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ABSTRACT

The adsorption of Acid Blue 113, an azo dye, from aqueous solution using biosorbent obtained from
NaOH and surfactant activation of waste biomass of Prunus dulcis has been studied in the present
work in column operation. The effect of various operating conditions as depth of biosorbent in the
bed, influent concentration, flow rate and salt concentration on the extent of adsorption and the
breakthrough characteristics have been investigated. The obtained breakthrough data was applied
to different models to check the fitting using linear and nonlinear regression analysis also obtain-
ing the model parameters for best fitting models. Error analysis using root mean square error func-
tion was performed to predict the best model fitting in terms of matching experimental values to
model predicted values, closer values of correlation coefficient to unity and least error values. Yoon
Nelson and Thomas models were found to be in better agreement to the obtained breakthrough
data. Maximum uptake capacity was established as 59.54 mg/g for the operation with 100 mg/L as
the influent dye concentration at the established optimum flow rate of 6 mL/min. Desorption and
subsequent re-usability studies conducted for three cycles using ethanol as the desorbing agent
confirmed the effectiveness of synthesized biosorbent for dye removal in multiple cycles as only
slight decrease in biosorption capacity was observed from 52.50 mg/g for first cycle to 49.42 mg/g
for third cycle of reuse. Extent of elution (%) was also found to marginally decrease from 98.59%
for first cycle to 83.81% for third cycle of reuse. Overall, the column study clearly established that
synthesized biosorbent is a promising adsorbent to treat Acid Blue 113 containing dye effluent in a

continuous operation.
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1. Introduction

Rapid growth in industrialization and population has
also resulted in significant contamination of water with vari-
ous pollutants as metals, dyes, etc. Synthetic dyes, especially
azo dyes, are commonly used to color products in textile,
dyestuff, paper and plastic industries. Azo dyes typically
constitute to 70% of the total synthetic dyes being used in
the different industries [1,2]. Annually, about 1 million tons
of azo dyes are manufactured and around 2000 different
types of azo dyes are being used for different industrial
applications [3]. Azo dyes are preferred in garment and tex-
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tile industries due to their ease in application, availability in
variety of brilliant shades and capacity of strong attachment
to fibers [4]. Even though azo dyes are having significant
properties suitable for wide spread application, there are
associated problems especially when it comes to treatment of
effluent containing azo dyes. Azo dyes are recalcitrant, offer
resistance to aerobic digestion, are stable towards oxidiz-
ing agents and also can be quickly broken down to amines,
which are more toxic and can cause serious environmental
hazards [5,6]. High molecular weight and complex structure
of azo dyes typically make them difficult to mineralize [7].
During the process of dyeing, significant amount of azo dyes
are lost in the wastewater, which creates pollution and can
disturb the equilibrium of flora and fauna [8]. Considering
this analysis, research into developing effective methodology
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for the removal of azo dyes is very important. The present
work focuses on Acid Blue 113 dye which is an important
compound belonging to the class of azo dyes. Chemical
structure of Acid Blue 113 is based on aromatic rings and
azo group, which are contributing to the non-biodegradable
and toxic nature [9]. The discharge of acid blue 113 bearing
effluent can reduce transparency of water and hence rate of
transfer of oxygen into water, which affects photosynthesis
of aquatic system [10]. Hence treatment of effluent contain-
ing acid blue 113 is very important to avoid serious environ-
mental concern. It is also necessary to mineralize the dye
present in the wastewater and reuse the water as clean water
resources may get depleted in coming years. Developing the
efficient techniques to remove the azo dye from wastewater
would be thus of great benefit to the environment and hence
the importance of current work is clearly established.
Typically, effluent containing azo dyes is treated using
different techniques as photocatalysis [11], coagulation [12],
ozonation [13], ultrafiltration membrane separation [14],
oxidation [15], and electrochemical destruction [16]. Most
of these treatment techniques have their own advantages
however they also suffer from severe drawbacks as sig-
nificantly higher process cost, lower efficacy, sludge for-
mation, possibility of harmful by-products, limitations on
commercialization, etc. [17,18]. In compared to all these
reported techniques, adsorption is attractive technique to
treat dye effluents due to its simplicity and effectiveness.
In the process of adsorption, the widely applied adsorbent
for treatment of dye effluents is activated carbon due to its
significant porosity and surface area. But the limitations as
higher cost of activated carbon and requirement of high
pressure steam for regeneration leads to overall increase in
the cost of the operation [19,20]. The drawbacks associated
with activated carbon have motivated research community
to search for other substrates as an alternate to activated
carbon. Sustainable biomass has drawn significant atten-
tion as a substrate for adsorbent synthesis and subsequent
application for control of pollution. Considering the easy
availability and low cost of substrate as an adsorbent for
azo dye removal, researchers have tried different adsor-
bents in native form as waste of fish scales [21], peels of
Cucumis sativus [22], lady’s finger [23], natural serpentine
[24], in the native form and also in modified form as cal-
cium titanate from egg shells and TiO, [25], H,SO, activated
charcoal ash [26], nanocomposites prepared using polym-
erization method [27], ZnCl, modified grape waste [28] etc.
In the present study, synthesis of biosorbent was per-
formed from fallen (dead) leaves of almond (Prunus dulcis)
with NaOH and surfactant activation for enhancing the activ-
ity toward adsorption. Almond fallen leaves are available in
large quantity throughout the world and specifically in India.
The application of such waste biomass for synthesis of biosor-
bent can also serve the purpose of solid waste management.
In our earlier work [29], NaOH and surfactant activated
Prunus dulcis (PD) was applied for treatment of Acid Blue 113
containing wastewater in batch operation. Typically, in batch
operations, small volumes of dye effluents are effectively
treated though industrial effluent consists of large volumes
of the wastewater, which necessitates the use of continuous
operation [30,31]. Continuous operation of adsorption are
typically conducted in fixed beds due to ease in operation
and minimum loss of the adsorbent during the operation

[32]. Hence in the present work, continuous operation has
been investigated using fixed bed column. Detailed literature
survey revealed that not many reports for Acid Blue 113 dye
removal in a continuous column operation are available in
the literature and only one preliminary investigation could
be found. Gupta et al. [33] reported the studies for establish-
ing the breakthrough capacity of the column for Acid Blue
113 removal using rubber tire activated carbon however the
detailed column study related to effect of column parameters
on breakthrough parameters was not reported. Desorption
study was conducted using NaOH solution as an eluent but
the recovered adsorbent was not subjected again for adsorp-
tion studies to check the re-usability. Also, the literature survey
revealed that the application of dead leaves of Prunus dulcis in
a continuous mode of operation has not been reported in any
study and hence, the present study in terms of exploring the
use of biosorbent obtained from Prunus dulcis for Acid Blue
113 removal in a fixed bed operation is novel. The objective of
the present work is to investigate the potential of synthesized
NaOH and surfactant activated biosorbent for Acid Blue 113
removal from simulated wastewater in a continuous opera-
tion, which is a very important study considering the possible
commercial scale application. The effects of operating param-
eters on the efficacy of dye removal have been investigated to
establish the breakthrough conditions. The performance of the
column has been analyzed from the established breakthrough
curves based on different adsorption column models. Error
analysis has also been performed to establish the best model
fitting to the experimentally obtained breakthrough data.
Re-usability study has also been conducted by removing the
dye from dye loaded biosorbent using ethanol applied as the
desorbing agent and subsequently activating the obtained
biosorbent using thermal activation. Recovered biosorbent
has been again subjected to adsorption studies in three cycles
for checking the efficacy for reuse. Such type of re-usability
studies in continuous operation have also not been reported
in the literature for the biosorbent based on dead leaves of
Prunus dulcis, which again confirms the novelty of the present
work in terms of reusability studies.

2. Materials and methods
2.1. Materials

Fallen (dead) leaves of PD used in the present work
were collected from Nashik. Acid Blue 113 dye, pollutant
in the present work was procured from Sigma-Aldrich,
Mumbeai. Stock solution of Acid Blue 113 dye with strength
of 1 g/L was prepared initially and the working solutions
of required concentrations were subsequently prepared by
diluting the stock solution with distilled water.

2.2. Biosorbent synthesis and characterization

Collected leaves were washed, air dried, powdered and
sieved. Powder was then activated in oven at 60°C for 4 h
and treated with 1% solution of NaOH. The NaOH activated
powder was filtered, washed and further activated in oven
overnight. NaOH activated PD biosorbent further activated
using cetyl trimetyl ammonium bromide (CTAB) treatment by
adding NaOH activated PD biosorbent in 1% CTAB solution.
The solution was then stirred in orbital shaker (Bio-Technics,
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India) at the speed of 100 rpm for 12 h. The solution was sub-
sequently filtered, washed and dried. The obtained surfactant
modified PD biosorbent (described as SMPD) in this process
was then kept in dessicator for column studies. Details of char-
acterization performed using BET, SEM, FTIR and elemental
analysis has been described in our earlier work [29].

2.3. Quantification of pollutant

Spectrum of Acid Blue 113 dye absorption over differ-
ent scanning wavelengths was obtained using Ultra Vio-
let (UV)-visible spectrophotometer (UV 1800, Shimadzu).
Maximum wavelength of UV absorption, &__ for the Acid
Blue 113 dye was established as 566 nm. Calibration chart
was then prepared based on the analysis of Acid Blue 113
dye solutions of known concentrations. The chart was then
used to quantify the dye remaining in the treated solutions
after the adsorption studies.

2.4. Experimental methodology

Continuous studies were conducted in a column of 2 cm
diameter, packed with the known biosorbent quantity up to
the desired biosorbent bed depth. At the top and the bottom
of the bed, glass wool was provided so as to ensure no loss
of the biosorbent from the bed during the adsorption. Glass
beads were also provided to support the fixed bed in the
column. Peristaltic pump (Ravel Hiteks, Chennai) equipped
with variable speed knob was used to pass the Acid Blue
113 solution through the biosorbent bed in the upward
direction. The effect of important operating parameters as
bed depth (Z), influent concentration (C), flow rate (F) and
salt concentration on the efficacy of Acid Blue 113 removal
have been studied. The collected dye samples from the top
of the column at particular operating condition were cen-
trifuged using centrifuge (Remi Scientific Works, Mumbai)
to remove fine particles (if any) from the residual solutions.
Residual concentration of Acid Blue 113 in supernatant
samples (C,) were then determined using spectrophotome-
ter and the established calibration chart. Experimental data
were subjected to different column models and error analy-
sis was performed to check fitting of the breakthrough data
to the applied models. Desorption and subsequent re-us-
ability studies have also been conducted for three cycles
using ethanol as an eluent [34].

2.5. Analysis of column data

Breakthrough curves have been plotted to understand
the column performance based on different design parame-
ters. The breakthrough time (t,) is the time at which concen-
tration of dye in the exit stream (C)) is 0.1 times the influent
concentration (C) [35]. Exhaustlon (saturation) time (¢ f)
is the time at which column is said to be exhausted and is
determined mathematically when concentration of dye in
exit stream is 0.9 times influent concentration [36]. Effluent
volume, V. (mL) collected at saturation of the column was
also determmed as given below [37]:

1%

o = Flyg (1)

where F is volumetric flow rate of dye solution through the
bed (mL/min).

Dye adsorbed in the bed, m_, (mg) after the complete oper-
ation was determined using the equation as given below [38]:

F t=tom

My = m =0 ad t (2)
where C_is the concentration of adsorbed dye (mg/L) deter-
mined on the basis of influent concentration and concentra-
tion in the outlet stream and ¢, is total operation time (min).

Equilibrium blosorptlon capacity (g, ) was calculated
using the equation as given below [39]:

®)

where W is adsorbent mass (g) in the bed.

Empty bed contact time (EBCT) is the time of contact
between the biosorbent bed and the dye. EBCT was deter-
mined using the equation as given below [40]:

EBCT = Ve 4)
ja

where V is bed volume (mL).

Extent of desorption (%), defined as mass of dye
desorbed (m,) to mass of dye adsorbed (m, ;) expressed in
terms of percentage was calculated using the equation as
given below [41]:

e 100 )

ad

Desorption(%) =

2.6. Modeling of breakthrough curves

Different models have been developed to predict the
column adsorption study. In the present work, the different
models applied to the obtained data include Bohart-Adams
model, Thomas model and the Yoon-Nelson model.

2.6.1. Bohart-Adams model

Bohart-Adams model assumes that adsorption rate is
proportional to remaining uptake capacity of the adsorbent
and concentration of adsorbate.

Model in nonlinear form [42] is expressed by the follow-
ing equation:

ky N H
bt

C
é=exp(kBACit— :

Model in linear form is expressed by the following
equation:

C, H
ln[c] KaaCt = kaaNo )

0

where k,,is model constant (L mg™ min™), N, is maximum
uptake capacity (mg/L), H is depth of biosorbent in the bed
(cm) and U, is linear velocity through the bed (cm/min).
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2.6.2. Thomas model

Thomas model assumes that adsorption follows Lang-
muir kinetics with negligible axial dispersion in continuous
column. Model in nonlinear form [43] is expressed by the
following equation:

c 1

8
G 1+exp(kThq%W—kThCit) ®)

Model in linear form is expressed by the following
equation:

ln[g_
C
where k,, is constant of model (mL min™ mg™) and g,, is
maximum uptake capacity (mg/g).

1]=k””’%w—kmcit )

2.6.3. Yoon-Nelson model

Yoon-Nelson model assumes that rate of decrease in
the adsorption of individual molecule of adsorbate is pro-
portional to probability of adsorption of adsorbate and the
probability of breakthrough of adsorbate on the adsorbent.
The Yoon-Nelson model in nonlinear form [44] is expressed
by the following equation:

t

Ci _Ct

Model in linear form is expressed by the following
equation:

ln[c C_fc ): Kyt = Thyy
i t

where k,, is constant of Yoon-Nelson model (min™) and 7 is
time (min) necessary for 50% breakthrough.

= exp(kmt - ’ckYN) (10)

(11)

2.7. Error analysis

To find the best fitting model to the breakthrough data,
root mean square error function (RMSE) [45] was used.
RMSE values were determined using the following equation:

2
RMSE=|~3|[ & | &
Nl c C,
pred exp

where (C ,/Cl.)m . is the ratio of exit to inlet dye concentration,
calculated using model equations and (C/C,),  is the ratio of
exit to inlet dye concentration, obtained experimentally. N
is number of experimental observations.

(12)

3. Results and discussion
3.1. Characterization and possible mechanism of adsorption

In the present work, dead leaves of PD have been acti-
vated initially by NaOH treatment and then by CTAB treat-
ment. Dead leaves of PD contain lignin, which blocks the

pores and can offer resistance to the dye adsorption. Applied
NaOH treatment was with an objective of removing the lig-
nin and thus making the pores open for dye adsorption.
Surface area of raw PD obtained as 67.02 m?/g significantly
increased to 426.35 m?/g due to NaOH activation confirm-
ing the opening of the structure and removal of lignin. The
NaOH activated biosorbent was further activated using
CTAB treatment. The targeted pollutant in the present work
is Acid Blue 113 dye, which is anionic in nature. Anionic dye
removal can be enhanced if cationic charge is developed on
the biosorbent as dominant electrostatic attractions will exist
[46]. Hence CTAB, which is a cationic in nature, was used
for activation. It was observed that surface area of NaOH
treated PD obtained as 426.35 m?/g reduced to 243.64 m?/g
due to applied CTAB treatment possibly due to the incor-
poration of CTAB. However the main objective was to alter
the surface chemistry of the biosorbent and hence CTAB
treated biosorbent was used in the study. Cationic head of
the surfactant on the SMPD exterior surface can be responsi-
ble for the adsorption of anionic Acid Blue 113 dye. Electro-
static attraction existing between cationic head of CTAB and
anionic group (SO;") of Acid Blue 113 can enhance the dye
adsorption on SMPD. Additionally, van der Waals forces of
interaction between CH, group of biosorbent and Acid Blue
113 phenyl ring also contribute to the favored Acid Blue
113 adsorption. A detailed discussion on the results of BET,
FTIR to establish the different surface groups and elemental
analysis to confirm the incorporation of active groups have
already been described in our earlier work [29].

3.2. Effect of biosorbent bed depth (H)

The obtained breakthrough curves (C/C, vs. t) at varying
bed depths of 3 cm (2.28 g loading of biosorbent), 4 cm (3.04 g
loading of biosorbent) and 5 cm (3.8 g loading of biosorbent)
at constant operating conditions of flow rate as 8 mL/min
and influent concentration as 100 mg/L are shown in Fig. 1.
The established breakthrough parameters are listed in Table

1
0.8
O 0.6
&)
0.4
—4—H=3cm
0.2 —-@—-H=4cm
H=5cm
0

0 100 200 300 400 500 600 700
t (min)
Fig. 1. Effect of biosorbent bed depth on breakthrough curves

for biosorption of Acid Blue 113 dye on SMPD (C, = 100 mg/L,
F =8 mL/min).
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1. As seen from Fig. 1, breakthrough curves are more gradual
at increased bed depths indicating that more time is required
for saturation at higher depths [47]. As seen from Table 1,
exhaustion time (f, 7 and effluent volume (V) increased
with an increase in bed depth. Increase in exhaustion time is
attributed to availability of more surface area due to the higher
available quantum of biosorbent at higher biosorbent depths
[48]. More exhaustion time indicates better biosorption capac-
ity. Biosorption capacity was also observed to increase from
34.18 mg/g at 3 cm to 65.04 mg/g at 5 cm of bed depth. The
observed trend can be attributed to the fact that at higher bed
depths, more amount of biosorbent and hence more biosorp-
tion sites and EBCT are available for adsorption of Acid Blue
113 molecules on SMPD surface [49] leading to higher extents
of adsorption. Similar trend has also been reported for basic
blue 3 removal using sugarcane bagasse [50].

3.3. Effect of influent dye concentration (C)

The obtained breakthrough curves (C/C, vs. t) at varying
influent dye concentrations over the range of 50-200 mg/L
at constant operating conditions as bed depth of 4 cm and
flow rate as 8 mL/min are depicted in Fig. 2. The estab-
lished breakthrough parameters for this set of operation are
also given in Table 1. As seen from Fig. 2, the breakthrough
curves are flat at lower influent concentration and shift to
left at higher influent concentration indicating less exhaus-
tion time (¢)) and hence faster saturation of the bed occur-
ring at increased influent concentrations. The observed
trend can be due to faster filling of biosorption sites and
an increase in driving force at higher dye concentration. At
higher influent concentration, enhanced input of dye led to
faster saturation of the bed and early occurrence of break-
through. In other words, at higher concentration, the con-
centration gradient is higher, so that the mass transfer rate
is higher which means that breakthrough occurred early
[51]. The biosorption capacity was found to increase from
37.02 mg/g at lower influent concentration as 50 mg/L to
68.46 mg/g at higher influent concentration as 200 mg/L.
The observed trend of increase in biosorption capacity can
be explained on the basis of increased driving force for the
transfer of molecules at higher dye concentration to over-
come the associated mass transfer resistance [52]. Similar
trend of higher biosorption capacity at increased influent
dye concentration was also reported for methylene blue
removal using watermelon rind based biosorbent [53].

Table 1

Column data and breakthrough parameters for operations at different biosorbent bed depth (H), influent dye concentration (C)

and flow rate (F) for removal of Acid Blue 113 dye using SMPD

1
0.8
- 06
<
o
0.4
—— Ci=50mg/L
02 —e— Ci= 100 mg/L
Ci =200 mg/L
0 e
0 100 200 300 400 500 600 700

t (min)

Fig. 2. Effect of influent dye concentration on breakthrough
curves for biosorption of Acid Blue 113 dye on SMPD (H =4 cm,
F =8 mL/min).

3.4. Effect of flow rate (F)

The breakthrough curves (C/C, vs. t) at varying flow rates
of 6,8 and 10 mL/min at constant operating conditions as bed
depth of 4 cm and influent dye concentration as 100 mg/L
are illustrated in Fig. 3. The established breakthrough param-
eters for this set of operation at varying flow rates are listed
in Table 1. The breakthrough curves are again found to be
flat at lower flow rates and shift to left with an increase in
the flow rate of dye solution indicating less exhaustion time
(t) and hence faster saturation of the bed occurring at higher
flow rates [54]. It can be seen from Table 1 that EBCT, break-
through time (f,) and effluent volume (V) decreased with an
increase in flow rate of dye solution. The biosorption capacity
was found to decrease from 59.54 mg/g at 6 mL/min to 43.45
mg/g at 10 mL/min as the flow rate. The observed trends
can be attributed to the fact that at higher flow rates, solution
moves faster along the column, reducing the available con-
tact time for adsorption of dye [55]. Also, increase in flow rate
increases the driving force for adsorption and quickly ensures
the supply of new dye molecules leading to early saturation
of the bed and breakthrough is achieved quickly. At lower
flow rates, dye molecules remain in the biosorbent bed for
longer time leading to more contact between molecules and

i

H (cm) C,(mg/L) F (mL/min) ¢ (min) EBCT (min) £, (min) t,-(min) V(L) q,,(mg/g)
3 100 8 45 118 95 165 1.32 34.18
4 100 8 95 157 205 325 2.56 52.50
5 100 8 175 196 300 480 3.84 65.04
4 50 8 145 157 270 450 3.60 37.02
4 200 8 50 157 135 220 1.76 68.46
4 100 6 165 2.09 290 475 2.85 59.54
4 100 10 60 1.26 135 215 2.15 4345
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0 100 200 300 400 500 600 700
t (min)
Fig. 3. Effect of flow rate of dye solution on breakthrough curves

for biosorption of Acid Blue 113 dye on SMPD (H = 4 cm, C, =
100 mg/L).

biosorbent surface and hence higher biosorption capacity is
obtained at lower flow rates yielding better column perfor-
mance at lower flow rates [56]. Similar trend of higher uptake
capacities at lower flow rate was also reported for methylene
blue adsorption on rice husk [57]. Considering the analysis it
can be said that an optimum flow rate needs to be selected for
the treatment of wastewater using fixed bed column which
can give both complete utilization of the adsorbent capacity
as well as better mass transfer rates and the treatment time.

3.5. Effect of concentration of salt

Effluent from the dye industry also contains salts, which
is likely to affect adsorption of dye on the adsorbent. To check
the influence of the salts on the efficacy of the dye removal, in
the present work, NaCl salt at concentration of 0.1 mol/L was
added in the Acid Blue 113 dye solution having 100 mg/L
as the initial concentration. The dye solution containing the
salt was then passed at flow rate of 8 mL/min through the
column packed with biosorbent at 4 cm depth and obtained
results from the breakthrough data were compared with
the dye solution without salt under similar operating con-
ditions. It was observed that obtained biosorption capacity
(52.5 mg/g) in the absence of salt was reduced marginally to
49.91 mg/ g in the presence of salt at 0.1 mol/L concentration.
Salt anion may compete with the dye anion for adsorption on
cationic biosorbent surface leading to decrease in biosorption
capacity. Similar results were also reported for adsorption of
methyl orange using activated hydrochar [58].

3.6. Fitting of different models to breakthrough curves

The obtained data of breakthrough were subjected to
model fitting using linear and nonlinear regression.

3.6.1. Bohart-Adams model

Bohart-Adams model in linear form was applied to the
column data as depicted in Fig. 4 (plot of In (C/C) vs. t) and

1 -

500

4 -

t (min)

Fig. 4. Bohart-Adams plot for the removal of Acid Blue 113 dye
using SMPD biosorbent (H = 4 cm, C, = 100 mg/L, F = 8 mL/
min).

the obtained model parameters, k,, from slope and N, from
intercept of Fig. 4 as well as the correlation coefficient and
R? values are given in Table 2. The obtained model parame-
ters using nonlinear regression are also listed in Table 2. The
obtained values of N, using both regressions were observed
to increase with an increase in bed depth whereas k,, values
were observed to decrease. The trends can be attributed to
an increase in retention time of dye in the bed at increased
depths, leading to increase in adsorption capacities (N,)
and decrease in kinetic constants (k,,). Lower values of k,,
at increased depths indicated that overall kinetics of the
adsorption was dominated by external mass transfer in the
initial part in the fixed bed [59]. Similar trend of higher N and
lower k,, values at higher bed depths was also reported for
the removal of denim blue using inorganic adsorbents [60].
Though the trends were similar, it was also observed that
R?values obtained using linear regression (average value of
0.7640) and nonlinear regression (average value of 0.8155) are
not closer to 1 and Error (RMSE) values are quite high for all
the column parameter studies indicating that Bohart-Adams
model did not fit well to the column data. Due to these obser-
vations, it can be said that analysis of regression coefficients
is important and only trend matching should be avoided.

3.6.2. Thomas model

Thomas model in linear form was also applied to the
column data as depicted in Fig. 5 (plot of In [(C/C,) - 1]
vs. t) and obtained model parameters, k , from slope and
q,, from the intercept of curve presented in Fig. 5 and
R? values are depicted in Table 3. The obtained model
parameters using nonlinear regression are also listed in
Table 3. g,, values using both regressions were found to
be higher at higher bed depth and influent concentration
whereas q,, values were found to be lower at higher val-
ues of flow rates. Lower q,, values at higher values of flow
rates can be due to insufficient retention time in the col-
umn causing incomplete diffusion of Acid Blue 113 into
cavities of SMPD biosorbent, and hence lower g,, values
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Table 2
Bohart-Adams model parameters for the removal of Acid Blue 113 dye using SMPD
Column parameters  H (cm) 3 4 5 4 4 4 4
C, (mg/L) 100 100 100 50 200 100 100
F (mL/min) 8 8 8 8 8 6 10
Linear regression k,, (L mg1min™) 0.00013 0.00010 0.00008 0.00014 0.00007 0.00008 0.00016
N, x 10 (mg/L)  16.35 20.14 24.67 14.78 2742 23.16 17.82
R? 0.7511 0.7868 0.7331 0.7881 0.7945 0.7323 0.7621
RMSE 0.2816 0.4283 0.3916 0.4220 0.3154 0.3539 0.5783
Nonlinear regression k,, (L mg” min™) 0.00006 0.00005 0.00004 0.00008 0.00003 0.00004 0.00006
N,x 107 (mg/L)  19.32 23.55 28.98 15.79 34.23 26.98 22.24
R? 0.7585 0.8535 0.8432 0.7886 0.8336 0.8374 0.7927
RMSE 0.1939 0.1364 0.1542 0.1764 0.1464 0.1571 0.1710
4 are obtained. Similar trend of lower gq,, values at higher
¢ values of flow rates was also reported for methylene blue
3 adsorption on Eucalyptus sheathiana barks [61]. R? values
obtained using linear regression (average value of 0.9772)
2 and nonlinear regression (average value of 0.9967) for the
_ Thomas model are quite close to unity. R?values obtained
T 1 using nonlinear regressions were found to be quite closer
9 to unity in comparison with linear regression. Exper-
) 0 ‘ imental values of maximum uptake capacity (q,) and
FERE 500 uptake capacity values predicted using Thomas model

.5 -

t (min)

Fig. 5. Thomas plot for the removal of Acid Blue 113 dye using
SMPD biosorbent (H = 4 cm, C, = 100 mg/L, F = 8 mL/min).

(9,,) were also found to be close to each other for all the
studied column parameters for both regressions. Again
q,, and q,, were found to be comparatively closer to each
other for nonlinear regression than linear regression indi-
cating better predictions based on non-linear regression.
Error values calculated by Thomas model were also very
less as seen from Table 3. All these findings confirmed
that obtained column data suitably fitted to the Thomas
model. Similar fitting of Thomas model has also been
reported for removal of orange G dye using polymeric
adsorbent [62].

¥?\tz)lrilis model parameters for the removal of Acid Blue 113 dye using SMPD

Column parameters H (cm) 3 4 5 4 4 4 4
C, (mg/L) 100 100 100 50 200 100 100
F (mL/min) 8 8 8 8 8 6 10

Linear regression k., (mL min™ mg™) 0.352 0.213 0.168 0.316 0.141 0.163 0.316
9, (Mg/g) 36.43 5317 68.44 38.25 71.68 62.56 45.8
q,,(mg/g) 34.18 52.50 65.04 37.02 68.46 59.54 4345
R? 0.9916 09777 0.9646 0.9828 0.9781 0.9663 0.979
RMSE 0.0291 0.0302 0.0439 0.0309 0.0297 0.0444 0.0321

Nonlinear regression  k,, (mL min™ mg™) 0.383 0.189 0.152 0.309 0.125 0.152 0.269
1y, (mg/g) 35.00 53.18 64.98 36.89 70.82 59.20 4499
q,,(mg/g) 34.18 52.50 65.04 37.02 68.46 59.54 4345
R? 0.9979 0.9956 0.9963 0.9966 0.9968 0.9955 0.9984
RMSE 0.0181 0.0236 0.0238 0.0223 0.0202 0.0260 0.0151
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3.6.3. Yoon-Nelson model

Yoon-Nelson model in linear form was applied to the col-
umn data as depicted in Fig. 6 as the plot of In [C,AC,~ C)] vs.
t and obtained model parameters, k., from slope and t from
intercept of curve represented in Fig. 6 and R? values are given
in Table 4 along with the obtained model parameters using
nonlinear regression. The obtained values of t using both
regressions were found to be higher at higher values of bed
depths whereas lower values of T were observed for higher
values of flow rate and influent concentration. Increase in t
values with depth of the bed can be attributed to availability
of more biosorbent for fixed amount of dye and hence t values
increased. Similar trend of higher values of T at increased bed
depths was earlier reported for Acid Yellow 17 adsorption on
Tamarind seed based adsorbent [63]. It can also be seen from
Table 4 that values of k , using both regressions increased

YN
with increase in C, values, attributed to increased mass trans-

In[C/(C;-Cy)]

t (min)

Fig. 6. Yoon-Nelson plot for the removal of Acid Blue 113 dye us-
ing SMPD biosorbent (H = 4 cm, C, = 100 mg/L, F = 6 mL/min).

fer at higher C, values, leading to increase in k,, values [64].
R?values obtained using linear regression (average value of
0.9772) and nonlinear regression (average value of 0.9967) of
Yoon-Nelson model were also found to be quite close to unity.
R?values obtained using nonlinear regressions were found to
be quite closer to unity in comparison with linear regression
similar to that observed for the Thomas model fitting. Time
required for 50% breakthrough obtained experimentally (f, ,)
and calculated by Yoon-Nelson model (t) were also found to
be close for all the studied column parameters. Again the ¢,
and t values were found to be comparatively closer to each
other for nonlinear regression than linear regression. Error
values calculated for the Yoon-Nelson model were also very
less as seen from Table 4. All these findings confirmed that
obtained column data well fitted to the Yoon-Nelson model.
Similar trend and fitting of Yoon-Nelson model was reported
for Congo red removal using modified clay [65].

3.6.4. Comparison of model fitting to the breakthrough data

Best fitting of the applied models to the experimental
data has been confirmed by comparing the established break-
through data (experimental values of C,/C,) with the predicted
values from the models obtained using nonlinear regression
as per the plot shown in Fig. 7. It can be observed from Fig.
7 that experimental values of C/C, are very much closer to
C/C, values obtained using Yoon-Nelson and Thomas model
whereas values obtained using Adam Bohart model are
found to be deviating significantly from the experimental val-
ues. The obtained finding from Fig. 7 in addition to R? and
error values confirmed that Yoon Nelson and Thomas models
are in good agreement with the reported breakthrough data.

3.7. Desorption of dye and re-usability of biosorbent

Commercial application of the adsorption is based on
re-usability of used adsorbent and application in multiple
cycles for dye removal. Re-usability study was performed
with SMPD biosorbent being treated using ethanol as the

\T(zilrel—ilelson model parameters for the removal of Acid Blue 113 dye using SMPD
Column parameters  H (cm) 3 4
C, (mg/L) 100 100
F (mL/min) 8 8
Linear regression k,, (min™) 0.0352 0.0213
t,s (min) 95 205
T (min) 103.84 202.05
R? 0.9916 09777
RMSE 0.0291 0.0302
Nonlinear regression  k,, (min™) 0.0383 0.0189
t,s (min) 95 205
T (min) 99.75 202.09
R? 0.9979 0.9956

RMSE 0.0181 0.0236

5 4 4 4 4

100 50 200 100 100

8 8 8 6 10
0.0168 0.0158 0.0282 0.0163 0.0316
300 270 135 290 135
325.09 290.69 136.20 316.96 139.22
0.9646 0.9828 0.9781 0.9663 0.979
0.0439 0.0309 0.0297 0.0444 0.0321
0.0152 0.0155 0.0251 0.0152 0.0269
300 270 135 290 135
308.66 280.39 134.56 299.93 136.76
0.9963 0.9966 0.9968 0.9955 0.9984
0.0238 0.0223 0.0202 0.0260 0.0151
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Fig. 7. Comparison of experimental data with the model predict-
ed values for removal of Acid Blue 113 using SMPD (H =4 cm, C,
=100 mg/L, F = 8 mL/min).

desorbing agent and subsequently reused in the adsorption
performed in the column loaded at 4 cm bed depth and Acid
Blue 113 dye solution with 100 mg/L as the influent concen-
tration being passed through the column at 8 mL/min as the
constant flow rate. In the desorption operation, ethanol was
passed through the dye loaded SMPD biosorbent in the col-
umn at 8 mL/min of flow rate and desorption experiments
were conducted for 90-100 min. In cycles of elution, maxi-
mum desorption of dye (high concentration of dye detected
at the outlet) occurred in initial period of elution operation
and desorption was very less in later period of operation.
The established results for the final extent of desorption of
dye and the biosorption capacity during the subsequent
re-usability of the biosorbent are shown in Fig. 8. It was
observed that the biosorption capacity decreased from 52.5
mg/ g for 1% cycle of reuse to 49.42 mg/g for 3* cycle of re-us-
ability. Extent of desorption (%) was also found to decrease
from 98.59% for first cycle to 83.81% for third cycle. Drop

100
80 7
m Biosorption
capacity (mg/g)
60

m % Desorption
efficiency

40 -
20 -
0 -
98.59 93.62 83.81 Cycle 4
525 51.09 49 42
Cvcle 1 Cvcle 2 Cvcle 3

Fig. 8. Re-usability study of SMPD biosorbent for removal of
Acid Blue 113 in column operation.
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in desorption was obtained as around 15% whereas drop in
biosorption capacity was obtained as around 6% after third
cycle. The established results in the present work confirmed
that adsorbed dye on SMPD biosorbent could be desorbed
and recovered biosorbent could be subjected to Acid Blue
113 adsorption again for 3 cycles with some loss in the activ-
ity, which is manageable based on using makeup adsorbent.

4. Conclusions

The present study involved application of NaOH and
surfactant activated biosorbent obtained from the sustain-
able biomass of Prunus dulcis for Acid Blue 113 removal from
wastewater in fixed bed operation. The established results
demonstrated the importance of NaOH and cationic surfac-
tant activation based on the enhanced adsorption of anionic,
azo dye on the modified biosorbent. Dye removal was facili-
tated using the waste biomass of Prunus Dulcis, which is avail-
able in abundant quantity and again at no cost in comparison
with the costlier activated carbon. The obtained findings estab-
lished better performance at higher bed depths and lower
values of flow rate. Interference of other compounds as salt
possibly present in the real effluent on individual dye removal
was also investigated and it was demonstrated that only mar-
ginal reduction in removal of dye is obtained. Desorption of
dye performed using ethanol and subsequent re-usability of
recovered SMPD proved the potential of synthesized biosor-
bent for dye removal in multiple cycles in comparison with
the activated carbon which suffers with regeneration difficul-
ties. All these factors established sustainability of the studied
adsorption process from environmental point of view. Over-
all, the conducted column study confirmed that synthesized
SMPD biosorbent is suitable for Acid Blue 113 removal from
dye effluent in continuous mode of operation.
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