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ABSTRACT

In this study, Fe;O4 nanoparticles impregnated onto corn cover were investigated as new
composite sorbent for removing Alizarin Red S from aqueous solutions in a batch system.
The main effective variables were examined on removal efficiency such as pH, sorbent
dosage (m), and initial concentration of dye (C4). Response surface methodology involving a
Box-Behnken design for modeling the effective factors and their interactions was employed
to optimize the removal percent (R%) of Alizarin Red S dye. The best conditions for the
suggested model was found to be the maximum removal percent of dye in pH 2,
Cq4=10mg/L and m = 0.2 g. The kinetics, isotherm modeling, and thermodynamic studies
of adsorption Alizarin Red S were conducted. A second-order kinetic model is favorable for
the dynamic behavior of the adsorption process. Thermodynamic studies indicate that the
adsorption system was spontaneous and exothermic. Moreover, the structure and morphol-
ogy of nanocomposite sorbent were examined by means of X-ray diffraction, EDX analysis,
and scanning electron microscopy. Beside, FT-IR analyses were performed to characterize

the functional groups which were involved in the adsorption process.
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1. Introduction

Dyes are among the most serious water pollutants,
due to their wide use in many industries, causing
health damage and environmental concerns [1-4]. Most
organic dyes are harmful to human beings and toxic to
plants and micro-organisms. Even if they are nontoxic,
residual dyes in wastewater absorb sunlight, leading to
a decrease in the efficiency of photosynthesis in aquatic

*Corresponding author.

plants [5]. Alizarin Red (AR) is among anionic dyes,
which have been shown to have harmful effects on
human beings [5-8]. This dye has been known to cause
an allergic reaction and to be metabolized to
Benzedrine. Its decomposition results in carcinogenic
products [8]. However, the complex aromatic molecular
structures of dyes make them more stable under light
and they are categorized as non-biodegradable
materials [1-3]. These dyes’” hazardous effluent needs to
be treated before being discharged into the
environment [1-6]. Many physicochemical processes,
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such as chemical oxidation, adsorption, coagulation/
flocculation, biological treatment, membrane separa-
tion, and ion exchange, are available for the removal of
dyes from industrial effluents [9-19]. Among these
methods, adsorption has been observed to be one of the
most effective physical processes for the treatment of
the wastewaters since it can produce high quality water
and also be a process that is economically feasible
[20,21]. Therefore, there has been a growing interest in
finding low-cost alternative adsorbents with high
adsorptive capacities and low production costs recently
[1-3,20-22].

Since nanomaterials exhibit unique properties, as
compared to conventional materials (zeolite, goethite,
haematite, quartz sand, and activated carbon),
research on nanomaterials has gradually become
increasingly important and popular [23,24]. To date,
nano-sized metal oxides, including nano-sized Fe,Os,
Fe;04, TiO,, SiO,, Al,O3, MgO, and CeO,, have deliv-
ered some promising applications as adsorbents in
water treatment [4-7,23-25]. This is due to their large
surface areas and high activity levels, caused by the
size quantization effect [23,24]. Among nano-sized
metal oxides Fe;0, nanoparticles beside their efficient,
economic, scalable, and nontoxic synthesis adsorbent
capacity, also have unique circumstances, due to facile
separation from the solution rather than others sor-
bents [6,25]. Beside the nanoparticles sorbents proper-
ties, biosorbents have proved to be a low-cost sorbent
with some advantages, as shown in the literature
[1-4,23-28]. Recently, immobilization of nanoparticles
with some proper biosorbents, such as agricultural
residual, has significantly enhanced the efficiency of
the adsorption process [26,27,29,30]. This result is due
to a blend of advantages of both biosorbents and
nanoparticles, and makes a new sorbent which
increases its potential for pollutant removal
[26,27,29,30].

Therefore, we have been motivated to investigate
the immobilization of Fe;O, nanoparticle on corn
cover as a new adsorbent for the significant removal
of Alizarin Red S from the aqueous solution. Since the
capability of both mineral oxides and biosorbents to
the adsorptive removal of pollutants is strongly influ-
enced by some parameters, such as pH, time, tempera-
ture, the initial concentration of pollutants, and
sorbent mass [6-8,28,31-35], it is crucial to design a
proper process for maximizing the removal efficiency
of pollutants by this new adsorbent [7,8,28,31-37]. In
regard to the advantages of multivariate optimization
which have recently been revealed, especially experi-
mental design rather than the conventional “one-at-a-
time” method has attracted interests in relation to
optimization of adsorption process [35-37]. It is well
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known that experimental design provides more infor-
mation with fewer experiments, running a response
surface methodology (RSM) which leads to an empiri-
cal mathematical model in relation to the removal per-
cent (R%) of sorbate with effective variables and their
interactions [7,8,28,31-37].

However, in this study the potential of both the
Fe;0,4 nanoparticle and corn cover and the immobiliz-
ing of them as an efficient adsorbent along with find-
ing optimum conditions by a Box-Behnken design
(BBD) approach is investigated. The characterizations
of sorbents, isotherm modeling, kinetic studies and
the thermodynamic behavior of adsorption of Alizarin
Red S on this new adsorbent is also considered in
details.

2. Materials and methods
2.1. Preparation biosorbent

Corn covers were gathered from a grove in a sub-
urb at Markazi Province, Iran. The collected materials
were then washed with distilled water several times
to remove all the dirt particles. The dried biomass was
pulverized well in a mixer and sieved (100-150 pm)
and stored in a bottle.

2.2. Reagents and equipment

All chemicals used during the process were of ana-
lytical grade. Alizarin Red S (Fluka), HCl (Merck,
Darmstadt, Germany), Fe;O, nanoparticle (TENCAN).
Double-distilled water was used for each run. A pH
meter (Metrohm, model 744), UV/VIS spectropho-
tometer (Analytikjena double beam SPECORD250),
FTIR (Unicam-Galaxy series FT-IR 5000), and X-ray
diffraction (XRD; Philips) were used. The scanning
electron microscopy (SEM) measurements were car-
ried out using TESCAN (VEGA3).

2.3. Preparation of nano-FezOy/corn cover composite

A proper amount of Fe;O, nanoparticle and corn
cover with different ratios from 1:20, 1:10, 1:5, 1:2, and
1:1 (nano-Fe;Oy4: corn cover) were grounded well and
transferred to an Erlenmeyer containing double-dis-
tilled water and mixed well in a shaker at 300 rpm for
2 d, then in a 70°C oven for five hours to dry.

2.4. Adsorption studies

A stock solution of dye was prepared by
dissolving 1.0g of Alizarin Red S in 1,000 mL of
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double distilled water. Standard solutions of dye were
made by dilution of the stock solution. The pH of the
solution was adjusted by HNO3; and NaOH 0.1 M. A
known amount of adsorbent was added to the sample
and allowed sufficient time for reaching adsorption
equilibrium. Then the mixture were filtered and the
remaining dye concentration determined in the filtrate
using (Spectro UV-vis Double Beam UVD) at
Amax =423 nm. The dye removal and equilibrium
adsorption capacity () was determined according to
Egs. (1) and (2), respectively:

R% = S0 =Ce o 100 €))
Co
_ (CO - CC)V
©e="71 2

where Cy (mg/L) is the initial concentration and C,
(mg/L) is the concentration of the dye at equilibrium,
ge is the amount of dye adsorbed onto the sorbent at
equilibrium (mg/g), V is the volume of the solution
(L), and M is the mass of sorbent (g) [7].

2.5. Adsorbent analysis

The Fourier transform infrared (FTIR) spectra of
adsorbent in the range of 400-4,000 cm™' were taken
using a Unicam-Galaxy series FT-IR 5000, to identify
functional groups of adsorbent involved. In addition,
an X-ray diffraction (XRD) pattern of the sorbent was
recorded using a Philips X-ray diffractometer (model
PW 3040/60 X'pert pro). The XRD measurements were
made over a range of 30-50°, using a Phillips powder
diffractometer model PW3040 with Cu K, radiation at
a scan speed of 1°/min. The SEM images were taken
at high voltages (20 kV).

2.6. Optimization using RSM

The RSM is an efficient method for the optimiza-
tion of the adsorption process for a multi-variable
approach with a minimum number of experiments
using a set of designed experiments [37,38]. The BBD
is among RSM, which is a spherical, rotatable, or
nearly rotatable second-order design. It is based on a
three-level incomplete factorial design, which consists
of the center point and middle points of the edges
from a cube. The number of experimental points (N)
is defined by the expression N = 2k(k — 1) + Cy, where
k is the number of variables and C, is the number of
center points [31,37-40]. The most significant
advantage of the BBD matrix is to avoid experiments
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performed under extreme conditions, for which unsat-
isfactory results might occur [31,39,40]. In the present
study, by employing the BBD, the effect of the three
independent variables on the removal percent (R%)
were investigated and the relation to experimental
design was obtained.

3. Results and discussion

3.1. Effect of different adsorbent ratio (nano-FesOg4fcorn
cover)

The effect of three different adsorbents, i.e. corn
cover, nano-Fe;O4, and nano-Fe;O,/corn cover com-
posite at the percentage removal of Alizarin Red S
dye were investigated. The settings of the parameters
were based on the following: an initial concentration
50 mg/L; an adsorbent dosage of 0.1 g, temperature
298 K for 70 min; and a shaking speed of 300 rpm.
The percentage removal (R%) obtained for the nano-
Fe;04/corn cover composite (1:10), nano-Fe;O4 and
Corn cover were 80.1, 65.5, and 2.8%, respectively
(Fig. 1). The percentage removal of Alizarin Red S
using different adsorbent ratios (nano-Fe;O4/corn
cover), such as 1:20, 1:10, 1:5, 1:2, and 1:1 were consid-
ered. The percentage removal increases with a
decreasing nano-Fe;O, ratio, but the removal
remained almost constant after 1:10 ratio. This ratio is
suitable for use in the removal of dye since the surface
area of corn cover is completely occupied by
nano-Fe;O,4 [29].

3.2. FT-IR analysis

The FT-IR spectra of Alizarin red S, nano-Fe;O4/
corn cover composite and loaded sorbent with dye are
shown in Fig. 2(a)—(c) and the corresponding infrared

100 -

80

R %

Corn cover(1) nano-Iron Oxide(2)  (1),(2)nano composite

Various Adsorbents (g)

Fig. 1. The percentage of dye removal by: (1) after corn cover,
(2) nano-Fe;0, and (3) nano-Fe;O,4/corn cover composite.
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absorption frequency of functional groups is reflected
in Table 1. In all spectra, the bonded OH groups are
observed in the range of 3,387-3,447 cm~'. The band
observed at about 2,922 cm™" could be assigned to the
aliphatic C-H group of sorbent. The peak observed at
1,433 and 1,518 cm™! corresponds to the aromatic C=C
group and bending of CHj stretching is observed at
1,443 cm™!. In the case of Fe;Oy (Fig. 2(b)), the broad
absorption band at 3,387 cm ™' indicates the presence
of surface hydroxyl groups (O-H stretching) and the
bands at lower wave numbers 700 (<700 cm™') are
related to vibrations of the Fe-O bonds in Fe;O, [29].
Also the two small peaks at 351 and 584 cm™' are
related to the Fe-O group (Fig. 2(b)) [29,41-43]. The
comparison of spectra in Fig. 2 shows that some peaks
shifted or disappeared and new peaks were produced.
For example, the stretching vibration of OH group
was shifted from 3,387 to 3,412 cm™ ! in the dye-loaded
composite. These results reveal that chemical interac-
tions between the dye and the hydroxyl groups sor-
bent occurred on the surface. Finally, the comparisons
of the FT-IR spectrum of wunloaded adsorbent
(Fig. 2(b)) and loaded adsorbent (Fig. 2(c)) show the
changing and shifting of many bands(for Fe-O: from

T T
3500 3000 2500 2000 1500 1000 500
Wavenumbers(cm!)

Fig. 2. FT-IR spectra of (a) Alizarin Red S, (b) unloaded
nano-Fe;O4/corn cover composite, and (c) loaded nano-
Fe;O4/corn cover composite.
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582 to 569 cm !, Table 1), which confirm that most
functional groups present in the nano-Fe;O,/corn
cover composite are involved with Alizarin Red S
during the adsorption process [29,41-43].

3.3. XRD, SEM, and EDX analysis

The XRD patterns for samples corn cover (a), nano-
Fe;04 (b), and nano-Fe;O,/corn cover composite (c)
are shown in Fig. 3. The diffraction peaks of nano-
Fe;0, at angles of 26 = 21.35, 35.17, 41.48, 43.43, 50.55,
62.98, 67.30, and 74.24 can be assigned. The diffraction
peaks of Fe;O, in the nano-Fe;O4/corn cover compos-
ite confirmed that the Fe;O, nanoparticles impregnated
onto the biosorbent (corn cover) and nanocomposite
was formed [29,42]. SEM images depict the surface of
particles for the samples of the pristine corn cover (a),
nano-Fe;O4/corn  cover (b), and nano-Fe;O,/corn
cover-loaded dye (shown in Fig. 4). The corn cover has
insoluble cell walls with fibrous content and is largely
made up of cellulose. Fig. 4(b) shows the corn cover is
completely covered with nano-Fe;O,, and all the nano-
Fe;0, particles are aggregated to form a spherical and
cage-like structure. Fig. 4(c) also shown the loading of
dye on both nano-Fe;O, and corn cover surfaces. EDX
spectra are also included for both pristine corn cover
(a) and nano-Fe;O,/corn cover composite (b) are pre-
sented in Fig. 4, where peaks associated with Fe, C,
and O can be distinguished [29,43].

3.4. Optimization of adsorptive removal process by
statistical experimental design

The optimal conditions for the adsorption removal
of Alizarin Red S by nano-Fe;O,/corn cover composite
were determined by means of BBD [31,37-40]. Multi-
variate optimization studies were performed by consid-
ering the effect of three variables, including adsorbent
dosage (m), initial concentration of dye (Cq), and pH of
solutions. In BBD for three-variables and three repli-
cates in center point according to N = 2k(k — 1) + ¢, was
run with 15 experimental points. All factor levels had
to be adjusted only at three levels (-1, 0, +1), with
equally coded units from RSM studies given in Table 2.
The chosen independent variables used in this study
were coded according to Eq. (3) [38]:

Xi = (Aj — Ag)/AA; 3)

where X is a coded value of the variable, A; is the real
value of variable, Ay is the real value of A; at the cen-
ter point and AA; is the step change of variable
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Table 1
The FT-IR peaks for nano-Fe;O4/corn cover composite
v (em™)
IR peaks Assignment “Sorbent P Alizarin Red ‘Loaded sorbent
1 O-H 3,387 3,447 3,412
2 Aromatic C-H - 3,082 -
3 Aliphatic C-H 2,922 2,924 2,897
4 Cc=0 1,637 1,589 1,653
5 Aromatic C=C 1,433 1,487 1,456
1,518 1,543 1,508
6 CHj; stretching 1,377 1,354 1,375
7 -50; 1,251 1,267 1,255
8 c-O 1,037 1,043 1,037
9 Fe-O 582 - 569
351 365
“Fig. 2(b)
PFig. 2(a).
Fig. 2(c).
level). The effect of all the linear terms, such as dye
concentration (Cg4), pH, and adsorbent amount () on
the responses of %R were found to be highly signifi-
v cant because p-values were less than 0.05 (other
3 B parameters, where p-values were more than 0.05, were
z - 0y : eliminated) [36-39].
SN I I . B
R A — 3.4.1. Modeling the adsorptive removal process
(b) e
3 One of the huge application advantages of RSM is
l estimation of mathematical relationships between the
2 . o response function (Y) and the independent variables
1 : o 3 (X) by a quadratic polynomial equation, as follows
% n _f - 40]
S, - T [
- i LRy
k k ko k
Y:bo—O—Zbixi—i- bﬁx%—O— bi]’x,‘x]'-i-&‘ 4)
i=1 =1 =1 j=1

30 40 50 60 70
Position [°2 Theta]

Fig. 3. XRD spectra of (a) corn cover, (b) nano-Fe;O,4, and
(c) nano-Fe;0,/corn cover composite.

[39,40]. Minitab statistical software version 15 was uti-
lized for handling data. Main effects, interactions
between factors, coefficients, standard deviation of
coefficients, and other statistical indices of the fitted
model and statistical plots were the output data of this
software [37-40]. Table 3 shows the results of BBD
experiments for studying the effect of three indepen-
dent variables. The effects, regression coefficients,
standard errors, and T and p-values for the removal of
dye are exhibited in Table 4 (at a 95% confidence

1= 1 ]
where Y is the predicted response (removal percent),
by the constant coefficient, b; the linear coefficients, b;;
the quadratic coefficients, b;; the interaction coefficients
and x; x; are the coded values of the variables [40].
The coefficients of the response function for different
dependent variables were determined. The effect of all
the linear terms, such as Alizarin Red S concentration,
pH, and sorbent amount (1), in responses of %R were
found to be highly significant because p-values were
less than 0.05 (Table 4) [36,37]. Then a second-order
polynomial equation in coded form was established to
explain the empirical relationship between the Alizarin
Red S removal percent (R%) and the three variables
obtained by the application of RSM, as given below:
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Fig. 4. SEM micrograph of (a) corn cover, (b) nano-Fe;O,/corn cover composite, and (c) nano-Fe;O4/corn cover
composite-loaded dye, along with EDX of (a) corn cover, (b) nano-Fe;O,/corn cover composite.
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Table 2
Factors and their levels used in the BBD design
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Coded levels

Independent variable unite -1 0 +1
pH - 2 4 6
Initial concentration of dye (Cq) Cq: mg/L 10 205 400
Dosage of sorbent (1) g 0.025 0.1375 0.25
Table 3 followed by the application of an analysis of variance
BBD and results obtained for removal of Alizarin Red S (ANOVA). Since all runs were carried out in dupli-
Run order  pH C. . R% ] cate, an estimation of error or residue was used to
define the statistically significant factors for the
1 2(-1)  205(0) 0.025(-1)  46.1 37.8  removal percent of Alizarin Red S, based on ANOVA.
2 2(=1)  205(0) 0.25(+1) 826 6.8 The sum of squares (SS) is used to estimate the F-ra-
3 2= 101 01375(0) 936 0.7 tios (F), which are defined as the ratio of the respec-
4 6(+1)  10(-1) 0.1375(0)  68.5 0.5 tive mean square effect (MSegfect) and the mean square
5 6(+1)  205(0) 0.025(-1) 21.0 17.2 error (MSg,ror) (see Table 5). The lack of fit term, 0.462,
6 40 10D 0025C-1) 504 2.0 insignificant (p > 0.05) and also the regression
7 6(+1)  205(0)  025(+1) 754 62 oS nsignuuicant &p &
8 2-1)  400+1) 013750) 59.6 173  Was meaningful (p <0.05) for all responses (Table 5).
9 4(0) 400(+1)  0.25(+1) 39.6 102  Therefore, the second-order polynomial model was
10 6(+1) 400(+1) 01375(0) 295 115  highly significant and fitted well to the experimental
11 4(0) 10(=1) 0.25(+1) 914 04 results. The coefficient of determination for R%
12 4(0) 205(0) 0.1375(0)  46.7 6.9 response was computed as R?=0.9732, which is a
13 4(0) 205(0) 0.1375(0)  46.6 6.8 measure of the amount of variation around the mean,
14 4(0) 205(0) 0.1375(0) 429 64 as explained by the model, and so only 0.51% of total
15 4(0) 400(+1)  0.025(-1) 1026 16.41

Notes: Cq4: Initial concentration of dye; m: dosage of sorbent.

Table 4
The effects, regression coefficients, standard errors, and T
and p-values for the removal of dye

Term Coef. SE Coef. T 4

Constant 45.252 1.158 39.086 0.000
pH —9.644 0.8521 -11.318 0.000
Ca —-16.330 0.8521 —19.165 0.000
m 23.190 0.8521 27.215 0.000
pH x pH 11.129 1.250 8.899 0.000
CaxCq 8.821 1.250 7.054 0.000
pHxm 4.487 1.205 3.723 0.000
Cqxm 3.110 1.205 2.581 0.007

%R = 45.25 — 9.66 pH — 16.33 C4 + 23.19m
+ 11.13pH* + 8.82C] + 4.49pH x m + 3.11Cq
X m

5)

Recognition of the significant main and interaction
effects of factors affecting the removal efficiency was

variance was not explained by the model [36,37]. The
correspondingly predicted R* (0.9732) for the removal
percent of dye is close to 1.0, which indicates a high
predictability of the model. The residual analysis also
had to be evaluated for normal distribution and repre-
sented that they had no obvious pattern or unusual
structure, which confirms the adequacy of the
obtained model [36,37]. The response surface plots
shown in Fig. 5(a)-(c) were prepared by the Minitab
software and utilized to indicate the influence of the
experimental factors on Alizarin Red S removal per-
cent (R%) [8,28]. The best conditions for the suggested
model was found to be the maximum removal percent
of dyein pH 2, C4=10mg/L and m=0.2 g.

3.5. Adsorption isotherms modeling

The consideration of dye and adsorbent equilib-
rium behavior through finding proper isotherm mod-
eling is a major concern in relation to the adsorption
process. Finding the equilibrium relationship between
the quantity of dye uptake per unit of adsorbent (g.)
and its equilibrium solution concentration (C.) at a
constant temperature is essential to the design and
optimization of an adsorption process [44—46].
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Table 5
ANOVA for the suggested model
Source DF Sum of square Mean square F-value p-value
Regression 7 7,999.21 1,142.74 196.74 0.000
Residual error 7 40.66 5.81
Lack of fit 5 31.74 6.35 1.42 0.462
Pure error 2 8.92 4.46
Total 14 8,039.87

Notes: DF: degree of freedom.

3.5.1. Langmuir isotherm

The basic assumption of the Langmuir theory is
that the adsorption takes place at specific homoge-
neous sites within the adsorption, which is a mono-
layer too [7,8,31-33,44-46]. The linear form of the
Langmuir isotherm is shown as follows:

feq B meax

Ca__1 | Cw ®)

Hmax

where Ceq (mg/L) is the concentration of the dye solu-
tion at equilibrium, g.q (mg/g) is equilibrium uptake
capacity, and gmax is the maximum uptake capacity
and b is the Langmuir constant. The g, and b values
from the slopes (1/gmax) and intercepts (1/bgmay) of
the linear plot of C./g. vs. C, in Fig. 6 were calculated
and are as: 10.52 mg/g, and 0.030 L/mg (R = 0.973),
respectively. The nonlinear regression analysis of the
Langmuir equation leads to gmax and b values, thus:
11.35mg/g and 0.029 L/mg (R*=0.995, »*=0.239)
[47].

3.5.2. Freundlich isotherm

The Freundlich equilibrium isotherm equation is
an empirical equation which applies to adsorption
onto heterogeneous surfaces with the same energy dis-
tribution and reversible adsorption. This isotherm is
expressed by Eq. (7) where C¢q (mg/L) and geq (mg/
g) are the liquid phase concentration and solid phase

concentration of the adsorbate at equilibrium,
respectively [7,8,31-33,44—46]:
feq = KeCl/" @)
A linear form of this equation is:

1
In geq = Eln Ceq + In K (8)

where Kg is the Freundlich constant (L/mg) and 1/ng
is the heterogeneity factor, which were determined by
the intercept and slope of Fig. 7, and the results are
Kg=0.852L/mg, and 1/ng=0.45 (R? = 0.980); and
nonlinear regression of Eq. (7) yields Kg=1.34 L/mg,
1/np =041 (R*=0982, x*=0.287) [31,3248]. When
1/n lies between 0 and 1, it illustrates a favorable
adsorption [44-47,49].

3.5.3. Dubinin—Radushkevich isotherm

The Dubinin—-Radushkevich model is often applied
to estimate the characteristic porosity and the appar-
ent free energy of adsorption. Thus, methods of evalu-
ating these parameters for the adsorbents the D-R
isotherm have been investigated [44-49]. The linear
form of the D-R equation is given as follows:

In Geq = I Grnax — pe? 9)

e= RTIn(l + L)
Ceq

A plot of In geq vs. & gives a straight line (Fig. 8). The
constant B gives the mean free energy E of sorption
per molecule of sorbate when it is transferred to the
surface of the solid from the bulk solution, and can be
computed using the following relationship:

(10)

1

E=— 11

N )
From the magnitude of E, the types of adsorption,
such as chemisorption or physical sorption can be
determined. If E = 8-16 kJ/mol, then chemical ion-ex-
change dominates the reaction. If E <8 kJ/mol, then
physical adsorption takes place, while chemisorption
processes have adsorption energy in the range of 20—
40 kJ/mol [31,32,43,48,49]. The mean free energy of
adsorption of Alizarin Red S onto nano-Fe;O4/corn
cover composite (E) is found to be 12.91 k]/mol and
chemical ion exchange may be the dominate
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(b)

Hold Values
m 0.1375

Fig. 5. Response surface plots of the quadratic model: (a) the effect of dye concentration (C4) and adsorbent dosage (i)
on the R%, while the pH was kept constant at its optimum value, (b) The effect of the adsorbent dosage (m) and pH on
the R% while dye concentration was kept constant at its optimum value, (c) The effect of dye concentration (C4) and pH
on R% while the adsorbent dosage (i) was kept constant at its optimum value.

interaction [31,32,44,48-50]. According to R? values
(R?=0.973, 0.980, 0.995), Langmuir, Freundlich, and
Dubinin-Radushkevich isotherms successfully
describe the equilibrium behavior of Alizarin Red S
adsorption by nano-Fe;O4/corn cover composite
adsorbent (results are listed in Table 6) [47].

3.6. Kinetic studies

The kinetic of the adsorption process of dye plays
an important role in the predication of rate of decon-
tamination of dye from an aqueous source. Moreover, it

describes the dye uptake rate and controls the residence
time of the adsorption process [31,32,44,45]. So, in order
to examine the adsorption kinetics of Alizarin Red S on
a nano-Fe;O,4/corn cover composite, three models were
used, including pseudo-first-order, pseudo-second-
order, and intraparticle diffusion models [44—46].

3.6.1. Pseudo-first-order model

The linear form of the pseudo-first-order equation
is given as follows:

In(g, —q,) =In ge — kqt (12)
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CJq.
=

y=0.095x +3.311
R*=0.973

0 100 200 300 400
Ce(mg/L)

Fig. 6. The linear Langmuir adsorption isotherms for Ali-
zarin Red S by nano-Fe;O,4/corn cover composite.

3
y=0.451x-0.160 A
2 R?=0.980
&
|
1-
10 / T T T T T T
-2 ‘-l/tl 1 2 3 4 5 6 7
InC,
-1

Fig. 7. The linear Freundlich adsorption isotherms for Ali-
zarin Red S by nano-Fe;O4/corn cover composite (condi-
tions: pH 2, m = 0.2 g).

where g; is the amount of dye adsorbed at time ¢
(mg/g), ge the capacity uptake at equilibrium (mg/g),
ki the pseudo-first-order rate constant (1/min), and ¢
the contact time (min). The values of the adsorption
rate constant (k; =0.038 1/min) for Alizarin Red S
adsorption were determined from the plot of In
(ge — q¢) vs. t and g, can be determined from the inter-
cept plot in Fig. 9; the result is geq = 10.39 mg/g, as
shown in Table 6.

3.6.2. Pseudo-second-order model
The pseudo-second-order model is represented as:
t 1 t

t_ 1t (13)
9 kg 4,
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0 0.5E+09 1E+09 1.5E+09

-10 -

_11 -
g 12

13 - y=-3E-09 x - 9.304

R*=0.995
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15
&2 (j%mol?)

Fig. 8. The D-R adsorption isotherms for Alizarin Red S
by nano-Fe;O4/corn cover composite (conditions: pH 2,
m=02g).

Table 6
Parameters of Langmuir, Freundlich, and D-R isotherms
for the adsorption of Alizarin Red S

Langmuir model

Imax (Mg/g) b (1/mg) R? Ve

Linear 10.52 0.030 0973 -
Nonlinear 11.35 0.029 0.995 0.239
Freundlich model

K; n R2 ){2
Linear 0.852 2.22 0.980 -
Nonlinear 1.34 2.42 0982 0.287
D-R model
Jmax (mg/g)  p (mol’/KJ* E (kJ/mol) R? Ve
31.16 0.003 12.91 0995 -

Notes: Conditions: pH 2, m =02 g.

where k; (g/(mg min)) is the rate equilibrium constant
of pseudo-second-order reaction. The g. (mg/g) is
obtained from the slope of t/q; vs. t (Fig.10). Since g,
(10.98 mg/g) is known from the slope, the k, (0.117
g/(mg min)) can be determined from the intercept
plot. The data did not fit well to the first-order equa-
tion in the entire region of Alizarin Red S concentra-
tion used in this work (R*=0.884), but it did fit very
well with the pseudo-second-order model (R* = 0.998)
and the calculated g, values also agreed well with the
experimental data. These results suggest that the over-
all rate of the Alizarin Red S adsorption process
appears to be controlled by the chemical adsorption or
chemisorption process [31,32,48,50,51] (results are
given in Table 6).
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In (qe-qt )

41 y=-0.038 x + 0.335, R2=0.884

t (min)

Fig. 9. Alizarin Red S adsorption by nano-Fe;O4/corn
cover composite on the pseudo-first-order model (condi-
tions: pH 3, m = 0.2 g, Cq: 200 mg/L).

3.6.3. Intraparticle diffusion model

The intraparticle diffusion model was introduced
by Weber and Morris [52].
The equation utilized is as follows:

q,=Kat"? + C (14)
where g; (mg/g) is the amount adsorbed at time ¢
(min), Kjq (mg/(gmin®®)) is the rate constant of
intra-particle diffusion, and C is the value of inter-
cept which gives an idea about the boundary layer
thickness. If intraparticle diffusion is rate limited,
then plots of dye uptake (g, vs. '/ would result in
a linear relationship. If the plot of g; vs. t'/2 is lin-
ear and passes through the origin, then intraparticle
diffusion is  the only rate-limiting  step

y=0.091 x+0.617
30 R2=0.998

0 50 100 150
t (min)

Fig. 10. Alizarin Red S adsorption by nano-Fe;O4/corn
cover composite on the pseudo-second-order model. (Con-
ditions: pH 3, m = 0.2 g, C4: 200 mg/L).
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[48-51]. Theoretical consideration of kinetic mecha-
nism of adsorption of Alizarin Red S onto nano-
Fe;04/corn cover might exhibit three stages in prac-
tice. Due to mass transfer of the dye onto the sur-
face of the sorbent, the first step is usually fast and
impossible to monitor precisely. Second, intraparticle
diffusion into pores and the cell wall of the sorbent
may occur. The third step involves reaching equilib-
rium after about 50 min corresponding to the
involvement of Alizarin Red S in the interior pore
structure of sorbent [31,48-54].

Fig. 11 shows that the linear part of plots does not
pass through the origin (C =0.999, 1.933, 2.681). This
represents some degree of boundary layer control and
then intraparticle diffusion is not only the rate which
determines the step in the kinetic activity of the
adsorption process of Alizarin Red S (Fig. 11)
[31,32,48-54]. The increase in Kjq values (0.287, 0.372,
0.602 mg/(g min®?)) with increasing initial dye con-
centrations (100, 200, 300 mg/L) can be illustrated by
growing the effect of the driving force, which resulted
in reducing the diffusion of dyes in the boundary
layer and enhancing the diffusion in the solid sorbent.
All kinetic results are given in Table 7.

3.7. Thermodynamic parameters

Thermodynamic behavior of the adsorption of
Alizarin Red S onto a nano-Fe;O,/corn cover compos-
ite was evaluated by finding thermodynamic parame-
ters, including the changes in free energy and entropy.
These factors must be considered in order to
determine what processes will occur spontaneously

6
5 4 A A A
a 44
&
e X X
o0 x X X x
W 3 X
&8 2
<, i G EE & BN
0/“
1 - +q(100ppm)
X q(200ppm)
4 q(300ppm)
0 ] L]
0 5 10 15

t Y2(min)

Fig. 11. Intra-particle diffusion plot of Alizarin Red S
adsorption by nano-Fe;O,/corn cover composite (condi-
tions: pH 3, m =0.2 g).
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Table 7
Kinetic parameters for removal of Alizarin Red S

Pseudo-first-order equation

Co (mg/L) gexp qeq (mg/g) K (min™ ) R?
100 10.75 10.39 0.038 0.884

Pseudo-second-order equation

Jeq (mg/g) K, (g/mg min) R?
100 10.75 10.98 0.117 0.998

Intraparticle-diffusion equation

C King (mg/g min®® R2?
100 0.999 0.287 0.975
200 1.933 0.372 0.967
300 2.681 0.602 0.990

Notes: Conditions: pH 2, m =02 g.

[44,48-51,53,54]. Thus, Gibbs’ free energy change of
the adsorption process can be obtained using the fol-
lowing equation [44-54]:

AG=—-RTIh K (15)
where T (K) is the solution temperature, R is the gas
constant (8.314 J/(mol K)), and Ky is the distribution
coefficient for the adsorption. The distribution coeffi-
cient (Kg)indicates the adsorbent capability of retain-
ing the solute and also the extent of its movement in a
solution phase. It is expressed as [29,31]:

(16)

where C, (mg) is the amount of dye uptake on the
adsorbent at equilibrium. Based on van’t Hoff equa-
tion, Langmuir constants (Kyq) were used to determine
the standard Gibbs free energy change (AG®), standard
enthalpy change (AH®), and standard entropy change
(AS”), as shown in Egs. (17) and (18) [51]:

AH®  AS°
+ — 17)

In Ky = — ~1
R RT ' R

AG® = AH® — TAS® (18)
The values of AH® and AS® can be obtained from the
slope and intercept using the plot of In Kg vs. 1/T.
The thermodynamic parameters for the adsorption of
the Alizarin Red S dye on the nano-Fe;O,/corn cover
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composite. The negative values of AG” (-1.51 kJ/mol
at 25°C) and AH" (—2.81 kJ/mol) show that the adsorp-
tion processes were spontaneous and exothermic.
Also, the negative values of AS° (=4.6]/(mol K))
decreased the randomness during the adsorption of
this dye by absorbency [54].

However the immobilization of nano-Fe;O; on
corn cover was found enhancing the performance
adsorption capacity and increasing the life time of the
biosorbents for regeneration and recycling by several
orders of magnitude. Biosorbents such as agricultural
waste (corn cover) containing various functional
groups (carboxyl, carbonyl, hydroxyl, aromatic, and
etc.) well known as efficient sorbents and stabilizes
the nano-Fe;O, and also prevents their oxidation and
agglomeration. Therefore, integration of nano-Fe;O,
which has nanoparticles well-known characteristics
with corn cover enhanced removal efficiency and
adsorption capacity through both physi- and
chemisorption process. So, combination of them would
provide a low-cost and environmental-friendly adsor-
bent for removal of pollutants from aqueous solutions.

4. Conclusions

The efficiency of nano-Fe;O,/corn cover composite
in removing Alizarin Red S from an aqueous solution
was investigated. BBD, as a RSM, was successfully
employed to obtain the optimum process conditions,
while the interactions between process variables were
demonstrated. The results clearly show that the dye
removal efficiency was severely influenced by pH, ini-
tial concentration of dye, and also adsorbent dosage
variation. The adsorption data were well fitted by the
Langmuir, Freundlich, and D-R isotherms. Kinetic
models, namely the pseudo-first-order, pseudo-sec-
ond-order, and intraparticle diffusion for adsorption
of this process were studied. The results fitted well
with the pseudo-second-order kinetic model. Thermo-
dynamic studies indicated that the adsorption process
was spontaneous and exothermic in nature.
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