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In the present study, removal of Cr (VI) from aqueous solution was investigated by adsorption onto graphene
oxide modified with 8-hydroxyquinoline (8-HQ- GO-Fe3O4). Graphen oxide (GO) sheets, magnetic GO -Fe3O4

nanocomposite and the 8-HQ - functionalizedGO-Fe3O4 nanocomposite (8- HQ - GO-Fe3O4)were freshly synthe-
sized and characterized by Scanning electron microscope (SEM) images, Fourier transform infrared (FTIR) spec-
troscopy, energy dispersive X-ray (EDAX) and thermogravimetric (TGA) analysis. The response surface
methodology using R software was chosen to investigate the composition effect of input independent factors
(pH, 8-HQ/GO dose, time and Cr (VI) concentration) and one dependent output response (removal efficiency).
The lower P-value (1.33 × 10−15), higher F-value (240.4), higher R2 (multiple R-squared: 0.994, adjusted R-
squared: 0.989) and insignificant lack of fit (0.38) indicate that reduced full second-order model has highly sig-
nificant for adsorption of Cr (VI) by 8-HQ- GO-Fe3O4 and it also is represented satisfactory adjustment between
model and experimental data. The predicted optimal conditions by model (to involve all parameters simulta-
neously) for the maximum removal efficiency (95.77%) were achieved (pH, 6.58; 8-HQ/GO dosage, 98.4 g L−1;
contact time, 178.4 min and Cr (VI) concentration, 1 mg L−1). Based on reported results, a high correlation coef-
ficient (R2) was found for the Langmuir model compared with the Freundlich and the Temkin models that con-
firm the reasonably fit to the data. The maximum adsorption capacity calculated from the Langmuir was
11.9 mg g−1 at 308 K. The kinetics followed is pseudo second order in nature and the intraparticle diffusion
was the dominating mechanism. The thermodynamic data revealed the endothermic nature, an increase in the
degree of freedom of the adsorbed ions and spontaneous sorption for the adsorption process. Also the Ea value
found to be 1.39 kJ mol−1 indicating chemical sorption.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

As one of the most serious environmental pollutants, chromium in-
cludes various oxidation states ranging from+6 to−2. However, it has
hosh).
been proven that only the +6 and+3 oxidation forms are stable in nat-
ural environments [1–3]. In an aquatic system, hexavalent chromium (Cr
(VI)), such as chromate [CrO4

2 −, HCrO4
−], is highly mobile, soluble reac-

tive, can impact large-volume aquifers, and affects biological systems
due to its strong oxidizing properties [4,5]. In contrast, the reduced form
of chromium, Cr(III), is a required nutrient for the proper functioning of
living organisms [6], it is less mobile in the environment, much less
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toxic, and is not hazardous (comparedwith Cr (VI)) due to its low solubil-
ity) [4,7]. Hexavalent chromium, Cr (VI), is a common contaminant in soil
and groundwater and is classified as a priority pollutant by the US Envi-
ronmental Protection Agency (EPA) [8]. It is more toxic (about 500–
1000 times) than Cr (III). The main causes for the release of significant
quantities of Cr (VI) into the environment can be due to leakage, unsuit-
able storage and/or improper disposal practices from industrial processes
such as metallurgical, pigments producing, electroplating, tanning, metal
finishing processes, and chromium mining operations [9,10]. The Cr (VI)
as a potential carcinogen to humans, animals, plants andmicroorganisms
[4] can cause dermatitis, rhinitis, and even lung and nasopharyngeal can-
cers [6,9,11]. The EPA has recommended a maximum contaminant level
(MCL) of 0.1 mg L−1 and 0.05 mg L−1 for Cr (VI) for inland surface and
potable waters, respectively [7,10,12]. Therefore, the removal of Cr (VI)
fromwater solutions before its release into the environmental is a critical
issue. For this purpose, scientists have, in recent years, investigated sever-
al methods to eliminate or lessen the concentration of Cr (VI) and heavy
metals [13], including adsorption onto solid adsorbents [14], reduction
[15], electrochemical processes [16], biosorption on fungi and algae [17,
18], membrane filtration [18], precipitation [19], ion exchange [20], car-
bonaceous nanofibers [21], a core–shell structure of polyaniline coated
protonic titanate nanobelt composites [22], and othermethods. Scientists
are studying new and alternative technologies in order to develop effi-
cient and cost-effective treatments for the removal of such pollutants
[23,24]. In the field of wastewater remediation, adsorption approach has
been widely utilized in the attenuation of metals in wastewater, due to
its simplicity, high efficiency, and its ability to recycle both metal ions
and solid adsorbents [18,25–29]. Graphene, a single-atom-thick and
two-dimensional carbon nanomaterial (composed of a single layer of
sp2 network of carbon atoms [30], as the basic building block of all gra-
phitic forms (carbon nanotubes, graphite, and fullerene C60) [31], has
attracted a great deal of scientific interest in recent years. Graphene
oxide (GO) is always obtained through the strong oxidation of graphite
that contains different forms of oxygen atoms (epoxy, hydroxyl, and car-
boxyl groups) on its surface. The presence of these functional groups on
the GO provides specific surface structures that make it possible for it to
be used as an adequate adsorbent. Some researchers have reported the
emerging application of GO as an effective adsorbent for the removal of
ammonia [32], formaldehyde [33], Hg2+ [34], Cu2+ [35] and methyl
blue [36]. Although, it shouldbenotedpotential toxicity andhighmobility
of GO in environment that can cause serious effect in livings such as accu-
mulate in the lung, liver and spleen for long time. Itmay be because of not
easily conversion of GO into harmless-end products or degradation to
non-toxic small molecules, which tends to aggregate in living organisms
with the van der Waals interactions between neighboring sheets in
water. For determination its industrial applications and ecological im-
pacts, the colloidal stability of GO in the aquatic solution should be
assessed [37,38]. GO has been proven to exhibit great promise for poten-
tial applications in the environmental pollutant removal because of large
amounts of oxygen-containing functional groups on its basal planes and
edges [39]. However, the difficult separation of carbon materials from
the final system result limits their potential application in adsorption. Re-
cently, the flexibility and simplicity of use of magnetic materials in ad-
sorption of pollutants has been demonstrated [40,41]. Therefore, the
preparation of magnetic GO can be a convenient method, which can
later be attracted by an external magnetic field as shown by several stud-
ies, such as the use ofMnFe2O4/ACmagnetic composite for the removal of
tetracycline [42], g-Fe2O3/carbon hybrids for the removal of Cr (VI) [43],
mesoporous Fe2O3@C encapsulates for the removal of As [44], andmulti-
wall carbon nanotube/iron oxidemagnetic composites for the removal of
Ni (II) and Sr (II) [45]. Themodification of GO is considered an important
route for the enhancement of removal efficiency, selectivity, and sensitiv-
ity of heavy metals. The modification can be done via the formation of a
chemical bondbetween themodifier species andGOsurface, or physically
through the adsorption of the modifier onto the GO surface [46]. There
havebeen somewell-known techniques to improve removal of pollutants
from aqueous solution using GO. Yu et al. applied magnetite decorated
graphene oxide for the highly efficient immobilization of Eu(III) from
aqueous solution. They revealed the combination of the excellent adsorp-
tion capacity of GO and the magnetic properties of magnetite can be a
promising candidate for the removal of Eu(III) and related radionuclides
from aqueous solutions in nuclear waste management [29].

The 8-Hydroxyquinoline (8-HQ), also known as 8-quinolinol or
oxine, is chemically immobilized on different solid supports such as che-
lating resin, bentonite, and silica nanoparticles to form various solid ab-
sorbents, where it has been shown to greatly enhance the removal of
heavy metal ions from aqueous solutions [47–49]. 8-HQ is a kind of
strong bidentate chelating agent [50,51] that contains an oxygen
donor atom and a nitrogen donor atom (as two coordination atoms)
which can be used as a modifying agent for various sorbents through
the formation of a chelate ring [13,25,52]. In order to improve process
efficiency, minimize operational costs and time, and take into account
the most important factors, it is essential to use the optimization tech-
niques in application of 8-HQ/GOon an industrial scale. The classical op-
timization method (changing one factor and fixing others) is not as
precise and reliable as expected, because it does not depict the interac-
tive effects of all the involved factors. Additionally, such studies require
spending a long time and performing numerous tests [53–55]. There are
good commercial software, such as Design-Expert [56], JMP [57], and
Statgraphics [58], which design and analyze response surface method-
ology (RSM) as an efficient way to deal with the limitations of the clas-
sical method [55]. RSM, a multivariable system, [59], is a useful
technique for the optimization and modeling of the effects of multiple
variables and their responses, in which all factors are varied simulta-
neously [55,60]. These software applications have some disadvantages:
the functionality of RSM's ccd.pick function is not provided by them and
they lack RSM's capabilities in the generality of central-composite de-
signs (CCD) that RSM can create. The R software removes these limita-
tions [61,62]. In R software, RSM covers the most standard first and
second order designs and methods for one response variable; but it
covers those reasonably well, and it could be expanded in the future.
In this software, RSM has the dual aim of finding the optimum settings
for the variables and seeing how the variables perform over the whole
experimental domain, including any interactions [62,63]. On the other
hand, the R software has the following features: (i) it provides estimates
of all the coefficients in the model (ii) it requires as few experiments as
possible (iii) it provides a test for lack of fit (i.e. howwell the model fits
the data) (iv) it allows blocking of experiments (v) it allows specified
variance criteria for estimated coefficients and estimated responses to
be met [61]. Therefore, in the present work, the modification of GO
with 8-HQ (that has not yet been reported in detail) was done based
on the idea that this chemical will improve the GO adsorption capacity
for Cr (VI). Thus, the optimization and modeling (by R software) of
the removal study of Cr (VI) in water solutions was investigated using
8-HQ/GO. Based on the above-mentioned facts, the present study was
undertaken: (i) to optimize and find an appropriate functional relation-
ship between the response (Cr (IV) removal efficiency) and related
input variables (solution pH, time, adsorbent dose, Cr (IV) concentra-
tion) by RSM using central composite design (CCD) (ii) to obtain opti-
mum conditions of the model equation predicted by RSM using the
Solver “Add-ins” (iii) to study various isotherm models and kinetic
equations to identify thepossible adsorptionmechanism, and (iv) to de-
termine adsorption thermodynamics of Cr (VI) on the studied
adsorbent.

2. Materials and methods

2.1. Chemicals

All chemicals were of reagent grade and doubly distilled water
(DDW) was used throughout this work. Natural graphite powder, 8-
HQ, potassium permanganate (KMnO4), H2SO4, H2O2, FeCl3.6H2O,
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FeSO4.7H2O, NH4OH, potassium dichromate (K2Cr2O7) and sodium ni-
trate (NaNO3) were provided by Merck Co. (Germany). The pH of the
Cr (VI) solution was adjusted to the desired values by adding 0.1 M
NaOH (BDH chemicals Co, UK) and/or HCl (37%, Merck Co) through a
manual syringe injection. The working solutions of the Cr (VI) were ob-
tained by appropriate dilution of the stock solution.

2.2. Synthesis of GO, magnetic GO-Fe3O4 nanocomposite and 8-HQ - func-
tionalized GO-Fe3O4 nanocomposite

GO sheets and magnetic GO -Fe3O4 nanocomposite were prepared
by a modified Hummers method [63]. Firstly, natural graphite powder
(5 g) was added into a 500.0 mL flask containing 115 mL H2SO4 (98%,)
and stirred for 30 min. Next, 2.5 g NaNO3 was added into the mixture
and stirred vigorously to avoid agglomeration. After that, 15 g KMnO4

and 50 mL H2O2 solution (30%) was gradually added into the flask and
then cooled by immersion in an ice bath. The mixture was stirred for
45min, then HCl (1mol L−1) was applied towash the resultant suspen-
sion and it was collected by centrifugation. To prepare the GO-Fe3O4

nanocomposite [64,65], ultrasonic irradiation was used for 5 min in
order to disperse 0.1 g of GO in 25 mL of deionized water. Then
256.5 mg of FeCl3.6H2O and 132 mg of FeSO4·7H2O were added in
25 mL of deionized water. The obtained solution was added to the GO
solution and stirred for 30 min. After adding the 2 mL NH4OH aqueous
solution (25%) into the mixture (drop by drop), the mix was kept
under constant stirring at 90 °C for 4 h. Finally, the obtained product
was washed with acetone and separated by a magnet. It was vacuum-
dried at 40 °C for 4 h. IR spectroscopy and thermogravimetric analysis
were applied to confirm the formation of GO-Fe3O4 nanoparticles
(GO-Fe3O4 NPs). The whole process was performed under atmospheric
nitrogen. To synthesis the 8-HQ - functionalized GO-Fe3O4 nanocom-
posite (8-HQ-GO-Fe3O4), a saturated solution of 8-HQ was prepared
and sonicated for 2 h [48,64]. To remove the undissolved 8-HQ, it was
Fig. 1. Schematic representation of Synthesis of GO, magnetic GO-Fe3O4 n
filtrated through a 0.45-μm filter membrane. After that, 1.0 g of GO-
Fe3O4-NPs was added into the solution and the mixture was stirred for
2 days. To remove excess 8-HQ (until becoming colorless), the mixture
was washed with deionized water. The solid GO-Fe3O4-NPs were col-
lected using an external magnetic field. Finally, the prepared product
waswashed and then dried in an oven at 60 °C overnight. IR spectrosco-
py, scanning electron microscopy, and thermal analysis were applied to
confirm the formation of 8-HQ-GO-Fe3O4. The schematic of the 8-
hydroxyquinoline modified with graphene oxide is shown in Fig. 1.

2.3. Sorbent characterization and analytical methods

The surface structure of 8-HQ- GO-Fe3O4 was analyzed by scanning
electron microscopy (SEM) coupled with energy dispersive X-ray anal-
ysis (EDAX) using the Cambridge-Leo system at 15 kVwith background
subtraction with a summation of 240 scans. In addition, FT-IR analysis
was performed on the samples that were encapsulated with KBr to pre-
pare translucent sample disks using a Fourier Transform Infrared spec-
trophotometer (Bruke EQUINOX 55 Germany). The infrared spectra
were measured within a range of 40–4000 cm−1.Thermo gravimetric
analysis on the GO-Fe3O4 and 8-HQ-GO-Fe3O4 nanocomposite in the
temperature range of 30 to 800 °C is shown in Fig. 6(a,b). According to
the TGA analysis, these nanocomposites are stable up to 800 °C. The
weight losses occurred at 250 °C, is due to the loss of residual water
and pyrolysis of oxygen-containing groups in the surface of
nanosorbents. Also, GO-Fe3O4 and 8-HQ-GO-Fe3O4 nanocomposite
have lost 1.06mg and 2.75mg of their weights at about 800 °C (The ini-
tial weight is the same). These observations indicated that themagnetic
graphene oxide nanocomposite (GO-Fe3O4) was successfully modified
by 8-hydroxyquinoline [66,67]. All samples were analyzed for residual
Cr (VI) concentration using graphite furnace atomic absorption spec-
trometer (GFAAS, Buck Scientific, Inc. 210VGP model, USA). All experi-
ments were performed at least twice and the averages were reported.
anocomposite and 8-HQ - functionalized GO-Fe3O4 nanocomposite.

Image of Fig. 1


Table 1
Actual and coded values of independent variables used for experimental design.

Variable Symbol Coded level
−1 0 1

Real values

pH X1 2 5 8
8-HQ/GO dose (g L−1) X2 10 55 100
Time (min) X3 2 91 180
Cr (VI) concentration (mg L−1) X4 1 5.5 10
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The analysis was carried out using calibration curves with correlation
coefficients (R2) of 0.999. Standards were re-measured during each set
of experiments to assess accuracy and stability in the measurements
and to make sure of adequate instrument performance [68].
Fig. 2. The FTIR spectra for GO-Fe3O4 nanocomposite (a)
2.4. Adsorption studies

Adsorption behavior of Cr (VI) by 8-HQ- GO-Fe3O4 was investigated
using batch study. All the experiments were carried out using glass Er-
lenmeyer 250 mL flasks containing 200 mL Cr (VI) solution at room
temperature (25± 1 °C). The Cr (VI) solutionswith the desired concen-
trationswere preparedbydilution of the stock solution immediately be-
fore use. The effect of various parameters such as pH, 8-HQ-GO-Fe3O4

dose, time and initial Cr (VI) concentration was evaluated according to
the design developed by RSM. The initial pH of the solution was adjust-
ed in the desired amount and the required dosage of the adsorbent was
added inside the Erlenmeyer flasks with a certain concentration of Cr
(VI). The flasks were shaken with an orbit incubator shaker (Melrose
park, ILL, No3595, USA) operated at 180 rpm. At specified time intervals,
samples were withdrawn from the solution, centrifuged (at 3000 rpm
8-HQ - functionalized GO-Fe3O4 nanocomposite (b).

Image of Fig. 2


Fig. 3. SEM images of GO (a) and 8-HQ - functionalized GO-Fe3O4 nanocomposite (b).

Fig. 4. TEM image of 8-HQ - functionalized GO-Fe3O4 nanocomposite.
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for 5 min), filtered through 0.22 μm syringe filters, and then analyzed
for residual Cr (VI) concentrations using a graphite furnace atomic ab-
sorption spectrometer (GFAAS, Buck Scientific, Inc. 210VGP model,
USA).

2.5. Factorial experimental design and the optimization of parameters

The response surface methodology using CCD (Box-Wilson model)
as a useful statistical tool was chosen to consider the composition effect
of input-independent factors (pH (x1), 8-HQ/GO dose (x2), time (x3)
and Cr (VI) concentration (x4),) and anoutput-dependent response var-
iable (removal efficiency (ϒ)) [69]. The R software forwindows (version
3.0.3:6March 2014)was used for this purpose [61,69]. The CCD in the R
software is an orthogonal design consisting of a factorial 2-level design
(with 2k points that form the base design) to which is added a ‘star’ de-
sign (axial points) with 2k points plus centre points, where k is the
number of variables [70]. The design for 4 variables is given in Table 1.
The levels for each variable are shown in coded and uncoded form. 28
runs per experimental design were obtained from the R software
using 16 factorial points and 12 center points. A response surface was
fitted using the special functions including the first-order response-sur-
face (including FO (first-order) term), two-way interactions (including
FO and TWI (two-way interaction) terms) and full second-ordermodels
(by adding PQ (the pure quadratic) term) to the above model with in-
teraction. Although SO (second-order) model is shorthand for a model
with FO, TWI, and PQ terms, these functions are significant in the spec-
ification of the response-surface portion of the model [61]. These func-
tions were fitted to the data in order to obtain a suitable response-
surface model. To achieve more fitting, some terms were removed
from themodel and the quadratic model was reduced [69]. The accura-
cy of model fitting was evaluated by ANOVA analysis [70]. In general,
the model with the greater F-value, the smaller p-value and insignifi-
cant lack of fit (or more lack of fit) was selected as the appropriate
model [70,71]. Eq. (1) was used to describe the effect of variables in
terms of linear, quadratic, and interaction models:

ϒ ¼ b0 þ∑
k

i¼1
biXi þ∑

k

i¼1
biiX

2
i þ∑

k‐1

i¼1
∑
k

j¼1
bijXiXj þ C ð1Þ

where b0 is intercept value, bi, bii, and bij refer to the regression coeffi-
cient for linear, second order, and interactive effects, respectively, Xi

and Xj are the independent variables, and C denotes the error of predic-
tion [56,59]. Finally, to obtain the optimum conditions, the Solver “Add-
ins” were applied using effective parameters to write the model equa-
tion as predicted by RSM [61,69].

2.6. Kinetic, thermodynamic, and isotherm studies

Equilibrium experiments were conducted under the optimum con-
ditions obtained from the model (pH 6.5, 8-HQ-GO-Fe3O4 dose, 98.
4 g L−1), an initial Cr concentration of 1 to 10 mg L−1 at a temperature
of 15–35 °C with the total volume of 200 mL in a 250 mL Erlenmeyer
flask. The mixture was shaken for 3 h at 200 rpm and environmental
temperature. To determine the relationship between equilibrium ca-
pacity and equilibrium concentration, adsorption results were then an-
alyzed and fitted by the Langmuir, Freundlich and Temkin isotherm
models. Linear formulas used for isotherm models are shown below:

ce
qe

¼ 1
qmb

þ 1
qm

ce ð2Þ

RL ¼ 1
1þ bc0½ � ð3Þ

logqe ¼ logkf ¼
1
n

logce ð4Þ

qe ¼ B1 ln ktð Þ þ B1 ln Ceð Þ ð5Þ

Where qe is the equilibrium amount of the adsorbate (mg g−1), Ce is
the equilibrium concentration of the adsorbate (mg L−1), qm is the
amount of Cr (VI) adsorbed at complete monolayer (mg g−1) and b is
the Langmuir constant related to the binding site (L/mg). The important
feature of the Langmuir model can be described based on the RL param-
eter expressed in Eq. (3). The value of RL indicates that the adsorption is

Image of Fig. 3
Image of Fig. 4


Fig. 5. Energy dispersive x-ray spectroscopy (EDAX) of 8-HQ - functionalized GO-Fe3O4 nanocomposite.
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either unfavorable (RL N 1), linear (RL = 1), favorable (0 b RL b 1) or ir-
reversible (RL= 0). C0 is the highest initial concentration of Cr (VI) ions
(mg L−1). Kf (mg1–1/n/L1/n/g) and 1/n are the Freundlich constants that
are related to the adsorption capacity and intensity, respectively. For a
favorable adsorption, the value of the Freundlich constant (n) should
be in the range of 1–10. The linear form of the Temkin model is given
by Eq. (5), where B1= RT/b1 (R is the universal gas constant [8.314 kJ/-
kmol K] and T[K] is the absolute temperature), b1 is the adsorption heat
(kJ mol−1) and kt is the equilibrium binding constant (L/g) correspond-
ing to the maximum binding energy. A high value for b1 shows a fast
sorption of the adsorbate at the initial stage. Similarly, a low kt value is
related to theweak bonding of the adsorbate onto themedium. By plot-
ting qe versus ln (Ce), b1 and kt can be deduced from the slope and the
intercept of this curve, respectively. The optimum conditions obtained
from themodel were used to investigate the kineticmodel. For this pur-
pose, the adsorbent was added onto 200 mL Cr solution containing 2–
10mg L−1 solute for 360min. In this study, four types of kinetic models,
including pseudo-first order, pseudo-second order, Elovich and intra-
particle diffusion models, were considered. The liner formulas of the
mentioned kinetic models are presented below:

logqe−qt ¼ logqe−
k1

2:303
t ð6Þ

t
qt

¼ 1
k2q2

e
þ 1
qe

t ð7Þ

qt ¼
1
β

� �
ln αβð Þ ¼ 1

β

� �
lnt ð8Þ

qt ¼ kdt
1=2 þ I ð9Þ

where qe (mg g−1) and qt are the amounts of Cr (VI) adsorbed at equi-
librium and time t(min), respectively and k1(min−1) is the rate con-
stant in the pseudo-first order adsorption model. k2 (g mg−1 min−1)
is the rate constant in the pseudo-second order adsorption model. The
parameters of α (mg g min−1) and β (g mg−1) are the rate of chemi-
sorption at zero coverages and the surface coverage and activation ener-
gy of chemisorption, respectively. The parameter of qt (mg g−1) is the
amount of Cr (VI) adsorbed at time t, kd is the intra-particle diffusion
rate constant (mg g−1 min−1/2) and I is a constant that gives an idea
about the thickness of the boundary layer. The initial adsorption rate,
h0, is determined as follows (mg g−1 min−1):

h0 ¼ k2q2
e ð10Þ

The temperature influence on Cr (VI) adsorption onto HQ- GO-Fe3O4

was investigated in the range of 15–35 °C. The Arrhenius equation was
applied to study the nature of the adsorption as follows:

lnkd ¼ lnA0−
Ea
RT

ð11Þ

where A0 is the frequency factor or the independent temperature
factor (g mol−1 min−1), Ea is the activation energy of adsorption
(kJ mol−1), R is the gas law constant (8.314 J mol−1 K−1), and T is the
solution absolute temperature (K). For physical adsorption, Ea is lower
than 40 kJ mol−1 while for chemisorption it is higher than
40 kJ mol−1. Ea and A0 can be calculated from the slope and the inter-
cept of the linear plot of ln k versus 1/T, respectively. Thermodynamic
parameters were determined using the equilibrium constant kd (qe/
Ce) for temperatures ranging from 15 to 35 °C. The Gibbs free energy
(ΔG° (kJ mol−1)) is the fundamental criterion of spontaneity which is
calculated from the following equation.

ΔG0 ¼ ‐RT lnKd ð12Þ

The parameters of enthalpy (ΔH0 (kJ mol−1)) and entropy (ΔS0

(kJ mol−1 K−1)) were determined from the following equation. The
slope and the intercept of the linear plot of ln k versus 1/T was used
for the calculation of ΔH0 and ΔS0 parameters, respectively.

lnkd ¼ ΔS0

R
−

ΔH0

RT
ð13Þ

3. Results and discussion

3.1. Characterization results

Detailed information about the formation of 8-HQ-GO-Fe3O4 was
obtained by FT-IR spectroscopy, SEM, EDS, TEM and TGA methods. IR
spectrum of GO-Fe3O4 was characterized as follows (cm−1): 580
(Fe\\O), 1666 (C_O), 1197 (C\\O\\C) and 3394 (COOH). The

Image of Fig. 5


Fig. 6. The TGA plots of (a) GO-Fe3O4 and (b) magnetic GO-8HQ nanocomposite.
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modification of GO-Fe3O4 with 8-HQ signals at 1575 cm−1 (C=N) and
1107 cm−1 (C\\N) showed GO-Fe3O4 was successfully modified by 8-
HQ (Fig. 2). In order to show the structure of the synthesized sorbent,
the morphology of GO and 8-HQ-GO-Fe3O4 was investigated by SEM.
The SEM pattern in Fig. 3 showed that iron oxide nanoparticles were
successfully coated on the surface of graphene oxide. A closer observa-
tion of TEM images with higher magnifications in Fig. 4 made it clear
to observe the ordered mesostructures. Morphological of 8-HQ-GO-
Fe3O4 reveals a homogeneous structure. EDAX spectrum taken from
the 8-HQ-GO-Fe3O4 is presented in Fig. 5. The quantitative analysis
gives weight ratios of Fe (8.02%), C (60.37%), O (25.54%) and N
(6.06%). The results showed the presence of 8-HQ on the surface of
the GO-Fe3O4. Thermo gravimetric analysis on the GO-Fe3O4 and 8-
HQ-GO-Fe3O4 nanocomposite in the temperature range of 30 to
800 °C is shown in Fig. 6(a,b). According to the TGA analysis, thesenano-
composites are stable up to 800 °C. Theweight losses occurred at 250 °C,
is due to the loss of residual water and pyrolysis of oxygen-containing
groups in the surface of nanosorbents. Also, GO-Fe3O4 and 8-HQ-GO-
Fe3O4 nanocomposite have lost 1.06 mg and 2.75 mg of their weights
at about 800 °C (The initial weight is the same). These observations in-
dicated that the magnetic graphene oxide nanocomposite (GO-Fe3O4)
was successfully modified by 8-hydroxyquinoline.

3.2. Generating a CCD design and fitting a response-surface model

Based on the Box andWilson design, the 28 runs, obtained from the
R software, showing the independent variable (coded and uncoded)
and dependent response (experimental and predicted) levels are
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Table 2
Central composite designmatrix with coded and uncoded values of the independent var-
iables and experimental and predicted values of the response.

Sl.no. Coded values Un coded values % Removal

X1 X2 X3 X4 X1 X2 X3 X4 Expt. (ϒ) Pred. (ϒ)

1 1 1 1 −1 8 100 180 1 97.10 91.22
2 1 −1 1 −1 8 10 180 1 79.70 80.87
3 0 0 0 0 5 55 91 5.5 73.30 71.46
4 −1 −1 −1 −1 2 10 2 1 28.99 28.69
5 0 0 0 0 5 55 91 5.5 77.25 71.46
6 0 0 0 0 5 55 91 5.5 72.11 71.46
7 0 0 0 0 5 55 91 5.5 76.29 71.46
8 −1 −1 −1 1 2 10 2 10 17.54 16.27
9 −1 1 −1 1 2 100 2 10 24.54 22.57
10 0 0 0 0 5 55 91 5.5 71.22 71.46
11 0 0 0 0 5 55 91 5.5 74.89 71.46
12 −1 1 1 1 2 100 180 10 37.60 33.50
13 0 0 0 0 5 55 91 5.5 72.17 71.46
14 1 −1 −1 1 8 10 2 10 52.50 51.44
15 0 0 0 0 5 55 91 5.5 74.28 71.46
16 0 0 0 0 5 55 91 5.5 71.98 71.46
17 −1 1 1 −1 2 100 180 1 54.80 49.97
18 0 0 0 0 5 55 91 5.5 72.18 71.46
19 0 0 0 0 5 55 91 5.5 76.30 71.46
20 0 0 0 0 5 55 91 5.5 73.31 71.46
21 −1 −1 1 1 2 10 180 10 26.74 27.20
22 1 1 −1 −1 8 100 2 1 74.55 74.21
23 1 1 −1 1 8 100 2 10 63.55 57.74
24 −1 1 −1 −1 2 100 2 1 39.50 39.04
25 1 1 1 1 8 100 180 10 79.54 74.75
26 −1 −1 1 −1 2 10 180 1 40.30 39.62
27 1 −1 −1 −1 8 10 2 1 65.45 63.86
28 1 −1 1 1 8 10 180 10 73.14 68.45

Table 4
Analysis of variance (ANOVA) for the reduced quadratic model.

Model formula in RSM DF Sum of
squares

Mean
square

F-value Probability
(P)

First-order response (x1, x2,
x3, x4)

4 8320.2 2080.05 491.2739 b2.2e-16

Two-way interaction response
(x1, x2, x3, x4)

6 68.9 11.48 2.7119 0.05179

Pure quadratic response (x1) 1 2826.3 2826.34 667.5348 1.789e-14
Residuals 16 67.7 4.23 – –
Lack of fit 5 23.4 4.68 1.1598 0.38722
Pure error 11 44.4 4.03 – –

Multiple R-squared: 0.99, adjusted R-squared: 0.98, predicted R2 = 0.989, F-statistic:
240.8 on 11 and 16 DF, p-value: 1.336e-15, AIC = 48.74.
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presented in Table 2. Three special models (first-order, two-way inter-
actions and full second-order models) of RSM were applied and tested
to fit the data. Each model is presented with the usual summary for an
lm object that is followed by some particular additional information.
The summery of each model introduces information about lack of fit,
multiple R-squared, adjusted R-squared, F-statistic, p-value and AIC.
The results are presented in Table 3. These terms were applied in
order to specify the response-surface portion of the model. Also, the
summery of the model presents information about the direction of the
steepest ascent (data not shown), since the dataset is coded. The data
object, the steepest-ascent information, is also presented as a stationary
point in the original (data not shown) [66,68,69]. The stationary point in
the original is response-surface experimentation, clear evidence of a
nearby set of optimal conditions. The lack offit value of themodel deter-
mines data variation around the fitted model and must be insignificant
in a well-fitted model. The comparison of the three mentioned models
showed a breakdown of lack of fit (significant) and small p value for
lack-of-fit for all models (Table 3), although the full second-order
model showed a higher lack-of-fit than the two previousmodels. There-
fore, the stationary point in the original unit information for these
models is of little use. In paying attention to the obtained results from
the three previous models, we tried to apply a reduced model, in
order to achieve a model with higher lack-of-fit (insignificant). Thus,
the reduced full second-order model was obtained with the removal
Table 3
The comparison of different moles of RSM for fitting a response-surface model.

Multiple R-squared Adjusted R-square

First-order response-surface model 0.73 0.69
Two-way interactions model 0.74 0.59
Second-order model 0.84 0.72
Reduced full second-order model 0.99 0.98
of (x2, x3, x4) from the PQ term. The lack of fit value of the reduced
model was non-significant (p ≈ 0.38) that indicated a well-fitted
model. The summary of the reduced model indicated the eigenvalues
are of mixed sign, indicating that it is a saddle point (data are not
shown) [61].

3.3. The development of regressionmodel equation and analysis of variance

Analysis of variance (ANOVA) is a statistical technique that can be
used to check model adequacy [58–61]. We present the ANOVA results
for central composite design in Table 4. Five parameters of the P-value,
F-value, R2, lack of fit and AICwere applied to appraisemodel adequacy.
P-value and F-value are related to the significance of the model terms
and more significant effects of the model terms (P valve parameter is
contrary to F valve parameter). Lower P-value (1.33 × 10−15), higher
F-value (240.4), higher R2 (multiple R-squared: 0.994, adjusted R-
squared: 0.989), insignificant lack of fit (0.38) and lower AIC (48.74) in-
dicate that the reduced full second-order model was highly significant
for Cr (VI) removal by 8-HQ-GO-Fe3O4 and it also represents the satis-
factory agreement between the model and experimental data [64,65].
The results indicate the R-squared value of the model is very close to
the adjusted R-squared value that expresses a good chance for signifi-
cant terms to be included in themodel [60,61]. Also, the presence of sig-
nificant terms in the model was proved with good agreement between
R2

adj (0.98) with R2
pred (0.98) that is shown in Fig. 7 [69]. Therefore, the

model can be used for prediction and optimization. The results of re-
gression analysis of the reduced quadratic model with coded and un-
coded values of the independent variables are given in Table 5. As
Table 5 shows, it was found that independent variables x1, x2, x3 x4,
the interaction (x1: x3 and x2: x4) and also pure quadratic response for
x1 (x12) have significant effects (p-values b 0.05) on Cr (VI) removal;
therefore, these terms could be entered into the model formulation.
The terms of x4, x2: x4, x12 showed an antagonistic effect on the model,
while other terms had a synergistic effect on the response prediction
by the model. The obtained equations from the quadratic model, for
both coded and actual factors of parameters are presented below:

The final equation in terms of coded factors:

ϒ ¼ 73:77þ 19:72 X1 þ 5:42 X2 þ 7:64 X3−6:57 X4−20:3 X2
1

þ 1:53 X1X3−1:01 X2X4 ð14Þ
d F-statistic p-Value AIC Lack of fit

16.15 on 4 and 23 DF 1.989e-06 140.57 2.974e-08
4.928 on 10 and 17 DF 0.00201 151.87 2.487e-09
140.5 on 9 and 15 DF 1.2 × 10−9 38.74 0.1
240.8 on 11 and 16 DF 1.2 × 10−9 48.74 0.38



Fig. 7. Experimental arsenite removal vs. predicted removal efficiency.
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The final equation in terms of actual factors:

ϒ ¼ −18:95þ 28:35 X1 þ 0:12 X2 þ 0:05 X3−1:33 X4−2:25 X2
1

þ 0:0057 X1X3−0:005 X2X4 ð15Þ

3.4. Process optimization and confirmation

As results mentioned in previous sections indicate, the reduced full
second-order model was selected as a well-fitted model. Therefore,
the optimization process was conducted using the reduced model. The
mixed signs of the eigenvalue (negative and positive) revealed that it
is neither a maximum nor a minimum amount. The stationary point in
the original units for pH, adsorbent dose, time and initial Cr (VI) concen-
tration were 5.9, 97.2 g L−1, 176.4 min and 1 mg L−1 respectively, that
can be clear experimental evidence of a nearby set of optimal conditions
and we should probably collect some confirmatory data near this esti-
mated optimum to make sure. To confirm this issue and obtain opti-
mum conditions, the model predicted by RSM, the Solver “Add-ins”,
was applied using the effective parameters [61,69]. This method uses it-
erative numerical methods to approximate an optimal solution, starting
from initial guesses andmaking ‘improved’ guesses till an optimal solu-
tion fitting the constraints is found. The ‘Solver’ utility in Excel is a con-
venient way to do this. To set it up, we need to enter the coefficients for
the uncodedmodel.We also need initial guesses (values estimated from
the response surfaces are good starting points). A value of the yield is
then calculated, using the regression equation.We then set up the solv-
er tomaximize this value of the yield by varying the three variables sub-
ject to the constraints [69]. The Solver method is designated by
parameters of pH (2–8), adsorbent dose (10–100 g L−1), time (2–
180 min) and initial Cr (VI) concentration (1–10 mg L−1). The maxi-
mum removal efficiency was estimated as 95.77% to involve all param-
eters simultaneously. The predicted optimal conditions by the Solver
method in themaximum removal efficiency were achieved at the initial
Cr (VI) concentration of 1 mg L−1, an adsorbent dose of 98.4 (g L−1),
time of 178.4 (min) and a pH of 6.55 that was very close to the
Table 5
Regression analysis of the reduced quadratic model with coded and uncoded values of the ind

Model term Coded values

Coefficient estimate Std. error t-Value p-Value

(Intercept) 73.77333 0.59400 124.1981 b2.2e-1
X1 19.72000 0.51442 38.3347 b2.2e-1
X2 5.42625 0.51442 10.5484 1.300e-
X3 7.64375 0.51442 14.8591 8.802e-
X4 −6.57750 0.51442 −12.7863 8.160e-
X1: X3 1.53500 0.51442 2.9840 0.00876
X2: X4 −1.01250 0.51442 −1.9682 0.06661
X1^2 −20.30208 0.78578 −25.8367 1.789e-
stationary point in the original units. An additional experimentwas car-
ried out (at recommended conditions byRSM), to confirm the validity of
the predicted optimum conditions. As Table 6 shows, it is found that the
experimental findings for the response is in good agreement with
model predictions [70,71], with a low error of 1.92%, and a low standard
deviation of ±1.66%.

3.5. Response surface methodology and contour plotting

Contour plotting was applied to express the interactive effect of the
dependent variables on the removal efficiency. The effects of pH (2–8)
and time (2–180 min) on the adsorption of Cr (VI) ions over 8-HQ-
GO-Fe3O4 were simultaneously monitored at constant Cr (VI) ions con-
centration and presented in Fig. 8a. The pH has an important role during
the adsorption process, because it can affect the solubility of the metal
ions, the degree of ionization of the sorbate and the functional groups
of the sorbent controlling the metal ion sorption process. As can be
seen from the Fig. 8a, an increase of pH from 2 to 6.5 promoted removal
efficiency,while an increase of pHabove 6.5 caused a decrease in the ad-
sorption of Cr on 8-HQ-GO-Fe3O4. Wang et al. reported the pHpzc (point
of zero charge) of GO to be 3.8; therefore, the surface charge of GO is
negative at pH N 3.8 that the positive Cr (VI) ions are easily adsorbed
on the negatively charged GO surfaces through electrostatic attraction.
This can be reasonable for the high sorption of Cr.

(VI) on GO at pH N 3.8. Given that adsorption of Cr (VI) on 8-HQ-GO-
Fe3O4 is independent of ionic strength and dependent on pH values, the
sorption is mainly dominated by inner-sphere surface complexation
[72,73]. The maximum Cr sorption occurred for a pH in the range of
5–6.5 with increasing time, at fixed adsorbent dose and initial Cr con-
centration of 55 g L−1 and 5.5 mg L−1, respectively. In general and sur-
prisingly, the 8-HQ-GO-Fe3O4 adsorbent exhibited relatively low
sorption capacities for Cr ions at the values of pH ˃ 6.5, which suggests
that a weak attraction took place between the adsorbent surface and
the negative ions. The different pH conditions enhance the reduction
of Cr (VI) to Cr (III) that can be proved by the diphenylcarbazidemethod
[74]. Cr (III) can be in the different forms of Cr (H2O)33+, Cr (H2O)2
(OH)2+, or Cr (H2O) (OH)2+ and so on. These Cr forms can create a
Cr-HQ-GO-Fe3O4 complex compound that can be affected by the pH
conditions. Under natural conditions, the reaction activity between the
analytes and the chelating agent is enhanced, and the formation of a
Cr-8-HQ complex compound is promoted. In basic conditions
(pH N 6.5), the Cr-8-HQ chelate will decompose. In addition, in the
basic region, deposition plays a predominant role in the removal of Cr
ions from solutions. It can be explained by the fact that the Cr species
start to hydrolyze and precipitate into chromium hydroxide at
pH N 6.5 [25]. Moreover, the interaction effect of time as one of the sig-
nificant parameters for the successful use of the adsorbent for practical
applications was investigated. As can be seen from Fig. 8a, at a fixed pH,
an increase of time from 2 to 150 promoted Cr adsorption, as with in-
creasing time from 2 to 150, removal efficiency increased from 70 to
85% for a pH of 6.5 and at a fixed adsorbent dose and an initial Cr con-
centration of 55 g L−1 and5.5mg L−1, respectively. In research conduct-
ed by Wang et al. graphene oxides and graphene oxide-based
ependent variables.

Un coded values

Coefficient estimate Std. error t-Value p-Value

6 −1.895e + 01 3.056e + 00 −6.201 1.27e-05
6 2.835e + 01 9.541e-01 29.713 2.00e-15
08 1.293e-01 2.873e-02 4.499 0.000365
11 5.115e-02 1.503e-02 3.402 0.003643
10 −1.333e + 00 2.873e-01 −4.640 0.000272
8 5.749e-03 1.927e-03 2.984 0.008768
7 −5.000e-03 2.540e-03 −1.968 0.066617
14 −2.256e + 00 8.731e-02 −25.837 1.79e-14
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Table 6
Experimental and predicted values of the responses at the optimal levels predicted by RSM.

pH 8-HQ/GO dose (g L−1) Time (min) Cr (VI) concentration (mg L−1) Cr (VI) removal (%) Error (%) STDEV (±%)

Predicted (%) Experimental (%)

6.55 98.4 178.4 1 95.77 93.25 −1.92 1.66
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nanomaterials applied in radionuclide removal from aqueous solutions.
They revealed that the extent of U(VI) reduction to U(IV) was signifi-
cantly increased with increasing reaction time, suggesting that part of
surface adsorbed U(VI) was reduced to U(IV) on nZVI/rGO composites,
and the reduction of U(VI) was increased with increasing aging time.
They proved the presence of multimeric surface complexes, and UIVO2

precipitates were formed on the surface of the composites, which was
important for the application of nZVI/rGO composites in the elimina-
tion, immobilization and reduction of U(VI) to U(IV) in environmental
pollution management. After the reduction of U(VI) to U(IV), the
Fig. 8. Contour plot for the effect of pH and time (a) and ini
mobility of U(IV) is obviously decreased, which is useful for the immo-
bilization of U(VI) and thereby reduces the toxicity of U(VI) in the envi-
ronment [75]. The maximum Cr sorption occurred for the pH in the
range of 5–6.5 at 180 min which depicts that 8-HQ-GO-Fe3O4 reached
equilibrium at pH 6.5 and 180min for the Cr (VI) ion. The phenomenon
may be due to the use of the smallmolecule 8-HQ as a chelating agent in
analytical chemistry, owing to its oxygen donor atom and nitrogen
donor atom that can form a complex with Cr (VI) [76,77]. Therefore, a
contact time of 180 min definitely suggests that equilibrium was
achieved. The interaction effect between initial Cr (VI) concentration
tial concentration of Cr (VI) and adsorbent dosage (b).

Image of Fig. 8
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(2–9 mg L−1) and adsorbent dosage (20–100 g L−1) on the adsorption
of Cr (VI) ions onto 8-HQ- GO-Fe3O4weremonitored at a pH of 5.0 and a
time of 91 min and presented in Fig. 8b. The adsorbent dosage has a di-
rect relation to the uptake capacity of an adsorbent. As shown in Fig. 8b,
adsorption effectiveness increased with the increase of adsorbent dose
from 2 to 9 mg (at a fixed initial Cr (VI) concentration (2 mg L−1),
pH 5.0 and 91min and reached from74 to 86%) and thereafter remained
unchanged. An increase in uptake capacity, with increasing adsorbent
dosage, can be attributed to the greater accessibility of the active sites
or surface of the sorbent for adsorption, pore diffusion of the Cr (VI)
into the bulk of the adsorbent (interior surface) and also the increase
of the active and accessible linking sites for the sorbent [25,76,78]. How-
ever, further increments in sorbent dose above 100 g L−1 did not exhibit
improvements in the removal efficiency that can be due to the aggrega-
tion of available binding sites [78]. The interaction effect of initial Cr (VI)
concentration on adsorbent dosage at pH5.0 and 91minwas investigat-
ed and is presented in Fig. 8b. As indicated in Fig. 8b, in a fixed dose of
sorbent (e.g. 2 g L−1) with increasing Cr (VI) concentrations from 2 to
9, the present removal of Cr (VI) decreases from 74 to 64%. For a given
mass of the adsorbent, the surface binding sites on the adsorbent are
fixed; therefore, the removal percentage of the pollutant may decrease
as its initial concentration increases that can be due to the saturation
of the binding sites [25,76,78]; however, in some studies, the removal
percentage of the pollutant increased for increasing initial pollutant
concentrations that shows the internal part of the adsorbent was also
used for pollutant sorption [78].

3.6. Isotherm study

An isotherm describes the distribution of adsorbate molecules be-
tween the liquid phase and the solid phase at equilibrium and a con-
stant temperature that is an important step for the design of
adsorption systems. So, in this study, the relationship between the
amount of Cr (VI) ions adsorbed onto 8-HQ-GO-Fe3O4 at given experi-
mental conditions in liquid phase was described by isotherm, and equi-
librium data were fitted onto the Langmuir, Freundlich and Temkin
isothermmodels using the correlation coefficient (R2) [79,80]. Isotherm
parameters for the three isotherm models showing an accurate fit of
equilibrium data, confirmed by the closeness of the regression values,
are presented in Table 7. The Langmuir model assumes the adsorbent
surface is covered with a complete monolayer that can caused a limited
adsorption capacity, the adsorbent layers are uniform and the adsorp-
tion of a molecule to a given site is not dependent on the neighboring
sites. The Freundlich isotherm assumes multi-molecular layer adsorp-
tion, uneven adsorption of the adsorbate on the adsorbent surface,
lack of uniform distribution of energy and a variety of interactions be-
tween the adsorbent and the adsorbate. The Temkin isotherm suggests
the decrease of the heat of adsorption linearly throughout the adsorp-
tion process [67,81,82]. As Table 4 shows, the maximum adsorption ca-
pacity increased with an increase in temperature and reached from 10
Table 7
Adsorption isotherm parameters for adsorption of Cr (VI) on 8-HQ-GO-Fe3O4 at different
temperatures.

Isotherm model T

288 K 298 K 308 K

Langmuir qm (mg g−1) 10 10.9 11.9
b (L/mg) 1.35 1.28 1.27
RL 0.058 0.061 0.061
r2 0.994 0.998 0.994

Freundlich Kf (mg1–1/n/L1/n/g) 4.89 5.01 5.12
n 2.22 2.17 1.35
r2 0.969 0.971 0.973

Temkin kt (L/g) 0.004 0.003 0.002
b1 5.09 5.26 5.44
r2 0.990 0.992 0.994
to 11.9mg g−1, yet no observed significant difference between different
temperatures was observed. Wen study group indicated excellent ad-
sorption capacity toward Cr (VI) (156.94 mg g−1) for the PANI/H-TNB
composites [22] In study conducted by Wencai et al. the maximum
sorption capacity of Cr(VI) on CNFs in single-metal systems at pH 5.0
and 303 Kwas calculated as 2.36 by Langmuir equation [21]. The values
of the Langmuir constant (b) indicated good affinity between the sor-
bent and sorbate at all temperatures, as it was observed 1.35, 1.28 and
1.27 (L/mg) values for 288 K, 298 K and 308 K of temperature. Decrease
of b values with increasing temperature implies that the sorption pro-
cess is exothermic. This phenomenon showed the low impact of in-
creased temperatures on the bonding [81]. The essential feature of the
Langmuir isotherm can be described by a dimensionless separation fac-
tor (RL) or equilibrium parameter. According to Table 7, the value of RL

was in the range of 0.058–0.061; this indicated that adsorption of Cr (VI)
on 8-HQ-GO-Fe3O4 is favorable at all temperatures. Moreover, decreas-
ing the solute temperature led to a decrease in the value of the separa-
tion factor (RL) indicating that the adsorption was more favorable. This
phenomenon was also confirmed by the Freundlich constant (n), 2.22,
2.17 and 1.35 for temperatures of 288 K, 298 K and 308 K, respectively.
Additionally, it was observed that n values are greater than unity for
each of the three temperatures indicating chemisorptions of Cr (VI).
The greater the value of KF obtained for 288 K than 308 K, the stronger
the adsorption ability of 8-HQ-GO-Fe3O4 for higher temperatures will
be, and at higher temperatures the heterogeneous adsorption sites
played amore important role [83]. The Temkin isotherm is also available
for heterogeneous adsorption of the adsorbate on a surface. The high
value of the adsorption heat (b1), shows the fast sorption of the adsor-
bate at the initial stage. Moreover, the low value of the equilibrium
binding constant (kt) was related to the weak bonding of the adsorbate
onto the medium. The order of adsorption heats (b1) were 5.09, 5.26
and 5.44 for temperatures of 288 K, 298 K and 308 K, respectively.
Also the obtained values of kt for 288 K, 298 K and 308 K temperatures
were 0.004, 0.003 and 0.002 (L/g), respectively. Based on the obtained
results, the highest adsorption heat (b1) and the lowest equilibrium
binding constant (kt) were related to the highest temperature rather
than other temperatures indicating the highest sorption of chromium
at the initial stage and a weak bonding of chromium on 8-HQ- GO-
Fe3O4, respectively [81–83]. Based on the reported results in Table 7,
high correlation coefficients (R2) were found for the Langmuir model
compared with the Freundlich and Temkin models that confirm a rea-
sonable fit to the data, with R2 of 0.994, 0.998 and 0.994 for 288 K,
298 K and 308 K temperatures, respectively. Also, this implies that 8-
HQ-GO-Fe3O4 has a monolayer sorption behavior similar to that of the
Langmuir model.

3.7. Thermodynamic study

The related results with the thermodynamic parameters such as Ea,
ΔH0, ΔS0 and ΔG0 are summarized in Table 8. In the present work, the
value of Ea was found to be 1.39 kJ mol−1 indicating chemical adsorp-
tion rather than physisorption for adsorption of Cr (VI) onto the 8-
HQ-GO-Fe3O4 adsorbent. The positive value also indicates an endother-
mic reaction [81]. The value ofΔH0 for this researchwas positive, show-
ing that the sorption reaction was endothermic, i.e., the qe increases
with increasing T. The negative or positive standard entropy change
Table 8
Thermodynamic parameters for Cr (VI) adsorption onto 8-HQ- GO-Fe3O4.

Studied
adsorbent

Enthalpy (ΔH0)
(kJ mol−1)

Entropy (ΔS0) (kJ
mol−1 K−1)

ΔG0 (kJ mol−1)

Absolute temperature,
T (K)

288 298 308
8-HQ-
GO-Fe3O4

1.36 0.025 −6.07 −6.31 −6.6
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(ΔS0) values imply a decrease or an increase in the randomness at the
solid/liquid interface during the sorption process respectively (a de-
crease or an increase in the degree of freedom of the adsorbed ions).
The ΔS0 value for adsorption of Cr (VI) onto 8-HQ-GO-Fe3O4 was posi-
tive indicating an increase in the degree of freedom of the adsorbed
ions. The positive or negative values of the ΔG0 indicated that the ad-
sorption process is non-spontaneous and spontaneous, respectively. In
addition, ΔG0 values were negative at all of the temperatures (288–
308 K) indicating that the sorption of Cr (VI) was thermodynamically
spontaneous and favorable [81–83]. Also the negative value of ΔG0 in-
creases with increasing temperature showing the endothermic nature
of the reaction between adsorbent active sites and Cr (VI) ions [83].

3.8. Kinetic study

The sorption kinetic study in a wastewater treatment is very impor-
tant, because it determines the mechanism of adsorption (such as
chemical reaction, diffusion control and mass transfer) and provides
valuable insights into the reaction pathways andmechanismof sorption
reaction. Hence, time-concentration profiles of the sorption of Cr (VI) by
the 8-HQ-GO-Fe3O4 adsorbent was used to study kinetic models, in-
cluding pseudo-first order, pseudo-second order, Elovich and intra-par-
ticle diffusion. The parameters of the kinetic models are presented in
Table 9. The pseudo-first order kinetic model describes sorption in
solid-liquid systemsbased on the sorption capacity of solids, and it is as-
sumed that one pollutant molecule is sorbed onto one sorption site on
the adsorbent surface. The pseudo-second order kinetic model assumes
that the pollutantmolecules are sorbed onto sorption sites on the adsor-
bent surface and the rate limiting stepmay be a chemical adsorption in-
volving sharing or exchange of electrons between the sorbent and the
sorbate. The Elovich kinetic model is based on the chemisorption phe-
nomena that can be used for describing the second-order kinetics, as-
suming that the actual solid surfaces are energetically heterogeneous
[81–84]. As can be seen fromTable 9, experimentally observed qe values
for the pseudo-first order and pseudo-second order models were in
poor agreement with those calculated and derived from these two
models for all Cr (VI) concentrations. For the pseudo-first order
model, the decrease of the rate constants (k1) with increasing initial
concentrations of Cr (VI) can be the other reason for the insufficiency
of the model to fit the experimental kinetic data for all the initial con-
centrations examined, although for the pseudo-second ordermodel, in-
crease of the rate constants (k2)with increasing initial concentrations of
Cr (VI) is not necessary. For the Elovichmodel, predicted qe values agree
well with those obtained experimentally. Furthermore, high predicted
R2 values were obtained for the Elovichmodel. This agreement is indic-
ative of the applicability of the Elovichmodel to fit the experimental ki-
netic data for the present system. This relies on the chemisorption
phenomena of Cr (VI) by 8-HQ-GO-Fe3O4, assuming that the actual
solid surfaces are energetically heterogeneous [83,84]. In order to gain
insight into the mechanisms and rate controlling steps affecting the ki-
netics, the data were tested using the intra-particle diffusion model,
which has often been used to investigate the adsorption rate controlling
step. According to this model, if the plot of q versus t0.5 is straight line,
intra-particle diffusion is involved in the adsorption process and it will
be the sole rate-limiting step if the plot passes through the origin.
Also, according to the intra-particle model, if multi-linear plots involve
various steps, then two or more steps influence the adsorption process.
Fig. 9 shows the intra-particle diffusion plots for the different concen-
trations of Cr (VI) adsorption onto 8-HQ-GO-Fe3O4. It can be seen that
all the plots have the same general feature and aremulti-linear, indicat-
ing that two steps take place at the initial curved portion (steeper por-
tion) the instantaneous adsorption or external surface adsorption. This
portion is followed by a linear portion or a sharper portion where the
intra-particle or pore diffusion is rate limiting. The plateau portion of
the curve is attributed to the final equilibrium stage where intra-parti-
cle diffusion starts to slow down due to extremely low adsorbate



Fig. 9. Intraparticle diffusion model for adsorption of Cr (VI) onto 8-HQ - functionalized
GO-Fe3O4 nanocomposite.
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concentrations left in the solutions. This indicates that the process may
be controlled by external surface adsorption and intra-particle diffusion
but only one was rate-limiting in any particular time range. Higher
values of Kd (indicates rapid transfer) and I (negative value of I indicates
no boundary layer effect on the rate of adsorption) for intra-particle dif-
fusion than surface diffusion confirms intra-particle diffusion as the
dominant mechanism for the adsorption of Cr (VI) onto8-HQ-GO-
Fe3O4. Thus, intra-particle diffusion is the dominant mechanism for
the adsorption but it is not the sole rate controlling step [84].

4. Conclusions

In the present study, RSM using R software was chosen to evaluate
the relationship between input-independent factors (pH, 8-HQ/GO
dose, time and Cr (VI) concentration) and one dependent output re-
sponse (removal efficiency) on Cr (VI) sorption onto 8-HQ- GO-Fe3O4.
The lower P-value (1.33 × 10−15), higher F-value (240.4), higher R2

(multiple R-squared: 0.994, adjusted R-squared: 0.989), insignificant
lack of fit (0.38) and AIC (48.74) indicate that the reduced full second-
order model is highly significant for Cr (VI) removal by 8-HQ- GO-
Fe3O4 and it also represents the satisfactory adjustment between
model and experimental data. The results indicate that the R-squared
value of themodel is very close to the adjusted R-squared value that ex-
presses a good chance for significant terms to be included in themodel;
therefore, the quadratic regression related to the reduced full second-
order model can be used for prediction and optimization. The terms of
x4, x2: x4, x12 showed an antagonistic effect on the model, while other
terms had a synergistic effect on the response prediction by the
model. The maximum removal efficiency was estimated as 95.77% (to
involve all parameters simultaneously) using regression coefficients ob-
tained from themodel and Solver “Add-ins”. The predicted optimal con-
ditions by the Solver method in the maximum removal efficiency, were
achieved at initial Cr (VI) concentration 1 mg L−1, adsorbent dose 98.4
(g L−1), time178.4 (min) and pH 6.55 thatwas very close to the station-
ary point in original units. The relationship between the amount of Cr
(VI) ions adsorbed onto 8-HQ-GO-Fe3O4 under the given experimental
conditions in liquid phase was described by isotherm, and equilibrium
data were fitted onto Langmuir, Freundlich and Temkin isotherm
models using the correlation coefficient (R2). Based on the reported re-
sults, high correlation coefficients (R2) were found for the Langmuir
model compared with the Freundlich and Temkin models that confirm
the reasonable fit to the data, with R2 of 0.994, 0.998 and 0.994 for
288 K, 298 K and 308 K temperatures, respectively. Also, this implies
that the 8-HQ-GO-Fe3O4 has monolayer sorption behavior similar to
that of the Langmuir model. The maximum adsorption capacity in-
creased with an increase in temperature and reached 11.9 mg g−1

308 K. The thermodynamic data with ΔH0 ˃ 0, ΔS0 ˃ 0 and ΔG0 ˂ 0 (at
all of the temperatures (288–308 K)) revealed an endothermic reaction,
an increase in the degree of freedomof the adsorbed ions and spontane-
ous sorption in the nature of adsorption process. Also the Ea value found
to be 1.39 kJ mol−1 was indicative of chemical sorption for Cr (VI).
Time-concentration profiles of the sorption of Cr (VI) by 8-HQ-GO-
Fe3O4 adsorbent was used to study the kinetic models, including pseu-
do-first order, pseudo-secondorder, Elovich and intra-particle diffusion.
For the Elovichmodel, predicted qe values agreewell with those obtain-
ed experimentally. Additionally, high predicted R2 valueswere obtained
for the Elovich model and this agreement indicates the applicability of
the Elovich model to fit the experimental kinetic data for the present
system. This relies on the chemisorption phenomena of Cr (VI) by 8-
HQ-GO-Fe3O4, assuming that the actual solid surfaces are energetically
heterogeneous. Also it was observed that intra-particle diffusion is the
dominant mechanism for the adsorption but it is not the sole rate con-
trolling step.
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