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ABSTRACT

The present investigation addresses the feasibility study of H3PO4-modified berry leaves
(HMBL) towards the abatement of Eriochrome Black T (EBT) from aqueous solutions. The
adsorbent is characterized by functional groups like hydroxyl, primary amine NH bending,
aromatic phosphate (P-O-C stretch) and CH bending of alkyne group; BET surface area of
824.98 m* g~ ' and homogenous surface morphology. Retention of EBT in batch system was
executed to optimize the influencing variables for better adsorptive performance. The dye
uptake reached equilibrium at 1h with an optimum adsorbent load of 2gL™" under opti-
mum temperature of 303 K. Equilibrium adsorption isotherm data were in good agreement
(R* = 0.996) to Langmuir isotherm with monolayer adsorption capacity of 133.33mgg " at
303 K. The adsorption process followed pseudo-second-order kinetics with higher R* (0.9999)
and lesser Aq% (0.439). Thermodynamic investigation revealed the adsorption process to be
exothermic (AH = —37.149 kjmol ') and spontaneous in nature (AG =—5.937 Kmol ! at 303 K)
with a decrease in the randomness (AS=-103.01JK ' mol™") at the solid/liquid interface.
The exhausted HMBL can be regenerated by 0.1 M NaOH and utilized for three adsorption—
desorption cycles. The estimated cost of HMBL (USD 10.684/kg) is less as compared to
commercial activated carbon (CAC) (USD 172.96/kg). The results implied the promising
candidature of HMBL as a non-conventional low-cost alternative to CAC for dye removal.
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1. Introduction

Widespread use of synthetic dyes like azo dyes is
anticipated in textile, paper, plastic, rubber, cosmetics,
pharmaceutical and food industries because of their
ease of use, inexpensive cost of synthesis, stability and
variety of colour compared to natural dyes. Wastewa-
ters from these industries represent a serious problem
all over the world as most of the dyes are difficult to

*Corresponding author.

biodegrade due to their complex aromatic molecular
structure and synthetic origin. It is estimated that dur-
ing the dyeing process 1-15% of the dye is lost in the
effluents [1]. Most of these dyes are toxic, mutagenic
and carcinogenic in nature and are very stable to light
and oxidizing agents, which makes them refractory
compounds [2]. The extensive use of dyes often causes
pollution problems in the form of coloured wastewa-
ter discharged into environmental water bodies and
cause threat to aquatic life. Dyes in aqueous streams
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make penetration of sunlight difficult to reach the
lower water layers, consequently, affecting photosyn-
thesis [3] of aquatic plants. Thus, the remediation of
dye-contaminated aqueous streams is of utmost con-
cern for environmental sanitation.

Various physico-chemical methods are attempted
for the treatment of dye-contaminated streams such as
adsorption, ion-exchange, chemical oxidation, biodeg-
radation, coagulation, flocculation, precipitation, mem-
brane separation, reverse osmosis and electrochemical
methods [4]. Among these, adsorption is the notewor-
thy procedure of choice because of its effectiveness in
dye removal. It has been proved by many researchers
that removal of dyes by activated carbon is favourable
and technically easier.

Activated carbon is widely used as an adsorbent
due to its high adsorption capacity, high surface area,
microporous structure and high degree of surface but
its use is usually limited due to its high cost. In order
to decrease the cost of treatment, attempts have been
made to find inexpensive alternative adsorbents and
to serve the purpose natural agro-based wastes are a
good choice. The production of activated carbon from
these sources may reduce the cost of wastewater
treatment and at the same time open new market for
low-cost agricultural by-product. A number of non-
conventional, low cost biomass such as coconut coir
[5], banana pith, maize cob [6], pineapple stem [7],
jute fibre [8], palm fibre [9], coconut shells, ground-
nut shell, bamboo dust [10], acorn shell [11,12],
almond shell [13], pistachio shell [14], cotton waste
[15,16], maize stem [17], mosambi peel [18] and nilg-
iri leaves [19] have been utilized for the production
of activated carbon and tested for the removal of dif-
ferent dyes from aqueous solutions at different oper-
ating conditions. Waste materials like wheat husk [20]
and hen feathers [21] are also utilized for treating
hazardous dye-contaminated wastewater [22,23].
Alternative to commercial activated carbon (CAC),
low-cost adsorbents are nowadays developed from
industrial waste materials like bottom ash and de-
oiled soya [24-29], bagasse fly ash [30], waste rubber
tire [31], blast furnace slag, dust, sludge and carbon
slurry [32-34] for the removal of dyes, metals and
various organic compounds from aqueous streams.
The use of biosorbents [35] and expensive adsorbents
viz. carbon nanotubes [36,37], TiO, catalyst [38] are
also utilized for the removal of toxic entity(s) [39]
from aqueous solutions. However, on extensive litera-
ture study, it is observed that there are no reports
available on the exploration of the adsorption poten-
tial of agro-based waste like berry leaves for the
removal of Eriochrome Black T (EBT) from aqueous
phase. So, in the present study, berry leaves are
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selected as the precursor for the development of low-
cost adsorbent.

The objective of the present study is focused on
the development of non-conventional adsorbent from
the precursor materials (berry leaves) by chemical acti-
vation with H3PO, and thereby, exploring the poten-
tial and feasibility of the developed adsorbent for the
remediation of EBT-contaminated aqueous solutions.
The cost associated with the development of the
adsorbent is also evaluated to justify its applicability
in the ground of economic consideration.

2. Materials and methods
2.1. Materials

The model anionic azo dye EBT was procured
from Merck India and synthetic stock solution
(1,000 mg L") of EBT was prepared in double distilled
water (DDW). The stock solutions were diluted to
obtain test solution of required concentration. All the
chemicals and reagents used in the experimental
studies were of analytical grade. Berry leaves were
collected within NIT Silchar campus.

2.2. Adsorbent development

The biomass (berry leaves) was repeatedly washed
with DDW to remove adhered dirt/impurities and
dried in an oven at 383 K for 5h. The treated biomass
was chemically impregnated (impregnation ratio = 2.0)
using H3PO, at 373K for 20 min on a hot plate fol-
lowed by carbonization at 773 K in a muffle furnace
(heating rate = 273Kmin™") under N, atmosphere
(flow rate = 100 cm®min™") for 1 h. In this regard, it
needs to be mentioned that an inert atmosphere is
maintained so as to avoid the combustion of carbona-
ceous matter and higher impregnation ratio is
restricted as it has a negative effect on the carbon
yield% [5]. The method of chemical activation was
adopted to enhance porosity development besides car-
bonizing the leafy biomass. During the acid treatment,
the biomass is digested to form a black carbonaceous
paste. This paste on carbonization in muffle furnace
resulted in the development of several porous struc-
ture due to the evaporation of H3;PO, leaving behind
the space formerly occupied by the acid molecules.
The carbonized material was washed repeatedly with
DDW to remove any free acids that may be present on
the adsorbent surface until a pH of ~7. The final prod-
uct was then kept in an oven at 383K for 6 h to
remove the excess moisture trapped inside the pores
of the adsorbent. The adsorbent was finely ground
and stored in an air-tight container prior to its use in
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adsorption. The adsorbent, thus, developed is referred
to as H3PO,-modified berry leaves (HMBL).

2.3. Adsorbent characterization

The physical and chemical analysis of HMBL was
conducted according to American Standard for Testing
and Materials (ASTM) standard. Proximate analysis or
Macro analysis (ASTM D-3172) of the adsorbent con-
stitutes determination of moisture, volatile matter, ash
content and fixed carbon content as wt.% (as received)
using a hot air oven and a muffle furnace. Ultimate
analysis or Micro analysis (ASTM D-3176) includes
determination of carbon, hydrogen and nitrogen con-
tent as wt.% (dry ash free basis) which was done by a
Thermo Finnigan FLASH EA 1112 series CHNS(O)
Analyser. To understand the morphology, a scanning
electron microscope ([SEM] Leo 1430 VP) was used.
The sample was first gold coated using sputter coater
(Edwards S150) which provides conductivity to the
sample, and then the SEM images were recorded. FT-
IR analysis of the HMBL samples was performed on a
Nicolet MAGNA-550 FTIR spectrophotometer to study
the functional groups on the adsorbent surface. Pow-
dered sample was first dried at 383 K for 24 h and
then the dried sample was mixed with finely divided
KBr at a ratio of 1:300. A FTIR spectrum was recorded
at a resolution of 4cm™" and with 64 scans per sample
and an aperture setting of 15A. A previously
recorded background spectrum of water vapour was
subtracted from the spectrum of the sample. Textural
characteristic of the adsorbent was determined by
nitrogen adsorption at 77.71 K using a Micromeritics,
ASAP 2010 Surface Area Analyzer. The adsorption/
desorption isotherms are used to find out the
Brunauer-Emmett-Teller (BET) surface area, pore vol-
ume and pore size distribution. The samples were first
out-gassed at 473 K for at least 4 h under vacuum.
Barret-Joyner-Halenda (BJH) desorption method was
used to calculate the average pore diameter and
cumulative volume of the pores while the specific
surface area was evaluated from the N, adsorption
isotherms by applying the Brunauer et al. equation
[40] in the relative pressure (P/P,) range.

2.4. Adsorption assay

Batch equilibrium studies were carried out to find
the optimum adsorbent load, contact time, effect of
temperature and initial concentration. The kinetics and
thermodynamics of adsorption, modelling of isotherm
data for the adsorption of EBT onto HMBL were also
explored. The retention of EBT in batch system was
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conducted by agitating known amount of the adsorbent
(0.01-0.08 g) with 25 mL of EBT solution (200 mg L™).
The solution containing the adsorbent was filtered
using Whatmann filter paper no. 42 or it was centri-
fuged in case of low adsorbent dose. Thus, the opti-
mum amounts of adsorbents required for the removal
of EBT were obtained. For contact time dependent
characteristics, optimum amounts of the adsorbents
were taken in several Erlenmeyer flasks containing
25 mL of EBT solution (200 mg L") for different contact
time at 303 K. For temperature dependent characteris-
tics, the same process is followed but stirred for opti-
mum contact time and at different temperatures (303,
313 and 323 K). In all the above analyses, the amount of
EBT adsorbed at equilibrium was calculated by the
mass balance equation given by Eq. (1):

_ (CO _Ce) xV
e = % 1,000 W

The percentage removal of EBT from solution was
calculated by Eq. (2):

Mxmo
0

)

% Removal =

where g. (mg g7') is the quantity of the adsorbate per
unit mass of the adsorbent at equilibrium, V (mL) is
the volume of the adsorbate, Cy (mg L") is the initial
liquid phase adsorbate concentration, C. (mg LY is
the equilibrium liquid phase concentration and m (g)
is the mass of HMBL.

2.5. Kinetic investigation

The equilibrium adsorption time for the uptake of
EBT by HMBL was estimated through kinetic studies.
The kinetic experiments were conducted at 303 K in a
standardized batch experimental set up which com-
prised of several 100 mL stoppered Erlenmeyer flasks
containing EBT solutions (25 mL each) kept in contact
with 0.04 g of HMBL placed inside the incubator cum
shaker maintained at a controlled speed of 140 rpm
for different contact time. At the end of the predeter-
mined time f, the flasks were withdrawn and their
contents filtered/centrifuged, and measured for resid-
ual EBT concentration by UV-visible spectrophotome-
ter. The adsorption kinetics was followed for 1 h. The
kinetics of adsorption of EBT was investigated using
various Kkinetic models, viz. pseudo-first-order and
pseudo-second-order model and validated by normal-
ized standard deviation.
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2.6. Adsorption isotherm

The experimental adsorption data were investi-
gated using Langmuir and Freundlich models to gov-
ern the best model that characterizes the adsorption
mechanism. The Langmuir model [41] is based on the
assumption of monolayer, uniform adsorption, with
finite number of active sites and with no lateral inter-
action and steric hindrance between the adsorbed mol-
ecules (even on the adjacent sites). The linearized
form of Langmuir isotherm can be expressed as:

3)

C. 1 C
ge ab a
where C. is the equilibrium concentration of the
adsorbate in solution after adsorption (mg L"), g. is
the amount adsorbed per unit weight of adsorbent
(mg g™'), a and b are Langmuir constants, a depicting
the monolayer adsorption capacity. A linear plot of
Ce/ge vs. Ce gives the value of a (mg g_l) and b
(L g™") from the slope and intercept, respectively.

The Freundlich model [42] is an empirical model
relating to multilayer adsorption, with non-uniform
distribution of adsorption heat and affinities over the
heterogeneous surface of the adsorbent. The linearized
expression of the Freundlich isotherm is:

logg. = logkr +1/nlogC, 4)
where ki (mg g¢7!) (L mg™)'/" is the Freundlich equi-
librium constant which is an indication of adsorption
capacity and 1/n is an empirical constant related to
the efficiency of adsorption: if 1/#n > 1, the adsorption
is unfavourable, while 1/n < 1, indicates favourable
adsorption.

3. Results and discussion
3.1. Characterization of HMBL

A result of physico-chemical analysis of HMBL is
given in Table 1. The fixed carbon content was com-
paratively high and found to be 55.75%. Ultimate anal-
ysis showed the carbon content of HMBL as 50.62%
which is comparable to the proximate analysis result.
The high carbon content and low moisture content can
be attributing to facilitate the adsorption of EBT on
HMBL surface.

The SEM images revealed the characteristic surface
morphology of the adsorbent. Fig. 1(a) and (b) shows
the SEM images of blank and EBT loaded HMBL,
respectively. It is evident from the images that the
blank adsorbent samples of HMBL depict a highly
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Table 1
Physico-chemical characteristics of HMBL

Proximate analysis or macro analysis (wt.% as

received) Values
Moisture 2.08
Volatile matter 27.60
Ash 14.57
Fixed carbon 55.75

Ultimate analysis or micro analysis (wt.% dry ash free basis)

Carbon 50.62

Hydrogen 2.35

Nitrogen 2.55

Sulphur 0

Oxygen (remaining) 44.48
Textural characteristics
Surface area of pores (m* g ')

Single point 821.18
(i) BET 824.98
(ii) BJH

(a) Adsorption cumulative 327.26

(b) Desorption cumulative 440.34
Single point adsorption total pore volume 0.68

(mg™)

Average pore diameter (nm)

(i) BET 3.31
(ii) BJH adsorption 7.04
(iii) BJH desorption 5.69

homogenous surface (regularity in surface morphol-
ogy) with uniformly oriented pits of several sizes
along with some flaky particles. The development of
several porous structures is also observed that may be
attributed to the chemical activation process with
phosphoric acid. This development of porous struc-
ture along with surface roughness is parallel to the
increase in surface area of the adsorbent facilitating
the adsorption phenomenon. The SEM images (post-
adsorption of EBT) revealed a decrease in the surface
roughness/porosity of the adsorbent which may be
ascribed to the surface coverage of HMBL by EBT
molecules indicating the adsorption of EBT.

The FTIR spectra of blank and EBT-loaded HMBL
(Fig. 2) gives an insight into the functional groups
present on the surface of the adsorbent and their
interaction with EBT during the adsorption process.
The spectra exhibit typical adsorption bands, which
can be assigned to certain functional groups. The
broad peak at 3,424 cm ™' is the characteristic peak of
the hydroxyl group, and the shifting of the peak from
3,424 to 3421 cm™! can explain the involvement of
H-bonded OH stretch in the adsorption of EBT on
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Fig. 1. SEM images of (a) blank and (b) EBT loaded HMBL at 2.00 KX magnification.
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Fig. 2. FTIR spectra of blank and EBT loaded HMBL.

HMBL. The clear peak at 1,578 cm™' which may be
assigned to primary amine NH bending seemed to be
affected by EBT adsorption and shifts to 1,576 cm™.
The presence of this peak is further supported by the
nitrogen content as reported in the ultimate analysis
of HMBL. The peak at 1,186 cm™ ! which shifts to
1,184cm™" after adsorption corresponds to aromatic
phosphate (P-O-C stretch) which is an indication of
the introduction of phosphate on the adsorbent sur-
face as a result of phosphoric acid activation of berry
leaves. Alkyne C-H bending is apparent from the
small peak at around 677cm ' which shifts to
675 cm™ ' after adsorption of EBT on HMBL. Thus, the
functional groups that can be held responsible for the
adsorption of EBT on HMBL are: (i) hydroxyl group
(-OH stretch), (ii) primary amine NH bending, (iii)
aromatic phosphate (P-O-C stretch) and (iv) CH
bending of alkyne group.
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A good adsorbent is characterized by their high
porosity and larger surface area with more specific
adsorption sites [43,44]. The specific surface area of
HMBL was calculated from nitrogen adsorption data
according to BET model. Table 1 shows the BET, BJH
surface area analysis and pore volume distribution of
HMBL. The BET surface area of HMBL was found
824.98 m* ¢! which is almost comparable to the sin-
gle-point surface area (821.18 m*g~'). The N, adsorp-
tion and desorption isotherm plot of HMBL (Fig. 3)
showed that the isotherm belong to Type II as defined
by IUPAC classification [45,46]. The pore structure is
also a major factor affecting the adsorption process. If
the pore diameter is such that the adsorbate molecules
are larger, then lesser adsorption would take place
due to steric hindrance. According to the IUPAC clas-
sification of pore dimensions, there are three broad
classifications grouped as: micropore (<£2nm), meso-
pore (2-50 nm) and macropore (250 nm). The standard
BJH method [47] was used to calculate the pore size
distribution curve of HMBL during adsorption and
desorption. The single-point adsorption total pore vol-
ume of pores less than 73.19 nm diameter at P/P, of
0.97 was found 0.683 cm® g~' which showed the micro-
porous nature of the adsorbent. The average pore
diameter of HMBL as determined by BET method was
3.31 nm indicating a very narrow pore size distribu-
tion in the mesoporous range. The fraction of pores
opened at both ends was found to be nil. The BJH
adsorption pore distribution plot (figure not shown)
revealed that the maximum concentration of the pores
lies in the diameter range of 1-15 nm with average
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Fig. 3. N, adsorption-desorption isotherm plot of HMBL.
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diameter of 3.31 nm. Thus, it is evident that the largest
contribution to the total pore volume is contributed by
the mesopores followed by certain number of
micropore.

3.2. Effect of influencing parameters on the remediation of
EBT

The influence of adsorbent load on the removal of
dye was explored by varying the dose of adsorbent,
with initial dye concentration of 200 mg L™, fixed
contact time of 1 h, at 303 K and under natural pH.
As shown in Fig. 4(a), the percentage uptake of EBT
increases with increasing adsorbent load of HMBL.
This increase in the percent removal of dye with the
increase in adsorbent load is due to the availability of
larger surface area with more active functional groups
[48]. The adsorption of EBT increases from 56.03 to
92.03% when adsorbent load increased from 0.4 to
2.0gL™". Further no significant improvement in
adsorption with respect to the high adsorbent loading
was observed. It could be explained as a consequence
of a partial aggregation of EBT, which results in a
decrease in effective surface area available for adsorp-
tion. So an optimum load of 2gL™" of HMBL shows
maximum adsorption for EBT removal from aqueous
solutions.

The effect of contact time on EBT adsorption was
executed with the optimum adsorbent load of
2 ¢ L™" at 303 K for different periods of contact time
with the maximum contact time of 4 h. Fig. 4(b)
illustrates the %removal of EBT as a function of
time. The figure depicts that the adsorption profile
reaches saturation within 1 h indicating the attain-
ment of equilibrium. Adsorption was rapid within
the first 1/2 h and became almost asymptotic after
1.5 h. The decrease of adsorption rates is well illus-
trated by the plateau line after 1 h of adsorption.
The rapid uptake of EBT during the first 1/2 h can
be ascribed to the bulk diffusion of EBT molecules
from the solution phase to the solid surface of the
adsorbent due to concentration gradients. Thereafter,
it slows down as this concentration gradient is
reduced due to the accumulation of EBT molecules
on the HMBL surfaces, and the adsorption reaches
its equilibrium where the adsorption rate equals the
desorption rate.

The impact of initial concentration (Cp) and
reaction temperature (T) on the equilibrium uptake of
EBT by HMBL at m =2 g L™ and t = 1 h was studied.
A plot of percent removal vs. Cy with temperature
(303, 313 and 323 K) as a parameter is shown in
Fig. 4(c). It is obvious that the percent removal of EBT
from the solution decreases with an increase in Cy and
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temperature. EBT removal is about 96% at low Cg
(50 mg L") and more than 60% at the highest C,
(500 mg L") and at the lowest temperature (303 K).
The increase in temperature from 303 to 323 K leads
to the decrease in adsorption confirming the exother-
mic nature of adsorption. However, with the increase
in initial concentration of EBT, the adsorptive uptake
was observed to be fast due to greater driving force
owing to concentration gradient between the surface
of the adsorbent and the bulk of the solution.

3.3. Adsorption kinetics

The kinetic data of EBT removal by HMBL were
analyzed using pseudo-first-order model (Eq. (5)),
pseudo-second-order model (Eq. (6)) and validated by
the normalized standard deviation (Eq. (7)). The
pseudo-first-order equation [49] is given by:

kit

log(ge — q¢) = logqe — 2303 ®)
The pseudo-second-order equation [49] is

expressed as:

t 1 t

= 4 (6)

g Koz ge

where g. is the adsorption capacity at equilibrium
(mg g™ "), g is the adsorption capacity at time t
(mg g '), k; is the rate constant of the pseudo-first-
order equation (h™'); and k, is the pseudo-second-
order rate constant (g mg~' h™").

A plot of log (ge—qy) against ¢t (Fig. 5(a)) should
give a linear relationship with the slope of (k;/2.303)
and intercept of log g. for pseudo-first-order model
and a linear relationship for the plot of t/g; against f
(Fig. 5(b)) for pseudo-second-order model. The slope
and intercept of the corresponding plot gives the val-
ues for g, and k,. The kinetic parameters for both the
reported models are presented in Table 2 which shows
a good agreement between the experimental and the
calculated g. value from the pseudo-second-order rate
equation. Besides, the coefficient of determination (R?
for the pseudo-second-order kinetic model approaches
1 (0.9999) in comparison to pseudo-first-order model
(R*=0.991), indicating better applicability of the
pseudo-second-order model. Thus, it can be concluded
that adsorption of EBT onto HMBL follows pseudo-
second-order kinetics.
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Fig. 5. Kinetics plot for EBT adsorption onto HMBL;
Co = 200 mg LYm=2 g L T=303K, (a) pseudo-first-
order kinetics, and (b) pseudo-second-order kinetics.

3.3.1. Validity of kinetic model

The applicability of the kinetic model to define the
adsorption process was further validated by the normal-
ized standard deviation, Ag%, which is defined as [50]:

2
Ag(%) = 100\/E[<qexp - %al)/qexp} .

(N-1)

where N is the number of data points and exp and gear
(mg g™") are the experimental and the calculated

Table 2
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adsorption capacities, respectively. Table 2 list the Agq
(%) values obtained for the two models tested. It is
evident from the table that the adsorption of EBT onto
HMBL follows pseudo-second-order kinetics as the
value of Aq (%) <1.

3.4. Adsorption isotherm modelling

The investigation on adsorption isotherm was
conducted by fitting the data on Langmuir and
Freundlich models. This vital step helps in determin-
ing the suitable model that characterizes the adsorp-
tion phenomena. The adsorption isotherm profile for
Langmuir model and Freundlich model is illustrated
in Fig. 6(a) and (b), respectively. The isotherm param-
eters for both the models are calculated and listed in
Table 3. The linear regression co-efficient values of
both the isotherm models revealed the applicability
of Langmuir model (R* = 0.9965) in comparison to
Freundlich model (R? 0.9382) in describing the
adsorption phenomena. The Langmuir isotherm shows
an equilibrium adsorption capacity of 133.33mgg "'
with monolayer coverage of EBT onto HMBL surface.
The essential characteristics and feasibility of the
Langmuir isotherm is further described in terms of a
dimensionless parameter called the separation factor
(Ry), which is defined as [50]:

1

Rp=——+
L 1+ bCy

8)

If 0 < Ry < 1 the adsorption process is favourable,
Ry > 1 designates unfavourable adsorption, R = 1
denotes a linear isotherm and Ry = 0 indicates an irre-
versible adsorption. In the present study, a Ry value
of 0.047 indicates the favourable adsorption of EBT
onto HMBL at 303 K. The evaluation of Freundlich
adsorption isotherm gives the relative adsorption
capacity of the bonding energy of HMBL, kg = 36.3
and the value of the empirical constant 1/n related to
the efficiency of adsorption as 0.283 indicating that the
favourable adsorption of EBT takes place as the value
of 1/n < 1.

Kinetic model parameters for the adsorption of EBT onto HMBL at 303 K

Pseudo-first-order kinetic model

Pseudo-second-order kinetic model

CO (mg L_l) qe,exp (mg g_l)

qe,cal (mg gil) kl (hil) R2

Ag (%)  Gecal (Mg gfl) ky (g mgf1 hY R? Ag (%)

200 91.81 7.46 3.547 0.991

41.09 90.91 1.4 0.9999 0.439
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Fig. 6. Adsorption isotherm for EBT onto HMBL at 303 K;
Co =200 mg LY, m=1-32 g LY, T=303K, (a) Langmuir
isotherm, (b) Freundlich isotherm and (c) validity of
adsorption isotherm at 303 K.

The plot in Fig. 6(c) depicts the validity of the
Langmuir and Freundlich model with respect to the
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Table 3
Isotherm parameters for the adsorption of EBT onto HMBL
at 303 K

Isotherm Parameters rR?

Langmuir a(mgg™) b@Lg™h Ry 0.9965
133.33 0.1 0.047

Freundlich 1/ng ke (mg ' LV g™ 0.9382
0.283 36.3

experimental adsorption isotherm for EBT at 303 K.
The experimental adsorption isotherms follow the
Type II nature of isotherm as classified by IUPAC,
describing the adsorption on macroporous adsorbents
with strong adsorbate-adsorbent interaction. It is evi-
dent from the figure that there is a slight deviation of
Langmuir and Freundlich model from the experimen-
tal adsorption isotherm but in a comparative note
Langmuir isotherm best represent the experimental
findings with lesser deviation. The candidate adsor-
bent (HMBL) in the present study fulfils the assump-
tion (homogenous surface morphology and monolayer
coverage of adsorbate on the adsorbent surface) of
Langmuir isotherm very well unlike Freundlich iso-
therm for heterogeneous systems. This is supported
from the SEM images of blank and EBT-loaded HMBL
where a uniformly homogenous surface morphology
is observed before adsorption and a monolayer cover-
age of EBT on HMBL surface is evident post adsorp-
tion phenomena. Thus, the experimental findings from
characterization and adsorption experiments com-
pletely justify the applicability of Langmuir isotherm
in representing the equilibrium adsorption data.

3.5. Adsorption thermodynamics

The effect of temperature on the adsorption of EBT
by HMBL was studied in the temperature range of
303-323 K. Change in the Gibbs free energy (AG®)
indicates the degree of the spontaneity. For significant
adsorption to occur, AG® must be negative. The AG” is
defined as [51]:

AG® = —RT InKy4 )]

According to thermodynamics, the Gibbs free
energy change is also related to the entropy change
and heat of adsorption at constant temperature by the
following equation [51]:

AG® = AH® — TAS® (10
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where AG® is the Gibbs free energy change (k] mol™),
AH* is the change in enthalpy (kJ] mol™'), AS® is the
entropy change (] mol™" K™') and T is the absolute
temperature (K).

The effect of temperature on the adsorption equi-
librium constant is determined by equating Eqgs. (9)
and (10) which gives Eq. (11) known as van’t Hoff
equation:

InKq = —AH°/RT + AS°/R (11)
where R is the universal gas constant (8.314]10(1017l K™,
and Ky = C;/C, and is called the adsorption equilibrium
constant, C, the equilibrium concentration of EBT in the
solution (mg L™") and Cy is the solid phase concentration
of EBT at equilibrium (mg L™"). The thermodynamic
parameters, AH® and AS® for the adsorption process,
were obtained from slope and intercept of the plot of
InK,; vs. 1/T (plot not shown). Table 4 depicts the ther-
modynamic parameters for the adsorption of EBT by
HMBL.

The exothermic nature of the adsorption process is
well explained by negative value of AH". In physisorp-
tion process, the adsorbate and the adsorbent are held
together by weak van der Wall’s force of attraction
and the adsorption energy is typically 5-10 kJ mol .
In the case of chemisorption, a chemical bond exists
between the adsorbate and the adsorbent having
adsorption energy of 30-70 kJ mol ™" [52]. The adsorp-
tion of EBT onto HMBL seems to be chemisorptive in
nature with AH® = —37.149 kJ] mol'. The negative
value of AS° (-=103.01 ] mol™" K™') suggests decrease

Table 4
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in the randomness of the adsorbed EBT molecules at
the solid/solution interface indicating the affinity of
the EBT molecules towards HMBL surface. A negative
value of AG® signifies that the sorption process led to
a decrease in Gibbs free energy with increasing tem-
perature, thereby justifying the feasibility and sponta-
neity of the adsorption process.

3.6. Desorption and reusability studies with exhausted/
regenerated adsorbent

The recycling and reuse is an important aspect of
an adsorbent from the stand point of long-time use,
industrial application and waste minimization. The
exhausted EBT-loaded HMBL was regenerated using
0.1 M NaOH. For experimental run, 0.04 g of EBT-
loaded HMBL was contacted with 20mL of 0.1 M
NaOH subjected to vigorous stirring (140 rpm) at
303 K for 2 h. The resultant mixture was centri-
fuged and the supernatant was analysed for EBT
concentration. In order to establish the reusability,
the regenerated adsorbent was explored for three
adsorption—-desorption cycles and the adsorption
efficiency of each cycle was determined. Regenerated
adsorbent shows dye removal efficiency of 91, 86.5
and 80.5% in successive runs in comparison to ~92%
for the fresh HMBL. This shows that 98.91, 94.02 and
87.5% of the original adsorption capacity were
retained by the regenerated adsorbent in three runs,
respectively. Thus, the potential utilization of the
adsorbent and its exploitation for industrial applica-
tion is quite justified.

Thermodynamic parameters for adsorption of EBT onto HMBL

Temperature (K) AG® (k] mol ™)

AH"® (k] mol™) AS®(J mol ' K

303 —5.937 —37.149 —103.01
313 —4.907

323 -3.877

Table 5

Cost estimation for the preparation of 1 kg of HMBL

Break up cost

Duration (h)/amount (mL)

Unit cost (USD)  Power rating (KWh)  Price (USD)

Cost of drying at oven 5
Cost of impregnation at hot plate  0.33
Cost of activation at furnace 1
Cost of final drying at oven 6
Cost of H3PO, used 500
Net cost

Overhead cost (10% of net cost)
Total cost

0.0664 1.5 0.498
0.0664 1.2 0.026
0.0664 2.5 0.166
0.0664 1.5 0.597
0.0168 — 8.4
9.68
0.968
10.648
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Table 6
Comparative assessment of EBT adsorption onto various non-conventional adsorbents

Surface area Adsorption capacity

Adsorbent (m” g™ (mg g™ References
Scolymus hispanicus L. — 120 [2]
Cold plasma treated almond shell — 18.18 [13]
MW radiation treated almond shell — 29.41 [13]
Cotton stem activated carbon 198 27.1 [15]
Maize stem ground tissue 7.23 167.01 [17]
Mosambi peel activated carbon 189 46.51 [18]
Nilgiri leaves activated carbon 178 33.33 [19]
H;PO4-modified berry leaves 824.98 133.33 Present study

3.7. Cost evaluation of HMBL

Cost analysis is a vital parameter in establishing
the criteria for utility of the adsorbent (in addition to
its performance) and the choice of treatment process
for environmental remediation. The utilization of waste
materials to produce activated carbon for environmen-
tal remediation is of significant economic potentiality
and can substitute CAC. The prepared HMBL cost
USD 10.648 per kg, thereby adding economic viability
in comparison to CAC (Merck, Charcoal activated,
pure) which comes at a market value of USD 172.96
per kg. Table 5 shows the breakup cost estimation [53]
of HMBL used in the present study. Due to the local
availability of the agricultural waste, the transportation
cost is negligible. The cost of storage is also eliminated
as the adsorbent is mostly stable under high tempera-
ture or pressure. These signify that in comparison to
CAC, HMBL is much cheaper and its exploitation for
the remediation of EBT-contaminated aqueous solution
is quite justified (Table 6).

4. Conclusion

In this research, the potential of HMBL for the
abatement of EBT was explored and the following
conclusions are made:

e The HMBL has high carbon and low moisture
content; active functional groups viz. -OH
group, primary amine NH bend, alkyne group
CH bend, etc.; rough homogenous sites with uni-
formly oriented pits and porous structure; high
surface area of 825 m? g_l ; and adsorption aver-
age pore diameter of 3.31 nm.

e The maximum removal of EBT is observed to be
~96% at lower concentration (50 mg L") and
~60% at higher concentration (500 mg L") using
2 g L' of HMBL at 303 K. However, in the

present study, the adsorption experiments are
run at Co = 200 mg L™ and the optimum adsor-
bent dose were found to be 2 g L™" for ~92%
removal of EBT from aqueous solutions.

e The adsorption process reaches equilibrium in
1 h and after 1.5 h almost became asymptotic
with time.

e The optimum temperature of adsorption was
303 K and with the increase in temperature the
adsorption of EBT decreases.

e The adsorption of EBT onto HMBL follows
pseudo-second-order kinetics.

e Langmuir adsorption isotherm best fitted the
experimental findings. The equilibrium adsorp-
tion capacity of HMBL for the removal of EBT as
calculated from Langmuir isotherm is
13333 mg g .

e The adsorption of EBT onto HMBL is found to
be exothermic in nature followed by a decrease
in the entropy of the system. The negative value
of AG® indicates the feasibility and spontaneity
of the adsorption process.

e The exhausted EBT-loaded HMBL can be effec-
tively regenerated by 0.1 M NaOH and utilized
for three adsorption-desorption cycles without
much loss in its adsorption capacity.

e The estimated cost of HMBL are USD 10.684 per
kg which is very less compared to CAC.

Thus, HMBL is a potential low-cost alternative to
CAC which can effectively treat aqueous solutions
contaminated with EBT.
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