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ABSTRACT

Highly effective adsorbents derived from modified Di Linh bentonite (Lam Dong Province, Vietnam) were

produced using AL’

stock solution prepared from Al,(SO,);°18H,0. Mineral, morphology, and surface area
properties of untreated and Al-modified Di Linh bentonite were characterized using X-ray diffraction, Fourier
transform infrared spectroscopy, scanning electron microscopy, and nitrogen adsorption-desorption analyses. A scanning
experiment was conducted to investigate the Al-modified bentonite material's ammonium (NH4") removal capacity at
two levels of NH4" initial concentration. Results show that the combination of acid H,SO, (a bioproduct of diluted Al
solution) with AI*" caused the smectitization of clay particles via a dissolution-precipitation mechanism, which
enhances the structural organization of smectite and modifies its mineralogical properties. This process promoted the
removal capacity of Al-modified bentonites, which increased to 0.47 mg/g in comparison with 0.32 mg/g from
untreated bentonite at 50 mg/L NH,"-N concentration, to 19.3 mg/g in comparison with 17.2 mg/g from untreated
bentonite at 1000 mg/L NH,"-N concentration. This approach to modifying natural bentonite offers new possibilities
for developing adsorbents to eliminate NH," from water.

Keywords: Al-modified bentonite, ammonium removal, adsorption property, clay, smectitization.

1. Introduction resulting in the depletion of dissolved oxygen,
toxicity to the aquaculture system, and
decreased species diversity (Edwards et al.,
2023). The World Health Organization
(WHO) states that NH,  can be toxic or
dangerous to health if its concentration in the
human body exceeds 200 mg/kg of body
weight (WHO, 2011). The WHO reported that
excess NH,* in water can diminish
*Corresponding author, Email: hoangminhthao@vnu.edu.vn disinfection efficiency, lead to nitrite

Ammonium (NH,") is the inorganic ion
form of N that can result from the
decomposition of organic nitrogen compounds
found in domestic and industrial wastewater,
municipal sewage, and water (Han et al,
2021). Ammonium can lead to eutrophication,
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formation in the water system, create odor in
water, and impair manganese removal. Nitrite
levels should be maintained below 0.1 mg/L
to prevent potential toxicity, while total
transformation of 1 g ammonium results in
2.7 g nitrite.

In recent years, many kinds of techniques
for the removal of ammonium from water
have been widely studied, including air
stripping (Sotoft et al., 2015), biological
treatment processes (Abu Hasan et al., 2013),
chemical precipitation (Chai et al., 2017),
anammox (Yang et al., 2019),
photoelectrocatalytic (Ji et al., 2017), and
adsorption (Tu et al., 2019; Cheng et al.,
2019) methods. Biological treatment is the
principal and effective method for accessing
domestic wastewater treatment plants. This
technique is considered the most economical
method for ammonium/ammonia treatment at
wastewater treatment plants (Liu et al., 2019).
However, when water or environmental
conditions, including temperature, change, the
growth rate of microorganisms and the
biological activities of the biological
treatment system will be affected (dos Santos
and Daniel, 2020). Adsorption and/or ion
exchange are widely regarded as the most
viable methods for eliminating ammonium
from water because they are more direct,
stable, and inexpensive methods. Therefore, it
is possible to develop adsorbents and/or ion-
exchangeable materials for removing
ammonium before or after Dbiological
treatment (Cheng et al., 2019). Consequently,
there has been a global interest in developing
cost-effective and efficient natural materials
for removing ammonium in water treatment
(Cheng et al., 2019; Lin et al., 2014; Tran et
al., 2022;). Numerous studies on ammonium
removal have concentrated on clay materials
(Angar et al., 2017; Zamparas et al., 2013).

From ancient to modern times, clay
materials have been utilized in various
applications, such as building materials,

earthenware, ceramic products, paper, rubber,
paint, pharmaceuticals, cosmetics, and
adsorbents. The application of specific clay
materials is based on the primary clay
minerals and their physical and chemical
properties, which are strongly influenced by
the structure and composition of the clay
minerals (Murray, 2007). Clays play an
essential role in the environment by serving as
natural scavengers of pollutants, absorbing
both anions and cations through adsorption or
ion exchange processes. These materials excel
as adsorbents due to various active sites on
their surfaces, including Bronsted and Lewis
acid sites and ion exchange sites. Ammonia
undergoes protonation by acidic water
molecules at the interface of exchangeable
cations (Rybalkina et al., 2019). Subsequently,
ammonium comes into contact with
exchangeable cations and participates in the
cation exchange reaction with clay. Among
clay families, bentonite and bentonitic clay
are the best adsorbents because of their main
clay mineral's high surface charge, high ion
exchange capacity, and very high specific
surface area, smectite (Murray, 2007).
Numerous researchers have employed
bentonite to remove various hazardous
substances, including ammonium, from water
and wastewater (Anggraini et al., 2014;
Campos et al., 2013; Cheng et al., 2019; Yao
et al.,, 2014). Otherwise, the negative charge
of clay minerals in general and bentonite, in
particular, can be repelled by natural clay
minerals, which is a reason for the ineffective
adsorption of these contaminants. When
examining the elimination of biological,
organic, and inorganic contaminants from
drinking water, Srinivasan asserted that clays
and their modified composites demonstrate
either superior or comparable adsorption
capacities for pollutants compared to other
inexpensive adsorbents (Srinivasan, 2011).
Many prior studies on ammonium adsorption
have also concentrated on clay materials
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(Zamparas et al., 2013). However, bentonite
and bentonitic clay are composed of tiny
swelling  particles of montmorillonite,
iliite/smectite  mixed-layer (IS-ml), and
dioctahedral vermiculite/smectite mixed-layer
(diVS-ml) minerals. Both of these properties
prevent water migration through bentonite and
bentonitic clay. Using natural bentonite in
fixed-bed adsorption for water or wastewater
treatment  systems is challenging or
impractical. Hence, modification is necessary
to convert bentonite or bentonitic clay into an
effective material for ammonium removal.

There has been a notable focus on the
combination of bentonite with various
materials, including metals, synthetic
polymers, and natural polymers (Dukic et al.,
2015; lanchis et al., 2015; Pandey, 2017;
Rzayev et al.,, 2015; Srinivasan, 2011;
Vanamudan and Pamidimukkala, 2015). Clays
modified with metals are highly significant
due to their high thermal stability, extensive
surface area, and inherent catalytic activity
(Angar et al., 2017). Sun et al. (2015) used
purified low-grade natural Ca-bentonite and
modified it with Na’/Al". The authors found
that the ammonium adsorption capacity of
purified and modified bentonite was nearly
twice that of raw bentonite, which was among
the highest values of ammonium adsorption
(46.90 mg/g) compared with many popular
adsorbents, including natural zeolite and
synthesized zeolite from fly ash. The
modification process, however, depends on
various other factors, including pH,
temperature, duration, and the ratio of
materials. In a consecutive study, Cheng et al.
(2019) modified bentonite with AI’" cross-
linked with tannin to form a promising
adsorbent to remove ammonium from
wastewater at room temperature. Modifying
clays through pillaring and activation
significantly =~ impacts  their  structural
properties, often enhancing their adsorption
capacities. However, reverse trends are also
observed in some cases.
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This study used raw Di Linh bentonite
from Lam Dong Province, Vietnam, as the
starting material. The bentonite was modified
using Aly(SO4);°18H,0 solutions at various
concentrations to assess its effectiveness in
removing ammonium from aqueous solution.
The objective was to explore the structural
and mineralogical changes during the
modification process. Different analytical
techniques were applied in the study,
including X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FT-IR),
scanning electron microscopy (SEM), and
adsorption-desorption of N, at 77 Kelvin, to
characterize the solid materials in the samples.

2. Materials and Methods
2.1. Materials

The natural bentonite is of sedimentary
origin and is located in the bentonite-,
diatomite- and lignite-bearing Di Linh
Formation in Lam Dong Province, Southern
Vietnam. This clay/bentonite has been
regarded as a lacustrine sediment that is
locally stratiform and interbedded with some
basalt. Hoang-Minh et al. (2019) investigated
and published this clay's chemical
composition and crystallinity, especially for
the < 2.0 pm fraction. This clay was used after
removing coarse fractions of nonclay-sized
impurities by sieving and sedimentation. The
aluminum sulfate hydrate (Al,(SO,);*18H,0)
and NH,Cl were purchased as analytical grade
reagents from Sigma-Aldrich as an Al-source
and ammonium without further purification.

2.2. Preparation of Al-modified bentonites

The natural Di Linh bentonite was gently
hand-milled in an agate mortar to a fine
powder, and the < 40 pum fraction was
separated by sieving. The AI’* stock solution
was prepared by diluting Al,(SO4);*18H,0 to
different concentrations (0 ppm, 5 ppm,
50 ppm, 100 ppm, 150 ppm, 250 ppm, and
500 ppm), which are designated as Cl.1,
Cl.2, C1.3, C14, Cl1.5, Cl1.6, and C1.7,



Thao Hoang-Minh et al.

respectively. The prepared stock solutions
were saturated with natural Di Linh bentonite
with a solid: liquid ratio of 1:10. The mixture
of clay and AI’" stock was agitated for 180
minutes at 80 rpm using a reciprocating
shaker, after which the mixture was
centrifuged for 60 minutes at 400 rpm to
separate the liquid and solid parts. The
supernatants were subsequently filtered
through a 0.25 um filter for further
measurements. The solid material was dried
and milled again by agate mortar to a fine
powder. A portion of the sample was
chemically and physicogenically investigated
via XRD, FT-IR, SEM, CEC, and BET-
specific surface analysis, and the other parts
were used for NH," -adsorption experiments.

2.3. Mineralogical characterization

XRD determined semiquantitative mineral
composition and structural properties of each
phase. The XRD patterns were obtained from
bulk samples (randomly oriented powders)
and clay fraction (< 2.0 pm)-oriented mounts
(both air-dried and ethylene-glycolated
specimens). The XRD measurements were
performed using a Panalytical X'Pert Pro
Diffractometer. The equipment was operated
at 30 mA and 40 kV, employing Cu-Ka,,
radiations and a step size of 0.008°20. The
data were collected within the range of 4 to
70°20 for bulk samples and 4 to 35°20 for
oriented mounts.

FT-IR also was performed at room
temperature, spanning from 400-4000 cm’
with a resolution of 4 cm™ to characterize
mineralogical composition. Powder samples
(1 to 2 mg) were uniformly mixed with
120 mg of predried KBr (at 80°C) for a
minimum of 6 hours. Pellets of the mixture
with a diameter of 13 mm were formed and
inserted into the Varian 670-IR series for
analysis. Origin Pro 2021 Peak Fitting with
Gaussian distribution was used to deconvolute
the yielded FT-IR spectra. The obtained bands
were compared with the values Farmer (1974)

and Madejova & Komadel (2001) reported to
determine the mineral structure.

2.4.  Morphology
characterization

and surface area

SEM images were obtained on hand-
powdered natural and modified Di Linh clays
to characterize the morphology of the clay
materials. This method used FEI Quanta 400
ESEM FEG equipment and an energy-

dispersive X-ray system (Oxford,
Oxfordshire, UK).
The BET-specific surface area of

representative samples (C1.1, C1.4, and C1.6)
was employed using a Quantachrome NOVA
2000e series volumetric gas adsorption
instrument. The materials were degassed
under vacuum, weighed, and cooled using
external liquid nitrogen. The nitrogen gas
pressure gradually increases from vacuum to
0.995 atm, causing physico-sorption on the
clay surface, and an adsorption isotherm is
recorded. The nitrogen  pressure is
subsequently decreased back to the vacuum,
and a desorption isotherm is documented. The
specific surface area, pore volume, size
distribution, and N, adsorption-desorption
isotherms at 77 Kelvin were archived.

The exchangeable cations were determined
using 0.1 M BaCl,, and the cation exchange
capacity (CEC) was calculated as the sum of
the exchangeable Ca*", K', Na', and Mg2+
ions.

2.5. Ammonium adsorption experiments

The adsorption of ammonium from the
NH,CI solution by participants in the Al-
modified bentonite was conducted in a batch
process at room temperature. Ammonium
solutions with initial concentrations of
50 mg/L and 1000 mg/L were created by
adding the necessary amount of NH,Cl to
reverse osmosis-grade water. In a series of
100 mL flasks containing 50 mL of solution,
0.5 g of Al-modified bentonite (adsorbent)
was added (10 g/L adsorbent concentration).
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The flasks were subsequently shaken at
100 rpm for 6 h. After reaching equilibrium,
the solution was separated from the
adsorbents by centrifugation at 3000 rpm for
10 minutes. The initial and equilibrium
concentrations of ammonium were assessed
through static headspace gas chromatography
utilizing an Agilent 6890 GC.

The NH," adsorption capacities (mg/g) at
the equilibrium (g.) were determined by the
following equation:

_ (Co — C)V
¢ m
where C, (mg/L) and C, (mg/L) are the NH,"
concentrations at initial and equilibrium,

respectively; m (g) is the adsorbent mass;
V' (L) is the solution volume.

3. Results and Discussions
3.1 Mineral characterization

The XRD profiles and quantification of
the mineralogical composition of the
unmodified and modified samples are shown
in Fig. 1 and Table 1. The untreated and
treated Di Linh bentonites are composed
mainly of montmorillonite and consist of
mica (illite + muscovite), kaolinite as a clay
mineral and quartz, and feldspars (microcline)
as impurities. Smectite samples exhibited a
d-spacing reflection of d(001) = 153 A for
natural Di Linh smectite, indicating the
presence of divalent cations (Ca>" and Mg in
the interlayer sheet of montmorillonite, and
d(001) = 14.4-14.9 A for Al-modified smectites,
suggesting a higher presence of monovalent
cations (Na") of montmorillonite.
Montmorillonite also exhibited nonbasal
reflections with d ~ 4.47, 2.56, 1.68 A and
other small nonbasal reflection values.
Reflections of d(060) at 1.50 A indicate that
the smectites are dioctahedral clay minerals
with a revealed layer charge predominantly
from octahedral sheets of montmorillonite.
Other clay minerals are represented by mica
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(illite, muscovite) with a basal reflection
series of d ~ 10.0, 4.99, and 3.34 A and
kaolinite with d(001) ~ 7.24 A and other
nonbasal reflections overlap with those of
montmorillonite. The nonclay minerals were
identified as feldspar (microcline) at d = 6.48,
4.03, 3.21, and 3.18 A and as quartz (d ~ 4.26,
3.34, 2.45, 2.38, 1.82, 1.52 A, based on the
JCPDS International Center for Diffraction
Data). Quantitative calculations based on XRD
data of randomly oriented specimens (Fig. 1a)
indicated a rise from 40 wt.% of smectite
content in untreated Di Linh bentonite to
61-63 wt.% in treated clays (Table 1) a
considerable reduction in kaolinite content
after modification was observed.

Concerning the oriented mounts, the full
expandability of d(001) after ethylene glycol
saturation confirmed the smectite phase's
dominance before and after modification. The
profile shapes of the d(001) reflections of the
air-dried samples are asymmetric, which
indicates the presence of two possible
montmorillonite, mixed-layer phases with
different interlayer cations in the interlayer
sheet of montmorillonite (Fig. 1).

The FT-IR spectrum confirmed Al-smectite
as the dominant phase in the samples (Fig. 2).
The untreated Di Linh bentonite exhibits bands
at 469 cm™ (Si-O-Si deformation), 532 cm™
(Al-O-Si deformation), 1043 cm” (Si-O
stretching), 3620 cm™ (stretching) and a small
band at 834 cm” (AI-OH-Mg deformation).
A shoulder at 873cm’ (Al-OH-Fe’*
deformation) and a band at 910 cm™ (AI-OH-
Al  deformation) corresponds to the
substitution of Al for Fe*" in the octahedral
sheet of montmorillonite as well as the
dominance of Al in this layer. The molecular
water of montmorillonite is characterized by a
band at 1630 cm™ (not shown) and 3420 cm’
(OH stretching region). In addition, diagnostic
bands of kaolinite were observed at 3699 cm™
a band with lower intensities. Double bands
identified the presence of quartz at 796 cm™
and 778 em'™.
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Table 1. Mineralogical compositions (bulk sample) and technique parameters of natural and Al-modified

Di Linh bentonite

Samples (wt.%) | DiLinh* | Cc12 | €13 | Cc14 | c15 | C16 | C17
Mineral compositions

Smectite 40 63 62 62 63 62 61

Mllite 2 <1 5 4 4 3 3
Kaolinite 41 10 8 6 5 7 11
Chlorite - - 3 5 3 6 5
Muscovite 5 8 8 9 9 9 9
Quartz 10 16 13 15 15 15 13
Microcline <1 3 4 5 4 6 5
Calcite - - <1 <1 <1 <1 <1
Gypsum - - <1 <1 <1 <1 <1
Goethtite <1 <1 <1 <1 <1 <1 <1
Hematite - <1 <1 <1 <1 <1 <1
Rutile <1 <1 <1 - <1 <1 <1

Technique parameters
BET (m%/g) 68.0 - - 15.4 - 15.0 -
Pore volume (cc/g) 0.102 0.103 0.088
Pore diameter (A) 39.44 - - 35.45 - 33.61 -
Pore size (A) 67.5 324 29.9

CEC (100 meq/100 g) 45 45 - 88 - 82 -

Note: * Mineral composition data were obtained from Hoang-Minh et al. (2019)
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Figure 2. FT-IR spectra of representative samples of natural (C1.1) and Al-modified (C1.2, C1.3, C1.5, C1.7)

Di Linh

Among the samples, the treated bentonites
show increased intensities of the deformation
vibrations of the AIl-OH-Al bands in the
octahedral sheets. In contrast, the intensities of
the AI-OH-Mg and Al-OH-Fe bands remain
unchanged. The increasing absorbance of the
Si-O-Si band in the range of 1100-1050 cm™
and displacement of the band from 1043 cm
to 1035 cm™ indicate a higher number of Si-O-
Si bonds in the Al-modified bentonites. The
increased intensities of the adsorption bands
characteristic of amorphous silica at 1112—
1118 cm™ and the enhanced intensity of the
471 cm” band suggest a higher amount of
amorphous silica after Al modification. The
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bentonites

increase in adsorbed water bands in the FT-IR
spectra within 25003600 cm™ (3422 cm™) of
Al-modified samples indicated a decrease in
crystallite size and/or domain size.

In conclusion, the clays were characterized
by Al-smectite as the dominant phase.
Differences were observed between untreated
Di Linh bentonite and treated samples in
smectite and non-smectite phases' quantity
and structure.

3.2. Morphology
characterization

and  surface area

SEM images reveal the morphological
characteristics of smectite, displaying plate-
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like structures with numerous aggregates
(Fig. 3). Needle-like particles are commonly
observed growing on the edges of
xenomorphic and discrete plates. Among the
samples, the morphology did not differ
significantly; however, the average size of the
clay particles and aggregates decreased in the
Al-modified clays, with numerous erosion

traces observed on the edges and surfaces of
the clay particles. This observation can be
explained by structural transformation due to
attack by the H,SO, acid solution. During Al
activation, the edges of the smectite layer are
opened and detached, and some of the original
smectite layers remain unaffected in the center
of the particle.

Figure 3. SEM images of representative samples of natural and Al-modified bentonites.
Note: The brighter area presents bentonites; the darker area is the graphite-covered Cu-grid background

The typical behavior of smectite, exhibiting
low nitrogen adsorption at low relative
pressures in both natural and modified clays,
was confirmed by the N, adsorption-desorption
isotherm study (Fig. 4). The results indicated a

minimal contribution to micropore capture
(< 2 nm) but confirmed the presence of
mesopores (2-50 nm). This characteristic
aligns with the interparticle voids in clay
minerals, as evidenced by increased adsorption
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in the mono-multilayer filling region.
Otherwise, nitrogen adsorption continuously
increased at higher relative pressures due to the
enlargement of voids between aggregated
particles, resulting in larger mesopores. A
slight increase in nitrogen adsorption at low
relative pressure was observed in the
Al-modified clays (C1.4) compared to the
untreated clays, indicating the presence of both
micropores and mesopores, characteristic of
type II physisorption isotherms (Thommes et
al., 2015).

The hysteresis loops of the three selected
samples also demonstrated the dominance of
mesopores, which are classified as a mixture
of H3-type and H4-type mesopores (IUPAC
classifications, Thommes et al., 2015). This
hysteresis loop corresponded to the interaction
between nonrigid lamellar particles. It
indicated an association of aggregates of
plate-like particles, giving rise to slit-like
pores (mesopores) (Cardoso et al., 2006).
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Figure 4. Adsorption isotherms of nitrogen on
the natural (C1.1) and Al-modified (C1.4; C1.6)
Di Linh bentonites

The average pore size in the untreated clay
was 6.8 nm, and this parameter decreased to
approximately 3.2 (C1.4) and 3.0 nm (C1.6)
after the experiment, while the total pore
volume remained constant or decreased
slightly at high concentrations of Al solution
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(Table 1). The clay's smaller grain size cannot
explain these results but are likely related to
the formation of porous structures due to the
transformation of smectite after interaction
with Al and H,SO,.

The measured BET-specific surface areca
decreased from 68 m?/g in the natural clay to
15 m?/g in the modified clays (Table 1) due to
the Al modification process. This result was
unexpected, as specific surface area values
typically increase with higher smectite
contents and CEC values (nearly doubled).
There may be several reasons for this: (1) the
formation of a minor distance in the interlayer
sheet due to the substitution of divalent
cations (Ca®* and Mg’") for monovalent
cations (Na') in Al-modified clays and (2) the
effect of Al (larger molecular size) from the
Al  solution (formation of hydroxy-
interlayered Al), which results in the
inaccessible nature of the internal surface to
N, and the blocking of the pores in the Al-
modified clay. The same results were
observed previously by Seki and Yurdakog
(2005); Burns et al. (2006).

In sum, the materials'’ morphology
remained unchanged after Al modification,
but the particle size decreased, and erosion
traces were observed on the edges, indicating
structural transformation. The surface area
analysis showed a significant decrease in BET
values, which was unexpected given the
increased smectite contents.

3.3. Effects of the Al-modified process

The results show that Di Linh bentonite's
chemical compositions, structural properties,
and morphological characteristics changed
after Al modification. This could be due to the
availability of Al and H,SO, acid as a result of
dilution between the Aly(SO,);*18H,0 salt
and water.

Changes in interlayer cations, as indicated
by XRD results (shift in d(001)), were also
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mentioned by Sapag and Mendioroz (2001).
They stated that the interlayer cations are
easily hydrolyzable, increasing the swelling
potential and enlargement of the interlayer,
which ultimately permits their exchange with
other external cations. Therefore, the
interlayer cations first substitute for each other
cations, possibly forming an aluminum
hydroxyl layer; subsequently, substitution
occurs with higher contents of Al and Si in
octahedral and tetrahedral sheets, respectively.
Tomi¢ et al. (2011) also mentioned that the
contact with H,SO, acid also led to the
disintegration of the 2:1 structure of smectite,
but first, the interlayer sheet was affected.

Changes in both the Al and Si contents in
the structure of Di Linh smectite, as observed
via XRD (increase in intensities from d(001)
and d(021)), FT-IR (increase in intensities in
the smectite bands) and a smaller grain size
(SEM images), demonstrated slight structural
transformation. These changes can be
explained by the securitization of existing
mixed-layer phases, kaolinite, and illite,
which increase their stacking after Al
modification. The new montmorillonite layers
grew directly on the preexisting particles,
partly dissolved at the edges but remaining
stable at the center following the dissolution-
precipitation mechanism. This process caused
an increase in the crystallite thickness of the
clay minerals (e.g., smectite), as represented
by the larger c.,-axis of this phase after
treatment (Table 1). This process promotes
the sorption and other properties of bentonite
after structural modification.

Li et al. (2024) also state that the
substitution of octahedral and tetrahedral
sheets between Al for Fe and Mg and Si for
Al promotes a negative charge at the basal
surface and a positive charge at the edge of
smectite and consequently supports different
interactions between particles and particles,
such as edge-to-face, face-to-face, and edge-
to-edge interactions, due to charge attraction.

This lead to the smaller particles and
aggregates, as observed in TEM images
(Fig. 3), lower pore size (Table 1), and higher
water bands in FT-IR spectra (Fig. 2). The
minimal changes in the AI-OH-Mg and Al-
OH-Fe bands in the FT-IR results (Fig. 2)
suggest that little to no leaching of octahedral
Fe or Mg occurred, while the Al content
increased during the Al treatment. Zakusin et
al. (2015) described in their study that Al
treatment and acid attack can also cause a
decrease in the interlayer charge because of
substitution  between  octahedral  and
tetrahedral sheets; consequently, the clay
particles and their aggregates will decrease in
size and thickness. However, the modified Di
Linh bentonites still show mesopores as the
dominant structure. Other researchers also
mentioned that the porosity of clay can be
strongly affected by acid attacks at high
temperatures but not at room temperature
(Bayram et al., 2010; Krupskaya et al., 2017).

The dissolution of a part of the clay
particles and/or micro clay particles during
modification enhances the interlayer ordering
by partially substituting cations in this layer.
Otherwise, this shift can also be a result of Al
entering from the Al solution and/or leaching
from the octahedral sheet into the interlayer
sheet; consequently, an Al hydroxy interlayer
will be formed (Viennet et al, 2016),
especially at a high concentration of Al
solution, which causes a connection between
aluminum and oxygen at the beginning and
then continuous contact with H" ions. Finally,
the leaching of interlayer Ca®" in smectite can
act as a source of Ca during the formation of
new calcite and gypsum, which are found as
new traces in Al-modified bentonites
(Table 1). Kaolinite with decreased contents
(XRD, Table 1) could also be altered (Belver
et al., 2002).

The increase in smectite contents
(montmorillonite and mixed-layer minerals)
and CEC values (Table 1, Fig. 1), as well as
the substitution of divalent cations (Ca*" and
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Mg”") to monovalent cations (Na") during the
treatment, results in changes in the swelling
potential. However, the BET surface area
analysis showed a significant decrease. This
reduction is likely due to pore blockage
caused by hydroxy-interlayered Al formation
and the substitution of divalent cations with
monovalent  cations, limiting nitrogen
accessibility to the internal surfaces.

In this study, Al modification of Di Linh
bentonite resulted in higher smectite content,
increased CEC values, enhanced
smectitization of the modified clays, and
reduced clay particle size and noticeable
erosion on the edges and surfaces of smectite
particles. The interaction between smectite
and Aly(S0O,);°2H,0 solution can lead to the
leaching of interlayer cations; solution can
lead to the leaching of interlayer cations, the
substitution of Al and Si into the octahedral
and tetrahedral sheets, changes in AI’"
coordination, and the protonation of OH
groups. These findings demonstrate that Al
treatment enhances the structural organization
of smectite and modifies its mineralogical
properties,  potentially  improving  its
adsorption and surface characteristics.
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° o
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3.4. Ammonium adsorption on natural and
Al-modified bentonites

The ammonium removal capacity of
natural and different Al-modified bentonites
using low (50 mg/L) and high (1000 mg/L)
NH,CI solution concentrations is shown in
Fig. 5. Generally, untreated clay showed
poorer adsorption capacities for ammonium.
The removal capacity improved when the clay
was modified with an Al solution. At a lower
ammonium  concentration, the removal
capacity of natural bentonite increased from
0.32 mg/g (15.8%) to 0.47 mg/g (23.3%) for
the Al-modified bentonite at the highest Al-
solution concentration (500 ppm). Otherwise,
at a higher ammonium concentration, the
removal capacity of ammonium continuously
increased with increasing Al concentration
from 17.2 mg/g (43%) for natural clay to
19.3 mg/g (48%) for the 250 ppm Al solution,
then decreased at the higher Al concentration
loading. Generally, the removal capacity of
ammonium increased with increasing Al
concentration. However, this upward trend
began to decline at higher ammonium
concentrations (1000 mg/L) and Al solution

loadings (500 ppm Aly(SO4);¢18H,0).

(b)
20.0
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Figure 5. Comparison of ammonium removal efficiency in natural and Al-modified Di Linh bentonite
at NH4Cl concentrations of a) 50 mg/L and b) 1000 mg/L

This lower ammonium removal efficiency
combined with the slower rate observed with
the Al-modified materials is likely due to the
competitive effect among divalent cations (e.g.,
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toward divalent cations when none of these
ions are present at extremely high
concentrations. Consequently, modifying clay
with an Al solution facilitates the exchange of
surfactant molecules, which attach to the
surface of modified clay particles.

This surfactant's enhanced removal
capacity of ammonium is attributed to
alterations in the surface properties of the clay
hybrids throughout the treatment process.
Ultimately, these surfactant cations attract and
electrostatically bind with ammonium ions.
Moreover, the modification process also
caused more surfactant molecules to form on
the site of the particles and strengthened the
attachment of Al’" and SO,* on the surface of
the smectite. A change in the surface and

modification promotes attachment and
improves electrostatic contact with anionic
surfactant cations. Tomi¢ et al. (2011) stated
the higher the acid concentration was, the
greater the specific surface area because of
increased porosity and decreased particle size.
This result can be explained by the
higher absorption capacity and higher
Alz(SO4)3'18H20 loading.

Table 2 compares the equilibrium
adsorption capacities of untreated and Al-
modified Di Linh bentonites with those of
other bentonites used for NH, removal in
aqueous solutions. The results indicate that Di
Linh bentonites demonstrate a significantly
higher adsorption capacity than others,
highlighting their potential as effective

edges of smectite particles during adsorbents for NH, removal from water.
Table 2. Comparison of the adsorption capacity of raw and Al-modified Di Linh bentonites with other
adsorbents
NH,"-N Adsorption capacity

Adsorbent Concentration (mg/L) (mg/g) Reference
Raw Di Linh bentonite 50 0.32 This study
Al-modified Di Linh bentonite 50 0.47 This study
Raw Di Linh bentonite 1000 17.2 This study
Al-modified Di Linh bentonite 1000 19.3 This study
Bentonite from Algeria 1000 46.85 Angar et al., 2017
Ca-bentonite from Turkey 1000 0.50 Sahin et al., 2018
Natural zeolite from Australia 1000 8.2 Wijesinghe et al., 2016
Treated zeolite from Australia 1000 11.0 Wijesinghe et al., 2016

In general, the specific surface area of clay
has a limited impact on the removal capacity
of smectite. Still, this transformation
significantly changes the smectite content,
CEC, interlayer, and edge charge. It is the
most critical factor in promoting the sorptive
capacity of ammonium in Di Linh smectite.

4. Conclusions

This study characterized Di Linh bentonite's
mineralogical composition, structure, and
properties and its ability to be modified to be
used as a sorbent for ammonium ions. The Al
modification process was proven by the
increase in smectite phases and substitution in
the interlayer, octahedral layer, and tetrahedral

layer that led to the chemical and physical
transformation of clay particles, as observed by
XRD, FT-IR, and SEM data. The H,SO, acid
during the dilution of Aly(SO4);°18H,0
strongly affects this transformation process.
Otherwise, the lower specific surface area and
mostly unchanged development of
microporous structures were found in the BET
and N, adsorption-desorption results. Thus, the
BET surface area and microporous structure
are not significant factors influencing the
absorptive properties of ammonium.

The adsorption capacity of ammonium in
Al-modified bentonites is more significant
than that in natural bentonite at both low and
high ammonium concentrations. The study

231



Vietnam Journal of Earth Sciences, 47(2), 220-235

showed the strong influence of the Al-solution
concentration on the absorption capacity of
ammonium from clays. Otherwise, at higher
concentrations, the sorptive capacity is more
significant. These characteristics are likely
related to the combination of two
transformation factors of clay: (1) the
formation of smaller but thicker clay particles
related to smectitization with more smectite in
Al-modified bentonites and (2) the increase in
electrostatic interactions between the surface
and edge of particles with AI’" and SO,” in
solution.

Because Al-modification causes slight
mineralogical transformation and can add a
small microporous structure and a lower
specific surface area, the smectitic layers
could be weakly acidic to attract ammonium.
Therefore, Al-modified Di Linh bentonites
increased ammonium adsorption compared to
natural Di Linh bentonite.
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