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Abstract

:

Purified terephthalic acid (PTA) is widely used as a chemical raw material, with its production process resulting in significant compounds that generate a substantial amount of sludge waste annually. These compounds are known to possess active hydrogen. Utilizing this property, a novel approach for the treatment of PTA sludge waste was developed for its modification and re-use. This study focuses on the preparation of epoxy curing agents using PTA sludge-tank material. The modification of PTA sludge-tank material is achieved by using the one-pot method to investigate the toughening effect of home-made curing agents on epoxy resins and compare them with commercially available curing agents, and to analyze the mechanism of the structure of the curing agent on the material. The results showed that while the tensile strength of the experimental group was generally lower than that of the control group, the impact strength was significantly higher. Additionally, the hardness and tensile strength of the materials gradually decreased with an increase of the amount of hardener, while the elongation at break and impact strength increased. Notably, at a hardener amount of 35%, the elongation at break increased by 3.89%, and the tensile strength and impact strength reached 10.13 MPa and 42.86 kJ m−2, respectively, demonstrating excellent toughness and strength characteristics. These findings testified the feasibility of modifying PTA sludge waste to prepare an epoxy toughening curing agent is not only feasible, but also significantly enhances the material’s toughness.
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1. Introduction


Purified terephthalic acid (PTA) is a commonly used dicarboxylic acid with significant industrial applications. In China, the PTA output has reached 22.3 million tons as of April 2022, representing a 6.6% increase compared to the same period in the previous year. During the production of PTA, a considerable amount of wastewater is generated, ranging from 3 m3 to 10 m3 per ton of PTA produced. This wastewater includes organically produced wastes [1], particularly PTA, with a chemical oxygen demand of 20.5 kg m−3. Various studies have investigated effective methods for the removal of PTA from effluents [2], including acceptable approaches, such as acid deposition, sorption, and coagulation [3], and both aerobic and anaerobic biotreatment [4,5,6,7,8,9]. However, these methods have limitations in treating contaminants with a high terephthalic acid (TA) content. Consequently, the treated material in activated sludge-treated material is deposited as black PTA sludge waste [10]. Currently, the primary methods for dealing with PTA sludge waste are incineration or landfill, causing significant environmental pollution. Hence, finding effective strategies to manage PTA sludge waste effectively has become an imperative task in the area of the protection of the environment.



PTA sludge waste has a complex composition, containing many unreacted materials, such as benzoic acid and phthalic acid, which are highly corrosive; however, this feature indicates that PTA sludge waste contains many reactive groups that facilitate its modification and reuse. In theory, isocyanate [11] can react with any compounds that can provide active hydrogen. Given that both PTA sludge waste and epoxy resin contain a large amount of active hydrogen, it is possible to enhance the toughness of epoxy by linking modified PTA sludge waste with epoxy resin based on this property. Isocyanate can serve as a bridge to connect PTA sludge waste and epoxy resin, thereby potentially enabling the utilization of PTA sludge waste as an epoxy curing agent.



Epoxy resins (EP) are highly versatile thermosetting materials that find applications in various fields, including paints [12,13,14], binders [15,16], structural components, and electronic materials [17]. This versatility stems from their excellent physical and electrical characteristics, superior bonding ability, and outstanding chemical stability [18,19]. However, the inherent brittleness of EPs, which arises from their highly cross-linked network structure, limits their potential applications. Consequently, significant attention has been devoted to the toughening of EPs. In recent years, several modifiers were developed to boost the toughening of EP materials, including rubber particles [20,21,22], thermoplastic polymers [23,24,25,26,27], core–shell particles [28,29,30,31,32], nanofillers [33,34,35,36,37,38,39], and hyperbranched polymers [40,41,42].



For instance, Sun Jingrong et al. [43] incorporated cork particles and nanocellulose into rosin-based epoxy resin without altering the composition. The impact toughness results indicate a synergistic toughening effect of nanocellulose and cork particles on the resin. The material’s impact toughness increased by 149.07% with the addition of 1% cellulose nanofibers and 3% cork particles. In addition, block copolymers have emerged as important toughening agents. Weiwei et al. [44] prepared organic-inorganic hybrid colloidal particles (SMA-APTES) by partially ammoniacalysing polystyrene-alt-maleic anhydride (SMA) with 3-aminopropyltriethoxysilane (APTES), followed by in situ hydrolytic condensation of the silane, inducing self-assembly of SMA. The resulting SMA-APTES particles were then used as toughening agents to strengthen epoxy. The best overall performance was achieved when the modifier was added at a concentration of 5 wt.%. Compared with the pure form, the addition of the modifier improved their tensile strength, elongation at break, impact strength, and fracture toughness of the epoxy thermosets by 67.6%, 159%, 170.5%, and 230.9%, respectively.



PTA sludge waste contains many reactive groups that can react with a wide range of substances. Thus, we deliberately chose a flexible structure to toughen the epoxy resin during modification. This study presents a new method of treating PTA sludge waste. To bridge the modified PTA sludge waste and epoxy resin, we utilized isocyanate, a compound that readily reacts with substances containing reactive hydrogen. First, esterified oligomers were synthesized through a polycondensation reaction between 1,6-hexanediol and PTA sludge waste. Then, these oligomers were prepared as flexible long carbon chains using 4,4’-methylenediphenyl diisocyanate (MDI) and capped with imidazole to improve the toughness of epoxy-cured resins.




2. Experiment


2.1. Materials


Bisphenol A diglycidyl ether (E-51) with an epoxide equivalent of 190–210, was obtained from Shenzhen Jitian Chemical Company Limited (Shenzhen, China). Methylenediphenyl diisocyanate (MDI 50) was obtained from Hong Kong Resin Group Limited (HKresin, Hong Kong China). The PTA sludge waste was provided by Hainan Blue Island Environmental Protection Industry Co., Ltd. (Danzhou, China). N,N-dimethylformamide (DMF), 1,6-hexanediol, and imidazole were acquired from Tianjin Comel Chemical Reagent Co. (Tianjin, China). All chemicals used in this study were analytical grade reagents.




2.2. Preparation of Toughening Curing Agent


The low-molecular-weight polyester was synthesized by reacting a specific amount of PTA sludge waste and the corresponding 1,6-hexanediol (with a molar proportion of carboxyl and hydroxyl groups (-COOH/-OH) of 1:[1.1–5]) in a 100 mL three-necked flask at 230 °C for 5.5 h. Subsequently, the polyester was dried in a vacuum oven at 120 °C for 2 h. After being cooled to room temperature, appropriate amounts of MDI-50 and polyester (with a molar ratio of -NCO/-OH [3,4,5]:1) were switched to a 100 mL triple-necked laboratory flask. Then, DMF (200% of the mixture) was incorporated into the reactor system. The reaction device (chemical engineering) was warmed to 50 °C in a kettle bath for 1 h. After 1 h, the capping agent [45] (imidazole) was added to the flask slowly and dropwise (with a 1:1.5 molar ratio of -NCO/-NH). The oven was gradually raised to 60 °C and held for 2 h while the system was swirled continuously and purged with N2 gas.



The epoxy resin was cured by mixing homemade functional curing agents into the curing system in varying proportions (20%–40%) subsequent to the preparation of the curing agent. The curing process was conducted at 80 °C for 2 h.




2.3. Characterization


The material’s hardness was evaluated using the Plastics and Hard Rubber: Determination of Indentation Hardness by Hardness Tester (Shore Hardness, INNOVATEST Europe BV, Maastricht, The Netherlands) (GB/T 2411-2008) standard. Measurements were made by placing a 4 mm thick specimen under the indenter pin of the hardness tester, ensuring a flat surface. Measure a minimum distance of 9 mm from each edge and calculate the average value from five measurements. If the A durometer shows a value greater than 90, use the D durometer. If the D hardness tester reads less than 20, use the A hardness tester. This paper converts hardness units to HA for ease of comparison.



Tensile strength was tested according to GB/T 13477.8-2017 standard. The samples were poured into dumbbell-shaped silicone molds with varying amounts of hardener. The molds were 6 mm wide, 1 mm thick, and 125 mm long, with a 25 mm gap between the points. The tensile strength was measured using a universal tensile testing machine from Shimadzu Instrument Co., Ltd. (Suzhou, China).



Impact strength was tested according to GB/T 1043.1-2008. The impact strength of the samples was tested using a pendulum impact tester manufactured by Shenzhen Kaiqiangli Testing Instrument Co. (Shenzhen, China). The epoxy resin was poured into a rectangular mold measuring 8 × 1 × 0.4 cm3. Notched specimens were used, and the cantilever beam method was employed to test the material’s impact strength.



The scanning electron microscope (SEM; S-3000; Hitachi, Tokyo, Japan) was used to observe the fracture surfaces of the cured samples at an accelerating voltage of 10 kV. FTIR scans were performed in the 4000–400 cm−1 range using a Frontier FTIR analyzer (PerkinElmer, Waltham, MA, USA) to determine structural features. The samples were prepared by the potassium bromide tableting technique.





3. Results and Discussion


3.1. Component Analysis of PTA Sludge Waste


The PTA sludge tank material was analyzed by appropriate institutions, and the results are presented in Table 1. The as-received undried waste contains 43.1 wt.% water, followed by p-toluic acid with 33.57 wt.%, and slightly lower levels of benzoic acid and terephthalic acid at around 10 wt.%, along with a small quantity of metal ions. It can be seen that PTA sludge tank material has strong water absorption and likely contains a large number of hydrophilic groups.



Infrared spectroscopic tests were conducted to investigate the molecular composition of PTA sludge waste and PTA, as depicted in Figure 1. The hydroxyl peak corresponding to carboxyl group (-OH) are visible at 3456 cm−1 for both, but its intensity is lower than that of the corresponding peak of PTA. The telescopic vibration peaks of -CH3 and -CH2 are at 2662 cm−1 and 2539 cm−1, respectively. The intensity of PTA sludge waste is higher than that of the respective peak of PTA. The spectral graphs of the PTA sludge waste and PTA are 80% identical, but with slight difference in intensities, indicating a higher content of -CH3 and -CH2 in the PTA sludge waste. Our analyses further prove that PTA sludge waste has high levels of -CH3 and -CH2. This finding is supported by the presence of intermediates, such as p-methylbenzoic acid and benzoic acid, which are not fully oxidized.



The thermogravimetric properties of the PTA sludge tank material were tested after drying and grinding and compared to refined terephthalic acid (PTA). Figure 2 shows that the PTA sludge exhibits an initial decomposition onset at 150 °C, whereas PTA only begins to decompose at around 300 °C. This difference can be attributed to the presence of various in the waste material, such as intermediates like p-methylbenzyl alcohol, which decompose at lower temperatures. Additionally, the PTA sludge tank material displays a lower thermal stability, as evidenced by the decomposition of these around 200 °C. The degradation of PTA sludge-tank material tends to plateau above 350 °C, indicating a reduced rate of quality change. However, PTA decomposes completely at 550 °C and, remarkably, at 700 °C, 30% of the PTA sludge tank material remains undecomposed, probably due to the formation of heat-resistant metal oxides and nitrides at high temperatures.




3.2. Chemical Modification of PTA Sludge Waste


The study discovered that the sludge waste generated during the production of TA contains a significant number of carboxyl groups. Numerous flexible carbon chains have attached to the benzene ring upon esterification of the waste with hexanediol. Isocyanates are highly reactive towards groups containing reactive hydrogen. The epoxy curing agents have a wide variety, including isocyanate curing agents. This property was used to prepare a curing agent by attaching it to the esterification product. However, the isocyanate (-NCO) is highly reactive, making it unsuitable for direct use and storage. Therefore, imidazole is used as a capping agent for to protection. This process enables the curing agent to be stored for a longer period and controllable during the curing process. Imidazole can also be used as a curing agent for epoxy resins, improving their mechanical properties. As a result, a waste-modified epoxy resin curing agent is obtained. Figure 3 illustrates the PTA sludge waste modification and curing agent preparation. Firstly, PTA sludge tank material and 1,6-hexanediol (substance ratio = 1:1.5, alcohol excess) were added in a three-necked flask, and the heating jacket was heated to 230 °C with continuous stirring for 5.5 h to carry out the esterification modification; then, the esterified product obtained was subjected to drying at 120 °C for 2 h to remove water. After that, the dried esterification product was dissolved in DMF and transferred to a three-necked flask. MDI-50 (-OH:-NCO = 1:3) was added and the mixture and was heated in a water bath at 50 °C for 1 h. Finally, the temperature was raised to 60 °C and the entire reaction was protected with nitrogen for another two hours, resulting in the formation of modified curing agent [45].



Figure 4 shows the IR spectra of the esterification products of PTA sludge waste, PTA sludge waste, and the hardener. Compared with Figure 4a,b, it shows a small peak at 1170 cm−1. This observation indicates the formation of ester groups within the molecule and a slight shift in the peak position due to the longer carbon chain of the C-O bond of the aromatic ester. The peak at 1720 cm−1 corresponds to the C=O vibration, suggesting the presence of caronyl groups. The peak at 1107 cm−1 requires further clarification. The peaks at 1107 cm−1 and 1062 cm−1 indicate the successful esterification process, as they are the result of the hydroxyl vibration of alcohols. When MDI was employed in the reaction, the spectrum showed three peaks at 1669, 1311, and 1277 cm−1, representing the imino (-NH) and carbamate bonds [46] (-NH-CO-O-). This finding indicates that the cyanogen is successfully capped by imidazole.




3.3. Mechanical Properties of Materials


3.3.1. Hardness


Table 2 shows the hardness of values of tested groups, wherein the control group exhibits the highest hardness at 96 HA. The hardness decreases gradually as the amount of curing agent increases from 20% to 40%. Specifically, at 20% curing agent, the hardness of the experimental group is 11 HA lower than that of the control group. The experimental group at 25% decreases by 23.53% compared with that observed at 20% and 40%.



Figure 5 provides an overview of the reactions that can occur during the curing of homemade curing agents. It is well-established that the reaction between the isocyanate and the hydroxyl capped oligomer is rapid, resulting in the formation of a carbamate bond (-NH-CO-O-) at the end of the reaction. Figure 5(1) shows that a significant number of sec-hydroxyl groups can react with the -NCO group in the isocyanate and become part of the modified PTA sludge tank substance on the epoxy molecular chain. This reaction disrupts the regularity of the molecular chain. Additionally, the ternary ring of the epoxy can be opened by sec-amine in the dissociated imidazole, forming sec-hydroxyl groups (Figure 5(2)). As shown in Figure 5(3,4), the secondary hydroxyl group formed in the ring-opening reaction can react continuously with the -NCO group in the crosslinked structure. During the curing process, the long carbon chains of the modified PTA sludge-tank material are gradually integrated into the epoxy molecular network, leading to an increase in overall flexibility. The free imidazole acts as a cross-linking point, increasing the degree of cross-linking of the molecular network after curing and ensuring the material attains sufficient strength for its intended use.



On the basis of the curing process described in Figure 5, we propose a hypothesizes regarding the relationship between hardness and the dosage of the curing agent. When the amount of curing agent is low (20%), the modified curing agent’s flexible chain does not have a significant toughening effect on the epoxy resin matrix. Thus, the macroscopic properties of the whole material do not differ significantly from those of the control group, and the change in hardness is insignificant. Conversely, increasing the amount of curing agent to 35% leads to a higher concentration of flexible chains in the molecular network. This phenomenon causes the molecular chain to transition from rigid to flexible, resulting in an increase in activity ability, but a decrease in the material’s ability to resist deformation from external forces.




3.3.2. Impact and Tensile Strength


Impact strength is an indicator a material’s toughness. The value of impact strength can provide an intuitive indication of the toughening effect of the hardener. Table 2 shows that increasing the amount of hardener results in a higher impact strength of the material. A small amount of hardener increased the tensile strength of the experimental group by 8.4% compared to the control group. However, the elongation at break decreases by 0.06%. When the amount of hardener is increased above 30%, the tensile strength of the enhanced material drops sharply to 0.34 MPa, which is less than 1% of that of the control value. By contrast, the toughness increases significantly, with an elongation at break of 75.44%. At 40%, the material’s tensile strength is only 0.34 MPa, which is below the standard. In short, the addition of a PTA sludge waste-modified curing agent can effectively toughen the epoxy resin, but the amount added should be appropriate.



Table 2 demonstrates that an increase in the amount of hardener results in an improvement in the material’s impact strength. The impact strength of the control group is 21.43 kJ m−2, which is 4.29 kJ m−2 lower than that of the experimental group. This difference can be attributed to the low content of flexible chains in the system at this time, and the combined effect of the rigid epoxy chains and the benzene ring carried by the curing agent itself. The content of the flexible chain increases as the amount of curing agent increases. The rigidity brought by the benzene ring is gradually dissolved by the toughening effect of the flexible chain, significantly improving the material’s toughness. However, it is crucial to maintaining the correct level of hardener is critical to balancing toughness and impact strength. When the hardener content exceeds 40%, the molecular network becomes saturated with large numbers of C-C bonds, which are easily rotated, exhibit a high degree of freedom, and are easily deformed by external forces. This results in a significant reduction in the material’s strength. Resins containing 35% curing agent exhibit superior mechanical properties, maintaining strength while also being tough.





3.4. Toughening Mechanisms


Materials that are ductile or flexible exhibit crack branching conductivity when they fracture, whereas materials with uneven fracture surfaces require more energy to fracture. In this study, SEM tests were conducted to examine the fracture surface of each sample, revealing a significant improvement in their toughness (results presented in Figure 6). The fracture surfaces in Figure 6a–f gradually transform from a brittle fracture to a ductile fracture. The epoxy in Figure 6a was cured with a commercially available amine curing agent, whereas Figure 6b–f illustrate the fracture surfaces of epoxy cured with a homemade curing agent. The clean section with a smooth and large surface area and sharp edges in Figure 6a, typical of brittle fracture, can be observed. The addition of a small amount of curing agent in Figure 6b does not change the brittle nature of the section. However, it appears smaller and smoother, with fewer sharp edges than that in Figure 6a. The smooth portion of the section decreases as the amount of curing agent increases. By contrast, the rough portion increases. At curing agent amounts of 30% and above, the section exhibits a ductile fracture. As depicted in Figure 6d, the fracture surface is rough, with the presence of a drawing phenomenon. Based on these observations, it can be concluded that the modified curing agent derived from PTA sludge tank material has a significant toughening effect on epoxy, which complements the aforementioned mechanical properties.



Figure 7 is a schematic representation of the molecular cross-linking network. Figure 7a,c serves as a control, whereas Figure 7b,d represents epoxy cured with a modified curing agents. The use of a small molecule curing agent results in a regular epoxy molecular chain structure, with the curing agent lacking a flexible structure. As a result, the entire molecular chain is rigid, leading to a strong but brittle material. In contrast, the utilization of a toughening curing agent, facilitated by the addition of 1,6-hexanediol, provides the hardener with a large number of flexible long carbon chains. The flexible chains are inserted into the rigid chains of the epoxy resin during the curing process, forming a “hard section–soft section” structure. This structure allows the soft section to absorb some of the energy from external impacts through the movement of its own chain section, thereby achieving the purpose of toughening. Therefore, increasing the amount of curing agent gradually increases the toughness of the material.



When the PTA sludge waste curing agent is heated to a specific temperature, the carbamate bond is broken, and the imidazole and foreign -NCO groups are released. Then, the imidazole reacts with the EPs group to form -OH. The -OH reacts with the -NCO groups to form a new urethane bond (-NH-CO-O-), and the cycle continues. The curing reaction gradually introduces flexible long chains into the epoxy matrix. Moreover, the hydrogen bonds are formed between the nitrogen and oxygen atoms, whereas the imidazole and isocyanate backbones act as cross-linking sites. These actions work together to hold and strengthen the flexible chain network. However, increasing the amount of curing agent results in highly bendable carbon chains, disrupting the regularity of the molecular chain of the epoxy tree and weakening the strength of the material. Therefore, it is important to avoid excessive use of a hardener.





4. Conclusions


This research presents a new approach for the treatment of PTA petrochemical tank material by developing a curing agent for epoxy resins by modifying the PTA sludge waste. The investigation focuses on the mechanical properties of the epoxy resin cured with the homemade curing agent, including hardness, tensile strength, and impact strength. The aim is to determine the optimal dosage of the curing agent and explore the underlying mechanisms that differentiate the homemade curing agent from the control. The results reveal that epoxy resins cured with this agent are significantly tougher than those cured with commercial amine curing agents. In the control group, the elongation at break was only 3.01% and the impact strength was 21.43 kJ m−2. In contrast, the elongation at break of the epoxy resin cured with the modified curing agent reached a maximum of 75.44%, and the impact strength was a maximum of 42.86 kJ m−2. At a curing dosage of 35%, the tensile strength reaches 10.13 MPa, representing a 3.89% increase in elongation at break and maximum impact strength. The best performance was achieved at a dosage of 35% of the curing agent, at which point the material achieves favorable balance between tensile strength and toughness. In conclusion, the PTA sludge waste modified through the epoxy resin toughening curing agent treatment method shows promise.
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Figure 1. Infrared spectra of PTA sludge waste and purified terephthalic acid (PTA). 
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Figure 2. TG curves of PTA and PTA sludge wastes. 
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Figure 3. Flow chart of PTA sludge waste modification and curing agent preparation. 
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Figure 4. FTIR spectra of (a) PTA sludge waste, (b) esterification, (c) curing agent. 
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Figure 5. Homemade curing agent curing epoxy resin process. 
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Figure 6. SEM of materials with different curing agent contents. (a) Control group, (b) 20%, (c) 25%, (d) 30%, (e) 35%, (f) 40%. 
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Figure 7. Schematic representation of the molecular network of the cured epoxy resin before (a,b) and after impact (c,d), as well as for the control (a,c) and the samples (b,d). 
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Table 1. PTA sludge waste component analysis. (TA refers to terephthalic acid, BA refers to benzoic acid, and p-Tol refers to p-toluic acid).
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	Water (wt.%)
	TA (wt.%)
	BA (wt.%)
	p-Tol (wt.%)
	Metal Ions (wt.%)





	43.10
	11.95
	7.79
	33.57
	3.59










 





Table 2. Mechanical properties of epoxy resin samples cured with home-made curing agents. (The control group was cured with 230 curing agent produced by Changzhou Runxiang Chemical Co, Ltd. (Changzhou, China) and the ratio of curing agent to epoxy resin was 3:10).
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Sample Name

	
Curing Agent Dosage

	
Control-Group




	
20%

	
25%

	
30%

	
35%

	
40%






	
Shore hardness/HA

	
85 ± 2

	
60 ± 1

	
56 ± 0.5

	
42 ± 2

	
30 ± 4

	
96 ± 0.2




	
Tensile strength/MPa

	
38.18 ± 0.16

	
31.15 ± 0.24

	
20.46 ± 1.01

	
10.13 ± 0.51

	
0.34 ± 1.12

	
35.21 ± 0.13




	
Elongation at break/%

	
2.95 ± 0.36

	
4.56 ± 0.21

	
6.90 ± 0.33

	
11.76 ± 0.27

	
75.44 ± 0.51

	
3.01 ± 0.17




	
Impact strength/kJ m−2

	
17.14 ± 0.32

	
22.36 ± 0.46

	
28.57 ± 0.42

	
42.86 ± 0.53

	
40 ± 0.36

	
21.43 ± 0.21
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