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Abstract

endothermic.

The present work determines efficiency of domestic food waste like tea waste in removing indigo carmine from
synthetic textile wastewater. Carbonaceous material (tea waste) has been employed and it showed removal
percentage of indigo carmine at 90% through adsorption process. Carbonaceous material was chemically activated
by using modified Hummer's method and it was observed through Scanning Electron Microscopic image, Fourier
Transform Infrared Spectrometer, X-ray diffractometer and Brunauer, Emmett and Teller analysis that revealed that
the modified biochar is comparably similar to graphene oxide (GO). Various experimental parameters are evaluated
for the removal efficiency of the synthesized adsorbent under the present study. Results of the experiments
performed using the GO-like adsorbent synthesized from tea waste confirmed potential efficiency of adsorption of
indigo carmine dye from synthetic waste water solution. The adsorption mechanism has been analysed by fitting
the experimental data in different adsorption isotherm and kinetic models. The results indicated that the adsorption
followed Langmuir isotherm model with maximum uptake of 20mg g~ ' and pseudo second order kinetic model
with the best correlation coefficient. The thermodynamic study showed the dye removal to be spontaneous and
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Introduction

Dyes are a specific group of chemical pollutants, pos-
ing serious environmental problems, due to annual
production in large amounts from different industrial
sector like textile industry [1-3]. If this wastewater is
released into a natural aquatic system, the photo-
chemical activities of that aquatic system are adversely
affected by the coloration of dye which reduces light
penetration. Carcinogenic dyes might cause mutations
in organisms [4, 5]. Dyes are chemically designed and
manufactured to be resistant to degradation by
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oxidizing agents, light, high temperatures and hence,
cannot be easily removed by the conventional waste-
water treatments methods [6, 7].

Indigo carmine (IC) dye is widely present in waste-
water produced from textile, food, cosmetic, pharma-
ceutical and paper industries [8-12]. According to
WHO, the permissible limit of indigo carmine dye is
5ugL™" in water [13]. Wastewater containing IC dye
must undergo treatment before discharging into the
environment as it may cause skin and eye irritation,
cancer to human [14-16]. Various methods that are
based on aerobic or anaerobic biodegradation and
photodegradation are not 100% efficient for removal
of most of the dyes from wastewater. The various

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://crossmark.crossref.org/dialog/?doi=10.1186/s42834-020-00070-8&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:dolanchapasikdar88@gmail.com

Sikdar et al. Sustainable Environment Research (2020) 30:30

methods like chemical and electrochemical oxidations,
coagulation, and reverse osmosis are costly when re-
quired to use in large scale [17-19]. In such a
situation the technique of adsorption can be imple-
mented in the removal of dyes.

Low cost adsorbents can be used, but the perform-
ance would vary according to the type of the dye. Ac-
tivated carbon is processed to have low-volume pores
and increased surface-area available for adsorption.
Agricultural waste has shown a significant potential in
manufacture of activated charcoal which can be used
as adsorbent because of their abundance, easy avail-
ability and reusability. Various low-cost biomasses like
potato peel, coffee waste, peanut shell, sunflower pith,
and rice husk have been found to be a suitable pre-
cursor for bio-adsorbents which yield high carbon
and less ash content [20-23]. Adsorption process is
found to be an economical and easy method for
wastewater treatment. The adsorbent utilised in this
study for both batch and optimization study is syn-
thesized from waste biomass namely; tea- waste that
is converted into activated carbon in the form of
biochar. The study has focused on a novel route of
synthesis of chemically treated adsorbent under inert
condition (nitrogen atmosphere) and higher tempe
rature. With the chemical modification, the surface
chemistry of the biochar is altered and eventually in-
creases the oxygenated surface groups, thus enhancing
the adsorption capacity of modified biochar than sim-
ple biochar [24]. Biochar that is produced from the
thermochemical conversion of tea waste has limited
oxygenated groups, surface area and low porosity. As
a result, a suitable modification is essential to create
oxygenated groups on the surface of the adsorbent.
Use of oxidants like potassium permanganate
(KMnO,4) and sulphuric acid (H,SO,) have increased
the oxygenated functional groups and the surface area
of the adsorbent in significant amounts thereby in-
creasing the performance of the adsorbent. The ad-
sorption study was investigated by examining effect of
various parameters like initial concentration of dye,
pH, temperature, adsorbent dosage and agitation
speed on the dye removal performance. Optimization
study of the adsorption process was carried out by
using Response Surface Methodology (RSM). Adsorp-
tion models like Langmuir, Freundlich, Temkin iso-
therms were investigated and the respective curves
compared. Kinetics (pseudo first order, pseudo second
order and intraparticle model) and thermodynamics
study of the adsorption process were also done in this
research. Based on the experimental results, the low-
cost adsorbent synthesized using tea waste as acti-
vated carbon can be suggested as a potential agent in
adsorbing IC dye from synthetic wastewater.
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Materials and methods

Materials

IC, KMnO,, hydrogen peroxide, hydrochloric acid, so-
dium hydroxide, sulphuric acid were purchased from
Merck India and used further without any modification.
All the chemicals used in the study are of analytical
grade.

Preparation of adsorbent

The tea waste has been collected from tea stall waste.
In the first step the tea waste was thoroughly washed
by distilled water to get rid of the coloured soluble
compounds. After washing, the tea waste was dried at
100°C in a hot air oven. Then the biomass was
placed inside the muffle furnace in a silica crucible
and processed at 450 °C for 45 min in presence of N,
atmosphere for conversion of the tea waste to bio-
char. After completion of the process the biochar was
taken out and cooled for 5h [25]. Using the modified
Hummer’s method, carbonaceous material (tea waste)
was treated [26] by strong oxidation process. A small
amount of tea waste (10 g) was weighed and taken in
an Erlenmeyer flask and 100mL of concentrated
H,SO, is added slowly to flask with continuous stir-
ring. After constant stirring of 20 min, potassium per-
manganate is added to the solution for inducing the
oxidation reaction. Distilled water (100 mL) is added
to the flask after 30 min and the resulting mixture
was kept in the incubator for 4 h at 45 °C. Afterwards,
70 mL of H,O, was further added to terminate the
reaction. The obtained solution was a brown coloured
slurry. The slurry obtained was filtered using What-
man filter paper and the slurry was repeatedly washed
using distilled water for pH neutralization. The fil-
tered product is kept in hot air oven at 60°C over-
night; the dried product properly ground into powder
and sifted through 60 mesh (0.25 mm).

Adsorbate preparation

IC stock solution was prepared by dissolving the dye
powder in distilled water (1000mgL™"'). The desired
amount of IC concentration was obtained by successive
dilution of stock solution for preparing standard curve
and further study.

Batch equilibrium experimental studies

Adsorption studies were conducted in 250 mL Erlen-
meyer flask where 100mL of IC solution had been
placed having 20 mg L™ ' concentration. An equal prede-
termined mass of adsorbent was incorporated to each
one of the flasks and placed in the incubator shaker at
30°C for 2 h with an agitation speed of 120 rpm to attain
equilibrium. Various parameters to evaluate their effects
were investigated during the studies including: adsorbent
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dosage (0.5-0.25 g), initial concentration of IC (10-50
mgL™ %), pH (2-12), temperature (20—40°C), contact
time (15-120min) and agitation speed (80-150 rpm).
The pH solution was maintained by using 1 M NaOH or
HCI for the study. During the study, 2 mL of IC solution
was sampled out at definite intervals of time and centri-
fuged (REMI PR 24) at 10,000 rpm for 15min. The
supernatant solutions were then analysed using a UV-
Visible spectrophotometer (A, = 610) (Lambda 25 Per-
kin Elmer). Each of the experiments was triplicated
under identical conditions.
The percentage removal of IC was calculated by:

Ci-Cy
1

x 100 (1)

where, C; (initial) and C; (final) concentration (mgL~ 1
of IC respectively.

The amount of adsorption (IC on activated tea waste)
at point of equilibrium,

g. (mgg™ '), was given by:

_(Ci-C)V
q. = M

(2)

where, V' =Working volume taken for the study (L),
M =dry adsorbent amount taken (g), C, = equilibrium
concentration of the dye (mgL™").

Adsorption isotherm models
Isotherm models are important for adsorption study.
Adsorption isotherm models indicate the relation be-
tween the amount of adsorbate onto the adsorbent at
equilibrium state. Models like Langmuir, Freundlich,
Temkin were considered to discuss the equilibrium
condition of adsorption. The Langmuir model [27]
suggests the monolayer adsorption with uniform surface
of adsorbent, Freundlich model [28] suggests the
heterogenous surface with multilayer adsorption and the
linear reduction in the adsorbent surface molecules is
suggested by Temkin model [29].

The Langmuir isotherm is calculated by the following
equation:

c. C. 1

=4

. Q Qd
where Q and d = constants, ultimate adsorption capacity
and adsorption constant, respectively.

The Langmuir isotherm model characteristic is
expressed by a dimensionless separation factor (R;) [30]:

(3)

_ 1
" 1+dC;

R;

(4)

When the value of R; is less than 0, the isotherm type
is not favourable, when the value of R; is equal to 1, the
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isotherm type is linear and when R; ranges within O to
1, the isotherm is favourable.
The Freundlich isotherm equation is shown by:

1
Ing, = B InC. + In(Ky) (5)

where, K;=Freundlich adsorbent capacity (mgg™ ") and
¢ = Freundlich constant, surface heterogeneity factor.
The Temkin isotherm equation is shown by:

9. = RT lnCe +RT anT (6)

where, R and K= Temkin constants.

Adsorption kinetic studies
The kinetic behavior of an adsorbate removal or the ab-
sorption of a particular compound onto the surface of
an adsorbent is important. The data from the batch
studies were fitted to different kinetic models like
pseudo-first order, pseudo-second order [31] and intra-
particle diffusion model [32].

Pseudo-first order equation:

In(q,-q,) = Ing, -kt (7)

where, ¢g;,=adsorbate amount (IC) per unit mass of
adsorbent taken at t (h) (time) (mgg™ 1Y, k; = constant
adsorption rate (h™%).

Pseudo-second order equation:

t 1 t

= 4 8
g, k. q. ®)

where, k, =rate constant of second order adsorption (g
mg 'h™h).
Intraparticle diffusion model equation:

q: = kdtl/z +C 9)

where, k; = intraparticle diffusion rate constant (mgg '
h-1/2)‘

Thermodynamic studies

The thermodynamic study determines the variation in
standard enthalpy (AH’), standard entropy (4S°) and
standard Gibb’s free energy (AG°) as:

C,
K. =2~ 10
Ce ( )
AG’ = - RT InK, (11)
AG® = AH® - TAS’ (12)

where, K= distribution coefficient, C,=weight of dye
adsorbed per unit mass of adsorbent (mgL~ D and R=
Universal gas constant (8.31 J mol~ Tk,
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Optimization analysis of the adsorption process by

design of experiments

RSM contains a set of statistical experimental techniques
dealing with one or more response variables. Central
Composite Design (CCD) was chosen for optimization
of the experimental factors in the study. In the present
research, CCD was employed to investigate the effect of
different parameters effects like adsorbent dose, pH,
time for the adsorption study of IC dye onto activated
carbonaceous material (tea waste).

A quadratic surface is fitted and identifying the inter-
action between experimental factors [33] in CCD (De-
sign Expert Software version 7.2.0) and the number of
experiments is reduced to N as given by Eq. (13).

N=2F1+2K +n, (13)

where, k=number of factors (parameters), n,= central
point or replicate runs.

The main relationship between variables, interactions
and response are formulated by using the following
quadratic model equation:

n n n n
Y=+ Z/J)LX;‘ + Zﬁﬁxiz + Z Z ﬁi/Xii
i—1 -1

=1 j=it1

(14)

where, regression polynomial coefficients are S, linear
B quadratic, §; and B interaction, x; and x; are coded
variables independent and # is number (variable).

Characterisation of activated carbonaceous material (tea
waste)

The pH of the point of zero charge (pH,p.) of the ad-
sorbent synthesised was determined. To a series of con-
ical, 50 mL of NaCl (0.01 M) was added and the pH
values (2, 4, 6, 8, 10, 12) were adjusted by using NaOH
or HCI (Eutech Instrument, pH 700). After that 0.1 g of
adsorbent was added to each conical. The suspension
was agitated at room temperature (30 °C) for 24 h. The
variation in pH (ApH = pH; - pH,, pH¢= pH gna1) was de-
termined and the plot of ApH against pHinia (pHo)
would indicate the pH,,. of the adsorbent.

Scanning Electron Microscopic (SEM) image (ZEISS
EVO MA) was obtained to analyse the pore structure of
the adsorbent produced. The acceleration volume was
equal to 20 kV and magnification was 5000.

To analyse the chemical characterisation (functional
groups) of the used adsorbent in this study, Fourier
Transform Infrared Spectrometer (FT-IR) was used. The
FT-IR analysis of the material was conducted from 400
to 4000 cm™ " by using pellets of KBr in a Perkin Elmer
Spectrum Two.

To analyse the crystalline structure of the material, the
patterns were recorded from X-ray diffractometer (XRD)
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operated at 40kV and 40 mA using Cu Ka radiation
while 20 value ranges from 2 to 80° (Shimadzu XRD
6000).

According to Brunauer, Emmett and Teller (BET)
method, N, adsorption-desorption isotherms at 77 K
was used to determine the surface area and calculated
using NOVA instruments.

Regeneration study

Adsorbent reusability plays an important role in
adsorption-desorption study as well as recovery of ad-
sorbate. The adsorbent was treated with acid (HCI)/
base (NaOH) for dye desorption studies. Cycle of
adsorption-desorption study was repeated for 5 times
to access the reusability of modified tea waste biochar
in effective removal of indigo carmine dye.

Results and discussion

Effect of pH

pH of the solution has important effect upon the ad-
sorption process (Fig. 1a). The pH was varied from 2
to 12 and the removal of IC dye from the solution
showed an increased sorption efficiency from 2 to 6.
The study shows a maximum percentage removal
(93%) at acidic state from pH (4-6). Higher removal
efficiency at lower pH indicates the occurrence of
protonation of the surface of adsorbent (activated tea
waste) thus resulting in neutralization of negative
charges and thereby providing more active sites lead-
ing to more adsorption. With further increase of pH,
deprotonation occurs and the adsorbent surface ac-
quires more negative charged resulting in decreased
removal efficiency and similar pattern was reported
by Brito et al. [34] and Mittal et al. [35].

Effect of adsorbent dosage

Adsorbent dosage effect has been investigated by
varying the dosage amount (0.5-2.5gL"") while keep-
ing values of all other operational parameters con-
stant (Fig. 1b). It has been observed that with the
increase in dosage of adsorbent shows a significant
sorption (95%) was attained from 0.5 to 1 gL~ ! With
further increase of adsorbent dosage, there is no im-
provement of adsorption of IC. This is because of the
fact of active adsorbent sites with the further increase
in dosage exhibit less uptake of IC due to saturation
or overlapping of active sites. These results are in
agreement with others [36-38].

Effect of initial concentration

Influence of various concentration of IC dye was
studied by adjusting the initial concentration of IC
dye from 10 to 50mgL~" while keeping the other
parameters to a fixed value and contact time at 1.75
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Fig. 1 depicts the effect of different parameters on IC dye adsorption onto activated carbonaceous material (tea waste). a-e represent the effect
of pH, adsorbent dose, initial concentration, temperature, agitation speed on the removal efficiency while keeping the other parameters of the

h. From Fig. 1lc, it can be observed that using a
definite amount of adsorbent, % removal of IC
decreases from 96 to 64% as the initial concentration
of IC is increased. The reason can be explained as
initial concentration of the dye increases, the adsorp-
tion active sites get saturated or limited and hence
less adsorption efficiency. The same observation was

reported by Mittal et al. [35] and Ramesha et al.
[39].

Effect of temperature

Rate of adsorption rate depends upon the temperature
and shows the thermodynamic nature of the process.
The temperature range was varied from 20 to 40 °C. The
adsorption efficiency was found to be increasing with
the elevation of temperature. The maximum removal
percentage (91%) was found at 30°C. Further
temperature increase beyond 30 °C showed a decrease in
removal percentage of IC dye (Fig. 1d). The reason
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might be weakening of the forces among adsorbent ac-
tive sites and dye moieties at higher temperature as sug-
gested by Mukherjee et al. [40]. The rate of removal is
accelerated with the rising temperature and thus again it
confirms the nature of the adsorption process of adsorb-
ent to be endothermic.

Effect of agitation speed

The agitation speed was varied from 80 to 150 rpm to
study its effect on dye adsorption capacity on to the ad-
sorbent. The homogenous suspension with better re-
moval was found at 100rpm (Fig. le); the increased
agitation speed further showed a decrease in removal ef-
ficiency. Thus, for the further study, 100 rpm was used
for the experiment.

Process isotherm

Experimental data obtained from the study were fitted
into Langmuir (Fig. 2a), Freundlich (Fig. 2b) and Temkin
(Fig. 2c) isotherms. The theoretical parameters with de-
termined coefficients of different isotherm models are
listed in Table 1. The results show the best fitted iso-
therm model is Langmuir with the highest regression co-
efficient (R*=0.99) obtained with adsorbent dosage of
0.1 g, 100 mL working volume, temperature 30 °C, initial
concentration of dye 20mg L~ " and agitation speed 100
rpm. Langmuir adsorption model assumes that at spe-
cific sites of a homogenous surface of the adsorbent
comprising fixed number of identical sorption sites, ad-
sorption occurs and adsorption process ceases as the sat-
uration of these sites. The adsorption is limited to the
monolayer layer coverage of the adsorbate. Similar ob-
servations were reported where methylene blue adsorp-
tion onto corncob prepared activated carbon [41] and
jute fiber [42].

The parameter C./q, is plotted against C, in Langmuir
isotherm, from where a straight line is found. The Lang-
muir constants Q and d are calculated from Eq. (3). The
essential factor of Langmuir adsorption isotherm is cal-
culation of dimensionless separation factor (Ry) (Eq. (4)).
The value of Ry is favourable when it ranges from 0 <
Ry <1 [41] and was found to be 0.4. This again indicates
the favorability of Langmuir isotherm for adsorption of
IC dye on the adsorbent.

Process kinetics

In case of pseudo-first-order kinetics, the k; value was
acquired from the slope of the plot of In (q.-q,) vs. t (Eq.
(7)). Pseudo-second-order-kinetic model is studied by
plotting t/q; vs. t (Eq. (8)). A linear relationship is ob-
tained and k, (from intercept), ¢, (from slope) values are
calculated. Intraparticle diffusion model is obtained by
plotting g, versus t? and k, (Eq. 9) is determined from
the slope of the linear equation.
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The values of R> obtained from the plots of the
pseudo-first- order kinetic, pseudo-second-order-kin-
etic and intraparticle diffusion models were compared
and it was found that the process is guided by
pseudo-second-order kinetic model. For, pseudo-first-
kinetic, g, (8.0mgg "), k; (0.025h™ ") and regression
coefficient (0.881), pseudo-second-order kinetic, ¢,
(21mgg '), ky (4.5h™ 1Y), regression coefficient (0.997),
intraparticle diffusion k; (6.6 mg g’lh’m), C (99mg
g ') and regression coefficient 0.978 could be seen
from calculation. The pseudo second order model is
best fit by interpreting the kinetics data of the ad-
sorption process shown in Fig. 3.

Process thermodynamics

The values AH® and AS° (Table 2) were established from
the slope and intercept obtained plotting [nK,; vs 1/T
(Fig. 4). The nature of adsorption interaction is endo-
thermic as indicated by the positive value of AH. The
value of AS? is positive and described the affinity of acti-
vated carbonaceous material (tea waste) and that dem-
onstrated the randomness at solid-solute interface. The
negative value of AG’ suggested the spontaneity of the
adsorption nature and with temperature elevation, the
value decreased.

Process optimization

The results of percentage removal (%) are shown in
the Table 3 by experiments (total: 20) recommended
by RSM (CCD). F-value (61) was found to be best fit-
ted at quadratic model (p<0.0001). The coefficient
(regression) values: R? (0.937), adjusted R? (0.925),
predicted R* (0.905) for adsorption of IC dye onto
activated carbonaceous material (tea waste) suggest
quadratic polynomial model is better than other
models that are tested. The Adeq (precision for ad-
sorption of IC dye) was found as 13 and the theoret-
ical % IC removal was found using the following
semi-empirical equation.

Percentage removal = 3.06 + 1.35%pH + 0.0159*Adsorbent Dose (mg)
- 1.49%Time ( min) - 4.14xpHxaAdsorbent Dose (mg)
- 3.76xpHxTime ( min)
+1.12«Adsorbent Dose (mg)*Time ( min)
- 0.0998xpH? - 5.46+Adsorbent Dose (mg)*
- 4.55%Time ( min)®

(15)

Figures 5 and 6 show the result of RSM analysis of IC
dye adsorption. The inter parameter interactions of the
ANOVA model will be discussed below.

Effect of variation of pH and adsorbent dose
3D response form as presented in Fig. 5a shows that per-
centage removal of IC dye with the mutual effect of pH
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and adsorbent dose at constant time. Graphs indicate an
increase of response function with the elevation of pH
up to a certain limit and then the response function
shows a reverse trend. The fact may be due to the fact
that accessibility of active sites increases with increase of
pH and but beyond a certain limit, the saturation of such
active sites occurs.

Effect of variation of pH and reaction time

pH and reaction time were considered in this process.
3D graph from Fig. 5b shows the interactive effect of
both the parameters at constant adsorbent dose. The in-
crease in pH in solution shows the increase of response
function with increase of reaction time. The result was
found to be consistent with the batch result.

Table 1 shows the adsorption isotherm model parameters and correlation coefficients for adsorption of IC dye on activated

carbonaceous material (tea-waste)

Langmuir Freundlich Temkin
Q(mgg™) ditmg " R? Ki(mgg™") c R? Rr (Jmol™) KriLg™") R?
20 1.56 0.99 126 6.8 0.971 24 161 0.98
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Fig. 3 show the Pseudo-second order kinetics for of IC dye adsorption onto activated carbonaceous material (tea waste)

Effect of variation of adsorbent dose and reaction time

The combined effect of adsorbent dose and reaction
time was observed at constant pH. The adsorbent
dose with time shows an increase of response
function (% removal) of IC dye (Fig. 5c). This is
because of the adsorbent active sites availability
with elevation of reaction time and thus higher ad-
sorption of IC dye from the solution onto adsorbent
and the results show the similarity with the batch
studies.

Optimization of reaction condition

The results generated from Design Expert Software
(version 7.2.0) predict the optimum conditions of the
study using quadratic model. A maximum percentage
removal (89%) was obtained from the optimization
model using optimum pH6, adsorbent dose 50 mg
and reaction time 120 min. Comparing the predicted
R® and the corresponding R* from the experimental
data (Fig. 6) shows a good agreement and thus indi-
cates the suitability of the model to optimize the re-
action condition.

Table 2 Thermodynamic parameters for adsorption of IC dye
onto activated carbonaceous material (tea-waste)

AH° Jmol™) AS° Umol™"K™") AG° Jmol™")
60 29 293K 298K 303K 308K 313K
—787 —801

-816 —830 —845

Characterization of adsorbent

It was found that the surface of the adsorbent is slightly
acidic (Fig. 7). According to the study, the pH,,. of the
adsorbent surface was found to be at around 5.6 and the
experimental batches were carried out further with pH =
pH,,c as suggested by Mullet et al. [43].

SEM image showed the surface morphology of the
adsorbent. The structure of the unmodified tea waste
biochar and modified biochar, i.e., activated carbon-
aceous material is shown in the Fig. 8a and b, re-
spectively. The micrograph shows the external
surfaces of the treated tea waste biochar are folded
and some have various large holes, cracks and the
overlapping thin layers show similarity with the struc-
ture GO as produced from the graphite. The image
obtained from SEM in this study shows similar result
as reported by Banerjee et al. [36] and Goswami et al.
[25].

The FT-IR spectroscopy shows a peak at 3549 cm™
(Fig. 9) showing a stretching of O-H groups. A good
peak was found at 2924cm™' representing a C-H
stretching of alkene groups [28]. The 1023 cm™* band
a strong C-O stretching of alcoholic group. The re-
sults are consistent with Banerjee et al. [36] and
Angin [44].

A prominent peak could be seen at 24.9 (Fig. 10) in
the XRD analysis graph. The hump in the 20 from 20
to 30 indicates a highly expected degree for the pro-
duced material to be carbonaceous and these results
are accordance to Koseoglu and Akmil-Basar [45].

1
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Table 3 Experimental details along with results obtained in the Response Surface Methodology optimization of Indigo Carmine dye

onto activated carbonaceous material (tea-waste)

Factors Units Levels
Low (- 1) Medium (0) High (+1)
pH 2 6 12
Adsorbent dose mg 50 130 81
Time min 15 72 120
Run Factor 1: pH Factor 2: Adsorbent dose Factor 3: Time Response: Percentage removal (%)
1 2 250 15 44
2 7 68 120 80
3 6 50 15 30
4 12 250 120 42
5 12 250 120 42
6 6 50 57 65
7 2 250 82 50
8 6 175 57 82
9 7 120 15 67
10 8 250 15 52
1 6 169 120 88
12 6 50 120 20
13 12 50 15 30
14 2 121 15 38
15 2 50 120 32
16 2 124 80 63
17 6 50 120 20
18 12 168 57 32
19 6 50 57 65
20 2 50 120 32
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Fig. 5 Parameter interaction effect on adsorption of IC dye by activated carbonaceous material (tea waste) as acquired from Response Surface
Methodology (RSM) analysis. a-c show the 3D plots implying the interactions impact of solution pH vs. adsorbent dose, pH vs. reaction time,
adsorbent dose vs. reaction time on percentage removal (%) of IC dye respectively

The obtained prominent peak (24.9) of activated car-
bonaceous material showed similar GO peaks as re-
ported in a previous investigation [46] and thus,
indicating the desired GO like structure synthesis in
the present study.

The tea waste biochar both untreated and treated
(chemically) were subjected to 77 K for the compara-
tive study of BET surface area. With the application
of chemical and thermal treatment, the surface area
of treated tea waste biochar increased (32 m? g D as
compared to the untreated tea waste (15 ng’l).
Treated tea waste biochar has total pore volume of
0.026 ccg™' with pore radius smaller than 196 nm
and untreated tea waste biochar with pore volume of
0.0098 ccg™ ' with pore radius smaller than 155 nm.
The results obtained indicate that the surface area,
pore volume and average pore size all increase with

the utilization of oxidizing agents in treated

carbonaceous tea waste biochar as compared to
untreated tea waste bio char and thus could be the
reason for better adsorption. The results are in
agreement with study reported by Tushar et al. [47].

Recyclability analysis of the adsorbent

Adsorbent-desorption studies were performed with
activated carbonaceous material to determine the ef-
fective reusability of the IC dye. In the present
study, the number of tests was conducted with a so-
lution of NaOH with 100 mL working volume of 20
mgL~' as initial concentration of the solution for
each cycle. The performance of the regenerated ad-
sorbent in % removal of IC dye vs. number of cycles
is plotted (Fig. 11). The observation shows the re-
moval efficiency of the adsorbent is around 90% till
2nd cycle and reduced to 80 and 78% at 4th and 5th
cycle, respectively, and thus establishing the fact of
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Fig. 8 SEM image of untreated tea waste biochar and treated tea waste biochar (activated carbonaceous material (tea waste))

repetitive use of adsorbent with insignificant loss of
functionality.

Comparison of adsorption capacity of IC dye for various
adsorbent material

The comparison of various adsorbent material used
for IC dye adsorption and this present study is re-
ported in Table 4 using maximum adsorption cap-
acity as comparative parameter. The adsorption
capacity of the adsorbent acquired in this study
shows that the activated carbonaceous material with
macropores constitute of suitable active binding sites
with greater affinity for adsorbate. Table 4 result
clearly shows that the activated carbonaceous mater-
ial used in the study shows a better performance

than most of other activated carbonaceous material.
Nonetheless, artificial commercial activated carbon
shows a higher adsorption capacity but major prob-
lem is highly costly.

Conclusions

The present study shows reuse of domestic or indus-
trial waste, tea waste which has been thermally and
chemically activated using modified Hummer’s
method and the adsorbent shows great potential in
adsorbing indigo carmine dye from aqueous solution
during batch study experiments. RSM optimization
studies are analyzed and show a very low amount of
adsorbent for effective adsorption. Maximum IC
adsorption (91%) was obtained by performing the
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Fig. 11 Regeneration of activated carbonaceous material (tea waste) and its removal efficiency
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process under optimum condition. The adsorbent
used for the adsorption of IC dye is characterized by
various techniques like FT-IR, XRD, SEM and BET
which explain the potentiality of successful adsorption
of IC dye. Furthermore, Langmuir isotherm adsorp-
tion model was found the best with correlation coeffi-
cient 0.99. In this investigation, pseudo second order
kinetic model was established. The spontaneity and
practicable nature of the IC dye adsorption onto acti-
vated carbonaceous material can be predicted by the
negative value of AG°.

Table 4 Comparison of maximum adsorption capacity for IC
dye on some adsorbents

Adsorbent Maximum adsorption  Reference
capacity (mgg™’)

Carbonaceous material (tea 20 This work

waste)

Dried cola nut shell activated 13 [48]

with KOH

Brazil nut shells 1.1 [34]

Acacia nilotica (babool) sawdust 4.8 [49]

activated carbon

Cellulosic waste of citrus 15 [50]

reticulate peels by formaldehyde

Carbonaceous material from 93 [51]

pyrolysis of sewage sludge

Commercial activated carbon 79 [52]
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