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Abstract 

Environmental contamination with Cr (VI) has recently attracted public attention because of its high concentration 
in soil and wastewater originating majorly from anthropogenic activities and natural processes. Reduction of Cr (VI) 
to Cr (III) is a feasible method for minimizing chromium pollution. This work aimed at characterizing the effects of Cr 
(VI) reduction conditions in a batch experiment such as temperature, hydrogen ion concentration, time, and reactant 
concentrations, as well as kinetics and thermodynamics of the reaction using Tamarindus indica methanol leaves 
extract as a reductant. Cr (VI) reduction was meaningfully affected by temperature, hydrogen ion concentration, reac-
tion time, and reactant concentrations. The reaction followed the pseudo-second-order kinetic model (R2 = 0.997) 
at pH of 2; at the neutral and alkaline pH (7 and 9), the reaction predominantly obeyed first order (R2 = 0.988) and 
pseudo-first order (R2 = 0.758), respectively. Under various hydrogen ion concentrations, the reaction retains nega-
tive free energies, enthalpy change, and a positive entropy. The findings from this study suggested the reaction to be 
spontaneous, exothermic, and orderly unstable. We concluded that phytocompounds present in tamarind methanol 
leaves extract demonstrated a strong potentials for converting Cr (VI) to Cr (III) and, thus, could be applicable in Cr (VI) 
contaminated wastewater treatment.
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1 � Background
Weathering and volcanic eruptions are some of the pro-
cesses that leads to human exposure to chromium [12]. 
In addition to natural phenomena, anthropogenic activi-
ties led to widespread chromium contamination in the 
environment, particularly in soil and water [7]. Chro-
mium is detected in groundwater and soil predominantly 
in the trivalent [Cr(III)] and hexavalent [Cr(VI)] forms 
[22]. Due to its solubility, Cr (VI) diffuses easily through 
the soil and underground water, thereby considered a 
potential contaminant in the environment. Cr (VI) is 
highly toxic [21], soluble, mobile, as well as carcinogenic, 
mutagenic, and teratogenic [37, 42], while on the other 
hand, Cr (III) is less toxic, insoluble, immobile [9], and in 

addition impermeable to the cell membrane [1]. In com-
parison, Cr (VI) is about 100–1000 times more toxic to 
human health than Cr (III), partly due to its high solubil-
ity and cell permeability [16, 17, 25]. Exposure to Cr (VI) 
resulted in the formation of various forms of DNA dam-
age, including strand breaks which can lead to cancer as 
well as other oxidative damage-related disorders [33]. A 
study with B6C3F1 mice and F344/N rats models shows 
exposures with drinking water containing Cr (VI) caused 
an increase in small intestinal cancers at ≥ 20 mg/L and 
oral cavity cancers at ≥ 60 mg/L, respectively [27, 43].

It is noteworthy that the toxicity of Cr (VI) is attributed 
to its cellular reduction to Cr (III) via reactive interme-
diates [2, 17, 29, 38]. Therefore, conversion of Cr (VI) in 
wastewater and contaminated soil can avert mobility; in 
consequence, Cr (III) will bind to the organic matter in 
the soil while precipitating in an aquatic environment 
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[25]. This action will drastically reduce the risk of Cr 
(VI) contamination in drinking water and agricultural 
products and, hence, moderate the incidences of most 
of the diseases conditions of this century such as can-
cer, diabetes, gastrointestinal, and reproductive impair-
ment. Herein, we examined Cr (VI) reduction potentials 
of Tamarindus indica methanol leaves extract, its rela-
tionship with antioxidant capacity of the plant, effect of 
some reaction factors, kinetic and thermodynamic of the 
reduction reaction. Therefore, findings from this study 
could be helpful in the treatment of industrial wastewater 
and Cr (VI) contaminated soil.

2 � Methods
2.1 � Reagents
Potassium dichromate (Fisher Scientific; Pittsburgh, PA, 
USA) was used as a source of hexavalent chromium, 
diphenylcarbazide (Merck Germany), Chromium (III) 
chloride hexahydrate (Analar 97%, England), sulfuric 
acid (98%), hydrochloric acid (85%), and sodium hydrox-
ide were all of the analytical reagent grades and obtained 
from Sigma (St. Louis, MO, USA). Deionized water was 
used for all solutions and dilutions.

2.2 � Extraction of tamarind leaves
Tamarind leaves were collected by a research assistant 
from Pharmacognosy Research Laboratory, Ahmadu 
Bello University Zaria. The leaves were washed with clean 
water and dried before being ground into fine powder. 
Extraction was carried out by maceration through soak-
ing 500  g leaves powder in 70% methanol for two days. 
The solution was decanted and filtered through What-
man No. 4 filter paper. The mixture was concentrated to a 
thick consistency, and the resulting extract was kept in a 
desiccator for further use.

2.3 � Preparation of reagents
The extract solution was prepared by dissolving 0.1 g in 
deionized water and subsequently diluted to 100  ml to 
obtain a 1 mg/ml extract solution. Stock Cr (VI) solution 
(50 mg L−1) was prepared by dissolving 0.05 g of potas-
sium dichromate (K2Cr2O7) (294.18  g  mol−1) in 1 L of 
deionized water. The pH of Cr (VI) solution was adjusted 
to 7.0 using 0.1 M NaOH or 0.1 M HCl before being fil-
tered using a 0.45-μmWhatman filter paper and steri-
lized. The working solution was prepared by diluting the 
stock solution with deionized water to give the appropri-
ate concentration (10 mg L–1) of the solution and 0.20 g 
of 1,5-diphenylcarbazide was added in 100  ml of 95% 
acidified ethanol and store in sterilized and dried brown 
colored bottle.

2.4 � DPPH radical scavenging activity
The method of Shahidi and Liyana-Pathiranan [40] was 
used for the determination of scavenging activity of 
DPPH free radical in the extract solution. A solution of 
0.135 mM DPPH in methanol was prepared, and 1.0 ml 
of this solution was mixed with 1.0 ml of extract solution 
prepared in methanol containing 0.025–0.5 mg/ml of the 
plant extracts and standard separately (ascorbic acid). 
The reaction mixture was vortexed thoroughly and left in 
the dark at room temperature for 30 min. The absorbance 
of the mixture was measured spectrophotometrically at 
517 nm. The ability of the plant extract to scavenge DPPH 
radical was calculated by the equation:

where Abs control is the absorbance of DPPH radi-
cal + methanol; Abs sample is the absorbance of DPPH 
radical + sample extract or standard.

2.5 � Hydrogen peroxide scavenging assay
The scavenging capacity for hydrogen peroxide was 
measured according to the method of Rahmat [35]. A 
solution of hydrogen peroxide (2  mM) was prepared in 
50  mM phosphate buffer (pH 7.4). Hydrogen peroxide 
concentration was determined spectrophotometrically 
at 230 nm absorption using molar extinction coefficient 
for hydrogen peroxide of 81  M−1  cm−1. Then, 1  ml of 
various concentrations (25–250  μg/ml) of extract solu-
tion and ascorbic acid in triplicate was transferred into 
the test tubes and their volumes made up to 4  ml with 
50 mM phosphate buffer (pH 7.4) or solvent (methanol). 
After addition of 6 ml hydrogen peroxide solution, tubes 
were vortexed and absorbance of the hydrogen peroxide 
at 230 nm was determined after 10 min, against a blank 
containing 50  mM phosphate buffer without hydrogen 
peroxide. Hydrogen peroxide scavenging ability was cal-
culated using the formula:

where Ao is the absorbance without sample, and Ae is 
absorbance with sample.

2.6 � Determination of Cr (VI) concentration
The experiment for the reduction of Cr (VI) was con-
ducted in batch as described by Chen et al. [6] with some 
modifications. The reaction mixtures were obtained 
by adding 100  ml of Cr (VI) solution (10  mg/L) into a 
250-ml Erlenmeyer flask, adjusting the pH value, and 

DPPH radical scavenging activity

=

(Abs control−Abs sample)

(Abs control)
× 100

%Scavenging =

(

1−
Ae

Ao

)

× 100
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adding 100  ml Tamarindus indica methanol leaves 
extract (1 mg/ml) unless otherwise specified. The initial 
pH of the solution was adjusted with sulfuric acid solu-
tion (0.5 M) and/or sodium hydroxide solution (1.0 M). 
All experiments were conducted at room temperature 
(25  °C) unless otherwise specified. Cr (VI) was meas-
ured spectrophotometrically at 540 nm according to the 
diphenylcarbazide method.

2.7 � Effect of process parameters
The batch experiment explained above was conducted 
in 250-ml Erlenmeyer flasks with a working volume of 
100  ml. The following set of factors was chosen as the 
standard conditions: 10  mg/L of initial Cr (VI) concen-
tration, pH 7, room temperature (25  °C), and reaction 
time of 30 min, and one of the parameters was varied at a 
time, while others were kept constant.

1.	 Effect of initial extract concentration

To determine the effect of initial Tamarindus indica 
methanol leaves extract concentration on reduction of 
Cr(VI), 100 ml of Cr (VI) solution (10 mg/L) was reacted 
with 100 ml of Tamarind extract at different initial con-
centrations, namely 1.4, 1.2, 1.0, 0.8, 0.6, 0.4, and 0.2 mg/
ml, respectively, at pH of 2, 7, 9, and room temperature. 
The solution was intermittently sampled and centrifuged 
at 3000 rpm for 5 min, after which the Cr (VI) concen-
tration was quantified using the 1, 5-diphenylcarbazide 
method.

2.	 Effect of initial Cr (VI) concentration

To determine the effect of initial Cr (VI) concentration 
on the reduction of Cr (VI) by Tamarindus indica meth-
anol leaves extract, 100  ml of Cr (VI) at initial concen-
trations of 5, 10, 15, 20, and 25  mg/L was reacted with 
100  ml of Tamarind extract at 1  mg/ml, respectively, at 
pH of 2, 7, 9, and room temperature. The solution was 
sampled and centrifuged at 3000  rpm for 5  min, after 
which the Cr (VI) concentration was quantified using the 
1, 5-diphenylcarbazide method.

3.	 Effect of hydrogen ion concentration

The effect of pH on the reduction of Cr (VI) by Tama-
rindus indica methanol leaves extract was determined by 
varying the pH of the reaction mixture, viz. 2–9 (± 0.1), 
respectively. For each 100 ml solution of Cr (VI) solution 
(10 mg/L) in 250-ml Erlenmeyer flask, pH was adjusted 
(change in working volume due to the addition of NaOH 
or H2SO4 was negligible), and then, 100  ml Tamarind 

extract solution (1 mg/ml) was added. The solution was 
sampled and centrifuged at 3000  rpm for 5  min, after 
which the Cr (VI) concentration was quantified using the 
1, 5-diphenylcarbazide method.

4.	 Effect of reaction time

The reaction mixture of the batch experiment at the 
pH of 2, 7, 9, and temperature of 25  °C was allowed to 
stand for the different duration (5–65 min) to determine 
the effect of reaction time on the reduction of Cr (VI) by 
Tamarindus indica methanol leaves extract. The solution 
was sampled and centrifuged at 3000 rpm for 5 min, after 
which the Cr (VI) concentration was quantified using the 
1, 5-diphenylcarbazide method.

5.	 Effect of temperature

The reaction mixture of the batch experiment was incu-
bated at different temperatures; 5–45  °C (± 10C) under 
pH 2, 7, and 9 to determine the effect of temperature on 
the reduction of Cr (VI) by Tamarindus indica methanol 
leaves extract. The solution was sampled and centrifuged 
at 3000 rpm for 5 min, after which the Cr (VI) concen-
tration was quantified using the 1, 5-diphenylcarbazide 
method.

2.8 � Kinetics studies of Cr (VI) bioreduction
Batch experiments were carried out as described by Chen 
et al. [6] under optimum conditions to ascertain Cr (VI) 
reduction kinetics properties.

Reaction order Kinetic equation

First order log qt = log qe −
k

2.303
t (1)

Pseudo-first order log(qe − qt) = log qe −
k

2.303
t (2)

Second order 1
qt

=
1
kq2e

+
1
qe
t (3)

Pseudo-second order t
qt

=
1
kq2e

+
1
qe
t (4)

Half-life time t1/2 =
In2
k

(5)

Other kinetic parameters such as rate constant (k) and 
equilibrium concentration ( qe ) were derived from the 
equations above.

2.9 � Thermodynamics studies of Cr (VI) bioreduction
Batch experiment was carried out under optimum con-
ditions to determine the thermodynamic parameters for 
the reduction process such as free energy (ΔG°), enthalpy 
(ΔH°), and entropy (ΔS°) as described by Mekonnen et al. 
[23] with slight modification.
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1.	 Gibbs free energy

Change in Gibb’s free energy (ΔG°) was determined 
using the equation:

where R is the gas constant (8.314 J mol−1 K−1), and T is 
the absolute temperature (K).

2.	 Equilibrium constant

The equilibrium constant Kc was evaluated at each 
temperature using the relationship:

where Cr (VI) is the equilibrium concentration of Cr (VI) 
in solution in mg  L−1 and Cr (III) is the amount of Cr 
(VI) reduced at equilibrium.

3.	 Enthalpy and entropy

The change in enthalpy (ΔH°) and change in entropy 
(ΔS°) were calculated, respectively, from the slope and 
intercept of van’t Hoff’s plot of lnKc against 1/T. The 
equilibrium constant Kc can be expressed in terms of the 
ΔH° (Kcal mol−1) and ΔS° (Kcal mol−1 K−1) as a function 
of temperature:

2.10 � Statistical analysis
All the experiments were carried out in triplicate and the 
results presented as mean ± SD.

3 � Results
3.1 � Relation between antioxidant and Cr (VI) reduction
2,2-Diphenyl-1-picrylhydrazyl radical scavenging activ-
ity and hydrogen peroxide radical scavenging activity of 
Tamarindus indica methanol leaves extract as well as Cr 
(VI) reduction capacity were determined and correlated 
(Fig. 1). The study indicated a linear relationship between 
Cr (VI) reduction and the two radical scavenging activ-
ity of the extract. The correlation coefficient of 0.982 and 
0.995 was obtained when Cr (VI) reduction was corre-
lated with DPPH and H2O2 radical scavenging activity, 
respectively.

3.2 � Effect of process parameters on Cr (VI) reduction
Cr (VI) reduction capacity of Tamarindus indica 
methanol leaves extract at varying concentrations 

(6)�G = −RT ln Kc

(7)Kc =
Cr (III)

Cr (VI)

(8)In Kc =
�S0

R
−

�H0

RT

was carried out (Fig.  2). The reaction pattern shows 
a direct relation of the concentration of the tamarind 
extract with the reduction efficiency. Complete reduc-
tion of Cr (VI) was attained by the highest extract con-
centration (1 mg/ml) at both pH 2 and 7, respectively. 
Lower reduction efficiency was observed at pH 9 for all 
the sets of tamarind extract concentrations. Another 
reaction was carried out at varying Cr (VI) concentra-
tions and fixed extract concentration (Fig. 3). Increase 
Cr (VI) concentration depicts a decrease in percent-
age reduction. The reduction has shown to be more 
effective only at the two lowest concentrations of Cr 
(VI) (5  mg/L and 10  mg/L) under the defined condi-
tions. As the result indicated, hydrogen ion concentra-
tion (pH) also significantly affects Cr (VI) reduction 
(Fig. 4). Increased hydrogen ion concentration leads to 
increased Cr (VI) reduction, whereas at lower hydro-
gen ion concentration Cr (VI) reduction has shown to 
be slow. Effect of reaction time on Cr (VI) reduction by 
Tamarind extract was shown (Fig. 5). The result depicts 
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that Cr (VI) reduction at pH of 2 reached completion 
after 15 min. At lower pH, an increase in reaction time 
helps the reaction to reach completion or equilibrium 
position. After reaching equilibrium, the reaction may 
flow in a backward direction to favor reactant forma-
tion. Cr (VI) reduction was carried out at varying 

temperatures ranging between 5 and 45 °C after 30 min 
(Fig. 6). An increase in temperature leads to an increase 
in percentage Cr (VI) reduction, and complete reduc-
tion was achieved at 15 °C at the lowest pH of 2.
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Table 1  Kinetic parameter for hexavalent chromium 
bioreduction by Tamarindus indica methanol leaves extract at pH 
2

The correlation coefficient value in bold indicated the highest correlation value 
and the most predominant order of the reaction

R2 = Correlation coefficient, T1/2 = reaction half-life, K = rate constant in different 
units (first and pseudo-first order in min−1 and second and pseudo-second order 
in mg/L−1 min−1), qe = equilibrium concentration

Kinetic model Correlation (R2) T1/2 (min) K qe (mg/L)

First order 0.927 11.36 6.1 × 10−2 4.985

Pseudo-first 
order

0.649 45.59 1.5 × 10−2 6.781

Second order 0.645 42,262.2 1.64 × 10−5 714.3

Pseudo-second 
order

0.997 10.20 6.2 × 10−2 11.16

Table 2  Kinetic parameter for hexavalent chromium 
bioreduction by Tamarindus indica methanol leaves extract at pH 
7

The correlation coefficient value in bold indicated the highest correlation value 
and the most predominant order of the reaction

R2 = Correlation coefficient, T1/2 = reaction half-life, K = rate constant in different 
units (first and pseudo-first order in min−1 and second and pseudo-second order 
in mg/L−1 min−1), qe = equilibrium concentration

Kinetic model Correlation (R2) T1/2 (min) K qe (mg/L)

First order 0.985 15.04 6.4 × 10−2 2.677

Pseudo-first 
order

0.988 1.070 6.5 × 10−1 860.8

Second order 0.939 3269.34 2.12 × 10−4 120.5

Pseudo-second 
order

0.742 450.1 1.54 × 10−3 19.72
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3.3 � Kinetics of Cr (VI) reduction
The kinetic of Cr (VI) reduction by tamarind extract 
was carried out and the kinetic parameters were evalu-
ated at pH 2, 7, and 9 (Tables 1, 2, 3). Cr (VI) reduction 
by tamarind extract was shown to predominantly follow 
a pseudo-second-order kinetic model at a pH of 2, while 
the reaction is unlikely to follow a second-order kinetic 
model which shows a very weak reaction rate constant 
and higher equilibrium concentration. Meanwhile, at the 
neutral and alkaline pH (7 and 9), the reaction path pre-
dominantly followed pseudo-first-order rate.

3.4 � Thermodynamics of Cr (VI) reduction
Thermodynamic data on Cr (VI) reduction by tamarind 
extract at pH 2, 7, and 9 were shown (Tables 4, 5, 6). The 
study carried out under various hydrogen ion concentra-
tions revealed the reaction to have negative free energy 
change and enthalpy. In all the conditions, the reactions 
also displayed a positive entropy which indicated the sys-
tem to be orderly unstable.

4 � Discussion
The solubility of Cr (VI) and toxicity strongly depend on 
its oxidation state [28]; therefore, its reduction to Cr (III) 
will mitigate the toxic potency [8]. However, Cr (III) is 
not only nontoxic but nutritive at a considerable quantity 
in the biological system [8]. Several treatment methods 
involving this approach including coagulation, solvent 
extraction, microbial reduction, and chemical reduc-
tion/precipitation have been utilized [28]. Although tre-
mendous success was achieved especially with chemical 
reduction, at the same time, difficulties and challenges 
like reagent high costs and secondary contamination 
remain a problem [32]. Given these shortcomings, we 
examine the potentials of Tamarindus indica methanol 
leaves extract for Cr (VI) reduction. Tamarind extract has 
been reported to contain a vast number of antioxidant 
phytochemicals some of which were reported with effi-
cacy in converting Cr (VI) to a less toxic and immobile 
form [18]. We first validated the relationship between Cr 
(VI) reduction and antioxidant capacity by conducting a 
set of experiments to determine antioxidant capacity of 
Tamarind methanol leaves extract and relate it to Cr (VI) 
reduction capacity.

From the data, tamarind extract was able to signifi-
cantly reduce environmentally toxic Cr (VI) to a less toxic 
form. This capacity could be due to the presence of high 
reducing groups such as hydroxy, carbonyls, and car-
boxyl groups usually found in the plant extract (Fig.  7). 
Sugars, glycosides, vitamins, natural organic acids such 
as citric, oxalic, ascorbic, tartaric, and formic acid have 
been reported for the reduction of Cr (VI) [10], and 

Table 3  Kinetic parameter for hexavalent chromium 
bioreduction by Tamarindus indica methanol leaves extract at pH 
9

The correlation coefficient value in bold indicated the highest correlation value 
and the most predominant order of the reaction

R2 = Correlation coefficient, T1/2 = reaction half-life, K = rate constant in different 
units (first and pseudo-first order in min−1 and second and pseudo-second order 
in mg/L−1 min−1), qe = equilibrium concentration

Kinetic model Correlation 
(R2)

T1/2 (min) K qe (mg/L)

First order 0.572 27.61 2.5 × 10−2 1.506

Pseudo-first 
order

0.758 3.300 2.1 × 10−1 2,179,716.4

Second order 0.426 184.3 3.76 × 10−3 8.937

Pseudo-second 
order

0.167 152.3 4.55 × 10−3 3.680

Table 4  Thermodynamic parameters for Cr (VI) bioreduction by 
Tamarindus indica methanol leaves extract at pH 2

Temperature (K) ΔG° (kJ/mol) ΔS° (kJ/K/mol) ΔH° (kJ/mol)

303  − 3.351 0.118  − 52.396

313  − 3.472

323  − 3.592

333  − 3.713

343  − 3.833

Table 5  Thermodynamic parameters for Cr (VI) bioreduction by 
Tamarindus indica methanol leaves extract at pH 7

Temperature (K) ΔG° (kJ/mol) ΔS° (kJ/K/mol) ΔH° (kJ/mol)

303  − 2.849 0.0972  − 28.066

313  − 2.952

323  − 3.054

333  − 3.157

343  − 3.259

Table 6  Thermodynamic parameters for Cr (VI) bioreduction by 
Tamarindus indica methanol leaves extract at pH 9

Temperature (K) ΔG° (kJ/mol) ΔS° (kJ/K/mol) ΔH° (kJ/mol)

303  − 1.505 0.081  − 27.916

313  − 1.559

323  − 1.613

333  − 1.668

343  − 1.722
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these compounds were found to be present in tamarind 
extract [18]. Generally, any compounds bearing aliphatic 
or aromatic hydroxyl groups may possess the potentials 
for the reduction of Cr (VI) [3, 36], since it involved 
steps of single electron/proton transfer, which is a gen-
eral mechanism of anti-oxidation by phenolics. However, 
characterization of Cr (VI) reduction shows a rapid pre-
oxidative equilibrium between Cr (VI) and substituted 
phenols to form chromate ester intermediates which 
decompose with a concomitant transfer of electrons to 
the Cr (VI) center [20, 39]. Therefore, an increase in per-
centage Cr (VI) reduced with increasing tamarind extract 
concentration could be attributed to an increase in the 
antioxidant groups present in the extract. This is because 
the number of reductive functional groups increases with 
the concentration of the extract and its associated anti-
oxidant capacity [4, 13]. Thus, the increase in reductive 
functional groups can be linked directly to an increase 
in Cr (VI) reduction. The findings agree with the many 
earlier works such as Xu et  al. [45, 46] and Yong et  al. 
[47] whose reported Cr (VI) reduction using vitamin C, 
Dubey, et al. [10] on Sorbaria sorbifolia aqueous extract, 
Qi et al. [32] on rutin-Cr (III) complex, and Poonkuzhali 
et al. [30] on Aerva lanata aqueous extract, respectively. 
On the other hand, the decrease in Cr (VI) reduction with 
an increase in initial Cr (VI) concentration may be due to 
the higher Cr (VI) ions in the solution than the available 
proton/electron-donating groups. Another possible rea-
son is based on the fact that some antioxidant molecules 

present in the extract can reduce Cr (VI) and release it, 
while some remained attached to Cr (III) thereby pre-
venting the reduction site from regenerating itself. A for-
mation of tri- or termolecular complex between Cr (VI), 
tartaric acid, and epigallocatechin was reported [5, 20]. 
The pattern also coincides with the report of Dubey et al. 
[10] on Sorbaria sorbifolia aqueous extract, Chen et  al. 
[6] on gallic acid, Dutta et  al. [11] on zerovalent iron, 
respectively. The reduction of Cr (VI) by tamarind extract 
was higher at acidic pH and gradually decreases with an 
increase in pH value. This may be due to sharp changes in 
redox potentials (Eo) of the two reacting species owing to 
high dipole–dipole tension on the bond involved in redox 
balance. Under acidic conditions, the redox potential of 
Cr (VI) is greater than + 1.30 V and exists as hydrochro-
mate/dichromate ions (HCrO4

−/Cr2O7
2−) but drops to 

0.36  V under near-neutral conditions as chromate ions 
(CrO4

2−) [41]. Therefore, hydrochromate/dichromate 
ions possess a greater tendency to accept electron/proton 
than chromate ions. Any compound with redox potential 
lower than that of Cr (VI) species can serve as a reduc-
ing agent to Cr (VI), since electron flows from redox pair 
with more negative potentials to one with more posi-
tive potentials [34]. This trend was also reported by Xu 
et  al. [45, 46] and Yong et  al. [47] whose reported Cr 
(VI) reduction using vitamin C, Chen et  al. [6] on gal-
lic acid, Dubey et al. [10] on Sorbaria sorbifolia aqueous 
extract, Qi et al. [32] on rutin-Cr (III) complex, Xu et al. 
[45] on oxalic and citric acids, and Poonkuzhali et  al. 

Fig. 7  Molecular mechanism of Cr (VI) reduction by caffeic acid
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[30] on Aerva lanata aqueous extract. Tamarind extract 
was able to reduce Cr (VI) to Cr (III) across varying 
pHs with higher efficiencies at acidic and neutral pH as 
other parameters presented alongside pH effects. Cr (VI) 
reduction efficiency of tamarind extract is also affected by 
reaction time. Longer reaction time allows the reacting 
species to have a higher chance for contact at proper sites 
for reaction to take place [24]. However, the appearance 
of a plateau may indicate exhaustion of the reacting sites 
or insufficient activation energy which drives the reac-
tion to completion. The steady increase in reduction with 
increase in reaction time is in agreement with what was 
reported for ascorbic acid, gallic acid, vitamin C, Aerva 
lanata, and Sorbaria sorbifolia, respectively [6, 10, 30, 32, 
45–47]. Temperature favorably affects Cr (VI) reduction 
efficacy by tamarind extract. Higher reduction observed 
at high temperatures could be due to energy derived 
from a more effective collision that can accelerate depro-
tonation of the reductive groups present in the extract. 
High temperature increases the number of activated 
molecules, thereby promoting Cr (VI) reduction [6]. The 
temperature could also improve the reduction efficiency 
of Cr (VI) when proton [H+] was insufficient in the reac-
tion mixture. This is also in agreement with all the work 
cited above in addition to the work of Preethi et al. [31] 
who reported on C. sativum, A. tenella colla, S. hispida, 
and M. verticillata aqueous extracts, and Iorungwa et al. 
[15] on sodium metabisulfite, respectively.

The kinetics of Cr (VI) reduction changes from 
acidic to basic pHs. This is because reaction kinetics is 
always affected by pH and reactant concentrations [45]. 
The rate constants at various pH in the predominant 
orders indicated that the OH increased by 6.2 × 10−2, 
6.4 × 10−2, and 2.1 × 10−1 times with increasing initial 
pH from 2.0 to 7.0 and 9.0, respectively. The pH level 
plays an important role in the reduction of Cr (VI) by 
tamarind extract, and low pH levels promote Cr (VI) 
reduction. The reaction predominantly follows pseudo-
second-order kinetics, and this is usually when one of 
the reactant concentrations is by far greater than the 
other. Therefore, the order of Cr (VI) reduction deter-
mined was in respect to limiting reacting species (i.e., 
Cr (VI)) and could give valuable information for pre-
dicting the Cr (VI) disappearance rate when reacted 
with tamarind extract. It is noteworthy that various 
antioxidants and electron donors obtainable in tama-
rind extract may have different reaction rates with Cr 
(VI), resulting in different rate constants [19,  44]. The 
reduction rate of Cr (VI) increased with decreasing 
pH value, and the reduction efficacy was higher under 
acidic conditions than under neutral or weak alkaline 
conditions. The kinetic data of the reaction agree with a 

work previously reported by Chen et al. [6], Hasan et al. 
[14], and Kim et  al. [19]. Under optimum reduction 
conditions, the negative Gibb’s free energy (ΔG°) at dif-
ferent temperatures signifies that Cr (VI) reduction was 
feasible and spontaneous. Thus, the reacting species 
possess the minimum energy needed to overcome the 
reaction activation barrier. The negative enthalpy (ΔH°) 
value indicates that the reaction was exothermic. The 
energy of the reacting species put together is higher 
than the energy of the resulting product, and hence, the 
net energy is released to the surroundings as heat. The 
positive entropy (ΔS°) value denotes that there was an 
increase in the randomness in the system during the 
reduction reaction. Increasing temperature leads to an 
increase in the random collision of the reacting species 
and gaining energy that drives the reaction to comple-
tion. The thermodynamic findings on Cr (VI) reduction 
are in agreement with the work of Niekerk et  al. [26], 
Iorungwa et al. [15], and Mekonnen et al. [23].

5 � Conclusions
Reduction of Cr (VI) with Tamarindus indica metha-
nol leaves extract was carried out and found to be very 
effective. The research demonstrated that the reduction 
capacity is affected by the initial concentration of the 
reacting species ((i.e., Cr (VI) and extract), pH, reaction 
time, and temperature. Results obtained show that pH 
significantly affects the rate of Cr (VI) reduction by tama-
rind extract with the reaction predominantly following 
pseudo-second order at pH = 2, and pseudo-first order 
at pH = 7 and 9, respectively. Thermodynamic studies 
suggest that the reduction reaction is feasible, spontane-
ous, and exothermic at all temperature. Further work on 
individual phytoconstituents of tamarind extract should 
be carried out to identify the most active reducing mol-
ecules and possible application in industrial wastewater 
treatment.
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