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ABSTRACT 10 

Recycling of used textiles is an important part of achieving sustainable 11 

development and low carbon, which can effectively alleviate environmental pollution 12 

and improve waste reuse, but the recycling management of blended textiles is 13 

particularly challenging. Blends of Nylon6 and cotton are increasingly popular in high-14 

value textile applications, but the issue of recycling and disposal has yet to be resolved. 15 

Cotton and polyamide 6 at varying weight percentages were co-pyrolyzed in this study, 16 

and the co-pyrolysis process was evaluated using a Synchronized Thermal Analyzer 17 

(TG-DSC) to determine the synergistic effect of the two. The synergistic effect greatly 18 

contributes to the output of biochar, increasing the specific surface area and pore 19 

volume of biochar, thereby enhancing the adsorption capacity of the resulting char for 20 

Cr(VI). when the polyamide 6 ratio is 50%, the char has the highest adsorption capacity 21 

on Cr(Ⅵ). The physicochemical features of co-pyrolytic char were investigated using 22 

SEM-EDS, XPS, BET, and FTIR to determine the synergistic mechanism. Overall, 23 

cotton and polyamide 6 exhibit apparent synergistic effect in the co-pyrolysis process, 24 

providing char with extraordinary adsorption capability. 25 

Keywords: mixed textiles, co-pyrolysis, cotton, nylon 6, synergistic effect 26 

1.Introduction 27 

The textile industry is one of the world's largest and oldest, but it faces a number 28 

of environmental difficulties and challenges, from textile processing to final disposal 29 

(Kasavan, Yusoff, Guan, Zaman, & Fakri, 2021). The disposal of products at the end of 30 
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their service life is a major environmental concern in the textile industry (Stanescu, 31 

2021). Globally, 87% of waste textiles are landfilled or burnt each year, resulting in 32 

huge economic losses (Espinoza Pérez, Espinoza Pérez, & Vásquez, 2022).  33 

The annual production of waste textiles in the U.S., EU and China exceeds 49 kg, 34 

5.8 million tons and 1 million tons respectively, and is growing rapidly at a rate of more 35 

than 10% per year. (Holland, Numata, Rnjak‐Kovacina, & Seib, 2018; Lu et al., 2022). 36 

As a result, effective textile solid waste management is required to ensure the textile 37 

industry's long-term development(Kankia, Baloo, Danlami, Mohammed, et al., 2021; 38 

Kankia, Baloo, Danlami, Samahani, et al., 2021). 39 

Textile production is very complex, and the fiber raw materials mainly include 40 

natural and synthetic fibers(Mohd Hanafiah, Wan Mohtar, Rohani, et al., 2024; Mohd 41 

Hanafiah, Wan Mohtar, Wan-Mohtar, et al., 2024). Cotton is one of the most extensively 42 

used textile materials and is typically combined with other natural fibers, chemical 43 

fibers such as polyester, polyurethane, and polyamide, as well as pure cotton textiles 44 

(Haslinger, Hummel, Anghelescu-Hakala, Maattanen, & Sixta, 2019). Currently, the 45 

most frequent waste textile treatment procedures are recycling, incineration, and 46 

landfill, and recycled waste textiles are eventually processed by incineration or landfill 47 

(To, Uisan, Ok, Pleissner, & Lin, 2019). Incineration recycles energy, chemical 48 

byproducts, and oil byproducts, but produces toxic gases such as dioxins, polycyclic 49 

aromatic hydrocarbons (PAHs), and polychlorinated biphenyls (PCBs), which are 50 

hazardous to ecosystems and human health, and result in the waste of large amounts of 51 

natural materials (Kumar & Samadder, 2017). As a result, pyrolysis is utilized as an 52 
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alternative to incineration to maximize the economic benefits of recycling waste 53 

textiles(Sayed et al., 2022; Sayed, Baloo, Kutty, & Makba, 2021).  54 

Pyrolysis is a thermochemical process that turns heterogeneous and complicated 55 

waste materials into value-added products (also known as waste upcycling) (Lee, Jung, 56 

Lin, Kwon, & Lee, 2023). Currently, researchers create biochar by pyrolyzing waste 57 

textiles such as cotton, polyester, and acrylics and performing various modifications on 58 

them, which is used as an adsorbent material for the adsorption of heavy metals and 59 

pigments in polluted water(Sayed et al., 2024).  60 

Co-pyrolysis can take advantage of the respective strengths of the two raw 61 

materials to complement and optimize resources, thus achieving the purpose of waste 62 

for waste (Han et al., 2022). Co-pyrolyzing the sludge with the biomass improves the 63 

quality of the biochar, accelerates the breakdown of the mixture, and lowers the reaction 64 

temperature (Dai, Xiang, Liu, Wang, & Zhang, 2022). Shrimp shells and corn stover 65 

were co-pyrolyzed to reduce energy usage and increase the breakdown of CaCO3(Liu, 66 

Yang, Liu, Jia, & Bao, 2021). When beech wood is pyrolyzed in combination with 67 

polyamide-6, the pyrolysis products (biochar, liquids and gases) show a new 68 

combination of forms (de Rezende Locatel, Mohabeer, Laurenti, Schuurman, & 69 

Guilhaume, 2022). The above studies all indicate that there is interaction between the 70 

two raw materials during co-pyrolysis. In practical applications, most of the waste 71 

textiles used for pyrolysis and resource utilization are blended textiles, and the polymers 72 

in blended raw materials also interact during the cracking process (Hanoğlu, Çay, & 73 

Yanık, 2019). 74 
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The development of industry has caused a series of environmental problems, and 75 

heavy metal pollution in wastewater is particularly prominent. Chromium accumulates 76 

in large quantities in the environment, and chromium in wastewater mainly exists in the 77 

form of Cr(Ⅲ) and Cr(Ⅵ), of which Cr(Ⅵ) is more harmful (Zhang et al., 2018). 78 

Among the many methods for Cr(VI) removal, the adsorption method is widely cited 79 

for its high adsorption capacity and low operating cost (Y. Wang et al., 2020). The low 80 

cost and environmental friendliness of biochar-based materials are commonly used in 81 

adsorption treatments (Zeng et al., 2021). 82 

Polyamide 6 (PA6) is a chemical fiber fabric with exceptional chemical and 83 

abrasion resistance, second only to polyester, and is commonly mentioned in the textile 84 

industry; however, its non-biodegradable qualities make it difficult to disintegrate in 85 

the natural environment. Nylon6 and cotton blends, a high value-added fabric popular 86 

in recent years, are wear-resistant and washable, with superior shape retention and 87 

warmth, smooth and easy-to-clean surfaces, but the separation process is hard. 88 

Currently, the synergistic mechanism of cotton-nylon blends in the co-pyrolysis 89 

process has not been fully elucidated in existing studies and still needs to be further 90 

explored; the mechanism of the effect of different blending ratios on the pyrolytic 91 

carbon has not been determined within a clear theoretical framework either.(Xu et al., 92 

2019). Therefore, this study is of great significance for the research on the co-pyrolysis 93 

of blended textiles. We tried to use TG-DSC to investigate the co-pyrolysis effect of 94 

different mixing ratios of brocade cotton, and evaluated the removal of Cr(VI) by the 95 

co-pyrolysis carbon under the optimal ratios, which finally proved the real existence of 96 
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the synergistic effect. 97 

2 Materials and methods 98 

2.1. Materials 99 

CE (cellulose powder) is the main component of cotton (cotton fibers contain more 100 

than 90% cellulose), and its chemical structure (β-1,4-glycosidic bond) is the same as 101 

that of cotton.PA6 (polyamide 6 powder) is a purified form of synthetic nylon 6, and 102 

has the exact same chemical structure (amide bond) as nylon 6. Experimentally, pure 103 

CE and pure PA6 were used to replace pure cotton and nylon, which were mixed 104 

thoroughly with a mortar and pestle to prepare blended samples with different ratios 105 

(3/7, 5/5, 7/3) labelled as CE, PA6, 3A7C, 5A5C, 7A3C, respectively. K2Cr2O7, HCl, 106 

HNO3 and NaOH were analytically pure reagents. All solutions were configured with 107 

deionized water (18.25 mΩ/cm). 108 

2.2. Method  109 

2.2.1. TG-DSC analysis 110 

Synchronized thermal analyzer (TG-DSC) can provide TG and DSC signals 111 

simultaneously. The empty crucible was weighed on a balance, and 10 mg of the sample 112 

was loaded into the crucible and heated from 50°C to 800°C at an elevated temperature 113 

rate of 10 °C/min with an inert gas (N2) flow rate of 60 mL/min. The TG-DSC 114 

instrument was calibrated using standard indium (melting point 156.6°C, ΔH=28.45 J/g) 115 
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prior to the experiment to ensure the accuracy of the thermal analysis data. 116 

2.2.2. Preparation of biochars 117 

 The different mixed samples were placed in quartz crucibles and then placed in 118 

a tube furnace and heated from 50°C to 700°C under N2 and held for 1h. The cooled 119 

samples were removed from the tube furnace and the pyrolyzed carbon yields of the 120 

solid residues were calculated and named as CCE, CPA6, C3A7C, C5A5C, C7A3C and 121 

retained for further experiments. The specific process is shown in Fig. 1. 122 

Thermocouples were passed through a standard temperature source to calibrate the 123 

temperature of the pyrolysis unit, and the gas flow rate was calibrated with a flow meter. 124 

 125 

Fig. 1 Diagram of pyrolysis unit 126 

2.2.3. Removal of Cr(Ⅵ) 127 

A 0.015 g portion of biochar was weighed and mixed with 30 mL Cr(Ⅵ) (100 128 

mg/L) in a conical flask and put into a shaker at 150 rpm. Cr(Ⅵ) reacts with 1,5-129 

diphenylcarbazide to form a pink complex. Cr(Ⅵ) after the reaction can be determined 130 

by UV-visible spectrophotometer, and the total chromium concentration can be 131 
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determined by atomic absorption flame method. To ensure the accuracy of the 132 

experimental results, the experiment was repeated three times, and the average value 133 

was taken as the final result. The adsorption amount of Cr(Ⅵ) was calculated by 134 

equation (1). 135 

 𝑞𝑒 = (𝐶1 − 𝐶2) × 𝑉/𝑚 (1) 136 

C1 and C2 represent the initial and equilibrium concentrations of the solution 137 

(mg/L); V represents the volume of the solution (L); m represents the mass of biochar 138 

(g) . 139 

Weigh 0.015 g biochar into a 50 mL centrifuge tube, add 30 mL of Cr(VI) solution 140 

(100 mg/L), place it in a constant-temperature shaking incubator, and start the 141 

experiment and timing. Samples were taken at shaking times of 30 min, 60 min, 90 min, 142 

120 min, 180 min, 240 min, 360 min, 480 min, 720 min, and 1440 min. The supernatant 143 

was filtered using a 0.45 μm filter membrane, and the concentrations of total Cr and 144 

Cr(VI) were measured separately. The experimental data were fitted using the first-145 

order kinetic model, second-order kinetic model, and intra-particle diffusion model. 146 

The mathematical formulas for the kinetic models are as follows(Liu, Liu, Wang, Lin, 147 

& Huang, 2020): 148 

Pseudo-first-order (PFO) model 149 

𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡) (2) 150 

Pseudo−second−order (PSO)mode 151 

𝑞𝑡 = 𝑞𝑒 −
𝑞𝑒

𝑘2𝑞𝑒𝑡 + 1
(3) 152 

Intragranular diffusion model 153 
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𝑞𝑡 = 𝑘𝑖𝑡
0.5 + 𝐶 (4) 154 

In the equation, qt(mg/g) represents the adsorption capacity at time t, qe(mg/g) 155 

denotes the adsorption capacity of biochar for Cr(VI) at adsorption equilibrium, 156 

k1(1/min), k2(g/(mg•min)), and ki(mg/(g•min0.5)) represent the rate constants of the 157 

pseudo-first-order kinetic model, pseudo-second-order kinetic model, and intra-particle 158 

diffusion model, respectively, and C denotes the intercept related to the boundary 159 

thickness. 160 

2.2.4. Zero-point charge determination 161 

The isoelectric point is the pH value of the solution corresponding to the 162 

equilibrium of positive and negative charges carried by the adsorbent, at which time the 163 

adsorbent's surface charge is zero, showing electroneutrality, and the pH value of the 164 

solution at this time is recorded as pHpzc. Measure 30 mL of NaCl solution (0.1 mol/L) 165 

in a conical flask, weigh 0.015 g of biochar, adjust the initial pH of the solution by 166 

dropwise addition of HCl and NaOH, and determine the final pH by shaking for 24h. 167 

Use ΔpH to express the difference between the initial and final pH. 168 

2.2.5. Characterization 169 

SSA and PV of solid biochar were determined by nitrogen adsorption and 170 

Brunauer-Emmet-Teller (BET) method. Study of Weight Loss and Heat Change of 171 

Different Ratios of Nylon6 and Cotton Using Thermosynchronous Analyzer TG-DSC. 172 

Scanning electron microscopy (SEM) is used for the examination of the morphology 173 
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and composition of materials. Fourier Transform Infrared Spectroscopy (FTIR) for 174 

Functional Group Analysis of Materials. Detection of elemental composition and 175 

valence distribution of biochar by X-ray photoelectron spectroscopy (XPS). 176 

2.3. Data analysis 177 

2.3.1. Heat of thermal decomposition 178 

The heat of pyrolysis reaction is obtained by integrating the DSC curve as shown 179 

in equation (2) 180 

 𝑄 = ∫ 𝑄𝑃𝑑𝑡
𝑡

0
 (5) 181 

where Q (kJ/kg) represents the heat of reaction, QP (mW/mg) and t are the DSC 182 

value and reaction time, respectively.  183 

2.3.2. Synergetic effect calculation 184 

The experimental value YEXP is obtained through equation (3). The synergistic 185 

effect can be expressed by Eq. (4), i.e., the difference between the experimental value 186 

and the theoretically calculated one. Synergies are positive when YEXP is greater than 187 

YTHE (Mu et al., 2016).  188 

 𝑌𝑇𝐻𝐸 = (1 − 𝛾)𝑌𝐶 + 𝛾𝑌𝐴 (6) 189 

 ∆𝑇𝐺 = 𝑇𝐺𝐸𝑋𝑃 − 𝑇𝐺𝑇𝐻𝐸 (7) 190 

where γ denotes the proportion of PA6 in the mixed sample, %; YC and YA are the 191 

TG/DTG values and pyrolysis solids yield of CE and PA6, respectively. 192 
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3. Results and discussion 193 

3.1. Analysis of the co-pyrolysis process 194 

3.1.1. TG/DTG analysis 195 

Fig. 2 (a-b) shows the pyrolysis process of CE and PA6 alone. The pyrolysis profile 196 

of CE is divided into three stages: initial decomposition, main decomposition and 197 

carbon decomposition as can be seen from the figure. When the pyrolysis temperature 198 

falls below 280°C, the physical properties of CE change, mainly by evaporation of 199 

water. 280-400°C is the main pyrolysis stage, the weight loss rate is as high as 67%, 200 

and a large number of pyrolysis products are produced, the main products include Ⅰ-201 

glucose and various volatile gases, and the maximum weight loss rate occurs at 202 

342.9°C(Sun et al., 2021; Zhu, Sui, Wang, Sun, & Sun, 2004).Coke pyrolysis occurs 203 

above 430°C, a process in which dehydration and charring reactions compete with I-204 

glucose production, and dehydration and charring reactions are more pronounced(Singh, 205 

Patil, Tekade, Gawande, & Sawarkar, 2021). PA6 undergoes thermal decomposition in 206 

the temperature range of 310-510°C, with the main mass loss being the formation of ε-207 

caprolactam and other amines (Bozi, Mihályi, & Blazsó, 2013). Weight loss up to 93 208 

per cent, maximum rate of weight loss at 458.6°C, subsequent solid residues negligible 209 

(Perez, Jayarama Krishna, & Toraman, 2023). 210 

3.1.2 The synergistic effect between CE and PA6 211 

Co-pyrolysis experiments were carried out on the mixtures with different mixing 212 
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ratio, and the TG/DTG experimental curves and theoretical calculated curves 213 

(calculated by equation 3) are shown in Fig.2 (c-e). From the experimental plots, it can 214 

be seen that the initial decomposition temperature of the blends is higher than that of 215 

pure cellulose, rising to 290°C, 292°C and 305°C as the PA6 content is varied from 216 

30%, 50% and 70%, respectively. The theoretical calculation curve revealed that the 217 

pyrolysis section is made up of two major pyrolysis processes, and the single pyrolysis 218 

tests indicated above demonstrated that the weight loss temperature of CE is lower than 219 

that of PA6, and the degree of weight loss is different. Therefore, when the two 220 

substances are mixed (%) co-pyrolyzed at different weight ratios, a large difference 221 

between the theoretical and experimental curves occurs. In contrast, the pyrolysis phase 222 

of the experimental curve is influenced by PA6, with a weaker second pyrolysis phase. 223 

The actual weight loss temperature of the mixture was higher, but the weight loss rate 224 

tended to be inversely related to the percentage of PA6 added and was less than that of 225 

the two substances pyrolyzed separately. The synergistic effect of CE and PA6 resulted 226 

in discrepancies between experimental and theoretical values, which could be attributed 227 

to the fact that the nitrogen in the polyamide catalyzed the dehydration, decarboxylation, 228 

and carbonylation reactions but interfered with the generation of I-glucose, resulting in 229 

a higher fragmentation of the product and an increase in mass loss (Zhu et al., 2004). 230 
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 231 

Fig. 2 (a) TG; (b) DTG; (c-e) TG/DTG curves of co-pyrolysis; (f) ΔTG 232 

3.1.3 DSC analysis 233 

The heat flow (DSC, mW/mg) and heat of reaction (Q, kJ/kg) of the pyrolysis 234 

process are shown in Fig. 3, with positive and negative representing exothermic and 235 

absorptive conditions, respectively (Dai, Liu, et al., 2022; X. Wang et al., 2016). From 236 

the DSC curves in Fig. 3(a), it is not difficult to see the trend of the heat required for 237 

co-pyrolysis. Heat flow changes were not significant for each material until 300°C. At 238 

temperatures between 300-800°C, the heat of reaction comes mainly from 239 

decomposition processes, including charring and volatilization, where charring is 240 

exothermic and volatilization is absorptive. (Ball, McIntosh, & Brindley, 2007; 241 

Rangasamy et al., 2021). The heat absorption peak of CE at 305-360°C corresponds to 242 

the production of I-glucose and various flammable gases(Sun et al., 2021). After 430°C, 243 

charring begins to dominate and leads to exothermic peaks. When mixed with PA6, 244 

volatilization of the aromatic ring dominates the decomposition, leading to a heat 245 
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absorption process(Yang, Yan, Chen, Lee, & Zheng, 2007).  246 

From Fig. 3 (b), it can be seen that the required heat for the pyrolysis of PA6 and 247 

CE alone, from 50°C to 800°C, is -1206.97 kJ/kg and 1746.95 kJ/kg, respectively. The 248 

heat absorption peak of PA6 at 360-500°C corresponds to the formation of ε-249 

caprolactam and other amines with a heat demand of 899.99 kJ/kg. The heat absorption 250 

peak of CE at 300-360°C corresponds to the generation of Ⅰ-glucose and various 251 

combustible gases with a heat demand of 767.38 kJ/kg(Salman et al., 2019). At 400-252 

700°C, the heat required in the co-pyrolysis process is related to PA6 (Dai, Liu, et al., 253 

2022). 5A5C requires the highest heat demand, and the synergistic effect can be seen 254 

to be more prominent. Therefore, the synergistic effect is mainly caused by an 255 

exothermic reaction attributed to the cross-linking of CE with PA6(Bakirtzis, Ramani, 256 

Zhang, & Delichatsios, 2014). 257 

 258 

Fig. 3 (a) Heat flow; (b) Reaction heat 259 

3.1.4 Biochar yields 260 

The solid char yields from co-pyrolysis at 500°C, 600°C and 700°C with different 261 

PA6 ratios are shown in Fig. 4. The yield plots show that the carbon yield for CE solids 262 
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only is about 20%, while the carbon yield for PA6 solids only is only 3% or less. The 263 

pyrolyzed carbon structure of PA6 consists of polycyclic aromatic hydrocarbons 264 

(PAH)(Bakirtzis et al., 2014). And the yield gradually decreases with increasing 265 

pyrolysis temperature. At different temperatures, the increase in PA6 ratio showed an 266 

opposite trend to the yield, which indicates that cellulose plays a dominant role in the 267 

yield. Generation of caprolactam monomer is the main process of PA6 pyrolysis. 268 

Comparing the theoretical char yield values calculated using equation (6) with the 269 

experiment values, it can be seen from Fig. 4 (b-d) that the solid char yields of each 270 

ratio are higher than the theoretical values, which indicates that a synergistic effect 271 

between CE and PA6 occurs, probably the presence of CE induces a cross-linking 272 

reaction of PA6, which produces a considerable amount of char or residual material 273 

(Bakirtzis et al., 2014). Among the above ratios, when CE/PA6 is 5/5, the difference 274 

between theoretical and actual yield is the largest, indicating that the synergistic effect 275 

is the best under this ratio. 276 
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 277 

Fig. 4 (a) Solid biochar yield; (b-d) theoretical vs. actual 278 

3.2 Effect of the synergistic reaction on the adsorption of Cr(Ⅵ)  279 

3.2.1 Adsorption capacity  280 

Fig. 5 (a) demonstrates the adsorption of Cr(Ⅵ) on solid carbon with different 281 

ratios at 700°C. From the figure, it can be observed that the highest adsorption capacity 282 

of C5A5C for Cr(Ⅵ) was observed, i.e., the best effect was achieved when PA6/CE 283 

was 5/5, and the adsorption capacity reached 59.04 mg/g, which was 98.3% and 34.5% 284 

higher than that of CPA6(29.78 mg/g) and CCE(43.91mg/g), respectively, which 285 

indicated that co-pyrolysis improved the adsorption capacity of the char. Fig. 5 (b) 286 

shows the tests at different temperatures for this ratio. The best adsorption performance 287 
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for Cr(Ⅵ) was achieved with solid carbon generated at 700°C, indicating that 288 

temperature plays a key role in increasing carbon adsorption performance. 289 

 290 

Fig. 5 (a) Adsorption of different ratios of solid biochar (700°C); (b) Adsorption 291 

of solid biochar at different temperatures of 5A5C 292 

3.2.2 Adsorption kinetics 293 

The kinetic parameters of the PFO, PSO, and IPD models obtained by fitting the 294 

adsorption data of Cr(VI) on pyrolytic carbon C5A5C using the pseudo-first-order 295 

kinetic model, pseudo-second-order kinetic model, and intra-particle diffusion kinetic 296 

model are shown in Table 1, and the fitting results are illustrated in Fig. 6. As shown in 297 

Fig. 6 (a), the adsorption rate of Cr(VI) ions by C5A5C is extremely fast in the first 60 298 

minutes, indicating that Cr(VI) binds smoothly to the active sites on the C5A5C surface, 299 

thereby shortening the reaction time. Subsequently, the adsorption rate slows down, and 300 

the adsorption capacity gradually approaches saturation, indicating that there are almost 301 

no vacant binding sites at this point. The adsorption experiment gradually reaches 302 

equilibrium after 240 minutes. The kinetic correlation coefficient R² in Table S1 shows 303 

that the R² value (0.99662) of the fitted second-order kinetic model is significantly 304 

better than the R² value (0.99178) of the fitted first-order kinetic model, and the 305 
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theoretical adsorption capacity (65.6 mg/g) is closer to the experimental value (64.6 306 

mg/g), indicating that the adsorption behavior of C5A5C is better described by the 307 

pseudo-second-order kinetic model, and adsorption may be regulated by chemical 308 

interactions(Lv et al., 2021). The internal diffusion model was used to further elucidate 309 

the adsorption process. As shown in Table S1, the C value of the fitting results is not 310 

zero, and the model in Fig. 6 (b) also exhibits three steps, indicating that the adsorption 311 

of Cr(VI) by C5A5C involves multiple stages. The first stage has the highest k1 value, 312 

involving the diffusion of Cr(VI) from the liquid phase to the outer surface of C5A5C, 313 

which is the fastest process. In the second stage, the pollutant migrates from the outer 314 

surface of the carbon through the pores to the inner layers. The third stage has an 315 

extremely low k value, with adsorption gradually approaching equilibrium(Ke et al., 316 

2022).  317 
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Table 1 Kinetic model fitting parameters for C5A5C adsorption of Cr(Ⅵ) 318 

Kinetic model Parameters Values 

Pseudo−first−order   

 qe 61.628 

 k1 0.02739 

 R2 0.99178 

Pseudo−second−order   

 qe 65.6 

 k2 7.41373E-4 

 R2 0.99662 

Intra−particle diffusion   

 ki,1 5.94906 

 C 1.21034 

 R2 0.99099 

 ki,2 0.28995 

 C 55.9973 

 R2 0.89811 

 ki,3 0.08419 

 C 60.24988 

 R2 0.8889 

 319 
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 320 

Fig. 6 (a) Proposed primary and proposed secondary kinetic models for Cr(VI) 321 

adsorption by C5A5C; (b) Intra-particle diffusion model  322 

3.2.3 Adsorption behavior  323 

The chemical properties of the material surface were observed by XPS and the 324 

main elements tested in the total spectrum were C, O, N and Cr (Fig. 7 (a) ). The Cr 325 

signal detected on the spectrum showed two peaks attributed to Cr2p3 at 577.36 eV and 326 

Cr2p1 at 587.29 eV. Indicates the presence of chromium on the surface of biochar and 327 

a change in the valence state of chromium (Xu et al., 2019). The high-resolution XPS 328 

spectrum of Cr2p adsorbed on C5A5C for Cr(Ⅵ) is shown in Fig. 7 (b), in which both 329 

Cr2p3 and Cr2p1 can be convolved into two peaks, with the peaks at 577.09 eV and 330 

586.17 eV for Cr(Ⅲ), and the peaks at 577.77 eV and 587.29 eV for Cr(Ⅵ). The 331 

coexistence of Cr(Ⅲ) and Cr(Ⅵ) indicates that the removal of Cr(Ⅵ) by C5A5C 332 

involves both adsorption and reduction processes. The N1s adsorption contrast 333 

spectrum of C5A5C (Fig. 7 (c)) confirms that nitrogen-containing functional groups 334 

contribute to the formation of hydrogen bonds. (Cheng et al., 2022). The characteristic 335 



 

21 

 

peaks of -NH2/N-H and -NH3
+ were 398.77 eV and 401.48 eV before adsorption and 336 

398.27 eV and 401.22 eV after contacting with Cr(Ⅵ), respectively, indicating that 337 

hydrogen bonding was involved in the adsorption process(Ahmed, Hasan, Lee, Lee, & 338 

Jhung, 2022). The asymmetric O1s spectra(Fig. 7 (d)) on C5A5C can be subdivided 339 

into C-O (533.28 eV), O-H (532.36 eV), and C=O (531.58 eV), and their intensities 340 

reflect the abundance of surface functional groups (Elmouwahidi, Bailón-García, 341 

Pérez-Cadenas, Maldonado-Hódar, & Carrasco-Marín, 2017; Rosas, Ruiz-Rosas, 342 

Rodríguez-Mirasol, & Cordero, 2012; Tsaneva, Kwapinski, Teng, & Glowacki, 2014). 343 

The peak position of O-H after adsorption of Cr(Ⅵ) was significantly shifted to 344 

532.08eV, indicating the formation of hydrogen bond between -OH group and 345 

C5A5C(Gao et al., 2022). In addition, the reduction of -OH and C=O binding energies 346 

reveals the direction of valence bond electron transfer during adsorption (e.g., Eqs. (8)-347 

(9)) and suggests that O atoms provide electrons in the reduction of Cr(Ⅵ) by C5A5C 348 

(Li et al., 2019). The Cr-O morphology of C5A5C-Cr at 530.18 eV also proves the 349 

reduction reaction. The above findings indicate that the increase in the removal of 350 

chromium (Ⅵ) is due to the provision of electrons by the functional groups, resulting 351 

in a reduction reaction.  352 

 C-OH+Cr(Ⅵ)→C=O+Cr(Ⅲ) (8) 353 

 C=O+Cr(Ⅵ)→-COOH+Cr(Ⅲ) (9) 354 
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 355 

Fig. 7 XPS survey spectra (a); After adsorption, high-resolution Cr2p (b)Spectra 356 

N1s (c) and O1s (d) before and after C5A5C adsorption  357 

3.3. Synergistic mechanism 358 

3.3.1 Surface functional groups analysis 359 

Fig. 8 (a-e) demonstrates the FTIR spectra of CCE, C3A7C, C5A5C, C7A3C, and 360 

CPA6. It can be seen that CCE has characteristic absorption bands at 3394 cm-1 (-OH 361 

stretching), 1620 cm-1 (C=C stretching, C=O stretching) and 1440 cm-1 (-COOH 362 

stretching)(Melo, Rosa, Beck, Tienne, & Marques, 2020). The characteristic peaks of 363 

CPA6 are located at 3405 cm-1 (N-H stretching), 1633 cm-1 (C=O stretching), 1425 cm-364 
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1 (-CH2 bending) and 426 cm-1 (N-H stretching)(Lin et al., 2020; Y. Liu et al., 2021). 365 

In the copolymer, a CPA6-specific absorption band was observed at 430 cm-1 (Ma, Zhou, 366 

Su, Li, & Zhang, 2016). However, we noticed that the peaks corresponding to N-H and 367 

C=O were shifted when cellulose and PA6 were mixed, suggesting that the amide (N-368 

H and C=O) functional groups in CPA6 may react with the OH functional groups on 369 

the cellulose surface.(de Matos Costa et al., 2021). Whereas, the peak intensities of -370 

OH and -COOH groups improved considerably with the addition of PA6, as can be 371 

clearly observed for C5C5C (Fig. 8 (c)). Fig. 8 (f) shows the adsorption of Cr(Ⅵ) by 372 

C5A5C. It is clearly apparent that the strengths of -OH and -COOH groups were 373 

substantially distorted before and after the adsorption, and they may be implicated in 374 

the adsorption reaction process of Cr (Pannase, Singh, Ruj, & Gupta, 2020). The 375 

changes of these peaks confirmed that the functional groups played a major role in the 376 

degradation of Cr(Ⅵ).  377 
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378 

379 

 380 

Fig. 8 FTIR of (a)CCE, (b)C3A7C, (c)C5A5C, (d)C7A3C, (e)CPA6 and(f) 381 

C5A5C-Cr  382 

3.3.2 Specific surface area and pore volume analysis 383 

The surface characteristics of 700°C pyrolyzed biochar are shown in Fig. 9. The 384 
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BET data, the pore volume (PV), the specific surface area and the average pore 385 

diameter(APD) of CCE, C3A7C, C5A5C and C7A3C are shown in Table 2. The pore 386 

volume of the pyrolyzed biochar increased and then decreased with the increase of the 387 

proportion of PA6, and the best result was obtained when the proportion was 50%. The 388 

specific surface area of pyrolytic carbon has a significant advantage over CCE at 50% 389 

PA6 content. The analysis shows that the pore volume and specific surface area of solid 390 

biochar are optimal when CE/PA6 is 5/5.  391 

Table 2 BET results of CCE, C3A7C, C5A5C and C7A3C 392 

Sample BET(m²/g) SSA(m²/g) PV(cm3/g) APD(nm) 

CCE 0.7476 0.8220 0.000000 0.7941 

C3A7C 0.2932 0.3040 0.000755 0.7813 

C5A5C 0.9717 1.0341 0.001690 0.7953 

C7A3C 0.5882 0.5184 0.000989 3.5005 

 393 
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 394 

Fig. 9 SSA/PV of different ratios of solid biochar (700°C) 395 

3.3.3 Surface morphology analysis 396 

Scanning electron microscopy was used to investigate the surface morphology of 397 

solid carbon at various ratios (700°C). CCE has a rough surface (Fig. 10-a) with fewer 398 

pores, whereas the solid carbon pores increase with the addition of PA6 (Fig. 10 b-e), 399 

with the small pores of C5A5C being particularly prominent. This suggests that the 400 

introduction of PA6 facilitated the formation of pores, possibly due to the 401 

decomposition and volatilization of organic materials or the generation of flammable 402 

gases during the carbonization process (Flanagan et al., 2012). In addition, the EDS 403 

spectra showed that the C5A5C-Cr surface leaked chromium signals, indicating that 404 

chromium had been successfully loaded onto the carbon surface (Fig. 10 f-g). 405 
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 406 

 407 

 408 

409 

410 

Fig. 10 SEM of (a)CCE, (b)C3A7C, 411 

(c)C5A5C, (d)C7A3C and (e)CPA6; 412 

(f) EDS energy spectra of C5A5C 413 

and (g) C5A5C-Cr 414 
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3.3.4 Surface charge analysis  415 

An important characteristic that affects anion adsorption is the pHpzc value of the 416 

adsorbent. The zero-point charge can reflect the surface charge state of the adsorbent. 417 

When the zero-point charge of the material is greater than the pH of the solution, the 418 

surface is positively charged, and the charge decreases with increasing pH (Zyoud et 419 

al., 2019). As shown in Fig. 11, the experimental pHpzc values for CCE, C3A7C, 420 

C5A5C and C7A3C were 3.93, 4.18, 3.61 and 3.91, respectively. It may be that with a 421 

CE/PA6 of 5/5, more acidic oxygen species are produced by pyrolysis (Menéndez, 422 

Menéndez, Iglesias, Garcı́a, & Pis, 1999; Mokrzycki et al., 2022), and thus C5A5C has 423 

the lowest pHpzc value. The optimum adsorption condition for Cr(Ⅵ) by C5A5C was 424 

pH=2, at which time the adsorption capacity was 63.6 mg/g. The adsorption of C5A5C 425 

showed an opposite trend with increasing initial pH. This suggests that the surface is 426 

positively charged at solution pH around 2-3, possibly due to surface protonation 427 

(Carraro et al., 2019). However, the main forms of hexavalent chromium in solution are 428 

negatively charged CrO4
2- and HCrO4

-, so the biochar material adsorbs the negatively 429 

charged ions by electrostatic action. As the pH increases, the surface of C5A5C is 430 

negatively charged and the adsorption performance deteriorates due to electrostatic 431 

interaction (Garg, Kaur, Garg, & Sud, 2007). Fig .12 illustrates the synergistic 432 

interaction mechanism between CE and PA6. 433 
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 434 

Fig. 11 pHPZC measurement curves for each material(a-d); (e)Effect of pH on the 435 

adsorption of Cr(Ⅵ) by C5A5C 436 

 437 
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Fig.12 The synergistic effect between CE and PA6 in co-pyrolysis 438 

4. Conclusions 439 

The study confirmed the synergistic effect of CE and PA6 in the co-pyrolysis 440 

process and evaluated the adsorption capacity of solid carbon for Cr(Ⅵ). From the 441 

thermogravimetric results, the synergistic effect of CE and PA6 is obvious, with the 442 

strongest synergistic effect produced when the PA6 content is 50%. The presence of CE 443 

induced a cross-linking reaction in PA6, producing a considerable amount of char or 444 

residue. During decomposition at 700°C, the incorporation of PA6 promotes the 445 

formation of pores and improves the specific surface area and pore volume. In addition, 446 

the synergistic effect changes the zero-point charge of the material and promotes the 447 

reaction of surface functional groups. The creation of H-bonds and the role of -OH and 448 

-COOH groups contribute significantly to the adsorption of Cr(Ⅵ) by C5A5C. This 449 

work proved the interaction of CE and PA6 during pyrolysis and proposed novel ways 450 

and concepts for treating blends and removing Cr(Ⅵ). 451 
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