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Abstract: This study was conducted to explore the catalytic effects of different metal salts on
the pyrolysis behavior of cotton waste textiles (CWTs) and the properties of their activated
carbons (ACs). The decomposition characteristics of CWTs with Zn, Fe, and Cu salts were
studied by thermogravimetric analysis (TGA) to analyze the catalytic effects. The physical
and chemical characteristic differences of the ACs were detected with SEM-EDS, BET, FTIR,
and XPS. The results show that metal salts reduced the decomposition temperature of the
CWTs and improved the pore structures and specific surface areas of the activated carbons
(ACs). The ACs produced abundant acidic surface functional groups on their surfaces,
which facilitated the selective adsorption of pollutants. This study indicates that cotton
waste textile biochar treated with metal salts may be a promising adsorbent for the removal
of heavy metals and organic pollutants.

Keywords: cotton waste textile; pyrolysis behavior; metal salts; catalytic effects; acti-
vated carbons

1. Introduction
Waste textiles are mainly waste fabrics such as clothing, blankets, and curtains, as

well as fringes, remnants, and other materials produced in the processing of clothes and
materials [1]. The global production of waste textiles reaches 40 million tons/year, reaching
20 million tons/year in China [2]. Because of these huge volumes, waste textiles have
become a global challenge [3]. It is reported that the amount of discarded textiles reaches
184 billion pounds per year around the world [4]. Unfortunately, nearly 69% of the world’s
waste textiles (most of them are waste cotton textiles) end up in landfills, causing serious
environmental pollution and a waste of resources [5].

Incineration is a typical recycling treatment of waste textile energy, chemical products,
and oil products. But the CO2 and dioxins produced by incineration will cause secondary
pollution and a large amount of natural material and recyclable material waste [6,7]. Py-
rolysis is an environmentally friendly and effective method of converting organic macro-
molecules under anaerobic or anoxic conditions into a variety of products, including
biochar, bio-oil, and small-molecule gases [8,9]. It has a promising application as an alter-
native to incineration, which produces less secondary pollution and increases the economic
benefits of waste textile recycling [10]. The hydrogen-rich gas products and bio-oil products
resulting from pyrolysis can be used as energy sources, and the solid products can be used
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as adsorbents to removal heavy metals and organic pollutants [11,12]. Nowadays, many
studies prepare activated carbons from waste textiles and use them to adsorb heavy metals
such as Cr (VI) [5,13], indicating that the activated carbons derived from waste textiles
have large specific areas and rich functional groups such as -OH, -COOH, -C=O, and -C-O
on their surfaces.

Catalysts are usually introduced to improve the pollutant adsorption capacity of solid
products in the pyrolysis process [14,15]. In this regard, heavy metals and their chemical
compounds are effective catalysts which are often used for pyrolysis reactions [10,16,17].
Moreover, the catalytic effect of different metal catalysts is different. ZnO has an obvious
effect on reducing the release of H2S and improving the kinetic process during the py-
rolysis process, and Fe2O3 helps to improve the production of liquid products [10,17,18].
Metal-like catalysts can also significantly affect organic macromolecules’ pyrolysis behavior
and product distribution, and even a very small number of metal-like catalysts can also
have a significant impact [19]. Emara [20] reported that copper exhibited excellent catalytic
activity for the pyrolysis of cellulose and hemicellulose. Zhang Daofang [21] mixed MgCl2
with waste polyester textiles, and the solid product biochar had a high specific surface
area compared with pure polyester pyrolysis biochar. In addition, there is a large body of
literature reporting the effects of metals or their compounds on the pyrolysis process, prod-
uct distribution, and properties [22–24]. However, the catalytic differences in adsorption
properties have not been reported.

The aims of this study were to explore the catalytic effects of different heavy salts on
waste cotton textiles, figure out which metal salts have the most significant effect on the
adsorption properties of solid pyrolysis products, and detect the selective adsorption of the
activated carbons catalyzed by different salts. In this study, cotton waste textiles (CWTs)
were used as raw materials. Three typical heavy metal salts (Zn salts, Fe salts, and Cu salts)
were added to the CWTs using the immersion method. The catalysis of the heavy metal
salts during the pyrolysis process, the adsorption properties of the activated carbons (ACs),
and the differences in the catalytic effects of these heavy metal salts were studied. This
study provides a new direction for the harmless and reduced treatment of waste cotton
textiles and the selective utilization of solid products in the environmental field.

2. Materials and Methods
2.1. Materials

CWTs were obtained from a weaving factory in Nantong, Jiangsu Province, China.
ZnCl2, FeCl3, Cu (NO3)2, and HCl were all used as analytical reagents. All the solutions
were prepared using deionized water.

2.2. Preparation

Five-gram CWTs were cut into approximately 3 × 3 mm squares and then immersed in
50 ml ZnCl2, FeCl3, and Cu (NO3)2 solutions with a w/w (CWT: ZnCl2/FeCl3/Cu (NO3)2)
of 1:2 at 25 ◦C for 24 h. The mixtures were placed into a drying oven overnight at 60 ◦C
and were named Zn-CWT, Fe-CWT, and Cu-CWT.

The dried samples were placed into quartz boats and pyrolyzed in a tubular furnace
with a heating rate of 10 ◦C/min under a nitrogen atmosphere. The final pyrolysis tem-
perature was 800 ◦C, and the residence time was set to 1 h. After the pyrolysis reactions
were completed, the samples were soaked with 100 mL of 10% v/v HCl for 10 min and
then rinsed with deionized water until they were neutral. The pyrolyzed samples were
milled into powder and placed in valve bags for subsequent use. The samples were named
Zn-AC, Fe-AC, Cu-AC, and AC according to the treatment reagents.
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2.3. Characterization

A thermogravimetric–differential thermogravimetric (TG–DTG) analyzer (TG209F1)
was used to determine the pyrolysis behaviors of the samples. Fourier transform infrared
(FTIR) spectroscopy (Thermo Fischer, Nicolet iS5, USA) and X-ray photoelectron spec-
troscopy (XPS; ESCALAB 250XI, USA) were used to measure the surface functional group
variations before and after catalysis. The surface morphologies and pore structures of the
samples were determined using scanning electron microscopy–energy-dispersive spec-
trometry (SEM–EDS; Zeiss Sigma 300, Germany). The Brunauer–Emmett–Teller method
(BET; ASAP 2460, USA) was used to determine the specific surface areas and aperture
distributions of the samples, which were measured after the samples were completely dried
and degassed at 200 ◦C for 8 h.

3. Results and Discussion
3.1. Pyrolysis Behavior
3.1.1. AC Yield

The yields of the four activated carbons are shown in Figure 1 (the experimental results
were repeated three times to take the average value to reduce the error), and there is a
significant difference in the yields. The yields of AC, Zn-AC, Fe-AC, and Cu-AC were 4.4%,
25.8%, 29.7%, and 21.2%, respectively, indicating that the catalysis of metal salts promotes
the yield of solid products. This is because some of the metal ions interact with cellulose
or interproducts in cotton to produce stable compounds, and some of the metals produce
metal inorganic compounds, distributed on the surface of the solid products [25]. The
metal components increase the weight of solid products. The other reason is that the metal
ions promote the crosslinking reaction of organic molecules and transform the liquid-phase
products into solid-phase products under these pyrolysis conditions [26].
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Figure 1. The yields of the ACs.

3.1.2. Pyrolysis Process

TG analysis was applied to discuss the pyrolysis process of the CWTs with different
metal salts. Moreover, the rule of possible pore development was preliminarily expounded.
Figure 2 shows the TG and DTG curves for CWT, Zn-CWT, Fe-CWT, and Cu-CWT, respec-
tively. The mass loss process of CWT comprised three stages, as shown in Figure 2a. The
first stage (20–290 ◦C) was the main moisture removal, where the weight loss rate was 10%.
The main weight loss occurred in the second stage (290–400 ◦C), with a maximum mass
loss of 72% and maximum mass loss rate of 18 %/min at 360 ◦C; this was mainly due to the
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decomposition of cellulose with the release of volatile compounds [27]. In the third stage
(400–800 ◦C), the mass loss was stable because of the stability of the solid-phase carbide [28].
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For Zn-CWT (Figure 2b), the mass loss process mainly included four stages. The first
stage (20–189 ◦C) was mainly the evaporation of water from the CWTs and the dehydration
effect of ZnCl2, with a mass loss rate of 10%. The second stage (189–244 ◦C) was attributed
to the catalytic decomposition of cellulose, with a mass loss rate of 27%, and the presence of
ZnCl2 decreased the decomposition temperature. Meanwhile, ZnCl2 activation led to the
breakage of the lateral bonds in the cellulose molecules and the occurrence of a swelling
phenomenon, which promoted the development of pore structures [29]. In the third
stage (244–562 ◦C), the CWTs were continuously carbonized and aromatized, and ZnCl2
vaporized and decomposed in this stage, with a total mass loss rate of 30%. The carbon
matrix was rapidly ablated and restructured, along with the development of pores upon
the formation of interspaces between carbon layers and the release of low-molecular-mass
volatile compounds. In the fourth stage (562–800 ◦C), the CWTs were further carbonized
into a stable structure, along with the release of some volatiles, and the mass loss rate
was 7% [30].

Fe-CWT had a complex pyrolysis process (Figure 2c), divided into three stages. The
first stage (20–227 ◦C) included the evaporation of water. The addition of FeCl3 promoted
cellulose hydrolysis and lowered the temperature of the initial reaction and the maximum
weight loss peak. The reason is that Fe3+ induces the hydronium ions, which attack the
glycosidic bonds of cellulose, and promotes the transfer of the glycosidic bonds of cellulose
into numerous glucose molecules as the precursor of a carbon matrix. It also promotes
the decomposition of cellulose into small molecular volatiles such as CO, CO2, H2O(g),
and HCl rather than macromolecular volatiles in the temperature stage [31]. The release of
various volatiles led to the development of abundant micropores through the continuous
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erosion of FeCl3 to CWT, with a mass loss rate of 37%. In the second stage (227–630 ◦C),
the addition of FeCl3 not only further promoted the thermal cleavage of cellulose but
also reshaped and altered the carbon structure. The newly formed iron oxides catalyzed
the formation of micropore structures, whereas Fe2O3 and Fe3O4 began to deposit on the
surface and were gradually wrapped by hydrocarbons, which was beneficial to mesoporous
development after acid pickling [32]. The mass loss rate was 27% in this stage. The third
stage (630–800 ◦C) only caused minimal mass loss (6%), which might be attributed to the
dehydrogenation of fixed carbon to generate a relatively stable structure. Also, the Fe
species might have been reduced to zero-valent [33]. The reactions of FeCl3 in different
stages are as follows:

First stage:

FeCl3 + 2H2O → FeOCl · H2O + 2HCl(g) → FeOOH + 3HCl(g) (1)

Second stage:
2FeOOH → Fe2O3 + H2O(g) (2)

6Fe2O3 + C → 4Fe3O4 + CO2 (3)

Third stage:
2Fe2O3 + 3C → 4Fe + 3CO2 (4)

Fe3O4 + 2C → 3Fe + 2CO2 (5)

Fe3O4 + 4C → 3Fe + 4CO (6)

There were also three stages in the pyrolysis process of Cu-CWT (Figure 2d). In the
first stage (20–300 ◦C), the main mass loss was attributed to water evaporation and the
hydrolysis of cellulose catalyzed by Cu2+. The mass loss rate in this stage was 36%. The
second stage (300–350 ◦C) had the most intense reaction. Cellulose was quickly thermally
decomposed in this temperature range, accompanied by the release of numerous volatile
substances. Cu2+ sped up the decomposition of cellulose and advanced the temperature to
the maximum. The mass loss rate was 33% in this stage. Cu salt was decomposed by heat in
this temperature range. The decomposition reaction is shown in Equations (7) and (8) [34]. In
the third stage (350–800 ◦C), the slow decomposition of the residues occurred after about
350 ◦C, with a mass loss rate of 10%.

14Cu(NO3)2·3H2O → 4Cu(NO3)2·2.5Cu(OH)2 + 20HNO3 + 22H2O (7)

2Cu(NO3)2·2.5Cu(OH)2 → 7CuO + 4NO2 + 5H2O + O2 (8)

As the DTG curves show, the addition of metal salts inevitably changed the pyrolysis
process of the CWTs. The maximum weight loss temperature changed from 359 ◦C for the
CWT to 219 ◦C for Cu-CWT, 141 ◦C for Fe-CWT, and 335 ◦C for Zn-CWT, indicating that
the metal salts reduced the temperature requirement for CWT decomposition, in which the
effect of Fe3+ was the most significant. Also, the pore formation of these porous carbons
was closely related to their unique pyrolysis processes.

3.2. AC Characteristics
3.2.1. Morphology

SEM was used to detect the surface morphology and aperture distribution character-
istics of the ACs (Figure 3). The surfaces of the ACs were relatively smooth and uniform,
and they had no significant pore structures. Meanwhile, after the addition of the metal
salts, the surfaces of the ACs became rough and uneven, with plenty of pore structures,
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especially on the surfaces of Zn-AC and Cu-AC. In addition, Cu-AC and Fe-AC had many
particles on their surfaces, whereas there were a few particles on the surface of Zn-AC. This
was because the Zn-related particles easily evaporated or dissolved in the hydrochloric
acid solution, whereas the Cu- and Fe-related particles were not relatively easily dissolved
in the hydrochloric acid solution [35]. The dissolution of the Zn-related particles caused
the most pores on Zn-AC.
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In the EDS spectra of the four samples shown in Figure 3, the components of AC
were mainly C and O, with wt% values of 96.63% and 3.37%, respectively. Zn-AC also
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mainly consisted of C and O, with wt% values of 89.85% and 10.15%, respectively. No Zn
was observed therein, further indicating that ZnCl2 evaporated in the pyrolysis process
or dissolved in the HCl solution during the washing period. However, the wt% value
of O increased and that of C decreased after activation by ZnCl2. This illustrates that
ZnCl2 changed the path of the cellulose decomposition, leading to more carbon-contained
gas or oil release [35]. The main elements that Fe-AC contained were C, O, and Fe, with
wt% values of 95.80%, 2.80%, and 0.98%, respectively. This shows that Fe catalyzed the
pyrolysis reaction process, part of which was still deposited on the surface of the carbon.
The components of Cu-AC were C, O, and Cu, with Cu accounting for a large proportion.
This is in accordance with what the SEM image shows.

3.2.2. Specific Surface Area and Aperture Distribution

The BET method was used to detect the specific surface areas and aperture distribu-
tions of the samples. As Table 1 shows, the specific surface areas of AC, Zn-AC, Fe-AC, and
Cu-AC were 422.95, 1621.53, 436.58, and 712.05 m2/g, respectively, showing that the cataly-
sis of metal salts increased the specific surface areas of the samples, and ZnCl2 had the best
catalytic effect in this aspect. In addition, the micropore specific surface areas represented
most of the proportion, accounting for 90.46%, 64.75%, 84.77%, and 80.73%, respectively.
This indicates that the main pore structures of the four samples were micropores, which
are generated by the gas release during the pyrolysis process. AC (without addition) had
the greatest proportion of micropores because nearly all Zn-related, partly Fe-related, and
Cu-related particles dissolved in the hydrochloric acid solution; the space these particles
occupied appeared as pores after they dissolved, mainly as mesopores and macropores.
Thereby, the more the particles dissolved, the greater the decrease in microporosity. The
total pore volumes (Vt) of AC, Zn-AC, Fe-AC, and Cu-AC were 0.17, 0.72, 0.39, and 0.24,
respectively, corresponding to micropore volumes (Vmic) of 0.15, 0.42, 0.23, and 0.13, re-
spectively. The range of these values is consistent with that of the specific surface areas,
with higher Vt values offering more adsorption sites for the target pollutant. The average
pore diameters (Dp) of the four materials were 1.63, 1.76, 2.18, and 2.18 nm, respectively.
The diameters of most heavy metals are lower than these sizes. Thus, the ACs may act as
adsorbents for the removal of heavy metals by adsorbing them into the pore structures.

Table 1. The specific surface areas and aperture distributions of the four samples.

Sample SBET
(m2/g) Smic (m2/g) Smic/SBET (%) Sext (m2/g) Sext/SBET

(%) Vt (cm3/g) Vmic (cm3/g)
Dp

(nm)

AC 422.95 382.58 90.46 40.36 9.54 0.17 0.15 1.63
Zn-AC 1621.53 1050.00 64.75 571.53 35.25 0.72 0.42 1.76
Fe-AC 712.05 603.59 84.77 108.47 15.23 0.39 0.23 2.18
Cu-AC 436.58 352.43 80.73 84.15 19.27 0.24 0.13 2.18

SBET: total specific surface area; Smic: micropore specific surface area; Sext: external (mesopores and macropores)
specific surface area; Vt: total pore volume; Vmic: micropore volume; Dp: average pore diameter.

The N2 adsorption/desorption isotherms and the corresponding pore distributions
of all samples are shown in Figure 4. Figure 4a shows that AC and Zn-AC both had
type I isotherms with no hysteresis, which is often considered a marker of adsorption in
micropores or mesopores with sizes close to those of micropores [36]. The combination
of the values of Smic/SBET further indicated that the pore structure on AC was mainly
microporous, whereas that on Zn-AC was mainly microporous and mesoporous, with the
mesopores having sizes close to those of the micropores. Meanwhile, Fe-AC had a type
II isotherm with H4 hysteresis, indicating that Fe-AC had a mixture of micropores and
mesopores; these pores were mainly narrow slit pores. Cu-AC had a type IV isotherm
with H3 hysteresis, suggesting slit-shaped pores on the surface [37]. The steep uptake of
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N2 mainly occurred at 0.1 and 0.8, implying the pores were mainly micropores and large
mesopores. The pore size distributions of the different samples are depicted in Figure 4b.
AC showed a low porosity, which was mainly associated with microporous structures.
After the addition of metal salts, the porosity of the ACs apparently increased. The order of
the porosity of the three ACs is as follows: Zn-AC > Cu-AC > Fe-AC. Zn-AC displayed rich
micropores and narrow 2 to 3 nm mesopores, and Fe-AC and Cu-AC displayed narrow 3
to 5 nm mesopores.
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3.2.3. Surface Functional Groups

FTIR spectra were used to detect changes in the surface functional groups of the
samples before and after catalysis. As shown in Figure 5a, the peak at 3448 cm−1 could
be assigned to the –OH stretching vibration of carboxyl and phenol [38]. The band near
2920 cm−1 could be attributed to the stretching vibration of C–H in –CH–, –CH2, and
–CH3 [39]. The peaks of AC and Zn-AC in this band were very weak, indicating that
they had fewer C–H groups on their surfaces, with higher degrees of carbonization and
aromatic condensation [40]. Fe3+ and Cu2+ were favorable for the formation of C–H during
pyrolysis. The peak at 1632 cm−1 could be attributed to the C–O of ketone, aldehyde, and
carboxyl [41]. The band at around 1100 cm−1 could be attributed to the C=O and C–C of
the alcohol, phenol, and carboxyl groups [42]. The intensity of the band in this area was the
strongest for Fe-AC mostly because of carboxyls and phenols. The bands located at around
600–1000 cm−1 could be attributed to the alkenes, aromatic ring structures, or inorganic
mineral components on the surface of the carbons [43]. Peaks near 586 cm−1 for Fe-AC and
near 601 cm−1 for Cu-AC appeared, which could be attributed to iron oxide and copper
oxide, respectively. This shows that there were iron oxides on the surface of Fe-AC and
copper oxides on the surface of Cu-AC.

3.2.4. Surface Molecular Structures and Atomic Valence States

The XPS spectra of the samples with different metal salts were investigated in more
detail to further explore the differences in their functional groups. The total survey spectrum
(Figure 5b) shows that the main elements of AC were C and O, with atomic percentage
values of 92.39% and 7.61%, respectively. After catalysis, Fe-AC had the elements C, O, and
Fe, and the atomic percentage values were 86.07%, 10.80%, and 3.13%, respectively. Cu-AC
had the elements C, O, and Cu, and the atomic percentage values were 79.17%, 14.04%,
and 6.80%, respectively. This indicates that Cu2+ and Fe3+ interacted with the CWTs during
the pyrolysis process, and Fe and Cu compounds attached to the surfaces of Fe-AC and
Cu-AC, respectively. Besides C and O, with atomic percentage values of 93.93% and 6.06%,
respectively, no Zn was observed in Zn-AC, further indicating that ZnCl2 evaporated
during the pyrolysis process or Zn compounds formed during the pyrolysis process totally
dissolved in the hydrochloric acid solution.



Textiles 2025, 5, 4 9 of 12

Textiles 2025, 5, 4 9 of 13 
 

 

respectively. This shows that there were iron oxides on the surface of Fe-AC and copper 
oxides on the surface of Cu-AC. 

  

  

 

 

Figure 5. FIIR and XPS curves of the four samples: (a) FTIR curves; (b) XPS total survey curves; (c) 
C1s; (d) O1s; (e) Fe2p of Fe-AC. 

3.2.4. Surface Molecular Structures and Atomic Valence States 

The XPS spectra of the samples with different metal salts were investigated in more 
detail to further explore the differences in their functional groups. The total survey spec-
trum (Figure 5b) shows that the main elements of AC were C and O, with atomic percent-
age values of 92.39% and 7.61%, respectively. After catalysis, Fe-AC had the elements C, 
O, and Fe, and the atomic percentage values were 86.07%, 10.80%, and 3.13%, respectively. 

Figure 5. FIIR and XPS curves of the four samples: (a) FTIR curves; (b) XPS total survey curves;
(c) C1s; (d) O1s; (e) Fe2p of Fe-AC.

The C1s and O1s peaks of AC and Zn-AC; C1s, O1s, and Fe2p peaks of Fe-AC; and C1s,
O1s, and Cu2p peaks of Cu-AC from the XPS spectra were used to quantitatively analyze
the evolution of the elements on the surfaces of the four samples to better understand the
role of activating reagents in the pyrolysis process. As shown in Figure 5c, the C1s peaks of
AC, Zn-AC, Fe-AC, and Cu-AC were divided into three peaks, corresponding to C–C, C–O,
and C=O, with the proportions 58.75%, 32.12%, and 9.13% for AC; 58.69%, 30.70%, and
10.61% for Zn-AC; 61.36%, 29.80%, and 8.83% for Fe-AC; and 55.87%, 34.69%, and 9.44%
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for Cu-AC. These values show that the constitution of the carbon-containing functional
groups had no obvious changes after activation.

As shown in Figure 5d, the O1s peaks of AC and Zn-AC were divided into two single
peaks, corresponding to C–O–H/C–O–C and C=O. The O1s peaks of Fe-AC were divided
into three single peaks, corresponding to C–O–H/C–O–C, C=O, and Fe3O4. The O1s peaks
of Cu-AC were also divided into three single peaks, corresponding to C–O–H/C–O–C,
C=O, and CuO. The proportion of the oxygen-containing functional groups varied with
different metal salts, which caused the pollutant adsorption capacity differences of the four
samples. As shown in Figure 5e, the Fe2p peaks of Fe-AC were divided into two doublet
peaks, showing that Fe on the surface of AC had two species. The peaks at 717.49 and
724.88 eV were attributed to the characteristic Fe (III) species, and the peaks at 711.78 and
730.29 eV corresponded to Fe (II) species, confirming the uniformly dispersed Fe3O4 on the
surface of Fe-AC.

On the basis of the FTIR and XPS analyses, it is clear that abundant acidic surface
functional groups were generated during the pyrolysis of the CWTs in the presence of
active reagents, which are favorable for the selective adsorption of pollutants. The Fe3O4

on the surface of Fe-AC and CuO on the surface of Cu-AC also added adsorption sites for
pollutant removal.

4. Conclusions
This study discussed the effects of the catalysis of Zn, Fe, and Cu salts on CWTs.

The pyrolysis properties of raw materials with different metal salts were studied, and the
surface morphologies, pore structures, and surface functional groups of the ACs (Zn-AC,
Fe-AC, and Cu-AC) were confirmed. (1) The addition of the three metal salts reduced the
decomposition temperature of the CWTs, where the effect of Fe3+ was the most significant.
(2) The ACs presented well-developed pore structures and high specific surface areas:
Zn-AC mainly possessed micropores and narrow mesopores, Fe-AC and Cu-AC possessed
micropores and mesopores, and Zn-AC had the greatest surface area, reaching 1621.53 m2/g.
(3) Abundant acidic surface functional groups (C–O–H/C–O–C and C=O) were generated
on the surfaces of the ACs, which were favorable for the selective adsorption of pollutants.
Fe-AC had the most C=O groups on its surface. Fe3O4 was generated on the surface of
Fe-AC, and CuO was generated on the surface of Cu-AC, which increased the number of
adsorption sites for pollutant removal.
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