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Abstract

Natural aluminosilicate activated by a heat/acid treatment, followed by modification with uric acid was used to remove sulfates for treatment
of wastewater effluent. Natural aluminosilicates were studied in every stage of the modification (namely activation, modification with uric acid, and
after sulfates absorption) by scanning electron microscopy (SEM), spectroscopy X-ray diffraction (XRD), energy dispersive spectroscopy (EDS),
surface area (BET), X-ray photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA), and Z potential. More than 60% of the initial
concentration of sulfates (500 mg/l) was removed with the natural aluminosilicate modified with uric acid. Absorption isotherms rendered a
mechanism with contributions from both Langmuir and Freundlich mechanisms. This study opens the path for the use of natural and abundant local
material to remove sulfates using a modifier already present in wastewater effluents as contaminant.
© 2015 Tomsk Polytechnic University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/). Peer review under responsibility of Tomsk Polytechnic University.
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1. Introduction geographic areas. Sulfate was found to be present in 645 of 658
groundwater supplies and in all of the 106 surface water sup-
plies sampled. Sulfate levels ranged from <1 to 770 mg/l, with
a median of 4.6 mg/l. Only 3% of the water supplies sampled
had sulfate levels in excess of 250 mg/1.

With an average annual precipitation of 273 mm and a rapid
population growth, the region of Tijuana—San Diego, in the
Mexico—USA border, is currently experiencing a scarcity of
water resources [3]. In Tijuana, local wastewater treatment
plant system (WWTPS) generates 79.65 Mm?/year (2590 Ips)
of reclaimed water, from which 0.11 Mm?®/year (85.03 Ips) is
used for irrigation and the rest is discharged to the Pacific
Ocean and thus not utilized [4]. Therefore strategies aimed to
increase the quality of reclaimed water are a must. Adsorption
and ion exchange stand as the most effective technologies and
economic alternatives for removing contaminants from water.

. ) o ) Previous studies for pollutants removal of reclaimed water with
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The main limitation for reusing reclaimed water is its low
quality in terms of nitrogen-based nutrients (NH;, NO, ", NO;"),
phosphates (PO, ) and sulfates (SO, %), which precludes its use
in recharging local groundwater aquifer [1]. According to
World Health Organization [2], a global network of water moni-
toring stations, typical sulfate levels in fresh water are in the
vicinity of 20 mg/l and range from 0 to 630 mg/l in rivers (the
highest values are found in Belgium and Mexico), from 2 to
250 mg/l in lakes (the highest value is found in Mexico) and
from 0 to 230 mg/l in groundwater (the highest values are found
in Chile and Morocco). In 1970, the US Public Health Service
measured sulfate levels in the drinking-water sources of nine
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Technologies involving reverse osmosis [7], electrochemistry
[8], biotechnology, adsorption and ion exchange [9,10] have been
applied to control pollution caused by sulfates. Among the pre-
ferred absorbers, natural aluminosilicates are the most widely
used due to its low cost, ample distribution and preference for
specific contaminants [11-13]. During the last twenty years
numerous researchers have been working on the creation
of adsorption materials based on modified aluminosilicates.
Common modifications include the use of acids, bases, cationic
surfactants and polioxocationes [14,15]. Intercalation routes,
organic molecules located in the interlayer space, post-synthesis
grafting of organosilane onto aluminosilicate surfaces [16,17]
and one step preparation of aluminosilicates by sol-gel process
[18,19] have been also used. Natural aluminosilicate (bentonite)
is a widespread type of clay that can be easily modified with
quaternary ammonium salts for applications in many fields,
including sulfate remove from water [20]. Recent reports showed
the capacity of bentonite to adsorb uric acid and creatinine in rats
thus inhibiting their adsorption in the intestine [21].

In some regions (e.g. Tijuana—Otay, Mexico—-USA border)
soil possess high content of natural aluminosilicate (bentonite)
and other aluminosilicates [22]. The aim of this study was to
use a natural aluminosilicate-type material to remove uric acid
and sulfate solutions that emulate treated wastewater effluent
through two steps: (1) Uric acid absorption into natural alumi-
nosilicate as modifier of the surface properties (e.g. charge), (2)
adsorption of SO in the modified aluminosilicate with uric
acid. The method here described introduces preliminary results
regarding a low cost alternative for the reuse of wastewater,
which takes advantage that both the modifier and the sulfates
are already present in domestic and industrial wastewater
effluents.

2. Materials and methods
2.1. Materials

2.1.1. Natural aluminosilicate

The natural aluminosilicate was collected by gravimetric
sedimentation and passed through No. 635 mesh ASTM Stan-
dard Testing Sieve vibrator E-11, model 150 [23]. Then, the
sample was washed with distilled water and dried at 100 °C.
The sample was labeled NA, which stands for natural
aluminosilicate.

2.2. Activation of natural aluminosilicate (NA)

Twenty-five grams of natural aluminosilicate (NA) was dis-
persed into 250 ml of hydrochloric acid 2N, at 90 °C for 2 hours,
afterwards it was washed with 3 1 water and dried at 250 °C for
4 h [24]. The sample was labeled AA (activated aluminosilicate).
The cation exchange capacity of NA was determined by the
copper ethylene diamine complex (Cu(EDA),*) method [25].

2.3. Adsorption kinetic of uric acid into activated
aluminosilicate (AA)

A sample of 600 mg of AA was added to 50 ml of uric acid
solution (113 mg 1"!) under magnetic stirring in a 250 ml Pyrex
glass flask at 25 °C; hydrochloric acid solution (2N) was used to

adjust the pH to 2.0 (Orion type PHS-25C). Uric acid absorp-
tion on the filtrates was measured after 5, 15, 30, 60, 90 and
120 min on different samples. The resultant sediment was fil-
tered and centrifuged. The remained uric acid in solution was
determined by an enzymatic—colorimetric method (diagnostic
ELITECH) at A = 550 nm with a spectrophotometer DR.5000
HACH, thus the uric acid uptake was calculated by the differ-
ence between the initial and final concentrations of uric acid in
solution after absorption on the aluminosilicate.

2.4. Effect of pH on the uric acid absorption on AA

Two hundred fifty milliliters of a uric acid solution with an
initial concentration of 400 mg 1! was added to different masses
of AA (from 0.1 to 1.0 g) in stopped Pyrex glass flasks under
magnetic stirring at 25 °C. Hydrochloric acid solution (2N) was
used to adjust the pH to 2 followed by agitation by 30 min at
89 rpm. The absorption of uric acid at different pH was calcu-
lated by measuring the concentration of uric acid remained in the
solution after the filtration of the aluminosilicate (enzymatic—
colorimetric method using diagnostic ELITECH at A =550 nm
with a spectrophotometer DR.5000 HACH). The same approach
was used with pH 7 and 10, adjusting the pH with a sodium
hydroxide solution 2N.

2.5. Preparation of modified aluminosilicate with uric acid
(44-U)

Five grams of AA was dispersed into 250 ml of uric acid
solution (600 mg1™") and heated to 80 °C for 1 h. Then the
aluminosilicate, now modified with uric acid (AA-U), was
washed with 31 of deionized water followed by addition of
200 ml of hydrochloric acid (7N). The modified aluminosilicate
was finally centrifuged and dried at 60 °C for 24 hours [21,24].
The sample was labeled AA-U.

2.6. Adsorption kinetic of sulfates on AA-U

A sample of 1 g of AA-U was added to 200 ml of sodium
sulfate solution (500 mg 1) under magnetic stirring in a
250 ml Pyrex glass flask at 25 °C; sodium hydroxide (2N) was
used to adjust the pH to 7.0 (Orion type PHS-25C). Sulfates
absorption on the filtrates was measured after 20, 40, 60, 80,
100, and 120 min on different samples. The resultant sediment
was filtered and centrifuged. The amount of sulfates removed
by the AA-U was calculated measuring the concentration of
sulfate ion remained in the supernatant after centrifugation and
concentration of sulfate ion initial.

2.7. Absorption of sulfates on AA-U

Five grams of AA-U was used as absorbent material in
200 ml of sodium sulfate with concentration ranging from 200
to 500 mg ml™" at pH 7. The samples were stirred in a rotatory
equipment Jar Tester Unit programmable Phipps & Bird series
PB-900 at 89 rpm and 25°C+£2°C, for 120 minutes. The
samples were then filtered and centrifuged (VWR clinical 50
centrifuge). The amount of sulfates removed by the AA-U was
calculated measuring the concentration of sulfate ion remained
in the supernatant after centrifugation. The method employed
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was based on a colorimetric reaction of sulfates with Barium at
450 nm (SulfaVer 8051 Hach).

2.8. Characterization of NA, AA-U and the product after
sulfate adsorption (A4-US)

X-ray diffraction patterns were conducted using the powder
diffraction procedure [26]. Sample was ground in a small agate
mortar. Powder X-ray diffraction patterns were recorded on a
Bruker AXS diffractometer (CuKoa., step size 0.01°, counting
time per step of 2 s). The surface composition of samples was
evaluated by means of X-ray photoelectron spectroscopy (XPS)
brand high resolution SPECS employing an Mg anode with
characteristic X-ray energy of 1253 eV. The morphologies of
natural aluminosilicate (NA), modified NA (AA-U) and AA-U
with adsorbed sulfates (AA-US) were studied by scanning elec-
tron microscopy (JEOL JSM-5300), and the elements were
quantified by energy dispersive spectroscopy (JEOL JIB-4500).
Surface areas of NA and AA were measured by adsorption of
nitrogen according to the BET-method on a Micrometrics
Gemini 2360 apparatus. Thermogravimetric analysis (TGA) of
samples NA, AA, AA-U and AA-US was performed by TGA
Q500 V20.13 Build 39 instrument at a heating rate of
10 °C min™' in a temperature range from room temperature up
to 900 °C, in an inert atmosphere of nitrogen. Sample mass was
around 4 mg. Zeta potential measurements of materials AA,
AA-U, AA-US were done with a Zetasizer Nano-ZS, ZEN-3500
model, Malvern Instruments (England). The device uses laser
green light of 532 nm/50 mW.

3. Results and discussion

The elemental analyses by EDS for different samples are
summarized in Table 1. It can be observed that in the natural
aluminosilicate (NA) the aluminum and silicon content, i.e. the
ratio Al to Si is 3.3. Other significant elements presented are Fe
(2.9%) and to a lesser extent K, Ca and Ti. When NA was
modified with uric acid (AA-U) a decrease in Al Si, K, Na, Ca
and Fe is observed, this is due to the activation made on NA
previously to uric acid modification. During the activation treat-
ment, which involves heat and acid pH, impurities and cations
are washed out and Al can also be partially eliminated from the
octahedral structure of aluminosilicate [24]. It is worthy to note

Table 1

Composition by energy dispersive spectroscopy (EDS) for natural aluminosili-
cate (NA), modified NA with uric acid (AA-U) and sulfates adsorbed on
modified aluminosilicate with uric acid (AA-US).

Atomic % NA AA-U AA-US
(6] 64.33 66.44 65.22
Al 7.08 5.16 4.85
Si 23.82 23.38 273

K 0.87 0.56 0.66
Ca 0.7 0.18 0.23
Ti 0.28 0.31 0.36
Fe 291 1.52 1.38

S - 1.12
Na 0.02

that activated aluminosilicate modified with uric acid (AA-U)
shows up to 1.12% of sulfur after sulfate adsorption.

Regarding the nitrogen content, XPS analysis was per-
formed because elemental analysis by EDS was unable to detect
N in the samples. Monitoring the presence of N constitutes an
exact approach to detecting indirectly the presence of uric acid.
In the XPS spectra on Fig. 1, nitrogen is noticeable at the
binding energy of 406.5 eV that corresponds to the N 1s peak
characteristic of amines.

Fig. 2 shows the X-ray diffraction patterns of the alumino-
silicate at different stages of the processing, namely raw mate-
rial NA, activated AA, modified with uric acid AA-U, and with
sulfates absorbed AA-US. A high content of quartz located at
angles 20 = 26.61 and 50.07 [27-29]. Note that sulfate adsorp-
tion does not change the crystal structure of activated alumino-
silicate (AA).

3550 —AA-U —NC

3400
3250

3100

Intensity (arb. Units)

2950

2800
385 400 415

Binding Energy (V)

Fig. 1. Comparison of X-ray photoelectron spectroscopy results in the N 1s
region for natural aluminosilicate (NA) and modified aluminosilicate with uric
acid (AA-U).
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Fig. 2. X-ray diffraction for raw natural aluminosilicate (NA), activated alumi-
nosilicate (AA), modified aluminosilicate with uric acid (AA-U) and sulfates
adsorbed on modified aluminosilicate with uric acid (AA-US).
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Fig. 3. Scanning electron microscopy images of (a) activated aluminosilicate (AA), (b) aluminosilicate modified with uric acid (AA-U), (c) sulfates adsorbed on
modified aluminosilicate with uric acid (AA-US).

Micrographs using SEM show that NA samples presented
different grain sizes compared to that in the natural alumino-
silicate after activation (Fig. 3). The former comprises aggre-
gates of irregularly shaped particle grains with diameter of ca.
4 um, which are formed by several flake-like particles ran-
domly stacked. On the other hand, in Fig. 3b and ¢, AA-U and
AA-US respectively, it can be observed that particle size
increases to ca. 10 um showing pilled plaques with more order-
ing and exposed edges.

Surface area (BET) of bare NA was 66.1 m*> g”!. After the
activation treatment with hydrochloric acid and heat, the
surface area greatly increases to 141.05 m? g™ as well as pore
volume. This is in accordance with the fact that washing out
impurities (e.g. carbonates and amorphous material) and partial
elimination of Al from interstitial octahedral structure increase
microporosity (Table 2). However these results are far less than
the surface area reported from other aluminosilicates (benton-
ites), which pose surface area of about 800 m? g”' [30], empha-
sizing the source of this aluminosilicate naturally occurring.
Surface area of both AA-U and AA-US was not possible to be
evaluated by this method because of the volatile nature of the
organic modifier that decomposes during the treatment prior
measurement.

Fig. 4 shows thermogravimetric analysis (TGA) traces of the
different materials.

Comparing the TGA traces of NA and AC, it is evident that
after activation, the resulting materials (AA) presented less

Table 2
Surface area (BET) of natural aluminosilicate (NA) and activated aluminosili-
cate (AA).

Sample Surface area (m® g') Pore size (A) Pore volume (cm® g')
NA 66.01 24.1 0.09
AA 141 31.9 0.11

moisture and impurities (accounting for 3% wt.). For instance,
the first step occurring before 150 °C is ascribed to water
absorbed in the aluminosilicate and volatile compounds evapo-
ration, while the second step around 450 °C can be due to
dehydroxilation. In the case of NA modified with uric acid
(AA-U) and the samples resulting from adsorption of sulfates
(AA-US), three main steps are visible. As well as NA and AA,
the first step is related with loss of water. However, around
300 °C uric acid presented in AA-U start decomposing, and
finally at 400 °C the last weight loss step occurs in the same
way that in the AA. In the sample containing uric acid and
sulfates (AA-US), the second step is more prominent than in the
previous samples evidencing a high load of material decompos-
ing at this temperature. Because this lost of weight occurs in the
same region that uric acid in AA-U, one can conclude that
sulfates and uric acid begin decomposing during the range of
temperature. By comparing the remained weight of each sample
it is clear that AA-US lost around 15% more weight than AA-U,
which in turns lost ca. 7.5% more weight than AA.

Z potential of materials in solution was evaluated to get
insight about the surface charge as a result of modifications
introduced by activation, uric acid integration and finally after
sulfate adsorption. In Table 3 values for Z potential are
reported. The activated natural aluminosilicate has a value of Z
potential of —36.9 mV, which is characteristic of ¢ aluminosili-
cate having normally isomorphic substations in their structure,
as was inferred to occur by the acid/heating treatment. Upon
incorporation of uric acid, Z potential of the aluminosilicate
drops to —13 mV, indicative of neutralization of negative sites
by uric acid. Uric acid has actually two pKa at 4.5 and 10. 3, so
it is plausible that strong interactions between negative sites in
the surface of the NA and protons of partially charged uric acid
can be readily established [31]. Finally, adsorbed sulfates
decrease the Z potential to —18 eV, presumably due to its
accommodation via electrostatic interactions over uric acid
already interacting with aluminosilicate surface.
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Fig. 4. Thermogravimetric analysis (TGA) traces of raw natural aluminosilicate (NA), activated aluminosilicate (AA), uric acid modified aluminosilicate (AA-U)
and uric acid modified aluminosilicate after sulfate absorption (AA-US). Heating rate is 10 °C min"' in N, atmosphere.

Fig. 5 shows the results of the studies of the adsorption of
uric acid onto activated aluminosilicate (AA). The adsorption
was essentially completed after the first 4 minutes (70% at
minute 2), finally reaching the equilibrium within 60 min

Table 3

Z potential (zP) values of activated aluminosilicate (AA), uric acid modified
aluminosilicate (AA-U) and sulfates adsorbed in aluminosilicate-modified uric
acid (AA-US).

followed by a plateau. More than 80% of uric acid (initial
concentration 113 mg/l) was successfully up taken by the NA
before reaching the equilibrium.

The effect of pH on the adsorption of uric acid on AA is
shown in Fig. 6. Increasing the mass of activated aluminosilicate
causes an increase in the absorption of sulfates, as expected in all
cases. However decreasing the pH the absorption of sulfates is
greatly favored. As mentioned before uric acid has two pKa, low
pH keeps the uric acid in its acid form while higher pH promotes

Sample Zp (mV) its ionization [32,33]. Obviously ureate ions have less affinity for
AA 369 the n(?gative charge in alu'mino.si.licate surface so.absorption of
AA-U ~13.5 negatively charged sulfate ions is in fact more efficient at low pH.
AA-US -18 At this point it is important to mention that pH of normal
wastewater is between 6 and 8, so in order to keep conditions that
are more likely to occur in a real effluent, next experiments were
100 7 carried out at pH 7.
e
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Fig. 5. Effect of contact time on the adsorption of uric acid (113 mg/l concen-
tration) on AA.

Fig. 6. Effect of pH on the amount of uric acid absorption (initial concentration
400 mg/l) on different amounts of AA.
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Fig. 7. Effect of contact time on the adsorption of sulfates on 44-U (500 mg/1
concentration).

Fig. 7 shows the results of the studies of the adsorption of
sulfates on modified aluminosilicate with uric acid (AA-U).
The adsorption was essentially completed after 90 minutes
(65%), finally reaching the equilibrium within 100 min fol-
lowed by a plateau. More than 60% of sulfates (initial concen-
tration 500 mg/l) were successfully up taken by the AA-U
before reaching the equilibrium.

Isotherm of absorption of sulfates onto AA-U was carried
out at pH 7 with an initial concentration of sulfates of 250—
500 mg/1 (Fig. 8). As it was stated before pH 7 was evaluated
because the both lower and higher pH belong to a very specific
type of wastewater, being those of pH 7 the most widespread
and common.

Data of isotherm absorption of sulfates on AA-US were fit to
Langmuir and Freundlich isotherm models to estimate the
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Fig. 8. AA-U adsorption capacity (q.) for sulfates versus sulfate concentration
at equilibrium in liquid phase (Ceq).

Table 4
Constants for the data fitting of sulfate adsorption isotherm on AA-US at pH 7.
Langmuir Freundlich

Qmas (mgg’) b R*  %SD n
AA-US 11

k(mgg') R*> %SD
0.7 091 025 29 133 0.88 2.39

maximum adsorption capacity of uric acid on AA at pH 7 and
25°C. Langmuir model is based on the assumption that
maximum adsorption corresponds to monolayer formation of
adsorbate on the adsorbent surface (sulfates and aluminosilicate,
respectively) (Fig. 9). The energy of adsorption is constant and no
transmigration of adsorbate occurs on the surface [34]; whereas
Freundlich isotherm is used to describe adsorption on both
homogeneous and heterogeneous surfaces [35].

Based on the adsorption isotherm the mechanism of sulfate
absorption can be divided in two regimes separated by an inflec-
tion point when saturation is reached (Ceq around 300 mg/l).
Considering the negative charge of AA, protonated uric acid
shows affinity for the negative sites of AA at acid pH, as dem-
onstrated before by Z potential measurements. Table 4 shows the
values for the constants, deviation standard and linear correlation
coefficients for Freundlich and Langmuir isotherm models.
Although experimental data seem to fit better to Langmuir
model, the correlation is still weak to discriminate between pref-
erential mechanisms of absorption. So in this material at pH 7 it
can be concluded that contribution of both Freundlich and
Langmuir isotherm models are operating.

4. Conclusions

In this work it was revealed that natural aluminosilicates are
able to remove two residues that are commonly found as water
contaminates. Uric acid can play the role of efficient modifier of
the surface charge, over which the other contaminants, sulfate
ions, are absorbed.

In contrast with previous works, in this case widely available
natural aluminosilicate is used under conditions that reproduce
typical wastewater (pH and concentration of contaminants).
Regarding the underlying mechanism of the absorption of sul-
fates, it is not fully understood, but contribution from both
Freundlich and Langmuir is possible. Nevertheless the mecha-
nism can be divided in two regimes separated by an inflection
point when saturation is reached.

Although the source of this material is local, its basic struc-
ture of aluminosilicate common to other aluminosilicates offers
a platform for the use of two contaminants, one playing the role
of charge modifier for the subsequent absorption of the other
one, e.g. undesirable anions. This work opens the path for a
more detailed investigation and optimization of parameters in
order to increase the amount of sulfates removed under differ-
ent conditions. This is a first attempt to demonstrate the use of
water contaminants to overcome the use of expensive synthetic
adsorbents or/and modifiers for sulfate removal. It is expected
that this work impacts the efficient future technologies for
wastewater treatment from different industries.
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