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tton textile waste-based magnetic
activated carbon using FeCl3 activation by the Box–
Behnken design: optimization and characteristics

Zhihua Xu, Tianqi Zhang, Zhihang Yuan, Daofang Zhang, * Zhenhua Sun,
YuanXing Huang, Weifang Chen,* Danqi Tian, Haixuan Deng and Yuwei Zhou

Cotton textile waste-based magnetic activated carbon was prepared via simultaneous activation-pyrolysis

using FeCl3 as a novel activating agent. The response surface methodology based on the Box–Behnken

design method was applied to optimize the preparation parameters and predict the specific surface area

of the samples. The optimal activated carbon was obtained at a mass ratio of FeCl3/CTW, activation time

and activation temperature of 1.62 : 1, 1 h and 700 �C, respectively. The experimental maximum yield

and iodine adsorptive value (32.66% and 714.55 mg g�1) of the resultant carbon were close to that of the

predicated response values (34.85% and 783.75 mg g�1), respectively. SEM, N2 adsorption–desorption

isotherms, XRD, PPMS, FTIR and pHpzc measurements were conducted to analyze the physicochemical

characteristics of the optimal sample. The results showed that the carbon matrix had a high specific

surface area of 837.39 m2 g�1 with abundant micropores and acidic surface functional groups, and the

saturation magnetization (Ms) was 5.2 emu g�1 due to the formation of Fe3O4. The maximum adsorption

of Cr(VI) by the carbon reached 212.77 mg g�1. Furthermore, the addition of FeCl3 lowered the pyrolytic

carbonization temperature and inhibited the generation of volatiles in the activation-pyrolysis process.

Meanwhile, the formation of Fe2O3 and Fe3O4 derived from FeCl3 was beneficial for the development of

vast micropores.
1. Introduction

In recent decades, textile waste has received widespread atten-
tion due to its large quantity discarded and inappropriate
disposal. It was identied as a type of fast-growing sector in
household waste and estimated to further grow with the
increased sales of new textiles.1 As one of themajor components
of textile waste, it was predicted that the production of cotton
textile waste was up to 5.62 million tons in China in 2013.2

Generally, cotton textile waste is disposed by direct processing
or recycling, which mainly includes landll disposal, incinera-
tion, composting and mechanical processing.3,4 However,
although these methods for the disposal of cotton textile waste
have achieved good results, most of them remain challenges for
due to their low recycling rate, high technical requirements and
persistent environmental pollution.5 Consequently, it is of great
importance to explore alternative and environment-friendly
methods to deal with cotton textile waste. It was reported that
cotton textile waste can be utilized to manufacture mops
through a mechanical method, and some researchers obtained
glucose from cotton cellulose through complex separation and
University of Shanghai for Science and
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purication processes;6 however, the drawbacks of these
methods of low recycling rate and high technical requirements
limit their further development. Recently, some works have
been reported concerning activated carbon materials manu-
factured with cotton textile waste as a precursor. Duan7

successfully prepared activated carbon bers with a specic
surface area of 1370 m2 g�1, which were derived from waste
cotton by H3PO4 activation. Activated carbon bers developed
from medical waste cotton balls were synthesized by Chiu,8 and
their specic surface area was up to 2060 m2 g�1. Boudrahem9

found that cotton cloth waste-based activated carbon made by
chemical activationmethod had a high adsorption performance
for clobric acid, tetracycline and paracetamol.

As a class of carbon materials, magnetic activated carbon
(MAC) has been widely utilized in the water treatment eld due
to its advantages of high surface area, excellent adsorption
performance and easy recovery compared to conventional
carbons.10,11 In general, some raw materials such as coconut
shells,12 acorn shells13 and carbon nanotubes14 are usually
employed as precursors to prepare MAC due to their high
carbon content (>40%).15 However, the large-scale production
and application of activated carbons derived from the above-
mentioned materials are hindered due to their non-
renewability and relatively high cost. Thus, the search for
substitute raw materials is increasing. Cotton textile waste has
RSC Adv., 2018, 8, 38081–38090 | 38081
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View Article Online
the characteristics of high carbon content (40–50%), alternative
carbon source, abundance and low add value, which can be
regarded as a potential precursor of MAC.16

The activated pyrolysis method should be fully considered in
the preparation of MAC. Generally, MAC is prepared through
a co-precipitation process to facilitate the embedding of iron
oxides or their loading in the carbon matrix.17–19 However, this
usually involves two steps, whichmight lead to complicated and
costly procedures, secondary pollution and loss of adsorption
capability. Nowadays, one-step activation-pyrolysis methods are
desirable, which usually utilize different iron compounds such
as FeCl3, FeCl2 and Fe(NO3)3 as the activating agent or magnetic
additive agent to load iron species onto the activated carbon. In
contrast, the MAC prepared by this way has several advantages,
such as high specic surface area, stable magnetic properties,
relatively high adsorption capacity, and simultaneous loading
of iron oxides during the activation-pyrolysis stage.20 Compared
with other iron salts, FeCl3 is commonly used as an activating
agent to prepare MAC due to its low cost, low pollution and high
efficiency of pore formation.21 However, there is still a dispute
on the optimal preparation conditions for the production of
MAC using FeCl3 as the activating agent. Oliveira22 found that
coffee husk-based MAC with a surface area of 965 m2 g�1 was
obtained at the activation temperature of 280 �C through FeCl3
activation, while the carbon sample had no pores as the acti-
vation temperature went up to 550 �C. Rufford23 prepared MAC
derived from coffee grounds via a one-step FeCl3 activation-
pyrolysis process, and an interesting nding was obtained,
where with an increase in the activation temperature (300–900
�C), the BET surface area gradually increased. Meanwhile, the
type of carbon precursor also plays a key role in the porosity
development of MAC, and the differences in the physical
properties and chemical compositions of raw materials obvi-
ously affect the optimum preparation conditions and perfor-
mance of the resulting activated carbons.24,25 At present, the
research on cotton textile waste-based MAC utilizing FeCl3 as
the activating agent through a one-step activation-pyrolysis
process remains rare. Additionally, few reports focus on the
activation-pyrolysis pathway between carbon precursors and
FeCl3, and the corresponding mechanism of porosity develop-
ment has not been claried.

Different parameters in the preparation process affect the
characteristics and properties of carbon materials. In conven-
tional experiments, full factorial design has been certied as an
effective statistical approach to evaluate the effect of variables
on the results.26 However, these methods are relatively time-
consuming or unable to yield the true optimal value if the
interactions between variables are ignored.27 Recently, the
response surface methodology, such as the Box–Behnken
Design (BBD), has been commonly selected to assist experi-
mental design.28 Compared to other methods, the minimal
amount of experimental data is demanded in the BBD, which
exhibits excellent predictability within the design space and can
analyze the interactions between different variables.29,30

Besides, the BBD is a rotatable or nearly rotatable design.31,32

In this study, FeCl3 was utilized as an activating agent to
prepare cotton textile waste-based magnetic activated carbon
38082 | RSC Adv., 2018, 8, 38081–38090
via one-step pyrolysis activation. The response surface meth-
odology based on the Box–Behnken design method was carried
out to optimize the preparation process. The characteristics of
the optimum activated carbon were determined to evaluate the
activation effect of FeCl3, and the activation-pyrolysis mecha-
nism was also proposed in detail.
2. Materials and methods
2.1 Materials

Cotton textile waste (CTW), used as the precursor of activated
carbon, was mainly composed of warp and we yarn mixtures,
which was purchased from WUXI No. 1 Cotton Mill (Jiangsu, P.
R. China). All chemicals (FeCl3$6H2O, HCl, HNO3, H2SO4,
H3PO4 and K2Cr2O7) were of analytical reagent grade and ob-
tained from Sinopharm Chemical Reagent Co. (Shanghai, P. R.
China). The deionized water used was produced by an Ultra-
pure water system (Milli-Q Advantage A10, USA). The purity of
N2 was higher than 99.9%.
2.2 Preparation

5 g of CTW (cut into lengths of 0.5 cm) was fully immersed in
25 mL FeCl3 solution in different mass ratios (FeCl3 : CTW ¼
1 : 1–3 : 1) at room temperature for 24 h, and then the mixture
was put into a drying oven at 60 �C overnight. Aerwards, the
mixture loaded in a quartz boat was heated in a tubular oven at
different activation temperatures (400–700 �C) and times (1–3 h)
under an N2 atmosphere (100 mL min�1). The rate of the pro-
grammed temperature was set at 10 �C min�1. Subsequently,
the products were soaked in boiling HCl solution (1 + 9) for
15 min, and then the resultant carbons were repeatedly washed
with deionized water until a neutral pH ltrate was obtained.
Finally, the resultant carbons were dried in a desiccation oven at
105 �C for 24 h.

The optimum activated carbon obtained by the Box–
Behnken design method (mass ratio of 1.62 : 1, activation time
of 1 h and activation temperature of 700 �C) was designated as
OAC. The blank samples prepared at the above-mentioned
activation temperature and time without any activating agent
and commercial activated carbon were denoted as WAC and
CAC, respectively.
2.3 Characterization

The yield of activated carbon was calculated using eqn (1), as
follows:

Yð%Þ ¼ m

M
� 100% (1)

where, Y (%) is the yield, m (g) is the mass of the nal sample
and M (g) is the mass of CTW.

The iodine adsorption was measured according to the
method in the Chinese National Standards (GB/T 12496.8-
2015).33 Scanning electron microscopy (HITACHI, S4800, Japan)
was used to analyze the surface morphology of the activated
carbon. The N2 adsorption–desorption isotherms were obtained
on an automatic adsorption instrument (Quantachrome,
This journal is © The Royal Society of Chemistry 2018
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autosorb-iQ-2MP, USA) at 77 K. The specic surface area (SBET)
was calculated using the Brunauer–Emmett–Teller (BET) equa-
tion. The microporous surface area (Smic) and microporous
volume (Vmic) were assessed using the t-plot method. The
average pore diameter (Dp) was estimated from the BET method
(4V/A by BET). Also, the DFT (density functional theory) method
was used for calculation of the pore size distribution. X-ray
diffraction (Bruker, D8 ADVANCE, Germany) patterns were
measured with a scintillation counter using Cu Ka radiation
and recorded in the 2q of 5� to 80� at a scanning rate of
3� min�1. The hysteresis loop was analyzed using a physical
property measurement system (Quantum Design, PPMS-9T (EC-
II), USA) at 300 K. The surface functional groups of the samples
were detected via Fourier transform infrared spectroscopy
(Thermo Scientic, Nicolet iS10, USA) in the wavenumber range
of 4000 to 400 cm�1. The pHpzc measurement was carried out by
adding 1 g of sample to 20 mL deionized water and shaking on
a shaker for 24 h.34 The obtained pH of the slurry equalled the
pHpzc. The measurement of weight loss for the mixture was
conducted on a thermogravimetric (TG) analyzer (PerkinElmer,
STA 8000, USA) under an N2 atmosphere from room tempera-
ture to 800 �C at a heating rate of 10 �C min�1.
2.4 Box–Behnken design method

The Box–Behnken design is a spherical, revolving response
surface methodology (RSM) design, which consists of a central
point and the middle points of the edges of the cube circum-
scribed on the sphere.35 It is a three-level fractional factorial
design consisting of a full 22 factorial seeded into a balanced
incomplete block design. It consists of three interlocking 22

factorial designs having points, all lying on the surface of
a sphere surrounding the center of the design.36 Since, the Box–
Behnken does not have corners and dissociate parametric
extremes, it can reduce the risk of update failures.

The response results of the Box–Behnken design (BBD) were
analyzed using the Design-Export 9.0 soware. As shown in
Table 1, the parameters mainly including mass ratio (1 : 1–
3 : 1), activation time (1–3 h) and activation temperature (400–
700 �C) were designed with X1, X2 and X3, respectively. Mean-
while, the ranges of the parameters were coded as �1, 0 and 1
according to eqn (2).

C ¼ Xm � X0

DX
(2)

where, C is the coded value, Xm is the actual value of the vari-
able, X0 is the central value and DX is the step change.
Table 1 Levels and code schedule of the experiments

Parameters Factors

Levels

�1 0 1

Mass ratio X1 1 : 1 2 : 1 3 : 1
Activation time (h) X2 1 2 3
Activation temperature (�C) X3 400 550 700

This journal is © The Royal Society of Chemistry 2018
The predicted response values and analysis of variance data
were obtained by the second-order polynomial model in eqn (3)
as follows:

Y ¼ b0 þ
Xk

i¼1

biXi þ
Xk

i¼1

biiXi
2 þ

Xk�1

i¼1

Xk

j¼2

bijXiXj (3)

where, Y is the predicted response, b0, bi, bii and bij are
a constant term, linear effect term, squared effect term and
interactive effect term, respectively, and Xi and Xj are indepen-
dent variables.

2.5 Adsorption experiments

To conduct Cr(VI) adsorption tests, a stock solution containing
a Cr(VI) concentration of 1200 mg L�1 was prepared by dissolv-
ing 3.3936 g of K2Cr2O7 in 1000 mL of deionized water and
acidifying to a pH below 2.0 with HCl. The solution was kept at
4 �C for further dilution to the desired concentrations. Then
0.1 g of OAC, WAC and CAC were added to 18 centrifuge tubes
containing 50 mL Cr(VI) solution of different concentrations
ranging from 100 to 1200 mg L�1. The mixtures were placed on
a rotary shaker at 25 �C and shaken at 150 rpm for 24 h. The
concentration of Cr(VI) was determined using the Chinese
National Standards (GB/T 7467-1987)37 and a visible spectro-
photometer (Shanghai Precision Science Instrument Co., Ltd,
723N, China). The adsorptive capacity of Cr(VI) was calculated
using eqn (4) as follows:

qe ¼ ðC0 � CeÞV
m

(4)

where, C0 (mg L�1) and Ce (mg L�1) are the initial and equi-
librium concentration of the Cr(VI) solutions, V (mL) and m (g)
are the volume of solution and the weight of activated carbons,
respectively, and qe (mg L�1) is the adsorption amount of Cr(VI)
at equilibrium.

The Langmuir isotherm and Freundlich isotherms were
expressed as eqn. (5) and (6):

Langmuir model:

Ce

qe
¼ Ce

qm
þ 1

KLqm
(5)

Freundlich model:

ln qe ¼ ln KF þ 1

n
ln Ce (6)

where, qm (mg g�1) is the monolayer adsorption capacity, KL (L
mg�1) and KF (mg g�1) are constants for Langmuir and
Freundlich models, respectively, and n is the Freundlich
constant related to adsorption intensity.

3. Results and discussion
3.1 Optimization

As presented in Table 2, a group of 17 experiments based on
BBD were carried out to determine the effect of key parameters
on the yield (Y1) and the iodine adsorption value (Y2). The actual
and predicted response values for assessing the signicance of
RSC Adv., 2018, 8, 38081–38090 | 38083
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Table 2 Design matrix and responses

Numbers

Variable Response

X1 X2 (h) X3 (�C)

Y1 (%) Y2 (mg g�1)

Actual Predicted Actual Predicted

1 1 0 �1 38.15 38.55 339.74 311.96
2 0 1 �1 35.98 35.44 304.34 344.4
3 �1 �1 0 38.76 39.3 329.72 289.67
4 �1 1 0 35.28 34.88 339.09 366.87
5 0 �1 1 39.76 38.47 432.36 470.32
6 0 0 0 37.34 36.98 306.52 276.65
7 0 �1 �1 34.58 34.94 594.46 624.33
8 1 �1 0 27.60 28.89 965.6 927.64
9 �1 0 1 38.80 39.7 311.66 301.48
10 0 1 1 39.40 40.15 421.39 423.48
11 1 0 1 35.00 34.25 827.99 825.9
12 0 0 0 34.88 33.98 693.88 704.06
13 0 0 0 36.00 35.57 357.38 401.1
14 0 0 0 34.90 35.57 439.67 401.1
15 �1 0 �1 35.90 35.57 399.4 401.1
16 1 1 0 35.72 35.57 402.28 401.1
17 0 0 0 35.34 35.57 406.76 401.1
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the regression coefficient of the proposed models are listed in
Table 2. Based on the experimental data, the nal equations in
terms of coded factors were obtained as eqn (7) and (8):

Y1 ¼ 35.57 � 1.88X1 + 0.049X2 � 2.91X3 � 0.33X1X2

� 1.14X1X3 � 0.18X2X3 � 0.36X1
2 + 1.84X2

2 � 0.39X3
2 (7)

Y2 ¼ 401.10 + 27.41X2 + 201.25X3 + 11.19X1X2

+ 124.25X1X3 � 60.96X2X3 � 30.94X1
2

� 41.94X2
2 + 204.57X3

2 (8)

As listed in Table 3, the results of variance analysis are an
important tool to test the signicance of themodel.38 In general,
values of “P” less than 0.05 demonstrate that the model terms
were signicant in the surface response analysis.39 Certainly,
the smaller the P-value, the more signicant the model or
factors.26 Regarding yield, the model P-value of 0.0021 meant
that only a 0.21% chance that a “Model F-Value” (11.24) this
Table 3 Analysis of variance table

Source

Y1 (%) Y2 (mg g�1)

F-value P-value F-value P-value

Model 11.24 0.0021 35.08 <0.0001
X1 24.58 0.0016 3.22 0.1159
X2 0.017 0.9014 8.20 � 10�6 0.9978
X3 58.62 0.0001 173.53 <0.0001
X1X2 0.37 0.5609 0.27 0.6204
X1X3 4.51 0.0712 33.07 0.0007
X2X3 0.11 0.7471 7.96 0.0257
X1

2 0.49 0.508 2.16 0.1853
X2

2 12.31 0.0099 3.97 0.0867
X3

2 0.55 0.4831 94.37 <0.0001
Radj

2 0.9504 0.8520
Rpred

2 0.7352 0.0592

38084 | RSC Adv., 2018, 8, 38081–38090
large could occur due to noise, which implied the model of the
yield (Y1) was signicant. Similarly, the Model F-value of 35.08
and P-value < 0.0001 implied the model of the iodine adsorption
value (Y2) was signicant.

For their individual and cumulative interaction factors, the P-
value of X1, X3, and X2

2 in Y1 model along with X3, X1X3, X2X3, and
X3

2 in Y2 model all met the conditions of <0.05. In this case, X1, X3,
and X2

2 were signicant model terms for Y1, and X3, X1X3, X2X3,
and X3

2 were signicant model terms for Y2. However, the pre-
dicted determination coefficient (Rpred

2) of 0.7352 was not as close
to the adjusted determination coefficient (Radj

2) of 0.9504 as nor-
mally expected, indicating a large block effect or possible problem
with the yield model. This also occurred in the iodine adsorption
value model for its Rpred

2 (0.0592) and Radj
2 (0.8520). Therefore, to

eliminate the insignicant terms from the second-order poly-
nomial model, model reduction was conducted for both the yield
and iodine adsorption values. The nal equation in terms of coded
factors were obtained as follows as eqn (9) and (10):

Y1 ¼ 35.24 � 1.88X1 � 2.91X3 + 1.79X2
2 (9)

Y2 ¼ 368.71 + 201.25X3 + 124.25X1X3

� 60.96X2X3 + 204.52X3
2 (10)

The analysis of variance table aer simplication is pre-
sented as Table 4. The P-values in the yield and the iodine
adsorption value models satised the condition of value
<0.0001, indicating that they were both signicant. For Y1, the
Rpred

2 of 0.7389 was in reasonable agreement with the Radj
2 of

0.8508 due to the relative differences (<0.2), which was consis-
tent with the results of Y2. In addition, the Radj

2 for Y1 and Y2
were 0.8508 and 0.9300, respectively. It was manifested that the
models represented observed variability of approximately 85%
and 93% for the yield and iodine adsorptive value, respectively,
indicating that the model terms became more signicant aer
simplication.

Fig. 1(a and b) display the 3D surface response and the
contour for the desirability function of the simultaneous opti-
mization of the yield and iodine adsorption value. Both of them
were plotted according to the models for the yield and iodine
adsorptive value in order to reect the interactions of different
variables as well as determine the optimal sample preparation
conditions.
Table 4 Analysis of variance table after simplification

Source

Y1 (%) Y2 (mg g�1)

F-value P-value F-value P-value

Model 31.42 <0.0001 54.16 <0.0001
X1 24.38 0.0003 — —
X3 58.14 <0.0001 122.94 <0.0001
X1X3 — — 23.43 0.0004
X2X3 — — 5.64 0.0351
X2

2 11.73 0.0045 — —
X3

2 — — 64.62 <0.0001
Radj

2 0.8508 0.9300
Rpred

2 0.7389 0.8629

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 3D surface response (a) and the contour (b) for the desirability function for the simultaneous optimization of the yield and iodine
adsorption value.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
N

ov
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 1

2/
8/

20
25

 1
1:

53
:5

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The maximum value of desirability function (0.657) was ob-
tained at the mass ratio of 1.62 : 1, activation time of 1 h and
activation temperature of 700 �C. The predictedmaximum value
of yield and iodine adsorptive from BBD were 34.85% and
783.75 mg g�1, respectively, which were close to 32.66% for the
yield and 714.55 mg g�1 for the iodine adsorptive value ob-
tained from the verication experiment. The results showed
that the relative errors of the predicated response values were
6.20% and 8.83%, respectively, indicating the high reliability of
the simplied model for predicting the optimal value.

3.2 Characteristics

3.2.1 Morphology and pore structure. The SEM images of
the morphological features of CTW and OAC are displayed in
Fig. 2. As shown in Fig. 2(a), the surface of CTW was smooth and
there were no pores in its structure. In Fig. 2(b), OAC showed
a coarse surface and abundant pores with thin walls, which were
dense and distributed irregularly, originating from the decom-
position of some cellulose and volatile organicmatter.5,40 Besides,
it is noteworthy that the different iron compounds formed during
the activation-pyrolysis process were proven to have potential
Fig. 2 SEM images of CTW (a) and OAC (b).

This journal is © The Royal Society of Chemistry 2018
catalytic activity due to the well-developed porosity.40,41 Further-
more, aer the iron compounds in the carbonmatrix dissolved in
HCl solution, a large amount of craters remained in the sample.22

The N2 adsorption/desorption isotherms and pore size
distributions of OAC are exhibited in Fig. 3. In Fig. 3(a), the
isotherm of OAC exhibited a sharp increase at low pressure
(�0.1 P/P0), which is characteristic of a microporous structure.42

A hysteresis loop of type H4 was found at the high relative
pressure (>0.4 P/P0), which is attributed to the existence of slit-
shaped mesopores.43 Besides, the isotherm also characterised
with a type IV shape in the medium pressure (0.3–0.8 P/P0) and
a sharp increase in adsorption at a high relative pressure (�0.9
P/P0), which further imply the occurrence of capillary conden-
sation in the mesopores and existence of wider pores.44 From
Fig. 3(b), it was obvious that the size of the micropores was
mainly concentrated in the range of 1–2 nm, and that of the
meso- and macropores �30 nm and �90 nm, respectively.

The specic surface area and pore volume parameters of
OAC are listed in Table 5. The results indicated that a specic
surface area of 837.39 m2 g�1 was achieved. The proportion of
micropores was the largest (>50%), indicating that the addition
RSC Adv., 2018, 8, 38081–38090 | 38085
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Fig. 3 N2 adsorption/desorption isotherm (a) and pore size distributions (b) of OAC.

Table 5 Specific surface area and pore volume parameters of OAC

Sample SBET (m2 g�1) Smic (m
2 g�1) Smic/SBET (%) Vtot (cm

3 g�1) Dp (nm)

OAC 837.39 423.55 50.58 0.69 2.89
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of FeCl3 promoted the formation of micropores owing to the
small molecular sizes of the different types of iron species
existing in the activated carbon aer activation.42 These inter-
esting ndings are consistent with that reported by some other
researchers. Su45 showed the evolution of micropores on coir
pith-based activated carbon with different activation tempera-
tures and times and found that iron compounds had a signi-
cant impact on the development of micropores through one-
step pyrolysis. Ahmed25 inferred that FeCl3 facilitated the acti-
vation of date stones and obtained microporous activated
carbon with pores diameters centered at �1 nm, which were
smaller than that obtained through ZnCl2 activation. Some
researchers proved that the reactions between amorphous
carbon and iron oxide (Fe2O3 and Fe3O4) formed from FeCl3
increase the pore volume and create new pores at high
temperature (>600 �C).21,23 In Table 5, the pore volume (Vtot) of
OAC was 0.69 cm3 g�1, which is larger than that of the cotton
textile waste-based activated carbon (0.62 cm3 g�1) prepared via
H3PO4 activation at 600 �C by Boudrahem,9 demonstrating that
FeCl3 showed a comparable pore-forming effect on cotton
textile waste as H3PO4. In addition, the average pore size (Dp) of
OAC was 2.89 nm. It was worth mentioning that the specic
surface area of OAC was higher than that of the related mate-
rials prepared by other researchers, as listed in Table 6.
Table 6 Specific surface area of activated carbons prepared from variou

Precursor
Activating
agent Mass ratio

Activa
time

Cotton textile waste FeCl3 1.62 : 1 1
Carbonized coconut shells FeCl3 2 : 1 1.5
Date pits FeCl3 1.5 : 1 1
Textile cotton waste ZnCl2 — 1
Cotton woven waste H3PO4 — 0.5

38086 | RSC Adv., 2018, 8, 38081–38090
3.2.2 Crystallinity and magnetism. The condition of the
iron species loaded on OAC and the activation effect of FeCl3
were analyzed by XRD and PPMS, respectively. Fig. 4 shows the
XRD pattern of OAC. The broad peaks at around 25� and 43� are
the typical characteristic peaks of the (002) and (100) planes of
carbon, respectively. The d002 value of OAC calculated using
Bragg's equation (d ¼ l/sin q) was 0.350, which is larger than
that of graphite (d002 ¼ 0.340), indicating that OAC had more
randomly oriented graphitic carbon layers.8,49 In addition, the
sharp peaks at 2q ¼ 29.93�, 35.29�, 42.93�, 56.81� and 62.39�

correspond to the (220), (311), (400), (511) and (440) plane
interlayer reections of Fe3O4, respectively, which meant that
Fe3O4 particles were successfully injected into the carbonmatrix
during the activation-pyrolysis process.50

As illustrated in Fig. 5, the saturation magnetization (Ms) of
OAC was higher than that of some related materials reported by
others, which reached 5.2 emu g�1 and is benecial for solid–
liquid separation. Mohan10 found that the saturation magneti-
zation of magnetic activated carbon derived from almond shells
was 4.47 emu g�1 at 300 K. Moreover, as reported by Zhu,51

magnetic porous carbon exhibited a low saturation magnetiza-
tion (0.76 emu g�1) at 300 K. As listed in Table 7, the remanence
(Mr) and coercive force (Hc) values were 0.30 emu g�1 and 63.84
Oe, respectively, manifesting that OAC possessed super
s precursors by different activating agents

tion
(h)

Activation temperature
(�C)

Surface area
(m2 g�1) Reference

700 837.39 This study
700 337 12
700 780.06 46
700 292 47
800 789 48

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 XRD pattern of OAC.

Fig. 5 Magnetization loop of OAC.

Table 7 Magnetic properties of OAC

Ms (emu g�1) Mr (emu g�1) Hc (Oe) Mr/Ms

5.20 0.30 63.84 0.06

Fig. 6 FTIR spectrum of OAC.
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paramagnetic properties at 300 K as the value of Mr/Ms (0.06)
was low.52

3.2.3 Surface chemical properties. Fig. 6 shows the FTIR
spectrum of OAC. The peak at 3420 cm�1 is attributed to the
stretching vibration of the O–H of carboxyl and phenol groups,
and the band at 1100 cm�1 is attributed to the C–O and C–C of
the alcohol, phenol and carboxyl groups.53 The weak peaks at
1530 cm�1 are associated with the C]C vibration in the
aromatic ring and band at 1390 cm�1 is due to the C–H bond
stretching vibration in aliphatic compounds. The results clearly
demonstrated that the aromatization reaction probably
occurred between functional groups on the surface of OAC due
to the activation effect of FeCl3.54 Besides, the pHpzc of OAC was
This journal is © The Royal Society of Chemistry 2018
determined to be 2.75 � 0.25, which is consistent with the FTIR
results and further proved that OAC had acidic characteristics.
The abundant hydrophilic acid functional groups on the surface
of the carbon sample can provide more active sites, which is
benecial for the adsorption of heavy metal pollutants.55

3.2.4 Adsorption. Fig. 7 shows the linear tting plots of
Cr(VI) adsorption for the Langmuir and Freundlich models and
the calculated isothermmodel parameters are displayed in Table
8. Based on the R2 values, both the Langmuir and Freundlich
models t for OAC,WAC and CAC. The Langmuirmodel assumes
monolayer adsorption, while the Freundlich model suggests
a heterogeneous surface.56,57 The results indicated that both
adsorption types coexisted on the surface of all three adsorbents.

The information of adsorption intensity and heterogeneity
could be obtained from the value of 1/n and n.58 The 1/n of all
the samples was less than 1, which decreased in the following
order: CAC (0.2368) > OAC (0.2366) > WAC (0.5564), indicating
a physisorption process and a degree of heterogeneity on the
surface of the samples.12 Moreover, the values of n were in the
range of 2–10 and 1/n became closer to zero, which indicated
good adsorption as well as a more heterogeneous surface with
CAC and OAC.59,60 Generally, KL>0 indicates that the adsorption
process can occur spontaneously.61 As listed in Table 8, the
Cr(VI) adsorption process could be triggered spontaneously for
all the carbon materials. OAC and CAC showed more excellent
adsorption performances than WAC for Cr(VI), and a lower
dissociation coefficient and higher binding energy. The results
showed that the qm of OAC (212.77 mg g�1) was close to that of
CAC (232.56 mg g�1) and doubled aer the addition of FeCl3
compared with that of WAC (104.17 mg g�1). Specically, OAC
can be recycled due to its magnetic properties and its cost is
expected to be less than that of CAC.
3.3 Activation-pyrolysis mechanism

Fig. 8 shows the whole process of TG-DTG-DSC for CTW, FeCl3
and CTW–FeCl3 in the range of 0–800 �C. The weight loss
RSC Adv., 2018, 8, 38081–38090 | 38087
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Fig. 7 Linear fitting plots of Cr(VI) adsorption by OAC, WAC and CAC for the Langmuir isotherms (a) and Freundlich isotherms (b).

Table 8 Isotherm model parameters of Cr(VI) adsorption

Adsorbent T (K)

Langmuir model Freundlich model

qm (mg g�1) KL (L mg�1) R2 KF (mg g�1) n R2

OAC 298 212.77 0.0118 0.96 40.6069 4.2265 0.95
WAC 298 104.17 0.0025 0.97 1.7061 1.7973 0.97
CAC 298 232.56 0.0196 0.98 47.2825 4.2230 0.98
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process of CTW consisted of three stages. In the initial stage
(�100 �C) of the pyrolysis process, a minor weight loss (�3%)
occurred along with the endothermic reaction derived from the
removal of moisture in CTW. Decomposition of cellulose
accompanied by volatile substance release mainly proceeded in
the range of 250–400 �C. Then, the maximum weight loss
(�68%) of CTW arose at 350 �C, which is consistent with the
results of Shimada.62 Further weight loss emerged aer 400 �C,
the exothermic process reected the formation of solid phase
carbide.63

For FeCl3$6H2O, except for the evaporation of crystallization
water from 0 �C to 155 �C, there were two major weight loss
steps (�17% and �9.5%) occurring at 155–230 �C and a weight
loss (�11%) located in the range of 400–460 �C for the FeCl3.
According to the DSC spectrum of FeCl3, the process in the
range of 155–460 �C involved an endothermic reaction. Thus, it
was speculated that the decomposition, dehydrochlorination
and generation of iron compounds occurred in this stage. At
a lower temperature (155–230 �C), FeCl3$6H2O was hydrolyzed
to amorphous iron species such as FeOCl$H2O and FeOOH, and
then FeOOH was further converted to Fe2O3 at 400–460 �C. This
reaction can be written as follows (eqn (11) and (12)):23

FeCl3$6H2O / FeOCl$H2O / FeOOH (155–230 �C) (11)

FeOOH / Fe2O3 (400–460
�C) (12)

For CTW–FeCl3, the evaporation of crystallization water in
the activating agent and water in the precursor occurred in the
range of 0–130 �C. From 130 �C to 200 �C, an obvious weight loss
38088 | RSC Adv., 2018, 8, 38081–38090
(�13%) in CTW–FeCl3 occurred accompanied by an endo-
thermic reaction occurred at around 160 �C, which was lower
than the weight loss temperature of CTW (350 �C) due to
carbonization reaction of the sample. Rufford23 reported that
the maximum weight loss point of waste coffee grounds
impregnated with FeCl3 moved towards to a lower temperature
compared to the sample prepared from precursors without
activator. Thus, it was speculated that the addition of FeCl3
might be able to lower the pyrolytic carbonization temperature
of CTW.

The stage of 200–500 �C was mainly accompanied by an
exothermic process. A stable weight loss (�17.5%) was observed
in this stage, which was similar to the TG-DTG results for FeCl3
and associated with the activation-pyrolysis of CTW as well as
the transformation of iron species. In this stage, FeCl3 was
involved in the activation-pyrolysis process and participated in
the transformation of iron species, simultaneously. There was
an apparent weight loss along with endothermic reaction from
500 �C to 720 �C for CTW–FeCl3, which may be derived from the
catalytic gasication of Fe2O3 loaded on the sample surface or
trapped in the sample.45 The Fe2O3 could act as catalyst to gasify
adjacent carbon material into methane, then, pores widened
and new micropores were created.64,65 In the reactions above,
the formation process of Fe3O4 and Fe can be described by eqn
(13–15):

3Fe2O3 + C / 2Fe3O4 + CO (13)

2Fe2O3 + 3C / 4Fe + 3CO2 (14)
This journal is © The Royal Society of Chemistry 2018
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Fig. 8 TG-DTG-DSC image of CTW, FeCl3 and CTW–FeCl3.
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Fe3O4 + 4C / 3Fe + 4CO (15)

At around 800 �C, the weight of CTW, FeCl3 and CTW–FeCl3
tended to be stable. The residual weight around this tempera-
ture followed the regularity of CTW < CTW–FeCl3, indicating
that the production of volatiles was inhibited and the yield of
sample increased under the impact of FeCl3, which was
consistent with the results of Zazo.41
4. Conclusion

The response surface methodology based on the Box–Behnken
design method optimized the preparation parameters effec-
tively and the optimum preparation conditions were as follows:
the mass ratio of FeCl3/CTW of 1.62 : 1, activation time of 1 h
and activation temperature of 700 �C. The results of the physi-
cochemical characterization showed that OAC exhibited
a structure composed of micropores (50.58%) and its specic
surface area could reach 837.39 m2 g�1. Simultaneously, Fe3O4

was successfully loaded on the OAC surface and the saturation
magnetization (Ms) of OAC was 5.2 emu g�1, which is sufficient
for solid–liquid separation. Additionally, abundant hydrophilic
acid functional groups were found on the surface of OAC and
this sample achieved good adsorption performance toward
Cr(VI) (qm ¼ 212.77 mg g�1). Besides, the results from TG-DTG-
DSC revealed that FeCl3 could change the pyrolysis process of
cotton textile waste, lower the pyrolytic carbonization temper-
ature and inhibit the production of volatiles. Meanwhile, Fe2O3
This journal is © The Royal Society of Chemistry 2018
and Fe3O4 derived from FeCl3 could promote the formation of
pores on the surface of the produced activated carbon.
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González, J. Environ. Manage., 2013, 125, 117–125.

40 J. Bedia, V. M. Monsalvo, J. J. Rodriguez and A. F. Mohedano,
Chem. Eng. J., 2017, 318, 224–230.

41 J. A. Zazo, J. Bedia, C. M. Fierro, G. Pliego, J. A. Casas and
J. J. Rodriguez, Catal. Today, 2012, 187, 115–121.
38090 | RSC Adv., 2018, 8, 38081–38090
42 K. F. Fu, Q. Y. Yue, B. Y. Gao, Y. Y. Sun, Y. Wang, Q. Li,
P. Zhao and S. H. Chen, J. Taiwan Inst. Chem. Eng., 2014,
45, 3007–3015.

43 H. Laksaci, A. Kheli, M. Trari and A. Addoun, J. Cleaner
Prod., 2017, 147, 254–262.

44 S. K. R. Kuppireddy, K. Rashid, A. Al Shoaibi and
C. Srinivasakannan, Chem. Eng. Commun., 2014, 201, 1021–
1040.

45 Y. Su, Y. Cheng and Y. Shih, J. Environ. Eng., 2013, 129, 361–
366.

46 S. K. Theydan and M. J. Ahmed, J. Anal. Appl. Pyrolysis, 2012,
97, 116–122.

47 B. Wanassi, I. B. Hariz, C. M. Ghimbeu, C. Vaulot,
M. B. Hassen and M. Jeguirim, Environ. Sci. Pollut. Res.,
2017, 24, 10041–10055.

48 J. Y. Zheng, Q. L. Zhao and Z. F. Ye, Appl. Surf. Sci., 2014, 299,
86–91.

49 T. H. Wang, S. X. Tan and C. H. Liang, Carbon, 2009, 47,
1880–1883.

50 W. F. Chen, W.Wang, X. Zhang and J. Zhang, J. Environ. Eng.,
2016, 142, 04016068.

51 X. D. Zhu, Y. C. Liu, F. Qian, C. Zhou, S. C. Zhang and
J. M. Chen, Bioresour. Technol., 2014, 154, 209–214.

52 V. Ranjithkumar, S. Sangeetha and S. Vairam, J. Hazard.
Mater., 2014, 273, 127–135.

53 S. M. Yakout and G. Sharaf El-Deen, Arabian J. Chem., 2016,
9, S1155–S1162.

54 A. C. Lua and T. Yang, J. Colloid Interface Sci., 2004, 274, 594–
601.

55 J. J. Liang, M. Chen, S. L. Jiang and D. D. Ma, Chin. J. Environ.
Eng., 2016, 02, 723–728.

56 W. F. Liu, J. Zhang, C. L. Zhang, Y. F. Wang and Y. Li, Chem.
Eng. J., 2010, 162, 677–684.

57 W. F. Chen, L. Pan, L. F. Chen, Z. Yu, Q. Wang and C. C. Yan,
Appl. Surf. Sci., 2014, 309, 38–45.

58 K. Y. Foo and B. H. Hameed, Chem. Eng. J., 2010, 156, 2–10.
59 B. H. Hameed, A. L. Ahmad and K. N. A. Latiff, Dyes Pigm.,

2007, 75, 143–149.
60 E. Erdem, N. Karapinar and R. Donat, J. Colloid Interface Sci.,

2004, 280, 309–314.
61 S. S. Hao, J. L. Zhu, H. Huang, W. H. Wu and H. Chen, Chin.

J. Environ. Eng., 2012, 08, 2693–2697.
62 N. Shimada, H. Kawamoto and S. Saka, J. Anal. Appl.

Pyrolysis, 2008, 81, 80–87.
63 T. E. Benavidez, R. Martinezduarte and C. D. Garcia, Anal.

Methods, 2016, 8, 4163–4176.
64 Z. A. Zainal, R. Ali, C. H. Lean and K. N. Seetharamu, Energy

Convers. Manage., 2001, 12, 1499–1515.
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