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The veterinary antibiotic enrofloxacin (ENR), an emerging contaminant, poses great concern due to its
ubiquitous nature. Efforts have been made to eliminate ENR from synthetic aqueous solutions through
applying an adsorption process, using tamarind-seed-derived carbon chemically activated with 85% (w/
w) ortho-phosphoric acid (ACTS) as an adsorbent. ACTS was characterized via BET studies, SEM, EDX
spectroscopy, FT-IR spectroscopy, etc. Parametric optimization was performed with the aid of a Taguchi
L16 orthogonal array approach, aimed at maximizing the ENR percentage removal (% R). Analysis of
variance (ANOVA) results revealed that temperature, chosen as one of the process parameters, had
insignificant effects. % R was found to be maximum (95.11%) at a contact time of 15 h, a pH of 8, an

ACTS dose of 8 g L™* and an initial ENR concentration of 10 mg L™ Equilibrium and kinetics studies
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revealed that the adsorption process followed a Redlich—Peterson isotherm model and a pseudo-

second-order kinetics model. Reusability studies were performed, which showed that the developed
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1. Introduction

In recent years, the pollution of the environment with phar-
maceutical products has developed into an area of great
concern. Because of their numerous adverse effects on living
beings and their ubiquitous nature, many such products have
been designated as emerging contaminants, which can pose
a serious threat if not taken care of properly. Enrofloxacin (ENR)
is one such emerging contaminant, which has been reported in
soil, ground water, river water, pharmaceutical plant effluent,
municipality sewage treatment plant effluent, etc.' ENR, a type
of fluoroquinolone, is a veterinary antibiotic, widely applied in
the treatment of infections of the skin, bones, urinary tract,
respiratory tract, etc. Besides pharmaceutical plant effluent,
effluent laden with incompletely metabolized antibiotics from
poultry and animal farms is also responsible for surface water,
soil and ground water contamination. Looking at the severe side
effects and the development of antibiotic resistance in bacteria,
it is extremely crucial to eliminate ENR from water media.
Several works regarding the removal of ENR using different
techniques have been reported by researchers. Advance oxida-
tion processes, such as ozonation, Fenton oxidation, electro-
chemical oxidation,” photo-degradation,® micellar-enhanced
ultrafiltration,” and microbial remediation,® have been
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adsorbent is reusable and regenerable. ACTS is also cost-effective, as the laboratory preparation of ACTS
incurred a cost of INR 246. Finally, the ENR-laden ACTS was safely disposed of following WHO guidelines.

employed by researchers to eliminate ENR from wastewater.
The major issues connected with these techniques are that they
are either time-consuming or have the potential to produce
secondary pollutants. Adsorption is one frequently used tech-
nique for domestic and large-scale water treatment. Some
literature reports can be found where clay materials,® carboxylic
graphene/titanium nanotubes,' natural zeolites,"* etc. have
been used as adsorbents to remove ENR. Activated carbon has
been proved to have excellent adsorption properties, as it
possesses a high pore volume and specific surface area. In
India, tamarind (Tamarindus indica) is widely produced and
consumed. According to the National Horticulture Board, India
produced 192 000 metric tons of tamarind in the year 2015-16.
It is also a matter of fact that, globally, a large amount of
tamarind seed is discarded as agricultural waste. The use of
tamarind seed as an adsorbent has been reported by some
researchers for dye and chromium(vi) removal.®*° Looking at its
waste utilization potential, in the present study, waste tamarind
seed has been utilized to develop activated carbon (ACTS) that
can be applied to the removal of ENR via an adsorption
technique.

Parametric optimization is very much needed to determine
the optimum conditions under which maximum throughput
can be obtained. Conventionally, one factor at a time (OFAT)
can be applied for this purpose, but it requires a substantial
number of experimental runs, increasing the length and
expense of research work. Several researchers have used Box-
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Behnken, Central Composite Design (CCD), etc. for parametric
optimization. However, the Taguchi method is an efficient
optimization tool that can be used to determine the significant
parameters, identify the insignificant ones, and optimize the
process, with a far lower number of experimental runs and less
computational expense."

In the current research work, activated carbon was developed
from tamarind seed. This activated carbon was applied to
remove ENR from water via adsorption. Five parameters,
namely the pH, initial ENR concentration, ACTS dose, temper-
ature and contact time, were selected to observe the influence of
these on adsorption. Mathematical modelling was performed
via a Taguchi L16 array approach, and the use of analysis of
variance (ANOVA) helped to adjudge the relevancy of the model
and the parameters involved. Parametric optimization was also
carried out with the aim of obtaining the maximum removal of
ENR. A kinetics study, an equilibrium study, and an analysis of
the cost of the development of ACTS were also conducted. The
reusability potential of the developed adsorbent was observed
experimentally. Finally, in order to make the process eco-
friendly, the ENR-laden adsorbent was safely disposed. There-
fore, the novelty of the study is in the preparation of a cost-
effective adsorbent from a natural waste material like tama-
rind seed, with parametric optimization using the Taguchi L16
method, cost analysis and the safe disposal of the adsorbent.

2. Materials and methods

2.1. Materials

The tamarind seeds that were employed for making the adsor-
bent were collected from a marketplace located at Durgapur,
West Bengal, India. Vinipul Inorganics Pvt. Ltd, India, supplied
the ortho-phosphoric acid (industrial grade; purity: 90%j;
density: 1.73 g mL™") at a concentration of 85% (w/v). 37%
hydrochloric acid and sodium hydroxide pellets were bought
from Merck, India. Enrofloxacin (ENR) with a purity of >98.0%
(HPLC) and a MW of 359.39 g mol ™! was bought from Sigma-
Aldrich Co., St. Louis, MO. The molecular structures of ENR
are illustrated in Fig. 1.” Deionized water was purchased from
ARKRAY Healthcare Pvt. Ltd, Gujarat, India.

2.2. Preparation of the stock solution

An aqueous 100 mg L™ stock solution of ENR was prepared in
a volumetric flask. The stock solution was kept in a cool and
dark place so that degradation could be avoided.
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Fig. 1 The molecular structures of ENR.
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2.3. Preparation of the adsorbent

Raw tamarind seeds were first washed well, and then dried
under the sun for 5 days. Thereafter, the dried tamarind seeds
were crushed manually and then carbonized at 400 °C using
a laboratory muffle furnace.?® A heating rate of 10 °C min ™" was
maintained and after reaching the required temperature, the
sample was kept for 1 h at a constant temperature. The
produced biochar was cooled, keeping it inside a desiccator.
Then, the biochar was cleaned with deionized water and kept at
100 °C for 12 h inside an air oven. The developed biochar was

named as char from tamarind seed (CTS).

2.4. Activation of the adsorbent

Dried tamarind seed biochar was taken from the air oven and
permeated with 85% (w/w) ortho-phosphoric acid. Ortho-
phosphoric acid and tamarind seed biochar were mixed at
a 3 : 2 (w/w) ratio, so that the bio-char could be immersed in the
solution. This solution was maintained under continuous stir-
ring for 24 hours at 35 °C.** Then, applying Whatman 42 filter
paper, the slurry of carbonized tamarind seed and ortho-
phosphoric acid was filtered. The residue was then washed
with deionized water until the pH achieved a constant value of
7. Then, the carbon was exposed to a hot air oven for drying at
85 °C for 5 h; thereafter, it was kept inside a desiccator. The
obtained material was used as an adsorbent and it was named
activated carbon derived from tamarind seeds (ACTS). From 1
kg of dry tamarind seeds, around 450 g of ACTS was generated.

2.5. Characterization

In order to visualize the surface characteristics, the Brunauer—
Emmett-Teller (BET) specific surface areas and cumulative pore
volumes of CTS and ACTS (before adsorption) were found using
a Quantachrome instrument (USA). To determine the functional
groups, ACTS pre- and post-adsorption was analyzed using
Fourier transform infrared (FTIR) spectroscopy using a Perki-
nElmer FT-IR C109292 spectrometer (USA). In this study, the
background was first scanned using a pellet of powdered potas-
sium bromide (KBr); thereafter, test samples were scanned after
making pellets constituted of a tiny pinch of test sample and KBr.
To check the surface morphologies, scanning electron micro-
scope (SEM) images were taken after coating the samples with
gold. SEM images of CTS and ACTS before and after the
adsorption of ENR were taken using a scanning electron micro-
scope (Model SEI, 15 kV). EDX analysis of the biochar derived
from tamarind seed was carried out before and after activation.
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Table 1 The process parameters and their levels

Level

Process parameter Unit Symbol 1 2 3 4
Initial ENR concentration mgL™' A 5 10 15 20
pH B 6 7 8 9
ACTS dose gL c 2 4 6 8
Temperature °C D 20 25 30 35
Contact time h E 9 12 15 18
2.6. Design of the experiments

To design the experiments and optimize the process, the
Taguchi method was applied. The process parameters that may
influence the adsorption process and their levels, as illustrated
in Table 1, were selected on the basis of previous experiments
and a literature survey.*'* In the present study, five process
parameters were selected: initial ENR concentration; tempera-
ture; pH; contact time; and ACTS dose. Using Design Expert 10
software (Stat-Ease USA), by applying a Taguchi L16 orthogonal
array approach, an experimental matrix was generated, which is
depicted in Table 2. Changes in pH were made by adding
aqueous 0.1 M HCI solution and/or 0.1 M NaOH solution. All
lab-scale experiments were carried out in a 100 mL Erlenmeyer
flask containing 30 mL of working solution. After a certain
period of incubation, the working solutions were centrifuged
using Ultra-centrifuge apparatus (Sigma) at a speed of
10 000 rpm for 10 minutes. After centrifugation, the superna-
tant was subjected to UV-vis spectrophotometry (Shimadzu UV
1800, Japan) to evaluate the ENR concentration at a wavelength
of 271 nm."™ Each of the experiments was run in triplicate and
the arithmetic means of the experimental outcomes are
reported.
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% R= =S 100 1)
Ca
where C, denotes the initial concentration of ENR (mg L™ ") and
C, denotes the concentration of ENR (mg L") after
adsorption.

The adsorption capacity of the adsorbent may be defined as
the quantity of ENR removed per unit weight of ACTS. Eqn (2)
was employed to quantify the adsorption capacity (ge) of ACTS:*®

C, - C
= —— XV 2
q X (2)

where ¢, is the adsorption capacity (mg g~ ') of ACTS, C. denotes
the ENR concentration (mg L") at equilibrium, and W and V

denote the weight of ACTS and the working volume of ENR
solution, respectively.

2.7. Equilibrium study

Equilibrium studies of processes related to chemical engi-
neering are very essential, as a lot of useful information can be
extracted for an equilibrium study, such as the maximum
adsorption capacity of the adsorbent, the extent of adsorption
possible for a particular adsorbate concentration, etc.; this type
of information is highly crucial for designing equipment and
accessories. In the current study, the equilibrium data were
fitted into some established isotherm models, such as the
Langmuir, Freundlich, Temkin, and Redlich-Peterson isotherm
models.

The Langmuir, Freundlich, Temkin, and Redlich-Peterson
isotherm models in linear form can be formulated using eqn
(3), (4), (5) and (6), respectively:*>*°

C. G 1

== = 3
qe qm KLQm ( )

The percentage removal (% R), considered as a response log g. = log Ky + (l) log C. (4)
from the analysis, was calculated using eqn (1):*® "
Table 2 The experiment designs

ENR conc. (mg Temperature

std Run L™ pH ACTS dose (g L") (°Q) Time (h) % R
12 1 15 9 4 20 15 45.12
1 2 5 6 2 20 9 49.92
9 3 15 6 6 35 12 48.08
15 4 20 8 4 35 9 46.15
3 5 5 8 6 30 15 80.85
5 6 10 6 4 30 18 64.88
2 7 5 7 4 25 12 61.07
11 8 15 8 2 25 18 43.91
14 9 20 7 6 20 18 54.66
10 10 15 7 8 30 9 51.21
16 11 20 9 2 30 12 42.08
13 12 20 6 8 25 15 54.69
7 13 10 8 8 20 12 94.1
6 14 10 7 2 35 15 70.3
8 15 10 9 6 25 9 78.96
4 16 5 9 8 35 18 72.69
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lngzﬁlnCeflnA (6)
qe

where C. designates the final ENR concentration at equilibrium
(mg L"), and ¢. denotes the adsorption capacity of ACTS at
equilibrium (mg g ).

In eqn (3), K; represents the adsorption equilibrium
constant (L mg ') and g, is the maximum adsorption capacity
of ACTS (mg g™ '). ¢m and K can be enumerated by drawing

. Ce
a linear plot of % VS. Ce.

e

In eqn (4), Ky and n denote the proportionality constant (mg L/
™ o1 mg1) and exponential constant, respectively, and these
parameters can be calculated from a linear plot of log g, vs. log Ce.

In eqn (5), Kr and b represent the equilibrium binding
constant (L mg ') and adsorption energy (J mol '), respectively,
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and R and T denote the universal gas constant (J mol ' K~ ') and
temperature (K), respectively. Here, if a plot of g. vs. In C, plot is
made, then K and b can be calculated.

In eqn (6), 8 is an exponent and A is the Redlich-Peterson
isotherm constant (L g~ '). Therefore, a plot of In(C./q.) vs. In C.
will give the values of § and A.

2.8. Kinetics study

For the industrial application of any process, it is necessary to
establish the kinetics of the process, since necessary design
information, such as the time needed for one batch, the size of
the equipment, etc., can be determined from a kinetics study.
There are various established kinetics models that are often
used for determining the kinetics parameters of adsorption
processes. In the present study, the kinetics data obtained from
experiments were fitted into some built-in models, viz., Elovich,
intra-particle diffusion, pseudo-first-order and pseudo-second-
order models. The linear forms of the pseudo-first-order and

200 —
12 Feb 2019

T W .
x500
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Fig. 2 SEM micrographs of (a) CTS, (b) pre-adsorption ACTS and (c) post-adsorption ACTS.
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pseudo-second-order models can be expressed via eqn (7) and
(8), respectively:'”

ket
log(g. — ;) = log q. — 2303 7
t 1 t
= 8
4 kgl qe (&)

where g. is the adsorption capacity (mg g~ ') of ACTS at equi-
librium, ¢, is the adsorption capacity (mg g *) of ACTS at
a particular time, ¢ denotes the time (h), and k¢ and ks represent
the pseudo-first-order rate constant (h™") and pseudo-second-
order rate constant (g mg~" h™"), respectively.

Eqn (9) represents the linear form of the Elovich model,
which is a popular way to illustrate the kinetics of
chemisorption:

9

¢ = %hl(aﬁ) T %lnm

o 2 4 & 5
Full Scale 564 cits Cursor: 0.000

Full Scale 564 cts Cursor: 0.000
Fig. 3 EDX spectra of (a) CTS and (b) ACTS.
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where g, is the adsorption capacity (mg g ') of ACTS at
a particular time, ¢ denotes the time (h), and « and g stand for
the rate of chemisorption (mg L™ " h™") at zero coverage and the
desorption constant (g mg "), related to surface analysis and
activation energy analysis for chemisorption, respectively.'®
The values of « and § can be derived from a plot of g, vs. In(¢).

1
4 = ka2 + C (10)

Eqn (10) represents the intra-particle diffusion model, in which
C is a constant (mg g~ ') and kg denotes the intra-particle
diffusion rate constant (mg g~ ' h™"/2)."* kg can be estimated

from a linear plot of g, vs. t/.

3. Results and discussion

3.1. Characterization

3.1.1. Proximate analysis. Proximate analysis shows that
the weight percentages of fixed carbon, moisture, ash and
volatile matter in the raw tamarind seeds were 19.25%, 5.2%,

14 16 18 20
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2.83% and 72.15%, respectively, whereas the values of the same
components in ACTS were 72.3%, 4.88%, 10.62% and 12.20%,
respectively. Proximate analysis shows that most of the volatile
matter was lost during carbonization, making the fixed carbon
content of ACTS high. As the fixed carbon content of ACTS was
on the higher side, it was selected as an adsorbent for the
removal of ENR.

3.1.2. SEM analysis. Scanning electron micrographs of CTS
(raw carbon derived from tamarind seeds), and ACTS (activated
carbon from tamarind seeds) before and after adsorption are
shown in Fig. 2(a—c), respectively. If Fig. 2(b) is compared with
Fig. 2(a), it is clearly observed that after chemical activation the
smooth surface texture of the particles changed to a surface
with many micropores. This is obvious, since at the time of
activation the surface of CTS was impregnated with ortho-
phosphoric acid, and during drying some ortho-phosphoric
acid evaporated, generating pores in the surface. The forma-
tion of a porous structure may also be due to the elimination of
a few organic particles from the carbonized biomass skeleton as
a consequence of hydrolysis reactions occurring in CTS during
acid treatment. The transformation of the smooth surface to
a rough surface caused a higher surface area and higher
porosity, along with an increase in the number of active binding
sites and the accessibility; this promotes better biosorption.
From Fig. 2(c), under high magnification, it can be observed
that the porosity decreases because of the adsorption of ENR
onto the surface of ACTS. When a finite number of ACTS active
sites are occupied by ENR following the adsorption process, the
accessibility drops resulting in a lack of penetrating sites.

3.1.3. Surface characteristics. The Brunauer-Emmett-
Teller (BET) specific surface areas of CTS and ACTS before

View Article Online
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adsorption were calculated to be 560 m* g~ ' and 962 m* g™/,
respectively, while the cumulative pore volumes of CTS and
ACTS before adsorption were calculated to be 0.365 cm® g~ ' and
0.568 cm® g, respectively. Therefore, it can be inferred that
morphological modification took place in CTS at the time of
chemical activation, leading to an increase in the porosity and
specific surface area.

3.1.4. EDX analysis. Fig. 3(a) and (b) show EDX spectra
demonstrating the elemental compositions of CTS and ACTS.
From Fig. 3(a) it can be seen that before activation, the bio-char
contained only C and O atoms, however, after activation, the
presence of phosphorous atoms, as shown in Fig. 3(b), clearly
signifies the impregnation of ortho-phosphoric acid into the
biochar; besides, a decrease in the O atom abundance, although
by a very small amount, proves the release of organic O atoms,
increasing the surface area and porosity and in turn increasing
the number of active adsorption sites in ACTS.

3.1.5. FTIR analysis. Usually, FTIR analysis is performed to
investigate the functional groups present. In Fig. 4, the trans-
mittance bands at wavenumber values of 866 cm ™!, 1465 cm ™7,
1786 cm™ " and 3672 cm™' demonstrate the existence of C-H
bending, C=C stretching, C=0 stretching (carboxylic acid
groups) and alcoholic O-H groups,*>>>*” respectively, in ACTS
before adsorption. After adsorption, the existence of new bands
at wavenumber values of 1122 cm ™%, 1640 cm ™%, 1782 cm ™ and
3441 cm™ " feasibly implies the appearance of C-N stretching,
N-H bending, C=O stretching (ketone group) and N-H
stretching,'®*>?¢ respectively. Since in the structure of ENR, as
shown in Fig. 1, N-H bonds, C-N bonds and carboxylic acid
groups are present, the FT-IR spectra provide evidence in favour
of the adsorption of ENR by ACTS. It is suitably confirmed from
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Fig. 4 The FTIR spectra of pre- and post-adsorption ACTS.
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the transformation of the IR bands that, due to the penetration
of ENR molecules into the active sites and the porous structure
of ACTS through the adsorption process, the N atoms within
ENR were captured and encapsulated within the adsorbent,
which certified the success of the process.

3.1.6. Point of zero charge (pH,). The determination of the
point of zero charge (pH,.) of an adsorbent is important as it
gives an idea about the surface chemistry of adsorption. pH,. is
the pH at which the adsorbent has zero charge. To determine
pH,. values, solutions of different pH from 1 to 14 were
prepared. Then in 30 mL of each solution in an Erlenmeyer
flask, 0.5 g of ACTS was added, and the mixtures were kept for
24 h under continuous agitation. It was observed after 24 h that
the pH of all the solutions changed, except for the solution with
an initial pH of 6. Therefore, it may be inferred that the point of
zero charge (pH,.) of ACTS is 6.

3.2. Statistical analysis of the adsorption process

3.2.1. Analysis of variance (ANOVA). ANOVA was applied to
explore the significance of the developed Taguchi L16 mathe-
matical model and the model terms. The ANOVA findings are
illustrated in Table 3. A clear perspective of the relevancy of the
model and the model parameters can be obtained from the sum
of squares (SS), F- and p-values. The model and the model
parameters can be decided to have higher significance on the
basis of higher SS and F-values and a lower p-value.” It is
evident from Table 3 that the developed model possesses a large
SS value (3613.77) and F-value (147.12), and the p-value of
0.000815 points out the fact that there is only a 0.08% chance of
obtaining the large F-value due to noise. Therefore, it may be
concluded that the developed model is significant and can be
used for the prediction of adsorption performance. Among the
model terms, temperature (D) is proved to be an insignificant
parameter and, hence, temperature has been discarded for
building up the model. To experimentally verify whether
temperature is an insignificant parameter, adsorption experi-
ments were carried out, varying the temperature in the range of
20 °C to 35 °C and keeping the ENR concentration at 10 mg L™*,
the pH at 8, the ACTS dose at 8 ¢ L' and the contact time at
12 h. Only very slight fluctuations in the percentage removal
were observed. Hence, it can be said that temperature (D) is an
insignificant parameter. All the remaining parameters, viz. ENR
concentration (A), pH (B), ACTS dose (C) and contact time (E),
are significant in nature since for all these parameters, the p-
values are lower than 0.05 and the SS and F-values of these

Table 3 The analysis of variance (ANOVA) results
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Table 4 The fit statistics of the model
Std dev. 1.43 R-squared 0.998
Mean 59.92 Adj R-squared 0.991
CV% 2.39 Pred R-squared 0.952
PRESS 174.67 Adeq precision 39.41
—2 log likelihood 30.08 BIC 66.13
AICc 238.08

parameters are reasonably large. Among the significant
parameters, the ENR concentration has the highest SS value;
therefore, it can be inferred that the ENR concentration has the
highest influence on the % R of ENR.

3.2.2. Regression coefficients. By analysing the regression
coefficients and other statistical parameters, such as adequate
precision (AP), standard deviation (SD), coefficient of variance
(CV), etc., the extent of the fitting of experimental data to the
developed model has been determined. From Table 4, it is
evident that the regression coefficient, R?, is very close to 1 and
the difference between the adjusted regression coefficient and
predicted regression coefficient is much less than 0.2. The
adjusted regression coefficient indicates the goodness-of-fit for
regression models, whereas the predicted regression coefficient
determines how well a regression model makes predictions.
From these two results, it may be inferred that the developed
model is very much efficient at predicting % R over different sets
of process conditions. The obtained value of AP (39.41), being
far greater than 4, indicates that an adequate signal was ob-
tained with small noise. The lower SD value (1.43) indicates that
the experimental findings are in close proximity to the predicted
values. CV represents the reproducibility of the model; in the
present study CV was 2.39%, which is on the lower side, and
thus the reproducibility of the model can be confirmed.*

3.3. Derivation of the model equation

From the ANOVA results obtained for the response, viz. the
percentage removal, it is clear that the initial ENR concentra-
tion (4), pH (B), ACTS dose (C) and contact time (E) are signif-
icant parameters and temperature (D) is an insignificant
parameter. Only the significant parameters were involved in the
development of the model equation and the insignificant one
was discarded. The model equation, which can be used for the
prediction of % R through inputting values for the parameters,
is as follows (eqn (11)):

Source Sum of squares df Mean square F-Value p-Value prob > F

Model 3613.77 12 301.15 147.12 0.000815 Significant
A: ENF concentration 2432.06 3 810.69 396.04 0.000214

B: pH 284.27 3 94.76 46.29 0.005187

C: adsorbent dose 809.35 3 269.78 131.79 0.001107

E: time 88.08 3 29.36 14.34 0.027688

Residual 6.14 3 2.05

Cor total 3619.90 15
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Percentage removal (%) = 59.917 + 6.216 x A[1] + 17.143 x A[2]
— 12.837 x A[3] — 5.524 x B[1] — 0.607 x B[2] + 6.336 x B[3]
—8.364 x C[1] — 5.612 x C[2] + 5.721 x (C[3] — 3.357 x E[1]

+ 1.416 x E[2] + 2.823 x E[3] (11)

where A, B, C and E are the process parameters and the numbers
in square parenthesis represent the levels of the corresponding
parameters.

The experimental values and the predicted values obtained
from the model equation are shown in Fig. 5. It is observable in
Fig. 5 that a majority of points lie on the diagonal line of the
plot, indicating that the predicted values are on par with the
values obtained from experiments and that the established
model equation is well-equipped to predict the response.

3.4. Influence of parameters on adsorption

3.4.1. Influence of pH. pH is a crucial parameter needing to
be considered in adsorption processes. Fig. 6(a) depicts how %
R changes with changes in pH when the other parameters, viz.
contact time, ACTS dose and ENR concentration, remain
constantat 15 h, 8 gL' and 10 mg L™, respectively. In Fig. 6(a),
when pH goes from 6 to 8, % R increases gradually, while at pH
values beyond 8, % R decreases. The maximum removal is ob-
tained at pH 8. This trend can be explained with the help of the
point of zero charge (pH,.) of ACTS and the molecular structure
of ENR. The pH,. of ACTS is 6; this indicates that when the pH
of the environment is below 6, ACTS is positively charged and
when pH of the environment is above 6, ACTS is negatively
charged. Also, the pK, values of ENR are 6.09 and 7.91,**
substantiating the fact that when the pH of the environment is

Design-Expert® Software
Percentage removal

View Article Online
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below 6.09, most ENR molecules remain in cationic form, and
when the pH is above 7.91, a majority of ENR molecules remain
in the anionic form; in between 6.09 and 7.91, a large number of
ENR molecules adopt a zwitterionic structure (Fig. 1).** At pH
values in the range of 7-8, there are electrostatic attractive
forces between the positive sites of zwitterionic ENR and the
negatively charged adsorbent; this results in higher removal
percentages. On the other hand, electrostatic repulsion between
negatively charged ACTS and anionic ENR exists at higher pH
values; also, at lower pH values, electrostatic repulsion exists
between positively charged ACTS and cationic ENR. That is why
at lower and higher pH values, comparatively lower % R values
were obtained.

3.4.2. Influence of ENR concentration. The changes in % R
with changing ENR concentration in the range of 5-20 mg L'
can be observed in Fig. 6(b), where the pH remains at 8, the
ACTS dose at 8 g L' and the contact time at 15 h. It is
observable from Fig. 6(b) that the highest % R value was ob-
tained at an ENR concentration of 10 mg L™", whereas below
and above 10 mg L™, % R is lower. At a lower ENR concentra-
tion, there is a lower concentration gradient, which reduces the
driving force for adsorption;™ as a result, lower % R values are
obtained at lower ENR concentrations. At a certain ENR
concentration, all possible adsorbent active sites are filled with
ENR molecules and in this saturated condition, a further
increase in the ENR concentration leads to over-crowdedness in
the system, which results in lower ENR % R values.*”

3.4.3. Influence of adsorbent dose. The adsorbent dose is
also one of the significant parameters that affects the adsorp-
tion process. In Fig. 6(c), it is clear that at pH 8, an initial ENR
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Fig. 5 A plot of predicted vs. actual values.
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concentration of 10 mg L™ " and a contact time of 15 h, when the increases. The highest removal percentage was obtained at an
ACTS dose is increased from 2 to 6 g L', % R increases sharply; adsorbent dose of 8 g L™ ". It is obvious that when the adsorbent
with a further increase in the adsorbent dose, % R slowly dose increases, the number of active sites increases, which

Table 5 The optimization and validation of the process parameters

Percentage removal (%)

Initial ENR concentration Contact time
Sr. no. pH (mgL™h Adsorbent dose (g L") (h) Actual Predicted
1 8 10 8 15 95.11 94.474
2 8 10 8 15 94.75 94.474
3 8 10 8 15 94.15 94.474
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results in an increase in % R.*® But above a certain dose, % R
does not increase sharply and instead becomes nearly constant.
This is because when the adsorbent dose increases above
a certain limit, the adsorbent agglomerates and, as a result, the
diffusion paths become longer and there is higher mass transfer
resistance for ENR molecules to diffuse into the pores.**

3.4.4. Influence of contact time. Fig. 6(d) depicts the effects
of contact time on the ENR % R value when the pH, initial ENR
concentration and ACTS dose were kept at 8, 10 mgL ' and 8 g
L™, respectively. It can be observed that when the contact time
increases from 9 to 15 h, % R increases, but when the contact
time increases further, % R decreases. The increase in % R with
an increase in contact time may be because the adsorbent has
more time to adsorb ENR molecules. The decrease in % R with
a further increase in contact time may be due to the desorption
of ENR from the adsorbent.

3.5. Optimization of the percentage removal and
experimental validation

The present study aims at finding the optimal conditions under
which % R becomes maximum. Table 5 depicts the optimal
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process parameters: the maintaining of these leads to the
maximum % R value being achieved. At an ENR concentration
of 10 mg L™, a pH of 8, an ACTS dose of 8 g L' and a contact
time duration of 15 h, the maximum % R value of 94.474% can
be predicted. To validate the optimal conditions experimentally,
experiments were carried out in triplicate, maintaining the
above process conditions; temperature, as an insignificant
parameter, was maintained at 20 °C. It can be witnessed from
Table 5 that the experimentally found % R values from the first,
second and third runs are 95.11%, 94.75% and 94.15%, which
are in close proximity to the predicted values, proving the
predictive nature of the model.

3.6. Equilibrium studies

Equilibrium studies were performed at different initial ENR
concentrations, at a constant pH of 8, an adsorbent dose of 8 g
L' and a contact time of 15 h. As depicted in Fig. 7, the ob-
tained experimental values were fed into Langmuir, Freundlich,
Temkin and Redlich-Peterson isotherm models.

The regression coefficient (R*) values obtained using the
Langmuir, Freundlich, Temkin and Redlich-Peterson isotherm

0.35
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Fig.7 Adsorption equilibrium studies of ENR removal using (a) Langmuir isotherm, (b) Freundlich isotherm, (c) Temkin isotherm, and (d) Redlich—

Peterson isotherm models.
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Table 6 The parameters of the isotherm models

Langmuir isotherm model

gm (Mg g™") K, (Lmg™) R
2.02 0.58 0.81
Freundlich isotherm model

K (mg L[l/n] g—l mg[fl/n)) n RZ
1.02 5.12 0.46
Temkin isotherm model

b (J mol ™) Kr R’
1753.29 0.69 0.69

Redlich-Peterson isotherm model

8 A R?
0.80 1.02 0.94

models are 0.81, 0.46, 0.69 and 0.94, respectively (Table 6).
Therefore, looking at the highest R* value, it can be inferred that
the adsorption of ENR by ACTS followed the Redlich-Peterson

02 5 10 15
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isotherm model. The maximum adsorption capacity (gm,) was
calculated to be 2.02 mg g~'. The parameters for the different
isotherm models are summarized in Table 6. As the Redlich-
Peterson model combines Langmuir and Freundlich models, it
may be concluded that the adsorption process does not adhere
to an ideal monolayer concept.’****

3.7. Kinetics studies

To obtain the kinetics data, the contact time duration for
adsorption was varied while the other parameters, namely pH,
initial ENR concentration and adsorbent dose, remained
constant at 8, 10 mg L™ " and 8 g L™, respectively. The ob-
tained kinetics data was fed into pseudo-first-order, pseudo-
second-order, Elovich, and intra-particle diffusion models
(Fig. 8).

The obtained R” values for the pseudo-first-order, pseudo-
second-order, Elovich, and intra-particle diffusion models are
0.95, 0.99, 0.97 and 0.95, respectively (Table 8). As the R” values
of the different kinetics models are close to each other, error
analysis was performed in which the statistical error parameters
of root mean square error (RMSE) and average absolute devia-
tion (AAD%) were calculated; these are tabulated in Table 8. The

14
2|

10

t/q, (h g/mg)

1.4

@

1.2

0.8

0.6

q, (mg/g)

0.4

0.2

1 1.5 2 2.5 3 3.5 4 4.5

tl 2 (hl 2)

Fig. 8 Adsorption kinetics studies of ENR removal: (a) pseudo-first-order model; (b) pseudo-second-order model; (c) Elovich model; and (d)

intra-particle diffusion model.
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Table 7 Parameters of the kinetic models
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Table 8 Error analysis of the kinetics models

Pseudo-first-order model Kinetics model RMSE AAD% R?
ke (h™) Pseudo-first-order model 0.062 3.514 0.95
0.358 Pseudo-second-order model 0.033 2.967 0.99
Elovich model 0.029 2.633 0.97
Pseudo-second-order model Intra-particle diffusion model 0.037 3.064 0.95

ks (gmg th™)
0.368

Elovich model

a(mgL ™ h™) B(gmg )
1.411 3.59
Intra-particle diffusion model

kaier (mg g~* h™"2) C(mgg™)
0.208 0.42

formulas for RMSE and AAD% are depicted in eqn (12) and (13),
respectively. It is clear from Table 8 that although the RMSE and
AAD% values of the Elovich model are the lowest, the R* value of
the Elovich model is lower than that of the pseudo-second order
kinetics model; based on the R* value, it is believed that the
adsorption process might follow pseudo-second-order kinetics.
As the adsorption process follows pseudo-second-order
kinetics, it may be concluded that chemical interactions
between the adsorbent and adsorbate take place.** The rate
constant for the pseudo-second-order kinetics model was eval-
uated to be 0.368 g mg ' h™ ', The parameters of the different
kinetics models are depicted in Table 7.
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Ypred,i is the predicted response obtained from the model and
Yexp,i 18 the actual response obtained from experiment; n
denotes the total number of runs.

3.8. Reusability of the developed adsorbent

An adsorbent can be designated as suitable for industrial or large-
scale applications if it has the potential to be reused. Industrial
adsorbents are generally used, regenerated via suitable tech-
niques, and reused further over multiple cycles; this reusability
potential lowers the operating costs. To investigate the reusability
of ACTS, it was first used under the optimal process conditions
obtained above and, after centrifugation, the spent ACTS was
collected and poured into 40% (w/w) ethanol solution under
constant stirring for 5 hours. Desorption of ENR, i.e., mass transfer
of ENR from ACTS to the ethanol solution, takes place and then

Fig. 9 Reusability study of the adsorbent.
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97.50

INR 65

Ortho-

Chemical
activation

Ortho-phosphoric acid used(kg) x cost of phosphoric acid per kg = 1.5 kg x

1 kg

phosphoric acid
Washing cost
Drying cost

0.0
35.00

Distilled water received from laboratory set up

INR 7.00
1 kW —h

Power of hot air oven(kW) x run time(h) x cost per kW — h(INR) = 1 kW x 5 h x

223.5

Net cost

22.35

10% of net cost

Other overhead

costs

245.85

Net cost + overhead costs

Total cost
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the free ACTS was collected, dried and used again for the
further adsorption of ENR. This procedure was repeated for up
to 4 cycles. From Fig. 9, it is clear that after 4 cycles of use, the
ENR % R values had not decreased by more than 18.5%; this
substantiates the fact that the developed adsorbent has reus-
ability potential.

3.9. The safe disposal of spent ACTS

One of the drawbacks of using adsorption as a water treat-
ment method is that, although the contaminants are trans-
ferred from aqueous media to the surface of the adsorbent
used, it is extremely necessary to dispose the contaminant-
laden adsorbent in such a manner that no further contami-
nation takes place. In the present research work, following
the rules mentioned in the “Guidelines for the Safe Disposal
of Unwanted Pharmaceuticals In and After Emergencies”
published by the World Health Organization (WHO), the
ENR-laden ACTS was immobilized via an inertization tech-
nique. First, the spent ACTS was encapsulated in a mixture of
lime, cement and water and, after drying, the hard mixture
was buried underground.

3.10. Analysis of the cost of preparation of the adsorbent

Analysis of the cost of preparation of an adsorbent is
important as, apart from other operating costs, a large
portion of the overall cost of large-scale adsorption processes
lies in purchasing the adsorbents. Therefore, it is necessary
to make the adsorbent cost-effective. A detailed cost break-
down for the laboratory preparation of 1 kg of ACTS is
illustrated in Table 9. From Table 9, it is clear that the
developed adsorbent incurs a cost of approximately INR 246
kg~ for its preparation.

4. Conclusions

Chemically activated biochar was produced from tamarind
seeds in the current investigation, and this activated carbon
was employed for the removal of enrofloxacin from aqueous
solution. The Taguchi L16 process was applied in order to
optimize the process conditions, aimed at maximizing the
percentage removal. The highest removal of 95.11% was
achieved when the contact time, pH, ENR concentration and
ACTS dose were 15 h, 8, 10 mg L™ " and 8 g L™, respectively.
The adsorption of ENR onto ACTS followed the Redlich-
Peterson isotherm model and a pseudo-second-order
kinetics model. The preparation of 1 kg of ACTS incurred
a cost of INR 246, as revealed through a cost analysis. The
advantages of the developed adsorbent are that it is cost-
effective, it is reusable, and it has the potential to adsorb
enrofloxacin from aqueous media. The research work is
limited to the laboratory scale and the scale-up of the process
and an estimation of the overall cost of the process may be
future directions for this work.
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