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Water Purification Using Cost Effective Material
Prepared from Agricultural Waste: Kinetics,
Isotherms, and Thermodynamic Studies

The usage of agricultural waste-based bio-adsorbents for the removal of environmental
pollutants from water is gaining extensive attention. In this paper, carrot residue (CR)
(Daucus carota L.) was used for the production of activated carbon (AC) via chemical
activation with HNOs;. CR derived activated carbon (CAC) was characterized by various
analytical techniques. The Brunauer-Emmett-Teller surface area was found to be
17.76 m* g~ '. The efficacy of this AC in adsorbing BrO;~ from water samples was studied
at time, pH, temperature, and initial BrO;~ concentrations by batch studies. The
concentration of BrO;~ was assessed by ultra-performance liquid chromatography-
mass tandem spectrometry. A maximum adsorption capacity of 16.66 mgg ™' at 298 K
was obtained from the Langmuir isotherms fit. The kinetic data followed closely the
pseudo-first-order rate kinetic model. The thermodynamic study of BrO;~ adsorption
data showed that the adsorption was feasible, spontaneous, and endothermicin nature.
The practical efficacy of CAC was performed for BrO; removal from tap water as well as
bottled water samples.
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1 Introduction

Basically, most of the industrial processes produce by-products that
become waste materials and our environment is persistently
exposed to pollution by these wastes such as heavy metals, phenols,
pesticides, and bromate (BrO; ). Actually, BrO;™ is a by-product
which is developed at the time of disinfection of drinking water
using O3 or ClO, . The World Health Organization, WHO, and
European Commission, EC, have suggested the maximum level of
contaminant for BrO;~, 10 ugL ! in drinking water [1]. In water
samples, the formation of BrO;~ takes place as [2]:
Using Os:

03 =+ Br — 02 + OBr—
O3 +OBr — 2 O, +Br~

2 03 +0Br~ — 2 Oy + BrO3™

Correspondence: Dr. M. Naushad, Department of Chemistry, College of
Science, Bld#5, King Saud University, Riyadh, Saudi Arabia
E-mail: shad81@rediffmail.com

Abbreviations: AC, activated carbon; BET, Brunauer-Emmett-Teller;
CAGC, carrot residue derived activated carbon; CR, carrot residue; DTA,
differential thermal analysis; EC, European Commission; EDX, energy
dispersive X-ray; ESI, electrospray ionization; LOD, limit of detection;
LOQ, limit of quantification; MRM, multiple reaction monitoring; RSD,
relative standard deviation; SEM, scanning electron microscopy; TGA,
thermogravimetric analysis; UPLC-MS, ultra-performance liquid
chromatography-mass spectrometry.
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Using ClO, :
C1027 +Br — C12037 + OBr—
3 OBr~ — 2 Br™ + BrO3~

BrO; ™ is known to be a human carcinogen which can create anemia,
cancer, vomiting, diarrhea, and central nervous system depression [3].
So, it is imperative to minimize the level of BrO; ™ to the permitted
limit before being supplied for drinking purpose. Several methods
have been executed to remove BrO;~ from water samples but
adsorption is extensively used due to easy operation, eco-friendly, and
simple design [4-8]. Various types of adsorbents have been used for the
removal of BrO; , however, activated carbon (AC) is an efficient
adsorbent due to its large surface area with surface functional groups
and well developed porosity. AC can be prepared using any
carbonaceous materials which have elemental carbon abundantly,
however, coal and lignocellulosic materials are the two main sources
for the development of ACs. Development of low cost AC is an
important task. A low cost adsorbent is either abundantly available in
nature or is a by-product waste material from industry. Recently,
various agricultural waste materials have been used for the
production of AC [9-17]. The carrot residue (CR), a fiber rich material,
is available in large quantity during juice production. So, the target of
the current study was to produce AC from CR and to assess
environmental friendly BrO;~ adsorption from water samples using
CR-based AC. Batch studies were performed by changing various
experimental conditions like pH, contact time, temperature, and
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shaking speed. The analytical application of CAC was proven for the
removal of BrO;~ from tap and bottled water samples.

2 Material and methods

2.1 Reagents and materials

All chemicals and reagents used during this study were of analytical
grade. CR was collected from vegetable area, Riyadh, Saudi Arabia.

2.2

UPLC (Waters, Milford, MA, USA) was used to analyze BrO3™ in water
samples. The chromatographic separation of BrO;~ was performed
on a Cyg column, 50 x 2.1 mm? id and 1.7 wm particle size (Acquity
BEH, Waters, Milford, MA, USA). The BrO;~ optimal chro-
matographic separation was performed using water/formic acid,
99.9/0.1%, as a mobile phase. The mobile phase flow rate was
200 L min . The injection level of each sample was 5 L.

The UPLC technique was interfaced with triple quadrupole mass
spectrometer (MS/MS) (Micromass, Milford, MA, USA) which was
equipped with an electrospray ionization (ESI) source. BrOjz;~
detection was carried out in negative ionization mode and data
acquisition was performed in the multiple reaction monitoring
(MRM) mode. The most favorable ESI source working conditions were
as follows: source temperature (120°C); capillary voltage (3kV);
desolvation temperature (350°C); cone voltage (30 V); cone gas flow
rate (60Lh™ "), and desolvation gas flow rate (600Lh ). Cone gas
(nitrogen) and collision gas (argon) were used of high purity. The
applied UPLC-MS/MS method was previously developed [18]. The data
acquisition was attained by Mass Lynx V4.1 software.

Instrumentation and MS conditions

2.3 Quality parameters

The performance of the UPLC-MS system was assessed in terms of
linearity, limit of detection (LOD, signal-to-noise ratio 3:1) and limit
of quantification (LOQ, signal-to-noise ratio 10:1), and precisions
(run-to-run and day-to-day). The linearity of the method was
obtained by drawing calibration curves for peak area versus
concentration (0.005-10mgL~!). For the studied analyte the
correlation coefficients (r*) were >0.998. LOD and LOQ values were
estimated by analyzing a blank sample (Milli-Q water, without
BrO; ") spiked with BrO; ", 0.05mgL~*. LOD of 0.02mgL " and LOQ
of 0.07mgL™' were obtained. The run-to-run precision was
calculated from five replicate BrO;~ standard (0.5 mgL ") injections
on the same day. However, the day-to-day precision was estimated
from five replicate BrO;~ standard (0.5mgL™") injections over 3
successive days. The obtained relative standard deviation (RSD%)
values for run-to-run precision and day-to-day precision were 1.63
and 2.13%, correspondingly. The achieved values showed that the
applied method was precise which was essential for the accurate
determination of BrO;~ in water samples.

2.4 Preparation of CAC

CR was collected from a local fruit juice shop, Riyadh, Saudi Arabia.
After the extraction of juice, the remaining lignocellulosic fiber was
collected, washed with distilled water to remove impurities like dust
from its surface, and then dried at 70°C in an oven for 24 h. The dried
biomass was finally ground and treated with 1M HNO; to remove
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soluble organic constituents and to introduce the new functional
groups on the surface of raw CRs. After 24 h, the powder was filtered,
washed with Milli-Q water five times and dried in an oven at 40°C.
Thereafter, the HNO; treated powder was carbonized at 450°C in a
horizontal tube furnace (id 65 mm, length 450 mm). The sample was
kept in the reactor and heated at 450 + 5°C for 1h under nitrogen
flow (flow rate 0.5 Lmin ). After the activation period, the sample
was cooled down under nitrogen flow at room temperature and
washed four to five times with Milli-Q water.

2.5 Characterization of CAC

The porous structure of the prepared CAC samples was determined
using the Quantachrome surface area and pore size analyzer by N,
adsorption at 77 K. Before the analysis, the sample was out-gassed at
100°C under vacuum for 12h. The surface area and pore size
distribution were evaluated using Brunauer-Emmett-Teller (BET)
equation [19]. The total pore volume was evaluated by Barrett—Joyner-
Halenda, BJH, method at P/Po 0.99 [20]. The FTIR absorption spectra of
CAC and BCAC were recorded between 450 and 4000cm '. The
thermogravimetric analysis-differential thermal analysis (TGA-DTA)
of CAC was taken at a heating rate of 10°Cmin ' up to 1000°C in
nitrogen atmosphere. The surface morphology and elemental
composition of CAC and BCAC was performed using scanning
electron microscopy with energy dispersive X-ray spectroscopy
(SEM-EDX). The zero point charge (pH,,) was determined using
0.01 M NaClatpH2,3, 5,7, and 10. The pH values were adjusted using
0.1 M HCI/NaOH. 20 mg CAC was stirred for 24 h with 20 mL of 0.01 M
NaCl solutions of different pH. After 24 h, the supernatant was poured
and its final pH was measured. The value of pH,,, was evaluated from a
plot between pHy and pH; [21]. The functional groups on CAC were
determined using the Boehm titration method using NaOH, Na,CO;
and NaHCOs;, and HCl as reagents [22]. Fifty milligram of CAC
adsorbent was stirred with 50 mL of 0.05M basic or acid solution in
flasks for 24 h and then filtered. Thereafter, 10 mL of each solution was
titrated with 0.05M NaOH or HCI. According to the Boehm titration,
NaHCO; can neutralize carboxyl groups, Na,CO; can neutralize
carboxyl, lactols, and lactones groups; and NaOH can neutralize
carboxyl, lactols, lactones, and phenols groups [23].

2.6 Adsorption tests

Experiments were carried out by conventional batch method by
agitating 50mg CAC with 100mL BrO;  solution of desired
concentration (1-50mgL™'), at initial pH 6.8 and constant
temperature (25°C) in a water bath shaker at 150 rpm. After 1h,
the CAC sample was filtered off and the filtrate was analyzed for
BrO; ™ concentration by UPLC-MS. All experiments were performed
in triplicate and the average value was taken.
The amount of adsorbed BrO;~ was calculated as:

Qe = (Co —Ce) V (1)

m
where C. and C, are the equilibrium and initial concentrations of
BrO;~ (mgL ™), respectively, m is the mass of CAC (g), V is the volume
of the BrO;~ solution (L).

The kinetic, thermodynamic, and adsorption isotherm parame-
ters for the adsorption BrO;~ onto CAC were also done by batch
studies.

Clean — Soil, Air, Water 2016, 44 (8), 1036—1045
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2.7 Analytical applications

Various samples of commercially available bottled water and tap
water were collected for the analysis. In the drinking bottled water
samples, the BrO;~ concentration (<10ngmL ") was given by the
respective companies, and it was determined by UPLC-MS in the tap
water samples. For the analysis, 50 mL of each water sample was
taken in conical flask and shaken with 50 mg of CAC at optimum
conditions (pH 3.5, temperature 40°C, and time 40min). After
40 min, the concentration of BrO; in each water sample was
determined by UPLC-MS. Blanks and quality controls were analyzed
in every batch to confirm that contamination of the samples did not
occur and sensitivity of the detection was constant throughout the
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3 Results and discussion
3.1 Characterization of CAC

On the basis of N, adsorption-desorption isotherms, the BET surface
area, pore volume, and average pore diameter of CAC were
17.76m*g !, 0.11cm>®g ", and 44.8 nm, respectively, and presented
a type IV adsorption-desorption isotherm which is given by
mesosporous materials [24]. The characteristic feature of type IV is
its hysteresis loop. The hysteresis loop is associated with the secondary
pore filling process of capillary condensation. To get the information
about the surface functional groups and of adsorbent-adsorbate
interactions, FTIR spectroscopy was used. Figure 1 shows the FTIR
spectra of CAC and bromate adsorbed CAC (BCAC). The broad brands in
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Figure 1. FTIR spectra of CAC before and after BrO3~ adsorption.
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hydroxyl (OH) and C—H groups, respectively [25, 26]. The peak at
1650cm ™' was assigned to carbonyl groups. It was noted that the
position as well as intensity of hydroxyl and carbonyl groups changed
after the adsorption of BrO;~ onto CAC which showed the
participation of these groups in the adsorption process. A new Br—0O
peak appeared at 870cm ' which also showed the adsorption of
bromate onto CAC. The study of the thermal degradation of materials
is of major importance. The TGA-DTA of CAC (Fig. 2) showed 5.32%
weight loss up to 200°C which was due to the loss of external water
molecules and volatile organic matters associated with the AC [27].
Afterthat, asharp weightloss (33.62%) between 200 and 400°Cwas due
to the decomposition of cellulosic material [28]. Beyond 400°C, there
was slowweightloss up to 800°C, which might be due to the formation
of carbon. The surface features of CAC and BCAC were studied by SEM.
Itcanbe seen from Fig. 3 that the CAC sample had a well-developed and
uniform surface with an orderly pore structure. However, after BrO3;™
adsorption, the pores of CAC were covered by a white layer which
showed the adsorption of BrO;  onto CAC. The EDX results also
confirmed the adsorption of BrO;~ onto CAC: before adsorption, the
composition of CACwas 76.3% C, 8.5%, N, 6.2% O, 8.7% H, and 0.3% Ca.
However, after adsorption it changed t0 62.5% C,4.8% N, 9.8% 0, 17.5%
Br, and 5.4% H.

The pHy,. of CAC was found to be 4.2, which means that the
surface of CAC was positively charged at pH<4.2 and shows
negative charge at pH > 4.2. On the basis of the Boehm tests, it was
found that CAC had higher acidic groups which might be due to the
treatment of CAC by HNO; which led to the acidic functional groups
on the surface. CAC had 0.79meqg ' phenolic; 0.22meqg !
lactonic, and 0.14meqg ' carboxylic groups. So, the total acidic
sites were 1.15meq g ', while the basic sites were only 0.45meqg .

3.2 Removal of BrO;~ by CAC

Figure 4a shows the percentage removal of BrO;~ by CAC at different
time. As given in Fig. 4a, the adsorption of BrO; was rapid in the
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beginning and 63% BrO;  was adsorbed within 25min. The
equilibrium was achieved within 40 min with an adsorption rate of
93.7%. The fast adsorption of BrO; ™ at the beginning was might be due
to the high availability of active sites at the surface on CAC. Since these
sites were mostly occupied by BrO3 ™ as well as the repulsion between
the adsorbed BrO;~ on the CAC surface and BrO;™ in the solution
phase, the adsorption rate decreased at the last. The solution pHis one
of the crucial parameters which may change the degree of ionization
of an adsorbate molecule and the surface charge of an adsorbent, thus
affecting the adsorption capacity of an adsorbent [29-31]. The effect
of pH for the removal of BrO;~ by CAC was studied by performing
equilibrium adsorption experiments at different pH values in the
range of two to eight (Fig. 4b). In contrast, the other parameters like
time, temperature, and initial concentration of BrO;~ remained
constant. Maximum adsorption (91%) was found in acidic medium in
the pH range of 2-3.5 and thereafter, it started to decrease as the pH
increased. At low pH, the higher adsorption of BrO;~ was due to the
significantly high electrostatic attraction between the positively
changed surface of CAC and the negatively charged BrO; ™. Beyond pH
4.2, the surface of CACwas negative, so the adsorption of BrO; ™ started
to decrease. It was also reported by Xu et al. and Chen et al. that the
optimum adsorption of BrO;~ was in the pH range of 3-10 and 2,
respectively [32, 33]. The results for the adsorption of BrO;~ onto CAC
with varying initial BrO; ~ concentrations (2-10 mg L") at pH 3.5, CAC
dosage 50 mg and contact time 40 min are given in Fig. 4c. The results
showed that the adsorption removal efficiency was decreased by
increasing the BrOs;~ concentration at fixed adsorbent dose. The
higher adsorption of BrO;™ at lower concentration was due to the
presence of abundantly accessible active sites on the surface of
CAC and the effective pore diffusivity decreased with increasing
the initial BrO;~ concentration [34]. The adsorptive removal of
5mgL~' BrO;~ by CAC (50mg/100mL) at different temperatures
(298, 303, 313, and 323 K) is shown in Fig. 4d. It was noted that 58.7%
BrO;~ was adsorbed at 298K within 40min. With increasing
temperature from 298 to 313K, the adsorption was also increased
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Figure 2. TGA-DTA curves of CAC.
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Figure 3. SEM images of CAC (a—c) before BrOs;~
adsorption at different magnifications, and (d) after
BrO3adsorption.
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up to 92.8%. However, no change was noticed in the removal efficiency
when the reaction temperature was raised from 313 to 323 K. The
increasein BrO; ™ adsorption with temperature implies the adsorption
process was more favorable at higher temperature and chemical in
nature.

3.3 Desorption and regeneration studies

The regeneration of any adsorbents could prove double rewarding
by stabilizing adsorbents and recovering valuable adsorbates,
thereby decreasing demand for virgin adsorbents. In the present

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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pHi, (c) initial concentration of BrOs~, and (d)
temperature.

study, 0.1 M NaOH solution was used as an eluent for the desorption
of BrO; ™. The adsorption efficiency of regenerated CAC was checked
four times and it was interesting to note that only 14.4% adsorption
percentage was decreased after four consecutive cycles (Fig. 5).
Therefore, CAC could be easily regenerated and used for the removal
of BrO;~ from water samples.

3.4 Kinetic studies

Kinetics can provide valuable understandings into reaction path-
ways and adsorption mechanisms. The kinetic data was fitted to

Clean — Soil, Air, Water 2016, 44 (8), 1036—1045
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Figure 5. Regeneration studies for CAC (adsorbent dosage =50mg;
equilibration time 40 min; volume 100 mL; initial concentration of BrOz™
5mgL~"; agitation speed 100 rpm).

pseudo-first-order and pseudo-second-order equations which are
presented as [35, 36]:
Pseudo-first-order:

kit
log (4. — ;) =10g qe — 5572 (2)
Pseudo-second-order:
1 1 1
— + = 3
9% k2q q. ®)

where ¢; and ¢, are the amounts of BrO;  adsorbed at time t, and at
equilibrium, respectively, k; (1 min~') and k, (g/fmg min) are the rate
constants for the pseudo-first-order and pseudo-second-order models,
respectively. The values of k; and k, were evaluated from the slopes of the
plots log(qe — qy) versus t and t/q, versus time, respectively (Fig. 6a and b).
The results for these two models are given in Tab. 1. The high correlation
coefficients (R?) for pseudo-first-order model proved that the data obeyed

129

14 A

log (qe-qt)
o o
LY o
Yqt
£ w (%
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well to the pseudo-first-order rate model which suggested that this
model satisfactorily describe the adsorption of BrO;~ onto CAC.

3.5 Adsorption isotherms

Langmuir and Freundlich adsorption isotherm models were studied
(Fig. 6¢ and d).
The Langmuir isotherm model [37] can be represented as:

1 1, 1 @
qe Am b dm Ce

where C, is the equilibrium residual BrO;~ (mgL™?), ¢, (mgg™?) is
the maximum BrO;~ adsorption capacity and b (Lmg™') is the
energy of adsorption. The values of q,, and b were calculated from
the intercept and slope of linear plots of 1/g. versus 1/C,, respectively
(Tab. 2). The values of g, increased with temperature which also
confirmed the endothermic nature of BrO;~ adsorption onto CAC.

A dimensionless equilibrium parameter (R;) was evaluated as [38]:

1

Ro=—
LT1+bcC,

(5)

where C, is the lowest BrO;™ initial concentration. The R; value
shows whether the adsorption is irreversible (R, = 0), linear (R, = 1),
unfavorable (R;, > 1), or favorable (0 < Ry < 1). The values of Ry, for the
present study were found to be >0 and less than unity indicated the
favorable adsorption of BrO;~ onto CAC.

Freundlich isotherm [39] is given as:

1
log g, = log K¢ + Elog Ce (6)

where K¢ (mg/g(L/mg)'™) and n (dimensionless) are the Freundlich
isotherm constants. The values of n and K¢ were evaluated
from the slope (1/n) and intercept (logKy) of the plot of logq. versus

Figure 6. Plots of kinetic and isotherm models for
the adsorption of BrO;~ by CAC: (a) pseudo-first-
order, (b) pseudo-second-order, (c) Langmuir iso-

therm, and (d) Freundlich isotherm models (agitation
speed 100 rpm, adsorbent dosage =50 mg; volume
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100 mL; pH 3.5).
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Table 1. Kinetic parameters for BrO;~ adsorption using CAC
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Pseudo-first-order

Pseudo-second-order

BrO; ™ initial concentration (mgL™?) Slope Intercept  k; (min™?) R? Slope Intercept k, (gmg 'min™?) R?

5 —0.016 0.91 3.68 x 1072 0.989 0.045 0.97 208 x10°° 0.974
8 —0.0197 4.53 453 x 1072 0.989 0.050 1.21 2.06x 1072 0.962
10 —0.098 1.15 4.55%x 1072 0.992 0.073 1.85 2.88x107° 0.943

Table 2. Langmuir and Freundlich adsorption isotherm constants for the adsorption of BrO3;~ onto CAC

Langmuir constant

Freundlich constant

Temperature (°C) qm (mgg™?) b (Lmg ) Ry R? 1/n n K¢ R?

25 16.66 0.83 0.19 0.988 0.642 1.55 6.91 0.995
30 27.03 0.46 0.30 0.978 0.588 1.70 7.94 0.991
40 45.46 0.26 0.43 0.971 0.556 1.79 9.66 0.992

Table 3. List of adsorbents available for the adsorption of BrO3;™~

Experimental condition Langmuir constant Freundlich
constant
Adsorbents Equilibration Initial concentration of Temperature/ b qm n K¢ (mgg )
time (min) bromate (mgL™?) pH (Lmg™") (mgg™?) (Lmg '™
De-Acidite FF-IP resin [42] 1 10 318/4-7 0.19 NA NA NA
Nano crystalline akaganeite 0.2 20 298/3-10 0.0456 5.09x 10 * 1.58 0.17
coated quartz sand [32]
Granular ferric 20 0.05 298/6-7 11.08 16.95 1.92 1.21
hydroxide(GFH) [43]
Amberlite IRA-400 [44] 0.5 40 293/6.5 1.99 0.57 1.53 1.74
DAC [26] 25 2 298/2-4 1.77 2564  1.77 15.56
Organo-montmorillonite [45] 0.1 1440 298/6.3 0.089 NA 2 3.1
Nano-Al,O3 [46] 5.0 100 - 6.0 NA NA NA
CAC (present study) 40 5 313/3.5 0.26 45.46 1.79 9.66

NA, not available.

logC., respectively. The values of n were found to be >1 which
indicated a good adsorption process [40]. Table 2 summarizes the
values of Langmuir and Freundlich isotherm constants. It can be

L

In K¢
—_
—

)

0.7 1 ¢Sppm MW8ppm A 10 ppm

0.5
0.00315

0.00325 0.0033 0.00335 0.0034

T

0.0032

Figure 7. Van't Hoff plot for the adsorption of BrO;~ onto CAC (adsorbent
dosage =50mg; equilibration time 40 min; volume 100mL; agitation
speed 100 rpm).
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seen that the Freundlich model resulted into a better fit tha
n the Langmuir model as the Freundlich isotherm model had higher
values of correlation coefficients.

3.6 Comparisons of adsorption capacity with
other adsorbents

The adsorption capacity of the present adsorbent (CAC) which
was determined from the Langmuir model was compared with
the other adsorbents (Tab. 3) [26, 32, 41-46]. It is clear from Tab. 3
that the adsorption capacity of CAC for BrO;~ was higher than

Table 4. Thermodynamics parameters for the adsorption of BrO3~ onto
CAC

—AG® (Kjmol )

Co AH° AS°® 298K 303K 313K
(mgL™) (Kmol™ ") (kKfmol ' K1)

5 16.81 0.067 3.17 3.51 418
8 18.54 0.071 2.81 3.17 3.89
10 20.86 0.076 1.84 2.23 2.98

Clean — Soil, Air, Water 2016, 44 (8), 1036—1045



CLEAN

Soil Air Water

Sustainable Green Solutions 1043

Table 5. Amount of BrO3~ in metropolitan and bottled water samples, before and after the adsorption onto CAC

Water sample Water source

BrO;~ (ngL™')£SD BrO;~ amount provided

on the label (ngL ™)

Sample 1% Desalinated water 52.37+2.90 -
Sample 2% Desalinated water 38.461+1.58 -
Sample 3% Desalinated water 65.32£3.21 -
Sample 4” Well water 7.3540.10 <10
Sample 5" Well water 8.73+0.11 <10
Sample 6” Well water 9.21£0.13 <10
SD, standard deviation (n=3); —, not described.
3 Metropolitan water had been pretreated with hypochlorite.
Y Bottled water underwent ozonation.
other adsorbents mentioned here as well as this adsorbent
can be obtained cheaply in bulk quantity. Our findings showed nK. < AH®  AS® 8
the possible implications of CAC for BrO;  removal from water B 8e== RT ' R )
samples.

where K. (Lmg ') can be defined as:
3.7 Thermodynamic studies c

Ae

K. =— 9

The thermodynamic parameters such as standard enthalpy change ‘7 Ce ®)

(AHO), Gibb’s free energy change (AG®), and standard entropy change
(AS®) were evaluated using the following equations:

AG® = AH® — TAS® (7)

The values of AH® and AS® were determined from the slopes and
intercepts of the van’t Hoff plots (Fig. 7) given in Eq. (8).

where C,. (mgL™') and C. (mgL™') are the equilibrium concen-
trations of adsorbate on solid and in solution phase, respectively.

The values of all three parameters are presented in Tab. 4. The
positive values of AH® for all studied temperatures indicated the
endothermic nature of the adsorption process. The negative values
of AG® designated that the adsorption process was feasible and
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100 0’|69 100 1001
]MRI\‘I of 2 Channals ES- MRMof 2 Channels ES- ARM of 2 Channels ES-
( 1342 129112 4 1295112 4 129112
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Figure 8. UPLC-MS chromatograms of BrOs;™ in
three different metropolitan water samples before
and after adsorption using CAC.

£y

15 2
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spontaneous in nature. The increase in AG® with temperature
showed that the adsorption process was favorable at higher
temperature. The positive values of AS° (disorder of the system)
were observed which confirmed the increase in the randomness at
the solid-solution interface.

3.8 Analysis of water samples

Table 5 summarizes the amounts of BrO;~ found in metropoli-
tan and bottled water samples, before and after the adsorption
onto CAC. It is clear from the Tab. 5 that the concentration of
BrO;~ in all water samples was <15ngL~' before adsorption.
But it was not detected after adsorption due to complete
removal of BrO;~ by CAC as can be seen form the chromato-
grams of BrO3™ in the metropolitan water samples before and
after adsorption (Fig. 8).

4 Concluding remarks

The present study showed that CAC was an economical, effective,
and efficient bio-adsorbent for the removal BrOs;~ from water
samples. Experimental parameters, such as contact time, initial
concentration, pH, and temperature were optimized. A fast BrO;~
adsorption with nearly 93.7% removal achieved within 40 min
contacting time. The most suitable pH was found to be 3.5. The
BrO;~ adsorption onto CAC was well described by the Langmuir
isotherm, however the kinetics corresponded to a pseudo-first-order
equation. Overall, this study demonstrated that CAC derived from
CR was a potential candidate for the removal of BrO;~ from water
samples, thus indicating a commendable substitute for the
commercially available AC.
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