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This work aims to determine the influence of amorphous SiO, on the forma-
tion of katoite, on the formation of mayenite, and on its adsorption capacity for
Cu?* ions. Katoite was synthesised under hydrothermal conditions (130°C; 4 h)
in the primary mixture, which consisted of amorphous SiO,, aluminium oxide
and calcium oxide. It has been found that, at 350°C in the pure system, katoite
completely recrystallised into a mixture of mayenite and portlandite. Moreo-
ver, in the presence of the SiO, additive, calcination at 350°C yielded the same
products once calcium monocarboaluminate and katoite substituted with Si**
ions had fully decomposed. It was also observed that MA-Si3 exhibited slightly
better adsorption properties for Cu?* ions than MA3: after 60 min, its adsorp-
tion capacities were 196.3 and 194.5 mg/g, respectively. It was determined
that in the MA1 sample, a similar intensity of calcite, vaterite and aragonite
was formed. Additionally, traces of calcium monocarboaluminate, rouaite and
gibbsite were identified in the XRD patterns. Also, more intensive diffraction
peaks of calcite were formed in the MA3 sample than in the MA1 and MA-Sil
samples. Moreover, higher intensity diffraction peaks characteristic of katoite
formed in the MA-Si3 sample.

Keywords: mayenite, mayenite substituted with Si** ions, SiO,, hydrothermal
synthesis, adsorption

INTRODUCTION

solution combustion synthesis (SCS) [E, ] and
hydrothermal synthesis [H, ].

Mayenite (12Ca0O-7AL,0, or Ca ,Al O,) is a calcium
aluminate (hydrogarnet group mineral), which can
be notated by the cement system as C,,A_ and can
be found in nature [[li], as a part of compounds in
alumina cements [R-3] obtained via synthesis and
as decomposition products of the calcium aluminate
hydrate - katoite [¢4]. Many different synthesis tech-
niques can be used to obtain mayenite, for example:
solid-state sintering reactions [@], the floating
zone method [E], sol-gel and subsequent calcina-
tion at high temperatures [E, ], aluminothermic
solid state reaction and silicothermic synthesis [E],

* Corresponding author. Email: jolanta.doneliene@ktu.lt

Since different synthesis methods can be used,
the choice of starting materials is also quite wide.
These can be soluble salts [, ] such as cal-
cium and aluminium nitrates and citrates, or
insoluble oxides [H, E] such as CaO, AL O, and
AIOOH [fL5.

The C ,A_hasa specific 3D structure where crys-
tals have a cubic symmetry and space group values
of 1-43d, Z = 2,2 = 11.989 A and V = 17233 A?,
and consists of AlO, tetrahedra, some of which
are connected at corners and others through Ca
bridges, in which Ca** has an octahedral coordina-
tion [, B]. This specific structure and a positive
electric charge per unit cell, balanced by O* ions
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(free oxygen ions) [E—@], lead to a quite wide
field of mayenite applications. Many studies are
being done to investigate its properties as the first
stable electride material at room temperature [ ]
for use as a low-work-function field emitter [
and conductor [@] as a catalyst [ @ for ammonia
synthesis, trichloroethylene oxidation [[1§] or for
catalytic reforming of tar [R2], CH, [@ and tolu-
ene [@] fluoride and HCI | ] Also, mayen-
ite is a frequently hydraulically active constituent
of calcium aluminate cement (CAC), playing an
intermediate role in the manufacture of Portland
cement [].

Environmental pollution, mainly caused by
human and industrial activities, remains one of
the greatest challenges of the 21st century. Water
pollution by organic compounds, various pollut-
ants and heavy metals poses a serious threat to eco-
systems and living organisms. Among the various
existing purification methods, adsorption, using
inorganic, organic, natural and synthetic adsor-
bents, is widely used due to its low cost, high ef-
ficiency and simple operation. According to the lit-
erature, various adsorbents have been used to
remove heavy metal ions (such as Cu [@], Pb [@],
etc.) from wastewater, with extensive work on dif-
ferent calcium silicate hydrates []; however,
research on calcium aluminate hydrates and cal-
cium aluminates used as adsorbents is significantly
less. According to some studies, due to its zeolitic
structure and positive charge, mayenite is excellent
at adsorbing water [H, ] and has a good poten-
tial as a sorbent for other materials, such as heavy
metals. Adsorbent materials based on mayenite can
be used for cyclic carbon capture [@ é and in
combined processes, where CO, adsorption/des-
orption is used in thermochemlcal energy storage
systems [ @ @] The adsorption properties and
the potential for widespread use are determined
not only by the structure itself but also by the abil-
ity to modify it. In the late 1980s, the structure of
mayenite was modified by substitution with Mn*,
Mn** and Fe’* ions, and its crystal structure and
physicochemical properties were studied [@]
Also, some research has been conducted on prop-
erties of mayenite doped with Tb** [, 1, P [B4],
Fe O, [E- ], Cu(tl) [p3-Bdl, Ni (L1, B7-4d] and
Pd/Ni [t]], CeO, (L1, LaB, 421, Nb [3] and oth-
ers. Since the possibilities of modifying and stabilis-
ing the structure using various metal ions are most

often studied, the effect of SiO, on the structure is
no less important.

Wang et al. [ﬁ] investigated mayenite formation
by precipitating CaO-Al O,-SiO, melts (at 1500°C,
with a starting C/A molar ratio of 1.1) and found
that when the SiO, amount exceeded 3 wt.%, may-
enite with incorporated silicon atoms in the struc-
ture formed. Meanwhile, a SiO, additive amount
of 6 wt.% or higher inhibited mayenite formation.
Azof et al. [@] determined that low concentrations
of Si cations (4.7 wt.%) may stabilise the forma-
tion of 12Ca0-7Al,0, at high temperatures (up to
1650°C). It works by stabilising the extra frame-
work O* anions in C A unit cells: Si cations im-
pede the anions’ leaving from the cages under re-
ducing conditions and mayenite decomposition
into other calcium aluminate phases. Both authors
state that the C,A_ lattice was slightly changed due
to the Si-O bond in the matrix. Since mayenite can
be obtained from katoite [@] the effect of SiO,
on katoite’s structure is also important. Studymg
the formation of katoite during the hydration of
calcium aluminate revealed that adding nanosilica
alters the katoite formation: n-SiO, was incorpo-
rated in katoite and destabilised its phase [@].

During hydrothermal synthesis to produce ka-
toite and mayenite, inexpensive, natural, insoluble
calcined raw materials can be used, but they are of-
ten contaminated with SiO,. Therefore, it is impor-
tant to determine not only the influence of SiO, on
the formation and stability of mayenite, but also its
effects on physical and adsorption properties.

EXPERIMENTAL SECTION

Materials

Primary mixtures were prepared using CaO,
y-AL O, and amorphous SiO,-nH,0. CaO was ob-
tained from Ca(OH), (Sigma-Aldrich, Germany),
which was calcined at 550°C for 1.5 h; the quantit

of free CaO was 92 wt.%, S_ = 1341 m?/kg (Fig. 1l
curve 3). y-ALO, was prepared by calcining
Al(OH), (Slgma Aldr1ch Germany) at 475°C for
4h, S = 1129 m*/kg (Fig. I curve 1). SiO,.-nH,0
(Reaktlv Russia) was ground for 2.5 min in a vi-
brating cup ‘Pulverisette 9" mill (speed: 850 rpm),
S, = 1253 m*/kg (Fig. I curve 2); the loss of igni-
t10n = 8.19 wt.%. For adsorption tests, an aque-
ous solution was prepared using Cu(NO,) -5H,0
(Sigma-Aldrich, Germany) and distilled water.
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Fig. 1. XRD curves (a) and particle size distribution curves (b) of raw materials: 1, y-Al,0;; 2, Si0,-nH,0; 3, Ca0. Indexes: A, y-Al,0;;

S, Si0,-nH,0; P, portlandite; L, Ca0.

Methods

The raw mixtures were prepared by mixing CaO and
y-ALO,, without or with an amorphous SiO,-nH,0
additive, in the indicated amounts. Molar ratios
were CaO/(ALO,+Si0,) = 2.8 when SiO, = 0 or 0.25.
The mixtures were homogenised for 40 min at 50 rpm
in a Turbula type T2F homogeniser (Artisan Tech-
nology Group, Czech Republic). In all cases, the so-
lution-to-solid ratio was set to 10:1. The synthesis was
carried out by the hydrothermal method in PTFE
cells (25 ml), which were placed in a 1 L stainless
steel autoclave (Parr Instruments, Germany) under
saturated steam pressure at 130°C. The isothermal
condition was reached within 2 h, and the isothermal
curing duration was 4 h. After the treatment, the au-
toclave was cooled to room temperature and the syn-
thesis products obtained were filtered and, to prevent
carbonisation, rinsed with ethanol, dried at 50 + 5°C
for 24 h, and sieved (<80 pm). Those synthesis condi-
tions were chosen according to previously published
data [E]. The samples obtained were characterised
using X-ray diffraction analysis (XRD; with a Bruker
D8 Advance X-ray diffractometer, tube voltage 40 kV,
tube current 40 mA); simultaneous thermal analysis
(STA: differential scanning calorimetry — DSC and
thermogravimetry — TG, with Linseis STA PT1000
(Germany), in a temperature range of 30-1000°C,
heating rate 10°C/min). The specific heat capacity
(C,) of pure mayenite and mayenite substituted with

Si** ions was determined by applying a differential
scanning calorimeter NETZSCH DSC 214 Polyma
(Germany) when the working temperature range
was 25-170°C with the constant heating rate of
10 °C/min by using Al crucibles; the flow rate of N,
gas was 20 mL/min. The nitrogen adsorption at 77 K
(S, measured with a Quantachrome Instruments
Nova) was used when the samples were degassed
under vacuum at 50°C and the specific surface area
of the samples was calculated by the BET equation
using data from the lower part of the N, adsorption
isotherm (0.05-0.35 p/p,). To investigate the thermal
stability of the samples, the synthesis products were
calcined in a Nabertherm LH 15/13 (Germany) fur-
nace at 350, 550 and 900°C for 1 h at a heating rate of
5°C/min. Adsorption experiments were carried out
at 25°C for different time periods, varying from 3 to
60 min. 1 g of adsorbent was added to 100 mL of an
aqueous Cu(NO,),-5H,O solution containing 2 g/L
Cu*" ions.

RESULTS

It was found that after 4 h of hydrothermal treat-
ment at 130°C, synthetic katoite dominated in
the pure CaO-Al O,-H,O system (Fig. @a, curve 1).
Also, traces of partially unreacted portlandite
and formed calcium carbonate were observed in
the XRD pattern (Fig. a, curve 1). It should be
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Fig. 2. XRD patterns (a) and DSC curves (b) of synthesis products when the duration of hydrothermal synthesis at 130°C is 4 h. The mo-
lar ratios of the primary mixtures were: CaO/(AI203+Si02) = 2.8, 5i0, =0 (curve 1), 0.25 (curve 2). Indexes: C, calcium monocarboaluminate

(Ca,Al0.CO

4727673

noted that the crystallinity of katoite increased by
about 40% in the sample containing an SiO, addi-
tive (Fig. @a, curve 2). Compared with the products
obtained in the pure system, more intense diffrac-
tion maximum for portlandite and calcium carbon-
ate, as well as new peaks typical of calcium mono-
carboaluminate, were observed (Fig. Ela, curve 2).
It was determined that the amorphous SiO, addi-
tive became unstable and completely penetrated
the product’s structure because the additive’s broad-
reflection characteristic (Fig. Ela, curve 2) was not
detected in the XRD pattern. The XRD results were
confirmed by STA data: the DSC curve showed
that, at ~130°C (the first endothermic effect),
the amount of adsorbed heat attributed to adsorbed
water of the synthesis products was 219 J/g when
the products lost 0.3% of mass (in the pure system)
(Fig. b, curve 1). Meanwhile, in the system with
SiO, additive, the same broad endothermic peak
is characteristic of dehydration of adsorbed water
and the decomposition of calcium monocarboalu-
minate, because the heat of this endothermic effect
decreased only to 193 J/g and, at the same time,
the loss of mass of the synthesis products increased
fourfold (1.2%) (Fig. @b, curve 2). It was found that
the decomposition of katoite (the second endo-
thermic effect, 270-325°C) decreased from 755 J/g

-11H.0); K, katoite (Ca,AL(OH). ); P, portlandite; D, calcite ((aCO3); K*, katoite substituted with Si** ions

(in the pure system) to 692 J/g (in the system with
additive) (Fig. b). The third endothermic peak
characteristic of the decomposition of portlandite
confirmed that the SiO, additive penetrated into
the katoite structure: in the pure system, the heat of
this endothermic effect was 122 J/g, and in the sys-
tem with additive, it decreased to 69 J/g (Fig. @b).

Meanwhile, the opposite results were confirmed
by XRD. This phenomenon is in good agreement
with the theory proposed by Rivas-Mercury et
al. [@], which claims that during the dehydration
of pure katoite (the second endothermic effect,
270-325°C), additional portlandite was formed,
which decomposed at the same time as the primary
portlandite at ~440°C temperature. Meanwhile, no
additional portlandite was formed during the de-
composition of katoite substituted with Si** ions.
Also, the decomposition of CaCO, was observed in
the 660-730°C temperature range (Fig. b).

In the next stage of our research, thermal stabil-
ity at different temperatures (350, 550 and 900°C)
of the synthetic products was performed. It was
observed that at 350°C, katoite fully recrystal-
lised to a mixture of mayenite and portlandite in
the pure system (Fig. Ea, curve 1). It was also found
that the synthesis products with the additive (after
calcination at 350°C) formed the same products
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Fig. 3. XRD patterns of calcined synthesis products for 1h (at 350°C (a), 550°C (b), 900°C (c)): in pure system (curve 1); in system with additive
(curve 2). Indexes: P, portlandite; L, Ca0; M, mayenite; M*, mayenite substituted with Si** ions

once the calcium monocarboaluminate and ka-
toite, substituted with Si** ions, were fully decom-
posed (Fig. Ha, curve 2). The results showed that at
550°C, portlandite fully decomposed to CaO, and
the intensities of the diffraction peaks of mayenite
and mayenite substituted with Si** ions slightly de-
creased under all determined conditions (Fig. Hb).
Also, when the calcination temperature increased
to 900°C, the intensities of diffraction peaks char-
acteristic of mayenite, mayenite substituted with
Si** ions and CaO increased (Fig. Hc).

To evaluate the additive’s influence on may-
enite’s physical properties, specific heat capacity
(C,) measurements were performed. Calculations
showed that the heat capacity of pure mayenite
samples was affected by the calcination tempera-
ture. It was determined that the lower C, value
(0.808 J/(g-K)) of mayenite was obtained after cal-
cination at 900°C. Moreover, at 350°C, the highest
specific heat capacity (0.909 J/(g-K)) was observed
(Fig. @). Also, the additive affected the mayenite

Fig. 4. The specific heat capacities (at 25°C temperature) of pure may-
enite and mayenite substituted with Si** ions
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specific heat capacity across all calcination temper-
atures. At the same time, the C, values of mayenite
substituted with Si** ions decreased slightly from
0.927 to 0.887 J/(g-K) as the calcination tempera-
ture increased (Fig. H).

It was found that the SiO, additive has an in-
fluence on the synthetic samples specific sur-
face area (Table 1). The measurements showed
that the specific surface area (S;,) was equal to
9.42 m*/g, and the total pore volume was equal to
34 mm®/g of the pure katoite sample. Meanwhile,
in the system with the SiO, additive, the S, val-
ue slightly decreased (8.67 m?/g), and at the same
time, the total pore volume increased to 44 mm’/g.
It was determined that after calcination at a tem-
perature of 350°C, the S, values of pure mayen-
ite (11.21 m*/g) and mayenite substituted with Si**
ions (10.15 m?*/g) were very close. It was noted
that after calcination at 550°C, the S, . value in
the pure system slightly decreased (9.97 m?¥g),
while in the system with the additive, the specific
surface area significantly decreased to 6.28 m*/g. It
was investigated that the highest S, and total pore
volume values were obtained in a pure mayenite
sample that was calcined at 900°C. However, these
values are approximately 2 times lower than those
determined in mayenite substituted with Si** ions
(10.58 m?/g; 49 mm?/g) (Table 1).

In the next stage of research, the experiment on
Cu** ions adsorption using pure mayenite (MA1;
MA3) and mayenite substituted with Si** ions
(MA-Sil; MA-Si3) samples with the largest specific
surface area was conducted. It was found that after
3 min of the adsorption process, the amount of ad-
sorbed copper ions by the MA1 sample was equal
to 185.3 mg Cu’*/g (more than 92% of copper ions
were adsorbed), and after 60 min, 190.4 mg Cu**

Table 1. Samples’specific surface area (S..) and pore volume

BET

ions were adsorbed when the initial copper ions
solution concentration was equal to 2000 mg/1 (Ta-
ble 2).

Table 2. Adsorbed amount of Cu?** ions when the initial Cu?* ions
concentration was 2000 mg/I

Adsorption duration, min

Sample 3 20 60
The amount of adsorbed Cu?* ions, mg/g
MAT (350°C) 185.3 188.4 190.4
MA3 (900°C) 189.3 193.4 194.5
MA-Si1 (350°C) 186.8 189.9 191.8
MA-Si3 (900°C) 194.6 195.5 196.3

Compared with MA1, the MA-Sil sample has
a similar adsorption capacity for copper ions: at
3 min, 186.8 mg/g; after 60 min, 191.8 mg/g of cop-
per ions were adsorbed. It was also observed that
MA-Si3 exhibited slightly better adsorption prop-
erties for Cu® ions than MA3: after 60 min, its
adsorption capacities were 196.3 and 194.5 mg/g,
respectively.

It was determined that after the adsorption
process, samples dominated by different calcium
carbonate forms were observed (Fig. E). It was de-
termined that in the MA1 sample, a similar inten-
sity of calcite, vaterite and aragonite was formed
(Fig. Ea, curve 1).

Additionally, traces of calcium monocarboalumi-
nate, rouaite and gibbsite were identified in the XRD
patterns. The results demonstrated that lower inten-
sity diffraction peaks of aragonite and twice as in-
tense diffraction peaks of calcite were identified in
the MA-Sil sample. At the same time, the typical
basal reflections of calcium monocarboaluminate
and gibbsite were not detected in the MA-Sil sam-

Sample | Sy M/g | C, constant | Reliability coefficient, R’ Pore volume, mm®/g
Pure katoite 9.42 117.88 0.9999 34
MA1 (350°C) 11.21 139.55 0.9998 30
MA2 (550°C) 9.97 191.81 0.9996 29
MA3 (900°C) 23.34 161.14 0.9998 100
Katoite-Si 8.67 48.40 0.9999 44
MA-Si1 (350°C) 10.15 17.75 0.9996 31
MA-Si2 (550°C) 6.28 58.40 0.9999 18
MA-Si3 (900°C) 10.58 32.26 0.9999 49




223 ISSN 0235-7216 eISSN 2424-4538

Jolanta Donéliené et al. / Chemija. 37, 217-224 (2026)

Intensity, a.u.

Difraction angle 26, degrees

Intensity, a.u.

Difraction angle 20, degrees

Fig. 5. XRD patterns of adsorbents after the adsorption process, obtained after calcination at 350°C (a) and 900°C (b) for 1 h (molar
ratios of primary mixtures: Ca0/(AI203+Si02) =2.8;5i0,=0 (curve 1) and 0.25 (curve 2)). Adsorbents: (a) 1, MA1; 2, MA-Si1; (b) 1,
MA3; 2, MA-Si3. Indexes: C, calcium monocarboaluminate (Ca,ALO.C0,-1TH,0); D, calcite (CaC0,); A, aragonite (CaC0,); V, vaterite
(CaC0,); R, rouaite (Cu(NO,)(0H),); G, gibbsite; K, katoite (Ca,Al (OH), ); K, katoite substituted with Si*+ jons

ple (Fig. Ea, curve 2). It was determined that more
intensive diffraction peaks of calcite were formed
in the MA3 sample than in the samples MA1 and
MA-Sil. Moreover, a new compound - katoite — was
observed in X-ray diffraction patterns (Fig. Eb,
curve 1). Also, more intensive diffraction peaks
characteristic of katoite were observed in the XRD
patterns of the MA-Si3 sample (Fig. Eb, curve 2).

CONCLUSIONS

It was observed that, after 4 h of hydrothermal
treatment at 130°C in the pure CaO-AlLO,-H,O
system, synthetic katoite became the predominant
phase, accompanied by small amounts of partially
unreacted portlandite and newly formed calcium
carbonate. Notably, the amorphous SiO, additive
proved unstable and was fully incorporated into
the katoite structure. In comparison with the prod-
ucts formed in the pure system, additional diffrac-
tion peaks characteristic of calcium monocarboa-
luminate also appeared.

It has been found that, at 350°C in the pure sys-
tem, katoite completely recrystallised into a mix-
ture of mayenite and portlandite. It was further
determined that, in the presence of the additive,
calcination at 350°C yielded the same products

once calcium monocarboaluminate and katoite
substituted with Si** ions had fully decomposed.
In addition, when the calcination temperature was
increased to 900°C, the diffraction peak intensi-
ties associated with mayenite, mayenite substituted
with Si** jons and CaO increased.

It was investigated that the highest S, and total
pore volume values were obtained in a pure may-
enite sample that was calcined at 900°C. However,
these values are approximately 2 times lower than
those determined in mayenite substituted with Si**
ions. It was also observed that MA-Si3 exhibited
slightly better adsorption properties for Cu** ions
than MA3: after 60 min, its adsorption capacities
were 196.3 and 194.5 mg/g, respectively.

It was determined that in the MA1 sample, a sim-
ilar intensity of calcite, vaterite and aragonite was
formed. Additionally, traces of calcium monocar-
boaluminate, rouaite and gibbsite were identified in
the XRD patterns. Also, more intensive diffraction
peaks of calcite were formed in the MA3 sample,
than in the samples MA1 and MA-Sil. Moreover,
higher intensity diffraction peaks characteristic of
katoite were formed in the MA-Si3 sample.
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