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Abstract

In this study, ZnCl,, H3POy, and FeCl; were used as activating agents to prepare porous carbons (PC-ZnCl,, PC-H;POy,, and PC-
FeCl;) from cotton textile wastes at a relativity low temperature. The morphology and structure of carbons were characterized by
SEM and XRD demonstrating that carbons with porous property were successfully obtained. Textural properties showed that the
PC-ZnCl, possessed the largest specific surface area of 1854.70 m* g ' with mesopores domination. Both of micropores and
mesopores existed in PC-H;PO,4. Micropores were well developed in PC-FeCls, and the proportion of which was the highest. The
FTIR and pH,, analysis indicated that all the carbons had acidic characteristics, and more acid functional groups were appeared
on the PC-FeCl; than others. The different pyrolysis activation paths were proposed by the thermogravimetric analysis, which
proved that the addition of activating agents promoted the formation of pores, lowered the pyrolysis temperature of cotton textile
wastes, and inhibited the production of volatiles. The results of adsorption kinetics and isotherm revealed that PC-ZnCl,
exhibited the best adsorption capacity of Cr(VI), and chemical adsorption played a significant role. Meanwhile, surface functional
groups of porous carbons also participated in the Cr(VI) adsorption via electrostatic interaction and reduction reaction.
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Introduction

During the last few decades, masses of textile wastes were
produced. Among them, the cotton textile wastes accounted

Highlights 1. Cotton textile wastes were used to prepare porous carbon
by different activators.

2. FeCl; was a promising activating agent at a relatively low temperature
of 400 °C.

3. Different pore structure of carbons was related to their unique pyrolysis
process.
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for a large part of textile wastes. In 2013, 562 tons cotton
textile wastes were produced in China, accounting for 28%
of the stock, nevertheless, the comprehensive recovery and
utilization rate was only about 15% (Xu et al. 2018a). Many
methods were conducted to dispose textile wastes such as
direct processing and recycling. The former mainly included
landfill, incineration, and composting, while for the latter, me-
chanical, physical, chemical, and energy recovery methods were
also attempted (Karpenya et al. 2009; Wang 2010). However,
there were some shortcomings for the abovementioned methods.
It was landfill or incineration that might create serious environ-
mental problems by kinds of leachate and greenhouse gases
discharging. For the physical method, as-obtained products were
low added value and recycling rate, the high technical require-
ments were bottleneck problems to energy recovery method
(Vasconcelos and Cavaco-Paulo 2006). To deal with these prob-
lems, recently, using textile wastes as precursors to prepare
carbon-based materials was identified and carried out by some
scholars both at home and abroad (Acevedo and Barriocanal
2015; Nahil and Williams 2010).

Porous carbon was widely used in the removal of pollutants
because of'its large specific surface area and excellent adsorp-
tion capacity. Though it could be prepared by different
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traditional precursors such as coal, oil, and shell, the raw ma-
terials of non-renewable limited their development. As a kind
of textile wastes, cotton textile wastes might be the possibility
of preparing carbon materials owing to its low price, large
amount, and relative high carbon content. For instance,
Zheng et al. (2014) got the ACF from cotton woven waste
using the H;PO, as activating agent. And Wang et al. (2016)
used waste cotton fabrics as precursor and prepared a new
functional porous carbon. In the literatures, traditional chem-
ical activating agents were the priority to prepare the carbon-
based materials, but in order to obtain pore-rich porous car-
bon, the pyrolysis temperature were generally designed highly
ranged from 600 to 900 °C. Recently, to reduce the cost of
preparation of carbonaceous materials, decreasing the pyroly-
sis temperature received much concern, and low temperature
pyrolysis possessed the potential to retain more surface func-
tional groups (Hong et al. 2019; Hotova et al. 2018).

In numerous methods, chemical activation was widely
used to prepare porous carbons nowadays. Traditional
chemical activating agents included ZnCl,, H3PO,, and
KOH (Hesas et al. 2013; Ozhan et al. 2014; Zhou et al.
2014). Compared with physical activation process, chemi-
cal activation was usually used in industry to prepare high
quality porous carbon because of its short-time activation,
easily controlled reaction and larger specific surface area
products (Rodriguez-Reinoso and Molina-Sabio 1992).
Among a number of chemical activators, ZnCl, was widely
adopted in actual production for its relatively low activa-
tion temperature and low equipment requirement (Sahin
et al. 2014). H3PO,4 was also gradually taken seriously
given that the as-prepared porous carbon was strong acid-
ity and contained more oxygen-containing functional
groups at the lower activation temperature, which could
be used in waste gas and water treatment (Kuppireddy
et al. 2014). Recently, FeCl; was proved to be an excellent
emerging activator which could not only participate in the
preparation of porous carbon but also allow the iron com-
pounds to load on the sample at the same time (Oliveira
et al. 2009). In addition, it was also recognized as a poten-
tially alternative activating agent for ZnCl, by researchers
for its low price and little pollution. However, until now,
there were few studies compared the effects of traditional
chemical activating agents with novel ones on the pyroly-
sis of porous carbon at relatively low temperature. Besides,
many researches usually more focused on the properties of
resultant products, but it was seldom discussed that the
course of pyrolysis process by different activating agents.

Herein, traditional activating agents of ZnCl, and H3;PO, as
well as novel activating agents of FeCl; were used to prepare
porous carbons from cotton textile wastes. The primary objec-
tives of our study were (1) to compare the differences in phys-
icochemical properties of these porous carbons that obtained
at low temperature (400-500 °C), (2) to explore the pyrolysis-

activation behavior of cotton textile wastes in the presence of
ZnCl,, H3POy, and FeCls, and (3) to evaluate the adsorption
performance of the prepared porous carbons for Cr(VI) in
solution. Morphology, structure and surface characterization
of porous carbon were investigated through a series of char-
acterizations such as SEM, XRD, BET, and FTIR. Thermal
analysis was used to explore the different pyrolysis activation
paths of these carbons. In addition, the adsorption kinetics of
Cr(VI) were conducted, and law of adsorption was discussed
as well.

Materials and methods
Materials

Cotton textile wastes (CTW), mainly containing mixtures of
cotton warp and weft yarns scrap from production process,
was obtained from Wuxi No.l Cotton Mill (Jiangsu
Province, China). ZnCl,, H3PO,, FeCl;-6H,0, HCI,
KzCI'207, HzSO4, C3H60, C13H14N40, and HNO3 were all
analytical reagents and purchased from Sinopharm Chemical
Reagent Co. (Shanghai, China). All the solutions were pre-
pared with deionized water (Milli-Q Advantage A10,
182 MQ cm ™, Germany).

Preparation

Five grams of CTW was cut into small pieces around 3 mm in
length, and then impregnated with 25 mL solution (30% w/v)
of ZnCl, (H;PO,4 or FeCls) for 12 h at 25 °C. After that the
pretreated mixtures were placed in drying oven overnight at
60 °C, and then put into a quartz boat and pyrolyzed in the
tubular furnace (heating rate of 10 °C min~") under nitrogen
atmosphere (flow rate of 100 mL min ). The final pyrolysis
temperatures were set as 500, 400, and 400 °C for ZnCl,,
H;3POy,, and FeCl; with the residence time of 1 h. When the
reaction finished, the samples were soaked with 100 mL 10%
v/v HCI solution for 10 min and then rinsed with deionized
water to neutral. Afterwards, the resultant carbons were put
into a drying oven at 105 °C for 12 h prior to use. The porous
carbons obtained by different activating agents (ZnCl,,
H;PO,, and FeCls) and the cotton textile wastes were named
as PC-ZnCl,, PC-H3PO,4, PC-FeCl;, and CTW, respectively.

Characterization

The morphologies of samples were observed by scanning
electron microscope (Hitachi, S4800, Japan). The X-ray
diffractograms of carbons were obtained in the 20 range of 5
to 80° with a canning rate of 3°/min by a diffractometer
(Bruker, D8 Advance, Germany). Textural properties of all
the carbons were detected by an automatic gas adsorption/
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desorption measuring instrument (Quantachrome, Autosorb-
iQ-2MP, USA). The specific surface areas of the carbons were
calculated by Brunauer-Emment-Teller (BET) equation
at 77 K, while pore size distributions of which were
obtained by DFT method. Meanwhile, both of the mi-
croporous surface areas (Sp;.) and microporous volumes
(Vimic) for samples were calculated by t-plot method.
The FTIR patterns were carried out in the range of
400-4000 cm ' by an infrared spectrum (Thermo
Scientific, Nicolet iS10, USA). One gram of carbon
was added to 20 mL deionized water, and which was
put on a shaker (150 rpm, 25 °C) for 24 h. The pH of
suspension was determined and taken as pH,,. (Moreno-
Castilla et al. 2000). The processes of mass loss and
heat release/absorption of the samples were analyzed
from room temperature to 800 °C in N, atmosphere
by a thermogravimetric analyzer (PerkinElmer, STA
8000, USA).

The mixtures were denoted as CTW-ZnCl,, CTW-H;POy,
and CTW-FeCls, respectively. The yield was defined as the
mass ratio of the carbon after acid pickling to CTW, and the
equation was shown as follows:

Y(%) = m/M x 100% (1)

where Y is the yield, M is the mass of CTW(g), and m is the
mass of final carbon (g).

The content of iron in PC-FeCl; was calculated as follows:
0.1 g sample was put into muffle furnace under 600 °C for 2 h
and then the residue was digested with 25 mL, 12 mol L 'HCl
solution for overnight. The concentration of iron in the solu-
tion was detected by ICP-OES (PerkinElmer, Optima 8000,
USA).

Adsorption experiments

For the adsorption kinetics studies, 0.1 g of adsorbent was
added to 8 centrifuge tubes each containing 50 mL Cr(VI)
solution with concentration of 200 mg L™'. The pH values
of all solutions were kept at around 2.0. Then, the mixtures
were put in a shaker for 10, 30, 60, 120, 240, 480, 720, and
1440 min at 150 rpm, 25 °C. The concentration of Cr(VI) was
measured at the wavelength of 540 nm in a visible spectro-
photometer (Shanghai Precision Science Instrument Co., Ltd.,
723 N, China) by standard method (GB/T 7467-87).

The adsorption capacity of Cr(VI) at different time was
calculated by an equation as follows:

g, = (Co=C)V/m (2)

where C, and C, are the initial and different adsorption time
concentration (mg L), Vis the solution volume (L), m is the
mass of adsorbent (g), and Q, is the adsorption capacity of
Cr(VI) at different time (mg g ).

@ Springer

Pseudo-first-order and pseudo-second-order kinetic equa-
tions are used to fit the Cr(VI) adsorption processes, which are
shown as follows:

q; = qe(l_eiklt) (3)
q, = (kaqlt) - (1 + kag,t) ™! (4)

where ¢, is adsorption capacity at equilibrium time (mg g "),
q, is the amount of adsorption at time # (mg g_l), and k; and k,
are adsorption rate constant of pseudo-first-order (min~') and
pseudo-second-order (g mg ™' min™"), respectively.

For adsorption isotherm studies, similar procedures were
performed, but several initial concentrations of Cr(VI) (rang-
ing from 100 to 1000 mg L") were used for different samples.
All the samples were taken after 1440 min.

The equilibrium amount of Cr(VI) adsorbed on porous car-
bons was calculated by an equation as follows:

ge = (Co=C,)V/m (5)

The Langmuir and Freundlich isotherm models are used to
analyze the Cr(VI) adsorption behavior, which are shown as
follows:

9de = (quLCe) ! (1 +KLC€)71 (6)
qe:Kpcel/n (7)

where C, (mg g_l) is the equilibrium Cr(VI) concentration, g,
(mg g_l) is the amount of Cr(VI) adsorbed at equilibrium, g,
(mg g ") is the maximum adsorptive capability, K, (L mg ') is
the Langmuir affinity constant, and » and Kg
((mg gfl)(mg L Y are the Freundlich constants corre-
sponding to the adsorption intensity and capability,
respectively.

Results and discussion
Morphology and structure
Scanning electron microscopy

Figure 1 presents the surface morphologies of CTW, PC-
ZnCl,, PC-H5PO,4, and PC-FeCls. In Fig. 1a, the surface of
CTW was smooth without any porous channels and slits. As
shown in Fig. 1b, the formation of irregular and discontinuous
cracks was obvious in the surface of PC-ZnCl, owing to the
evaporation effect of ZnCl, during pyrolysis process and the
possible developed pores previously occupied by the ZnCl,
which was wiped off in HCl-rinsing steps (Angin 2014;
Demiral and Demiral 2008). In Fig. lc, for PC-H;PO,, the
characteristics of pores were more regular than that of two
other carbons. The ample honeycombs shaped pores with thin
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Fig. 1 SEM images of CTW (a),
PC-ZnCl, (b), PC-H3POy4 (¢), and
PC-FeCl; (d)

wall might result from the removal of poly phosphoric acid
formed during activation-pyrolysis process, and in which
H;PO,4 mainly acted as a stabilizer to inhibit shrinkage and
collapse of carbon structure (Girgis and El-Hendawy 2002;
Gonzalez-Serrano et al. 2004). Figure 1d showed that PC-
FeCl; exhibited porous morphology with disorderly and un-
systematic pores spread on the surface, and compared with the
carbon matrixes mentioned above, whose surface became
much rougher by reason of some particles adhering to the edge
or filling into the pores, which could be attributed to genera-
tion of different iron compounds derived from FeCl; (Cazetta
et al. 2016).

X-ray diffraction

Displayed in Fig. 2 are the XRD images of the porous carbons.
The results showed that PC-ZnCl, and PC-H;PO, had broad
peaks at around 20 = 25° and 43°. And the appearance of wide
peak of (002) and tiny peak of (100) belonged to the carbon
catalog that could be the incomplete development of micro-
crystal structure and disorder graphite layers formed during
the pyrolysis activation process, respectively (Cazetta et al.
2016; Duan et al. 2017). The values of dyy, for PC-ZnCl,
(0.363) and PC-H;PO, (0.370) were calculated by Braggs
equation, which were larger than that of graphite (dyg, =

0.340) (Chiu and Ng 2012), indicating the presence of
turbostratic carbon structure with randomly oriented graphitic
carbon layers (Wang et al. 2009). Particularly, the strong peak
intensity of PC-ZnCl, at 25° confirmed the degree of graphi-
tization was highest. However, the graphite peaks of PC-FeCl;
at 25° and 43° were weak and not even obvious. And the sharp
peaks observed at 20 of 17.26°, 25.00°, and 27.73° could be
from the productions of partial decomposition and reaction of

oum [l S4800,3. 0KV 8. 7men’ x50, OKISEIM):

cotton textile wastes under the effect of FeCl; in the relatively
low pyrolysis temperature. In addition, the mass of iron con-
tent in the PC-FeCl; remained around 3%, but no distinct
peaks were found. It was speculated that different types of
iron compounds might trap in or combine with the carbon
matrix, then, formed small amorphous or micro-crystalline
particles (Fu et al. 2014).

Surface characterization
Textural properties
The N, adsorption/desorption isotherms and pores distribu-

tions of all carbons are shown in Fig. 3. As shown in
Fig. 3a, the adsorption/desorption isotherms of PC-ZnCl,,

(002)
74

Intensity (a.u.)

20 30 40 50 60 70
20 (degree)

Fig. 2 XRD images of the porous carbons
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Fig. 3 N, adsorption/desorption isotherms (a) and pores distributions of porous carbons (b)

PC-H;PO,, and PC-FeCl; all exhibited an intermediate be-
tween type I and IV, indicating these samples were mainly
combined of microporous and mesoporous structures (Duan
et al. 2017). Meanwhile, appearance of type H4 hysteresis
loops at the relative pressure of > 0.4 for all carbons was
owing to the existence of slit holes (Sing 1985). And as illus-
trated in Fig. 3b, the pores distribution of PC-ZnCl, and PC-
H3PO,4 was similar, which had a relatively broad distribution
around 1.5 and 3.5 nm, exhibiting the uniform pores distribu-
tion. However, the pores of PC-FeCl; were evenly distributed
in 0-10 nm without regularity, which was consist with the
results of SEM.

Table 1 shows the surface area and pore volume parameters
of the porous carbons. The Sggt values of PC-ZnCl,, PC-
H;PO,, and PC-FeCl; were found to be 1854.70 m> g_l,
1261.68 m? g_l, and 510.20 m? g_l, manifesting that activa-
tion property of ZnCl, was the best. As to the PC-ZnCl,, the
Sext and Sey/Sprr of which were 1414.99 m* g ' and 76.29%,
denoting that ZnCl, could be beneficial to the formation of
mesopores (Angin 2014).

Compared with the others, the PC-H;PO, had the most Sp,;c
(469.18 m? gfl) and Ve (0.23 cm® gfl), along with the
smallest average pore diameters (2.89 nm). According to the
SmiC/SBET (3719%) and Sext/SBET (6218%) of PC-H3PO4,

both micropores and mesopores could be successfully induced
during pyrolysis, implying the existence of multiple activation
pathways when using H;PO, as activating agent (Carraro
et al. 2019; Wong et al. 2018).

Additionally, the Sp,;o/Sget of PC-FeCl; was larger than
that of PC-ZnCl, and PC-H3;PO,, which occupied 53.67% of
the surface area; results showed that FeCl; as activating agents
was conducive to micropores development (Xu et al. 2018b).
Meanwhile, the average pore size of PC-FeCl; was smaller
than that of PC-ZnCl,, because compared with Zn>*, Fe** has
smaller ionic radius (Oliveira et al. 2009). Moreover, the for-
mation of mesopores might be attributed to the template-like
effects of the generated iron compounds (Xu et al. 2020).

Furthermore, the yields of PC-FeCl;, PC-ZnCl,, and PC-
H3PO, achieved 34.61%, 36.02% and 37.00%, respectively. It
was concluded that all the activating agents promoted the
development of porous structure in the pyrolysis-activation
process, and then the resultant porous carbons of high surface
area were obtained with the relatively high yields.

Surface chemistry

Figure 4 displays the FTIR patterns of the carbons. As illus-
trated in Fig. 4, most peaks of PC-ZnCl, were approximate to

Table 1 Surfaces area and pore

structure parameters of the porous Sample SBgTaﬂ Smizcb . Smic/ Sex%C . Sext/SBET Vmic3Gl . D, Yield

carbons (m” g ") (m” g ") Sger (%) (m™ g ) (%) (cm” g ) (nm) (%)
PC-ZnCl, 1854.70 439.71 23.71 1414.99 76.29 0.20 3.28 34.61
PC-H;PO;  1261.68 469.18 37.19 792.50 62.81 0.23 2.89 36.02
PC-FeCl;  510.20 273.83 53.67 236.37 46.33 0.13 3.11 37.00

#The total specific surface area

® The micropore specific surface area

¢ The external (mesopores and macropores) specific surface area

d .
The micropore volume

¢ The average pore diameter
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Fig. 4 FTIR patterns of the porous carbons

that of PC-H3PO,. The broad bands at 3404 cm™' could be
assigned to the —OH stretching vibration of carboxyl and phe-
nol. Bands at 2926 cm ™' were owing to the stretching vibra-
tion of C—H in —-CH-, —CH,, and —CHj; and band at
1589 cm™ ' was attributed to C=0 of ketone, aldehyde, and
carboxyl (Shouman et al. 2013). The bands about 1000—
1300 cm ™' could be ascribed to alcohol, phenolic, or carboxyl
groups, and the bands located at around 600-1000 cm ™' were
belong to alkene or aromatic ring structure on the surface of
carbons (Kotaiah Naik et al. 2017). When it came to PC-
FeCl;, besides the peaks mentioned above, some C=0 groups
and C-O groups were found at 1685 cm™' and 1414 cm™’
(Kotaiah Naik et al. 2017; Suksabye et al. 2007). Moreover,
the intensity of band at 3404 cm ™' was strongest for PC-FeCls
due to the more carboxyl and phenol.

Majority groups above on these carbon matrices had acid
characteristics leading to the acidic surface (Li et al. 2011).
Further research on surface chemistry was carried out through
pHp,. testing. The point of zero charges with adsorbents
(pH,,.) was a point where an adsorbent has zero potential
charge on its surface, which could reflect characters of func-
tional groups on the surface of porous carbon to some extent
and show a decreasing rate with the increase of oxygen sur-
face acid groups (Villacanas et al. 2006). The values of pHp,
were 3.08 £0.2 for PC-ZnCl,, 2.02 £0.2 for PC-H5POy, and
1.96+0.2 for PC-FeCls, proving that all the carbons were
acidic characteristics consisting with results of FTIR (Fu
etal. 2014).

Pyrolysis-activation reaction

Thermogravimetric analysis was used to discuss the
pyrolysis-activation process of CTW in the present of dif-
ferent activating agents, and the rule of possible pore de-
velopment was preliminarily expounded. Figure 5 shows
the thermogravimetric (TG), differential thermogravimet-
ric (DTG), and differential scanning calorimetry (DSC)
spectra of CTW, CTW-ZnCl,, CTW-H;POy4, and CTW-
FeCl;, respectively.

In Fig. 5a, for CTW, occurrence of mass loss processes was
consisted of three stages: (1) The first stage was main moisture
removal below 200 °C with 4.8% mass loss. (2) A dramatic
mass loss (66.5%) occurred from 250 to 400 °C by the reason
of the decomposition of cellulose accompanied with volatile
release (Rufford et al. 2011). And the maximum rate of mass
loss appeared at 350 °C, which was consistent with the results
reported by Shimada et al. (2008). (3) When the temperature

Fig. 5 TG-DTG (a) and DSC (b) 100

spectra of CTW, CTW-ZnCl,, 75
CTW—H3PO4, and CTW—FCC13

T

66.5%

T~

‘rctw

OF CTW-ZnCl,

(%]
=

Derivative mass (%/min)
Heat flow endo up (W/g)
S

" CTW-H,PO,

25 'CTVY—FeCl3 .

20 [/\,\‘\_/
(b)

(a) or CTW-FeCl,

100

Temperature (°C)

200 300 400 500 100 200 300 400 500

Temperature (°C)
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Fig. 6 Schematic diagram on the pyrolysis paths of ZnCl, (a), H3;PO, (b), and FeCl; (¢)

exceeded 400 °C, almost unchanged mass loss happened on
account of the stability of solid phase carbide.

For CTW-ZnCl,, mass loss procedures mainly included
four stages: (1) The mass loss (18.8%) of CTW-ZnCl, in the
temperature ranged from 0 to 160 °C corresponding to the
evaporation of water in CTW and the dehydration effect of
ZnCl,, and endothermic reaction appeared on the DSC curve
was remarkable in Fig. 5b. (2) In the second stage, the mass
loss (12.2%) was shifted to a lower temperature (160280 °C)
in the presence of ZnCl,, which was attributable to the cata-
lytic decomposition of cellulose including hydrolysis, oxida-
tive degradation, and dehydration (Tazibet et al. 2018).
Meanwhile, swelling phenomenon occurred along with the
lateral bonds breaking in cellulose molecules in ZnCl,

100
3 3 8
Org*t---t-------@ - P
_‘l-\
"6 60 9@ PC-FeCl,
- @ PC-ZnCl,
= @ PC-H,PO,
st pseudo-first-order kinetics
pseudo-second-order kinetics
20 | . : 9 3
______ e
0 -
1 1 1 1 1 1
0 300 600 900 1200 1500

Time (min)

Fig. 7 Adsorption kinetics fitting of Cr(VI) by different porous carbons
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activation, motivating mesopores development (Yahya et al.
2015). (3) The third stage (280—400 °C) was mainly the con-
tinuous charring and aromatization processes of the carbon
matrix and pore forming, accompany with slight mass loss
(5.2%). (4) In the last stage (400-500 °C), there was another
obvious mass loss (11.8%) occurred. The carbon matrix was
rapidly ablated and restructured due to the vaporization and
decomposition of ZnCl,, developing pores by forming inter-
spaces between carbon layers and releasing low-molecular-
mass volatile compounds (Xing et al. 2019).

When the temperature was below 120 °C, the mass of
CTW-H3POy lost 9.3% because both of moisture in raw ma-
terials and H;PO,4 was evaporated. During the chemical acti-
vation with H3POy, the second stage (120-200 °C) occurred
the dehydration and linkages breaking of cellulose, and the
precursor of carbon structure formed gradually (Carraro
et al. 2019). Sustained mass loss (21.1%) was observed in
the range of 200400 °C, where the cross-link structures in
phosphate ester form generated and stable phosphate-carbon
structure formed accompanied by large amounts of heat re-
lease (Donald et al. 2011). Meanwhile, the generation of vol-
atile compounds (CO, CO,, H,O(g) etc.) derived from the
reaction between cellulose and H;PO, enhanced the formation
of micropores (Xing et al. 2019). Well-developed micropores
also have been created through the selective oxidation and
erosion of phosphoric acid. On the other hand, the expansion
of carbon structure favored the development of mesopores
(Wong et al. 2018). The remaining mass of CTW-H3;PO, (~
60%) was higher than that of CTW-ZnCl, (~50%) as to the
protection effect of H;PO,4 for CTW was better than ZnCl, in
the pyrolysis process.
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Table 2 Fitting parameters of

kinetic models for Cr(VT) Sample Geexp Pseudo-first-order kinetics model Pseudo-second-order kinetics model

adsorption by different porous

carbons mgg") glmgg) kTminh) R gmgg) ki@mg mn) R
PC-ZnCl, 8731 11.86 0.0030 0.76  86.96 0.0023 0.99
PC-H;PO, 8553 28.83 0.0030 090 8547 0.0007 0.99
PC-FeCl; 2221 14.89 0.0028 096 2232 0.0007 0.99

# The experimental adsorption capacity at equilibrium time

®The calculated adsorption capacity at equilibrium time

¢ The adsorption rate constant of pseudo-first-order

9 The adsorption rate constant of pseudo-second-order

The initial mass loss (22.87%) of CTW-FeCl; was
observed in the range of 0-130 °C on account of the
evaporation of free water and crystallization water in
CTW along with heat release. In the second stage, the
mass loss was (14.7%) shifted to lower temperatures
(130-190 °C) accompanied by the endothermic reaction
shown in Fig. 5b, as a result of the dehydration of
cotton cellulose and early development of volatiles
through the interaction between FeCly; and CTW.
FeCl;, as a Lewis acid, could induce the generation of
hydronium ion to attack the glycosidic bonds of cellu-
lose, forming numerous glucoses as the precursor of
carbon matrix (Xu et al. 2019a). From 190 to 400 °C,
with a slight mass loss (12.0%), iron species further
evolved (Egs. (8) and (9)), and carbon structure grew
accordingly (Zhu et al. 2014). It should be noted that
FeCl; could inhibit the formation of macromolecular
volatiles and conducive to the generation of CO, CO,,
H,0(g), and HCI(g) (Xu et al. 2019a). Abundant micro-
pores finally developed during the continuous erosion of
FeCl; to CTW and the release of various volatile com-
pounds.

80 |
~ @ PC-FeCl,
"on 60 |- @ PC-ZnC],
o
£ e PC-H,PO,
N’
c“f 40 | Largmuir
- - - Freundlich
- --3
20 F = b I
0 1 1 1 1 1
0 200 400 600 800

Ce (mg'L™)

Fig. 8 Adsorption isotherm fitting of Cr(VI) by different porous carbons

FeCI3 4 2H20—FeOCl - H20 + 2HCl(g)—FeOOH
+3HCl(g) T
< 330°C (8)
2FeOOH—Fe203 + H20(g) 380°C < T < 400°C  (9)

Obviously, the pyrolysis process of CTW inevitably
changed with the addition of activators. The maximum weight
loss rates of CTW-ZnCl,, CTW-H3PO,, and CTW-FeCl; were
200 °C, 155 °C, and 150 °C, respectively, while that of CTW
was 350 °C. In conclusion, the addition of activating agents
could reduce the temperature requirement for CTW decompo-
sition, in which the activation effect of FeCl; was the most
significant. And pore formation of these porous carbons was
closely related to their unique pyrolysis-activation process.
Based on the above analysis, the possible pyrolysis paths of
ZnCl,, H3PO,, and FeCl; on CTW pyrolysis were proposed
as shown in Fig. 6.

Cr(VI) adsorption
Adsorption kinetics

As exhibited in Fig. 7, the pseudo-second-order kinetics is
suitable for the Cr(VI) adsorption for different porous carbons.
The adsorption rate had a sharply increase in the first 10 min
and slowed down with the lengthening of time. It was
reflected that most adsorption sites were mainly distributed
on the exterior of the adsorbent and easier to be approached
by Cr(VI), thus achieving a more rapid adsorption equilibrium
(Yuan et al. 2009). In this process, vacant adsorption sites on
the surface of carbons and high solute concentration at the
beginning of adsorption process played a key role gradient
(Zhang et al. 2015).

As listed in Table 2, the R? of pseudo-second-order kinetics
of PC-ZnCl, (0.99), PC-H3PO4 (0.99), and PC-FeCl; (0.99)
for Cr(VI) adsorption were relatively larger than that of
pseudo-first-order kinetics. Additionally, ¢, obtained from
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Table 3 Fitting parameters of

isotherm models for Cr(VI) Sample Langmuir Freundlich

adsorption by different porous

carbons 4’ (mgg) K @Lmgh R n K (mg g Hmg LY R
PC-ZnCl, 95.12 0.015 0.99 3.01 10.438 0.94
PC-H;PO, 93.39 0.009 0.99 2.62 7.144 0.94
PC-FeCly 26.05 0.012 0.99 3.23 3.175 0.91

# The maximum adsorptive capability

® The Langmuir affinity constant

¢ The Freundlich constant corresponding to the adsorption intensity

9The Freundlich constant corresponding to the adsorption capability

pseudo-second-order kinetic were in close agreement with g-
e.exp» Which meant this model was more suitable for fitting the
experimental data. In summary, the adsorption processes of all
the samples were likely to involve chemical interactions
(Cazetta et al. 2016; Sen Gupta and Bhattacharyya 2011). It
was notable that the equilibrium adsorption capacity of PC-
ZnCl, (86.96 mg g~ ') was close to PC-H;PO, (85.47 mg g 1),
meanwhile, larger than that of PC-FeCl; (22.32 mg g ).
Besides, the rate constant of adsorption (k;) followed the pat-
tern of PC-ZnCl, > PC-H3;PO,4 = PC-FeCls, implying the re-
moval rates of Cr(VI) for PC-ZnCl, was much faster than that
of PC-H;PO4 and PC-FeCls.

Adsorption isotherm

As shown in Fig. 8 and Table 3, Langmuir and Freundlich
models were used to further explain the adsorption process.
Based on the R? values, the Langmuir model was suitable to
describe the adsorption of Cr(VI) onto PC-ZnCl,, PC-H3POy,,
and PC-FeCls, suggesting that the adsorption process corre-
sponding to monolayer adsorption manner on the homoge-
neous surface of these porous carbons (Tian et al. 2019).
The adsorbed amount of Cr(VI) gradually increased at a lower
solution concentration, and then reached the saturated adsorp-
tion at a higher equilibrium solution concentration. The

adsorption capacity for Cr(VI) of PC-ZnCl, (95.12 mg L),
PC-H;PO, (93.39 mg L"), and PC-FeCl; (26.05 mg L")
were comparable to other waste-based carbonaceous adsor-
bents reported in the literature for Cr(VI) adsorption
(Table 4), suggesting the feasibility of employing ZnCl,,
H;PO,, and FeCl; as activating agents to prepare cotton textile
wastes-based porous carbons for Cr(VI) removal from aque-
ous solutions.

The large specific surface area and highly porosity of po-
rous carbons provided numerous active sites, which were con-
ductive to the excellent adsorption of Cr(VI) by pore filling
(Zhu et al. 2014). Besides, the surface functional groups of
porous carbons formed during pyrolysis participated in the
Cr(VI) removal as well. Conjectured from the FTIR results,
C-H, O-H, C-0, and C=0 were widely distributed on car-
bons surface. O—H groups could be protonated in the strongly
acidic solutions and then favored the adsorption performance
by combining with the negative HCrO, and Cr,0,% (the
main formation of Cr(VI) in solution at pH 2) (Sawalha
et al. 2007; Suksabye et al. 2007). During the Cr(VI) adsorp-
tion process, C—H on carbons surface was oxidized to C-O
and it could be further oxidized to C=0, contributing the re-
duction reaction from Cr(VI) to Cr(IIl) at the same time (Xu
et al. 2019b). With the most surface functional group content
obtained during low temperature pyrolysis, PC-FeCl; could

Table 4 Comparison of the maximum Cr(VI) adsorption capacities of different adsorbents

Adsorbent Adsorption capacity (mg gfl) Reference

Combretum quadrangulare Kurz-carbon 1.68 (Maneechakr and Karnjanakom 2017)
Coconut shell-carbon 10.88 (Babel and Kurniawan 2004)
Bamboo bark-carbon 19.53 (Zhang et al. 2015)

Sugar beet pulp-carbon 24.2 (Altundogan et al. 2007)

Terminalia arjuna nuts-carbon 28.43 (Mohanty et al. 2005)

PC-ZnCl, 95.12 This study

PC-H3PO4 93.39 This study

PC-FeCly 26.05 This study
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removal Cr(VI) effectively. Meanwhile, these surface func-
tional groups affected the pH,,. of porous carbon. It was gen-
erated to know that when pH,,,. > pH, the net charge on the
surface of porous carbon was positive favoring the adsorption
of anion, and when pH,,,. < pH, the net charge on the surface
of the porous carbon was negative in favor of the cation ad-
sorption (Faria et al. 2004). Based on values of pHy,., in
comparison to PC-FeCls, the PC-ZnCl, and PC-H3;PO,4 had
stronger electrostatic adsorption for Cr(VI) adsorption while
HCrO, and Cr,0,* were the predominant species at pH 2
(Anandkumar and Mandal 2009).

Conclusion

In this study, morphology, structure, surface characterization,
and pyrolysis activation paths of the porous carbons derived
from cotton textile wastes by different activating agents
(ZnCl,, H3PO,, and FeCls) were confirmed. (1) The cotton
textile wastes-based porous carbon possessed with well-
developed pore structure, high yield, and high specific surface
area through the activation of different activating agents. (2) The
PC-ZnCl, displayed the highest surface area, which could reach
1854.70 m* g . The PC-H;PO, possessed micro-mesoporous
structure, while the proportion of micropores in PC-FeCl; was
the highest. (3) The cotton textile wastes-based porous carbon
mainly presented acidic property as a result of the formation of
numerous acid functional groups promoting the adsorption of
cations and heavy metals. Among them, PC-FeCl; possesses
most acid groups. (4) The activating agents lowered the pyrol-
ysis temperature of cotton textile wastes, inhibited the produc-
tion of volatiles and promoted the formation of pores. In addi-
tion, the differences of pore features were closely related to their
unique pyrolysis-activation process. (5) The maximum adsorp-
tion capacities of PC-ZnCl,, PC-H;POy,, and PC-FeCl; toward
Cr(VI) were 86.96, 85.47, and 22.32 mg g ', respectively. The
adsorption process was mainly involved pore filling, electrostat-
ic interaction, and reduction reaction as to the large surface arca
and surface functional groups.
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