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Abstract: Dramatically increasing waste polyurethane rigid foam (WPRF) draws the attention of the world. A mixture of ethylene glycol (EG) and diethylene glycol (DEG) is used as glycolysis agents. WPRF was subjected to alcoholysis using different catalysts which are titanium ethylene glycol and potassium hydroxide to obtain recycled polyol, respectively. The effect of a different catalyst on the viscosity and hydroxyl value of recycled polyol is discussed. The regenerated polyurethane (RPU) is performed using the recycled polyol. Infrared spectrum, compressive strength, apparent density, water absorption, scanning electron microscope, and thermogravimetric analysis are carried out to investigate the effect of WPRF degradation using different catalysts. The results show that titanium glycol is more efficient than potassium hydroxide in almost all conditions. The viscosity of the recycled polyol is relatively low, and the hydroxyl value meets the requirements of industrial use. When the titanium glycol titanium addition amount is 0.05%, the prepared RPU has a compressive strength of 0.24 MPa, an apparent density of 41.75 kg/m3, and a good foam structure. Besides, the water absorption rate of the RPU under the two catalytic systems is not much different, and the thermal stability is good. The recycled polyol can generally partially replace traditional polyols to prepare polyurethane rigid foams with good comprehensive properties.
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1  Introduction

Polyurethane refers to the general name of macromolecular compounds containing repeating carbamate groups on the main chain and is a polymer made from many raw materials [1]. It is a class of materials with a wide range of uses, which can be used in many different applications from the automotive industry to coatings or biological materials [2,3]. Polyurethane foam is widely used, inevitably leading to the production of a large amount of polyurethane foam scraps and waste. These wastes are insoluble and infusible and are usually disposed of by landfill and incineration. However, with the enhancement of people’s environmental awareness and the introduction of relevant laws and regulations, the two traditional polyurethane treatment methods of burying and incineration have been increasingly restricted. The current recovery methods include physical recovery, chemical recovery, and energy recovery methods [4,5]. Chemical recycling of polyurethane is mainly used to break the polyurethane chain segment at high temperature through the degradation agent and catalyst. Its degradation products are small molecules and oligomers containing alcoholic hydroxyl groups, which can react with isocyanate groups. Therefore, it can be reused as raw materials of polyurethane.

Many scholars have done many researches on the chemical recovery of waste polyurethane, including glycolysis, phosphate ester method, hydrolysis, amination, pyrolysis, and alcoholysis [6–9]. Kou et al. [10] used a single-component alcoholysis agent to degrade rigid polyurethane foam and proved that the decomposition process with alkanolamine is an alcoholysis reaction. Wang [11] used di propylene glycol to degrade and recycle polyurethane materials used in waste cars. Xu et al. [12] used diethanolamine as a de-crosslinking agent to chemically degrade waste polyurethane rigid foam in a HAAKE rheometer, and they studied the effect of processing conditions such as temperature and time on the degradation of the product. Lu et al. [13] used alcohol, phosphate ester, and alcohol-phosphate ester compound method to degrade polyurethane foam, and further explained and explored the mechanism of polyurethane degradation. Motokucho et al. [14] hydrolyzed polyurethane waste in a high-pressure CO2 atmosphere, and the degree of hydrolysis was up to 93%. At present, for the glycolysis research of waste polyurethane, most of the degradants used are a single component, and few studies are focusing on degradation catalysts. Ulrich et al. [15] and others used LiOH as a catalyst. DEG is a glycolytic agent to degrade waste polyurethane at 185~200°C, and the mass ratio of DEG/PU is between 50/50 and 60/40. Wu et al. [16] used DEG at 220°C and used potassium acetate (KAc) as a catalyst to degrade PU. The recovery rate of polyol was 55.4%. Carmen et al. [17] used stannous octoate as a catalyst for PU degradation and explored more optimal reaction conditions. Zhang [18] carried out innovations on waste polyurethane catalysts, using self-made magnetic solid catalyst CaO/MgO/SrFe12O19 to degrade polyurethane foam, which can be recycled and reused with magnets after the reaction. Morcillo-Bolaños et al. [19] prepared Zn/Sn/Al hydrotalcite heterogeneous catalyst and used DEG as an alcoholysis agent to recycle soft polyurethane foam.

In this study, ethylene glycol and diethylene glycol were used as glycolysis agents, and different added amounts of titanium glycol and potassium hydroxide were used as catalysts to degrade waste PU. Titanium is a typical transition metal element. Due to its empty d orbital, it can accept electrons or electron pairs to form complexes. Titanium glycol is an organic titanium-based compound with a highly effective degradation effect. Its usage so small that there are few metal ions in the recycled polyol, which effectively reduces the adverse effect of metal ions on the performance of the polyol. Potassium hydroxide is an alkali metal hydroxide with strong alkalinity and is used for comparative studies in this study. The effects of two kinds of catalysts on the viscosity and hydroxyl value of recycled polyol were investigated, respectively. The recycled polyol could replace part of traditional industrial polyol for the manufacture of rigid polyurethane foam. The ethylene glycol used in the research is a de-crosslinking agent with good performance. The ether bond in diethylene glycol helps to form hydrogen bonds between polymer molecular chains, which is beneficial to enhance the physical properties of RPU. Titanium ethylene glycol and the glycolytic agent have good compatibility, which is conducive to the dispersion of the catalyst in the system. This research is helpful to promote the industrialization process of waste polyurethane recycling.

2  Materials and Methods

2.1 Materials

Waste polyurethane rigid foam (WPRF), refrigerator disassembly, provided by Qingdao Haier Co., Ltd.; ethylene glycol (EG), diethylene glycol (DEG), potassium hydroxide (KOH), and triethanolamine (TEOA) are all analysis pure, purchased from Tianjin Branch Miou Chemical Reagent Co., Ltd., Tianjin, China; Ti(OCH2CH2O)2, analytically pure, Zibo Xiaoguang Chemical Materials Co., Ltd., Zibo, China; Dibutyltin dilaurate (DBTDL), chemically pure, Jinan Nuochuang Chemical Co., Ltd.; polyether polyol 4110 (PP4110), industrial-grade, Yantai Wanhua Chemical Group Co., Ltd., Yantai, China; Dimethicone (PDMS), analytical pure, Jinan Nuochuang Chemical Co., Ltd., Jinan, China; monofluorodichloroethane (HCFC-141B), industrial-grade, Shandong Binhai Chemical Co., Ltd., Binhai, China; Polymethylene polyphenyl polyisocyanate (PAPI), industrial-grade, Yantai Wanhua Chemical Group Co., Ltd., Yantai, China.

2.2 Recycling of WPRF

According to our previous study, the mass ratio of EG:DEG = 6:4 was the optimal proportion of glycolysis agents. 100 g WPRF, 60 g EG and 40 g DEG were added into a reactor respectively together with different ratio of KOH or Ti(OCH2CH2O)2 (0.01%, 0.05%, 0.1%, 0.5%, 1.0%). The mixtures were stirred for 2.5 h at 180°C to obtain the recycled polyol, the recycled polyol of WPRF. Under the effect of the small alcohols (EG and DEG), the -NCOO- is broken and replaced by a relatively short alcohol chain, thereby forming a recycled polyol of polyurethane to recover polyols. The glycolysis mechanism of polyurethane can generally be simplified as a transesterification reaction between carbamate linkage glycolysis agents [20], and the mechanism was shown in Fig. 1.
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Figure 1: Degradation of WPRF

2.3 Preparation of RPU

RPU was prepared by a one-step method, following the formula showed in Tab. 1. Firstly, predetermined amounts of recycled polyol, PDMS, HCFC-141b, and TEA and DBTDL were added to the polyether polyol 4110 in a polypropylene beaker and mixed under mechanical stirring at 500 rpm for 30 s to obtain a homogeneous polyol mixture. Then, a precalculated amount of PAPI was added to the polyol mixture and mixed under mechanical stirring at 1000 rpm until foaming. After curing at 60°C for 20 min, the RPU was let stand for at least 24 h at room temperature before performing the characterizations. Besides, the essential properties for commercial PU are showed in Tab. 2.

Table 1: List the formulations used in RPU
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Table 2: The essential properties for the commercial polyurethane rigid foam
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2.4 Characterization Methods

The viscosity of the recovered polyol was determined by a rotary viscometer (Model NDJ-5S, Wuxi Xigong Tools and Measuring Co., Ltd., China). This test was carried out in a glass beaker at 25°C. An appropriate amount of recycled polyol was placed in a 100 mL Erlenmeyer flask, and the hydroxyl value was determined according to GB/TQ 128.3-2009.

The Fourier Transform Infrared Spectrometer (FTIR; FTS-135, Perkin Elmer Co., USA), the analysis was done in a spectrometer. Preparation of samples using potassium bromide tableting method. FTIR spectra were collected in the region of 500 to 4000 cm−1, at room temperature.

Molecular weight distributions were determined by using Wyatt GPC/SEC-MALS. Tetrahydrofuran is used as a mobile phase.

The apparent density of the RPU was tested, following GB/T 6343-1986. The apparent density of five specimens per sample was measured, and the average values was calculated.

The compression strength of the RPU was determined in a universal testing machine (Model HKW 50 kn, Shanghai Huanke Measurement and Control Technology Co., Ltd., China) according to GB/T 8813-2008 with sample dimensions of 50 × 50 × 50 mm3. The compression strengths of five specimens per sample were measured, and the average values were obtained.

The microstructure of the RPU was observed through a scanning electron microscope (SEM; model S-4300, PE, USA) with an acceleration voltage of 20 kV. The samples were prepared by a brittle fracture with liquid nitrogen and coated with gold before observation.

The water absorption rate of the RPU was determined according to GB/T 8810-88.

The thermogravimetric analyze of the RPU was studied by a thermogravimetric (TG) analyser (Model STA449F3, NETZSCH Co., Germany). The characterization was performed from 25°C to 500°C at a heating rate of 30 °C/min under a nitrogen atmosphere, and the test was carried out at a gas flow rate of 50 ml/min.

3  Results and Discussion

3.1 FTIR of Recycled Polyol

The FTIR spectra of the WPRF is shown in Fig. 2. The spectrum revealed that the WPRF had some major peaks: C-O stretching vibration peak (1071 cm−1), -NH (amide II band, near 1517 cm−1), C=O (amide I band, near 1727 cm−1), CH2 stretching vibration peak (near 2925 and 2862 cm−1), and -NH stretching vibration peak (near 3314 cm−1) [21]. It can be seen that the WPRF is polyether polyurethane.
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Figure 2: Infrared spectra of the WPRF

During the degradation process, the catalysts KOH and Ti(OCH2CH2O)2 were added in different addition amounts, and the recycled polyol obtained were regenerated polyols. It was characterized by infrared spectroscopy with polyether polyol 4110 as the raw material of polyurethane, and the results are shown in Fig. 3. It can be seen from Fig. 3 that the recycled polyol under the two catalyst systems are basically similar to the polyether polyol 4110 in the characteristic peak pattern, showing a clear and strong band at 3400 cm−1, which is the alcohol hydroxyl absorption peak. The characteristic absorption peaks of the sp3 C-H stretching vibration is at 2930 and 2870 cm−1 [22]. There are absorption bands in 1454 and 1374 cm−1 characteristic of bending vibrations of C-H in the polyol chain [23]. The absorption peak appearing at 1060 cm−1 corresponds to the vibration of C-O-C. It can be seen that under the action of glycolytic agents and catalysts, waste polyurethanes are successfully degraded into small molecular polyols similar in structure to polyether polyols, and their chemical properties are similar to polyether polyol 4110, which can be substituted for the preparation of RPU materials.

[image: images]

Figure 3: Infrared spectra of recycled polyol at different conditions and polyether polyol 4110

3.2 Viscosity of Recycled Polyol

Under the other same experimental conditions, the same added amount of catalyst KOH and Ti(OCH2CH2O)2 were used to degrade waste polyurethane, respectively, and the viscosity of the resulting recycled polyol was tested. The results are shown in Fig. 4a. The viscosity of the Ti(OCH2CH2O)2 degradation system is basically lower than that of the KOH degradation system, indicating that the Ti(OCH2CH2O)2 recycled polyol has better fluidity and a more complete degradation reaction. For the KOH system, the viscosity of the recycled polyol decreases with the increase of KOH addition, and the lowest is 5736.4 mPa•s. When the addition amount is small, the viscosity of the recycled polyol is higher and the difference is small. In the Ti(OCH2CH2O)2 degradation system, as the amount of catalyst added increases, the viscosity of the product basically decreases first and then increases, and the fluctuation is more obvious within a certain range. When the amount of Ti(OCH2CH2O)2 added was 0.05%, the viscosity of the recycled polyol reached the lowest, which was 4175.4 mPa•s, after which the viscosity of the system increased. To a certain extent, it can be seen that Ti(OCH2CH2O)2 is a highly active catalyst, and a small amount of addition can achieve an efficient degradation effect. The addition of the catalyst will promote the cleavage of the urethane bond in the polyurethane. In the glycolysis of WPRF, the side reaction is the conversion of the urea groups into urethane groups and amine groups [24,25], as shown in Fig. 5. The by-products are carbamates and amines, playing an effect on the viscosity [26]. When the catalyst is too much, it is not conducive to the glycolysis reaction of the polyurethane, and excessive by-products will increase the viscosity of the system.
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Figure 4: The effect of different catalytic systems on (a) the viscosity of recycled polyol and (b) the compressive strength of RPU
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Figure 5: The side reaction: Glycolysis of the urea groups

3.3 Hydroxyl Value of Recycled Polyol

Under the other same experimental conditions, different addition amounts of catalysts KOH and Ti(OCH2CH2O)2 were used to degrade waste polyurethane, respectively, and the hydroxyl value of the obtained recycled polyol was tested. The results are shown in Tab. 3.

Table 3: Hydroxyl value of recycled polyol under different catalytic systems
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Within a certain range, the hydroxyl value of the recycled polyol of Ti(OCH2CH2O)2 system is larger than that of KOH system, which indicates that the catalytic activity of Ti(OCH2CH2O)2 is higher. The alcoholysis reaction in its degradation system is more intense, which can promote a lot of The carbamate bond breaks, the molecular chain of the recycled polyol polyol is relatively short, and the small alcohol produced contains a large number of terminal hydroxyl groups. For the recycled polyol under the two catalyst systems, the hydroxyl value of the recycled polyol increased greatly with the increase in the amount of catalyst at first, and then decreased slightly. The hydroxyl value of Ti(OCH2CH2O)2 system decreased more obviously, which was due to excessive amount of catalyst leads to recondensation of recycled polyol to reduce the hydroxyl value [27].

3.4 GPC of Recycled Polyol

The Number-average molecular weights (Mn) of recycled polyol at different reaction conditions are shown in Fig. 6. The Mn of the recycled polyol of Ti(OCH2CH2O)2 is in the range of 3077–3574. The Mn of the recycled polyol under the two systems is viable for industrial use. The Mn of recycled polyol of Ti(OCH2CH2O)2 system is lower than KOH, and the glycolysis of polyurethane is more complete.
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Figure 6: Mn of recycled polyol under different catalytic systems

3.5 Compressive Strength of RPU

The compressive strength test of the foams of Ti(OCH2CH2O)2 degradation system and KOH degradation system under different catalyst addition amounts is shown in Fig. 4b. The compressive strength of the foam under the two systems increases with the increase of the catalyst addition and gradually decreases after reaching the peak. When the amount of catalyst added is very small (only a few hundred ppm), the compression strength of polyurethane foam prepared from recycled polyol of Ti(OCH2CH2O)2 system is significantly higher than that of polyurethane foam prepared from recycled polyol of KOH system in most cases, and the catalytic activity is better. Ti(OCH2CH2O)2 is a chelating agent containing a five-membered ring, which has the structural stability of the ring. After the degradation reaction, it is uniformly dispersed in the obtained recycled polyol. Therefore, the mechanical properties of the polyurethane foam prepared by this are improved. Under this system, there are more active groups such as urea groups in the recycled polyol, which helps to form a rigid structure inside the foam and improve its compressive strength. When the catalyst addition amount is the same 0.05%, the compressive strength of the RPU of the Ti(OCH2CH2O)2 degradation system is 0.24 Mpa, which is 118.2% higher than that of the KOH system degradation foam (0.11 Mpa). When the two catalysts are added in the best amounts, the compressive strength of the polyurethane foam (0.24 Mpa) of the 0.05% Ti(OCH2CH2O)2 system is 9.1% higher than that of the 0.5% KOH system (0.22 Mpa).

Britain, JW and others believe that metal catalysts can catalyze the isocyanate-hydroxyl reaction and form metal coordination compounds. Similarly, the catalytic effect of Ti(OCH2CH2O)2 on polyurethane glycolysis is also due to the formation of metal coordination complexes [28,29]. As a new type of titanium-based catalyst alcoholate, ethylene glycol titanium has strong catalytic activity. It can greatly improve the polarity of the carbonyl group in the polyurethane molecule, effectively reduce the activation energy of the reaction [30], and promote the degradation of the polyurethane get on. Fig. 7 shows the possible mechanism of the catalytic degradation of PU by titanium glycol. The titanium ion on Ti(OCH2CH2O)2 is easy to interact with the hydroxyl oxygen on ethylene glycol and diethylene glycol and the ester bond oxygen in polyurethane. In the multi-ring structure with position function, the charge on the group will be redistributed, so that the ester carbonyl carbon has positive charge, which accelerates the nucleophilic reaction between the groups and improves the rate of polyurethane degradation reaction.
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Figure 7: Possible mechanism of PU degradation catalyzed by titanium glycol

3.6 Apparent Density of RPU

The measurement results of the apparent density of the foam prepared by the recycled polyol under the two catalyst systems are shown in Fig. 8a. As the amount of catalyst added increases, the density of the foam sample increases first and then decreases. Excessive catalyst will cause too many by-products in the recycled polyol, the hydroxyl value of the recycled polyol will decrease, and the viscosity will increase, which is not conducive to the formation of the cross-linked network structure of the polyurethane foam, resulting in the gradual decrease of its density and compressive strength. The density of RPU prepared from recycled polyol of Ti(OCH2CH2O)2 system is basically higher than that of KOH system foam. The optimal addition amount is 0.05%. At this time, the density of RPU with 0.05% Ti(OCH2CH2O)2 is 41.75 kg/m3, which is slightly higher than the maximum density of RPU with KOH. When KOH is used as a catalyst, there are many by-products in the recycled polyol regenerated polyol, which inhibits the formation of CO2 in the foaming reaction, and the number of cells formed is small, resulting in a low density of polyurethane foam in the KOH degradation system.
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Figure 8: The effect of different catalytic systems on (a) the apparent density and (b) the water absorption of RPU

3.7 Water Absorption of RPU

Based on the changes in the apparent density and compressive strength of the foam samples, the effect of different catalyst degradation systems on the water absorption of the RPU was further explored. The results are shown in Fig. 8b.

The water absorption rate of foam samples prepared from recycled polyol of different catalyst systems is quite different. Within a certain range, the water absorption rate of the RPU decreases with the increase of the catalyst addition. Overall, the water absorption rate of the RPU of the Ti(OCH2CH2O)2 system is lower than that of the KOH system foam. When the addition amount of Ti(OCH2CH2O)2 is 0.05%, the water absorption rate of the foam is the smallest (0.018 g/cm3). The water absorption rate of the foam reflects its water-blocking ability, which is closely related to the degree of closed-cell. The lower the water absorption rate, the more complete the pore structure of the RPU, the higher the closed-cell rate, and the more gas it can block, the better its thermal insulation performance. Also, after the polyurethane foam sample is immersed in water, the cell wall is damaged by external forces such as squeezing, which ruptures and opens the cells, causing the water absorption rate to increase. The greater the apparent density and compressive strength of the foam, the less likely the cell wall is to rupture, and the lower the water absorption rate.

3.8 SEM of RPU

Fig. 9 shows the SEM of RPU with KOH or Ti(OCH2CH2O)2 (0.05%, 0.5%). The results of pore size from the SEM images are shown in Fig. 10. As shown in Figs. 9b and 9c, when the catalyst is little, the polyurethane molecular chain will not be fully broken and the degradation reaction is not complete, which is not conducive to the application of regenerated polyol. When the catalyst is excessive, a large number of by-products will be generated in the reaction, which is harmful to the structure of the RPU. There are some cracks in the cell wall in the cell structure, and the cell size is not uniform. A proper amount of catalyst can improve the integrity of the cells and make the shape more regular, as shown in Figs. 9a and 9d. The polyurethane foam cell distribution is dense and the cell structure is more regular under 0.05% Ti(OCH2CH2O)2 and 0.5% KOH. In addition, the 0.05% Ti(OCH2CH2O)2 polyurethane sample has more closed cells, a more transparent pore membrane, and a strong skeleton, which reflects the better branching and crosslinking structure of the foam, and has good support, ring structure, and matrix. There is a good interaction to enhance the strength of the pore wall, which is consistent with the results of the compression strength test.
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Figure 9: SEM images of RPU of different catalyst systems. (a) 0.05% Ti(OCH2CH2O)2 (b) 0.5% Ti(OCH2CH2O)2 (c) 0.05% KOH (d) 0.5% KOH
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Figure 10: The pore size of RPU of different catalyst systems

3.9 Thermal Stability Analysis of RPU

The TG and DTG curves of polyurethane foam are shown in Fig. 11. The 5% weight loss temperature T5%, the 50% weight loss temperature T50%, and the maximum weight loss rate temperature Tmax are shown in Tab. 4. It can be seen from Fig. 10, the thermal weight loss of polyurethane can be divided into three stages. The first stage occurs at 80–186°C, which is mainly caused by hydrogen bond breaking and water loss; the thermal weight loss at 196–248°C is mainly due to polyurethane It contains urethane hard segment decomposition [31]; the third stage occurs at 248–443°C, which belongs to the soft segment decomposition of polyurethane [32,33]. With the increase of KOH addition, the 5% thermal decomposition temperature, 50% thermal weight loss temperature, and maximum thermal weight loss rate temperature of the polyurethane foam basically increase, indicating that the increase of the degradation catalyst KOH is beneficial to promote the degradation of waste polyurethane and the benzene ring derived from waste polyurethane can be more introduced into the molecular chain of RPU so that the thermal stability of RPU is improved. When the addition of Ti(OCH2CH2O)2 is 0.05%, the thermal weight loss temperatures of the polyurethane foam are almost higher than others.
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Figure 11: TG and DTG curves of RPU prepared from recycled polyol

Table 4: Thermal weight loss data of RPU samples
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4  Conclusion

Glycolysis had been carried out to treat the WPRF. Ti(OCH2CH2O)2 and KOH were used as a catalyst. FTIR indicates that the WPRF has been degraded, and the new RPU was prepared using the recycled polyol, replacing partly traditional polyether. With the increase of Ti(OCH2CH2O)2 or KOH, the viscosity of the recycled polyol first decreases and then increases, and the hydroxyl value first decreases and then increases. The addition of a suitable amount of catalyst can make the degradation of waste polyurethane more thorough, while excessive catalyst will lead to an increase in side reactions. When the addition amount of Ti(OCH2CH2O)2 is 0.05%, the compressive strength reaches the maximum value of 0.26 Mpa, which is an increase of 18.2% compared with the maximum value of 0.22 Mpa of the KOH (0.5%). TG shows the thermal stability of RPUs of 0.05% Ti(OCH2CH2O)2 and 0.5% KOH is good. Consequently, the results demonstrate that Ti(OCH2CH2O)2 can achieve a better degradation effect than KOH. An industrial application of this research will be the subject of future papers.
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