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Abstract: Natural zeolites are easily found and abundant in Indonesia. The natural zeolites are
low-cost minerals; however, their ammonium sorption is poor. A hydrothermal method was applied
to improve the ammonium sorption. Hydrothermal treatment times were varied 8, 24, and 32 h.
The parent and hydrothermal treated samples were characterized by using X-ray diffraction (XRD),
Field Emission Scanning Electron Microscopes (FE-SEM), Fourier-transform infrared spectroscopy
(FTIR), and nitrogen physisorption. Ammonium adsorption was performed using a batch reactor to
evaluate the adsorption performance of the prepared zeolite samples. The 8 h hydrothermal (HT 8 h)
treated zeolites showed the highest ammonium removal percentage among others. The XRD analysis
of HT 8 h shows a higher crystallinity of mordenite and the Brunauer–Emmett–Teller (BET) model
shows a surface area of 105 m2/g, much larger as compared to the parent with a surface area of
19 m2/g. Various kinetic and isotherms models were also studied on the parent and HT 8 h samples.
The intraparticle equation showed the most accurate model for the kinetic data and the Freundlich
equation showed the most accurate model for the isotherm of the experimental data. In terms of
ammonium removal efficiency, hydrothermally treated Bayah mordenite compares favorably with
treated mordenite from other locations despite that clinoptilolite provides higher removal capacities
than mordenite.

Keywords: mordenite; clinoptilolite; crystallinity; surface area; adsorption; ion-exchange; kinetic;
isotherm; intraparticle; Freundlich

1. Introduction

Natural zeolites are available in massive amounts, inexpensive and spread out across the world.
Indonesia has several occurrences of natural zeolite deposits, i.e., North Sumatera, Lampung, Banten,
West Java, Central Java, East Java, Nusa Tenggara, and Sulawesi [1–7]. Clinoptilolite and mordenite are
the common types of Indonesian natural zeolites. The mordenite dominant type is commonly found in
Java deposits. One of the mordenite deposits in Java is located in Bayah, Banten Provence. Despite its
low-cost materials and availability, the natural zeolites have some drawbacks such as containing some
impurities, low crystallinity, and low surface area.
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It is well-known that the natural zeolites have wide applications such as stone for home materials,
as raw materials for pozzolan cement, as paper filler, adsorption of nuclear waste, for example,
cesium and strontium, as soil improvements in agriculture, ammonium removal from wastewater
and water, as heat exchangers in solar fridges, as food supplements for animals, as odor removal,
clumping pet litters, and in ammonia adsorbent from animal manures [8]. The natural zeolites
application for ammonium removal from water and wastewater is based on the ion-exchange properties.
Zeolites have extra electrons on the aluminum ion, which has to be stabilized by cations, e.g., Na+, K+,
H+, Ca2+, Mg2+, NH4+. The cations are exchangeable, which is an important property for ammonium
(NH4+) removal.

Ammonium removal percentage can be increased through natural zeolite modification techniques
such as ball milling, ion-exchange and base treatment. A smaller particle size of natural zeolites
obtained by ball milling could improve ammonium sorption of the natural clinoptilolite [9].
Ion exchange modification performed by using sodium chloride successfully increases the adsorption
of ammonium onto natural zeolites [10]. The order of ion exchange selectivity with ammonium is
Na+ > Ca2+ > K+ > Mg2+. Modification of natural mordenite by using sodium hydroxide for ammonium
removal showed an improvement of almost four times higher as compared to the parent [11].

The recrystallization method has been well documented for the zeolites in order to regain the
crystallinity after ball milling. For instance, synthetic zeolite A could be ball milled into nanosize and
recrystallized by a hydrothermal method to recover its crystallinity [12]. Nanoparticles derived from
natural zeolites with mordenite dominant type was successfully fabricated by the ball milling and
recrystallization method [13]. The hydrothermal method converted amorphous natural zeolites into
crystalline phases, which increased conversion of n-butane into iso-butane [14]. The total number of
acid sites of recrystallized samples was higher as compared with the parent. As a result, the n-butane
conversion of the recrystallized sample was increased significantly. The hydrothermal method may be
potentially applied to improve the ammonium sorption capacity of natural zeolites.

The aim of the research is to investigate the recrystallization of natural zeolites by a hydrothermal
method and assess its application for ammonium removal. The effect of hydrothermal time on the
natural zeolite properties and ammonium removal was studied. The kinetic and equilibrium parameters
were also investigated.

2. Materials and Methods

2.1. Materials

A natural zeolite tuff was obtained from a zeolite mining area located in Bayah, Banten Provence,
Indonesia. The samples were crushed and sieved to obtain particle sizes of−60 + 80 mesh. The powdered
zeolites as-received sample was labeled as ‘parent’.

A weight of 1.47 g NaOH (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 45 mL distilled
water, after that 3.47 g fumed silica (Sigma-Aldrich, St. Louis, MO, USA) was added into the basic
solution. The mixture was thoroughly stirred at 500 rpm until homogeneous. A total of 1.5 g of the
sieved parent sample was introduced into the mixture. A PTFE-lined autoclave was used to perform
the hydrothermal recrystallization. The temperature was maintained at 170 ◦C for 8 h (HT 8 h), 24 h
(HT 24 h), and 32 h (HT 32 h). The hydrothermally treated zeolites were then washed using distilled
water several times until a neutral value of pH reached. The slurry was sat at ambient temperature for
24 h. Finally, the samples were heated in an oven for 6 h at 110 ◦C.

2.2. Characterization

The natural zeolites were analyzed by Cu-Kα X-Ray Diffraction (XRD) (Shimadzu 7000,
(Shimadzu Corporation Kyoto, Japan) to study the crystallinity of natural zeolites. The scanning range
was 10–55◦ with sampling pitch 0.02◦ and scan speed 2◦/min. An FE-SEM SU5000 scanning electron
microscope (FE-SEM SU5000, Hitachi, Chiyoda City, Tokyo Japan) was used to study crystal morphology.
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A Quantachrome (Autosorb-iQ, Quantachrome, Boynton Beach, FL, USA) was used to analyze the natural
zeolites textural properties. Samples were degassed at 300 ◦C for 6 h. A liquid nitrogen bath was used
during the adsorption and the desorption of nitrogen. The Brunauer–Emmett–Teller (BET) (ASAP 2020,
Micromeritics, Norcross, GA, USA) was used to calculate the surface area of natural zeolites. An IR Tracer
100 (Shimadzu Corporation Kyoto, Japan) was used to obtain FTIR infrared emission spectra of samples.
The resolution was 4 cm−1 with scans range from 400 to 4000 cm−1.

2.3. Adsorption Test

Adsorption tests of mordenite were performed using synthetic ammonium solution: (1) 5 g
of zeolites were added to 100 mg/L ammonium solution, and the effects of adsorption time on the
ammonium cation removal were observed every 20 min, (2) 0.5–10 g of zeolites were introduced to the
50 mL of 100 ppm ammonium and the adsorptions process were kept for 3 days prior to analyzing the
remained ammonium in the solution. The colorimetric method was performed to analyze the NH4+

amount in the synthetic ammonium solution.

2.4. Kinetic Model

For the kinetic study of Bayah zeolites, data were analyzed using four kinetic models of Lagergren’s
first order, second order, Elovich, and intraparticle diffusion. Those equations are described as
the following:

The model of Lagergren’s first order is presented in Equation (1):

dqt

dt
= kL(qe − qt) (1)

where qe represents mass of ammonium adsorbed at equilibrium per gram of zeolites (mg/g), qt (mg/g)
is mass of ammonium adsorbed at time te per gram of zeolites, while the rate constant parameter
of Lagergren’s equation is indicated by kL (L/mg). Equation (1) could be rewritten into Equation (2),
a non-linear equation obtained by using a simple calculus technique with initial conditions at t = 0,
qt = 0 and at t = t, qt = qt.

qt = qe −
qe

exp(kLt)
(2)

The model of the second order is presented in Equation (3):

dqt

dt
= ks(qe − qt)

2 (3)

where ks is the constant rate of the pseudo 2nd order equation. Separation of each variables using initial
condition at t = 0, qt = 0 and at t = t, qt = qt could solve the differential equation into the non-linear
equation as follows:

qt = qe −
qe

1− (ksqet)
(4)

Equation (5) shows the Elovich model of kinetic adsorption.

dqt

dt
= α exp(−βqt) (5)

where α and β are the Elovich’s parameters of kinetic. The non-linear equation of the Elovich’s model
can be obtained by separating the variable method with the initial condition at t = 0, qt = 0 and at t = t,
qt = qt, resulting in Equation (6):

qt =
1
β

ln(1 + αβt) (6)
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While the intraparticle diffusion model is showed in Equation (7):

qt = kit1/2 + C (7)

where ki is the constant rate parameter of intraparticle model and C is the intercept.

2.5. Isotherm Model

An isotherm study was conducted using four models of isotherm equation, i.e., Langmuir,
Freundlich, and Temkin. The Langmuir isotherm model is stated as in Equation (8):

qe =
qmaxKLCe

1 + KLCe
(8)

where qmax is defined as the maximum capacity (mg/g) of Langmuir monolayer adsorption, while KL is
the parameter for the Langmuir equilibrium model.

The Langmuir–Vagelar model is described as in Equation (9):

qe =
rqmax

r + KLV
(9)

where r = VCo/m, V is ammonium solution volume (L), Co is the initial concentration of ammonium
in the solution (mg/L), with KLV as the Langmuir–Vageler constant.

Isotherm equation of Freundlich is provided by Equation (10):

qe = KFC1/n
e (10)

where KF is the Freundlich’s capacity factor.
The Temkin’s isotherm equation is described in Equation (11):

qe = B ln(KtCe) (11)

where B describes the parameter of heat adsorption and Kt is the constant of an equilibrium binding.
A non-linear least squared (NLLS) analysis was chosen over the linearization method, to fit models

with the experimental data, which is believed to be more accurate [15]. The sum of squared error (SSE)
in Equation (12) was used for the error analysis method:

SSE =
n∑

i=1

(
qe − qe,calc

)2
(12)

where qe,calc is the mass of NH4+ adsorbed at equilibrium per gram of zeolite mass determined by the
model (mg/g).

3. Results and Discussion

3.1. Characterization

Figure 1 describes the impact of hydrothermal treatment time on the resulting zeolite crystallinity.
The parent XRD pattern shows that the Bayah natural zeolite phases are mordenite (card no: 000110155),
clinoptilolite (card no: 010791462), and quartz (card no: 010773162). The hydrothermal treated samples
exhibited relatively higher crystallinity of mordenite peaks than the parent natural zeolites as shown
by higher peak intensities of the XRD patterns. For example, the mordenite peak intensities at 2θ 13.5◦,
25.8◦, 26.8◦, and 27.7◦ of the hydrothermal treated samples are higher than the parent. As a phase
competitor, quartz was pronounced after 24 h hydrothermal reaction as indicated at 2θ 20.9◦, 26.6◦,
39.5◦, 50.2◦. The hydrothermally treated of the Bayah natural zeolites for 24 h showed the highest peak
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of quartz crystalline phase at 26.6◦. This is in agreement with our previous work for the hydrothermal
treatment using Klaten natural zeolites, which showed high peaks of quartz crystalline phase after 26 h
hydrothermal treatment [14]. The longer hydrothermal reaction seems to increase conversion of the
initial mordenite phase into other zeolite phases. Zeolite phase conversion into other zeolite phases
via the hydrothermal method depends on time, temperature, and NaOH concentration, as reported
elsewhere [16,17].Processes 2020, 8, x FOR PEER REVIEW 5 of 11 
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Figure 1. XRD patterns of parent and hydrothermal treated natural mordenite.

The effects of hydrothermal reaction time on FTIR spectra are presented in Figure 2. The Al−O
fragment is indicated by the vibrational bands at 780−820 cm−1. The asymmetric stretch mode of SiO4

and AlO4 are the main vibrational bands, which are shown at wavelengths of about 960−1250 cm−1.
A peak pointed at the wavenumber 1081 cm−1 can be associated to Si–O–Si asymmetric stretching
vibration, which is indicative of the peak of quartz [18]. The vibration of HOH is shown at the
wavelength of about 1560−1690 cm−1. This agrees with the XRD patterns of the HT 24 h showing the
quartz crystalline pattern.
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Figure 2. Diffraction patterns of parent and hydrothermal treated natural zeolites.

The nitrogen adsorption and desorption isotherms of the parent and the hydrothermally treated
natural zeolites are shown in Figure 3. It shows that the hydrothermal treatment time positively affects
the nitrogen uptake of natural zeolites. It can be ascribed from the formation of new mordenite crystals
for the period of the hydrothermal recrystallization that increased the uptake of nitrogen on the sample
HT 8 h. The fast growth of the quartz crystalline phase after hydrothermal treatment for 24 h reduced
the nitrogen uptake on the HT 24 h sample.
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Figure 3. Nitrogen isotherms of parent and hydrothermal treated natural mordenite.

The BET results show that the total surface area increased remarkably thanks to the hydrothermal
treatment. The surface area of the parent was only 19 m2/g, while the 8 h hydrothermal treatment
sample was 105 m2/g (Table 1). However, the surface area decreases after 24 h hydrothermal treatment
to 65 m2/g. It is most likely because more quartz crystalline phase was formed, which has no porosity,
hence reducing the total surface area of the sample HT 24 h. The total pore volume was also increased
from 0.06 mL/g before hydrothermal treatment to 0.23 mL/g after the 8 h hydrothermal treatment.
Likewise, the surface area of HT 24 h was smaller than the H 8 h. The textural properties of the three
samples suggested that the 8 h hydrothermal would offer the highest ammonium uptake as the nitrogen
uptake in nitrogen adsorption–desorption analysis.

Table 1. Textural properties of parent and hydrothermal treatment of natural zeolites.

Textural Properties Parent HT 8 h HT 24 h

Surface area (m2/g) 19 105 65
Total pore volume (mL/g) 0.06 0.23 0.15

The SEM micro-images of the parent Bayah natural zeolites, the HT 8 h and the HT 24 h are shown
in Figure 4. The parent natural mordenite has a typical needle-like morphology. The clinoptilolite
displays tabular morphology and the quartz crystal tip is like a pyramid [19]. The parent shows
small size needles shapes (Figure 4a top). The parent Bayah natural zeolites also showed a pyramid
tip shape, which is most likely the typical shape of the quartz or clinoptilolite (Figure 4a bottom).
Figure 4b suggests that the mordenite crystal was observed as pointed by the more needle-like shape
(arrowed) that appeared after hydrothermal treatment for 8 h. The needles were even longer after
24 h hydrothermal treatment, which suggests the growth of mordenite crystal. The quartz phase
was also observed as circled in Figure 4c. The crystal of mordenite and quartz growth confirmed
the diffraction patterns, which show the rise of mordenite and quartz peak intensities when the
hydrothermal time increases.

3.2. Ammonium Removal

The effect of hydrothermal time of the zeolites on the ammonium removal is presented in Figure 5.
It shows that after the 8 h hydrothermal treatment the percentage of ammonium removal increases from
an initial 48.9% to 62.6%. However, it starts to decrease after 24 h, with ammonium removal at 56.5%.
After 32 h the ammonium removal is lesser than the parent with ammonium removal of only 40.7%.
The high percentages of ammonium removal at sample HT 24 h and HT 32 h are most likely because of
the quartz phase competing with the mordenite growth. The quartz has no capacity for ammonium
sorption, hence the percentage of ammonium becomes lower with longer hydrothermal treatment time.
The transformation of the zeolite phases from mordenite and clinoptilolite to phillipsite during the
hydrothermal treatment occurs within 1–7 days [16,17]. High concentration of NaOH tends to shorten
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the phase conversion time. Watanabe et al. [17] reported that natural mordenite was successfully
converted into zeolite phillipsite after 7 days under hydrothermal treatment. The ammonium removal
increased from 32% to 64%.
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Table 2 displays comparison between the Bayah natural zeolites before and after modification
with data from the literature. Ammonium removal of the parent Bayah natural zeolites is relatively
higher than the other reported natural zeolites and the adsoption is typical of the chemical adsorption
ascribed from the Elovich model fitting [20]. For example, percent ammonium removals of natural
zeolites from Ponorogo, Shimane, Lingshou were only 30%, 32%, and 41.8%, respectively [11,21,22].
After the Ponorogo zeolites were treated with 6 M sodium hydroxide, the percentage of ammonium
removal increased to 80%. The sodium ion-exchanged Ponorogo zeolites give a higher ammonium
removal than the hydrothermal treated Bayah zeolites because the Na+ is easier to exchange with
the NH4

+. Clinoptilolite from Lingshou, China, impregnated with NaNO3 followed by calcination
improve ammonium removal because of enhancement in mesoporosity and ion-exchange capacity.
The ammonium removal is improved due to oxygen release, nitrate decomposition and sodium
ion-exchange. In general, the ammonium uptake is contributed by the adsorption and ion-exchange
mechanism. Some other zeolite occurrences show a higher percentage of ammonium removal events
without modification such as zeolites from Bulgaria and Iran [22,23]. The capacity of ammonium
uptake depends on the type of zeolites, crystallinity of zeolites, ratio of Si to Al and ratio Na2O to
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SiO2 [11,21,24]. The synthetic NaY zeolite reported 70% of ammonium removal, which shows that the
natural zeolites could have a better performance than the synthetic one [24].

Table 2. Comparison of hydrotreated Bayah natural zeolites with other zeolites.

No Origins of
Zeolites

Phase Treatment
Initial

[NH4
+]

(mg/L)

% Ammonium Removal
RefBefore

Modification
After

Modification

1 Bayah,
Indonesia

Mordenite,
clinoptilolite,

quartz
Hydrothermal 100 48.9 62.6 This

work

2
Shimane

Prefecture,
Japan

Mordenite Hydrothermal 180 32 64 [16]

3 Lingshou,
China

Clinoptilolite-Ca,
stilbite-Ca

NaNO3
impregnation
followed by
calcination

5 41.8 81.7 [21]

4 Kardzhali,
Bulgaria Clinoptilolite

Washing
followed by

drying
100 95 - [22]

5 Semnan,
Iran Clinoptilolite No modification 100 87 - [23]

6 Ponorogo,
Indonesia Mordenite NaOH 10 30 50–80 [11]

7 Synthetic NaY No Modification 100 70 - [24]

3.3. Kinetic Model

The experimental data and four kinetic models, i.e., 1st order, 2nd order, intraparticle and Elovich,
are presented in Figure 6 for ammonium adsorption on the Bayah natural zeolites parent and the HT
8 h samples. The most appropriate equation according to criteria of sum of squared error (SSE) for
the parent was the 2nd order model, with SSE 1.4 × 10−4 as presented in Table 3. On the other hand,
the most appropriate model for ammonium adsorption using the HT 8 h sample was the intraparticle
model. The Elovich model was also fitted with the sorption data for the parent and the HT 8 h
samples with SSE 3.67 × 10−4 and 4.3 × 10−4, respectively. The Elovich model was originally developed
dominantly for the adsorption chemical process; for example, it was fitted with the experimental data
of chemical adsorption of reactive dye on chitosan [20]. The Elovich model was applied to the parent
and HT 8 h and the results suggested that the adsorption of NH4+ on the parent and the hydrothermal
treated zeolite is typical of the chemical adsorption.

Table 3. Kinetic parameters of ammonium adsorption.

Zeolite Model Parameter 1 Parameter 2 SSE

Parent 1st order kL = 0.83 qe = 0.10 0.001660
2nd order Ks = −0.28 qe = 0.86 0.000139

Intraparticle Ki = 0.016 C = 0.67 0.000956
Elovich A = 416.13 β = 16.17 0.000367

HT 8 h 1st order kL = 0.88 qe = 0.12 0.004379
2nd order Ks = −0.387 qe = 0.915 0.001608

Intraparticle Ki = 0.014 C = 0.75 0.000118
Elovich A = 13,363 β = 19.16 0.000433

SSE = sum of squared error.
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3.4. Isotherm Model

For the purposes of isotherms study, only the HT 8 h sample was evaluated. The experimental data
fitted to the equilibrium isotherm, namely the Langmuir, Freundlich and Temkin models are shown in
Figure 7. The Langmuir and Freundlich model show the lowest error among others, with the SSE of 0.29
and 0.28, respectively (Table 4). Several assumptions for the Langmuir model are the surface is considered
as uniform, adsorption on the surface only one layer thick, and molecular interaction is zero.
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Table 4. Isotherm parameters for ammonium adsorption on HT 8 h sample.

Isotherm Parameter 1 Parameter 2 SSE

Langmuir qmax = 353 KL = 0.0005 0.29
Freundlich KF = 0.20 n = 1.0235 0.28

Temkin B = 2.28 Kt = 0.29 3.58

4. Conclusions

The hydrothermal method applied to the Bayah natural zeolites successfully increased the
ammonium removal capacity. The sample with hydrothermal time of 8 h shows the highest ammonium
removal percentage. Longer periods of hydrothermal reaction are not recommended because of the
excessive growth of the quartz crystalline phase. The XRD and BET analyses of the HT 8 h sample
shows a higher crystallinity of mordenite with high surface area. Various kinetic and isotherm models
have been studied for the parent and HT 8 h samples. The intraparticle equation shows the most
accurate model for the kinetic data and the Freundlich equation shows the most accurate model for
the isotherm experimental data. In terms of ammonium removal efficiency, hydrothermally treated
Bayah mordenite shows advantages over other treated mordenite from other locations worldwide,
suggesting its potential for full scale application.
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