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synthesis and characterization of adsorbents for the
elimination of nitrates and bromates from water aiming to
develop a continuous oxyanion water elimination system

M. Azaro, F. M. Flores, M. Casella, B. Peroni, C. Rodriguez,

R. M. Torres Sanchez and M. JaworskKi

ABSTRACT

It is known that the excess of oxyanions such as NO3 and BrOj in drinking water affects its quality. M. Azaro

In this work, three adsorbents (montmorillonite (Mt), silica (Si), and diatomaceous earth) loaded with
hexadecyl- (H) and octadecyl-trimethylammonium (O) were used to remove these oxyanions from

aqueous solutions by adsorption. In batch systems, the highest NO; removal was obtained with Mt
modified with H and O (Mt-H and Mt-0), attaining 33% and 50%, respectively, while for BrO3 removal
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Si modified with H and O, Si-H and Si-O samples, reached 38% and 42%, respectively. A direct M. Azaro
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relationship between the adsorption capacity of NO; and BrO; and the mass of the adsorbent was B. Peroni

found in column filtration tests with Mt-O and Mt-H samples in standard solution and real
groundwater samples. The adsorption capacity of the column, in the groundwater sample, remained
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constant after two reuses.The results obtained are promising for the development of a continuous

oxyanion removal system containing the low-cost clay Mt modified with either H or O.
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HIGHLIGHTS

® Three adsorbents were evaluated for oxyanion removal.

The column was successfully reused twice.

INTRODUCTION

Different compounds affect the quality of water intended for
human consumption. Among them, there are several oxya-
nions such as NOjz, NO;, BrOs, ClOj5, ClO, (Chaplin
et al. 2012). In particular, NOj is converted to NO, in the
human body and can cause oxygen depletion in the blood
(Ward et al. 2018). In addition, BrO3 is generated from
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Silica modified with surfactants was efficient in bromate removal.
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Montmorillonite modified with surfactants was efficient in nitrate removal.

Adsorption column experiments were performed for oxyanion removal.

Br~ by the ozonation of water to disinfect it and has been
classified as a potent carcinogen by the International
Agency for Research on Cancer (Moore & Chen 2000).
Adsorption processes play a central role in the develop-
ment of technologies to eliminate NO; and other water
pollutants. Several materials have been used for the adsorption
of different anions (Zanella et al. 2014; Hu et al. 2016; Teimouri
et al. 2016; Wu et al. 2016; Weinertova et al. 2017; Singh et al.
2018). Clay minerals such as montmorillonite (Mt) have been
largely used as adsorbent, due to their high specific surface
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and low cost. These clays have a laminar structure formed by
aluminosilicates that confers negative charges to their surface,
being ineffective to remove anions. The presence of hydrated
and exchangeable cations in the Mt interlayer, which compen-
sate for its structural negative charges (Torres Sanchez ef al.
20m), allows tailoring the surface with surfactants, improving
its anion adsorption capacity (Santiago et al. 2016). Different
cationic surfactants have been used to improve the effective-
ness of the different adsorbents of inorganic contaminants in
waters such as NO3 (Thamilarasi et al. 2018; Allalou et al.
2019). In particular, the modification of Mt with cationic
surfactants has been used for water remediation of contami-
nants with a negative charge (Xi ef al. 2010; Wang et al. 2013).

Amorphous silica or silica gel is produced by the acidifica-
tion of sodium silicate solutions, generating a gelatinous
precipitate that is washed and dehydrated to produce micro-
porous silica. Silica gel is a substance of -crystalline
appearance, high surface area, and is porous, inert, non-toxic
and odorless, chemically stable and insoluble in water or any
other solvent. These properties qualify it to act as a selective
adsorbent against different molecules (Gammoudi ef al. 2013).

Diatomaceous earth comes from sedimentary rocks of
biogenic origin in whose composition amorphous silica pre-
dominates. It consists of skeletons of aquatic organisms
called diatoms. This material has a very complex structure,
with numerous microscopic pores, cavities, and channels,
which gives it a large specific surface, high porosity, and
low density. It also has the advantage of being abundant
and inexpensive, so its use as a commercial adsorbent has
been explored (Sriram et al. 2020).

In this sense, this study proposes the modification of an
Argentinian Mt, amorphous silica, and diatomaceous earth
with two cationic surfactants of different chain length, to evalu-
ate their potential in the remediation of NO; and BrOj ions
present in water. The objective is to design a system that
allows the adsorption of these anions on different inexpensive
materials so that they can be eliminated from groundwater.

MATERIALS AND METHODS

Adsorbents

To obtain the different organo-Mt, montmorillonite (Mt)
from North Patagonia, Argentina, was used as received
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(provided by Castiglioni Pes & Cia.). Its structural
formula is [(Siz.s0Alo.11)(Al; 43Fed5sMgo 30)O10(OH)2]Nag 41
(Magnoli et al. 2008) and its cation exchange capacity
(CEC) =0.825 mmol g ! (Gamba ef al. 2015).

An Evonik (before called Degussa) silica (Aerosil 200
with 180 m? g 1) was used as a source of SiO,. This material
was treated with an ammonia solution (pH = 10.6) for about
30 min previously to its use (Bideberripe et al. 201).

Commercial diatomaceous earth (Diatomid), consisting
of approximately 90% SiO, and 10% Al,Os5, was used with-
out previous treatment.

The surfactants used (see Figure S1 in the Supplementary
Material) were octadecyltrimethyl-ammonium bromide (O,
provided by Fluka, Buchs, Switzerland), which has a critical
micelle concentration CMC=0.3 mM, purity >98% and
MW =3925gmol !, and hexadecyltrimethyl-ammonium
bromide (H, purchased from Sigma Aldrich Chemical Com-
pany Inc.), which has a CMC = 0.1 mM, purity of 98%, and
MW = 364.5 g mol~*. They were used as received.

To obtain the surfactant-modified adsorbents, the corre-
sponding concentrations of O or H surfactant solutions
were added to the adsorbents, and the suspension,
10 g L~!, was maintained under stirring (200 rpm) for 2 h
at 60 °C. Then, the solids were separated by centrifugation
(15,000 rpm) and washed several times with distilled water
until no Br~ was detected. Finally, the recovered solid was
lyophilized and manually ground in an agate mortar. The
prepared adsorbents are listed in Table 1.

Adsorbent characterization

Electrokinetic potentials were determined using Brookha-
ven 90Plus Bi-MAS. The electrophoretic mobility was
converted automatically into zeta potential (Zp) values
using the Smoluchowski equation (Miller & Low 1990).
The Zp values obtained were used to compare the surface
charge of the adsorbents before and after their modification
with the respective surfactant. To generate the zeta potential
versus pH curves, 40 mg of the samples were dispersed in
40mL KCl 1 mM solution, used as an inert electrolyte.
The slurry was continuously stirred, and the suspension
pH was adjusted by adding HC] or KOH.

The surface morphology was characterized by SEM
microscopy, using a Philips SEM 50 microscope.
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Table 1 | Adsorbents

Adsorbent surfactant used g adsorbent/g surfactant sample name Actual amount of surfactant (% p/p)
Montmorillonite - - Mt na
H 0.83 Mt-H 35.0
O 0.77 Mt-O 58.1
Silica - - Si na
H 1 Si-H1 45.4
1.3 Si-H1.3 36.2
2 Si-H2 28.4
4 Si-H4 15.1
12.5 Si-H12.5 3.0
O 1 Si-0O1 nd
1.25 Si-01.25 nd
Diatomaceous earth - - D na
H 1 D-H1 nd
2 D-H2 nd
O 1 D-O1 nd
2 D-O2 nd

na, not applicable.
nd, not determined.

The actual surfactant loading of the adsorbents that pre-
sented the best adsorption capacity was determined by
thermogravimetric analysis (TG/TGA, NETZSCH STA
409 PC/PG) with alumina as reference. The adsorbents,
20 mg, were placed in alumina crucibles and heated from
30°C to 800°C at a scan rate of 10°Cmin~"! in the air
atmosphere. The actual surfactant loading for the samples
was determined from the mass loss values in the tempera-
ture range from 150° C to 800 °C, taking into account the
mass loss of Mt structural hydroxyl groups (Xie ef al. 2001).

Batch adsorption studies

Adsorption experiments were performed by placing 0.1 g of
the respective samples in a 100 mL glass bottle containing
50 mL of a solution of 100 mg L™! of NO; or 50 mg L™*
of BrOj. Suspensions were maintained under continuous
mechanical stirring for 24 h. The experiments were per-
formed in duplicate. The pH of the suspensions was
allowed to evolve naturally.

After the contact time, the suspensions were centrifuged
at 15,000 rpm for 15 min to recover the solids. The super-
natant was analyzed by ion chromatography (IC, Metrohm
790 Personal IC) to determine NO; and BrOsz
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concentration. As a mobile phase, NaHCOs 1.0 mM and
Na,COs 3.2mM solutions were used at a flow rate of
7 mL min~'.

The amount of adsorbed NO3, Qaps, (mg NO5 g~* clay)

was determined according to:

(Ci - Ce) -V

Qaps = p

where C; and C, are the initial and equilibrium anion con-
centration, respectively, V is the anion solution volume
(mL) and m is the adsorbent mass (mg).

The adsorbent that attained the highest NO; and BrO3
adsorption in aqueous solutions was also evaluated in
water samples taken from the Puelche Aquifer, and the
NOj3 concentration of these water samples was measured
before the adsorption test (Wu et al. 2016). The Puelche
Aquifer is one of the water reservoirs in Argentina that
supplies drinking water to the most densely populated
areas in Argentina such as the Buenos Aires Metropolitan
Region. This aquifer has low salinity, approximately
585mg L1, and its drinkability is only affected by the
NO3 content, especially in urbanized areas (Zabala et al.
2016; Armengol ef al. 2017).
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Effect of pH

The effect of pH on NO3 removal by Mt-H was evaluated by
using 0.1 g Mt-H and 50 mL NOj3 solution 100 mg L~ (pH
7.7) added into the flasks. The pH of the solution was
adjusted to 3.2 and 5.0 using HCI 0.1 M. The flasks were
shaken for 24 h, and the solutions recovered after the cen-
trifugation process of these samples were analyzed by IC.

Adsorption isotherms

To perform the adsorption isotherms, NO3 solutions were
prepared by diluting a 1,000 mg L~! stock solution in deio-
nized water. The adsorption of NO; was conducted using
the best adsorbent determined in the batch adsorption
studies (Mt-H sample). Then, 0.1 g of adsorbent and 50 mL
NOj; solution (25, 50, 75, 100, 150, and 200 mg L") were
placed in 100 mL glass bottles. The pH of the suspensions
was allowed to evolve naturally during the experiments.and
the glass bottles were maintained under stirring for 24 h at
25 °C. After this contact time, the supernatant was removed
by centrifugation and analyzed by IC.

Isotherms were fitted using different mathematical
models widely applied in the liquid/solid adsorption pro-
cesses, Langmuir, Freundlich, and Sips models.

The Langmuir model assumes monolayer adsorption on
finite, identical, and equivalent sites. However, it does not
predict lateral interactions or steric hindrance, even
between adjacent adsorbate molecules (Foo & Hameed
2010). The mathematical expression of the Langmuir iso-
therm model is:

Q _ Qmax.KL,Ce
ADS T 1 KL - Ce

where Qaps (mgg™!) is the NO;3 adsorbed amount, Qmax
(mg g is the theoretical maximum adsorption capacity,
Ky (L mg') is the Langmuir constant (or affinity constant),
and C, (mg L) is the equilibrium concentration. Normally,
for good adsorbents a high K; and high Q. are suitable
(Marco-Brown et al. 2014).

The Freundlich model does not predict monolayer
adsorption and can be applied to multilayer adsorption.
This model describes non-ideal and reversible adsorption
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on a heterogeneous surface (Foo & Hameed 2010). The
expression of the Freundlich equation is the following:

Qaps = (K - Ce)'"

where Kr (L g~ 1)/ is the Freundlich constant related to the
adsorbed capacity, and 1/n is a dimensionless number that
characterizes the system heterogeneity (Sandy et al. 2012;
Aljerf 2018).

The Sips model is a Langmuir and Freundlich model
combination. At low adsorbate concentration, its behavior
is similar to that of the Freundlich model and at higher
adsorbate concentrations it predicts monolayer adsorption
like the Langmuir isotherm (Foo & Hameed 2010). The
mathematical form of the Sips model is:

Q _ Qmax,(KS ) Ce)l/n

ADS = (Ks - Co)/™
where Kg (L mg™?) is the Sips constant or affinity coefficient
(Sandy et al. 2012).

Column filtration studies

The columns of different lengths were filled with a mixture
of commercial quartz sand (Cicarelli, particle size 0.106-
0.850 mm) and 2 wt% of the adsorbents. To prevent the fill-
ing loss, glass wool was placed in the lower and upper parts
of the column. Then, the sand and adsorbent mixture, pre-
viously mixed manually, was slowly added to the column
(filling length: 2.5, 3.0, and 3.5 cm).

The column was conditioned with the passage of a slow
flow of deionized water from the bottom to top, to prevent
the formation of preferential paths during elution. After the
column was conditioned, a constant rate flow at
2.6 mLmin ' of a solution containing 100 mg L' of NO3
or 50 mg L' of BrO; was passed through the column, and
aliquots were taken at different filtered volumes to evaluate
the removal of the respective anions. Figure S2 (Supplemen-
tary Material) shows the column diagram of the system used
to remove the anions. In the diagram, there is a reservoir that
contains the solution of NOj3 or BrO5 that is passed through

the column using a peristaltic pump.
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Desorption experiments

Desorption experiments were carried out immediately after
the adsorption by passing a solution of 1 M NaCl through
the column at a flow rate of 2.5mL min~'. This column
was reused with a new solution of NO; 100 mg L. The
effluent was collected at regular intervals, and this pro-
cedure was repeated twice.

RESULTS AND DISCUSSION
Adsorbent characterization
The morphology of some absorbents was analyzed by SEM

before and after the adsorption process, to observe changes
in these materials.

The SEM images of diatomaceous earth (Figue S3,
Supplementary Material) showed the presence of fossil
microorganisms. No significant modifications in the
structure were observed in the diatomaceous earth
(Figure S3b) after its modification with the surfactant O
or after being used in the batch adsorption system
(Figure S3c).

Figure 1 shows the curves of Zp values as a function of
the pH of unmodified and modified adsorbents with
ODTMA. It can be seen that Zp values are negative for
the unmodified adsorbents and become positive when the
adsorbents are modified with O. In our previous work, it
was demonstrated that the sign of the Zp is significantly
modified by the different chain lengths of the surfactant
(Jaworski et al. 2019). For the same adsorbents modified
with H, a similar tendency was observed (Figure S4, Sup-
plementary Material).
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Figure 1 | Zeta potential of adsorbents: (a) Mt, (b) Si and (c) diatomaceous earth (D).
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Batch adsorption studies

Figure 2(a) and 2(b) show the removal (%R) of NO3 and
BrOj respectively. The results obtained showed a great
increase in NO; and BrO; removal using the surfactant-
modified adsorbents, which is almost zero in the unmodified
adsorbents. This behavior could be related to the surface
charge sign of each adsorbent, which is positive for those
modified with surfactants (anion attraction) and negative
for the unmodified ones (anion repulsion).

In the results obtained from Figure 2, it is important to
note that there is a relation between the amount of surfac-
tant loaded (see Table 1) and anion removal. In addition,
higher NO; removal was obtained with the surfactant
with the largest chain length (O) in agreement with the
results found in previous work (Jaworski ef al. 2019).

The highest NO; removal was achieved using the Mt
modified with both surfactants (Mt-H and Mt-O), while the
highest BrO; removal was obtained with silica samples
(Si-H1, Si-H1.3 and Si-O1).

Effect of pH

The effect of the pH on NO3 removal in a batch system
using the adsorbent Mt-H was studied (Figure 3). The
NOj removal was performed at three different pH values:
3.2, 5.0, and 7.7. As shown in Figure 3, there are no
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Figure 2 | % Removal of (a) NO; and (b) BrO3 by indicated adsorbents.
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Figure 3 | Effects of pH on NO; adsorption on the Mt-H sample at room temperature.

significant changes in NOj removal with the different pH
values evaluated. This could be because the surface charge
remains practically constant in all pH ranges (Figure 1).

Adsorption isotherms

The adsorption isotherm of NO3 on the Mt-H sample is shown
in Figure 4. The amount of NOj adsorbed increases rapidly at
low initial concentrations. As the concentration increases, the
saturation of the system is reached, and the adsorption remains
constant. The Langmuir, Freundlich, and Sips isotherm
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Figure 4 | NO; adsorption isotherms on Mt-H sample.
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models were applied to determine the related parameters for
NOj adsorption on the Mt-H sample in aqueous media.

The Langmuir, Freundlich, and Sips parameters
obtained are summarized in Table 2. The best fit to the
experimental adsorption points was obtained by the Sips
model. This model predicts that the adsorption system, at
low concentrations of NO3, would behave in a hetero-
geneous form, as predicted also by the Freundlich model.
However, at high NO; concentrations, the adsorption
would occur in a homogeneous form, and as a monolayer.

The Quax Obtained with Sips fit was 18 mg g~*, similar
to the experimental value found, and the 1/n value was
close to 1, which could indicate low surface heterogeneity.

Column adsorption studies

As was described previously, the synthesized adsorbents
were evaluated in a batch system (Figure 2) using NOjz
and BrOj solutions prepared in deionized water. However,
the use of batch systems to remove oxyanions from a large
volume of water would be expensive. As a technological
application, the column filtration systems are considered a
better economic alternative. Column filtration systems
using organo-Mt and sand mixtures have been previously
reported to yield good results in perchlorate and thiopha-
nate-methyl removal (Nir et al. 2015; Flores et al. 2020).
The first experiments were done with the column of length
2.5 cm, and the adsorbents in a proportion of 2 wt% concern-
ing filling weight. The adsorbents used were D-H1, Si-H1,

Table 2 | Langmuir, Freundlich and Sips parameters for NO3 adsorption on Mt-H sample

Langmuir model

Qmax (Mg g™ ") K. (Lmg™) R?
20+1 0.12+0.04 0.7789
Freundlich model
Ke(Lg )" 1/n R?
9+2 0.15 +0.06 0.5365
Sips model

Qmax (Mg g™ ") Ks(Lmg ™" 1/n R?
18+1 0.11 +£0.02 1.8+0.8 0.96831

Downloaded from http://iwa.silverchair.com/ws/article-pdf/21/3/1243/886420/ws021031243.pdf

bv auest

Mt-H, and Mt-O. With the column containing D-H1, the
adsorbent eluted along the column with the NOj solution,
and with the column containing Si-H1, the surfactant was
released from the silica and eluted through the column.
Therefore, the results obtained with the adsorbents based
on diatomaceous earth and silica are not shown in the
column filtration studies. The column study using the Mt
without surfactant is not included either. Due to the high
water retention of this clay, the column swells, and it is diffi-
cult to take water samples.

The column filtration results of NO; and BrOs per-
formed with Mt-H and Mt-O samples are presented in
Figure 5. The NO3 and BrOj removal in the columns filled
with Mt-O and Mt-H samples (Figure 5) decreases with the
filtered volume, being lower for the Mt-H than for the Mt-O
sample, in agreement with the results obtained for batch sys-
tems (Figure 2). The column filled with the Mt-H sample,
after 30 mL filtered volume of NOj3 solution, attained
approximately 10% removal, reaching almost the saturation
of the column (Figure 5(a)). For the Mt-O column, after
40 mL filtered volume, NO3 removal remained at 30%.

The BrOj removal (Figure 5(b)) presented a faster satur-
ation than that obtained for NO5 for both adsorbents (Mt-O
and Mt-H samples). For that reason, the influence of the fill-
ing height and desorption experiments were carried out
using NO3 solution sand, due to the lower toxicity of H
than O (Orta ef al. 2019) with the Mt-H adsorbent.

100

O
o

o Mt-H
80+ Mt-O |
60 (o]

40 o

20 © o o

NO, removal (%)

100

P
(=)}
=

- o Mt-H
80 = Mt-O

60 -
40

20

5

0 T T T T T T T

0 5 10 15 20 25 30 35 40

BrO;” Removal (%)

Filtered volume (mL)

Figure 5 | The percentage removal of (a) NO3 and (b) BrO3 using columns with a filling
height of 2.5 cm.
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Influence of the filling height

In order to evaluate the influence of the operational con-
NO3
experiments were carried out at different filling heights

ditions on removal, the column (filtration
(Figure 6). The adsorption capacity increased with the filling
length for the column that reached saturation (15.47 mg g *
and 19.15mg g !, for 2.5 cm and 3.0 cm, respectively). For
the column with the highest filling height (3.5 cm), the satur-
ation capacity was not reached in the filtered volume
analyzed (Figure 6) and for this reason, NO; adsorption
capacity was lower than that obtained for the shorter col-
umns (11.71 mg g '). The general trend is an increase in
the adsorption capacity of NOz with the increase in filling
length, indicating that the longer contact time between
NOj and the adsorbent, generated by the length of the
column filling, produced the increase of the adsorption

capacity (Wu et al. 2016).

Desorption and reuse assay

To test the reusability of the Mt-H column, NaCl 1M was
used as eluent. The NO; was removed and then, the
column was reused with a fresh NOj solution. These
adsorption-desorption cycles were repeated twice (Figure 7).
The obtained adsorption capacity values were 19.15 mg g~ *
and up to 21.74 mg g for initial adsorption, cycle 1 and 2,
respectively.
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Figure 6 | Effect of different filling heights for column filtration experiments, using NO;
solution and Mt-H sample.
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Figure 7 | Adsorption-desorption cycles for NO; removal with Mt-H columns.

In the first cycle, NO5 desorption was 72% after the pas-
sage of 37 mL of NaCl. This column was reused with a fresh
NOj3 solution, and the adsorption capacity increased up to
13.5%. In the second desorption cycle, its value was 51%
after passing the same volume of 1 M NaCl as in the first
cycle. However, by reusing the column, the adsorption
capacity remained constant.

In order to further investigate the applicability of the Mt-
H columns in environmental conditions, the column (filling
height: 2.5 cm) was used with groundwater extracted from
one of the largest aquifers in Argentina (Figure 8). The
groundwater characteristics were: NO; initial concen-
tration of 60 mg L~ ! and the presence of mostly bicarbonate.

100
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Figure 8 | Removal of NO3 (%) using groundwater as a function of the filtered volume
with a column containing Mt-H.
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The saturation of the column was reached after 40 mL of
elution, similar to that observed for standard NO3 solution
(Figure 6). However, since the initial NO3 concentration for
groundwater was less than that of the standard solution, it
cannot be ruled out that the presence of other anions may
be competing with NO3. The NOj adsorption capacity
was 10.67 mgg !, around 69% of the capacity observed
for a standard solution.

The results obtained for columns filled with the low-cost
and available Mt modified with H are promising for techno-
logical use.

CONCLUSIONS

In this work, three different adsorbents (montmorillonite,
silica, and diatomaceous earth) unmodified and modified
with cationic surfactants (H and O) were used to adsorb
NOj3 and BrOj ions in a batch and column system. The
higher adsorption attained by the modified adsorbents
than by the respective unmodified ones was associated
with the generation of positive surface electric charge with
the surfactant loading, evidenced by the zeta potential
values, which increased the surface interaction with the
anions. Within the adsorbents assayed, organo-Mt adsorbed
mostly NO;z, while the SiO,-based adsorbents removed the
largest amount of BrOj. In the column filtration studies
using Mt-H and Mt-O, progressive removal of NO; was
observed based on the filtered volume, which indicates a
promising technological application for removal of these
water anions. Concerning NO3 removal from real ground-
water, we observe that the presence of other anions such
as bicarbonate probably interferes with NO3 adsorption.
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