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Abstract

The aim of this study is to analyze the use of Ag-doped activated carbon aerogels for bromide and iodide removal from drinking water and to
study how the activation of Ag-doped aerogels affects their behavior. It has been observed that the carbonization treatment and activation process
of Ag-doped aerogels increased the surface area value (SN, ), whereas the volume of meso- (V;) and macropores (V3) decreased slightly. Chemical
characterization of the materials revealed that carbonization and especially activation process considerably increased the surface basicity of the
sample. Original sample (A) presented acidic surface properties (pHpzc = 4.5) with 21% surface oxygen, whereas the sample that underwent ac-
tivation showed mainly basic surface chemical properties (pHpzc = 9.5) with only 6% of surface oxygen. Carbonization and especially, activation
process considerable increased the adsorption capacity of bromide and iodide ions. This would mainly be produced by (i) an increase in the micro-
porosity of the sample, which increases Ag-adsorption sites available to halide anions, and (ii) a rise of the basicity of the sample, which produces
an increase in attractive electrostatic interactions between the aerogel surface, positively charged at the working pH (pHgoution < PHpzC), and the
corresponding halide. To test the applicability of these aerogels in water treatment, adsorption of bromide and iodide was studied under dynamic
conditions using waters from Lake Zurich. Results obtained showed that the carbonization and activation processes increased the adsorptive ca-
pacity of the aerogel sample. However, results showed that the adsorption capacity of the aerogel samples studied was considerably lower in water
from Lake Zurich. Results showed X o> (amount adsorbed to initial breakthrough) values of 0.1 and 4.3 mg/g for chloride anion and dissolved
organic carbon (DOC), respectively, during bromide adsorption process in water from Lake Zurich. This indicates that the adsorptive capacity
reduction observed may be due to (i) blocking of the porosity, caused by adsorption of dissolved organic matter on the aerogel surface, that would
impede the access of bromide and iodide ions to Ag-adsorption sites, and (ii) the competition of chloride anions for the same adsorption sites.
Bromide- and iodide-saturated columns were regenerated with NH3 (0.02 M), observing little change in column characteristics. Moreover, the
organic polymer precursors were not dissolved and the concentration of surface Ag-adsorption sites is not significantly changed after two adsorp-
tion/regeneration cycles. According to these results, Ag-doped activated carbon aerogels could be a very promising agents to remove bromide and
iodide from drinking water.
© 2006 Elsevier Inc. All rights reserved.

The presence of bromide anions in water resources generates
bromate anions during water treatment with oxidant agents [1].
Bromate anions are highly toxic for humans and, according to
the World Health Organization (WHO), 25 pg/L is the maxi-
mum concentration permitted in drinking water. The presence
of iodide anions in drinking water generates iodomethanes
(I-THMs), which have a low taste and odor threshold [2,3].
Various alternatives have recently been proposed to remove
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these halide anions from drinking water, but none of them have
proven sufficiently effective for large-scale application [4]. In
a previous study, the efficacy of Ag-doped carbon aerogels in
removing chloride, bromide, and iodide anions from surface
and mineral waters was analyzed [5]. The results obtained indi-
cated a high adsorption capacity (7.32 umol halide/g aerogel).
Analysis of the halide adsorption isotherms showed a greater
adsorption capacity (Xp,) as the anion radius decreased and its
polarizing power increased [5]. Moreover, an increase in the
value of Xy, was observed, regardless of the anion considered,
with a higher Ag concentration on the aerogel surface. Results
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obtained also showed that the percentage of Ag adsorption sites
available to halides anions was very low, indicating that most of
the Ag(I) adsorption sites were not accessible for the halide ad-
sorption process, possibly because of the low surface area of the
materials used (500 m?/g). Therefore, to increase the porosity
and surface area of these materials, Ag-doped carbon aerogels
have been prepared by carbonization and CO, physical activa-
tion. The aim of this study was to analyze the use of these new
materials for bromide and iodide removal from drinking water
and to study how the activation of these aerogels affects their
behavior.

In order to carry out this study, Ag-doped carbon aero-
gels (sample A) first underwent a carbonization process (sam-
ple A-C) and then an activation treatment (sample A-A). Prepa-
ration of Ag-doped carbon aerogels is reported elsewhere [5].
Resorcinol (R) and formaldehyde (F) were dissolved in wa-
ter (W) containing silver acetate as catalyst (C). The stoichio-
metric R/F, R/W, and R/C molar ratios were 1/2, 1/8, and
15, respectively. The mixtures were stirred to obtain homo-
geneous solutions that were cast into glass molds and cured
for a certain period of time [6]. Gel rods were then cut into
5-mm pellets and supercritically dried with carbon dioxide to
form the corresponding aerogel (A). The carbon aerogel sam-
ple (A-C) was obtained by treating sample A at 1173 K in N»
flow (100 cm?/min) for 3 h. Activated aerogel sample (A-A)
was obtained by heating sample A-C at 1173 K in CO; flow
(100 cm?/min) for 1 h. Samples were texturally and chemi-
cally characterized by N, adsorption at 77 K, CO, adsorption
at 273 K, mercury porosimetry, determination of pH at point
of zero charge, X-ray diffraction, and X-ray photoemission
spectroscopy (XPS) [6]. Bromide and chloride were measured
by ion chromatography and conductivity detection. The detec-
tion limits as determined for bromide and chloride were 3 and
1 ug/L, respectively [5]. Iodide measurements were made using
a selective electrode (Orion 96-53 Combination iodide elec-
trode, detection limit 5 x 10~ mg/L). The dissolved organic
carbon (DOC) was determined using Shimadzu TOC-5000A
equipment. The analysis of halides aerogel adsorption capac-
ity was carried out (i) under static conditions, by determining
the corresponding adsorption isotherms, and (ii) under dynamic
conditions, by studying halides breakthrough curves. Halides
breakthrough curves were obtained by passing a solution of
bromide or iodide (150 pg/L) through columns containing 3 g
of the aerogel with a height of 8 cm and an inner diameter of
1 cm. The flow rate was 1.5 ml/min. Samples of the solution
were taken at the column outlet until column saturation was
reached. A more detailed description of the methodology used
to perform these experiments was previously published [5].
In order to determine the applicability of these materials in
natural waters containing natural organic matter (NOM), ex-
periments were also conducted with water from Lake Zurich
(Switzerland) ([DOC] = 1.4 mg/L, [HCO;]=2.6 x 107 M,
[CI"] =4 mg/L). Saturated columns were regenerated by pass-
ing a 0.02 M NHj3 solution through the column at a flow rate
of 1.5 ml/min for 24 h. Subsequently, and to remove the NH3
adsorbed onto the aerogel surface, the column was washed by
passing Milli-Q water for 24 h at a flow rate of 1.5 ml/min.

Table 1

Textural properties of the aerogel samples studied

Sample SN, 2 V mic? V)€ V53
m*/g) (cm*/g) (cm® /g) (cm®/g)

A 428 0.073 0.35 0.84

A-C 634 0.150 0.28 0.62

A-A 845 0.248 0.18 0.54

4 Area determined by applying BET equation to N, adsorption at 77 K.

b Micropore volume determined applying Dubinin—Raduskevich equation to
CO; adsorption isotherm.

¢ Volume of pores with diameter of 50 to 6.6 nm determined by using mercury
porosimetry.

4 Volume of pores with diameter above 50 nm determined by using mercury
porosimetry.

Table 2
Chemical characterization of Ag-doped carbon aerogels
Sample pHpzc Ag()s Ns O (-C=0) (-C-0)
(%) (%) (%) 5320+£02eV 5339+02eV
(%) (%)
A 4.5 10 0 21 89 11
A-C 6.8 10 0 14 41 59
A-A 9.5 11 0 6 14 86
A-A-R 9.8 9 4 4 12 88

Table 1 shows the textural properties of the aerogel sam-
ples studied. The main characteristics of the samples are their
high meso- (V,) and macroporosity (V3). Moreover, their pore
size distributions showed maxima located at around 32, 36, and
42 nm in diameter for samples A, A-C, and A-A, respectively. It
can also be observed that the carbonization and activation treat-
ments increased the surface area value (Sn,) and microporosity
volume (Vpic), whereas the volumes of meso- (V,) and macro-
pores (V3) decreased slightly, which indicates that some of the
mesopores and macropores were destroyed during carboniza-
tion and activation treatments, developing the microporosity.
Results from previous authors agree with those described in Ta-
ble 1 [6]. Interestingly, the surface area of the activated aerogel
sample (A-A) was comparable to that found in commercial ac-
tivated carbons (Merck) (approximately 1000 m?/g).

Table 2 presents the surface chemical properties of the differ-
ent samples studied and those of the sample that underwent two
adsorption/regeneration cycles (sample A-A-R). Thus, it can
be observed that carbonization and especially activation treat-
ment considerably increased the surface basicity of the sample.
The original sample (A) presented acidic surface properties
(pHpyc = 4.5) with 21% surface oxygen, whereas the sample
that underwent activation (A-A) showed mainly basic surface
chemical properties (pHpzc = 9.5) with only 6% surface oxy-
gen. Moreover, according to results of the Ols XPS spectrum
deconvolution, sample A-A had a low concentration of oxy-
genated groups in the form of -C=0 groups, confirming the ba-
sic character of this sample. Results by previous authors agree
with those described in Table 2 [6]. Moreover, none of the X-ray
diffraction patterns of the samples showed peaks corresponding
to Ag compounds, which could indicate a high dispersion of Ag
atoms on the aerogel surface.
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Fig. 1. Adsorption isotherms of the bromide (A) and iodide (B) anions on Ag
aerogel samples studied. 7 = 25°C, pH = 7. Equilibration time 7 days. (A) A;
() A-C; (D) A-A.

Table 3
Results calculated by applying the Langmuir equation to the adsorption
isotherms obtained (7 =25°C, pH 7)

Sample Halide Xm BXm
(umol/g) L/g)
A Br— 3.01 257
A-C Br— 4.68 14.79
A-A Br— 5.78 51.54
A 1~ 1.98 156
A-C - 3.71 20.44
A-A 1~ 5.03 38.75

Fig. 1 shows the adsorption isotherms of the bromide and
iodide anions for the different samples studied. The results ob-
tained after applying the Langmuir equation to these isotherms
are shown in Table 3. It can be seen that the capacity of the
aerogels to adsorb halide anions (Xp,) was very high (Table 3),
higher than that observed in the commercial activated car-
bons with highest adsorption capacity previously tested (X, =
0.25 ymol/g) [5]. As commented in a previous paper [5], where
it was observed that the adsorption capacity of the original
aerogel A is proportional to its Ag concentration, the high ad-
sorption capacity of the studied aerogels is due to the presence
of Ag(l) on its surface, with the formation of the correspond-

ing halides. The solubility products (Ksp) for these compounds
range from 5.2 x 10~13 for AgBr to 8.5 x 10~ for Agl. Con-
sequently, the corresponding halide anions dissolved in water
are retained on the aerogel surface as a result of specific Ag(I)-
halide interactions [7]:

Agt +Br~ — AgBr, Ksgp=5.2x10"1, 1)
Agt+17 > Agl, Ksp=85x10""7. 2)

Results presented in Fig. 1 and Table 3 show that the order of
adsorption capacity on Ag-doped carbon aerogel was Br~ > 1~.
When these results were related to the halides ionic radius
(r (A): Br~ =1.95, I = 2.16) it was observed that the maxi-
mum adsorption capacity (Xy,) and the relative affinity (BXp,)
increased with a reduction in it. The fact that the adsorption
capacity is reduced with an increase in the anion radius may
indicate the presence of steric impediments in the chemisorp-
tion process of halides onto Ag-doped aerogels. Thus, when the
halide radius increases, there is a reduction in the number of
accessible adsorption sites, reducing the amount adsorbed.

Results shown in Fig. 1 and Table 3 indicate that the car-
bonization (sample A-C) and the activation treatments (sample
A-A) considerably increased the maximum adsorption capac-
ity for bromide and iodide ions. Thus, the Xy, value of sample
A-A for bromide and iodide anions was increased by 92 and
154%, respectively, compared to sample A. According to the
results in Tables 1 and 2, this would mainly be produced by
(i) an increase in the microporosity of the sample, which in-
creases Ag-adsorption sites available to halide anions, and (ii) a
rise of the basicity of the sample, which produces an increase in
attractive electrostatic interactions between the aerogel surface,
positively charged at the working pH (pHsoltion < pHpzc), and
the corresponding anion, favoring the attraction of halide anions
to Ag(I) adsorption sites. Finally, bromide anions showed the
higher adsorption capacity, at any preparation stage (Table 3),
because, as discussed in a previous paper, their smaller radius
[5] enhances their diffusion toward the interior of the porosity.

From the results presented in Fig. 1 and Table 3, it is in-
teresting to note that the relative affinity (BXy,) of sample A
for halide anions is quite high. This fact would confirm that a
chemisorption process is taking place between dissolved halide
anions and surface silver (Reactions (1) and (2)). In addition,
the affinity of the adsorbent for halide anions decreases with the
carbonization and activation treatments (Table 3). Thus, the or-
der of BXy, values, regardless of the halide considered, is A >
A-A > A-C. These results could indicate that, in addition to the
chemisorption process discussed previously, there are other ad-
sorption interactions involved in halides adsorption. Attractive
electrostatic interactions between the positively charged carbon
surface (pHgomtion < pHpzc) at the working pH (pH 7) and the
negatively charged halide anions could be established, favoring
the halide adsorption process. This physisorption cooperative
effect could explain, in part, the enhancement of the maximum
adsorption capacity and the reduction of BXp, values in samples
A-C and samples A-A.

The bromide and iodide anion adsorption process was
also studied under dynamic conditions using columns filled
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Fig. 2. Breakthrough curve of the column for sample A-A during anion bro-
mide adsorption. 7 =25°C, pH 7, [Br™ Jjnler = 150 pg/L. () First adsorp-
tion/regeneration cycle; (A) second adsorption/regeneration cycle.

Table 4
Column parameters determined from bromide and iodide breakthrough curves

Sample Halide Cycles Voo2 Xo0.02 X0.95 Hwmtz ¢ Gy
adsorption/ (L) (umol/g) (umol/g) (cm) (%)
regeneration

A Br— 1 0.30 0.18 0.30 4.77 0.95 60

A-C  Br 1 0.52 0.31 0.44 508 096 70

A-A Br~ 1 0.80 0.48 0.52 488 094 92

A-A-R Br~ 2 0.74 0.44 0.50 546 092 80

A I~ 1 0.32 0.14 0.21 5.11 097 66

AC 17 1 044 0.19 0.32 521 092 59

A-A T 1 0.61 0.26 0.42 5.16 0.94 61

Note. V( g2: Volume of effluent treated to initial breakthrough. X 02: Amount
of halide adsorbed to initial breakthrough. HyTz: Height of mass transfer
zone. X 95: Amount of halide adsorbed at 0.95 breakthrough value. ¢: Frac-
V0.95 (o —

v GOV

e . Co(Vo.95—=V0.02) °
the halide initial concentration, Vp g2 and Vj o5 is the volumes of adsorbate

solution treated to the 0.02 and 0.95 breakthrough points, respectively, and
C is the halide concentration in the effluent at any time. Gy: Utility degree,
(X0.02/ X0.95) x 100.

tional capacity within mass transfer zone, ¢ = where Cy is

with aerogel. Fig. 2 shows, as an example, the breakthrough
curves of sample A-A for bromide anion during two adsorp-
tion/regeneration cycles. Table 4 shows the column parameters
determined from bromide and iodide breakthrough curves. It
can be observed that, as in the static regime, the amount of bro-
mide anions adsorbed at the breakthrough point of the column
(X0.02) was higher than that of iodide anions. Nevertheless,
these values were much lower than those observed in the static
regime (Table 3). These results indicate that during adsorption
under dynamic conditions, the problem of anions diffusion of
toward the interior of the microporosity of the material was ac-
centuated; thus, a fraction of Ag adsorption sites accessible to
halide anions during adsorption in static regime are not acces-
sible in dynamic regime. Results presented in Table 4 show
the low height of the mass transfer zone (Hmtz), regardless of
the anion considered, whereas the fractional capacity (¢) is al-
most 1. These results indicate the great efficacy of the columns
in the removal of iodide and bromide from water, as shown by
their degree of utility of 60-90%. Results obtained after apply-

Table 5
Column parameters determined from bromide breakthrough curves with Lake
Zurich water (Switzerland)

Sample Vo2  Xo02 X0.95 Hwmrz ¢ Gy
L) (umol/g)  (umol/g)  (cm) (%)
A 0.11 0.07 0.17 7.94 092 41
A-C 0.22 0.14 0.28 6.58 0.91 50
A-A 0.33 0.21 0.35 6.21 0.94 63

ing the above-described aerogel regeneration process showed
its high efficacy (Fig. 2, Table 4). The regeneration of columns
is due to the replacement of halide anions by ammonia to form
a silver-ammonia complex. Ammonia present on the aerogel
surface is removed by washing the column with water:

AgBr + xNH;3 = Ag(NH3)F + Br~,
AgBr+ xNH; = Ag(NH3)} +17,

x <4, 3)
x < 4. @

Table 5 shows the results obtained after the dynamic regime ad-
sorption study was performed using water from Lake Zurich
spiked with bromide anions (150 pg/L). Results obtained
showed that, as in Table 4, the carbonization and activation
treatments increased the adsorptive capacity of the aerogel sam-
ple. However, comparison of Tables 4 and 5 results showed
that the adsorption capacity of the aerogel samples studied was
considerably lower in water from Lake Zurich. In order to deter-
mine the causes of this behavior, the concentrations of chloride
anions and DOC were measured simultaneously during the bro-
mide adsorption process (Fig. 3). Results showed X o2 values
of 0.1 and 4.3 mg/g for chloride anion and DOC, respectively.
According to these findings, dissolved organic matter and chlo-
ride anions are adsorbed onto the material surface simultane-
ously with bromide anions. This indicates that the reduction
observed in the adsorption of bromide anions from Lake Zurich
water may be due to (i) blocking of the porosity, caused by
adsorption of dissolved organic matter on the aerogel surface,
which would impede the access of bromide and iodide ions to
Ag-adsorption sites and (ii) the competition of chloride anions
for the same adsorption sites.

From the standpoint of applicability, important aspects of the
use of this material for water treatment are the possible leaching
of precursors of the carbon polymer and the possible reduc-
tion in the Ag concentration on the surface of the aerogel in
the different adsorption/regeneration cycles. To elucidate these
aspects, the concentration of dissolved organic carbon (DOC)
was followed during the different adsorption/regeneration cy-
cles and XPS analyses of the aerogel sample (A-A) were per-
formed for the different adsorption/regeneration cycles. Re-
sults obtained showed that the DOC concentration at the col-
umn outlet during the bromide adsorption process was zero,
whereas the concentration of surface Ag was 11 and 9% for
the original sample (sample A-A) and the sample that under-
went two adsorption/regeneration cycles (sample A-A-R), re-
spectively (Table 2). This is within the experimental error of
the Ag determination. According to these results, the carbon
polymer precursors are not dissolved and the concentration
of Ag adsorption sites is not significantly changed after two
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Fig. 3. Breakthrough curves of bromide (A) and chloride (B) anions and dissolved organic carbon (C) on sample A-A with Lake Zurich water. pH 7, T = 25°C,

[Br~]op =150 pg/L, [C1I”]o =4 mg/L, [DOC]y = 1.4 mg/L.

adsorption/regeneration cycles. However, results presented in
Table 2 indicate that NH3 treatment increased the surface ni-
trogen content of the sample, thereby increasing its basicity
(pHpzc = 9.8). As commented above, this will increase the
halide adsorptive capacity due to an increase in attractive elec-
trostatic interactions between the surface of the material and the
halide ions present in solution.

It can be concluded from these findings that carbonization
and activation of the aerogel considerably increased its capac-
ity to adsorb bromide and iodide anions from water because of
a larger concentration of Ag-adsorption sites and an increase in
the basicity of the carbon surface. According to these results,
Ag-doped activated carbon aerogels could be a very promising
material to remove bromide and iodide from drinking water.
Moreover, (i) presence on the surface of Ag, a highly effective
bactericide [8], will stop bacterial mass growth and (ii) the high
adsorption capacity of dissolved organic carbon gives this ma-
terial added value as an adsorbent in water treatment.
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