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Abstract. Introduction. Humic substances (HS) are promising natural sorbents that contain
carboxyl, phenolic, hydroxyl and other functional groups, which ensures their high reactivity and
tendency to complex with heavy and transition metals, influencing their migration, bioavailability and
toxicity.The aim of the work is to investigate the influence of various factors on the production of humic
acids from the domestic natural raw materials. Methods: standardized methods, elemental and functional
analysis, IR spectroscopy, and thermogravimetry. Results and discussion. Research has been conducted on
the production of humic acids (HA) by reacting sodium humate with hydrochloric acid. It has been shown
that the regulation of the HCI concentration, liquid phase ratio, reaction time and temperature allows one
to control the yield of HA%' (up to 78.31%), the content of COOH and OHpnen. groups (up to 1.20 and 1.62
mmol/g), the total pore volume (up to 0.58 cm®g) and static exchange capacity (up to 21.10 mg-eq/g).
The determined optimal synthesis parameters (sodium humate concentration of 3.0%, liquid phase ratio
1:1, treatment for 15 min at 20°C) ensure reproducible properties of the HA and their high efficiency in
the sorption of metal ions. The elemental analysis and the calculation of the H/C and O/C atomic ratios
have shown that the structure of the synthesized the HA is heterogeneous, including aromatic and
aliphatic fragments. It has been found that an increase in the HCI concentration initiates an oxidative-
hydrolytic destruction of the peripheral structures with a simultaneous increase in the oxygen-containing
functional groups, which determine the sorption activity of the HAs. The data of the thermal analysis and
IR spectroscopy confirm the preservation of the functional groups up to 350°C and are consistent with the
degradation processes at higher temperatures. Conclusion. A process flow diagram for producing humic
acids under the “mild” conditions has been developed. It is characterized by flexibility, low waste
generation, and the ability to produce humic sorbents with a specified composition. The synthesized HA
have sorption, ion exchange and other properties and are promising for practical application.
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1. Introduction

Contamination of the liquid media with heavy metal ions (HMI) poses a
serious threat to human health and the biosphere due to their high toxicity,
stability, and tendency to bioaccumulate [1-3]. Various methods have been
developed for the removal of the HMI from the aquatic systems [2-5], among
which sorption is considered one of the most effective and versatile approaches
[6-8]. Among synthetic and natural sorbents, HS, natural organic compounds with
the oxygen-containing functional groups that provide high complexation and
sorption capacity, are of particular interest for the HMI removal. The role of the
HS as selective sorbents for Pb?* in the multi-element systems with pH regulation
and the introduction of activating groups into the sorbent structure has been
demonstrated in [9]. It has been established that a combination of alkaline
extraction of brown coal with membrane ultrafiltration makes it possible to obtain
the HS with a low impurity content [10]. Biosolubilization of a lignite, using a
cell-free fungal enzyme filtrate has demonstrated significantly higher humic acid
yields [11]. The authors [12] have found that the alkaline extraction of a lignite,
combined with the fermentation and subsequent organic decomposition, have
improved the functional properties of humic acids.

Despite these results, the impact of the humic acid production methods on
their properties, reproducibility, and industrial applicability remains poorly
understood, which justifies the objective of this study - to investigate the
influence of various factors on the process of obtaining humic acids from the
domestic natural raw materials.

2. Experimental part

Humic acids were synthesized using sodium humate, extracted from brown
coal from the Oikaragai deposit (the Almaty region). The yield of free humic
acids (HA%" was 47.0%, with the ash content (A% of 24.80% and the moisture
content (W?) of 12.80%.

Humic acids were synthesized, using 1.0-5.0% HCI at 20°C for 5-35 min
with a liquid phase ratio (sodium humate:hydrochloric acid) of 1:0.4+2 and a
drying temperature of 20-150°C. The elemental composition of the HA (C, H, N,
0) was analyzed on a FlashSmart elemental analyzer (Thermo Fisher Scientific
Inc., USA), the yield of HA%", the content of COOH and OHjpnen -groups, the static
exchange capacity (SEC), and the total pore volume were determined according
to standard methods [13-16]. The IR spectra were recorded on a Nicolet 5700
Fourier-transform IR spectrometer (Thermo Electron, USA) in the range of 4000-
400 cm™! in the KBr tablets; the absorption bands were interpreted according to
the literature [14, 17]. A thermogravimetric analysis was performed on an
SKZ1053 device (SKZ Industrial Co., Limited, China) in the air atmosphere up to
600°C at a heating rate of 1-80°C/min [18, 19].
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3. Results and discussion

It follows from the results shown in Figure 1 that an increase in the HCI
concentration is accompanied by a change in HA%', the content of the COOH-
and OHpren-groups, the total pore volume and the SEC of the obtained HA
samples, reaching 79.10%, 1.23 and 1.63 mmol/g, 0.59 cm®/g and 21.23 mg-eq/g,
respectively, at L:L=1:1, the reaction time of 35 min and the temperature of 20°C.
An acid treatment of sodium humate probably initiates the oxidative-hydrolytic
destruction of the organic macromolecule, accompanied by a structural
rearrangement of the HA and the formation of the additional functionally active
centers. An increase in the content of the COOH- and OHgnen-groups,
characteristic of the HS [9, 10, 14], causes an increase in the number of active
sites and, as a consequence, an increase in the sorption properties of the
synthesized HA.
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Figure 1 — An isotherm of the dependence of the HA% (a), acidic groups (b), total pore volume (c) and
SEC (d) on the concentration of hydrochloric acid.

An analysis of the data presented in Figures 2 and 3 indicates that an increase
in the L:L ratio from 1:0.4 up to 1:2, as well as an increase in time from 5 to 35
min, leads to an increase in HA®" from 70.50 up to 78.75%, the content of the
COOH groups from 1.09 up to 1.21 mmol/g and the OHphen groups from 1.44 up
to 1.61 mmol/g, the total pore volume from 0.46 up to 0.57 cm®g and SEC from
19.50 up to 21.14 mg-eqg/g, which is due to the dilution of the reaction suspension
and intensification of the mass transfer, contributing to a more complete transition
of the HA into the solution, acceleration of the decomposition of organic
fragments of the humic sorbent and deepening of the oxidation of aliphatic
structures, resulting in the formation of a more developed and porous structure of
the material.

The obtained experimental data (Figure 4) indicate the presence of a
pronounced temperature pattern in the formation of the structural and functional
characteristics of the HA: an increase in the drying temperature from 20 up to
80°C promotes the removal of the physically bound moisture and stabilization of
the porous structure, which leads to an increase in the yield of HA%" up to
78.27%, the content of the COOH and OHpnen-groups — up to 1.19 and 1.59
mmol/g, respectively, the total pore volume — up to 0.55 cm®g and SEC — up to
21.0 mg-eqg/g. At the same time, a further increase in the drying temperature up to
150°C changes the direction of the process and causes a decrease in the above
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indicators, due to the intensification of the decarboxylation processes, partial
oxidation and destruction of the aliphatic fragments of the HA macromolecules,
leading to a decrease in the number of the oxygen-containing functional groups
and degradation of the porous structure of the material. An elemental analysis of
the HA characterizes their composition, transformation, aromaticity, and
functional activity [14, 20]. The elemental analysis (Table 1) and calculated H/C
and O/C atomic ratios demonstrate structural changes in the synthesized HA,
affecting the ratio of the central and peripheral fragments of the molecules. A

decrease in the content of C, H, N, and O with an increase in the concentration of

HCI indicates the oxidative-hydrolytic destruction of the peripheral organic part.
The H/C (0.92-1.08) and O/C (0.39-0.46) ranges reflect the presence of the
aromatic and aliphatic fragments and enrichment of the HA with the oxygen-

containing functional groups.
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Figure 2 — Changes in the HA% (a), acidic groups (b), total pore volume (c)
and SEC (d) depending on the L:L ratios.
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Figure 3 — Effect of time on the HA% (), acidic groups (b), total pore volume (c) and SEC (d).
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An analysis of the IR spectra of the synthesized HA (Figure 5) has revealed
the characteristic absorption bands of v-vibrations of the unbound OH groups at
3695-3690 and 3620-3615 cm™, as well as the hydrogen-bonded OH groups in
the region of 3415-3410 and 3235-3230 cm™ [14, 17]. The shoulder in the range
of 3065-3000 cm™ is due to the vibrations of the aromatic =C—H bonds. The
bands at 2965-2960, 2930-2925, and 2855-2850 cm™ correspond to the vs-
vibrations of the aliphatic -CH, and -CH3 groups, and at 1710-1700 cm™ to the v-
vibrations of the carbonyl groups of carboxylic acids and their derivatives, while
the absorption in the region of 1580-1555 cm™ indicates the presence of
secondary amides. The bands at 1390-1385 cm™ are associated with v- and &-
vibrations of the C-O and O-H groups of carboxylic acids, esters, and phenols,
and the range of 1095-1010 cm™ is associated with the v-vibrations of the C-O
bonds in alcohols and esters. The bands in the region of 915-425 cm™ are due to
the out-of-plane &-vibrations of the aromatic rings. An increasing in the HCI
concentration is accompanied by an increase in the intensity of the carboxyl group
bands in the region of 1710-1700 cm™.

Table 1 — An elemental analysis of the humic acid samples

The By weight % Atomic % Atomic
concentrati relations
on of
hydrochlor
ic acid, % C H N (e} C H N (0} H/C o/C
1 60.15 | 4.63 221 31.53 | 42.60 | 39.37 | 1.27 | 16.75 0.92 | 0.39
2 59.91 | 4.35 2.13 30.11 | 35.75 | 43.81 | 151 | 18.93 122 | 0.53
3 58.53 | 4.16 2.09 27.82 | 4459 | 38.09 | 1.37 | 15.93 0.85 | 0.36
5 58.10 | 4.01 1.96 27.71 38.68 41.81 | 1.46 18.04 1.08 0.46
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Figure 5 — The IR spectra of the HA samples.
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The thermal analysis data (Figure 6) are in good agreement with the IR
spectroscopy results: the thermal stability of humic acids up to 350°C correlates
with the presence of the intense bands of the carboxyl, hydroxyl, and aromatic
groups in the IR spectra. The onset of degradation at 350-360°C corresponds to
the degradation of the aliphatic fragments and carboxyl groups, indicated by the
bands at 1710-1700 and 2960-2850 cm™, while the exothermic effect at 510-
550°C is consistent with the destruction of the aromatic ring, confirmed by the
bands in the range of 1600-1500 and 915-425 cm™.
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Figure 6 — The thermograms of the synthesized samples of humic sorbents.

Based on the experimental data, a process flow diagram for producing humic
acids (Figure 7), implemented under the “mild” conditions, has been proposed.
The process does not require high temperatures or pressures or the use of
expensive or hazardous reagents, and the low reaction temperature (20°C)
eliminates the need for additional energy. The technology is highly flexible due to
the ability to vary parameters and use various mineral acids, enabling the
production of humic sorbents with a specified composition and controlled
physicochemical properties. An additional advantage is the low level of waste
generation due to the ability to reuse the liquid phase in the process cycle.

Optimization of the humic acid synthesis parameters has been conducted
under the laboratory conditions, resulting in the establishment of the optimal
process conditions: the sodium humate concentration of 3.0%, phase ratio of 1:1,
duration of 15 min, temperature of 20°C, and drying temperature of 80°C. A
chemical analysis of the obtained test samples has been used to determine the
contents of HA®™ COOH and OHpnen group, the total pore volume, and COE
(Table 2). The results confirm the high efficiency of this technology, which
ensures the production of humic sorbents with the reproducible physicochemical
characteristics, suitable for the sorption of metal ions.
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Figure 7 — The basic technological scheme for obtaining humic acids.

Table 2 — The characteristics of the prepared humic acid samples.

HA%" mass.% The content of the acidic groups, The total pore COE,
mmol/g volume, cm®/g mg-equ./g
COOH Othen.
78.31 1.20 1.62 0.58 21.10

4. Conclusion

The experimental results have demonstrated the feasibility of producing
humic acids by reacting sodium humate with a low-concentration HCI solution.
The composition and properties of the synthesized humic acids have been
determined to depend on hydrochloric acid concentrations, drying time,
temperature, and the ratios of the starting components. The elemental and
functional analysis, IR spectroscopy, and differential thermal analysis (DTA) data
indicate that the humic acids are characterized by the thermal stability, a high
yield of the active ingredient, and a high content of the carboxyl groups and
phenolic hydroxyls. They can participate in ion exchange and complexation
reactions. The proposed humic acid production technology utilizes various types
of acid reagents, variable process parameters, and the composition and properties
of the humic acids, making it more flexible and enhancing their sorption capacity.
The resulting humic acids can be used as effective natural sorbents for purifying
the liquid and solid media from various contaminants.
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KbIINKBIJIMEH OHJAEY KE3IHJEI'I T'YMHH/I 3ATTAP/IbIH KYPAMBI
MEH KACUETTEPIH PETTEY

OK. Kycinoekos, I'.O. Hypzaﬂueﬁa*, 3.K. baaxmemoesa, /]. /[yiicenéaii, ¥.b. Akcarkanosa
«9.b. Bexmypoe amvinoazel xumusi evlabimoapsl uncmumymoly AK, Aimamor, Kazaxcman

Tyitingeme. Kipicne. T'ymunni 3atrap (I'3) — kapOGokcmi, (eHONIBI, THIAPOKCHI XOHE 0acka maa
(YHKIMOHAIBIK TONTap/bl KAMTUTHIH NEPCIEKTHBANbl TaOHFH COpPOCHTTEp, Oy OJapAbIH >KOFapbl
PeaKUMsUIBIK JKOHE ayblp JKOHE OTIIENi METaJIapMeH KEIIeH Ty3yre OeHIMIUIriH KaMTaMachl3 eTeqi,
OJIApIbIH MUTPALUSCHIHA, OMOXKETIMALIITIHE JKOHE YBITTBUIBIFBIHA dcep eTeli. JKymbicmuly makcamol —
OTaH/IBIK Ta0WFM IIHMKI3aTTaH TYMHH KBIIIKBUIJAPBIH ally yJAepiciHe opTypii (akTopiapislH ocepiH
3eprrey. Odicmep: CTaHTAPTTAIFaH oOJicTep, OJJIEMEHTTIK JKOHE (YHKIMOHAMIBIK Tangay, MWK-
CIHEKTPOCKOIHSI JKOHE TepMorpaBuMeTpus. Homuowcenep oicone mankwinay. Hatpuil rymatbiH Ty3
KBIIIKBUTBIMEH OPEKETTECY apKbUIbl ryMuH Keimkeuinapsi (I'K) amy GolibiHIna 3epTTeysep Kyprizimii.
HCl koHIeHTpalHsChIH, CYHBIK (ha3a KaThIHACHIH, PEaKIMs YaKbITHIH JKOHE TEMIIEPATypachlH peTTey
HA%" nmpreiven (78.31%-ra neitin), COOH sxone OHgen. TonTapbinbi Meuiepin (1.20 xone 1.62
MMonb/T fieitin), sxanmnsl keyek kesemin (0.58 cM/r sieifin) *oHe CTATHKAJIBIK anMacy ChIHBIMIBLIBIFBIH
(21.10 mr-skB/r peiiin) GakpilayFa MYMKIiHIIK OepeTiHi KepceTinmi. AHBIKTajdfaH OHTAWIbI CHHTE3
napaMerpiepi (HaTpuii ryMaThiHbIH KoHIeHTpanuscol 3.0%, cyiibik (asa kareiHacel 1:1, 20°C, 15 muH)
I'K-HbIH KaiTalaHATBIH KACHETTEPiH JKOHE METalUl MOHJAPBIH COPOLMsIAyAarbl JKOFapbl THUIMILUTITH
KamMTaMachl3 ereai. OieMeHTTIK Tanmpay skoHe H/C xome O/C aToMABIK KATBIHACTAPBIH ECEITEY
cunreszenred ['K KypbUIbIMBIHBIH T€TEPOTreH i €KeHIH KOPCETTI, OHBIH iLIIH/E apOMATThI )KOHE anu(paTThl
¢parmentrep 6ap. HCl KOHIEHTpAUMACHIHBIH JKOFApbLIaybl MEpU(PEPUSIIBIK KYPUIBIMIAPBIH TOTBIFY-
THIPOJIUTUKAJIBIK bIabIpaybiHa, I'K copOuusuIbIK OeCeHIUTIrH aHBIKTAaiThIH OTTeri 6ap (yHKIIMOHAIBIK
TONTApABIH apTybIHA OKEJICTIHIIr aHbIKTANAbL. TepMusIIbIK Tanaay sxone VK-cnexkTpockonus nepexrepi
¢yHkmoHanaplK TonTapaslH, 350°C meiiH cakKTaldyblH pacTaiipl JKOHE JXOFapbl TEMIIEpaTypaaarbl
blAbIpAy  yaepicrepiHe coiikec kenemi. Kopwimwuinowi. «Kymcak» oxarmainmapna 'K amynsin
TEXHOJIOTHSUIBIK CHI30achl 93ipieHnl, Oy MKeMANriMeH, KalJbIKTapIblH a3 Ty3UIyiMeH JKOHE KypaMbl
OenriJieHreH TyMHH COpOEHTTEpiH any MyMKiHairiMen cumartanaasl. Cunresnenren 'K copOnusuibik,
HOH anMacy jkoHe 0acKa Jia KaCHeTTepre ue jKoHe MpaKTHKa/[a KOJIJaHy YIIiH IepCreKTHBAIbI.

Tyidingi ce3mep: T'yMHH KbIIKBUIIAPBI, TY3 KBIIKBUIBI, OTTeri 0ap (YHKIMOHAIIBIK TOMTAap, aybIp
METaJT HOHJAPhl, COPOCHT, TEXHOIOTHSLIBIK ChI30a

Kycinoexoe Omipsak, Kymacinyns Texnuxa blibiMOapbiHbly 00KMOpbl, pogeccop
Hypzanuesa I'ynzuna Opvinmaiiki3ol Xumus 261161MOaPLIHBIY OOKMOPbL
baaxmemoea 3amupa Kenecoekkvizo Xumust 611bIMOAPLIHBIY KAHOUOANb
Ayiicenban Jynam Kiwi evinvivu goizmemkep

Akcaxanosa ¥ncan Bazycankvizol Hnocenep

PEI'YJIMPOBAHUE COCTABA Y CBOMCTB 'YMHUHOBBIX BEIECTB IIPU
KHUCJOTHOM OBPABOTKE

V.JK. /Tucycunéexos, I.O. Hypzanuesa', 3.K. Baaxmemosa, JI. /lyiicenéaii, ¥.b. Axcaxanoea
AO «Hncmumym xumuyeckux nayk umenu A.b. bexmyposa», Armamei, Kazaxcman

Pe3tome. Bseoenue. I'ymunoBbie BemiecTBa (I'B) — nmepcriekTHBHBIE IPUPOTHBIE COPOCHTHI, 00JIaIaronye
KapOOKCHIIBHBIMH, (DEHOJBHBIMU, THUIPOKCHJIBHBIMA W JPYTUMH (YHKIHOHAIBHBIMH TPYIIIaMH, YTO
obecrieyrnBaeT MX BBICOKYIO PEAKIHOHHYIO CIIOCOOHOCTh M CKJIOHHOCTh K KOMILIEKCOOOPa30BaHHIO C
TSDKEJIBIMU U TIEPEXOAHBIMU METAIUIAMHU, BIHSS HAa UX MUTPALMIO, OMOZOCTYIHOCTh U TOKCHYHOCTD. [[enb
pabombl — MCCIEIOBAHUE 3aKOHOMEPHOCTEH BIMSHHS PA3IMYHBIX (DAKTOPOB HA IPOLECC MOIYYECHHS
TYMHHOBBIX KHCIJIOT W3 OTE€YECTBEHHOTO IPHPOIHOTO CHIPbS. Memoowl: CTaHAApPTU30BAaHHBIE METOJBI,
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JJIeMEHTHBIH M (yHKIMOHANbHBIH aHann3, MK-cnekrpockonus M TepMorpaBuMeTpus. Pesyibmamol u
obcyncoenue. llpoBemeHsl wuccnemoBaHus 10 moiydeHuto rymuHoBeiX kuciaor (I'K) myrem
B3aMMOJCHUCTBUS T'yMaTa HaTpUs C COJIIHOM KucioTod. [lokazaHo, 4TO peryaupoBaHHE KOHLIEHTPALMH
HCI, cooTHOmEHNs >XUAKON (a3bl, BpEMEHH PEaKLMy W TEMIEPaTyphl IO3BOJACT YIPABISTH BEIXOJIOM
HA%" (10 78.31%), conepxanuem COOH- u OHgew-rpynn (1o 1.20 u 1.62 MMONB/T), CyMMapHBIM
o6Bemom mop (10 0.58 cM®/T) u cTaTHyeckoit 06MeHHOH eMKocThio (10 21.10 Mr-3kB/T). OnpeneTeHHbIe
ONTHMaJbHbIE ITApaMETpPhl CUHTE3a (KOHIeHTpauus rymara Hatpust 3.0%, cooTHomeHue )unkux ¢asz 1:1,
obpaborka 15 mumH mpu 20°C) obecmeunBaroT BocHpou3BoauMmble cBolictBa 'K M HX BEICOKYIO
3¢ GEeKTUBHOCTD B COPOLIMHI HOHOB METAJUIOB. DJIIEMEHTHBIN aHAIN3 U PACUeT aTOMHBIX cooTHomenuit H/C
u O/C mokazamy, 4TO CTPYKTypa CHHTe3UpoBaHHbIX ['K sBIsieTcs TeTepOreHHOH, BKIOYAIOLICH
apomaTnyeckue M anudarudeckue (parMeHTHL. YCTaHOBJIEHO, 4YTO IoBbILeHHE KoHueHTparmy HCI
HMHULUHAPYET OKUCIUTEIBHO-TUIPOIUTHYECKOE Pa3pyIICHIE NepU(EPHIHBIX CTPYKTYP C OJHOBPEMEHHBIM
POCTOM KHCIOPOACOACPKAIMX (DYHKIMOHAJBHBIX TPYII, ONpPEASISIOMNX COPOIMOHHYI0 aKTHBHOCTh
I'K. [Hannpie Ttepmuueckoro anamuza u  HWK-cmekTpockomuu MHOATBEP)KIAIOT  COXPAHHOCTH
¢yHkumoHaneHbIX Trpynn g0 350°C M cornacyrorcst ¢ JierpaJallMOHHBIMU HpolieccaMu Ipu Oosee
BBICOKHX TeMIeparypax. 3axmoyenue. Pa3paborana TexHonormdeckas cxema noiydeHus I'K B «MArkux»
YCJIOBHSIX, XapaKTepHU3yoIascs T'MOKOCTbIO, HU3KMM YPOBHEM OTXOJ000pa30BaHMSI M BO3MOXKHOCTBIO
MOJyYeHUs: TYMHMHOBBIX COpPOGHTOB C 3ajaHHbIM coctaBoM. CunresupoBannsle 'K oOnaparor
COPOIMOHHBIMY, HOHOOOMEHHBIMH H JIp. CBOMCTBAMU U IIEPCIICKTHBHBI JUIS IPAKTUYECKOTO IPHMECHEHHS.

KiioueBble c10Ba: TyMHUHOBBIC KHCIOTBI, COSIHAs KHUCIOTA, KUCIOPOJCOACpKaIie (HYHKIMOHAIBHBIC
IPYIIIIbI, HOHBI TSDKEJIBIX METAJIOB, COPOEHT, TEXHOIOTHYECKask CXeMa

Jocycunbexos Ymupzak Kymacunosuu Joxmop mexnuueckux nayk, npogeccop
Hypeanuesa I'yazuna Opvinmaesna Jlokmop xumuueckux Hayk
baaxmemosa 3amupa Kenecoexosna Kanouoam xumuueckux nayx
[yiicenoan /Iynam Mnaowuii nayuHwitl compyoHUuK
Axcaxanoea Ynocan bazycanosena Huorcenep
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