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Abstract
In this work, kaolinite clay was modified with magnetic magnetite nanoparticles  (Fe3O4@MC) by co-precipitation with 
ferrous and ferric ions as iron precursors to ameliorate its textural and adsorption capacity for methylene blue (MB) dye 
uptake from synthetic wastewater at low concentrations. The adsorbents were characterized using XRD, BET surface area 
analysis, VSM, SEM and HRTEM. The BET surface area after chemical treatment increased from 14.616 to 26.913  m2  g−1. 
The saturation magnetization of  Fe3O4@MC was 6.22 emu  g−1 and the exhausted adsorbent recoverable by a simple magnet. 
Adsorption data were modeled using six nonlinear two-parameter isotherm equations, namely Freundlich, Temkin, Fowler–
Guggenheim, Elovich, Flory–Huggins and Langmuir model, and the best-fitting model arrived at using three mathematical 
error functions. MB adsorption onto unmodified clay was best described by the Fowler–Guggenheim isotherm, whereas 
MB adsorption onto  Fe3O4@MC was best described by the Freundlich model. Increase in BET surface area increased the 
theoretical and experimental maximum adsorption capacity

Keywords Kaolinite · Methylene blue · Magnetite · Adsorption isotherms

Introduction

Industrial processes are one of the leading point sources of 
dye-containing effluents released into the environment. Spe-
cifically, the textile industries are major emitters of large 
volumes of colored wastewater (Mohantry et  al. 2006). 
Besides, the increasing need for textile production and the 
corresponding increase in their production are major fac-
tors leading to dye-bearing effluents becoming among the 
prominent point sources of surface-water contamination in 
recent years (Ogugbue and Sawidis 2011).

The dye contaminated wastewater has been associated 
with several health disorders (Yasemin and Haluk 2006). 
Most of the synthetic dyes are carcinogenic and muta-
genic and their occurrence in aquatic environment raises 

serious health concerns (Ozer et al. 2007). Methylene blue 
(MB) dye, a cationic dye, has been linked with side effects 
expressed as nausea, vomiting and diarrhea (El-Sharkaway 
et al. 2007). The techniques for discolorations of effluents 
have been categorized into three classes: chemical, physical 
and biological. All of the aforementioned techniques have 
inherent limitations and strengths. Among the dye sequestra-
tion techniques, adsorption onto activated carbon remains 
the widely used method for discoloration of aqueous solu-
tions (Markovska et al. 2001). However, activated carbon 
is not only expensive, but also demanding to regenerate, 
necessitating the search for alternative low-cost, naturally 
available and sustainable adsorbents such as clays (Li et al. 
2010; Shikuku et al. 2019).

Karim et al. (2017) reported effective removal of Basic 
Red 46 (BR46), methylene blue (MB) and malachite green 
(GM) cationic dyes onto a Moroccan clay. The removal 
of methyl orange (MO) by an activated Algerian clay was 
also described by Bendahoet al. (2017). Noteworthy, the 
recent review by Adeyemoet al. (2017) scrutinized the 
unresolved aspects of the adsorptive properties of the clays 
and the enhanced adsorption capacities of chemically tuned 
clay minerals. The review not only established that the 
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modification of raw clays is essential in the development of 
highly efficient clay-based sorbents for the uptake of dyes 
from aqueous media but also the paucity of data of perfor-
mance of clays at low dye concentrations. Another chal-
lenging aspect of the adsorption process is to separate the 
contaminant-laden adsorbent after the adsorption process. 
In this regard, magnetic adsorbents have been studied with 
different compositions (Cottet et al. 2014; Shah et al. 2018; 
Zou et al. 2018) for decontamination of water. However, in 
these studies, mostly bentonites and montmorillonites are 
used to prepare composites and used to remove dyes and 
toxic metals. However, we tried to explore the local kaolinite 
clay of Kenya, a well-known naturally occurring low-cost 
clay, as effective adsorbents toward MB dye. Consequently, 
the objective of this study is to examine the potential of 
magnetite-modified kaolinite clay for MB uptake and to 
investigate the adsorbate–adsorbent interactions by nonlin-
ear isotherm modeling approach. Incorporation of magnetite 
is expected to ameliorate the surface characteristics of the 
clay and ease the recovery of the dye-bearing adsorbent by 
an external magnetic field.

Materials and methods

Synthesis of adsorbent

The kaolinite clay used in this work was supplied by the 
Department of Chemistry, Maseno University—Kenya. 
The chemical composition of the as supplied kaolinite clay 
mineral was 53.51, 43.59, 2.37, 1.71, 0.84 and 0.36 wt% 
for  SiO2,  Al2O3,  Fe2O3,  TiO2, CuO and  K2O, respectively 
(Otieno et al. 2019), and the mineralogical phases confirmed 
by XRD analysis.

Synthesis of magnetite/clay composite was done by sus-
pending 2.0 g of clay in 50 mL of deionized water and mixed 
with 100 mL of a solution containing  Fe3+ (0.228 M) and 
 Fe2+ (0.114 M) ions (pH ~ 1.40) with 2:1 M ratio. A sub-
sequent amount alkali (0.5 M NaOH) was added dropwise 
until the pH was 9.5–10 for complete precipitation of  Fe3O4 
(Cottet et al. 2014). The suspension was ultrasonically agi-
tated for 30 min. The precipitates were allowed to settle, 
filtered then washed severally with deionized water, then 
dried in an oven at 100 °C. The dried samples were stored 
in sealed plastic vials for further characterization.

Adsorbent characterization

The crystalline phases of the as-received clay material were 
identified using an X-ray Brucker diffractometer (D8 Discov-
ery, US) with copper radiation (Kα = 1.5406). The BET-spe-
cific surface areas of the adsorbents (unmodified and treated 
clay) were obtained by the liquid  N2 adsorption–desorption 

method. The magnetic measurements of the iron modified clay 
were determined by vibrating-sample magnetometer (VSM), 
while the surface morphology was inspected using scanning 
electron microscopy (SEM) (Nova Nano SEM, FEI 430) and 
high-resolution transmission electron microscopy (HRTEM 
JEOL JEM-1230 with accelerating voltage of 120 kV).

Adsorption experiments

For batch experiments, 0.05 g of each adsorbent was added to 
50 mL solutions of low concentrations of methyl blue (MB) 
dye, in the range of 1 to 5 mg  L−1, obtained by dissolution 
of required MB in double-distilled water. The contents of the 
sealed bottles were allowed to interact for 3 h at room tempera-
ture (27 °C). Determination of the residual MB concentrations 
in the aqueous phase was determined using a UV–Vis spec-
trometer at 664 nm. The amount of MB in the solid phase (qe) 
was worked out using the equation:

The isothermal data were tested against six nonlinear 
adsorption models, namely Langmuir, Freundlich, Temkin, 
Elovich, Fowler–Guggenheim and Flory–Huggins models, 
were tested to provide insight on the adsorbate–adsorbent 
interactions, and the best-fitting model determined using three 
error functions, viz. average relative error (ARE), the sum of 
absolute errors (EABS) and Chi-square (χ2). The nonlinear 
regression was performed by minimizing the values of the 
regression sum of squares (RSS) given by:

Results and discussion

XRD analysis

The magnetically responsive clay adsorbent material was syn-
thesized from clay without any pretreatments. Figure 1 shows 
the XRD pattern for the clay material. The diffraction peaks 
at 2θ = 14.20°, 23.40°, 28.82°, 40.60°, 81.15°, 88.00° corre-
spond to the kaolinite phase (01-075-0938), while the peaks 
at 2θ = 30.92°, 58.85° and 75.92° depict the presence of quartz 
(04-008-4821).

BET surface area characteristics

The textural characteristics of the adsorbents are pre-
sented in Table  1. It can be seen that precipitation of 
magnetite particles into the clay matrix increased the 

(1)qe =
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)
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Brunauer–Emmett–Teller (BET) specific surface area of the 
composite clay  (Fe3O4@MC) relative to the untreated clay.

The increase in the BET surface area of  Fe3O4@MC 
is expected to be beneficial for adsorption. The observed 
increase in specific surface area with the addition of iron 
oxide particles is probably due to partial intercalation of 
iron oxide in the clay layers (Louhichi et al. 2016), thus 
creating new interlayer porosity. Boukhemkhem and Rida 
(2017) reported BET surface area of 14  m2  g−1 for kaolinite 
from Algeria. Cottet et al. (2014) reported increased BET 
surface area for montmorillonite clay after incorporation of 
magnetite  (Fe3O4) by co-precipitation as in the present work. 
However, intercalation in kaolinite is difficult in comparison 
to montmorillonite, and hence, the increase in surface area 
is nominal. Increased adsorbent surface areas are expected 
to exhibit higher adsorption capacities.

Magnetic properties

The investigation of the magnetic characteristics of the 
 Fe3O4@MC was performed by the magnetization curve 
obtained by the VSM analysis. The saturation magnetization 
of the prepared magnetic particles  (Fe3O4) and composite 
 (Fe3O4@MC) as shown in Fig. 2 is 66.5 and 6.22 emu  g−1, 
respectively. With the obtained saturation magnetization, 
the synthesized  Fe3O4@MC was easily recoverable by an 
external magnetic field, and therefore, the separation of the 
dye-laden adsorbent from the bulk liquid phase was simple. 
Hysteresis loop was only observable for the  Fe3O4 curve.

Surface morphology analysis

The SEM (Fig. 3a) and HRTEM micrographs of  Fe3O4@MC 
(Fig. 3b–d) showed the near-spherical  Fe3O4 nanoparticles 
of 10–20 nm diameter were well dispersed on the surface of 
the layered clay with little agglomeration. Well crystalline 
nature of the magnetic particle is noticed in Fig. 3d. The 
micrographs for  Fe3O4@MC are similar as those reported 
for precipitation of magnetite  (Fe3O4) particles onto mont-
morillonite clay surface (Cottet et al. 2014). Most of the 
magnetic particles are anchored on the surface only. Uniform 
dispersion of the magnetic particles on the clay will help in 
the proper magnetic separation of the materials after every 
batch of the adsorption.

Adsorption isotherm

To understand the adsorbent–adsorbate interactions, the 
adsorption data were examined using six two-parameter 
isotherm equations, namely Langmuir, Freundlich, Temkin, 
Elovich, Fowler–Guggenheim and Flory–Huggins models. 
Linear regression of adsorption isotherms has been reported 
to be unsuitable for the determination of isotherm param-
eters leading to erroneous conclusions (Shikuku et al. 2018; 
Jemutai-Kimosop et al. 2019). Additionally, studies have 
shown that the sole use of the coefficient of determination, 
R2, for the determination of best-fitting kinetic and adsorp-
tion models is insufficient (Zheng et al. 2019). In the present 
work, nonlinear regression approach was used to calculate 
the isotherm parameters and the best-fitting isotherm arrived 
at using three mathematical error functions; the average rela-
tive error (ARE), the sum of absolute errors (EABS) and 
nonlinear Chi-square (χ2) shown in Table 2. The nonlinear 

Fig. 1  XRD pattern for clay

Table 1  Surface areas for the 
prepared adsorbents

Adsorbent BET surface 
area  (m2  g−1)

Untreated clay 14.616
Fe3O4@MC 26.913

Fig. 2  Magnetization curve for  Fe3O4 and  Fe3O4@MC
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isotherm model parameter values for adsorption of MB by 
the unmodified clay (UC) and the  Fe3O4@MC are listed in 
Tables 3 and 4, respectively.

Langmuir isotherm

Langmuir (1916) isotherm equation postulates a monolayer 
adsorption of adsorbate onto a homogeneous adsorbing sur-
face characterized by energetically identical binding sites. 
The model further assumes no lateral interactions between 
adsorbed molecules. The Langmuir equation is expressed as:

(3)qe =
Q0KLCe

1 + KLCe

Fig. 3  a SEM and b–d HRTEM 
images of  Fe3O4@MC at differ-
ent enlargements

Table 2  Mathematical error functions

qe(exp) are experimental values, qe(cal) are model calculated values, n 
is the number of data points, and p is the number of parameters in the 
isotherm model

Error function Equation

Nonlinear Chi-square (χ2) n
∑

i=1

(qe(cal)−qe(exp))
2

qe(exp)

The sum of absolute errors (EABS) n
∑

i=1

�

�

�

�

qe(cal) − qe(exp)
�

�

�

�

Average relative error (ARE) 100

n

n
∑

i=1

(qe(exp)−qe(cal))
qe(exp)

Table 3  Nonlinear isotherm model parameters for MB adsorption onto unmodified clay (UC)

Isotherm Langmuir Freundlich Temkin Elovich Flory–Huggins Fowler–Guggenheim

Parameters Q0 = 0.907 KF = 0.411 B = 0.014 Qmax = 2.79 ×  105 n = 0.027 W =  − 3414.3
KL = 1.09 ×  107 1/n = 3.139 AT = 2.61 ×  106 KE = 4.46 ×  10−6 KFH = 0.158 KFG = 0.162

R2 0.871 0.986 0.872 0.933 0.985 0.996
EABS 2.493 0.788 2.485 1.730 0.562 0.265
χ2 1.657 0.224 1.652 0.821 0.012 0.035
ARE 62.333 19.694 62.129 43.251 14.056 6.617
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where qe is the amount of MB adsorbed at equilibrium 
(mg  g−1), Ce is the amount of MB in the aqueous phase 
at equilibrium (mg  L−1), Q0 is the theoretical maximum 
adsorption capacity (mg  g−1) and KL is the Langmuir con-
stant (L  g−1).

In this study, the Langmuir model afforded a relatively 
higher coefficient of determination R2 for UC than for 
 Fe3O4@MC with a maximum adsorption capacity of 0.907 
and 0.610 mg  g−1 for the UC and  Fe3O4@MC. However, 
there was no change in the Langmuir constant KL value 
which could not explain the decrease in the predicted adsorp-
tion capacity despite the increase in surface area. Addition-
ally, besides the R2 values, the error analysis values depict 
that the Langmuir model poorly modeled the equilibrium 
data for both clays relative to all the other isotherm mod-
els. Previously, Ghosh and Bhattacharyya (2002) described 
methylene blue adsorption onto chemically and thermally 
treated kaolin clays by Langmuir model with maximum 
adsorption capacities ranging from 7.59 to 20.49 mg  g−1. 
However, the initial concentrations used by the authors 
were more than five orders of magnitude higher than the 
present work, and the conclusions arrived at by comparing 
only two isotherms and using linearization method. Simi-
larly, Zhang et al. (2019) reported a Langmuir maximum 
adsorption capacity of 184.9 mg  g−1 for MB adsorption onto 
hierarchical structure kaolinite nanospheres with initial MB 
concentrations up to 80 orders of magnitude higher than the 
present work. Mukherjee et al. (2015) reported increased 
Langmuir adsorption capacity for MB uptake by kaolinite 
in the presence of an electrolyte from 6.93 to 15.60 mg  g−1. 
Noteworthy, the adsorbent dosage was fivefold more than 
the present study, and the authors are silent on the initial 
concentrations used. However, adsorption of MB onto kao-
linite clay was demonstrated to be a surface adsorption with 
no evidence of interlayer spacing penetration (Mukherjee 
et al. 2015). Interestingly, Boukhemkhem and Rida (2017) 
reported a Langmuir maximum adsorption capacity of 
46.94 and 0.86 mg  g−1 for MB adsorption onto kaolinite 
and metakaolin with BET surface area of 14 and 16  m2  g−1, 
respectively. The initial MB concentrations ranged between 
30 and 100 mg  L−1, at least 20 times higher than the con-
centrations used in the present study. It is either thermal 

treatment of kaolinite decreased its adsorption capacity for 
MB by 98% or the estimated values are incorrect due to 
linearization of the isotherms. Recently, Omer et al. (2018) 
also reported a Langmuir adsorption capacity of 100 mg  g−1 
for MB uptake onto a natural clay mineral with an initial 
MB concentration of 25 mg  L−1 and using the linearization 
approach. Similar conditions and approach were reported 
by Hajjaji and Alami (2009) for a smectite-rich clay. Other 
authors have reported MB adsorption onto bentonite clay 
to be governed by the Redlich–Peterson isotherm using the 
nonlinear regression (Hong et al. 2009). Therefore, this 
study shows that the Langmuir model is unsuitable for pre-
dicting the adsorbent–adsorbent interactions and the relative 
adsorption capacities of the kaolinite clays for MB uptake at 
relatively low concentrations.

Freundlich isotherm

Freundlich (1906) derived an equation that postulated a 
multilayer adsorption process onto heterogeneous adsorp-
tion sites. The Freundlich model is given as:

The magnitude of the Freundlich coefficient n is an index 
of the favorability of the adsorption reaction (Treybal 1981). 
When n values less than 1 correspond to a poor adsorp-
tive potential. In this study, the n values of 0.319 for UC 
(Table 4) suggest a poor adsorption potential. Lesser val-
ues of 1/n are associated with strong adsorbate–adsorbent 
bonding (To et al. 2017). The calculated 1/n value (3.139) 
denotes weaker adsorbate–adsorbent interactions between 
MB and the unmodified clay (UC) (Jemutai-Kimosop 
et al. 2019). According to Saleh (2015), 1/n values above 
unity, as in adsorption of MB onto UC, imply cooperative 
adsorption. Contrarily, the 1/n value for the adsorption of 
MB onto  Fe3O4@MC was below unity (0.934) indicating 
strong adsorbate–adsorbent interactions (Mukherjee et al. 
2015). This suggests that chemical modification of the clay 
introduced newer surfaces with a higher affinity for MB mol-
ecules. The aforementioned increased affinity is depicted by 
the increase in the Freundlich parameter n, descriptive of 

(4)qe = KFC
1∕n
e

Table 4  Nonlinear isotherm model parameters for MB adsorption onto  Fe3O4@MC

Isotherm Langmuir Freundlich Temkin Elovich Flory–Huggins Fowler–Guggenheim

Parameters Q0 = 0.610 KF = 0.888 B = 1.182 Qmax = 2.95 ×  105 n = 0.000 W = − 8210.9
KL = 1.09 ×  107 1/n = 0.934 AT = 2.201 KE = 2.86 ×  10−6 KFH = 0.150 KFG = 0.021

R2 0.500 0.747 0.717 0.746 0.500 0.542
EABS 1.193 0.743 0.787 0.771 1.451 1.289
χ2 0.804 0.240 0.278 0.252 0.109 0.726
ARE 29.833 18.596 19.685 19.279 36.274 32.222
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the favorability of the adsorption reaction, from 0.319 for 
UC to 1.071 for  Fe3O4@MC (Treybal 1981). This is further 
supported by the doubling of the Freundlich constant, KF, 
value. This implicitly suggests an increase in adsorption, 
contrary to the predictions from the Langmuir model. Ghosh 
and Bhattacharyya (2002) described similar findings for MB 
adsorption onto kaolinite clays at high concentrations with 
Freundlich exponential factor, n, values ranging between 
0.047 and 0.151, corresponding to poor adsorption poten-
tial (Treybal 1981). In contrast, Boukhemkhem and Rida 
(2017) reported good adsorption potential (n = 4.17) for MB 
uptake by raw Algerian kaolin. The Freundlich model, based 
on error analysis, best described the adsorption of MB onto 
 Fe3O4@MC relative to the other isotherm models implying 
multilayer adsorption onto a heterogeneous surface. Similar 
observations are reported for adsorption of MB onto kaolin-
ite clays at high concentrations.

Temkin isotherm

Temkin isotherm model (Temkin and Pyzhev 1940) incor-
porates the effects of adsorbate–adsorbate interactions on 
the adsorption process. The Temkin isotherm is valid only 
for an intermediate range of ion concentrations (Shahbeig 
et al. 2013).

In the literature, typical adsorption energies, (BTln(AT)), 
in the range of 8–16 kJ  mol−1, are associated with chem-
isorption as well  asbT values higher than 80  kJ   mol−1 
(Rahangdale and Kumar 2018). From Table 3, the calculated 
value of BTln(AT) was 0.207 kJ  mol−1 and a corresponding 
bT value of 176.97 kJ  mol−1. This results in a contradic-
tion, for the BTln(AT) value that suggests physical interac-
tion between MB and UC, while the bT value corresponds 
to a chemisorption process. This implies that the Temkin 
model poorly predicts the adsorption of MB onto UC and 
this is corroborated by the error function analysis. On the 
other hands, the error analysis values depict that the Tem-
kin model favorably described the adsorption of MB onto 
 Fe3O4@MC. Here, both the BTln(AT) (0.932 kJ  mol−1) and 
the bT values (2.096 kJ  mol−1) correspond to a physisorp-
tion interaction between MB and  Fe3O4@MC. Additionally, 
the positive bT value implies that the adsorption process of 
MB onto  Fe3O4@MC is exothermic (Miraboutalebi et al. 
2017). In contrast, Boukhemkhem and Rida (2017) as well 
as Ghosh and Bhattacharyya (2002) reported the adsorp-
tion of MB onto raw kaolinite clay to be an endothermic 

(5)qe = BT

(

ATCe

)

(6)BT =
RT

bT

reaction. These contradicting outcomes indicate either the 
dependence of the thermodynamics of adsorption reactions 
on initial adsorbate concentrations or discrepancies in deter-
mination of thermodynamic functions induced by using dif-
ferent adsorption isotherms and equilibrium constants (Tran 
et al. 2017).

Flory–Huggins isotherm

Flory–Huggins isotherm model (Horsfall and Spiff 2005) is 
dependent on the degree of the adsorbent surface coverage 
characteristics and can be used to predict the thermodynamic 
feasibility of adsorption reaction. The Flory–Huggins iso-
therm model is represented by the relation:

where KFH is the Flory–Huggins’ constant [L  mg−1]. The nFH 
parameter represents the number of adsorbate ions occupy-
ing sorption sites. Further, the equilibrium constant, KFH, 
can be used to inspect the spontaneity of the reaction by 
calculating Gibbs free energy using the relation (Vijayara-
ghavan et al. 2006):

The calculated nFH in this study (Table 4) implies that no 
molecule was bound on any adsorption site on the  Fe3O4@
MC adsorbent. This was impractical and bore no physical 
meaning. This indicates that the Flowry–Huggins could not 
predict the adsorption of MB onto  Fe3O4@MC and was 
rejected. This conclusion is further supported by the error 
function analysis values that showed that the model poorly 
fitted the equilibrium data for  Fe3O4@MC relative to all the 
other isotherms. In contrast, the error function values denote 
that the Flowry–Huggins isotherm favorably described the 
adsorption of MB onto the unmodified clay (UC). The calcu-
lated Gibbs free energy (ΔG) from the Flory–Huggins equi-
librium constant (KFH) was − 4.521 kJ  mol−1 at 298 K. The 
negative ΔG value is a testament that the adsorption of MB 
onto UC and by extension  Fe3O4@MC is thermodynami-
cally spontaneous and affirms the feasibility of the process. 
Adsorption of MB onto kaolinite at higher concentrations 
is reported to be spontaneous (Ghosh and Bhattacharyya 
2002; Boukhemkhem and Rida 2017) and can therefore be 
affirmed to be spontaneous at all ranges. Furthermore, the 
magnitude of the ΔG value, below 20 kJ  mol−1, calculated 
from KFH in this study also suggests that MB adsorption onto 
UC and  Fe3O4@MC is a physisorption process (Almeida 

(7)
�

Co

= KFH(1 − �)nFH

(8)� = 1 −
Ce

Co

(9)ΔG = −RT lnKFH
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et al. 2009). This is an agreement with the conclusions from 
the Temkin isotherm. Similar conclusions though with 
higher values than the present work (ΔG ~ 15 kJ  mol−1) were 
previously reported despite using the distribution coefficient 
(Kd) to derive the thermodynamic functions (Ghosh and 
Bhattacharyya 2002). However, Boukhemkhem and Rida 
(2017) reported ΔG values of 75 kJ  mol−1 and above using 
Kd implying chemisorption mechanism, while Almeida 
et al. (2009) described a physisorption controlled adsorp-
tion of MB onto montmorillonite clay using the Langmuir 
constant (KL) to determine ΔG. These variances or possible 
discrepancies in description of adsorption mechanisms may 
be overcome by characterization of the dye-laden adsorbents 
and use of DFT theory rather than from a purely thermody-
namics standpoint.

The Fowler–Guggenheim isotherm

The Fowler–Guggenheim equation (Fowler and Guggenheim 
1939) represents the simplest isotherm model developed 
that factors in the lateral interaction of the adsorbates. The 
Fowler–Guggenheim equation is given as:

where KFG is the Fowler–Guggenheim constant (L  mg−1), θ 
the fractional coverage, R is the gas constant (kJ  mol−1  K−1), 
T is the temperature (K), and W is the interaction energy 
between adsorbates (kJ  mol−1).

The isotherm postulates linear variation of the heat 
of adsorption with adsorbate loading. According to the 
model, positive W denotes attractive interaction between 
the adsorbed molecules. Contrarily, negative W values 
denote repulsive interactions between adsorbed mol-
ecules. However, W = 0 implies no interaction between 
the adsorbed molecules. From Tables  3 and 4, the 
computed values of W were negative for both UC and 
 Fe3O4@MC indicating repulsive interaction between the 
adsorbed MB and decrease in heat of adsorption with 
loading. Similar findings were reported for adsorption of 
MB onto Paliurusspina-christifrutis and seeds (PSCFS) 
adsorbent (Savran et al. 2017). From the error analysis, 
the Fowler–Guggenheim isotherm best described the 
adsorption of MB onto UC relative to all the examined 
models.

Elovich isotherm

The Elovich model isotherm (Elovich and Larinov 1962) 
model postulates that the adsorption sites increase exponen-
tially with loading, denoting a multilayer adsorption mecha-
nism. The Elovich equation is given as:

(10)Ce =
�FG

KFG

(

1 − �FG

) exp

(

2�FGW

RT

)

where KE is the Elovich constant (L  mg−1), and qmE is the 
Elovich maximum adsorption capacity (mg  g−1).

The Elovich isotherm constants, KE and qmE, with the 
corresponding error function values for the adsorption of 
MB onto the UC and  Fe3O4@MC presented in Tables 3 
and 4, respectively. Based on error analysis, the Elovich 
isotherm better fitted the experimental data than the Lang-
muir and Temkin equations for both adsorbents. The cal-
culated Elovich maximum adsorption capacity of UC and 
 Fe3O4@MC for adsorption of MB was 2.79 ×  105 and 
2.96 ×  105 mg  g−1, respectively. This shows that the incor-
poration of magnetite increased the adsorption capacity by 
about 5.36% consistent with the increase in BET surface 
area and increased affinity as denoted by the Freundlich 
isotherm constants, n and KF. Attunement to the Elovich 
model suggests multilayer adsorption consistent with the 
observations from the Freundlich model. Based on the error 
functions analysis, the suitability of the adsorption iso-
therms to account for equilibrium data for MB adsorption 
onto unmodified clay (UC) was in the order Fowler–Guggen-
heim > Flory–Huggins > Freundlich > Elovich > Tem-
kin > Langmuir model. On the other hands, the isotherm 
models fitted the adsorption data for MB onto  Fe3O4@
MC in the order Freundlich > Elovich > Temkin > Lang-
muir > Fowler–Guggenheim > Flory–Huggins model. The 
observed change in sequences bespeaks of the change in 
adsorption dynamics after modification. This is attributed to 
changes in chemical composition, surface morphology and 
textural characteristics.

Conclusions

In this work, magnetically separable kaolinite clay compos-
ite  (Fe3O4@MC) was developed and applied as an efficient 
adsorbent for the uptake of methylene blue (MB) dye from 
synthetic wastewater at low sorbate concentrations. The 
incorporation of  Fe3O4 on the kaolinite clay resulted in an 
increase in the BET surface area, and the prepared  Fe3O4@
MC had a saturation magnetization be 6.22 emu  g−1. The 
equilibrium data were fitted to six nonlinear two-parameter 
isotherm models, namely Langmuir, Freundlich, Temkin, 
Elovich, Fowler–Guggenheim and Flory–Huggins mod-
els, and the best-fitting model determined using three error 
functions, viz. Average relative error (ARE), the sum of 
absolute errors (EABS) and Chi-square (χ2). MB adsorp-
tion onto unmodified clay (UC) was best described by 
the Fowler–Guggenheim isotherm, while adsorption onto 
 Fe3O4@MC was best explained by the Freundlich model. An 

(11)
Ce =

qe

qmEKE exp
(

−qe

qmE

)
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increase in the BET surface area resulted in a 5.36% rise in 
Elovich maximum adsorption capacity from 2.79 ×  105 and 
2.96 ×  105 mg  g−1 for UC and  Fe3O4@MC, respectively. The 
dye-laden exhausted adsorbent was recovered by magnetic 
separation. The adsorbent–adsorbate interactions and ther-
modynamic functions are shown to vary significantly at low 
concentrations relative to previous studies, and therefore, 
adsorption capacities should only be compared under similar 
conditions.  Fe3O4@MC is shown to be an efficient adsorbent 
for MB sequestration from contaminated water.
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