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Abstract: Fluid catalytic cracking (FCC) catalysts, used in the petroleum industry, are sources of
zeolitic by-products. These by-products are often used as sorbents for the removal of ammonium
ions from wastewater. After a period of use, the zeolitic by-product loses its sorption properties and
is no longer effective. The problem is the use of zeolitic by-product with ammonium ions. In this
study, a zeolitic by-product containing ammonium ions and high contents of active SiO, and Al,O3
was used as a supplementary cementitious material (SCM). Cement pastes containing 0.5%, 1%, 3%,
5%, and 10% of the by-product were prepared, and the compressive strength and density of the
pastes were evaluated. Incorporation of the zeolitic by-product increased the cement strength by 17%
and 32% after 7 and 28 days of hydration, respectively. Thus, incorporation of the zeolitic by-product
with ammonium ions as an SCM has a complex effect on an ordinary Portland cement (OPC) system.
Ammonium chloride accelerated cement setting after 7 days of hydration, and the pozzolanic reaction
positively affected strength development after 28 days of hydration. The reaction products caused the
cement to have a compact microstructure. The zeolitic by-product containing absorbed ammonium
ions can be successfully reused to replace ordinary Portland cement in cement pastes.

Keywords: fluid catalytic cracking (FCC) catalysts; zeolitic by-product; Portland cement hydration

1. Introduction

Supplementary cementitious materials (SCMs) are often used in low-carbon cement
blends. SCMs are environmentally friendly and can improve basic concrete properties.
Concrete that contains SCMs exhibits a higher resistance to chloride ingress, the alkali-silica
reaction, freeze-thaw damage, and sulfate attack [1]. Rahla et al. [2] investigated binary
concrete blends containing fly ash, ground granulated blast-furnace slag, and silica fume.
The most sustainable blended concretes contained no more than 40% of ground granulated
blast-furnace slag, 5% of silica fume, and 20% of fly ash, according to Rahla et al. [2]. Zhao
et al. [3] reported that the incorporation of quarry dust increased the early compressive
strength of slag cement. This increase could be attributed to the filler effect. Incorporating
up to 20% quarry dust did not significantly change the compressive strength after 28 days.
SCMs have different sources and physical and chemical properties. SCMs significantly
affect the basic properties of concrete and the hydration process of cement pastes. Lu
et al. [4] investigated the influence of supplementary materials, such as silica fume, fly
ash, and blast furnace slag, on the autogenous shrinkage of Portland cement pastes. The
autogenous shrinkage of Portland cement paste was decreased by the inclusion of fly ash,
not significantly changed by the inclusion of silica fume, and significantly increased by
the inclusion of blast furnace slag. The autogenous shrinkage is closely related to the
additional internal curing water. It is important to use the special additives of concrete
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that could accumulate (absorb) water; one of these materials could be zeolites. During
mixing, zeolite absorbs water; after that, during the hydration process, it gradually releases
the absorbed water. Therefore, the incorporation of zeolite could have a double effect
on the hydration of concrete. First, additional internal curing water could decrease the
autogenous shrinkage and promote cement hydration later. Second, zeolites could improve
the mechanical properties of concrete due to a pozzolanic reaction. Lv et al. [5] used
natural zeolite in cement systems and determined that the incorporation of 20% natural
zeolite reduced the autogenous shrinkage. The addition of zeolite reduced the autogenous
shrinkage of high-performance or ultra-high-performance cement-based concrete [4,6,7].
The experiments were based on the substitution of cement with zeolite (up to 15%) or on
the replacement of standard sands with zeolite sands (15% and 30%).

A wide variety of studies were conducted on the use of zeolitic materials in Portland
cement systems. Natural pozzolans were used as natural zeolites. Nagrockiene et al. [8]
determined that incorporating up to 10% clinoptilolite in concrete increased the compressive
strength, reduced the water absorption by 2.3 times, and increased the density and ultrasonic
pulse velocity. Blends of Portland cement and clinoptilolite were investigated in a different
study. The strength development that resulted from a pozzolanic reaction of the zeolite after
28 days of hydration was determined. The early compressive strength of the concrete con-
taining the zeolite was lower than that of samples without zeolite. However, the compressive
strength increased after 28 days of hydration, as reported by Rahhal et al. [9]. The addition
of clinoptilolite, silica fume, and fly ash in the cement systems were investigated by Lilkov
et al. [10]. They determined that the optimal amount of clinoptilolite was 10% with a mixture
of 10% silica fume and fly ash. The incorporation of this complex addition showed an increase
of 8% in flexural strength and 13% in compressive strength compared to samples without any
pozzolanic additives. This increase in strength is closely related to the large surface area of the
particles at the early age of hydration. At a later age of hydration, pozzolanic reactions occur
between the products of cement hydration and zeolites [11]. Girskas et al. [12] analyzed how
the inclusion of synthetic zeolites affected the properties of concrete. A zeolite was synthesized
from a silica by-product. Inclusion of up to 10 wt% of the zeolitic material increased the
concrete’s durability.

Fluid catalytic cracking (FCC) catalysts are by-products of the petroleum industry.
After a period of use, these materials do not retain sufficient catalytic activity for FCC and
become zeolitic by-products. Most zeolitic by-products are disposed of in landfills. Blends
of FCC catalysts and ordinary Portland cement have been studied. Da et al. [13] investigated
the effects of incorporating spent petroleum-refining catalysts into cement. The addition
of 0.5% spent petroleum-refining catalysts increased the early strength and accelerated
the setting time of the cement. The addition of a higher quantity of the catalyst (5.0%)
increased the early strength of the cement. Allahverdi et al. [14] found that incorporating
residual fluid catalytic cracking units into cement significantly increased the compressive
strength because of a pozzolanic reaction, but it lowered the sulfate resistance in a highly
aggressive sulfate environment to below that of Portland cement samples. Additionally,
increasing the quantity of spent FCC increased the quantity of water required because of
the high porosity of spent FCC, as reported by Su et al. [15]. Incorporating up to 15 wt% of
spent FCC increased the compressive strength of concrete samples, whereas higher spent
FCC contents negatively impacted strength development.

Zeolites are good sorbents for municipal and industrial pollution control. Numerous
studies have been published on using natural or synthetic zeolites to remove ammonium
ions from water [16-19]. Fu et al. [16] performed natural zeolite modification with impreg-
nation of NaNOs; after that, it was calcined. After the modification process, the average
pore size of zeolites increased; this factor had a positive influence on the ammonium
sorption properties. Ammonium removal was at 81.68% for the modified zeolite compared
to the unmodified zeolite, whose removal reached 41.80%. Kotoulas et al. [19] used natural
zeolite, based on clinoptilolite, for the removal of ammonium from wastewater. During
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column experiments, the ammonium removal reached over 96% after 120 min when initial
concentrations were 200 and 5000 mg/L.

Several studies have been performed on the effects of ammonium compounds on
the hydration of Portland cement. Qin et al. [20] investigated the influence of coal fly
ash containing ammonium salts on the properties of cement paste. The incorporation of
ammonium salts (NH3HSO4 or (NH3)2SO4) negatively affected the strength, early age
hydration, and microstructure of cement pastes. Different results were obtained by adding
NH4ClI to cement. NH4Cl accelerated cement setting due to the reaction of ammonium
chloride with portlandite [21-24]. This accelerator significantly increased concrete strength
development. Ammonium chloride was used as a cement-setting accelerator in composite
materials based on Portland cement reinforced with wood waste. Myrdal et al. [22] reported
that NH4Cl is a highly effective admixture for lignocellulose composite materials. Frybort
et al. [23,24] reported that NH4Cl addition positively affected concrete properties. The
addition of NH4Cl improved the mechanical properties of cement-bonded composites at
early ages but decreased their ultimate strength.

In this study, we investigated the effect of a zeolitic by-product containing ammonium
ions on the properties of hardened cement paste. The paper explains the artificial waste
materials, based on faujasite, that can be used as supplementary cementitious materials.
We aimed to demonstrate the possibility of using these zeolitic by-products containing
ammonium ions by evaluating their main properties. The outcome of this study is the use
of zeolitic by-products with ammonium ions, which occur after ammonium sorption.

2. Methods and Materials

The chemical composition of a zeolitic waste was determined using an X-ray fluo-
rescence spectrometer (Bruker X-ray S8 Tiger WD) using a rhodium (Rh) tube, an anode
voltage (U,) up to 60 kV, and an electric current (I) up to 130 mA. Pressed samples were
analyzed in a helium atmosphere. Measurements were performed using the SPECTRA
Plus QUANT EXPRESS method [25].

An X-ray diffraction analysis of the materials was performed using a D8 Advance
diffractometer (Bruker AXS) operating at a tube voltage of 40 kV and a tube current
of 40 mA. The X-ray beam was filtered with an Ni 0.02 mm filter to select the CuK«
wavelength. The specimens were scanned over a 26 range of 3-70° at a scanning speed of
6° min~!, with a coupled two theta/theta scan type [26].

The particle size distribution of the zeolitic by-product was determined by using a
laser particle size analyzer (CILAS 1090 LD). The distribution of solid particles in the air
stream was 12-15 wt%. Compressed air (2500 mbar) was used as the dispersing phase.
The measurement time was 15 s [27]. The specific surface was measured with a Blaine
instrument, according to the EN 196-6:2010 standard. Bulk density is the mass of powder
in a given volume. Specific density is the particle density based on the particle volume,
excluding all internal pores which are connected to the surrounding air space.

The microstructures of the zeolitic by-product and hardened cement pastes were
studied by scanning electron microscopy. Any special sample preparations (polishing or
the use of covering materials) were not used. Before the SEM analysis, the samples were
fresh splinted only. A high-resolution scanning electron microscope (ZEISS EVO MA10)
was used [28].

The hydration temperatures of pastes were measured according to the semi-adiabatic
method. An 8-channel USB TC-08 thermocouple data logger of K type was used. The
temperature measurements ranged from —270 C to +1820 °C.

The cement paste samples were based on ordinary Portland cement (OPC). The
commercial Portland cement, type CEM I 52.5R, was used. The OPC chemical composition
is shown in Table 1. The zeolitic by-product with ammonium ions was incorporated as a
supplementary cementitious material (SCM) into the cement paste systems. In our previous
study, this zeolitic by-product was used as a sorbent for ammonium ions [29]. After a
period of use, this zeolitic by-product loses its sorption properties and is no longer effective.
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After the sorption process, the zeolitic by-product were separated from solution and dried
at 60 °C. Thereafter, the zeolitic by-product was found to contain 3.87% NH4Cl, based on
the chlorine content (Table 1). It is possible that there could be an additional amount of
NH4* in the zeolitic by-product. The water-to-binder ratio (W/B) of the cement paste was
0.36. The chemical composition (Table 1) shows that the zeolitic by-product was rich in
silica and aluminum oxides.

Table 1. Chemical composition of ordinary Portland cement and zeolitic by-product, % (by X-ray
fluorescence (XRF) analysis.

Parameter Portland Cement CEM I 52.5R Zeolitic By-Product
5i0, 21.00 354
AlL,O3 3.90 48.77
Fe,O3 2.90 1.02
La203 - 1.63
TiO, - 3.57
MgO 2.70 0.44
CaO 66.00 0.37
Na,O - 0.312
S0O3 3.40 0.07
P,0s5 - 0.08
KO - -
Cl 0.06 2.57
Other - 5.77
Bulk density, kg/m? 1236 864
Specific density, kg/m? 3122 2679
Surface area (by Blaine), m?2/ g 350.0 142.1

The mineral composition of the zeolitic by-product was evaluated by XRD (Figure 1a).
The material was predominantly a faujasite type zeolite [15].

Intensivity, (cps)
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Figure 1. X-ray diffraction pattern of zeolitic by-product with ammonium chloride (a) and SEM micrographs (b), where Y is
faujasite (73-2312) Hy 7 Algp 56-Si139-O345.6-zeolite type.

The zeolitic by-product microstructure consisted of spherical particles (Figure 1b).
Velazquez et al. [30] found similarly shaped zeolitic by-product particles.

Figure 2 shows the particle size distributions for the zeolitic by-product and OPC used
in this study. The zeolitic by-product exhibited a peak from 16 to 280 um (Figure 3a). The
OPC particle sizes were distributed from 0.05 to 52.5 um (Figure 3b). Two peaks in the
distribution histogram were observed: at 1.8 pm (1.75% of all particles) and at 19.42 pm
(2.14% of all particles). We determined that finer particles dominated the OPC when
compared to the curve for the zeolitic by-product. The surface area results (Table 1) show
that the particles of zeolitic by-product were almost 2.5 times coarser than the Portland
cement particles (Table 1).
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Figure 2. Particle size distributions of zeolitic by-product with ammonium chloride (a) and Portland cement (b).
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Figure 3. Effect of zeolitic by-product on hydration temperature of Portland cement pastes containing different amounts of

zeolitic by-product: (a) the zeolitic by-product without ammonium ions and (b) the zeolitic by-product with ammonium

ions.

The composition of the initial cement pastes is shown in Table 2. Five types of cement
pastes were prepared. Reference samples were made from OPC powder and water only.
The zeolitic by-product with ammonium chloride was used to replace a portion of the
OPC in the remaining samples. The same ratio of water-to-solid materials was used in all

the samples.

Table 2. Compositions of initial mixtures.

Ordi Zeolitic By-Product Water-to-Solid
Samples rdinary Portland with Ammonium Materials Ratio
p Cement (wt%) .
Chloride (wt%) (W/S)
Reference 100 0 0.36
S0.5 99.5 0.5 0.36
S1 99.0 1.0 0.36
S3 97.0 3.0 0.36
S5 95.0 5.0 0.36
S10 90.0 10.0 0.36
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The OPC paste samples (2 cm X 2 cm X 2 cm size cubes) were cured for 7 and 28 days,
after which the compressive strength and the density were determined. An automated and
computerized ToniTechnik 2020 press was used to evaluate the compression strength of
the hardened cement paste. Each the compressive strength and the density value were the
average of six samples.

3. Results

The hydration temperatures of the cement pastes with different OPC substitutions
with zeolitic by-product without ammonium ions are shown in Figure 3a. The results
showed that the incorporation of the zeolitic by-product gradually delayed the hydration
process; this delay was more significant when increasing the amount of zeolitic by-product
in the system. Thus, the hydration temperature depended on the amount of zeolitic by-
product. By increasing the amount of zeolitic by-product, the main peak of hydration
temperature decreased, and this decrease could be related to the dilution effect. Garcia
et al. [31] reported similar results.

Incorporating the zeolitic by-product with ammonium ions into the OPC samples
significantly changed the hydration temperature (Figure 3b). In the zeolitic by-product,
ammonium ions exchanged with the hydrogen ions, according to the reaction Equation (1):

Zeolitic by-product — H30O" + nNH,* = Zeolitic by-product — nNH,* + H;0 (1)

where H represents exchangeable ions in zeolite and n is the number of electric charges [32].

Low substitutions (0.5-3 wt%) of OPC with the zeolitic by-product slightly accelerated
the hydration process. Peak times of 515, 512, and 504 min were obtained for samples
containing 0.5%, 1%, and 3% of the zeolitic by-product, respectively, whereas the reference
sample had a peak time of 518 min. This result could be attributed to the cement setting
acceleration of ammonium chloride [33]. High zeolitic by-product contents (5 and 10 wt%)
slightly delayed the hydration process. This slowdown in hydration could be related to the
dilution effect.

The main hydration peak temperature (66.2 °C) of the sample containing 0.5% of
the zeolitic by-product was slightly higher than the hydration temperature (64.0 °C) of
the reference sample containing 0%. Almost the same temperatures were reached for the
sample containing 1% of the zeolitic by-product. Thus, increasing the zeolitic by-product
content gradually decreased the main hydration peak temperature of the samples. This
decrease was attributed to binder dilution [34].

Perraki et al. [35] reported three factors influencing the strength of blended cements:
the filler, the dilution, and the pozzolanic reaction. Figure 4a shows how the compressive
strength of the hardened cement paste samples developed for different contents of the
zeolitic by-product containing ammonium ions. We previously determined [36] that sub-
stituting cement with the zeolitic by-product slightly decreased the compressive strength
after 7 days. Increasing the substitution level gradually decreased the compressive strength.
Similar strength results were reported [37]. This decrease at 7 days could be related to
the dilution effect. In the present study, the strengths of all the pastes containing the
zeolitic by-product with ammonium ions were higher than those of the reference sample at
7 days of hydration. It is possible that ammonium chloride, which releases from zeolitic
by-product during the hydration process, acted as a cement-setting accelerator [33,34].

During cement hydration, ammonium chloride reacted with portlandite, according to
the reaction in Equation (2):

Ca(OH)z + 2NH4C1 = CaC12 + 2NHj + 2H,0 (2)

The formed calcium chloride is widely used for the acceleration of early cement hy-
dration [38]. Thus, using the zeolitic by-product with ammonium chloride as an accelerator
increased the cement strength after 7 days. The highest compressive strength, 84 MPa, was
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obtained using 3% of the zeolitic by-product, whereas the reference sample exhibited a
compressive strength of 72 MPa.
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Figure 4. Compressive strength (a) and density (b) of hardened cement paste samples containing different amounts of

zeolitic by-product.

The clear increase in the sample strength after 28 days mainly resulted from the
pozzolanic reaction of the zeolitic by-product. All the investigated samples exhibited
higher compressive strengths than the reference sample. The compressive strength of
the samples increased with the zeolitic by-product content up to 5 wt% and then slightly
decreased. A compressive strength of 104 MPa was obtained for the sample containing
5 wt% of the zeolitic by-product.

Thus, using the zeolitic by-product with ammonium ions as a SCM has a complex
effect in an OPC system. After 7 days of hydration, ammonium chloride acted as a cement-
setting accelerator, and after 28 days of hydration, the pozzolanic reaction positively
affected strength development. Similar results were reported by Lothenbach et al. [39].

The density of samples was similar (Figure 4b) and slightly decreased as the zeolitic
by-product content increased. The sample density after 28 days of hydration was higher
than that after 7 days of hydration.

The mineral composition was evaluated from X-ray diffraction patterns (Figure 5).
Ettringite, portlandite, calcium silicate hydrate, and calcite were identified as the main OPC
hydration products. Any peaks assigned to faujasite zeolites were not detected. Therefore,
zeolitic by-products transformed to calcium silicate hydrate and calcium aluminate/silicate
hydrate in the alkaline environmental of cement paste [40]. All three curves exhibited the
same peaks, albeit with slightly different intensities. Incorporating the zeolitic by-product
into cement enhanced the ettringite peak intensity. The zeolitic by-product formed an
additional hydration product-calcium hemicarboaluminate hydrate. This hydrate formed
only in the S5 sample and could be related to the incorporation of zeolitic by-product.
When this by-product is incorporated into a Portland cement paste in a high pH solution,
the aluminosilicate network is broken and depolymerized species enter the solution. Ca?*
ions reacted with aluminate species, and calcium hemicarboaluminate hydrate formed. The
higher compressive strength of the samples containing the zeolitic by-product compared
to that of the reference sample was attributed to these additional hydration products
(Figure 4), which have the tendency to harden and develop mechanical strength [34].

An FTIR analysis was performed on the sample with the highest compressive strength
and the reference sample (Figure 6). The middle infrared region of 400-4000 cm ! was
used as the test range. The FTIR spectra of the samples exhibited the same peaks but
with different intensities. The first two peaks, at approximately 3460 and 1652 cm™!,
were assigned to the stretching vibration of -OH and the bending vibration of O-H-O,
respectively. The first peak at approximately 3460 cm ! is related to the symmetric and
antisymmetric stretching vibration of water bound in the cement hydration products [41].
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The carbonate bands (the vibrations of CO3~2) at approximately 1454 and 866 cm ™! are
associated with C-O stretching [42].
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Figure 5. X-ray diffraction patterns of hardened cement paste samples containing the zeolitic by-product after 28 days of
hydration: E—ettringite CagAj(SO4)3(OH)12-26H,0 (41-1451), P—portlandite Ca(OH); (44-1481), A—CassMgA|,Si;099
(13-272), D—larnite Cay(SiO4) (83-461), K—calcium silicate hydrate Ca;.55i O3.5-x HyO (33-306), CC—calcite CaCO3
(72-1651), F—calcium hemicarboaluminate hydrate CasAl,Og(CO3)o.5(OH)-11.5H,0 (41-221), and B—brownmillerite
Cay(AlFe),0O5 (30-226).
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Figure 6. FTIR spectra of hardened cement paste samples containing zeolitic by-product after 28 days of hydration.

Carbonation compounds, such as calcite and calcium hemicarboaluminate hydrate,
were detected from the X-ray diffraction patterns (Figure 5). The adsorption bands located
at approximately 990 cm ™! are related to the stretching vibration of Si-O-5i(Al) in C-5-
H [21]. The S5 sample exhibited the peak with the highest intensity, corresponding to the
highest quantity of C-S(A)-H formed during hydration. The C-S(A)-H content is closely
related to cement strength (Figure 3). The bands at approximately 565 cm~! correspond to
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the bending vibrations of Si-O, and the peaks at approximately 456 cm~" are associated
with O-5i-O bond bending vibrations.

The microstructure of the hardened cement paste was observed by scanning electron
microscopy (Figure 7). New compounds (hydrates) formed during the hydration process.
The zeolitic by-product changed the cement morphology. After 28 days of hydration,
columnar aggregates of portlandite embedded in a multi-formed C-S-H structural matrix
were observed in the samples. The hydration products detected by the microstructural
analysis were confirmed by the X-ray diffraction and FTIR results. Da et al. [13] detected
similarly shaped minerals. Therefore, the S5 sample containing the zeolitic by-product
with ammonium ions had a more compact microstructure than the reference sample.

spot WD | det

det — 10 um
4.2 10.2mm|LFD

x 4.2 10.2 mm LFD 2 Quanta 200 FEG

(b)

Figure 7. SEM images of hardened cement paste samples containing zeolitic by-product: (a) reference; (b) S5.

4. Conclusions

Replacing a portion of Portland cement with a zeolitic by-product containing am-
monium ions significantly changed the main properties of the hardened cement paste,
such as compressive strength, density, mineral composition, and microstructure. At early
hydration ages (after 7 days), the ammonium chloride in the zeolitic by-product acted as a
hydration accelerator, whereas the pozzolanic effect was noted after 28 days of hydration.
A small quantity (0.5-3 wt%) of the zeolitic by-product accelerated hydration by providing
nucleation sites for hydrates. The compressive strength of a sample containing 3% of the
zeolitic by-product increased by approximately 17% after 7 days of hydration. This increase
could be explained by the action of ammonium chloride as an accelerator. The increase in
the sample strength after 28 days of hydration resulted mainly from the pozzolanic reaction
of the zeolitic by-product. A compressive strength of 104 MPa was reached for a sample
containing 5 wt% of the zeolitic by-product, corresponding to an increase of approximately
32% over that of the reference sample. The results of the XRD and FTIR analyses showed
that the same hydration products were obtained as for the hydrated OPC paste. The XRD
results showed that an additional hydration product, calcium hemicarboaluminate hydrate,
was formed. Both of the aforementioned minerals were associated with the increased com-
pressive strength of samples containing the zeolitic by-product over that of the reference
samples. The incorporation of the zeolitic by-product increased the compactness of the
cement microstructure.
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