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Abstract

The activated carbon from Leucaena leucocephala seed shell was prepared by chemical activation, characterized and used as
adsorbent for the removal of hexavalent chromium [Cr(VI)] from aqueous solution via batch mode adsorption. The variables
affecting the adsorption process, initial adsorbate concentration, pH, adsorbent dosage and temperature were optimized using
central composite design (CCD) of the response surface methodology (RSM) at fixed contact time of 60 min. Equilibrium
adsorption isotherm and kinetic were also studied. The analysis of variance (ANOVA) revealed that all the variables studied
had significant effects on the removal efficiency of Cr(VI). The obtained data showed that 71.49 mg/L initial Cr(VI) con-
centration, 4.22 solution pH, 0.57 g adsorbent dosage and 26.2 °C temperature resulted in 95.62% adsorption. Equilibrium
adsorption isotherm and kinetic studies showed that Freundlich isotherm and pseudo-second-order kinetic model fitted well
to the experimental data. The activated carbon from Leucaena leucocephala seed shell was found to be efficient for Cr(VI)

adsorption.
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Introduction

Indiscriminate release of industrial wastewater containing
heavy metals into water bodies is of great concern. Larger
amount of effluent which contains dissolved heavy metals
and other inorganic contaminants is being released by many
industries, and it is a known fact that most of the dissolved
heavy metals are poisonous and non-biodegradable and
tend to easily find their way into food chain, thus affect-
ing negatively both plants and animals (Mohammed-Ridha
et al. 2017; Vasudevan and Lakshmi 2011). One of the heavy
metals often found in industrial wastewater is chromium.
However, some of the industries that discharge wastewa-
ter containing chromium include fertilizer, electroplating,
mining processing, metal processing, tanning, paints, bat-
tery and domestic plumbing materials (Sing et al. 2006;
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Argun et al. 2007; Kamaraj et al. 2015). Chromium exists
in two different elemental states, that is, hexavalent chro-
mium [CrCVI)] and trivalent chromium [Cr(III)]. Research
has proven that Cr(VI) is much more poisonous than Cr(III)
(Gorzin and Abadi 2017). Direct exposure to Cr(VI) can
lead to lungs cancer, epigastria pain, vomiting and chronic
diarrhea (Vasudevan and Lakshmi 2011). Due to the nega-
tive effects of chromium, World Health Organization (WHO)
has set a maximum permissible concentration for chromium
in drinking water to be 0.05 mg/L (Vasudevan and Lakshmi
2011). Thus, there is need to properly treat industrial effluent
prior to it discharge into environment.

The most commonly used techniques for removing chro-
mium from water/wastewater include chemical precipita-
tion, ion exchange, electrocoagulation, reverse osmosis,
membrane separation, electro-Fenton process, nanofiltra-
tion and adsorption (Matlock et al. 2001; Inglezakis et al.
2007; Nurbas Nourbakhsh et al. 2002; Rahmani et al. 2015;
Mnif et al. 2017; Gorzin and Abadi 2017). Among these
methods, adsorption is found to be effective, eco-friendly,
less expensive and simple. Thus, it is adopted as usual puri-
fication process in various industries (Lim and Lee 2015).
Adsorption is a unit operation that deals with separation
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of contaminants from liquid or gaseous mixture by using
porous solid material called adsorbent.

In recent time, rapid removal of Cr(VI) from water/waste-
water has been proven to be possible by activated carbon-
based adsorbents. Nowadays research is therefore focused
on derivation of adsorbents from carbon-based materials
such as coconut tree sawdust (Selvi et al. 2001), walnut shell
(Derdour et al. 2018), hazelnut shell (Kobya 2004), peanut
shell (Al-Othman et al. 2012), paper mill sludge (Gorzin
and Abadi 2017), Luffa sponge (Wang et al. 2016), corn cob
(Murugesan et al. 2013), Delonix regia pods (Renuga et al.
2010), bamboo waste (Dula et al. 2014) and melon husk
(Akpan et al. 2015). Another carbonaceous material which
can serve as a potential starting ingredient for an adsorbent
is Leucaena leucocephala seed shell.

Leucaena leucocephala is a small fast-growing legumi-
nous tree which belongs to a family of Fabaceae, and it is
commonly known as white lead tree (EI feel and Elmagboul
2016). The plant as shown in Fig. 1a consists of flowers, nar-
rowly oblong leaves, stem, seeds and pods (shells). Its flower
possesses head which is round and white with pit balls of
many hairy, pale yellow anthers. The plant has small, flat,
green leaves as well as green bean pods which turn brown
when dry as can be seen in Fig. 1b. Contained in the pods are
bead necklace-like row of seeds. The seeds are flat, oval, a
rich glossy brown color. In Nigeria, L. leucocephala is found
everywhere and regarded as a weed. Many of its seeds and
shells are waste in the environment and are rich source of
charcoal/activated carbon. However, if adequate attention
is given to the white lead tree plant, it can successfully be a
continuous source of activated carbon for wastewater puri-
fication. This is because it grows annually and is available
in abundance.

As reflected in the literature, few successful experi-
ments have been conducted on the use of adsorbents

derived from L. leucocephala seed shells to remove heavy
metals from aqueous environment; thus, adequate experi-
mental data have not been really provided. In the present
work, the prepared activated carbon from L. leucoceph-
ala seed shells was studied as a low-cost adsorbent for
removing Cr(VI) from aqueous solutions, and the LLAC
adsorbent was characterized by Brunauer—Emmett—Teller
(BET), X-ray diffraction (XRD), scanning electron micros-
copy (SEM) and Fourier transform infrared (FTIR) tech-
niques in order to gain insight into its physical, chemical
and surface morphological properties. Statistical optimiza-
tion of variables affecting the adsorption process was con-
ducted using central composite design (CCD) of response
surface methodology (RSM) in design expert. Moreover,
equilibrium adsorption isotherm and kinetics studies were
investigated.

Materials and method
Materials

The L. leucocephala seed shells were handpicked under its
tree situated behind Owolabi hall, Afe Babalola University,
Ado-EKkiti, Nigeria. All the chemical compounds used in this
study, including potassium heptaoxodichromate (K,Cr,0,),
sodium hydroxide (NaOH) and sulfuric acid (H,SO,) (BDH,
England), were of analytical grade procured from Topjay
Chemical Enterprise, Ado-Ekiti, Nigeria. A 1000 mg/L
stock solution of Cr(VI) was prepared by dissolving 2.83 g
of K,Cr,0; in 1000 mL of deionized water. Various solu-
tions of needed initial Cr(VI) concentrations were obtained
by diluting the stock solution with required amount of deion-
ized water.

Fig.1 a Leucaena leucocephala tree and b Leucaena leucocephala seed shells
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Preparation of adsorbent

The collected shells were opened up to remove the seeds
contained in them and thoroughly washed by distilled
water to remove dust and other impurities. It was thereafter
heated up at 105 °C for 24 h in an oven. The dried shells
were crushed into smaller pieces by mortar and pestle and
ground into powder with the aid of mechanical grinder. The
obtained powder was sieved to a particle size of 150 pum.
In order to activate the obtained powder, 30 g of the pow-
der was soaked in 50 mL of 1.5 M NaOH solution and left
overnight for proper impregnation. The impregnate was
heated up at 60 °C for 24 h in an oven. The raw sample was
thereafter carbonized at 550 °C for 2 h in a muffle furnace.
The obtained L. leucocephala seed shells based on activated
carbon sample will be referred as LLAC.

Characterization of adsorbent

The textural properties of the prepared LLAC which include
BET surface area and pore size distributions were deter-
mined using Quantachrome analyzer (Nova station A, ver-
sion 11.03, USA) based on the principle of adsorption/
desorption of nitrogen at 77 K and 60/60 s (ads/des) equi-
librium time. X-ray diffraction (XRD) was used to confirm
the structural characteristics and unique fingerprints of the
LLAC sample, which was conducted on a Rigaku D/Max-
IIIC XRD (PW 1800) analyzer. A Cu-ka radiation (1.54051
A) was employed to generate diffraction patterns at ambient
temperature in the scanning angle 26 of 5°-90°. In addition,
the LLAC crystallite size was determined using Scherrer’s
expression which is given in Eq. 1.
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where d is the crystallite size of the active phase (nm), 4 is
the X-ray wavelength, 6 is the angle of diffraction and f is
the full width at half maximum of the peak.

Scanning electron microscopy (SEM-JEOL-JSM 7600F)
was used to determine the surface morphology, crystalline
structure and orientation of the LLAC sample, while the
surface functional groups on LLAC sample before and after
adsorption of Cr(VI) were determined by Fourier transform

infrared (FTIR) spectrophotometer (IR Affinity 1S, Shi-
madzu, Japan).

Experimental design and statistical analysis

In the current study, central composite design (CCD), which
is an optimization tool contained in RSM, was used for
examining the influence of some variables on adsorption
process. In order to determine the optimum conditions, four
process independent variables were chosen: initial Cr(VI)
concentration, C mg/L, solution pH, p, adsorbent dosage, d g
and temperature, T °C, and their effects on the removal effi-
ciency of Cr(VI) were evaluated. A total of 30 experimental
runs were conducted in this work, 2*= 16 cube points, 6 rep-
lications at the center point and 8 axial points. The obtained
experimental data were analyzed using Design expert 7.0.0
software. The experimental ranges and the level of the cho-
sen input variables for Cr(VI) removal efficiency (R) are
presented in Table 1.

The main objective of this work is to determine the opti-
mum conditions for adsorption of Cr(VI) from aqueous envi-
ronment onto LLAC. However, the removal efficiency (R)
which is the response was determined via batch adsorption
experiment and also used to develop a mathematical model.
The model correlates the dependent variables (R) to the four
independent variables considered through second-order pol-
ynomial response equation according to Eq. 2.

R=b+bC+b,p+byd+bT+be,Cp
+byCd + berCT + byypd + brpT + byrdT
+ b C? + by, p* + bygd” + by T

@

where R is the response variable of Cr(VI) removal effi-
ciency. The b is the constant term; b;s are the regression
coefficients for linear terms; b;, are the regression coeffi-
cients for quadratic terms; and C, p, d and T represent coded
experimental level of the variables.

Batch adsorption studies

The adsorption activities of the LLAC were conducted in
a set of each 250-mL conical flasks containing 50 mL of
the required concentration of an adjusted pH of Cr(VI)
solution. The flasks were covered and agitated in a

Table 1 Levels of the
adsorption process parameters

considered

Description Variable Unit Level
-2 -1 0 +1 +2
Initial Cr(VI) concentration C mg/L 8.58 50 150 250 29.42
Solution pH P - 2.76 4 7 10 11.24
Adsorbent dosage d g 0.03 0.2 0.6 1.0 1.17
Temperature T °C 20.86 25 35 45 49.14
s et ) Springer
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temperature-controlled water bath shaker (SearchTech
Instrument) operating at a constant stirring speed of
150 rpm. The process was conducted according to the
experimental conditions obtained with experimental design
(Table 1) at fixed contact time of 60 min. Upon equilibrium
attainment, each sample was centrifuged at high speed for
10 min and decanted. The concentration of un-adsorbed
Cr(VI) was thereafter analyzed by atomic absorption spec-
trophotometer (AAS, Buck Scientific 210VGP, USA). The
Cr(VI) removal efficiency, R(%) and amount of Cr(VI)
adsorbed at equilibrium, g,, mg/g, were determined as
follows:

(c,-¢)

0

R % = x 100% 3)

q, = <C"—Ce)v 4)
w

where C, and C, (mg/L) are the initial and equilibrium con-

centrations of Cr(VI) in aqueous solution, V (L) is the vol-

ume of the Cr(VI) solution and w (g) is the weight of the

LLAC sample used.

Equilibrium adsorption isotherm

In this study, the applicability of two-parameter isotherm
models (Langmuir and Freundlich) was tested in order to
choose the most appropriate model that would best describe
and predict the adsorption of Cr(VI) onto LLAC.

Langmuir isotherm

The nonlinear form of Langmuir adsorption isotherm model
is expressed as follows:

0 = ImaxbCe
“~ (1+5C,) )

where g, (mg/g) is the amount of Cr(VI) adsorbed at equilib-
rium, C, (mg/L) is the equilibrium concentration of Cr(VI)
in aqueous solution, g,,,, (mg/g) is the maximum adsorption
capacity and b is the Langmuir equilibrium constant.

The most important features of the Langmuir model can
be described as dimensionless quantity called separation fac-
tor (R;) whose value determines the nature of the adsorption
isotherm whether it is favorable (0 < R; < 1), unfavorable
(R, > 1), irreversible (R, = 0) or linear (R, = 1). It can be
determined using Eq. 6:

1
R, =——~
LT 1+ 0C,) ©
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where C, (mg/L) is the maximum initial Cr(VI) concentra-
tion and b (L/mg) is the Langmuir equilibrium constant.

Freundlich isotherm

The Freundlich isotherm is the oldest known two-parameter
adsorption model which is applied for multilayer, hetero-
geneous adsorption sites and is expressed as (Freundlich
1906).

1
de = kFCe /n (7)

where C, (mg/L) is the equilibrium concentration of Cr(VI)
in solution, ky [mg/g(L/mg)““] indicates the adsorption
capacity of the adsorbent and n is an adsorption intensity.

Kinetic modeling

Pseudo-first-order and pseudo-second-order kinetic models
were employed to evaluate the acquired experimental data
to gain insight into controlling mechanism of the adsorption
of Cr(VI) on LLAC. The linearized forms of the pseudo-
first-order (Langergren 1898) and pseudo-second-order (Ho
and Mckay 1998) models are expressed in Egs. (8) and (9),
respectively, as follows:

log (g, — q,) =logq L ®)
e % ©” 2303

f_ 1t .
4q; k2q§ 9. ( )

where ¢, (mg/g) is the amount of Cr(VI) adsorbed at equi-
librium, g, is the amount of Cr(VI) adsorbed at time ¢ (mg/g)
and k, (min™') and k, (g mg~'min~"') are pseudo-first-order
and pseudo-second-order rate constants, respectively.

Results and discussions
Characterization of LLAC
The textural properties of the prepared adsorbent before

and after loading of Cr(VI) ions were determined, and the

Table 2 Textural properties of prepared LLAC adsorbent before and
after adsorption

Sample BET surface area (m%*/g)  Total pore
volume
(cm*/g)

LLCA 89.74 0.02320

LLAC loaded with Cr(VI)  6.39 0.00056
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results obtained are presented in Table 2. The BET sur-
face area of the prepared activated carbon without Cr(VI)
was 89.74 m*/g compared to activated carbon (68.4 m?/g)
reported by Alias et al. (2017). However, the surface area of
LLAC loaded with Cr(VI) ions was observed to be largely
reduced. In addition, there was a significant decrease in total
pore volume of the adsorbent after the adsorption of Cr(VI)
onto it surface as can be seen in Table 2. This observation
is attributed to aggregation of adsorption sites indicative of
the complete loading of Cr(VI) ions onto surface of LLAC
sample used (Lim and Lee 2015). This is corroborated by
SEM and FTIR analyses.

The crystalline phases present in the prepared sample of
LLAC was examined by the XRD analysis. Figure 2 depicts
the XRD diffraction pattern of prepared activated carbon.
The XRD patterns exhibited well-defined peaks related to
crystalline phase of carbon. The three peaks detected at
20=15.2° (not shown in the spectrum), 23.8° and 28.6°
were attributed to crystallite graphitic structure (Sugashini

Intensity (Count)

A0AMIO.OMM 9,000x

.

and Begum 2015; Girgis et al. 2007). Generally, a noticeable
hump in the range 20-30° represents a significant degree of
disorder, typical of carbon structure. A similar observation
was reported for activated carbon synthesized from olive
stones (Bohli et al. 2015) and Malawian baobab fruit shells
(Vunain et al. 2017). Additionally, the average crystallite
size of the prepared LLAC sample studied which was deter-
mined by Scherrer equation (Eq. 1) was 2.94 A.

The surface morphology of LLAC sample before and
after adsorption process was examined by SEM analysis, and
the results are depicted in Fig. 3. Figure 3a shows the SEM
image of LLAC sample without Cr(VI) which was taken at
a magnification and a scale bar of 9000 X and 10 um, respec-
tively. The image revealed various pores on the surface of
the sample studied which indicate a good possibility for
Cr(VI) to be adsorbed. However, the SEM image of LLAC
loaded with Cr(VI) shown in Fig. 3b revealed that those
pores earlier seen on the fresh adsorbent have been blocked
due to adsorption of Cr(VI) onto it surface.

In order to evaluate the mechanism of the adsorption of
Cr(VI) and also identify the functional groups present on
the surface of prepared activated carbon (LLAC), the FTIR
analysis was performed. The FTIR spectra of the LLAC
before and after adsorption of Cr(VI) are depicted in Fig. 4
and Table 3. Some peaks were shifted and disappeared,
and new ones were developed. The new peak observed at
941.29 cm™! is attributed to Cr=0 bond of CrO%‘ onto the
LLAC (Oyedoh and Ekwonu 2016). In addition, a change
of intensity and shift of the carbonyl stretching band (C=0)
from 1681.96 to 1631.83 cm™! is as a result of contact
between the chromium solution and LLAC. Table 3 reveals
that most of the surface functional groups present on the
LLAC adsorbent include saturated aliphatic (C—H), unsat-
urated aliphatic (C=C and C=C), alcoholic (C-O-H and

s
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Fig. 3 SEM images of LLAC adsorbent a before and b after loading of Cr(VI)
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Fig.4 FTIR spectra of LLAC a before and b after loading of Cr(VI)

O-H), carboxylic (C-O and C=0), carbonyl (C=0) and
amine (C-N) bonds. However, the presence of all these func-
tional groups is responsible for the effective performance of
LLAC during adsorption process.

Central composite design (CCD) model and data
analysis

The 4-factor CCD matrix as generated by the software and
the experimental data obtained in the batch adsorption of
Cr(VI) by LLAC are presented in Table 4.

As suggested by the CCD, a quadratic model which cor-
relates a response (removal efficiency) and the independent
variables was chosen and expressed by the second-order
polynomial equation in terms of coded factors after remov-
ing the insignificant model terms as follows:

R=77.31-8.03C - 5.15p + 5.93d — 2.43T + 3.19Cd
+2.52pd — 1.95p* — 3.63d” + 2.88T> (10)

The removal efficiencies (%) of Cr(VI) have been predicted
by Eq. (3) and are presented in Table 4. In general, there
were agreements between the experimental and predicted
values of Cr(VI) removal efficiency. The linear correlation
(R?) which was used to evaluate the correlation between the
actual and predicted responses was obtained from the devel-
oped model to be 0.9697. This indicates that 96.97% of the
variation for percentage removal of Cr(VI) are described
by the variables studied and also indicates that only 3.03%
of variation does not describe by the model. Furthermore,
the model adequacy was also examined by analysis of vari-
ance (ANOVA). Table 5 depicts the results of the quadratic
response surface model fitting in the form of ANOVA.
According to Giwa et al. (2012), ANOVA subdivides the
complete variation of the results into variation associated
with the model and the one associated with experimental
errors, indicating whether the variation from the model is
significant or not. This evaluation is performed by F-value,
which is the ratio of model mean square to the residual error.
A model is said to be a good predictor of the experimen-
tal data, if F-value obtained is evidently greater than the
tabulated F-value (Giwa et al. 2012; Ani et al. 2015). The
F-value obtained herein was 34.32, thus indicating the fit-
ness of the model.

More so, the probability of error value (Prob > F)
was employed to evaluate the significance of each of the
model terms. However, values of Prob > F'less than 0.0500

Table 3 FTIR bands of LLAC

Assignment/vibration

After Cr(VI) loading

Band Wave number (cm™)

adsorbent
Before Cr(VI) loading

1 3460.41; 3055.35

2 _

3 2521.05

4 2289.58

5 _

6 1681.96

7 _

8 1462.09

9 1383.01

10 1192.05

11 -

12 1118.75

13 1024.24

14 -

15 871.85; 848.71

16 651.96; 599.88

17 -

3456.55; 3242.45 O-H stretching vibration in absorbed water

2918.40 Two bands for -CH,— stretching
- C = C stretching

2337.80 C-0 stretching

2079.33 C=O0 stretching

1631.83 C=0 stretching

1560.46 C=C stretching

1458.23 CHj; antisym deformation
1383.01 C-CHj; sym deformation
1215.19 C-O stretching

1168.90 C-N stretching

1097.53 C-O stretching

- C—-O-H stretching

941.29 Cr-O bond of chromate anion

889.21; 848.71
653.89; 607.60
484.15

CH out-of-plane deformation
C-O-H twist
Out-of-plane ring bending
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Table 4 Batch mode adsorption process parameters in coded and actual values with Cr(VI) removal efficiencies (responses) from experimental

results
Run no. Batch adsorption process variables Cr(VI) removal efficiency, R (%)
Initial Cr(VI) concentra- pH, p Adsorbent dos- Temperature, T (°C) Predicted value Experi-
tion, C (mg/L) age, d (g) mental
value
1 50(-1) 4(-1 02(-1 25(-1) 91.37 89.47
17 250 (+ 1) 4(-1 02(-1 25(-1) 71.28 72.89
4 50(-1) 10+ 1) 02(-1 25(-1) 76.53 78.85
7 250 (+ 1) 10+ 1) 02(-1) 25(-1) 51.59 49.42
11 50(-1) 4(-1 1.0+ 1) 25(-1) 89.48 90.61
13 250 (+ 1) 4(-1 1.0+ 1) 25(-1) 82.15 81.32
14 50(-1) 10+ 1) 1.0+ 1) 25(-1) 84.71 81.78
10 250 (+ 1) 10+ 1) 1.0+ 1) 25(-1 72.53 73.96
22 50(-1) 4(-1 02(-1) 45+ 1) 82.17 82.71
18 250 (+ 1) 4(-1 02(-1) 45+ 1) 62.21 63.87
29 50(-1) 10(+1) 02(-1) 45+ 1) 71.20 70.76
25 250 (+ 1) 10+ 1) 02(-1) 45+ 1) 46.39 47.22
3 50(-1) 4(-1 1.0+ 1) 45+ 1) 84.97 85.86
24 250 (+ 1) 4(-D 1.0+ 1) 45+ 1) 77.77 77.42
6 50(-1) 10 (+) 1.0+ 1) 45+ 1) 84.07 84.42
15 250 (+ 1) 10+ 1) 1.0+ 1) 45+ 1) 72.02 72.65
28 8.58 (- 2) 7(0) 0.6 (0) 35 (0) 89.51 89.83
8 291.42 (+2) 7(0) 0.6 (0) 35 (0) 66.79 65.09
16 150 (0) 2.76 (- 2) 0.6 (0) 35 (0) 80.69 79.03
12 150 (0) 11.24 (+2) 0.6 (0) 35 (0) 66.13 66.41
9 150 (0) 7(0) 0.03 (-2) 35 (0) 61.65 60.21
26 150 (0) 7(0) 1.17(+2) 35 (0) 86.50 78.5
19 150 (0) 7(0) 0.6 (0) 20.86 (— 2) 79.63 87.73
20 150 (0) 7(0) 0.6 (0) 49.14 (+2) 77.31 77.02
30 150 (0) 7(0) 0.6 (0) 35 (0) 77.31 7391
150 (0) 7(0) 0.6 (0) 35(0) 77.31 81.09
5 150 (0) 7(0) 0.6 (0) 35(0) 77.31 75.89
23 150 (0) 7(0) 0.6 (0) 35(0) 77.31 76.02
21 150 (0) 7(0) 0.6 (0) 35(0) 77.31 81.66
27 150 (0) 7(0) 0.6 (0) 35(0) 77.31 78.02

indicate terms are significant. In this current study, C, p,
d, T, Cd, pd, pz, d* and T? were significant model terms,
while Cp, CT, pT, dT and C? were insignificant terms
for removal efficiency of Cr(VI). Based on the F-value
(Table 5), the four process variable studied had signifi-
cant influence on the Cr(VI) removal efficiency. The initial
Cr(VI) concentration (C) showed the largest F-value of
194.74, indicating that it had the most significant effect on
the adsorption of Cr(VI), compared to pH (p), adsorbent
dosage (d) and temperature (7). Meanwhile, only quad-
ratic effects of pH, adsorbent dosage (d) and temperature
on removal efficiency of Cr(VI) were significant. As also
contained in Table 5, the lack of fit F-value of 0.8082
indicates the lack of fit is not significant relative to the

pure error. However, nonsignificant lack of fit is good as
it gears the model toward perfect fitness.

Figure 5a depicts the 3D surface plot of Cr(VI) removal
efficiency as a function of initial Cr(VI) concentration
(C) and adsorbent dosage (d). It was observed that there
was sharp improvement in Cr(VI) removal efficiency with
increasing adsorbent dosage. The probable reason is that
when the adsorbent dose is increased, the active sites of
LLAC are increased, which could adsorb more Cr(VI) ions;
thus, removal efficiency increases. The higher removal effi-
ciencies of Cr(VI) at higher adsorbent dosages were also
attributed to the fact that the adsorption sites on the LLAC
remained unsaturated during Cr(VI) removal from aqueous
solution (Gorzin and Abadi 2017). This observation is in
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Table 5 Analysis of variance

Source Sum of squares df Mean square F-value Prob>F Remark

(ANOVA) for fit of Cr(VI)

removal efficiency from central - pModel 3185.56 14 227.54 34.32 <0.0001  Significant

composite design c 1291.19 1 1291.19 194.74 <0.0001 Significant
p 529.81 1 529.81 79.91 <0.0001 Significant
d 704.44 1 704.44 106.24 <0.0001 Significant
T 117.79 1 117.79 17.76 0.0008 Significant
Cd 163.01 1 163.01 24.59 0.0002 Significant
pd 101.46 1 101.46 15.30 0.0014 Significant
P 35.42 1 35.42 5.34 0.0354 Significant
& 123.02 1 123.02 18.55 0.0006 Significant
7 77.39 1 77.39 11.67 0.0038 Significant
Residual 99.46 15 6.63
Lack of fit 51.74 10 5.17 0.54 0.8082 Nonsignificant
Pure error 47.71 5 9.54
Cor total 3285.02 29
R? = 0.9697;Adj — R*> = 0.9415

(@) (b)
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Fig.5 Interactive effect of parameters on the removal efficiency of Cr(VI) a concentration versus adsorbent dosage and b pH versus adsorbent

dosage

trend with most of the studies reported on the combined
effects of adsorbent dosage and initial adsorbate concentra-
tion (Mohammed-Ridha et al. 2017; Radnia et al. 2012).
Figure 5b depicts the 3D surface plot showing the combined
effects of pH (p) and adsorbent dosage (d) on the removal
efficiency of Cr(VI) ions (R). As can be observed from
Fig. 5b, almost 80% of Cr(VI) was adsorbed from aque-
ous solution with pH of 4.0 when it was treated with 1.0 g
LLAC sample. The reason for this observation could be
that the affinity of the protons (H") on the surface of LLAC
improved a binding force between the positively charged
LLAC surface and oxy-anion component of the dissolved
chromium salt (CrzOg_) (Gupta et al. 2010). Meanwhile, it
was revealed by the result obtained that adsorbent dosage
highly interacts with other variables. This observation is in

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

trend with most results reported in the literature (Chiban
et al. 2009; Gorzin and Abadi 2017).

Process optimization

The optimum values of the process parameters for the
maximum Cr(VI) removal efficiency were determined
to be 71.49 mg/L initial Cr(VI) concentration (C), 4.22
solution pH (p), 0.57 g adsorbent dosage (d) and 26.2 °C
temperature (7). At these optimum conditions, the pre-
dicted and experimental removal efficiencies of Cr(VI)
from aqueous solution were 91.26 and 95.62%, respec-
tively. After the establishment of the optimum condition
for Cr(VI) adsorption onto LLAC, another experimen-
tal run was conducted at optimum values of the process
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Fig.6 Two-parameter isotherm models for adsorption of Cr(VI) onto
LLAC under optimum conditions (adsorbent dosage=0.57 g; pH
4.22; temperature =26.2 °C; and contact time =60 min)

Table 6 Two-parameter

. Isotherm Value
isotherm constants and
correlation coefficients for Langmuir
adsorption of Cr(VI) onto
LLAC adsorbent o (ML) 27.53
b (L/mg) 0.0681
R? 0.9466
R; 0.1703
Freundlich
ky (mg/g(L/mg)"'m) 3.47
n 2.13
R? 0.9778

parameters and the actual removal efficiency of Cr(VI)
was obtained. The result obtained herein indicates that
there was reasonably agreement between the predicted
and experimental Cr(VI) removal efficiencies. This
implies that the adopted objective function to optimize
the adsorption of Cr(VI) onto LLAC and to determine the
maximum Cr(VI) uptake by RSM is successful.

Adsorption equilibrium isotherm

In testing the applicability of Langmuir and Freundlich iso-
therms, the Cr(VI) initial concentration employed was from
8.58 to 291.42 mg/L. For both isotherms, the experimental
data are plotted as g, against C, by nonlinear Egs. (5) and (7).
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
determined and are presented in Table 6. However, the appli-
cability of the two isotherms considered was compared using
linear correlation coefficient (R%). The values of R” for both
isotherms are also presented in Table 6. Based on the values of
R?, Freundlich isotherm provides the best fit to the adsorption
equilibrium data of Cr(VI). This indicates that the adsorption
of Cr(VI) by LLAC adsorbent is evidently with multilayer and
heterogeneous adsorption sites. A similar observation was
reported for adsorption of Cr(VI) from aqueous solution by
natural clinoptilolite zeolite (Jorfi et al. 2017) and rice husk
(Sugashini and Begum 2015). As can be seen in Table 6 as
well, the value of separation factor (R;) obtained for Cr(VI)
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 0.0681. The
magnitude of Freundlich exponent (n = 2.13) gives an indica-
tion that adsorption of Cr(VI) on LLAC is favorable (Vasude-
van and Lakshmi 2011; Ganesan et al. 2013).

In addition, comparing the maximum adsorption capac-
ity (@max) Of different adsorbents for Cr(VI) removal from
aqueous solutions as shown in Table 7, LLAC is found to
possess a maximum adsorption capacity of 27.53 mg/g at
optimum temperature of 26.2 °C and this implies that LLAC
could be regarded as an effective adsorbent for the removal
of Cr(VI) from wastewater/aqueous solution, especially when
compared with peanut shell (14.31 mg/g, Al-Othman et al.
2012) and natural clinoptilolite zeolite (10.42 mg/g, Jorfi
etal. 2017).

Table7 Comparison of

N X . Adsorbent Maximum adsorption Temperature, References

maxllmum adsorption capacities capacity (mg/g) T (°C)

of different adsorbents for

Cr(VI) removal from aqueous Paper mill sludge 23.18 45 Gorzin and Abadi (2017)

system Peanut shell 1431 40 Al-Othman et al. (2012)
Walnut shell 43.12 40 Ghasemi et al. (2015)
Natural clinoptilonite zeolite 10.42 24-26 Jorfi et al. (2017)
Rice husk 62.9 35 Sugashini and Begum (2015)
Palm kernel shell 8.25 - Atieh (2011)
Sugarcane bagasse 5.75 25 Garg et al. (2007)
Maple sawdust 5.1 - Yu et al. (2003)
Teak sawdust 0.89 - Sumathi et al. (2005)
L. leucocephala seed shells 27.53 26.2 Current study
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Fig.7 Pseudo-first-order and pseudo-second-order kinetics for
adsorption of Cr(VI) on LLAC [initial Cr(VI) concentration:
71.49 mg/L, pH: 4.22, adsorbent dosage: 0.57, temperature: 26.2 °C
and contact time: 60 min]

Table 8 Kinetic model parameters and correlation coefficient obtained
for adsorption of Cr(VI) on LLAC under optimum conditions

Kinetic model Value of parameter

Pseudo-first-order

g, (exp) (mg/g) 5.996
q, (cal) (mg/g) 2.470
k, (min~") 0.0744
R? 0.9781
Pseudo-second-order
q, (cal) (mg/g) 6.165
k, (g mg~! min~") 0.0862
R? 0.9992

Adsorption kinetics

The rate of adsorption of Cr(VI) on LLAC was investigated
by testing the applicability of two different kinetic models,
the pseudo-first-order and pseudo-second-order kinetics.
The kinetic parameters of the two models were evaluated
from the combined plots of log (g, — ¢,) against 7 and /4,
against ¢ (Fig. 7), and the values of the parameters are pre-
sented in Table 8. It is evidently clear that the calculated
value of g, for pseudo-first-order kinetic did not conform to
the experimental value of g, with R? value less than that of
pseudo-second-order kinetic. This indicates that the acquired
experimental data could not be predicted by the pseudo-first-
order model. Several researchers reported similar results
(Kamaraj et al. 2015; Gorzin and Abadi 2017).

The calculated value of g, for pseudo-second-order kinetic
agreed reasonably well with the experimental value as can
be seen in Table 8. This result indicates that the adsorption
of Cr(VI) on LLAC was favorably predicted by the pseudo-
second-order kinetic. Furthermore, better prediction of the

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

adsorption of Cr(VI) on LLAC by pseudo-second-order kinetic
model indicates that two-phase reaction is involved. During the
first phase of the reaction, adsorption occurs rapidly for a short
period, whereas adsorption occurs slowly for a long period at
second phase. According to Sugashini and Begum (2015), the
fast reaction may be due to chemisorption involving electron
sharing between the Cr(VI) ions and LLAC. The slow reaction
is as a result of mass transfer of Cr(VI) ions to the surface of
the LLAC (Hameed et al. 2009; Jun et al. 2009).

Conclusion

The optimization of Cr(VI) adsorption from aqueous solu-
tion by the prepared activated carbon showed that the ini-
tial Cr(VI) concentration, pH, adsorbent dosage and tem-
perature had significant influence on removal efficiency of
Cr(VI). As revealed by RSM, the interaction among the
variables studied enhanced the adsorption of Cr(VI). At the
following optimum conditions: 71.49 mg/L initial Cr(VI)
concentration, 4.22 solution pH, 0.57 g adsorbent dosage
and 26.2 °C temperature, the maximum Cr(VI) uptake of
95.62% was obtained. Freundlich isotherm provided the best
fit to the experimental data, indicating that the adsorption of
Cr(VI) by LLAC adsorbent is multilayer with heterogeneous
adsorption sites. The experimental data were well predicted
by the pseudo-second-order kinetic model. Thus, it can be
concluded that activated carbon from Leucaena leucoceph-
ala seed shell is highly effective for the removal of Cr(VI)
from aqueous environment.
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