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Abstract: In this study, straetlingite-based sorbents were used for NH4
+ ion removal from a synthetic

aqueous solution and from the wastewater of an open recirculation African catfish farming system.
This study was performed using column experiments with four different filtration rates (2, 5, 10, and
15 mL/min). It was determined that breakthrough points and sorption capacity could be affected by
several parameters such as flow rate and mineral composition of sorption materials. In the synthetic
aqueous solution, NH4

+ removal reached the highest sorption capacity, i.e., 0.341 mg/g with the S30
sorbent at a filtration rate of 10 mL/min and an initial concentration of 10 mg/L of NH4

+ ions. It is
important to emphasize that, in this case, the Ce/C0 ratio of 0.9 was not reached after 420 min of
sorption. It was also determined that the NH4

+ sorption capacity was influenced by phosphorus. In
the wastewater, the NH4

+ sorption capacity was almost seven times lower than that in the synthetic
aqueous solution. However, it should be highlighted that the P sorption capacity reached 0.512 mg/g.
According to these results, it can be concluded that straetlingite-based sorbents can be used for
NH4

+ ion removal from a synthetic aqueous solution, as well as for both NH4
+ and P removal from

industrial wastewater. In the wastewater, a significantly higher sorption capacity of the investigated
sorbents was detected for P than for NH4

+.

Keywords: fluid catalytic cracking (FCC) catalysts; straetlingite; removing NH4
+ ions; P sorption

1. Introduction

Natural and synthetic zeolitic materials have been used for NH4
+ removal from water,

and there have been no data indicating that zeolite negatively affects fish life [1]. In recent
years, there have been many studies related to the removal of NH4

+ via an ion exchange
process using clinoptilolite. Wijesinghe et al. [2] used natural zeolites for NH4

+ adsorption,
and determined that the NaCl treatment of natural zeolites improved the NH4

+ sorption
capacity by 25%; the maximal sorption capacity increased from 9.48 mg-N/g for untreated
zeolites to 11.83 mg-N/g for Na+-treated zeolites. Aziz et al. [3] stated that thermally
activated natural zeolite at 150 ◦C improved the NH4

+ sorption capacity from 73.8% to
46.3% as compared with untreated zeolite. Sarioglu et al. [4] studied NH4

+ removal
by using natural zeolite based on 45% clinoptilolite, 35% mordenite, and 15% feldspar.
The experiments were carried out by using untreated zeolite, as well as zeolite that was
chemically treated with acid. The results showed that the highest sorption capacity with
untreated zeolite was 1.08 mg NH4

+-N/g when the pH was four, and the highest sorption
capacity for acid-treated zeolite was 1.32 mg NH4

+-N/g.
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To date, many studies have been conducted using different synthetic zeolites for
the removal of NH4

+ from wastewater. The waste of coal fly ash biomass has been used
to produce sodalite via a microwave and ultrasound irradiation method, as reported
by Makgabutlane et al. [5]. New synthesized sodalite exhibited higher NH4

+ removal
efficiency (up 82%) from urine as compared with natural zeolite (clinoptilolite). In another
study by [6], synthetic zeolite was made from electrolytic manganese residue by using
fusion. In this case, NH4

+ sorption capacity reached up to 27.89 mg/g when the initial
NH4

+ concentration was 200 mg/L at 35 ◦C. Zhang et al. [7] used the same fusion method
to convert fly ash into a faujassite-type zeolite. This synthetic zeolite was used for NH4

+

removal with 2.79 meq/g of cation exchange capacity.
Several studies have been conducted on NH4

+ ion exchange using the presentation of
different cations and anions. Nitrogen and P are usually the leading causes of eutrophica-
tion in the fish farming industry; therefore, the removal of NH4

+ and P from wastewater
has been the focus of many studies. Huang et al. [8] stated that other cations and anions
had a significant influence on the removal of NH4

+ using zeolites, and determined their
sorption capacity order; the order of the cation solutions for removal of NH4

+ was Na+ >
K+ > Ca2+ > Mg2+, and the order for anion solutions was carbonate > chloride > sulfate >
phosphate, at identical mass concentrations of NH4

+ ions. Wu et al. [9] stated that zeolite
synthesized from fly ash could be used for NH4

+ and phosphate removal, and also reported
that the potential of its removal capacity was not reduced at low concentrations of NH4

+

and phosphate. Similar results were published by Drenkova-Tuhtan et al. [10]. They stated
that the competition of P species (phosphate, phosphonates) and various metal ions such as
Ca2+, Pb2+ and Cu2+ had significant influence on the sorption of phosphorous compounds.

NH4
+ can be removed from wastewater in various ways under static (bath methods)

and dynamic (column method) conditions. Sprynskyy et al. [11] investigated NH4
+ ion

removal by using clinoptilolite under dynamic conditions. They determined that clinop-
tilolite could dominate external diffusion for NH4

+ sorption. Ershov et al. [12] determined
that the cation exchange capacity of mordenite for NH4

+ ions was 1.64 meq/g by using an
initial NH4

+ concentration of 1000 mg/L. In our previous study, the efficiency of NH4
+ ion

removal was determined for zeolitic by-product under static conditions [13].
By analyzing scientific articles related to the sorption of NH4

+ ions using zeolites, we
did not find information about the sorption capacity of sorbents containing straetlingite
phase. These sorbents will expand the base of sorbents which is used for the sorption of
ammonium ions. In this study, we aim to investigate using four different sorption materials
containing straetlingite phase for NH4

+ ion removal from NH4
+ polluted wastewater

prepared in a laboratory, and wastewater from a fish farm, and to evaluate the effects of
filtration rate in synthetic solutions and wastewater on NH4

+ and P removal.

2. Results and Discussions
2.1. Mineral Composition of Sorption Materials

The mineral composition of sorption materials was evaluated using X-ray diffraction
(XRD) analysis (Figure 1). The amount of CaO used had a significant effect on the mineral
composition of the sorption materials. The cementitious compounds, i.e., straetlingite and
calcite, formed in the S10 sorbent, with a similar amount of faujasite, were left unreacted.
When a larger amount of CaO (S15 sorbent) was incorporated into the system, the peak
intensities assigned to straetlingite were slightly increased. Additionally, calcite, faujasite,
and portlandite were detected. By increasing CaO to 20% (S20 sorbent), the cementitious
compound straetlingite had significantly higher peak intensities, and small amounts of
calcite, faujasite, and portlandite were found. So, it is possible to state that the highest
amount of straetlingite formed when the mixture was composed of 20% CaO. CaO of 30%
completely changed the mineral composition of the sorption material of the S30 sorbent. In
this case, cementitious compounds calcium silicate hydrate, aragonite, and calcite were
formed after 7 days of reaction. The zeolitic by-product was a pozzolanic material, since
faujasite and portlandite were also detected.
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Figure 1. X-ray diffraction patterns of hardened zeolitic materials after 7 days. S, straetlingite
Ca2Al((AlSi)1.11O2)(OH)12(H2O)2.25 (80–1579); P, portlandite Ca(OH)2 (44–1481); A, aragonite CaCO3 (3–893); K,
calcium silicate hydrate Ca1.5Si O3.5·x H2O (33–306); C, cal-cite CaCO3 (72–837); Y, faujasite Al60.352·Si139·O371.52·H5.984

(73–2313).

Our findings are in agreement with the findings of other studies on the formation
of straetlingite, including the following: Heikal et al. [14] reported that straetlingite
(Ca2Al((AlSi)1.11O2)(OH)12(H2O)2.25) formed in blends of calcium aluminate cement and
ground granulated blast furnace slag in the presence of moisture, and that the optimal
temperature for this reaction was 20–30 ◦C; Yaman et al. [15] determined that the formation
of straetlingite positively influenced the compressive strength of sorbents; Xu et al. [16]
proposed that the formation of straetlingite in Portland-based concrete with the addi-
tion of fly ash could explain the improved mechanical properties; Straetlingite has been
formed in a pozzolanic admixture based on metakaolin and Ca(OH)2 at curing temper-
ature of 20 ◦C after 3 days [17]; Frıas et al. [18] stated that the main phases which form
during the pozzolanic reaction between metakaolin and lime at an ambient temperature
are calcium silicate hydrate, calcium aluminum hydrate, and calcium aluminum silicate
hydrate (straetlingite).

2.2. Microstructure of Sorption Materials

The microstructures of the sorption materials formed during the chemical reactions
between the solid compounds zeolitic by-product and CaO, with the addition of water, are
shown in Figure 2. The mineral compositions of the sorption materials were confirmed by
SEM analysis. The morphology of the hydration products had a strong influence on the
amounts of solid materials such as zeolitic by-product and CaO.

In S10 sorbent, typical hexagonal crystals of straetlingite were dominant [19]. More-
over, spherical particles of faujasite coated with hydration products such as amorphous
calcium silicate hydrate were also detected [20].

During hydration, the microstructure of the sorption material made from higher
amounts of CaO (15%) and zeolitic by-product (S20 sorbent) consisted of spherical particles
of faujasite coated with hydration products, column aggregate shaped portlandite [21], and
hexagonal particles of straetlingite.

Ma et al. [22] stated that straetlingite (C2ASH8) is also known as hydrated gehlenite.
In S20 sorbent, hexagonal platelets were dominant in the hydration products of zeolitic by-
product and lime. This morphology of the hydrates could be assigned to straetlingite [23].
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During hydration, the S30 sorbent, which was made from 70% zeolitic by-product and
30% CaO, produced calcium silicate hydrate (CSH) semi-amorphous conglomerate [24].
In these CSH semi-amorphous conglomerates, hexagonal platelets of straetlingite crystals
were incorporated during the hydration reactions.

Therefore, in all investigated sorption materials, straetlingite formed typical hexagonal
crystals, and the morphology of CSH was semi-amorphous conglomerates in the system of
hydration products.

2.3. The Sorption of NH4
+ Ions by Straetlingite-Based Sorbents in a Synthetic Aqueous Solution

In the first part of this study, a synthetic aqueous solution was used for the evaluation
of NH4

+ ion removal using four types of straetlingite-based sorbents (sorbents S10, S15,
S20, and S30). Figure 3 shows the results of NH4

+ breakthrough curves at four filtration
rates (2, 5, 10, and 15 mL/min). The initial NH4

+ ion concentration was the same in
all experiments (10 mg/L). The experiments were continued until the sorbents reached
saturation value (i.e., CE/C0 = 1). The obtained breakthrough curves are shown in Figure 4.
The breakthrough point times were at 420, 280, 120, and 20 min for 2, 5, 10, and 15 mL/min,
respectively (S10 sorption material). For the S15, S20, and S30 sorbents, the breaking point
times were longer than 420 min, because after 420 min the CE/C0 ratio was less than
0.9 (Figure 3). Therefore, when the filtration rate increased, the breakthrough times for
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all investigated sorption materials were reduced, as shown in Table 2. Temel et al. [25]
reported a similar finding and detected a breakthrough point time (90 min) with a filtration
rate of 10 mL/min. The reduction in breakthrough point time could have been related
to the contact time of water and sorption material; by increasing the filtration time, the
contact time was decreased [26].

Table 1. The influence of filtration rates on breakthrough point times (min) and NH4
+ sorption

capacities (mg/g).

Sorption Material

Filtration Rate, mL/min

2 5 10 15 2 5 10 15

Breakthrough Point, min Sorption Capacity, mg/g

S20 100 60 52 20 0.0241 0.0313 0.0489 0.0273
S30 180 60 40 5 0.0255 0.0325 0.0452 0.0225

1 
 

  
(a) (b) 

  
(c) (d) 

 Figure 3. The influence of the flow rate on the breakthrough curves for NH4
+ ion sorption by straetlingite-based sorbents in

a synthetic aqueous solution: (a) S10 (according to the Table 1); (b) S15; (c) S20; (d) S30. The initial NH4
+ ion concentration

in the synthetic aqueous solution was 10 mg/L and the filtration rates were 2, 5, 10, and 15 mL/min.
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1 
 

  

(a) (b) 
4 
 

  

(a) (b) 
5 

Figure 4. Influence of the flow rate on the breakthrough curves of NH4
+ ion sorption by straetlingite-based sorbents (S20

and S30) in wastewater from an open recirculation African catfish farming system: (a) S20(according to the Table 1); (b) S30.
The initial NH4

+ ion concentration in the synthetic aqueous solution was 10 mg/L and the filtration rates were 2, 5, 10, and
15 mL/min.

Table 2. The influence of filtration rate on the breakthrough point time (min) and NH4
+ sorption capacity (mg/g).

Sorption Material

Filtration Rate, mL/min

2 5 10 15 2 5 10 15

Breakthrough Point, min Sorption Capacity, mg/g

S10 420 280 120 20 0.135 0.129 0.103 0.0446
S15 >420 * 200 60 28 0.123 ** 0.104 0.0694 0.0484
S20 >420 * >420 * 52 22 0.137 ** 0.178 ** 0.0469 0.0404
S30 >420 * >420 * >420 * 60 0.169 ** 0.215 ** 0.341 ** 0.0841

* After 420 min of sorption, a CE/C0 ratio of 0.9 was not reached. ** The sorption capacity was evaluated after 420 min of sorption.

The filtration rate through the column had a significant influence on the NH4
+ sorption

capacity. Higher NH4
+ sorption was obtained for the experiment with a lower flow rate,

i.e., 2 mL/min. When the filtration rate through the sorption materials increased, the NH4
+

sorption capacity gradually decreased (Table 2). This relationship was determined for
all sorption materials that were used in this experiment. A similar relationship has been
reported by Li et al. [26].

The sorption capacity and the values of breakthrough points are closely related to
the filtration rate and also to the mineral composition of sorption materials. The highest
sorption capacities were determined for the S30 sorbent at all of the filtration rates, and the
two dominant minerals in the sorption material which acted as sorbent were straetlingite
and calcium silicate hydrate. The synergetic effect of these two compounds could be the
reason for the highest sorption capacity reached, which was 0.341 mg/g. In addition,
Li et al. [27] reported that CSH and zeolite had significant impacts on NH4

+ and P removal.

2.4. The Sorption of NH4
+ Ions by Straetlingite-Based Sorbents in Wastewater from an Open

Recirculation African Catfish Farming System

In the second part of this study, wastewater from an open recirculation African
catfish farming system was used. Real wastewaters are complex solutions, as stated by
Karapınar et al. [28]; instead of NH4

+ ions, P was detected in the wastewater. Two of the
best sorption materials, i.e., S20 and S30, were selected for these experiments on NH4

+

and P removal, according to the sorption experiments using a synthetic aqueous solution
(Section 2.3).

The relationship of flow rates on the breakthrough curve of NH4
+ ion sorption is

shown in Figure 4 and Table 1. P had a negative impact on NH4
+ removal using straetlingite-
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based sorbents; in this case, the breakthrough point times became significantly shorter
as compared with the breakthrough point times in the synthetic aqueous solution with-
out phosphorus. The NH4

+ sorption capacity decreased almost seven times when this
wastewater instead of synthetic NH4

+ solutions was filtered through the column.
According to Hedström et al. [29], the NH4

+ sorption capacity of wastewater at
breakthrough point time was about 50% lower as compared with the sorption capacity
of synthetic solutions, and a similar tendency was determined by Huang et al. [8]. This
decrease in NH4

+ ion sorption capacity in the wastewater could be related to the completion
effect of different compounds (phosphorus) found in the wastewater. Li et al. [6] determined
that NH4

+ sorption capacity was decreased by increasing PO4
3− anions in a system; the

NH4
+ sorption capacity decreased from 16.62 to 10.98 mg/g by increasing the phosphate

ions from 50 mg/L to 250 mg/L. Karapınar et al. [28] used natural zeolite (Type C, Zeolith,
Germany) for the removal of NH4

+ and for the precipitation of calcium phosphate. Their
results showed that the sorption capacity of NH4

+ using zeolites decreased in the presence
of phosphorus. Mazloomi et al. [30] reported that NH4

+ sorption capacity decreased
from about 96% to 66.5% when P anions were added into a system. This decreased NH4

+

sorption capacity could be related to the presence of competing ions in the system [7]. The
P anions may increase the surface tension of the aqueous phase, thereby reducing NH4

+

access to the micropores and macropores of the zeolite [30].
In this study, straetlingite-based sorbents for the removal of total P were also evaluated.

Figure 5 shows the breakthrough curves of P ion sorption.

1 
 

  

(a) (b) 
4 
 

  

(a) (b) 
5 Figure 5. Influence of the flow rate on the breakthrough curves of total P ion sorption by straetlingite-based sorbents in

wastewater from an open recirculation African catfish farming system: (a) S20 (according to the Table 1); (b) S30. The
initial NH4

+ ion concentration in the synthetic aqueous solution was 10 mg/L and the filtration rates were 2, 5, 10, and
15 mL/min.

Similar characteristics for the breakthrough curves of NH4
+ ions were determined for

P ions, i.e., by increasing the sorption rate, the breakthrough point times became shorter
for both S20 and S30 sorption materials (Table 3). However, a CE/C0 ratio of 0.9 was not
attained after 420 min of the column experiments, see Figure 5.

A longer breakthrough point time occurred with the S30 sorption material than the
S20 sorption material, due to the differences in mineral compositions of the sorption
materials. Straetlingite prevailed in the S20 sorbent. Meanwhile, two types of minerals,
i.e., straetlingite and calcium silicate hydrate (which could act as sorption compounds)
dominated in the S30 sorbent. The maximal amount of NH4

+ adsorbed by the straetlingite-
based sorbents was 0.0452 mg/g in the presence of phosphorus, in which the sorption
capacity reached 0.512 mg/g when the initial concentration of NH4

+ was 11.2 mg/L, and
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the sorption capacity of P was 47.0 mg/L in the wastewater from an open recirculation
African catfish farming system.

Table 3. The influence of filtration rates on breakthrough point times (min) and P sorption capacities (mg/g).

Sorption Material

Filtration Rate, mL/min

2 5 10 15 2 5 10 15

Breakthrough Point, min Sorption Capacity, mg/g

S20 >420 * 250 262 120 0.264 ** 0.2 0.341 0.181

S30 >420 * >420 * >420 * 250 0.215 ** 0.403 ** 0.512 ** 0.383

* After 420 min of sorption, a CE/C0 ratio of 0.9 was not reached. ** The sorption capacity was evaluated after 420 min of sorption.

The P removal was improved by using a filtration rate of 10 mL/min and the S30
sorption material based on straetlingite and calcium silicate hydrate. In this case, the
sorption capacity of P reached 0.512 mg/g. Our sorption capacity values were mostly in
agreement with the values reported in related studies by Chen et al. [31] and Jiang et al. [32].
Taken together, on the basis of these findings, it can be concluded that straetlingite-based
sorbents are suitable for the removal of NH4

+ from aqueous solutions, and especially from
wastewater in which P is present.

3. Materials and Methods
3.1. Materials

For this study, reagent CaO (Chempur, Piekary Śląskie, Poland) was used with a
purity of 99.0%.

Spent fluid catalytic cracking catalyst (zeolitic by-product) was received from a
petroleum plant. Zeolites are commonly used in the process of fluid catalytic crack-
ing. During a catalytic cracking process zeolite loses its catalytical properties, becomes
degraded and becomes waste (by-product). The composition of these catalysts depends on
the manufacturer and on the process that is going to be used. The chemical composition of
the zeolitic by-product is shown in Table 4. This material can be classified as aluminosilicate
material because it is based on 84% SiO2 + Al2O3.

Table 4. Oxide composition of the zeolitic by-product (%), according to X-ray fluorescence.

SiO2 Al2O3 Fe2O3 La2O3 TiO2 MgO CaO Na2O Cl P2O5 SO3 Other

35.4 48.77 1.02 1.63 3.57 0.44 0.37 0.31 2.57 0.08 0.07 5.77

X-ray diffraction analysis was applied to determine the mineral composition of the
zeolitic by-product (Figure 6a); faujasite-type zeolite was the dominant component in the
by-product [33].

The microstructure of zeolitic by-product was evaluated by SEM analysis (Figure 6a) and
revealed that round shaped particles were dominant in the zeolitic by-product (Figure 6b);
dos Santos et al. [34] determined a similar shape of zeolitic by-product particles.

Figure 6b shows the particle size distribution curves of the zeolitic by-product used in
this work, forming a peak from 16 to 280 µm, with a mean diameter of 78.39 µm.

3.2. The Preparation of Sorption Materials

The sorption material granules were prepared from zeolitic by-product powder
(Figure 7a) and CaO.
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First, mixtures of zeolitic by-product and CaO were prepared. The compositions of
the initial sorption materials based on straetlingite are shown in Table 5. There were four
mixtures of sorption materials consisting of different ratios of zeolitic by-product to reagent
CaO. Then, water was added, and the mixtures were mixed thoroughly. The ratio of water
and solid materials in all of the sorbent samples was almost the same. Finally, the mixtures
were left for 7 days of hydration; the mixtures were covered with plastic material to protect
from water evaporation.

Table 5. The composition of the initial material mixtures.

Mixture Zeolitic By-Product (wt. %) Reagent CaO (wt. %) Water and Solid
Materials Ratio (W/S)

S10 90 10 0.73
S15 85 15 0.70
S20 80 20 0.70
S30 70 30 0.70

During hydration, reactions between solid compounds of zeolitic by-product and
CaO, as well as water, occurred. These chemical reactions led to setting and hardening of
the zeolitic by-product/ CaO /water mixtures. After 7 days, the mixtures were crushed
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and sifted through a sieve. For the sorption experiment, 2–4 mm sized particles were used
(Figure 7b).

Two types of initial solutions were used. The first NH4
+ ion initial solution was

prepared by using the salt of NH4
+ chloride (synthetic aqueous solution) and deionized

water. The initial NH4
+ ion concentration was 10 mg/L. The second initial solution

(wastewater) was taken from an open recirculation African catfish farming system; in
this wastewater, the NH4

+ ion concentration was 11.2 mg/L and the total P concentration
reached 47.0 mg/L (Table 6).

Table 6. Physical and chemical parameters of the wastewater from an open recirculation African
catfish farming system.

Parameters and Unites Values Parameters and Unites Values

Oxygen saturation >40 NH4
+, mg/L 11.2

pH 7.6 Nitrite, mg/L <1.1
Temperature, ◦C 22 Nitrate, mg/L <61

Free CO2, mg CO2/L 25 Iron, Fe, mg/L <1.1
Total nitrogen, mg/L <1.1 Total phosphorus, mg/L 47.0

The amount of NH4
+ or P in the solid phase (Q, mg/g) was calculated according to

Equation (1) as follows:

Q = ϑA
∫ t

0
(C0 − CE)tdt, (1)

where C0 and CE are the influent and effluent NH4
+ ion concentrations, respectively (at

breakthrough point t) (mg/L); ν represents the solution filtration rate through a sorption
material (m/h); A is the cross-sectional area of the column (m2); and t is time (h).

The breakthrough point was assessed to be when the ratio between the initial concen-
tration and the final concentration in the inflow was 0.9 (CE/C0 = 0.9) [26]. The sorption of
NH4

+ at the breakthrough point was defined as its sorption capacity.
During NH4

+ ion sorption from the synthetic aqueous solution, straetlingite attracts
NH4

+ ions from the solutions and releases calcium cations to the solutions. The ion
exchange mechanism between straetlingite and the NH4

+ ions from water solutions can be
represented by Equation (2):

straetlingite − Ca2+ + nNH4
+ � straetlingite − nNH4

+ + Ca2+ (2)

This equation is similar for all zeolites (straetlingite) that have been used for the NH4
+

removal [35].

3.3. Experimental Techniques

The chemical composition of the zeolitic by-product was determined by X-ray fluo-
rescence using a Bruker X-ray S8 Tiger WD spectrometer (Karlsruhe, Germany), with a
rhodium (Rh) tube, an anode voltage Ua up to 60 kV, and electric current I up to 130 mA.
The pressed sorbent samples were measured in a helium atmosphere. Measurements were
performed following the SPECTRA Plus QUANT EXPRESS method [36].

The X-ray diffraction analysis (XRD) of the materials was performed using a D8
Advance diffractometer (Bruker AXS, Karlsruhe, Germany) operating at a tube voltage of
40 kV and tube current of 40 mA. The X-ray beam was filtered with Ni 0.02 mm filter to
select the Cu Kαwavelength. The sorbent samples were scanned over the range 2θ = 3–70◦

at a scanning speed of 6◦ min−1 using a coupled two theta/theta scan type [37].
The particle size distribution of the zeolitic by-product was determined by using a

particle size laser analyzer (CILAS 1090 LD, Orleans, France). The distribution of solid
particles in the air stream was 12–15 wt.%; compressed air (2500 mbar) was used as a
dispersing phase; and the measuring time was 15 s [38].
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The microstructures of tree-type zeolitic by-product and hardened cement pastes were
studied by scanning electron microscopy (SEM) using a high-resolution scanning electron
microscope (ZEISS EVO MA10, Edmonton, Canada) [39].

The solution pH was determined using a Hanna ISE pH meter (Nus, falău, Romania).
Column tests were carried out using glass columns with a 3 cm inner diameter and

40 cm height. The zeolite bed was 6.5 cm high with a volume of 45.9 cm3. The experimental
scheme of sorption in dynamic conditions is shown in Figure 8. The glass column was
filled with different types of straetlingite-based zeolite, each with a mass of 20 g for the
column tests.
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A peristaltic volumetric DF-12M infusion pump (Viltechmeda, Vilnius Lithuania) was
applied for the column solutions with sorption materials, at four different flow rates, i.e.,
2, 5, 10 and 15 mL/min. During the sorption process, the exit solutions (effluent) were
analyzed periodically. The NH4

+ concentration was determined following the Nessler
method [40]. The total amount of P in the solutions was evaluated according to the
vanadomolybdophosphoric acid method. An HI83399 multiparameter photometer (Hanna
Instruments, Nus, falău, Romania) was used for the evaluation of NH4

+ and total P in the
solutions. The experiment for the amount of NH4

+ or phosphorous was repeated at least
three times. The mean value of the triple analysis was used to calculate the amount of
NH4

+ or phosphorous in solution, and the limit of error for the samples was lower than 5%.

4. Conclusions

According to the XRD analysis, hydration reactions between zeolitic by-product and
CaO resulted in the formation of straetlingite (Ca2Al((AlSi)1.11O2)(OH)12(H2O)2.25) after
seven days. We determined that the NH4

+ sorption capacities depended on certain factors
such as the filtration flow rate and the mineral composition of sorbents. The NH4

+ removal
efficiency breakthrough times of all investigated straetlingite-based sorbents were reduced
when the filtration rate was increased from 2 mL/min to 10 mL/min. The highest sorption
capacity in a synthetic aqueous solution (i.e., 0.341 mg/g) was obtained by using the
S30 sorbent with a filtration rate of 10 mL/min and an initial NH4

+ ion concentration
of 10 mg/L; it is important to emphasize that, in this case, a CE/C0 ratio of 0.9 was not
reached after 420 min of sorption. The results for NH4

+ sorption in wastewater showed
an almost seven times lower sorption capacity than that in the synthetic aqueous solution;
however, it should be emphasized that a P sorption capacity of 0.512 mg/g was reached.
The NH4

+ removal experimental results indicate that NH4
+ ions can be removed from a

synthetic aqueous solution, and also from the wastewater. In the case of wastewater, the P
sorption capacity of straetlingite-based sorbents was significantly higher than their NH4

+

sorption capacity.
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+ sorption from aqueous solutions

by the natural zeolite Transcarpathian clinoptilolite studied under dynamic conditions. JCIS 2005, 284, 408–415. [CrossRef]
12. Ershov, A.Z.; Jariomenko, L.V.; Alekberova, V.V.; Lebeda, L.V.; Bajrak, V.V. Physical-Chemical Properties and Utilization of

Natural Zeolites. In Proceedings of the Conference on Geology, Tbilisi, Georgia, 4–5 October 1985; p. 339. (In Russian)
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15. Kırca, Ö.; Yaman, İ.Ö.; Tokyay, M. Compressive strength development of calcium oxide aluminate cement—GGBFS blends. Cem.
Concr. Compos. 2013, 35, 163–170. [CrossRef]

16. Xu, G.; Shi, X. Characteristics and applications of fly ash as a sustainable construction material: A state-of-the-art review. Res.
Con. Rec. 2018, 136, 95–109. [CrossRef]

17. De Silva, P.S.; Glasser, F.P. Phase relations in the system CaO·Al2O3·SiO2·H2O relevant to metakaolin-calcium hydroxide
hydration. Cem. Concr. Res. 1993, 23, 627–639. [CrossRef]

18. Frıas, M.; De Rojas, M.S.; Cabrera, J. The effect that the pozzolanic reaction of metakaolin has on the heat evolution in metakaolin-
cement mortars. Cem. Concr. Res. 2000, 30, 209–216. [CrossRef]

19. Velázquez, S.; Monzó, J.; Borrachero, M.V.; Soriano, L.; Payá, J. Evaluation of the pozzolanic activity of spent FCC catalyst/fly ash
mixtures in Portland cement pastes. J. TCA 2016, 632, 29–36. [CrossRef]

20. Pitarch, A.M.; Reig, L.; Tomás, A.E.; Forcada, G.; Soriano, L.; Borrachero, M.V.; Payá, J.; Monzó, J.M. Pozzolanic activity of tiles,
bricks and ceramic sanitary-ware in eco-friendly Portland blended cements. J. Clean. Prod. 2021, 279, 123713. [CrossRef]

21. Franus, W.; Panek, R.; Wdowin, M. SEM investigation of microstructures in hydration products of portland cement. In
Proceedings of the 2nd International Multidisciplinary Microscopy and Microanalysis Congress, Proceedings in Physics, Oludeniz,
Fethiye/Mugla, Turkey, 16–19 October 2014; Polychroniadis, E., Oral, A., Ozer, M., Eds.; Springer: Cham, Switzerland, 2014;
Volume 164, pp. 105–112. [CrossRef]

22. Ma, B.; Li, X.; Mao, Y.; Shen, X. Synthesis and characterization of high belite sulfoaluminate cement through rich alumina fly ash
and desulfurization gypsum. Ceram. Silik. 2013, 57, 7–13.

23. Payá, J.; Monzó, J.; Borrachero, M.V.; Velázquez, S.; Bonilla, M. Determination of the pozzolanic activity of fluid catalytic cracking
residue. Thermogravimetric analysis studies on FC3R-lime pastes. Cem. Concr. Res. 2003, 33, 1085–1091. [CrossRef]

http://doi.org/10.1016/j.aquaculture.2019.734605
http://doi.org/10.1080/10934529.2016.1159861
http://doi.org/10.1007/s41742-020-00270-5
http://doi.org/10.1016/j.seppur.2004.03.008
http://doi.org/10.1039/C9RA10114D
http://doi.org/10.1155/2020/8818455
http://doi.org/10.1016/j.desal.2010.12.021
http://doi.org/10.1016/j.jhazmat.2009.09.156
http://www.ncbi.nlm.nih.gov/pubmed/19875231
http://doi.org/10.1016/j.jcis.2006.09.011
http://doi.org/10.2166/wst.2021.026
http://www.ncbi.nlm.nih.gov/pubmed/33617499
http://doi.org/10.1016/j.jcis.2004.10.058
http://doi.org/10.1038/s41598-019-55906-0
http://doi.org/10.1016/j.cemconcomp.2012.08.016
http://doi.org/10.1016/j.resconrec.2018.04.010
http://doi.org/10.1016/0008-8846(93)90014-Z
http://doi.org/10.1016/S0008-8846(99)00231-8
http://doi.org/10.1016/j.tca.2016.03.011
http://doi.org/10.1016/j.jclepro.2020.123713
http://doi.org/10.1007/978-3-319-16919-4_14
http://doi.org/10.1016/S0008-8846(03)00014-0


Molecules 2021, 26, 3020 13 of 13

24. Moghadam, H.A.; Mirzaei, A.; Dehghi, Z.A. The relation between porosity, hydration degree and compressive strength of
Portland cement pastes in the presence of aluminum chloride additive. Constr. Build. Mat. 2020, 250, 118884. [CrossRef]

25. Temel, F.A.; Yolcu, Ö.C.; Kuleyin, A. A multilayer perceptron-based prediction of NH4
+ adsorption on zeolite from landfill

leachate: Batch and column studies. J. Hazard. Mat. 2020, 410, 124670. [CrossRef]
26. Li, M.; Zhu, X.; Zhu, F.; Ren, G.; Cao, G.; Song, L. Application of modified zeolite for NH4

+ removal from drinking water.
Desalination 2011, 271, 295–300. [CrossRef]

27. Li, C.; Dong, Y.; Lei, Y.; Wu, D.; Xu, P. Removal of low concentration nutrients in hydroponic wetlands integrated with zeolite and
calcium silicate hydrate functional substrates. J. Ecol. Eng. 2015, 82, 442–450. [CrossRef]

28. Karapınar, N. Application of natural zeolite for phosphorus and NH4
+ removal from aqueous solutions. J. Hazmat. 2009, 170,

1186–1191. [CrossRef]
29. Hedström, A.; Rastas Amofah, L. Adsorption and desorption of NH4

+ by clinoptilolite adsorbent in municipal wastewater
treatment systems. J. Environ. Eng. Sci. 2008, 7, 53–61. [CrossRef]

30. Mazloomi, F.; Jalali, M. NH4
+ removal from aqueous solutions by natural Iranian zeolite in the presence of organic acids, cations

and anions. JECE 2016, 4, 240–249. [CrossRef]
31. Chen, K.; Zhao, K.; Zhang, H.; Sun, Q.; Wu, Z.; Zhou, Y.; Zhong, Y.; Ke, F. Phosphorus removal from aqueous solutions using a

synthesized adsorbent prepared from mineralized refuse and sewage sludge. Environ. Technol. 2013, 34, 1489–1496. [CrossRef]
32. Jiang, C.; Jia, L.; He, Y.; Zhang, B.; Kirumba, G.; Xie, J. Adsorptive removal of phosphorus from aqueous solution using sponge

iron and zeolite. J. JCIS 2013, 402, 246–252. [CrossRef]
33. Da, Y.; He, T.; Wang, M.; Shi, C.; Xu, R.; Yang, R. The effect of spent petroleum catalyst powders on the multiple properties in

blended cement. Constr. Build. Mater. 2020, 231, 117203. [CrossRef]
34. dos Santos, K.R.; Silva, J.S.; Gonçalves, J.P.; Andrade, H.M.C. Stabilization/Solidification of Toxic Elements in Cement Pastes

Containing a Spent FCC Catalyst. Water Air Soil Pollut. 2021, 232, 1–17. [CrossRef]
35. Chen, H.F.; Lin, Y.J.; Chen, B.H.; Yoshiyuki, I.; Liou, S.Y.H.; Huang, R.T. A further investigation of NH4

+ removal mechanisms by
using natural and synthetic zeolites in different concentrations and temperatures. Minerals 2018, 8, 499. [CrossRef]

36. X-ray S8 Tiger WD Series 2 Technical Details. Available online: https://www.bruker.com/products/x-ray-diffraction-and-
elemental-analysis/x-ray-fluorescence/s8-tiger.html (accessed on 26 March 2021).

37. D8 Advance Diffractometer (Bruker AXS) Technical Details. Available online: https://www.bruker.com/products/x-ray-
diffraction-and-elemental-analysis/x-ray-diffraction/d8-advance.html (accessed on 26 March 2021).

38. CILAS 1090 Particle Size Analyzer. Available online: https://www.pharmaceuticalonline.com/doc/cilas-1090-particle-size-
analyzer-0002 (accessed on 26 March 2021).

39. EVO. MA and LS Series Scanning Electron Microscopes Operator User Guide; Carl Zeiss SMT: Oberkochen, Germany, 2008. Available
online: https://www.scribd.com/document/391914988/EVO-Series-UserGuide (accessed on 26 March 2021).

40. ASTM D1426-15. Standard Test Methods for Ammonia Nitrogen in Water; ASTM International: West Conshohocken, PA,
USA, 2015. [CrossRef]

http://doi.org/10.1016/j.conbuildmat.2020.118884
http://doi.org/10.1016/j.jhazmat.2020.124670
http://doi.org/10.1016/j.desal.2010.12.047
http://doi.org/10.1016/j.ecoleng.2015.05.003
http://doi.org/10.1016/j.jhazmat.2009.05.094
http://doi.org/10.1139/S07-029
http://doi.org/10.1016/j.jece.2015.11.031
http://doi.org/10.1080/09593330.2012.758659
http://doi.org/10.1016/j.jcis.2013.03.057
http://doi.org/10.1016/j.conbuildmat.2019.117203
http://doi.org/10.1007/s11270-021-05015-4
http://doi.org/10.3390/min8110499
https://www.bruker.com/products/x-ray-diffraction-and-elemental-analysis/x-ray-fluorescence/s8-tiger.html
https://www.bruker.com/products/x-ray-diffraction-and-elemental-analysis/x-ray-fluorescence/s8-tiger.html
https://www.bruker.com/products/x-ray-diffraction-and-elemental-analysis/x-ray-diffraction/d8-advance.html
https://www.bruker.com/products/x-ray-diffraction-and-elemental-analysis/x-ray-diffraction/d8-advance.html
https://www.pharmaceuticalonline.com/doc/cilas-1090-particle-size-analyzer-0002
https://www.pharmaceuticalonline.com/doc/cilas-1090-particle-size-analyzer-0002
https://www.scribd.com/document/391914988/EVO-Series-UserGuide
http://doi.org/10.1520/D1426-15

	Introduction 
	Results and Discussions 
	Mineral Composition of Sorption Materials 
	Microstructure of Sorption Materials 
	The Sorption of NH4+ Ions by Straetlingite-Based Sorbents in a Synthetic Aqueous Solution 
	The Sorption of NH4+ Ions by Straetlingite-Based Sorbents in Wastewater from an Open Recirculation African Catfish Farming System 

	Materials and Methods 
	Materials 
	The Preparation of Sorption Materials 
	Experimental Techniques 

	Conclusions 
	References

