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AbstractThis work investigates the effectiveness of ammoniacal nitrogen (NH4
+-N) removal from contaminated

water by adsorptive hollow fiber ceramic membrane (HFCM) derived from naturally made clinoptilolite. The techno-
logical value of this work is the simple mechanism of the adsorptive HFCM in removing gaseous ammonia in water by
combining adsorption and separation. To test the technical feasibility of this proposed technology, clinoptilolite HFCM
was fabricated via phase inversion-based extrusion/sintering technique and characterized by SEM and water perme-
ation flux. The produced HFCM corresponds to the desired morphology of the asymmetric structure (dense and void
formations) with outstanding adsorption performance of NH4

+-N. The effects of the HFCM’s operational parameters on
its removal are examined in terms of membrane dosage and isothermal studies. The adsorption isotherm behavior
exhibited that the adsorption process fitted the Freundlich isotherm model with outstanding removal performance
even at trace concentration of ammonia. The low amount used by HFCM (4.75×104 m2) resulted in over 96% ammo-
nia removal, indicating a low cost of adsorption process. The regeneration of saturated HFCM suggests an outstanding
recovery of the HFCM for its subsequent use for NH4

+-N removal. This study also reveals the potential of adsorptive
HFCM as a simple and cost-effective technology for ammonia removal from wastewater.
Keywords: Clinoptilolite, Hollow Fiber Ceramic Membrane (HFCM), Adsorptive Membrane, Ammoniacal-nitrogen

Removal, Regeneration

INTRODUCTION

Rapid population growth is always accompanied by the increase
in food demand. Agricultural technological intervention has been
put to creating an upsurge in crop harvesting to fulfil these demands.
Thus, the usage of fertilizers to boost crop production has become
a widespread practice by agriculturally based industries in all parts
of the world. Consequently, the wide usage of fertilizers that nor-
mally contain nitrogen-rich materials eventually contributes to the
accumulation of ammoniacal nitrogen level in the environment
[1]. Excess ammonia in water stream or reservoir may potentially
lead to another hazardous problem. The eutrophication phenome-
non driven by the undesirably high amount of ammonia will give

rise to problems including algal bloom and toxification of fishes
and aquatic lives as well as contamination of drinking water. Con-
sequently, the problems are detrimental to human health upon the
consumption of these ammonia-contaminated water and living
stocks [2,3]. Therefore, the removal of ammonia and its constitu-
ent compounds from the water is crucial.

There are many conventional methods for ammonia removal
from water. These include precipitation and flocculation, biologi-
cal and chemical treatments, and adsorption and ion-exchange pro-
cess [4-6]. Of all the methods, adsorption and ion-exchange processes
possess the most promising and effective way of removing ammo-
nia due to their simplicity, low cost, and high efficiency [7]. Addi-
tionally, new materials that are highly efficient for adsorption and
ion exchange have gained tremendous attention and highlights for
the past decades [8]. Among the studied materials, natural zeolite
has gained much attention due to its large adsorption over surface
area compared to other mineral materials.
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Clinoptilolite is the most abundant source of natural zeolite that
is effective in removing ammonia from water since the 1970s [9].
Many studies have been reported on clinoptilolite utilization as an
adsorbent for ammonia removal [10-13]. Nevertheless, these stud-
ies reported the adsorption process using clinoptilolite powder in
suspension, which, to some extent, has many drawbacks. The incon-
venient operation that needs a secondary filtration process, as well
as high possibility of losing the adsorbent during the filtration, have
become the major downsides of this powder suspension approach
[14]. Therefore, a new approach that preserves the good adsorp-
tion properties of clinoptilolite accompanied by convenient prac-
tice and operation has become a new aim to improve the adsorption
process.

The application of clinoptilolite in the form of adsorptive mem-
brane for the elimination of ammonia is a novel and innovative
approach. The utilization of the adsorbent in the form of a mem-
brane was previously reported in the form of polymeric mem-
branes [15-17]. Most of these polymeric hollow fibers are vulnerable
to chemical and thermal stresses, resulting in morphological changes
and membrane swelling. These fluctuations have weakening effects
on the membrane execution [18]. Therefore, these polymeric mem-
branes are restricted to only appliances with mild operational con-
ditions, namely, low alkalinity and acidity as well as low temperature
and pressure. As a solution to this problem, a new technique was
established to construct ceramic hollow fiber membranes. Due to
their superior thermal and chemical constancy, ceramic mem-
branes are more outstanding compared to polymeric membranes
in more extreme environments. The utilization of ceramic materi-
als, specifically natural zeolite, in the development of adsorptive
HFCM aiming for ammonia removal was reported in the litera-
ture [19,20]. Although some reports testified to the fabrication of
the adsorptive clinoptilolite HFCM, there is a lack of reports on
the adsorption mechanism and effect of membrane dosage [14,19].
This study investigated the adsorption mechanism of the mem-
brane towards ammonia in synthetic wastewater. Furthermore, the
regeneration of the saturated adsorptive membrane examined in
this study adds to the novelty of this research. Instead of soaking
and filtering the common adsorbent in the regenerant solution,
the single backwashing approach with the regenerant was applied,
which is simpler and novel compared to the common regenera-
tion process. The outcomes give new perspective on the advance-
ment of the adsorptive ceramic-based membrane in the wastewater
treatment process.

EXPERIMENTAL

1. Fabrication and Characterization of Adsorptive Hollow
Fiber Ceramic Membrane

Clinoptilolite powder with an average 70m size was procured
from Shijiazhuang Mining Trade Co. Ltd., Ziaoning, China. Prior
to the fabrication of the adsorptive membrane, the powder was
ground and sieved into 36m and dried for 24 h to eliminate the
moisture contained in the sample. Arlacel P135 (polyethylenegly-
col 30-dipolyhydroxystearate, Uniqema), N-methyl-2-pyrrolidone,
NMP (AR grade, QRëC), and polyethersulfone, PESf (Radal A300,
Ameco Performance, USA) were used as dispersant, solvent, and

polymer binder, respectively.
Adsorptive HFCM was prepared using phase inversion-based

extrusion and sintering techniques [21-23]. First, 1 wt% Arlacel
P135 (dispersant) was liquified in 49 wt% NMP (solvent) and vig-
orously stirred. Upon the formation of the homogeneous solu-
tion, 45 wt% of the pre-dried zeolite powder (ground and sieved
into 36m) was gradually mixed into the slurry, and the formed
suspension was projected to ball milling process using NQM-2
planetary ball mill. After 48 h of the milling process, 5 wt% of
PESf was mixed into the dope and further milled for another 48 h.
Upon completion of the milling process, the produced suspension
was degassed (30 min) to remove trapped air to avoid defect for-
mation in the membrane structure.

Before the extrusion process, the dope suspension was trans-
ferred into a syringe pump before being extruded through a tube-
in-orifice spinneret using specified spinning parameters, namely,
dope suspension extrusion rate of 10 mL/min, bore fluid extru-
sion of 15 mL/min, and air-gap distance of 5 cm. In this study, both
the internal (bore fluid) and external coagulants used were tap water.
After the extrusion process, the produced membrane precursors
were further immersed in water coagulant to complete the phase
inversion process. Subsequently, the membrane precursors were
dried at room temperature. Lastly, the membrane precursors were
sintered in air for 4 h at 1,050 oC [24]. In the sintering process, the
heating and cooling rates used were 2 oC/min throughout the pro-
cess. The fabrication of the adsorptive membrane in this study was
previously described [25].

The morphology of the produced membranes was assessed at
different magnification using scanning electron microscopy (SEM,
Hitachi TM 3000, Japan). Prior to the analysis, each membrane
was sputtered with platinum for 3 min under vacuum conditions.
The morphology and cross-sectional anatomy of the membranes
were analyzed. The membrane crystallography characteristics were
also studied by X-ray diffraction (XRD) analysis. The XRD analy-
sis was performed using XRD spectrometry (Bruker AXS D8, Ger-
many), with a Cu K radiation () of 1.5406 Ǻ.
2. Membrane Adsorption Performance
2-1. Adsorption Analysis

The ammonia adsorption performance was evaluated using the
crossflow water permeation system at 25 oC. The ammonia concen-
tration in both feed (synthetic) and permeate solutions was deter-
mined using a UV-visible spectrophotometer (Hach Model DR
5000, Canada). This ammonia detection procedure was attained
with the assistance of ammoniacal salicylate method that consisted
of ammonium salicylate and ammonium cyanurate reagents as
the color indicator for the ammonia concentration and measured
at 644 nm. This method was formerly developed from the phenol
or phenate method. In this process, the replacement of phenol by
sodium salicylate thus removes the production of poisonous and
highly volatile ortho-chlorophenol [26]. In this method, ammonia
reacts with hypochlorite and produces monochloramine. The
monochloramine subsequently reacts with salicylate and produces
a blue-green compound known as 5-aminosalicylate. The color
intensity of this compound is directly proportional to the concen-
tration of the ammoniacal nitrogen in the sample [27]. The color
intensity of this compound is measured by the absorbance and
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interpreted into ammonia content. Ammonia removal is calcu-
lated by using the following equation:

(1)

where Cf and Cp are the ammonia concentrations in the feed and
permeate, respectively.
2-2. Adsorption Isotherm Experiments

The adsorption isotherm study of ammonia removal using the
adsorptive HFCM was carried out by varying the initial ammonia
feed concentration. The initial ammonia feed concentration ranged
from 50 to 500 mg/L ammonia (0.1 L) at set conditions of 25 oC,
pH 7, and 3 h of filtration process using one strand of adsorptive
HFCM that weighed 0.1 g. All experiments were performed in
triplicate (n=3). Results are presented as the mean and the stan-
dard deviations are indicated by the error bars.
2-3. Effect of HFCM amount Study

The effect of HFCM amount on ammonia adsorption was inves-
tigated by varying the number of HFCM from 1 to 5 strands.
Each HFCM that was in contact with the feed ammonia solution
had 1.58×104 m2 of effective area and weighed 0.1 g. Table 1 rep-
resents the dosage of the membrane in terms of the number of
membranes, effective area, and weight of the membranes. The
experiment setup is shown in Fig. 1. The initial ammonia feed solu-
tion was fixed to 50 mg/L, and the pH, volume of the feed solu-
tion, and temperature were pH 7, 0.1 L, and 25 oC, respectively.

R  
Cf   Cp

Cf
---------------- 100

Table 1. Dosage of membrane for ammonia adsorption
Number of membranes Effective area (m2) Weight (g)

1 1.58×104 0.1
2 3.16×104 0.2
3 4.75×104 0.3
4 6.33×104 0.4
5 7.91×104 0.5

Fig. 1. Experimental setup of ammonia removal using the adsorp-
tive HFCM.

Fig. 2. The image of adsorptive HFCM (a) digital image; (b) over-
all cross-sectional SEM image; (c) zoom-in local cross-sec-
tional SEM image; and (d) porous structure of SEM image at
higher magnification.

The capacity of the HFCM adsorptivity was measured and deter-
mined using the following equation:

(2)

where qe is the adsorption capacity of the HFCM (mg/g), Ci is the
initial ammonia feed concentration (mg/L), Ce is the ammonia con-
centration at equilibrium (mg/L), V is the volume of ammonia (L),
and M is the weight of the HFCM (g).
3. Regeneration of the Adsorptive HFCM

The adsorptive HFCM was regenerated upon the decreasing of
the ammonia uptake due to fully occupied active sites of the zeo-
lite. Regeneration is the process whereby the adsorbed materials
are taken out by a stripping solution, thus freeing the zeolite active
sites and readying the HFCM for the next adsorption cycle. In this
study, the used HFCM was backwashed with 5 g/L NaCl solution.
The regenerated zeolite HFCM was cleaned and dried before the
subsequent ammonia adsorption cycle. Fourier transform infra-
red spectroscopy analysis was carried out to determine the pres-
ence of functional groups in the sample before, during, and after
ammonia adsorption process. This analysis confirmed the chemi-
cal changes due to the regeneration process. The analysis was per-
formed by using IR Tracer-100 Shimadzu spectrophotometer at
the resolution of 4,000 to 400 cm1.

RESULTS AND DISCUSSION

1. Morphological behavior of HFCM
The morphology of the HFCM sintered at 1,050 oC is shown in

Fig. 2, where the SEM micrographs of the adsorptive HFCM were
taken at various magnification. The fiber has an asymmetrical struc-
ture with both dense and void structures present. Several factors

qe  
Ci   Ce V

M
------------------------
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could cause the formation of the voids. One of the factors is the
demixing process during the phase-inversion technique. The inter-
change between solvent (NMP) with nonsolvent (water coagulant)
during the phase-inversion process not only solidifies the mem-
brane precursor from ceramic dope suspension but also forms the
membrane’s structural morphology. Theoretically, high miscibility
of solvent-nonsolvent is favored in forming the finger-like struc-
ture, whereas low miscibility of solvent-nonsolvent is preferred in
the sponge-like structure formation [28]. However, it is difficult to
achieve a finger-like structure in ceramic membranes. One of the
major causes is the irregular shape and size of the particle. Unlike
its polymeric membrane counterpart, the ceramic suspension nor-
mally contains bigger particles (36m in this study), which even-
tually affects the formation of finger-like structure. This finger-like
structure or voids could have have been attributed to the high flux
of the membranes. However, this structure is considered as a defect
because it sacrifices the mechanical strength of the ceramic mem-
brane [29]. Additionally, it can be observed that the ceramic parti-
cles were integrated, thus attributed to the structure of the membrane.
As discussed and reported in an earlier study, the HFCM struc-
ture is generally influenced by the sintering process of the mem-
brane [30]. During the sintering process, the fine ceramic particle
tends to be arranged uniformly with closely packed structure and
thus reducing the pore or void formation between the ceramic
particles. The high sintering temperature eventually promotes the
grain growth process of the ceramic where the necking formation
between the conjugated ceramic particles occurs. The interparticle
spaces will allow good interaction between the ammonia and ceramic
particles (adsorbent), thus enhancing the adsorption performance
of ammonia by the membrane.

Fig. 3 shows the XRD patterns for natural zeolite and HFCM.
The diffraction peaks at 2 of 9.77o, 11.1o, 13.2o, 16.8o, 18.9o, 20.8o,
22.3o, 22.6o, 25.9o, 26.6o, 28.0o, 29.9o, 31.9o, 32.6o, 36.5o, and 50.1o

were validated as natural zeolite. This was confirmed by the stan-
dard pattern of the clinoptilolite (01-079-1460 JCPDS card). The
findings for this natural zeolite prove that the main phase was clinop-
tilolite. A similar finding was reported in a previous study [31]. In

Fig. 3. The XRD patterns of the natural zeolite clinoptilolite and
HFCM.

Fig. 4. The experimental adsorption isotherms of the ammonia onto
the HFCM (n=3).

addition, apart from clinoptilolite, a small presence of cristobalite
and quartz phases was detected in this sample. After the sintering
process, the crystallinity of natural zeolite was changed significantly
due to the heating process. The comparison between the two peaks
(before and after sintering) showed a reduction in the peak’s inten-
sity for the heat-treated sample of the HFCM. This observation sug-
gests that some of the crystal structure present in the non-sintered
sample has become amorphous and can be proven by the reduc-
tion of some major peaks that corresponded to the clinoptilolite in
the diffractogram. Meanwhile, the diffractogram of HFCM exhib-
ited the presence of new major phases, namely, anorthoclase (01-
077-8526 JCPDS card), cristobalite (01-077-8629 JCPDS card), and
quartz (01-083-2187 JCPDS card). This observation indicates that
these peaks belong to the crystal phase with a high melting point.
Several studies have reported the same trend of findings in which
different modifications have been done to the natural zeolite sam-
ple [32,33]. Note that the heating process (sintering) may reduce
the natural zeolite’s surface area by merging the natural zeolite par-
ticles via grain growth occurrence [34]. Additionally, the heating
process has altered the phase behavior of the natural zeolite by
profoundly enhancing the quartz and cristobalite (SiO2 compounds),
which may significantly occur due to the elimination of other ele-
ments or compounds during the sintering process. The copious
presence of the SiO2 compounds eventually affects the glassy state
of the natural zeolite. Meanwhile, the better adsorption of ammo-
nia by HFCM is mainly contributed by the existence of amorphous
aluminosilicate compounds [34]. The superior adsorption of ammo-
nia by this amorphous aluminosilicate compound is essentially
contributed by the open structures that are responsible for the
removal of ammonia from the water [35].
2. Adsorption of Ammonia onto HFCM
2-1. Adsorption Isotherms

The adsorption isotherms behavior of the ammonia onto the
HFCM was studied using different adsorption isotherm models.
The equilibrium adsorption capacity, Qe of the HFCM onto the
ammonia was studied and depicted in Fig. 4 as the function of dif-
ferent initial ammonia concentrations. The adsorption capacity
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increased along with the increment in the initial ammonia con-
centration from 50 to 500 mg/L. Further increases in the ammo-
nia concentration showed no significant change in the adsorption
capacity. Thus, this result suggests that the initial increment of
ammonia concentration has intensified the driving force for mass
transfer of the ammonia between the adsorbent phase of the HFCM
and the aqueous medium. This phenomenon increases the adsorp-
tion capacity of the ammonia [36].

Additionally, the ammonia uptake process by the HFCM oc-
curred rapidly and efficiently at low ammonia concentration. This
result indicates that the HFCM is a suitable adsorbent even in low
ammonia concentration environment such as in wastewater treat-
ment facilities and eutrophic waters [37]. Moreover, the higher
ammonia adsorption capacity by the HFCM is mainly attribut-
able to the excellent ion exchange property possessed by the natu-
ral zeolite. The isomorphous substitution of the Al3+ to Si4+ in the
lattice sheet of the zeolite eventually forms negatively charged ad-
sorption sites. This active site then localizes to the surface of the
particle and is likely to be neutralized by the counterions located at
the surface such as Na+, K+, and Ca2+ that are easily substitutable
with other ions in the contact solutions (NH4

+) [38].
The adsorption isotherm behavior was further described by

applying a number of equilibrium isotherm models. In this work,
two main isotherm models were fitted to the experimental data:
Langmuir and Freundlich. According to the Langmuir adsorption
model, the adsorption of the adsorbate takes place at the homoge-
neous specific sites of the adsorbent. Furthermore, in most cases,
monolayer adsorption is attained [39]. The linear correlation of
the Langmuir model is as follows:

(3)

where qmax is the maximum adsorption capacity (mg/g) and K is
the Langmuir constant (L/mg).

On the other hand, the Freundlich isotherm model assumes het-
erogeneity of the surface, and the adsorption occurs at the sites with
different adsorption energies. The linear expression of the model is
as follows:

(4)

where KF is the Freundlich adsorbent capacity (mg/g)/(mg/L)1/n

and n is the reciprocal of the reaction order.
The linear correlations of Langmuir and Freundlich isotherm

models, as well as the adsorption isotherm parameters for the ad-
sorption process of the ammonia onto the HFCM, are depicted in
Fig. 5 and Table 2, respectively.

From the plots shown in Fig. 5 and parameters in Table 2, it
can be concluded that the adsorption between ammonia and
HFCM is best fitted to the Freundlich adsorption isotherm model
with a coefficient of determination, R2 value of 0.995, which is
higher than that of Langmuir (0.989). The Freundlich isotherm
constants Kf and n are determined from the intercept and slope of
a plot of log Qe versus log Ce in Fig. 5(b). The graph interpreta-
tion shows that the value of n is greater than unity (n>1), which
indicates chemisorption interaction between the adsorbent and
adsorbate [40]. Adsorption with an n value greater than unity is
classified as L-type adsorption, reflecting chemisorption due to the
high affinity between the adsorbate and adsorbent [41]. The ad-
sorption capacity of the HFCM in this study is comparable to that
of other adsorbents in the literature. This finding signifies that the
HFCM is an economical and practical material for ammonia
adsorption in water.
2-2. Effect of HFCM Dose

The effect of the ammonia adsorption by the adsorptive HFCM
was further investigated by using different amounts of HFCM. Fig.

Ce

qe
-----  

1
Kqmax
--------------  

1
qmax
----------Ce

qe   KF  
1
n
--- Celogloglog

Fig. 5. The linear plots of (a) Langmuir and (b) Freundlich isotherm models.

Table 2. Adsorption isotherm parameters for the adsorption of
ammonia onto the HFCM

Isotherm model Parameters

Langmuir
qmax (mg/g) K (L/mg) R2

25.8 0.03 0.989

Freundlich
KF (mg/g)/(mg/L)1/n n R2

5.17 3.89 0.995
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6 illustrates the removal efficiency of HFCM towards ammonia at
different adsorbent dosages. Ammonia removal greatly increased
to 96% when the HFCM amount was increased from one to
three. This result could be attributed to the increment in the active
sites available offered by the HFCMs, hence promoting more ammo-
nia adsorption [42]. On the other hand, water permeability insig-
nificantly increased upon the increment in the HFCM amount.
Besides providing the available active sites for ammonia removal,
the high amount of HFCM did not affect water permeability of
the membrane. The fluctuating value of the water permeate from
the HFCM was due to the same physicochemical behavior pos-
sessed by the HFCM sintered at the same temperature. The am-
monia adsorption was significant when the number of HFCM
increased from 1 to 3 strands. However, when the number was
increased to 5 strands, the adsorption increment was slightly noticed.
Although more ammonia was expected to be removed by high
amounts of HFCM due to more active sites being offered, the slight
increment in ammonia removal could be possibly due to insuffi-
cient residence time between the ammonia and the HFCM for the
adsorption to take place due to the slightly higher water permea-
bility of the HFCM. A similar trend was seen for the effect of flow
rate in the breakthrough behavior study of adsorptive fixed-bed
column system [43]. As the rate of the adsorbate leaving the ad-
sorbent increases, the adsorption has a lower tendency to take
place. This phenomenon can be explained by the fact that more
physicochemical interactions happened between the HFCM adsor-
bent and the adsorbate. This result indicates that the flow rate of
the adsorbate (ammonia) is the most critical factor in determin-
ing the efficacy of the HFCM adsorbent for ammonia adsorption
[44]. Therefore, three was chosen as the best amount of HFCM
for effective ammonia removal by considering the low cost due to
low amount of HFCM and high ammonia removal efficiency up
to 96% as it provides the highest removal efficiency in relation to
the amount of HFCM used. This amount of HFCM was chosen
and used for subsequent experiments.
3. Regeneration of HFCM

Regeneration is a common approach for the recovery of ad-

sorptive materials. After much usage, the adsorbent undergoes a
saturation process where the adsorbed species fully occupy the
active sites of the adsorbent. This occurrence is known as the
equilibrium point of the adsorbent [45]. The regeneration process
of the saturated adsorbent is undertaken to recover the adsorbed
species and free the active sites of the adsorbent for further adsorp-
tion process. In this study, 5 g/L NaCl was used as the regenerant
solution for the recovery of the adsorbed ammonia from the HFCM
membrane. Fig. 7 depicts the ammonia removal efficiency of the
adsorptive HFCM over repeated regeneration cycles.

The relation shows that the removal efficiency of HFCM was
stable with almost negligible loss of ammonia removal capacity
throughout the sequential regeneration process. Additionally, the
ammonia removal capacity of the HFCM slightly increased upon
the first regeneration. This finding suggests that the regeneration
of HFCM using the NaCl solution changed the zeolite of the HFCM
into single ionic sodium form. This phenomenon subsequently
increased the exchange property of the HFCM. Similar findings
have been reported in a previous study in which the zeolite was
studied in a column system [46]. After subsequent regeneration
processes, the ammonia removal efficiency of the HFCM remained

Fig. 6. The effect of HFCM amount on the water permeability and
removal of ammonia (n=3).

Fig. 7. The ammonia removal efficiency of HFCM at different regen-
eration cycle (n=3).

Fig. 8. The FTIR spectrum of adsorptive HFCM, ammonia-adsorbed
HFCM and regenerated HFCM.
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constant with a slight decline. This result suggests that the regener-
ant solution activated the zeolite within the HFCM.

FTIR analysis further revealed the chemical interaction between
the adsorptive membrane, ammonia, and the regenerant species.
Fig. 8 depicts the FTIR spectra of adsorptive HFCM, ammonia-
adsorbed HFCM, and regenerated HFCM. The spectrum shows
the presence of the bands that are usually associated with alumino-
silicate compound such as clinoptilolite zeolite. The band at around
1,100 cm1 is assigned to the asymmetric stretching of SiO4 tetra-
hedra. The shorter distance of the Si-O bond than Al-O bond and
the presence of large amounts of other cations shifted the peaks to
a higher wavenumber. The presence of a weaker shoulder at 1,000
cm1 is assigned to vibration involving Al-O created by the cat-
ion vacancies. The absorption peaks at 750-700 cm1 correspond
to the symmetric stretching vibration of SiO4 groups. The stretch-
ing vibration of SiO4 is shifted towards lower frequency, indicating
the presence of the internal Si-O···HO-Si bonds. A study reported
the infrared absorption bands of zeolite that was similar to this study
[47]. Upon the adsorption process between adsorptive HFCM
with ammonia solution, the presence of major bands was signifi-
cantly observed. The bands usually associated with water mole-
cules at around 3,400 and 1,640 cm1 are found in the ammonia-
adsorbed HFCM. Furthermore, bands related to the presence of
ammonia appeared at regions 3,450-2,950 and 1,700-1,300 cm1,
indicating the N-H stretching and N-H bending bands, respec-
tively. The most significant band of this adsorbate is seen at 3,375
cm1 indicating the N-H stretching vibration in the range of the
degenerate stretching N-H mode of ammonia, thus suggesting the
weak bond of NH3 molecules [48]. Upon the regeneration pro-
cess in the presence of NaCl, the major bands of ammonia disap-
peared. The disappearance of the bands representing ammonia was
pronounced at the spectrum of regenerated HFCM, indicating that
the adsorbed ammonia was desorbed from the HFCM attributable
to the presence of the regenerant solution. The bands represent-
ing aluminosilicate reappeared in the regenerated HFCM spec-
trum, indicating that the membrane had been regenerated and was

ready for subsequent adsorption processes. Fig. 9 illustrates the
ion-exchange mechanism of the zeolite. The regeneration process
of the ammonia-adsorbed HFCM is represented by the reversibil-
ity of the mechanism, where the adsorbed ammonia is replaced by
the Na+ ions contributed by the regenerant solution.

Additionally, the pH of the regenerant solution played a signifi-
cant role in influencing the efficiency of the regeneration process.
In this study, the pH of the regenerant was adjusted to 11-12 by
NaOH solution. This step is crucial as such pH could recover the
regeneration efficiency and reduce the volume of the regenerant
[9]. The presence of hydroxide ions at alkaline pH contributes to
the elimination of the adsorbed ammonia on the HFCM based on
the following expression:

NH4HFCM+Na+
NaHFCM+NH4

+ (5)

NH4
++OHNH3+H2O (6)

The discharging of the adsorbed ammonia by the sodium ions
from the regenerant solution occurs during the regeneration pro-
cess, causing the ammonia to become free ions. Then, these ions
are neutralized by the hydroxyl ions upon the completion of the
regeneration process.

It is evident that pH does not affect Henry’s constant but cor-
relates with the distribution of species between ionized and un-
ionized forms, which influences the overall gas-liquid distribution
of the compounds. In this regard, the concentration of ammonia
in the solution depends on the Ka of NH4

+ ions alone.

(7)

where [NH3] is the free-ammonia concentration, [NH3+NH4
+] is

the total ammonia concentration, [H+] is the hydrogen ion con-
centration, and Ka is the acid ionization constant for ammonia.
For this reason, pH is important for the removal of NH4

+-N, as it
helps to convert the solute ammonium ions into ammonia in the

NH3   
NH3   NH4

+
 

1 
H+
 

Ka
-----------

--------------------------------  
NH3    NH4

+
 

1+10pKapH
--------------------------------

Fig. 9. The mechanism of ammonia adsorption by adsorptive HFCM.
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form of gas.
Apart from the uptake of the adsorbed ammonia from the satu-

rated HFCM, the regeneration process also assists in the recovery
of the HFCM water permeability. The permeation flux of the
HFCM at different regeneration cycles is shown in Fig. 10.

The correlation shows that the regeneration successfully recov-
ered the saturated HFCM and enhanced the permeability of the
membrane. Apart from occupying the active sites of the HFCM,
the adsorption of ammonia onto the membrane significantly expo-
nentially reduced the permeability of the membrane. It is the prop-
erties of the ceramic materials that prolonged immersion and contact
with water eventually cause the ceramic to swell [49]. This swell-
ing phenomenon enhances the space between the mineral layers
and adsorbs more water molecules between the layers [50]. The
swollen membrane eventually deteriorates the water permeability
of the membrane. The regeneration process of the saturated HFCM
at high pH condition not only uptakes the adsorbed ammonia but
also eliminates the adsorbed water molecules on the membrane
through osmosis due to the concentration gradient. Therefore, the
saturated HFCM is de-swelled during the regeneration process
and subsequently increases the permeability of water in the next

cycle of ammonia adsorption performance test. Fig. 11 illustrates
the swollen and ammonia-adsorbed HFCM and the regenerated
HFCM ceramic particles.

Unlike the conventional powder suspension adsorption process
approach, the compact ceramic adsorptive membrane offers a hybrid
process of separation and adsorption counterparts. The regenera-
tion process can be easily performed as it is capable of reducing
the loss of adsorbent due to the filtration process after the regener-
ation reaction [51,52]. Additionally, the simple and straightforward
regeneration process will save time and cost as it is done simulta-
neously. Thus, this approach can be impactful for adsorption stud-
ies and the industrial players related to this research area.

CONCLUSION

A simple and reproducible attempt in ammonia removal was
successfully performed in this study. Adsorptive hollow fiber ceramic
membrane was successfully fabricated using natural zeolite, and
the adsorption and separation processes were merged in a single
step. The fabricated adsorptive HFCM possessed outstanding ammo-
nia removal capability up to 96% even at low ammonia concentra-
tion, which is attributable to the excellent ion-exchange property
of the natural zeolite. Additionally, the isotherm behavior of the
adsorption process was best fitted to the Langmuir adsorption iso-
therm model, thus suggesting a physical interaction between the
ammonia and adsorptive HFCM. Additionally, the low amount of
HFCM required for the excellent ammonia removal indicates good
economical aspect. Moreover, the regeneration process of the satu-
rated HFCM successfully recovered the membrane with no signif-
icant deterioration of the membrane’s adsorption performance for
subsequent ammonia adsorption processes. Moreover, the water
permeability of the saturated HFCM was highly retained in subse-
quent regeneration processes. This innovative perspective of adsorp-
tion process has filled the gap of reducing the dependability on
conventional powder suspension adsorption approach, which re-
quires high cost and much time due to its inconvenient process.
Additionally, apart from the ammonia removal application from
water, this adsorptive membrane has great potential in a broad range
of adsorptive membrane applications for the removal of heavy
metals and dyes from water.
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