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ABSTRACT

Chromium (Cr) is one of the most toxic heavy metals to living organisms, with different adverse health effects on
humans, animals, plants, and microorganisms, and it must be reduced or removed from the body of water. The
objective of this study was to remove hexavalent chromium from the tannery industry using chitosan. The batch
adsorption experiments were conducted using a UV-Vis spectrophotometer. Equilibrium adsorption isotherms and the
kinetic behavior of the process were also studied. The optimum conditions of the study were 120 min of contact time,
0.5 g adsorbent dose, and a solution pH of 3.0, which resulted in maximum Cr (V1) uptake. The maximum removal
percentage of Cr (VI) was 86.00. The experimental data better fitted the Langmuir isotherm with a monolayer
adsorption capacity of 20.82. The kinetic analysis revealed that the pseudo-second-order model fitted well to the
acquired experimental data.
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INTRODUCTION

Environmental pollution is one of the major concerns in
the world due to urbanization, industrialization, high
population density, improved living conditions, and
economic development (Ali et al.,, 2017). A large
number of environmental pollutants, primarily toxic
heavy metals, are directly or indirectly discharged into
the environment as a result of natural or anthropogenic
activity and are extremely harmful to the human body
and other life forms, even at low concentrations due to
the lack of an effective removal mechanism (Ali et al.,
2017) and (Ghosh et al., 2012). Natural sources of heavy
metals in the environment include natural weathering of
rocks, soil erosion, and volcanic eruptions, and
anthropogenic activities such as metallurgical processes,
industry, agriculture, printing, photographic materials,
combustion of fossil fuel, forest fires, mining activity,
automobile emissions, and sewage (Ghosh et al., 2012)
and (Wongrod et al., 2018). From the eco-toxicological
point of view, Chromium (Cr) is one of the most toxic
heavy metals to living organisms, with different adverse
health effects on humans, animals, plants, and
microorganisms (VasylKkiv et al.,2010). Chromium (Cr)
is widely present in industrial wastewater from
electroplating, petroleum refining, alloy manufacturing,
and battery production, which contaminates the soil and
water resources (Sawalha et al., 2020). Chromium exists
primarily in the natural environment as Cr (I11) and Cr
(VI), with Cr (VI) being far more poisonous or lethal,
soluble, and mobile than Cr (I11) (Rambabu et al., 2021).

Hexavalent chromium could cause poisonous and
harmful effects on humans and animals. Water and food
consumption are the most common ways for Cr (V1) ions
to enter plant and animal metabolisms.

Urban agriculture is developing at a rapid rate to
contribute to food and nutrition security in most parts of
the world, and they use wastewater. Farmers in urban
areas of developing countries, including Ethiopia,
depend on wastewater sources to irrigate high-value
edible crops for urban markets. Vegetables or high-
valued edible crops accumulate heavy metals depending
on plant species and the efficiency of different parts of
the plants by either plant uptake or soil-to-plant transfer
factors of the metals and type of plant species with their
stage of maturity. In this way, toxic heavy metals enter
the food chain of animals and humans. According to the
United States Environmental Protection Agency (EPA)
and WHO, the permissible limit of hexavalent chromium
in drinking water is 0.1 mg/L and 0.05 mg/L,
respectively (WHO, 2020 and WHO, 2011). Several
reports have revealed that the accumulation of chromium
metal in humans is above the WHO permissible limit
(Zewdu et al., 2018). Hexavalent chromium affects
various components of the immune system and can cause
several health effects such as lung cancer, kidney failure,
DNA damage, and reproductive and respiratory
problems (Costa et al., 2006, Alvarez et al., 2021,
Aruldhas et al., 2004 and Kimbrough et al., 1999).
Therefore, toxic waste must be reduced or removed from
the environment using different technologies or
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methods. Some of these methods are chemical
precipitation (Djedidi et al., 2009), ion-exchange
(Hubicki et al., 2012), reverse osmosis (Thaci et al.,
2019), coagulation, membrane separation, and
adsorption (Di Natale et al., 2015). Among these
conventional techniques, adsorption is one of the most
promising and frequently used due to its selectivity, low
cost, ease of use, high efficiency (even when these
metals are in low concentration) and the possibility of
reusing the materials involved (Xu et al., 2018). The aim
of this study focuses on the removal of hexavalent
chromium from tannery wastewater by adsorption using
chitosan, a low-cost adsorbent.

MATERIALS AND METHODS

Study area

This study was conducted in Ethiopian Institute of
Agricultural Research, Ethiopia. In food science and
nutrition research directorate.

Apparatus and instruments

Electrical balance (ae ADAM), chopper (mechanical
grinder), mortar and pestle, Oscillator, centrifugation,
beakers, conical flask, measuring cylinder, filter paper,
water bath, oven, muffle furnace, pH meter (Jenway,
UK) and Agilent Cary 60 UV-Vis spectrophotometer
were used.

Chemicals and reagents

Potassium dichromate (K2Cr.07) (Carelabmed, India),
sulfuric acid (H2SO4) ( 95-97%, (Fluka, Germany),
hydro chloric acid (HCI) 37% (Fluka, Germany), nitric
acid (HNO3) 69% (Fluka), sodium hydro oxide (NaOH)
assay > 97% (RPE, ACS-ISO for analysis), ammonium
persulfate ((NH.).S,0g) assay =99% ( BDH, England),
ethanol, 1,5- diphenylcarbazide (Ci3H14N4O assay >
99% (Sigma Aldrich, India), acetone > 99% (Fisher
chemical) and hydrogen peroxide (30% ), sodium azide
(NaNs), methyl red indicator and ammonium hydroxide
(NH4OH) (BDH, China) were used.

Analytical method

Real sample digestion

The diphenylcarbazide method was used to determine
hexavalent chromium from tannery wastewater. The real
sample that was collected from Bahir Dar tannery and
filtered through a Whatman No. 45 filter paper. The
samples were analyzed for Cr(VI) by the a UV-Vis
spectrophotometer method using 1,5-diphenylcarbazide
reagent (63 mg 1,5-diphenylcarbazide in 25 mL of
acetone), which reacts with Cr(V1), forming a colored
complex that absorbs at 540 nm (Dhungana et al., 2009).
Standard solution preparation

A stock solutions of hexavalent chromium concentration
(1000 mg/L) was prepared by dissolving 2.829 g
K2Cr,07 in 0.2 M H,SO4 then diluted to 1000 mL, and
0.2 M H,SO, was also prepared by adding 11.22 mL of
concentrate H,SO4 (95-97) % to 600 mL distilled water
and leveled it to 1000 mL. After preparation of 1000
mg/L hexavalent chromium then use serial dilution
formula for further concentration level of chromium.
Low range standards were (0.025, 0.05, 0.1, 0.2, 0.4, 0.8,
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1.2,1.6,24,3.2,4.0 and 4.8) mg/L. The absorbance of
the standard solutions was measured at 540 nm by UV-
Vis spectrophotometer.

Adsorption study

Adsorption isotherms and kinetics study
All batch adsorption studies were carried out at room
temperature (25 + 2 °C) using 10 mL of a Cr(VI) ion
solution and shack at constant speed using KS oscillator.
The pH (1, 2, 3, 4, 5 and 6) of the experimental solutions
was adjusted to the desired pH by drop wise addition of
0.1 M H;SO4 and 0.1 M NaOH to the ion solution with
stirring and monitoring by a Benchtop pH meter which
was calibrated using pH 4.0 and 7.0 buffer solutions.
For the equilibrium isotherm study, 5 mg of chitosan
adsorbent was mixed with 10 mL of (0.5, 1, 2, 4,5, 6, 8,
10, 12, 14 and 16) mg/L initial concentration of
hexavalent chromium solutions at pH 3 and shack for
120 min. For the adsorption kinetics study, 5 mg of
chitosan was added to the adsorbate solution with initial
concentration of 5 mg/L in the time intervals (5, 10, 15,
20, 30, 60, 90, 120,150, 180,210, and 240 min). The
concentration of Cr(VI) was measured using UV-Vis
spectroscopy at 540 nm wavelength for low range initial
concentrations. For each measurement, three replicates
were performed and averaged.
The equilibrium adsorption capacity and the percent
removal (% R) of Cr(V1) was calculated using Equations
(2) and (2).

(Co —Ce A\
e —
@)
%R = (Co —CCe )100
)

Where ge (mg/g) is the adsorption capacity of adsorbent
for Cr(VI), Co and Ce (mg/L) are the liquid phase
concentrations of Cr(VI) before and after adsorption
respectively. V (L) and m (g) are the volume of the
adsorption solution and the mass of the dry adsorbent
used respectively. An adsorption isotherm is a function
of the metal ion concentrations or materials in (mol m=
or mg m~2) adsorbed on a substrate (solid, liquid, or gas)
at room temperature. The obtained results was tested
with the two well-known models that are Langmuir and
Freundlich models. In Langmuir isotherm model,
adsorption occurs at specific sites on the adsorbent and
adsorption energy has been homogeneously distributed
on the absorbent surface (Langmuir 1918). The
fundamental characteristics of Langmuir isotherm can be
expressed by the following equations:
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Where Ce and ge equilibrium concentration and
adsorption capacity respectively gm (mg/g) is the
maximum monolayer adsorption capacity of the
adsorbent, K. (L/mg) is the Langmuir constant
describing adsorption affinity for the adsorbent. The
value of Ry indicates the type of the isotherm to be either;
unfavorable (R.> 1), linear (R =1), favorable (0<R.<1)
and irreversible (R.=0). The Freundlich isotherm model
is suitable for adsorption processes occurring on
heterogeneous surfaces. Heterogeneous distribution of
active sites and also multilayer adsorption are
assumptions of Freundlich isotherm. Freundlich
isotherm is a mathematical expression for the adsorption
equilibrium between a fluid (liquid or gas) and a solid
material and the equation is represented by Eqg. (6) and
Eq. (7) for nonlinear and linear, respectively.
1
qe = KpCen
(6)

The equation can be linearized and temperature
dependent constants Ke and 1/n are obtained by linear
regression:

Inq, = InKp + %lnCe

()

Kr (mg/g) (L/mg)* is the Freundlich constant related to
the multilayer adsorption capacity and n is the
heterogeneity factor, which represents the extent to
which the adsorption depends on the equilibrium
concentration. If I/n =0, it means irreversibility; if 0 <
1/n < 1, it means desirability; and if 1/n > 1, it means
undesirable isotherm.
Adsorption kinetics is a curve (or line) that describes the
rate of retention or release of a solute from an agueous
environment to solid-phase interface at a given
adsorbents dose, flow rate and pH. In batch adsorption
systems, several models describing the adsorption
kinetics. However, PFO and PSO models have been
widely used to describe the rate of adsorption in liquid -
solid interactions. The data obtained from the kinetic
tests are fitted to the pseudo-first-order and pseudo-
second-order models respectively. The kinetic model
that fits to Pseudo-first-order reaction plot by giving R?
value close to 1, it indicates that the reaction is more
inclined towards Physisorption. Similarly, if the reaction
fits well to Pseudo-second-order model it indicates an
inclination towards chemisorption. Pseudo-first-order
Equation (8) and pseudo-second-order model, Equation
(9) assumes that the adsorption rate is based on the
adsorption capacity.

In (ge—q¢) = Inqe — Kyt

®)

Where g: and g. (mg/g) are the amount of hexavalent
chromium adsorbed per mass of adsorbent (g) at time t
(min) and at equilibrium, respectively, and k; (1/min) the
rate constants of the pseudo-first-order.
_ Qeszt
qc = 1+a,c
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Where ge (mg/g) and q: (mg/g) are the adsorption
capacity at equilibrium and at any time t (min),
respectively and K3 (g/mg min) is the PSO equation rate
constant.

t

+

t
q¢ de

S

(10)

The adsorption kinetics reflect the evolution of the
adsorption process versus time and the adsorption
process is depends on the experimental parameters, such
as pH, ionic strength, temperature, concentration of
solute, adsorbent dose, the texture of adsorbents.
Therefore, the contact time where the adsorption process
approaches a true equilibrium must be determined
according to these parameters.

RESULTS AND DISCUSSION

Low and high range standards were measured using UV-
Vis spectroscopy at 540 wavelengths. The calibration
curve and correlation coefficient of hexavalent
chromium was determined by plotting absorbance versus
working standard concentrations.  The correlation
coefficient of hexavalent chromium for low range
standards was 0.99667.

Analysis of hexavalent chromium standard calibrations

R2
0.99667

sD N P
0.08954 12 <0.0001

Absorbance

T T

0 1 2 3 4 5

Wavelength (nm)

— 0.025 mg/L
—— 0.05 mg/L
0.1 mg/L
—— 0.2 mg/L
0.4 mg/L
—— 0.8 mg/L
1.2mg/L
—— 1.6 mg/L
—2.4mg/L
—3.2mg/L
—— 4.0 mg/L
—— 4.8 mg/L

3.04

2.5

204 (A)

1.54

Absorbance

1.0

0.54

0.04

300 350 400 450 500 550 600 650 700 750
Wavelength(nm)

Figure 1. (A) Represents the voltammogram and (B) the
standard calibration curve of low concentrations.
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Optimization of the adsorption studies

Effect of pH

The effect of pH on the adsorption of hexavalent
chromium was studied at different pH (1.0-6.0).
Because the pH of the solution affects the adsorbent
properties such as surface charge, adsorbate speciation
and degree of ionization in aqueous solutions. In
aqueous solutions, Cr (V1) exist in several stable forms
such as, HCrO4~, HCr077, HaCrO4 (pH < 1), Cr.072
and CrO4* (pH 2-6) depending upon the pH of the
solution (Yusuff 2019). HCrO4~ which is the
predominantly acidic solution, and has better removal
efficiency due to the increase in H *ions on the adsorbent
surface which makes surface positive and electrostatic
attractions with negatively charged Cr (V1) ions. Figure
2 summarizes the effect of pH on Cr (VI) removal by
chitosan. The optimum pH for the maximum removal
percentage of Cr (VI) was found to be pH 3. The
removal percentage of Cr (VI) was 65 % on the chitosan
adsorbent.

80

=70+
=
S
S 0
o
<
S so0
£
S
o
X 40
30 T T T T T T
1 2 3 4 5 6

pH

Figure 2. Graphical illustration of the effect of pH on the
percent removal of hexavalent chromium by chitosan.
Experimental conditions: adsorbent dose 5 mg, volume
10 mL, contact time 120 min and temperature 25 + 2 °C.
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Figure 3. Removal percentage of hexavalent chromium
by chitosan. Experimental conditions: adsorbent dose 5
mg/ 10 mL, PH 1 and temperature 25 + 2 °C.

Effect of contact time

The effect of contact time (5-240 min) on the batch
adsorption process at temperature of 25 + 2 °C, adsorbent
dose (5 mg), 10 mL of volume and pH (3) was studied.
Figure 3 and figure 4 shows the effect of contact time on
the removal percentage of Cr (VI) and the adsorption
capacity respectively. The adsorption of capacity and
the removal percentage of Cr (V1) was increase with time
in the first stage of adsorption process and reached
maximum removal percentage, (86 %) at equilibrium
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time of 120 min. Because there is high availability of
vacant adsorption sites in the first stage adsorption. As
time increase removal percentage and adsorption
capacity becoming constant due to the repulsive forces
of the adsorbed ions and it is difficult to access the active
sites (Sattar et al., 2019).

104

de (Mgfg)

T T T T 1
200 250 300 350 400

Contact time (min)
Figure 4. Adsorption capacity of hexavalent chromium
by chitosan. Experimental conditions: adsorbent dose 5
mg/ 10 mL, PH 1 and temperature 25 + 2 °C.
Effect of initial concentration
The Cr(V1) solutions of different concentrations (0.5, 1,
2,4,5,6,8,10,12, 14 and 16) mg/L were studied at pH
3, constant agitation speed, contact time 120 min for
chitosan, and the adsorbent dose 0.5 g/L as shown in
Figure 5 and 6. The removal percentage of Cr(VI) was
slightly reduced, and the adsorption capacity of Cr(VI)
was increased for chitosan adsorbent with an increase in
initial concentration of Cr(VI) and becomes constant
after equilibrium time. This behavior could be ascribed
to the presence of a higher concentration of adsorbate per
unit mass of adsorbent and which may restrict adsorption
because, initial concentration provides a significant
driving force to overcome all mass transfer resistance of
metal ions between aqueous and solid phases (Gokila et
al., 2017). Therefore, at low concentration, the binding
sites took up the available ions quickly, but at higher
concentration, the adsorption species needed to diffuse
to the internal sites by intra-particle diffusion, resulting
in reduced adsorption rate.

T T T
0o 50 100 150

100 4
90 4

80

70

% Removal of Cr (V1)

60

0O 2 4 6 8 10 12 14 16 18
Initial concentration (mg/L)

Figure 5. Effect of initial concentration on the removal
percentage of hexavalent chromium by chitosan.
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Figure 7. Removal percentage of hexavalent chromium

by chitosan. Experimental conditions: at different dose,

initial concentration 5 mg/L, PH 1 and temperature 25 £
2°C.
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Figure 8. Adsorption capacity of hexavalent chromium
by chitosan. Experimental conditions: at different dose,
initial concentration 5 mg/L, PH 1 and temperature 25 +
2°C.
Adsorption isotherm
The adsorption isotherms describe the distribution of
adsorbed molecules between the solid and liquid phase
when the adsorption reaches at equilibrium. Langmuir
and Freundlich models are well-known adsorption
isotherm models. The adsorption isotherm model of the
experiment was followed Langmuir model, which
indicates that the adsorption process was onto
homogeneous surfaces and that exhibit one type of
adsorption site (Langmuir 1918). The adsorption
capacity corresponding to the monolayer adsorption (Qm)
was 20.82 for chitosan adsorbent.

Adsorption kinetics

Pseudo-first and pseudo-second-order kinetics model
parameters; the higher correlation coefficient (R?) values
obtained from the pseudo-second-order (0.999)
compared to those of the pseudo-first-order (0.975)
kinetic model for the chitosan adsorbent. The adsorption
more closely followed the pseudo-second-order kinetics
which is chemisorption.
Analysis of real sample
The wastewater was collected from Bahir Dar tannery in
Ambhara region, Ethiopia. Table 1 show, the obtained
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results in tannery wastewater were 0.170 mg/L, 0.001
and 0.59 for mean, standard deviation and percent of
relative standard deviation respectively, that is above
permissible limits of EPA and WHO. The data was
analyzed using Minitab 17 software. Minitab is the
statistical software that helps in taking out the
complexities of statistical calculations because it is easy
to use, to calculate and draw various graphs.

Table 1. Summary of the mean total chromium
concentration in wastewater samples collected from
Bahir Dar tannery.

Sample Total
Chromiu SD % SE SS MS Fexpt
m in RS Mean
(mg/L) D
WWS1  0.170 0.001 059  5.8x10* 5x10°7 5x10°7
0.
33
WWS2 0.169 0.001 0.59 5.8x10* 1.5x10® 1.5x10°
6

N indicates the number of triplicate trials.

The obtained P—value (0.67) is greater than 0.05 within
95% confidence level, which doesn’t show statistically
significant difference between wastewater samples
(WWS1 and WWS2), and indicates strong evidence for
the null hypothesis.  This means retain the null
hypothesis and reject the alternative hypothesis. The
value of Fexp (0.33) is less than Feit (6.61) which also
indicates that there is no significant difference between
the two wastewater samples, but the values of the two
samples are not exactly the same due to random error.
Removal of hexavalent chromium from wastewater
Chitosan was used as an adsorbent material for the
removal of Cr(VI) from the wastewater. Figure 9 shows
that, the removal of Cr(VI) ions from the collected
wastewater sample by using chitosan adsorbent material.
The removal of Cr(VI) ions from real sample achieve
WHO permissible limit at a time of 20 min. These
results indicated that, chitosan was efficient for the
removal of Cr(VI) ions from wastewater.

—=— Chitosan
—4— WHO permissible limit]|

—

) 5 o 15 20 25
Contact time (min)
Figure 9. Concentration-time profile for the removal of
170 pg/L of Cr(VI) ions from the collected tannery
wastewater sample by using chitosan adsorbent.

CONCLUSION

The adsorption capacity g (mg/L) and removal
percentage of hexavalent chromium were influenced by
the concentration, contact time, and pH of the solution as
well as the adsorbent dosage. The maximum removal
percentage of Cr (VI) is 86.00% for chitosan. The
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adsorption kinetics followed the pseudo-second-order
kinetics more closely, and it was discovered that the
pseudo-second-order rate constant (Kz) was inversely
proportional to the initial concentration of Cr(VI),
indicating that surface saturation was dependent on the
initial ion concentration, which is chemisorption. The
maximum adsorption (gm) calculated from the Langmuir
equation was 20.82.
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