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Based on the above information, the data obtained from the existing observation
network cannot fully and accurately describe the current development and changes. Therefore,
further hydrogeological research work must be carried out in the following areas:

— collection of data on the state of groundwater resources by conducting seasonal and
long-term observations of groundwater levels and hydrochemical changes;

— collection of information on the state of groundwater resources and the main
natural and man-made factors contributing to their pollution by collecting information on
climatic factors and economic conditions;

— it is advisable to study the quality of underground water resources influenced by the
natural ecosystem, urbanized areas, reservoirs, main canals, large collectors, the processes of
salinization around them, and the effects of technogenesis, including flooding.
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SYNTHESIS AND COMPARATIVE CHARACTERIZATION OF METAL-ORGANIC
FRAMEWORKS AND ZEOLITIC IMIDAZOLATE FRAMEWORKS: EFFECT OF
SYNTHESIS CONDITIONS ON STRUCTURE AND YIELD

Yanevich A.V., Berillo D.A.
M. Kozybayev North Kazakhstan University

AnO0amna: By )KyMbICTa IIUPKOHUI HETI31HIETI MeTaJulopraHukaibiK KaHkaitapasH (Ui0-66, UiO-66-
NH>) oHe LeonuTTapi3al UMHIA30MaTThIK KaHKanapablH (ZIF-8, ZIF-67) cuHTe3i MeH cajbICThIpMabl Oarachl
¥ChIHBUIFaH. 3epTTeyﬂe CHUHTE3 IHapTTapbl, KYPBIJIBIMHBIH KaJIbIIITACy MeXaHI/ISM}lepi JK3HC 9HiM IIBIFBIMBI
apachlHIarbl 0alnaHbic KapacTelpbuiFad. COIbBOTEPMUSIIBIK KPUCTAIIZIAHY JKOHE ePITIHAINCH TYHABIPY dicTepi
KOOPJMHAIUS KHHETUKACHI, POLIECTIH THIMALIITT %oHE KYPBUIBIM/BIK CUTIATTaMallap TYPFBICBIHAH KYHel Typae
tangasapl. Hotwkenep xepcerkenaeit, UiO-66-NH: mbireiver (76,6%) UiO-66-ra (71,2%) xaparaHzua »orapsl,
Oy JsimraHn (QYHKIMOHAJIM3ALMSACBIHBIH OH ocepiH jgonenpaeiini. ConbiMeH karap, ZIF-8 xone ZIF-67
colikecinme 78,6% sxoHe 81,2% >OoFaphl IIBIFBIM KepceTei, Oyl TYHABIPY dMiCiHIH THIMALIIriH pacTtaiiasl. ZIF
KYHENIEPiHiH XKOFapbl THIMIIIITT METaJI—JIUraH i KOOPAHMHALUSCHIHBIH KbUIAM JXKYPYIMEH XKOHE HYKJICAIIUSHBIH
TOMEH OJHEPrus TOCKAYbUIAAphIMEH TyciHaipineai. JXanmbl anfaHnma, CHHTE3 ofici KYpbUIBLIM MEH ©HIM
HIBIFBIMBIHA THenrynn ocep eredi: ZIF marepuannapsl cunTe3 tuimaiiiri 6oibiima MOF-ten xorapsl, an MOF
KYPBUIBIMBI OacKapy/a apTHIKIIBIIBIKKA He.

Tytiin co30ep: MOF, ZIF, UiO-66, KoOpAWHAIUSAIBIK XUMUS, CHHTE3, IIBIFBIM, HyKJICAIIUs.

Annomayus: B paboTe TpENCTaBlIeH CHHTE3 M CPAaBHUTEIbHAS OICHKA IMPKOHUHCOMEPKAIINX
MeTaiuioopranudeckux kapkacoB (UiO-66, UiO-66-NH:) 1 11e01MTONOA00HBIX UMUIA30JIaTHBIX KapkacoB (ZIF-
8, ZIF-67) ¢ akIeHTOM Ha B3aUMOCBS3b MEX/Y YCJIOBUSIMH CHHTE3a, MEXaHU3MaMHU (DOPMHUPOBAHHUS M BBIXOIOM
nponykra. [IpoBeneHo cucTeMaTH4eckoe CpaBHEHHE ABYX IIOAXOIOB - COJBBOTEPMATIbHONH KPHUCTALIHM3ALUU H
OCaXJICHHSI U3 PacTBOPA - C TOYKU 3PCHUS] KWHETUKH KOOPIUHAIMH, Y(P(PEKTHBHOCTH MPOIIecca U CTPYKTYPHBIX
xapakTepuctuk. Ilokazano, uro UiO-66-NH: xapakrepmsyercs Oomee BBICOKMM BBIXO#OM (76,6%) 1O
cpaBuenuto ¢ UiO-66 (71,2%), 4To CBHIETENBCTBYET O TOJIOKUTEILHOM BIMSHUM (PYHKIIMOHAIN3ALMY JIMTaHA.
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B To0 xe Bpems ZIF-8 u ZIF-67 nemoHcTpupyroT 0oJiee BEICOKHE BBIXOABI - 78,6% u 81,2% COOTBETCTBEHHO, YTO
noaTBepikaaeT 3GQGEeKTUBHOCTh MeToAa ocaxaeHus. [loBbimenHas sddextuBHocTs ZIF-cuctem o0ycioBieHa
ObICTpOil KOOpOMHAIMEH MeTaI—JIMIaHA M HHU3KMMH JHEPreTHUeCKUMH OapbepaMu Hykieanuu. B nemom
YCTAQHOBJICHO, YTO METOJ CHHTE3a HIPaeT OMNPENeNAIOIyI0 poib B (OPMUPOBAHMM CTPYKTYPHl M BBIXOJE
nponykra: ZIF-marepuansl npesocxoasar MOF mno sddexruBHoCcTH cuHTe3a, Torga kak MOF obecneunBaror
Gosiee BEICOKHI KOHTPOIIb CTPYKTYPHI.

Kmrouesvie cnosa: MOF, ZIF, UiO-66, koopAuHAIIMOHHAS XUMUSI, CHHTE3, BBIXOJ], HYKJICAIHS.

Annotation: This study presents the synthesis and comparative evaluation of zirconium-based metal—
organic frameworks (UiO-66, UiO-66-NH:) and zeolitic imidazolate frameworks (ZIF-8, ZIF-67), with a focus
on the relationship between synthesis conditions, formation mechanisms, and product yield. Two distinct
synthetic approaches-solvothermal crystallization and solution-phase precipitation-were systematically analyzed
in terms of coordination kinetics, process efficiency, and structural outcomes. The results show that UiO-66-NH>
exhibits a higher yield (76.6%) compared to UiO-66 (71.2%), indicating the positive effect of ligand
functionalization. In contrast, ZIF-8 and ZIF-67 demonstrate significantly higher yields of 78.6% and 81.2%,
respectively, confirming the greater efficiency of precipitation-based synthesis. The enhanced performance of
ZIF systems is attributed to rapid metal-ligand coordination and lower nucleation energy barriers. Overall, the
findings confirm that the synthesis route plays a decisive role in determining both yield and structural
organization, with ZIF materials outperforming MOFs in terms of synthesis efficiency, while MOFs provide
greater control over framework formation.

Keywords: MOF, ZIF, UiO-66, coordination chemistry, synthesis, yield, nucleation.

Metal-organic frameworks (MOFs) and zeolitic imidazolate frameworks (ZIFs)
constitute an important class of porous coordination materials characterized by high surface
area, tunable porosity, and adjustable chemical functionality. These features enable their
application in adsorption, catalysis, and separation technologies [1-3].

Despite substantial progress in this field, the relationship between synthesis
parameters and structural formation remains insufficiently understood. In particular,
comparative studies addressing the influence of different synthesis routes on both yield and
crystallization mechanisms are still limited [3,4].

The aim of this work is to synthesize UiO-66, UiO-66-NH2, ZIF-8, and ZIF-67 and to
comparatively evaluate how synthesis conditions affect yield, structural characteristics, and
formation mechanisms [1,5].

Materials and Methods

In this study, MOF and ZIF materials were synthesized using solution-based methods
in a DMF medium.

MOF Synthesis

The synthesis of zirconium-based frameworks was carried out using a solvothermal
method in dimethylformamide (DMF). The reaction system included a zirconium precursor,
terephthalic acid or 2-aminoterephthalic acid, and benzoic acid as a modulating agent[4,5].

The molar ratios of the components were as follows:

Ui0-66:1:0.66 : 16.7

UiO-66-NHz: 1:0.55:16.7

The reaction mixture was homogenized in DMF to ensure uniform distribution of
reactants, followed by solvothermal treatment in a sealed autoclave, where nucleation and
crystal growth occurred under controlled temperature conditions [4]. The presence of the
modulator played a key role in regulating the crystallization kinetics and particle size by
competing for coordination sites [5].

After synthesis, the solid products were isolated and subjected to repeated washing
with organic solvents to remove unreacted species and residual modulator. The materials were
then dried under controlled conditions to obtain fine crystalline powders.
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Metal precursor + Ligand + Modulator
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Mixing
v

Solvothermal treatment

v

Crystallization

v

Washing & Drying
v
MOF powder
Scheme 1 — Scheme of MOF synthesis (UiO-66 and UiO-66-NH)

The yields of the synthesized materials were:

Ui0-66 — 71.2%

Ui0-66-NH: — 76.6%

ZIF Synthesis

ZIF materials were synthesized via a precipitation method involving rapid
coordination of Zn?*" and Co** ions with imidazolate ligands. [6,7].

The molar ratios of the reactants were as follows:

ZIF-8:1:16

ZIF-67:1:36

The synthesis procedure included mixing of metal salt and ligand solutions under
continuous stirring, leading to rapid nucleation and formation of a crystalline precipitate. The
resulting suspension was subjected to an aging process to ensure complete crystallization [6].

The obtained solids were separated by centrifugation, followed by repeated washing
with DMF and ethanol to remove unreacted species and residual solvent. The purified
materials were then dried under controlled conditions to obtain fine powder products [7].

The yields of the synthesized materials were:

ZIF-8 — 78.6%

ZIF-67 — 81.2%

Theoretical Background and Formation Mechanisms

MOF formation is based on coordination interactions between zirconium clusters and
carboxylate groups of the ligand, resulting in a three-dimensional framework.

The formation of ZrsO4«(OH)4 clusters plays a key role in the structural stability of
UiO-66. The presence of a modulator controls crystal growth and defect formation.

In ZIF synthesis, rapid coordination between metal ions (Zn**, Co*") and imidazolate
ligands leads to nucleation and crystal growth.

The M-N coordination bonds form structures analogous to zeolites, providing high
chemical and thermal stability.
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Metal salt solution + Ligand solution
Mixing

Precipitation
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Washing & Drying
v
ZIF powder
Scheme 2 — Schematic representation of ZIF synthesis (ZIF-8 and ZIF-67)

Results and Discussion

The synthesis resulted in crystalline powder materials with well-defined morphology.

The yield of UiO-66-NH: (76.6%) is higher than that of UiO-66 (71.2%), which may
be attributed to the presence of amino groups enhancing coordination interactions.

ZIF materials showed higher yields overall, with ZIF-67 (81.2%) exhibiting the
highest value, likely due to stronger coordination of Co** ions.

Comparison of synthesis methods shows that:

the solvothermal method provides better structural control;

the precipitation method is simpler and yields higher product output.

The novelty of this work lies in the comparative analysis of synthesis methods and the
relationship between synthesis conditions, structure, and yield of MOF and ZIF materials.

The formation of UiO-type frameworks involves a multi-step assembly of zirconium
oxo-clusters followed by coordination with dicarboxylate linkers. The presence of a
modulator introduces competitive coordination, slowing down crystal growth and enabling
structural control. In UiO-66-NH., amino functional groups enhance donor—acceptor
interactions, leading to more efficient nucleation and increased yield. In contrast, ZIF
formation proceeds through direct metal-nitrogen coordination, resulting in rapid framework
construction and reduced sensitivity to synthesis conditions

Table 1 — Comparative Characteristics

Material Type Ratio Method Color Yield

Ui0-66 MOF 1:0.66:16.7 Solvothermal | White 71.2%
Ui0-66-NH. | MOF 1:0.55:16.7 Solvothermal | Light yellow 76.6%
Z1F-8 ZIF 1:16 Precipitation White 78.6%
ZIF-67 ZIF 1:36 Precipitation Purple 81.2%

The data demonstrate a clear advantage of ZIF systems in terms of synthesis
efficiency.

Microscopic Analysis of MOF and ZIF Structures

Microscopic analysis was performed to evaluate the morphology, particle size
distribution, and structural uniformity of the synthesized materials (Figure 1). Observations
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were carried out at a magnification of x100, which allowed for the assessment of general
particle morphology and aggregation behavior.

The UiO-66 and UiO-66-NH: samples exhibited relatively uniform but aggregated
structures. The particles were predominantly irregular polyhedral in shape, forming loosely
packed clusters. This morphology is consistent with the solvothermal synthesis mechanism,
where crystal growth occurs gradually through the formation of zirconium oxo-clusters. The
presence of a modulator contributed to partial control of crystal growth; however, aggregation
was still observed. In the case of UiO-66-NH:, slightly improved dispersion and reduced
aggregation were noted, which can be attributed to the presence of amino functional groups
enhancing interparticle interactions and stabilization.

In contrast, ZIF-8 and ZIF-67 samples demonstrated more homogeneous particle
distribution and clearer crystalline features even at x100 magnification. ZIF-8 appeared as
finely dispersed particles with relatively smooth morphology, whereas ZIF-67 exhibited well-
defined faceted polyhedral structures. The observed uniformity is associated with the rapid
nucleation characteristic of precipitation synthesis, which limits excessive crystal growth and
promotes the formation of smaller particles.

The differences in morphology between MOF and ZIF systems can be explained by
their distinct formation mechanisms. The multi-step assembly of zirconium-based clusters in
MOFs leads to slower nucleation and crystal growth, resulting in larger particles and
aggregation. In contrast, the fast coordination between metal ions and imidazolate ligands in
ZIF systems accelerates nucleation and restricts crystal growth, leading to finer and more
uniformly distributed particles.

Overall, microscopic analysis confirms that the synthesis method significantly
influences particle morphology and structural homogeneity. ZIF materials exhibit higher
dispersion and uniformity, while MOF systems demonstrate more controlled but slower
crystal growth, resulting in larger structural domains.

£ r

A4

Figure 1 —Microscopic images of synthesized materials at X100 magnification: (a) UiO-66,
(b) UiO-66-NH>, (c) ZIF-8, (d) ZIF-67

MOF and ZIF materials were successfully synthesized using solvothermal and
precipitation methods. The higher yield of UiO-66-NH: can be attributed to the presence of
electron-donating amino groups, which enhance coordination interactions and stabilize
intermediate species. The precipitation method ensures higher yield and operational
simplicity.

The observed differences in yield are governed by coordination chemistry: Zr—O
cluster formation is a multi-step process with slower kinetics, whereas Zn—N and Co—N bond
formation occurs rapidly. Thus, ZIF systems demonstrate higher kinetic efficiency, while
MOFs provide greater structural tunability.

Microscopic analysis at x100 magnification confirmed that MOF samples are
characterized by larger, aggregated polyhedral particles formed under controlled but slower
crystal growth conditions, while ZIF materials exhibit finer, more uniformly distributed
particles with well-defined crystalline morphology due to rapid nucleation. These
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observations are consistent with the proposed formation mechanisms and further support the
relationship between synthesis method and structural organization.

The study confirms that the synthesis method significantly influences both yield and
structural properties of MOF and ZIF materials. Ligand functionalization improves MOF
formation efficiency, whereas ZIF systems offer higher productivity due to rapid
coordination-driven assembly.

These findings highlight the importance of integrating coordination chemistry
principles with process engineering strategies for the development of advanced porous
materials.
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FTAMA 14.25.09
90K 372.851
KY3BIPETTLIIK TGC[.JIﬂI KY3EI'E ACBIPYJIAT bl IIOHAPAJIBIK
BAUJIAHBICTAP/IBIH, POJI1
AouioB K.M.

Manaw Kozvibaes amvinoagvr Conmycmik Kazaxcman ynueepcumemi

Anoamna: Makanana kasipri OinmiM Oepy >kyHeciHge Ky3BIPETTUIIK TOCUIAI JKY3€re achpyHarbl
IOHApaNIBIK OalIaHBICTapIbIH PeJli KapacThIpbulaabl. bidiM amymiblnapiblH HETi3ri jkoHe KaciOu Ky3bIpeTTepiH
KaJIBIITACTHIPY IIAPTHI PETIHAE OPTYPJIi OKY MOHAEpiHAeri OLTIM/I BIKNANACTHIPY/AbIH KAXKETTUIIr Heri3nene/i.
[ToHapamnbIK YFBIMHBIH TEOPHSJIBIK TOCIIEPl TalJaHbIIl, OHBIH CHIHHM OMJIayAbl JaMBITyFa, KEIIEHA1 MaceeNepai
niemy KaOijneTiHe jkoHe OLTiMIII MpaKTHKAIBIK KBI3METTE KOJJaHyFa bIKNaubl kepcerineni. OKy yaepiciH
MoHApaJIBIK OaliaHpICTap HETI3iHIEC YHUBIMIACTHIPYABIH OJ[ICTEMENK aCHeKTiIepiHe, COHBIH ILIHAE YKOOAJBIK
KBI3METKE, KeWc-oJlicTepre KoHe MpoOJIieMalIbIK OKBITYFa epeKile Hazap aynapbuianbl. binim Oepy ToxipubeciHe
[IOHApaNbIK TaIChlpManapbsl THIMAI €HTi3y[IiH Mblcaniapbl kentipineni. ITonapanblk OaitmanelcTapabl xyilemi
KOJIJaHy OiTiM camachlH apTThIPYFa OHE KY3BIPETTUNIK TOCUII TOJBIK XKY3€re achlpyFa BIKIAall €TETiHi Typasbl
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