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Abstract: Aluminum oxide is widely used as a catalyst carrier, including in internal combustion engine systems, where operating temperatures
exceed 1000 °C. As such, aluminum oxide must exhibit enhanced thermal stability. This property is linked to the presence of pentacoordinated
centers on the surface of the y-phase of Al,O5. This paper examines the effect of the pH during aluminum hydroxide precipitation on the
formation of pentacoordinated centers on the surface of aluminum oxide. The samples of aluminum hydroxide were synthesized via controlled
double-jet precipitation, followed by thermal decomposition into oxides. Precipitation was carried out at constant pH levels, and for comparison,
parallel samples were synthesized at pH values of 5, 6, 7, 8, and 9. The precursors for precipitation were a I M aluminum nitrate solution (A]3+)
and a 10 wt. % ammonia solution (NH,OH). The solutions were introduced into the reactor in a dropwise mode with continuous stirring.
The resulting aluminum oxide samples were analyzed using X-ray diffraction and nuclear magnetic resonance techniques. The data show a
direct correlation between the pH of aluminum hydroxide precipitation and the presence of pentacoordinated centers on the aluminum oxide
surface: the higher the pH, the lower the content of pentacoordinated atoms. Additionally, a relationship was observed between the pH value
and the size of the coherent scattering region, with an increase in coherent scattering observed at higher pH levels.
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AnHoranusa: OKCHUI aTIOMUHUST HAXOIUT IHUPOKOE MPUMEHEHHEe B Ka4eCTBE HOCUTEJ ST KaTaIU3aTOPOB, B TOM YHCJIe B CUCTEMaXx JIBUTA-
TeJielli BHYTPEHHEro cropaHusi aBToMoOMIei, rae padboyre TeMmepaTypbl focturatot cBbiie 1000 °C, B ¢BSI3M ¢ UeM OH JIOJIKeH 00J1aaTh
MTOBBIIIICHHON TEPMUYECKOI YCTOMYUBOCTBIO, MU TEPMOCTAOMIBHOCTBIO. JJaHHBI MapaMeTp CBSA3BIBAIOT C HATUYUEM TIEHTAKOOPINHU-
POBAHHBIX LIEHTPOB Ha MOBEPXHOCTH Y-(a3sl Al,O;. B HacTos1el paboTe onucano BausiHue pH ocaxxaeHus ruapokcuaa alloMUHUS
Ha TIPUCYTCTBUE TIEHTAKOOPINHUPOBAHHBIX IIEHTPOB Ha MOBEPXHOCTU OKCU/IA ATIOMUHU L. METOIOM KOHTPOJIMPYEMOTO IBYXCTPYWHOTO
OCaX/JIeHUSI CHHTE3MPOBAIU 00pa3ilbl THIPOKCHIA aTIOMUHMS C €r0 TOCIEeAYIOUIMM TePMUYECKUM pa3iokeHHeM 10 okcuaoB. Ocaxie-
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HUE MPOBOAWIIM ITPYU TOAIEPKAaHUK ITOCTOSTHHOTO 3HaueHust pH, 1 1J1st cpaBHEeHM ST ObLIM CUHTE3MPOBaHBI TTapaJlJiesIi MPH MMOCTOSTHHBIX
suavenusax pH = 5, 6, 7, 8 u 9. MicxomHbie peareHThl MUTst OCaXKISHHS TTPEACTABISIN coGoit pacTBOp HUTpara amiomunust (AIPT =1 M)
u pactBop ammuaka (10 mac. % NH,OH). PactBopel nogaBaiu B peakTop B KareJbHOM pexXMMe IPU OCTOSTHHOM repemeninBaHui. [lo-
JIydeHHbIe 00pa31bl OKCU/IA aTFOMHUSI UCCIIENI0BATN METOaMU PEHTTeHO(ha30BOro aHaan3a U siIePHOro MarHUTHOTO pe3oHaHca. [Tony-
YEeHHBIE JaHHbBIC CBUIETEIbCTBYIOT O MPSIMOM 3aBUCMOCTHU MEX Iy 3HaueHeM pH ocakieHusI TUAPOKCUIOB aTIOMUHUS U 06pa30BaHUEM
MEHTAKOOPAMHUPOBAHbIX IEHTPOB HA TOBEPXHOCTH MOJTY4YaeMbIX OKCUIOB aTIOMUHMSI: YeM BbIlle 3HaueHHe pH ocakaeHMs1, TeM MEHbllle
conepkaHue MEHTAKOOPANHUPOBAHHBIX aTOMOB. Kpome Toro, Gbij1a 06HapyXKeHa 3aBUCUMOCTh MeX 1y 3HaueHueM pH ocaxaeHus u pas-
MepaMU 00J1acTH KOTePEHTHOTO paccestHUsT — HabJonaics ee pocT ¢ yBeandeHuem pH.

Kxiouesbie cjioBa: MeHTaKOOPAMHUPOBAHHBII OKCUJ aJTIOMUHUSI, TEPMOCTAOMIBHOCTh, KOHTPOJUPYEMOe ABYXCTPYiiHOE ocaxKIeHUe.

Jna uutupoanusa: CosonoBHukoBa [1.A., MamkosBueB M.A., PeiukoB B.H., I'uubko I.B., Tenerun T.E., YrpiomoBa M.B. Mccneno-
BaHWE YCIOBUI (IIPUPOIbI) 0Opa3oBaHWs MEHTAKOOPAWHUPOBAHHOTO OKCUIA alOMWHWS. Hzeecmus 6y306. lleemnas memaniypeus.
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Introduction

Aluminum oxide is widely used in industry due to
its highly developed specific surface area, which is sig-
nificantly influenced by the synthesis method and con-
ditions [1—13]. Aluminum oxide powder is a key com-
ponent of automotive catalysts, serving as a carrier for
precious metal particles on its surface [7—9; 11]. For
automotive catalysts, aluminum oxide powders must ex-
hibit a stable structure, high specific surface area, and
developed porosity, while being resistant to extreme
operating temperatures up to 1100 °C. These properties
largely depend on the presence of pentacoordinated alu-
minum oxide atoms (A1), also known as penta-centers
[13—17].

Precipitation is the most common method for syn-
thesizing pentacoordinated aluminum oxide due to the
process’s simplicity from a technological perspective.
Aluminum salt solutions are often used as the precur-
sor, with the choice of precipitant solution depending
on the pH. A specific case is the controlled double-jet
precipitation (CDJP) method, where the process is con-
ducted at a constant pH with discrete dropwise addition
of solutions into the reactor. After precipitation, the re-
sulting suspension undergoes various processing steps,
including filtration, drying, and calcination, producing
aluminum oxide [18; 19].

The calcination temperature significantly affects
the structure of the resulting oxide [18]. For instance,
low-temperature phases of aluminum oxide form at tem-
peratures up to 700 °C, while high-temperature phases
form at temperatures above 700 °C [20].

Particular attention is given to the y-phase of alu-
minum oxide, which is a metastable, transitional,
structurally polymorphic form [21—26]. The bulk and
surface structures of y-aluminum oxide, along with its
formation and thermal stability, have been the subject
of numerous studies [21—26]. However, due to the low
crystallinity and corresponding small particle size of
v-aluminum oxide, traditional analytical methods for

6

determining its surface structure are significantly li-
mited.

Several authors have reported that pentacoordi-
nated AI’" atoms are present on the surface of the
v-phase of aluminum oxide [13—17], which affect the
material’s thermal stability by interacting with the ca-
talytically active phase. The detection of coordination
centers (tetra-, penta-, or octa-) is possible using nuclear
magnetic resonance (NMR).

It should be noted that the literature lacks data on the
influence of the synthesis pH on the formation of pen-
tacoordinated centers, as well as on the relationship be-
tween the presence of pentacoordinated centers and the
crystallite characteristics of aluminum oxide obtained at
various pH levels.

The aim of this study is to investigate the effect of the
synthesis pH of aluminum hydroxide on the formation of
pentacoordinated AI** atoms in its oxide.

Materials and method

Controlled double-jet precipitation of aluminum
hydroxides at constant pH in batch mode was selected
as the synthesis method for the samples. After precipi-
tation, the samples were dried and calcined, resulting in
aluminum oxide.

The synthesis of the samples was conducted as fol-
lows: aluminum nitrate and ammonia solutions were
added dropwise while maintaining a constant pH
throughout the precipitation process. The selected pH
values were 5, 6, 7, 8, and 9.

The concentrations of the precipitation solutions
were as follows: C(AI*") = 1 M and 10 wt. % NH,OH.
To produce 100 g of aluminum oxide, 2 L of alumi-
num nitrate solution was used. The process was car-
ried out at room temperature, with the stirrer set at
500 rpm, and aluminum nitrate solution was fed at a
rate of 10 mL/min. Drying was conducted in an oven for
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4 h at 130 °C. The thermal treatment involved heating
at a rate of 500 °C/h to 500 °C, holding at 500 °C for
4 h, followed by cooling in the furnace to room tem-
perature.

After synthesis, the content of pentacoordinated
aluminum oxide atoms was determined by nuclear mag-
netic resonance (NMR), and the values of the coher-
ent scattering region (CSR) were calculated after con-
ducting X-ray phase analysis.

2’A1 NMR spectra were recorded at room tempera-
ture using an “Agilent VNMR 400” pulsed spectrometer
(USA) at a frequency of 104.23 MHz with magic angle
spinning (MAS). The rotor spinning frequency was
10 kHz. The spectra were processed using the “Dmfit”
program.

The phase composition of the samples was deter-
mined using X-ray diffraction analysis. Measurements
were performed over angles ranging from 10° to 80°. The
X-ray patterns were processed using the “OriginPro”
software, with baseline subtraction and smoothing of
the peaks.

Results and discussion

The obtained nuclear magnetic resonance (NMR)
results are presented in Fig. 1. Data are shown for the
two samples that differ most significantly in terms of
penta-center content, synthesized at pH = 5 and pH =
= 9. The samples were labeled accordingly. NMR spec-
trum analysis revealed that the sample labeled pH = 9
does not have pentacoordinated aluminum atoms on its
surface, as indicated by the absence of the corresponding
peak. In contrast, the sample labeled pH = 5 is charac-
terized by the presence of a peak, which corresponds to
the presence of pentacoordinated centers.

Figure 2 presents the X-ray diffraction patterns for
the same samples. The X-ray diffractograms show that
the degree of crystallization of the samples varies de-
pending on the pH of the precipitation, and all samples
consist of y-Al,O; (JCPDS, 10-0425). No impurities
of aluminum hydroxide or high-temperature phases of
aluminum oxide were detected. As the precipitation pH
increases, a decrease in peak width at half maximum
is observed, indicating an increase in crystallite size.
The X-ray diffractograms of the sample at pH = 9 are
characterized by sharp peaks, with the pH = 9 sample
exhibiting higher crystallinity than the pH = 5 sample.
Additionally, the pH = 5 sample shows the highest num-
ber of defects.

The crystallite sizes of the aluminum oxide samples
were calculated using the Scherrer method. It was found
that the crystallite size increases with the rise in the pH
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Fig. 1. NMR spectra of aluminum oxide samples
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Fig. 2. XRD diffractograms of aluminum oxide samples
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of the precipitation process. The data obtained are pre-
sented below:

Al-6  Al-7  Al-8  Al9

1,71 2,52 3,31 3,67
Based on the research results, correlations were es-
tablished between the pH values of the precipitation and
the proportion of pentacoordinated AP atoms, as well
as the size of the coherent scattering region (CSR). A de-
pendence of the studied parameters on the pH of precip-
itation was demonstrated: the proportion of pentacoor-
dinated AI’" atoms decreases with increasing synthesis
pH (Fig. 3), while the crystallite size, on the other hand,

increases (Fig. 4).
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The sample labeled pH = 5 exhibits the highest
number of defects and the greatest proportion of pen-
tacoordinated aluminum atoms, while the sample labe-
led pH = 9 is characterized by the fewest defects and a
significantly lower content of pentacoordinated atoms.
Overall, as the pH of precipitation and the size of the
CSR increase, the content of penta-centers in alumi-
num oxides decreases significantly.

Conclusion

The study demonstrated that the pH of aluminum
hydroxide precipitation has a substantial effect on the
content of pentacoordinated atoms in the resulting
oxides. As the pH of precipitation and the size of the
CSR increase, the proportion of pentacoordinated
atoms on the surface of aluminum oxide decreases.

Content Alv, %

26.83

0 :
4 5 6 7 8 9 pH

Fig. 3. Correlation between pH value and AlY content
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Fig. 4. Correlation between pH value and CSR size
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These findings can be applied in further research into
the mechanism of pentacoordinated atom formation
on the surface of aluminum oxide, which holds prac-
tical value in the production of catalyst supports and
adsorbents.
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Bkunan aBTopoB

I1.A. CoJ1010BHMKOBA — ITOVICK ¥ aHAJINU3 JIUTEPATYPHI,
HaImMcaHue PyKOITMCH CTaTbi, 0(OPMJIIEHIE 1 TIPEACTaBIIe-
HUEe 9KCIIEPUMEHTATBHBIX TaHHBIX.

M.A. MamkoBueB — Ujest, KOHIENTyaJu3aluus, KOHCYIb-
TUpOBaHUE.

B.H. Pp1ukoB — yuyacTtue B 00CYyXAEHUU PE3YJIbTATOB,
KOHCYJTBbTUPOBAHUE.

I.B. 'nHbKo — cuHTEe3 00pa310B MPU MOCTOSIHHOM
pH=5,6,7us8.
T.E. Teaernn — cunTe3 00pa3uoB mpu nmoctossHHoM pH = 9.

M.B. YrpiomoBa — aHa M3 CUHTE3UPOBAHHbBIX 0OPA3IIOB.
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