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Adsorbents prepared from inexpensive materials of
guava leaf biomass, mango bark and bagasse were
studied for As(IIT) removal from the aqueous solution.
The effects of pH, contact time, initial As(III) concen-
tration and adsorbent dosage on the adsorption
of As(III) were studied using batch experiments.
Adsorption process was also verified with Langmuir,
Freundlich, Temkin and Redlich—-Peterson models.
Langmuir isotherm fitted best in the experimental
data. Application of Langmuir isotherm to the system
yielded the maximum capacities of 1.35mgg’,
1.25mg g' and 1.05 mg g~ for bagasse, mango bark
and guava leaf biomass respectively, in the range of
As(IIT) concentration as 10-140 mg I'". The dimen-
sionless equilibrium parameter, R;, signifies favoura-
ble adsorption of As(III) on all adsorbents and was
observed to be in the range of 0.029-0.294, 0.021-
0.235 and 0.021-0.234, for bagasse, mango bark and
guava leaf biomass respectively (0 <R;<1). The
adsorption process was observed to follow pseudo-
second-order kinetic model.

Keywords: Adsorption, arsenite ion-As(III), isotherms,
kinetics, low-cost adsorbents.

DURING the past few decades, arsenic has gradually been
identified around the world as one of the most toxic sub-
stances in water and wastewater, which weakens the
immune system and threatens human health'. Arsenic
content in groundwater varies with the geographical loca-
tion, geological conditions and anthropogenic activities.
Human activities resulting in arsenic in groundwater are
mainly owing to arsenical pesticides, fertilizers, desic-
cants, preservatives, dust from the burning of fossil fuels
and disposal of industrial and animal wastes, etc.”>. Ap-
proximately 97% of the arsenic produced enters the envi-
ronment through the end-product containing As(III) and
the remaining 3% from the semi-metal employed As
metallurgical additives, especially to lead and copper to
produce their alloys. Inorganic arsenic of geogenic (natu-
ral) origin is also found in groundwater in certain parts
of the world, owing to volcanic action followed by
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low temperature volatization®. Arsenic may also be natu-
rally present in all rocks and sediments forming aquifers
that are tapped for drinking’. It has been reported that
areas affected by geothermal, mining and industrial acti-
vities may suffer from presence of large range of arsenic
varying from 0.5 to 5000 ug 1" (ref. 6). There are 21
arsenic affected countries worldwide and out of these,
Bangladesh (concentration greater than 0.2 mg 1) and
West Bengal in India (highest 470 mg 1) are at high
health risk due to arsenic contaminated groundwater’.

In groundwater, arsenic may combine with oxygen and
form inorganic pentavalent arsenate, As(V) and trivalent
arsenite, As(Ill) depending on the pH and redox condi-
tions®. As(II) is more stable than As(V) due to the elec-
tronic configuration and also, relatively more toxic
because it can bind with higher affinity to sulphhydryl
groups that have the capability to react with a variety of
proteins, thus, inhibiting their activity’. It has been esta-
blished that exposure to arsenic may lead to both, acute
as well as chronic toxicity, resulting in many adverse
impacts on human health like haematological, hepatic,
renal, dermal, neurological, developmental, reproductive,
immunologic, genotoxic, mutagenic, carcinogenic, hae-
matological/hepatic including other biological effects®.
Certain severe diseases faced by humans due to consump-
tion of arsenic contaminated water include cancers of
liver, lungs, skin, kidney and bladder; pigmentation
changes, hyperkeratosis, neurological and gastrointestinal
disorders, muscular weakness, bone marrow problems,
cardiovascular problems, etc.®. Therefore, arsenic conta-
mination of groundwater worldwide is an environmental
issue of major concern that requires serious attention im-
mediately. To overcome this situation, earlier provisional
guidelines of WHO and USEPA has brought down the
drinking water quality standard from 50 to 10 ppb'®'".

Several technologies are available now for the treat-
ment of arsenic contaminated water®, amongst which the
most common techniques are oxidation/precipitation/
filtration'?, coagulation/electro-coagulation/co-precipita-
tion'’, ion exchange resin'’, membrane techniques like
ultra/nano-filtration/reverse osmosis/electrolysis, etc."”.

The conventional practice of arsenic removal (at large
scale) is to first oxidize As(IIl) into As(V), employing
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either chemical or biological routes and then, use any
media like iron/manganese or alumina for adsorption.
Though these chemical methods are simple, large amounts
of toxic sludges are produced that require further treatment
before the ultimate disposal. Ion-exchange resins require
high cost, high-tech operation and maintenance and regene-
ration (feasible partially) and also create sludge disposal
problems. Membrane-based techniques also need high ini-
tial as well as operation and maintenance costs along with
rejection of water in sizeable quantities. The other limita-
tion associated with most of the conventional treatment
methods is efficiency of the treatment, i.e. they are not
much effective at lower concentrations and even after
treatment, the residual concentrations may remain higher
than the permissible limit with respect to the drinking
water quality standards, i.e. 10 pug I"" (ref. 16).

The process of adsorption involves a solid phase
(adsorbent) and a liquid phase containing dissolved spe-
cies to be adsorbed. Agricultural waste-materials are
usually composed of lignin, cellulose, lipids, proteins,
polysaccharides, hydrocarbons, ash and many other com-
pounds as a variety of functional groups'’. These groups
present on the solid materials cause affinity to adsorb the
ionic species (adsorbate) present in the solution. This
phenomenon depends on the bond linkages between
species of the adsorbate in solution and molecules of the
solid materials. Any solid material may be employed as
adsorbent if it has sufficient affinity to adsorb the target
species. Local and abundant availability, low cost of
preparation and high capacity to adsorb make an effective
adsorbent'®. The bond linkages between the metal species
and molecules of adsorbent depend on a complex
mechanism through which metal species are diffused to
the adsorbent surface and its inner pores. Many mechan-
isms have been proposed to explain the removal at the
adsorbent surface and pores involving chemisorption,
complexation, ion exchange, chelation, physical forces,
entrapment in inter and intra-fibrillar capillaries, etc.'’.

Proper understanding of the adsorption mechanism,
rate of adsorption, maximum adsorption capacity and
suitable pH range, contact time to reach equilibrium, ini-
tial adsorbate concentration and dosage of adsorbent are
essential parameters needed for the system design. To
understand the kinetics and equilibrium isotherms, batch
study has been undertaken to investigate various related
parameters fitting into appropriate models. Finally, these
parameters were correlated to understand the adsorption
mechanism for the more toxic form, i.e. As(III), from the
water on the surface of biosorbents prepared from agri-
cultural wastes like bagasse, mango bark and biomass of
guava leaf.

As an alternative or a part of tertiary water treatment,
adsorption has long been recognized as an effective tech-
nique and it is being used, specifically more commonly in
the developing world to treat arsenic contaminated water
up to the desired level of efficiency. Researchers had put
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in efforts to study new adsorbents that are easily and
locally available, as well as have low-cost of preparation,
operation and handling”™*'. Now-a-days, various solid
wastes generated as byproducts of industry/agriculture
are under study, to assess the adsorption potential for
arsenite ions present in water. With the objective of
developing novel and low-cost adsorbents to remove
As(IIl) from contaminated water, guava leaf biomass,
mango bark and bagasse have been employed as inexpen-
sive agriculture wastes and their adsorption capacities
have been evaluated for As(II) removal under equili-
brium and dynamic experimental conditions.

Materials and methods
Adsorbents

The guava leaf biomass, mango bark and bagasse were
collected within the campus of Indian Institute of Tech-
nology (BHU), Varanasi, India. Subsequently, these were
cleaned with distilled water and then air dried in hot air
oven at a temperature of 60°C for 24 h. Later, these were
crushed and passed through British standard sieves in the
range of 0.425-1.180 mm. The adsorbents were activated
by treating with acids, which increase effectiveness of
adsorption by enhancing active sites per unit surface area.
This also provides better ion exchange properties due to
formation of new functional groups®>*. Several acidic
treatments were experimented to improve the adsorption
properties of the sorbents. Finally, HCI1 (0.1 N) was used
to activate the biomass derived from guava leaf, mango
bark and bagasse. Activation was performed by treating
1 g of the residue retained on screens with 100 ml of
acidic solution for 6 h at 55°C under continuous stirring
and subsequently followed by filtration and oven drying
at 55°C for 24 h. The oven dried sample was washed with
distilled water to remove residual acid from the surface
until the runoff was visibly clear. Then, this sample was
dried again at 110°C for 12 h and then kept in capped
bottles.

Adsorbate

All chemicals used were of analytical grades. A stock
As(IIT) solution (1 ml= 1000 ug As) was prepared by
dissolving 0.1320 g of As,0;3 in a mixture of 50 ml of
reagent grade water and 1 ml conc. NH4,OH. It was heated
gently to dissolve completely, cooled and acidified with
2 ml conc. HNOjs. Then, it was diluted to 100 ml with
reagent grade water.

Batch adsorption studies

Batch adsorption studies were conducted in 250 ml
erlenmeyer flask by agitating a pre-weighted amount of
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the adsorbent with 100 ml of aqueous As(III) solution for
a fixed time (100 min) period at constant temperature
(25° £ 1°C) on a water bath shaker at 100 rpm. The pH
was maintained (ranging from 2 to 8) at a desired
value £ 0.1 using 0.01-0.05 N H,SO, and NaOH at an
interval of every 1-2h, or as and when needed. The
supernatants were passed through filter paper number 42
(Whatman). Adsorption isotherm study was also carried
out by varying concentration of As(III) from 10 to
140 mg I, while maintaining the adsorbent dosage of 8 g
(bagasse and mango bark) and 9 g (guava leaf), placed in
the solution taking equilibrium time of 100 min. The
effects of variation in parameters like pH, contact time
and initial concentration were studied keeping constant
adsorbent dosage of 8 g (bagasse and mango bark) and
9 g (guava leaf) in contact with As(IIl) solution, having
concentration of 100 mg I"".

Effect of adsorbent dosage was studied at 100 mg I of
As(III) concentration with varying adsorbent dosage from
1 to 12 g in the solution. The concentration of free As(III)
ion in the filtrate was determined using Arsenator (make
Wagtech, UK). The values were also verified randomly as
specified in the procedure 3500-A (ref. 25) using atomic
absorption spectrophotometer (make Shimadzu, model
AA 6800) with continuum background correction. For the
atomic absorption spectrophotometer, all measurements
were based on integrated absorbance and performed at
193.7 nm by using a hollow cathode lamp. The experi-
ments were performed in triplicate and the average values
were considered.

Amount of the adsorbed As(IIl) was calculated by find-
ing the difference between the initial and residual
amounts of As(III) in the solution divided by mass of the
adsorbent used, as shown in the mass balance eq. (1).
Percentage removal of As(III) was determined using

eq. (2).
(Co _Ce) xV
g=—o 2" "

mg

)

R(% _(G-G) 100 2
(%) === @)
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where ¢ is the amount of As(III) adsorbed by the adsor-
bent (mg g '), C, and C, are the initial and equilibrium
concentrations of As(III) in the solution (mg1™"), ¥ the
total volume of the sample (100 ml), m; the mass of
adsorbent used for adsorption (g) and R is the percentage
of As(IIT) removal efficiency of the corresponding adsor-
bent.

Results and discussion

Adsorption percentage of As(III) removal on activated
powder of bagasse, mango bark and guava leaf were
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observed at initial concentration of 10 mg I"' under opti-
mized pH range and adsorbent dosage. Removal was
reported as 95.2%, 97.2% and 94.4% for bagasse, mango
bark and guava leaf respectively. Maximum adsorption
capacity at 140 mg 1" of As(Il) was found to be
1.191 mg g, 1.155mg g and 0.968 mg g, for bagasse,
mango bark and guava leaf respectively. Various
researchers such as Singh and Pant®® and Vaishya and
Gupta”” have compared the adsorbent capacities for
treatment of drinking water, groundwater and wastewater.
This comparison with the adsorbent capacity and initial
concentration of As(II) in case of previously studied
adsorbents revealed that the adsorbents prepared from
bagasse, mango bark and guava leaf biomass can be
effectively used as alternate economical materials for
removal of As(IIT) from wastewater.

Batch studies

Effect of pH: Studies indicate that As(II) ionic species
is pH dependent and it is stable at pH <9 in the form of
neutral H3AsO;, pH 9-12 as H,AsO;, pH 12-13 as
HAsO3 and pH >13 as AsO3 respectively®®. Dissociation
mechanism of arsenite species is reported by Tamas et
al*® in terms of its acid dissociation constant (pK,). The
larger the value of pK,, lower the probability to dissociate
at any pH and hence, it is relatively difficult to dissociate
H,AsO; and H,AsO;. Equilibrium data of the experi-
ments in this study have also confirmed the species
H;AsO; as an active arsenite species by giving effective
adsorption of As(IIl) in the pH range of 28 at the surface
of all the three adsorbents.

Increase in As(III) removal was observed from 23% to
73% (bagasse), 7% to 62% (mango bark) and 14% to
68% (guava leaf biomass) at increasing rate when pH was
raised from 2 to 6; only slight removal could take place in
the pH range of 6—7 (Figure 1). The maximum removal of
87% was observed at pH 7.5 for bagasse, 84% at pH 6.5
for mango bark and 83% at pH 6 for guava leaf biomass.
Further increase in pH beyond these values showed slight
reduction in As(IIT) removal. It was observed that pH 7.5,
6.5 and 6.0 can be considered as optimum pH value for
As(IIT) removal by adsorption on the adsorbent surfaces
of bagasse, mango bark and guava leaf biomass respec-
tively. The pH dependence on adsorption can be under-
stood as affinity of each arsenic species to the
adsorbent is different and therefore, the degree of adsorp-
tion of As(IIl) on the adsorbent surfaces of bagasse, mango
bark and guava leaf varied with the arsenic species and
thus, with pH value of the solution. Salman et al’**
reported that the adsorption was more effective on acid-
treated adsorbents and therefore, adsorbents of guava leaf
biomass, bagasse and mango bark were activated using
0.1 N HCI at 55°C. At this temperature, activated adsor-
bents generally develop acidic surface oxides in the pH
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range of 6-8, while the surfaces of adsorbents become
positively charged to adsorb more arsenite ions.

Effect of contact time: Results presented in Figure 2
reveal that the effect of contact time at optimum pH 7.5,
6.5 and 6.0 can be considered as value for As(IIT) removal
by adsorption on bagasse, mango bark and guava leaf
biomass respectively. Three stages of adsorption can be
observed in each case and these indicate high influence of
contact time on removal of As(IIl) by adsorption. First
stage of As(IIl) uptake at adsorbent surfaces occurred at
high rate during 0 to 90 min and removal up to 83% for
bagasse, 82% for mango bark and 81% for guava leaf
biomass could be achieved. On further increase in contact
time, almost negligible enhancement in adsorption was
observed. Therefore from Figure 2, it can be concluded
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Figure 1. Effect of pH on As(I1l) adsorption.
90 A
80 ’/ /'J" 2 2 3 3 |
70 -
< /'../
S 60 r
©
3 50 - 4
£ —&—Bagasse
S 40 -
= ~i—Mango bark
é 30 Guava leaf
<
{
20 4 /
ol
0 T T T T T 1
0 30 60 90 120 150 180
Time (min)
Figure 2. Effect of contact time on As(III) adsorption.
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that the contact time of 100 min may be considered as an
equilibrium time for adsorption of As(IIl) for all adsor-
bents while carrying out batch studies in the present case.
Adsorption sites with formation of bi-dentate complexes
are provided within very short duration and beyond this
stage, no adsorbent site remains for further adsorption
because saturation was achieved on the adsorbent
surfaces’'.

Effect of initial concentration: Influence of initial con-
centration of As(III) on removal by adsorption was stu-
died at concentrations varying from 10 to 140 mg1’,
while maintaining the adsorbent dosage 8 g (bagasse and
mango bark) and 9 g (guava leaf biomass) respectively, in
solution at optimized pH and contact time. Figure 3
shows the effect of initial concentration of As(IIl) on
percentage removal and adsorption capacity. Decrease in
percentage removal was observed from 95.4% to 68.0%
for bagasse, 97.2% to 68.0% for mango bark and 96.4%
to 62.2% for guava leaf biomass, when concentration of
solute was increased from 10 to 140 mg ™" at fixed con-
tact time and pH. The results indicated that a very small
reduction in removal occurred, when concentrations
varied from 10 to 70 mg 1"'; but afterwards, increase in
concentration led to rapid reduction in As(III) removal.
The drop in percentage As(III) removal is due to increase
in the number of As(III) ions for fixed number of adsor-
bent sites. It was further observed that the surface of
mango bark showed the maximum value of removal
between 10 and 60 mg I of As(III) concentration com-
pared to guava leaf biomass and bagasse, but the results
also indicated that this affinity did not remain so at higher
As(IIT) concentration. Katsoyiannis and Zouboulis®* have
reported that during physicochemical iron oxidation,
arsenate removal was about 80% for relatively lower
initial arsenic concentrations (20-50 ugl™") and it
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Figure 3. Effect of initial concentration on As(III) adsorption.
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decreased to about 60%, when initial arsenic concentra-
tion was increased further to 188 mg I"".

Bagasse showed higher affinity compared to mango
bark and guava leaf at higher arsenic concentration.
However, the same adsorption percentage was observed
on each adsorbent at 60 mg ™' of arsenic concentration
and this indicated equal affinity to adsorb arsenite species
at this concentration (Figure 3).

Possibility of interference of previously adsorbed spe-
cies can also not be ruled out and it may reduce As(III)
adsorption and desorption from adsorbent molecules,
which results ultimately in decreased adsorption capacity.
Value of optimum percentage removal at 60 mg 1™ was
observed as 89.76% for bagasse, 88.34% for mango bark
and 85.84% for guava leaf biomass respectively; while
the values for optimum adsorption capacity were
0.974 mg g for bagasse, 0.937 mg g for mango bark
and 0.859 mg g' for guava leaf biomass.

Effect of adsorbent dosage: Results of the batch studies
conducted for determination of adsorbent dosage at initial
concentration of As(II) as 60 mg 1" with varying dosage
of 4 to 12 g under optimized environmental conditions
are presented in Figure 4. Increase in As(IIl) percentage
removal was observed with increase in amount of adsor-
bent dosage. The percentage removal increased from 55%
to 87% (bagasse), 50% to 84% (mango bark) and 46% to
83% (guava leaf biomass). Higher percentage removal of
As(IIT) was due to availability of more active adsorbent
sites for adsorption at higher adsorbent dosage. But,
capacity to adsorb As(II) was not same for each adsor-
bent dosage. Explanation in terms of adsorption sites can
be given using a ratio factor of active adsorbent sites per
unit mass of the adsorbents. This factor can also be corre-
lated with apparent energy of sorption defined by
Langmuir and the values lower than unity indicate
decrease in the adsorption capacity.
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Figure 4. Effect of adsorbent dosage on As(IIT) adsorption.
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Results shown in Figure 4 indicate that increased rate
of removal of As(IIl) occurs only at certain adsorbent
dosage and on further increase in dosage, adsorption rate
remains the same due to the fact that all available adsor-
bate at particular concentration are attached at the active
sites present in the solid adsorbent and therefore, further
addition of adsorbent did not cause any significant
enhancement in adsorption. Shipley et al®® studied
adsorption of arsenic on magnetite nano-particles and
observed that as the dosage of adsorbent was increased
from 0.05 g1 to 0.2 g1, removal of As(III) also went
up from 38.2 ug 1" to 77.6 ug 1"

Significant adsorption of As(III) on the adsorbent
surfaces of bagasse and mango bark was observed in the
range of adsorbent dosage of 4 to 8 g and 4 to 9 g for
guava leaf biomass (Figure 4). Further addition of adsor-
bent dosage remained ineffective for adsorption. There-
fore, for the batch study, 8 g of dosage was considered as
saturation dosage for bagasse and mango bark, and 9 g
for guava leaf biomass as shown in Table 1.

Adsorption isotherms

Mass of As(IIl) adsorbed per unit mass of the adsorbent
is defined as adsorption capacity of the adsorbent. Nature
of adsorption can be explained by relating the adsorption
capacity to equilibrium concentration of the adsorbate
remaining in the solution using various isotherms®*.
Most common adsorption isotherms are Langmuir’,
Freundlich®’, Temkin and Pyzhev38, Redlich—Peterson®,
etc. In the present study, isotherms were plotted for each
of the adsorbents using the experimental data (Figure 5).
Equilibrium data of these isotherms have been analysed
using the theories proposed by Freundlich, Langmuir,
Temkin and Redlich—Peterson. Corresponding parameters
calculated using these models are presented in Table 1.

Freundlich isotherm: Freundlich®” derived an empirical
equation to describe non-ideal multilayer sorption on
heterogeneous surface energy systems. Isotherms were
defined by him over a limited range of concentrations and
these can be shown by eq. (3). Linear form of Freundlich
expression is presented in eq. (4).

qe = Kf Ci/n (3)

Ing, =InK,+ llnCe “4)
: n

where ¢, is the solid phase sorbent concentration at equi-
librium (mg g '), C, the aqueous phase sorbent concentra-
tion at equilibrium (mg1"), n the Freundlich constant
that represents the parameter characterizing Quasi-
Gaussian energetic heterogeneity of the adsorption
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Table 1. Isotherm-parameters for adsorption of As(IIT) on the adsorbents

Freundlich Langmuir Temkin Redlich—Peterson
K¢ qm b Ry Kr b, Krp bre
Adsorbents (Img™") 1/n  R* (mgg') (Img') R’ Range (Img™") (kImol™) R* (mgg") (Img') o R?
BG 0.265 0.499 0.898 1.35 0.240 0996  0.029 0.294  2.697 0.278 0.962 0.278 0.105 1.15 0.999
MB 0.310  0.121 0921 1.25 0.326 0.999  0.021  0.235  4.834 0.230 0.984 0.407 0.326 1.00 0.999
GL 0.257 0.423 0.895 1.05 0.327 0998  0.021  0.234  4.262 0.201 0.969  0.257 0.158 1.11  0.999

BG, Bagasse; MB, Mango bark and GL, Guava leaf biomass.

Table 2. Kinetic parameters for adsorption of As(IIl) on the adsorbents

Pseudo-second-order

Pseudo-first-order Type 1 Type 2
qe (exp) ky qe (cal) k> h qe (cal) k> h qe (cal)
Adsorbents (mgg') (min™') R* (mggh) (gmg'min') (mgg'min") R* (mgg') (gmg'min') (mgg'min') R* (mgg)
BG 1.088 11.66x 107 0.771 6.983  53.20x 107" 0.009 0.987 1267 11.41x107° 0.014 0.923  1.099
MB 1.050 11.55x 107 0.801 5.062 80.32 x 107 0.011 0.994 1.117 15.69 x 107 0.018 0916 1.060
GL 0.922 11.50 x 10 0.800 5.212 69.63 x 107 0.008 0.987 1.060 15.11 x 107 0.013 0917 0.928
1.4 4 surface** ™ and K is another Freundlich constant, indica-
15 tive of the relative adsorption capacities of the adsorbents
= 1.2 A -1
o (g).
210 - Freundlich isotherm was tested to understand the
= adsorption intensity of As(III) on the adsorbent surfaces
S 0.8 1 of bagasse, mango bark and guava leaf biomass. The
§ 3F | $Bamses experimental data were plotted logarithmically (Figure
s § 5 Mango bark 6), applying tl.le llpear Freundlich isotherm eq. (4). The
B 04 v leaf linear Freundlich isotherm constants for As(IIl) adsorp-
s tion are presented in Table 2.
< 02
'|~ Langmuir isotherm: Langmuir described adsorption as a
0.0 + ' ' ' ' ' ' result of formation of an ionic or covalent bond between
0 10 20 30 40 50 60  adsorbent and adsorbate molecules and defined fractional
Equilibrium concentration (mg I-') coverage (&) in the form eq. (5).
. o . _q, bC,
Figure 5. Adsorption isotherms for As(III) adsorption. g=—"-= —=— ®)
q, 1+bC,

where b is a parameter for apparent energy of sorption,
defined as, b= (ky/ky), k, and kg are constants for
adsorption and desorption respectively, g, the maximum
quantity of As(IIl) required to form a single monolayer
on unit mass of adsorbent, g, the sorbate concentration on
solid phase at equilibrium (mg g ') and C, is the aqueous
phase sorbate concentration at equilibrium (mgl").
Linearization of eq. (5) yields eq. (6) and can be

-2

*B O .
e expressed as Langmuir isotherm, from which values of
/ W Mango bark .
Guava leaf the constant b and ¢, can be determined from the slope
uava leal . .
and intercept by plotting C./g. versus C, (refs 43, 44)
-2.0
H.e
25 - C 1 1
Zee ot (C) (©)
Figure 6. Freundlich isotherms for As(III) adsorption. 9e 9n  9dm
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Langmuir isotherm has been considered to estimate the
maximum adsorption capacity corresponding to the
monolayer coverage on the adsorbents surfaces. Plots of
specific sorption (C./q.) against C, for these adsorbent are
shown in Figure 7 and the isotherm parameters, ¢,,, b and
R? are presented in Table 1. The sorption capacity, ¢,, has
higher value for bagasse (1.346 mg g ') compared to the
values for mango bark (1.249 mgg ') and guava leaf
biomass (1.052 mg g'). From the results, it can be un-
derstood that bagasse has more capacity to adsorb As(III)
than that of mango bark and guava leaf biomass. The
adsorption coefficient, b for As(Ill) on guava leaf bio-
mass (0.327 1 mg™') was greater than that of mango leaf
(0.326 I mg™") and bagasse (0.2401mg™") (Table 1). It
indicated that, the effectiveness of As(IIl) adsorption on
the adsorbents surface was bagasse > mango bark >
guava leaf biomass. The value of R* for As(III) adsorp-
tion on the surface of mango bark (0.999) was greater
than guava leaf biomass (0.998) and bagasse (0.996;
Figure 7). It leads to a conclusion that adsorption on
guava leaf biomass fits better than that on bagasse and
mango bark.

Furthermore, appropriateness of As(III) adsorption on
the adsorbents was tested using features of Langmuir iso-
therm, expressed in terms of a non-dimensional constant,
called separation factor R, and defined by eq. (7)*.

o
145 C,

(7

Ry

where C, (mg 1) is the initial concentration of arsenite
solution and » (Img™') is Langmuir isotherm constant.
Value of R; should be between 0 and 1 for favourable
adsorption, R; > 1 represents unfavourable conditions.
R; =1 indicates linear adsorption, while adsorption
process is irreversible, if R, =0. R; value for adsorption
of arsenic on the surface of the adsorbents was found to

be in the range 0.029 to 0.294 (bagasse), 0.021 to 0.235
(mango bark) and 0.021 to 0.234 (guava leaf biomass)
under different conditions. Values of the separation
parameters for all adsorbents being less than unity
indicate that all adsorbents could provide favourable
conditions (to different degrees) for adsorption of As(III).
The smaller R; value indicates a highly favourable
adsorption and R; values of guava leaf biomass > mango
bark > bagasse.

Temkin isotherm: Temkin isotherm is represented by
eq. (8) and on linearization, it is given by eq. (9).

RT
qe =B_ln(KT Ce) (8)

t
¢, =BnK;+BInC, 9)

where T is the absolute temperature (K), R the universal
gas constant (8.314 J mol™' K™), Ky the equilibrium bind-
ing constant (Img"') and B, is the Temkin constant
related to the heat of adsorption (kJmol'). Temkin
isotherm was also plotted to understand adsorption
phenomenon of these adsorbents. Temkin isotherm plots
for these three adsorbents are presented in Figure 8 and
the isotherm parameters in Table 1. Values of Temkin
adsorption potential, Ky, for mango bark, guava leaf
biomass and bagasse were found to be 4.8341mg’,
4.262 1mg " and 2.697 I mg ' respectively. This indicates
lowest adsorbent-As(III) potential of bagasse and highest
for mango bark among the adsorbents. Temkin constant,
B, related to heat of sorption for As(IIl) adsorption on
the adsorbents and higher value is reported for bagasse
(0.278 kJ mol ") rather than mango bark (0.230 kJ mol ")
and guava leaf biomass (0.201 kJ mol'"). It has been
reported® that the typical range of bonding energy for
ion-exchange mechanism is 8 to 16 kJ mol .
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Figure 7. Langmuir isotherms for As(IIl) adsorption. Figure 8. Temkin isotherms for As(III) adsorption.

CURRENT SCIENCE, VOL. 117, NO. 4, 25 AUGUST 2019

655



RESEARCH ARTICLES

Redlich—Peterson isotherm: Redlich and Peterson™
suggested an isotherm eq. (10) having three adsorption
parameters in 1959, unanimously called Redlich—Peterson
(R-P) isotherm. This equation amends inaccuracies of
two parameter Langmuir and Freundlich isotherms equa-
tion in adsorption systems and can be written as eq. (10)
and on further linearization as eq. (11).

— (qm bRP)Ce — (KRP)Ce

= ~ (10)
1+ bgpC,* 1+ bppC %
&:L.i_hﬂce“w (11)
g9, Krp Kgp

where Kgp (1 g’l), brp (1 m! mol’l) and ogp are Redlich—
Peterson constants and ¢, is the maximum quantity of
adsorbate required to form a single monolayer on unit
mass of adsorbent. Redlich—Peterson isotherm constants
can be predicted from the plot between C,/q, versus
C:( Re It has been experimentally proven that when
ogp = 1, Redlich—Peterson isotherm reduces into Lang-
muir isotherm; similarly when intercept of eq. (11) is
closest to zero, it reduces to Freundlich isotherm®.

Linearized form of Redlich—Peterson isotherm equation
contains three unknown parameters Kgp, brp and orp and
hence it is not possible to determine. Therefore, a mini-
mization procedure was adopted to maximize R”, between
the theoretical data for g, predicted from the linearized
form of Redlich—Peterson isotherm equation and the
experimental data. Trial and error method was adopted to
select constant, ogp through optimization of R?. Redlich—
Peterson isotherm plot for the As(III) adsorption on all
three adsorbents are presented in Figure 9 and the
isotherm parameters are given in Table 1. The value of
ogp greater than unity shows the steeper slope in
Langmuir isotherm equation. Higher R® values for
Redlich—Peterson were obtained, which indicates that the
experimental equilibrium data is more consistent with
Redlich—Peterson isotherm equation. This was expected,
because a degree of heterogeneity (ogp) is included and
this equation can be used successfully at high solute
concentrations™*’.

Comparison of isotherm models: Adsorption isotherms
were analysed using the postulates made by Freundlich,
Langmuir, Temkin and Redlich—Peterson and ultimate
capacity of adsorbents to adsorb As(II) was computed.
Quasi-Gaussian energetic heterogeneity of the adsorption
surface obtained from Freundlich isotherm indicates the
better adsorption of As(III) on the surface of bagasse and
least adsorption on mango bark. However, the value of
Freundlich constant K¢ shows that bagasse has maximum
tendency to adsorb ions followed by mango bark and
guava leaf biomass. Single layer adsorption of ions on
guava leaf biomass and bagasse surface was reported by
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Langmuir isotherm. The parameter 1/n measures adsorp-
tion intensity of As(III) on the adsorbents. Higher value
of 1/n on bagasse (0.499) compared to guava leaf bio-
mass (0.432) and mango bark (0.121), indicates preferen-
tial sorption of As(IIl) on bagasse than on guava leaf
biomass or mango bark. It also represents the ability of
the adsorbents to remove As(III) from solution even at
high concentrations. Values of ultimate adsorption capac-
ity K¢ (1g7") of the adsorbents were calculated from the
linear regression equation (Figure 6). The K; value of
mango bark (0.3101g™") is more than that of bagasse
(0.2651¢g™") and guava leaf biomass (0.2571g™"), sug-
gesting and confirming that mango bark has greater
adsorption tendency to adsorb arsenic than the other two
adsorbents. The lower value of coefficient of determina-
tion (R?) for As(III) adsorption on surface of guava leaf
biomass (0.895) and bagasse (0.898) indicates the possi-
bility of single layer adsorption, however higher R* for
mango bark (0.921) indicates multilayer adsorption of
arsenite species.

Separation factor observed for each adsorbent indicates
favourable adsorption on adsorbent. Value of R* (>0.900)
calculated for each adsorbent also indicates the applica-
bility of Langmuir hypothesis, i.e. monolayer adsorption
and adsorption sites will be independent of the occupation
of neighbouring sites with the accommodation of only one
adsorbed atom on each adsorption site in the form of
complexes of reactive functional groups present on the
surface of the adsorbent. Quantity of As(IIl) required to
form a single monolayer on unit mass of adsorbent calcu-
lated using Langmuir isotherm indicates that bagasse has
higher adsorption capacity (1.346 mg g™') compared to
mango bark (1.249 mgg') and guava leaf biomass
(1.052 mg g ). Apparent energy of sorption for adsorbent
showed that adsorption on guava leaf biomass is more
effective compared to mango bark and bagasse. Equili-
brium binding constant (1 mg™") calculated from Temkin
isotherm showed that bagasse has least potential to
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Figure 9. Redlich—Peterson isotherms for As(I1I) adsorption.
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adsorb As(III). Heat of sorption was observed for bagasse
as 0.278 kJ mol”!, mango bark as 0.230 kJ mol™ and
guava leaf biomass as 0.201 kJ mol™'. Relatively lower
values in this study indicate a weak interaction between
sorbate and sorbent for ion-exchange mechanism. Intro-
duction of heterogeneity factor in Langmuir isotherm
gave more appropriate isotherm to describe the adsorp-
tion of As(III). Higher values of R* (>0.999) for Redlich—
Peterson and Langmuir showed that both isotherms are
more applicable and appropriate in describing the expe-
rimental data and confirm the monolayer adsorption of
As(II) on the solid surface of the adsorbents. Uptake
rates of As(II) on adsorbent surfaces was further studied
using various models involving pseudo-first-order, pseu-
do-second-order, Elovich and intra-particle diffusion.
Kinetic parameters were also investigated to comprehend
the pattern of uptake.

Adsorption kinetics

Most of the sorption/desorption processes of various solid
phases are time-dependent. Knowledge of these kinetic
processes is essential to understand the solute uptake rate
and evidently this rate controls the residence time of
adsorbate uptake at solid—solution interface®’. The dyna-
mic interactions of As(III) adsorption on the adsorbents
of bagasse, mango bark and guava leaf biomass were
analysed to predict their fate with time using pseudo-
first-order, pseudo-second-order, Elovitch and intra-
particle diffusion kinetics. The conformity between
experimental data and model predicted values were
expressed by R.

Pseudo-first-order kinetic ~model: Pseudo-first-order
equation or Lagergren’s kinetic equation for the adsorp-
tion of adsorbate from aqueous solution is generally
expressed by eq. (12) and after integration and applying
boundary conditions t=0to f=¢tand g=0to g =g, it is
represented by eq. (13).

4 kg -0) (12)
ln(qe _q) = ln(qe)_ klt (13)

where ¢ and ¢, are the amounts of As(III) adsorbed per
unit mass of adsorbent, (mg g ') at time 7 and equilibrium
respectively; k; is the pseudo-first-order rate constant,
(Imin") and ¢ is the contact time (min). Pseudo-first-
order kinetic model was chosen to estimate the As(III)
adsorption rate constant from the experimental batch
study.

The plot of In(g. — q) versus ¢ shown in Figure 10 was
used to find the rate constant and is reported in Table 2.
Almost the same adsorption rate constant was observed
for each adsorbent. Bagasse has slightly higher rate con-
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stant as 11.66 x 10~ min™' compared to 11.55 x 10~ min™"
for guava leaf biomass and 11.50 x 10~ min™' for mango
bark. Lower value of R* was observed for all the adsor-
bents which indicates that rate of adsorption of As(IIl) on
adsorbent surface is not in proportion to k(q.—¢q) and
does not represent true number of available sites for
further adsorption on the adsorbent’s surface. The possi-
bility of As(III) present in aqueous solution being
adsorbed at saturated condition was found to be
6.983 mg g (bagasse) compared to the experimental
value of 1.088 mg g (Table 2), 5.062mg g (mango
bark) against true experimental value of 1.050 mg g and
5212 mg g (guava leaf biomass) against 0.922 mg g .
It may be due to the fact that In(g,) is an adjustable para-
meter and often found to be not equal to the intercept of
the plot In(q, — q) versus ¢ (refs 47, 48). All these indicate
that first-order-kinetic is inadequate in representing good
account of the adsorption kinetics of As(III).

Pseudo-second-order kinetic model: Pseudo-second-
order adsorption equation is expressed by eq. (14). On
further integrating and applying boundary conditions,
t=0tot=tand ¢g=0 to g =gq, it is linearized and pre-
sented in eqs (16) and (17) as type 1 kinetic and type 2
kinetic by Markandeya et al.*’. Pseudo-second-order rate
constant, k, (g mg™' min™") and ultimate adsorption capac-
ity of adsorbent, g, (mg g"') were obtained from the plot
of t/q versus ¢ (type 1; Figure 11) and 1/q versus 1/¢ (type
2; Figure 12) respectively and are reported in Table 2.

d
= ky(q,-q)°

14
” (14)
1 1
= —+ kyt (15)
9. — 4 d.
t 1 1
Type 1: (—Jz > + —(@) (16)
q k2 9. 9.
1 -
Time (min)
0 _—‘ 1
- 120
-1 4
<
& 21
=
—
31 @ Bagasse
B Mango bark (4]
4 4
Guava leaf M
-5 4
Figure 10. Pseudo-first-order plot for kinetics of As(III) adsorption.
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(17)

Type 2: (lJ:L-I— 12 !
q q. k2 9. t

Markandeya et al.>® have defined another adsorption rate
parameter, 4 (mg g ' min') by eq. (16) to study the initial
adsorption rate as eq. (18).

h=k,q’ (18)
2 Ye

Experimental observations presented in Figures 10 and 13
indicated three stages of adsorption. Highest initial ad-
sorption rate was observed for adsorption on mango bark
for 0.011 mg g ' min"' compared to bagasse (0.009 mg g
min™) and guava leaf biomass (0.008 mg g ' min') for
type 1 kinetic. Similarly the trend for /# was also reported
for type 2 kinetic and is presented in Table 2. It indicates
that at the beginning, As(III) uptake on adsorbents will be
more for mango bark followed by bagasse and guava leaf
biomass. This As(IIl) uptake on adsorbent surface is from
the diffusion of metal ion species on the boundary of
adsorbent mainly due to their concentration gradient
resulting with high uptake rate. However, adsorption will
go on decreasing as concentration gradient decreases.

The second and third stages of adsorption are due
to the formation of inner-sphere mono-dentate and
bi-dentate surface complexes that depend upon the com-
position and texture of the adsorbent surface. These inner
sphere complexes are covalent linkages between As(III)
and reactive surface functional groups present in the
adsorbents®"'.

Pseudo-second-order adsorption rate, k, was more for
mango bark (80.32x 10° gmg ' min') followed by
guava leaf biomass (69.63x10° gmg ' min') and
bagasse (53.21 x 10~ g mg ' min"). Adsorption capacity
predicted by type 2 kinetic is closer to its experiment

1200 7
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Figure 11. Pseudo-second-order plot (type 1) for kinetics of As(III)
adsorption.
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value compared to type 1. It indicates that adsorption
sites for As(II) uptake on each adsorbent can be
represented by k»(g. — ¢)>. This capacity for metal com-
plexation depends upon the affinity and specificity
including physico-chemical nature of functional groups
present in adsorbents'’. Higher value of R* was observed
for mango bark (0.994) and the same value for bagasse
and guava leaf biomass (0.987) as reported by type 1
kinetic. Type 2 kinetic also reported very little difference
in R? values for each adsorbent. This higher value of R*
(>0.90) makes the second order kinetic applicable for
adsorption of As(III) on each adsorbent.

Elovich kinetic model: Elovich kinetic equation is
generally expressed by eq. (19) as given below.

99 _ B0 (19)
de

where o is the initial adsorption rate (mg g ' min') and S

is the desorption constant (gmg ') during any experi-

ment. Simplifying eq. (19) proposed by Chien and Clay-

ton’" and applying the boundary conditions =0 to r=1

and ¢ =0 to g = q, it is represented by eq. (20).

q= % In(af) + % In(?)

(20)
Desorption constant and initial adsorption rate were cal-
culated from the slope and intercept of plot of ¢ versus
In(?) (Figure 13) and reported in Table 3. Higher initial
rate for mango bark (0.049 mg g' min™') was observed
compared to guava leaf biomass (0.028 mg g ' min') and
bagasse (0.026 mg g ' min'). It shows that As(IIl) has
higher affinity to form inner-sphere mono-dentate surface
complexes. Desorption constant was reported maximum
for guava leaf biomass (5.257 g mg ') followed by mango
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= B Mango bark
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Figure 12. Pseudo-second-order plot (type 2) for kinetics of As(III)
adsorption.
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Table 3.

Kinetic parameters for adsorption of As(III) on the adsorbents

Elovich model

Intra-particle diffusion model

Adsorbent A (mg g min) B(gmg™) R? kig (min™") A (% min™") R?

BG 0.026 4.228 0.966 11.87 0.298 0.986
MB 0.049 5.086 0.977 16.77 0.242 0.986
GL 0.028 5.257 0.957 13.16 0.275 0.978

BG = bagasse, MB = mango bark and GL = guava leaf biomass.
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Figure 13. Elovich plots for the kinetics of As(III) adsorption.
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Figure 14. Intra-particle plots for the kinetics of As(III) adsorption.

bark (5.086 g mg ") and bagasse (4.228 g mg'). It shows
that bagasse has strong covalent linkage between As(III)
and reactive functional group present in the adsorbents
compared to mango bark and guava leaf biomass. Higher
values of R* (>0.90) were observed for all adsorbents,
indicating applicability of the model.

Intra-particle diffusion model: Intra-particle model
defined by Weber and Morris>* followed by linearization
is represented in eqs (21) and (22) respectively’.

CURRENT SCIENCE, VOL. 117, NO. 4, 25 AUGUST 2019

R =iy ()" 1)

In(R) = In(kyy) +aln(?) (22)
where R is the percentage As(IIl) adsorbed, ¢ is the con-
tact time (min), a diffusion factor for the adsorption and
depicts the adsorption mechanism and ki is the intra-
particle diffusion rate constant (min'), i.e. percentage
As(IIT) adsorbed per unit time. Diffusion factor and rate
constant were determined from the slope and intercept of
the plot of In(R) versus In(¢) (Figure 14) and reported in
Table 3.

Data presented in Table 2, 5.062 mg g ' shows maxi-
mum diffusion rate for mango bark followed by guava
leaf biomass and bagasse. But diffusion factor, a is low-
est for mango bark compared to guava leaf biomass and
bagasse. Higher values of &y demonstrate an enrichment
in the rate of adsorption, whereas large a values illustrate
a better adsorption mechanism, which is related to an
improved bonding between adsorbate and adsorbent
species™.

Comparison of kinetic models: Kinetic studies for the
adsorption of As(III) on adsorbents of bagasse, mango
bark and guava leaf biomass were conducted using pseu-
do-first-order, pseudo-second-order, Elovich and intra-
particle diffusion models which are shown in Figures 10—
14 and kinetic parameters are reported in Tables 2 and 3.
Higher value of R® and perfect straight lines were ob-
tained for pseudo-second-order kinetic plot of (¢#/¢) versus
(7) for adsorption of As(III) on all adsorbents, indicating
that pseudo-first-order adsorption reaction is not adequate
and pseudo-second-order kinetic model can approximate
a good account of adsorption kinetics. Initial rate constant
obtained from all kinetic models shows that molecules of
mango bark have higher tendency to form mono and bi-
dentate complexes giving more affinity between As(III)
and adsorbent surface. However, results of intra-particle
diffusion and Elovich kinetic model indicate that mango
bark has lower bonding linkage of As(IIl) on adsorbent
surface after 2-3 h of adsorption, indicating comparatively
poor adsorption capability. Results of these models
also indicate that adsorbent of bagasse has more adsorp-
tion ability followed by guava leaf biomass and mango
bark.
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Conclusion

Extensive laboratory investigations were conducted to
evaluate the adsorptive capability of low cost adsorbents
prepared from materials of bagasse, mango bark and
guava leaf biomass for adsorption of As(III). The results
indicated that these adsorbents have the capacities to treat
arsenic contaminated water. Kinetic parameters calcu-
lated from Elovich and intra-particle models indicate that
bagasse has better adsorption capacity followed by guava
leaf biomass and mango bark. Contact time, adsorbent
dosage and pH were observed to be amongst the most
effective controlling parameters for As(III) adsorption.
Adsorbents prepared from bagasse, mango bark and gua-
va leaf biomass have the maximum removal values of
As(IIT) at 7.5, 6.5 and 6.0 respectively. Pseudo-second-
order kinetics for adsorption of As(IIl) was followed in
the three stages. First stage of adsorption was rapid diffu-
sion of As(IIl) from aqueous solution to boundary of ad-
sorbent pores followed by arrangement of adsorption sites
through the formation of inner spherical mono-dentate
complexes and finally, formation of bi-dentate complexes
within a very short duration. Monolayer adsorption of
As(II) on the adsorbents was confirmed by Freundlich,
Langmuir and Redlich—Peterson models. Adsorption
capacity on surface of bagasse obtained from Langmuir
isotherms was the highest for bagasse as 1.35mgg"
compared to mango bark (1.25mgg") and guava leaf
biomass (1.05 mg g ).
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