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Biosorbents obtained from NaOH and H,SO, activation of fallen leaves of Ficus racemosa were used for the ad-
sorptive removal of Acid Violet 17 dye from wastewater. BET, SEM and FTIR techniques were used for the char-
acterization of biosorbent. Batch studies were conducted to study the effect of various operating parameters on
the extent of adsorption of dye. Maximum dye removal was obtained under optimized conditions of pH as 2
and 3 g/L of biosorbent dose for NaOH activated biosorbent whereas lower extent of removal was obtained for
H,S0, activated biosorbent under similar conditions. The obtained kinetic data were best fitted to pseudo-second

gi,}:/:z:gzval order model whereas the adsorption equilibrium data was observed to be in good agreement with Langmuir
Adsorption model. Maximum Langmuir biosorption capacities were estimated to be 45.25, 61.35 and 119.05 mg/g for raw
Activation energy biosorbent, H,SO4 activated biosorbent and NaOH activated biosorbent respectively. The obtained thermody-
Isotherms namic data confirmed that adsorption was endothermic whereas the obtained activation energy as 7.07 kj/mol

Thermodynamics
Continuous operation

confirmed physical nature of the adsorption. Column studies were also performed to establish the practical ap-
plicability of the synthesized biosorbent with understanding into effect of biosorbent bed height, initial dye con-
centration and flow rate. The column data for the equilibrium adsorption was observed to best fit Thomas model.
Maximum biosorption capacity obtained in continuous mode under the optimized conditions was 69.08 mg/g.
Batch and column desorption studies performed for five cycles established effectiveness and the reusability of

synthesized biosorbent to treat industrial dye effluent effectively.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Dyes are widely used as coloring agent in paper, leather, cosmetic
and textile industry [1]. Due to continuous increase in demand of dyes
and development of newer dye molecules, treatment of dye wastewater
is becoming a serious problem [2]. Continuous discharge of dye efflu-
ents from textile industries into water bodies creates severe environ-
mental problems as synthetic dyes are toxic and harmful to flora and
fauna in water and human beings [3]. Dye effluents also create signifi-
cant aesthetic problems as they give obnoxious color to the water [4].
The presence of dyes in water bodies increases chemical oxygen de-
mand and creates hurdle for penetration of light in water bodies affect-
ing photosynthetic activity of aquatic plants [5]. Dyes may have
carcinogenic and mutagenic effect on aquatic life [6]. Even at very low
concentrations, dyes may have toxic effect and are extremely difficult
to remove due to their complex structure [7]. It is difficult to decolorize
dye wastewater by conventional wastewater treatment methods due to
the stability of dyes against heat, light and microbial attacks [8]. Hence

* Corresponding author.
E-mail address: pr.gogate@ictmumbai.edu.in (P.R. Gogate).

http://dx.doi.org/10.1016/j.molliq.2017.08.009
0167-7322/© 2017 Elsevier B.V. All rights reserved.

to protect the eco-system, suitable techniques for treatment of dye
bearing effluent are required to be developed.

Amongst the different available techniques, adsorption is the most
widely used for the removal of dyes from wastewater due to the flexibil-
ity in operation and no generation of hazardous by-products [9]. In the
adsorption, activated carbon is the most preferred adsorbent due to its
high surface area, micro-porous structure, good surface reactivity and
improved adsorption capacity. Activated carbon does offer problems
with economics and reusability [ 10]. Several studies have been reported
for dye removal using different adsorbents based on coal, Aspergillus
niger, granular and powdered activated carbon [11-14]. However, the
adsorption capacities have been generally lower, the production costs
for materials are higher and some of the reported adsorbents from ma-
terials like Aspergillus niger and activated carbon also suffer from limita-
tion of effective regeneration. These facts have motivated researchers to
develop other sustainable adsorbents especially those which can be ob-
tained from waste materials with some form of activation. The present
study aimed at biosorbent synthesis from fallen Ficus racemosa (FR)
leaves, an agricultural waste and application of synthesized biosorbent
for adsorptive removal of Acid Violet 17 (AV 17) dye from wastewater.
Agricultural waste based biomass has been selected as a raw material
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for synthesis of biosorbent in the present work due to the widespread
availability in nature and considering the fact that any use of such
waste biomass can reduce volume of solid waste to be treated. The syn-
thesis of biosorbent also includes the use of activation methods with an
objective to increase porosity and surface area of the synthesized
biosorbent as well as impart additional functional groups, which can im-
prove the biosorption capacities. In the present study, biosorbent has
been synthesized from the fallen leaves of FR in the natural form and
with activation using NaOH and H,SO4, The study also aimed to investi-
gate the effects of pH, biosorbent dosage, time, AV 17 dye concentration
and temperature on the extent of adsorption in batch operation. The
practical applicability of synthesized biosorbent on commercial scale
has also been confirmed using studies based on the column operation.
In the continuous column operations, the effects of biosorbent bed
height, initial AV 17 dye concentration and dye flow rate on the extent
of dye removal have been investigated and breakthrough parameters
were established to obtain the important information for column
design.

2. Materials and methods
2.1. Synthesis of biosorbent

2.1.1. NaOH activated biosorbent

Fallen FR leaves were collected from Nashik, India. Collected biomass
was washed, crushed and sieved to obtain particle size range of 53-106
um. Lignin from fallen leaves of FR powder was removed by impregna-
tion with 1% (weight) solution of NaOH in the ratio of 1:5. Detailed pro-
cess of biosorbent synthesis using NaOH activation of FR has been given
in our earlier work [15]. The synthesized NaOH activated FR biosorbent
was then kept in desiccator and used for further experiments.

2.1.2. H,SO, activated Ficus racemosa

One part of dried fallen leaves of FR powder was mixed with one part
of concentrated H,SO,4 solution and solution was heated at 353 K for
18 h. Resulting material was then soaked in 1% NaHCO; solution to re-
move residual acid and dried in oven for 6 h. The obtained H,SO4 acti-
vated FR was also kept in desiccator and used for further experiments.

2.2. Pollutant dye

Acid violet 17 [Molecular formula = C4;H44N3NaOgS;], an anionic
dye was purchased from Sigma-Aldrich, Mumbai, India. The dye was
dark violet in color. The stock solution of dye (1 g/L) was prepared
and subsequently diluted to get the dye solutions of desired concentra-
tions required in the study.

2.3. Instruments and analysis method

Scanning electron microscope (SEM, JEOL, USA) was used to deter-
mine morphological features and surface characteristics of NaOH acti-
vated and H,SO4 activated FR biosorbents. The Fourier transform
infrared spectroscopy (FTIR, Perkin Elmer, USA) was also performed to
determine the functional groups present on the biosorbent that can be
efficiently involved in the adsorption of AV 17 on activated FR
biosorbent. BET parameters of biosorbents were determined using the
Brunauer-Emmett-Teller (PMI BET Sorptometer, USA) analysis.

UV-visible Spectrophotometer (UV 1800, Shimadzu) was used for
the quantification of the concentration of AV 17 dye by recording the
absorbance at A2« of 543 nm. Calibration curve of AV 17 was construct-
ed and linear behavior between absorbance and concentration was ob-
served with correlation coefficient, R? value of 0.9994. Limit of detection
(LOD) and limit of quantification (LOQ) values were obtained from
slope of the calibration curve and standard deviation. LOD and LOQ
values were obtained as 0.037 and 0.124 mg/L respectively for AV 17
dye.

24. Batch biosorption methodology

Batch experiments were conducted in orbital shaking incubator
(Bio-Technics, India) by adding known quantity of biosorbent in
50 mL of known concentration of AV 17 dye at the required pH value.
The speed of the shaker was maintained at 150 rpm. The pH was
maintained at the required value by addition of acid/alkali. Different op-
erating parameters such as pH, biosorbent dose, time, initial dye con-
centration and temperature were varied to study the effect on dye
removal. Dye concentration in supernatant samples was determined
using UV spectrophotometer. Desorption studies were performed to re-
generate spent biosorbent. During the analysis, biosorption capacity, q;
(mg/g) at any time t (min) was determined using following equation:

a— 0 m

Where C; and C; are initial dye concentration and concentration of dye at
any time t, respectively (mg/L) and m is biosorbent dose (g/L).

The extent of dye removal expressed as percentage was also calcu-
lated using the following equation:

Dye removal (%) = CiECt
1

x 100 (2)

2.5. Column biosorption methodology

Continuous experiments of biosorption were also conducted in a col-
umn with 20 mm as inner diameter, 24 mm as the outer diameter and
height as 250 mm. The biosorbent bed was supported with glass
beads. Column was packed with glass wool to avoid loss of biosorbent.
Packing density of the biosorbent bed was estimated to be
0.4972 g/cm?>. Column was operated in an up flow mode. Acid violet
17 solution of required concentration and pH 2 was passed though the
column in upward direction using peristaltic pump (Ravel Hiteks,
India). Different experiments were conducted to study the effect of
biosorbent bed height, initial concentration of dye and flow rate on
the extent of dye removal. Desorption studies were conducted for the
regeneration of bed and subsequent reuse till five cycles. Breakthrough
curves (plot of Ct/Ci against time, where C; is the concentration of dye in
the outlet from column at time t (min) and C; is the inlet concentration)
were plotted and fitted to various adsorption models. Different design
parameters were determined from the breakthrough curve analysis as
per the following process:

Breakthrough time (t,) was determined as the time when Ct/Ci =
0.1 and exhaustion time (t,) was determined as the time when Ct/Ci =
0.9[16].

The treated volume of effluent, V, was determined using the follow-
ing equation:

Ve = Ft, (3)

Where F is flow rate of dye solution (mL/min).
Total adsorbed quantity of the dye, guqs (mg) in the column for given
feed conditions was calculated using the following equation [17]:

f:frqrul
CadsdtL (4)
t=0

qads = -1000

where Cg;s is the adsorbed dye concentration on the biosorbent (mg/L)
calculated from the difference between inlet and outlet dye concentra-
tion and t, is total time of operation (min).
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The experimental maximum adsorption column capacity, g,, (mg/g)
was determined using the following equation [18]:

G — (5)
Where qq4s (mg) is dye adsorbed on the biosorbent and M is quantity of
biosorbent in the column (g).

Desorption efficiency (E) described as the ratio of dye desorbed from
biosorbent (qges) to dye adsorbed on the biosorbent (qq4s) was deter-
mined using the following equation [19]:

E(%) = 3 . 100 6)
Gads

Model fitting of the experimental data was analyzed in terms of sum
of square error (SSE) function to determine the best model fitting for the
obtained column data. SS error values were also determined using the
following equation [20]:

SSE :M

n

)

Where (C/C;). is the ratio of concentration of dye in the outlet at time t
to concentration of dye in the inlet, determined from equation of a
model and (Cy/GC;). is the same ratio determined experimentally and n
is number of experimental points used for the specific operating
conditions.

3. Results and discussion
3.1. Biosorbent characterization

Fig. 1 depicts the scanning electron microscopy images of synthe-
sized NaOH activated FR and H,SO, activated FR biosorbents before

and after the use in the adsorption of acid violet. The images depicted
in Fig. 1a and Fig. 1c for biosorbent before adsorption shows that both

Bky )? Sea 18 ken
=

the biosorbent have number of cavities and pores which confirm favor-
able adsorption characteristics. The surface of the biosorbents also
seems to be irregular and uneven with cavities (more open in the case
of NaOH activated FR) which can facilitate interaction of dye ions with
the biosorbent surface leading to favorable dye adsorption. An alteration
in rough biosorbent surfaces (Fig. 1b and Fig. 1d) was observed after the
use in the adsorption confirming the proposed mechanisms of favorable
dye interactions leading to adsorption of dye on NaOH activated FR and
H,S0, activated FR biosorbents.

Fig. 2a and b depicts the results for the FTIR analysis of the NaOH ac-
tivated FR biosorbent before and after dye adsorption. The peak at
3444 cm™ ! indicates the presence of -OH and/or -NH groups on
NaOH activated FR biosorbent, which is shifted to 3453 cm™! after ad-
sorption of dye. The peak at 1622 cm™' can be attributed to carboxylic
group of the biosorbent, which is shifted to 1614 cm~! in the image of
biosorbent after use confirming the dye adsorption on biosorbent [21].
The peak at 1020 cm ™! can be due to C—0—C stretching of cellulose
which is shifted to 1017 cm ™! after dye adsorption [22]. The peak at
2925 cm™ ! can be due to C—H stretching vibration [23,24]. The two
new peaks at 1281 cm™! attributed to C—N stretch and 1180 cm™! at-
tributed to SO stretch of AV 17 dye appearing in Fig. 2b also confirmed
the dye adsorption [25].

BET surface area, pore diameter and pore volume of fallen leaves of
FR, H,SO, activated FR and NaOH activated FR have been summarized
in Table 1. BET surface area was obtained as 21.177 m?/g for the fallen
leaves of FR, which was increased to 41.796 for H,SO4 activated FR
and to 136.257 m?/g for the case of NaOH activated FR. Typically,
NaOH and H,S0,4 treatment helps in removal of lignin from the biomass,
which gives a bound structure to the biomass and can interfere with the
adsorption of the dye on the biosorbent. Both the treatments applied in
the present study also developed pores and thus increased porosity of
the biosorbent and hence the surface area (as seen from data shown
in Table 1), which are favorable characteristics for dye adsorption. It
was also established that the surface area obtained by NaOH treatment
to fallen leaves was more than that obtained due to the H,SO4
treatment.

1aku

Fig. 1. Scanning electron microscopy images of NaOH activated FR (a) before dye adsorption (b) after dye adsorption and H,SO4 activated FR (c) before dye adsorption (d) after dye

adsorption.
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Fig. 2. a FT-IR spectra of NaOH activated FR before dye adsorption. b FT-IR spectra of NaOH
activated FR after dye adsorption.

3.2. Batch studies

3.2.1. Effect of pH

The effect of pH on the removal of AV 17 dye using NaOH activated
FR biosorbent (considering the higher biosorption capacity as per the
results of surface area) was studied over the range of 2 to 10 and obtain-
ed results are depicted in Fig. 3. It can be seen from Fig. 3 that extent of
AV 17 dye removal increased from 28.73% to 96.42% with a decrease in
pH of the dye solution from 10 to 2. The biosorption capacity (q;) also
increased from 7.18 to 24.11 mg/g with a decrease in pH of the dye so-
lution from 10 to 2. AV 17 carries negative charge in an aqueous solution
due to the presence of sulphonate group and hence it is necessary to
have positive charge on the biosorbent surface for effective dye removal.
Under the acidic conditions (pH of 2), H" ions concentration is signifi-
cantly higher in the system giving the maximum positive charge on
the surface of biosorbent leading to maximum removal of anionic AV
17 dye based on the favorable electrostatic attractions [26,27]. Similar
trend was also reported for removal of reactive blue dye 5G using the
polymeric adsorbent, Dowex Optipore SD-2 [28] and for the case of
Congo red using the cationic modified orange peel powder as the
biosorbent [1].

Table 1
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Fig. 3. Effect of pH on removal of AV 17 using NaOH activated FR (T = 303 K, t = 240 min,
C;i =100 mg/L,m = 3 g/L).

3.2.2. Effect of biosorbent dose (m)

Fig. 4 shows the obtained results for the experiments related to un-
derstanding the biosorbent dose effect on AV 17 dye removal using
NaOH activated FR and H,SO, activated FR biosorbent. Biosorbent dos-
age in the present study was varied from 0.5 to 5 g/L for NaOH activated
FR biosorbent and from 1 to 10 g/L for H,SO, activated FR biosorbent
(considering expected lower capacity for H,SO4 based biosorbent) . It
has been observed that the extent of dye removal (%) increased signifi-
cantly from 28.87% at 0.5 g/L loading to 96.42% at 3 g/L for the case of
NaOH activated FR biosorbent and from 43.61% at 1 g/L loading to
86.30% at 5 g/L for the case of H,SO, activated FR biosorbent. Beyond
the optimum loadings for each biosorbent, dye removal is only slightly
increased with increase in loading from 3 to 5 g/L for NaOH activated
FR and from 5 to 10 g/L for H,SO, activated FR. The marginal changes
in the dye removal after 3 g/L loading for NaOH activated FR and 5 g/L
loading for H,SO, activated FR can be attributed to possible aggregation
of sites available for adsorption [8] and hence dye adsorption is not af-
fected significantly. The observed optimum dose of 3 g/L for NaOH acti-
vated FR and 5 g/L for H,SO4 activated FR was used for subsequent
experimentation. Similar trend in terms of existence of optimum has
been reported for the adsorption of methyl orange using surfactant
modified coffee waste [29]. The obtained results in the present work
also indicated better dye removal results at lower dose for NaOH acti-
vated FR biosorbent as compared to the H,SO, activated FR biosorbent,
which can be attributed to the higher surface areas as established using
the BET surface area analysis. It was also observed in the present work
that an increase in the biosorbent dose caused a decrease in biosorption
capacity (q,) as it can be seen from Eq. 1 that g, is inversely proportional
to biosorbent dose. Similar nature has also been reported for the adsorp-
tion of Reactive Red 194 and Direct Blue 53 onto biosorbent obtained
from cupuassu shell [30].

3.2.3. Effect of contact time (t)

Fig. 5 shows the results for the effect of contact time on dye removal
using NaOH activated FR biosorbent at 50, 100 and 200 mg/L of AV 17
dye concentrations. The dye removal was much faster in first 30-

BET surface area, pore volume and pore diameter of fallen leaves of FR, H,SO, activated FR and NaOH activated FR.

Adsorbent sample Surface area (m?/g)

Total pore volume (cm>/g) Average pore diameter (nm)

Fallen leaves of FR 21.177
H,S0, activated FR 41.796
NaOH activated FR 136.257

0.066 12.50
0.109 10.44
0.209 6.12
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Fig. 4. Effect of biosorbent dose on removal of AV 17 using NaOH and H,SO, activated FR (T
= 303 K, t = 240 min, C; = 100 mg/L, pH = 2).

60 min of contact time and later, a gradual decrease in the adsorption
rate was noticed with equilibrium obtained in about 240 min. The kinet-
ic experiments for all the dye concentrations were performed till a con-
tact time of 360 min and negligible increase in the dye removal was
noticed when contact time increased from 240 to 360 min. Hence treat-
ment time of 240 min has been selected as the time required to reach
equilibrium and the subsequent experiments of adsorption were con-
ducted for a contact time of 240 min. Similar trend has been observed
for the adsorption of crystal violet dye onto chitosan composite [31].
The faster dye removal in the initial period of adsorption is attributed
to more number of empty sites being available on the biosorbent for
dye adsorption whereas in the later stages, gradually exterior
biosorbent surface gets exhausted reducing the quantum of the sites
available for adsorption and hence removal rate is decreased in the
later period of adsorption, which is also a typical behavior observed
for equilibrium type systems [32].

3.2.4. Effect of initial dye concentration (Ci)
Fig. 5 also shows the results for the effect of initial dye concentration
(G) on AV 17 dye removal and obtained kinetic parameters based on the

Table 2
Kinetic parameters for removal of AV 17 using NaOH activated FR (T = 303 K, t = 360 min,
pH=2,m=3g/L).

Kinetic model Parameter Values
Pseudo first-order C; (mg/L) 50 100 200
Gexp (ME/Z) 16.51 3225 60.87
qe (mg/g) 9.95 29.17 50.49
k (min~") 0.0358 00235  0.0194
R? 0.9743 0.9582 0.9610
Pseudo second-order C; (mg/L) 50 100 200
Qexp (Mg/g) 16.51 32.25 60.87
e (mg/g) 16.92 33.78 64.94
ks (gmg~ ' min~1) 0.0097 0.0020 0.0008
h (mg/g min—1) 278 233 324
R? 0.9997 0.9996 0.9994
Elovich C; (mg/L) 50 100 200
« (mg/g min~!) 27091 40.44 25.26
B(gmg ) 0.63 0.24 0.11
R? 0.8411 0.9659 0.9769
Weber-Morris Ci (mg/L) 50 100 200
First stage Kip (mg/g min ~'/2) 0.83 1.78 324
I (mg/g) 8.41 13.05 21.72
R? 0.9806 0.9836 0.9936
Second stage Kip (mg/g min ~172) 0.02 0.83 1.56
I (mg/g) 16.18 20.62 37.71
R? 0.4523 0.9970 0.9769
Third stage Kip (mg/g min~'/2) - 0.11 0.17
I (mg/g) - 30.34 57.73
R? - 0.7548 0.7840

trends are shown in Table 2. The biosorption capacity (gq,) values were
estimated to be 16.92, 33.78 and 64.94 mg/g for dye concentration of
50, 100 and 200 mg/L, respectively. Similar trend of increase in
biosorption capacity with an increase in dye concentration has also
been reported for the removal of Acid Blue 113 using surfactant modi-
fied Prunus dulcis [33]. The extent of dye removal decreased from
99.04% at 50 mg/L of dye concentration to 90.36% at 200 mg/L of dye
concentration. At lower dye concentrations, all dye molecules interact
with the biosorbent sites resulting in maximum dye removal whereas
at higher dye concentrations, all dye molecules are not getting adsorbed
on sites and some of the dye molecules remain unadsorbed due to the
competition with the active sites resulting in a decrease in the extent
of dye removal. It is also important to understand that the quantity of
dye removed per unit adsorbent increased with an increase in the initial
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Fig. 5. Effect of contact time and initial dye concentration on removal of AV 17 and biosorption capacity of NaOH activated FR (T = 303 K, C; = 50-200 mg/L, pH = 2, m = 3 g/L).
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concentration, which is an important design information. Similar nature
of the trend in variation has been reported for the removal of methylene
blue using the cellulose grafted with soy protein isolate [34] as well as
domestic waste [35].

3.2.5. Adsorption kinetics

For understanding the mechanism of the adsorption, it is important
to process the adsorption kinetic data and obtain the kinetic parameters
as order and rate constant using different models [36]. Several kinetic
models are available to describe the mechanism of adsorption. In pres-
ent study, kinetics of adsorption of AV 17 was fitted into four kinetic
models namely pseudo first-order, pseudo second-order, Elovich and
Weber-Morris intra-particle diffusion model.

3.2.5.1. Pseudo first-order model: The linearized form of equation for
pseudo first-order model is given as follows [37]:

kyt
log(ge—00) = — 5953 + 108G ®)

where, g, is biosorption capacity at equilibrium (mg/g) and kyis rate
constant of pseudo first-order model (min~1).

Obtained model parameters (krand g.) values have been depicted in
Table 2. It can be seen from the data reported in Table 2 that the corre-
lation coefficient (R?) values deviate from unity and calculated g, values
are also significantly different from the experimental, gy, values for all
the studied concentrations, which suggests that experimental data is
not accurately fitted into pseudo first-order model.

3.2.5.2. Pseudo second-order model: In pseudo second-order model [38],
rate of adsorption is assumed to be proportional to square of number
of sites that are unoccupied. The linearized equation for pseudo sec-
ond-order model is given as follows:

t t 1

= 4+ 9
4 qe  ksq2 ®)

Where ks is rate constant of pseudo second-order model (g mg

“Tmin™1).

The initial rate of biosorption, h (mg g ~! min~!) is given as follows
[39]:
h = ksq? (10)

The graph of t/q, versus t has been plotted in Fig. 6 A and it can be
seen that linear nature of plot is obtained for all the studied dye concen-
trations. The obtained model parameter (ks, g. and h) values have been
summarized in Table 2. The correlation coefficient (R?) values were
found closer to unity and calculated q., and experimental, ge, values
were also very close to each other for all the studied concentrations.
These findings confirmed very good fitting of pseudo second-order
equation to the obtained experimental data. Similar trend has also
been reported for the adsorption of reactive red dye using textile sludge
[6] and Congo red dye using the pineapple plant stem [40] based adsor-
bents. It can also be seen from Table 2 that g, value increased significant-
ly from 16.92 mg/g at 50 mg/L to 64.94 mg/g at 200 mg/L similar to the
experimental observations as discussed earlier. Similar trend has been
reported for adsorption of acid blue 25 dye on waste tea activated car-
bon [41] and methylene blue using activated date pits [42] based
adsorbents.

3.2.5.3. Elovich model: Elovich model is used to describe chemisorption
of adsorbate on adsorbent and the linearized equation for Elovich
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Fig. 6. Fitting of the kinetic models to the obtained batch data for removal of AV 17 using
NaOH activated FR under conditions of T = 303 K, pH = 2, m = 3 g/L A) Pseudo-second
order plot B) Elovich plot C) Weber-Morris intra-particle diffusion plot.

model is given as follows [43]

1

a=pMn (@) + 1 In (0 (1)

B

Where (3 is Elovich constant (g mg~!) and «is initial rate of adsorption
(mg/g min~!). The model constants, 3 and « were determined from
plot of g, versus In (t) for all the studied dye concentrations and obtain-
ed values are summarized in Table 2. It was observed that linear fitting
was not obtained for Elovich plots (Fig. 6B) and R? values of Elovich
model (average value 0.928) were not very close to unity indicating
that Elovich model did not fit to the obtained experimental data,
which also confirmed that the chemisorption is not controlling form
of mechanism governing the adsorption. Similar nature was also report-
ed for adsorption of brilliant green dye on rice husk ash [44].
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3.2.5.4. Weber-Morris diffusion model: Weber-Morris model is the widely
used intra-particle diffusion model to predict the rate determining step
in the overall adsorption process and is mathematically expressed as
follows [45]:
qp = kipt®> +1 (12)
Where k;, is the rate constant (mg/g min~ '/?) determined from the
slope and I is the constant of model (mg/g) determined from the inter-
cept of the plots of q; against t*°. The values of the model parameters de-
cide the controlling mechanisms in the adsorption. In present study as
seen from Fig. 6C, the plots for all the concentrations do not pass
through the origin indicating some degree of control from the boundary
layer and also other mechanisms in addition to the intra-particle diffu-
sion [29,46]. The intra-particle diffusion plot in present study shows in-
volvement of two-three stages. The first stage involves faster diffusion
of dye through the boundary layer of solution to the external surface
of NaOH activated FR, commonly described as the external surface ad-
sorption. The second stage involves gradual adsorption where control-
ling mechanism of intra-particle diffusion is rate determining step. In
third stage, concentration of dye in the solution is very low and hence
intra-particle diffusion begins to drop and this stage indicates attain-
ment of equilibrium [35]. Similar three stage characteristics have been
reported for the adsorption of methylene blue on cellulose grafted
with soy protein isolate [34] whereas two stages in intra-particle diffu-
sion model were reported for adsorption of crystal violet on citric acid
activated wheat straw [47] based biosorbent. The existence of two or
three stages depends on the type of system and the operating condi-
tions in terms of concentration. In the present work, it has been ob-
served from Fig. 6C that only two stages are involved for 50 mg/L of
dye concentration whereas three stages are involved for the remaining
dye concentrations. The values of slope, k;, and intercept, I obtained for
all the stages are depicted in Table 2. The values of rate constant, k;,
were found to increase with an increase in dye concentration from 50
to 200 mg/L, which is due to enhanced driving force available at higher
dye concentrations [48]. The intercept I in the plot represents boundary
layer thickness. Typically higher I values indicate greater effect of
boundary layer [49]. It can be seen from Table 2 that value of I in all
stages for all studied dye concentrations is found to increase with an in-
crease in the concentration confirming higher contribution of the
boundary layer at higher concentrations.

3.2.6. Effect of temperature
Fig. 7 illustrates the effect of temperature (293-323 K) on the
biosorption capacity. It was observed that the equilibrium curves are
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Fig. 7. Effect of temperature on the removal of AV 17 using NaOH activated FR (t =
240 min, pH = 2, m = 3 g/L).
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Table 3
Isotherm parameters for removal of AV 17 using NaOH activated FR (t =240 min, pH =2,
m=23g/L).
Isotherm model Parameter Values
Langmuir T (K) 293 303 313 323
Ky (L/mg) 0.073 0.081 0.093 0.111
Qmax (Mg/g) 10638  111.11 11494  119.05
R? 09952 0.9949 0.9949  0.9959
Dubinin-Radushkevich T (K) 293 303 313 323
Gmax (Mg/g) 7124 73.27 75.55 77.78
E (kJ/mol) 1.31 1.62 1.85 2.07
R? 0.6402  0.636 0.6339  0.6333
Temkin T (K) 293 303 313 323
Ky (L/mg) 2.36 3.00 3.47 3.99
Br (mg/g) 16.25 16.40 16.99 17.64
R? 0.9649 09633 0.966 0.9694

initially steeper for all the studied temperatures and became flatter in
later stages indicating saturation of the biosorbent with time, again a
typical equilibrium characteristics. It can be also seen from the plot
that the biosorption capacity increased with temperature and
maximum biosorption capacity was obtained at temperature of 323 K.
An increase in temperature from 293 to 323 K led to a corresponding in-
crease in maximum Langmuir biosorption capacity from 106.38 to
119.05 mg/g. Similar trend has also been reported for the adsorption
of basic blue 41 on activated local clay material [50]. The observed
trend may not be generalized as in some cases such as adsorption of
sunset yellow dye using modified Iron stick yam skin [51] and basic
red 46 dye using molasses modified boron enrichment waste [52],
lower temperatures has been reported to favor adsorption. Thus, it is
important to establish the effect of temperature on the specific dye in
question and the methodology presented in the work can be useful.

3.2.7. Adsorption equilibrium study

Adsorption equilibrium data obtained in the present study was ana-
lyzed using three isotherm models viz. Langmuir, Dubinin-Radushkevich
and the Temkin.

Langmuir model [53] assumes monolayer sorption of solute on ad-
sorbent with constant energy of adsorption. The linear equation of the
model is as follows:

C_C 1
de Omax 9 max Ky

(13)

Where Gmqy is maximum Langmuir monolayer capacity (mg/g) and K; is
Langmuir model constant (L/mg).

Dubinin-Radushkevich isotherm model [54] is applied to describe
adsorption on porous adsorbents. The linear equation of the model is
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Fig. 8. Comparison of ge,exp. With e, from various isotherm models for removal of AV 17
using NaOH activated FR (t = 240 min, pH = 2, m = 3 g/L).
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Table 4
Thermodynamic parameters for removal of AV 17 using NaOH activated FR biosorbent at
different temperatures.

Isotherm  AG? (kJ/mol) AHO AS?

model 293 K 303K 313K 323K (kj/mol)  (kj/mol K)

Langmuir —26.612 —27.799 —29.076 —30.466 10.98 0.13

Temkin ~ —35.081 —36.884 —38481 —40.084 13.61 0.17
as follows:
Inq, = —B&?> + In Gy (14)

Where @,qx is Dubinin-Radushkevich maximum adsorption capacity
(mg/g), ¢ is Polanyi potential (k]/mol) and B is isotherm constant
(mol?/kJ?) obtained from the free energy of biosorption, E (k]/mol) as
per the following equation:

1
E:W (15)

Temkin [55] considered the effect of interaction of adsorbate on the
adsorption process. The linear equation of the model is as follows:

q. = Br Inc. + By In Ky (16)

Where Ky (L/mg) is Temkin constant indicating affinity of adsorption
and Br (mg/g) corresponds to heat of adsorption.

The obtained values of the correlation coefficient, R? and isotherm
model constants for all the three isotherms are summarized in Table 3.
R? values for Dubinin-Radushkevich are significantly deviating from
unity. The fitting of the obtained experimental data to Langmuir,
Dubinin-Radushkevich and Temkin model at different temperatures
in present study have been given in Fig. 8 in the form of comparison
of ge,car values obtained from various isotherm models with g exp. It
can be seen that g exp. values for maximum number of points are closer
t0 qe.cqr Values obtained by Langmuir model as compared to other iso-
therm models. R? values of Langmuir model (average value 0.9952)
are also found to be closer to unity as compared to other isotherms.
These observations indicated that Langmuir model is in good agreement
to the isotherm data obtained in the present work. The constant, K; of
Langmuir model indicates energies of interaction between AV 17 dye
and adsorption sites of NaOH activated FR biosorbent [50]. As seen
from Table 3, K; values increased from 0.073 to 0.111 L/mg for an in-
crease in temperature from 293 K to 323 K and maximum Langmuir
biosorption capacity, qmqx increased from 106.38 mg/g at 293 K to
119.05 mg/g at 323 K. These observations confirmed favorable

adsorption at higher temperatures showing that adsorption process
studied in the present work is endothermic in nature.

3.2.8. Adsorption thermodynamics

Feasibility and nature of the biosorption in terms of spontaneity can
be established based on the Van't Hoff equation and thermodynamic
calculations to quantify the Gibb's free energy change, AG’ (kJ/mol), en-
thalpy change, AH® H°(kJ/mol) and entropy change AS® (k]/mol K) [18].
The calculated values of AG®, AH® and AS° have been depicted in Table
4. Negative values of AG® obtained in the present study indicated spon-
taneous nature and feasibility of the biosorption of AV 17 on NaOH acti-
vated FR biosorbent. Values of AG® were found to be more negative at
increased temperatures which shows that process is more spontaneous
in nature at higher temperatures [8]. AH? value is found to be
10.98 kJ/mol confirming that the adsorption of AV 17 on NaOH activated
FR is endothermic in nature [56]. As the value was lower than 40 kJ/mol,
dominance of physical adsorption has also been confirmed [57]. Positive
values of AS? also implied increased randomness and affinity of AV 17
dye toward NaOH activated FR biosorbent [58].

3.2.9. Activation energy calculations

Arrhenius equation [59] has been used to determine the activation
energy for biosorption of AV 17 on NaOH activated FR biosorbent. E, is
energy of activation (kJ/mol). Value of E, is generally used to determine
the type of adsorption. Low activation energies (5-40 kJ/mol) indicate
physical adsorption as it involves weaker forces whereas high activation
energies (40-800 kJ/mol) indicate chemical adsorption as it involves
stronger forces than physical adsorption [60]. In present study, activa-
tion energy has been obtained as 7.07 kJ/mol indicating that adsorption
of acid violet 17 on NaOH activated FR is physical in nature.

3.2.10. Comparison with other adsorbents

To establish the potential of NaOH activated FR for AV 17 dye remov-
al from wastewater, the obtained maximum adsorption capacities in the
present study have been compared with g,,.x Values of some of the more
commonly reported biosorbents in the literature for acidic dye removal
in general (Table 5). The data in Table 5 established that NaOH activated
FR biosorbent has comparatively higher g, value, 119.05 mg/g, at sim-
ilar loading or adsorbent and acidic conditions in most cases, compared
with the other commonly used adsorbents for different acidic dyes. The
obtained results confirmed the excellent potential of NaOH activated FR
biosorbent to remove AV 17 dye from wastewater with much higher ad-
sorption capacities in comparison with commonly used adsorbents.

3.2.11. Desorption and regeneration studies
In actual wastewater treatment plants, potential applicability of the
adsorbent depends on type of the adsorbent in terms of the maximum

Table 5
Maximum adsorption capacity (qmax) for removal of various anionic/acidic dyes from aqueous solution using different adsorbents.
Anionic dyes Adsorbents Qmax(Mg/g) pH Adsorbent dose (g/L) Reference
Acid violet 17 NaOH activated FR 119.05 2 3 Present study
Acid violet 17 H,S0, activated FR 61.35 2 5 Present study
Acid violet 17 Orange peel 19.88 2 12 [71]
Acid blue 25 Azolla pinnata 50.5 2 2 [72]
Acid blue 25 Soya bean waste 383 2 2 [72]
Acid blue 25 Activated pericarp of pecan 28.75 9 8 [73]
Acid blue 62 Colemanite ore waste 48.89 1 2 [74]
Acid orange 7 Activated Stoechospermum marginatum 71.05 2 1 [21]
Methyl orange Surfactant modified coffee waste 62.5 35 2 [29]
Methyl orange Graphene oxide 16.83 3 1 [75]
Methyl orange Activated Ficus carica fiber 51.55 4 5 [76]
Reactive blue 5G Orange baggase 34.89 2 1 [77]
Reactive blue 250 Modified natural zeolite 58.5 7 5 [78]
Congo red B-cyclodextrin based polymer 36.2 5.8 2.5 [79]
Congo red Coir pith 6.7 2 4 [80]
Congo red Jute fiber 29.7 3.91 2.04 [5]
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adsorption capacity and possibility of regeneration of the spent adsor-
bent as these factors strongly influence the economic feasibility. Hence
it is necessary to study the reuse of the adsorbent after adsorption. In
present study, distilled water at alkaline pH is selected as the regenera-
tion medium. Reusability study was performed using 100 mg/L of AV 17
and NaOH activated FR for five cycles at 303 K. Desorption of dye was
carried out with alkaline distilled water in orbital shaker for 30 min.
At alkaline pH, electrostatic interaction between acidic AV 17 loaded
spent biosorbent surface and distilled water led to faster dye desorption
from spent biosorbent.

The obtained results for the adsorption capacity and desorption effi-
ciency in five consecutive cycles revealed that adsorption capacity drops
slightly by <2% for operation from first cycle to fifth cycle. Desorption
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Fig. 9. Effect of operating parameters on breakthrough curve for biosorption of AV 17 dye
on NaOH activated FR biosorbent A) bed height B) initial dye concentration C) flow rate.

Table 6
Breakthrough parameters at different bed height (H), initial dye concentration (C;) and
flow rate (F).

H(em) G (mg/L) F(mL/min) ¢, (min) t (min) Ve (L)  qexp (Mg/g)
3 100 8 95 440 352  46.90
4 100 8 150 630 504 5112
5 100 8 230 840 672  56.04
4 50 8 225 810 648  34.03
4 200 8 90 425 34 69.08
4 100 6 210 870 522 5350
4 100 10 110 480 48 4757

efficiency also decreased marginally from 99.67% for first cycle to
94.25% for fifth cycle. Desorption efficiency of fifth cycle decreased
only by 5.44% as compared to first cycle confirming very good reuse
characteristics. The small decrease in the capacity can be attributed to
possible loss of the active sites on the biosorbent. The obtained results
indicated that NaOH activated FR biosorbent used in present study can
be recovered and used repeatedly in treatment of dye containing waste-
water without much loss in the efficiency.

3.3. Column studies

3.3.1. Effect of biosorbent bed height (H)

The breakthrough curves obtained for biosorption of AV 17 on NaOH
activated FR biosorbent at different biosorbent bed heights of 3, 4 and
5 cm at constant dye flow rate of 8 mL/min and initial dye concentration
of 100 mg/L have been depicted in Fig. 9A. The obtained results for the
design parameters are presented in Table 6. Breakthrough time is the
important parameter deciding the column operation. Larger value of
breakthrough time indicates higher biosorption capacity of the column.
It can be seen from Table 6 that an increase in bed height from 3 to 5 cm
increased the breakthrough time from 95 to 230 min. This could be
attributed to the fact that with increase in bed height, contact time of
dye inside the column is increased attributed to presence of higher
quantum of material and higher residence time. Decrease in slope of
the breakthrough curve was also observed with an increase in
bed height. The biosorption capacity also increased from 46.9 to
56.04 mg/g with an increase in bed height from 3 to 5 cm. Higher
biosorption capacity with an increase in bed height can be attributed
to the fact that more quantity of the biosorbent is available at higher
bed heights, which provides more contact time for adsorption of dye
molecules on the biosorbent. Similar trends were also reported for the
adsorption of Congo red on tea waste [61] and for the adsorption of or-
ange Il dye on bimetallic chitosan particles [62].

3.3.2. Effect of initial dye concentration (C;)

The breakthrough curves obtained at different initial dye concentra-
tions of 50, 100 and 200 mg/L at constant flow rate of 8 mL/min and bed
height of 4 cm have been given in Fig. 9B and the obtained design pa-
rameter values are shown in Table 6. It is observed that when dye con-
centration was increased from 50 to 200 mg/L, treated effluent volume
decreased from 6.48 to 3.4 L and breakthrough time decreased from 225
to 90 min. Better column performance at lower dye concentration is

Table 7

Thomas model parameters for removal of AV 17 using NaOH activated FR biosorbent.
H Ci F kzy (mL/min qm am R? SSE
(cm) (mg/L) (ml/min) mg~') (mg/g)  (mg/g)
3 100 8 0.136 48.28 46.90 0.9625 0.0026
4 100 8 0.100 52.79 51.12 0.9606 0.0027
5 100 8 0.079 58.06 56.04 0.9383 0.0034
4 50 8 0.158 35.75 34.03 0.9593 0.0033
4 200 8 0.068 70.93 69.08 0.9689 0.0023
4 100 6 0.072 55.75 53.50 0.9418 0.0038
4 100 10 0.127 49.91 47.57 0.9596 0.0031
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Table 8

Adams-Bohart model parameters for removal of AV 17 using NaOH activated FR.
H Ci F kag x 10° (L/mg No R? SSE
(cm) (mg/L) (mL/min) min~") (mg/L)
3 100 8 5.3 38,278.78 0.6978 0.1128
4 100 8 3.8 41,400.29 0.7148 0.088
5 100 8 3.2 42,435.38 0.6687 0.0785
4 50 8 6.4 26,376.89 0.6928 0.1175
4 200 8 2.8 54,324.00 0.7267 0.1158
4 100 6 2.9 41,680.94 0.6921 0.1063
4 100 10 5.5 37,583.63 0.7092 0.1433

observed as there is less competition for dye molecules to get adsorbed
on the biosorbent surface at lower dye concentration as well as slower
saturation of the bed occurs and hence increase in treated volume and
breakthrough time was observed at lower dye concentration [63]. In-
crease in AV 17 dye concentration from 50 to 200 mg/L led to increase
in biosorption capacity from 34.03 to 69.08 mg/g. This can be attributed
to the fact that more driving force for mass transfer is available at higher
initial dye concentration leading to an increase in biosorption capacity.
Similar trends have been reported for the adsorption of Indosol Orange
RSN on peanut husk [64] based biosorbent.

3.3.3. Effect of flow rate (F)

The breakthrough curves obtained at different flow rates of 6, 8 and
10 mL/min at constant dye concentration of 100 mg/L and biosorbent
height of 4 cm have been given in Fig. 9C with the design parameters
depicted in Table 6. It can be seen from Table 6 that when dye flow
rate was increased from 6 to 10 mL/min, the breakthrough time was sig-
nificantly decreased from 210 to 110 min. Biosorption capacity also de-
creased from 53.50 to 47.57 mg/g when flow rate was increased from 6
to 10 mL/min. At higher values of flow rate, time of contact of dye mol-
ecules in the column is not enough and dye leaves column before equi-
librium is established, leading to decrease in breakthrough time and
hence biosorption capacity. Similar variation trends were previously re-
ported for the removal of textile red dye using adsorbents obtained
from poly-functionalized pyroxene nanoparticles [65] and adsorption
of Drimarine Black CL-B dye on lignocellulosic waste [66] based
biosorbent.

3.3.4. Application of dynamic adsorption models to column performance
data

In the present study, Thomas and Adams-Bohart models have been
applied to predict breakthrough behavior in column system.

3.3.4.1. Thomas model: Thomas model [67] is the most widely used
model to describe adsorption in continuous operation. The model
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Fig. 10. Regeneration of NaOH activated FR biosorbent and performance for five cycles in
column study.

assumes Langmuir kinetics and plug flow in the column. The model is
expressed by following equation:

G 1
G g, exp(kTthT“M —kThCit)

(17)

Where kry, is constant of Thomas model (mL/min mg~") and gy, is equi-
librium biosorption capacity (mg/g).

Thomas model was applied to the obtained experimental data and
obtained model parameters (ky, and qr,) have been depicted in Table
7.1t can be established from Table 7 that the values of biosorption capac-
ity, g, increased and model constant, kr, decreased with an increase in
bed height and initial dye concentration and opposite trend was ob-
served for an increase in flow rate. The obtained trend for Thomas pa-
rameter values indicated that lower flow rate and higher bed height
favored adsorption of AV 17 dye on NaOH activated FR. At these opti-
mized conditions of lower flow rate and higher bed height, residence
time of dye solution in the biosorbent bed is estimated to be the maxi-
mum as 2.62 min and superficial velocity as 2.29 cm/min. Increase in
g, at higher concentration is attributed to an increase in concentration
driving force for mass transfer. Similar trends have also been reported
for the removal of light green dye using surfactant modified peanut
[68] and the adsorption of Indosol Yellow BG dye on peanut husk [69]
based biosorbent and. It was also seen from Table 7 that correlation
coefficient, R? values are quite close to unity and the maximum
biosorption capacity found experimentally, q,,, and calculated by Thom-
as model, g5, are also closer to each other. The SSE values are also very
less for all the studied parameters. All these findings confirmed better
fitting of the Thomas model to the obtained column data.

3.3.4.2. Adams-Bohart model: Adams-Bohart model [70] assumes that ad-
sorption rate is directly proportional to the concentration of adsorbing
species and adsorbent residual capacity. The model is expressed by fol-
lowing equation:

C
é = exp <I<ABC,»t—

kABNOH> (18)

U

Where ku is model rate constant (L/mg min~"), Ny is biosorption capac-
ity (mg/L), H is biosorbent bed height (cm) and U is velocity of dye solu-
tion in the column (cm/min).

Adams-Bohart model was applied to the obtained experimental data
and obtained model parameters (ksp and Ny) have been depicted in
Table 8. It was found that an increase in bed height and initial dye con-
centration led to decrease in k4 and increase in No. However, it was seen
from Table 8 that correlation coefficient, R values are remarkably devi-
ating from unity and SSE values are also more for all the experimental
sets indicating that model does not fit the experimental data well.

3.3.5. Column regeneration studies

Regeneration of the spent adsorbent is important to establish the
economic feasibility of the adsorption operation. Adsorption-desorp-
tion cycle studies were performed by first loading the column with
4 cm of NaOH activated FR bed and 100 mg/L of AV 17 dye solution
passed in the upward direction through the column at the flow rate of
8 mL/min. After each adsorption step, biosorbent was regenerated in
the column based on desorbing dye from biosorbent using the alkaline
distilled water as an eluent. The eluent was passed through the column
at a flow rate of 8 mL/min and desorption cycle was for 120 min. It was
observed that for all 5 cycles of reuse for adsorption, dye removal at
faster rate was observed in initial period of 15-30 min, though overall
there was marginal decrease in the adsorption capacity. The results ob-
tained for column regeneration study are depicted in Fig. 10. With
reuse, the adsorption capacity decreased from 50.87 mg/g for first
cycle to 46.03 mg/g for fifth cycle (about 10% reduction). Desorption
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efficiency also decreased from 99.52% to 93.54%. The obtained results
indicated that spent NaOH activated FR could be regenerated in a col-
umn and reused for dye adsorption effectively for 5 cycles with margin-
al reduction in the capacity. Regeneration results confirmed economic
feasibility of the biosorbent used in present study.

4. Conclusions

The present study highlighted the potential of NaOH activated Ficus
racemosa fallen leaves, a waste biomass giving significant biosorption
capacity for the adsorptive removal of acid violet 17 dye from wastewa-
ter. Maximum biosorption capacity established in the batch study was
119.05 mg/g at pH 2 and 3 g/L of biosorbent dose, which was found to
be substantially higher as compared to the commonly used biosorbents.
The obtained kinetic data was in good agreement with pseudo second-
order model and isotherm data suitably fitted to Langmuir isotherm.
The observed design parameters for the column study were in good
agreement with Thomson model. Desorption study performed for
batch as well as column study established the potential of synthesized
biosorbent to be used repeatedly to treat dye effluents.
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