plant has been addressed. 

7.2.1. Glycolysis plant capacity and location 

With the aim of determining the capacity of the glycolysis industrial plant it is an 

essential issue to know the PU production and the quantity of waste generated 

nowadays in our country. 

In order to get this goal the calculation sequence carried out is shown below: 

 Calculation of the PU production in Western Europe (WE) 

- PU production in Western Europe in 2013, PUWE2013 = 3.35 MTm [2] 

- Average annual growth (2013 – 2018) = 1.9 % [2] 

Hence: 

                                       

 

 Calculation of the PU production in Spain (SP) 

- PU production in Western Europe in 2004, PUWE2004 = 2.5 MTm [3] 

- PU production in Spain in 2004, PUSP2004 = 178,259 Tm [4] 

 

                   
        
        

            

 

 Calculation of the flexible PU foam production in Spain 

- Flexible PU foam represents, approximately, the 36% of the total PU production 

in EMEA (Europe, Middle East and Africa) region [2]. 

 

                                               

 

 

(7.25) 

(7.26) 

(7.27) 
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 Calculation of the flexible PU foam waste generated in Spain 

- PU production in Western Europe in 2004, PUWE2004 = 2.5 MTm [3] 

- PU waste in Western Europe in 2004, Waste PU WE2004 = 1.5 MTm [3] 

It is important to note that such waste comprises not only post-consumer products but 

also scrap from slabstock manufacturing. 

 

                                                     
              

        

           

 

Moreover, it is estimated that approximate the half of the total polyurethane waste is not 

suitable for collection and subsequent recycling, because of small volume and/or wide 

distribution. This waste is best recovered by combustion (incineration with energy 

recovery) together with municipal solid waste [3]. 

Therefore, the quantity of flexible PU foam waste susceptible of being recycled in 

Spain, nowadays, would be 27,275 Tm. 

Regarding the split-phase glycolysis plant location in our region, it has been considered 

to locate it at Yecla (Murcia), due to the fact that in that region is established an 

important PU foam manufacturer that would provide an important quantity of waste 

coming from slabstock manufacturing.  

The scope of the split-phase glycolysis plant is the recycling of the flexible PU foam 

waste of Castilla-La Mancha and surrounding areas, mainly the scraps from the foam 

manufacturer plant of Murcia region. In this scenario the considered amount of flexible 

PU foam waste to be potentially treated would be 1,173 Tm, taking into account that the 

population of Spain in 2016 was 46.5 million and the one of Castilla-La Mancha region 

2 million. This quantity would approximately suppose a 4.3 % of the total flexible PU 

foam waste susceptible of being recycled in Spain at present. 

However, it was considered to be more restrictive in order to ensure zero-costs flexible 

PU foam waste and for this reason the capacity of the split-phase glycolysis plant was 

estimated in 270 Tm, which means, approximately, a 1% of the total flexible PU foam 

waste susceptible of being recycled in Spain at present and approximately the 23% of 

our region. 

(7.28) 
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The mass balance has been carried out in batches, considering that the total time of the 

split-phase glycolysis process are 12 hours (batch), including loading and unloading 

times, taking as reference PU chemical degradation processes operating industrially at 

present [5]. It was considered 300 work days/year (600 batches/year) and 3 work shifts 

of 8 h, giving as a result 7200 h of production/year. Therefore, the capacity of the plant 

is described below: 

 Annual recycling of PU waste = 270 Tm/year 

 Recycling of PU waste per batch = 450 kg/batch 

7.2.2. Consumption of raw materials 

In accordance with the process mass balance, the consumption of raw materials 

involved in the recycling by means of split-phase glycolysis of flexible PU foam waste 

is shown in Table 7.1. 

 

Table 7.1. Raw materials consumption in the split-phase glycolysis process of flexible 

PU foam waste. 

 

RAW MATERIALS CONSUMPTION (kg/batch) 

Polyurethane waste 450 

Crude glycerol 666 

Stannous octoate 9 

 

7.2.3. Conceptual definition of the split-phase glycolysis process  

Figure 7.3 shows the flow diagram of the split-phase glycolysis plant and the mass 

balance per batch. 

The industrial recycling process consists of introducing the transesterification agent 

(glycol and catalyst) into the glycolysis batch reactor (R-1) by means of the gear pumps 

P-2 and P-3, respectively. Once achieved the reaction temperature (190ºC), the required 

quantity of PU foam scraps is added by means of an Archimedean screw (P-1), 

according to its dissolution. Once finished the glycolysis reaction, the product is 

discharged using P-4 and it is introduced in the decanter C-4, in which the product is 

splitted in two phases. Bottom phase is unloading using P-5 to the bottom phase storage 
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tank (C-5). Regarding the upper phase, it is introduced to a liquid-liquid extractor (C-7) 

by means of P-6, together with wash water. The extract phase is discharged using P-8 

and is stored in the waste water storage tank (C-8). Finally, the recovered polyol is 

unloading by means of P-9 and is stocked in the recovered polyol storage tank (C-9). 

 

 

P-1

P-2

P-4

P-5

P-6
P-9

P-3

C-1

C-2

C-3

R-1

C-4

C-5

C-6

C-7

C-8

C-9

E-1

E-2

E-3

P-7

P-8

 

Figure 7.3. Schematic diagram of the split-phase glycolysis industrial plant and mass 

balance per batch. 

 

 

The devices installed are detailed below: 

- Polyurethane silo (C-1) with a storage capacity for 15 days of production (30 

batches). 

- Storage tank for crude glycerol (C-2) with a storage capacity for 15 days of 

production (30 batches). 

 450 kg 

Crude glycerol 

Stannous octoate 

 Polyurethane waste 

666 kg 

9 kg 

1125 kg 

825 kg 

  300 kg 

  300 kg 

  327 kg 

  273 kg 

  Wash water 

  Bottom phase 

  Upper phase 

Recovered 

polyol 

  Waste water 
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- Storage tank for stannous octoate (C-3) with a storage capacity for 15 days of 

production (30 batches). 

- Decanter for the glycolysis phases splitting (C-4). 

- Storage tank for the glycolysis bottom phase (C-5) with a storage capacity for 15 

days of production (30 batches). 

- Storage tank for the wash water (C-6) with a storage capacity for 15 days of 

production (30 batches). 

- Liquid – liquid extractor for the purification of the glycolysis upper phase (C-7). 

- Storage tank for the waste water (C-8) with a storage capacity for 15 days of 

production (30 batches). 

- Storage tank for the recovered polyol (C-9) with a storage capacity for 15 days 

of production (30 batches). 

- Split-phase glycolysis reactor (R-1). 

- Condenser of the glycolysis reactor (E-1). 

- Heat exchangers of polyethylene glycol (E-2, E-3). 

- Archimedean screw (screw pump) (P-1) to feed the PU waste. 

- Gear pumps (P-2, P-3, P-4, P-5, P-6, P-9). 

- Centrifugal pumps (P-7, P-8) 

 

7.2.4. Equipments cost calculation 

  Polyurethane silo (C-1), Archimedean screw (P-1), gear pumps (P-2, P-

3, P-4, P-5, P-6, P-9), centrifugal pumps (P-7, P-8) and condenser (E-1). 

Costs estimation of some equipments are complex since it does not exist standardized 

equations for their calculation. For these cases, data from the web www.matche.com, 

specialized in cost calculation and process optimization of the chemical and 

metallurgical industry have been taken. The equipments whose costs have been obtained 

in this way are: the polyurethane silo (C-1), the Archimedean screw (P-1), the gear 

pumps (P-2, P-3, P-4, P-5, P-6, P-9), the centrifugal pumps (P-7, P-8) and the condenser 

of the glycolysis reactor (E-1). It is important to mention that gear pumps were chosen 

instead of centrifugal ones taking into consideration the high viscosity of the glycolysis 
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reagents and products. In the case of the centrifugal pumps, their costs were obtained as 

gear pumps also, with the aim of applying a conservative costs scenario. 

With the goal of getting the costs it is necessary to provide the fundamental 

characteristic of each individual equipment. Matche web supplies the costs in prices of 

2014 and hence the costs have been updated to 2016 according to the overall Consumer 

Price Index (CPI) (CPI2016/2014 = 1.02). 

Table 7.2 shows the value of the characteristic property of each device together with its 

cost updated to 2016. 

 

Table 7.2. Equipments costs obtained from www.matche.com. 

 

EQUIPMENT CHARACTERISTIC PROPERTY COST (€ 2016) 

Polyurethane silo (C-1) Volume (m
3
) 405 48,425 

Archimedean screw (P-1) Flow (l/h) 5,625 2,772 

Gear pump (P-2) Flow (l/h) 528.15 2,588 

Gear pump (P-3) Flow (l/h) 7.19 1,386 

Gear pump (P-4) Flow (l/h) 948.36 3,142 

Gear pump (P-5) Flow (l/h) 654.24 2,772 

Gear pump (P-6) Flow (l/h) 294.12 2,218 

Centrifugal pump (P-7) Flow (l/h) 300 2,218 

Centrifugal pump (P-8) Flow (l/h) 327 2,218 

Gear pump (P-9) Flow (l/h) 267.65 2,126 

Condenser (E-1) Heat (KJ/h) 51,245.91 18,852 

 

 Storage tanks (C-2, C-3, C-5, C-6, C-8, C-9), decanter (C-4), liquid-

liquid extractor (C-7) and glycolysis reactor (R-1). 

Once determined the volume of each vessel, according to the mass balance showed in 

Figure 7.3, the height and the diameter that minimize the cost are achieved with 

relations height (H)/diameter (D) between 2< H/D<5. The cost is estimated by means of 

employing equation (7.29). 

http://www.matche.com/
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4.166

10
)8/()/(482.0

3
21.015.092.0   eDHWC       

where e is the thickness and W is the weight of the equipment. These parameters are 

calculated from equations (7.30) and (7.31), respectively. 

- e (mm): 

 
SEC

PES

DP
e

D

D 





6.0

10002/
 

            

where PD is the design pressure (Kg/cm
2
) obtained as the sum of the atmospheric 

pressure and the weight of the liquid column (Patm + ρgHl), S is the stress of the material 

that in the case of carbon steel is 1055 (Kg/cm
2
), E is the effectiveness factor, 0.85, and 

SEC is the corrosion allowance (mm), which since the products in the glycolysis plant 

are not very corrosive it will be considered of 3 mm. 

- Equipment weight, W (Tm):    

  XeDHDW  ··8.0··0246.0           

where X is the complexity factor that will be considered 2 for the storage tanks and for 

the decanter, 3 for the liquid-liquid extractor due to the fact of being jacketed and the 

presence of agitator and 4 for the glycolysis reactor. 

The costs obtained from equation (7.29) are relative to 1980 and, therefore, they have to 

be updated to 2016 according to the overall Consumer Price Index (CPI) (CPI2016/1980 = 

3.06). 

As an example, the optimization of the storage tank of crude glycerol (C-2) (Liquid 

volume=15.845 m
3
, Tank volume = 19.013 m

3
) is shown in Table 7.3. 

 

 

 

 

 

 

 

(7.29) 

(7.30) 

(7.31) 



CHAPTER 7   

   

244 

Table 7.3. Dimensions and cost of the storage tank of crude glycerol (C-2). 

 

H 

(m) 

D 

(m) 
H/D 

Hl 

(m) 

PD 

(Kg/cm
2
) 

e 

(mm) 

W 

(Tm) 

Cost 

(€ 2016) 

5 2.200 2.27 4 1.537 4.888 2.521 20,353 

5.5 2.098 2.62 4.4 1.588 4.859 2.541 20,097 

6 2.009 2.99 4.8 1.638 4.837 2.570 19,930 

6.5 1.930 3.37 5.2 1.689 4.819 2.604 19,830 

7 1.860 3.76 5.6 1.739 4.805 2.642 19,778 

7.5 1.797 4.17 6 1.789 4.795 2.684 19,763 

8 1.740 4.60 6.4 1.840 4.787 2.728 19,777 

 

Finally, Table 7.4 shows the cost of the storage tanks, the decanter (C-4), the liquid-

liquid extractor (C-7) and the glycolysis reactor (R-1). 

 

Table 7.4. Cost of the storage tanks, the decanter, the liquid-liquid extractor and the 

glycolysis reactor. 

EQUIPMENT V (m
3
) H (m) D (m) COST (€ 2016) 

Storage tank (C-2) 19.013 7.5 1.797 19,763 

Storage tank (C-3) 0.259 2 0.406 1,221 

Storage tank (C-5) 23.553 8 1.936 22,934 

Storage tank (C-6) 10.800 6.5 1.454 13,294 

Storage tank (C-8) 11.772 6.5 1.519 14,082 

Storage tank (C-9) 9.635 6.5 1.374 12,330 

Decanter (C-4) 1.138 3 0.695 3,095 

Liquid – liquid extractor (C-7) 0.713 2.5 0.603 2,687 

Glycolysis reactor (R-1) 1.138 3 0.695 4,116 

 

 Heat exchangers of polyethylene glycol (E-2, E-3). 

As a starting point to calculate the costs of the heat exchangers of polyethylene glycol, 

it was obtained from Europea Térmica Eléctrica S.L., the price of an electric heater 

model SOL Q4-E (16,192.08 KJ/h; 2,769 €). 

Taking into consideration the value of the essential characteristic of the electric heater 

and applying the Williams method to change the scale of the process, it is possible to 
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obtain the cost of the heat exchangers of polyethylene glycol of the glycolysis industrial 

plant. Equation (7.32) shows the Williams method: 

       
  

  
 
 

 

where Ci are the costs, Xi is the characteristic property and b the coefficient of each 

equipment, which for the case of heat exchangers is 0.6.  

Table 7.5 shows the values of Ci and Xi together with the cost of the heat exchangers. 

 

Table 7.5. Cost of heat exchangers (E-2, E-3). 

EQUIPMENT CHARACTERISTIC PROPERTY COST (€ 2016) 

Heat exchanger (E-2) Heat (KJ/h) 278,842.50 15,271 

Heat exchanger (E-3) Heat (KJ/h) 126,503.16 9,504 

 

7.3. Economic evaluation 

The industrial glycolysis process will be profitable if the income that generates presents 

a superior value to the required investment to get it. Moreover, that profitability has to 

be greater than the profitability that provides an alternative employment of the money or 

than the interest rate to be paid for the borrowed money to carry out the project. 

For this work, the CPI average annual increase has been considered 2% (K = 2%). This 

value is lower than the CPI average in the Spanish economy boom years (2002-2008) 

and slightly higher than the estimation of the Bank of Spain for the next 5 years (1.8%). 

On the other hand, with the aim of determining the profitability of the process, it is 

necessary to take into account the money chronological value, since the time in which 

the investment starts and finishes will be different. Moreover, it is crucial to fix a 

project time horizon, which for chemical plants is 10-15 years [6]. In the present work a 

time horizon of 15 years has been considered. 

In order to take into consideration the money chronological value, three indicators are 

employed: the Net Price Value (NPV), the Internal Rate of Return (IRR) and the 

payback period. These three parameters are based in the cash flows analysis with the 

time. 

The NPV emerges of summing the cash flows that take place during the investment 

time horizon, including the initial investment, updated according to the CPI average 

(7.32) 
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annual increase considered (K). Hence, NPV value is defined as shown in equation 

(7.33). 


 


n

i
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NPV
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where Fi is cash flow generated during the year i. 

If the NPV is higher than zero the investment would be profitable and the higher the 

value of NPV, the more economic interest has the project implementation. 

The Internal Rate of Return (IRR) is the internal rate that makes the NPV equal to zero 

(equation 7.34). The higher the IRR value with respect to the CPI average annual 

increase, the greater the project profitability. 

0
)1(0
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On the other hand, the payback period is defined as the length of time required to 

recover the cost of an investment.  An investment with a shorter payback period is 

considered to be better, since the investor's initial outlay is at risk for a shorter period of 

time. 

The calculation of these three indicators, and therefore the profitability study, requires 

an investment detailed analysis (capital investment, sales and costs) and the 

determination of the cash flows. 

i. Investment calculation 

The investment has to take into account all the parameters associated to the plant 

construction: the capital, the sales and the costs. 

The capital investment represents both the amount of money which must be supplied 

for the manufacturing and plant facilities, namely fixed capital investment, and that 

required for the operation of the plant, known as working capital. 

a) Fixed capital investment 

The fixed capital investment is the one employed in the acquisition of production 

resources that have to be able to remain themselves in order to make possible the 

production, hence it cannot be converted into cash and includes grounds, equipments, 

(7.33) 

(7.34) 
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installation costs, permits or licenses [7]. It can be calculated by means of the 

percentages method, in which the fixed capital investment is estimated as percentage of 

the equipment’s costs. Hence, firstly it was necessary to know the costs of the 

equipments, as shown in Section 7.2.4 of the present Chapter.  

Table 7.6 summarizes the equipments cost. 

Table 7.6. Equipments cost of the split-phase glycolysis plant. 

EQUIPMENT COST (€ 2016) 

Polyurethane silo (C-1) 48,425 

Storage tank (C-2) 19,763 

Storage tank (C-3) 1,221 

Decanter (C-4) 3,095 

Storage tank (C-5) 22,934 

Storage tank (C-6) 13,294 

Liquid-liquid extractor (C-7) 2,687 

Storage tank (C-8) 14,082 

Storage tank (C-9) 12,330 

Glycolysis reactor (R-1) 4,116 

Condenser (E-1) 18,852 

Heat exchanger (E-2) 15,271 

Heat exchanger (E-3) 9,504 

Archimedean screw (P-1) 2,772 

Gear pump (P-2) 2,588 

Gear pump (P-3) 1,386 

Gear pump (P-4) 3,142 

Gear pump (P-5) 2,772 

Gear pump (P-6) 2,218 

Centrifugal pump (P-7) 2,218 

Centrifugal pump (P-8) 2,218 

Gear pump (P-9) 2,126 

TOTAL 207,015 
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Using the percentages method, the fixed capital investment was calculated and the 

results are shown in Table 7.7. 

 

Table 7.7. Fixed capital investment by the percentage of delivered equipment cost [6,8]. 

FIXED CAPITAL INVESTMENT COST (€ 2016) 

1. EQUIPMENTS COST (E) 207,015 

2. MATERIALS (M) 60% E 
124,209 

Civil work  (28% M) 34,779 

Piping and infrastructures (45% M) 55,894 

Instrumentation (10% M) 12,421 

Electricity (10% M) 12,421 

Insulation  (5% M) 6,210 

Painting (2% M) 2,484 

3. DETAIL ENGINEERING (20% (E+M)) 
66,245 

4. PROCESS ENGINEERING (10% (E+M)) 
33,122 

5. CONSTRUCTION (50% (E+M)) 
165,612 

6. CONSTRUCTION SUPERVISION  (10% (E+M)) 
33,122 

ISBL (∑ Previous costs) 629,325 

7. AUXILIARY SERVICES (4% ISBL) 
25,173 

8. OFF-SITES (8% ISBL) 
50,346 

9. START-UP COSTS (3.5% ISBL) 
22,026 

10. CONTINGENCY (10% (ISBL+7+8+9)) 
72,687 

TOTAL COST 799,558 
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b) Working capital 

It is defined as the capital that is easily transformed into cash and, in the case of the 

glycolysis plant, includes as main items the raw materials stock, the products stock, the 

spare parts warehouse and cash to attend to payments [6]. 

In the glycolysis plant, it will be considered as the average stocks of raw materials and 

products for 15 days, together with the spare parts warehouse and cash to attend to 

payments, being estimated the last two ones as the 2.5% of the fixed capital investment.  

Equations (7.35) to (7.43) show the working capital requirement approximate 

calculation. 
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Table 7.8 shows the price of the raw materials (crude glycerol [9] and stannous octoate) 

together with the estimated sale price of the glycolysis products and the sale price of a 

virgin polyether polyol [10]. 

Table 7.8. Price of the raw materials and sale price of the glycolysis product. 

CHEMICAL PRICE/ SALE PRICE 

(€2016/Kg) 

Crude glycerol 0.12 

Stannous octoate 11.80 

Virgin polyether polyol 2.27 

Recovered polyol 1.82 

Glycolysis bottom phase 0.91 

 

It must be noted that the sale price of the recovered polyol was estimated to be the 80% 

of the price of a virgin polyether polyol and the one of the bottom phase the 40% of the 

sale price of the virgin polyol. On the other hand, the price of the PU scraps was 

considered null, according to the designed glycolysis industrial plant capacity, as it was 

commented in section 7.2.1 of the present chapter. 

Table 7.9 shows the value of the working capital of the split-phase glycolysis plant. 

Table 7.9. Working capital requirements of the split-phase glycolysis plant. 

CONCEPT €2016 

Stock crude glycerol 2,358 

Stock stannous octoate 3,187 

Stock raw materials 5,545 

Stock recovered polyol 14,873 

Stock glycolysis bottom phase 22,473 

Stock products 37,346 

Spare parts warehouse 19,989 

Cash 19,989 

Working capital 82,869 
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It is interesting to observe that the estimated working capital represents approximately 

the 10% of the fixed capital investment, which agrees with the typical percentage range 

recommended in literature [6]. 

c) Sales 

Sales are defined as the money obtained from the sale of the products generated in the 

process. Table 7.10 shows the sales obtained in the split-phase glycolysis process. 

Table 7.10. Sales of the split-phase glycolysis plant. 

PRODUCT Mass flow 

(kg/batch) 

Mass flow 

(Tm/year) 

Sale Price 

(€2016/Tm) 

€2016/year 

Recovered polyol 273 163.8 1,816 297,461 

Glycolysis bottom 

phase 

825 495 908 449,460 

SALES 746,921 

 

In this point, it is interesting to comment that one of the simplest and most used 

methods to estimate an order of magnitude of the investment is the fixed asset turnover 

ratio, which relates the sales with the fixed capital investment, according to equation 

(7.44) [6]. 

 

                           
     

                        
  

         

         
      

 

For the chemical industry, this ratio is approximately 0.95 [6], which agrees with the 

obtained fixed asset turnover ratio of the split-phase glycolysis plant, demonstrating the 

consistency of the economic assessment up to this point. 

 

 

 

 

  (7.44) 
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d) Annual costs 

They are defined as the conversion in money of the goods and services consumed to 

produce. Costs include the raw materials, the direct operating labour, the auxiliary 

services, the directive management, the maintenance, the taxes, the insurances and the 

commercial costs [6]. Costs can be divided in manufacturing costs and in general costs. 

- Manufacturing costs 

Manufacturing costs are the costs that are function of the production. They are 

classified as direct manufacturing costs and as indirect manufacturing costs. 

 Direct manufacturing costs 

The main direct manufacturing costs are the ones associated with the consumption of 

raw materials, the direct operating labour, the disposal of waste and the auxiliary 

services. 

Table 7.11 shows the direct manufacturing costs associated to the raw materials 

Table 7.11. Direct manufacturing costs related to the raw materials. 

RAW 

MATERIAL 

Mass flow 

(kg/batch) 

Mass flow 

(Tm/year) 
Price (€2016/Tm) 

Cost 

(€2016/year) 

Crude glycerol 666 399.6 118.04 47,169 

Stannous octoate 9 5.4 11,804 63,742 

DIRECT MANUFACTURING COSTS  OF RAW MATERIALS 110,910 

 

In Table 7.12 it is shown the direct manufacturing costs associated to the direct 

operating labour. 

Table 7.12. Direct manufacturing costs related to the direct operating labour. 

Direct operating 

labour 
Work shifts 

Cost 

 (€2016/operator and year) 

Cost 

(€2016/year) 

Operator 3 25,000 75,000 
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Table 7.13 shows the direct manufacturing costs associated to the disposal of waste 

generated in the split-phase glycolysis plant, consisting of the extract phase produced in 

the liquid-liquid extraction carried out with the glycolysis upper phase. 

Table 7.13. Direct manufacturing costs related to the disposal of waste. 

Waste disposal 
Mass flow 

(kg/batch) 

Mass flow 

 (Tm/year) 

Disposal price 

(€2016/Tm) 

Cost 

(€2016/year) 

Extract phase 327 196.2 500 98,100 

 

The disposal price was estimated taking as reference PU chemical degradation 

processes operating industrially at present [5]. 

Table 7.14 shows the direct manufacturing costs of the split-phase glycolysis plant 

related to the auxiliary services.  

The considered electricity price for industrial applications is the one of the second 

semester of 2016 that was 0.086 €/kWh.  

Nitrogen price and consumption was obtained taking as starting point PU recycling 

processes operating at present [5]. 

 

 

 

 

 

 

 

 

 

 



CHAPTER 7   

   

254 

Table 7.14. Direct manufacturing costs of the auxiliary services. 

Electricity Power 

(kW) 

Price 

(€/kWh) 

 

Costs 

(€/h) 

h/batch Costs 

(€/batch) 

Batch/  

year 

 

Costs 

(€2016/year) 

Condenser (E-1) 14.235 

0.086 

1.224 6 7.345 

600 

4,407.15 

Heat exchanger (E-2) 77.456 6.661 6 39.967 23,980.46 

Heat exchanger (E-3) 35.140 3.022 1 3.022 1,813.21 

Archimedean screw 

 (P-1) 

5.917 0.509 2 1.018 610.66 

Gear pump (P-2) 0.556 0.048 1 0.048 28.67 

Gear pump (P-3) 0.008 0.001 1 0.001 0.39 

Gear pump (P-4) 0.998 0.086 1 0.086 51.48 

Gear pump (P-5) 0.688 0.059 1 0.059 35.51 

Gear pump (P-6) 0.309 0.027 1 0.027 15.97 

Centrifugal pump (P-7) 0.316 0.027 1 0.027 16.28 

Centrifugal pump (P-8) 0.344 0.030 1 0.030 17.75 

Gear pump (P-9) 0.282 0.024 1 0.024 14.53 

Reactor agitator 0.049 0.004 6 0.025 15.03 

Extractor agitator 0.040 0.003 0.5 0.002 1.04 

     Electricity total cost 31,008 

Wash water 

Consumption (m3/year) Costs    

(€/m3) 

Costs 

(€2016/year) 

180 1.81 326 

Nitrogen 

Consumption (m3/year) Costs    

(€/m3) 

Costs 

(€2016/year) 

4,611.6 0.5 2,306 

AUXILIARY SERVICES TOTAL COST 33,640 
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Finally, Table 7.15 summarizes the direct manufacturing costs of the split-phase 

glycolysis plant. 

Table 7.15. Direct manufacturing costs of the split-phase glycolysis plant. 

 

DIRECT MANUFACTURING COSTS Cost (€2016/year) 

Raw materials 110,910 

Direct operating labour 75,000 

Disposal of waste 98,100 

Auxiliary services 33,640 

TOTAL 317,650 

 

 Indirect manufacturing costs 

Indirect manufacturing costs are constituted by the indirect operating labour, the 

directive management, the maintenance, the taxes and the insurances [6]. Indirect 

operating labour has not been considered in the split-phase glycolysis plant since is a 

plant of small capacity production and of little complexity.  

Regarding the indirect manufacturing costs of directive management, maintenance, 

taxes and insurances, they were estimated as shown in Table 7.16. 

Table 7.16. Indirect manufacturing costs of the split-phase glycolysis plant. 

 

Indirect manufacturing costs Estimation Costs (€2016/year) 

Directive management/ Technologist 1 Technologist/Directive 45,000 

Maintenance 1% ( Fixed capital 

investment+working capital) 

8,824.27 

Taxes 0.5% Fixed capital investment 3,997.79 

Insurances 1% Fixed capital investment 7,995.58 

INDIRECT MANUFACTURING COSTS 65,818 
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- General costs 

The general costs are not function of the production process [6]. For the split-phase 

glycolysis plant, the general costs were considered as commercial costs and were 

estimated as the 5% of the manufacturing costs, as shown in Table 7.17. 

 

Table 7.17. General costs. 

General costs Estimation Costs (€2016/year) 

Commercial costs 5% Manufacturing costs 19,173 

 

 

Table 7.18 summarizes the costs of the split-phase glycolysis plant. 

 

Table 7.18. Summary of the split-phase glycolysis plant costs. 

Costs (€2016/year) 

MANUFACTURING COSTS 383,468 

Direct manufacturing costs 317,650 

Raw materials 110,910 

Direct operating labour 75,000 

Disposal of waste 98,100 

Auxiliary services 33,640 

Indirect manufacturing costs 65,818 

GENERAL COSTS 19,173 

TOTAL COSTS 402,641 
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ii. Cash flow analysis 

Once the capital investment, the sales and the costs have been determined, the 

profitability of the project is studied by means of the cash flow analysis, supposing that 

the capital investment contributions are entirely carried out with own capital (without 

leverage). Obviously, this is a conservative scenario (as it is also the case of the CPI 

average considered), since the working capital is normally entirely financed with short-

term debt whereas a high percentage of the fixed capital investment is funded with 

long-term debt, which would increase the project profitability. 

However, as a first approach, the net profit was calculated by means of equation (7.45) 

[6], considering the taxes as the 30% of the gross profit (Sales – Costs). 

 

           
                 

                  
 
                             

                  
  

 

           
                                         

                  
         

However, the accuracy of equation (7.45) is questionable, since this equation does not 

fix a temporal horizon and neither takes into account the money chronological value, 

coexisting in the same equation cash flows that are produced in different moments. The 

solution to these drawbacks would be to consider the inflation and the amortization. 

Hence, it is necessary to carry out an economic analysis considering the money 

chronological value. With the aim of getting this goal it is important to define the 

following concepts: 

- Total invested funds in a concrete year, which is defined as the sum of the fixed 

capital investment and the working capital of that year. 

- Amortization. In this project it was considered a linear amortization in 10 years 

(10%). 

- Earnings before taxes (EBT). It is calculated as the sales minus the costs and minus 

the amortization. 

  (7.45) 
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- Taxes. As it was commented above, the taxes are estimated to be a 30% of the pre-

tax profit. 

- Earnings after taxes (EAT). It is defined as the pre-tax profit minus the taxes. 

- Generated funds. They are obtained as the earnings after taxes plus the 

amortization. 

- Cash flows. They are calculated as the generated funds minus the total invested 

funds. 

For the cash flows analysis of the split-phase glycolysis plant, the investment has been 

carried out the zero year (without leverage). However, it is well known that the own 

capital is usually tight and with very few exceptions is upper than the 40% of the total 

funds invested [6]. Nevertheless, the creation of the Business Plan is not a goal of this 

Chapter. Therefore, the profitability of the project would be easily upgraded by means 

of the design of a proper Business plan. Some of the measures that could be included in 

this Plan would be the financing of the fixed capital investment as a combination of 

subsidies (20%), long-term debt (60-70%) and own capital [6]. Regarding the working 

capital, it has been considered the first year of operation of the split-phase glycolysis 

plant. The Business plan would probably consider the financing of the working capital 

by means of short-term debt. 

For the cash flows analysis it has been estimated a CPI average annual increase 

(inflation) of 2% (K = 2%). Moreover, a time horizon of 15 years has been 

contemplated, as it was commented in the preface of Section 7.3 of the present Chapter.  

What is more, focusing on a conservative scenario, it has been considered that the level 

of production during the first operation year of the industrial glycolysis plant is the 50% 

of the glycolysis plant total capacity, the 80% during the second year and the 100% 

during the rest of the time horizon considered. 

Table 7.19 shows in detail the cash flows for each year of construction and operation of 

the glycolysis plant. 
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Table 7.19. Cash flows calculation description. 

YEAR 0 1 2 3 

Fixed capital -799,958    

Working capital  -82,869   

Total invested funds -799,958 -82,869   

Sales  373,460 609,487 777,096 

Costs  201,320 328,555 418,908 

Amortization  79,956 79,956 79,956 

EBT  92,184 200,977 278,233 

Taxes  27,655 60,293 83,470 

EAT  64,529 140,684 194,763 

Generated funds  144,485 220,639 274,719 

Cash flows  ( Fi ) -799,558 61,616 220,639 274,719 

Fi/(1+0.02)^i -799,558 60,408 212,072 258,874 

YEAR 4 5 6 7 

Sales 792,638 808,491 824,661 841,154 

Costs 427,286 435,831 444,548 453,439 

Amortization 79,956 79,956 79,956 79,956 

EBT 285,397 292,704 300,157 307,759 

Taxes 85,619 87,811 90,047 92,328 

EAT 199,778 204,893 210,110 215,431 

Generated funds 279,734 284,848 290,066 295,387 

Cash flows  ( Fi ) 279,734 284,848 290,066 295,387 

Fi/(1+0.02)^i 258,431 257,996 257,570 257,152 

YEAR 8 9 10 11 

Sales 857,977 875,137 892,639 910,492 

Costs 462,508 471,758 481,193 490,817 

Amortization 79,956 79,956 79,956  

EBT 315,514 323,423 331,491 419,675 

Taxes 94,654 97,027 99,447 125,903 

EAT 220,859 226,396 232,043 293,773 

Generated funds 300,815 306,352 311,999 293,773 

Cash flows  ( Fi ) 300,815 306,352 311,999 293,773 

Fi/(1+0.02)^i 256,743 256,342 255,948 236,270 

YEAR 12 13 14 15 

Sales 928,702 947,276 966,222 985,546 

Costs 500,633 510,646 520,859 531,276 

Amortization     

EBT 428,069 436,630 445,363 454,270 

Taxes 128,421 130,989 133,609 136,281 

EAT 299,648 305,641 311,754 317,989 

Generated funds 299,648 305,641 311,754 317,989 

Cash flows  ( Fi ) 299,648 305,641 311,754 427,333 

Fi/(1+0.02)^i 236,270 236,270 236,270 317,515 
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Figure 7.4 shows the annual cash flow and the sum of the cash flows updated to zero 

year of the split-phase glycolysis plant. 

 

Figure 7.4. Annual cash flow of the split-phase glycolysis plant. 

 

The cash flow analysis demonstrates the project economic viability, since it has been 

obtained a NPV of 2,794,573 with an IRR of 27.65%, according to equations (7.33) and 

(7.34), respectively, and a payback time between 4 and 5 years. It has to be noted that a 

positive NPV has been obtained and that the IRR is considerably higher than the CPI 

average annual increase considered (K=2%), demonstrating the profitability of the split-

phase glycolysis plant investment.  

At this point, it is important to comment that these three economic indicators would be 

easily upgraded by means of the design of a proper Business plan, following some of 

the guidelines indicated above. 

Moreover, it was considered to perform an investment sensitive study since the 

investment calculation was carried out by means of using the percentages method, as 

explained before, which implies some uncertainty level. Hence, a sensitive study 

considering an investment fluctuation of ±20% has been carried out, as it is shown in 

Figure 7.5. 
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Figure 7.5. Investment sensitive study. NPV a) and IRR b). 

 

In Figure 7.5, it can be appreciated that, logically, the higher the required investment the 

lower the NPV and the IRR obtained. Nevertheless, it has been demonstrated that, even 

in the worst scenario (+20% investment), the split-phase glycolysis plant investment 

would provide considerably higher profitability than an alternative employment of the 

money at the CPI average annual increase considered (K=2%), ensuring the profitability 

of the designed recycling plant. 
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Finally, the projected Income Statement for the first five-year period is shown in Table 

7.20, where EBITDA are the Earnings Before Interest, Taxes, Depreciation and 

Amortization and EBIT are the Earnings Before Interest and Taxes.  

It must be observed that the glycolysis plant turns a profit since Year 1. 

 

Table 7.20. Income Statement for the first five-year period of the industrial split-phase 

glycolysis plant. 

 

Year 1 2 3 4 5 

Sales (€) 373,460 609,487 777,096 792,638 808,491 

Costs (€) 201,320 328,555 418,908 427,286 435,831 

EBITDA (€) 172,140 280,932 358,189 365,353 372,660 

Amortization (€) 79,956 79,956 79,956 79,956 79,956 

EBIT (€) 92,184 200,977 278,233 285,397 292,704 

Interest expenses (€) 0 0 0 0 0 

EBT (€) 92,184 200,977 278,233 285,397 292,704 

Taxes (€) 27,655 60,293 83,470 85,619 87,811 

EAT (€) 64,529 140,684 194,763 199,778 204,893 

 

It is important to note that the interest expenses in the industrial split-phase glycolysis 

plant are zero since it has been supposed that the capital investment contributions are 

entirely carried out with own capital (without leverage), as it has been commented 

above, and for this reason the EBIT coincides with the EBT. 
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7.4. Conclusions 

The scaled-up feasibility of the split-phase glycolysis process has been confirmed by 

means of designing a pilot plant installation similar geometrically to that used for lab 

scale for a production 10 times higher than the lab scale one; obtaining analogous 

results in terms of recovered polyol properties and mass balance. With the aim of 

performing this task, geometric similarity criteria have been applied together with 

dynamic similarity for laminar flow in agitated tank reactors. 

Moreover, taking as starting point the results obtained in the pilot plant scale, it has 

been demonstrated the economic viability of a split-phase glycolysis industrial plant 

with a capacity for treating 270 Tm per year of flexible PU foams scraps. From this 

study, a Net Present Value (NPV) of 2,794,573, with an Internal Rate of Return (IRR) 

of 27.65% and a payback time between 4 and 5 years has been obtained. Furthermore, 

the projected Income Statement shows that the glycolysis plant turns a profit from the 

first year of operation. 

Additionally, the investment sensitive study has demonstrated that, even in the worst 

scenario considered (+20% investment), the split-phase glycolysis plant investment 

would provide considerably higher profitability than an alternative employment of the 

money at the CPI average annual increase considered (K=2%), confirming the 

profitability of the industrial split-phase glycolysis plant. 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 7   

   

264 

References 

[1] Brodkey RS, Hershey HC. Transport phenomena. A unified approach. McGraw-Hill 

International Editions (1988). Chemical Engineering Series. 

[2] IAL Consultants (2014). Polyurethane chemicals and products in Europe, Middle 

East and Africa (EMEA). 

[3] Mark FE. DOW Europe (2004). Polyurethane Energy Recovery and Feedstock 

Recycling Technology. A Summary Overview of Latest European Technologies. 

[4] ANAIP. Los plásticos en España, hechos y cifras 2004. ANAIP publicaciones, 

Madrid (2005). 

[5] H&S. Recycling of end of life PU mattresses into polyol for rigid PU foam 

applications. SusPolyurethane 2016, Amsterdam October 2016. 

[6] Cabra L, De Lucas A, Ruiz F, Ramos MJ. Metodologías del Diseño Aplicado y 

Gestión de Proyectos para Ingenieros Químicos. Ed. Universidad de Castilla-La 

Mancha. Cuenca, 2010. 

[7] Vian A. El pronóstico económico en química industrial. 3ª Edición. Ed. Alhambra. 

Madrid, 1975. 

[8] Peters, M.S.; Timmerhaus, K.D. Plant Desing and Economics for Chemicals 

Engineers. Ed. McGraw Hill, Singapur, 1991. 

[9] Ayoub M, Abdullah AZ (2012) Critical review on the current scenario and 

significance of crude glycerol resulting from biodiesel industry towards more 

sustainable renewable energy industry. Renew Sust Energ Rev 16: 2671– 2686. 

[10] Lee R. Tecnon OrbiChem. Polyurethanes and Intermediates. Chemicals Committee 

Meeting at APIC 2014. Pattaya, 16 May 2014.   

 



                                                                                                      CONCLUSIONS AND FUTURE WORK          

   

  265 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                              

 

 

Chapter 8 CONCLUSIONS AND FUTURE WORK 



CHAPTER 8   

   

266 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                      CONCLUSIONS AND FUTURE WORK          

   

  267 

8.1. Conclusions 

From the present work, the following general conclusions can be stated: 

 The extension of the split-phase glycolysis process to conventional flexible 

polyurethane foams waste containing graft polymeric polyols and to viscoelastic 

flexible ones is feasible, using the same reaction conditions previously 

optimized by our group for conventional foams synthesized only with a flexible 

polyether polyol. This way, it has been demonstrated that the joint recycling 

treatment of conventional and viscoelastic PU foams blends is possible, 

avoiding this way the necessity of a selective collection or a previous separation 

step of PU scraps. 

 The use of crude glycerol, coming from the biodiesel production, in the 

glycolysis process increases the polyol recovery yield in comparison with the 

performance showed by the best commercial cleavage agent described until this 

moment (DEG). Thus, crude glycerol was found to be the best alternative as a 

sustainable and economical transesterification agent. 

 The extension of the split-phase glycolysis process to high resilience flexible 

polyurethane foam waste containing PU dispersion polyol is feasible. Besides, 

for these foams, crude glycerol glycerol increases also the polyol recovery yield 

in comparison with the performance showed by the DEG. Therefore, crude 

glycerol is the best option of chemolysis agent to be employed when a 

glycolysis process of foams containing polyols with high polarity (viscoelastic 

foams and HR foams) pretends to be carried out. 

 The glycolysis results obtained by using glycerol 99%PS were practically the 

same that when using crude glycerol. Hence, the crude glycerol can be used as 

obtained from the biodiesel plants, since an increase in the glycerol purity does 

not improve the glycolysis results.    

 The recovered polyols can be used as replacement (at least up to 25% wt) of raw 

flexible polyether polyols for the synthesis of flexible PU foams with similar 

physical and mechanical properties (apparent density, remaining deformation 

50%, tensile strength and elongation at break). In fact, some of the mechanical 

properties were improved by using the recovered polyols, depending of the PU 
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foam recycled and the cleavage agent employed, mainly remaining deformation 

in the case of recovered polyols from viscoelastic PU scraps and tensile strength. 

 The design and the pilot plant scale experiments demonstrated the possibility of 

scaling up the glycolysis process.   

 The economic assessment of the split-phase glycolysis process for an industrial 

scale of flexible PU foam waste treatment of 270 Tm/year, confirms the 

economic feasibility of the process since it was obtained a Net Present Value 

(NPV) of 2,794,573, with an Internal Rate of Return (IRR) of 27.65% and a 

payback time between 4 and 5 years. Furthermore, the projected Income 

Statement showed that the glycolysis plant turns a profit from the first year of 

operation. 

 

8.2. Future work 

Considering the conclusions and knowledge obtained in this work, several guidelines 

for future research can be proffered: 

 

 To extend the study of split-phase glycolysis to flexible polyurethane foams 

based in polyester polyols. 

 To extend the study of split-phase glycolysis to rigid polyurethane foams. 

 To extend the study of split-phase glycolysis to coatings, adhesives, sealants and 

elastomers. 

 To develop a kinetic model to reproduce the polyurethane degradation process 

and to study the mechanism by means of analytical techniques and models. 

 To study the physical, mechanical and structural properties of the rigid foams 

synthesized with the glycolysis bottom phases. 

 To study alternative processes to the preliminary conditioning of the foam, such 

as extrusion or pellets, with the aim of reducing the feeding time and improving 

the operability of the system. 
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8.1. Conclusiones 

Fruto de los resultados obtenidos en esta investigación, se puede concluir que: 

 La extensión del proceso de glicólisis en fase partida a espumas flexibles de 

poliuretano conteniendo polioles poliméricos y a espumas flexibles 

viscoelásticas es viable, empleando las mismas condiciones de reacción 

optimizadas previamente por nuestro grupo para espumas convencionales 

sintetizadas sólo con un poliol poliéter flexible. De este modo, se ha demostrado 

que el tratamiento conjunto de reciclado de espumas convencionales y espumas 

viscoelásticas de PU es posible, evitando una recogida selectiva o una 

separación previa de deshechos de PU. 

 El empleo de glicerina cruda, proveniente de la producción del biodiesel, 

incrementa el rendimiento de recuperación del poliol en comparación al 

comportamiento mostrado por el agente de transesterificación comercial más 

efectivo hasta este momento (DEG). Por tanto, se demostró que la glicerina 

cruda es la alternativa óptima como agente degradante sostenible y económico. 

 La extensión del proceso de glicólisis en fase partida a espumas flexibles de alta 

resiliencia de poliuretano conteniendo poliol con partículas dispersas de PU es 

viable. Además, para estas espumas, la glicerina cruda mejora también el 

rendimiento de recuperación del poliol en comparación al DEG. Por 

consiguiente, se demuestra que la glicerina cruda es la mejor alternativa de 

agente degradante cuando se pretende llevar a cabo el proceso de glicólisis de 

espumas que contienen polioles de elevada polaridad (espumas viscoelásticas y 

de alta resiliencia). 

 Los resultados de la glicólisis empleando glicerol 99%PS son prácticamente 

idénticos a los obtenidos usando glicerina cruda. Por tanto, la glicerina cruda 

puede ser empleada directamente desde las plantas de biodiesel, puesto que un 

incremento de la pureza del glicerol no mejora los resultados de la glicólisis. 

 Los polioles recuperados pueden emplearse como reemplazo (hasta al menos un 

25% en peso) de polioles flexibles poliéter en la síntesis de nuevas espumas 

flexibles con propiedades físicas y estructurales similares (densidad aparente, 

deformación remanente 50%, resistencia a la tracción y elongación a la rotura). 
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De hecho, algunas de las propiedades mecánicas mejoraron con el empleo de los 

polioles recuperados, dependiendo de la espuma de PU reciclada y del agente de 

degradación empleado, principalmente la deformación remanente en el caso de 

polioles recuperados a partir de residuos de espuma viscoelástica y la resistencia 

a la tracción. 

 El diseño y la experimentación en planta piloto demostraron la posibilidad de 

escalar el proceso de glicólisis. 

 La evaluación económica del proceso de glicólisis en fase partida para una 

escala industrial de tratamiento de residuos de espumas flexibles de PU de 270 

Tm/año, confirma la viabilidad económica del proceso, puesto que se obtuvo un 

Valor Actual Neto (VAN) de 2.794.573, con una Tasa Interna de Rentabilidad 

(TIR) de 27,65% y un tiempo de recuperación entre 4 y 5 años. Además, la 

proyección de la Cuenta de Resultados mostró que la planta de glicólisis entra 

en beneficios desde el primer año de operación. 

 

8.2. Recomendaciones 

A partir de las conclusiones obtenidas en este trabajo de investigación, se recomienda: 

 Extender el estudio del proceso de glicólisis en fase partida a espumas flexibles 

de poliuretano basadas en polioles poliéster. 

 Extender el estudio del proceso de glicólisis en fase partida a espumas rígidas de 

poliuretano. 

 Extender el estudio del proceso de glicólisis en fase partida a recubrimientos, 

adhesivos, sellantes y elastómeros. 

 Desarrollar un modelo cinético que permita reproducir el proceso de 

degradación del poliuretano y estudiar el mecanismo mediante técnicas 

analíticas y modelos. 

 Estudiar las propiedades físicas, mecánicas y estructurales de las espumas 

rígidas de poliuretano sintetizadas con las fases inferiores de glicólisis. 

 Estudiar alternativas al acondicionamiento previo de la espuma, como el 

pulverizado en extrusora o el empleo de pellets, con el objetivo de reducir el 

tiempo de alimentación y mejorar la operatividad del sistema. 
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