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Abstract. This study investigates the formation of magnesium- and phosphorus-
containing compounds suitable for use as fertilizers, based on the reaction of serpentinite
waste with phosphoric acid. In this study, the physicochemical interaction between
serpentinite waste generated during chrysotile-asbestos processing at the Zhitikara
deposit (Kazakhstan) and phosphoric acid was investigated with the aim of obtaining
magnesium-phosphate products suitable for agricultural applications. Serpentinite
residue containing approximately 42 wt.% MgO was treated with phosphoric acid
under different stoichiometric conditions. Thermodynamic calculations were performed
to evaluate the feasibility of magnesium phosphate formation and to compare the
effectiveness of phosphoric acid with sulfuric, hydrochloric, and nitric acids.

The obtained products were characterized by X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FTIR), chemical analysis, and pH measurements.
The results demonstrated that phosphoric acid effectively decomposes the serpentinite
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structure, leading to the formation of hydrated magnesium phosphates. The phases
Mg(H,PO,),-2H,O and MgHPO,-3H,O were identified as the dominant reaction
products, while crystalline magnesium orthophosphate was not detected because of
its lower thermodynamic stability. Under a Mg? ;PO, molar ratio of 1:1, the system
reached a nearly neutral pH value (~6.9), providing favorable conditions for obtaining
fertilizer-grade products. FTIR analysis confirmed the destruction of the original
serpentine structure and indicated the presence of amorphous silica in the solid residue.
The proposed approach represents a resource-efficient and environmentally sustainable
method for valorization of serpentinite waste and offers promising prospects for the
production of magnesium- and phosphorus-containing fertilizers from technogenic raw
materials.

Keywords: serpentinite waste, phosphoric acid, IR spectroscopy, magnesium
phosphates, fertilizers
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Annoranusi. by seprreyne Xitikapa KeH OpHBIHAAFBI XPU30THI-aCcOECT IUKi3aThIH
eHJey OapbIChIHIA TY31JETIH CEPIIEHTUHUT KAIABIKTaphIHBIH (HOCHOpP KBIIIKBUIBIMEH
(U3NKa-XUMUSIBIK  OPEKETTECYl 3epTTeNiN, aybll MIapyallbUIbIFBIHAA KOJJAHYFa
XKapamIpl MarHud QocharTel KOCBUIBICTApABl aly MYMKIHIIT KapacThIPbUIABL.
Kypambinna mamamen 42 macc.% MgO 0ap CepHeHTHHHT KaJIbIKTapbl ¢ocdop
KBIIIKBUIBIMEH ~ OPTYPJl  CTEXMOMETPHSUIBIK ~ KaTblHACTapaa oHJenai. MarHui
(docdarTapelHBIH TY3UTy MYMKIHIITIH Oaranay oHe (oc(Op KbIIIKBUIBIHBIH KYKIPT,
TY3 JKOHE a30T KBIUKbULAAPBIMEH CaNbICTBIPFAHAAFbl THUIMALIITIH aHbIKTAay YIIiH
TEPMOAMHAMUKAIIBIK €CETTEYIIEp KYPri3iii.

AnbiaFas eHiMzep peHTreHpazansik Tanaay (XRD), Dypbe TypieHaipy nHGPaKbI3bUT
cnekrpockonusicel (FTIR), xumusuiblk Tangay skoHe pH MoHIH aHBIKTAy 9IicTepiMeH
3eprrengi. 3eprrey HoTHkenepi Gochop KhIIIKBUIBIHBIH CEPIEHTHHUT KYPBUIBIMBIH
TUIMJI TYPZIE BIABIPATHII, TUAPATTAIFaH MarHui ocdarTapbIHbIH TY31TyiHE OKeJIeTiHIH
kepcerti. Herisri peakuus enimaepi peringe Mg(H,PO,), 2H,0 xone MgHPO,-3H,O
(dazamapbl aHBIKTaJAbI, an MarHuii oprodocdarsl OHBIH TEPMOAWHAMMKAIBIK
TYPaKTBUIBIFBIHBIH TOMEH OONybIHA OaillaHBICTBI aHBIKTaNFaH koK. Mg? ;PO, = 1:1
MOJIBJIIK KaTbIHAChIHIA XKYlieHiH pH MoHi OeliTapanka >KybIK aeHreiire (~6,9) xerim,
THIHAUTKBIIITHIK MaKCaTTaFbl OHIMACP/l ally YIIiH KOJAMIIbI Karaaid KaJblITacThIPIbL.
FTIR Tanmayel OacTamkbl CEpHEHTHH KYPBUIBIMBIHBIH TOJIBIK OY3BUIYBIH >KOHE
KaTThl KaJJAbIK KypaMblHAa aMOp(Thl KpeMHE3eMHiH OOJybIH pacTajbl. ¥ CHIHBUIFaH
TOCUI CEPIIEHTHHUT KAJABIKTapbIH KOJEre jKapaTydblH PecypcThl YHEMICHUTIH >KOHE
9KOJIOTHSUTBIK TYPFBIJAH TYPAKThI 9ici OOJNBIN TaObLIaAbl 9pi TEXHOTCHJIIK IIUKi3aT
HeTi3iHAge MarHui skoHe (Gocdop Kypamabl THIHAUTKBILITAP OHAIPYIIH OoNallarbiH
aIuabl.

Kinrrik ce3nep: cepneHTHHUT KanabIKTapsl, pochop Keimkbuibl, UK-cnekrpocko-
sl MarHui pocdarrapsl, THIHAUTKBIITAD
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AHHOTanus. B HacrodmeM HCCIEIOBaHUM HW3YyYEHO (DUBUKO-XUMHUYECKOE
B3aMMOJICHICTBHE CEPIIEHTUHUTOBBIX OTXO/0B, O0Opa3yloIuXCs IpHU IepepaboTke
Xpu3oTui-acOecToBoro coipbst JKutukapuHckoro mectopoxjaeHus Kazaxcrana, ¢
(hochOpHOII KUCITOTOM CIETBIO TONTyYeHHsI MAarHH(hoCchaTHBIX COSTMHEHUH, IPUTOTHBIX
JUIS TIPUMEHEHHSI B CEeNbCKOM X03siicTBe. CepreHTMHUTOBBIN OCTAaTOK, COJAepXKaIlnit
okono 42 mac. % MgO, obOpabarbiBamu (GochOpHOl KHCIOTOW TpPU pa3IMYHBIX
CTEXHOMETPUYECKHX COOTHOINEHHSX. i OINEHKH BO3MOKHOCTH 0Opa3oBaHHS
¢docharoB maraus u cpaBHeHHS dPdekTuBHOCTH (HOCPOPHOH KUCIOTHI C CEPHO,
COJISTHOW W a30THOM KHCJIOTaMH OBUIM BBIOJIHEHBI TEPMOIUHAMUYECKHUE PACUETHI.
[Tonmy4eHHble MPOMYKTHI HCCIIECAOBAHBI MeToJaMu peHTreHodaszoBoro ananusza (XRD),
uH}pakpacHOi crekrpockonuu ¢ npeodpazoBanuem Dypwe (FTIR), xummyeckoro
aHanm3a u usMepenust pH. Pesynbrarsl nokasanu, uro gpocdopHas kucinora 3pPeKTHBHO
paspymaer CTpyKTypy CEpIeHTHHUTA, CIOCOOCTBYSI 00pa30BaHUIO THAPATHPOBAHHBIX
¢docdaroB mMaruus. B kauecTBe OCHOBHBIX MPOAYKTOB PEAKIMU WACHTH(QUIUPOBAHBI
¢azer Mg(H,PO,), 2H,0 u MgHPO,-3H,O, Torna xak kpucrammieckuii oprodocdar
Marausi He OOHapyKeH BCJIEACTBHE €ro 0Ooiee HHU3KOM TEepMOIUHAMUYECKOM
YCTOMUYMBOCTH B MCCIeyeMbIX ycioBusax. [Ipu MmonsHOM cooTtHomenun Mg?-,* = 1:1
CHUCTEeMa JIoCTHTalla MPAKTUYeCKH HelTpaibHoro 3HaueHus pH (~6,9), uto co3maér
OJaronpusITHBIC YCIOBHS Uil MOJYYEHUS] MPOAYKTOB YHOOPHUTEIHLHOTO Ha3HAYCHHUS.
Janneie FTIR-aHanu3a noATBEpAMIN pa3pyLIEHUE UCXOJAHON CTPYKTYphl CEPIIEHTHHA
U Haimyre amop(HOro kpemHezéMa B TBEPAOM ocrtartke. [IpensioKeHHBINH MOIX0]
peJCTaBisieT co00l pecypcod3dEeKTUBHBI U IKOIOIMYSCKU YCTOMYHUBBIA CHOCOO
YTUJIU3alUN CEPIIEHTUHUTOBBIX OTXOAOB M OTKPBIBAET IEPCHEKTUBBI IOIy4YEHUS
Marauii- u pochopcoaepkammx yioOpeHnii Ha OCHOBE TEXHOTEHHOTO CBIPbSL.

KiroueBble cjioBa: cCeprieHTHHUTOBBIE OTXO/bI, pochopHas kucnora, MK-cnekrpo-
ckonus, pocdaTel Marausi, yioopeHus

Introduction. Magnesium compounds and magnesium-containing materials are an
integral part of modern chemical production. However, there are currently no industrial
enterprises in Kazakhstan that produce magnesium-based compounds and fertilizers of
industrial significance. Moreover, the country’s fertilizer production remains narrowly
focused on nitrogen-phosphate and calcium-phosphate fertilizers. At the same time,
there is a growing demand for complex fertilizers containing not only phosphorus, but
also magnesium, nitrogen, calcium, sulfur, and trace elements. This trend encourages
the use of phosphate-containing minerals and industrial by-products to maintain the
nutrient balance in soils. Such an approach contributes to the diversification of the
raw material base and expansion of the range of mineral fertilizers. In this context,
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serpentinites are increasingly being considered as alternatives to dolomite. This interest
is partly due to the absence of high-quality dolomite deposits in Kazakhstan, which has
traditionally served as the main raw material for magnesium production.

Serpentinites are considered promising raw materials due to their high magnesium
oxide (MgO) content (35-45 wt.%), which is approximately 3—4% higher than that of
dolomite.

Accordingly, research into the utilization of serpentinites for the production of
magnesium compounds or magnesium-based fertilizers is of considerable scientific
and practical interest, particularly in the field of agriculture. The advantages of using
serpentinites include:

* their abundant natural occurrence, particularly in countries with developed mining
sectors;

* their association with nickel, chromite, and chrysotile-asbestos deposits, which
reduces the need for additional mining;

* the ability to repurpose mining waste, thereby contributing to environmental
sustainability;

» and the potential to develop complex fertilizers due to their high magnesium
content-especially when combined with phosphorus, nitrogen, or sulfur compounds.

* serpentinites can be crushed into powder form and used to improve soil acidity
levels, owing to the simplicity and low cost of the preparation technologies.

Additional advantages include the low cost of serpentinite extraction and the
possibility of establishing fertilizer production facilities in serpentinite-rich regions,
which would significantly reduce logistics and transportation expenses, among other
benefits.

Serpentinite is a magnesium-rich silicate mineral that is widely distributed in nature
but is often underutilized as a raw material in the mining industry. Traditional acid
treatment methods using H,SO, or HCI have been sufficiently studied (Maslennikova,
2007; Teir et al., 2007; Aueshov et al., 2017), however, phosphoric acid (H,PO,), acting
both as a reagent and a source of phosphorus for fertilizers, has been studied to a lesser
extent (Pirimov et.al., 2023; Federockova et al., 2014; Yamada and Nagai 1970). H,PO,
is considered promising in agriculture due to its dual function and can be used for the
production of magnesium phosphates - compounds important for agriculture - as well
as amorphous silica applicable in industry (Viera et al., 2022; Liu et al., 2023; Knyazev
et al., 2021; Nakamura et al., 1956).

One of the largest serpentinite deposits in Kazakhstan is located in Zhitikara,
Kostanay region. As a result of long-term processing of chrysotile-asbestos raw materials
at this site, a vast amount of serpentinite waste—estimated at approximately 300 million
tons—has accumulated. This waste represents a valuable technogenic raw material for
the production of magnesium-based products and fertilizers. The magnesium content
in the waste reaches up to 43.0 wt.% MgO. Despite this potential, the possibilities of
utilizing this material for magnesium extraction remain underexplored to date.

Today, agrochemical science increasingly emphasizes the importance of using
magnesium- and silicon-containing fertilizers, placing them on par with conventional
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nitrogen (N), phosphorus (P), and potassium (K) fertilizers. Magnesium is an essential
nutrient for plants, as it not only enhances crop yield but also improves the nutritional
quality of agricultural products. Currently, fertilizers containing both Mg and NPK
are mainly produced as simple mechanical blends of different fertilizers, commonly
referred to as compound fertilizer mixtures. These mixed formulations are typically
more expensive than conventional fertilizers and are produced in limited quantities.

An analysis of studies on this topic (Auyeshov et al., 2024; Yeskibayeva et al.,
2024; Katyshev et al., 2014) shows that the majority of research efforts related to
the processing of serpentinites and serpentinite waste have focused on acid leaching
for magnesium extraction. In most cases, sulfuric and hydrochloric acids have been
employed for material decomposition, while the use of nitric acid has been less
common. The proposed technologies generally differ in the type of acid used, the
degree of raw material pulverization, the operating conditions of the processes, and the
methods used for purification of the magnesium-containing solutions. The possibility
of producing magnesium- and phosphorus-containing fertilizers through the treatment
of serpentinites or serpentinite waste with phosphoric acid has been demonstrated in
several works (Arynov et al., Patent KZ 2017).

Accordingly, the objective of this study was to investigate the interaction between
serpentinite waste from the Zhitikara deposit and phosphoric acid, with particular
emphasis on the phase state of the resulting reaction products.

Materials and methods. The object of this study was serpentinite waste generated
at the chrysotile-asbestos beneficiation plant of “Kostanay Minerals” JSC, located at the
Zhitikara deposit. The average chemical composition of the waste (wt.%): MgO — 42.0;
Si0, — 41.0; Fe, O, — 4.0; ALO, — 0.45; CaO - 0.1; Cr,0, - 0.16. Phosphoric acid of
analytical grade (85%) was used in the experiments.

X-ray phase analysis (XRD) was performed using a DRON-3 diffractometer with a
Cu Ka radiation source and a nickel filter, in powder mode. Diffracted maxima were
recorded using an ionization chamber at a goniometer speed of 2° per minute. Qualitative
analysis of the obtained diffractograms was carried out using the WinXPOW software
(ICDD PDF-2 database).

Infrared (IR) spectra (FTIR) were recorded on a “Shimadzu IR Prestige-21¢”
spectrophotometer in the range of 4004000 cm-', equipped with proprietary software
and a spectral library from Pike Technologies (Miracle accessory). For analysis, the
sample was dried at 105 °C, ground into a powder, and pressed firmly onto a diamond
crystal. The spectrum was recorded in the range of 4000—-400 cm-'.

The acidity (pH) of the chemical system was measured using a laboratory ionometer
model 1-160.

The Gibbs free energy (AGo(m)) under standard conditions was calculated based
on thermodynamic data (AHO(m) and ASO(m)) using the incremental method developed
by B.K. Kasenov and M.K. Aldabergenov (Kasenov et al., 1994). Assessment of the
standard thermodynamic function AS® for various hydrated magnesium phosphate
compounds based on the contributions of ions and structural fragments.

The experimental interaction between serpentinite waste and phosphoric acid was
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carried out using 50% H,PO, solution. According to the stoichiometric ratios defined in
reactions 1-3 (Table 1), the following quantities of phosphoric acid were used per 1.0
g of serpentinite: 2.13 g for reaction 1, 1.065 g for reaction 2, and 0.71 g for reaction 3.
The reaction was performed in a temperature-controlled reactor flask equipped with a
reflux condenser and a propeller stirrer. Prior to the reaction, 2.5 g of serpentinite waste
was loaded into the reactor, and the corresponding calculated amount of phosphoric acid
was added during stirring.

The interaction was conducted at a controlled temperature for 1 hour. Upon
completion, the resulting slurry was first air-dried and then further dried in an oven
at 95-100°C. The obtained reaction products were identified using X-ray diffraction
(XRD) and Fourier-transform infrared (FTIR) spectroscopy.

Results and Discussion. Thermodynamic Assessment. The complex ternary phase
diagram of the MgO-P,0.~H,0O system illustrates the equilibrium states of various
phases depending on temperature and the concentrations of the components in the
system. Based on this diagram, it is possible to predict the formation of different hydrated
magnesium phosphate salts depending on the Mg, PO,”, and H,O ratios. Possible
compounds include: MgHPO,-3H,0+Mg(H,PO,) ; MgHPO, 3H,O+Mg(H,PO,),-2H,0;
MgHPO,-2H,0+Mg(H,PO,), (Sierra et al., 2018). The formation of specific compounds
is influenced by the acidity of the medium and the molar ratios of the components. The
ratio of Mg*> to PO,> concentrations determine which type of phosphate is likely to
dominate in the system. Accordingly, thermodynamic calculations were performed to
evaluate the interactions between serpentinite (as the main component of the waste) and
phosphoric acid at different molar ratios (1-3), as well as, for comparison, with sulfuric,
hydrochloric, and nitric acids (4-6). The results of standard Gibbs free energy (AG°
= f(T)) calculations are presented in Table 1.

(rxn)

Table 1. Standard Gibbs free energy values (AGO(m) for the interaction of serpentinite with various

acids.
Reaction No. Reaction AG®,., kJ/mol
1 3Mg0-2Si0,-2H,0+6H,PO = 3Mg(H,PO,),-2H,0+28i0,+3H,0 -535.8
2 3MgO-28i0,-2H,0+3H,PO = 3MgHPO,-3H,0+2Si0,+2H,0 -724.4
3 3Mg0-28i0,-2H,0+2H,PO,= Mg.(PO,),-2H,0+28i0,+5H,0 -141.6
4 3Mg0-28Si0,-2H,0+6HCl= 3MgCl +28i0,+5H,0 -5.7
5 3MgO-28i0,-2H,0+3H,SO = 3MgS0,+2Si0,+5H,0 -25.1
6 3Mg0-28i0,-2H,0+6HNO = 3Mg(NO,),+2Si0,+5H,0 -11.4

The standard Gibbs free energy (AG®,,,) values for the reactions between serpentinite
(3Mg0-28i0,'H,0) and phosphoric acid, according to reaction equations 1-3, are
—535.8,-724.8, and —141.6 kJ/mol, respectively. These values indicate that the reactions
are thermodynamically favourable and likely to proceed under standard conditions.
Furthermore, compared to sulfuric, hydrochloric, and nitric acids, phosphoric acid
exhibits a significantly higher potential to decompose serpentinite.

Based on the thermodynamic likelihood of formation, the stability order of magnesium
phosphates is as follows: magnesium hydrogen phosphate trihydrate > magnesium
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dihydrogen phosphate dihydrate > magnesium orthophosphate. This suggests that the
formation of MgHPO,-3H,0 is the most thermodynamically favourable.

The results of the chemical analysis of the reaction products and the pH of the
medium under the experimental conditions corresponding to reactions P-1, P-2, and P-3
(Table 1) are presented in Table 2.

Table 2. Chemical composition of the solid products and equilibrium pH values resulting from the
“Serpentinite — H,PO,” interactions.

Rxn | Sample | H,PO, (g), | pH MgO | SiO, Fe,O, |ALO, |CaO |Cr0O, [P0,
No. Stoich. (Wt.%) | (Wt.%) | (Wt.%) | (Wt.%) |[(Wt.%) |(Wt.%) |(Wt.%)
- Initial - 10.12 | 44.05 |37.77 |5.55 0.44 0.10 |0.16 -
SR”

R-1 | SR’ 2.13 3.15 13.51 | 18.80 | 4.00 0.26 030 |- 48.44
R-2 | SR’ 1.07 6.90 |19.37 |25.03 |6.11 0.30 0.31 — —

R-3 | SR’ 0.71 8.56 |34.67 |22.00 |6.00 0.29 022 |- —

" Note: SR — serpentinite residue (solid waste)

Based on the initial pH value of 10.12 in the aqueous suspension of the serpentinite
residue, it can be concluded that the material exhibits basic properties in a water
medium. In the case of R-1, conducted with an excess of phosphoric acid, the low
equilibrium pH value (3.15) suggests that a portion of the acid remained unreacted. For
the stoichiometric amount used in R-2, the pH of 6.9 indicates that acid-base interactions
were nearly complete. In contrast, under the conditions of R-3, the observed pH of 8.56
reflects a deficiency of phosphoric acid in the reaction system.

According to the chemical analysis results of the reaction products, a trend is observed
wherein, as the system transitions from the R-1 to R-2 and R-3 stoichiometric ratios,
the MgO content in the final products increases. At the same time, the P,O, content
varies, which is indicative of the formation of different magnesium phosphate phases
depending on the initial stoichiometric ratios applied.

X-ray diffraction (XRD) analysis conducted to identify the mineral composition of
the products revealed that the characteristic reflection patterns of serpentinite, which
constitutes the core of the initial residue, were absent in the products of reactions R-1
and R-2. This indicates complete structural transformation. In the case of reaction R-3,
these reflections were only weakly detectable, suggesting incomplete decomposition of
the serpentinite structure (see Table 3 and Figures 1 and 2).

Table 3. Diffraction reflection intensities of the reaction products in the (“Serpentinite — H,PO,”)

system.

d/n (A) I/, (%) |1dentified phase Chemical formula | Phase name

7.38 100 Serpentine Mg[Si,0.](OH), Serpentine

3.66 80 Serpentine Mg[Si,0.](OH), Serpentine

2.48 32 Serpentine Mg[Si,0.](OH), Serpentine

1.53 20 Serpentine Mg[Si,0.](OH), Serpentine

3.14 100 Dihydrated magnesium dihydrogen | Mg(H,PO,),-2H,0 | Dihydrated magnesium

phosphate dihydrogen phosphate
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3.37 80 Dihydrated magnesium dihydrogen |Mg(H,PO,),-2H,0 | Dihydrated magnesium
phosphate dihydrogen phosphate
2.33 70 Dihydrated magnesium dihydrogen | Mg(H,PO,),-2H,0 | Dihydrated magnesium
phosphate dihydrogen phosphate
3.45 100 Tris-hydrated magnesium hydrogen | MgHPO,-3H,0 Tris-hydrated
phosphate magnesium hydrogen
phosphate
3.05 80 Tris-hydrated magnesium hydrogen | MgHPO,-3H,0 Tris-hydrated
phosphate magnesium hydrogen
phosphate
5.90 40 Tris-hydrated magnesium hydrogen | MgHPO,-3H,0 Tris-hydrated
phosphate magnesium hydrogen
phosphate
3.41 100 Magnesium hypophosphite Mg(H,PO,), Magnesium
hypophosphite
4.01 65 Magnesium hypophosphite Mg(H,PO,), Magnesium
hypophosphite
5.00 63 Magnesium hypophosphite Mg(H,PO,), Magnesium
hypophosphite
3.47 100 Iron orthophosphate FePO, Iron orthophosphate
3.02 40 Iron orthophosphate FePO, Iron orthophosphate
4.39 23 Iron orthophosphate FePO, Iron orthophosphate
4.62 100 Iron metasilicate FeSiO Iron metasilicate
291 90 Iron metasilicate FeSiO Iron metasilicate
6.48 70 Iron metasilicate FeSiO Iron metasilicate

In the first two cases (P-1 and P-2), it was established that within the first hour
of interaction, the serpentinite structure is completely destroyed under the action of
phosphoric acid. In the case of P-3, an insufficient amount of phosphoric acid is present
in the system, resulting in incomplete destruction of the serpentinite structure. Figures 1
and 2 present the X-ray diffraction analysis results of the reaction products for variants
P-1and P-2. According to the WinXPOW program (ICDD PDF-2), diffraction reflections
corresponding to magnesium phosphate salts with various degrees of hydration were
detected (Table 3). Specifically, the observed d/n values were:

d/n = 3.14, 3.37, and 2.33 corresponding to magnesium dihydrogen phosphate
dihydrate; d/n = 3.45, 3.05, and 5.90 corresponding to magnesium hydrogen phosphate
trihydrate; d/n = 3.41, 4.01, and 5.00 corresponding to magnesium hypophosphite; d/n
= 3.47, 3.02, and 4.39 attributed to iron orthophosphate; d/n = 4.62, 2.91, and 6.48
associated with iron metasilicate.

The absence of distinct reflections corresponding to crystalline SiO, in the XRD
patterns of the reaction products suggests that the silica formed during the reactions is
likely present in an amorphous or poorly crystalline state.
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Figure 1. - X-ray diffraction (XRD) pattern of the interaction products between serpentinite residue
and phosphoric acid (R-1 condition).
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Figure 2. X-ray diffraction (XRD) pattern of the interaction products between serpentinite residue and
phosphoric acid (R-2 condition).

Analysis of the FTIR spectra of the interaction products between serpentinite residue
and phosphoric acid (Figure 1) revealed the absence of the characteristic absorption
band at 941 cm’, typically associated with the valence vibrations of serpentinite
structures. This supports the assumption that serpentinite structures undergo complete
decomposition as a result of the reaction.

The FTIR spectra, in turn, exhibit characteristic bands corresponding to various
structural units: water molecules (3700-3300 cm™ and 1700-1600 cm™), phosphate
anions such as HPO,* and H,PO,- (1300-650 cm™), and Mg ~O, coordination polyhedra
(600400 cm™) (Arynov et al., Patent KZ 2017).
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Figure 3. FTIR spectra of the interaction products in the “Serpentinite residue — H,PO,” system: 1)
R-1; 2) R-2; 3) R-3 (corresponding to the reaction products listed in Table 2).

In the FTIR spectra, three distinct bands in the 3700-3300 cm™ range and a low-
intensity shoulder at approximately 651 cm™ indicate that water molecules occupy
structurally nonequivalent sites and are not energetically identical. The high-frequency
maxima (3700-3300 cm™) are attributed to weakly bound or non-coordinated water
molecules, which are involved in hydrogen bonding either with each other or with
phosphate ions. The presence of a deformation band at 1661 cm™ (6(H,0O)) with a
shoulder suggests that water molecules occupy two or three crystallographically non-
equivalent positions within the structure.

Characteristic bands observed at 1065 cm™ and 956 cm™ are attributed to symmetric
and asymmetric stretching and deformation vibrations of (O,PO,)H, — type anions.
Additional bands at 1230, 1165, 1018, and 891 cm™ correspond to (O,PO,)H — type
anions. The presence of hydrogen bonding between anions and water molecules is
supported by the splitting of absorption bands in the anion lattice region (1300-650
cm™). The absence of distinct absorption bands for (O,PO,)H, and (O,PO,)H anion
lattices suggests the formation of directed dipole moments as a result of H-bonding
between phosphate ions and non-coordinated water molecules. This leads to the
collective excitation of phosphate tetrahedra, manifested as a unified vibrational mode
of the entire anionic system.

Additionally, the intense bands at 1065 and 956 cm™ are associated with the stretching
vibrations of silica (Si0,), indicating its presence in an amorphous or poorly crystalline
form.

Based on FTIR spectral analysis, it can be inferred that under the conditions of
Reaction 1 (R-1), the system predominantly forms magnesium dihydrogen phosphate
trihydrate. In the cases of Reactions 2 and 3 (R-2 and R-3), the products are similar in
composition and mainly consist of magnesium hydrogen phosphates with magnesium
dihydrogen phosphate dihydrate as a secondary phase. Although the stoichiometric ratio
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in Reaction 3 corresponds to the theoretical formation of magnesium orthophosphate,
this compound is not detected; instead, HPO,*- — type hydrogen phosphates are formed.
When the molar ratio of the reactants is 1:1 (as in R-2), the pH of the medium approaches
neutral (pH = 6.9), which may be considered optimal for fertilizer production in terms
of acidity, product yield, and composition.

Conclusion. Physicochemical analysis (XRD and FTIR) of the reaction products
in the “serpentinite residue — phosphoric acid” system confirmed that phosphoric acid
can completely decompose serpentinite structures within a short period. The qualitative
composition of the reaction products corresponds to the thermodynamically predicted
phases: various hydrated magnesium phosphates (Mg(H,PO,),-2H,0, MgHPO,-3H,0),
iron orthophosphate (FePO,), and iron metasilicate (FeSiO,). Magnesium orthophosphate
was not formed, which is consistent with its lower thermodynamic favorability (higher
Gibbs free energy).

When serpentinite residue and phosphoric acid are combined in a 1:1 molar ratio,
the resulting product shows favorable characteristics-such as optimal acidity, phase
composition, and yield—for use as a magnesium- and phosphorus-containing fertilizer.
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