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ABSTRACT

The present study explores the sorption capacity of anionic surfactant, sodium dodecylsulfate
(SDS)-modified activated carbon (PA-AC-SDS) for highly toxic and carcinogenic dye, Auramine
O (AO) from aqueous systems. The effects of various process variables such as dye solution pH,
adsorbent dose, dye initial concentration and contact time have been explored via Box-Behnken
design of response surface methodology. Optimum conditions were found to be solution pH of 6.00,
adsorbent dose of 0.110 g, contact time of 240 min and dye initial concentration of 1,000 mg L7,
under which the measured experimental adsorption capacity for AO was 425.060 mg g™, which
was in close agreement with the predicted value (427.130 mg g™), with relative error of —0.490%.
Adsorption kinetics and isotherm data were well described by pseudo-second-order kinetics and
Langmuir isotherm model. Intra-particle diffusion and Boyd’s models showed that both film diffu-
sion and intra-particle diffusion may occur parallel during the interaction of the AO with PA-AC-
SDS. Thermodynamic investigations presented spontaneous and endothermic nature of adsorp-
tion. In addition, regeneration studies revealed that PA-AC-SDS was effective in removal of AO for
five consecutive cycles, showing it to be an efficient technology for textile industries effluents.
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1. Introduction

Water is an essential constituent of human life and
ecosystem on the earth. It is a major resource of food,
health, clothing and environment. The demand of water
has increased with the rise in world’s population. But the
augmented industrial activities and advancement in living
standards, exploited the natural water resource. Nowadays,
a large number of industries release a variety of hazardous
compounds such as heavy metals, drugs, pesticides, and
dyes to ocean, lakes and rivers [1-4]. Among these pollut-
ants, dyes are the organic noxious waste that are produced
by textile, plastics, rubber, printing, electroplating, and
paper making industries. Almost all dyes are extremely
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poisonous, mutagenic, non-biodegradable and carcinogenic
due to its complex aromatic structure. The annual produc-
tion of commercial dyes across the world is 7 x 10° tons,
while, 5%-10% of these dyes are discharged from industries
to aqueous environment without any treatment [3,5,6]. AO
is a cationic dye applied in coloring leather, food, carpet,
paper and textiles. Beside the commercial importance, the
presence of AO in water even in trace amount is highly inju-
rious and has been proved as carcinogenic by International
Agency for Research on Cancer [7]. Considering the highly
toxic and carcinogenic nature of AO, its removal from
aqueous systems is highly desired before their discharge
into natural environment to save human life and the
ecosystem.
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A number of techniques such as membrane filtration,
reverse osmosis, flocculation, radiolysis, advanced oxida-
tion, ozonation, aerobic—anaerobic, electrochemical treat-
ment and adsorption are employed for the treatment of
dye-containing effluents [1,8-10]. Most of these techniques
are expensive and less efficient that might limit its applica-
bility in underdeveloped countries. However, among these
methods, adsorption is a more frequently used method
because of its effectiveness, flexibility, simplicity and least
cost [1,5]. A wide range of available adsorbents (lignocellu-
lose, silica, coal, clay, zeolite, chitin, nano-adsorbents, bio-
mass, etc.) have been tested by researchers for treatment of
dye-contaminated wastewater [1,3,8,11-13]. But activated
carbon (AC) is the most favorable and effective adsorbent
for environmental application. It has been utilized exten-
sively for the uptake of dyes and many other organic and
inorganic hazardous substances from aqueous systems
owing to its large surface area and variety of active groups.

The surface chemical properties of AC can be modified
by various physical and chemical methods such as ther-
mal or steam treatment, using acids or bases and through
impregnation of foreign materials to exhibit improved pol-
lutant removal [14]. Surface modification with anionic sur-
factants has improved AC efficiency for cationic dyes and
heavy metals adsorption from wastewater [12,15]. Anionic
surfactant, sodium dodecylsulfate (SDS), contains many
oxygen-based functional groups that get adsorbed at the
surface of AC and enhances its properties at the interface.
The presence of SDS increases dye removal efficiency of
AC as well as encourages selective adsorption [8,12,15-17].
Nadeem et al. [15] used SDS-modified carbon adsorbent
for Cd(II) removal with good adsorption efficiency (95.6%).
Ahn et al. [12] and Song et al. [18] efficiently utilized SDS-
impregnated AC for removal Cd(II) and Pb(II), respec-
tively. Likewise, Moradi [19] prepared SDS-functionalized
ordered mesoporous carbon through microwave heat-
ing and studied its feasibility for methylene blue uptake
and the adsorption efficiency was found to be 88.4%.

In the current study, it was attempted to modify the
surface of waste tea—based AC with anionic surfactant SDS
and to explore its efficiency for removal of basic dye AO
from aqueous systems. The influence of different variables
on adsorption process was studied and optimized success-
fully using response surface methodology (RSM)-based
Box-Behnken design. RSM is a technique for optimization
of conditions in which the best possible response can be
determined. RSM method is efficiently utilized to assess
individual and interactive effects of process parameters
on the response of dye removal and optimize the response
efficiency [20].

In the literature, many studies had reported the removal
of AO from aqueous media using AC synthesized from a
variety of agricultural-based materials. However, no study
described the use of SDS-modified AC for AO removal
from aqueous systems. As far as our knowledge is con-
cerned, this is the first article manipulating the potential
of SDS-modified AC for effective removal of highly toxic
carcinogenic dye, AO, from aqueous systems by consider-
ing the effect of different process parameters. Box-Behnken
design of RSM was selected to investigate the effects of
major process variables based on dye adsorption capacity as

response. Furthermore, the adsorption mechanism, kinet-
ics, isotherm and thermodynamic aspects were also studied.

2. Experimental setup
2.1. Materials and chemicals

The chemicals used in the present study were of analyt-
ical grade and highest purity. Sodium hydroxide (99.99%),
hydrochloric acid (37%), sodium chloride (99%), sodium car-
bonate (99.5%), sodium hydrogen carbonate (99.10%) were
purchased from Scharlau, Spain. SDS (CH,(CH,),,;OSO,Na)
was supplied by KOSDAQ Chemicals Co. Ltd., (South
Korea). Cationic dye, AO (80%), was purchased from Sigma-
Aldrich, Germany. The chemical structure and various other
properties of AO are presented in Table 1. The operational
standard solutions of desired strength were prepared in
double distilled water. Stock solution of AO (1,000 mg L)
was prepared and was subsequently diluted to acquire the
solutions of desired strength for conducting experiments.

2.2. Preparation of AC

AC with surface area of 1,136.240 m* g™ and pore vol-
ume of 0.860 cm® g™ was prepared from used tea leaves via
impregnation with H,PO, under optimal operational param-
eters as reported in our previous work [21]. This AC served
as starting material to prepare the surfactant-modified AC.

2.3. Modification of AC with SDS

The surface of AC prepared via chemical activation
with phosphoric acid was modified with anionic surfac-
tant, SDS to enhance its efficiency for removal of basic dyes
from aqueous solutions. Modification of AC surface with
SDS was carried out as follows: a definite amount of AC
(2.5 g) was taken in a 1-L round bottom flask and 125 mL
aqueous solution of SDS (30 mmol L) was added to it.
The contents of the flask were shaken at 70°C for 24 h at
120 rpm using thermostatic shaker bath. After that the mix-
ture was kept undisturbed for 30 min and the AC particles
were separated by passing the mixture through a filtering
medium. The product obtained was washed with double
distilled water and oven dried at 60°C until all the moisture
was removed. The material obtained after treatment with
SDS was labeled as PA-AC-SDS and was kept in quick fit
vessels for further studies.

2.4. Surface and chemical characterization

The surface area and porous texture of PA-AC-SDS were
assessed by N, adsorption-desorption isotherms at 77 K,
via a surface area and pore size analyzer (ASAP-2010M+C,
Micromeritics Instrument Corp., USA). The carbon sam-
ple was outgassed at 423 K for 4 h in inert environment of
N, before initiating the isotherm. Surface area of the sam-
ple was evaluated from the quantity of N, adsorbed at
P/Po value of 0.95 using Brunauer, Emmett and Teller (BET)
equation, while pore-size distributions were estimated by
the Barrett-Joyner-Halenda method [21,22]. Surface mor-
phology and porous structure were observed via scanning
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Table 1
Properties and structure of AO

Commercial name Auramine O

Abbreviation AO
Color index (C.I.) name Basic Yellow 2
IUPAC name
C.I. No. 41000
Molecular formula C,,H,,CIN,
Class Diarylmethane
Molar mass (g mol™) 303.830
Water solubility 10 mg/mL
Chemical class Cationic
Tonization Basic
A, (nm) 432
Structure

H3C

3 \N
CHs

4-[4-(Dimethylamino) benzenecarboximidoyl]-N,N-dimethylaniline; hydrochloride

NH,* Cr

electron microscope (SEM, JEOL-JSM-5910, Japan). To
obtain an insight on the elemental composition of adsorbent,
energy dispersive X-ray (EDX) and CHNS analysis were
carried out using EDX micro analyzer spectrometer (INCA-
200, UK) and CHNS analyzer (LECO CHNS-932, St. Joseph,
USA). X-rays diffraction (XRD) examination of the modified
sample was carried out by JEOL X-ray diffractometer (model
JDX-3532). Boehm'’s titration and Fourier-transform infrared
spectroscopic (FTIR) analysis were applied to evaluate dif-
ferent functional groups on PA-AC-SDS surface in the scan-
ning range of 4,000-400 cm™ using PerkinElmer FTIR-2000
(United States). Zero point charge (pH,,.) was assessed by
applying solid addition method [23]. Furthermore, prox-
imate analysis was conducted using American Standard
Testing Methods for materials, ASTM D1762-84.

2.5. Adsorption protocol

The capacity of PA-AC-SDS for AO removal was evalu-
ated by batch method. The adsorption tests were performed
in an array of 100 mL polythene bottles by contacting a
definite volume (40 mL) of dye solution of desired concen-
tration and a fixed quantity of adsorbent. The dye aqueous
solutions were agitated in end-to-end shaker bath (SHEL
LAB, WS 17-2, USA) at constant temperature shaking
speed of 120 rpm to ensure equilibrium. A 0.10 M solution
of HCl or/and NaOH was used for pH adjustment using
a pH meter (NeoMet, pH 250 L, Korea). All the adsorp-
tion tests were performed in triplicate and the average
value was utilized in data manipulation. The influence of
various process variables such as pH of dye solution, media
dosage, shaking time and dye initial concentration on AO

uptake was studied in 29 experiments, designed by three
levels Box-Behnken with details given in Tables 2 and 3.
At the end of each experiment, the dye solutions were cen-
trifuged to isolate the adsorbent particles. The remaining
concentration of dye in solution was evaluated spectropho-
tometrically at the corresponding wavelength (A__ 432 nm).
The dye adsorption capacity, g, (mg g™), was evaluated
as follows:

vi(c,-C
g, = AG=C) 9

w

where C; and C, are the liquid-phase dye initial and equilib-
rium concentrations (mg L), respectively, V is the volume
(L) and w is the adsorbent weight (g).

2.6. Effect of process variables on AO adsorption
2.6.1. Experimental design

The various operation parameters affecting AO adsorp-
tion capacity by PA-AC-SDS were optimized based on
standard RSM design known as Box-Behnken design
(BBD). Four factors and three levels BBD method was
carefully chosen as experimental design as it can reduce
excessive tests and hence the overall reaction cost. It also
helps to explore the individual and combined effects of the
various process parameters and to find the best operational
parameters [24]. The independent variables to be optimized
were pH of dye solution (X,), PA-AC-SDS dosage (X,),
shaking time (X) and dye initial concentration (X,). These
parameters and their corresponding ranges have been
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chosen on the basis of previous investigations and pilot
study carried out before manipulating this experiment.
The input variables and levels with their corresponding val-
ues are given in Table 2. The uptake capacity of AO was

Table 2
Independent variables and their coded levels of Box-Behnken
design for AO uptake by PA-AC-SDS

Variables Code Units Coded Variable Levels
-1 0 +1

pH X, - 2.000 6.000 10

Adsorbent dose X, g 0.010 0.110 0.200

Contact time X, min 10 125 240

AQ concentration X, mgL?* 100 550 1,000

Table 3
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taken as response variable (Y), which is correlated to the
independent variables using a second-order polynomial
equation [25] as:

k-1 k

k k
Y=b,+ Zlei + ZbﬁX,,2 + ZZb[].Xin +e
i-1 i-1

i=1 j=1

&)

where Y is the predicted response, k is number of input
variables, b, is the model constant, b, b, and b, are the mea-
sures of the linear (X)), quadratic (X?and X?) and inter-
action (X.X) effects, respectively while, e is the residual
error. Each input variable consists of three levels, which
represents lower (-1), higher (+1) and central points (0) for
the optimum removal of AO. The total number of experi-
mental runs (N) in this design can be evaluated using
Eq. (3) as:

Experimental design matrix for AO adsorption onto PA-AC-SDS and comparison of actual and predicted response results using

Box-Behnken design of RSM

Run Variables Response (Y)
Solution Adsorbent Time AOQ initial concentration AQO adsorption
pH X, dosage (g) X, (min) X, (mg L) X, capacity, g, (mg g™)
Coded  Actual Coded Actual Coded  Actual Coded Actual Experimental Predicted
1 0 6.000 0 0.110 -1 10.000 -1 100.000 60.010 63.580
2 0 6.000 1 0.200 0 125.000 -1 100.000 61.130 55.660
3 0 6.000 0 0.110 -1 10.000 1 1,000.000  280.720 283.320
4 0 6.000 -1 0.010 0 125.000 -1 100.000 88.570 97.260
5 1 10.000 0 0.110 0 125.000 1 1,000.000  345.890 340.760
6 0 6.000 1 0.200 1 240.000 0 550.000 235.250 231.040
7 1 10.000 0 0.110 0 125.000 -1 100.000 19.670 14.690
8 0 6.000 1 0.200 0 125.000 1 1,000.000  320.610 316.260
9 0 6.000 0 0.110 0 125.000 0 550.000 281.480 281.690
10 1 10.000 1 0.200 0 125.000 0 550.000 157.790 169.850
11 0 6.000 0 0.110 1 240.000 -1 100.000 52.420 54.190
12 -1 2.000 0 0.110 1 240.000 0 550.000 175.340 181.730
13 0 6.000 -1 0.010 1 240.000 0 550.000 320.420 314.850
14 0 6.000 0 0.110 0 125.000 0 550.000 281.660 281.690
15 0 6.000 -1 0.010 -1 10.000 0 550.000 245.660 241.160
16 0 6.000 1 0.200 -1 10.000 0 550.000 173.430 170.300
17 -1 2.000 0 0.110 0 125.000 1 1,000.000  280.670 276.930
18 1 10.000 0 0.110 1 240.000 0 550.000 235.460 236.260
19 -1 2.000 -1 0.010 0 125.000 0 550.000 220.770 213.080
20 0 6.000 0 0.110 0 125.000 0 550.000 281.440 281.690
21 -1 2.000 1 0.200 0 125.000 0 550.000 133.660 138.750
22 -1 2.000 0 0.110 -1 10.000 0 550.000 131.420 134.950
23 0 6.000 0 0.110 1 240.000 1 1,000.000  426.320 427.130
24 1 10.000 0 0.110 -1 10.000 0 550.000 150.660 148.610
25 0 6.000 0 0.110 0 125.000 0 550.000 281.910 281.690
26 -1 2.000 0 0.110 0 125.000 -1 100.000 13.910 10.330
27 0 6.000 -1 0.010 0 125.000 1 1,000.000  419.530 429.330
28 0 6.000 0 0.110 0 125.000 0 550.000 281.950 281.690
29 1 10.000 -1 0.010 0 125.000 0 550.000 250.890 250.180
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N =2k(k-1)+C, ®3)

where k is the number of independent variables and
C,is the number of central points. A total of 29 runs were
carried out in the present study, which consists of 24
trial and 5 central points. The center points were used
to calculate the experimental error.

2.6.2. Model fitting

The adsorption of AO by PA-AC-SDS was studied in
the ranges of independent variables. Design-Expert soft-
ware (version 7.0.0, Stat-Ease, Inc., Minneapolis, USA) [26]
was employed for statistical analysis, evaluating model
suitability and 3D response surface plots. Contour and
response surface plots were used to observe the relation-
ship between the input parameters and response. The
statistical significance of variables and fit between the
model and experimental data was assessed using analy-
sis of variance (ANOVA). The coefficient of determination
(R?), F-values (Fisher variation ratio), probability p-value,
and adequate precision (AP) were used to determine the
adequacy and fitting quality of the selected model and
significance of input variables [27].

2.7. Adsorption kinetics and mechanism

The kinetics of AO adsorption was investigated at var-
ious time intervals ranging from 10 to 240 min. Adsorbent
mass of 100 mg was taken in 100 mL polythene bottles con-
taining 40 mL of dye solution (100, 200, 300 and 400 mg L)
and the mixture was agitated at 120 rpm at 298 + 1 K until
the point of saturation was achieved. The amount of AO
adsorbed at time ¢, g, (mg g'), was measured using the
mass-balance relation:

V(C,-C
g, -V6C) @

m

where C,is the liquid-phase dye concentrations (mg L™)
at a given interval ¢ (min). To investigate the kinetics and
mechanism of AO uptake by PA-AC-SDS, pseudo-first-order
[28], pseudo-second-order [29,30], Elovich [31] and intra-
particle diffusion [32] models were used to fit the experi-
mental data. The pseudo-first-order model in its linear form
is given as follows:

k
log (g, —q,) =logg, —{23103} ®)

where k, (min™) is the pseudo-first-order rate constant while
g, and g, are the uptake capacities (mg g™) of PA-AC-SDS
at the point of saturation and at interval f, respectively.

Pseudo-second-order kinetic model equation in linear-
ized form, given by Ho’s can be represented as follows:

R S ©)

9, ka4,

where k, is the pseudo-second-order rate constants
(g mg' min™). The initial adsorption rate, i (mg g min™), at
t — 0is given, h=k,q >

The Elovich model equation applied to kinetic data
is expressed as follows:

q, :%ln(aﬁ)+%lnt (7)

where a is the initial adsorption rate (mg g™ min™) and
B (g mg™) is related to the magnitude of surface coverage
and energy of activation.

Intra-particle diffusion model was applied to verify the
influence of mass-transfer resistance offered to the adsorp-
tion of dye molecules by PA-AC-SDS and to observe the
probability of pore diffusion as the rate-limiting step. The lin-
ear form of intra-particle diffusion model can be represented
by the equations as follows:

g, =kt +C (8)

where k, (ng g™ min™?) is the rate constant at a given stage
i for intra-particle diffusion model while C (mg g™) is asso-
ciated to the thickness of boundary layer. The Boyd’s model
[33] was applied to further confirm the rate-limiting step
and mechanism involved in the uptake of AO by PA-AC-
SDS. The different parameters were calculated using the
equations as given follows:

le—%exp(—Bt) )
n

where F is the fractional uptake of AO at a given interval
t that could be determined as F = g,/gq, while B, is a math-
ematical function of F, which can be estimated from the
equation given as follows:

B, =-0.4977 -In(1-F) (10)

2.8. Adsorption equilibrium

Equilibrium isotherm studies were executed by chang-
ing AO initial concentration from 100 to 1,000 mg L™ at
constant PA-AC-SDS weight. Dye solutions pH was kept
at optimal value (6.00) and shaken for 240 min at con-
stant temperature (293, 303, 313 and 323 K) using thermo-
static shaker bath. The dye amount removed at the point
of saturation was determined using Eq. (1). To explain
the behavior of AO uptake by PA-AC-SDS, equilibrium
data were analyzed using four hypothetical models as,
Langmuir [34], Freundlich [35], Temkin [36] and Dubinin—
Radushkevich (D-R) [37] isotherm equations.

Langmuir model suggests monolayer formation of
adsorbate molecules on a homogeneous adsorbent surface
with same adsorption energies. The Langmuir isotherm
model in its linear form can be expressed as follows:

c 1 C
=—+

qe - KLqm qm

(11)
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where g, (mg g™) is a single-layer uptake capacity and the
Langmuir constant K, (L. mg™) is associated to the adsorption
energy. The important features of Langmuir model can be
represented by a dimensionless equilibrium element, termed
as separation factor (R,)), that gives evidence about the
favorability of adsorption process and can be defined [38] as:

R = (12)
1+K,C,
where C_ is the dye initial concentration (mg L™), K, is the
Langmuir constant that corresponds to the energy of sorp-
tion sites (L mg™). The value of R, can be used to evaluate
the favorability of Langmuir isotherm. R, value lies between
0 and 1 (favorable), R, value greater than 1 (unfavorable),
R, equal to zero (irreversible), or R, equal to one (linear) [39].
Freundlich isotherm model assumes multi-layer adsorp-
tion on heterogeneous adsorbent surfaces with adsorption
sites of different energies. The linear form of Freundlich
model can be depicted as follows:

Ing, =InK, +llnC€ (13)
n

where K, (mg g* (L mg™)") is Freundlich isotherm con-
stant related to uptake capacity while 1/n is heterogeneity
parameter that corresponds to adsorption intensity, which
reflects favorability of sorption process.

Temkin isotherm model gives clue related to adsorbate-
adsorbent interaction and suggests that for all adsorbate
molecules heat of adsorption falls linearly with surface cov-
erage as a result of adsorbate—adsorbent interactions. Temkin
isotherm model linear form can be expressed as follows:

q, =¥1n1<T +¥1nce (14)

T T

where K (L g) is the steadiness constant corresponding
to the highest binding energy, b, (J mol™) is related to heat
of adsorption, R (8.314 ] mol™ K) is universal gas constant
and T (K) is absolute temperature.

Dubinin-Radushkevich (D-R) model was applied to dis-
tinguish whether the sorption route is physical, chemical
or ion exchange. The D-R model is expressed as follows:

Ing, =lng,_, —B&* (15)
where constant g, . is theoretical isotherm adsorption capac-
ity (mg g7), € is the Polanyi potential equivalent to RT
In(1 + 1/C) and the constant 3 (mol*]J?) is associated to the
mean adsorption energy E (k] mol™) through the following
equation:

L (16)

NT

The value of E can be used to determine the type of
mechanism involved in the uptake process. In case, E
value lower than 8 kJ mol? indicates physisorption,

lies between 8 and 16 k] mol? implies ion exchange
mechanism, or the range of 20 to 40 k] mol™ indicating
chemisorption [40].

2.9. Adsorption thermodynamics

Thermodynamic parameters for AO removal were stud-
ied to evaluate the adsorption characteristic and to find
the nature of uptake process. The various thermodynamic
parameters such as Gibbs free energy (AG®), enthalpy (AH®)
and entropy (AS°) were determined at different tempera-
tures using the following equations [41].

Ink, _ AL AS 17)
RT R
AG® = AH® — TAS® (18)

where R (8.314 ] mol™ K™) is the general gas constant
while T (K) is the solution temperature and K, (L mg™) is
Langmuir constant. The values of AS° and AH® were cor-
respondingly calculated from the intercept and slope of
InK; vs. 1/T plot.

2.10. Desorption experiments

For desorption study, a known quantity of dye-loaded
surface (PA-AC-SDS) was immersed in 40 mL of different
desorbing medium and shaken at 120 rpm for 240 min. At
the end of desorption experiments, adsorbent was sepa-
rated from desorption medium and AO concentrations
were measured spectrophotometrically. The amount of
dye released from adsorbent surface was measured and
the surface collected was rinsed, dried and recycled. Five
successive adsorption-desorption cycles were carried out.
The percentage of dye desorbed was determined using the
equation as given below [42]:

% Desorption =

S 1100 19)
C

0 e

where C, and C, are AO concentrations (mg L™) in solution,
initially taken and after the point of equilibration while
C, (mg L) is the concentration at the end of desorption test.

3. Results and discussion
3.1. Adsorbent characterization
3.1.1. Surface morphology

The SEM images of PA-AC-SDS (before and after
dye uptake) are presented in Figs. 1a and b, respectively.
The external surface of PA-AC-SDS (Fig. la) seems as
rough and porous with numerous pores of non-uniform
size, shape, distribution and appeared to be coated due to
the distribution of surfactant molecules on its entire surface.
SDS modification caused a slight reduction in S, accompa-
nied by reduction in pore volumes of PA-AC-SDS relative to
its precursor non-modified AC. The SEM micrographs also
revealed that there is no observable particles aggregation,
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Fig. 1. Scanning electron micrographs (a) before and (b) after adsorption, (c) X-rays diffraction pattern and (d) FTIR spectra

of PA-AC-SDS.

which shows that most of the SDS molecules are adhered to
adsorbent surface by their non-polar tails with their polar
heads oriented outside, which may be responsible for neg-
ative surface properties of the adsorbent [43]. After AO
uptake, SEM micrographs of the sample (Fig. 1b) show a
visible change in surface morphology with majority of the
pores vanished. This may be attributable to the saturation
and pore filling by the dye molecules.

3.1.2. BET surface area and XRD analysis

Table 6 shows the BET surface area (S,,;) and pore size
distribution of the adsorbent estimated from N, adsorption
isotherms. Even though the surfactant-modified sample
(PA-AC-SDS) has well-developed porous structure, good
surface area and considerable number of mesopores and
micropores, it was observed that modification with SDS is
accompanied by a small reduction in the sample surface
area and pore volume. Before modification, the BET surface

area and micropore volume of precursor AC were found to
be 1,136.240 m?g™ and 0.470 cm® g™, respectively. However,
after modification with anionic surfactant SDS, the S, .
and micropore volume of PA-AC-SDS were correspond-
ingly decreased to 1,114.390 m? g and 0.440 cm?® g™ that
could be associated to overcrowding and blocking of pores
by the hydrophobic paraffinic tails of SDS molecule [16].
XRD examination of PA-AC-SDS was accomplished
and the resultant spectrum is given in Fig. 1c. As can be
observed in the XRD pattern, the weak broad peak at 20
value of about 25° is assigned to the amorphous carbon
[44]. Amorphous nature is an important characteristic of
highly porous materials such as ACs having high adsorption
efficiencies for both organic and inorganic contaminants.

3.1.3. FTIR analysis

In order to examine surface chemistry of SDS-
modified activated carbon (PA-AC-SDS) before and after
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dye uptake, FTIR study was performed and the resultant
spectra are presented in Fig. 1d. The band in the region
of 3,661 cm™ was attributed to O-H stretching vibrations
of intra and inter-molecular hydrogen bonding of carbox-
ylic, phenolic and alcoholic groups [45]. The weak band at
about 3,327 cm™! was attributed to O-H and N-H stretch-
ing vibration of carboxyl and amine functionality [46].
The band in the region of 1,500-1,562 cm™ was assigned
to aromatic ring bond vibrations and C-O axial bend-
ing of carboxylic, lactones and phenolic groups [47]. The
absorption bands at 1,227 cm™ may be due to a asymmetric
stretching of C-O-S and the band around 1,080 cm™ cor-
respond to the symmetric stretching of S=O [48,49]. FTIR
spectrum of PA-AC-SDS displays a representative band at
2,890 cm™ attributed —-CH, groups of SDS and also a feeble
band at 1,310 cm™ related to stretching vibration of -SO;
group. These investigations provide the evidence that AC
has been successfully modified with SDS through hydro-
phobic interactions. The bands around 899-834 cm™ and
763 cm™ are ascribed to -OC-OH group and C-H groups.
After AO adsorption, the intensity of the peaks, located
at 3,661; 3,327; 2,890; 2,562; 1,227; 1,080; 899 and 820 cm™
decreased and shifted to 3,654; 3,335; 2,885; 1,584; 1,210;
1,070; 887 and 819 cm™, respectively, representing the con-
tribution of these functional groups in dye uptake and pres-
ence of van der Waals interactions among AO molecules
and the active sites on PA-AC-SDS surface.

3.1.4. Boehm'’s titration analysis

The surface chemistry and adsorption property of
AC samples depend on the types and amount of various
active functionalities on their surfaces. The contents of
these groups on PA-AC-SDS surface were evaluated using
Boehm’s titration technique and are listed in Table 6. It
was found that PA-AC-SDS has considerable amount of
acidic groups. However, after modification with SDS,
the concentration of carboxylic and phenolic groups was
correspondingly decreased from 1.270 to 1.010 mmol g™ and
1.250 to 0.720 mmol g™. But the concentration of total basic
functionalities augmented from 0.130 to 0.290 mmol g™ rel-
ative to its precursor AC. Similar results have been inves-
tigated by Wei et al. [50] for AC modified with sodium
dodecyl benzene sulfonate using microwave heating. As
the polar heads of SDS can act as basic functionality, thus
boosts basicity of PA-AC-SDS suggesting that the adsor-
bent surface is covered by SDS molecules. Furthermore,
the point of zero charge of the sample was raised to 5.110
from 4.110 of its precursor AC. This can be attributed to the
decrease in content of carboxylic and phenolic functional-
ities and expansion in the amount of carbonyl functional-
ities, which have high pKa value (pK_ ~ 16-20) [12,51].

3.1.5. Proximate and elemental analysis

The ASTM technique (ASTM-D1762-84) was used to
evaluate the proximate and elemental analysis of PA-AC-
SDS. Results (Table 6) show that PA-AC-SDS has high
fixed carbon and little moisture and ash content, which
is one of the criteria for a competent and good-quality
adsorbent for treating dyes containing aqueous systems.

Elemental analysis revealed that compared with the pre-
cursor AC, oxygen percentage of PA-AC-SDS was raised
from 16.240% to 19.910% after modifcation with SDS. The
increase in oxygen content may be due to the rise in oxygen
containing surface groups on PA-AC-SDS surface caused by
oxygen-rich SDS molecules during modification. Figs. 2a
and b display the EDX spectra and percentage of different
elements of PA-AC-SDS before and after dye uptake, respec-
tively. The key elements observed were C, O, P, S, Na and
N, which have been derived from precursor AC and SDS.
A minute quantity of Ca and Cu were also found that may
be related to the nature and source of the starting material.
It is also observable from Fig. 2a that PA-AC-SDS has con-
siderable amount of sulfur and higher content of oxygen
shown that the precursor AC has been successfully modified
with SDS. After AO adsorption, the percentage of carbon
was raised from 72.36% to 80.09% (Fig. 2b), this confirmed
that AO has been successfully adsorbed by the adsorbent.

3.2. Optimization of AO adsorption variables
3.2.1. Mathematical modeling and statistical analysis

The BBD approach was used to optimize the signif-
icant variables. Solution pH, dose of adsorbent, interac-
tion time and dye initial concentrations are the major input
variables that highly influence dyes adsorption capacity.
Individual and joint effects of these parameters on the
uptake capacity of PA-AC-SDS for AO were examined via
statistically designed experiments. The complete design
matrix and results of 29 experiments investigated by
BBD for AO uptake are given in Table 3. Quadratic model
was selected for describing and predicting AO adsorp-
tion onto PA-AC-SDS, as recommended by the software.
The ultimate perceived model in terms of coded factors
is given in Eq. (20).

Y =281.69 +17.05X, —38.67X, +33.61X, + 148.17X, +
10.22X X, +14.87X X, ~17.87X,X, +38.30X,X, —

76.34X2 —12.39X> - 29.96X> — 44.67 X (20)

The positive and negative symbols in front of the expres-
sions in Eq. (20) specify that these expressions synergisti-
cally and antagonistically affect the response, respectively
[20]. Solution pH (X)), contact time (X,), initial concentar-
ion (X)), and the interaction parameters (X,X,), (X,X,) and
(X,X,) with positive coefficient have synergestic effect while
adsorbent dose (X,), the interaction parameters (X,X,), and
quadratic parameters (X7), (X3), (X3), (X?) with negative
coefficient have inhibitory effect on adsorption of AO.

For the model, the response coefficient was evalu-
ated via multiple regression analysis. Statistical technique
ANOVA was applied to assess the adequacy of the model
applied and to observe the correlation among input param-
eters and responses. The F-values and probability p-val-
ues were utilized to estimate the importance of the model
and of each model term. The ANOVA results for AO
adsorption onto PA-AC-SDS are summarized in Table 4.
The F-value of 510.690 and p-value of 0.0001 for the model
showed it to be significant. The higher F-value of prob > F
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Fig. 2. EDX spectra and percentage of various elements determined from EDX analysis of PA-AC-SDS (a) before and
(b) after adsorption.

less than 0.050 at 95% confidence level indicates that the The R?value for Eq. (20) was found to be 0.998, represent-
model terms are significant. In the present research, the lin-  ing that the model can clarify 99.800% of the total devia-
ear terms X, X,, X,, X, interaction parameters X, X, X,X,,  tionin response and only 0.20% cannot be elucidated. Also,
X,X,, X, X, and quadratic parameters X?, X3, X2, X2 are all  the predicted R* value (0.989) is in close association with
significant model terms (p < 0.050) and thus have consid- the adjusted R? value (0.9961). According to Vargas et al.
erable effect on the response under study. The insignif- [53], for best fitted model, the least value of R*is 0.800.
icant model terms, such as X X,, X,X, has negligible effect = The closeness of R* value to one and smaller SD (Table 4)
on the response and were excluded to improve the model. provides the evidence that the developed quadratic model

Correlation coefficient R?, AP which is signal to noise  can accurately predict the response within the range of
ratio that compare the range of the predicted values at input variables. The diagnostic plots, such as plots of pre-
the design points to the average prediction error, stan-  dicted vs. experimental values and normal probability plots
dard deviation (SD) and coefficient of varience (CV) were of studentized residuals, were also used to scrutinize the
employed to evaluate the quality and validity of the model.  fitness of the model (Fig. 3). The comparison between the
Usually, a model with lower CV% and SD values is con- model-predicted values based on Eq. (20) against experi-
sidered more precise. Moreover, there will be good agree-  mental values (Fig. 3a) showed that the selected quadratic
ment between the theoretical and experimental values model can successfully explore the relationship among

of response for a model with higher R?and AP ratio [52].  the input variable and the desired response. The normal
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Table 4
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ANOVA and model summary statistics for response surface quadratic model for AO adsorption

Source Sum of squares Degree of Mean square F-value p-value Comment
freedom Prob.>F
Model 3.520E+005 14 25,154.100 510.690 <0.0001 Significant
X, 3,487.950 1 3,487.950 70.810 <0.0001
X, 17,940.950 1 17,940.950 364.240 <0.0001
X, 13,554.290 1 13,554.290 275.180 <0.0001
X, 2.630E+005 1 2.630E+005 5,348.660 <0.0001
XX, 8.970 1 8.970 0.180 0.676
XX, 417.610 1 417.610 8.480 0.0114
XX, 883.990 1 883.990 17.950 0.0008
XX, 41.890 1 41.890 0.850 0.0372
X, X, 1,277.170 1 1,277.170 25.930 0.0002
XX, 5,867.190 1 5,867.190 119.120 <0.0001
Xz 37,799.690 1 37,799.690 767.420 <0.0001
X2 995.570 1 995.570 20.210 0.0005
Xz 5,823.580 1 5,823.580 118.230 <0.0001
X2 12,944.190 1 12,944.190 262.800 <0.0001
Residual 689.570 14 49.260
Lack of fit 689.350 10 68.940 1,232.300 0.0001 Significant
Pure error 0.220 4 0.056
Cor. total 3.530E+005 28
Model summary statistics
Response (Y) SD CV (%) R? Adj. R? Pred. R? AP
g, (mg g™) AO 7.020 3.280 0.998 0.996 0.988 83.013

probability plot (Fig. 3b) displayed that all data points
are linearly distributed and lying adjacent to a straight
regression line indicate good fitting of the selected model.
Fig. 3c also depicts the validation of the model in which
the residuals are randomly distributed around the zero
line. Furthermore, the reproducebility of the model was
checked using coefficient of variance (CV). The CV value
obtained for AO adsorption (Table 4) was less than 10%
showing that the model is reproducible and relible. AP,
which is a measure of signal to noise ratio for the model,
value higher than 4 is needed for acceptable signal [20].
In this case, the AP ratio for AO adsorption was found to be
83.010. This proved that the model has an adequate signal
and can be applied to traverse the space defined by BBD.

3.2.2. Effects of process input variables

The ANOVA results and three dimensional (3D) response
surface conspiracies were used to examine the main and
combined effects of experimental input variables on AO
adsorption by PA-AC-SDS. The 3D surface and contour
plots were constructed for the substantial model (Eq. (20))
using Design—-Expert software, in which two parameters
were varied at a time, but the others were fixed at the cen-
ter level (zero level). The ANOVA results (Table 4) shows
that solution pH (X)), dosage adsorbent (X)), time of contact
(X,) and dye initial concentration (X,) with p-value less than
0.0001, highly influence AO adsorption capacity. Similarly,

the quadratic effects of (X2), (X3), (X2), (X2) and interaction
effects between (X X)), (X,X,), (X,X,) and (X,X,) were also
high due to larger F-value and lesser p-value (p < 0.050).
Figs. 4a—f show 3D surface and contour plots, demon-
strating the interaction effects of process variables on AO
adsorption capacity. The interaction impact of pH (X)) and
adsorbent dose (X,), keeping X, and X, fixed at zero level
is shown in Fig. 4a. As can be seen, the AO uptake capac-
ity is highly influenced by solution pH and was found
to augment with raising pH up to 7.0. At lower pH, the
active groups on PA-AC-SDS surface get protonated that
enhances electrostatic repulsion amongst dye cations and
positively charged adsorbent surface, which results in
poorer AO adsorption. However, at low adsorbent dosage,
the uptake capacity of AO increased with increasing solu-
tion pH until attaining the core value of 281.950 mg g™ at
pH value near to 6.00. Beyond pH 7.50, the dye adsorption
capacity starts to decrease again. This may be associated to
SDS seeping from PA-AC-SDS at pH values beyond 7.50
that may lead to a pronounced drop in AO uptake capacity.
Moreover, at pH value greater than pH,,., (pH,,. = 5.20),
the SDS polar heads bear greater negative charge that
can interact with AO cations and thus lead to higher
adsorption. Similar observations were made by Zolgharnein
et al. [54] in the removal of brilliant green and crystal vio-
let by surfactant-modified alumina. The uptake capacity
has shown a decline trend with increasing adsorbent dos-
age. This may be due to adsorbent particles aggregation,



R. Ali et al. / Desalination and Water Treatment 217 (2021) 367-390 377

Predicted vs. Actual Normal Plot of Residuals
430,00 —|
(a) (b)
99 |
4 o
95 7 o
325.00 —| > w E =
el 80 EF@'
m
T o 70 =
e e o
°2 o E
5 220.00 — - 50 #
£ T a0 % B
g E = '
s . "
103
E [m]
115.00 | 5 =
1@
1|
10.00 -
T T T T T I I I I I
10.23 115.08 210,83 324,52 42933 -288 187 048 0.61 170
Actual Internally Studentized Residuals

Residuals vs. Run

3.00 © —
L]
g
S 150
7]
@
14
k=]
[+H]
Al
T 000 #
[14]
2 )
=
7]
=
®
£ .m0
2
£
-3.00

| LI | LI | L | L | LI | L | LI |
1 5 9 13 17 21 25 29
Run Number

Fig. 3. Model validation diagnostic plots for AO adsorption (a) plot of predicted vs. actual values, (b) normal probability plot of stu-
dentized residuals and (c) studentized residual plots vs. run number.



378

resulting from high mass of PA-AC-SDS, which leads to
a decrease in total surface area and availability of active
sites for dye uptake [55]. Fig. 4b represents the interactive
effect of pH (X)) and contact time (X,), keeping X, and X,
at zero level (X, = 0.110 g, X, = 550 mg L™). Both X, and
X, have significant influence on dye adsorption capacity.
AO uptake capacity goes up with increasing contact time
and solution pH up to the optimum value. Initially AO
adsorption was fast at the pH of about 6.00 due to the
presence of more binding sites on PA-AC-SDS surface,
which were then gradually decreased and almost reaches
a constant value beyond 200 min. Maximum AO uptake
(295.690 mg g™) was achieved at pH of about 6.0 and contact
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time of 240 min. The interactive effect of pH (X)) with dye
initial concentration (X,) on AO uptake at constant X, and X,
(X,=0.11g, X,=125 min) is displayed in Fig. 4c. It was found
that there is a significant interaction between pH and dye
initial concentration for AO adsorption. At lower value of
solution pH and initial concentration, AO has least uptake
capacity (13.910 mg g™). This behavior may be associated
due to the electrostatic repulsion between dye cations and
positively charged adsorbent surface caused by increased
concentration of H" at low pH value. However, adsorption
capacity increases with mounting initial dye concentration
and solution pH up to the optimal value. This may be due
to the improved driving force required to overcome the
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mass transfer resistances that develop among dye species
in solution phase and adsorbent surface. The increase in
dye initial concentration causes the binding sites to be well
surrounded and thus facilitates the diffusion of dye species
inside adsorbent particles, which leads to high adsorption
capacity. Marrakchi et al. [56] have similar findings for cat-
ionic dyes removal.

Fig. 4d illustrates cumulative effect of adsorbent dose
(X,) and contact time (X)) at fixed X, and X, (X, = 6.00,
X, =550 mg L™). The interaction effect of X, and X, does
not influence AO uptake capacity significantly as evident
from the small F-value of ANOVA analysis (Table 4). At
lower adsorbent dosage, AO adsorption increases continu-
ously with rising contact time and attains the peak value
of approximately 320.420 mg g™ at 240 min. This may be
due to the fact that considerable amount of dye species will
get diffused into the pores of adsorbent, thereby increasing
the dye adsorption capacity. Fig. 4e shows the interactive
effect of adsorbent dose (X,) and dye initial concentration
(X,), keeping X, and X at zero level (X, =6.00, X,=125 min).
It can be seen that the interaction effect of adsorbent dose
and dye initial concentration significantly influences AO
adsorption. Adsorption capacity increases with increasing
dye initial concentration. Maximum AO uptake (around
419.530 mg g') was achieved at adsorbent dosage of
almost 0.010 g and dye initial concentration of 1,000 mg L.
Fig. 4f signifies the combined effect of X, and X, at constant
X, and X, (X, = 6.00, X,=0.11 g). It can be observed that
AO uptake increases with time and dye initial concentra-
tion and accomplish the ultimate value of 426.320 mg g
beside the uppermost values of these variables. This phe-
nomenon can be associated to the improved driving force
between dye species in aqueous phase and PA-AC-SDS sur-
face. Similar investigations have been reported by Ghasemi
et al. [39] and Khodabandehloo et al. [57] for the uptake
of Methylene blue using AC and Salix babylonica leaves as
adsorbents.

3.2.3. Response optimization

The function of desirability, which may vary from
0.00 (undesirable) to 1.00 (highly desirable), was applied
to optimize process variables and to achieve maximum
adsorption capacity. Numerical optimization was used to
find the best set of input variables at which highest uptake
capacity for AO could be achieved. All the input variables
were taken to be “within the range” and the goal was fixed
as “maximum” to accomplish the response for AO with
highest value and the desirability ramp obtained is shown
in Fig. 5. Validation of the experimental model was carried
out using the model predicted conditions. The optimum
conditions predicted through this model were found to
be solution pH (X)) of 6.00, adsorbent dosage of 0.110 g,
agitation time of 240 min and AO initial concentration
of 1,000 mg L with 100% (1.0) desirability (Table 5). The
adsorption capacity of AO predicted through this model
was 427.131 mg g™, which was in good agreement with
the experimentally determined value (425.060) with
minor error (—0.490%) between the actual and model pre-
dicted values. This indicates the precision and efficiency
of the optimization method based on BBD.

3.2.4. Adsorption kinetic studies

The kinetic data of AO uptake at four different concen-
trations were scrutinized by pseudo-first-order, pseudo-
second-order and Elovich models as shown in Figs. 6a—c,
and values of the relevant parameters determined from the
slope and intercept of the linear plots of Eqgs. (5)—(7) are
listed in Table 7. It could be seen from Figs. 6a and c that
AO uptake by PA-AC-SDS could not be described well by
pseudo-first-order and Elovich kinetic models through-
out the sorption process and were valid only in the initial
time intervals. Also, the smaller R*values confirmed poorer
fitting of these models. However, the plots of t/q, vs. t for
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Fig. 5. Desirability ramp for numerical optimization of AO adsorption capacity.
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pseudo-second-order kinetic model (Fig. 6b) were linear
at all studied concentrations with R? values of almost 1.00
(Table 7), indicating best fitting of pseudo-second-order
rate equation to experimental data than pseudo-first-order
and Elovich kinetic models. The uptake capacity calculated
(9, ) from pseudo-second-order kinetic model agrees very
well with the experimental values (g, ) as compared with
pseudo-first-order model, suggesting that the pseudo-
second-order model is much more better to elucidate AO
adsorption by PA-AC-SDS at all the studied concentrations.
It could also be seen from Table 6 which indicates that the
values of rate constant (k,) falls with mounting AO ini-
tial concentration from 100 to 400 mg L. This decrease in
adsorption rate at high initial concentration of AO could be
ascribed to the higher competition among AO molecules
for a limited number of adsorption sites on PA-AC-SDS
surface [40]. But, the initial adsorption rate (h) increased
from 14.451 to 59.880 mg g™ min™ with increasing AO initial
concentration from 100 to 400 mg L. The reason for this
may be attributed to the increase in mass transport driv-
ing force originated by greater fractions of AO molecules
to the existing binding sites on PA-AC-SDS surface. Ali et
al. [42] and Daneshvar et al. [58] reported similar findings
for malachite green adsorption onto H,O,-modified AC and
methylene blue biosorption using modified macroalgae,
respectively.

Intra-particle diffusion model was used to investigate
the diffusion mechanism of AO adsorption by PA-AC-SDS.
Fig. 6d depicts that the uptake of AO by PA-AC-SDS fol-
lows a three-stage process for all the initial concentrations.

Table 5
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The first stage signifies the rapid diffusion of AO molecules
because of plenty of binding positions on PA-AC-SDS sur-
face which is film diffusion controlled; the second stage
represents the slow transport of AO within the pores, cor-
responding to intra-particle diffusion characterized by a
diminution in slope. The third stage represents the equi-
librium point, where the binding sites get saturated with
AO molecules. The values of intra-particle diffusion model
constants (k,, and C) as summarized in Table 7 show that
intra-particle diffusion may be the rate-controlling step with
k., values for the second stages are smaller than k, , of the
first stages for all initial concentrations of AO. The inter-
cept values of C (Table 7) for the second stage were greater
than that for the first stages and were found to increase
with increasing AO initial concentrations; this suggests that
the boundary layer effect augments with rising dye initial
concentrations. The plots of g, vs. t¥?did not pass through
the origin; this suggests that intra-particle diffusion alone
is not the rate-limiting step. Many other pathways may also
regulate AO uptake by PA-AC-SDS. Similar results have
been reported by Shittu et al. [59] and Ali et al. [42] in the
adsorption of Methylene blue by surfactant-functionalized
graphitic carbon and malachite green by H,O,-modified
AC, respectively.

To further confirm the mechanism of AO adsorption
by PA-AC-SDS, whether it is controlled by film diffusion
or intra-particle diffusion, Boyd model was applied to the
experimental data. The values of function B, were calculated
using Eq. (10) and were plotted against { as demonstrated
in Fig. 6e. In case, B, against ¢ plot is straight line with zero

Model validation of AO adsorption, processes variable and response by Box-Behnken design of RSM

X:pH X,: Adsorbent  X.: Contact X,: Dye initial AO adsorption Relative Desirability
dose (g) time (min) concentration (mg L) capacity, q, (mg g™) error (%)
Predicted = Experimental
6.000 0.110 240.000 1,000.000 427.131 425.060 -0.490 1.000
Table 6

BET characterization, surface chemical properties and proximate—ultimate analysis of PA-AC-SDS

Textural properties

Sger (M*g™)  Micropore surface  Micropore Mesopore Total pore Fraction, % Fraction, %

area (m’g™) volume (cm®g™)  volume (cm®*g™) volume (cm®g™?)  (micropore) (mesopore)
1,114.390 665.540 0.440 0.380 0.820 53.660 46.340

Acidic functional groups (mmol g™) Basic groups (mmol g) pH,,.
Carboxylic ~ Lactonic Phenolic Carbonyl Total acidic
groups
1.010 0.840 0.720 0.240 2.810 0.290 5.200
Proximate analysis (dry basis, wt.%) Ultimate analysis (dry basis, wt.%)

Moisture Volatile Ash Fixed carbon C H N ©)
3.930 8.330 8.220 79.520 77.260 1.650 1.190 19.910
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Fig. 6. Kinetics of AO adsorption by PA-AC-SDS (a) pseudo-first-order, (b) pseudo-second-order, (c) Elovich, (d) intra-particle

diffusion and (e) Boyd model plots.

intercept shows that the sorption process is controlled by
intra-particle diffusion, otherwise film diffusion will be the
rate-limiting step [60]. As can be observed from Fig. 6e, the
B, vs. t plots are linear but did not pass through the origin,
this demonstrates that film diffusion also plays a major role
in the adsorption of AO by PA-AC-SDS in addition to par-
ticle diffusion. Similar investigations were made by other
researchers for dye uptakes by various adsorbents [59,61,62].

3.2.5. Equilibrium isotherm studies

Adsorption isotherm examinations can be used to
understand the correlation between the aqueous phase dye
concentration at equilibrium point (C)) and quantity of dye
adsorbed (g,) by a unit mass of adsorbent at a given tem-
perature. Furthermore, the idea about the mechanism of
adsorption, estimation of maximum uptake capacity and
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Table 7
Kinetics and intra-particle diffusion model parameters for AO adsorption by PA-AC-SDS at 298 K with different initial dye
concentrations
Model Parameter C,(mgL™)
100 200 300 400
Pseudo-first-order 9o (MG &™) 21.538 24.620 41.438 67.344
k, (107%) (min™") 20.957 19.575 18.650 26.484
R? 0.973 0.946 0.908 0.965
Pseudo-second-order Jyenp (M &) 76.798 147.025 213.145 256.011
9o (MG 8™ 78.125 149.254 217.391 263.158
k,(107%) (g mg' min™) 2.367 1.894 0.993 0.864
h (mg g™ min™) 14.451 42.194 46.948 59.880
R? 0.999 1.000 0.999 0.999
Elovich a (mg g'min™) 4,249.327 313.637 25.271 46.742
B =102 (g mg™) 15.092 8.921 5.243 4.644
R? 0.947 0.857 0.903 0.911
Intra-particle diffusion k4, (mg g’ min™) 3.404 6.896 10.777 11.927
C,(mgg™) 46.118 91.265 121.970 154.810
R? 0.993 0.923 0.992 0.994
k,, (mg g min™) 0.872 1.384 1.971 2.553
C,(mgg™) 65.424 130.460 189.270 226.430
R? 0.991 0.954 0.996 0.975

surface properties of adsorbent can be obtained from iso-
therm model parameters [61,63].

As can be perceived from isotherms shape (Fig. 7a),
which are L-type in the present case according to Giles et
al’s [64] classification, it can be suggested that for all tem-
peratures, AO uptake capacity by PA-AC-SDS augments
progressively with mounting dye initial concentration and
finally reaches almost constant value at high AO concen-
tration, which may represent high adsorbate-adsorbent
interaction and monolayer formation of dye species on
adsorbent surface. The increased adsorption with concen-
tration can be associated to the mass transport driving
force [65]. The isotherm curves given in Fig. 7a have also
shown that AO uptake capacity increases with rising dye
solution temperature from 293 to 323 K, which may be due
to higher penetration of AO molecules into the micropores
or formation of new binding positions on adsorbent sur-
face at high temperatures [65]. The equilibrium data for AO
adsorption were fitted to Langmuir, Freundlich, Temkin
and D-R isotherm models as illustrated in Figs. 7b and e
and the various isotherms parameters obtained from the
slopes and intercepts of these plots are listed in Table 8.
The fitting competency of the isotherm models was esti-
mated from their regression coefficient (R?) values (Table
8), which was found to be higher for Langmuir and Temkin
models. However, among these two, Langmuir model fit-
ted very well with the adsorption data at all temperatures
as obvious from the highest R*values (R*> 0.993) of C /g,
vs. C, plots (Fig. 7b), which suggests monolayer coverage
on homogeneous surface with identical sites. The R, values
for each of the different initial concentrations and tempera-
tures lie between 0 and 1, which further confirmed that the
adsorption processes of AO by PA-AC-SDS are favorable

and can be described very well via Langmuir isotherm
model. Furthermore, the smaller 1/n values (heterogene-
ity factor; 1/n < 1) of Freundlich model (Table 8) also sup-
ported favorable adsorption of AO by PA-AC-SDS at all
temperatures. The mounting of adsorption energy (K,) and
adsorption capacity (K,), obtained from Freundlich model
(Table 8), with temperature reflects endothermic nature
of AO adsorption by PA-AC-SDS. Similar results were
observed by other investigators for dyes removal from
wastewater [39,42,66,67]. The maximum uptake capacity
(434.782 mg g') was higher than many other adsorbents
previously investigated (Table 8); this shows that PA-AC-
SDS could be an efficient adsorbent for detoxification of
dyes bearing wastewater. The values of Temkin model con-
stant b, (associated to adsorption heat) and K, (maximum
binding energy) were correspondingly increased from
31.188 to 40.802 ] mol™ and from 0.626 to 2.937 L mg~, with
rising temperature from 298 to 323 K. The increase in b, and
K, values with temperature shows endothermic nature of
adsorption process and improved electrostatic interaction
between AO species and adsorbent surface [68]. The mean
adsorption energy (E), calculated via D-R model, was used
to predict the mechanism of adsorption process, which
was found to be less than 8.00 k] mol™ at all temperatures
(Table 8). This result suggested physisorption mechanism
for AO adsorption by PA-AC-SDS [69].

3.2.6. Adsorption thermodynamics

The adsorption of AO onto PA-AC-SDS was scruti-
nized at different temperatures to calculate the various
thermodynamic parameters such as enthalpy change
(AH®), entropy change (AS°) and Gibb’s free energy (AG®)
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Fig. 7. (a) Adsorption equilibrium, (b) Langmuir, (c) Frendlich, (d) Temkin and (e) D-R isotherm model plots for AO adsorption

onto PA-AC-SDS at different temperature.

as well as feasibility of uptake process. The values of these
parameters were calculated using Egs. (17) and (18) and the
results obtained are listed in Table 9. The negative values
of AG® show spontaneous and feasible adsorption of AO
by PA-AC-SDS at all considered temperatures. The drop in
AG?® values with increase in temperature has shown that the
adsorption process is energetically more viable at elevated

temperature. Positive AH® values presented endothermic
nature of AO adsorption and the positive values of AS°
suggested increased randomness at solid-solution inter-
face, which represents good affinity of PA-AC-SDS for AO
uptake under the given conditions. Similar investigations
were made by other researchers for the removal of cationic
dyes using different adsorbents materials [70-73].
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Various isotherm constants for AO adsorption onto PA-AC-SDS at different temperatures

Isotherm Parameters Temperature (K)
293 303 313 323
Tmarerp (M g7 420.285 422.018 426.670 433.681
q,..(Mmggm) 434.782 434.782 434.782 434.782
Langmuir K, (Lmg™) 0.022 0.028 0.036 0.040
R? 0.993 0.994 0.993 0.993
R, 0.313 0.263 0.217 0.200
K, (mg g™ (L mg™)") 49.264 59.063 72.060 78.831
Freundlich 1/n 0.369 0.337 0.307 0.295
R? 0.944 0.945 0.926 0.931
K, (Lmg™) 0.360 0.553 0.928 1.214
Temkin b, (J mol™) 29.726 33.629 33.398 39.690
R? 0.993 0.996 0.991 0.991
Ipr(Mmgg™) 296.842 291.314 303.657 305.179
B (10) (mol?J?) 15.208 7.256 4.393 2.633
D-R E (k] mol™) 0.182 0.263 0.337 0.436
R? 0.753 0.699 0.761 0.743

3.2.7. Probable adsorption mechanism

The removal of AO by PA-AC-SDS involves different
mechanisms, such as m—m interactions, H-bonding, electro-
static interactions, film diffusion and pore filling as evident
from FTIR analysis and mechanistic modeling of kinetics
and isotherm data. PA-AC-SDS is a porous carbonaceous
material having larger S, . (1,114.390 m? g”) and signif-
icant amount of mesopores (fraction of mesopore volume
is 46.340%). This indicates that the mesopores might have
assisted the diffusion of dye molecules into the adsorbent,
which is supported by the intra-particle diffusion model
(Fig. 6d) that pore filling may also play a major role in AO
removal, as more than 45% adsorption achieved under pH
5.00. At pH value higher than 5.20, PA-AC-SDS surface is
negatively charged due to the deprotonation of carbox-
ylic (-COOH) and phenolic (C.;H,OH) groups and also the
presence of polar heads (SO;) from SDS and phosphonate
anion (HPO;') on adsorbent surface can efficiently interact
with dye cations in solution and leads to higher adsorp-
tion [54,74]. Therefore, the mechanism of AO uptake also
involves electrostatic interaction supported by a remarkable
increase in the dye adsorption capacity at pH = 6.00, which
is higher than the pH_,. (pH,,. = 5.20) of adsorbent. Some
of the dye molecules are thought to be removed by hydro-
phobic interaction between AO and nonpolar tail of SDS
[59]. Before and after dye uptake, FTIR spectra of PA-AC-
SDS (Fig. 1d) give clue about adsorption mechanism. The
shift in the peak position for C=C from 1,562 cm™ toward
higher wavenumber (1,584 cm™) shows the involvement
of m—m interactions (or m—m electron donor-acceptor inter-
actions) among the m-electrons of dye aromatic rings and
that of the m-electron rich sites on adsorbent surface [75].
Similarly, the band for -OH group around 3,327 cm™ shifted
to higher wavenumber and a short intensity band at
3,335 cm™ shows the presence of H-bonding interactions

Table 9
Thermodynamic parameters for adsorption of AO onto PA-AC-
SDS at different temperatures

TK) AG (K mol")  AH°(Jmol?)  AS° (J mol'K™)
293 —6.884

303 119 16.153 23.550

313 —7.355 : :

323 ~7.591

between the hydrogen atom of -COOH and C.H,OH groups
present on PA-AC-SDS surface and lone pairs of electrons
on nitrogen atoms of dye molecules [76]. In addition, cation
n-bonding amongst the protonated auxochrome (-C=N"H,)
in dye molecules and the adsorbent m-electron enrich cen-
ters also play role in adsorption of AO by PA-AC-SDS.
The most probable mechanism involved in the uptake of
AO by PA-AC-SDS is illustrated in Fig. 8.

3.2.8. Desorption and regeneration study

Desorption tests were executed to examine the possible
reuse of the dye-loaded sample. Desorption of AO from the
surface of adsorbent (PA-AC-SDS) was studied by varying
medium pH (2-12), eluents type (HCI, H,SO,, HNO,, EtOH,
NaCl, NaOH and 5% (v/v) EtOH-HCI solution) and at
different concentration of HCl (0.01-1.0 mol L) in batch
mode and the results obtained are shown in Figs. 9a—c.
It was found that these parameters have significant effect
on AO desorption. As can be observed from Fig. 9a, AO
desorption percentage increases with lowering medium pH
and the highest desorption of 55.08% was achieved at pH
2.0. This shows that AO uptake by PA-AC-SDS may involve
different sorts of electrostatic interactions among dye
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Fig. 8. Possible mechanism involved in the uptake of AO by PA-AC-SDS.

species and the functionalities on adsorbent surface [42,77].
Eluent type has more significant effect on AO desorption
capacity as the dyes molecules are adhered to adsorbent
surface by various types of attractive forces that can be
weakened only by a specific eluent. In this study, maximum

elution (69.2%) was attained with 5% (v/v) EtOH-HCI solu-
tion, followed by the other eluents as evident from Fig. 9b.
Therefore, 5% (v/v) EtOH-HCI solution was utilized for
further regeneration studies. Similarly, effect of HCI concen-
trations on AO desorption was also explored. Desorption



386 R. Ali et al. | Desalination and Water Treatment 217 (2021) 367-390

(a)
| 55.07566
50
40
g
% 30 4 2729123
)
X 204
104 7.06762
210412 070060 03182
0_
3 ' T g 10 12
Solution pH
(©)
66
64.162
64
62 A
g 60 -
8 58.068
& 58 A
2
O 56 A
Qo 53.874
X 54 A
52 A
50 A
48 A ' ' I |

0.01 0.05 0.1 0.5 1
HCI Concentration (mol/L)

(b)

70 o 6919724

62.8302

60

50

39.54756

40 4

30 27.96775

% Desorption

23.49061

20 16.66216

0.21837

NaCl

H2S04 HNO3 NaOH

Eluent type

EtOH

(d
90 7 84.144 ® % Adsorption
78.629
801 69.197 - 7% TLa 69.309
<70 A
S 61.169 58,671 . ss17a
£ 60 - ’ :
550
£
S 40
=]
230
=
220 1
<
10 A
0 : . - ' '
1 2 3 4 5
Cycle
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tion and reusability of adsorbent using 5% (V/V) EtOH in 0.1 mol L™ HCl solution in five adsorption—desorption cycles.

percentage was observed to grow with increasing HCl con-
centration and optimum desorption (65.63%) was attained
with 0.1 M HCI solution and no main change was detected
beyond this value (Fig. 9¢). The highest desorption in acidic
conditions may be associated to the protonation of -COOH
and C.H,OH groups on adsorbent surface that can facili-
tate release of dye cations. Oladipo and Gazi [78] observed
similar results for crystal violet dye desorption using
bentonite beads as adsorbent.

The cost effectiveness of sorption process was scruti-
nized via regeneration of the dye-loaded adsorbent in five
successive adsorption—desorption cycles using 5% EtOH-
HCI solution as eluent and the results obtained are given
in Fig. 9d. The adsorption competency decreases after
each cycle and a more prominent reduction of 10.69% was
observed in the third cycle. Afterwards in the fourth and
fifth cycles, no significant reduction was detected, which
indicate that PA-AC-SDS could be recycled many times
for detoxification of dyes bearing wastewater without any
considerable loss in sorption capacity. The reduction in
uptake efficiency in second and third cycles may be due to

damage of some active sites on PA-AC-SDS surface by acidic
medium [79].

3.2.9. Performance evaluation

The maximum uptake capacity (g, ) of PA-AC-SDS
for AO was matched with different adsorbents reported
in literature, as summarized in Table 10. It follows that
PA-AC-SDS has significantly higher uptake capacity for
AO than many reported adsorbents. This shows that mod-
ification of AC with anionic surfactant, SDS, can provide
an adsorbent material that has high adsorption potential
for cationic dyes such as AO removal from wastewater.

4. Conclusion

The SDS-modified activated carbon (PA-AC-SDS) was
found to be an effective adsorbent for AO adsorption from
aqueous systems. The modified AC was characterized by
SEM, EDX, BET, FTIR, XRD, PZC and Boehm’s titration
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Table 10

Comparison of maximum adsorption capacity (g, ) of AO uptake by PA-AC-HO with other adsorbents

Adsorbent 9. (mgg"’)  References
AC loaded with ZnS:Cu 94.200 [80]
AC loaded with nano-particles (ZnS:Cu-NP-AC) 123.000 [80]
Gum xanthan-psyllium-cl-poly(acrylic acid-co-itaconic acid) based adsorbent 2.084 [81]
ZnO nanoparticles-loaded activated carbon (PES-PAC-ZnO-NPs) 48.78 [82]
PES-PAC 30.15 [82]
ZnO nanorod-activated carbon 88.500 [83]
Bi,S-AgS-AC 202.43 [84]
ZnO:Cr-NPs-AC 211.6 [85]
Katira gum-cl-poly(acrylic acid-co-N,N-dimethylacrylamide) hydrogel [KG-cl-poly (AA-co-DMA)]  152.67 [86]
Brazil nut shells activated carbon (AC3-R2) 83 [87]
PA-AC-SDS 434.782 This study

analysis. The adsorbent has highly porous structure; good
S, and appeared to be coated due to the dispersion of SDS
as evident from a medium peak for sulfur in EDX spec-
trum. Boehm’s titration results have shown that modifica-
tion with SDS results in an increase in the content of basic
groups from 0.130 to 0.290 mmol g™ on PA-AC-SDS surface
relative to its precursor AC. Adsorption experiments were
carried out to investigate the effect of four input variables
such as solution pH, adsorbent dose, contact time and dye
initial concentration on AO adsorption capacity using BBD
of RSM. ANOVA showed adequate relationship between
input variables and response (AO adsorption capacity). The
F-values and p-values, R? value and AP were used to deter-
mine the competence and fitting quality of the selected model
and significance of input variables. Optimum conditions for
AO adsorption with desirability of 1.00 has been found to
be solution pH of 6.00, adsorbent dose of 0.110 g, contact
time of 240 min and dye initial concentration of 1,000 mg/L,
under which the experimentally determined uptake capac-
ity was 425.060 mg g, which is in close agreement with
the predicted value (427.130 mg g™), with relative error of
-0.49%. Kinetic investigations showed that the adsorption
process could be controlled by the pseudo-second-order
kinetic model. Moreover, intra-particle diffusion and Boyd'’s
models verified that overall adsorption process was jointly
controlled by film diffusion and intra-particle diffusion.
The equilibrium data were fitted well the Langmuir model
with maximum uptake capacity of 434.780 mg g™ and the
values of separation factor (R,) lie between 0 and 1, showed
that PA-AC-SDS could be an effective adsorbent for AO
adsorption. The mechanisms that play a major role in the
uptake process include H-bonding, m-m interactions and
electrostatic interactions. Thermodynamic studies showed
spontaneous, feasible and endothermic nature of AO
adsorption onto PA-AC-SDS under the studied conditions.
Desorption studies showed good regeneration capacity of
PA-AC-SDS that make it an economic and effective adsorbent
for treatment of dyes-containing aqueous systems.
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