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Effect of the acidic treatment on the adsorption and structural properties
of the natural mineral sorbent M,;C,,
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Adsorption and structural properties of the initial natural mineral sorbent My;C,, and the
sorbent treated with 2.33 M H,SO, were studied. The sorbent mainly consists of montmorillo-
nite and clinoptilolite. Aluminum, calcium, magnesium, sodium, and potassium ions are
removed from the structure under the action of the acid. The specific surface, porosity of the
sorbent, and pore size increase during this process. The sorption of ammonium ions in the
natural samples predominantly follows the ion-exchange mechanism (exchange to calcium,
magnesium, sodium, and potassium ions). The acid treatment changes the composition of the
cation-exchange complex and results in an increase in the sorption capacity to ammonium ions

by a factor of ~1.3.
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Fresh-water reservoirs receive agricultural runoff en-
riched in nitrogen fertilizers. Excessive levels of ammonial
nitrogen cause pollution of the hydrosphere: entrophica-
tion of reservoirs, violation of ecological equilibrium, and
water-quality problems. This situation is characteristic of
regions, where fields are heavily fertilized to enhance the
crop.! Various methods are used for the removal of am-
monium ions from water: sorption, ion exchange, oxida-
tion, biofiltration, and reverse osmosis.2 Sorption and ion
exchange on natural minerals are very promising process-
es, because the minerals are widely abundant in nature,
they are highly selective to ammonium ions, and fairly
cheap.2—% One of substantial drawbacks of the natural min-
eral sorbents is a reduced sorption capacity compared to
that of the synthetic sorbents. The sorption capacity of the
natural sorbents can be enhanced by the acid treatment,3—?
and the highest sorption capacity is achieved by the treat-
ment with sulfuric acid.”-8:10 Many publications deal with
the study of such natural sorbents as montmorillonite and
clinoptilolite.3—72—12 n this work, we described the ef-
fect of the acid treatment on the adsorption and structural
properties of the natural and mineral sorbent MysC,. This
sorbent consists of two main mineral components, viz.,
montmorillonite and clinoptilolite, and is considered to

be a promising sorbent for the removal of ammonium ni-
trogen from waste waters.

Experimental

The object of the study is the natural mineral sorbent My5C,,
from the Sokirnitsa deposit (Ukraine). The sorbent is polycom-
ponent and consists of the clay and zeolite components: mont-
morillonite (M, 45%) and clinoptilolite (C, 20%), respectively.
The sorbent sample also includes goethite (10%), illite (15%),
and calcite (10%).13

Montmorillonite is a layered silicate mineral of the 2 : 1 struc-
ture, in which one layer of the octahedra with cations AI3*,
Fe3*, or Mg?* in the center, is linked with two layers of sili-
con—oxygen tetrahedra.!? The structure of montmorillonite is
shown in Fig. 1.14

Montmorillonite is characterized by the isomorphous substi-
tution of aluminum by magnesium in the octahedral positions
and of silicon by aluminum in the tetrahedral structures.!?
A residual negative charge of the layers is balanced by the hy-
drated cations Na*, CaZ", Mg2*, and, more rarely, K™ situated
in the interlayer space and capable of exchanging with ions from
the solution. The structure of montmorillonite can contain ac-
tive sites of the following types: coordinatively unsaturated ions
AP and Mg?", hydroxyl groups of the acidic and basic charac-
ter, and oxygen atoms. 12
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Fig. 1. Structure of montmorillonite.

Clinoptilolite is classified as a framework zeolite. A specific
feature of the framework structure of clinoptilolite is the exist-
ence of channels of various diameters formed by ten- and eight-
membered rings of linked tetrahedra oriented in three directions
and the nonstoichiometric substitution of aluminum for silicon in
the tetrahedra. These structural features determine the molecu-
lar-sieve and ion-exchange properties of clinoptilolite (Fig. 2).15
The alkaline and alkaline-earth metal cations surrounded by the
water molecules are located in the intracrystalline channels of
clinoptilolite.12

The natural sorbent (fractions <0.25 mm) were activated
with 2.33 M H,SO, in the ratio solid phase : acid = 1 : 3.4 with
continuous stirring at 371 K for 6 h. The obtained pulp was
filtered with a vacuum pump through a filter of synthetic fiber.
The precipitate on the filter was washed with distilled water to
pH = 4 and dried to a constant weight.’

The content of SiO, in the natural mineral sorbent (MCn)
and in the sorbent treated with the acid (MCa) was determined
by graviphotometric analysis, and the contents of Al,O3, Fe,053,
CaO, and MgO were determined by complexonometric titra-
tion. The relative determination inaccuracy for SiO,, Al,O3,
Fe,0;, CaO, and MgO was 0.7, 0.3, 0.1 0.3, and 0.1%, res-
pectively.

The exchange capacity was estimated from the sum of cat-
ions K*, Na*, Ca2*, and Mg?" displaced from the cationic sites
of the mineral sorbent M5C,, by the NH,* ion. The contents of
K" and Na™ in the filtrate were determined by the method of
flame photometry, 16 and those of the Ca2" and Mg2* ions were
determined by complexonometric titration.!” The amount of the
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Fig. 2. Structure of clinoptilolite.

NH," ions adsorbed by the sorbent phase was determined from
the change in the concentration of NH, " in the external solution
during sorption by the ionometric method using the NHy-selec-
tive electrode.18 The cation-exchange capacity of the samples
was determined by the treatment with a solution of 0.5 M NH,Cl
at 295 K.

The distribution constant (K) of the exchange cations was
calculated as the ratio of the concentration of the cation in the
sorbent phase to its concentration in the liquid phase.

In addition to standard adsorptives (nitrogen or benzene),
water can be used for the determination of the specific sur-
face and porous structure of the adsorbent.19:20 The value
of specific surface of the samples was calculated from the capac-
ity of the monomolecular layer of water, and the latter was
determined by the sorption isotherm of water vapor.2! The
true, imaginary, and bulk densities of the adsorbents were de-
termined using a known procedure.2? The total pore volume,
total porosity, and average pore diameter were calculated using
a procedure described earlier.23 The data obtained are listed
in Table 1.

The components of the sample after the acidic treatment
were identified by X-ray diffraction analysis on a Dron 4-07
diffractometer (automatic mode, increment 0.1°, exposure time
in each point | s, Co-Ko radiation).

To examine changes in the surfaces of MCn and MCa, we
performed their microscopic studies on a JSM-6380 LV scan-
ning electron microscope equipped with an INCA Energy-250
energy-dispersive attachment for elemental analysis.

Structural changes in the treated sorbent were monitored by
IR spectroscopy. The spectra of the studied samples before and
after adsorption of ammonium ions were recorded on a Vertex
70 spectrometer in the frequency range 400—4000 cm~!.
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Table 1. Adsorption structural characteristics of the sorbent M45C,,

Sample Density/kg m—3 Porosity Total pore Average pore Specific surface
. (%) volume/m?3 kg~! diameter/nm to water vapors/m?2 g~!
bulk imaginary true
MCn 1.17 2.75 4.30 36.05 0.1 2.6 197
MCa 1.09 2.18 4.08 46.57 0.2 3.2 260

Results and Discussion

The results of the analysis (Table 2) indicate that the
acidic treatment considerably changes the chemical com-
position of the sorbent. A considerable part of iron (90.8%),
calcium (76.3%), magnesium (36.4%), and aluminum
oxides (33.3%) is dissolved upon the acidic treatment,
resulting in a significant increase in the content of silica in
the MCa from 56.75 to 80.90%. The dissolution of Fe,O5
is almost complete, since iron predominantly enters the
foreign mineral goethite, which is easily dissolved in the
acid, and a part of iron is present in the structure of mont-
morillonite that is less resistant to the action of acid than
clinoptilolite. According to the results of determination of
the content of Al,O; and Fe,0; in the MCn and MCa
samples, the Fe-containing octahedra are mainly subject-
ed to destruction, because the Fe—O bond is weaker than
the Al—O bond.5 The amount of CaO decreased by 76.3%
due to the dissolution of calcite in the acid and the substi-
tution of the CaZ" ions for the H" ions. Thus, the acidic
treatment increases the effective surface and the number
of accessible active sites due to the removal of foreign
impurities from the sorbent.

It was found by the X-ray diffraction analysis results
(Fig. 3) that after the treatment with an H,SO, solution
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the sample contained almost only clinoptilolite and the
amorphous phase, whose existence is evidenced by the
halo in the 20 range 16—32°. This fact confirms a higher
resistance of clinoptilotite to acid compared to that of
montmorillonite. The amorphization of the clay mineral
can be explained by the removal of the cations arranged in
the surface octahedra of montmorillonite, due to which
the silicon—oxygen networks are polymerized to form
silica gel as an independent phase.!!

The type and capacity of the exchange complex are
among the most important adsorption characteristics of
the natural sorbent determining the nature of the surface
of its particles. The acidic treatment primarily results in
the substitution of alkaline and alkaline-earth metal ions
by hydrogen ions and, therefore, in the change in the na-
ture of exchange sites of the sorbent.5—7:12

The data given in Table 3 suggest that the cation-ex-
change positions of the natural mineral sorbent M4sC,,
are occupied by the Ca2t, Mg2*, Na*, and K™ ions.

The highest contribution to the value of ion-exchange
capacity of MCn is made by the Ca%" (1.18 mg-equiv. g~!)
and Mg?" ions (0.51 mg-equiv. g~!). The exchange ca-
pacity for Ca2" is considerably lower than its total content
in the MCn sample (see Table 2). This is due to the fact
that the sorbent includes Ca%"-containing calcite incapa-

8.0 16.0 24.0 32.0
Fig. 3. Diffraction pattern of the MCa samples.
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Table 2. Chemical composition of the sorbent My5C,,

Sample Chemical composition (wt.%) Si0,/R,03

8102 A1203 CaO MgO F6203

MCn
MCa

56.75 14.02 11.20 247 9.84 2.37
80.82 9.34 266 1.57  0.90 7.89

ble of ion exchanging. In addition, the nature of the sor-
bate itself affects the process of ion-exchange sorption.
Probably, the size of the large complex ion NH," makes
the incorporation of the NH, " ions into the interchannel
space of the mineral difficult. Therefore, a portion of the
Ca?" ions located near the sorbent surface are predomi-
nantly displaced upon the exchange. An analysis of the
data in Table 3 shows that the total amount of the dis-
placed cations is nearly equal to that of the NH," ions
consumed by the sorbent. It can be therefore inferred that
the sorption capacity of the MCn sample depends mainly
on the presence of exchange cations. The contribution of
other ions, which are in the composition of the active sites
(coordinatively unsaturated ions AlI**, hydroxyl groups,
and oxygen atoms) to the overall ion-exchange adsorption
of the NH,* ions is insignificant (<1%).

The amount and composition of the cation-exchange
complex change substantially due to the removal of cations
from the sorbent structure under the action of the acidic
treatment. The amount of the Ca?" cations removed from
MCn sample is the lowest (19.6%), whereas the amounts
ofthe Mg2* (81.7%), Na™ (68.8%), and K* (54.8%) cations
are the highest. The decrease in the amount of alkaline
and alkaline-earth metal cations capable of exchanging is
confirmed by the elemental analysis results (Table 4).

Of the set of exchange cations remained after the acid-
ic treatment, the Ca?" cations contribute maximally to

the value of exchange capacity (0.95 mg-equiv. g~!). In
spite of the decrease in the amount of exchange cations
(CaZ", MgZ", Na™, and K), the phase of the MCa sor-
bent adsorbs a considerably greater amount of the NH,*
ions than MCn (see Table 3), which coincides with the
literature data.3* This can be due to the change in the
nature of the exchange complex: not only the Ca2* cations
become the main exchange ions, but also the hydrogen
ions that appear due to the replacement of cations in the
sorbent phase by the H* ions from a solution, which facil-
itates the adsorption process.24 The decationization re-
sults in the cleavage of the Si—O—Al bond and formation
of active sorption sites: silanol groups (I), three-coordi-
nated aluminum atoms (II), and Bronsted sites (III)
(Scheme 1).12

Scheme 1
Mez+ Me“
) 0] @)
- ON -7\ 70N
7O NsiU Al st —
IR

Me?* are metal cations

Hydrogen ions can substitute not only alkaline and
alkaline-earth metal cations but also iron and aluminum
ions, ! which is confirmed by a decrease in the amounts of
Fe,05 and Al,O5 (see Table 2).

The behavior of the sodium, potassium, calcium, and
magnesium cations that are exchanged by ammonium cat-

Table 3. Cation-exchange capacity of the sorbent M45C,y*

Sample Cation-exchange capacity >(Na*, K, CaZt, Mg2t) Onn,*
Na* K+ cat Mgt in sorbent phase

MCn 0.170 0.042 1.180 0.509 1.90 1.92

MCa 0.053 0.019 0.949 0.093 1.11 2.43

* All values are given in mg-equiv. g~

Table 4. Elemental composition of the sorbent My5C,

Sample Content of main elements (wt.%)

O Na Mg Al K Ca Ti Fe Cu
MCn 5443 0.63 1.64 6.88 2337 231 511 045 4.18 1.01
MCa 55.60 0.39 0.27 2.74 30.84 1.57 3.03 0.36 0.58 1.94
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Fig. 4. Amount of desorbed cations Ca?* (a), Mg?* (b), Na™ (c), and K* (d) as a function of the equilibrium concentration of NH,* for

sorption on MCn (/) and MCa (2).

ions was estimated from the curves of the dependence
of the amount of desorbed cations on the concentration
of an NH,CI solution during the sorption of the NH,*
ions (Fig. 4).

The desorption curves of the cations are similar in shape
and can be described by the Langmuir equation?2

1/(1 = 1/amax + 1/(amadeC)’ (1)

where a is the amount of the desorbed exchange cation per
weight unit of the sorbent at equilibrium, mmol g='; .,
is the maximum amount of the desorbed exchange cation
per weight unit of the sorbent, mmol g~!; C is the equilib-
rium concentration of the sorbate in the aqueous phase,
mmol L~ and K} is the desorption equilibrium constant.

The parameters of Eq. (1) determined graphically from
the experimental data on the basis of the dependence
1/a—1/C are presented in Table 5.

An analysis of the experimental data (see Fig. 4) shows
that with an increase in the NH," concentration the ion
exchange proceeds differently on the initial sample and on
the sample treated with the acid.

Table 5. Parameters of the Langmuir equation

Cation MCn MCa

Kd Amax Kd Amax

Ca2t  0.149 1.353  0.751 1.333
Mg2t  0.137  0.463 1.384  0.082
Na*t 0.362  0.188  0.485  0.065
K* 0.805  0.037 1.022  0.020

Unlike the natural sample, the sample treated with the
acid can exchange metal cations for ammonium ions in
large amounts already at low concentrations. The ion ex-
change of the NH," ions by Ca2* ions is especially inter-
esting. On the MCa sample this process is considerably
more intensive, and the maximum amount of the NH,*
ions is adsorbed at a concentration of the external solution
of NH,CI of 10 mmol L~!, whereas on the MCn sample
the equilibrium is achieved at C =75 mmol L~!. The max-
imum exchange for the Mg2*, K*, and Na™ cations on the
MCasample is observed at the concentration of an NH,Cl
solution equal to 20 mmol L~!, while for the MCn sample
the maximum exchange is observed at 50 mmol L~!. The
dependences of the distribution constant (K) of the Ca?*
cation on the equilibrium concentration of NH,* upon
sorption on the MCn and MCa samples are shown in
Fig. 5. The value of K for the MCa and MCn samples
decreases with an increase in the concentration of the
NH,* ions. For the concentration of the NH,* ions >
> 10 mmol L~!, the value of K of the sample treated with
the acid attains a minimum value, which is lower than the
constant determined for the exchange on the initial sam-
ple (see Fig. 5).

The consideration of the regularities of absorption in
the IR spectral range of the natural mineral acid-activated
sorbent M,5C,, and the samples after the sorption of the
NH," ions suggests that the ammonium ions are sorbed
on the studied sorbent according to two mechanisms: do-
nor-acceptor and ion-exchange. The ion-exchange mech-
anism is confirmed by the appearance of the spectra (Fig. 6)
of the characteristic, strong absorption bands at 3144 and
1396 cm~! reflecting stretching and bending vibrations of
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Fig. 5. Distribution constant of the Ca2* cation (K) as a function
of the concentration of the NH4* ion for sorption on MCn ()
and MCa (2).

the N—H bonds in the structure of NH,*. The donor-
acceptor interaction is evidenced by the appearance in the
corresponding regions (3300—3200 cm™!) of stretching
vibrations of the N—H bonds involved in intermolecular
interactions and bending vibrations at 1580 cm~!. These
characteristic vibrations are detected as absorption bands
of lower intensity, which suggests an insignificant contri-
bution of this type of adsorption to the adsorption process.

The acidic treatment of the natural mineral sorbent
M,5C, induces a series of complicated reactions chang-
ing the nature of exchange cations and the site of localiza-
tion of exchange cations in the aluminosilicon—oxygen
layer and in the framework of the minerals. The active
sites in the treated sample become more accessible for
exchange in the adsorption and structural properties, such
as an increase in the specific surface (by a factor of 1.3),
porosity (by a factor of 1.3), and average pore size (by
a factor of 1.2) (see Table 1). These changes are con-
firmed by the analysis of the morphological features of the
surface (Fig. 7).

As can be seen from the presented images of the sur-
face (see Fig. 7), the acid-treated sorbent is characterized
by a higher degree of dispersion due to the destruction of
the montmorillonite structure and amorphization of the
sample. Surface heterogeneity of the MCa sample can
also be conceived by considering an increase in the num-
ber of secondary pores compared to the natural sorbent.

2
1

3500 3000 2500 2000 1500 1000 500

Fig. 6. IR spectra of the samples MCn (/) and MCa (2) and the
same samples saturated with the NH,* ions (3and 4, respectively).

0 v/cm™!

Fig. 7. Morphology of the surface of MCn (a) and MCa (b)
(magnification 4500).

Thus, it was shown on the basis of chemical and IR
spectrometric analyses that the treatment of the natural
mineral sorbent MysC,, with 2.33 M H,SO, was accom-
panied by complicated chemical processes. The main pro-
cess is the activation of sorption sites due to decationiza-
tion, cleavage of the Si—O—Al bond, and formation of
the hydrogen bond of the sorbent. The destruction of the
clay component (montmorillonite) and the appearance of
the amorphous phase were established by X-ray diffrac-
tion analysis and confirmed by the result of electron micro-
scopic analysis. It was shown that the acidic treatment of
the studied sorbent changed its adsorption structural prop-
erties compared to the untreated sorbent. The specific
surface, porosity, and pore size of the sorbent increase due
to the dissolution and removal of iron, aluminum, cal-
cium, magnesium, sodium, and potassium ions from
the structure of the minerals, which facilitates the en-
hancement of the adsorption capacity for ammonium ions
by a factor of 1.3.
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