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Abstract

Char-based adsorbents (char-FeCls, char-FeCl,, and char-FeCit) derived from cotton textile waste (CTW) were synthesized by
one-step low-temperature pyrolysis approach with different iron salts. The properties of the samples were conducted by BET,
SEM, EDS, XRD, XPS, TEM, and FTIR. The results suggested that the surface areas of char-FeCl; and char-FeCl, were higher
than those of char-FeCit. The presence of Fe,O5 as well as pyrolysis gas (HCI (g) and H,O (g)) could catalyze the formation of
porosity. Meanwhile, FeCl; showed the strongest catalysis effect to decompose cellulose to produce char. The pyrolysis process
analysis was investigated by means of thermogravimetry-DSC. FeCl; and FeCl, could accelerate the breakage of cellulose
structure whereas FeC¢HsO; was not beneficial to form char at low temperature as the incomplete decomposition of citrate.
The adsorption property of Cr(VI) for the chars was evaluated. Adsorption processes were fitted well with the Freundlich model,
and char-FeCl; presented the best adsorptive capacity (70.39 mg/g). Thus, this low-temperature pyrolysis method was econom-

ical and technologically simplified as well as efficient adsorption capacity of Cr(VI) removal.
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Introduction

Activated carbons have been widely applied as the excellent
adsorbents in the water treatment. Traditional activated car-
bons are produced from coal (Cuhadaroglu and Uygun 2008)
and wood (Acharyaa et al. 2009) which are expensive and
nonrenewable source. In order to overcome the limitation of
exhaustible resources, waste materials have attracted much
attention to replace conventional raw materials, such as denim
fabric waste (Silva et al. 2018), acrylic textile waste (Nahil and
Williams 2010), and polyacrylonitrile (Dong et al. 2015).
Particularly, cotton textile waste (CTW) contains cellulose
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with high-carbon content as a great potential alternative
(Chiu and Ng 2012) and cotton-based adsorbent was used in
the adsorption of dyes (Chiu and Ng 2012), heavy metal
(Muxel et al. 2011), and pharmaceuticals (Sun et al. 2012) in
the water treatment as carbon materials.

Commonly, activated carbon is synthesized by physical
and chemical activation methods. Physical treatment consists
of carbonization and activation, two steps with an activating
gas such as CO, (Daud and Ali 2004) or steam (Gonzélez
et al. 2009). However, physical treatment requires relatively
high activated temperature between 800 and 1000 °C. In
chemical activation method, some chemical agents including
H;PO,4, KOH, and ZnCl, are the most representative activa-
tors (Angin 2014; Dutta et al. 2011; He et al. 2016). But,
traditional chemical activation also has some drawbacks that
contain the damage of equipment resulted from acid or alkali
corrosion and high toxicity, which even cause the problem of
environmental pollution (Luo et al. 2016). Recently, iron salts
are viewed as a novel chemical activator owing to inexpensive
and lower toxicity than other chemical agents. In particular,
FeCl; is considered as the most studied activator, which not
only have its advantages of catalysis and dehydrogenation but
also could bring about remarkable developed porosity (Bedia
et al. 2018). Beside, FeCl, as the catalyst could enhance
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et al. 2018). Beside, FeCl, as the catalyst could enhance py-
rolysis of raw materials and production of carbon by reported
by Wang et al. (2007). However, activated carbon prepared by
Fe(NO3); and Fe,(SO,4); exhibits relatively lower porosity
than FeCl; and FeCl, due to the presence of chloride ions.
In addition, organic iron salts like ferric oxalate (FeC,04)
and ferric citrate (FeCgHs0-) (Fu et al. 2014) showed different
activation pathways. Moreover, FeCsHsO- is not harmful to
human and is used in photocatalysis research but it is not
studied too much as a chemical activator (Wang et al. 2014).

It is widely accepted that activated method required prepa-
ration of the adsorbent at relatively high temperatures (>
600 °C). The utilization of low-temperature method has the
potential to save energy consumption and be more economi-
cal. It was reported that preparation of activated carbon with
ZnCl, at 400 °C shows good surface area and good adsorption
to remove Cr(VI) (Rangabhashiyam and Selvaraju 2015a).
Kanungo and Mishr (1996) reported that the dehydration of
FeCl; began at around 40 °C, and then decomposition hap-
pened at 100 °C, followed by the formation of Fe,O5 during
the pyrolysis process. Inspired by transition of iron phase in
the range 0f 40 °C to 300 °C, the feasibility of activated carbon
prepared by iron salts at low temperature could be studied. In
addition, the mechanism of graphite oxide activation treated
by KOH has been investigated below 500 °C (Wu et al. 2016)
and Fe?* has comparable catalysis during the cellulose pyrol-
ysis process with K* (Wang et al. 2007). On the other hand,
carbon contains more C—O and C-H functional groups at low
temperatures (300~400 °C) which could provide a platform
for removal of adsorbate (Shen and Fu 2018). Hence, three
kinds of'iron salts (FeCls, FeCl,, and FeCsHsO-) were used as
the representative activators to prepare cotton textile waste—
based carbon materials at low pyrolysis temperature.

Chromium is commonly used in industries such as leather,
metal plating, battery, and textile (Duranoglu et al. 2012).
Cr(VI) could transmigrate freely into the ecosystem and or-
ganism because of its high solubility and high mobility in the
form of HCrO*™ and CrO,* (Liang et al. 2019). It has been
noted that Cr(VI) does great harm to human health and has
even caused cancers (Salnikow and Zhitkovich 2008). Several
methods have been investigated for the removal of Cr(VI),
such as ion exchange (Lin and Kiang 2003), biological pro-
cess (Kumar et al. 2008), extraction (Akama and Sali 2002),
and adsorption (Zhang et al. 2015b). Compared to other
methods, due to higher efficiency, easier application, and low-
er cost, the adsorption can be considered as a widely used and
promising technique (Liu et al. 2012).

In this study, iron salts were employed to produce the chars
derived from CTW via the low-temperature pyrolysis method.
The characteristics of chars synthesized by inorganic and or-
ganic iron salts were studied by Brunauer-Emmett-Teller
(BET), XRD, X-ray photoelectron spectroscopy (XPS), scan-
ning electron microscopy (SEM), transmission electron

microscopy (TEM), and FTIR. Thermogravimetry (TG)-
DSC was used to further analyze the effect of inorganic and
citrate iron salts on the formation of the chars. Finally, adsorp-
tion experiments of Cr(VI) were conducted to evaluate the
adsorption efficiency of the prepared chars.

Materials and methods
Chemical and materials

CTW was collected in Wuxi, Jiangsu Province, China. Ferric
chloride hexahydrate (FeCly-6H,0), ferrous chloride
tetrahydrate (FeCl,-4H,0), ferric citrate (FeC¢gHs0O), hydro-
chloric acid (HCI), nitric acid (HNOj3), sodium hydroxide
(NaOH), and potassium dichromate (K,Cr,0,) were pur-
chased from Sinopharm Chemical Reagent Co., Shanghai,
China. All experiment procedures were performed by using
deionized water (Milli-Q Advantage A10, USA).

Preparation

The CTW was firstly rinsed through deionized water to re-
move impurities and dried at 50 °C overnight. And CTW was
cut into the size of 0.5~1 cm and fully impregnated with
25 mL solutions of different iron salts (FeCl;, FeCl,, and
FeCgHs0-) in a mass ratio of 3:1 (iron salts:CTW) at 60 °C
in a drying oven for 24 h, respectively. Then, these dried
mixtures were pyrolyzed at 300 °C for 60 min with a heating
rate of 10 °C/min under N, flow of 100 mL/min in a furnace
and the samples were cooled to room temperature. After that,
the samples were soaked in 50 mL boiling HCI solution
(1.2 mol/L) and washed with deionized water until the pH of
elution was close to neutral. Finally, the resulting chars were
dried at 80 °C for 12 h and the prepared chars obtained by
FeCls, FeCl,, and FeC4HsO- were denoted as char-FeCls,
char-FeCl,, and char-FeCit, respectively.

Characterization

The surface area and porosity of chars were investigated with
nitrogen adsorption/desorption isotherms at 77 K using a sur-
face area analyzer (Autosorb-iQ 2MP; Quantachrome, USA).
The surface area was calculated using the BET equation, and
the pore size distributions were calculated by density function-
al theory (DFT). The total pore volume was defined at the
relative pressure (P/Py) of 0.99. The crystal structures of chars
were acquired using powder XRD patterns over a wide range
of angles from 10 to 90° (D8 ADVANCE; Bruker, Germany).
XPS was carried out using a Kratos Axis Ultra spectrometer
with a monochromatic X-ray source of Al K« operation. The
surface morphologies of CTW as well as chars were analyzed
by a scanning electron microscope (S4800; Hitachi, Japan),
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and energy-dispersive spectrometry (EDS) spectrum was ob-
tained by an energy-dispersive spectrometer (EDAX; Genesis,
USA). TEM images of chars were performed by a TEM in-
strument (Tecnai-G2-F20; FEI, USA). The surface functional
groups of samples were explored by a FTIR spectrometer
(iS10; Nicolet, China) ranging from 4000 to 400 cm '. The
pyrolysis characteristics of CTW and mixtures of CTW with
iron salts (CTW + FeCl;, CTW + FeCl,, and CTW + FeCit)
were performed using a TG analyzer (STA 8000;
PerkinElmer, USA).

Adsorption experiments

To evaluate the effect of initial pH, 0.1 g of char was added
into the Cr(VI) solution (50 mL, 150 mg/L) and the pH values
were adjusted to 2~12 with HNO; (0.1 mol/L) and NaOH
(0.1 mol/L). The prepared solution was agitated at a speed of
150 rpm at 25 °C for 12 h. After that, the mixture was passed
through a 0.45-pum filter and the concentration of filtered li-
quor was analyzed by a UV—vis spectrophotometer (Jingke/
UV-754, China). The adsorbed capacity of Cr(VI) was calcu-
lated using Eq. (1)

g, = (Co=Ce) - V/m (1)

where Cj and C, (mg/L) are the initial and equilibrium con-
centrations of Cr(VI), respectively; V (L) is the volume of
Cr(VI) solution; and m (g) is the weight of adsorbent.

The adsorption kinetics of Cr(VI) onto chars were studied;
0.2 g of char was mixed with Cr(VI) solution (100 mL,
150 mg/L, initial pH of 2.0) in centrifuge tubes and oscillated
at 25 °C with 150 rpm. The concentration of Cr(VI) solution
was measured at disparate time periods (10 min, 30 min,
60 min, 120 min, 240 min, 480 min, 720 min, and 1440 min).

The adsorption isothermal model of Cr(VI) onto chars was
analyzed; 0.1 g of char was introduced into the Cr(VI) solution
(50 mL, 80~300 mg/L, initial pH at 2.0). After 12 h of oscil-
lation at different temperatures (15 °C, 25 °C, and 35 °C), the
concentration of Cr(VI) solution was measured.

Results and discussion
The N, adsorption/desorption isotherms

The N, adsorption/desorption isotherms and pore distribu-
tions of the chars are depicted in Fig. 1. As shown in
Fig. la, according to the IUPAC classification, the N,
adsorption/desorption isotherms of both char-FeCl; and
char-FeCl, exhibited type II with H3 hysteresis loops illustrat-
ing the presence of micropores and a large number of
mesopores (Bai et al. 2012). For char-FeCit, the isotherm
showed almost a straight line with the lowest adsorption
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capacity, leading to the relatively low specific surface area
and pore volume. According to Fig. 1b, char-FeCl; and
char-FeCl, had both a small number of micropores and the
medium pores with the main proportion, especially between 8
and 25 nm. The porosity of char-FeCl, was comparable to that
of char-FeCl; due to their similar catalytic effect (Wang et al.
2008). Meanwhile, the pore volume of char-FeCl; was dis-
tinctly greater than that of char-FeCl,. Besides, char-FeCit
displayed the lowest porosity which almost had no micropores
and mesopores. It could be assumed that the great different
properties in three samples were related to disparate
thermolysis of inorganic iron salts and iron citrate which have
an effect on the CTW (Rudneyv et al. 2018).

Furthermore, char-FeCl; presented the maximum surface
area (78 m?/g) and the largest total pore volume (0.315 m*/g)
among the three samples. The obtained surface areas were
comparable to the biochars reported by Hanoglu et al.
(2019) (26.4 mz/g) from textile fibers. Char-FeCl; exhibited
the multifarious porosity because some iron species might
form to develop a pore structure during the pyrolysis process
(Oliveira et al. 2009). The BET surface area and total pore
volume of char-FeCl, were 43 m*/g and 0.119 m*/g, respec-
tively, indicating that the addition of FeCl, could also
strengthen the generation of pores during the pyrolysis pro-
cess of CTW. Besides, the yield of char-FeCl, (48.6%) was
higher than that of char-FeCls (43.9%). However, char-FeCit
displayed the lowest BET (13 mz/g) and the lowest Vi
(0.033 m*/g).

XRD and XPS

To understand the effect of iron phase evolution on the pyrol-
ysis process, Fig. 2 illustrates the XRD patterns of chars be-
fore acid washing. The diffraction pattern of char-FeCl; was
found to be similar to that of char-FeCl,. The patterns of char-
FeCls and char-FeCl, showed the peaks at 26 of 15.7°, 20.5°,
37.7°, 38.8°, 42.2°, 43.4°, 51.8°, 57.8°, and 67.5° were
assigned to FeCl,-2H,O0; the peaks at 20 of 32.4° and 33.6°
were attributed to the Fe,O5 particles; and the peaks at 26 of
31.2° were ascribed to FeOOH (Liu et al. 2014). These results
suggested that the char might occur in the following reactions
((2)—(4)) (Cazetta et al. 2016):

40~110°C : FeCls 4+ 6H,0—Fe(OH); + 3HCI ()
110~200°C : Fe(OH), + 3H"—FeOOH + H,0 (3)
200~300°C : FeOOH—Fe,05 + H,0 (4)

The reactions showed that Fe(OH); was caused by the hy-
drolysis of FeCls, and then converted to FeOOH at the pyrol-
ysis temperature around 100 °C. Next, Fe,O; was produced
from FeOOH when the char was heated to 200 °C. It was
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Fig. 1 a N, adsorption/desorption isotherms of the chars. b Pore distributions of the chars

proved that iron compounds had loaded on the interior pore
structure of char-FeCl; and catalyzed to form char at a low
temperature of 300 °C. Meanwhile, the reduction of FeCls-
6H,0 to FeCl,-2H,0 together with HCI gas was generated
to catalyze pore structure (Nicolas Louvain et al. 2013;
Oliveira et al. 2009).

Furthermore, it was observed in char-FeCl, that the peak of
FeCl,-2H,0 was caused by dehydration of FeCl,-4H,0. In
addition, dehydrochlorination of FeCl,-4H,0 was transformed
to FeOOH and further formed into Fe,O; species. The obser-
vation established that the diffraction intensity of char-FeCl,
was stronger than that of char-FeCl;, which probably was at-
tributed to the better impregnation of FeCl, (Ohmukai et al.
2008), whereas the pore volume of char-FeCl; was better than
that of char-FeCl, in Fig. 1b, which is mainly due to the stron-
ger catalysis from Fe>* (Liu et al. 2009).

In contrast, the pattern of char-FeCit demonstrated the
peaks at 260 of 29.5° and 43.2° were attributed to Fe;Oy; the
peaks at 26 of 30.0° and 60.5° were assigned to FeOOH; and
the peaks at 20 0f 40.0° and 57.8° were ascribed to Fe,O3. The
results implied that the decomposition of FeCsHs0~ led to the

A FeCL-2HO0 & Fe,0, —— Char-FeCl,
V Fe,O, e FeOOH —— Char-FeCl,
Char-FeCit
~ [ o VO S S
3 -
&
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&
]
=
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Fig. 2 XRD patterns of the chars

formation of FEOOH and further decomposition and conver-
sion into Fe;04 species. The converted Fe;O,4 played an acti-
vated role which facilitated the further formation of pore
(Zhang et al. 2016).

XPS survey was performed that aimed at the surface of
chars before pickling as shown in Fig. 3a—c. For char-FeCl,
and char-FeCl,, two samples had similar characteristic peaks.
The peaks at the binding energy of 710.97 eV and 724.07 eV
were ascribed to Fe(Ill) 2ps,, and Fe(Ill) 2p,,,, respectively.
And of the two chars, the peak at 715.12 eV was the satellite
peak of Fe(Ill) 2ps3,. At the same time, Fe(Il) 2p,, was ob-
served at the peaks of 729.47 eV which was coincided to
FeCl,. Moreover, the peaks at 710.97 eV and 724.07 eV can
be corresponding to Fe,03 (Ohmukai et al. 2008).
Additionally, it was estimated that the Fe(IlI) and Fe(Il) area
ratio was about 7:1 which corresponded to relative Fe,O3 and
FeCl, contents of char-FeCl; and char-FeCl,. It was con-
firmed that Fe,O3 was mainly produced by the decomposition
of FeCl;'6H,0 or FeCl,4H,0, then further impacting the
pore development of chars. Oppositely, the peak positions of
Fe 2ps3, and Fe 2p;, are 711.27 eV and 724.57 eV, respec-
tively, which were signed to the Fe;O, in the char-FeCit (Mills
and Sullivan 1983). The composition of iron compounds was
further determined by XPS analysis. Herein, it was confirmed
that the decomposition of inorganic iron salts could induce the
formation of Fe,O3, while the ferric citrate pyrolysis resulted
in the existence of Fe;0y,.

SEM and TEM

The surface morphology was shown by SEM for the compar-
ison of the chars after acid washing. It could be clearly ob-
served in Fig. 4a that raw CTW gave a smooth and soft surface
without any pores in its structure. After pyrolysis, the chars
exhibited pore structure, indicating that the low-temperature
(300 °C) pyrolysis process could led to the development of
porosity of raw materials as shown in Fig. 4b—d.
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Fig. 3 XPS Fe 2p spectra of a char-FeCls, b char-FeCl,, and ¢ char-FeCit

a rough and accidented surface, and the char-FeCl; appeared
to have more abundant multiholes than char-FeCl, which con-
tributed to the increase of the surface area of char-FeCls. The
observed results could be explained that FeCl; had a stronger
effect on the decomposition of cellulose of CTW, facilitating
the development of better pore channel (Liu et al. 2009).
Besides, CI' would combined with chars and cross-linking
reactions occurred during the pyrolysis process of CTW with
FeCl; or FeCl, (Xu et al. 2019). As can be seen in Fig. 4d,
char-FeCit showed an entirely different morphology, and the
agglomeration phenomenon with the irregular cavity character
was observed. The porous structure of char-FeCit was under-
developed presumably due to the insufficient pyrolysis tem-
perature to decompose citrate and impact the pyrolysis of
CTW (Bao et al. 2019).

The SEM-EDS images in Fig. Sa—c display that the C con-
tent occupied the dominant location (63.99~79.77%), demon-
strating that it was feasible to produce chars at the low-
temperature approach. And, a low content of iron existed
when iron oxide was loaded on the surface of the three chars
after acid washing and iron compounds were covered by chars
on the surface’s pore structure successfully (Zhang et al.
2015a). The oxygen content mainly came from functional
groups of corrupted cellulose as well as formed iron oxide
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particles. And, the char-FeCit existed incompletely
decomposed citrate which displayed the highest oxygen
content.

Figure 6 depicts the TEM image to further characterize the
morphologies of the char after acid washing. Some channels
of char-FeCl; and char-FeCl, had appeared and tended to have
an amorphous structure owing to the release of volatiles dur-
ing the pyrolysis process as shown in Fig. 6a and b. The
change of iron phase could increase the porosity during the
catalytic pyrolysis process. Additionally, it was noticed that
char-FeCl; possessed more chaotic and compact than char-
FeCl,. It was due to that Fe®* had lower accessibility for car-
bonization of CTW at low temperature (Hamid et al. 2015).
However, it was observed in Fig. 6¢ that few evident bright
spots were determined which were assigned to pore structure.
The accumulation of iron particles was spread throughout into
char-FeCit.

FTIR

Figure 7 presents FTIR spectra of the chars which could ana-
lyze the surface functional groups. The bands at around
3428 cm ! of char-FeCl; and char-FeCl, and at 3372 cm ! of
char-FeCit were ascribed to the O—H stretching vibration of
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Fig. 4 SEM images of a CTW, b char-FeCls, ¢ char-FeCl,, and d char-FeCit

3428 cm ! of char-FeCl; and char-FeCl, and at 3372 cm ' of
char-FeCit were ascribed to the O—H stretching vibration of
carboxyl and phenol groups. And, a portion of O-H groups
was derived from FeOOH and FeCl,-2H,0. Besides, the func-
tional groups of O—H vibration might be involved in the ad-
sorption of metal ions as a participant (Rangabhashiyam and
Selvaraju 2015b). The band at between 2920 cm ' and
2900 cm ' was assigned to the C—H stretching vibration of
aromatic ring. The band of 1700 cm™' was associated to the
C=0 vibration of char-FeCl; and char-FeCl, in esters or car-
boxylic groups. Moreover, the band of 1046~1293 cm™' was
attributed to the C—O vibration and the C=C vibration of aro-
matic ring was presented at the band of 1590 cm ™' (Nahil and
Williams 2010; Sun et al. 2012). The stretching vibration of C—
O groups in char-FeCl; and char-FeCl, obviously became
weaker that corroborated the cellulose from CTW which mostly
decomposed and tended to carbonization (Tang et al. 2016).
Besides, the band at 670 cm ™' was ascribed to the C—Cl groups,
indicating that the char-FeCl; and char-FeCl, might form a C—
Cl bond to grow cross-linking reaction (Lee et al. 2014).

Thermal behavior by TG-DSC analysis

To understand the thermal behavior of the three prepared chars,
TG was performed. Figure 8 a—d displays the TG-DSC curve of

1:00upt’ S4800 3.0kV 8.7mm x50.0K'SE(M)

CTW and mixtures of CTW and iron salts (FeCl;, FeCl,, and
FeC4Hs0O-) under nitrogen to analyze the relation between
CTW and iron salts. The TG of CTW (Fig. 8a) could be divided
into two stages in the temperature ranges of 0~400 °C. At the
primary process below 235 °C, there was the evaporation of
moisture mainly with a slight weight loss. The second process
with a mass loss of 66.5% was the main pyrolysis process
between 235 and 400 °C, attributing to a large number of the
collapse of cellulose chains which is accompanied with the
release of volatile gases (Mostashari and Mostashari 2008).
The DSC enabled to find the endothermic peak at 215 °C which
was due to the loss of moisture.

After adding iron salts, it is shown vividly in Fig. 8b—d that
the pyrolysis temperature of weight loss is significantly differ-
ent. For the TG curve of CTW + FeCl; (Fig. 8b), there were
three weight loss steps. The initial weight loss (23.5%) at
0~152 °C was considered for removal of water from CTW,
corresponding to an endothermic peak at 97 °C in DSC curve.
It was suggested that the addition of FeCl; promoted the loss of
water molecules from CTW. The second weight loss (11.5%) in
the range of 152~190 °C occurred in which Fe®* entered the
CTW, then strongly fractured the hydrogen bond and glycosid-
ic bond between cellulose (Li et al. 2015), being assigned to the
endothermic peak of DSC curve (165 °C). And, the release of
H>0 molecule was derived from reduction of FeCl;-6H,O to
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Fig. 5 SEM-EDS spectrum of a char-FeCl;, b char-FeCl,, and ¢ char-FeCit

FeCl,-2H,0 at this temperature stage (Li et al. 2011). The de-
creasing weight loss was attributed to decomposition of CTW,
breaking the structure of the cellulose. And, the volatile matters
escaped and left the space in the char matrix. Compared to the
TG of CTW, the images provided some interesting finding that
the initial pyrolysis temperature was advanced significantly

from 235 to 152 °C, which indicated that FeCl; led to acceler-
ation of the decomposition of cellulose and the pore develop-
ment was advanced (Rufford et al. 2011). The last stage with
the mass loss of 7% at the temperature range of 190 °C and
400 °C had further the decomposition of CTW as well as the
production of pyrolysis gas (HCI (g) and H,O (g)). The slope of

Fig. 6 TEM images of a char-FeCls, b char-FeCl,, and ¢ char-FeCit
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TG curves became smooth, and the transition of iron phase was
caused by the decomposition of FeCl,-2H,O to Fe,O5; (Zhu
et al. 2014), which was in accordance with the XRD patterns
of char-FeCl; (Fig. 2). The existence of Fe,O3 species was
favorable to catalyze pore structure during the catalytic pyrol-
ysis process (Gong et al. 2009). All of these indicated that
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doping with FeCl; as a catalyst accelerated the pyrolysis pro-
cess of CTW and change the characteristics, creating a pore
structure of char-FeCls.

From Fig. 2¢, the TG of CTW + FeCl, showed three stages.
A weight loss of 10% occurred at 0~146 °C which can be
attributed to moisture evaporation. The next weight loss of
13.2% was observed between 146 and 204 °C owing to the
decomposition of cellulose. It was indicated that FeCl, could
be used as a catalyst and was beneficial to the decomposition
reaction during the pyrolysis process (Yuan et al. 2010).
Furthermore, the loss of mass was about 7.6% at the temper-
ature of 204~400 °C which was ascribed to transformation of
FeCl, to Fe,O5 to facilitate the formation of chars (Nicolas
Louvain et al. 2013). In DSC, the initial endothermic peaks at
143 °C belonged to removal of water molecule and the second
endothermic peak at 192 °C belonged to decomposition of
CTW. The use of ferrous chloride could lead to the disruption
of the intermolecular hydrogen bond of cellulose (Yu et al.
2011). When cellulose was decomposed at 146~400 °C, it
promoted the release of volatiles and decomposition of
CTW because of the addition of FeCl,; in the meantime, the
cellulose had trended to collapse to form pore channel.
Furthermore, CTW + FeCl; and CTW + FeCl, had the same
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Fig. 8 TG-DSC curves of a CTW, b CTW + FeCl;, ¢ CTW + FeCl,, and d CTW + FeCit
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trend during the mass loss process. And, the endothermic peak
of CTW + FeCl, became stronger in comparison with that of
CTW + FeCls, which was related to the stronger cleavage
degree of cellulose bonds (Hamid et al. 2015). In a word, it
was confirmed that FeCl, played an advantageous role in de-
veloping char in the pyrolysis process.

The TG of CTW + FeCit in Fig. 8d had three weight loss
steps. In the first step, the weight loss (10%) was ascribed to
liberation of absorbed water in the temperature range of 0 °C
and 194 °C. In addition, volatilization of crystalline water led
to the appearance of endothermic peaks at 114 °C. Compared
with the formers, the initial mass loss temperature of CTW +
FeCit possibly resulted from the complexation between Fe**
and C4HsO;>~ in aqueous solution (Balachandran 2014),
inhibiting the decomposition of ferric citrate. The main weight
loss corresponded to the decomposition of FeCit and transla-
tion to citraconic and itaconic anhydrides through decarbox-
ylation and dehydration in steps 2 (194~340 °C) and 3
(340~400 °C) (Zhu et al. 2017). The endothermic peak at
218 °C was attributed to the decomposition of CTW. The
decomposition of FeCit involved many complex chemical re-
actions at 300 °C, and the final decomposition product could
be corresponded to the organic acids and Fe;O,4. The mass
loss behavior of CTW with citrate salts appeared to be
similar to the results proposed by Zhou et al. (2012) using
calcium citrate as the carbon source to prepare porous carbon.
Thus, it was suggested that citrate was mainly converted to
organic acids before 300 °C and had weak ability to break the
structure of cellulose, then decompose CTW at the pyrolysis
temperature of 300 °C. The result showed that char-FeCit
formed poor pore structure.

Adsorption capacity assessment
The effects of initial pH

The effects of initial pH on the removal of Cr(VI) onto chars
are displayed in Fig. 9. The adsorption capacity of Cr(VI) was
dependent on initial pH, and the highest removal efficiency
was obtained at pH 2. As the pH increased, the predominant
ion was HCrO, which gradually converted to CrO4* and
Cr,04% on the adsorption reaction. In addition, the increased
negative charge density with the higher OH ions hindered the
diffusion of Cr(VI) ions (Liu et al. 2012). Therefore, the effi-
ciency of removal for Cr(VI) declined obviously from pH 4 to
12 due to the electrostatic repulsion between the surface of
chars and CrO,>~ (Goswami et al. 2014).

Adsorption kinetics
The kinetic models were analyzed using both the pseudo-first-

order and the pseudo-second-order models by the following
equations ((5) and (6)):
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Fig. 9 Effects of initial pH on Cr(VI) adsorption onto chars

Pseudo-first-order model equation

q: = qe(l_eiklt) (5)
Pseudo-second-order model equation
q, = (kaget) /(1 + kage) (6)

where ¢, and ¢, (mg/g) are the adsorption amounts of Cr(VI) at
time ¢ and equilibrium, respectively; k; (1/min) is the pseudo-
first-order rate constant; and &, (g/(mg/min)) is the pseudo-
second-order rate constant.

Figure 10 shows the influence of agitation time of the chars
on the adsorption of Cr(VI). With the increasing time, the
adsorption efficiency of the chars for Cr(VI) removal went
up quickly at first 30 min and then tended to be stable until
720 min, because the adsorption sites of chars were occupied
by the adsorbed Cr(VI) (Demiral et al. 2008). As can be seen
from Table 1, the adsorption kinetics of Cr(VI) sorption onto
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Fig. 10 Effects of time on Cr(VI) adsorption onto chars
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Table 1 The parameter of kinetic

models for Cr(VI) with different Sample Pseudo-first-order model Pseudo-second-order model

chars

ky (1/min) qe (mg/g) R ky ((g/mg)/min) ge (mg/g) R

Char-FeCly 0.2181 6133 0.99 0.0128 61.96 0.99
Char-FeCl, 0.3980 55.21 0.99 0.0717 55.37 0.99
Char-FeCit 0.1955 42.12 0.99 0.0141 42.69 0.99

chars were both well fitted with pseudo-first-order and
pseudo-second-order models, suggesting that chemisorption
and physisorption played important roles in the Cr(VI) remov-
al (Liang et al. 2019). The adsorption capacity of three chars
ranked from high to low as char-FeCl; > char-FeCl, > char-
FeCit. On the one hand, the Cr(VI) removal was subjected
to oxidation—reduction reaction with the functional groups
like O—H and C-O to reduce Cr(VI) and oxidize the chars
which led to the expected improved removal efficiency of
Cr(VI) (Li et al. 2019). On the other hand, the difference of
adsorption capacity was related to the specific surface area of
the chars (Bedia et al. 2018). The increasing volume of
mesopores was supportive to offer channels and active sites
for the movement and adsorption of Cr(VI) (Tang et al. 2016).
Besides, the SEM (Fig. 4c) of char-FeCit presented that some
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40 |
A 35°C

cavities might provide a good chance for the Cr(VI) to be
adsorbed (Rangabhashiyam and Selvaraju 2015b). This rea-
son gave an explanation for the feasible adsorption capacity
from char-FeCit.

Adsorption isotherms

The adsorption isotherms of Cr(VI) onto chars at different
initial concentrations were fitted using the Langmuir and
Freundlich models.

The nonlinear form of the Langmuir and Freundlich equa-
tions can be expressed as (7) and (8)

qde = quLCc/(1 + KLCC) (7)

1
q. = KrCe (8)
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Fig. 11 Langmuir and Freundlich adsorption isotherms fitting of Cr(VI) removal. a Char-FeCl;. b Char-FeCl,. ¢ Char-FeCit
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Table 2 Langmuir and

Freundlich isotherm model Sample T(°C) Langmuir Freundlich
parameters for the adsorption of
Cr(VI) on chars gm(mgle) K. (Lmg) R Kp (mg/g(L/mg)™)  n R
Char-FeCly 15 51.50 0.24 0.90 28.32 8.49 0.95
25 64.39 0.12 0.97 25.12 5.60 0.97
35 73.79 0.10 0.95 22.94 437 0.99
Char-FeCl, 15 44.34 0.17 0.90 20.55 8.93 0.99
25 55.69 0.09 0.93 23.81 5.40 0.94
35 68.87 0.11 0.96 24.76 5.00 0.99
Char-FeCit 15 34.68 0.11 0.92 18.65 9.02 0.93
25 4298 0.06 0.96 15.56 5.52 0.98
35 43.84 0.09 0.88 17.26 591 091

where ¢, (mg/g) is the adsorption amount of Cr(VI), ¢,,, (mg/
g) is the maximum adsorption capacity, C, (mg/L) is the equi-
librium concentration, K; (L/mg) is the Langmuir constant,
and K¢ (mg/g(L/mg)l/ ") is the Freundlich constant.

Figure 11 depicts the Cr(VI) adsorption isotherms onto the
chars. The adsorption isotherm explained the relationship be-
tween Cr(VI) adsorbed and the concentration in the equilibri-
um solution. The values of relevant parameters are listed in
Table 2, and the maximum adsorption capacity was calculated
via the Langmuir model. In the adsorption isotherm study, the
chars better fitted with the Freundlich model than the
Langmuir model according to the correlation coefficient
(R?), indicating that removal of Cr(VI) onto chars was multi-
layer coverage (Liu et al. 2012). The separation factor of K},
was between 0 and 1, demonstrating that the adsorption of
Cr(VI) onto chars prepared by low pyrolysis temperature
was favorable. The value of n between 2 and 10 suggested
that the chars were effective adsorbents for Cr(VI) removal.
With the increasing temperature, molecular motion was stron-
ger, leading to the increased capacity of Cr(VI) removal,
which indicated that the process of Cr(VI) removal with chars
could be promoted (Duranoglu et al. 2012).

The maximum adsorption capacity of Cr(VI) onto chars
was competitive among the previously reported absorbents

derived from different waste materials in Table 3. Compared
to the other adsorbents prepared by the relatively high pyrol-
ysis temperature (>400 °C), the maximum adsorptive capac-
ity of the chars in this study at low-temperature pyrolysis
conditions (300 °C) was better. Considering low-energy con-
sumption and environmental friendly method, char-FeCls,
char-FeCl,, and char-FeCit were considered as the feasible
and efficient adsorbents for Cr(VI) removal.

Conclusion

Different iron salts served as activating agents to prepare the
cotton textile waste—based char adsorbent at the low pyrolysis
temperature of 300 °C. It was demonstrated that FeCl; and
FeCl, had similar characteristics on the breakage of the cellu-
lose and the formation of iron oxides to develop pores during
the pyrolysis process. Moreover, the C—Cl bond structure was
beneficial to form chars. The best surface area had been pro-
duced from char-FeCl; owing to the highest catalysis effect at
low pyrolysis temperature. FeC4HsO- could promote the de-
composition of CTW, but char-FeCit showed unnoticeable
porous structures because of the complexation between Fe**
and C¢HsO,> and inefficient decomposition of citrate. The

Table 3 Comparison of

maximum adsorption capacity of Sorbent Pyrolysis temperature (°C) ¢y, (mg/g)  Reference

Cr(V1) for various adsorbents
Bamboo bark—based activated carbon 900 19.53 (Zhang et al. 2015b)
Modified oxidized palm tree branches - 41.70 (Shouman et al. 2013)
Apple peel-activated carbon 619 36.01 (Enniya et al. 2018)
Matured tea leaf—activated carbon 450 30.08 (Tang et al. 2016)
Corn cob biochar 500 34.48 (Goswami et al. 2014)
Char-FeCly 300 73.79 This study
Char-FeCl, 300 68.87 This study
Char-FeCit 300 43.84 This study
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adsorption behavior of the chars was mostly completed in a
short time, which was conformed to pseudo-first-order and
pseudo-second-order models while chemisorption and
physisorption occurred in the adsorption process. The adsorp-
tion equilibrium data followed the Freundlich isotherm model.
The order of the adsorption efficiency in relation to BET was
char-FeCl; > char-FeCl, > char-FeCit. In addition, surface
functional groups also provided a platform to improve the
adsorption efficiency of Cr(VI). Therefore, it can be conclud-
ed that the low-temperature approach to synthesize char-based
adsorbents could be employed.
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