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KEYWORDS Abstract The pollution of aquatic bodies by heavy metals effluent from many industrial activities
Chromium (VI); is a significant environmental challenge affecting the ecosystem. Batch process was conducted to
Tron (ITT); remove Cr (VI), and Fe (III) with hydrochloric acid modified clay (HMC) and acetic acid modified
Kaolinite; clay (AMC). The adsorbents morphology, chemical properties were measured by scanning electron
Isotherm; microscope (SEM), X-ray fluorescence spectrometry (XRF), cation exchange capacity (CEC), X-
Adsorption; ray diffraction (XRD) and Brunauer-Emmett-Teller (BET). The effects of time, adsorbent dose,
Thermodynamics temperature and pH of effluent on adsorption were studied. The acid activation increased the

BET surface area from 84.223 m?/g raw clay (RC) to 389.37 m?/g (HMC) and 319.955 m?%/g
(AMC), total pore volume increased to 0.2168 and 0.2285 cm?/g, respectively. The CEC increased
from 8.4 cmol/g to 22.30 cmol/g (HMC) and 20.73 cmol/g (AMC). The results of XRF, SEM and
XRD studies show disintegration and a porous structure of the treated clay, and also changes in the
intensity of the bands. The HMC had a maximum removal of Cr (VI), and Fe (III) of 79% and 90%
at pH 7.0 and AMC recorded 60% and 57% at pH 6.0, respectively. The adsorption process equi-
librium was attained at 50 and 90 min for HMC and AMC, respectively. Langmuir isotherms had
the best fit. HMC and AMC adsorption capacity are, Cr (VI):18.15 mg/g and Fe (I11):39.80 mg/g;
Cr (VI): 10.42 mg/g and Fe (I1I):19.34 mg/g. The interaction of Cr (VI) and Fe (III) ions onto
HMC/AMC was spontaneously endothermic. It agreed with the second-order equation. The max-
imum desorption efficiency recorded on HMC is 92.45 and 85.67% for Cr (VI) and Fe (III) and for
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AMC is 76.58 and 65.32% for Cr (VI) and Fe (III). The process is economically important because
it provides an avenue for safe disposal or reuse of adsorbent. This attempt has shown the potential
of modified clay as a suitable eco-friendly sorbent for removing heavy metals.

© 2021 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The pollution of aquatic bodies by heavy metal discharged
from various industrial activities is a global environmental
challenge. Most industries in third world nations make little
or no provision to treat their effluent before discharging it.
Their presence in the water bodies in above acceptable limit
is a serious hazard on human and ecosystem since they are
non-biodegradable and can persist in different environmental
conditions. Therefore, it is essential to protect the environment
and the public from these pollutants by removing them from
the aquatic ecosystem. The heavy metals in focus are chro-
mium (VI) and Fe (III) ions. Chromium finds application in
chrome plating, pigment, textile, wood preservation, and as
antifouling agent in cooling towers (Li et al., 2016; Shen
et al., 2012). The versatility of chromium has increased its con-
centration, especially in water bodies. Chromium (VI) ion
presence in water above permissible level is poisonous and
can cause diseases like cancer, kidney and liver failure (Rai
et al., 2016, Ciopec et al., 2012). Therefore, it necessary to treat
any wastewater containing chromium (VI) to the permissible
level. According to the world health organization (WHO),
the limit for drinkable water is 0.05 mg/L, and wastewater
from industries is 0.5 mg/L (WHO, 2017). The primary source
of ferric metallic ions is the ore mining activities, which com-
prises various minerals and heavy metals. The mining waste
at oxidized state is corrosive and leads to acid mine drainage.
It contains arsenic, copper, lead, cadmium, iron, sulfates. Fer-
ric ions are highly present in acid mine drainage waters in a
concentration of several 100 mg/L (Zheng et al., 2011). There-
fore, it is essential to treat any ferric ion contaminated water to
a level below the permissible limit of 0.3 mg/L (WHO, 2017).
The overdose of iron in human body may cause anorexia, olig-
uria and diphasic shock, haemochromatosis, diabetes mellitus,
liver cancer and cirrhosis (Li et al., 2016, Bhattacharyya and
Gupta, 2006a). The adsorption of Fe (III) and Cr (VI) in
wastewaters is a significant challenge. The adsorption tech-
nique is the easiest method used in the decontamination of
heavy metals in discharged effluents. Some of its economic
and technological advantages are, it is cheap and easy to oper-
ate, accessible and available, profitable and efficient, and effec-
tive than other techniques (Rao et al., 2014, Gupta et al.,
2013).

According to Uddin (2017), different traditional and non-
traditional adsorbents have been employed to remove heavy
metals. They include adsorption of copper, lead, chromium
and nickel (Dim et al., 2020, Ridha et al., 2017, Rai et al.,
2016), and iron (Khalil et al., 2013, Zheng et al., 2011,
Yeddou and Bensmaili, 2007, Bhattacharyya and Gupta,
2006b, Wan et al., 2005). Several studies have shown that nat-
ural and modified adsorbent has been used to remove heavy
metal pollutants. Their use for adsorption is due to their large
pore volume and surface-area (Rabie et al., 2019). Agricultural

wastes and clay minerals are used to remove heavy metals and
inorganic pollutants (Bakalar et al., 2020). Recently some
researchers like, Bazrafshan et al. (2017) investigated the use
of Cydonia oblonga seed to remove Cr (VI) ions from aqueous
solution. Balarak et al. (2016b), reported the treatment of
Azolla filiculoides with tetraoxosuphate (VI) acid (H,SOy) for
the removal of cadmium from aqueous solution. The result
showed that Azolla Filiculoides could be an efficient adsorbent
to remove Cd (II) from contaminated water. Additionally,
Balarak et al. (2016a) also showed that barley husk a low-
cost agricultural waste could be used to remove Cd (II) from
aqueous solutions. In a similar study, Azarpira and Mahdavi
(2016), investigated the use of Canola biomass for the adsorp-
tion of Cd (II) from aqueous solution in a batch system. Also,
removing noxious nickel (II) was reported using a novel y-
alumina nanoparticle and multiwalled carbon nanotubes
(Agarwal et al., 2016).

Clay minerals are natural and effective adsorbents, and acid
treatment will enhance their adsorption capacity (Dim et al.,
2020, Sejie et al., 2016). As a useful adsorbent material, clay
has played a crucial role in decontamination of heavy metals
in aqueous media. Clay a natural resource, has a great ten-
dency to serve as an alternative adsorbent for decontamination
of aquatic bodies. Its advantages include high cation exchange
capacity, renewability, low-cost, excellent affinity, non-toxic,
and it can be regenerated (Sarma et al., 2016). This material
is available in large quantity and also has a high surface area.
Previous studies reported that acid modification of local clay
samples enhanced its adsorption for heavy metals (Dim
et al., 2020, Sarma et al., 2016). Therefore, it becomes neces-
sary to improve the adsorption capacity and expand local clay
application beyond fine art and local pottery work. Thus, this
study will characterize clay treated with hydrochloric and
acetic acid to improve its utilization and commercial value of
the local clay. The sourcing of natural material from local
sources is advantageous because it will support the local econ-
omy and help lower environmental impact.

The different types of acids used for clay treatment include
inorganic and organic acids such as hydrochloric, sulphuric,
nitric, acetic, citric, oxalic and lactic acid. The treatment of clay
with hydrochloric or sulphuric generates new surface acid sites
quickly. However, hydrochloric acid is more effective in activat-
ing the local clay than sulphuric acid (Mokaya and Jones, 1995,
Mahmoud and Saleh, 1999) and acetic acid preserve clay struc-
ture. It is effective in the generation of surface acid sites
(Mahmoud and Saleh, 1999). Their choice depends on the type
and nature of clay, acid concentration and activation time
(Valenzuela-Diaz and Souza-Santos, 2001). They have advan-
tages, including lower acid costs/unit mass of clay treated, lower
production costs and environmentally friendly. In this study, the
clay was treated with hydrochloric and acetic acid, to date no
report on the use of the local clay for the adsorption of chromium
and iron in real practical industrial textile wastewater.
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The objectives of study are to examine the adsorption char-
acteristic of clay treated with acids for Fe (III) and Cr (VI)
removal in batch system. To explore the effect of treatment
on the structure of clay; and investigate the effect of contact
time, dosage, pH and temperature, and the isotherms, Kinetics,
and thermodynamics on the practical application of HMC and
AMC in the removal of heavy metals from real industrial
wastewater.

2. Materials and methods

2.1. Materials

The clay was obtained from Umunze, Anambra State, Nigeria,
is mainly used by the locals for pottery and artwork. Analyti-
cal grade reagents include phosphoric acid, sodium hydroxide,
hydrochloric acid, acetic acid and potassium iodide were pur-
chased from merck chemical company. Textile industry in the
community supplied the effluent used. The standard solutions
of Cr and Fe were used as purchased from Sigma-aldrich Ger-
many (99.99%) (1000 mg/L Cr in 2% nitric acid, prepared
with high purity (NH4),Cr,O;, HNOjsand water and,
1000 mg/L Fe in 2% nitric acid, prepared with high purity
Fe metal, HNOj; and water).

2.2. Preparation of clay adsorbent

The raw clay (RC) treated with hydrochloric acid is (HMC),
and acetic acid is (AMC). The clay minerals after crushing
with a wooden mortar and a pestle. It was washed thoroughly
with distilled water to remove any particles attached to its sur-
face. The ground clay minerals were dried in an oven at 110 °C
for 4 h. After pretreatment, 50 g of dried clay with 100 ml of
4 M hydrochloric and 2.5 M acetic acid solution, were stirred
continuously for 30 min and left for 24 h. The suspension of
clay was filtered, washed thoroughly and then dried at 85 °C
overnight. After that, it was sieved to particle sizes of approx-
imately 125 um and kept safe in a desiccator.

2.3. Characterization of modified clay

The Micromeritics ASAP 2020 measured the surface area and
pore volume of the adsorbents. SEM-EDX (JEOLJSM 7600F)
determined the morphology and elemental composition. X-
Ray Fluorescence (XRF) and X-ray diffraction (XRD) analy-
sis was done with a Model-PW2400 and MD 10 Randicon
diffractometer, respectively. The cation exchange capacity
(CEC) of clay was measured by mixing 5 ml of copper
bisethylenediamine complex solution with 0.5 g clay in a
100 ml flask. After that diluted with distilled water to 25 ml.
The mixture was agitated for 30 min in a thermostatic water
bath shaker and centrifuged. The residual concentration was
determined by mixing 5 ml of the complex with 5 ml of
0.1 M HCI to destroy the complex, followed by addition of
0.5 g KI per ml and then titrating it with 0.02 M Na,S,03 in
the presence of starch as indicator. The CEC was calculated
from values obtained (Bergaya and Vayer, 1997).

2.4. Adsorption study

The adsorption was conducted with batch method. 0.1 g of
adsorbent was mixed in 250 ml conical flasks containing
50 ml of real wastewater and adjusted with 1.0 M NaOH or
1.0 M H3PO,. The content was agitated using water-bath sha-
ker equipped with the controller of shaking and temperature
(Jisico, model J-NSIL-R) at 190 rpm at room temperature
for 120 min. After which is filtered, and the total iron and
chromium concentration was determined by Atomic Absorp-
tion Spectroscopy (AAS) (Buck Scientific, model 210VGP)
(Dokmaji et al., 2020). It is worthy to note that this method
measures total Cr or Fe in solution, regardless of the oxidation
state of the metal.

The content of Cr (VI) and Fe (III) were analysed by UV—
vis spectrophotometer (Model UV-1601 Shimadzu) (Ahmed
and Roy, 2009, Khamis et al., 2020). These parameters, as
studied at the following experimental conditions. Contact time
used are 10, 20, 30, 40, 50, 60, 90, and 120 min, adsorbent dose
used are 0.1, 0.2, 0.3, 0.4 and 0.5 g, pH values was tested from
2 to 12 and temperatures were 25, 30, 35, 40 and 45 °C. Eq. (1)
was applied to calculate the amount of heavy metals adsorbed,
qe (mg g™ ):

q. = (CO :Vce)v (1)

where Cy (mg L) is the initial concentrations of metal ions,

Ce (mg L") is the equilibrium concentration, V (L) is the vol-

ume of the solution, and W (g) is the mass of dry adsorbent.

The removal efficiency (R) of metal ions represented by Eq.

(2):

(CO - Ce)
0

%R = % 100 )

where C. (mg L") is the concentration of metal ions
equilibrium.

2.5. Desorption study

The batch desorption studies tested the recoverability and
reusability of HMC and AMC adsorbent. 30 ml of 0.1 N

Table 1 Chemical characterisation of RC, HMC and AMC.

Composition Weight (%) Weight (%) Weight (%)
RC HMC AMC

SiO, 67.82 70.27 68.21

Al O3 12.88 12.32 12.55

Fe,04 6.68 5.17 6.42

Cr,05 0.02 0.01 0.02

TiO, 1.48 1.42 1.42

CaO 0.36 0.24 0.26

MgO 1.50 1.17 1.32

Na,O 0.15 0.16 0.00

MnO 0.14 0.02 0.10

V5,05 0.03 0.01 0.04

K,O 0.51 0.49 0.51

P,Os 0.12 0.12 0.13

LOI 7.92 7.79 8.31
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HCI solution was contacted with adsorbents saturated with
metal ions after the adsorption process. The mixture was sha-
ken at 180 rpm for 120 mins, after which each sample was
analysed for desorbed metal concentration (Fernandez-Pazos
et al., 2013). The percentage of desorption (Ds) of metal ions
was expressed as Eq. (3), M; = amount of metal ions desorbed
(mg), M, = amount of metal ions adsorbed (mg).

Dy(%) = <%) % 100 (3)

2

3. Results and discussion

3.1. XRF results

XREF results, as presented in Table 1. The finding reveals that
the major constituents in the clay are silica (SiO,), alumina
(Al,0O3) and iron oxide (Fe,O3) containing an approximate
percentage of 49.75, 9.20, and 6.94% respectively. The compo-
sition of copper, nickel, zinc, chromium, titanium, calcium,
and manganese oxides was low, which conform to clay’s chem-
ical analysis (Bakhtyar and Shareef, 2013). From Table 1, the
contents of the raw clay Al,O3 Fe,O; MgO, CaO were 12.88,
6.88, 1.50, and 0.36 wt%. As can be seen that Al,O3, Fe,Os,
MgO, CaO contents decreased; on the other hand, the content
of silica oxide (SiO,) content changed after treatment. The per-
centage of SiO, is 67.82% for the raw clay. However, it
increased to 70.27% and 68.21% with treatment by hydrochlo-
ric acid and acetic acid. The increase resulted from removing
impurities, replacing the exchangeable cations (K, Na™
and Ca®>") with hydrogen ions and leaching of A", Fe**
and Mg? " octahedral tetrahedral sites which exposes the edges
of the clay particles (Tsai et al., 2007). It can also suggest that
acid modification must have depleted the octahedral and inter-
layer and cations, affecting adsorbent efficiency (Nweke et al.,
2015). The increase is mainly due to the elimination of
exchangeable cations and generation of silica (Barrios et al.,
1995). The significant increase in the surface area resulted from
the treatment with mineral acids (Komadel and Madejova,
2006). The increase also caused the dissolution of the octahe-
dral cations. The Fe** and Mg?" were easy to dissolve by
the acids, while AI*" was difficult to dissolve. This behaviour
is as a result of their positions in the structure of the clay.
Mg2+ is found on the ribbons’ edges, while AT is at the octa-
hedral ribbon centre (Giiven, 1992). Besides, solubility plays a
significant role in the changes; Al,Oj is less soluble in the acid
medium than the MgO. The adsorbents’ high mineral content
and low carbonaceous matter confirmed the value of a loss on
ignition obtained, 7.92 for RC, 7.79 for HMC and 8.31% for
AMC (Yusuft et al., 2015).

Table 2 Result of BET Analysis.

3.2. BET analysis

The primary aim of acid activation of clay is to increase the
adsorption area and void capacity because they affect adsor-
bent behaviour significantly. As exhibited by clay materials,
the adsorption tendency corresponds to the available surface
area (Elmoubarki et al., 2015). Furthermore, studies have
shown that the relationship existing between a clay available
area and its adsorption ability is directly proportional
(Sarma et al., 2016, Elmoubarki et al., 2015).

As shown in Table 2, HMC and AMC have a surface area
of 389.37 and 319.955 m?/g, respectively. The effect of acid
activation caused more surface creation, which resulted in
about four-fold increment compared to RC (84.223 m?/g). A
similar effect in total pore volume (0.2168 and 0.2285 ml/g)
for the modified clay in the ratio of 4:1 with raw clay. The sur-
face area increased resulted from the removal of impurities,
generation of silica, replacement of the exchangeable cations
(K*, Na® and Ca®") with hydrogen ions. The leaching of
AP", Fe** and Mg®>" from the octahedral and tetrahedral
sites exposes the edges of clay particles (Edama et al., 2014,
Tsai et al., 2007).

The CEC of the raw clay (RC) is 8.41 cmol/g, and acid
treatment increased it to 22.29 cmol/g for HMC and 20.73
cmol/g for AMC, which is almost thrice the value of RC.
The treatment of the clay resulted in the replacement of differ-
ent cations with H™ ions. The ion exchange capacity of clay
minerals resulted in structural defects, broken bonds and struc-
tural hydroxyl transfers. Acid treatment increased the total
number of exchange sites marginally (Bhattacharyya and
Gupta, 2006a, Rodrigues, 2003).

3.3. SEM analysis

The SEM morphology of RC, HMC and AMC are shown in
Fig. 1. The micrograph of RC (Fig. l1a) shows the presence
of a mixture of large plates that appeared to have been formed
by several flaky particles stacked together in the form of
agglomerates. The HMC (Fig. 1b) and AMC (Fig. lc) clay
show a clear difference in structure with RC (Fig. 1la).
Fig. 1b and c showed the effect of acid treatment on the clay
samples. This acid opened the platelets and produced a more
porous structure which caused an increase in surface area
(Kumar et al. 2013). Their surfaces are irregular, rough, por-
ous, and heterogeneous, a suitable property of an adsorbent
(Mudzielwana et al., 2016). The significant changes in HMC
and AMC after activation compared to RC, can be observed
from their respective images. This observation is similar to
reports in the literature on the treatment of clay (Sarma
et al., 2016, Edama et al., 2014).

Samples Surface area Pore volume Pore size CEC
(m?/g) (cc/g) (nm)

RC 84.223 0.0527 2.115 8.41

HMC 389.370 0.2168 2.116 22.29

AMC 319.955 0.2285 2.126 20.73
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Fig. 1 SEM micrographs (a) RC (b) HMC and (c) AMC

adsorbent.

3.4. XRD analysis

Fig. 2 show the diffractograms of the adsorbents. It displays
spectra of the clay, (A) is montmorillonite, (B) is kaolinite
and (C) is quartz, these species are related to clay fractions
(Ayari et al., 2019, Sejie et al., 2016). The prominent peaks
at 20 = 25.2° and 28.65°, 30.2° and 53.45° are characteristic
bands for quartz SiO, which is silica consisting of intercon-
nected SiO, tetrahedra that build up a rigid three-
dimensional network. The peaks at 20 = 21.41° 36.13°,
41.45°, 45.70°, 60.21° and 68.32° are characteristic of a kaolin-

ite clay mineral (Sarma et al., 2016). The appearance of more
kaolinite indicates the increase in the pore size of the treated
clay. The transformation of the crystalline structure of clay
leads to a decrease in peak intensity (Eren and Afsin, 2009).

3.5. Adsorption study

3.5.1. Effect of contact time

Sorption process depends on interaction time between adsor-
bent and adsorbates. The adsorption process, as performed
in a time range of 10-120 min, and the results are shown in
Fig. 3. The metal uptake increases rapidly with time up to sat-
uration capacity at 50 min for HMC and gradually for 90 min
for AMC. After that, the metal ion uptake became slow and
significantly constant, suggesting the equilibrium time as 50
and 90 min for HMC and AMC. The maximum adsorption
achieved at equilibrium time of 50 min for HMC is Cr (VI)
(74.39%) and Fe (III) (89.93%), and 90 min for AMC are
Cr (61.23%) and Fe (79.74%). In the adsorption process, equi-
librium time is crucial for metal ion removal from solution. Its
implementation can improve cost efficiency in adsorption tech-
nology. Rapid increase at the onset of adsorption process
occurred because of the high solute concentration gradient
and vacant pore voids. As the contact time increased metal
uptake slows down because of the occupation of the available
adsorption sites. The heavy metal movement into the pore sur-
face will be slow due to few sites available; this will continue
until equilibrium is achieved (Azouaou et al., 2010).

3.5.2. Solution pH

The pH was tested at 190 rpm, adsorbent dosage of 0.1 g and
25 °C., as shown in Fig. 4. The pH varied from 2 to 12. The
percentage removal of the species increased as the pH
increased for both adsorbents. The removal by adsorbent
HMC and AMC shows a steady increase in both metal ions’
pH value. The changing of the pH from 2 to 12 caused an
increase in the removal of metals. HMC achieved the maxi-
mum removal of 79% Cr (VI) and 90% Fe (III) at pH 7.0
and AMC is 60% and 57% at pH 6.0, respectively. Maximum
metal removal peaked at pH of 7.0 and 6.0 for HMC and
AMC, suggesting the optimum pH values. At any pH, the
HMC has a higher removal percent compared to the AMC.
However, beyond the maximum removal, the AMC equilib-
rium behaviour in removing metal species was constant. How-
ever, for HMC, Cr (VI) ion removal was constant, and Fe (I1I)
showed a moment of stability, and a sudden rise in removal
was observed (Boonamnuayvitaya et al., 2004). This behaviour
could be the effect of competition from other contaminants, pre-
cipitation of complexes of chromium, Cr (OH); and iron, Fe
(OH); at pH beyond 6 and 7. The insoluble complexes of precip-
itated metal hydroxides may appear as apparently higher metal
ion removal (Srivastava et al., 2008, Hizal and Apak, 2006).
According to Azouaou et al. (2010), the binding of metal ions
is based on the theory of acid-base equilibria which is the disso-
ciation of weak acid bonds within a pH range of 2—7. The forma-
tion of complexes of chromium and iron beyond pH 6.0 and 7.0
must have hindered the diffusion of Cr (VI) and Fe (III) ions to
the clay surface resulting to concurrent adsorption and co-
deposition (Bhattacharyya and Gupta, 2008). The increase in
species adsorption in acidic medium was by electrostatic attrac-
tion between positively charged groups on the clay surface and
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Fig. 3  Effect of contact time on adsorption of Cr (VI) and Fe (III) onto (a) HMC and (b) AMC at agitation speed = 190 rpm,

Mass = 0.1 g, and temperature = 25 °C.
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Fig.4  Effect of pH on adsorption of Cr (VI) and Fe (III) onto (a) HMC and (b) AMC at agitation speed = 190 rpm, Mass = 0.1 g, and

temperature = 25 °C.

oxyanions of Cr (VI), i.e., HCrO; anion and Fe (OH)’*
(Padmavathy et al., 2016). At low pH, Fe (III) and Cr (VI) ions
face stiff competition from H;O™ ions for the adsorption sites
and consequently lead to low adsorption. The active sites on clay
surface have weakly acidic properties (Boonamnuayvitaya et al.,

2004; Padmavathy et al., 2016). These sites will gradually depro-
tonate at comparatively higher pH resulting in high metal ions
uptake (Rai et al., 2016, Rangabhashiyam and Selvaraju, 2015,
Taffarel and Rubio, 2009). The adsorption behaviour, as dis-
played by HMC and AMC, resulted from mechanisms such as
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Mass = 0.1 g, and temperature = 25 °C.

ion exchange, chemical complexation, and electrostatic forces
(Bhattacharyya and Gupta, 2008).

3.5.3. Effect of adsorbent dose

The effect of adsorbent dose test was chosen within 0.1-0.5 g,
as seen in Fig. 5. The removal of metal ions increased with
dosage for HMC and AMC adsorbent. The metal ion
adsorbed by HMC increased with the amount of adsorbent
until at 0.3 g, the maximum value was attained. However,
the removal became steady beyond this point, suggesting an
optimum dosage of 0.3 g for HMC, with maximum adsorption
of 45.69% for Cr (VI) and 42.86% for Fe (III). On the other
hand, for AMC, the removal percent also increased with the
amount of adsorbent. The maximum removal of 55.69% for
Cr (VI) and 52.91% for Fe (I11) at 0.3 g is the optimum dosage
after which removal percent decreased. From Fig. 5, percent-
age adsorption increased between 0.1 and 0.3 g; the dose
increased the availability of adsorption sites. However, beyond
0.3 g, Cr (VI) and Fe (IIT) were few in the reaction medium to
interact with the available surface area. Hence the adsorption
gradually becomes constant or decreased, and additional
adsorbent made no contribution (Simha et al., 2016).
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Effect of adsorbent dosage on adsorption of Cr (VI) and Fe (III) onto (a) HMC and (b) AMC at agitation speed = 190 rpm,

3.5.4. Effect of temperature

As seen from Fig. 6, temperatures chosen for the test are 25,
30, 35, 40 and 45 °C. The sorbent HMC showed an increase
in metal ions adsorption from 25 to 35 °C, (87.49-97.56%)
for Fe (III) and (82.37-92.35%) for Cr (VI). The increased
kinetic effect led to increased mobility of the adsorbates mole-
cule as temperature increased. The high adsorption recorded
indicates the process is endothermic. A further increase in tem-
perature beyond 35 °C had no or insignificant effect, suggest-
ing the optimum temperature of HMC as 35 °C.

Conversely, for AMC the removal of Fe (IIT) and Cr (VI)
increased gradually. They reached percentage removal of
(38.34-45.65%) for Fe (IIT) and (31.67-37.64%) for Cr (VI)
from 25 to 35 °C, and sudden increase in percentage adsorp-
tion was recorded of (45.43-58.37%) for Fe (III) and (37.64—
51.68%) for Cr (VI), from 35 to 40 °C. The penetration of
vacant active sites caused an increase in temperature; this sug-
gests an endothermic process (Yusuff et al., 2017). The maxi-
mum percent removed for Fe (III) and Cr (VI) are 58.97%
and 51.72% with AMC at the optimum temperature of
40 °C. Fig. 6a and 6b show 35 °C and 40 °C as the optimum
value for metal ion removal by HMC and AMC, respectively.

80
(b)
S 60 1
g
& 40 -
—4—Cr —8—Fe
20 ’ :
20 30 40 50

Temp (°C)

Fig. 6 Effect of temperature on adsorption of Cr (VI) and Fe (IIl) onto (a) HMC and (b) AMC at agitation speed = 190 rpm,

Mass = 0.1 g.
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Fig. 7 Pseudo-first order for adsorption of Cr (VI) and Fe (III) onto (a) HMC and (b) AMC.
Table 3 Kinetic parameters for adsorption of Cr (VI) and Fe (IIT) onto HMC and AMC.
Pseudo-first-order kinetics
Metal HMC AMC
ions
geeXp gecal k; (min~") R? SSE X geeXp gecal k; (min~") R? SSE x>
(mg/g) (mg/g) (mg/g) (mg/g)
Cr (VD) 0.1034 0.4367 0.0654 0.9481 0.1111 0.254 0.0713 0.2682 0.0320 0.9328 0.03876  0.1445
Fe (III)  0.2030 0.3504 0.0707 0.9568 0.0217  0.0619 0.0356 0.2641 0.0329 0.9363 0.05221  0.1976
Pseudo-second-order kinetics
geeXp gecal ks (g R? SSE X qeeXp gecal ks (g R? SSE x>
(mg/g)  (mg/g)  mg 'mn-) (mg/g)  (mg/g)  mg 'mn-)
Cr (VD) 0.0713 0.0729 1.679 0.999 2.56E-6 3.51E- 0.0322 0.0582 0.0172 0.999  0.000676 0.0116
5
Fe (III)  0.2030 0.1334 0.526 0.998  0.00484 0.0362 0.3577 0.1394 0.0833 0.999  0.0476 0.1333
1500
e b y=7.1701x+617.91
(a) (b) i
¥ =7.4948x +106.82 R?=0.999
~ 2= 0
2 400 K099 Cr Z 1000
o0
& mFe )
=200 - S 500 1 ¥ =2.6642x+10.782
- ¥y =2.9394x +97.188 R?=0.999 -
R2=0.998 M
0 . r 0 b T T T
0 20 40 60 0 20 40 60 80 100
Time (min) Time (min)

Fig. 8 Pseudo-second order for adsorption of Cr (VI) and Fe (III) onto (a) HMC and (b) AMC.

3.6. Kinetic study

The pseudo-first-order Eq. (4) and pseudo-second-order Eq.
(5) was used to understand the adsorption dynamics with time
for the ions system. As presented in Fig. 7 and Table 3, the R>
value of 0.9481 and 0.9568 (Cr (VI) and Fe (III)), and 0.9328
and 0.9363 (Cr (VI) and Fe (III)) as obtained for the pseudo-

first-order model. The correlation coefficients (R?) values for
the pseudo-first-order kinetic model were lower than second
order. The value indicates that the first-order model did not
accurately describe Cr (VI) and Fe (III) adsorption onto
HMC and AMC. While R? values of pseudo-second-order
for HMC and AMC adsorbents were 0.999 and 0.998 (Cr
(VD) and Fe (III)), and 0.999 and 0.999 (Cr (VI) and Fe
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(I11)) respectively (Fig. 8 and Table 3). The calculated correla-
tion coefficient (R?) was high and very close to one for the
pseudo-second-order kinetic model. The value illustrated good
linearity with R? above 0.99. It demonstrated that the adsorp-
tion capacity was proportional to the number of active sites
occupied on HMC and AMC. High regression coefficient
(R?) value conformed with the pseudo-second-order kinetic
model (Bhattacharyya and Gupta, 2006a; Bhattacharyya and
Gupta, 2006b; Al-Anber, 2015). Besides the higher regression
coefficient (R?) value, the lowest SSE and [1* values in the
two error functions support the R? values (Table 3). This con-
firmed pseudo-second-order equation had the best fit; and are
consistent with other reports in the literature (Akpomie and
Dawodu, 2015).

In (‘L) =Ing, — k1 4)
q,

t 1 t

r_ .t 5

g, kg q, )

where q, is the amount of metal ions adsorbed (mg g™ ') at a
given time t (min). q. is the amount adsorbed at equilibrium
(mg g ); k; (min~') and k, (g mg 'min~") are the constants
of first and second-order rate equation.

3.7. Adsorption isotherms study

The Langmuir model Eq. (6) and Freundlich model Eq. (7) in
their linear form were employed to analyze the isotherm data
to remove Cr (VI) and Fe (III) by HMC and AMC. The iso-
therms plots shown in Figs. 9-12 and the calculated parame-
ters are in Table 4. High regression coefficient (R?) values
showed that Langmuir isotherm had a better fit than Fre-
undlich. The adsorption occurred on a monolayer surface for
all identical sorption sites (Rao and Uddin, 2014). The highest
removal recorded for Cr (VI) and Fe (III) are 18.15 and
39.80 mg/g (HMC), and 10.42 and 19.34 mg/g (AMC), this
suggests HMC has adsorptive advantage than AMC. The Ry
values show that HMC has a greater affinity for the two metals
than AMC. The adsorption is favourable because all the Ry
obtained lies between zero and one (0 < Ry < 1) (Ayari
et al., 2019, Goher et al., 2015).

0.2

(a) d
0.18 .

& 016 - o Y=000963+0.0833

= R*=0.9804

3 0

¥ 014 , :
6 8Ce (mg/L) 10 1

Fig. 9

C. 1 1

q_e - I(Lqm a
where q. (mg g ') is the amount of metal ion adsorbed, qy,
represents complete monolayer adsorption of metal ions (mg
¢ 1, and K; (L mg™") is the Langmuir constant.

C. (6)

1
Inq, = InKf + HlnCC (7)
where K (mg.g~ ") (Lg ') and n are the Freundlich adsorption
constants.
The value of separation factor (Rp) indicates the effective-
ness of adsorbent, and this is defined as represented in Eq. (8),

1

R =——— 8
T+ KLG ®)
Ry will classify isotherm to be either, favourable
(0 < Rp < 1), unfavourable (R > 1), reversible (R = 0)
or linear (R = 1).

3.8. Error analysis

The fitting for best isotherm and kinetic model calculated by
analyzing the regression coefficient (R?). Nevertheless, the
models’ linearization has resulted in inherent bias to confirm
the good fit (R%) of models. We employed error functions,
chi-square test (x%) and sum square error (SSE) to confirm
the best-fit isotherm and kinetic models using Eqgs. (9) and
(10) (Batool et al., 2018). The experimental value is expressed
as qe, exp, the calculated value as ge, cal, and the number of
data points (n).

n

SSE : Z (qe.cal - qe,exp)l%

i=1

©)

n 2
XZ . (qe,exp qe‘cu]) (10)
i=1 qetcal

Beside higher R? (Table 4 and Figs. 9 and 10), the confirma-
tion of isotherms and kinetic models using error analysis was
investigated. The lowest SSE and y? value supported the R>
values (Table 4). The value further suggests that the Langmuir
model is very suitable (Akpomie and Dawodu, 2015).

) 18 ad08Cey, )
- : - 0.65
(b)
L 0.7
y=025051-0.3638 |
R=08710 ¢ . | s &
a0
3
L 03
0.6 o
085

(a) Langmuir and (b) Freundlich Isotherm for Cr (VI) adsorption onto HMC.
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Fig. 11 Langmuir (a) and Freundlich (b) Isotherm for Cr (VI) adsorption onto AMC.
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Fig. 12 Langmuir (a) and Freundlich (b) Isotherm for Fe (I1I) adsorption onto AMC.

A comparison of clay materials and their adsorption capac-
ity for Fe (III) and Cr (VI) ions, are presented in Table 5. In
Table 5, the Langmuir value for HMC and AMC compared
with prior studies in the literature. It showed that both
HMC and AMC displayed high adsorption capacity to signify
improvement and suitability to remove heavy metals from
wastewater.

3.9. Thermodynamic study

The thermodynamic parameters depend on the reaction
process, and they can help in the detailed study of adsorption

process mechanism. This experimental study considered differ-
ent temperature values. The enthalpy (AH®) in kJ mol™',
entropy (AS°) in kJ mol™' K™! and standard free energy
(AG®) in kJ mol~!, for sorption of metals onto adsorbents
was determined with Egs. (11)-(13). Eq. (13) was applied to
analyze In KC against 1/T plot, the slope obtained as enthalpy
(AH®) and intercept as the entropy (AS°) respectively.

The reaction’s thermal conditions examined at different
temperatures of 25, 30, 35, 40 and 45 °C. The value of enthalpy
change (AH®) is positive, which indicates an endothermic pro-
cess. The enthalpy of HMC is 26.3 and 36.1 kJ mol~!, and
AMC is 66.7 and 27.9 kJ mol™! respectively. This suggests that
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Table 4 Isotherm parameters for adsorption of Cr (VI) and Fe (III) onto HMC and AMC.
Isotherm Parameter HMC AMC
Cr (VI) Fe (IIT) Cr (VI) Fe (ITT)

Langmuir
Qm(mg/g) 18.15 39.80 10.42 19.34
K (L/mg) 0.056 0.028 0.961 0.788
Ry 0.984 0.979 0.788 0.979
R? 0.9804 0.9892 0.9914 0.9804
SSE 0.01137 0.00045 0.0179 0.0073
x2 0.03281 0.00132 0.1296 0.0190
Freundlich
Kr (mg/g)(L/g) 1.526 7.264 1.439 2.278
n 1.76 0.356 3.991 1.233
R? 0.8710 0.7585 0.8139 0.7844
SSE 0.0135 0.00345 0.0288 0.0097
X2 0.03782 0.0141 0.9936 0.0217
Table 5 Adsorption capacity of clay and other materials

P bacity Y AG® = —RTInK. (13)

towards Cr (VI) and Fe (III).

Adsorbent Metal Langmuir References

ion dm (mg/g)
HMC Fe (III)  39.80 This study
AMC Fe (III) 19.34 This study
Natural clay Fe (III) 5.7 El-Maghrabi and

Mikhail, 2014.

Brown algae Fe (III)  60.67 Benaisa et al., 2016
Metal oxide Fe (III) 22.03 Langeroodi et al.,
nanocomposite 2018
Acid activated Fe (III) 30 Bhattacharyya and
clays Gupta, 2006b.
Natural feldspar Fe (III) 25 Al-Anber, 2015.
Zeolite Fe (III) 10 Bakalar et al., 2020
Bentonite Fe (III) 14 Bakalar et al., 2020
HMC Cr (VI) 18.15 This study
AMC Cr (VD) 1042 This study
Purified carbon Cr (V) 35.60 Hamzat et al., 2019
naontube
Leucocephala seed Cr (VI) 26.94 Yusuff, 2019
pod AC
Date press cake Cr (V) 28.28 Norouzi et al., 2018
Mango kernel Cr (V) 7.8 Rai et al., 2016

Natural material ~ Cr (VI) 15.67 Ksakas et al., 2015

Kaolin Cr (VD) 11.60 Bhattacharyya and
Gupta, 2006a.

Bentonite Cr (VI) 48.83 Wanees et al., 2012.

Montmorillonite Cr (VD) 289 Gupta and

Bhattacharyya, 2012.

the interaction of metal ions with activated clay is endothermic
(Bhattacharyya and Gupta, 2006a). The entropy change (AS®)
is positive, as measured at 298 K for Cr (VI) and Fe (III),
HMC (0.058 and 0.159 kJ mol~' K~') and AMC (0.239 and
0.154 kJ mol™" K™"). This signifies a strong affinity of ions
for adsorbent and a high degree of randomness. The value of
Gibbs free energy (AG®) is negative, and it measures the spon-
taneity of a reaction process.

AG® = AH® — TAS® (11)

AS°®  AH°
ll’lKC = —S

R RT (12)

where the universal gas constant (R) in Jmol™' K™, Temper-
ature (T) in kelvin (K), and K is the adsorption equilibrium
constant.

Table 6 shows that as temperature increased from 298 to
318 K, the free energy increased (become more negative) for
both adsorbents. The increment indicates a favourable and
energetically spontaneous reaction (Rao and Uddin, 2014).
The analysis shows that the process was characterized by high
randomness and spontaneous endothermic (Gupta and
Bhattacharyya, 2012, Bhattacharyya and Gupta, 2012).

3.10. Desorption study

The reusability and stability of HMC and AMC are essential
in terms of large-scale application. Table 7 shows that the
amount of Cr (VI) and Fe (III) removed after first and sec-
ond cycle decreased slightly, but decreased significantly after
the second cycle for the adsorbents. The reduction in effi-
ciency is probably due to the adsorption process’s repeated
desorption process, which decreased its adsorption capacity
(Yussuf, 2019). The maximum desorption efficiency recorded
on HMC is 92.45 and 85.67% for Cr (VI) and Fe (III) and
for AMC is 76.58 and 65.32% for Cr (VI) and Fe (III).
The results show HMC and AMC’s recyclability potential
in removing Fe (III) and Cr (VI) ions from real wastewater.
The process is economical because it provides an avenue for
safe disposal or reuse of adsorbent (Fernandez-Pazos et al.,
2013).

4. Conclusions

In this study, the effect of hydrochloric acid and acetic acid on
the locally sourced clay has been investigated successfully. The
BET analysis indicates an increase in surface area and pore
volume after treatment. The surface area increased from
84.223 m?/g for (RC) to 389.37 m%*g (HMC) and
319.955 m?/g (AMC), total pore volume increased to 0.2168
and 0.2285 cm?’/g, respectively. The CEC value was 22.30
cmol/g (HMC) and 20.73 cmol/g (AMC). These results show
similarity with XRF and SEM studies which shows disintegra-
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Table 6 Thermodynamic parameters for adsorption of Cr (VI) and Fe (IIT) onto HMC and AMC.

Adsorbent Adsorbate Temp (K) AH® (kJ mol™!) AS° (KJ mol ' K1) AG® (kJ mol™)
HMC Cr (VI) 298 26.30292 0.057807 —0.9236
303 —1.21267
308 —1.5017
313 —1.7907
318 —2.0798
Fe (11I) 298 36.0811 0.159155 —11.3471
303 —12.1428
308 —12.9386
313 —13.7344
318 —14.5302
AMC Cr (VI) 298 66.664 0.239359 —4.6643
303 —5.8611
308 —7.05789
313 —8.25468
318 —9.45148
Fe (III) 298 27.8884 0.15356 —0.15356
303 —0.27436
308 —0.57408
313 —0.87379
318 —1.17351
Table 7 Desorption efficiency of Fe (III) and Cr (VI) ions after four cycles.
Desorption efficiency (%)
Adsorbents Adsorbates Cycle 1 Cycle 2 Cycle 3 Cycle 4
HMC Cr (VD) 92.45 85.46 64.24 48.54
Fe (III) 86.32 80.87 59.76 42.43
AMC Cr (VD) 76.58 65.46 44.23 40.45
Fe (III) 65.32 58.67 41.97 39.89
tion and a porous structure of the treated clay. XRD study of Acknowledgements

the treated clay also shows changes in the intensity of the
bands. Langmuir isotherm conformed best for both adsorbate
on HMC and AMC adsorbent. The high regression coefficient
(R?) value shows the pseudo-second-order model as the better
fit. Also, the lowest value of SSE and ¥ supported the claim.
The Langmuir adsorption capacity of Cr (VI) and Fe (III) for
HMC was 18.15 and 39.80 mg/g, for AMC was 10.42 and
19.34 mg/g. The maximum desorption efficiency recorded on
HMC is 92.45 and 85.67% for Cr (VI) and Fe (III) and for
AMC is 76.58 and 65.32% for Cr (VI) and Fe (III). The pro-
cess is important because it provides an avenue for safe dis-
posal or reuse of adsorbent. Acid modified clay has the
potential to treat heavy metal contaminated wastewater.
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