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Abstract: Biosorption of chromium (Cr(VI)) is studied by using raw (chemically not modified)
Moringa (Moringa Oleifera) leaf powder without any pretreatment. Cr(VI) is one of the potentially
harmful heavy metals found in industrial wastewater. In the Moringa leaf powder, the presence of a
significant amount of organic acids form the source for the biosorption of Cr(VI). The concentration of
Cr(VI) in the feed solution is varied and different dosages of the proposed biosorbent are used to study
its efficiency in the removal of Cr(VI). The concentration of Cr(VI) is varied from 1 ppm to 20 ppm
while the amount of biosorbent is varied from 0.5 g to 2.5 g. The equilibrium time for adsorption of
Cr(VI) is observed to vary between half an hour and 90 min. The metal removal efficiency varied
from 30% to 90% which is a significant achievement compared to other conventional methods
which are either energy-intensive or not cost effective. The experimental results are modeled using
Langmuir, Freundlich and Redlich–Peterson isotherms. The metal removal efficiency is attributed
to the chelating effect of carboxylate and hydroxyl groups present in the moringa leaves and is
confirmed from the FTIR analysis. Further molecular docking simulations are performed to confirm
the binding of the metal to the speculated sites within the different acids present in the moringa
leaves. Untreated green moringa leaf powder used as a biosorbent in this study leads to a sustainable
and cheaper option for treating wastewater containing Cr(VI).

Keywords: biosorption; chromium removal; moringa; adsorption isotherms; molecular docking

1. Introduction

Heavy metals such as lead, nickel, copper, chromium, cadmium and strontium are
commonly found in industrial wastewater [1]. These are hazardous and pose environmen-
tal concerns if not removed before the wastewater is discarded to the environment. This
article focusses on the removal of hexavalent chromium using a biosorbent. Chromium is
mainly found in the wastewater produced from the leather tanning, textile, electroplating,
metal processing and chromium salt industries though there are other type of industries
(such as dyeing, ceramic manufacture, mining, etc.) which also release this toxic metal
into its wastewater [1]. Most of the heavy metals exist at different oxidation states and
chromium exists in Cr3+ (Cr(III)) and Cr6+ (Cr(VI)) states in aqueous media. Among
these two states, the hexavalent chromium is more harmful and toxic compared to the
trivalent chromium because of its higher mobility and solubility. Studies have shown
that the compounds containing hexavalent chromium are carcinogenic and can also act
as mutagens [2,3]. According to the World Health Organization (WHO), the maximum
allowable chromium in industrial wastewater and potable water is 0.05 ppm and 0.1 ppm,
respectively. For corresponding allowable chromium levels in other countries or regions
please refer to Kinuthi et al. [4]. There are several studies and methods used to remove
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heavy metals from wastes generated from different processes. These methods vary in
general based on the type of the source from which this heavy metal-associated waste is
produced and also on the separation efficiency required to meet the required limits. The
several common methods used for removal of chromium include chemical precipitation,
ion exchange, reverse osmosis, electro dialysis and ultrafiltration [5–10]. Though all these
methods can give a high metal separation efficiency their usage is restricted due to some of
the serious drawbacks such as higher operational and maintenance cost, residual metal
sludge treatment and/or disposal problem and in some cases incomplete metal removal.
An alternate cost-effective technique for heavy metal removal from wastewater is to use
adsorption method. This has led to explore different types of adsorbents that can be used
to efficiently remove Cr(VI) from the waste containing this metal. Several adsorbents such
as metal oxides, activated carbon and alumina, chemically modified resins and biosorbents
have been developed in the past few decades [11–19]. Biosorbents form an attractive option
for handling the Cr(VI) removal as they are cheaper, with less maintenance and operational
cost and a higher metal separation can be achieved. There are several biosorbents that are
developed to separate Cr(VI) and these include mango kernels, peanut hull, banana peels,
sugarcane bagasse, sugarcane leaves, Aloe vera leaves, neem leaves, coconut shell [20]. Most
of these biosorbents are modified or activated using acids to generate the metal capturing
sites on the surface of the adsorbent [21,22] which improves the capability of binding the
metal to the adsorption site. In our research we use raw moringa leaf powder without
any activation or pretreatment with chemicals as a biosorbent to adsorb Cr(VI) from the
wastewater containing this metal.

Moringa leaves come from the tree called Moringa oleifera which is commonly referred
to as drumstick tree or horse radish tree. Various parts of this tree have been used for
medicinal as well as a vegetable in many parts of Asia and Africa. Extensive research stud-
ies have been conducted on its medicinal, biological and physiological activities [23–26].
With respect to using the different parts of this tree for the removal of heavy metals,
Reddy et al. [27] reported using its bark for the adsorption, Alves and Coelho [28] reported
using its husks for removal of chromium, Obuseng et al. [29] used its seeds for removal
of most of the heavy metals except chromium, and its leaves are used to remove lead by
Reddy et al. [30]. Most of these studies involved chemical pretreatment of the correspond-
ing parts of the tree before using them as an adsorbent. In our research we use raw organic
moringa leaf powder for the removal of Cr(VI) and the reason for choosing this adsorbent
comes from the fact that its leaves have a significant amount of ascorbic and amino acids
which would enhance the binding capability of the metal to it. The powder used in this
research is obtained from Organic IndiaTM which reported that 450 mg of eighteen different
types of amino acids are present in every 2 g of leaf powder. The main objective of this
research is to exploit the benefit the of chromium metal capturing ability of the several
amino acids present in the untreated moringa leaf powder.

2. Materials and Methods

Analytical grade potassium dichromate salt was obtained from Sigma-Aldrich. Stock
solutions of different concentrations were prepared using distilled water. The moringa leaf
powder was obtained from Organic IndiaTM and the volume surface mean diameter of the
absorbent was found to be 190 microns approximately (from sieve analysis). The main acids
present in the moringa leaves include glutamic acid, aspartic acid, ascorbic acid, lysine,
methionine, proline, tyrosine and valine [31]. Different amounts of the adsorbent (0.5, 1.0,
1.5, 2.0 and 2.5 g) with different amount of the initial concentration of the metal (5, 10, 15,
20, 40, 60, 80, 100 ppm) in the solution were used in the experiments. Experiments were
conducted for 90 min by placing the bottles containing the adsorbent and Cr solution on a
shaker that is operated at 100 rpm. Temperature was recorded as 24 ◦C. The concentrations
of the Cr(VI) in the solution at different times were obtained by taking samples and
analyzing using a DR5000 spectrophotometer manufactured by HACH Company. A
dilution factor of up to 30 was used to meet the concentrations of the solution amenable
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for spectrophotometer analysis. The concentrations obtained from the diluted samples
were compared with the original standard solutions. Further, replicate experiments were
performed for the dosage of 1 g of the adsorbent with 5, 10, 15 and 20 ppm Cr(VI) solutions
and the corresponding standard deviation for the concentration was obtained. The pH
and temperature during the experiments were measured using the pH meter supplied
by Extech Instruments Company. The characterization of different group vibrations was
done by conducting FTIR analysis [32,33]. The docking of the metals to the amino acids
was simulated and analyzed by using AutoDock Vina package and the visualization or
post-processing was performed by using Visual Molecular Dynamics (VMD) package.
More details on the molecular docking are explained in Section 3.2.

3. Results and Discussion

The high proportion of amino acids with pendent carboxylate and also ascorbic
acid with pendent hydroxyl groups has a significant effect on the coordination of Cr(VI).
Compared to an amine group, the carboxylate group has more tendency to capture the
Cr(VI) as the former would sterically hinder or block the access to the main chain. The
carboxylate group on these amino acids exercises the chelating or bridging action by
forming complexes with the Cr(VI) which is attributed to the stretching of the C=O as
shown in the FTIR analysis (see Figure 1). Figure 2 shows the FTIR analysis for the moringa
powder alone and chromium solution alone with replicates. The vertical shift between
the replicates is due to the slight variation in the place holder for the sample within the
FTIR instrument. Otherwise, both replicates overlap with each other in Figure 2. In
Figures 1 and 2, the peak at 3750 cm−1 corresponds to the N-H bonds, the strong broad
band at about 3330 cm−1 is due to the O-H stretch (which changes before and after uptake
of Cr(VI)) and the band at about 1550 cm−1 relates to the coordinated carboxylate with the
metal ion. The change in the proportions of the 3330 cm−1 and 1550 cm−1 peaks relative to
that of the raw moringa can be attributed to the capture of the Cr(VI). Additionally, the peak
at 2850 cm−1 corresponds to the aliphatic C-H (the peak shifts due to the uptake of Cr(VI)).
From the FTIR analysis, it showed that the contribution from the chelating effect due to
the O-H groups present in the ascorbic acid dominate over the corresponding contribution
from the carboxylate groups in the amino acids. All these observations are in complete
agreement with the findings reported by Gupta and Balomajumber [32] where they have
used water hyacinth as the biosorbent to remove chromium and phenol simultaneously.
The absorption of the Cr(VI) on to the acidic sites of the biosorbent is also confirmed by
measuring the pH during experiments. The chromium in the solution has the possibility of
existing as the chromate ion (CrO2−

4 ) or in the hydrogenated form (HCrO−4 ) based on the
acid dissociation kinetics given by Equations (1) and (2) [33,34].

H2CrO4 ↔ H+ + HCrO−4 k1 = 10−0.9 (1)

HCrO−4 ↔ H+ + CrO2−
4 k2 = 10−6.5 (2)

The pH of the solution in all experiments varied between 4.8 and 6.2 which corre-
sponds to slightly acidic medium. Figure 3 shows the variation of pH for the adsorption
experiment corresponding to a loading of 2 g and for different concentrations (40, 60, 80
and 100 ppm) of the chromium with respect to time. Similar trends were observed for
lower concentrations of chromium (5, 10, 15 and 20 ppm). Cr(VI) is a good oxidizer of
organic compounds (involving radicals) in acidic medium [35,36]. Al Abadleh et al. have
explained qualitatively and quantitatively the tendency of the surface-bound carboxylate
to bind and control the interaction of chromium ions in silica–water interfaces [37]. The
presence of a significant number of carboxylates and hydroxyl groups in the moringa leaf
powder (which is a biosorbent rather than synthesized chemical) has shown the same
phenomenon of adsorption of Cr(VI) ions.
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Figure 1. FTIR analysis of sample corresponding to 2 g of adsorbent and for different concentrations of the
chromium solution.

Figure 2. FTIR analysis of moringa powder alone and chromium solution alone (A, B are replicates).
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Figure 3. Variation of pH (with an accuracy of +0.01 pH) with respect to time with 2 g biosorbent
and different Cr(VI) concentrations.

Figure 4a,b shows the Cr(VI) concentration profile with respect to time for an initial
concentration of 5 to 20 ppm and 40 to 60 ppm, respectively, for an adsorbent dosage of 2 g.
From the sharp decrease in the concentration within the first half hour, it appears that the
removal of Cr(VI) is caused by adsorption only.

Figure 4. Concentration profiles for an adsorbent dosage of 2 g for an initial metal concentration of (a) 5 to 20 ppm and
(b) 40 to 100 ppm. The standard deviation for the concentration in these figures is 0.06 mg/L.

From Figure 4a,b, it can be seen that a significant degree of adsorption takes place
using the moringa as the absorbent for different initial concentration of Cr(VI). Steady state
is reached within one and a half hours. This trend was also observed for other dosages of
moringa powder (0.5, 1 and 2.5 g).
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3.1. Adsorption Isotherms and Kinetics Modelling

The results obtained from the adsorption experiments for different initial concentra-
tions of the Cr(VI) and different dosages of the sorbent (moringa powder) are modelled
using Langmiur [38], Freundlich [39] and Redlich–Peterson [40] isotherms. The model
equations for these isotherms are given by Equations (3)–(5).

Langmiur isotherm:

qe = qm
kLCe

1 + kLCe
(3)

Freundlich isotherm:
qe = kFC1/n

e (4)

Redlich–Peterson isotherm:

qe =
kRPCe

1 + αRPCβ
e

(5)

where qe (mg/g) and Ce (mg/L) are the Cr(VI) concentration at equilibrium in the sorbent
and in solution, respectively. The constants [kL, qm], [kF, n] and [kRP, αRP, β] are the
parameters corresponding to the Langmiur, Freundlich and Redlich–Peterson isotherms,
respectively. The values obtained for these parameters (with 99% confidence intervals) by
fitting the experimental data using a nonlinear least square fit (in MATLAB) are shown in
Table 1.

Table 1. Parameter values obtained for different isotherms.

Parameter Values 99% Confidence Interval

kL 0.0535 0.0316 0.0753

qm 2.8293 2.4015 3.2570

kF 0.3029 0.2271 0.3787

n 2.0368 1.7546 2.3190

kRP 0.5907 0.0000 1.8929

αRP 1.2840 0.0000 5.3536

β 0.5981 0.3780 0.8181

Figures 5a, 6a and 7a show the comparison of the experimental values of Ce vs. qe with the
Langmuir, Freundlich and Redlich–Peterson isotherms, respectively. Figures 5b, 6b and 7b
shows the experimental values vs. predicted values of qe and the corresponding R2 obtained
for these isotherms that were used to fit the data. From Figures 5–7, it clearly shows that
the experimental data very well fits with all the three isotherms as evidenced from the high
R2 (>0.90). Sorption of Cr(VI) follows all the three isotherms with almost the same degree
of R2. Using the parameters from the Langmiur isotherm, a dimensionless separation factor
RL is defined by Equation (6) [41].

RL =
1

1 + kLCo
(6)

where Co is the initial concentration of Cr(VI). For the current study, RL is obtained to be
in the range of 0.157 to 0.789 for Cr(VI) initial concentrations varying from 100 mg/L to
5 mg/L. The values of RL are indicative of favorable adsorption as they lie between 0 and 1.
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Figure 5. (a) Comparison of Ce vs. qe using Langmuir isotherm. (b) Experimental qe vs. predicted qe using Lang-
muir isotherm.

Figure 6. (a) Comparison of Ce vs. qe using Freundlich isotherm. (b) Experimental qe vs. predicted qe using Fre-
undlich isotherm.

Figure 7. (a) Comparison of Ce vs. qe using Redlich–Peterson (R–P) isotherm. (b) Experimental qe vs. predicted qe using
Redlich–Peterson isotherm.
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Further kinetic models were fit to the experimental results to study the solute up-
take rate. Two common models are used to describe the solid/liquid adsorption. The
pseudo-first-order model [42] and the pseudo-second-order model [43] are fitted with the
experimental results for all different initial dosages of the absorbent. Equations (7) and (8)
describe the pseudo-first-order model and the pseudo-second-order models.

log(qt − qe) = log(qe)−
k1

2.303
t (7)

t
qt

=
1

k2q2
e
+

t
qe

(8)

where qt is the amount of Cr(VI) at any time t, qe is the corresponding equilibrium value, k1
(min−1) and k2 (g mg−1 min−1) are equilibrium rate constants for the pseudo-first-order
and the pseudo-second-order models, respectively. Figure 8a,b shows the comparison of
the experimental qt vs. t with the corresponding fitted pseudo-first-order and the pseudo-
second-order models for a dosage of 1 g and with an initial Cr(VI) concentration of 40 ppm.
It was observed that the pseudo-second-order model fits very well compared to the pseudo-
first-order model which is evident from the R2 values. This was true for other dosage and
other initial concentrations of Cr(VI). Hence, the adsorption of Cr(VI) onto the moringa
leaf powder follows the pseudo-second-order kinetics.
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From Figure 9, it is clear that as the initial concentration of Cr(VI) in the solution
increases, the removal efficiency decreases for all different dosages of the absorbent. This is
in agreement with the trends observed with other absorbents used for not only removal
of Cr(VI) but also for other heavy metals [35,36]. With respect to the effect of amount
of dosage, the removal efficiency increased with an increase in the amount of dosage.
Removal efficiencies of over 90% were achieved for metal concentrations of less than
20 ppm and an absorbent dosage of 2 g. A major benefit and also difference in using the
proposed untreated (meaning chemically not modified) moringa leaf powder is that the
removal efficiency of this absorbent is very high even at very low levels of initial metal
concentrations (see Figure 9 for initial concentrations less than 20 ppm). Usually, adsorption
is preferred to other methods of separations for higher levels of initial concentration of
the metals.

The removal efficiency which indirectly is related to the amount of Cr(VI) adsorbed
on the absorbent using different dosages of the absorbent with different initial conditions
is shown in Figure 9.



Pollutants 2021, 1 59

Figure 9. Cr(VI) removal efficiency for different initial concentrations of the metal and for different
dosages of the absorbent.

3.2. Docking Simulation Results

Docking of the metal ion with different amino acids and ascorbic acid was simulated
using the AutoDock Vina package [44] and the visualization or post-processing was com-
pleted using the Visual Molecular Dynamics (VMD) package [45]. Non-bonded interaction
forces such as electrostatic and van der Waals mainly influence the docking between the
metal ion and the major acids present in moringa leaves. The protein data bank (PDB)
structure files for these acids were retrieved from the Protein Data Bank [46]. The acids that
were used in the docking simulations include valine (VAL), tyrosine (TYR), proline (PRO),
methionine (MET), lysine (LYS), glutamic acid (GLU), aspartic acid (ASP) and ascorbic acid
(ASC). Since Cr(VI) was not available in the AutoDock Vina package, manganese, which
has a similar molecular weight and with charge of Cr(VI), was chosen for conducting the
docking simulations. The charge of the metal, hexavalent chromium ion or Cr(VI) was
preserved in the simulation and the ion to be docked on the different amino acids and
ascorbic acid was referred to as Z ion. The preparation of the structural files to be ran on
AutoDock Vina were completed using AutoDock tools [47].

Table 2 shows the docking score obtained for the Z ion (which is similar to Cr(VI))
with respect to different locations within the major acids present in the moringa leaves.
The docking scores obtained in Table 2 show that ascorbic acid has more potential (with
a maximum docking score of −0.6) to bind the Cr(VI) compared to other amino acids.
This is due to the presence of two hydroxyl groups close to each other in the ascorbic acid
compared to a single hydroxyl group located in one of the amino acids, such as tyrosine.
Among the amino acids, glutamic and aspartic acids have exhibited a second-highest
docking score of −0.5 which is attributed to the fact that they have two carboxyl groups
contributing to higher potential for the capture of the metal compared to lysine, methionine,
proline, tyrosine and valine. The docking scores were also obtained for the position of the
metal to be between the amino group and the double bonded oxygen atom in the carboxyl
group as shown in Figure 10a–d. The corresponding docking score was observed to be
−0.4. The docking score for a sole amino group without a carboxyl group neighbor was
found to be very small, thus leading to the smallest binding tendency of the metal.
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Table 2. Docking of different amino acids and ascorbic acid present in the moringa leaves.

Component Docking Score or Affinity
(kcal/mol)

No. of Highest Score
Docked Sites and Its

Corresponding Site Group

Docked Structure
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On the other hand, the docking score with respect to the carboxyl group in ascorbic
acid was found to be −0.5. Further, with the hydroxyl groups there were two situations
with respect to the distance between them. Within the structure of the ascorbic acid, when
the distance between the hydroxyl groups was large, the docking score was observed to be
−0.5 but when the hydroxyl groups were nearer, then the docking score was found to be
−0.6 (suggesting a greater binding of the metal). From the docking simulation results it was
found that ascorbic acid has the highest overall docking scores with four sites of −0.6 and
two sites of −0.5 followed by the carboxyl groups of the other amino acids. These findings
are in complete agreement with the experimental results explained in the FTIR analysis
(see Figures 1 and 2 and the discussion in Section 3). The chelating effect of ascorbic acid
in the reduction of hexavalent chromium was also reported by Xe et al. [48]. Hence, the
untreated moringa with a significant amount of ascorbic acid and amino acids is one of the
best biosorbents that can be used to remove Cr(VI) efficiently from aqueous solutions.

4. Conclusions

Untreated green moringa leaf powder was efficiently used to remove toxic hexavalent
chromium from aqueous solution. It was found that Cr(VI) removal efficiency above 90%
was achieved with short adsorption times (around 60 to 80 min). Different dosages of this
absorbent were used to treat solutions with different initial concentration of the heavy
metal. A biosorbent dosage of 2.5 g led to giving maximum Cr(VI) removal efficiency for an
initial metal concentration range of 5 to 100 mg/L. It was observed that the adsorption of
Cr(VI) on this biosorbent very well followed Langmiur, Fruendlich and Redlich–Peterson
isotherms. The kinetics study showed that it follows a pseudo-second-order model. The
metal removal efficiency was strongly affected with the initial concentration of the metal
in the solution. Higher removal efficiency was observed at lower levels of initial metal
concentration in the solution. The metal docking preferences in the different acids (present
in moringa leaves) were realized by performing simulations using the AutoDock Vina
package. The simulation results confirmed that the carboxyl groups in the amino acids
and hydroxyl groups in the ascorbic acid are the major sources of binding sites for Cr(VI).
Further, the absorbent used in this study forms a suitable case not only for removal of the
Cr(VI) at lower levels but also can be used for pre-treatment of higher initial concentration
solution. Untreated green moringa leaf powder used as a biosorbent in this study leads to
a sustainable and cheaper option for treating wastewater containing Cr(VI).
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