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Abstract. The hydrogenation of anthraquinone is a critical step in the synthesis of hydrogen peroxide, an important
industrial oxidant. Traditionally, solid noble metal catalysts such as nickel and palladium have been used for this reaction, but
the exploration of alternative catalysts such as copper alloys offers potential advantages in cost and availability, as well as
opportunities to tune the catalytic properties. The choice to study anthraquinone hydrogenation using a copper alloy catalyst
was driven by the need to overcome the problems associated with noble metal catalysts, including cost and scarcity. This
study focuses on the hydrogenation of anthragquinone using a copper-aluminum alloy catalyst. The catalyst was prepared by
alloying copper and aluminum, with added elements such as chromium, iron, and silicon. The objective was to improve the
catalytic activity and selectivity in the hydrogenation process, which is crucial for the industrial production of hydrogen
peroxide. The catalyst was treated with 20% NaOH, which facilitated the exposure of active centers, leading to enhanced
hydrogen desorption. The results demonstrated that the catalyst with 50% aluminum and 45% copper exhibited the highest
catalytic performance, achieving hydrogen peroxide yields of up to 30.3% at 60°C and 1 MPa pressure. The catalysts
containing chromium, iron, and silicon showed 1.6-1.9 times increase in productivity compared to the prototype. Optimal
performance was observed at a temperature of 100°C, where the hydrogenation rate reached its peak. These findings indicate
that the Cu-Al-FCC-75 alloy is highly effective for anthraquinone hydrogenation, providing high activity and selectivity.
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Introduction. Anthraquinone and its derivatives are important products of organic synthesis [1-2].
They are used in the production of dyes [3], hydrogen peroxide [4], pharmaceuticals [5], as catalysts for
wood delignification [6], etc. Existing industrial methods for the synthesis of anthraquinone derivatives
have long been outdated. They are usually multi-stage and accompanied by abundant waste, in particular
acidic effluents. One possible method for obtaining substituted anthraquinone is diene synthesis. It is
based on the reaction between 1,4-naphthoquinone and substituted 1,3-butadienes [3]. It is also possible
to use naphthoquinones with the same substituents in the 6, 7 and (or) 5, 8 positions. Adducts are obtained
in organic solvents (during the synthesis of anthraquinone, the process is carried out under a pressure of
1,3-butadiene of 0.3-2 MPa; organic acids are used to reduce the pressure). Adducts of diene synthesis
can be further oxidized to anthraquinone by strong oxidizers in an acidic medium (CuClz, H.O> or
NaClOs [7]) or by atmospheric oxygen in an alkaline medium [8]. Thus, at the present time, the problem
of developing an environmentally friendly process for obtaining anthraquinone and its substituted
derivatives is very relevant.

Hydrogenation of anthraquinone in the presence of a metal catalyst is a key reaction in the synthesis
of H,O> via the anthraquinone route [9]. Considering the increasing demand for H2O», developing a
catalyst with excellent performance and relatively low price is one of the most important issues to meet
the requirements of efficiency and economy. It is well known that supported bimetallic catalysts have
attracted much attention in the field of catalysis, since such a combination of metals can often lead to
excellent catalytic performance due to synergistic effects [10]. H.O2 has an environmentally friendly
profile because it decomposes to form only water and oxygen as the only reaction products, making it
one of the cleanest and most versatile chemical oxidants available (Figure 1).
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Figure 1 — Main areas of application of hydrogen peroxide

Hydrogen peroxide (H20.) is a green and environmentally friendly molecular, widely used in food,
paper, textile, and wastewater treatment industries. Its redox product is water and thus will not cause
secondary pollution to the environ-ment. Since the early twenty-first century, the application of H20> in
producing some bulk chemicals, such as caprolac-tam, propylene oxide, and epichlorohydrin, has
significantly promoted the growth of H20> demand. Recently, with the improvement of the
environmental protection requirements, the replacement of non-green oxidants will be compelled. Thus,
the need for H2O; surely will further increase year by year [11].

These characteristics make hydrogen peroxide an environmentally friendly oxidant for many large-
scale applications such as pulp and paper bleaching, textile manufacturing, detergent applications,
wastewater treatment, and chemical oxidation processes. In the recent COVID-19 era, the demand for
medical products is increasing because H20> has high antiseptic properties, which directly increases its
market value. H>O: is used as an antiseptic, which is usually applied to cuts and bruises of the skin to
prevent infection. In addition, considering the recent COVID-19 pandemic, the demand for H20; has
increased significantly worldwide due to its high consumption in disinfectants. H2O2 is the main
ingredient in hand sanitizers, the demand for which has simultaneously increased worldwide [5].

Material and research methodology. The catalysts for anthraquinone hydrogenation were
prepared by melting metals in a melting furnace. The melting process was carried out in a graphite beaker.
The chemical composition of the primary castings and catalysts was determined by local X-ray spectral
analysis on a Camebax microanalyzer from Samesa. X-ray structural analysis of the ingots and catalyst
was carried out in the laboratory of physical and chemical studies of the Karaganda State University
using an iron anode on a Wirs-50 IM and Dron-0.5 diffractometer. The specific surface area of the
catalyst was determined by argon thermal desorption. The porous structure of the catalysts was studied
using a volumetric adsorption unit.

Results and discussion. The study analyzed the catalytic activity and selectivity of a copper-
aluminum alloy catalyst used for the hydrogenation of anthraquinone. The catalyst used for
hydrogenation of anthraquinone based on leaching of copper-aluminum mixture contains chromium, iron
and silicon in the form of ferroalloy-ferrosilicochrome in the following mass ratio: copper 40-49;
chromium 0.209-2.09; iron 0.051-0.51; silicon 0.735-7.35; aluminum - the rest. Table 1 shows the control
of the catalytic activity of the prepared catalyst with different amounts of caustic. Table 2 shows the
chemical analysis of the catalyst in the form of a copper ingot alloyed with metal
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Table 1 - Control of the catalytic activity of the prepared catalyst with different amounts of

caustic soda

Mass fraction of Weight of the Amount of Degree of destruction of aluminum, %
alkali, % catalyst, g hydrogen by weight by H2
removed, |
5 126.5 12 5 14
10 113.7 34 25.6 40.3
15 112.1 35 26.7 41.2
20 107.8 45 35.1 40.3

Table 2 - Chemical analysis of the catalyst in the form of a copper ingot alloyed with metal

The composition of the | Chemical composition of the catalyst, %

charge ingot, weight, % Cu Me; Me; Mes Al
Cu-Zn-Al 86.4 B B B 13.6
Cu-Al-FCC-75 81.1 4.4 _ _ 14.5

The catalyst treated with 20% NaOH solution showed high activity. Such treatment facilitated the
opening of active centers of the catalyst surface, which in turn accelerated the process of hydrogen
desorption. According to the results of the studies, the activity and stability of the catalyst reach the

highest value at a leaching depth of 15-18%.

Table 3 presents the results of X-ray spectral microanalysis of the chemical composition of the
catalyst, where the percentage composition of copper, aluminum and additional metallic elements (Mex,

Me,, Mes) in various catalysts was analyzed.

Table 3 - X-ray spectral microanalysis of the chemical composition of the catalyst and castin

Compound Sample Component, % by weight
Ni Me, Me, Mes Al
Cu-Al Mixture 50.0 _ _ _ 50.0
Alloy 48.6 51.2
Catalyst 95.7 3.2
Cu-Zr-Al Mixture 45.0 5.0 _ _ 50.2
Alloy 43.2 4.8 52.0
Catalyst 82.0 95 6.5
Cu-Nb-Al Mixture 45.0 5.0 _ _ 50.0
Alloy 42.2 4.9 50.6
Catalyst 82.0 8.9 8.0
Cu-Al-FCC- Mixture 45.0 5.0 _ _ 50.0
75 Alloy 44.2 4.8 51.0
Catalyst 81.0 9.9 9.0

According to Table 3, copper and aluminum-based catalysts exhibit high activity and selectivity.
Additional elements (Me1, Mez, Meg3) affect the stability of the catalyst, its surface properties and
chemical activity. Table 4 presents the results of anthraquinone hydrogenation with a multicomponent

copper catalyst (50% Al) in a benzene-propanol mixture at 60°C and a pressure of 1 MPa.
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Table 4 - Results of anthraquinone hydrogenation with a multicomponent copper catalyst (50% Al)
in a benzene-propanol mixture at 60°C and a pressure of 1 MPa.

Ingot composition, wt.% H>0, yield over time (%) W 10? g/g
0 20 40 60 h by H20>

1.Cu-Al-FCC-75, (49-50-1.0)(Cu-49; Al-50; Fe- | 3.5 | 7.8 17.8 | 26.4 8.6

0.051; Cr- 0.209; Si- 0.735, P*-0.005)

2. Cu-Al-FCC-75, (47-50-3.0)(Cu-47; Al-50; Fe- | 45 | 10.0 |215 |30.3 9.9

0.133; Cr- 0.627; Si- 2.205 P*-0.015)

3. Cu-Al-FCC-75, (45-50-5.0)(Cu-45; Al-50; Fe- | 4.2 | 9.0 172 | 245 8.0

0.255; Cr- 1.045; Si- 3.675 P*-0.025)

4. Cu-Al-FCC-75, (43-50-7.0)(Cu-43; Al-50; Fe- | 3.7 | 6.7 17.0 |194 6.3

0.357; Cr- 1.463; Si- 5.145 P*-0.035)

5. Cu-Al-FCC-75, (40-50-10.0)(Cu-40; AIl-50; | 2.5 | 6.0 123 | 17.0 55

Fe-0.51; Cr- 2.09; Si- 7.35 P*-0.05)

6. Prototype Cu-Al=50-50 0.0 |18 6.0 10.5 3.4

P*- compounds (C, P, S).

According to the results of the table, it was determined that the catalyst in the mixture of 50%
aluminum and 45% copper had the highest catalytic activity. The amount of additional elements in the
composition of this alloy increased the structural stability of the catalyst and increased the ability to
adsorb hydrogen. In the hydrogenation process, when the aluminum content in the catalyst was 50%, it
was observed that the yield of hydrogen peroxide reached 26.4-30.3%. These indicators showed that the
catalysts in the mixture of copper and aluminum have a high hydrogen-absorbing capacity and provide
complete hydrogenation of anthraquinone into anthrohydroquinone during the reaction. Catalysts
enriched with additional elements (Cr, Fe, Si) showed productivity 1.6-1.9 times higher than the
prototype.

Figure 2 - Dependence of the anthraquinone hydrogenation rate on the NaOH concentration in
the Cu-Al-FCC-75 alloy catalyst.
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It is evident from Fig. 1 that the concentration of NaOH has a significant effect on the activity of
the catalyst. A NaOH concentration of 15-25% is an effective way to achieve the highest activity of the
catalyst, significantly increasing the rate of hydrogenation.
Figure 3 shows the temperature dependence of the anthraquinone hydrogenation rate of the Cu-Al-
FCC-75 alloy catalyst obtained during the experiment.
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Figure 3 — Temperature dependence of the anthraquinone hydrogenation rate of the catalyst made
of Cu-AIl-FCC-75 alloy (a-6.0 MPa, b-10.0 MPa)

According to Figure 3, the Cu-Al-FCC-75 catalyst shows the highest hydrogenation rate at
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temperatures from 40°C to 120°C, which proves its efficiency and stability. Upon reaching a temperature
of 100°C, the activity of all catalysts reaches its maximum level and is maintained when the temperature
increases to 120°C.

Conclusion. The duration of the catalyst leaching process, and the temperature regime increased
the number of active sites on the catalyst, leading to an increase in the hydrogen peroxide formation rate.
Experimental data showed that optimizing the amounts of chromium and silicon in the catalyst
significantly improved its efficiency. The optimal temperature for the hydrogenation process was
approximately 100°C, at which the catalyst demonstrated maximum activity. The hydrogenation rate of
the Cu-Al-FCC-75 catalyst reached a maximum of 80 g/g/h at 100°C. Thus, the copper-aluminum alloy
catalyst exhibited high activity and selectivity in the anthraquinone hydrogenation process, making it an
effective solution for the industrial production of hydrogen peroxide.
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AHpaaTna. AHTPaXUHOH/BI THPIICY MaHBI3bl OHEPKACINTIK TOTHIKTBIPFBIII areHT OOJIBIN TaOBUIATHIH CYTErl aCKbIH
TOTBIFBIH CHHTE3/IYAeTrl MaHbI3/Ibl KajaM 0oJbin Tabbutanbl. JocTypmi Typae Oyl peakuus YIIiH HUKEINb JKOHE Majliaui
CHSIKTBI KQTThI aChlI METaJ KaTaIM3aTopJIaphl naiiananbliibl, Oipak MbIC KOPBITIANAPhl CUSKTHI OanamMa KaTaau3aTopiiapabl
3epTTey KYHbI MEH KOJDKETIMIUIr, COHJAi-aK KaTaJUTHKAJIBIK KacHETTepAl pEeTTey MYMKIHAIrT OOWBIHIIA BIKTUMAT
APTHIKIIBUIBIKTAPAbl YChIHAABL. MBIC KOPBITIIACHIHBIH KaTalIU3aTOPbl apKbUIBl aHTPAXUHOHABI TUAPJICYl 3epTTeyli TaHAay
KBIMOAT MeTaimap KaTalnu3aTopiapbIMeH OaiiaHBICTHI MpoOjeManapiAbl, COHBIH iMiHAEe KYHB MEH TAIIBUIBIFBIH XCHY
KKETTUTIriHeH TybIHOanb6l. byt 3epTTey MbIc-amrOMUHII KOPBITIIACHIHBIH KaTAIN3aTOPhl apKBUIBI aHTPaXHMHOHIIBI THAPIIeYTe
OarpITTasFad. KatanimsaTop MbIC IIeH aTIOMUHHMII XPOM, TeMip JKoHE KPEMHHU CHSKTHI SJIEMEHTTEPAI KOCY apKBLUIBI JIETUpIIey
ApKBUTBI JaWBIHAANIB. 3ePTTEYIiH MaKCaThl CyTeri aCKbIH TOTHIFBIH OHEPKICINTIK OHAIPY YIIiH MaHBI3Ib! OOJIBITT TAOBUTATHIH
THJpJICY NPOLECIHE KaTaTUTUKAIIBIK OEJICEHIUTIKTI )KoHEe CeNIeKTUBTUIIKTI skaKkcapTy 6onsl. Karanuzarop 20% NaOH-nen
OHJIENNi, Oy OelICeH Il OpTaNbIKTap/bIH allbUTYbIHA BIKHAJ €TTi JKOHE CyTeri JeCOpOUMSCHIHBIH JKOFapbUIayblHA OKEJI.
Hotmxecinge 50% amomunnii sxone 45% Mbic 6ap karanuzarop 60°C sxoHe 1 MIla remneparypana cyTeri acCKbIH TOTHIFBIHBIH
30,3% pmeliiH MWBIFBIMBIHA KOJI JKETKI3IM, €H KOFaphl KaTaIUTHKAIBIK THIMIUTIKTI kepceTTi. KypambiHIa Xpom, TeMip jkoHe
KpEeMHHUI Oap KaTtanu3atopiiap TOKIpUOEIiK yITiMEH calbICThIpFanaa OHIMAUTIKTIH 1,6-1,9 ece apTkaHbIiH KepceTTi. OHTAIBI
enimaiiik 100°C Temneparypana 6aiiKaabl, OHIA THAPIIEY XKBUIIAMIIBIFBI €H XKOFaphl ICHIeHIe )KeTTi. AJIBIHFaH HOTHXeJep
Cu-Al-®CX-75 KOpBHITIIACH AHTPAXMHOHIBI THUAPJIEY YIIH ©Te THIMIi, >XOFapbl OENCEHIUTK TeH CENEeKTHBTUIKTI
KaMTaMachI3 €Tel.

Tyiiin ce31ep: aHTPaXUHOH, CYTEri aCKbIH TOTHIFBI, THAPIICY, OPraHUKAIBIK CHHTE3, KaTATU3aTop.

KATAJIM3ATOPBI HA OCHOBE MEJJTHOI'O CIIJTABA B ITIPOLHECCE I'H/IPUPOBAHUA
AHTPAXUHOHA: TEXHOJIOI'MTYECKOE UCCJIEJOBAHUE

BOKEHOBA A.B." ', IZYHCEMBHUEB M. XK.

“BokenoBa AKHYp BoJIaTKBI3bI — MArHCTPaHT €CTECTBEHHBIX HayK, EBpasuiickuil HalMOHANbHBIH yHuBepcuTeT um. JLH.
I'ymunesa, r. Acrana, Kazaxcras.

E-mail: aknurbokenova@icloud.com, https://orcid.org/0009-0002-0275-1900

HyiicemOueB Mapat KoanacOekoBUY — KaHIUIAT XUMUYIECKUX HAyK, JOIEHT, EBpa3uiickuii HAlMOHAIBHBIM YHUBEPCUTET
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AHHoOTanus. I'napupoBaHne aHTpaxMHOHA ABISACTCA KPUTHUYECKUM ITAIIOM B CHHTE3€ NEPEKHCH BOJIOPO/a, BaXKHOTO
MPOMBILIEHHOTO OKUCIUTENs. TpaguiMoHHO Uit 3TOH peaKIMy KCIOIb30BATMCH TBEP/IbIC KaTaln3aTophl U3 0JaropoiHbIX
METaJUIOB, TaKHe KaK HUKeIb U MaJUTa i, HO UCCIIeJOBaHUE albTePHATUBHBIX KaTalN3aTOPOB, TAKMX KaK METHBIC CILIaBHI,
Ipe/ylaraeT IOTEHIHANIbHBIE TPEUMYIIECTBA B CTOMMOCTH U JOCTYHNHOCTH, a TaKXXe BO3MOXKHOCTH HACTPONKHU
KaTaJIUTUYECKUX CBOMCTB. BBIOOp M3ydeHMs THApHpOBaHUS aHTPAXWHOHA C HMCIIOIb30BAHMEM KaTallM3aTopa M3 MEJHOTO
craBa ObUT OOYCIIOBIICH HEOOXOJMMOCTBIO TPEOAOJICHUST HPOOJieM, CBSI3aHHBIX C KaTaau3aTopaMu M3 OJIaropojaHbIX
METaJIOB, BKJIIOYAsh CTOMMOCTh M Jedumur. B 3TOM HccienoBaHMM OCHOBHOE BHHUMAaHHE YHAGNSETCS THAPHPOBAHHIO
AaHTPAaXMHOHA C HCIIOJIB30BAaHUEM KaTalM3aTopa W3 CIIaBa Meau M amoMuHUS. KaTtamusatop ObII NMPUTOTOBIICH ITyTEM
CIUTABJICHUS MEM U AJTIOMUHMSA C I0OABICHUEM TAKHX JJIEMEHTOB, KaK XpOM, XeJe30 U KpeMHUH. Llenbio Obu10 yinyuiieHune
KaTaJUTUYECKOH aKTUBHOCTH M CEJIEKTUBHOCTH B IIPOIECCe THIPHUPOBAHUS, YTO HMEET pellaroliee 3HaueHHe s
IIPOMBIIIJICHHOTO TPOU3BOJACTBA MepeKkucH Bopopona. Karammsarop oGpabareBamu 20% NaOH, uto crmocoGcTBoBano
PACKPBITHIO aKTUBHBIX IIEHTPOB, YTO MPUBOJIMIIO K YCUIICHHIO 1eCOpOIH BoJOpoa. Pe3ynbTaTsl MOKa3aiy, 4TO KaTalau3aTop
¢ 50% amomunus u 45% Meau NpOJEeMOHCTPHPOBAN HAMBBICHIYIO KaTATMTHUECKYIO 3(PEeKTHBHOCTD, NOCTUTHYB BBIXOZa
nepekucu Bogopoaa 1o 30,3% mpu 60°C u masnernn 1 MIla. KatanuzaTopsl, coaepiKaiiie XpoM, Kele3o U KPpeMHHUH,
[OKa3aly yBEIWYCHHWE NpOM3BogUTENbHOCTH B 1,6-1,9 pasa mo cpaBHeHHIO ¢ mpoToTHIOM. OnTHMaibHAs
MIPOM3BOIUTENBHOCTh Habmronanack npu Ttemneparype 100°C, rme cKOpocTh THAPHPOBAHUS JIOCTHraja CBOETO MHKA.
[Mony4yeHHbIe Pe3yJbTaThl CBHIACTEIBCTBYIOT 0 ToM, 4To cmiaB Cu-Al-OCX-75 BecbMa 3(h(heKTUBEH A THAPHUPOBAHUS
aHTpPaxMHOHA, 00eCIeYNBast BBICOKYIO aKTHBHOCTD U CEJIEKTHBHOCTb.

KnaioueBble ci10Ba: aHTpaxMHOH, NIEPEKUCH BOJOPO/IA, THAPHPOBAHNE, OPTaHUYECKUI CHHTE3, KaTalu3aTop.
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