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This study investigated the removal of hexavalent chromium Cr(VI) ions in an aqueous solution using Moringa 
oleifera bark-derived activated carbon (MOBAC). The adsorption removal of Cr(VI) was systematically investigated 
as a function of four experimental factors: pH (1-5), contact time (10-90 min), adsorbent dosage (0.020-0.100 g 
L-1), and temperature (25-45°C) by following a statistical experimental design. A response surface methodology 
(RSM)-based central composite experimental design was used to establish an empirical model that assessed 
factors' effects on Cr(VI) ions adsorptive removal. The model was verified and validated and used to predict 
optimal adsorption removal of Cr(VI) from aqueous solutions. At optimized conditions, 99.612 % of 1.5 mg L-1 
Cr(VI) ions are removed from the aqueous solution. These optimum condition values include a pH of 2.1, contact 
time of 62.72 min, adsorbent dosage of 0.065 g L-1, and temperature of 39.8°C. The adsorptive mechanism was 
assessed by conducting isotherm and kinetic studies. The adsorption process of Cr(VI) ions by MOBAC is 
described by Langmuir isotherm, indicating monolayer adsorption, and the reaction kinetics is described by 
pseudo-second order kinetics model. The Langmuir monolayer adsorption capacity of Cr(VI) adsorption on 
MOBAC was found to be 4.577 mg g-1 for Cr(VI) ions. The findings support the use of MOBAC in the removal of 
Cr(VI) ions from aqueous systems. 
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1. Introduction 

Water quality is crucial for human health, social and 
economic development, and ecosystem sustainability. 
However, as industries and population increase, natural 
environments deteriorate, leading to pollution of water 
resources. Organic and inorganic pollutants, including heavy 
metals, are discharged from activities like industrial 
production, mining, and agriculture into natural water sources 
[1,2]. These pollutants pose a significant threat to humans and 
other living species [3]. Chang [4] and Babula et al. [5] discuss 
the harmful effects of heavy metals, with most becoming toxic 
at concentrations above a threshold. Hexavalent chromium 
Cr(VI) ion is particularly concerning due to its rapid transport 
across cell membranes and reduction to Cr(III) form. This 
results in insoluble complexes that are difficult to eject by the 
affected organism [6-9]. 

Chromium (VI)-containing wastewater is primarily 
discharged from industries such as electroplating, tanneries, 
mud drilling, textile industries, and mining. Depending on the 
pH of the solution, Cr (VI) can exist as divalent chromate 
(CrO4

2-) ions, dichromate (Cr2O7
2-) ions, or hydrogen chromate 

(HCrO4
-) ions. Because these divalent oxyanions are highly 

soluble in water and poorly adsorbed by soil and organic 
matter, they are mobile in groundwater. The World Health 
Organization (WHO) sets maximum limits for Cr(VI) in surface, 
industrial, and drinking water (water for consumption) of 0.10, 
0.25, and 0.05 mg/L, respectively [10,11]. Wastewater from 
industries must be treated to keep Cr(VI) concentrations 
within recommended limits. 

Various methods, including ion exchange, precipitation, 
electrocoagulation, biological methods, coagulation, and 
membrane separation, are used to remove Cr(VI) from 
wastewater. However, these techniques have drawbacks like 
toxic by-products, high energy requirements, incomplete 
removal, low selectivity, and high operational costs. Studies 
on the removal of heavy metals from wastewater using 
affordable and environmentally friendly methods, like 
adsorption, have received a considerable attention recently. 
Due to its simplicity, economic effectiveness, environmental 
friendliness, and ease of operation, adsorption exhibits good 
potential as a substitute treatment for the removal of Cr(VI) 
ions [12-16]. 

By reducing pollution and using nonrenewable resources 
to treat wastewater, green chemistry focuses on 
environmental sustainability. In recent years, biosorption, a 
sustainable option utilizing biomass sources, has 
demonstrated to be an effective method for addressing 
pollution and encouraging an eco-friendly approach to 
wastewater treatment [17,18]. Researchers have tested 
biosorbents made from agro-wastes like sugarcane bagasse, 
tea waste, rice husk, peanut shells, corn cob, cactus leaves, 
watermelon rind, and orange peel for wastewater treatment. 
While these biosorbents are cheap, efficient, and readily 
available, their metal sequestration capacity is poor. 
Techniques like cross-linking, chemical modification, and 
activation can increase this capacity for highly efficient 
adsorption [19,20]. In fact, Anastopoulos et al. [21] reported 
that agro-industrial waste without prior treatment could cause 
problems with chemical and biological oxygen demand, 
resulting in environmental pollution and harmful effects on 
human and animal health [22]. 

Activated carbons (ACs), which are made from a variety of 
raw materials, are widely used adsorbents for wastewater 
treatment and emissions treatment. When made from waste 

materials, they are both cost-effective and environmentally 
friendly [23]. The production of activated carbons has been 
influenced by environmental awareness, with a focus on 
cheap, plentiful materials like agricultural by-products [24]. 
These substances ought to yield high-quality activated 
carbon, have appropriate surface functional groups, and have 
little effect on the environment. 

The production of AC from biomass material for the 
removal of Cr(VI) ions in an aqueous solution has been 
prepared and studied. In recent years, numerous studies have 
been conducted in order to obtain ACs from a variety of low-
cost materials. Some of these materials include hazelnut shell 
[25-27]; apple shells [28]; bamboo bark [29]; Sargassum [30]; 
Daniellia oliveri stem bark [31], and Moringa oleifera leaves 
and bark [32,33]. High carbon agricultural waste materials 
produce AC and contain lignocellulosic compounds and polar 
functional groups, making them potential sources for carbon 
production [34,35]. By providing an electron pair to complex 
the metal ions in solution, these functional groups have the 
ability to bind heavy metals [36]. All these studies have found 
that the produced ACs have comparable and higher 
adsorption capacities compared to commercially available 
varieties. 

In this study, Moringa oleifera bark were used as the 
precursor material for the production of activated carbon. The 
bark was chemically activated using phosphoric acid and then 
carbonized. The aim of this study is to prepare activated 
carbon from Moringa oleifera bark and investigate its 
maximum percent removal of Cr(VI) in aqueous solution. 
Specifically, this study is guided with the following specific 
objectives, to wit: (1) determine the characteristic functional 
groups present on the Moringa oleifera bark-derived activated 
carbon (MOBAC) involved in the adsorption process; (2) 
investigate and determine  the optimum values for pH, contact 
time, adsorbent dosage, and temperature that will yield the 
maximum level of adsorption of Cr(VI) by MOBAC; (3) 
determine the optimum percent removal, maximum 
adsorption capacity of Cr(VI) by MOBAC; (4) identify the 
correlation of parameters in the adsorption process using 
response surface modeling; and (5) investigate the adsorption 
process in terms of adsorption isotherms and adsorption 
kinetics. 

2. Material and Methods  

2.1 MOBAC sample preparation 
Moringa oleifera bark (MOB) was collected during 

harvesting and trimming period and placed in a clean, dry sack 
to prevent contamination. The bark was washed multiple 
times with distilled water, cut into smaller pieces, sun-dried for 
three (3) days, and oven-dried at 110°C for seven (7) h. The 
dried bark was ground and sieved to a 1 mm particle size [37]. 
Through chemical activation and carbonization, the biomass 
from the bark was converted into activated carbon [38]. To 
ensure that the reagents were completely adsorbed onto the 
raw material, the bark was combined with the phosphoric acid 
at a 1:2 impregnation ratio (weight of MOB: weight of 
phosphoric acid), stirred continuously, and soaked for 24 h at 
25°C. The mixture was dried for 1.5 h at 110°C before being 
transferred to a sealed container. For 1 h, the dried mixture 
was carbonized in a furnace at 400°C. The produced MOBAC 
was repeatedly washed with deionized water until the solution 
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was neutral. The washed activated carbon was dried in a hot 
air oven at 110°C for 3 h before being weighed. The prepared 
materials were kept in a tightly sealed container. 

 
2.2 Cr(VI) ions standard solution preparation 

A stock solution of 500 μg/mL Cr(VI) was prepared by 
dissolving 141.4 mg of potassium dichromate (K2Cr2O7) ions 
in deionized water, and diluting it to the calibration mark of a 
100-mL volumetric flask. The working standard solution of Cr 
(5 μg/mL) were prepared by diluting 1.00 mL of stock Cr 
solution in 100-mL volumetric flask. The standard calibration 
solutions (0.3, 0.6, 0.9, 1.2, and 1.5 μg/mL) from (5 μg/mL) 
working standard Cr solution was put individually in 100-mL 
volumetric flask and filled to the mark with deionized water. 
For the pH adjustments, H2SO4 and NaOH ions were used. All 
chemicals utilized in this work were of analytical reagent (AR) 
grade. 

 
2.3 Adsorption experiments 

Thirty (30) batch adsorption experiments were conducted 
to study the effect of solution pH (1-5), contact time (10-90 
min), adsorbent dosage (0.020-0.100 gL-1), and temperature 
(25-45°C). Each experiment was carried out in 100 mL Cr(VI) 
ion solution at a known initial concentration of 1.5 μg/mL. The 
pH adjustments were carried out either by the addition of 
H2SO4 or NaOH ions. The isotherm and kinetic studies were 
performed by varying the initial concentration and contact 
time from 0.3 μg/mL to 1.5 μg/mL and from 20 min to 120 
min, respectively. The batch isotherm and kinetic experiments 
were conducted using the optimum condition values (pH 2.1, 
contact time at 62 min, and temperature at 40°C) obtained 
from RSM. 

 
2.4 Adsorbent characterization 

The functional group of MOBAC was determined using a 
Fourier Transform Infrared Spectroscopy (FTIR) 
Spectrophotometer (Shimadzu IR Affinity-1S). The vibrational 
frequency changes of the functional groups in the adsorbents 

were determined using the FTIR spectra of chemically 
activated MOB before and after Cr(VI) ion adsorption. FTIR 
analysis allows for spectrophotometric observation of the 
adsorbent surface in the 400-4000 cm-1 range and serves as a 
direct method for identifying functional groups on MOBAC 
surfaces. 

 
2.5 Analytical Methods 

After all kinetic and equilibrium studies, the resulting 
mixture was filtered using a filter paper (Whatman No.1) and 
the filtrate was analyzed. The concentrations of Cr(VI) in the 
solutions derived from all runs were measured 
spectrophotometrically (Biobase BK-D560 Double Beam 
Scanning UV/VIS Spectrophotometer) by adding 2.0 mL of 1,5-
diphenylcarbazide (DPC) in an acid medium. The 1,5-
Diphenylcarbazide solution (DPC) was prepared by dissolving 
1 g of 1,5-diphenylcarbazide (DPC) in 200 mL acetone and 
stored in a bottle. Absorbance was measured at the 
wavelength λ = 550 nm. The Cr(VI) ions removal efficiency (%) 
and adsorption capacity (qe) were calculated according to the 
following equations:  

% 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  (𝐶𝐶𝑖𝑖− 𝐶𝐶𝑓𝑓)
𝐶𝐶𝑖𝑖

𝑥𝑥100   (Eq. 1) 

𝑞𝑞𝑒𝑒 = �𝐶𝐶𝑖𝑖−𝐶𝐶𝑓𝑓�𝑉𝑉
𝑊𝑊

   Eq. 2) 

where Ci is the initial metal concentration (mg L-1), Cf is the 
final metal concentration (mg L-1), V is the volume of the metal 
solution (L) and W is the weight of the activated carbon (g). 

A standard RSM design called central composite design 
(CCD) was employed in this work to study the variables and 
the response. This method is suitable for fitting a quadratic 
surface and it helps to optimize the effective parameters with 
a minimum number of experiments, as well as to analyze the 
interaction between the parameters. The independent 
variables utilized in this study were pH of the solution (A), 
contact time (B), adsorbent dosage (C), and temperature (D). 
Table 1 shows how these four variables and their respective 
ranges were chosen based on the literature and preliminary 
studies.  

 
Table 1. Independent variables and their coded levels for the CCD. 

Variables Code Units Coded variable levels 
-α -1 0 +1 +α 

pH A  1.0 2.0 3.0 4.0 5.0 
Contact time B min 10 30 50 70 90 

Adsorbent dosage C gL-1 0.020 0.040 0.060 0.080 0.100 
Temperature D ⁰C 25 30 35 40 45 

 

For each categorical variable, a 23 full factorial central 
composite design for the four (4) variables, consisting of 14 
factorial points, 8 axial points, and 6 replicates at the center 
points were employed indicating that altogether 30 
experiments were required, as calculated from the equation: 

𝑁𝑁 = 2𝑘𝑘 + 2𝑘𝑘 + 𝑐𝑐𝑝𝑝 = 24 + 2(4) + 6 = 30  
 (Eq. 3) 

where N is the total number of experiments required, k is the 
number of factors, and cp is the number of experiments at the 
center point. 

Each independent variable was carried out over the coded 
levels between -1 and +1 at specific ranges (Table 1). The real 
values coded +1 are the highest values, while the real values 
coded with -1 are the lowest. The real values coded with 0 are 
the control values and the real values coded with +α and - α 
are the highest and lowest outside values, respectively.  The α 

value was fixed at 2.00 (rotatable).The calculation of real 
values into coded values are shown in the following equations, 
where X = α: 

pH     𝑋𝑋1 = (𝑝𝑝𝑝𝑝−3.0)
1

       
(Eq. 4) 

Contact time    𝑋𝑋2 = (𝐶𝐶𝑇𝑇−50)
20

             
(Eq. 5) 

Adsorbent dosage   𝑋𝑋3 = (𝐴𝐴𝐷𝐷−0.060)
0.020

   
 (Eq. 6) 

Temperature    𝑋𝑋4 = (𝑇𝑇−35)
5

    
 (Eq. 7) 

The response is the percent removal of Cr(VI) ions (Y). The 
response was used to develop an empirical model that 



 Orbital: Electron. J. Chem. 2023, 15(4), 186-197 
 
 

Published by Federal University of Mato Grosso do Sul | www.orbital.ufms.br                                                                                 189 

correlated the response to the variables using a second-
degree polynomial equation as given by the equation: 

 
𝑌𝑌 = 𝛽𝛽𝑜𝑜 + ∑ 𝛽𝛽𝑖𝑖𝑋𝑋𝑖𝑖 + ∑ 𝛽𝛽𝑖𝑖𝑖𝑖𝑋𝑋12 + ∑ 𝛽𝛽𝑖𝑖𝑖𝑖𝑋𝑋𝑖𝑖𝑋𝑋𝑗𝑗𝑘𝑘−1

𝑖𝑖≤𝑖𝑖≤𝑗𝑗
𝑘𝑘
𝑖𝑖=1

𝑘𝑘
𝑖𝑖=1    (Eq. 8) 

 
where Y is the predicted response; Xi and Xj are the factors 
(pH, contact time, adsorbent dosage, and temperature); βo is 
the constant coefficient; βi is the linear coefficient; βii is the 
quadratic coefficient; βij is the interactive coefficients. 

The optimization and response surface modelling of the 
Cr(VI) ion removal efficiency of the MOBAC were done using 
the statistical software package Design Expert. The 
significance level of all the polynomial equation terms was 
analyzed statistically by computing F and p values of 0.05. 
Three-dimensional surface plots were generated in order to 
understand the effects of the process variables (pH, contact 
time, adsorbent dosage, and temperature) on predicting the 
responses (percent Cr(VI) ion removal). The data were then 
assessed using the analysis of variance (ANOVA to test the 
validity of the generated model. The lack-of-fit of the obtained 
response with the model was established by using the 
correlation coefficient (R2). The developed models were 
assessed by their corresponding F and p-values. Higher F 
values with lower p values corresponded with the significant 
models. Following the completion of optimization, the model 
equation's suitability for predicting the optimal response was 
validated by comparing the predicted values and the actual 
values. Adequate precision (AP) were also evaluated to test 
the model significance and adequacy. 

The adsorption mechanism of Cr(VI) ions onto the surface 
of the MOBAC was described using two (2) well-known 
isotherm models, namely the Langmuir and Freundlich 
isotherm models. The Langmuir isotherm model is based on 
the assumption of monolayer adsorption onto a surface with 
the equivalent and identical number of localized sites [39]. It 
also implies that when the monolayer has been covered, no 
additional adsorption occurs [40]. The Langmuir equation is 
expressed in linear form: 

𝐶𝐶𝑒𝑒
𝑞𝑞𝑒𝑒

= 1
𝑘𝑘𝐿𝐿𝑞𝑞𝑚𝑚

+ 𝐶𝐶𝑒𝑒
𝑞𝑞𝑚𝑚

           (Eq. 9) 

where qm (mg/g) and kL (L/mg) represent maximum 
adsorption capacity and Langmuir constant linked to 
adsorption energy, respectively. Ce is the equilibrium 
concentration, and qe is the equilibrium adsorption capacity. 

The Freundlich adsorption isotherm model describes 
adsorption by heterogeneous surfaces (adsorbent) beyond 
the first monolayer empirically. It is also assumed that the 
surfaces' strongest available binding sites are first occupied, 
and that adsorption increases as the number of available 
adsorption binding sites increases [41]. The following 
equation expresses the linear form of the Freundlich isotherm: 

𝑙𝑙𝑙𝑙 𝑞𝑞𝑒𝑒 = 𝑙𝑙𝑙𝑙 𝑘𝑘𝐹𝐹 −
1
𝑛𝑛

ln 𝐶𝐶𝑒𝑒          (Eq. 10) 

where 1/n is described as the adsorption intensity and KF  is 
related to adsorption capacity (L/mg). 

Moreover, adsorption kinetics studies were carried out to 
describe the rate of Cr(VI) uptake onto the optimized MOBAC, 
and they provided significant insight into the adsorption 
mechanism between the adsorbent and the adsorbate. Two 
kinetic models, pseudo-first and pseudo-second order, are 
used to determine the adsorption mechanism of Cr(VI) ions. 
The adsorption of liquid-solid systems based on the solid 
capacity follows a pseudo-first-order model [42]. Generally, 
the pseudo-first-order kinetic model is only applicable for the 

initial stage of the adsorption process and is computed using 
the linear equation: 

𝑙𝑙𝑙𝑙 =  (𝑞𝑞𝑒𝑒 − 𝑞𝑞𝑡𝑡) = 𝑙𝑙𝑙𝑙𝑞𝑞𝑒𝑒 − 𝑘𝑘1𝑡𝑡  (Eq. 11) 
where qe (mg/g) represents the amount of Cr(VI) adsorbed on 
the adsorbent, qt (mg/g) is the adsorbed Cr(VI) amount on the 
adsorbent at a certain times (t), and k1 is known as the 1st 
order constant. 

The pseudo-second-order model predicts the adsorption 
over a range of different points in time during the adsorption 
process. The linear equation for pseudo-second-order model 
is represented as: 

𝑡𝑡
𝑞𝑞𝑡𝑡

= 1
𝑘𝑘2𝑞𝑞𝑒𝑒2

+ 1
𝑞𝑞𝑒𝑒
𝑡𝑡 (Eq. 12) 

where k2 (g/mg min) represents the 2nd order rate constant. 
At equilibrium, qe represents the adsorbed amount of the 
Cr(VI) at certain times (qt). 

3. Results and Discussion 

3.1 Adsorbent surface characterization 
The surface chemistry of the adsorbent and its effect on 

the adsorption process is generally investigated using FTIR. 
The spectra of the adsorbent were measured with wave 
number ranging from 4000-400 cm-1. The spectra were plotted 
using the same scale on the transmittance axis for the 
adsorbent before and after adsorption. The FTIR spectra of 
MOBAC display number of adsorption bands, indicating the 
complex nature of the studied adsorbents (Table 2). 

 
Table 2. Fundamentals infrared frequencies of MOBAC before 
and after adsorption. 

 
Adsorbent 

Band Position cm-1 
O–H, N–H C–H C=O C=C 

MOBAC 3527 2924 1720 1597 
MOBAC/ 

Cr(VI) 3600 2920 1731 1597 

 

A wide broadband can be found at 3527 cm-1, related to 
O–H stretching vibrations or N-H extension vibration [43] of 
cellulose, pectin, hemicellulose, and lignin components. 
According to Pérez Marín et al. [44], free hydroxyl groups and 
bonded OH bands of carboxyl groups were observed as the 
OH stretching vibrations occurs within a broad range of 
frequencies. The bands at 2924-2854 cm-1 are assigned to the 
C-H stretching and symmetric C-H bending, respectively. The 
band around 1720 cm-1 corresponds to the carbonyl group in 
a quinone with strong vibrations from a combination of C=O 
and C=C [45]. The bands at 1597 cm-1 can be attributed to the 
stretching vibration of C=C in the aromatic rings. The bands at 
1419 cm-1 are assigned to C-H bending in alkane or alkyl 
groups. The bands at 1267-1187 cm-1 were assigned to C-OH 
stretching vibrations in the carboxylic, phenolic or lactonic 
groups indicating the presence of oxygen functional group. 
The bands at 655-802 cm-1 were assigned to the C-C 
stretching. Due to the presence of such functional groups, 
MOBAC shows acidic nature. At lower pH, the functionality of 
these groups is not changed but at higher pH, these groups 
begin to neutralize changing their activity and binding 
properties.  

Comparing the spectra before and after adsorption of 
Cr(VI) ions, differences in the position of the absorbance 
bands appeared. The asymmetrical stretching vibration at 
3300 cm-1 after adsorption of Cr(VI) ions was significantly 
distorted suggesting that chemical interactions occurred 
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between the metal ions and the hydroxyl groups on the 
adsorbent surface. Observable shifting of bands was depicted 
on the amine (N-H) band (3527.80-3442.06 cm-1). A shift in 
position of C=O at 1744 cm-1 shifted to 1640 cm-1 as the OH 
was involved in binding Cr(VI) ions. Similarly, the bending 
modes of aromatics have also shifted, indicative of 
association with the aromatic rings (Fig. 1). 

 

 
Fig. 1. FTIR result for MOBAC before and after adsorption. 

 
3.2 Model development, validation, and diagnostic analysis 

 In this study, four factors with full factorial CCD approach 
were used to investigate and optimize the interactive effects 

of each process variable (pH, contact time, adsorbent dosage, 
and temperature) on the adsorption of Cr(VI) ions. A total of 
30 batch statistically designed experiments, including six 
center points, were carried out in triplicates (Table 3). Runs 25-
30 at the center point were used to determine the 
experimental error and the reproducibility of the data. The 
results from the experiment revealed Cr(VI) ion removal 
efficiencies that varied from 33.16% to 100%. 

The CCD experimental data were analyzed through a 
sequential model sum of square and summary statistics in 
order to obtain mathematical empirical models (individual 
linear, quadratic, cubic and interactive) as listed in Table 4. 
The results indicated that the linear had higher p-values, 
compared to the quadratic model for the Cr(VI) metal ions 
removal. For the linear model, although its p-value was 
significant for Cr(VI) ion removal, the adjusted R2 and 
predicted R2 values however were found to be low. Hence, the 
model was not chosen for further analysis. On the other hand, 
the cubic model was found to be aliased and unsuitable for 
further developing the experimental data. Towards the end of 
the study, the quadratic model was selected as the one to 
effectively describe the effects of process variables (pH, 
contact time, adsorbent dosage, and temperature) on 
predicting the responses (Cr(VI) percent removal) using 
activated carbon since it exhibits low p-values (0.0005) with 
both high adjusted and predicted R2 values. 

 
Table 3. Experimental design matrix for the preparation of MOBAC. 

Run 

Factors Percent Removal 
A B C D Actual Predicted 

pH Contact time (min) MOBAC dosage (g L-

1) Temp. (⁰C) (%) (%) 

1 (-1)      2.0 (-1)     30.0 (-1)     0.04 (-1)      30.0 80.53 80.52 
2 (+1)     4.0 (-1)     30.0 (-1)     0.04 (-1)      30.0 38.33 29.52 
3 (-1)      2.0 (+1)    70.0 (-1)     0.04 (-1)      30.0 86.25 84.22 
4 (+1)     4.0 (+1)    70.0 (-1)     0.04 (-1)      30.0 43.15 47.41 
5 (-1)      2.0 (-1)     30.0 (+1)    0.08 (-1)      30.0 89.47 91.07 
6 (+1)     4.0 (-1)     30.0 (+1)    0.08 (-1)      30.0 53.17 55.16 
7 (-1)      2.0 (+1)    70.0 (+1)    0.08 (-1)      30.0 91.66 97.28 
8 (+1)     4.0 (+1)    70.0 (+1)    0.08 (-1)      30.0 76.54 75.56 
9 (-1)      2.0 (-1)     30.0 (-1)     0.04 (+1)     40.0 89.66 87.49 

10 (+1)     4.0 (-1)     30.0 (-1)     0.04 (+1)     40.0 53.89 52.92 
11 (-1)      2.0 (+1)    70.0 (-1)     0.04 (+1)     40.0 91.88 94.54 
12 (+1)     4.0 (+1)    70.0 (-1)     0.04 (+1)     40.0 78.89 74.14 
13 (-1)      2.0 (-1)     30.0 (+1)    0.08 (+1)      40.0 89.30 89.69 
14 (+1)     4.0 (-1)     30.0 (+1)    0.08 (+1)      40.0 71.34 70.21 
15 (-1)      2.0 (+1)    70.0 (+1)    0.08 (+1)      40.0 95.60 99.25 
16 (+1)     4.0 (+1)    70.0 (+1)     0.08 (+1)      40.0 89.29 93.95 
17 (-2.00) 1.0 (0)     50.0 (0)     0.06 (0)       35.0 90.18 93.07 
18 (+2.00) 5.0 (0)     50.0 (0)     0.06 (0)       35.0 33.16 36.77 
19 (0)      3.0 (-2.00) 10.0 (0)     0.06 (0)       35.0 59.53 65.23 
20 (0)      3.0 (+2.00) 90.0 (0)     0.06 (0)       35.0 99.47 92.47 
21 (0)      3.0 (0)     50.0 (-2.00) 0.02 (0)       35.0 54.83 61.49 
22 (0)      3.0 (0)     50.0 (+2.00) 0.10 (0)       35.0 100 91.84 
23 (0)      3.0 (0)     50.0 (0)    0.06 (-2.00) 25.0 72.59 72.52 
24 (0)      3.0 (0)    50.0 (0)    0.06 (+2.00) 45.0 99.31 97.88 
25 (0)      3.0 (0)    50.0 (0)    0.06 (0)       30.0 84.03 86.80 
26 (0)      3.0 (0)    50.0 (0)    0.06 (0)       30.0 81.88 86.80 
27 (0)      3.0 (0)    50.0 (0)    0.06 (0)       30.0 91.66 86.80 
28 (0)      3.0 (0)    50.0 (0)    0.06 (0)       30.0 87.12 86.80 
29 (0)      3.0 (0)    50.0 (0)    0.06 (0)       30.0 90.97 86.80 
30 (0)      3.0 (0)    50.0 (0)    0.06 (0)       30.0 85.12 86.80 
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Table 4. Sequential model sum of squares and summary statistics. 
Source Sequential p-value Lack of Fit p-value Adjusted R² Predicted R²  
Linear < 0.0001 0.0168 0.7323 0.6637  

2FI 0.2558 0.0188 0.7572 0.6692  
Quadratic 0.0005 0.1587 0.9138 0.7751 Suggested 

Cubic 0.2060 0.1985 0.9418 0.0264 Aliased 
 

3.3 Response surface analysis of Cr(VI) percent removal 
According to the sequential model sum of squares, the 

model was selected based on the highest order polynomials 
where the additional terms were significant and the models 
were not aliased. For the percent Cr(VI) ion removal (%), the 
quadratic model was selected as suggested by the software. 
From the experimental data, the empirical model was 
developed by the second-order polynomial equation. This 
empirical model was based on different process in order to 
predict the efficiency of Cr(VI) metal ions removal. The 
empirical model expressed by Equation 13, where the 
variables take their coded values, represents (Y) as the 
percent removal, (A) as a function of pH, (B) as a function of 
contact time , (C) for adsorbent dosage, and (D) for 
temperature. Variables (AB, AC, and AD) are the interactive 
effects, whereas A2 and C2 are the quadratic effects.  The 
final empirical formula model for the percent removal (Y) in 
terms of coded factors is represented by the equation: 

𝑌𝑌 = +86.80 − 13.49𝐴𝐴 + 6.94𝐵𝐵 + 7.67𝐶𝐶 + 6.42𝐷𝐷 + 3.42𝐴𝐴𝐴𝐴 +
3.65𝐴𝐴𝐴𝐴 + 3.98𝐴𝐴𝐴𝐴 − 6.28𝐴𝐴2 − 2.35𝐶𝐶2 (Eq. 13) 

A positive sign in front of the terms indicates synergistic 
effects, whereas the negative sign indicates an antagonistic 
effect. The coefficient with one factor represents the effect of 
the particular factor, while the coefficient with the two factors 
and those with second–order terms represent the interaction 
between two factors and the quadratic effect, respectively. 
The adequacy of the model (Eq. 13) to represent the 
experimental data was tested by plotting the experimental 
values against values predicted by the RSM model as shown 

in Figure 2. The model developed was successful in capturing 
the relationship between MOB based on the variables and the 
response because the obtained predicted values were fairly 
close to the experimental values. 

 

 
Fig. 2. RSM model experimental values vs. predicted values. 

 

ANOVA was performed to evaluate the acceptability of the 
model. The results of the second-order response surface 
model fitting for Cr(VI) percent removal are given in Table 5. 
The quality of the model developed was evaluated based on 
the correlation coefficient (R2) and standard deviation. 

 
Table 5. ANOVA of the quadratic model for Cr(VI) removal efficiency by MOBAC. 

Source Sum of Squares df Mean Square F-value p-value Remarks 

Model 9848.08 14 703.43 22.97 < 0.0001 significant 

A-pH 4368.33 1 4368.33 142.64 < 0.0001 significant 

B-Contact time 1157.18 1 1157.18 37.79 < 0.0001 significant 

C-Adsorbent dosage 1412.66 1 1412.66 46.13 < 0.0001 significant 

D-Temperature 990.61 1 990.61 32.35 < 0.0001 significant 

AB 187.07 1 187.07 6.11 0.0259 significant 

AC 212.94 1 212.94 6.95 0.0187 significant 

AD 253.53 1 253.53 8.28 0.0115 significant 

A² 1082.28 1 1082.28 35.34 < 0.0001 significant 

C² 150.87 1 150.87 4.93 0.0423 significant 

Residual 459.37 15 30.62    

Lack of Fit 383.56 10 38.36 2.53 0.1587 not significant 

Pure Error 75.81 5 15.16    

Cor Total 10307.45 29     

 
Std. Dev. = 5.53 
Mean = 78.31 
CV % = 7.07 

R2 = 0.9554 
Adjusted R2 = 0.9183 
Predicted R2 = 0.7751 

Adeq Precision = 17.6492 
 

According to Bashir et al. [46], a model is considered to 
demonstrate a good fit if the coefficient of determination 

reaches a value of 0.80 and above. The RSM model exhibited 
satisfactory approximation of the actual Cr(VI) adsorption 
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removal (%), as demonstrated by the high correlation 
coefficient (R2) of 0.9554. In addition, the adjusted correlation 
coefficient (adj. R2 = 0.9183) was close to the R2. An adjusted 
R2 is usually preferred over R2 because the adjusted value only 
increases upon the addition of statistically significant model 
terms. The Predicted R² of 0.7751 is in reasonable agreement 
with the Adjusted R2 of 0.9183 wherein their difference is less 
than 0.2. Moreover, the standard deviation for the model is 
5.53. The closer the R2 value to unity and the smaller the 
standard deviation, the better the model will be as it will give a 
predicted value which is closer to the actual value for the 
response. 

In the present study, ANOVA using the response surface 
quadratic model was employed to examine the Cr(VI) percent 
removal of MOBAC. The ANOVA results for quadratic 
response surface model for Cr(VI) percent removal had an F-
value of 22.97 and a corresponding probability greater than F 
that was less than 0.05. A higher F-value indicates an 
adequacy of variation about its mean and a p-value (Prob. > F) 
less than 0.05 indicates the model is significant. 

From the ANOVA for the response surface quadratic 
model for the percent removal (%) of MOBAC, the model F 
value of 22.97 and Prob. > F as < 0.0001 revealed that the 
model is significant. In this case A, B, C, D, AB, AC, AD, A2, and 
C2 were all significant model terms, whereas BC, BD, CD, B2, 
and D2 were all insignificant for the response. To improve the 
model’s efficiency, the insignificant model terms were 
excluded from the study. Moreover, the lack-of-fit was also 
calculated from the experimental error (pure error) and 

residuals. The lack of fit P-value was greater than 0.05 
indicating that lack-of-fit for the mathematical models are 
insignificant and the quadratic model was valid and 
significance of the model correlation between the variable 
process response for the adsorption of Cr(VI). 

The adequate precision (AP) measures the ratio between 
the signal and noise, and determines whether the predicted 
model can be used to move along the design space [46]. AP 
values higher than 4 are desirable. In this study, a high AP ratio 
of 17.6492 was obtained. This indicates that the model can 
navigate in the space defined by the CCD utilized in this work. 
The obtained coefficient of variance (CV) value of 7.07 % was 
below 10%, which meant that the model for Cr(VI) ion removal 
gave reproducible results. Based on the statistical data 
obtained, the model presented in this work was efficient and 
able to predict the Cr(VI) ion removal within the established 
set of parameters. 

 
3.4 Effects of variables on Cr(VI) adsorption and removal 

To investigate the linear effects of changing the levels of 
a single factor on the response, one-factor effects plots were 
generated. Figure 3 shows the effects of pH, contact time, 
adsorbent dosage and temperature on the percent removal of 
Cr(VI) ions. As depicted in Figure 2, Cr(VI) ion removal was 
affected by pH, contact time, adsorbent dosage, and 
temperature. The black circles represent experimental design 
points, black lines represent modeled prediction, and blue 
lines represent the least significant difference at a 95% 
confidence level. 

 

 
Fig. 3. One factor effects plot for Cr(VI) removal effiency. (a) pH; (b) contact time; (c) adsorbent dosage; and (d) temperature. 
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The Cr(VI) removal decreased with an increase in pH from 
1-5. At pH 2.0, approximately 99% Cr(VI) removal was 
observed, and this decreases as the pH increases (Figure 3a). 
The decreased in Cr(VI) adsorption with an increase in pH has 
also been reported in other studies [47,48]. The pH of the 
solution affects the speciation of metal ions as well as the 
surface charge of the adsorbent. The Cr(VI) speciation in 
aqueous solution is driven by pH. At pH ≤1, Cr(VI) exists 
primarily as chromic acid (H2CrO4). At pH 1-7, the hydrogen 
chromate (HCrO4

-) ion dominates, whereas above pH 7 only 
the chromate ion (CrO4-2) prevails. The gradual decrease of 
adsorption from acidic to a neutral pH can be attributed by the 
gradual conversion of predominantly monovalent hydrogen 
chromate (HCrO4

-1) ions to divalent chromate (CrO4
-2, Cr2O7

-2) 
ions. This transition occurs because the free energy required 
for the adsorption of divalent ions is greater than that for 
monovalent ions, resulting in reduced adsorption of divalent 
ions on MOBAC [49]. Additionally, as the pH of the surrounding 
aqueous solution increases, the surface of MOBAC undergoes 
deprotonation, leading to a decrease in positive surface 
charges. Consequently, chromate ions with a negative charge 
experience electrostatic repulsion at higher pH levels, which 
resulted in decreased adsorption of chromate ions. 

The adsorption performance of Cr(VI) were conducted at 
time intervals 10-90 minutes (Figure 3b). The results revealed 
that the percent removal of Cr(VI) increases as time proceeds. 
This might be due to the fast adsorption of Cr(VI) ions on the 
external surface of the activated carbon at the initial stages 
[50]. Meanwhile, Figure 3c indicates that with increasing the 
adsorbent dosage, the removal of Cr(VI) metal ion also 
increases. It is found that 0.020 g of MOBAC give the lowest 
adsorption removal which is 54.83 %.  As can be seen from 
Figure 8c, after reaching at 0.100 g of adsorbent dosage, the 
adsorption process gives a 100% removal of Cr(VI) ions. 
According to Abdulrasaq & Basiru [51], further increasing the 
adsorbent dose after reaching its equilibrium state, cannot 
show significant improvement in removal adsorption. This 
might be due to the better occupation of lower energy sites in 
large fractions than the available higher energy sites [52]. 
Thus, the equilibrium adsorbent dosage for the adsorption of 
Cr(VI) on activated carbon was found to be around  0.100          
g L-1. 

A significant increase of Cr(VI) removal was depicted with 
an increase of temperature from 25°C to 45°C (Figure 3d). An 
increase in temperature is known to increase the uptake Cr(VI) 
due to the increase in chemical interaction between the Cr(VI) 
ions and the activated carbon. It might also be suggested that 
the Cr(VI) ions were able to overcome the activation energy 
barrier for adsorption on activated carbon. As a result, the 
process was endothermic. 

Further analysis of the model parameters was performed 
using three-dimensional response and contour plot. An RSM 
allows for the investigation of the combined effects of factors 
on response with the aid of surface plots. In the plots shown 
in Figure 4, Surface plots were generated by varying two 
variables at a time, while keeping the others constant at a 
certain level (usually mid-range). Table 4 lists the significant 
interactions of the model terms. Out of the six interactions, 
only three were statistically significant, namely AB, AC, and 
AD, and response surfaces were generated to study these 

interactions. As the pH decreases and the contact time 
increases, the Cr(VI) removal efficiency increases up to 99.47 
%. However, it declined when the contact time and pH 
increased further (Figure 4a). The highest Cr(VI) removal 
efficiency was obtained at a pH 2 and contact time at 90 
minutes. 

The Cr(VI) removal efficiency increased up 100%, but it 
declined when the pH and adsorbent dosage increased further 
(Figure 4b). Increasing the adsorbent dosage can be 
attributed to the increased surface area and adsorption sites 
of adsorbent but no further adsorption could be achieved after 
reaching its equilibrium state. The highest Cr(VI) removal 
efficiency was found at medium values of pH 2 and adsorbent 
dosage of 0.100 g/L. Moreover, increasing the temperature in 
a lower pH had a positive effect on the Cr(VI) removal. The 
increased Cr(VI) removal with increasing the temperature may 
be a result of the faster  adsorption of Cr(VI) ions on the 
external surface of the activated carbon at the initial stages 
(Figure 4c). The highest Cr(VI) removal efficiency was found 
at medium values of pH 2 and temperature of 45 °C. 

Lastly, the quadratic model equation was optimized to 
maximize chromium adsorption using mathematical model 
equations. The overall desirability function, a combination of 
goals, ranges from zero outside limits to one at the goal. The 
optimum conditions were achieved by setting the desired goal 
for Cr(VI) removal efficiency as "maximize" and other 
independent parameters as “within the range”. Figure 5 shows 
a ramp desirability made from 30 optimum points via the 
numerical optimization. By seeking 30 starting points in the 
response surface changes, the best local maximum was 
found to be at the pH of 2.16, contact time of 62.7 minutes, 
adsorbent dosage of 0.065 g L-1, and temperature of 39.8 °C. 
The model validations have been determined as optimum 
levels of the process parameters to achieve 99.61% as the 
maximum percent removal of Cr(VI).  The residual Cr(VI) 
concentration (0.005 mg L-1) at optimized conditions was 
below the allowable concentrations recommended by the US 
EPA (0.1 mg L-1) and WHO (0.05 mg L-1). 

 
3.5 Adsorption Isotherms and Kinetics 

The adsorption behavior of MOBAC towards Cr(VI) ions 
were fitted to both Langmuir and Freundlich isotherms in 
order to verify to whether the interaction between the 
adsorbent and adsorbate is a chemisorption monolayer 
adsorption or multilayer adsorption. The linear form of the 
Langmuir model was obtained by plotting 1/Ce against 1/qe, 
while the linear form of the Freundlich isotherm was achieved 
from the plot of log Ce against log qe (Fig. 6a and 6b). 

The values of the coefficient of determination (R2) are 
0.9908 and 0.9787 (Table 6). It is clear that the correlation 
coefficients for the Langmuir isotherm is higher than for the 
Freundlich isotherm, which indicates that the uptake occurs 
on a homogenous surface by monolayer adsorption and can 
be described in terms of chemisorption as the formation of an 
ionic or covalent bonds between the adsorbate and the 
adsorbent [53]. The essential characteristics of the Langmuir 
isotherm may also be expressed in terms of a dimensionless 
separation factor of equilibrium (RL) which may be calculated 
from the equation 1 [54]. 
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Fig. 4. 3D response plots and contour plots of the Cr(VI) removal efficiences of the optimized MOBAC. (a) pH and contact time; (b) pH 

and adsorbent dosage; and (c) pH and temperature. 
 

 
Fig. 5. Desirability ramp for the optimization of the response 
and variables. (a) pH; (b) contact time; (c) adsorbent dosage; 

(d) temperature; and (e) Cr(VI) removal. 

Table 6. Isotherm Adsorption Parameters of MOBAC towards 
Cr(VI) ions adsorption. 

Isotherm 
Model Parameters 

Langmuir 

Qmax (mg/g) 4.576659 

KL (mg/L) 5.09324 

RL (mg/L) 0.115743 

R2 0.9908 

Freundlich 

KF (mg/L) 9.8787 

1/n 0.8019 

R2 0.9787 

 

The parameter (RL) is related to the shape of the isotherm 
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according to the following characteristics: RL > 1 represent 
unfavorable adsorption; RL = 1 corresponds to a linear 
relationship. 0 < RL < 1 is favorable adsorption and RL = 0 is 
irreversible. In this study, RL is 0.115 (0 < RL < 1), which 
indicates that MOBAC is a good adsorbent for Cr(VI) ion 
removal. 

The investigation of the adsorption kinetics is vital in order 
to know the rate of the adsorption, which is a good criterion to 
describe the efficiency of the adsorbent. The data gathered 
from variation of contact time was used to investigate the 
kinetic behavior of MOBAC towards the removal of Cr(VI) ions 
(Table 7). Data were plotted fit to a linearized pseudo-first 
order and pseudo-second order parameters and the linearized 
adsorption kinetics respectively (Fig. 6c and 6d). 

The R2 value of the pseudo-second order model (R2 = 
0.9844) was significantly greater than the R2 value of the 
pseudo-first order model (R2 = 0.928), indicating that the 
pseudo-second order model describes the adsorption kinetic 
behavior of MOBAC towards Cr(VI) ions. These results 
conclude that that the interaction between the pollutant and 

adsorbent at the surface is through chemisorption. 
Chemisorption involves the interaction of the metal ions 
(pollutant) and adsorbent via chemical bonding [55]. The 
results also shows an agreement stated in several other 
studies including AC obtained from Mangifera indica [56]; 
Moringa oleifera bark [33]; bamboo bark [29]. 

 
Table 7. Kinetic Adsorption Parameters of MOBAC towards the 
Adsorption of Cr(VI) ions. 

Kinetic Model Parameters 

Pseudo-First Order 

q1 (mg/g) 0.8898 

K1 (min-1) 5.7 x 10-4 

R2 0.9280 

Pseudo-Second Order 

q2 0.1193 

k2 (g/mg-1 min-1) 2.5 x 10-4 

R2 0.9844 

 
 

 
Fig. 6. Adsorption isotherms and kinetics for Cr(VI) adsorption by MOBAC. (a) Langmuir adsorption isotherm; (b) Freundlich adsorption 

isotherm; (c) Pseudo-First order kinetics; and (d) Pseudo-Second order kinetics. 

 
The performance of MOBAC developed in the current 

study was compared with other adsorbent for the removal of 
Cr(VI) ions. Adebayo et al. [31] found out the adsorption 
capacities of goethite (G), activated carbon (AC) and their 
composite (GAC) for Cr(VI) are 6.627, 5.455 and 6.354 mg g-1  
with 0.02 g adsorbent within contact time of 60, 180 and 30 
min for G, AC and GAC, respectively at optimum pH of 3. Kobya 
[27] reported in his study that the adsorption capacity of 
Hazelnut shell activated carbon as calculated from the 
Langmuir isotherm was 170 mg g-1 at an initial pH of 1.0 for a 
Cr(VI) solution of 1000 mg L-1 concentration. Another study by 
Doke & Khan [28] revealed that wood apple shell activated 
carbon achieved a maximum adsorption capacity of 151.51 

mg g-1 with 1.25 g L-1 of adsorbent at an initial concentration 
of 75 mg L-1 for Cr(VI) ion adsorption. Comparing these 
adsorbents, it is evident that MOBAC showed promising 
potential for Cr(VI) ion removal from aqueous systems. With 
a minimal amount of MOBAC (0.065 g L-1), 99.612 % of Cr(VI) 
ions are removed from aqueous solution. 

4. Conclusions  

The present study reports the performance of MOBAC in 
Cr(VI) metal removal from aqueous solution using RSM with 
CCD statistical analysis. The influence of operational 
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parameters such as the solution pH, contact time, adsorbent 
dosage, and temperature was considered. The results 
revealed that the developed RSM quadratic model could be 
successfully applied for optimizing the process variables and 
interactions in the response. At this optimum condition, the 
residual concentration (0.005 mg L-1) of Cr(VI) considered is 
within the maximum limit recommended by the US EPA (0.1 
mg L-1) and WHO (0.05 mg L-1). However, further 
investigations may be conducted to it is recommended to 
provide comprehensive analyses on the effectiveness of 
MOBAC, to wit: (1) perform Raman scattering measurements 
to further investigate Cr-O bonding and hydrogen bonding with 
water; (2) use MOBAC as an adsorbent for different types of 
contaminants; (3) additional conditions should be considered 
such as point of zero charge of the adsorbent, effect of mixing 
speed, thermodynamics study to further understand the 
adsorption behavior of MOBAC; and (4) desorption process 
must also be conducted to verify how many times MOBAC can 
be reused. Nevertheless, the results of the present study 
suggest that the use of MOBAC can be a good alternative for 
the current expensive methods of removing the Cr(VI) ions 
from aqueous solution. 
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