Environ Sci Pollut Res (2017) 24:10041-10055
DOI 10.1007/s11356-017-8410-1

@ CrossMark

PROCESS ENGINEERING FOR POLLUTION CONTROL AND WASTE MINIMIZATION

Carbonaceous adsorbents derived from textile cotton
waste for the removal of Alizarin S dye from aqueous effluent:

kinetic and equilibrium studies

Béchir Wanassi ' - Ichrak Ben Hariz® - Camélia Matei Ghimbeu?

Cyril Vaulot? - Mohamed Ben Hassen'* - Mejdi Jeguirim?

Received: 21 June 2016 / Accepted: 5 January 2017 /Published online: 27 January 2017

© Springer-Verlag Berlin Heidelberg 2017

Abstract Recycling cotton waste derived from the textile in-
dustry was used as a low-cost precursor for the elaboration of
an activated carbon (AC) through carbonization and zinc chlo-
ride chemical activation. The AC morphological, textural, and
surface chemistry properties were determined using different
analytical techniques including Fourier transform infrared,
temperature programmed desorption-mass spectroscopy, ni-
trogen manometry and scanning electron microscopy. The re-
sults show that the AC was with a hollow fiber structure in an
apparent diameter of about 6.5 wm. These analyses indicate
that the AC is microporous and present a uniform pore size
distributed centered around 1 nm. The surface area and micro-
pore volume were 292 m”.g ' and 0.11 cm®.g", respectively.
Several types of acidic and basic oxygenated surface groups
were highlighted. The point of zero charge (pHpzc) of theca
was 6.8. The AC performance was evaluated for the removal
of Alizarin Red S (ARS) from aqueous solution. The maxi-
mum adsorption capacity was 74 mg.g ' obtained at 25 °C
and pH = 3. Kinetics and equilibrium models were used to
determine the interaction nature of the ARS with the AC.
Statistical tools were used to select the suitable models. The
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pseudo-second order was found to be the most appropriate
kinetic model. The application of two and three isotherm
models shows that Langmuir—Freundlich (n = 0.84,
K = 0.0014 L.mg ', and ¢ = 250 mg.g ') and Sips
(n =0.84, K = 0.003 L.mg ', and ¢ = 232.6 mg.g ') were
the suitable models. The results demonstrated that cotton
waste can be used in the textile industry as a low-cost precur-
sor for the AC synthesis and the removal of anionic dye from
textile wastewater.

Keywords Recycling cotton waste - Activated carbon -
Characterization - Textile effluent treatment - Alizarin Red S

Introduction

The development of the textile industries has been accompa-
nied by the generation of huge quantities of solid wastes and
wastewater effluents. Approximately, 10° tons of textiles solid
wastes are annually produced worldwide (Ouchi et al. 2010)
and this amount is continuously increasing every year due to
the increasing number of fashion seasons (Ali and Courtenay
2014). Environmental pollution due to the textile effluents is a
major problem because of their toxicities and harmful effects
on the environment and health. Annually, 10 to 15 10 tons of
dyes are released into the environment (Foo and Hameed
2010; Gupta and Suhas 2009). During the textile dye process,
2-20% of dyes are lost in wastewater effluents generating a
severe risk to the aquatic system (Zaharia and Suteu 2012). In
addition, these effluents can cause toxic, carcinogenic, and
mutagenic effects on animals and human health (Almasian
et al. 2015).

In the last decades, several technologies have been inves-
tigated for the decolorization of textile effluents. These tech-
niques could be divided into three kinds of treatment, namely,
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biological, dielectric, and physical treatments. Biological tex-
tile effluent treatment was widely used in the textile industry.
This technique was considered as low cost and high removal
efficient. However, this technique is very slow and depends
strongly on several factors such as pH effluent (Zahid et al.
2016; Dongqing et al. 2016). Dielectrical approach has been
also applied in textile wastewater treatment (Mouele et al.
2015) due to its efficiency to decrease the toxicity of textile
effluents to a near zero value. In addition, dielectrical process
has the advantage to be a low-cost energy process and more-
over requests short decolorization time. However, such tech-
nology leads to the generation of ozone and UV radiation
which may be regarded as an important inconvenience
(Martynas et al. 2013).

The physical treatment (adsorption) using activated carbon
(AC) (Gupta et al. 2011) seems to be the most promising
technique for the decolorization of textile effluents. Several
investigations have privileged the use of low-cost precursor
such as lignocellulosic biomass for the production of efficient
activated carbons. Among these precursors, Luffa cylindrica
fibers (Kesraoui et al. 2015), Agave americana fibers (Ben
Hamissa et al. 2010), and Posidonia oceanica fibers (Ncibi
et al. 2006) were used to develop activated carbon for textile
effluent treatment.

Cotton fiber is the most lignocellulosic and the noblest
fiber used worldwide. Recycling cotton waste can be consid-
ered as a good and low-cost resource for lignocellulosic ma-
terials. In order to overcome the economic and environmental
impact of cotton waste, to give an added value and a second
life should be clearly considered. Haule and Carr (2016) and
Haule et al. (2014) studied the supramolecular and
accessibility properties of the cellulosic fibers regenerated
from cotton waste garments. The mechanical and physical
properties of the regenerated fibers were found to be more
interesting than traditional lyocell fibers. Jie et al. (2016) eval-
uated the opportunity to use waste cotton fabrics for the
manufacturing of water-soluble cellulose acetate. Results re-
vealed that bio-based cellulose composites can be made-up by
aqueous blending of the obtained cellulose acetate and two
kinds of nanocelluloses (cellulose nanocrystals and cellulose
nanofibrils). The obtained material can be used in packaging,
sheet coating and binders, etc. Zainab and Ali (2016) investi-
gated at a laboratory scale the recycling of medical cotton
industry wastes for biogas production using the anaerobic di-
gestion procedure. Results revealed that the biogas maximum
yield was 92% in optimum condition of temperature, pretreat-
ment of substrate, and addition of inoculums.

Few studies have used the cotton fiber waste as a precursor
for activated carbon elaboration. This valorization strategy is
very interesting since an activated carbon prepared from tex-
tile industry waste could be used locally for the treatment of
textile wastewater effluents. Jieying et al. (2014) employed
cotton-woven waste for activated carbon production. In the
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optimum condition of temperature, carbonization and activa-
tion times (800 °C-30 min and 700 °C-30 min, respectively),
the obtained surface area was 789 m”.g ' and the iodine value
was 1147 mg.g"'. Such derived carbon was successfully used
to remove more than 80% of the chemical oxygen demand
(COD) from oilfield wastewater.

Ekrami et al. (2014) optimized the preparation of activated
carbon derived from waste cotton fiber using the chemical
activation method with phosphoric acid. The preparation-
optimized conditions of AC were the following: activation
temperature 450 °C, time of activation 30 min, impregnation
ratio of 2 wt.% the Sger (BET surface area), and the average
pore diameter of the obtained AC were 494 m>.g”" and
1.91 nm, respectively. These textural properties may influence
the adsorption of molecules from aqueous solutions.

In textile dyeing industry, several types of dye were used
such as anionic, cationic, and pigment dye. The most research
works on the decolorization of textile effluents have examined
essentially the adsorption of methylene blue (MB) in spite
availability of different dyes. Among the various dyes,
Alizarin (ARS, C4H,NaO,S, H,0), a red pigment of plant
origin, extracted from the root of the Dyers Madder (Rubia
tinctorum L.), is widely used in textile industry (Javad et al.
2014; Parra et al. 2004). This dye belongs to the family of
hazard pollutants which require a post treatment technique in
order to avoid its discharge in the environment.

In a previous study, a recycling process of cotton waste
yarn from the Society of Textile Industry (SITEX, Tunisia)
was implemented (Wanassi et al. 2016). Reclaimed fibers
were used to spin blended cotton yarn. Around 20% of these
fibers cannot be used for spinning because of their poor me-
chanical and physical properties. Therefore, it seems neces-
sary to give an added value to these cotton waste fibers.
Hence, the main purpose of this study is to synthesize an
activated carbon from these fibers. This activated carbon
could be used locally in the industrial plant for textile effluent
treatment. Thus, the performance of the elaborated carbona-
ceous adsorbent is evaluated for the removal of Alizarin from
aqueous solution. Several kinetics and isotherm models as
well as thermodynamic calculations are used to understand
the interaction nature between the activated carbon and the
Alizarin dye. These calculations are supported by statistical
tools in order to select the suitable models and to extract the
required parameters for the design of effluent treatment plant.

Materials and methods
Raw materials
The precursor used in this study was the waste generated by

the recycling of cotton fibers (Wanassi et al. 2016) in the
textile industry company SITEX (Société¢ Industrielle de
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Textile, Ksar Hellal, Tunisia). These residual fibers are not
valorized currently since they cannot be used for spinning
due to their poor technical characteristics (mean length
18.5 mm, tenacity 28.3 cN/Tex). The SITEX company is com-
mitted to reduce its environmental impact through water con-
sumption reduction, efficient wastewater treatment, and waste
minimization. Therefore, the recovery of cotton fibers through
activated carbon elaboration is proposed in this present
investigation.

Activated carbon preparation

Prior to the preparation of the activated carbon, the cotton
fibers were washed with distilled water and dried at 105 °C
during 48 h. Then, 10 g of cotton fibers were pyrolysed in a
horizontal tubular furnace under 25-mL/min argon rate from
room temperature to 700 °C with a 5 °C/min heating rate. The
sample was kept at 700 °C during 1 h and then cooled to room
temperature. After that, the pyrolysed cotton fibers were acti-
vated chemically through immersion in zinc chloride solution
(20% w/w) at room temperature for 24 h. After impregnation,
the sample was filtered, washed, and dried in an oven at
105 °C.

Cotton fibers and activated carbon characterizations

The raw materials as well as the elaborated activated carbon
were characterized using different analytical techniques.

The thermal degradation behavior of the cotton fibers un-
der inert atmosphere was examined using thermogravimetric
analyzer (METTLER-TOLEDO TGA 851e). During thermo-
gravimetric analyzer (TGA) run, 5 mg of cotton fibers were
placed in an alumina crucible. TGA experiments were per-
formed under nitrogen gas flow at heating rates of 5 °C/min
from room temperature to 800 °C.

The activated carbon morphology was characterized by
scanning electron microscopy (Philips model FEI model
Quanta 400 SEM). The AC textural properties were charac-
terized by measuring nitrogen adsorption isotherms at 77 K
using a Micromeritics (ASAP 2020) gas adsorption analyzer.
Before the analysis, the sample was out-gassed overnight in
vacuum at 623 K. The BET (Brunauer—Emmett-Teller) sur-
face area (Sgrt) of AC was calculated from N, adsorption
isotherms in relative pressure (P/P) range of 0.05-0.30. The
micropore surface (Sp,;.) area and the micropore volume
(Viiero) Were explored from #-plot method.

The characterization of AC surface chemistry was carried
out using Fourier transform infrared spectroscopy (FTIR) and
temperature programmed desorption-mass spectroscopy
(TPD-MS). The functional groups on the AC surface were
evaluated using Jasco FTIR 4100 series spectrophotometer
(manufactured by PIKE Technologies). The spectra were ob-
tained with a resolution of 4 cm ™' using 64 cumulative scans.

The spectra were recorded from 4000 to 600 cm ™. The cotton
fibers were also examined using FTIR analysis in order to
evaluate the effect of the carbonization and the activation on
the surface chemistry evolution

Quantitative and qualitative information on the functional-
ities of the AC surface was assessed using TPD-MS analysis.
During this analysis, 5 mg of AC was deposited in a quartz
tube in a furnace and heat treated from room temperature to
900 °C with 5 °C.min ' heating rate in vacuum. During the
experiment, mass spectrometer analyzed continuously the
evolved gas. From the TPD analysis, desorption rate of each
gas (H,, H,0, CO, and CO,) as a function of temperature was
determined. By time integration of TPD-MS peaks, the quan-
tities of released gas were as well determined.

Adsorption tests

Alizarin Red S (ARS) used in this study was purchased from
Sigma Aldrich, UK. The dye solutions were prepared by dis-
solving an appropriate amount of dye in distilled water. In a
typical experiment, 5 mg of activated carbon was placed in
10-mL aqueous solution of dye and the adsorption tests were
conducted at a constant agitation speed of 200 rpm using a
shaking thermostat water bath. The influence of the operating
conditions on the removal of ARS was examined through the
variation of the initial dye concentration in water (5—
200 mg.Lfl), the pH of solution (3-8), the contact time (5—
1440 min) and the solution temperature (18—40 °C). The ARS
concentration was determined by using a double beam UV-
visible spectrophotometer.

The adsorption capacity of ARS by activated carbon was
determined as follows:

Cci—C,
M

q(mg. gfl) = xV

Where q (mg.g ') is the quantity of ARS adsorbed, C;
(mg.Lfl) is the initial ARS concentration, C, (mg.Lfl) is the
equilibrium ARS concentration and V (L) initial ARS solution
volume and M (g) is the mass of adsorbent.

Mathematical approach

Different kinetic and equilibrium models as well as thermo-
dynamic calculations were used to analyze the nature of the
interactions of ARS with the activated carbon.

Kinetic models

Pseudo first-order, pseudo second-order, and intra-particular
diffusion models were evaluated to describe the ARS adsorp-
tion kinetics. The linear forms of each model are presented in
Table 1. Where k; was the rate constant of pseudo-first order
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Table 1 Kinetic models
Model

Equation Reference

Pseudo-first order
Pseudo-second order
External diffusion

Intra-particular diffusion

log(q.~¢,) = log(qe)—zéﬁt (Lagergren 1998)

-t (Ho and McKay 1999)

t—_1
g k2q2y,

In&te=K & 1=Kt

C—C. (Mehrorang et al. 2012)

¢, =Kq2+C (Kumar and Smail 2010)

(min '), k, was the rate constant of pseudo-second order
(L.mg_].min_l), K’ was the constant of external diffusion
(min" "), and k4 was the constant of intra-particular diffusion
(mL".min ).

Equilibrium models

In order to identify the ARS adsorption isotherm, different
two-parameter and three-parameter isotherm models were
tested. The isotherm parameter determination contributes to
the understanding of the adsorbent surface heterogeneity and
lateral interactions (Koopal et al. 1994) that may exist between
the ARS and the AC.

The linear forms of the two- and three-parameter models
are shown in Table 2. For the three-parameter models, the
application of linear regression on the linear form could not
allow to extract the different parameters. Hence, a specific
procedure including two steps was used to determine the iso-
therm parameter value. The first step was to test the non-linear
models using non-linear regression algorithms (ORIGIN LAB
8.5.1 software). The second step was to use one value from the
three parameters (K;, ¢,,, or n from the non-linear model) into
the linear model, which converts into a two-parameter model
that can be linearized. Generally, the linear forms of three-
parameter models were based on the supposition that n value
is known.

Statistical approach

Linear and non-linear regression of the experimental and cal-
culated isotherm data were performed by minimizing the re-
sidual sum of square (RSS) value. It is a measurement of the
difference between the experimental and calculated data. The
RSS value was calculated according to:

n . N\ 2
RSS = 3 (Yi,V4)

i=1

Where Y., and Yy, were, respectively, the experimental and
calculated values and n was the number of experimental
values.
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The predictive performance of kinetics, thermodynamic,
and isotherm models was, firstly, examined by regressing
models using R” statistic value. High value of R (>0.97) in-
dicates that each models may be ranked accordingly, and vice
versa. R* was calculated with this following equation:

2
2?:1 (Yi_f’D

R=1-——"

Y )

Where y; was the experimental value, y,was the calculated
value, and y; was the mean value.

The majority of the previous study used only R’ to select
the most adequate model. In this study, more statistical param-
eters (F, and P value) have been used in order to minimize
the error interval. F,. was calculated with the following
equation:

exp

o0z (ap-a.’)

Feae = 2
()% (9574t

Where i was the number of adjusted parameters of the
models and g5 was the mean value of g&*.

The P value was defined as the probability of obtaining a
calculated result equal to experimental value. If P value was
less than 0.05, the tested model can be considered statistically
significant, and vice versa. In this study, P value was calculat-
ed using ORGINLAB 8.5 software.

Results and discussion
Raw cotton fibers and activated carbon characterizations

TGA and DTG curves of the waste recycled from cotton fibers
during the thermal degradation under inert atmosphere are
shown in Fig. 1.

DTG curve exhibits three main degradation zones. The first
zone (<400 K) involved the removal of water content in the
fiber (4.5%) and some reorganization of the cellulose arrange-
ment (Gurudatt et al. 1999). In the second zone (370640 K),
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Table 2  Two- and three-parameter isotherm models

Model Equation Linear form Reference
Two-parameter models
Langmuir g, = Rt L=l Co+gl (Langmuir 1918)
Freundlich 4. = Kp.Ch log(q,) = log(K) + L log(C.) (Freundlich 1906)

Dubinin—Radushkevich

Three-parameter models
Redlich—Peterson

Toth

Languir-Freundlich

Langmuir general

Sips

Radke—Prausnitz 1

Radke—Prausnitz 2

Radke—Prausnitz 3

Fritz—Schluender

e = ()

4 K, C,

4 — TH(EKLC)

Ge K;.C.

In  [1+(K.Co)")"
40 _(KiCo)"

an  THKLC)T

4 K. Ce "
I 1+(K.Ce)

4o . _KsC"

g, 1+KsC”

4 — __K..C,

gn — (IHKLC)T
e — _Ki.Co
9w~ 1HKL(C)"
4o KiC

G 14Kp.(C)"Y
9o K;.C. ;
G 14 qmes-(Ce)”

In(g,) = In(gppn)~(21)’. (ln(E—-;)z)

G L Ky

q K., G N C

c\" _ ()" \"
(&) = Ge) "+ () cor
(I 1

o=t KLCT

(Dubinin 1960)

(Redlich and Peterson 1959)

(Gimbert et al. 2008)

(Hinz 2001)

(Hinz 2001)

(Sips 1948)

(Radke and Prausnitz 1972)

(Fritz and Schluender 1974)

there is a considerable decrease in weight loss. At this stage,
the mass loss is highly related to the thermal degradation of
cellulose and hemicellulose as the main components of cotton
fiber (=90%) (Loelovich 2008). On the other hand, there is a

Fig. 1 Thermogravimetric
analysis of waste cotton fiber

Weight Loss (%)

production of tars, water, carbon monoxide, and carbon diox-
ide (Pastor et al. 1999). The third zone in the region of 650 to
750 K involved the degradation of lignin, and the rate of
weight loss of lignin is very slow compared to that of cellulose

LA L U RN A R N | B B R | 0.016
100 4 ) 610K —— Weight Loss [
0 —— ——’. T -- -Detlivat:ion weight] [ 0.014
1 L0012 _
80 - I %
| 0.010 &
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and hemicellulose. According to a previous work (Antal,
1984), a thermal degradation of a lignin is accompanied by
the formation of H,O, CO, and CO,.

SEM analysis was used to evaluate the effect of carboniza-
tion and the chemical activation on the morphological evolu-
tion of the cotton waste. Indeed, as shown in Fig. 2, the mor-
phology of the raw cotton fiber surface was radically changed
after the thermal and chemical treatment. Firstly, appearance
of a cavity core inside the fiber after the treatment is clearly
noted (Fig. 2¢). Secondly, a porous structure on the AC sur-
face is observed. The chemical treatment attacks the external
layer of the cotton fiber which is principally formed by the
lignin. Modification in fiber diameter is noticed as well; the
raw cotton fiber diameter was 13.5 um (cv = 21%) and de-
creases by 50% (diameter of AC fibers 6.5 um, cv = 9%) after
carbonization and chemical treatment. The fibrils of the car-
bonized cellulose are noticeably revealed on the surface of the
fiber with a thin layer of lignin randomly distributed on the
surface of micro fibril (Fig. 2d).

FTIR analysis was used to analyze the surface groups on
the cotton waste and the elaborated AC (Fig. 3). Different
functional groups were identified during this analytical
technique. The cotton waste fibers contained supplementa-
ry bands compared to the prepared activated carbon which
is expected after a thermal treatment at 700 °C. The main
peaks in the spectra of cotton waste fiber are related to
O-H stretching vibration and asymmetric C—H stretching
(in methylene groups), The main peaks in the spectra of
cotton waste fiber are related to O—H stretching vibration,
asymmetric C—H stretching (in methylene groups), —-C = O,
C = C—COO-, and C = C stretching vibration at 3433 cm !
(Lietal. 2007; Liang et al. 2010), 2936 cm ! (Altintig et al.,
2016), 1730 cm™ ' (Tzvetkov et al., 2016), 1530 cm ™'

Fig. 2 SEM pictures of raw
cotton (a, b) and activated carbon
(c,d)
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(Liou, 2010 ; Nasiri Azad et al., 2015), and 1230 cm’!
(Guo and Rockstraw, 2006), respectively. The important
peak at 3433 cm™ ' (O—H stretching vibration) corresponds
to alcohols, phenols, and carboxylic acids existing in pec-
tin, cellulose, and lignin respectively (Li et al. 2007; Liang
et al. 2010). After thermal and chemical treatments, the
surface chemical structure was modified. Indeed, the re-
moval of high amounts of functional groups is demonstrat-
ed by the disappearance of several peaks placed initially
between 3500 and 1600 cm™'. The intense reduction of the
band at 2936 cm™ ' assigned to asymmetric C—H stretching
indicates that the chemical activation removes a significant
amount of hydrogen as well. On the other hand, it can be
seen as an appearance of new peaks in the bands located in
a range between 1800 and 600 cm ' due to C—C, C = C
aromatic and carboxylic anhydrides C—H stretching.

Surface chemistry of activated carbon was analyzed
using TPD-MS technique. While the IR provides infor-
mation of the existing groups in the surface of the ma-
terials, the TPD-MS gives information about the whole
material and in addition, it allows quantifying the
groups. By heating the AC under vacuum, the surface
groups are decomposed mainly in CO, CO,, H,O, and
H,. The TPD-MS desorption peaks can be therefore
assigned to the different surface groups on AC by com-
parison with similar materials in literature.

Figure 4 shows the CO,, CO, and H,O desorption profile
of AC from 25 to 900 °C. CO, desorption curves of AC show
two peaks at 350 and 580 °C. Desorption of CO, obtained at
350 °C corresponds to the presence of carboxylic groups,
whereas that observed at 580 °C could be typical of anhydride
or lactones. According to previous studies (Otake and Jenkins,
1993; Marchon et al. 1988, Ghouma et al. 2015), desorption of
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Fig. 3 FTIR analysis of a raw cotton and b the activated carbon

CO, at low temperature indicates the decomposition of acidic
groups from lactone and carboxylic while at high temperature,
it was due to the decomposition of anhydride groups (Zhuang
et al. 1994).

TPD-MS profile for H,O exhibits three desorption peaks at
200, 350, and 650 °C, respectively. The water desorption at
200 °C can be assigned to physisorbed water. The desorption
peaks at 350 and 650 °C could be attributed to the in situ
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Temperature (°C)

Fig. 4 TPD-MS desorption curves of the activated carbon

dehydration of carboxylic and phenolic groups which give
anhydrides, lactones, and ethers.

CO desorption rate increases with temperature and presents
apeak at 650 °C. Desorption of CO is attributed to the decom-
position of neutral or basic groups, such as ether, quinone,
phenol, and carbonyls groups. Otherwise, a great peak of hy-
drogen is observed at 760 °C which is typical for the cleavage
of the C—H bonds.

Total quantity of H,, H,O, CO, and CO, emitted gases was
obtained from the integration of desorption peaks between 25
and 950 °C. The obtained results are shown in Table 3. The
obtained values show that the amount of CO is two times
higher than the amount of CO,; hence, the materials are rather
basic in nature. Such behavior was already obtained for an
activated carbon prepared from the zinc chloride activation
of date stone (Belhechemi et al., 2014). Authors obtained
0.53 mmol.g 'for CO and 0.21 mmol.g " for CO,.

Nitrogen isotherm at 77 K was used to characterize the
textural features of the synthesized activated carbon AC, i.e.,
the specific surface area and pore structure (Fig. 5). A type [
isotherm is characterizing the materials which is specific to
microporous materials. The profile is the result of unrestricted
monolayer—multilayer adsorption up to high value of p/py.

The DFT pore size distribution provided in Fig. 5b shows a
well-defined peak suggesting uniform pores centered around
1 nm and also some pores with sizes higher than 2 nm can be
noticed.

The textural properties of the elaborated activated carbon
are the following: BET surface area Sgpr = 292 m®.g ', mi-
cropore surface Sy = 255 mZ.gfl, mesopore volume Vieso
=0.03 cm’.g"", micropore volume Ve = 0.11 cm®.g", total
pore volume V, = 0.14 cm’.g ™', and average pore diameter
D, = 1.96 nm. The V,,;/V, ratio in the prepared AC was
76%, which indicates that the prepared AC is microporous
with the presence of some mesoporosity. The specific surface
was lower than the values obtained with similar precursor.
This difference is attributed to the AC-selected synthesis pro-
tocol. In fact, a soft treatment was used in preparation of the
activated carbon (zinc chloride, ambient temperature) in
order to keep the surface structure of the initial product
as shown in Fig. 6. This structure will help the elaboration
of a filter to be used at a large scale. The use of other
protocols may be interesting to improve the textural prop-
erties but may damage the precursor structure. As an ex-
ample, Jieying et al. (2014) used a protocol leading to the

Table 3 Total quantity

of released gases Gas mmol.g '
H, 657
H,0 1.73
CO 0.64
Co, 034
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Fig. 5 a Nitrogen adsorption isotherm and b DFT pore size distribution of activated carbon

preparation of an activated carbon from cotton tissue with
high specific surface area (789 m?.g"'). However, a lower
yield of activated carbon in the pulp shape was obtained.

Effect of the pH on the AC adsorption capacity

In order to optimize the operating conditions for the ARS
adsorption, the influence of solution pH was examined.
Hence, four dye solutions were prepared using the following
initial pH: 3, 5, 6, and 8. The pH of the initial solution was
adjusted with the concentrated solution of sodium hydroxide
(NaOH) (1 M) to do basic pH solution or hydro chloric acid
(HCI) (89%) to do acid pH solution. The experimental condi-
tions were as follows: adsorbent weight 5 mg, solution volume
10 mL, contact time 1440 min, stirring 200 rpm, controlled
temperature 25 °C, and initial concentration 100 mg.L™".
Figure 7 shows the adsorption capacities vs the solution
pH. It can be seen that when the initial pH increases, from 3
to 8, the adsorption capacity of the AC decreases. In the same
way, the adsorption capacity decreases from 57.2 to
8.7 mg.g ' when the pH of the solution increases from 3 to
8. This result may be accounted to the deprotonation
(Deprotonation is a chemical reaction at which a proton H*
is removed from a molecule which forms its conjugate base.)

Fig. 6 Surface structure of obtained AC

@ Springer

of the surface of the adsorbent and the positive charges in the
surface of AC which react with the alizarin that exists under
the monoanionic form.

The initial pH of the ARS solution has a significant
effect on the surface chemistry of the adsorbent which af-
fects significantly the electrostatic charges that were trans-
mitted by ionic dye molecules. The ARS adsorption was
highly dependent on the pH of the solution due to the
existence of several functional groups distributed on the
surface of AC such as hydroxyl and carbonyl groups.
Similar results were shown during the adsorption of anion-
ic dyes by activated carbons (Pirillo et al. 2009; Sylvie
et al. 2005; Azquez et al., 2014).

The pH of point charge zero (pH,,.) of adsorbents is a very
important parameter which can identify the potential of the
interaction between the functional groups in the interface
adsorbent/adsorbate in aqueous solution. ARS is an acid
dye, its dissolution in water releasing negatively charged col-
ored ions (anions). Generally, the AC surface is negatively
charged where pH values were greater than those of pHp,.
and positively charged when pH values were lower than those
of pH,,. (Bazrafshan et al., 2015). At pH of ARS solution
lower than pH,,,., the AC surface is positively charged which
strongly favors the attraction of ARS (anionic dye). The ad-
sorption capacity of ARS by AC is maximized at an initial pH
of solution less than pH,,, of the AC.

Effect of initial concentration on the adsorption capacity

In order to study the impact of the initial concentration on the
adsorbed quantity, eight solutions were prepared with differ-
ent concentrations comprised between 10 and 300 mg.L™".

According to Fig. 8, the adsorption capacity increases with
the increasing of the ARS initial concentration from 9 to
78 mg.g ' when the initial concentration increases from 10
to 300 mg.I"". The initial concentration generates an important
force having an effect on dye mass transfer resistance between
the aqueous phase and the solid phases.



Environ Sci Pollut Res (2017) 24:10041-10055

10049

70 - @
60 -
50 -
40 -
30 -
20 -
10 -
0

q(mg.g!)

3 5 6 8
pH

pHi

Fig. 7 a Influence of the solution pH on the adsorption capacity. b pHpzc of activated carbon (25 °C, 100 mg L™, 1440 h)

Effect of contact time on the adsorption capacity

The effect of contact time was also examined. Figure 9 shows
that the curve of ¢ vs time is composed by two phases. The
first phase occurs up to 300 min and is characterized by a rapid
and sharp ARS adsorbed quantity. The second phase is char-
acterized by a slow adsorption capacity until the equilibrium
after 1440 min. During the first stage, the sites are occupied
progressively when the ARS tends to move to the pore in the
AC surface. This adsorption phenomenon (rapid diffusion
process) will decrease the ARS adsorption rate at the second
stage. The removal process was ordinary and 24 h of adsorp-
tion process was enough to reach an equilibrium.

Adsorption Kinetics

The ARS adsorption kinetics was investigated with four the-
oretical models to describe the transport phenomena and the
interaction between ARS and AC (Salam et al., 2014). The
corresponding kinetic parameters from all models were listed
in Table 2. The correlation between the experimental data and
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Fig. 8 Effect of initial concentration on the adsorption capacity (25 °C,
pH 3, 1440 h)

the theoretical data was evaluated by the different statistic
coefficients (F.,;, R, and P value) described in the theoretical
section.

Table 4 shows that pseudo-first order, external diffu-
sion, and intra-particular diffusion models have a low val-
ue of R? (<0.94). In addition, a significant difference be-
tween the experimental and the calculated adsorption ca-
pacities observed for the three kinetic models. Previous
studies have found similar behaviors during their investi-
gation of the ARS adsorption by activated carbon. In fact,
pseudo-first order, external diffusion, and intra-particular
diffusion were not suitable for extracting kinetic parame-
ters in agreement with other works (Fan et al. 2012;
Kumar and Smail, 2010; Han et al. 2011; Crini 2008).

There is a good correlation between experimental values
and of the calculation for the pseudo-second order kinetic
model. Indeed, the correlation coefficient R? is 0.988 and there
is good statistical signification (P value =~ 0). Therefore, the
pseudo-second order model is the suitable kinetic model that
represents the kinetic adsorption of ARS on the elaborated
AC. K, (constant of the pseudo-second order model) was the
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Fig. 9 Effect of contact time on the adsorption capacity (Ci 200 mg.L™",
T25°C,pH 3)
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Table 4  Kinetic parameters of ARS adsorption

Kinetic model Model parameters R? Fea P value

Pseudo-first order g. (mg.g") Ky(min™") 0.932 2322 2411071
479 0.009

Pseudo-second order qe (mg.gfl) KZ(L.mgfl.minfl) 0.988 1283.8 1.11107'°
62.9 1310°°

External diffusion K'(mg.g ".min ") 0.932 233.4 2321071
3910

Intra-particular diffusion Kid(mg.gfl.mirfo‘5 ) C 0.932 248.9 5521012
6.228 2511077

adsorption reaction time-scaling factor. A low value of K,
(K> = 13 107°) (L.mg ".min"") leads to a large time that is
required to reach an equilibrium (Plazinski et al., 2013). The
chemical adsorption promoted by the exchange of electrons
between ARS and the adsorbent generates a valence liaison
between adsorbent linking ARS and AC adsorbent. Similar
results showing an applicability of the pseudo-second order
model represent the kinetic adsorption of ARS by Ravindra
et al. (2013).

The experimental kinetic adsorption of ARS on AC is
characterized by a sharp increase in the adsorbed capacity
during the first 250 min, followed by a lower adsorption,
which can be described by the Weber and Morris model
(Weber and Morris, 1963). According to the Weber and
Morris model (or intra-particle model Table 1.), the initial
part of adsorption is connected to faster mass transfer of
ARS through the boundary layer and adsorption on the
AC surface. The second part of adsorption is connected
to slow diffusion inside the pores of AC. The slope of the
linear portion of ¢ vs #'/? (Fig. 10.) gives the rate constant
of intra-particle diffusion K; which equals 0.258
(mg.g '.min"?). The intercept of the linear portion is high
(46.913), which clearly shows that surface adsorption is
predominant. Indeed, at 300 min, the surface adhesion is
completed and the pore diffusion started. Firstly, the

60
. y=0.258 x + 46.913
R2=0.95
~ 40+
&0
on
E 30
o
y=13.466 x - 9.771
204 R2=0.993
10
0 B T T T T T T T T T
0 10 20 30 40 50

tl/Z (min]/E)

Fig. 10 Intraparticle plot for the adsorption of ARS
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adsorption is dominated by surface adhesion and after-
wards, the pore diffusion.

Adsorption isotherms

In order to understand the interaction nature between the AC
and ARS, two- and three-parameter isotherm models were
examined. Experimental data were fitted to each adsorption
isotherm models and the most statistical significant model was
used to describe the equilibrium adsorption.

Two-parameter isotherm

The first aim of this purpose was to find a two-parameter
equation which can model the adsorption of ARS by AC in
the range of ARS initial concentration between 5 and
300 mg.L™"; controlled temperature was 25 °C; agitation
was 200 rpm and pH 3. Three- and two-parameter models
were used.

The Langmuir model is mainly used in the liquid phase
adsorption and it is based on isotherm adsorption development
involving two hypotheses. The first one is that the adsorbent
has a limited adsorption capacity (¢max).- The second one as-
sumes only monolayer adsorption between adsorbent and sol-
ute (Langmuir 1918).

The Freundlich model is widely used as well in the
modeling of liquid phase adsorption. It is applied, princi-
pally, in the multilayer adsorption isotherm where interac-
tions between adsorbed molecules occurs (Freundlich
1906).

The Dubinin—Radushkevich model used in this study was
in the liquid adsorption form. Three hypotheses correspond to
this model. The first one is that the filling of the micropore
volume is based on the fact that the adsorption potential is
variable. The second assumes that the free adsorption enthalpy
is related to the degree of pore filling. The third one considers
that the surface of adsorbent was heterogeneous (Kennedy
et al. 2007).

According to Table 5, the Langmuir model was the suitable
model fitting well the ARS adsorption of on the elaborated
AC. Indeed, the highest value of R? (0.988), the highest value
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TableS Two-parameter isotherm
models Model Parameters R Fea P value
Langmuir qm(mg.gfl) KL(L.mgfl) 0.988 1643 15107
73.75 0.023
Freundlich Krmg" ™.L"g ") n 0.976 571.2 35107
1.64 1.28
Dubinin-Radushkevich gmpr(mg. g ) E 0.762 224 211073
1.1 0.874

of F_,; (1643), and the lowest value of P (1.5 107) reflect a
statistical significance of this isotherm model.

The maximum adsorption capacity of ARS by AC deter-
mined by the mathematical model of Langmuir was about
73.75 mg.g". The adsorption of ARS by AC was very favor-
able and probably a weakly reversible sorption. A previous
work focused on the adsorption of ARS has also adapted the
Langmuir isotherm as the best two-parameter model (Fadi and
Bernard, 2009).

The Freundlich constant n was the characteristic of the
adsorbate/adsorbent couple. If the value of n Freundlich is
between 2 and 10, the adsorption is excellent, while if » is
between 1 and 2, there is a good adsorption but if # is less than
1, the adsorption is low. The value of n obtained in this study
is 1.28 which shows that the AC has good adsorbent capacity
of ARS.

Compared with previous studies on ARS adsorption
which are resumed in Table 6, the cotton-based activated
carbon could be considered as a good adsorbent of ARS.
The capacity of adsorption of ARS by AC was, relatively,
acceptable despite the lower specific surface (292 m*.g "
Table 4). This may suggest the involvement of the func-
tional groups in the adsorption process which is more
significant than the specific surface area effect. Indeed,
chemical precipitations of the ARS anions/cations have a
dominant responsibility in the adsorption capacity as was
shown in a previous study (Albadarin and Mangwandi,
2015).

Table 6 Comparison of g,.x of ARS with various adsorbents materials

Three-parameter isotherm

Three two-parameter models were tested in order to improve
the understanding of the ARS adsorption phenomena; three-
parameter models were used. The most popular isotherm
models with three parameters were investigated such as
Redlich—Peterson, Téth, Langmuir—Freundlich, Langmuir
general, Sips, Radke—Prausnitz (1, 2, and 3), and Fritz—
Schluender.

The Redlich—Peterson three-parameter model is the
most widespread model in the literature. This model can
be used for a wide concentration range. The equation of
this model is a combination of the parameters of Langmuir
and Freundlich. It is an empirical model combining the
parameters of the Langmuir and Freundlich (Redlich and
Peterson 1959).

The To6th model is also often mentioned and applied.
Basically, this model has been designed for the gas adsorption
phase. Its empirical form is derived from the Langmuir model.
This model considered that the surface of the adsorbent is
energetically heterogeneous. The application of this model
in the liquid phase is close to the empirical Redlich—Peterson
model (Gimbert et al. 2008).

The Sips model is not used frequently in the literature. His
mathematical expression was obtained by applying the mass
action law. This model assumption is that the adsorption reac-
tion stoichiometry would be in solute molecules per free ad-
sorbent site (Sips 1948).

Adsorbent Gmax(Mg/g) pH Cy{(mg/L) T(°C) ads gosage Reference

@L™
Activated carbon/y-Fe,O3 nano-composite 108.7 2 150 25 1 (Fayazi et al. 2015)
Citrullus lanatus peels 79.6 3 100 30 5 (Fan et al. 2012)
Mustard husk 1.97 2-3 100 25 0.5 (Gautam et al. 2013)
Gold nanoparticles-AC 123.4 42 35 25 15 (Roosta et al. 2014)
Olive stone by-product 16.1 33 110 25 5 (Albadarin and Mangwandi 2015)
Magnetic chitosan 43.1 2-4 18 40 0.1 (Rehman and Mahmud 2013)
Cynodon dactylon 16.3 1 25 30 5 (Samusolomon and Devaprasath 2011)
Waste cotton-AC 73.8 2 300 25 0.5 This study
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Table 7 Non-linear isotherm

parameters Model n K, qm R Fea P value
Redlich—Peterson 0.162+0.085  NA 0.728+0.29 0982  287.83 1.110°°
Téth 0.159+0.103 NA NA 0.982 287283 1.1107°
Langmuir—Freundlich 0.841 £0.24 NA NA 0.982 287.83 1.1107°
Langmuir general 0.841 +0.22 NA NA 0.982  287.89 1.110°
Sips 0.842+0.23 NA NA 0.982 28787 1.110°
Radke—Prausnitz 1 0.56+0.21 NA NA 0989 43340 2510°
Radke—Prausnitz 2 0.139 +0.06 NA 0.647+£023 0989 43358 2510°
Radke—Prausnitz 3 0.840 +0.76 NA NA 0.982  287.92 1.110°
Fritz—Schluender 0.162 +0.06 0.729+026  NA 0.982 28782 1.110°°

NA not applicable

Other three-parameter models were cited in previous stud-
ies and tested in this work such as Langmuir—Freundlich,
Langmuir general, Radke—Prausnitz, and Fritz—Schluender
model.

Firstly, these three-parameter models were tested using
non-linear regression (Origin8.5. software). The obtained re-
sults are shown in Table 7.

Table 7 shows the application of isotherms in their
non-linear form. The Redlich—Peterson, Radke—Prausnitz
2, and Fritz—Schluender models were relatively the best
models that describe well the adsorption of ARS on the
activated carbon (R? > 0.98 and P value ~ 0). Langmuir—
Freundlich, Langmuir general, Sips, and Radke—Prausnitz
isotherm models are not adapted to describe the ARS ad-
sorption. In spite of the similar values of “n = 0.84” for
these models, there are aberrant values of K; and g,
(sometimes negative values). In the case of a very high-
standard error value, it can be concluded that the model is
not relevant (exp: The model Radke—Prausnitz 3 is not
relevant as ¢,, = 484 = 3 10°).

The application of a non-linear three-parameter isotherm
allowed the determination of n value for each model. The
calculated n value was the following:

e n = 0.16 for Redlich-Peterson, Toth, and Fritz—
Schluender isotherm

* 1n = 0.84 for Langmuir—Freundlich, Langmuir general,
Sips, and Radke—Prausnitz 3 isotherm

* n~=0.56 for Radke—Prausnitz 1 isotherm

e n~=0.14 for Radke-Prausnitz 2 isotherm

Unlike to the non-linear isotherm models with three param-
eters, it can be seen in Table 9 that Langmuir—Freundlich,
Langmuir general, and Sips models can describe the ARS
adsorption isotherm in the linear form. The accord of the
models with the experimental data is good as observed
through the R?, F.,, and P value values (Table.8). In almost
all cases, the best isotherm model was Langmuir—Freundlich
with R? = 0.989, F,; = 569, and P value was near 0.

On the other hand, the isothermals Toth, Radke—Prausnitz
1, 2, and 3, and Fritz—Schluender cannot be applicable to the
adsorption of Alizarin S in their linear form because R* values
are less than 0.89.

To have more than one three-parameter model that can
describe the ARS adsorption by AC adsorption may be ex-
plained by the existence of two types of active sites on the
surface of the AC. High-reactive sites, called sites 1, are

Table 8 Linear isotherm

parameters Model n K Gm R Feal P value
Redlich—Peterson 0.16 NA NA 0.846 38.43 45107
Toth 0.16 5.95E-6 307,751 0.894 28.88 17107
Langmuir—Freundlich 0.84 0.0014 250 0.989 569.88 351077
Langmuir general 0.84 0.016 18.01 0.982 32436 1910°°
Sips 0.84 0.003 232.56 0.989 569.88 351077
Radke—Prausnitz 1 0.56 0.697 0.767 0.642 12.53 95107
Radke—Prausnitz 2 0.14 NA 0.367 0.851 39.92 39107
Radke—Prausnitz 3 0.84 NA NA 0.846 3843 45107
Fritz—Schluender 0.16 0.454 NA 0.846 38.43 45107
NA not applicable
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faintly distributed at the surface of the AC which reacted
quickly with ARS even at low concentrations. Whereas,
weakly active sites, called sites 2, highly distributed at the
surface of the AC. Sites 2 react with the ARS after the satu-
ration of the sites 1.

Redlich—Peterson, Radke—Prausnitz 2, and the Fritz—
Schluender models would best model the ARS adsorption
equilibrium in the non-linear form. However, Langmuir gen-
eral and Sips models can describe the ARS adsorption iso-
therm in the linear form. This type of liquid phase adsorption
was obtained by other researchers who have studied the ap-
plication of three-parameter models with the linear and non-
linear form (Mardini and Legube 2009).

A statistical approach was used to validate the isotherm
model such as R?, F.., and P value. In the first step,
Langmuir model was adopted as the best two-parameter mod-
el that describes the adsorption of ARS by AC. In the second
step, the model of Langmuir—Freundlich and Sips has been
validated as the best three-parameter model which describes
this type of adsorption.

Conclusion

The present investigation demonstrated the suitability of
recycling cotton fiber for the preparation of activated car-
bon. The characterization of the activated carbon shows
different types of functional groups especially basic groups
such as the hydroxyl group on the surface of the AC. The
AC presents mainly a microporous texture with uniform
pores centered around 1 nm and some pores with sizes
higher than 2 nm.

The ARS adsorption process by AC was found to depend
on initial ARS concentration, pH, contact time, and tempera-
ture. A comparison of three kinetics models on the ARS ad-
sorption shows that ARS/adsorbent reaction was best fitted by
the pseudo-second order model. The adsorption data de-
scribed well the Langmuir isotherm as a two-parameter model
and Langmuir-Freundlich, Langmuir general, and Sips
models as three-parameter models. Therefore, it was demon-
strated that the AC derived from cotton waste could be used as
an ARS adsorbent for textile wastewater. Future work on ARS
adsorption will focus on the study of competition with com-
plex molecules which exist in textile wastewater.
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