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Abstract Activated carbon was prepared from date pits via
chemical activation with H3PO,. The effects of activating
agent concentration and activation temperature on the yield
and surface area were studied. The optimal activated carbon
was prepared at 450 °C using 55 % H3PO,4. The prepared
activated carbon was characterized by Fourier transform in-
frared spectroscopy, scanning electron microscopy,
thermogravimetric-differential thermal analysis, and
Brunauer, Emmett, and Teller (BET) surface area. The pre-
pared date pit-based activated carbon (DAC) was used for
the removal of bromate (BrO; ™). The concentration of BrOz™~
was determined by ultra-performance liquid chromatography-
mass tandem spectrometry (UPLC-MS/MS). The experimen-
tal equilibrium data for BrO; adsorption onto DAC was well
fitted to the Langmuir isotherm model and showed maximum
monolayer adsorption capacity of 25.64 mg g '. The adsorp-
tion kinetics of BrO;  adsorption was very well represented
by the pseudo-first-order equation. The analytical application
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of DAC for the analysis of real water samples was studied
with very promising results.
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Introduction

Activated carbon is an efficient adsorbent which has been
extensively used in the treatment of various types of pollut-
ants, due to its large surface area, highly developed porosity,
and abundance of surface functional groups (Alhamed and
Bamufleh 2009). Nonetheless, owing to the high cost of pro-
duction, these materials are considered to be more expensive
than other adsorbents (Bouhamed et al. 2012). Subsequently,
the production of activated carbons using cheap, safe, and
easily accessible precursors is a growing research interest in
these days. Several suitable agricultural by-products such as
walnut shells (Gomez-Serrano et al. 2002), cherry pits
(Martinez et al. 2006), oil palm pits (Sentorun-Shalaby et al.
2000), olive pits (Rios et al. 2006), apricot pits (Youssef et al.
2005), date pits (Haimour and Emeish 2006; Merzougui and
Addoun 2008; Reddy et al. 2012), almond shells (Toles et al.
2000), sugarcane bagasse (Erlich et al. 2006), and cotton
stalks (Putun et al. 2006) have been used as the precursor for
the production of activated carbon. The activated carbon’s
adsorption capacity mainly depends on their production
methods and initial structural properties. Activated carbon
can be developed by chemical or physical activation.
Physical activation takes place in two steps: first carbonization
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(below 700 °C) and subsequently controlled gasification in the
presence of oxidizing gases at high temperature (up to 1,
100 °C) (Sekirifa et al. 2013). Chemical activation refers to
the carbonization of the precursor after addition of any acti-
vating agents (H;PO,4, ZnCl,, etc.) that control the formation
of tar. But chemical activation is better than physical activa-
tion due to its simplicity, higher yield, development of the
good porous structure, shorter activation time, and lower tem-
perature (Ahmed and Theydan 2012). Among the agricultural
wastes, date pits are one of the best materials because they are
inexpensive and abundantly available, specifically in
Mediterranean countries (Ahmed and Theydan 2012).
Hamada et al. (2002) and Haimour and Emeish (2006) have
found that date pits comprise around 10 % in weight of the
fruit. The major components of date pits are hemicellulose
(18 %), cellulose (42 %), lignin (11 %), sugar and other com-
pounds (25 %), and 4 % ash. This lignocellulosic composition
encourages the preparation of activated carbon from these
precursors (Bouchelta et al. 2008). Saudi Arabia is one of
the leading date-producing countries that yields around 830,
000 t of dates per annum which give a minimum of 83,000
metric tons of date pits (Bouhamed et al. 2012). A reasonable
fraction of this quantity can be retrieved easily from date-
processing plants and can be utilized as a raw material for
activated carbon production (Alhamed 2009). Therefore, the
aim of this study was to prepare activated carbon using date
pits via chemical activation using H;PO,4. Various samples of
date pit-based activated carbon (DAC) were prepared by
changing the activation temperature (250 to 750 °C) and con-
centration of activating agents (25 to 85 %). The efficiency
and the quality of DAC were evaluated on the basis of Sggt
and percentage of yield of DAC. The DAC, which was pre-
pared at the optimum conditions, was used for the adsorptive
removal of bromate (BrOs; ) from water samples which is
recognized to be a probable human carcinogen. The main
effects of BrOs  include cancer, abdominal pain, vomiting,
nausea, diarrhea, hemolytic anemia, varying degrees of central
nervous system depression, and pulmonary edema (Campbell
2006). BrO; is a by-product which is formed due to the
disinfection of drinking water using chlorine dioxide
(ClO;") or ozone. In ozonation process, bromide ions which
are naturally present in the water oxidized to hypobromous
acid and hypobromite which are further oxidized to bromate
by ozone and/or hydroxyl radicals (Zeino et al. 2014). The
formation of BrO; in the water samples takes place as
(Bonacquisti 2006):

O3+ Br - O, 4+ OBr
O3 + OBr —»20, + Br
205 4+ OBr —20; + BrO3

Generally, the level of BrO3 ™ in drinking water varies from
0.4 to 100 ng L' (Butler et al. 2005). Recently, European
Commission (EC) and World Health Organization (WHO
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2011) have recommended the maximum contaminant level
(MCL) 10 pg L™" bromate in drinking water, and it has al-
ready been implemented in the countries like Japan, Canada,
China, USA, and UK. Relating to the toxicological effects of
BrO; 7, it is required to minimize the BrO;  concentration to
the acceptable limit in drinking water before being supplied
for its intended applications. Several biological, physical, and
chemical methods have been implemented to remove the bro-
mate from aqueous solution, but adsorption process appears to
be the most attractive, economical, simple, and environment-
friendly (Chen et al. 2014; Molina-Sabio et al. 1995; Molina-
Sabio and Rodriguez-Reinoso 2004; Marsh and Rodriguez-
Reinoso 2006; Kamaraj et al. 2014, 2015; Kamaraj and
Vasudevan 2015; Lakshmi and Vasudevan 2013; Ganesan
et al. 2013a, b). The effect of several operating parameters
such as pH, equilibration time, initial BrO; concentration,
and temperature on the adsorption of BrO; onto DAC was
investigated. The concentration of BrO; was evaluated using
ultra-performance liquid chromatography-tandem mass spec-
trometry (UPLC-MS/MS) (Alsohaimi et al. 2012). The ad-
sorption kinetic, isotherm, and thermodynamic aspects for
the removal of BrO; were explored. Adsorption, desorption,
and regeneration studies of DAC were also carried out. The
analytical applicability of DAC was established for the BrO5 ™
removal from various bottled water samples.

Experimental
Chemicals and materials

Date pits were collected from the local supermarket in Riyadh,
Saudi Arabia and used as the precursor for activated carbon
preparation. Potassium bromate, phosphoric acid (85 %),
formic acid, and all other chemicals were of analytical reagent
grade. The stock solution of KBrO; (10 mg mL ") was pre-
pared in Milli-Q water (free from BrO5 ) and used for further
dilutions. Polyvinylidene fluoride (PVDF) syringe filter
(0.22 pwm) was used to filter the standards and samples before
being injected into the UPLC-MS system.

Instrumentation and MS conditions

BrO;  separation was carried out on a UPLC technique which
was equipped with a quaternary pump (Waters, Milford,
USA). The analytical column Acquity BEH C;g has a of di-
mension 50 mmx2.1 mm i.d.; 1.7 um particle size was used
(Waters, Milford, MA, USA). The most favorable separation
of the target analyte was accomplished with a mobile phase
(Milli-Q water (99.9 %) and 0.1 % formic acid). The mobile
phase flow rate and sample injection volume were
200 uL min ' and 5 pL, respectively. The UPLC instrument
was equipped to a mass spectrometer (triple quadrupole)
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(Micromass, Milford, MA, USA) consisting of electrospray
ionization (ESI) source. The mass spectrometer was operated
in the negative ionization mode, and the values were accom-
plished in multiple reaction monitoring (MRM) mode. The
most favorable ESI source running parameters were as fol-
lows: source temperature (120 °C), desolvation temperature
(350 °C), cone voltage (—30 V), capillary voltage (3.0 kV),
desolvation gas flow rate (600x10° mL h™"), and cone gas
flow rate (60x 10° mL h™"). Argon and nitrogen of high purity
were applied as collision and cone gases, correspondingly.
The analysis data acquisition was accomplished using
Waters MassLynx V4.1 software (Alsohaimi et al. 2012).
The other instruments used were Fourier transform infrared
spectrometer (FTIR) (Nicolet 6700, Thermo Scientific, USA),
thermogravimetric-differential thermal analysis (TGA-DTA)
which was performed using thermogravimetric analyzer
(SDT Q 600 TA instrument, USA), high-performance scan-
ning electron microscope (JSM-6380 LA, Tokyo, Japan), and
Gemini VII 2390 surface area and pore size analyzer (USA).

Preparation of activated carbon using date pits (DAC)

The date pits were chemically activated using H;PO,4. The date
pits were first washed with demineralized water to remove the
impurities, dried at 100 °C for 24 h, crushed using disk mill, and
sieved to 3 mm particle size. Thirty-five grams of crushed date
pits was mixed thoroughly with 35 g H;PO, solution (55 wt%)
and heated at 100 °C (£5 °C) in an oven until complete evap-
oration. Carbonization of the impregnated material was done in
a horizontal tube furnace (length 450 mm, i.d. 65 mm). The
samples were kept into the reactor and heated at 170 °C (£5 °C)
for 1 h under nitrogen flow (flow rate=0.5 L min ') and then at
450 °C (£5 °C) for 1 h at the same flow rate. After activation
period, the samples were cooled down to room temperature in
nitrogen flow and washed four to five times with Milli-Q water.
Various samples of DAC were prepared by changing the acti-
vation temperature (250 to 750 °C) and the concentration of
activating agents (25 to 85 %). The sample S-4 was selected for
detailed studies due to its higher yield and better Sgpramong all
samples. The prepared carbon was washed, dried, ground, and
stored for the detailed studies.

Characterization of DAC

Textural properties of the samples were determined using the
Gemini VII 2390 surface area and pore size analyzer at liquid
nitrogen temperature 77 K. The Brunauer, Emmett, and Teller
(BET) surface area was determined by the BET method using
the adsorption isotherms (Gregg and Sing 1982). The samples
were out-gassed at 150 °C under vacuum for 2 h before adsorp-
tion measurements. The cross-sectional area of nitrogen was
taken 0.162 nm?. The total pore volume was determined by
Barrett, Joyner, and Halenda (BJH) method from the amount

of nitrogen adsorbed at P/Po 0.99 (Barrett et al. 1951). The
mesopore volume was calculated by deducting the micropore
volume from the total pore volume (Reinoso et al. 1995). The
FTIR absorption spectra of raw date pits, DAC, and bromate
adsorbed DAC were taken between 450 and 4,000 cm™ . For
FTIR analysis, 10 mg dry sample was thoroughly mixed with
100 mg KBr and ground to a fine powder. A transparent disc
was prepared by using a pressure of 80 psi in a humidity-free
atmosphere. The TGA-DTA of raw date pits and DAC were
performed at a heating rate of 10 °C min ' up to 800 °C in
nitrogen atmosphere. The surface morphology and elemental
composition of the DAC before and after BrO;  adsorption
were evaluated using scanning electron microscopy combined
with energy-dispersive X-ray (SEM-EDX) spectrometry.

Adsorption studies

Batch studies were performed for the adsorption of BrO;  onto
DAC. Fifty milligrams of DAC was shaken with 200 mL BrO; ™
solution of known concentration in conical flask at 150 rpm to
get the equilibration time. After equilibration time, BrO;  was
filtered using 0.22 pm filter and injected into UPLC-MS system
to evaluate the BrO5 concentration in the solution phase before
and after adsorption. Several parameters such as pH, tempera-
ture, contact time, and initial BrO;~ concentration were altered
to optimize the adsorption process. The effect of several com-
peting anions, viz., nitrate (NO5 ), carbonate (CO5>") and sulfate
(SO,7), on the adsorption of BrO;~ was also investigated.

The amount of adsorbed bromate, ge (mg g '), was
calculated as:

G = (Co—Ce)V 0
m
where Co and Ce are the initial and equilibrium concentrations
of bromate in solution (mg L"), respectively, Vis the volume
of solution (L), and m is the mass of the adsorbent (g).
Kinetic studies were accomplished by varying the BrO;
concentration (C,, 2, 4, and 6 mg L "). Isotherm and
thermodynamic studies were evaluated by varying initial
concentration of BrO;  solution (1-10 mg L™') and
temperature (25-55 °C).

Desorption and regeneration studies

Desorption studies were also performed in batch mode. For this
study, 50 mL of 2 mg L' BrO;~ solution was shaken with
50 mg of DAC in flask at 150 rpm for 25 min. After that,
DAC was filtered off and washed various times with Milli-Q
water to eliminate the extra BrOs . Then, DAC was shaken with
50 mL of sodium hydroxide solution of different concentrations
(0.1-0.5 M) in flask at the aforesaid conditions. After 25 min,
the solution was filtered, and the remaining concentration of
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BrOs ™ in the solution phase was assessed by UPLC-MS/MS.
The percent desorption of BrOs~ was calculated as:

Concentration of BrO;~ ions desorbed
Initial concentration of BrOs;~ ions adsorbed

%Desorption =

x 100
(2)

When DAC was exhausted, it was regenerated using
NaOH solution of different concentrations (0.1-0.5 M). For
the regeneration study, 50 mg DAC was saturated with 50 mL
of 2 mg L™ BrO; solution for 25 min. Subsequently, DAC
was washed with Milli-Q water to remove un-adsorbed
BrO; . To regenerate the saturated DAC, it was treated with
50 mL of NaOH solution of optimum concentration. The same
process was repeated for five successive cycles.

Sample analysis

For the real sample analysis, ten bottled water samples of
different brands were obtained from Riyadh (Saudi Arabia)
supermarket and stored at 4 °C until analysis. In these bottled
water samples, the concentration of BrO; was labelled
(<10 ng mL™") by the corresponding companies. Fifty millili-
ters of each water sample was treated with 50 mg of DAC in
conical flask at the optimum conditions (pH 4, time 25 min,
and temperature 25 °C). After 25 min, the water samples were
taken out from the shaker, filtered through 0.22 pm PVDF
filter, and injected into UPLC-MS system. Blanks and quality
controls were also analyzed in every batch.

Results and discussion

The DAC was prepared by chemical activation using H;PO,4
as activating agent which is the most widely used impregnat-
ing agent due to some economical and environmental con-
cerns (Guo and Straw 2007). There are some other activating
agents like ZnCl,, KOH, CaCl,, NaOH, etc., but these acti-
vating agents have some shortcomings such as corrosion and
ineffective chemical recovery, and the carbons produced using
these agents cannot be applied in food and pharmaceutical
industries as they may contaminate the product (Prahas et al.
2008). Once the date pits are mixed with concentrated H3;PO,,
it acts as an acid catalyst to encourage the bond cleavage
reactions and formation of cross-links via cyclization and con-
densation (Haimour and Emeish 2006). After activation, sev-
eral acidic functional groups were developed at the surface of
activated carbon. Various samples of DAC were prepared by
changing the activation temperature (250 to 750 °C) and con-
centration of activating agents (25 to 85 %). The efficiency
and the quality of DAC samples were evaluated on the basis of

@ Springer

Sger and percentage of yield (Fig. 1a). It was noted that the
yield of DAC was decreased from 74.5 to 29.4 % with the
increase in activation temperature from 250 to 750 °C which
was owing to the loss of the volatile materials. This result was
also confirmed by TGA-DTA result of raw date pits where
weight loss was observed with increasing temperature. The
specific surface area was also affected by the activation tem-
perature (Fig. 1a). The surface area that increased with the
increase in temperature up to 450 °C which was due to the
decomposition of major components of date pits (cellulose
and hemicellulose) resulted in the opening of more pores at
higher temperature. After 550 °C, the surface area was de-
creased which might be due to the alteration of mesopores
into macropores. Similar results were also obtained by
Danish et al. (2014). There was not much more difference in
the Sgerat 450 and 550 °C but the yield was higher at 450 °C,
so the temperature 450 °C was selected as the optimum tem-
perature. The effect of H;PO,4 concentration on the Sgpt was
also studied, and it was found that St increased from 198 to
649 m? gfl when the concentration of H;PO,4 was increased
from 25 to 55 % (Fig. 1b). After 55 % concentration, further
rise in the activating agent concentration decreased the surface
area. Actually, highly concentrated H;PO, destroyed the pore
walls between the pores and thus caused the widening of the
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Fig. 1 a Effect of activation temperature on Sgpr and percentage yield of
DAC and b effect of activating agent concentration on the Sggt of DAC
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pores. When the pore size increases from mesopore to
macropores, they do not contribute to the surface area consid-
erably (Lazaro et al. 2007).

The N, adsorption—desorption isotherms of DAC are given
in Fig. S1. The DAC had a specific surface area of
653.11 m* g ' and showed a type IV adsorption—desorption
isotherm which is corresponding to a mesospore material
(ALOthman et al. 2013). According to the [UPAC classifica-
tion (Sing et al. 1985), type IV isotherm is given by many
mesoporous industrial adsorbents. The surface area, pore vol-
ume, and average pore diameter of DAC were 653.11 m* g ',
0.24 cm® g ', and 3.8 nm, respectively.

The above results showed that the most efficient activated
carbon was prepared at these optimal conditions: 55 % H3;PO4
and 450 °C activation temperature. The adsorption potential of
activated carbon depends on the surface areas as well as on the
surface chemical properties. From the Boehm titration results,
it was found that the surface active sites had more acidic
groups. The basic sites present were 0.82 meq g ', while the
total acidic sites were 2.25 meq g ' (carboxylic 0.96 meq g ',
lactonic 0.43 meq g ', phenolic 0.86 meq g '). The FTIR
spectra of raw date stone, activated carbon (DAC), and bro-
mate adsorbed DAC are shown in Fig. 2. The raw date stone
showed an intense band at 3,350 cm ', attributed to the O—H
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stretching vibrations of alcoholic and adsorbed water groups
(Duranoglu et al. 2010). The peaks occurred at 1,560 and
1,040 cm™' were ascribed to C=C stretching vibration of
aromatic rings and R—OH stretching of hydroxyl groups,
respectively (Salman et al. 2011). The weak bands at
1,415 cm™' demonstrated the presence of in-plane O-H in
the carboxylic (ALOthman et al. 2012). The stretching vibra-
tions of the C=0O bond yield band at 1,680 cmfl, and the
intensity of this band was decreased after activation
with phosphoric acid due to dehydration effect of phos-
phoric acid (Gao et al. 2013). In DAC, the peak band at
1,060 cm™' might be owing to the chain of P—O-P
vibrations caused from the interaction of H;POy4
with the precursor molecule because H;PO, was not
completely removed by the simple water-washing
(Liou 2010). It is clear from the FTIR spectra that after
bromate adsorption, the intensity and position of the
peaks (1,665, 1,590, and 3,340 cmfl) were changed,
and a new Br-O peak has appeared at 877 cm ' which
demonstrated the adsorption of bromate onto DAC.
Thermogravimetric and differential analyses (TGA-DTA) of
raw date stone and DAC were performed which are given in
Fig. 3. The first weight loss (6.32 %) at 150 °C was due to the
elimination of moisture including free water, combined water,
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Fig. 3 TGA-DTA curves. a Raw date stones and b DAC

and low molecular weight volatile matters (Gao et al. 2013).
The second weight loss (27.1 %) between 150 and 292 °C
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corresponded to the decomposition of hemicelluloses. Further
weight loss (10.9 %) in the range of 292-465 °C might be due
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to the decomposition of celluloses. After 465 °C, there was very
small weight loss which indicated the formation of ash and
carbon. In the TGA-DTA curves of DAC, the first weight loss
(2.9 %) was observed at 163 °C which was ascribed to moisture
and volatile organic matters associated with the activated car-
bon during preparation (Danish et al. 2014). After 163 °C, only
6.6 % weight was lost up to 450 °C which was probably owing
to loss of lignin and phosphate complexes.

The scanning electron micrographs of raw date pits, DAC,
and bromate adsorbed DAC are shown in Fig. 4a—f. The anal-
ysis of the initial structure of the raw date pits showed the
presence of a few pores of different size and looking very rigid
and compact surface (Fig. 4a). After H3;PO, activation, the
surface of DAC became rough and many pores appeared on
it (Fig. 4b—e). It was also interesting, as the concentration of
H3PO, increased, more porosity of DAC was observed which
demonstrated that the impregnating agent (H;PO,) had impor-
tant role to increase the specific surface area and development
of porosity. After BrO;  adsorption (Fig. 4f), the surface mor-
phology of DAC was completely changed, and a white layer
of BrO; could be clearly seen on the sponge-like pores of
DAC. The EDX surface analysis of DAC showed that DAC
had 67.6 % C, 18.8 % O, 7.2 % H, 6 % P, and low level of
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calcium (0.4 %) due to the ash content, while BrO3 ™ adsorbed
DAC revealed 59.2 % C, 17.5 % O, 13.1 % Br, 5.4 % H, and
4.8 % P which confirmed the absorption of BrO; ™ onto DAC.

Studies for the removal of BrO; by batch conditions

The effect of time on the adsorption of BrO; by DAC was
investigated at different time intervals (10—120 min). It is ap-
parent from Fig. S2a (supplementary material) that the
adsorption was fast initially and became slow at later
till the equilibrium was achieved. It was noted that
53 % bromate was removed in first 5 min, and equilib-
rium was established after 25 min where the adsorption
was 96.8 %. Initially, all adsorbent sites were vacant so
the adsorption was fast. Afterward, due to the decrease
in number of adsorption sites at DAC and BrO; con-
centration as well as the repulsive forces between the
adsorbed BrO; on the surface of DAC and BrOs; in
the solution phase, the uptake rate was decreased.

From Fig. 5a, b, it can be concluded that the UPLC-MS/
MS bromate chromatogram relative intensity after 25 min
(Fig. 5b) decreased up to 96.8 %.
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Fig.4 SEM images. a Raw date stones, b DAC with 25 % H3PO,, ¢ DAC with 35 % H3PO,, d DAC with 45 % H3PO,4, e DAC with 55 % H3PO,, and f

DAC after BrO; ™ adsorption
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The removal of bromate onto DAC was investigated in the
pH range of 2-9. It can be seen from Fig. S2b that the adsorp-
tion of BrO; onto DAC was strongly pH dependent. The
optimum adsorption of BrO; (96 %) was observed be-
tween 2 and 4. Nevertheless, as the pH was increased
from 4 to 9, the BrOs;™ removal was decreased from 96
to 39.7 % which might be due to the fact that as the pH
increased, the OH concentration was also increased in
the solution phase which competes with BrO; as well
as the electrostatic repulsion took place between BrO;
ions and the negatively charged surface of DAC at high
pH. A similar trend was also observed for the BrO;
adsorption in the earlier reported studies (Chitrakar
et al. 2009; Bhatnagar et al. 2009). If the solution
pHs<pHpzc, surface becomes positively charged and
could interact with negative species, while at
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Table 1

Kinetic parameters obtained for the adsorption of BrO; onto DAC

Initial concentration of bromate (mg L") Pseudo-first-order

Pseudo-second-order

Slope Intercept K, (min ") R’ Slope  Intercept  k», (gmg ' min')  R?
2 -0.048  0.77 11.05x1072 0993  0.109  0.552 2.15%1072 0.988
—0.046 1.07 10.59x1072 0999  0.054 0313 0.93x107° 0.988
6 —0.044 1.25 10.13x1072 0995  0.036 0210 0.61x1072 0.987

pHs>pHpzc, adsorbent surface is negatively charged and
interact with positive species (Khan et al. 2015). The
pHpzc for the DAC was 3.5, so the adsorption of BrO;
was high at pH<pHpzc. Xu et al. and Chen et al. have also
reported the optimum adsorption of BrO; in pH range 3—10
and 2, respectively (Xu et al. 2012; Chen et al. 2010).
Figure 5a, ¢ shows the UPLC-MS/MS chromatograms of
BrO;~ standard solution (2 pug mL™") before adsorption and
after adsorption at pH 4, respectively. The BrO;  relative in-
tensity after adsorption (Fig. 5¢) was decreased up to 96 %.

C—OH + BrO; —»

The mechanism of BrO;  anion removal by DAC can be
proposed in two different ways:

1. Adsorption of bromate and its reduction to hypobromite
(OBr ) and bromide (Br-).

C =C +BrO; —CO;, 4+ BrO™
C =C +2BrO —»CO; + 2Br

2. The adsorption of BrO3™ on the adsorbent (DAC) through
hydrogen bonding like this:

c—o0O Br,
\Hluuuuuu o/ \

O

The adsorption of BrO;  onto DAC was studied at various
initial BrO;  concentration using optimum contact time
(25 min) and pH (4). The adsorption of BrO; was decreased
from 100 to 88 % as the BrO3™ concentration was increased
from 1 to 10 mg L ™" which was due to the less accessibility of
DAC adsorption sites for the higher dose of BrO; (Fig. S2¢).

Temperature has a prominent effect on the adsorption ca-
pacity of activated carbon. The adsorption of BrO; was eval-
uated between 25 and 55 °C temperatures using pH 4, time
25 min, and BrO;  concentration 2 mg L! (Fig. S2d). The
adsorption of BrO; was decreased from 95.8 to 65.4 % as the
temperature was increased from 25 to 55 °C. The decrease in
the adsorption of BrO; with increasing temperature

suggested weak interaction between DAC surface and
BrO; . So, the adsorption was physical in nature. Figure 5a,
d shows that the UPLC-MS/MS BrO; chromatogram relative
intensity at 25 °C (Fig. 5d) decreased up to 95.8 %.

Desorption and regeneration studies

As the concentration of eluent (NaOH solution) was increased
from 0.1 to 0.5 M, the desorption percentage of BrO; was
decreased which might be due to the deterioration of DAC
surface functional group at higher concentration of NaOH
solution. So, 0.1 M NaOH solution was used as an eluent
for the maximum recovery of BrO3 . The performance of

Table 2 Adsorption isotherm parameters for the adsorption of BrO;  onto DAC

Temperature (°C) Langmuir constants

Freundlich constants

gm (mg g71) h(L mg™") Ry R l/n n K¢ R
25 25.64 1.77 0.22 0.990 0.565 1.77 15.56 0.983
45 25.0 0.93 0.35 0.997 0.739 1.35 11.88 0.985
55 22.72 0.48 0.51 0.991 0.914 1.09 6.88 0.976
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regenerated DAC was evaluated five times, and it was noted
that the adsorption of DAC was decreased only 14.8 % after
five successive cycles which demonstrated that DAC could be
effectively regenerated and reused for the removal of BrO;~
from water samples (Fig. S3).

Influence of NO3, CO;>", and PO,> on BrO;~ adsorption

Several inorganic anions especially NOs CO;%7, and PO,>~
are usually found in the drinking water. The effect of these
anions (NO5 , CO5>", and PO427) onto the adsorption of
BrO; onto DAC was investigated. Fifty milligrams DAC
was taken with 50 mL of solution which had 2 mg L'
BrO; and 10 mg L' of any competing anions (NO;
CO5%", and PO4>"). It is apparent from Fig. 6 that BrO;~
removal was 96.7 % without any competing anion. After the
addition of NO;~, CO5%", and PO,*" anions individually, the
BrO; removal was noted 95.2, 93.4, and 91.5 %, respective-
ly. So, it can be concluded that the competing anions did not
make any major effect on the bromate BrO; . So, DAC could
be effectively used for BrO; removal from water samples
even in the presence of these competing anions.

Adsorption kinetics, isotherms and thermodynamic
studies

The experimental data obtained for the adsorption of BrOs~
onto DAC in aqueous media were fitted to pseudo-first-order
and pseudo-second-order models (Lagergren 1898; Ho and
McKay 1998). The Langmuir and Freundlich adsorption iso-
therm models (Langmuir 1918; Freundlich 1906) were
applied, and various thermodynamic parameters were
also evaluated for the adsorption of BrO; onto DAC

in the temperature range 298-328 K. The detailed infor-
mation for the adsorption kinetic, isotherm, and thermo-
dynamic studies is given in the supplementary material
(Text S1).

The values of pseudo-first-order and pseudo-second-order
rate constants (k; and k,) were determined from the slopes of
the plots log (qe—qt) versus ¢ and #/qt versus time, respectively
(Fig. S4a, b). The parameters for these two models are shown
in Table 1. The high correlation coefficients (R*) for pseudo-
first-order model demonstrated that the data conformed well
to the pseudo-first-order rate model which indicated the iden-
tical affinity for the BrO;  and no transmigration of the BrO3 ™~
on the surface of DAC

In the isotherm studies, the values of maximum monolayer
adsorption capacity (¢g,,) and energy of adsorption (b) were
assessed from the intercept and slope of linear plots of 1/g.
versus 1/C,, respectively (Table 2). It was noted that the values
of ¢, decreased with the increase in temperature, and b values
were smaller at higher temperatures which showed the exo-
thermic nature of adsorption of BrO; onto DAC. The values
of dimensionless equilibrium parameter (R ) were greater than
zero and less than unity which showed the favorable adsorp-
tion of BrO; onto DAC. The maximum monolayer adsorp-
tion capacity (¢,) of DAC for removal of BrO; was
25.64 mg g ' at 298 K. A list for the comparison of maximum
monolayer adsorption capacity for the removal of BrO; using
various adsorbents (Xu et al. 2012; Naushad et al. 2014;
Bhatnagar and Sillanpaa 2012; Chitrakar et al. 2011;
Naushad et al. 2015) is given in Table 3, and it was found that
DAC had the highest g,,, in comparison to other studied ad-
sorbents reported in the literatures.

The values of Freundlich isotherm constants, »n, and K,
were evaluated from the slope (1/n) and intercept (log Ky) of

Table 3  Comparison of adsorption capacity for BrO; removal using different adsorbents
Adsorbents Experimental conditions Langmuir constants Freundlich constants
Initial concentration Equilibration Temperature/pH ¢, (mg g ") b (L mg ") n K¢(mg g ") (L mg )"
of BrO; (mg L")  time (min)
Nano-crystalline akaganeite-coated 0.2 20 298/3-10 0.0456 5.09x10™* 1.58 0.17
quartz sand (Xu et al. 2012)
De-acidite FF-IP resin 1 10 318/4-7 0.19 NA NA NA
(Naushad et al. 2013)
Granular ferric hydroxide(GFH) 0.05 20 298/6—7 16.95 11.08 1.92 1.21
(Bhatnagar et al. 2009)
Nano-AlLO; (Bhatnagar and 5.0 100 6.0 NA NA NA
Sillanpaa 2012)
Organo-montmorillonite 0.1 1,440 298/6.3 0.089 NA 2 3.1
(Chitrakar et al. 2011)
Amberlite IRA-400 0.5 40 293/6.5 1.99 0.57 1.53 1.74
(Naushad et al. 2015)
DAC (present study) 2 25 298/2-4 25.64 1.77 1.77 15.56

NA not available
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Table 4 Thermodynamic parameters for the adsorption of BrO; onto
DAC

Co, mg L' —AAR°, —AS°, -AG°, K J mol !
KJTmol' K JImol'K™"
208 K 318 K 328K
2 38.74 0.11 7.10 4.98 3.91
36.15 0.099 6.46 4.48 3.48
6 26.80 0.071 5.34 3.90 3.18

the plot of log g, versus log C., respectively. The values of n
were greater than one which indicated the favorable adsorp-
tion of BrO; onto DAC. The isotherm constants calculated
by fitting these two isotherm models (Fig. S4c, d) are given in
Table 2. It can be inferred that the adsorption of BrO; onto
DAC was well fitted by Langmuir equation with higher cor-
relation coefficients (R*>0.99), suggesting that the adsorption
occurred identical and equivalent at a fixed number of definite
sites.

The thermodynamic parameters such as Gibb’s free energy
change (AG®), standard enthalpy change (AH®), and standard
entropy change (AS°) were also evaluated for the adsorption
of BrO;™ onto DAC in the temperature range 298-328 K. The
values of AH® and AS® were calculated from the slopes and
intercepts of the Van’t Hoff plot of InK, versus 1/7 (Fig. S5).

The values of AG®°, AH®, and AS°, for the adsorption of
BrO; onto DAC, are given in Table 4. It is clear from
Table 4 that the values of AH® were negative which indicated
the exothermic nature of the adsorption. The negative values
of AG® indicated the degree of spontaneity of the adsorption
process, and the values of AG® were decreased with the

Table 5 Amounts of BrO; in bottled water, before and after the
adsorption process onto DAC (each water sample 50 mL; DAC 50 mg;
pH 4, time 25 min, and temperature 25 °C)

Water samples” Reported BrO;~  Amounts before Amounts after
amounts of bottled adsorption, adsorption, pg/L
water labels, ug/L.  pug/L£SD (n=5)

Sample 1 <10 7.32+0.01 n.d.
Sample 2 <10 8.10+0.01 n.d.
Sample 3 - 3.89+0.02 n.d.
Sample 4 <10 6.55+0.01 n.d.
Sample 5 <10 8.66+0.01 n.d.
Sample 6 - 9.78+0.01 n.d.
Sample 7 <10 3.87+0.02 n.d.
Sample 8 - 8.724+0.01 n.d.
Sample 9 <10 9.20+0.01 n.d.
Sample 10 <10 3.95+0.02 n.d.

SD standard deviation, n.d. not detected, — not described
2 Well water, ozone sterilized

increase in temperature from 298 to 328 K, showing that low-
er temperature favored the BrO; adsorption onto DAC.

Analysis of bottled water samples

The applied usefulness of DAC was established for the ad-
sorption of BrOs;™ from drinking bottled water samples. Ten
samples of bottled water of different companies were taken in
the study. Table 5 shows the concentration of BrO;  in the
water samples, BrO;  label claimed from the company, and
level of BrO; ™ after adsorption process. The level of BrO5  in
all water samples was less than 10 ng mL ™" before adsorption
(Table 5). But after adsorption, BrO; was not detected due to
complete adsorption of BrO; by DAC.

Conclusions

In the present study, Saudi date pits were used as a precursor
for the preparation of activated carbon using H;PO, as an
activating agent. It was observed that the DAC characteristics
depended on the activation process and the nature of the
chemical reagent. The most efficient activated carbon was
obtained at the activation temperature of 450 °C and 55 %
H;PO, concentration. The effectiveness of DAC was per-
formed for the removal of BrO; from aqueous medium
which adsorbed 96 % BrO; within 25 min. The sorption
efficiency was also affected by the solution pH, and the max-
imum BrOs™ adsorption was found at pH 4. The equilibrium
adsorption data of BrO; onto DAC was well represented by
Langmuir isotherm model, showing maximum adsorption ca-
pacity of 25.64 mg g '. Kinetic results designated that the
adsorption process could be defined by the pseudo-first-
order kinetic model under the investigated concentration
range. The thermodynamic studies showed that the adsorption
process was spontaneous and exothermic. The high regenera-
tion efficiency was achieved using 0.1 M NaOH solution. The
present study concluded that date pit-derived activated carbon
prepared under these conditions may be used effectively for
the removal of BrOz™ from drinking water.
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