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Abstract

In this study, adsorption behavior of anthill-eggshell composite (AEC) for the removal of hexavalent chromium (Cr®*) from
aqueous solution was investigated. The raw AEC sample was thermally treated at 864 °C for 4 h and characterized using
Brunauer-Emmett-Teller (BET), scanning electron microscopy (SEM), Fourier transform infrared (FTIR) spectroscopy, X-ray
diffraction (XRD), and X-ray fluorescence (XRF) techniques. The effects of adsorption process variables including initial cr*
concentration, contact time, and adsorbent dosage on the Cr®" removal efficiency were investigated using central composite
design (CCD) of response surface methodology (RSM). Equilibrium adsorption isotherm and kinetic were also studied. From the
analysis of variance (ANOVA), the three variables proved to be significant and the optimum conditions for Cr®* adsorption were
obtained to be 150 mg/L initial Cr®* concentration, 45.04-min contact time, and 0.5 g adsorbent dosage, which resulted in
86.21% of Cr®* adsorbed. Equilibrium isotherm study showed that Freundlich model fitted well to the experimental data. The
pseudo-second-order kinetic model appeared to better describe the experimental data. The study showed that mixed anthill-

eggshell is a promising adsorbent for removing Cr®* from aqueous solution.

Keywords Adsorbent - Adsorption isotherm - Calcination - Equilibrium - Optimization

Introduction

The presence of pollutants such as organic and inorganic con-
taminants in water body is a result of population explosion and
industrialization. However, domestic or industrial effluent
needs to be treated before being released into water resources,
because the presence of these contaminants at significant con-
centration is detrimental to both human and aquatic life. In
particular, inorganic contaminant such as heavy metal renders
serious havoc to humans as they are classified as one of the
cancer-causing agents (Ridha et al. 2017). Heavy metals can
easily penetrate into body tissues, thus leading to vital organs
damage. For instance, chromium causes lung cancer,
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gastrointestinal hemorrhage, acute renal failure, and pulmo-
nary fibrosis (Ekanem 2017). Due to the risk associated with
toxic heavy metals such as chromium, various tiers of govern-
ment have mandated regulatory bodies to impose harsh and
more stringent environmental laws on wastewater release.
According to Nigeria Ministry of Environment, the maximum
permitted level of chromium in water/wastewater is 0.01 mg/
L. Meanwhile, the permissible concentration of chromium in
wastewater, recommended by World Health Organization
(WHO), is 0.05 mg/l (Wang and Lin 2008).

Several researchers have suggested various methods for re-
moving dissolved toxic heavy metals from wastewater (Lim
and Lee 2015; Ganesan et al. 2013; Vasudevan et al. 2011,
2013). Among the suggested techniques, adsorption of liquid/
gas phase onto porous solid called adsorbent has been widely
recommended. This is because, some of the adsorbents required
for the separation of heavy metals from aqueous solution or
natural wastewater can be cheaply synthesized from agricultur-
al waste (Yusuff et al. 2017), industrial waste (Mohapatra et al.
2009), naturally occurring material (Mohamed et al. 2016),
biomass (Ridha et al. 2017), and so on.

In recent time, research interest in low-cost, high adsorp-
tion capacity, non-toxic, thermally stable, and large surface
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area adsorbents, in particular, highly porous synthetic mate-
rials such as composite adsorbents derived from waste mate-
rials are still ongoing. Numerous researchers have synthesized
composite adsorbents from different sources and applied them
to remove heavy metals from aqueous environment (Yuan
et al. 2009; Dousova et al. 2009). Khazaei et al. (2016) studied
the adsorption capacity of partially reduced graphene oxide-
Fe;04 in removing lead ion from aqueous solution. Dousova
et al. (2009) investigated the adsorption of Cr®* from aqueous
solution onto clay-iron oxide magnetic composites. A
composite-derived nanoporous Ti-pillared montmorillonite
adsorbent was synthesized by Na et al. (2010) for separating
arsenic from synthetic solution. In this present study, however,
a composite adsorbent was derived from anthill and chicken
eggshell due to their ready availability. Eggshell is one of the
household wastes (Yusuff et al. 2017). According to literature,
typical dry eggshell contains more than 90% calcium carbon-
ate (Sharma et al. 2010). It is thus possible to synthesize CaO-
based adsorbent from eggshell due to high CaCOj3 content and
intrinsic pore structure. Many studies on the use of eggshells
as adsorbents to remove heavy metals and organic contami-
nants from aqueous environment have been reported (Eletta
etal. 2016; Yusuffet al. 2017). However, the work conducted
by Eletta et al. (2016) revealed that synthesized adsorbent
from eggshell possesses one major adsorption site (CaO),
which might not be sufficient enough to remove completely
the adsorbate. The number of molecular adsorption sites could
be enhanced by anchoring eggshell with another porous ma-
terial such as anthill.

An anthill is a form of clay which is formed by workers ant.
It is huge, surrounded by vegetation and can persist for several
years. According to Akinwekomi et al. (2012), anthill sample
is made up of silica (SiO,), alumina (Al,O3), iron oxide
(Fe30,4), and many other metal oxides. Numerous researchers
have used SiO,, Al,O3, and Fe;0,4 as adsorbent ingredients/
supports for heavy metal removal from aqueous solution. Fisli
et al. (2017) employed Fe;0,4/SiO,/TiO, composite as adsor-
bent to remove contaminant from wastewater. Iron oxide
(Fe304) supported on activated alumina (Al,O3) was used as
adsorbent by Huang et al. (2000) for removing heavy metals
from aqueous solution. Lim and Lee (2015) investigated the
adsorption of Cu®*, Zn®*, and Pb>* ions on soil containing
oxides of silicon, aluminum, and iron. In the present work, a
new composite material which was derived from anthill and
chicken eggshell was used as a low-cost adsorbent for the
removal of hexavalent chromium from aqueous solution and
was characterized to gain insights into its physical, chemical,
and morphological features. The effects of different variables,
initial concentration, contact time, and adsorbent dosage,
which affect the adsorption process, were investigated using
central composite design (CCD) of response surface method-
ology (RSM). Moreover, the equilibrium adsorption isotherm
and kinetic were studied in details.
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Materials and methods
Materials

The waste chicken eggshells used in this study were collected
from Afe Babalola University (ABUAD) farm, Ado-Ekiti,
Nigeria, while anthill situated behind Fidelity Bank,
ABUAD, Ado-Ekiti, Nigeria, was harvested. All the chemical
compounds used in this study were of analytical grade (BDH,
China) bought from Topyay Enterprise, Akure, Nigeria, and
used as received without subjecting them to further purifica-
tion. A stock solution (1000 mg/L) of Cr®" was prepared by
dissolving 2.83 g of potassium heptaoxodichromate (VI)
[K5Cr,04] in 1 L of distilled water. From the 1 g/L of crtt
solution, 34.2, 50, 100, 150, and 165.8 mg/l were made by
dilution method and subsequently used for batch adsorption
experiment.

Preparation of anthill-eggshell composite adsorbent

The collected eggshell was soaked and thoroughly washed in
tap water to remove dirt and white membrane. The neatly
washed eggshells were then dried in an oven at 125 °C for
24 h in order to remove moisture content. The dried eggshells
were later pulverized using mechanical grinder and obtained
fine powder passed through sieve mesh of 0.3 mm to get very
fine powder. The fine eggshell powder was kept in an
enclosed plastic container. However, the harvested anthill
was crushed by mortar and pestle and then sieved through
0.3 mm sieve mesh. The fine anthill powder obtained was kept
in a plastic container.

The anthill-eggshell composite (AEC) was synthesized
using optimum preparation conditions obtained from my pre-
vious study (Yusuft 2017). The anthill powder with a mixing
ratio of 1: 1.86 on mass basis to the eggshell powder was
dissolved in 125 mL of distilled water and stirred on a hot
plate for 2 h to homogenize. The resulting mixture was there-
after dried in an oven overnight at 120 °C. Finally, the mixed
anthill-eggshell was calcined in a muffle furnace at 864 °C for
4 h. The thermally treated AEC was poured in a beaker, cov-
ered and kept in a desiccator to prevent interference of atmo-
spheric moisture and carbon dioxide (CO,).

Characterization of AEC adsorbent

The physical and chemical properties of the as-synthesized
AEC adsorbent were evaluated using Brunauer, Emmett, and
Teller (BET) technique, scanning electron microscopy
(SEM), Fourier transform infrared radiation (FTIR) spectros-
copy, X-ray diffraction (XRD), and X-ray florescence
(XRF). The textural characteristics of the AEC sample were
determined by BET method using a Quantachrome instru-
ment (Nova station A, version 11.03, USA) based on the
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principle of adsorption/desorption of nitrogen at 77 K and
60/60 s (ads/des) equilibrium time. SEM (JEOL-JSM
7600F) examined the surface morphology of the prepared
AEC adsorbent, while the surface functional groups on
AEC adsorbent were determined by FTIR spectrophotometer
(IR Affinity 1S, Shimadzu, Japan). XRD was used to con-
firm the structural characteristics and unique fingerprints of
the AEC sample, which was conducted on a model Rigaku
D/Max-IIIC XRD (PW 1800) analyzer. A Cu ko radiation
(1.556 A) was employed to generate diffraction patterns at
ambient temperature in the scanning angle 26 of 5-90°. XRF
analysis was carried out using a skyray simultaneous ED-
XRF analyzer model EOX3600B to determine the chemical
compositions of the prepared AEC adsorbent.

Experimental design

Response surface methodology (RSM) is a combination of
mathematical and statistical optimization tools that are often
used to correlate the relationship between output and input
variables (Tan et al. 2008). It involves the use of design expert
software that can be employed to estimate the interaction be-
tween controlled experimental variables and measured re-
sponse (Muthu and Viruthagiri 2015). In addition, it assists
in designing the best experimental procedures in order to eval-
uate or assess the interrelationship among the experimental
variables. In this study, central composite design (CCD), one
of the several methods of optimization embedded in RSM,
was employed to study the influence of variables on Cr®*
adsorption. CCD is a suitable technique usually employed in
designing the experimental procedures in order to acquire
necessary information for examining lack of fit without nec-
essarily considering numerous design points (Montgomery
2005). In addition, it is a powerful tool for evaluating the
output parameter(s) of most of the steady-state processes
(Obeng et al. 2005). There are three portions in CCD imple-
mentation, namely, a composite or partial 2X factorial design
whose factor levels are coded as — 1, 1 called factorial portion,
an axial portion consisting of 2 k points (Khuri and
Mukhopadhyay 2010) and center point (n,).

In the present work, adsorption of Cr®* on as-synthesized
AEC adsorbent was conducted under batch operation and pro-
cess variables which include initial Cr®* concentration, C,
contact time, ¢, and adsorbent dosage, d, were varied using
the CCD. Table 1 presents five level-three factor CCD for

the Cr®" removal from aqueous solution by AEC via batch
mode adsorption.

The main objective is to determine optimum values of pro-
cess parameters that would provide maximum Cr®* removal
efficiency. However, the response was determined via adsorp-
tion process and also used to develop a mathematical model,
which correlate the removal efficiency, R (%) to those three
independent variables considered through first order, second
order and interaction terms, according to the Eq. 1.

R=ag+a;C+ art +azd + a;nCt + a;3Cd + antd
+a11C2+a22t2+a33d2 (1)

where R is the response variable of Cr®* removal efficiency.
The a;, are regression coefficients for linear effects; a;; the
regression coefficients for quadratic effects and C, t and d
represent coded experimental level of the variables.

Batch adsorption experiment

Batch adsorption study was conducted by bringing into con-
tact the prepared AEC adsorbent with solution of Cr®* in a set
of each 250-mL conical flasks. The flasks were covered and
shaken in a temperature controlled water bath shaker
(SearchTech Instrument) operating at a constant stirring speed
of 150 rpm. The process was carried out by considering the
following adsorption conditions: initial Cr®" concentration
(50-150 mg/L), contact time (30—120 min), and adsorbent
dosage (0.5-2.5 g) at pH of 4.5 and constant room temperature
of 27+ 1 °C. Upon equilibrium attainment, each sample was
centrifuged at high speed for 10 min and decanted. The con-
centration of un-adsorbed Cr®" was then determined by
Atomic Absorption Spectrophotometer (AAS, Buck
Scientific 210VGP, USA). The Cr®* removal efficiency, R
(%), and equilibrium amount of Cr’* adsorbed, q., mg/g, were
calculated by Egs. (2) and (3) as follows.

(Co—C.) x 100%

R, % = C.

(2)

(Co—C,)V
— 170 e’ 3

9e 7 (3)
where C, and C, (mg/L) are the initial and equilibrium con-
centration of Cr®" in aqueous phase. V (L) is the volume of the
Cr®" solution, and M (g) is the mass of AEC adsorbent used.

Table 1 Studied range of each
variable in actual and coded form

Variable Unit Low level (—1) Center point (0) High level (+ 1)
Initial Cr*" concentration (C) mg/L 50 100 150

Contact time (¢) min 30 75 120

Adsorbent dosage (d) 0.5 1.5 2.5
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Equilibrium adsorption isotherm

Two parameters isotherm models, namely, Langmuir and
Freundlich, were used to evaluate the experimental data. The
Langmuir and Freundlich isotherm models are given in Egs.
(4) and (5) respectively as follows:

qmaxbcé’
= 4
9 (14+bC,) “)
qe = kFC@/n (5)

where ¢.(mg/g) is the amount of metal ions adsorbed at equi-
librium, C,(mg/L) is the equilibrium concentration of metal in
solution, g,.x(mg/g) is the maximum adsorption capacity, b is
the Langmuir equilibrium constant, &z (mg/g(L/mg)"™) indi-
cates the adsorption capacity of the adsorbent, and » is an
adsorption intensity.

A dimensionless constant referred to as separation factor
(Ryp) is applied to ascertain the nature of adsorption by using
the Langmuir equilibrium constant (b) and the highest initial
concentration of Cr®* (C,,, mg/L) as given in Eq. (6).

1

R =——-—1
ET 1+ 6Cy)

(6)
Separation factor (Ry) can either indicate irreversible ad-

sorption (R = 0), favorable adsorption (0 <Ry < 1), linear ad-

sorption (Ry = 1) or unfavorable adsorption (R > 1).

Adsorption kinetics

In this study, two different kinetic models, namely pseudo-
second-order and pseudo-second-order models were applied
to evaluate the experimental data obtained in order to establish
the kinetics of hexavalent chromium adsorption onto anthill-
eggshell composite.

Pseudo-first-order model

The pseudo-first-order kinetic model is often used to describe
the adsorption of adsorbate from a solution onto porous solid
material. The pseudo-first-order Lagregren model is generally
expressed as follows (Ganesan et al. 2013):

dq,/dt = ki(q.~9q,) (7)

where ¢, (mg/g) is the amount of Cr®* adsorbed at equilibri-
um, ¢, is the amount of Cr’®" adsorbed at time t (mg/g), and k;
is the pseudo-first-order rate (min'). The integration of Eq.
(7) with the boundary conditions ¢,=0 at =0 and ¢.>0 at
t>0 yielded Eq. (8).

kit
2.303

log(gq,—q,) = logq,~ (8)
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Pseudo-second-order model

The pseudo-second-order kinetic model according to Ho and
McKay (1998) is expressed as:

dq,/dt = k(q,~q,)° )

where g, (mg/g) is the amount of Cr** adsorbed at equilibrium,
g, is the amount of Cr®* adsorbed at time t (mg/g), and k, is the
pseudo-second-order (g mg ' min"). The integration of Eq. (9)
with the boundary conditions ¢, =0 at =0 and g.>0 at >0
and after much algebraic manipulation is obtained to be:
t 1 t
= 4 (10)
a  kaq; g,
In order to further examine the applicability of the pseudo-
second-order kinetic model, the initial sorption rate h (mg/
g min) as time (t) approaches zero was determined as follows:

h = kg’ (11)

Results and discussions
Characterization of AEC adsorbent
BET analysis

The results of textural feature analysis are presented in Table 2,
it was observed that the thermally treated AEC possessed high
surface area when compared to the surface areas of thermally
activated chicken eggshell and clay, which were reported to be
54.6 and 34.61 m*/g by Tan et al. (2015) and Olutoye and
Hameed (2013) respectively. In addition, the average pore di-
ameter of AEC was also found to be large especially when
compared with microfibrous chitosan-sepiolite nanocomposite
(Darder et al. 2006) and montmorillonite-supported magnetite
nanocomposite (Yuan et al. 2009). This result indicates that
there are numerous molecular adsorption sites on AEC surface
and they can enhance adsorption due to larger pore diameter
thus better possibility for Cr®* to be adsorbed.

SEM analysis

The SEM image of AEC adsorbent before and after Cr®* ad-
sorption was presented in Fig. 1. It was evidently clear that

Table 2 Textural

characteristic of as- Parameter Value

synthesized AEC

adsorbent BET surface area (m?/g) 91.08
Total pore volume (cm/g) 0.2007
Average pore diameter (A) 36.75
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Fig. 1 SEM images of AEC
adsorbent a before adsorption and
b after adsorption

WD Mag

there were various pores on the surface of fresh AEC sample
as can be seen in Fig. la, indicative of better possibility for
Cr®" to be attached to its surface. The pores observed on the
thermally activated AEC was a result of complete removal of
adsorbed gases and organic matter, thus transforming the com-
ponents into mixed metal oxides (Olutoye and Hameed 2013).
This is substantiated by the results of XRD and XRF analyses
and is the main reason why AEC exhibited better performance
in removing Cr®* from aqueous solution. Meanwhile, virtual-
ly, all the pores were blocked due to Cr®" adsorption onto
AEC adsorbent as shown in Fig. 1b.

FTIR analysis

The FTIR spectra of raw, calcined, and used AEC adsorbents
are presented in Fig. 2. The sharp absorption peak at
3640 cm ! in both calcined and used AEC and broad bands
3400 cm ' for the three samples are attributed to O-H
stretching vibration mode from Si-Si-OH or Al-Al-OH, indic-
ative of moisture on the adsorbent surface (Fisli et al. 2007).
The absorption bands 2870 and 2513 ¢cm ™" for raw, calcined,
and used AEC samples are assignable to the C-H symmetric
stretching and C—H bonds in the methylene groups respective-
ly. A similar peak 2360 cm ™' observed in both raw and used
AEC samples corresponded to C=N stretching. The absorp-
tion peaks at 1797 cm™' for the three samples can be attributed

2360
yb p .
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Fig.2 FTIR spectra of (a) raw, (b) calcined, and (c) used AEC adsorbents
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to C=0 stretching of aldehydes. The observed peaks at 1420,
875, and 712 cm ! in all the samples are attributed to C-O
asymmetric stretching, out of plane bend, and in-plane bend
vibration modes respectively, while the presence of peaks at
1055 cm™ " in both raw and calcined samples are attributed to
Al-Al-OH clay vibration. The band at 1078 cm ™' for used
AEC samples is attributed to Si-O-Si stretching. As well the
observed band at 536 cm ™' in raw AEC was due to the AI-OH
stretching vibration (Olutoye and Hameed 2013). The pres-
ence of these functional groups contributes to the better per-
formance of AEC adsorbent.

XRD analysis

The result of XRD analysis conducted on AEC adsorbent is
shown in Fig. 3; it can be observed clearly that the thermally
treated adsorbent comprised of calcium oxide (CaO), silica
(Si0,), Al (silicate) [mixture of Al,O5 and SiO,], illite and
kaolinite (Al,05.2S510,.2H,0) phases. However, CaO, SiO,,
and Al (silicate) were the major phases. This observation im-
plies that there was complete decomposition of CaCOj
contained in the eggshell into CaO and CO, as there is no
trace of CaCOjs in the XRD pattern. More so, upon calcina-
tion, the anthill transformed into phases of mixed metal oxides
as can be seen in Fig. 3. It is observed that the major peaks
occurred at 26 equal to 6.18°, 15.64°, 44.35°, 54.13°, 65.22°,
and 80.55° were attributed to CaO, while peaks at 26 equal to
20.17°, 22.22°, 40.34°, 55.22°, and 75.20° corresponded to
SiO, phase. Al(silicate) occurred at 260 equal to 10.57°,
25.35°,34.9°, and 69.49°. The minor kaolinite peak was ob-
served at 26 equal to 85.33°. The XRD result shown in Fig. 3
revealed that the silicon and aluminum exist in conjunction
with magnesium, iron, and potassium oxides in the form of
illite [(K, H30) (Al, Mg, Fe)2 (Sl, A1)4010] at 20 equal to
35.02° of the XRD spectra shown in Fig. 3. This is corrobo-
rated by the FTIR and XRF analyses. A similar observation
was reported by Olutoye and Hameed (2013). However, hav-
ing discovered that AEC adsorbent contained SiO,, Al,O3,
and other metal oxides, there is good possibility for maximum
Cr®" uptake from aqueous solution to be removed. This is
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because there is electrostatic interaction of the adsorbate with
surface silica and alumina sites (Mohapatra et al. 2009).

XRF analysis

The mineral composition of raw and calcined AEC adsorbents
is presented in Table 3. It could be deduced from the XRF
analysis that there was increased in CaO content after calcina-
tion of raw AEC. This observation is attributed to liberation of
CO, and other adsorbed gases at higher calcination tempera-
ture. A similar observation was reported by Tan et al. (2015).
Meanwhile, there was decreased in SiO,, Al,Os, Fe,O5, and
others, while Na,O and K,O were not detected after calcina-
tion of raw adsorbent. The drop in weight compositions of
these metal oxides is attributed to removal of some bound
hydroxyl groups and liberation of adsorbed gases from the
thermally treated AEC which created cavities on the adsorbent
surface for improved adsorption of Cr®* from aqueous solu-
tion. This fact can be corroborated by the SEM, FTIR and
XRD results and is attributed to why high loss of ignition
(LOI) was recorded after calcination, as depicted in Table 3.
In this present study, it was noticed that calcination at
864 °C for 4 h was able to transform raw AEC into a syner-
getic mixed oxide structure. Thus, the reported literature and
the result obtained herein imply that not only CaO plays a role
in the adsorbent performance, but also the other oxides
contained in the treated sample can determine the form of
molecular adsorption sites and their level of capacity.

Regression model development

The result presented in Table 4 is the batch mode adsorption
process variables in both coded and actual values together
with their corresponding measured responses (Cr*" removal
efficiencies). Based on CCD, a quadratic model given in Eq.
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(7) was developed to correlate the input variables to the re-
sponse.

R=171.0642.47C—5.24t
+1.99d —3.12Ct—7.05Cd — 3.80td

+0.71C? - 0.85* 4 0.21d* (7)

In the present study, linear correlation coefficient (R”) was
used as criteria to test for the fitness of the developed model.
The principle is that the closer the R value to unity the more
accurate the Cr®" adsorbed response could be predicted by the
model (Yusuff 2017). The R? value for the developed model is
0.9586 and this implied that 95.86% of total variation in the
adsorption of Cr** on AEC adsorbent is attributed to experi-
mental parameters considered in the present study. However,
the high R? value obtained is an indication that there was
mutual agreement between predicted and experimental values
of Cr®" uptake as can also be seen in Table 4.

Table 3 XRF results for the raw and calcined AEC adsorbents
Chemical composition (wt%) Raw Calcined
AlL,O4 495 1.26
SiO, 14.03 8.63
Na,O 0.01 -

SO; 0.98 0.62
K,0 0.04 -
CaO 78.52 84.92
Fe, 05 2.58 2.28
MgO 0.64 0.69
TiO, 0.67 0.42
LOI 5.68 8.01
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Table 4 Batch mode adsorption process parameters in coded and actual values with Cr®* removal efficiencies (responses) from experimental results

Run no. Levels Batch adsorption process variables Cr® removal efficiency, R (%)
Initial Cr®* Contact time, Adsorbent Predicted Experimental
concentration, ¢ (min) dosage, d (g) value value
C (mg/L)

1 -1 -1 -1 50 30 0.5 57.96 60.20

2 +1 -1 -1 150 30 0.5 83.22 82.17

3 -1 +1 -1 50 120 0.5 61.31 61.07

4 +1 +1 -1 150 120 0.5 74.10 75.02

5 -1 -1 +1 50 30 2.5 83.62 81.98

6 +1 -1 +1 150 30 2.5 80.70 80.22

7 -1 +1 +1 50 120 2.5 71.79 72.12

8 +1 +1 +1 150 120 2.5 56.39 53.43

9 - 0 0 342 75 1.5 69.04 68.25

10 +0 0 0 165.8 75 1.5 75.53 77.99

11 0 -0 0 100 15.78 1.5 76.49 76.93

12 0 +x 0 100 134.22 1.5 62.70 63.93

13 0 0 -0 100 75 0.18 68.82 67.14

14 0 0 +0 100 75 2.82 74.04 77.39

15 0 0 0 100 75 1.5 71.36 71.06

16 0 0 0 100 75 1.5 70.24 71.06

17 0 0 0 100 75 1.5 69.98 71.06

18 0 0 0 100 75 1.5 71.70 71.06

19 0 0 0 100 75 1.5 70.22 71.06

20 0 0 0 100 75 1.5 70.75 71.06

With the use of analysis of variance (ANOVA), the adequa-
cy of the developed model was further evaluated and the results
according to ANOVA are presented in Table 5. The model was
significant with the probability of error value (P value) less than
0.0001 to predict the values of removal efficiencies. In addition,
the model F value which was obtained to be 25.76 reaffirmed

Table 5 ANOVA table for the model and the model terms
Source F value Prob.>F
Model 25.76 <0.0001 significant
C-Initial Cr®* concentration 15.75 0.0026
t-Contact time 70.95 <0.0001
d-Adsorbent dosage 10.21 0.0096
Ct 17.56 0.0019
cd 89.63 <0.0001
td 26.01 0.0005
c 0.79 0.3957

I 1.12 0.3141
& 0.072 0.7938
R? value - 0.9586
Adj. R? - 0.9214
Pred. R - 0.6402

the model significance. When value of prob. > F is less 0.05, it
indicates that the model terms are significant. In this regards,
however, C, ¢, d, Ct, Cd, and td were significant model terms,
while all the quadratic model terms, Cz, t2, and d&° were all
insignificant to the predicted Cr®* removal efficiency.
Nevertheless, as can be seen in Table 5, it was evidently clear
that the developed model was appropriate to predict Cr®" re-
moval efficiency within the range of parameters studied.

The plot of predicted Cr®* uptake against the experimental
Cr®* uptake was depicted in Fig. 4. In the plot, it was observed
that the values of predicted removal efficiency were quite

90
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60

Experimental removal efficiency (%)

70 80 920

Fig. 4 Predicted vs. experimental Cr®* removal efficiency
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Fig. 5 Interactive effect of parameters on the removal efficiency of Cr*
adsorbent dosage vs. contact time

intimate to the actual values of removal efficiency, which indi-
cates smaller error between the two responses. This observation
was corroborated by the R* value of the model, as explained
carlier.

Effect of adsorption process variables

As revealed by analysis of variance (ANOVA), the three pro-
cess variables studied have significant effects on Cr®* uptake.
More so, the effect of various interactions between the process
variables proved to be significant. This research output re-
vealed the beauty of using design of experiment in examining
the interaction among variables that influence the adsorption
of Cr®* on AEC adsorbent. The significant influences of the
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Fig. 6 Two-parameter isotherm models for adsorption of Cr®* onto AEC
at contact time = 45.04 min and adsorbent dosage=0.5 g
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Table 6 Two-parameter

isotherm constants and Isotherm Value
correlation coefficients
for adsorption of Cr®* Langmuir
onto AEC adsorbent Grmax (/) 12.99
b (L/mg) 0.555
R 0.9209
Ry 0.012
Freundlich
kr (mg/g(L/mg)"™ 5.03
n (mg/g) 3.62
R 0.9673

initial Cr®* concentration, contact time, and adsorbent dosage
on the removal efficiency of Cr®" are attributed to their F
values (Table 5). In the present study, contact time is more
relevant to hexavalent chromium removal from aqueous solu-
tion compared to concentration and adsorbent dosage as con-
firmed by its F value in the ANOVA (Table 5).

The three-dimensional plots for the three parameters stud-
ied are presented in Fig. 5. The interactive effect of initial Cr®*
concentration, C, and contact time, ¢, is presented in Fig. 5a. It
was observed that for almost 82% Cr®* uptake, initial concen-
tration of 150 mg/L would be treated for 30 min. This implied
that for initial Cr®* concentration of 150 mg/L used there was
arapid removal of the adsorbate from aqueous solution during
30 min of the operation. The reason is due to availability of
more than enough surface adsorption sites of AEC for the
increasing initial concentration. The same trend of observation
was reported by Vasudevan and Lakshmi (2012).

The combined effect of initial Cr®* concentration and AEC
dosage which is shown in Fig. 5b referred to a removal effi-
ciency of around 80% for 50 mg/L initial Cr®* concentration
which was treated with 2.5 g AEC. This observation is attrib-
uted to large dose of AEC used which contains several active
adsorptive sites for the increasing initial Cr°* concentration. A
similar observation was reported by Malkoc (2006). Depicted
in Fig. 5c is the interactive effect of contact time and AEC

dosage which gave a maximum Cr®" removal efficiency of
81.55% at 2.5 g AEC dose for 30-min contact time.

The optimum Cr®* removal efficiency was determined con-
sidering adsorption process condition as 150 mg/L initial adsor-
bate concentration, 45.04 min contact time and 0.5 g AEC dos-
age, which resulted in 86.21% Cr®" uptake from aqueous solu-
tion. However, the predicted removal efficiency of Cr®* accord-
ing to CCD was suggested to be 82.17%. It was therefore noted
that there was good agreement between experimental and pre-
dicted Cr®* removal efficiency, with relatively error of 4.69%.

Equilibrium isotherm studies

In testing the applicability of Langmuir and Freundlich iso-
therms, the Cr®* initial concentration employed was from 34.2
to 165.8 mg/L. For both isotherms, the experimental data are
plotted as ¢, against C, by non-linear Egs. (4) and (5). From
Fig. 6 which depicts a comparison of the experimental data
with the Langmuir and Freundlich isotherms, the values of the
parameters contained in the two isotherm models were deter-
mined and presented in Table 6. However, the applicability of
the two isotherms considered was compared using linear cor-
relation coefficient (Rz). The values of R? for both isotherms
were also presented in Table 6. Based on the values of R,
Freundlich isotherm provides the best fit to the adsorption
equilibrium data of Cr®*. This indicates that the adsorption
of Cr®* by AEC adsorbent is evidently with multilayer and
heterogeneous adsorption sites. A similar observation was re-
ported for adsorption of Cr®* from aqueous solution by natural
clinoptilolite zeolite (Jorfi et al. 2017). As can be seen in
Table 6 as well, the value of separation factor (Ry) obtained
for Cr®* was less than one, indicative of favorable adsorption
operation, and Langmuir constant (b) which is attributed to the
affinity between adsorbate and adsorbent was found to be
0.555. The value of Freundlich exponent n (3.62) was found
to be lied between 0 and 10. Thus, this indicates that the
adsorption of Cr®* ions onto AEC was favorable (Vasudevan
and Lakshmi 2012; Ganesan et al. 2013).

Table 7 Comparison of

maximum adsorption capacities Adsorbent Maximum adsorption Reference

of different adsorbents for Cr®* capacity (mg/g)

removal from aqueous system
Distillery sludge 57 Selvaraj et al. (2003)
Montmorillonite-supported magnetite nanoparticle 153 Yuan et al. (2009)
Peanut shell 8.31 Al-Othman et al. (2012)
Natural clinoptilonite zeolite 10.42 Jorfi et al. (2017)
Australian zeolite 5-11.2 Nguyen et al. (2015)
Mango kernel 7.8 Rai et al. (2016)
Maple sawdust 5.1 Yu et al. (2003)
Teak sawdust 0.89 Sumathi et al. (2005)
Anthill-eggshell composite (AEC) 12.99 Current study
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Fig. 7 Pseudo-first-order kinetics for adsorption of Cr** on AEC

In addition, comparing the maximum adsorption capacity (g-
max) Of different adsorbents for Cr®" removal from aqueous so-
lutions as shown in Table 7, AEC is found to possess a maximum
adsorption capacity of 12.99 mg/g at room temperature and this
implies that AEC could be regarded as an effective adsorbent for
the removal of Cr®* from wastewater/aqueous solution, especial-
ly when compared with peanut shell (8.3 1 mg/g, Al-Othman et al.
2012) and natural clinoptilolite zeolite (10.42 mg/g, Jorfi et al.
2017).

Adsorption kinetics

The change in amount of Cr®* adsorbed with time was kinetically
analyzed using pseudo-first-order and pseudo-second-order
models. The parameters contained in pseudo-first-order model
(g and k) and linear correlation coefficients for all initial crtt
concentrations considered in this study were determined from the
plot of log(g. — q,) against t as shown in Fig. 7 and the values
obtained are presented in Table 8. The results revealed that the
calculated values of ¢, did not conform with the experimental
values of g, at all initial Cr®* concentrations studied with R
values generally less than 0.990. This indicates that the adsorp-
tion of Cr*" on AEC could not be described by the pseudo-first-
order kinetic. Similar observations were also reported by
Vasudevan and Lakshimi (2012) and Kamaraj et al. (2015).
Therefore, the experimental data were further examined using
pseudo-second-order kinetic model.

Table 8 Kinetic models and parameters of adsorption of Cr®* onto AEC
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8o

i 342 mg/g

vén 8

£ . 50 mg/g

£ 100 mg/g

S 4 ) * 150 mg/g
2 165.8 mg/g

t (min)

Fig. 8 Pseudo-second-order kinetics for adsorption of Cr** on AEC

The pseudo-second-order kinetic model parameters (g,
and k») and linear correlation coefficients (R*) for all the initial
Cr®* concentrations were determined from the plot of /g,
against t (Fig. 8) and their values are presented in Table 8 as
well. The plots were observed to be linear with R* values for
all the initial concentrations very close to unity. This observa-
tion implies that the possibility of the chemisorption playing a
significant role in the rate-determining step cannot be
neglected (Lim and Lee 2015). As can be seen in Table 8§,
the calculated values of ¢, agreed reasonably well with the
experimental ¢, values at all initial Cr®" concentrations con-
sidered. This indicates that the experimental data fitted very
well the pseudo-second-order kinetic model and can be
employed to favorably describe the adsorption of Cr®* onto
AEC.

Table 8 shows the results obtained from the pseudo-first-
order and pseudo-second-order kinetic models. It was found
that the correlation coefficients for the pseudo-second-order
model were relatively greater than those obtained for the
pseudo-first-order model for the five different initial Cr®" con-
centrations considered. The obtained results showed that the
adsorption of Cr®* onto AEC could best be described and
predicted by the pseudo-second-order kinetic model. The
maximum initial sorption rate (h) of 1.181 mg/g min was
obtained at the initial Cr®" concentration of 100 mg/g as can
be seen in Table 8§ as well. This observation is probably attrib-
uted to the increase in the driving force for mass transfer,

C, (mg/L) Pseudo-first-order Pseudo-second-order
o oxp (MZ/Q) Qe ca (gg) ki (min ) R e cal (mg/g) Ky (Ymgmin) R h (mg/g min)
34.2 3.396 1.895 0.131 0.9892 3.401 0.086 0.9999 0.995
50 4.885 2.259 0.110 0.9817 5.131 0.038 0.9954 1.000
100 9.079 3.015 0.087 0.9664 9.921 0.012 0.9951 1.181
150 12.93 3.485 0.081 0.9609 14.86 0.005 0.9947 1.104
165.8 12.85 3.541 0.074 0.9509 16.29 0.004 0.9978 1.061
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which allows rapid movement of Cr®" ions to the surface of
the adsorbent (Hameed et al. 2009).

Conclusion

This finding revealed the potential of anthill-eggshell compos-
ite as an effective adsorbent for the removal of Cr®* from
aqueous solution. The characterization results showed that
AEC possessed CaO, SiO,, Al,Os, and Fe,O5 as its major
adsorption sites. The optimal condition obtained for the
Cr®*/AEC system was initial adsorbate concentration of
150 mg/L, contact time of 45.04 min, and AEC dosage of
0.5 g. The optimized condition was validated with the true
Cr®* removal efficiency of 86.21%. Experimental data ac-
quired agreed excellently well with Freundlich isotherm mod-
el. The value of the Freundlich exponent (r) was greater than
one, implied the adsorption of Cr®* on AEC was a favorable
operation. This batch mode adsorption operation which fo-
cused on removal of Cr®* from synthetic solution resulted in
meaningful outcome, and it is our wish to determine the exact
adsorption capacity of AEC as an adsorbent by using it for the
removal of heavy metals from industrial effluents and the
results obtained in the present study indicated that AEC is a
potential composite adsorbent capable of removing dissolved
toxic heavy metals from natural wastewater.
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