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Abstract
Inexpensive and naturally abundant clay mineral is investigated as a non-toxic and environmentally friendly adsorbent. 
The clay adsorbent prepared from natural clay (NC) by drying and milling then treated with diluted HCl before calcina-
tion to 600 °C. The structural and morphological properties of this modified clay are investigated by Fourier-transform 
infrared spectroscopy and scanning electron microscope. NC and modified clay at 600 °C (MC600) were applied for 
hexavalent chromium, Cr(VI), removal from aqueous media via batch adsorption facility. According to the experimental 
results, the adsorption capacity for chromium removal was calculated (14.3 mg g−1) with a removal efficiency reached to 
66% after 90 min of equilibrium time. The sorption matrix indicated that Cr(VI) removal is following the pseudo-second 
order kinetic model. The experimental data are well fitted with Freundlich isotherm model and the adsorption process 
is suggested to follow a chemisorption and favourable uptake. The clay reusability was also tested and the outcomes 
suggested that MC600 had good potential as an economic adsorbent for chromium removal from contaminated water. 
According to this finding, modified NC is an effective adsorbent for direct Cr(VI) removal from aqueous media and the 
clay material is signified as an efficient treatment technology can also be adapted to heavy metal removal in wastewater 
treatment applications and could replace the commercially available adsorbents.
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1  Introduction

Nowadays, special attention has been given to wastewater 
contaminated with heavy metals due to their long-term 
risk, non-biodegradability and carcinogenic effect. Heavy 
metals may have the tendency to accumulate in the food 
chain causing toxicity for the living organisms besides the 
deterioration to the environment. Choosing an efficient 
way for managing them is essential to save the ecologi-
cal system and human health. Chromium is a hard grey 
steel metal occurring in nature in bound forms and pre-
sents 0.1–0.3 mg/kg of the earth’s crust [1, 2]. It has several 
oxidation states, however, the most stable forms are the 

trivalent (Cr(III)) and hexavalent (Cr(VI)) states. Hexavalent 
chromium is considered more toxic than the trivalent one 
since its lethal dose is ranged from 80 to 160 mg/L com-
pared to the dose of 160 to 320 mg/L for the Cr(III) [1, 3].

Currently, as a result of developing advanced tech-
nologies and industrialization activities, a global concern 
is attained regarding the toxic substances [4, 5]. Efflu-
ents containing chromium metal are widely discharged 
from various industrial processes, such as leather indus-
try through tanning and finishing processes, mining and 
metallurgy [3, 5], textile and dying industries, paper manu-
facturing, paints, wood preservation, jet aircraft, magnetic 
tapes, power plants and electroplating [1, 3]. Therefore, for 

 *  Maha A. Tony, dr.maha.tony@gmail.com | 1Chemical Engineering Department, Faculty of Engineering, Minia University, Minya, 
Egypt. 2Advanced Materials/Solar Energy and Environmental Sustainability (AMSEES) Laboratory, Basic Engineering Science Department, 
Faculty of Engineering, Menoufia University, Shebin El‑Kom, Egypt.

http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-020-03873-x&domain=pdf
http://orcid.org/0000-0003-3670-503X


Vol:.(1234567890)

Research Article	 SN Applied Sciences (2020) 2:2042 | https://doi.org/10.1007/s42452-020-03873-x

a sustainable environment these effluents must be treated 
in an eco-friendly manner to remove chromium ions 
before being discharged into water bodies [6]. Currently, 
several methods are available for removing this type of 
heavy metals from effluent such as membrane separation, 
flocculation, electrocoagulation and adsorption. However, 
it is noteworthy to mention that those techniques have the 
disadvantages of incomplete metal removal, high reagent 
doses and energy requirements [7, 8].

Many chemical, biological and physical processes have 
been used for the treatment of wastewater to get rid 
from toxic pollutants. Some of the physicochemical water 
treatment methods like flocculation, precipitation, mem-
brane filtration, coagulation, ion exchange, bioremedia-
tion, advanced oxidation and adsorption techniques are 
extensively used for removal of metal ions and other pol-
lutants [9–12]. Among wastewater treatment techniques, 
the adsorption is one of promising techniques since it is 
efficient, simple and adsorbents are easily available [10]. 
In this regard, modified clays proved to be highly efficient 
adsorbent materials [13]. Generally, adsorption is preferred 
for its low-cost, abundant, high speed and efficient in 
removing pollutants besides the simplicity of design and 
easy in handling [9]. Activated carbon is the most widely 
applied adsorbent material in wastewater remediation. On 
the other hand, high cost and also the necessity for regen-
eration of adsorbent materials are still stand as the main 
disadvantages for its use [11]. Therefore, recently, with 
increasing the environmental considerations, searching for 
new cost-efficient, easy to extract and sustainable adsor-
bents derived from natural resources that are suitable for 
adsorption is of interest of many scientists [14].

Modified natural materials that have an improved sur-
face area for efficient adsorption play an important poten-
tial for environmental remediation [15]. Such adsorbents 
include bare palm branches [16] sawdust [17], bagasse [5], 
orange peel [14], eggshell [18] and clay [11, 19, 20].

From last few years, clay is gaining much attention 
for its unique characteristics. Clay minerals are signified 
as layers of mineral silicates that are naturally abundant, 
inexpensive, non-toxic to the environment, composed of 
amorphous phase and having different types of geome-
try [21–23]. It is preferred for its high adsorption capacity, 
reactivity and stability. The use of clays and clay minerals 
as natural adsorbents has been previously stated in the 
literature for removing Orange G dye [24], Direct Red 23 
dye [11], phenolic compunds [25], Cr(III) by Kaolin-biofilm 
[1], copper (II) and Nickel (II) by clay/biopolymer composite 
[26] from water and wastewater.

To the best of the authors’ knowledge, according to 
the literature published, there is a limited data dealing 
with the modified natural clay for treating the hexava-
lent chromium removal from wastewater. In the current 

investigation the sorption potential of the modified clay 
prepared from natural one for the removal of hexavalent 
chromium from aqueous effluents has been explored. The 
sorption parameters were studied and adsorption iso-
therm and kinetic models were also applied to describe 
this adsorption matrix.

2 � Materials and methods

2.1 � Preparation of clay adsorbent

Natural clay was collected from deposit located near to 
Minia city in the south of Egypt. The clay is dried in an 
electric oven at 105 °C for 7 days in order to remove the 
moisture content at the time of being used. Subsequently, 
the clay is subjected for a ball mill grinding (1 h) to obtain 
a fine powder. The resultant clay is referred as (NC) as the 
native form of clay adsorbent. Thereafter, the clay is intro-
duced for a chemical activation according to the previ-
ously reported in literature [27]. The clay is sieved through 
a 200 mesh and cooked with a 10 M diluted HCl for 90 min 
with heating (70 °C) and stirring (300 rpm speed). Then, 
the solution is washed repeatedly using distilled water 
until the pH of the filtrate is reached to 6.0–7.0. The fil-
trate is afterwards dried at 70 °C for 5 h. Additionally, the 
modified clay is subjected to 600 °C for thermally activa-
tion through the calcination process and the obtained clay 
is called MC600.

2.2 � Wastewater

To prepare the adsorbate solution, a synthetic solution 
of chromium-polluted wastewater was synthetically pre-
pared from Cr(VI) (99.9% purity, Sigma-Aldrich, Germany) 
and used as received without pre-treatment. A stock solu-
tion is obtained and different concentrations are further 
prepared ranged from 2 to 80 mg/L and subjected for 
treatment.

2.3 � Adsorption methodology

To determine the adsorption capacity of the clay mineral 
adsorbent materials, batch tests were investigated. For 
the adsorption isotherm studies, the experiments were 
employed over a concentration ranged from 2 to 60 mg/L 
of chromium solution at 298 K. A solution of 50 mL of 
chromium was added to different vessels then the adsor-
bent dose was further added and the vessels were sealed 
then subjected for the interaction mixing. Samples were 
taken at 5, 15, 30, 60, 240 and 24 h for analysis. Subse-
quently, chromium concentration was determined at the 
maximum wavelength of Cr(VI) (352 nm) using UV–visible 
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spectrophotometer (Unico UV-2100 spectrophotometer, 
USA). The concentration of Cr(VI) are based on the aver-
age of three parallel replications. The treatment steps are 
graphically represented in Fig. 1. It is noteworthy to men-
tion that the remaining chromium in the solution that is 
only detected is Cr(VI). However, the presence of the less 
toxic Cr(III) [28] that may be occur in the solution due to 
the reduction of Cr(VI) into Cr(III) is neglected during the 
current study.

2.4 � Adsorbent characterization

Field-emission scanning electron microscope, SEM micro-
graphs were recorded using a FE-SEM, Quanta FEG 250 
with typical magnifications of ×8000 and ×60000. This is 
accompanied by energy dispersive X-ray spectroscopy 
(EDX) to analyze the principal composition of the oxides 
content of the mineral clay. Fourier transform infrared 
FTIR spectra (Jasco, FT/IR-4100, type A) of the two types 
of clay minerals were carried out to determine the type 
of functional group responsible for Cr(VI) adsorption. 
Brunauer–Emmett–Teller (BET) surface area, SBET was also 
investigated.

2.5 � Isotherm models

There are several types of adsorption mechanism that 
describing the adsorption process. Langmuir, Freundlich, 
Temkin and Dubinin–Radushkevich which are the most 

widely used and accepted isotherms to describe the 
adsorption process and were applied in the current study.

2.5.1 � Freundlich isotherm

Freundlich [29] investigated the Freundlich isotherm 
model to describe the heterogeneous adsorption surface. 
The empirical equation of Freundlich isotherm is given by:

where Ce (mg/L) is the chromium concentration at equilib-
rium, qe (mg/g) is the equilibrium adsorption capacity, n is 
the dimensionless heterogeneous constant that related to 
the adsorption intensity and KF (L/g) is the Freundlich con-
stant that related to adsorption capacity. The dimension-
less constant n gives an indication of how the adsorption 
is favourable. When 1/n is greater than unity, it represents 
a favorable adsorption conditions [30].

2.5.2 � Langmuir isotherm

Langmuir [30] isotherm model describes the adsorption 
system as a monolayer adsorption process on a homoge-
neous surface. The model-linearized equation is given as 
the following:

(1)ln
(

qe
)

=
1

n
ln Ce + ln KF

(2)
Ce

qe
=

1

KL
+

aL

KL
Ce

Fig. 1   Schematic represen-
tation of the steps of clay 
preparation and the adsorp-
tion process
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where KL and aL ate the Langmuir constants related to 
binding sites affinity and adsorption energy. Qo is the mon-
olayer adsorption capacity of the mass of chromium per 
unit mass of clay (mg/g).

2.5.3 � Temkin isotherm

Temkin isotherm model [31] describes the indirect effect of 
adsorbent/adsorbate interactions on the adsorption pro-
cess. It estimates the heat of the layer adsorption is in a lin-
ear decrease as a result of increase in surface coverage. This 
isotherm model is only valid at an intermediate range of ion 
concentrations. The linear expression of the Temkin equation 
is represented as Eq. (4):

where B is expressed as ( B =
RT

b
 ) and is related to the heat 

of adsorption, T is the absolute temperature (298 K), R is 
the universal gas constant (8.314 J mol−1 K−1) and KT is the 
equilibrium binding constant.

2.5.4 � Dubinin–Radushkevich (D–R) isotherm

D–R isotherm is limited to a monolayer and can be applied 
to investigate the energy of adsorption onto a heterogene-
ous surface [30, 32]. The linearized form is shown in Eq. (5):

where qs is the monolayer saturation capacity (L/g) and KDR 
is the constant of Dubinin–Radushkevich adsorption 
energy, which gives the mean free energy (E) of sorption 
per molecule of the sorbate and can be estimated from the 
relationship of E =

1
√

2KDR
 . ε is denoted as isotherm con-

stant and it is given by: �2 = RTln
(

1 +
1

Ce

)

.

The model was used to investigate the chemical and 
physical adsorptions of chromium ions with its mean free 
energy and this is estimated from the calculated E value.

2.6 � Kinetic models

The most popular kinetic models, Lagergren’s pseudo-first-
order and pseudo-second-order were applied to fully inves-
tigate the adsorption mechanism and the rate controlling 
steps of chromium adsorption process.

(3)Qo =
KL

aL

(4)qe = B ln KT + B ln Ce

(5)lnqe = lnqs − KDR�
2

2.6.1 � Lagergren’s pseudo‑first‑order kinetic model

Lagergren’s model assumes that one chromium molecule 
of adsorbate is being adsorbed by one sorptive site in the 
clay adsorbent material [30]. The linearized form of the 
model of Lagergren is given as the following equation:

where qt (mg/g) is amount of the chromium adsorbed at 
time (t) and K1 is the pseudo-first order rate constant of 
chromium adsorption onto clay mineral.

2.6.2 � The pseudo‑second‑order kinetic model

The pseudo-second-order supposes the occupation rate 
of sorption sites is proportional to the square number of 
vacant sites and it can be expressed as the following equa-
tion [33]:

where K2 is the pseudo-second order adsorption rate 
constant.

3 � Results and discussion

3.1 � Characterization of mineral clay

3.1.1 � FTIR spectroscopy

Fourier transform infrared (FTIR) transmittance spectrum 
analysis is useful to identify the various forms of minerals 
existing in the clay. The two types of clay mineral adsor-
bents, NC and MC600 were analysed using FTIR techniques 
and the data are shown in Fig. 2a, b. The IR studies of natu-
ral clay (NC) is shown in Fig. 2a. Although, there are main 
absorption intensive bands for clay besides the coupled 
vibrations are appreciable due to the availability of vari-
ous constituents. The absorption band at 781.9 cm−1 is 
assigned for the O–H stretching vibration of structural 
water. The Si–O stretching vibrations (silanol) are identi-
fied at 462.8 cm−1, 528.4 cm−1, 781.9 cm−1 and 1032.6 cm−1 
that representing the presence of quartz [34, 35]. Addi-
tionally, the appearance of (Si–O–Si) band at 1032.6 cm−1 
also confirms the presence of quartz [34]. The bands at 
528.4 cm−1, 1638.2 cm−1, 3438.4 cm−1 and 3694.9 cm−1 
indicate the possibility of the hydroxyl linkage. Nonethe-
less, the bands at 1638.2 cm−1 and 3438.4 cm−1 in the clay 
spectrum of clay material suggests the possibility of water 

(6)log
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)

=
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of hydration in the clay mineral. The inter layer hydrogen 
bonding in the natural clay (NC) is characterized at the 
band assigned at 3620.7 cm−1. Most of the bands observed 
at 462.8  cm−1, 528.4  cm−1, 781.9  cm−1, 1638.2  cm−1, 
3438.4 cm−1, 3620.7 cm−1 and 3694.9 cm−1 illustrate the 
existence of kaolinite [36]. The bands at 462.8 cm−1 are 
reflecting the indication of presence Si–O–Fe [37]. In addi-
tion, clay mineral spectra show bands at 528.4 cm−1 and 
781.9 cm−1 related to the stretching vibrations of Si–O–Al 
group [34], which may demonstrate the presence of illite 
[38]. The band 1032.6  cm−1 confirms the presence of 
illite. The band near 781.9 cm−1 attributes the presence 
of Al–Mg–OH bonding, this spectrum demonstrates the 
possibility of the presence of montmorillonite [39].

As noted from Fig. 2b that shows the IR absorption 
spectra of the modified clay (MC600), there is a shift in 
absorption bands. The change in the absorption band 
of –OH group from 3694.9 to 3756.6  cm−1 vibrating 

band illustrates the role of the acid activation on shift-
ing the –OH band. This indicates that the acid activation 
of the mineral clay attributing the protons penetration 
into the clay layer, which is responsible on attacking the 
OH groups causing alterations in the adsorption bands 
[40]. The change in the absorption band of H–O–H (from 
1638.2 and 34,382 cm−1 to 1631.4 cm−1 and 2446.1 cm−1, 
respectively) indicates the acid activation affected the 
clay on this position. Additionally, the acid activation of 
the clay presenting the presence of a new signal band 
of absorption at 2372.9 cm−1 that assigned to the S–H 
stretching vibration. Furthermore, there is a change in 
the Si–O stretching bands from the natural to the modi-
fied clay, which confirms the role of the acid activation 
on the position of those bands. Hence, the FTIR results 
are quite helpful for identifying the different minerals’ 
forms that present in the introduced adsorbents.

3.1.2 � SEM, EDX and SBET

3.1.2.1  SEM  In order to investigate the structure of both 
the NC and MC600, the morphology of both adsorbents 
were characterized using SEM images at different mag-
nifications. Figure 3a–d shows that both types of mineral 
clay are characterized by irregular layered structure that 
has a smooth surface. The native clay SEM images (Fig. 3a, 
b) representing large agglomerates of irregular shape 
particles. A considerable smaller in size particles with 
constituted of disordered aggregates for the chemically-
thermally treated clay (Fig.  3c, d). A significant decrease 
in the particle size from the range of 1.34–5.688 μm of the 
unmodified clay to the range 1.073–1.949 μm and 616.9–
897.7 nm for the modified clay is recognized.

The surface is described with the presence of a lot of 
asymmetric open pores. Some textural changes in the 
external surface of the clay, which suggest changes in 
their porosity is achieved. Thus, MC600 exhibits more 
porosity than the native clay. The native clay has few 
voids compared to the modified one that is due to 
the activation with HCl followed by the carbonization 
increases the size of the pores as well as decomposes 
the volatile organic matters in the clay.

Based on these results, it is reasonable to conclude 
that the chemical-thermal treatment promotes the for-
mation of disordered and less cohesive aggregates, may 
be due to a reduction in the clay molecules interactions. 
This change constitutes an important advantage con-
sidering for adsorption applications. Hence, this helps 
the chromium molecules to simply disperse into the 
modified clay more than the native one and increases 
the adsorption capacity of MC600.

Fig. 2   FTIR spectrum of the mineral clay a NC and b MC600
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3.1.2.2  EDX  Elemental analysis techniques for the natu-
ral mineral clay sample and the modified mineral clay 
that is chemically-thermally treated are given using 
Energy Dispersive X-ray analyzer (EDX). The results given 
in Table  1 illustrate the chemical composition of both 
clays from different oxides. SiO2 is being the major com-
ponent in the both clay samples. As seen from Table 1, 
the percentage of SiO2 is higher in MC600 than the 
corresponding oxides in the NC. Besides the presence 

of Al2O3 and Fe2O3 in the both samples with a slightly 
change.

Previous studies [41–43] have motioned the importance 
of the oxides of SiO2, Al2O3 and Fe2O3 particles in improv-
ing the tendency of adsorption. These oxides have reactive 
groups that interact with the adsorbate and thus increase 
the adsorption capacity [41].

3.1.2.3  SBET  According to the result obtained from 
Brunauer–Emmett– Teller ssurface area (SBET) analysis, the 
specific surface area of natural and modified clays are 34 
and 136  m2  g−1, respectively. This data clarifies the effect 
of the chemical and thermal modification of the clay. The 
value of the SBET for the modified bagasse is notably higher 
than that of the natural clay which is related to the thermally 
and chemically treatment effect on the particle size of the 
clay. These results confirm the observed modifications indi-
cated in the SEM images.

Fig. 3   Morphological structure (SEM image) of (a, b) natural clay (NC) and (c, d) modified clay (MC600) at different magnifications

Table 1   EDX elemental analysis 
results of natural clay (NC) and 
modified clay (MC600)

Element Weight %

NC MC600

SiO2 64.37% 81.81%
Al2O3 12.63% 11.16%
Fe2O3 7.55% 3.26%
CaO 4.37% 0.90%
MgO 1.84% 0.59%
K2O 1.26% 1.04%
Na2O 1.50% 0.18%
SO3 0.09% 0.10%
LOI 6.39% 0.96%
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3.2 � Adsorption capacity

3.2.1 � Chromium adsorption related to contact time

Initially, the contact equilibrium time of adsorption pro-
cess should be examined to establish the adsorption 
matrix of chromium onto the clay surface. The adsorption 
time related to the chromium adsorption is graphically 
represented in Fig. 4. The results indicate that for both 
types of clay minerals (NC and MC600), the adsorption rate 
of chromium is increased with increasing the contact time.

The adsorption process took place during two stages, 
the initial stage where there was a rapid uptake followed 
by a steady stage uptake. The adsorption equilibrium was 
established in 90 min of contact time between the aque-
ous chromium solution and the clay mineral. Afterwards, 
no further change in the adsorption process. This could 
be attributed by the saturation of adsorption sites. How-
ever, rapid chromium adsorption in the initial stage is due 
to the high initial Cr(VI) concentration on the adsorbate 
and the corresponding available vacant sites on the clay 
mineral adsorbent materials [16, 44, 45]. The final adsorp-
tion capacities of Cr(VI) from aqueous solution using NC 
and MC600 are 7.0 and 10.0 mg/g, respectively. It is noted 
that the modified clay has high adsorption capacity this 
is due to the abundance of available adsorption sites and 
the increase in the surface area (as seen in Fig. 4) due to 
the acid activation process. These results are in accordance 
with that previously reported by Mahvi and Dalvand [11] in 
treating dye solution using nanoclay adsorbent materials. 
For practical applications, it is significant to state that the 
final effluent may be contain trace amounts of Cr(III) due 
to the reduction of Cr(VI) which may be need a further 
precipitation before the final disposal of the effluent.

3.2.2 � Effect of initial chromium concentration 
on adsorption capacity

The effect of initial Cr(VI) concentration on the adsorption 
technique is carried out for 90 min at 298 K using 0.1 g 
of clay and the results for both adsorbents are presented 
in Fig. 5. The Cr(VI) solutions has an initial concentrations 
ranged from 10 to 80 mg/L. It is noted from the results 
that for both adsorbents, NC and MC600, increasing the 
hexavalent chromium concentration results in a signifi-
cant improve in the adsorption capacity. This positive 
linear relationship between the adsorption capacity and 
chromium concentration signifies that the adsorption 
capacity could be further improved by continue increas-
ing the chromium concentration. The adsorption capacity 
increases from 1.1 to 4.0 mg/g with increasing the chro-
mium concentration from 10 to 80 mg/L, respectively. 
However, the removal efficiency decreases from 12 to 
5% with the increase in the Cr(VI) concentration from 10 
to 80 mg/L using NC and from 10 to 3.7% using MC600 
adsorbent.

These result could be explained by the fact that the 
number of adsorption sites on a specific amount of adsor-
bent are limited [16, 46]; therefore, with increasing the 
number of chromium molecules, the number of active 
sites on the adsorbent are not enough to adsorb all chro-
mium molecules uptake and, consequently, the removal 
efficiency decreases. However, with increasing the initial 
Cr(VI) concentration from 10 to 80 mg/L, the amount of 
chromium adsorbed onto the adsorbent clay minerals is 
increased. This could be due to an increase in the concen-
tration gradient between Cr(VI) molecules in the solution 
and Cr(VI) molecules on the adsorbent surface at higher 

Fig. 4   Effect of contact time on the adsorption capacity (Chromium 
concentration 30 mg/L; adsorbent dose 1.0 g/L and 298 K)
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initial Cr(VI) concentrations causes an increase in the driv-
ing force and adsorption capacity [11].

3.2.3 � Evaluating the adsorption parameters

In order to determine the best adsorption conditions for 
optimum sorption matrix for both natural and modified 
clay minerals, the different adsorption parameters are 
investigated.

3.2.3.1  Effect of  mixing rate  The effect of mixing rate is 
varied from 100 to 600 rpm on the chromium adsorption 
using a 30 mg/L of chromium initial concentration and the 
results are displayed in Fig.  6a at constant temperature 
298 K and 2.3 g of clay dose. As seen from Fig. 6a, increas-
ing the mixing rate from 100 to 500 rpm, the adsorption 
capacity varied from 0.45 to 2.2  mg/g, respectively for 
the clay adsorbent. This could be due to the increase in 
the adsorbate/adsorbent mixing rate that is enhancing 
the suspension and deagglomeration of particles. Thus, 
increasing the solid–liquid interface contact and hence 
improving the chromium molecules transfer onto the 
sorption sites. However, it is clear from the results that fur-
ther increase in the agitation speed more than 500 rpm, 
results in a decrease in the adsorption capacity. This 
decrease may be attributed to an increase in the desorp-
tion tendency of the chromium molecules. The high agita-
tion speed is causing more input energy and higher shear 
force which results in breaking down the bonds between 
the Cr(VI) and the clay adsorbent. Thus, the result may be 
an increase in the tendency of desorption of Cr(VI) [47]. 
Therefore, 500 rpm is a sufficient agitation speed to assure 
that binding sites of the adsorbent surface are available 
for chromium uptake.

3.2.3.2  Effect of  adsorbent dose  The effect of differ-
ent dosages of clay adsorbents on adsorption capac-
ity is presented in Fig. 6b. For both types of mineral clay 
adsorbents, increasing the adsorbent dose results in an 
improvement in the adsorption capacity. The maximum 
adsorption capacity for both adsorbents, natural clay 
(NC) and modified clay (MC600), that is corresponding 
to 0.5  g/L clay are 4.5 and 7.0  mg/g, respectively. How-
ever, with further increase in the clay concentration, the 
adsorption capacity decreases again to 2.0 and 2.6 mg/g 
for NC and MC600, respectively when increasing the clay 
dose to 3.3 g/L. This could be attributed by the utilization 
rate of the clay mineral adsorbent is reduced since the 
adsorbent dose is a reversible relation between the unit 
adsorption capacities. Furthermore, the high clay mineral 
dose affects the adsorbent aggregation, which decreases 
the available adsorption active sites as the overall surface 
area is reduced. This aggregation phenomenon decreases 

the total available surface area that is utilized for the 
adsorption process and the result is a decrease in the 
adsorption capacity [18]. These results are in agreement 
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with that previously stated in the literature in dye removal 
using hen feather as an adsorbent material [48].

3.2.3.3  Effect of pH  pH is considered one of the decisive 
factors affecting the adsorption process. pH is controlling 
the surface charge of the clay adsorbent materials, the 
adsorption availability of the chromium and the ioniza-
tion degree of the molecules in the aqueous media [49, 
50]. The initial chromium solution pH on the adsorption 
capacity is evaluated at various pH ranged from 2.0 to 8.0 
is shown in Fig. 6c.

As noted in the Fig. 6c, by increasing pH from 2.0 to 5.0 
an increase in the adsorption capacity is achieved for both 
types of adsorption that is reached to 4.5 and 7.0 mg/g 
for NC and MC600, respectively. However, further increase 
in the pH value, a decrease in the adsorption capacity is 
observed. This could be illustrated by, at low pH value 
(2.0), the surface of the clay adsorbent materials is posi-
tively charged. Si–O (silanol) and Si–O–Al active groups 
on the clay surface are surrounded by hydronium ions 
and protonated due to the presence of excess H+ in the 
solution. Thereby, blocking the metal ions from binding 
sites on the clay adsorbent and this is not favour for the 
positively charged chromium metal adsorption. However, 
by increasing the solution pH, the deprotonation mecha-
nism of the active groups is occurred and this attributed 
to a decrease in the number of positively charged sites on 
the clay adsorbent. Hence, Cr(VI) adsorption from aqueous 
solution is preferred due to the increasing of the electro-
static attractive interactions between the clay surface and 
the chromium ions in the solution [1, 44]. However, further 
increase in the solution pH that results in a reduction in 
the chromium uptake. This could be due to the loss of the 
active sites of the adsorbent material [30, 32]. Additionally, 
at the high solution pH, the chemical interaction occurs 
between the chromium ions and the OH2 ions existing 
in aqueous media that causing hydrolysis on metal ions 
that may cause a precipitation of chromium in the form of 
hydroxide speciation. Thus the overall adsorption capacity 
is decreased at the high pH value [51, 52].

Comparison of the sorption capacities of the mineral 
clay material with various adsorbents from the literature 
for adsorbing chromium metal is tabulated in Table 2. Cer-
tainly, the adsorption capacities of mineral clay adsorbents 
(NC and MC600) in comparable to the different adsorbents 
listed in the table demonstrate a reasonable adsorption 
capacity of the chromium uptake. Nevertheless, it is 
observed that there are other adsorbents with promising 
adsorption capacities. However, it should be mention the 
other considerations such as the adsorbents are consid-
ered as chemical composite from different materials with 
chemical compounds. Furthermore, the type of chromium 
metal and the solution concentration may also affect the 
adsorption uptake.

3.3 � Adsorption isotherm models

In order provide detailed information for getting a com-
parison of the two adsorbent materials for a large scale 
applications, investigation of the equilibrium data and 
the maximum adsorption capacity of the adsorbent are 
very useful. Adsorption isotherms were generated for 
chromium adsorption onto the two types of mineral clay 
materials and applied for different isotherm models. Series 
of adsorption isotherm models: Langmuir, Frendlich, Tem-
kin and Dubinin–Radushkevich are investigated for hexa-
valent chromium adsorption matrix and the data is shown 
in Fig. 7 and tabulated in Table 3.

It is noted from the data in Table 3, the value of the lin-
ear correlation coefficient, R2, is at a range from 0.96 to 
0.97 for Freundlich isotherm. Thus, the adsorption matrix 
is a heterogeneous surface condition. Further, the val-
ues of 1/n are found to be less than 1 indicating that the 
adsorption of chromium is favourable uptake [30]. Also, 
this low 1/n value signifies a chemisorption. Further, the KF 
values are low which suggests that there was low uptake 
of the chromium ions onto the clay surface process [44]. 
This finding is similar to another study [1] on the sorption 
of chromium using other adsorbent materials. However, 
Huang et al. [53] found the chromium removal is following 

Table 2   Comparison of 
adsorption capacities of 
various adsorbents with the 
current study for Chromium 
metal removal

Adsorbent Chromium metal Adsorption 
capacity, 
mg/g

Isotherm time T, K References

NC Cr(VI) 7.0 90 min 298 Current study
MC600 Cr(VI) 10.0 90 min 298 Current study
Aluminium oxide Cr(III) 3.36 60 min 298 [12]
Groundnut shell Cr(VI) 3.6 120 min 338.5 [42]
Kaolin-supported biomass Cr(III) 14.53 48 h 313 [47]
Ammonium chloride chi-

tosan–bentonite
Cr(VI) 22.17 30 min 298 [15]

Carboxymethyl cellulose Cr(VI) 6.53 10 h 298 [54]
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the Langmuir isotherm model using ammonium chloride 
chitosan–bentonite as an adsorbent material. Additionally, 
Bayuo et al. [44] reported that the chromium adsorption 
onto groundnut shell material is well fitted with Temkin 
isotherm compared to the other isotherm models tested.

3.4 � Kinetics of adsorption

Kinetic study is considered significant features that rep-
resent the adsorption techniques. In order to assess the 
adsorption efficiency of adsorbent materials introduced 
in this study with the contact time, two kinetic adsorption 
models of the Lagergren’s pseudo-first-order and pseudo-
second-order equations are applied. The linear plot of the 
two models according to Eqs. (6) and (7) are explored (as 
seen in Fig. 8) and the comparative data (Table 4) of the 
two models are analyzed. The results computed in Table 4 

indicate that the data is well fitted to the pseudo-second-
order kinetic model according to the values of correla-
tion coefficients (R2 0.99). Similar phenomenon has been 
observed previously in the adsorption of reactive dye 
using bagasse adsorbent [54].

3.5 � Adsorbent reusability

After treatment, the modified clay at 600 °C (MC600) 
adsorbent was washed out for reuse in order to inves-
tigate its cyclic performance and treatment efficiency. 
In this regard, 0.5 M HCl was used for clay regeneration 
then the clay is submitted for successive use after regen-
eration. The outcome of this work is illustrated in Fig. 9. 
The regenerated MC600 revealed a slight decrease after 
five cycles from 66 to 59% as seen in Fig. 9. Hence, the 
clay material showed a good reusability potential since 
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its successfully eluted chromium ions from aqueous 
media. After successive cycles of adsorption–desorption 
test the results suggested that the clay material is out-
standing recycling adsorption material. Thus, this mak-
ing chromium removal from aqueous effluent with natu-
ral clay is a more sustainable and economical alternative. 
This slight decrease in the removal efficiency could be 
illustrated by the occupation of active sites by chromium 
metal that covered the active centers and therefore pre-
venting them from adsorbing more molecules. Likewise 
Pan et al. [55] investigated the same trend in organics 
adsorption from wastewater.

4 � Conclusion

The present investigation is reported on the applica-
tion of a naturally abundant clay mineral materials as 
an adsorbents for removing hexavalent chromium Cr(VI) 
ions from the wastewater matrix. The experimental 
results revealed that the equilibrium isotherm time is 
reached at 90 min and increasing the adsorbent dose, pH 
and the agitation speed till certain limits increases the 
adsorption capacity. The adsorbent dose of 0.5 g-clay/L 
of solution and the solution pH of 5.0 are corresponding 
to the maximum chromium removal. This study is also 
dealt with comparing the sorption capacity of the natu-
ral and modified clay mineral, which showed adsorption 
capacity of 10.0 and 7.0, respectively. Furthermore, the 
equilibrium sorption data was fitted well with the Frend-
lich isotherm model. Also, kinetic studies was investi-
gated and revealed that the chromium removal onto 

Table 3   Equilibrium parameters of isotherm models for Cr(VI) 
adsorption onto clay

Isotherm Parameters NC MC600

Langmuir aL, L/mg 0.03 0.02
KL 0.12 0.15
Qo, mg/g 4.56 6.32
R2 0.89 0.96

Freundlich KF 1.92 0.32
1/n 0.57 0.60
R2 0.96 0.97

Temkin B, J/mol 1.02 1.38
A, L/g 0.25 0.23
R2 0.92 0.96

D–R qm, mol/g 2.38 2.04
KD–R × 10−5, mol2/J2 2.00 1.00
E × 10−6, kJ/mol 3.47 3.12
R2 0.69 0.75

Fig. 8   Kinetic modelling plot of chromium adsorption a first order kinetics and b second order kinetics

Table 4   Kinetic models parameters for chromium adsorption by 
clay mineral adsorbents

Model parameters NC MC600

Lagergren’s Pseudo-first-order
 qe (mg g−1) × 10−2 88.33 117.92
 K1 (min−1) × 10−2 5.58 6.45
 R2 0.89 0.90

Pseudo-second-order
 qe (mg g−1) 7.14 10.16
 K2 (g mg−1 min−1) × 10−2 0.61 0.52
 R2 0.99 0.99
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adsorbent is following the pseudo-second-order kinetic 
model. This investigation introduces an economical, eas-
ily available adsorbent for the removal of chromium ions 
from the aqueous media.
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