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Synthesis of Triamine on OMS-2 Support for Removal of Nitrate
and Phosphate in Water
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The combination of amine groups and an OMS-2 carrier matrix resulted in a new material
(Amine-OMS-2) that could be used for the effective adsorption of nitrate and phosphate ions in
water. This material was then characterized by SEM, XRD, FTIR, TGA, and BET. In nitrate and
phosphate adsorption tests, Amine-OMS-2 reached adsorption equilibrium after 30 and 60 min,
respectively. Adsorption using Amine-OMS-2 followed an apparent second-order kinetic model
with maximum adsorption capacities of 34.1 mg g-* (pH 5, nitrate) and 12.2 mg g-* (pH 6,
phosphate). Adsorption capacity was proportional to initial anion concentration and inversely
proportional to temperature. In the treatment of real wastewater, Amine-OMS-2 was found to be
a multi-purpose adsorbent for removing nitrate, phosphate and organics simultaneously, with
high adsorption capacities of 11.1 mg g, 16.8 mg g%, and 22.4 mg COD L. These results
demonstrate the ability of Amine-OMS-2 to remove excess nutrients and organic components in

wastewater.
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Nitrate and phosphate pollution is dangerous to the
environment. They arise from untreated or improperly
treated urban and industrial wastewater, as well as
from the overuse of fertilizers in agricultural activities.
Once these nutrients are released into the environment,
they cause pollution, such as eutrophication, which
reduces the oxygen content of water, and causes
harm to aquatic organisms [1]. In the human body,
nitrate can be converted into toxic nitrite and combined
with haemoglobin to form methaemoglobin, which
poisons the body and causes death in babies [2, 3].
Besides this, nitrite can react with other amino
acids in the body to form nitrosamine, a potentially
carcinogenic compound [4]. Similarly, being exposed
to large doses of phosphate over 1-7 years increases
the occurrence of soft tissue calcification and impairs
kidney function, leading to calcium and phosphate
clumping in the blood, bones, joints, blood and blood
vessels, causing joint pain or fractures [5]. Therefore,
removing nitrate and phosphate from wastewater is
necessary before it is discharged into the environment.
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Currently, there are several widely applied
technologies for nitrate and phosphate treatment,
such as activated sludge [6], constructed wetlands
[7], ion exchange [8], reverse osmosis [9], chemical
precipitation [10], membrane [11, 12] and adsorption
[13]. Among them, the conventional anaerobic-anoxic-
oxic technology is widely used in practical applications.
However, there are still some limitations, such as a
high pollutant concentration requirement, the existence
of these pollutants even after the biological treatment
process, complicated operation, and removal efficiency
affected by temperature, sludge condition, volatile
fatty acids and pH [14]. Recently, adsorption emerged
as a simple and effective water and wastewater
treatment with stable operation and less sludge
production. Therefore, adsorption could be applied
as an add-on to traditional biological processes
for removing nitrate and phosphate in small and
medium enterprises with low nitrate and phosphate
concentrations. For this purpose, various adsorbents
have been prepared and examined for the removal
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of phosphate and nitrate, including amine-chitosan
[15], MgO-biochar [16], certain chitosans [17], amine-
SiO, [18, 19], anion exchange resin-supported iron
hydroxide [20], amine grafted activated rice husk ash
[21, 22], amine grafted on iron oxides/hydroxides [23],
Mg- and Fe-supported cation exchange resins [24],
and flower-like iron oxide on activated rice husk ash
[25]. Recently, an octahedral molecular sieve (OMS-
2) has attracted much attention [26]. However, there
are very limited reports on the synthesis and application
of amine-grafted OMS-2 for simultaneously removing
nitrate, phosphate and organic pollutants in wastewater.

In this work, we aim to prepare a new material,
an amine-grafted OMS-2, and apply it as an adsorbent
for removing nitrate, phosphate and organic pollutants
in both synthetic and real wastewater. In the batch
adsorption test, the effect of environmental conditions
(e.g., temperature, solution pH, initial nitrate and
phosphate concentrations and adsorbent dosage) were
investigated. The kinetics and isotherms of the nitrate
and phosphate adsorption reactions using the synthesized
material were also examined.

EXPERIMENTAL
Chemicals and Materials

Chemicals used were lab-grade, such as KNOs;, KMnQOs,,
K2Cr,07, CeHsOs, KH2PO4, NaOH, ascorbic acid,
HNO3;, FeCl3.6H,0, MnSO4.H,0, NH4CI, toluene,
sulfanilamide, C4H4sKNaOg.4H,0 with a purity of >
99.5 %. H2S04 (98 %), HCI (36 %), HgSO4 (99 %),
and N-(1-naphthyl)-ethylenediamine dihydrochloride
(99.5 %) were purchased from Xilong Scientific (China).
NaOH, ascorbic acid, KBr, and K(SbO)CsH40s.1/2H,0
with a purity of 99.5% were obtained from Merck,
Germany. N*-(3-Trimethoxysilylpropyl)diethylenetri-
amine (technical grade) was sourced from Sigma
Aldrich (USA). Deionized distilled water was used for
material synthesis, preparation of nitrate and phosphate
wastewater, and analytical and experimental operations.

The OMS-2 support was synthesized following
a procedure reported previously [27-29]. The grafting
of amine on the OMS-2 material was carried out based
on a literature method, using an OMS-2 support
instead of iron oxide, silica, or activated rice husk ash
[19, 22, 23].

Characterization Methods

Surface chemical properties were determined by
Fourier-transform infrared spectroscopy (FTIR, Alpha,
Bruker, Germany). Morphology was examined by
scanning electron microscopy (SEM) coupled with
energy dispersive X-ray analysis (EDX) (SEM-EDX,
JCM-7000, JEOL, Japan). The thermal stability of the
material was studied by thermogravimetric analysis
(TGA, Q500, TA Instruments, USA). The crystalline
structure of the material was characterized by X-ray
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powder diffraction (XRD, AERIS, Malvern Panalytical,
Netherlands). The surface area of the material was
measured by the N, adsorption-desorption method
(BET, BET-202A, Porous Materials, USA). The point
of zero charge (pHpzc) of the Amine-OMS-2 material
was determined by a titration method using KCI
solution, and the solution pH was adjusted by adding
HCI or NaOH solution [30]. The concentrations of
nitrate and phosphate in the solution before and after
adsorption were analysed by UV-Vis spectroscopy
(SPECORD 210, Analytik Jena, Germany).

Adsorption Tests

Batch nitrate and phosphate adsorption experiments
were conducted to determine optimal adsorption
conditions. The adsorption tests were done under the
same conditions, with a material weight of 30 mg and
a 50 mL solution containing nitrate (50 mg L) and/
or phosphate (10 mg L™). Effects of the operational
parameters on nitrate and phosphate adsorption were
investigated under different pH conditions (2-11),
material mass (5-100 mg), adsorption time (0-120
min), initial concentration (10-500 and 2-120 mg L
for nitrate and phosphate, respectively), and temperature
(20-40 °C). All the adsorption experiments for water,
as well as blank samples, were conducted on 3
replicates and the averaged results are presented in
this work. The nitrate concentration was determined
according to TCVN 4562:1988 (Vietnam standard:
Wastewater — Method of determining nitrate content),
and the phosphate concentration was determined
according to TCVN 6202:2008 (Vietnam standard:
Water quality — Determination of phosphorus —
Spectrometric method using ammonium molybdate).

The nitrate and phosphate adsorption capacities
of the material were evaluated with Eq. 1,
Co—Ce

Ge =2ExV

(Ea. 1)
where ge is the nitrate or phosphate adsorption
capacity (mg g!), Co and C. are the initial and
equilibrium concentrations of nitrate or phosphate (mg
L), V is the solution volume (L), and m is the mass
of Amine-OMS-2 (g).

RESULTS AND DISCUSSION
Characterization of materials

Amine-OMS-2 was prepared by attaching triamine
groups to the OMS-2 surface based on the reaction
between triamine silane and OMS-2. After amine
grafting, the material had a grey-black colour which
was lighter than the original OMS-2. The specific surface
area of the Amine-OMS-2 material was determined by
the BET method to be 8.35 m? g%, which was much
lower than that of the original OMS-2 (~ 57.62 m? g1),
possibly due to the coating of amines around the
OMS-2 surface and in its pore structure.
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The chemical structures on the surface of
Amine-OMS-2 before and after adsorption were
determined by FTIR. As observed in Fig. 1, OMS-2
with its octahedral structure was clearly indicated
by the peaks at 700 to 400 cm-? [31], in which the
vibration around 469 ¢cm was characteristic of Mn2*
in the material structure [32], while 581 and 709 cm
were ascribed to vibrations of the OMS-2 octahedral
framework [33]. The analysis showed that all three
materials had peaks at 3452 ¢cm-?%, which was the
characteristic vibration of the H-O-H bond in H,O
molecules [34]. The peaks between 3480 and 3508
cm ! in amine-containing materials are due to the
vibrations of the -NH group and the O-H group of
water adsorbed on the material [15]. After amine
impregnation, the sample exhibited the characteristic
peak of the N-H bond at 1626 cm™! [35] and the
stretching vibration of the amine group at 1480 cm*?
[36]. After adsorption of nitrate and phosphate, there
were peaks at 1384 cm™ for nitrate [37] and 908 cm!
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for phosphate [38], proving the effective adsorption
ability of Amine-OMS-2.

Fig. 2 displays the XRD patterns of OMS-2 and
Amine-OMS-2. For OMS-2, the peaks at 26 of 12.4,
17.7,29.1, 37.6,42.2,50.0 and 60.4° correspond to the
(110), (200), (310), (211), (301), (411), and (521)
planes, respectively, [39] consistent with cryptomylane
(KMngOss) [34]. This crystalline structure was retained
after amine grafting (i.e. in Amine-OMS-2), proving
that this procedure did not affect the crystallinity of the
material. The particle sizes (d) were then calculated
using the Debye—Scherrer equation (Eq. 2),

_ KA
- Bcos 6

(Eq.2)

where k = 0.9 is the Debye—Scherrer constant, A =
0.15406 nm is the X-ray wavelength, B is the full
width at half maximum, and 6 is the Bragg angle.
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Figure 1. FTIR spectra of OMS-2 and Amine-OMS-2.
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Figure 2. XRD patterns of OMS-2 and Amine-OMS-2.
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The average particle sizes of OMS-2 and
Amine-OMS-2, calculated at 26 of 37.6°, were 9.64
nm and 8.21 nm, respectively. The insignificant
difference between the particle sizes of OMS-2 and
Amine-OMS-2 may be due to the small amount of
amine grafted onto the OMS-2 support.

As seen in Fig. 3 (a) and (b), the OMS-2
support had a three-dimensional rod-like shape with
the MnOg octahedral as the main structure forming a
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porous framework material. Fig. 3 (c) and (d) show
that the surface of the particles became smoother after
amine grafting, which was the cause of the decrease in
specific surface area for Amine OMS-2 in the
BET results. The EDX and EDX-mapping results
of Amine-OMS-2 are displayed in Fig. 3 (e). Four
elements were uniformly dispersed on the OMS-2
surface with a weight percentage of C (44.40%) > O
(35.92%) > N (17.60%) > Si (2.07%), similar to the
grafted amine component.

Figure 3. SEM images of (a, b) OMS-2 and (c, d) Amine-OMS-2; and EDX-mapping results for Amine-OMS-2

(e).
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Figure 4. (a) TG and (b) DTG curves of Amine-OMS-2 and OMS-2.

Thermogravimetric analysis from 30 to 900 °C
was performed to study the thermal stability of OMS-
2 and Amine-OMS-2. Fig. 4 shows mass losses of 26
% for OMS-2 and 58 % for Amine-OMS-2. The low
mass losses of 4 % for OMS-2 and 8 % for Amine-
OMS-2 at 60-200 °C were from the evaporation of
moisture or dehydration. At 600 °C, the masses of both
OMS-2 and Amine-OMS-2 changed significantly,
possibly due to the conversion of oxide in OMS-2 [40]
and the degradation of amine in Amine-OMS-2 [23].
However, the Amine-OMS-2 sample displayed a large
variation from 400 to 600 °C, corresponding to the
combustion of organic compounds [41]. Comparison
of the mass losses for OMS-2 and Amine-OMS-2
showed that the amount of amine accounted for about
40 % of the sample mass.

Adsorption of Nitrate and Phosphate

The nitrate and phosphate adsorption capacities
fluctuated with solution pH (Fig. 5 (2)). The pHpzc
of the Amine-OMS-2 material was determined to
be 4.7 (Fig. 5 (b)). When pH < pHyyc, the positively
charged surface electrostatically attracts both nitrate

40 20

and phosphate anions. When pH > pH.c, the competition
for surface sites by OH" ions inhibits anion adsorption
[42]. Here, the highest adsorption capacities were 34
mg g at pH 5 for nitrate and 12 mg g* at pH 6 for
phosphate. At pH values below 5, more H* ions are
present, which hinders the adsorption of nitrate ions.
In addition, there may be competitive adsorption of
S04 from the pH adjustment process with H,SO,
solution [43]. At pH > 5, the decrease in nitrate
adsorption is due to the competition between OH" and
nitrate ions [44]. In solution, phosphate dissociates
into different forms of PO,* (pH > 11), H,PO4 and
HPO.% (pH 7-11), and H3PO4 (pH 2-7) [43]. Under
acidic conditions (pH < 7), the dominant form of
H2PO4 easily interacts with amine groups in the
adsorbent thanks to electrostatic interactions. This
condition increases the phosphate adsorption capacity
because the material carries a positive charge when
pH < pHpzc ~ 4.7. Although HPO,4? and PO4* also
exist at higher pH, the adsorption capacity is reduced
due to competition from OH- ions [45]. In summary,
Amine-OMS-2 had the highest adsorption capacity
for nitrate at pH 5 and for phosphate at pH 6, which
is close to the pH value of real wastewater.
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Figure 5. (a) Effects of initial solution pH on nitrate and phosphate adsorption, and (b) the isoelectric point of
Amine-OMS-2.
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Figure 6. Adsorption capacities of nitrate and phosphate in relation to (a) time, (b) adsorbent mass, (c) initial
concentration, and (d) temperature.

The nitrate and phosphate adsorption capacities
of the materials increased with contact time (Fig. 6
(a)). In particular, the time to reach equilibrium for
nitrate was faster than that for phosphate. The
adsorption capacity increased rapidly to equilibrium
condition after about 30 min for nitrate and 60 min
for phosphate. The equilibrium time for nitrate was
usually earlier than that for phosphate, and this is
consistent with previous studies, as Amine-Chitosan
materials have an equilibrium adsorption time of 30
min for nitrate and 45 min for phosphate [17]. With
longer contact times, the adsorption capacities did not
change significantly and reached stable levels of 34.06
mg g* (nitrate) and 12.17 mg g* (phosphate). The
rapid adsorption equilibrium of Amine-OMS-2 is due
to the strong interaction between the nitrate and
phosphate anions and the amine groups. At a certain
point, the anions attached to the surface become dense,
signifying that the material is no longer able to capture
more ions and becomes saturated [46, 47]. Since the
amount of time to reach adsorption equilibrium was
30 min for nitrate and and 60 min for phosphate, an
adsorption time of 60 min was chosen for subsequent
experiments.

Three kinetic models of pseudo-first-order,
pseudo-second-order, and intra-particle diffusion were
then applied to the nitrate and phosphate adsorption
reactions using Amine-OMS-2.

Pseudo-first-order kinetic model:

In (ge — ) = In ge — kat (Eqg. 3)
Pseudo-second-order kinetic model:

t/qe = 1/(ko0¢?) + t/ge (Eq. 4)
Intra particle diffusion model:

= ket2+ C (Eq. 5)

where ki (mint) and k. (g mg*/h) are the apparent
adsorption rate constants, kp is the intra-particle
diffusion rate constant (mg g* h™¥?), C is the thickness
of the boundary layer, and g: and g. are the amounts
of ammonia adsorbed (mg g*) at time t (min) and at
equilibrium, respectively.

The calculated Kkinetic parameters in Table 1
show that the pseudo-second-order model best describes
the adsorption of nitrate and phosphate on Amine-
OMS-2 because of its highest correlation coefficients
(R?) of 0.9978 for nitrate and 0.9973 for phosphate
adsorption. Furthermore, its modelled adsorption
capacities (e, cal) Were 35.71 mg g (nitrate) and 12.64
mg g™ (phosphate), which were similar to the calculated
experimental capacities (Qe, exp). Therefore, in this study,
the nitrate and phosphate adsorption kinetics followed
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the pseudo-second-order model, while the rate of
adsorption was quadratic dependent on the capacity
of Amine-OMS-2 [48].

Fig. 6 (b) shows that the adsorption capacity
was greatly influenced by the mass of Amine-OMS-2.
The nitrate and phosphate adsorption capacities were
inversely proportional to the mass of the material,
consistent with previous publications [19, 21, 23, 24].
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The adsorption capacity is considered as milligrams
of adsorbent per gram of adsorbent. As the adsorbent
dosage increases, the contact area is higher when the
nitrate and phosphate concentrations remain the same.
Therefore, the adsorption capacity decreases when the
mass of the adsorbent increases significantly. At the
same time, as the mass of the material increases, the
concentration of the adsorbed pollutant increases, leading
to an increased treatment efficiency of the material.

Table 1. Correlation coefficients (R?) and linear equations of kinetic models.

Kinetic model Linear equation R? Capacity (Qecal, mg g2)
Nitrate Pseudo-first-order y =-0.0233x + 1.7614 0.3413 5.82
Pseudo-second-order y =0.028x + 0.0694 0.9978 35.71
Intra-particle diffusion y =0.2793x + 2.4639 0.5927 -
Phosphate Pseudo-first-order y =-0.0293x + 1.5674 0.5279 4.79
Pseudo-second-order y =0.0791x + 0.3394 0.9973 12.64
Intra-particle diffusion y =0.2058x + 1.6052 0.9513 -

Table 2. The isotherm parameters of nitrate and phosphate adsorption.

Isotherm Temperature (°C)
Parameter
20 30 40
Nitrate
Langmuir Qmax (Mg g%) 243.9 277.78 161.29
Ke (L mg?) 0.0038 0.0023 0.0053
r? 0.8973 0.6243 0.945
Freundlich Kt ((mg gb)(L mgH)m 0.6568 1.1929 0.4707
n 1.26 11.42 1.48
r? 0.9625 0.9461 0.9982
Phosphate
Langmuir Qmax (Mg g% 208.33 151.52 175.44
KL (L mg™) 0.3934 0.0057 0.0036
r? 0.7556 0.8153 0.7554
Freundlich Ke((mg g?)(L mg?y)") 05779 0.5746 1.2934
n 1.30 1.39 1.14
r? 0.9667 0.9676 0.9665
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The output nitrate concentration was 27.10 mg L at a
material mass of 30 mg, which meets the requirement
of Column A according to QCVN 14:2008/BTNMT
(National technical regulations on domestic wastewater,
where the allowable discharge concentrations of nitrate
and phosphate are 30 and 6 mg L%, respectively). With
phosphate, the output concentration was always lower
than 6 mg L in all tests. The adsorption capacity
decreased rapidly with a material mass of < 30 mg but
was not significant with a material mass of > 30 mg.
Therefore, a material mass of 30 mg was selected for
the subsequent experiments.

Fig. 6 (c) shows that the nitrate adsorption
capacity was directly proportional to its initial
concentration and inversely proportional to adsorption
temperature. As the initial nitrate concentration
increases, there are more of these ions in the solution,
facilitating the interaction of these ions with the
material, which promotes contact and anion capture
of Amine-OMS-2. The nitrate ions become more
mobile in solution as the temperature increases,
resulting in their weaker capturing ability, which is
clearly observed here at a nitrate concentration of >
100 mg L* and temperature of 20-40 °C. Similar
to nitrate, the phosphate adsorption capacity is also
proportional to its initial concentration and inversely
proportional to solution temperature (Fig. 6 (d)). The
high density of phosphate ions promotes interactions
at increasing solution concentrations; however, the
increase in temperature hinders adsorption.

Langmuir and Freundlich isotherm models
were employed to describe the correlation between
nitrate and phosphate concentrations on the surface of
Amine-OMS-2 with their concentrations in solution at
equilibrium and constant temperature. The degree of
agreement between theory and experiment is decided
based on the correlation coefficient R? between the
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experimental values and the proposed model and the
n factor in the Freundlich isotherm model (1 <n <10
is favourable for the adsorption). As summarized in
Table 2, adsorption isotherms followed the Freundlich
model at all three temperatures, with correlation
coefficients close to 1 for both nitrate and phosphate.
Nitrate, had the highest R? of 0.9982 at 40 °C, showing
that the Amine-OMS-2 surface had heterogeneity.
At 30 °C, n > 1 indicates favourable adsorption
[49]. The maximum adsorption capacities of nitrate
and phosphate in water by Amine-OMS-2 were
compared with those of other materials (Table 3),
showing that only Amine-functionalized magnetic
chitosan (AFMCS) composite beads were better than
Amine-OMS-2 for nitrate adsorption, but Amine-OMS-
2 was only better than carbon residue for phosphate
adsorption. This may be due to the difference in the
adsorption centres of the materials used, i.e., OMS-2
in our study and Fes;Os in the AFMCS study. In the
literature, FesO4 has been proven to be effective in
adsorbing anions such as nitrate and phosphate [50].

In wastewater treatment, the adsorption system
is usually installed at the tertiary treatment stage, after
the major biological treatment processes. Adsorption
is applied when the residual pollutant concentration in
the wastewater is already low, a condition which is
hard to treat by other methods. Therefore, to ascertain
the feasibility of applying Amine-OMS-2 in practice,
experiments with real wastewater samples after
biological treatment were conducted. Amine-OMS-2
was able to remove nitrate and phosphate in wastewater
with adsorption capacities of 11.07 and 16.78 mg g™,
respectively. These values were not as high as those
obtained with synthetic wastewater, which may be due
to competitive adsorption by other anions present in real
wastewater. In addition, Amine-OMS-2 was also capable
of treating organic pollutants in wastewater, with a
reduction in COD levels from 56.64 to 34.24 mg L.

Table 3. Comparison with other materials in the literature.

Adsorbent N|trati Phosp_rlate Reference
(mg g~) (mg g-)

Amine-functionalized magnetic

chitosan (AFMCS) composite 38.40 42.95 [15]

beads

4A8mmon|um—funct|onal|zed MCM- 1220 16.50 [51]

Carbon residue 30.20 11.20 [52]

CuFe;04-2N-La - 32.59 [53]

Amine functionalized bio-resin

derived from corn stalk 6.48 48.73 [54]

Modified cocoa shell 31.65 - [47]

Modified steel slag 6.16 - [55]

Amine-OMS-2 34.06 12.17 This study
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CONCLUSION

Amine-OMS-2 was successfully synthesized,
characterized and applied to the removal of nitrate
and phosphate in water. The equilibrium time and
optimum pH were 30 min at pH 5 for nitrate and 60
min at pH 6 for phosphate. The kinetics of both the
nitrate and phosphate adsorption reactions followed
the pseudo-second-order model. Both nitrate and
phosphate adsorption capacities increased with
concentration but decreased with adsorbent mass. The
nitrate and phosphate adsorption isotherms were also
both consistent with the Freundlich model. Besides its
ability to treat nitrate and phosphate, Amine-OMS-2
was also able to reduce COD levels in wastewater,
which shows great potential for practical application.
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