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Abstract

Two biomass agricultural waste materials; rice husks (RH) and potato peels (PP) were used as precursors for preparation
of activated carbons by chemical activation using phosphoric acid for adsorption of hexavalent chromium [Cr(VI)] from
tannery effluents. The prepared rice husk (RH-AC) and potato peel activated carbon (PP-AC) were characterized by Fou-
rier transform infrared spectroscopy, scanning electron microscopy and X-ray diffraction. Adsorption experiments were
performed by varying pH, agitation speed, contact time, adsorbent dose and initial metal ion concentration. Freundlich,
Langmuir and Temkin isotherms were used to analyze the equilibrium data obtained at different adsorption conditions. It
was found that the adsorption isotherms were well fitted by the Freundlich equation and the adsorption process was found to
follow pseudo-second-order rate kinetics. Adsorption results obtained show a maximum Cr(VI) uptake being attained at pH
2.0, with chromium removal efficiency of 99.88% and 99.52% for RH-AC and PP-AC, respectively. RH-AC and PP-AC

are effective adsorbent for the removal of chromium(V]) ions from wastewater.
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Introduction

Water pollution from anthropogenic activities is a common
problem nowadays. Chromium sulfate is a compound that is
most commonly used in tanneries to stabilize animal hides
by cross linking the collagen fibers and consequently the
exhausted effluents produced by leather tanneries is rich in
chromium (Taylor et al. 2014). The effluents from the tan-
ning process contain both Cr(IIT) and Cr(VI) in high concen-
trations ranging from tens to hundreds of mg/L (Yavuz et al.
2006). Although Cr(III) is only toxic to plants in very high
concentrations and is less toxic, or nontoxic, to animals, the
hexavalent form (Cr(VI)) has been considered more harm-
ful to public health due to its carcinogenic, hemotoxic, and
genotoxic properties (Nahid et al. 2020; Yavuz et al. 2006).
Furthermore, Cr(VI) is more hazardous than Cr(III) due to
its greater solubility and easy absorption and accumulation
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in human organs such as, kidneys, stomach and liver (Chen
et al. 2018). Therefore, it is imperative to eliminate or reduce
Cr(VI) from tannery effluents before their discharge to natu-
ral waters. Physical and chemical processes are employed in
the removal of chromium and other heavy metals from aque-
ous media. These include ion exchange, chemical precipi-
tation, solvent extraction, filtration, electrochemical treat-
ment, adsorption and application of membrane technology.
However, some of these processes have drawbacks including
generation of toxic sludge that may lead to disposal prob-
lems, requirements for expensive equipment and monitor-
ing system, and incomplete metal removal (Demiral et al.
2008). Adsorption with activated carbon can be an effective
method when combined with appropriate regeneration steps,
for removing chromium and other heavy metals from waste-
water. This method is more economically viable, especially
if low-cost and readily available adsorbents are used (Kilic
et al. 2014; Ghaedi et al. 2014). The high adsorption capac-
ity of activated carbon is attributed to its well-developed
pore structure, and the presence of various functional groups
on its surface. A number of researchers have reported on the
use of activated carbon produced from low-cost and read-
ily available materials such as agricultural and agroforestry
waste materials in the removal of heavy metals including
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chromium (Awwad et al. 2010; Gueye et al. 2014; Taylor
et al. 2015; Vunain et al. 2017).

In the present study, the synthesis of RH-AC and PP-AC
was carried out by employing low-cost domestic agricul-
tural wastes, i.e., rice husk and potato peel. Rice husks and
potato peels are found abundantly in Malawi and often cre-
ate disposal problems. Therefore, using them as precursor
for preparing activated carbon will not only provide a cheap
source of activated carbon but also solve solid waste dis-
posal problems. The objective of this work is to investigate
the performance of RH-AC and PP-AC for Cr(VI) removal
from tannery wastewater at different experimental condi-
tions. Parameters such as initial pH, adsorbent dosage, initial
concentration and agitation speed were investigated to find
their effects on the adsorption of Cr(VI).

Materials and methods
Sample collection

Chromium-containing wastewater was collected from
Liwonde leather tannery factory, Machinga District, South-
ern Region, Malawi. The wastewater was collected in 5 L
polyethylene plastic containers (prewashed with diluted
nitric acid) and immediately transported in the cooler ice
bath to the laboratory and stored in a refrigerator for analy-
sis. Conductivity, pH, total dissolved solids, and temperature
were measured onsite with Hanna's portable multi-parame-
ter probe (Hanna HI-991301 EC/TDS/pH and Temperature
Sensor).

Preparation of adsorbents

Rice husk (obtained as agricultural waste from a local rice
milling plant in Zomba, Malawi) and potato peel (obtained
as kitchen waste) were washed thoroughly with deionized
water. The precursors were sun-dried for a day and then
oven-dried at 80 °C for 12 h. The dried samples were then
grinded using an electric blender and sieved to obtain pre-
cursors powder of particle size less than 500 um. The pow-
ders were kept in air-tight containers. Activated carbons
were prepared using chemical activation process according
to the procedure by Li et al. (2015). In a typical experiment,
30 g of rice husk were first soaked in 200 mL of 3 Mol L™!
sodium hydroxide (NaOH) and left in an oven at 105 °C for
5 h. Sodium hydroxide reacted with silica present in rice
husks powder producing soluble sodium silicate (Na,SiO5).
Thereafter, the treated base solid residues were washed with
deionized water repetitively until the pH of the supernatant
was neutral and finally oven-dried at 110 °C for 24 h and
used in the synthesis of activated carbon.
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About 10 g of treated base residues and potato peel
powder was impregnated with 40% orthophosphoric acid
(H;PO,) at 1:1.7 (w/w%) impregnation ratio for 24 h at
room temperature. After impregnation, the rice husk and
potato peel samples were air dried at room temperature. This
was then followed by the pyrolysis treatment (activation)
step in which, about 100 g of the rice husk and potato peel
were placed in pre-weighed glass crucibles and carbonized
in a muffle furnace for 2.5 h in the absence of oxygen at
a temperature of 600 °C. The resulting activated carbons
were ground into powder and washed with 1 L of deionized
water to remove residual acid. Finally, the activated carbons
were dried at 105 °C for 30 min in an oven and sieved with
106 pm mesh size to obtain fine powder of activated carbons
designated as RH-AC and PP—AC for rice husks and potato
peel generated activated carbon, respectively. The powdered
activated carbons were kept in air-tight containers until used.

Adsorbate

The wastewater tested in this investigation was obtained
from main drain of tanning company at Liwonde, Machinga
district, Malawi. The various characteristics of the tannery
wastewater are shown in Table 1.

Batch adsorption studies

The batch adsorption experimental studies were conducted
in 250 mL conical flasks at room temperature. The required
mass of adsorbents was measured with electronic balance
and transferred into the conical flasks. Then, 50 mL of the
wastewater was introduced into the flask and then mounted
on an orbital shaker (SSM 1) at the constant agitation speed
of 280 rpm. After the desired time had elapsed the sam-
ples were centrifuged and residual chromium concentration
in the supernatant was determined using Flame Atomic

Table 1 Characteristics of raw tannery wastewater from tanning com-
pany

Parameter Effluent quality
pH 6.28
Temperature 38.6 °C

Total chromium (mg/L) 3.249 mg/L
Turbidity 234.6 NTU
Total dissolved substances 1988 mg/L
Conductivity 2878.32 pS/cm
Sulfite 15.1326 mg/L
Calcium 34.132 mg/L
Magnesium 28.4325 mg/L
Nitrate 69.8474 mg/L
sodium 1619.8 mg/L
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Absorption Spectrometry (Agilent Technologies 200 Series)
at (357.9 nm) wavelength. Several working parameters such
as agitation speed, initial concentration, contact time, solu-
tion pH, and adsorbent dose were studied. These operating
parameters were kept constant except the one being stud-
ied. The experiments were run in duplicate. The reaction
parameters were optimized using laboratory prepared Cr(VI)
solutions. Once this was achieved, experiments were then
undertaken on the real wastewater sample from Liwonde
tannery factory at optimized conditions.

The adsorption capacity at equilibrium g, (mg/g) and per-
centage removal for chromium ions was calculated by the
given equations, respectively.

(c,-c)v

9e = m

(C,-C.)x 100
C

o

Re% =

where Cj, is the initial chromium ions concentration (mg/L),
C., is the concentrations of chromium ions at the equilibrium
time (mg/L), m is the mass of adsorbent (g), and V is the
volume of the solution (L).

Desorption studies

Desorption and regeneration studies were carried out to eval-
uate the reusability of the agro-based adsorbents. A simple
method that uses hot water and sodium hydroxide (0.1 M
NaOH) was selected. The wastewater with an initial concen-
tration of 10 mg/L prepared through dilution of Cr standard
solution (1000 ppm) was used in the desorption studies. The
already used ACs (1 g) were introduced into 100 mL of
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distilled water was heated up to 80 °C for approximately
30 min to eliminate the physically adsorbed chromium ions.
Then, the samples were several times flushed with 100 mL
of 0.1 M NaOH to remove the remaining chromium ions on
the surface of the adsorbents. The sodium hydroxide used
altered the surface chemistry of the adsorbents as it results in
deprotonation. Thereafter, the adsorbents were washed with
distilled water several times until the pH of the supernatant
was neutral, and the above process was repeated two times.

Results and discussions
Characterization of activated carbon
Fourier transform infrared spectroscopy FT-IR

The infrared spectroscopy (FT-IR) spectra for the pre-
pared activated carbons are shown in Fig. 1. In both
spectra, the weak peaks appearing at around, 3854 cm™!,
3743 cm~!, and 3608 cm™! are associated with bond
stretching vibrations of alcohols (O-H). The absorp-
tion peaks at 3386 cm™! and 1548 cm™! wavenumbers
are associated with amines (NH,) and nitrogen-oxy
compounds (N-O) symmetric stretching vibrations,
respectively (Guo et al. 2015). The peaks observed at
1673 and 1250 cm™! for RH-AC spectrum are associ-
ated with C=C and Si—CH;) stretching, respectively
(Barot and Bagla 2012). The peaks observed at 1281
and 961 cm™! for PP—AC are related to phosphorous
species due to activating agent (H;PO,) (Vunain et al.
2017). The peaks observed at 1057 cm~! and 1116 cm™!
in both activated carbons, are associated with (OH), car-
boxylic acids (C—OH) (Hashemian et al. 2015) and due

PPAC

L] L] L) L] L] L]
4000 3500 3000 2500 2000 _ 1500 1000 500
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Fig. 1 FT-IR spectra of rice husk (RH-AC) and potato peel (PP-AC) prepared at 600 °C
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to (S=0) bond, respectively. The peaks at wavenumbers
1400, 779 and 632 cm™!, are due to stretching of (C-C)
alkyl bond vibrations (C—H) and aryl halides stretching
(C-Br) correspondingly (Anirudhan and Sreekumari
2011). The presence of peaks at, 2180, 2084, 1850 and
1169 cm-! correspond to bond stretching vibrations of
alkynes (C=C), carboxylic acids (C=0) and sulfur-oxy
compounds (SO;H). Furthermore, the peaks at 2375 and
3021 cm™! wavenumbers are due to CO, and (C-H) bond
stretching. The activated carbons prepared demonstrated
good surface chemistry as they contain multiple func-
tional groups responsible for adsorbing properties such
as amines, alcohols among others.

Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) technique was used
to investigate the surface morphology of the activated car-
bon derived from rice husk and activated carbon derived
from potato peel prepared at 600 °C (Fig. 2). The two
micrographs showed that the carbon presented a porous
structure with some macroporous pores on the surface. It
is clear that the activated carbon samples have consider-
ably number of pores and there is a good possibility for
the chromium ion molecules to be trapped and adsorbed
in these pores. On the basis of these facts, it can be con-
cluded that the prepared activated carbons from rice husk
and potato peel present an adequate morphology for chro-
mium adsorption from tannery wastewater.
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X-ray diffraction patterns (XRD)

Figure 3 shows the XRD patterns of RH-AC and PP-AC.
The defined sharp peaks observed at 26 =23.30, 42.30 for
RH-AC, and at 260=23.0, 41.60, for PP-AC are associated
with the presence of carbon and graphite, corresponding to
values of d, and d,,; of graphitic carbon while the peaks
appearing in the lower range 260 =13.80-20.70 are associ-
ated with the presence of residual cellulose crystallites (Qin
et al. 2014) These are linked with residual cellulose crystal-
lites and observed in some other patterns of AC prepared
from agricultural wastes. This indicates that the attack of
H;PO, on lignocellulosic materials does not completely
destroy the primary stages of constituent cellulose crystal-
lites (Girgis et al. 2007). However, the peaks appearing in
range 20 =25-39.10 are connected with phosphorous com-
pounds contained in the activated carbon sample. During the
carbonization of lignocellulosic materials, the phosphoric
acid H;PO, is changed into different polyphosphoric acids
and phosphoric acid and its byproducts formed phosphate
and polyphosphate bridges that connected the biopolymer
fragments (Qin et al. 2014). These results showed that the
activated carbons prepared were amorphous with a small
crystalline domain and that due to the reactions between
phosphoric acid and cellulose, part of the crystalline struc-
ture was destroyed. However, activated carbon prepared
from potato peels contained some phosphorous impurities
emerging from the activating agent. The presence of phos-
phorus impurities can be confirmed by the appearance of
several peaks on the XRD spectrum. Other researchers have
reported similar XRD patterns on activated carbon prepared

HV mag| WD |[mode| det
30.00kVI650%x 49 mm| SE ETD

200 pm

Fig.2 Scanning electron microscopy (SEM) micrographs for a RH-AC and b PP-AC prepared at 600 °C
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Fig.3 XRD patterns of RH-AC and PP-AC prepared at 600 °C

from agricultural residues (Islam et al. 2016; Sugashini et al.
2015).

Absorption and desorption studies of the activated
carbon

Effect of pH

The effect of solution pH on the removal of chromium ions
was performed over a pH range of 1.4—12.0 while main-
taining the other parameters constant as follows: 300 mg
adsorbent dosage, initial Cr concentration of 3.249 mg/L,
agitation speed of 280 rpm, and contact time of 180 min.
The desired solution pH was achieved by drop-wise addi-
tion of either 0.1 MHCI or 0.1 M NaOH. The results pre-
sented in Fig. 4 show that the percentage adsorption is
higher at acidic medium (1.4-6.8), reaching a maximum
of about 99.88% and 98.52%, for RH-AC and PP-AC,
respectively. However, the level of Cr ions adsorption
reduced gradually as pH was increased. The adsorption
ability of RH-AC for Cr at pH 2 was 3.245 mg/L, which
decreased to 0.401 mg/L as pH was increased to 12.0.
Likewise, for PP-AC the highest Cr ions adsorption capac-
ity was 3.201 mg/L realized at pH 2.0, which tremendously
reduced to 0.083 mg/L with an increase of pH to 12.0
as well. These results show that the maximum Cr ions
removal by RH-AC and PP-AC samples was higher in
acidic medium whereas the in alkaline condition, adsorp-
tion of Cr(VI) was lower for the two adsorbents. Cr(VI)

u.)

Intensity (a

' PP-AC

7000 -
6000
5000 +
4000 -

3000

A
\)wl"llv‘\

y
1

2000 ~

A LA A
VIV vt AN Ve

20 40 60

20 (degrees)

80 100

exists in different stable states such as chromate (CrO42_)
acid, chromate (HCrO,~), dichromate (Cr2072_) and
HCr,0, ions in aqueous solution and the stability of these
species is dependent on the pH of the system and among
these forms, HCrO,~ is the more dominant in an acidic
medium (Mullick et al. 2017; Rahman et al. 2017). The
pH dependence of chromium ions uptake can further be
elucidated by chromium species speciation and the adsor-
bent surface charge at point of zero charge. At pH below
pH,,. (<6.8), the RH-AC and PP-AC surfaces become
protonated promoting a strong attraction between the
anion (HCrO,") and the adsorbent surface oxygen func-
tional groups such as, carboxyl (C-0), carbonyl (C=0),
and hydroxyl (O-H) as shown in Eqs. 1 and 2. But, at pH
above pH,,. (> 6.8) OH groups are attached to the surfaces
of the adsorbents which hinders attraction between the
chromium-containing anions and the RH-AC and PP-AC
surfaces, lowering the adsorbate removal (Yusuff 2019).

[RHAC — OH,]" + HCrO; — RHACCrO, + H,0 pH < pH,,

ey
[PPAC — OH,]" + HCrO; — PPACCIO, + H,0 pH < pH,,,

@)
where [RHAC — OH,]* and [PPAC — OH,]* represent the
protonated functional groups on the surface of the adsor-
bent (Lataye et al. 2016). Similar observations have been
reported by other investigators who worked on adsorption

of Cr ions from wastewater with activated carbons (Berihun
2016; Rai 2016).
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Effect of Initial metal ion concentration

The influence of initial concentration on chromium ions
on adsorption was performed with different initial concen-
trations ranging from 10 to 200 mg/L, agitation speed of
280 rpm, at optimized pH of 2, adsorbent dose of 300 mg,
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and contact time of 180 min. Different initial concentra-
tions of Cr solutions were prepared by proper dilution of
1000 mg/L Cr standard solution with distilled water. The
results, presented in Fig. 5, show that with an increase in
adsorbate concentration from 10 to 200 mg/L, the equilib-
rium amount of Cr ions removed increased from 1.58 to
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Fig. 5 Effect of initial Cr (VI) concentration on metal uptake (mg/L) by RH-AC and PP—AC prepared at 600 °C. (300 mg of adsorbent dosage,
agitation speed of 280 rpm, contact time of 180 min and room temperature of 25 °C)
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23.91 mg/g and 1.52 to 20.76 mg/g and adsorption effi-
ciency reduced from 94.61 to 71.72% and 91.42 to 62.28%
for RH-AC and PP-AC, respectively. It has been established
that as the initial concentration of Cr ions solution was
increased the removal efficiency decreased and the amount
of chromium ions adsorbed per unit mass of the adsor-
bents increased. The increase in chromium ion adsorbed by
RH-AC and PP-AC as Cr ion concentrations increase is
associated with the greater presence of Cr ion concentra-
tion in the solution for adsorption. Furthermore, at greater
initial Cr ion concentrations, the driving force was increased
to overcome all the mass transfer resistances of metal ions
between the aqueous and solid phases that increased the
rate of collisions between Cr ions and adsorbents (Rahman
et al. 2017). At lower initial Cr ion concentration, the rate
of adsorption occurred at reduced pace but increasing the
concentration resulted in the competition of binding sites on
the adsorbents by chromium ions thereby increasing adsorp-
tion capacity (Dula et al. 2014). The reduction in percentage
removal might be due to the fact that at higher concentra-
tion more Cr ions remain in the solution unadsorbed due to
saturation of binding sites. This occurs due to an increase in
a number of ions competing for existing binding sites in the
adsorbents (Murugesan et al. 2012).

Effect of adsorbent dosage

The effect of adsorbent dosage on the adsorption of Cr(VI)
ions was studied using different adsorbent dosages in
the range of 50-500 mg (Fig. 6). The operating param-
eters including, wastewater with initial concentration of
3.249 mg/L, at optimized pH, constant agitation speed of
280 rpm at a fixed duration of 240 min were adopted. The
results indicate that the increase in an adsorbent dose for all
activated carbons understudy facilitated an increase in the
removal rate of chromium ions from the wastewater until
equilibrium was achieved. The increase in adsorbent doses
increases the adsorbent to adsorbate ratio which results in
increase in the effective surface area and the active sites
available on the surface of the adsorbents onto which chro-
mium ions are accommodated (Devi and Manonmani 2015).
The adsorbent dose of 300 mg removed a maximum of,
2.918 mg/L and 2.5385 mg/L chromium ions for RH-AC
and PP-AC, respectively. Thereafter, no further changes in
chromium ions removal with an increase in adsorbent dose
was observed as equilibrium was attained. This indicates that
highest removal of Cr ions was achieved with this dose likely
due to the greater presence of exchangeable binding sites at
higher concentration of adsorbent (Murugesan et al. 2012).
A similar trend of results on chromium ions adsorption by
activated carbon was also reported by other investigators
(Bishnoi et al. 2004; Mohanty et al. 2014).
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Fig. 6 Effect of adsorbent dose on Cr(VI) uptake by RH-AC and PP—
AC prepared at 600 °C (300 mg adsorbent dosage, agitation speed of
280 rpm, contact time of 180 min and temperature of 25 °C)

Effect of contact time

Contact time is considered as a significant parameter for
rapid adsorption and successful practical application of
adsorbents. The effect of contact time on adsorption of chro-
mium ions onto RH-AC and PP—AC were studied from 10
to 360 min of contact time. An adsorbent mass of 300 mg
was measured and introduced into 250 mL conical flasks
containing 50 mL of chromium wastewater at optimized pH.
The flasks were sealed and mounted on an orbital shaker
and agitated at a speed of 280 rpm for a chosen time. The
results illustrated in Fig. 7 show that the rate of chromium
ions removal by RH-AC and PP-AC increased with the
increase in contact time until equilibrium was reached.
Increasing the contact time from 10 to 360 min resulted in a
maximum adsorption efficiency of Cr(VI) of 3.21 mg/L and
2.84 mg/L at 120 min and 240 min for RH-AC and PP-AC,
respectively. The rapid increase in chromium ions adsorp-
tion as contact time increases could be associated with the
presence of the vacant sites on the surface adsorbents until
achieving equilibrium (Santhosh and Dhandapani 2013). As,
contact time increases further, the decrease in chromium
ion removal was observed in PP-AC, indicating saturation
of adsorption sites. A similar observation was reported by
Siboni et al. in the removal of hexavalent chromium from
aqueous solution (Siboni et al. 2011).

Effect of agitation speed
To study the effect of agitation speed on the removal of chro-

mium ions using activated carbons, 300 mg of the adsorbents
were measured and then introduced into a 250 mL conical

pisllase ol ay .
e e O) Springer



150 Page8of14

Applied Water Science (2021) 11:150

—=— RH-AC
—e— PP-AC

—

00

Cr Adsorption (%)
S
L

=)
=
1

40

S0 100 150 200 250 300 350 400
Contact time (minutes)

o -

Fig. 7 Effect of contact time on Cr(VI) uptake by RH-AC and PP-
AC prepared at 600 °C (300 mg adsorbent dosage, agitation speed of
280 rpm, and temperature of 25 °C)
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Fig. 8 Effect of agitation speed on Cr(VI) uptake by RH-AC and PP—
AC prepared at 600 °C (300 mg adsorbent dosage, agitation speed of
280 rpm, contact time of 180 min and temperature of 25 °C)

flask containing 50 mL of chromium wastewater with an ini-
tial concentration of 3.249 mg/L and at optimized pH. There-
after, the samples were agitated at a different speed rang-
ing (80, 120, 200 and 280) rpm for 240 min (Fig. 8). The
results have demonstrated that an increase in agitation speed
results into a high rate of chromium ions removal by RH-AC
and PP-AC. The increase in the agitation speed from 70 to
280 rpm resulted in the high rate removal of chromium ions
from 0.77 to 2.52 mg/L (28.87-77.56%) and 1.05 to 2.06 mg/L
(32.35-63.28%) for RH-AC and PP-AC, respectively. The
rapid removal efficiency at greater speeds could be attributed
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to the provision of good contact between adsorbents and
adsorbate ions (Barot and Bagla 2012). Furthermore, increas-
ing the shaking speed, the diffusion rate of Cr ions from the
bulk liquid to the liquid boundary layer surrounding sorbent
particles become higher due to an enhancement of turbulence
and the reduction of the thickness of the liquid boundary layer
(Onindo and Muthakia 2012). The agitation speed of 280 rpm
was chosen and used in the entire study as it gave high values
of chromium ions removal for all adsorbents.

Adsorption isotherms

Adsorption isotherms are mathematical models used to indi-
cate the relationship between the amount of the material
adsorbed and concentration of the liquid at constant tempera-
ture (Kaushal and Singh 2017). The results of adsorption iso-
therms are generally calculated as a plot of the concentration
of chemical substance adsorbed (mg/g) versus the residual
concentration (mg/L). Isotherms studies are very significant in
the interpretation of the adsorption process sufficiently. They
indicate retention mechanisms of the solution component and
solid-phase at equilibrium as well as the surface properties
and affinity of the adsorbent providing an insight into how best
adsorption system can be improved (Almohammadi and Mir-
zaei 2016). In this study three isotherms namely: Freundlich,
Langmuir and Temkin, were used to validate the adsorption
data.

Langmuir isotherm

The Langmuir isotherm equation is based on the assump-
tion that adsorption happens at specific homogeneous sites
in which the adsorption of every adsorbate molecules on the
surface has similar sorption activation energy (Mandal 2013).
The linearized form of this isotherm model can be represented
as follows:

C, 1 C.

qe B KL dm 9m

where g.(mg/g) and C, (mg/g) are the amount of adsorbed
adsorbate per unit weight of adsorbent and remaining
adsorbate concentration in solution at equilibrium, respec-
tively. K; (L/mg) and g,, are Langmuir constant and theo-
retical monolayer saturation capacity correspondingly. To
ascertain if the adsorption was favorable or unfavorable,
the dimensionless constant named separation factor (R;)
also termed as equilibrium parameter usually defined by the
given relationship below was used:

1

R o= ——
1+K,C,
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where C, (mg/L) is the initial adsorbate concentration. The
value of R; shows the shape of the isotherms to be either
unfavorable when R; > 1, linear when R; =1, favorable
when O <R| <1 or irreversible when R =0 (Kumar et al.
2014; Madala et al.2013; Naiya et al. 2009). The constant
parameters K; and g,,, were calculated from the slope and
intercept of the linear plot of C, /g, versus C., of this isotherm
model at 25 °C, which are listed in the (Table 2). From the
linear form of Langmuir model (Fig. 9a, b), the (R?) values
of 0.997 and 0.921 for RH-AC and PP-AC, respectively.
The regression coefficients obtained indicate successful fit-
ting of the experimental data especially for adsorption of
chromium ions by RH-AC, followed by PP—AC. The results
suggest that the adsorption of chromium ions on the sur-
face of the RH-AC was a monolayer occurring at specific

homogeneous sites due to interaction with the functional
groups (Yang et al. 2014). The separation factor (R;) val-
ues calculated are 0.080 and 0.247 for RH-AC and PP-AC,
respectively. The above values obtained are in the required
range of between 0 and 1, as desired for favorable adsorp-
tion (Chakravarty et al. 2010; Demiral et al. 2008; Vunain
and Biswick 2018). The results also show the practicability
of adsorption of chromium ions from aqueous solution with
prepared adsorbents and also suggest the distribution of the
active sites on the surfaces of the RH-AC and PP-AC adsor-
bents (Devi and Manonmani 2015).

Table 2 Isotherm constant for

. . Langmuir Freundlich Temkin
the adsorption of chromium
ions by RH-AC and PP-AC A b R? ks n R? B Ap R?
RH-AC 355 62x10% 0997 4.6x10* 3.09 0973 544x10° 1.001 0.973
PP-AC 094 83x10* 0920 3.6x10* 1.888 0989 3.12x10* 1.054 0.923
(a) (b)
3000 4
5 3000 4
2000 4 (3
2000 4
1000 4
L)
0.0 05 10 ce 15 20 05 10 ce 15 2.0
(c) (d) .
| ]
-3.3 4 (]
] -3.44
o 344 S
o = g
g - .
-3.54 23.64
-3.64 u
0.5  LogCe 0.0 04 02 0 ce 00 0.2

Fig. 9 Langmuir plot for Cr adsorption on RH-AC (a); Langmuir plot for Cr adsorption on PP-AC (b) and Freundlich plot for Cr adsorption on

RH-AC (c); Freundlich plot for Cr adsorption on PP-AC (d)
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Freundlich isotherm

This model is empirical in nature and founded on the
assumptions that adsorption occurs on the heterogene-
ous surface and an exponential distribution of active sites
(Hameed et al. 2008). The heterogeneous sorption linear
model of Freundlich isotherm is expressed by the following
relationship:

loggq, = log K; + % log C,

where ¢, is the adsorption capacity (mg/g), C, is the equi-
librium concentration of the adsorbate solution (mg/L), Ky
and n are Freundlich constants which represents adsorption
capacity and adsorption intensity, respectively. Generally,
the greater the value of K, indicates the more heterogene-
ity and the values of n between 1 and 10 (i.e., 1 /n less than
1) denote a more favorable adsorption process (Naiya et al.
2009). The values of the constant parameters were calculated
from the slope and intercept of the linear plot of log g, versus
log C,. The constant parameters K; and n calculated from the
present study are recorded in (Table 2). The values of n for
both adsorbents are between 1 and 10 an indication of ben-
eficial adsorption. The correlation coefficient (R?) obtained
from the linear plot of this isotherm model (Fig. 9c, d) for
the study is 0.924 and 0.989 for RH-AC and PP-AC, respec-
tively. The correlation coefficients results clearly indicate
that the adsorption of chromium ions in aqueous solution on
PP-AC fitted best on Freundlich isotherm model compared
to the Langmuir model. The successful fitting of experi-
mental data on the Freundlich model suggests the physical
adsorptions as well as the heterogeneous distribution of the
active sites on the surface of the PP—AC surface (Dula et al.

(a)

0.0008 -

0.0006 - .

Qe

0.0004 -

T

-4 -2 0
InCe

Fig. 10 Temkin plot for Cr adsorption on RH-AC (a); and PP-AC (b)
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2014). RH-AC demonstrated a good fit in the Langmuir
model, unlike the Freundlich isotherm model.

Temkin isotherm

Temkin adsorption isotherm recognized the effects of
some indirect adsorbent adsorbate interaction on adsorp-
tion isotherms and proposed that the heat of adsorption of
all the molecules in the layer would linearly reduce with
coverage due to these interactions (Benzaoui et al. 2018).
The linear relationship form of the Temkin isotherm model
is represented by the following equation:

g. = BInA; 4+ BInC,

where B=RT/by, T is the absolute temperature in K; R is
the universal gas constant. (J/Mol)b; is related to the heat of
adsorption and Ay is the equilibrium binding constant that
corresponds to the maximum binding energy. This model
assumes that adsorption happens due to equal distribution
of binding energy (Gottipati 2012). The constant parameters
of this isotherm are calculated from the intercept and slope
of the linear plot of g, versus In Ce. The value parameters
calculated are displayed in (Table 2). The positive values of
Temkin’s model adsorption energy (by) in the present study
is an indication that the adsorption process was endother-
mic in nature (Singh et al. 2014). The low regression coef-
ficient R? achieved 0.973 and 0.923 for RH-AC and PP-AC,
respectively, also confirms that the adsorption data does not
favor this isotherm model (Fig. 10a, b).

(b)
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Adsorption kinetic study

Different kinetic models are proposed to examine the mecha-
nism of solute adsorption by the adsorbent and chemical reac-
tion (Kumar et al. 2010). The kinetics studies demonstrate the
solute uptake rate and evidently, controls the residence time
of adsorbate uptake at the solid-liquid interface (Chakravarty
et al. 2010). The study applied two commonly used kinetic
models to describe the adsorption of chromium ions by acti-
vated carbons understudy.

The pseudo-first-order kinetic model

The kinetic model of Lagergren, also termed as pseudo-first-
order kinetic expression, is the most extensively used model.
The linear form of the Lagergren kinetic model is denoted by
the following equation:

log (¢, — q,) = logq, — K,

where g, and g, represents the quantity of adsorbate adsorbed
(mg/g) at equilibrium and at time ¢, respectively, K, (min~h)
is the Lagergren rate constant. The pseudo-first-order plot
of a kinetic model at an initial concentration of 3.249 mg/L
at room temperature is displayed in (Fig. 11a, b). The values
k, and g, shown in (Table 2) were calculated from the slopes
and intercepts of the linear plot of log (g. — ¢,) versus time t,
of pseudo-first-order model. The correlation coefficients 0:3)
obtained (shown in Table 2) for both adsorbents are a little
higher, but less compared with those gotten from pseudo-
second-order model. The results suggest that the adsorption
data for chromium ions by RH-AC and PP-AC could not
favor the first-order kinetic model.

The pseudo-second-order kinetic model

The adsorption kinetics may also be expressed by pseudo-
second-order model. This kinetic model is also based on the
assumption that the adsorption that the rate is controlled by a
chemical adsorption mechanism plus sharing or transferring

@ - (b)
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Fig. 11 Plot of pseudo-first-order (a, b) and pseudo-second-order (c, d)
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of electron between the adsorbent and the adsorbate (Khan-
danlou 2015). The linearized form of the pseudo-second-
order kinetic model is given by the following equation (Kim
et al. 2018).

t 1 t

a K¢ q

where ¢, and g, represent the quantity of the adsorbate
adsorbed (mg/g) at equilibrium and at time ¢, respectively.
The constant of the pseudo-second-order kinetic adsorption
model is denoted by K, in (g/mg/min). The straight-line plots
(Fig. 11c, d) of t/g, against ¢, provides an understanding to
the above equation to chromium ions adsorption on prepared
adsorbents. The intercepts and slopes of the above plots give
the constant parameters. The correlation coefficient (R?),
together with the uptake capacity (g.) and the second-order
rate constant (K) calculated at room temperature are shown
in (Table 2). The regression coefficients attained are higher
for adsorbents in comparison with that of pseudo-first-order.
Therefore, the adsorption kinetics data of chromium ions
by synthesized activated carbons could be described better
with this kinetic model. Similar pattern of results is also
reported by previous investigators on adsorption of Cr ions
from aqueous solution using different adsorbents (Khandan-
lou et al. 2015; Singh et al. 2014).

Desorption and reusability studies

Economical and feasibility of the adsorption process is much
dependent on adsorbent regeneration. If the material can be
renewed and reused as an adsorbent after the first phase of
the adsorption process, then, the economic improvement of
the adsorption process will be attained (Ahmad et al. 2012).
The regeneration studies of the prepared activated carbon
were assessed and the results suggest that the adsorbents
understudy could be used for three times before losing the
affinity for chromium ions uptake. As shown in (Fig. 12),
a slight difference especially for the first two cycles was
realized. The recorded results for three cycles of the regen-
eration studies ranged as follows: 8.909-5.486 mg/L and
8.004-5.713 mg/L for RH-AC and PP-AC, respectively.
The results also indicate that the elution agent was suitable
to desorb chromium ions from the adsorbents understudy.

Conclusion

The present study has shown the effectiveness of activated
carbons derived from the agro-wastes through chemical
activation for the removal of chromium ions from tan-
nery effluents. The efficacy of RH-AC and PP-AC was
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Fig. 12 Adsorption—desorption cycles of chromium ions by RH-AC
and PP-AC

evaluated through batch adsorption study with a variation
on solution pH, initial concentration, adsorbent dosage,
contact time and agitation speed. The equilibrium data
for Cr(IV) ions adsorption onto RH-AC and PP-AC sat-
isfactorily fitted well in the Langmuir and the Freundlich
isotherms, respectively. The kinetics results have shown
that the adsorption of Cr(IV) ions fitted successfully in
pseudo-second-order kinetic model with a regression coef-
ficient (> 0.9) for both adsorbents. The results obtained
from regeneration studies confirm that the adsorbents
prepared could be regenerated and reused before losing
adsorbing affinity for chromium ions. Finally, the syn-
thesized activated carbons could be possible substitutes
for the exorbitant commercial activated carbons for the
removal of chemical pollutants from both water and waste-
waters as they have demonstrated effective in the uptake of
chromium ions from effluents originating from the tannery
industry. The fact that the precursors used in the prepara-
tion of activated carbons (RH-AC and PP-AC) are avail-
able in abundance at zero cost, offer a great opportunity to
reduce water pollution due to chemical contaminants and
reduce environmental pollution associated with agricul-
tural wastes disposal.
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