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ABSTRACT

Yu Junjie. Materials based on silica and aluminosilicate for environmental
protection. — Qualification research work presented as a manuscript.

Dissertation for the degree of Doctor of Philosophy in specialty 161 Chemical
Technologies and Engineering. — National Technical University of Ukraine “Igor
Sikorsky Kyiv Polytechnic Institute,” Kyiv, 2025.

This dissertation is devoted to the development of silicate materials based on
natural and artificial raw materials for protecting water from pollution by various toxic
substances. The development of water purification technologies for removing heavy
metal ions and organic dyes using effective adsorption materials based on accessible
and low-cost raw materials is economically justified. Promising materials in this regard
include natural (layered aluminosilicates), artificial (synthesized silicas), and even
technogenic silicates (fly ash). By applying various surface modification methods to
inorganic materials using modern synthesis techniques, it is possible to obtain new
chemically and thermally stable sorbents with improved structural-adsorption
characteristics and physicochemical properties. The production of so-called “low-cost”
materials based on natural aluminosilicate raw materials in granulated form enables
quick separation of solid and liquid phases after adsorption purification, without the
need for special equipment. A key and topical issue is the study of specific features of
obtaining materials based on modified synthetic silicas and aluminosilicates, as well as
the investigation of physicochemical patterns involved in the removal of heavy metals
and cationic dyes from water using such materials.

The first chapter of the dissertation presents an analytical review of scientific
literature on adsorption materials used for the protection of aquatic environments. It
examines the sources of heavy metal ions and organic dyes entering water, as well as
existing methods for purifying natural and wastewater from such pollutants. Special
attention is given to adsorption processes, the factors influencing them, and the
practical application of sorption materials in water treatment technologies. The chapter

also analyzes methods for obtaining mesoporous adsorbents based on synthetic
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silicates (silica) and natural or artificial aluminosilicate materials. Various approaches
to chemical modification of these materials and their fields of application are studied.
The second chapter describes the methodologies for obtaining adsorption
materials, including synthetic silica with a zero-valent iron layer, amino-functionalized
silica, commercial silica gel modified with nickel oxide, granulated samples based on
saponite and sodium alginate, and mesoporous adsorbents synthesized using fly ash. A
list of reagents, materials, and equipment used to prepare the adsorbents is provided.
The reliability of the obtained results is ensured by the use of modern instrumental
research methods. Surface morphology of the materials was studied using scanning
electron microscopy with energy-dispersive X-ray spectroscopy and transmission
electron microscopy. Phase composition and surface chemistry were analyzed using X-
ray diffraction, X-ray photoelectron spectroscopy, and infrared spectroscopy. Porous
structure parameters were determined using low-temperature nitrogen adsorption—
desorption methods. Thermal stability was assessed using differential thermal analysis
and thermogravimetric analysis. In addition, the rheological properties of clay
suspensions were measured, along with functional group content on the surface of the
adsorbents and granule stability in aqueous media. Sorption techniques were used to
study the physicochemical characteristics of heavy metal ion and dye removal from
water. Inductively coupled plasma atomic emission spectrometry was applied to
determine initial and equilibrium concentrations of copper ions, while the
spectrophotometric method was used for determining dye concentrations in solution.
The third chapter is devoted to the synthesis and characterization of dendritic
mesoporous silica nanoparticles (DMSNs) modified with zero-valent iron and 3-
aminopropyltriethoxysilane, as well as to the study of their efficiency in removing
copper ions from aqueous solutions. The optimal synthesis parameters were
determined, particularly the influence of synthesis time on the formation of
monodisperse silica microspheres with controlled structural and physicochemical
characteristics. X-ray diffraction analysis revealed a broad diffraction peak at 26 = 22°,
indicating the formation of amorphous silica in all samples, regardless of synthesis

duration (1.5, 3, and 5 hours — labeled as DMSN-1.5, DMSN-3, and DMSN-5). Infrared
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spectroscopy confirmed the presence of characteristic vibrational bands for Si — OH,
O — Si— 0O, and Si — O — Si bonds, typical for amorphous SiO,. Surface morphology
studies using scanning electron microscopy revealed that the silica microspheres
synthesized under different stirring durations are monodisperse spheres with a diameter
of approximately 200 nm and contain visible pores. The DMSN-1.5 sample exhibited
a nanoscopic rim structure around 7 nm in thickness and well-defined mesopores.
Extending the synthesis time to 3 hours caused the thin nanosheet-like edges to
transform into thicker ribbon-like rims, increasing their size to 16 nm, while
maintaining the overall 200 nm particle diameter. Further extending the reaction time
to 5 hours resulted in edge thickening up to 22 nm, but also led to partial loss of
monodispersity, suggesting that prolonging the synthesis beyond this point is not
advisable. Low-temperature nitrogen adsorption—desorption analysis showed that all
Si0, microsphere samples exhibit type IV isotherms with H3-type hysteresis loops
according to IUPAC classification, indicating mesoporous structures formed by
uniform spherical particles. The pore sizes ranged from approximately 5 to 50 nm. The
specific surface areas were 504 m?/g, 452 m?/g, and 308 m*/g for DMSN-1.5, DMSN-
3, and DMSN-5, respectively. It was concluded that a synthesis time of 1.5 hours is
optimal for achieving a high specific surface area and favorable morphology without
significant pore coalescence or excessive rim thickening.

A adsorbent material (Fe®@DMSN) was obtained by depositing zero-valent iron
particles onto the surface of DMSN-1.5. Successful modification was confirmed by
scanning and transmission electron microscopy, X-ray phase analysis, and infrared
spectroscopy. The low-temperature nitrogen adsorption—desorption isotherms of the
studied samples correspond to type IV isotherms according to IUPAC classification,
featuring H3-type hysteresis loops typical for mesoporous materials. The specific
surface area of the modified sample was found to be nearly half that of the synthesized
DMSN, which may be attributed to Fe® occupying or partially blocking the DMSN pore
channels. Pore size distribution revealed a broad range of pore diameters between 3
and 50 nm. It was established that under pH = 5.7, the maximum adsorption capacity

of Fe?@DMSN toward copper ions reached 39.8 mg-g!, which is approximately 57
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times higher than that of the unmodified DMSN-1.5 (0.7 mg-g™"). The kinetics of Cu**

removal were described by a pseudo-first-order model.

An amino-functionalized adsorbent (DMSN-NH,) was obtained by chemically
modifying dendritic mesoporous silica nanoparticles with 3-
aminopropyltriethoxysilane. It was determined that the content of — NH2 groups in the
modified sample is significantly higher than the content of — OH groups in the
unmodified material: 2.03 meq/g versus 0.16 meq/g, respectively. Successful
attachment of amino groups to the surface of the silica particles was confirmed by
infrared spectroscopy and thermal analysis methods. The low-temperature nitrogen
adsorption—desorption isotherms of both samples correspond to type I'V isotherms with
H3-type hysteresis loops according to the IUPAC classification. This is characteristic
of mesoporous materials, as confirmed by the obtained pore size distribution. It was
found that the unmodified DMSN exhibits almost no adsorption capacity toward
copper ions at pH 6, with a removal efficiency of only 15%. In contrast, DMSN-NH:
demonstrates highly efficient Cu(Il) removal across the entire tested pH range, with
only a slight decrease in removal efficiency from 99% to 87% as the pH increases from
3 to 6. The adsorption equilibrium was reached relatively quickly. Structural-sorption,
morphological, and adsorption studies showed that amino functionalization of the
DMSN surface significantly enhances its efficiency in removing copper ions from
aqueous solutions. X-ray photoelectron spectroscopy results indicate the formation of
coordination bonds between Cu?* ions and amino groups, suggesting a combination of
physical adsorption and chemisorption processes. Regeneration studies of the used
adsorbent indicate its potential for repeated use.

The forth chapter presents the results of adsorption removal of copper ions and
methylene blue using materials based on commercial silica gel modified with nickel
oxide at different mass ratios (SiO2@0.5NiO and SiO@NiO). X-ray diffraction
analysis confirmed the successful deposition of nickel oxide on the silica surface. The
obtained low-temperature nitrogen adsorption—desorption isotherms correspond to
type 1V according to IUPAC classification, indicating a mesoporous structure. The

hysteresis loop shape suggests that the porous structure of all samples is formed by
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spherical particles of uniform size, arranged in a homogeneous packing with cylindrical
pore channels. These materials also exhibit a narrow mesopore size distribution in the
range of approximately 2.5-3 nm, as confirmed by pore size distribution data. It was
shown that in the series Si02 > Si02@0.5Ni10 > SiO:@NiO, the specific surface area
of the adsorbents decreased from 411 m?/g to 186 m?*/g. The commercial SiO2 exhibited
practically no copper ion adsorption, with a maximum capacity of 0.2 mg/g at pH 5.5.
For the modified samples, the degree of Cu?** removal increased with increasing pH.
The maximum adsorption capacities at pH 5.5 were 0.9 mg/g for Si0:@0.5NiO and
1.7mg/g for Si0:@NiO. Copper ion removal was found to be relatively fast.
Adsorption equilibrium was established within 1 hour, with 51% removal achieved
within the first 15 minutes for Si0:@NiO - significantly higher than for unmodified
S10.. These results indicate that the sorption capacity of silica gel is significantly
enhanced after surface modification with nickel oxide. Specifically, the maximum
adsorption capacity increased by approximately 5 times for SiO2@0.5NiO and by
nearly 10 times for S102@NiO. The study also showed that methylene blue removal
from solution by the synthesized materials occurred rapidly. The highest adsorption
capacity (19.3 mg/g) was observed for the sample with a Si02 to NiO mass ratio of
1:0.5.

The fifth chapter presents experimental data on the removal of copper ions using
sorbent materials based on natural and technogenic aluminosilicates. Granules were
obtained using saponite modified with ferrihydrite and sodium alginate, as well as a
mesoporous adsorbent derived from fly ash coated with a zeolite layer. To obtain
granules that are stable in aqueous media, the rheological behavior of clay suspensions
based on saponite and biopolymer with varying component mass ratios was
investigated. It was established that these systems are thixotropic, and their viscosity—
when the same amount of sodium alginate is added-depends on the solid phase content.
Based on these results, the appropriate conditions for granulation were selected. It was
found that the amount of sodium alginate added significantly affects the stability of the
granules in water. The structural-sorption characteristics and thermal properties of the

resulting granulated adsorbents were studied, and their potential application for the
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removal of heavy metal ions from water was demonstrated. The morphology, phase
composition, and chemical structure of sorbents based on aluminosilicate microspheres
with a zeolite coating were examined. It was shown that during synthesis, fly ash serves
as the source of silicon, while the aluminate solution provides sodium and aluminum.
The deposition of a zeolite phase on the surface of fly ash increased the sorption
capacity for copper ions from 4.94 mg/g to 6.53 mg/g. However, to further improve
efficiency, longer synthesis durations at higher temperatures are required.

This study presents, for the first time, an in-depth investigation into the synthesis
of adsorption materials based on dendritic mesoporous silica and commercial silica gel
with enhanced structural and sorption characteristics. These improvements were
achieved through surface modification with zero-valent iron nanoparticles, 3-
aminopropyltriethoxysilane, and nickel oxide. The rheological behavior of suspensions
based on natural and modified saponite with sodium alginate was examined, and the
optimal conditions were determined for producing granulated, water-stable, low-cost
adsorbents. Additionally, a mesoporous material coated with a zeolite layer was
synthesized using technogenic aluminosilicate waste (fly ash) under relatively simple
synthesis conditions and with accessible laboratory equipment. The physicochemical
mechanisms of copper ion and methylene blue dye removal using the synthesized
adsorbents were studied. The results confirm the promising potential of these materials
for efficient purification of water contaminated with such pollutants.

From a practical standpoint, the functional materials obtained in this work may
be applied in the development of new effective sorbents based on silicates and natural
or artificial aluminosilicates for protecting aquatic environments from inorganic and
organic toxicants. These sorbents are especially relevant for use in the chemical, food,
and mining industries.

Key words: silicon dioxide, tetraethoxysilane, silica, aluminosilicates,
modification, morphology, water purification, adsorption, sorption capacity, heavy

metals, organic dyes
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AHOTALIISA

FOu [31onby3e. Marepianu Ha OCHOBI KpeMHE3eMy Ta aJlOMOCHIIIKATIB s
3aXMCTy HAaBKOJIMIIHBbOTO cepepoBuina. — KBamidikaliiiina HaykoBa Ipals Ha IpaBax
PYKOTIHCY.

Hucepraniss Ha 3700yTTS HAyKOBOTO CTymeHs Jokropa ¢igocodii 3a
cnemianbHicTI0O 161 XimiyHi TexHOMOTIi Ta iHXeHepis. — HamionanbHMi TeXHIYHUINA
yHiBepcuteT VYkpaiHu «KuiBCbKMiI TMOMITEXHIYHUH 1HCTUTYT iMeHi Irops
Cikopcbekoroy, Kuis, 2025.

Jucepraiiisi NpUCBSIYEHAa OJEPKAHHIO CHIIIKATHUX MareplajgiB Ha OCHOBI
IPUPOJHOI Ta IITYYHOI CUPOBHHM JJIs 3aXUCTy BOJHOTO OaceliHy BiJ 3a0pyIHEHHS
TOKCUKaHTaMHU PI3HOI NpUpoAr. EKOHOMIYHO AOLIUIBHUM € PO3po0Ka TEXHOJOTIH
OYMILICHHS BOJ B1Jl 10HIB BKKUX METAJIIB T4 OPTaHIYHUX OAPBHUKIB 13 BAKOPUCTAHHSAM
e(eKTUBHUX COPOILIMHUX MaTepiajdiB Ha OCHOBI JOCTYIHOi 1 JEIIEBOI CHPOBUHHU.
[lepcnekTHBHMMH B LIbOMY IUIaHI € HNPUPOAHI (IIapyBaTl aJOMOCHJIIKATH), IITY4YHI
(cuHTE30BaHl KpPEeMHE3eMH), B TOMY YHCIi, TEXHOT€HH1 (30J1a-BUHOC) CHJIIKATH.
3acTocoByrOud pi3Hi criocobu MoanGiKyBaHHs MOBEPXHI HEOPTaHIYHUX MaTepiatiB i3
BUKOPHCTaHHSIM Cy4acCHUX METOJIB CHUHTE3y, MOKHA OTPUMAaTH HOBITHI XIMIYHO- Ta
TEPMOCTIHKI COpOCeHTH 3 MOKpaIllEHUMHU CTPYKTYpPHO-COPOIIHHUMHU
XapaKTepUCTUKAMHU Ta (PI3MKO-XIMIYHUMH BIACTUBOCTAMHU. OnepKaHHS Tak 3BaHUX
«low-cost» MarepiajgiB Ha OCHOBI MPUPOAHOI ATIOMOCHIIKATHOI CHUPOBUHH Yy
rpaHyabOBaHId (opMi JT03BOJIUTH IIBUIKO PO3ILISTH TBEpAY Ta piaki (asu micis
copOLiitHOTO OouuIIeHHs 0€3 3aCTOCYBaHHS CHEIialibHOTO 00JIaiHaHHs. BaxxuBum Ta
aKTyaJlbHUM THTAHHSIM € JOCIIKCHHS OCOOIMBOCTEH OJep)KaHHS MarepiaiiB Ha
OCHOBI MOAM(IKOBAHMX CHHTETUYHUX KPEMHE3EMIB 1 aTFOMOCHIIIKATIB Ta BUBYEHHS
(G13UKO-XIMIYHUX 3aKOHOMIPHOCTEW BUJAJEHHS BAXKKUX METAJIB Ta KaTIOHHUX
OapBHHUKIB 13 BOJI 3 iX BUKOPUCTAHHSIM.

VY mepmioMy po3auii AUCEpTAIIiHOI pOOOTH BHUKJIAICHO AHATITUYHUN OIJISA
HAyKOBOI JITEpaTypu M0N0 aICOpOIIMHUX MaTepialiB, SIKi BUKOPUCTOBYIOTHCS IS

3aXMCTy BOJHOTO cepenoBuia. Po3riasHyTo jpKeperna MOTPAIUITHHS 10HIB Ba)KKHX
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METaJliB Ta OPraHiYHUX OAPBHUKIB y BOJHI 00 €KTH Ta ICHYIOYl METOAM OYHUIICHHS
OPUPOIHUX Ta CTIYHMX BOJ BiA Takoro poay 3adpynHeHHs. OcoOmuBy yBary
NPUIIICHO aACOpOIIMHUM TporiecaM, (pakTopaM, siKi BIUIMBAIOTH Ha iX mepedir Ta
MPAKTUYHOMY BUKOPHCTAHHIO COPOIIMHUX MaTepiatiB y TEXHOJOTIi BOJIOOYHUIIICHHS.
[IpoananizoBaHO METOAU OJEpPkKaHHS ME30MOPYBATHX aJCOPOEHTIB HAa OCHOBI
CUHTETUYHUX CHJIIKATIB (KpEeMHE3eMiB) 1 MPUPOAHOI Ta MITYYHOI aJFOMOCHIIIKATHOI
CUpOBHHH. BuBYeHO pi3HI cmocoOu iX XimigHOoro moaudikyBaHHsS Ta chepu
3aCTOCYBaHHS.

Hpyruil po3aia MICTUTh ONMKMC METOIUK OJEp’KaHHS acOpOLIMHUX MaTepianiB
(CHHTETUYHOTO KpEMHE3eMy 3 HAHECEHHMM IIapoM HyJIb BaJEHTHOTO 3aji3a,
amMiHO(YHKII10HATI130BaHOTO KPEMHE3EMY, KOMEPIIIHHOTO CUJTIKarelo,
MOAM(PIKOBAHOIO OKCHJIOM HIKENIIO, TPaHyJIbOBAaHUX 3pa3KiB HA OCHOBI CAMOHITY 1
aJlbriHaTy HATPil0 Ta ME30MOpPYBaTUX aJCOPOEHTIB, OJEPKAHUX 3 BUKOPUCTAHHSIM
30J1M-BUHOCY). [IpuBeIeHO CIIMCOK peareHTiB, MaTepialliB Ta MepetiK 00IaIHaHHS, SKEe
OyJ0 BHKOpPUCTAHO [JIsi OTpPUMaHHSA aaAcopOeHTIB. JIOCTOBIPHICTH OTpPUMaHUX
pe3yabTariB y JAMCEpTaliiHiil poboTi Oyna 3abe3redeHa BUKOPUCTAHHSIM Cy4aCHHX
IHCTPYMEHTAJIbHUX METOMIB JOCHiIKeHb. [ BuBYEHHs MOpPQOJIOTii MOBEPXHI
OJIEp’)KaHUX MarepiajiB Oyja 3acTOCOBaHA CKaHyIOUa EJIEKTPOHHA MIKPOCKOMIS 3
€HEProUCIIEPCIITHOI0 PEHTI€HIBCHKOIO CIIEKTPOCKOIIEIO Ta TPAHCMICIHA €JIEKTPOHHA
MIKpOCKOMIsA, 1Jii BU3HAYEHHs (ha30BOr0 CKJIaAy KOMIIO3MTIB Ta XiMIi MOBEpPXHI -
peHTrenorpadiuamii METO aHaI3y, PEHTTeHIBChKa (POTOEIEKTPOHHA Ta iH(pauepBOHA
CHEKTPOCKOIIi, JJIsi BU3HAUYECHHS NapaMeTpiB MOPYBaTOi CTPYKTYPH 3pa3KiB - METOA
HU3BKO TEMIIEpaTypHOi ajacopOIii-necopOiiii a3o0Ty, [Js BU3HAYEHHS TEPMIYHOT
CTaOULTBHOCTI MaTepialliB - AU EpeHIliaTbHO-TEPMIYHUIN Ta TPAaBIMETPUYHUIN aHAII3H.
KpiMm Toro, Oya0 BMKOPHUCTAHO METOJ BU3HAUEHHS PEOJIOTIYHHUX XaApPAKTEPUCTHUK
DIMHUCTUX CYCIHEH31M, METOAW IS BU3HAUEHHS BMICTY (YHKIIIOHAJbHUX TPyl Ha
MOBEPXHI aJICOPOEHTIB, METO/I BU3HAYCHHS CTIHKOCTI TPaHyJ y BOJHOMY CEpPEIOBHIII],
COpOLIHI METOIU JIJIsi BU3HAYEHHS (PI3UKO-XIMIYHMX O0COOIMBOCTEN BUIAJICHHS 10H1B
BOXKHUX METajJiB Ta OpraHiyHuX OapBHHUKIB 13 BOJA, METOJ AaTOMHO-eMiCiHHO1

CHEKTPOMETpIi 3 IHAYKTHMBHO 3B’S3aHOI0 IUIA3MOIO IS BU3HAUCHHS BHUXIJIHHX Ta
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PIBHOBXHUX KOHIICHTpAIlIM 10HIB MiJl Ta CHEKTPOPOTOMETPUUYHUNA METOJ
BU3HAYCHHS BMICTYy OApBHHUKIB y PO3YHHI.

Tperiii po3mia NPUCBAYEHO CHUHTE3Y Ta XapakTepusalii JACHIPUTHUX
Me30I0pyBaTuX HaHOoYacTouoK KpemHezemy (DMSN), monudikoBaHHX HYJIbBAICTHUM
3aJ1130M 1 3-aMIHOIIPOMIITPUETOKCUCUIIAHOM Ta JTOCIIIIPKEHHIO iX €(DEKTUBHOCTI 1010
BUJIAJICHHS 10HIB MiJIl 3 BOJIHMX PO34YMHIB. BCTaHOBIEHO ONTHMAJIbHI MapaMeTpH, a
came, BIUIMB 4Yacy CHHTE3y, Ha OJEp>KaHHSA MOHOIWCIIEPCHUX KPEMHE3EMHHX
MiKpochep 3  KOHTPOJIBOBAHUMHM  CTPYKTYpHHUMH Ta  (PI3MKO-XIMIYHUMU
XapakTepucTUKamMu. AHaii3 audpakrorpaM OTPUMaHUX 3pa3KiB BHUSIBUB HAasBHICTb
OJHOTO MIMPOKOTO AUPPAKIIAHOTO MIKY pu 20 = 22 °) 110 CBIAYUTH PO OACPKAHHS
aMop(PHOro KpeMHEe3eMy HE3alIeKHO BiJl 4acy CHHTE3y, sSIkuil ckianas Big 1,5, 3 ta 5
rogud (DMSN-1.5; DMSN-3; DMSN-5). 3 BUKOpUCTaHHSIM METONYy 1H(pauepBOHOL
CIEKTPOCKOITT MIATBEPKEHO, 1110 3pa3KH MICTATh KOJUBaJIbHI CMyTH, a came, Si-OH,
O-Si-O Ta Si-O-Si, sxi xapakrepHi st amopdHoro Si0,. Jocmimkenus Mmop@oorii
MOBEPXHI METOJAOM CKAaHYK4Oi MIKPOCKOMII BCTAaHOBWJIO, IO MiKpochepu
KpEMHEe3eMy, OTpUMaHi1 B pe3ylbTaTi CUHTE3Y, IPOBEACHOMY IIPH Pi3HIA TPUBAIOCTI
nepeMilllyBaHHs, SBISIIOTh COO00 MOHOAUCIIEpCHI cdepu AiameTpom npubnuzno 200
HM Ta MICTATh mopu. Tak, cepuunuii kpemuesemuuit marepiam DMSN-1.5 wmae
HAHOPO3MIpHUN Kpail Onmu3pko 7 HM Ta 4YiTKI Me3omnopu. IIpoBeneHHS cHUHTE3Y
BIIPOJIOBXX 3 TOJIMH MPU3BOIUTH JI0 IEPETBOPEHHS KPaiB KPEMHE3EMHHX Cep 3 TOHKHX
HAHOJIMCTIB HA TOBCTINI CTPIYKOMOMIOHI Kpai. 30Kpema, po3Mipu IHX KparoBHX
HAHOJIMCTIB 30UIbIIYIOThCS 3 7 HM A0 16 HM. Ilpu 11bomMy Bi1OYyBa€THCS BUKIIFOUHO
30UTBLIEHHS TOBUIMHU KpaiB, TO/I SIK 3araibHa Mopdosoris 3 AiameTpoM yactouok 200
HM 30epiraetbes. [Ipu mpoBeneHHI CHUHTE3Y BIPOMOBXK 5 TOAWH IMMPUHA KpaiB
MIPOJOBXKY€E TIOTOBIYBAaTHCS, docsararour 22 HM. [Ipu 1bomy dYacTWHAa Marepiany
BTpaya€e CBOK0 MOHOAKCIIEPCHY MPHUPOY, 110 BKA3YE HA TE, 110 MOIAJIBIIE 301THIIICHHS
yacy peakilii € HeloIIbHIM. BeTaHoBIeHo, o 171 Beix 3paskiB Mikpocdep SiOo,
JOCJIIKEHUX METOJIOM HU3BKOTEMITEpaTypHOi afcopOIii-necopOLii a30Ty, XapakTepHi
130TepMu, 1110 HajexaTh A0 13otepM IV tumy 3 nemisimu ricrepesucy tumy H3 3rigHo

3a wiacudikamiero [TUPAC. Xapakrtep mnerenb TICTEpE3UCy BKazye Ha Te, IO
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ME30II0pyBaTa CTPYKTypa BCIX 3pa3KiB CKIAMAETHCS 31 CPEPUUHUX YACTUHOK OJTHOTO
po3mipy. Jlms DMSN-1.5; DMSN-3; DMSN-5 posmipu mop ycix Mikpochep
KOJIMBAIOTHCS B Jlana3oHi B 5 HM 10 50 HM, a muTOoMa rmoBepxHs ckiamae 504, 452 ta
308 m*/r BianmosinHo. BcraHoBeHO, 10 Yac CUHTE3Y 1,5 rOAMHM € ONTUMAIILHUM UL
JIOCATHEHHS BHCOKOI TMTOMOI IUIONI TIOBEepxHI Ta Mopdonorii 0e3 3HaYHOI
KOQJIECIICHIIIT TOp a00 MOTOBILIEHHS KpaiB.

Onepxano copOyrounit marepian (Fe’@DMSN) HuIsXoM HAHECEHHS YaCTOYOK
HyJIbBaJEHTHOTO 3amiza Ha mnoBepxHio DMSN-1.5. Vcnmimne woaudikyBaHHS
NIATBEPIKEHO  METOAAaMHM  CKaHyKuOi  Ta  IPOCBIYYHOYOI  MIKpPOCKOMII,
peHTreHo(a3oBMM aHaII30M Ta 1HPPaYEepBOHOIO CHEKTpockomiew. OTpumaHi
130T€pMH HU3BKOTEMIIEPATYpPHOI aJcopOItii/necopOirii a30Ty JOCHIIKYBAaHUX 3pa3KiB
HaJiexatb 70 i3o0tepm [V tuny 3rigno 3 kiacudikaiiero [UPAC 3 netiero rictepe3ucy
tuny H3, 1o xapakrepHo Jjisi ME30IOPUCTUX MarepiaiiB. 3HaYeHHS MUTOMOI TUIOIII
MOBEPXHI JIJIs1 MOJM(DIKOBAHOTO 3pa3Ka Mailke BJIBiUl MEHIIIE, HIXK ISl CHHT€30BaHOTO
DMSN, mo Moxe OyTH IOB'a3aH0 3 THM, MO YacTtouku Fe’ 3aiiMarors a0 9acTKOBO
6mokyr0Th Kanau mop DMSN. Po3nosisi mop 3a po3mMipoM Moka3ye MUpOKUi Jliara3ox
B 3 uM 50 HM. Beranosneno, o ipu pH = 5,7 MakcumanbsHa afcopOliiitHa 31aTHICTh
Fe?@DMSN 1o BigHOIEHHIO 10 i0HIB Mifi cTaHOBUTH 39,8 Mr-T™!, 1m0 nmpuonmmsHo B
57 pasiB Bulle, HiX y BUXigHoro marepiaimy DMSN-1,5 (0,7 mr-r'), a kineruunnii
npouec BuganeHns Cu?’ onMcyeThest MOIEIUIIO TICEBIO-NEPLIOTO MOPSIKY.

Otpumano  aMiHO(MYHKIIIOHATI30BAaHUNA  aJCOPOCHT  IIIAXOM  XIMIYHOI
Monu@ikamli  JASHIPUTHUX  ME30MOpPYBaTUX  HAHOYACTOYOK  KpeMHe3eMy  3-
aminonponinTpuerokcucuianom (DMSN-NH,). Buznaueno, mo Bmict rpyn -NH; y
Mo (1KOBAaHOMY 3pa3Ky 3HAUYHO BUILUH, HIX BMICT rpyn -OH y BuxigHomy marepiani
— 2,03 mekB/r Ta 0,16 MekB/r BianmoBiaHO. [liATBEpIKEHO YCHIIIHE MPOXOKEHHS
MPUKPITUICHHS aMIHOTPYN Ha TMOBEPXHI YaCTOYOK KpeMHe3eMy 1H(pPadepBOHOIO
CIEKTPOCKOITIEI0 Ta TEPMIYHUMHU METOJaMH aHamizamu. HwusbkoTemmeparypHi
130TepMu  ajcopOIii/necopOIrii  azory 000X JAOCHIKYBaHUX 3pasKiB, 3TITHO 3
kiacudikariero [UPAC, BimHocsThes o IV tuny 3 netmiamu rictepesucy H3. Takwmii

TUI 130TEPMHU XapaKTEPHUN Il MaTepiajiB 3 ME30MOPUCTOI CTPYKTYpOIO, IO
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MITBEPIKYETHCS OTPUMAHUM PO3MOALTOM 1mop. Beranosneno, mo Buxigauii DMSN
IIPaKTUYHO HE MPOSBISE aAcOpOLINHOT 30aTHOCTI A0 10HIB Mial ipu pH = 6. CTymiHb
ountieHHs cknamae jgume 15%. Ha mporuBary mpomy, DMSN-NH, nemonctpye
BucokoeektuBHe BupaneHHs Cu(ll) y BchboMy nmociiKyBaHOMY [liana3oHi, 3
HE3HAYHUM 3HWKCHHSIM CTYIIeHs ouniieHHs 3 99% no 87% npu 36inbimenH1 pH Bix 3
1o 6. [lokazaHo, 10 BCTAaHOBJICHHS aJICOPOIIHOI PiBHOBAaru BiAOYBa€ThCS JTOCUTH
mBUAKo. CTpyKTypHO-cOpOIiitHi, Mopdonoriyai Ta aacopOLidHI JOCHITKESHHS
nokasanu, o MoaudikyBaHHg noBepxHi DMSN amiHorpynamu 3Ha4HO M1JBUIILYE
e()EeKTHBHICTh BUJAJICHHS 10HIB MiJll 3 BOJHUX PO34YMHIB. Pe3ynbTatu peHTreH1BChKO1
(OTOENEKTPOHHOI CIIEKTPOCKOIIi BKa3ylOTh HA YTBOPEHHS KOOPAWHALIMHUX 3B'SI3KIB
mix ioramu Cu?" Ta amiHOrpynamu, 10 CBiTYHTE PO MOEIHAHHS OPOLECiB (Qi3HIHOI
afcopO1ii Ta xemocopOiii. JJocaipkeHHsT pereHepailii BiANpalboBaHOTO MaTepiairy
CBIIYaTh MPO T€, 0 MOXKIIMBE HOT0 OBTOPHE BUKOPUCTAHHS.

VY 4yerBepTOMY PO3ALNTI IPUBEEHI pPe3yIbTaTH afcOpOILIHOTO BUIAJICHHS 10HIB
M1/l1 T2 METHJICHOBOTO OJIAKUTHOTO MaTepiaiaMu Ha OCHOBI KOMEPIIIITHOTO CUITIKATEIII0
Ta OKCUIY HIKEJIO 3 PI3HUM MAaCOBUM CITIBBIHOIIEHHSIM KOMIOHEHTIB (S10,@0,5Ni0
Ta S10,@Ni10). 3a 1onomMororw peHTreHo(}a3zoBOTr0 aHalli3y MiATBEIKEHO YCHINTHE
HAHECEHHSI OKCHJy HIKETI0 Ha MOBEPXHIO JIOKCHAY KpeMHito. OTpuMmaHi 130TepMH
HU3BKOTEMITEpaTypHOi ajcopOrii/gecopOirii a3oTy Hanexarb A0 i3otepm [V Tumy
3rigHo 3 kinacupikaniero IUPAC, mo Bka3zye Ha Me3010pyBary CTPYKTypy MarepiaiB.
XapakTep 1neTesb TiCTepe3ucy BKasye, 110 MOpUCcTa CTPYKTYpa BCIX 3pa3KiB yTBOpEHa
chepuYHMMHU YACTMHKAaMH OJIHAKOBOTO PO3MIPY 3 OJHOPIAHOK YIAKOBKOIO, SIKY
YTBOPIOIOTh HWIIHAPUYHI KaHAJIX 1Op. Takox 11 MaTepiaiu MaloTh By3bKUI Jl1alia30H
Me3010p, OM3bKo 2,5 — 3 HM, 10 MATBEPHKYETHCS PO3MOIITIOM TOp 33 pajiyCaMH.
[TokazaHo, mo B psagy Si0; > SiO,@0,5N10 > SiO,@NiO nuToma miona NoBepXHi
axcopOenTiB 3Menmmiacs 3 411 M/t 1o 186 m?/r. Beranosieno, mo komepuiiiamii SiO,
MIPaKTUIHO HE COpOye 10HU Mifl, a MAKCUMaJIbHE 3HaYeHHS copOI1ii cTaHOBUTH 0,2 MT/T
npu pH = 5,5. Jlna momudikoBanux 3paskiB cryminb Bumanenns Cu’' 3pocrae
omHouyacHO 31 30umbieHHsM pH. Takum uymHOM, MakcMMalbHI 3HA4Y€HHS COPOIIii

criocrepiratotbest npu pH = 5,5 1 gopiBHiorots 0,9 mr/r ta 1,7 Mr/r nis 3paskiB
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Si02@0,5Ni0 Tta SiO,@NiO BignoBigHo. I[lokazano, MmO BUAAJICHHS Mil

Bi/I0YBa€ThCSA JTOCHUTH MIBUAKO. Yac BCTAHOBIICHHS COpOIIHHOT PIBHOBAr B CUCTEMI
ctaHoBUTh | roauny. [lpu nupomy npotaroMm nepmmx 15 XBUIMH CTyMHiHb BUJAJICHHS
s 3pa3ka S10,@NiO cranoButh 51%, 110 3HaUHO BUIIE, HDK Y HEMOAU(]PIKOBAHOTO
Si0,. OTpumani pe3ylnbTaTH CBIIYaTh MPO TE, IO COPOIIHA €MHICTh CHIIIKArelto
micisg Moaudikallii Horo MoBepxHi OKCUIAOM HIKEIO 3HAYHO MJABHUINYEThCS. Tak, aJis
3pazka SiO,@0,5NiO 301IblIeHHS MaKCUMAaJbHOTO 3HAa4eHHS COpOIii CTaHOBUTH
Maibke 5 pasiB, a 11 SiO,@NiO — wmaibke 10 pasiB. [lokazaHo, 110 BUaJCHHS
METUJIEHOBOTO OJaKUTHOTO 3 PO3UYMHY CHHTE30BAaHUMH MarepialaMH BiJIOYBa€ThCS
JIOCUTh IIBHUJKO, & MAaKCUMaJIbHY aJcopOiiiiny 3aaTHicTh (19.3 Mr/r) mMae 3paszok 3
MacoBuM criBBigHoIIeHHIM S10; 10 NiO (1:0,5).

VY m’aroMy po3aiii OpecTaBieHl eKCepUMEHTAbHI a1 10 BUIAJICHHIO 10HIB
MiJIl MaTepiaJlaMM Ha OCHOBI aJIOMOCHJIIKATIB MPUPOJHOTO Ta TEXHOTEHHOTO
noxopkeHHs. OnepKaHo TPaHyIu 3 BUKOPUCTAHHSIM MOAU(IKOBAHOTO (EepUTiIPUTOM
CAIOHITY Ta aJbl1HATY HATPIIO 1 ME30MOPYBAaTUI aJCOPOCHT HA OCHOBI 30JIM-BHHOCY 3
HAHECEHHUM IIIapoM HeoiTy. JIJist OTpUMaHHs CTIMKUX Y BOJHOMY CEPEIOBHUIII TPAHYII
OyJI0 TOCIIIKEHO PEOJIOT1YHY MOBEIIHKY TTIMHUCTHUX CYCIIEH31i Ha OCHOBI CaIllOHITY Ta
OlomojiiMepy 3 PI3HUMH MAaCOBHMH CITIBBIIHOIICHHSIMH KOMITOHEHTIB. BcTaHOBIEHO,
10 Il CUCTEMHU € TUKCOTPOITHUMHU, a 1X B'A3KICTh MPHU BBEIACHHI OJHAKOBOI KIJIBKOCTI
aNbriHATy HATPIIO 3aJIEKUTH B1J1 BMICTY TBEp101 (pa3u. Ha 0CHOBI WX TaHUX MIAI0paHo
HEOOX1IHI YMOBH I TpaHyatoBaHHS. BcTaHoBIIeHO, 10 HA CTaOIBHICTH TPaHyN Y
BOJIHOMY CEpEOBUIIl CYTTEBO BIUIMBAE KUIBKICTh ajJbliHATY HATPIIO, JOJAHOTO 0
cycnensii. JIOCHIKEHO CTPYKTYpHO-COPOIliiHI XapakKTepUCTUKKW Ta TEPMIuHI
BJIACTUBOCTI OTPUMAaHUX TPaHYIhOBAHUX aJCOPOCHTIB Ta MOKA3aHO MEPCHEKTUBU X
3aCTOCYBaHHSI B OYMIIEHHI BOAM BiJl 3a0pyIHEHHS 10HAMU BaXKKHUX METaJIB.
HNocmimkeno mopdornorito, ¢Ga3oBuil Ta XIMIYHMA CKIJIaJl COPOCHTIB Ha OCHOBI
ATFOMOCHITIKaTHUX MIKpocdep 3 HaHeCeHUM IapoM 11eoniTy. [lokazano, mo y nporeci
CHUHTE3Y 30JIa-BUHOC BUCTYTAE JHKEPEJIOM CHIIIIIIIO, a aTIOMIHATHUN PO3YMH — HATPIIO
Ta aMOMIHIIO. BCcTaHOBIGHO, MO OCaKEHHS IICOMITHOI (ha3u Ha IOBEPXHIO 30JIH-

BUHOCY 3011blIye copOuidHY 37aTHicTh Mial 3 4,94 mr/r no 6,53 mr/r, ane ans



16

MiIBUIIEHHS €()EeKTHBHOCTI HEOOXITHO TMPOBOAUTH OIIBIN TPUBAIUN CHHTE3 IPHU
BUIIIH TEMIIEpaTypi.

Y pob6otri Bmepiie IOCTIIKEHO OCOOJHMBOCTI OACPKaHHS aICcOpPOIiHHUX
MarepiaiaiB Ha OCHOBI JCHIPUTHOTO KPEMHE3eMy Ta KOMEPLIMHOTO CHIIIKAresiio i3
MOKPAIICHUMH  CTPYKTYPHO-COpPOLIMHUMH  XapaKTepPUCTUKAMH 33  PaxyHOK
MoaudiKyBaHHA iX  TOBEpXHI  YacTOYKaMH  HYJIbBAJIGHTHOro  3ajiza, 3-
aMIHOTIPOTITPUETOKCUCUIIAHOM Ta OKCHIOM HiKelt0. BUBUEHO peosoriyHy MOBEAIHKY
CYCNEH31 TPUPOAHOTO Ta MOAM(IKOBAHOTO CAIOHITY 13 ajlbriHaTOM HaTpilo Ta
n110paHo HeOOX1AH1 YMOBH JUIsl OTPUMAaHHS I'PAHYJIbOBAHUX 1 CTAOUIBHUX Y BOJHOMY
cepenoBulll «low-cost» amcopbeHTiB. OnepkaHO ME30MOpyBaHUK MaTepial 13
HAHECEHHUM IICOJITHUM IIIapOM, Ha OCHOBI TEXHOT€HHHMX aJTIOMOCHJIIKaTHUX B1JIXOJIIB
(30JM-BUHOCY), BUKOPHUCTOBYIOYM BIJHOCHO MNPOCTI YMOBH CHUHTE3Y Ta JOCTYIIHE
anaparypHe 3abe3neueHHsa. BuBdueHo (izuko-xiMiuH1 0COOIMBOCTI BUJAJICHHS CIIOTYK
MiJIl Ta METWJIEHOBOTO OJAKUTHOTO OTPUMAHUMH aJCOPOCHTaMH 1 BCTaHOBJICHO
MEPCTIICKTUBHICTh iX BUKOPUCTAHHS I €()EKTHBHOTO OYMWINEHHS BOJ BiJ TaKHX
3a0py/IHIOBaYIB.

[IpakTyHa 3HAYMMICTh POOOTH MOJISATAE B TOMY, IO OTpUMaH1 (PyHKI1OHATbHI1
MaTepialid MOKYTh OyTH BUKOPHUCTaHI MPU po3po0Iil HOBUX €PEKTUBHUX COPOCHTIB HA
OCHOBI CHWJIIKaTiB, MPUPOJHUX Ta MITYYHUX AITFOMOCHIIIKATIB JUIsl 3aXUCTY BOJHOTO
CEepellOBUIIA BiJ TOKCHKAaHTIB HEOPraHI4HOI Ta OpraHiyHOl MNPUPOAM Ha
MIIPUEMCTBAX XIMIYHOT, Xap4OBOi Ta TIPHUYO-BUA00YBHOT MPOMHUCIOBOCTEH.

KarwuoBi cjoBa: [iOKCHI KPEMHIIO, TETPACTOKCUCHUIIAH, KPEMHE3EeM,
aJIOMOCHITIKATH, Moau(ikallisi, MOpGOJIOTis, OUUILEHHS BOIH, aJicopOIlis, copOIiifHa

€MHICTh, BaXKKI METaJIH, OPTaHiYH1 OapBHUKH
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INTRODUCTION

Sorption materials based on synthetic mesoporous silicas and natural or artificial
mineral raw materials (aluminosilicates) have found wide application in the removal
of inorganic and organic toxicants from water. Considerable attention to such
adsorbents is due to the possibility of widely varying the structural and sorption
characteristics of composite materials based on them. Other advantages of silicate
carriers include their availability, as well as mechanical, thermal, chemical, radiation,
and biological stability.

By chemically modifying the surface of synthetic dendritic mesoporous silicas
and natural aluminosilicates (saponite) and technogenic (fly ash) origin, it is possible
to purposefully change the physicochemical properties of silicate sorbents, thereby
obtaining composite materials with unique surface structure and morphology. Effective
modifiers in this context may include zero-valent iron particles, metal oxides and
oxyhydroxides (such as nickel oxide and ferrihydrite), as well as organosilicon
compounds (e.g., 3-aminopropyltriethoxysilane). However, the widespread application
of powdered sorbents is limited by their high dispersity, which complicates the
implementation of continuous technological processes. To solve this issue, the
granulation of dispersed materials can be performed. The production of low-cost
granulated adsorbents based on saponite and sodium alginate significantly improves
the technological efficiency of adsorption-based water purification by facilitating the
separation of the solid and liquid phases after the sorption process.

In this regard, the study of the specific features of obtaining dendritic
mesoporous silicas and powdered and granulated aluminosilicates with modified
surfaces, as well as their use for the sorptive removal of hazardous inorganic and
organic toxicants from contaminated water, is of current relevance.

Relevance to scientific programs, plans, and themes. This dissertation was
carried out in accordance with the research plans of the Department of Chemical
Technology of Ceramics and Glass, Faculty of Chemical Technology, National
Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute,” under the
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research topic: “Functional silicate materials with modified surfaces” (0124U001967,
2024-2026 pp.).

Purpose and Objectives of the Research. The aim of this research is to develop
powdered and granulated multifunctional adsorption materials based on dendritic
silica, commercial silica gel, saponite, and fly ash for the protection of water from
pollution by inorganic and organic toxicants.

To achieve this aim, the following objectives were pursued:

v' Synthesis of sorption materials based on synthetic silicates:

Dendritic  silica modified with  zero-valent iron particles and 3-
aminopropyltriethoxysilane;
Commercial silica gel modified with nickel oxide;
v' Synthesis of sorption materials based on aluminosilicates:
Granules based on saponite modified with ferrihydrite and sodium alginate;
Fly ash with a deposited zeolite layer;

v Investigation of the morphology, surface chemistry, phase composition,
and structural-sorption characteristics of the obtained composites;

v' Determination of the physicochemical features of the removal of heavy
metals (copper) and organic dyes (methylene blue) from agueous solutions using the
synthesized sorption materials.

Object of the Study — Structural-sorption characteristics and physicochemical
properties of modified silicates and aluminosilicates.

Subject of the Study — Specific features of the synthesis of mesoporous
adsorption materials based on synthetic silicas and natural or technogenic
aluminosilicates; physicochemical aspects of purifying model water systems
contaminated with heavy metals and organic dyes using the obtained adsorbents.

Research Methods. The following instrumental methods were used in this
study: to examine the surface morphology of the obtained materials — scanning electron
microscopy combined with energy-dispersive X-ray spectroscopy and transmission
electron microscopy; to determine the phase composition of the initial materials,

composites, and surface chemistry of the samples — X-ray diffraction analysis, X-ray
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photoelectron spectroscopy, and infrared spectroscopy; to assess the parameters of the
porous structure of the sorbents — the low-temperature nitrogen adsorption-desorption
method; to evaluate the thermal stability of the materials — differential thermal and
thermogravimetric analyses; inductively coupled plasma atomic emission spectrometry
and spectrophotometric methods were applied to determine the initial and equilibrium
concentrations of copper ions and dye in the solutions, respectively.

Scientific Novelty of the Obtained Results. The following scientific results
were obtained for the first time in this dissertation:

v' the specific features of synthesizing adsorption materials based on
dendritic silica and commercial silica gel with enhanced structural and sorption
characteristics were studied through surface modification with zero-valent iron
particles, 3-aminopropyltriethoxysilane, and nickel oxide;

v' based on the study of the rheological behavior of suspensions of natural
and modified saponite with sodium alginate, optimal conditions were determined for
obtaining granulated and water-stable low-cost adsorbents;

v/ a mesoporous material with a deposited zeolite layer was obtained using
technogenic aluminosilicate waste (fly ash) under relatively simple synthesis
conditions and accessible equipment;

v' the physicochemical features of copper compound and methylene blue
removal by the obtained adsorbents were investigated, and their potential for effective
water purification from such pollutants was established.

Practical Significance of the Obtained Results. The obtained functional
materials can be used in the development of new efficient sorbents based on silicates
and natural or synthetic aluminosilicates for the protection of water environments from
inorganic and organic toxicants.

The scientific principles and experimental approaches formulated during the
course of the study can be integrated into the educational process as laboratory
exercises for the academic components “New Ceramic Materials and Methods of their
Synthesis” within the educational and professional master's program “Chemical

Technologies of Inorganic Binders, Ceramics, Glass, and Polymeric and Composite
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Materials” and “Chemical Technologies for Environmental Protection” within the
educational and scientific master's program “Chemical Technologies and Engineering”
(specialty G1 Chemical Technologies and Engineering) at the Department of Chemical
Technology of Ceramics and Glass, Faculty of Chemical Technology, Igor Sikorsky
Kyiv Polytechnic Institute.

Personal Contribution of the Author. The main results of the dissertation were
obtained and published independently by the author. The author’s personal contribution
includes the analysis of literature sources relevant to the research topic, the synthesis
of sorption materials, the execution of sorption experiments, the processing and
documentation of experimental results, and the writing of scientific articles. The
discussion and planning of experiments, formulation of research tasks, and drawing of
conclusions were carried out in collaboration with the scientific supervisor, PhD in
Technical Sciences, Associate Professor, and Head of the Department of Chemical
Technology of Ceramics and Glass, Viktoriia Tobilko.

Approbation of the Dissertation Results. The main provisions and scientific
results of the dissertation research were presented and discussed at the International
Research and Practice Conference “Nanotechnology and Nanomaterials” (NANO-
2022) (Lviv, Ukraine, 2022); the Ukrainian Conference with International Participation
“Chemistry, Physics and Technology of Surface” (Kyiv, Ukraine, 2023); and the III
All-Ukrainian Internet Conference of Young Scientists “Prospects of Chemistry in the
Modern World” (Zhytomyr, Ukraine, 2023).

Publications. A total of 9 scientific papers have been published on the topic of
the dissertation, including: 4 articles in professional scientific journals of Ukraine in
the specialty 161 Chemical Technologies and Engineering, among which 2 articles
have more than two co-authors (including the applicant); 2 articles in peer-reviewed
scientific journals indexed in the Scopus database, one of which belongs to the second
quartile (Q2) and the other to the fourth quartile (Q4) according to the SCImago Journal
and Country Rank classification; and 3 conference abstracts published in the

proceedings of international and national conferences.
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Structure and Scope of the Dissertation. The total volume of the dissertation

is presented on 194 pages of printed text and includes an introduction, five chapters,
general conclusions, and a list of references. The work i1s illustrated with 24 tables and

51 figures. The list of references includes 259 sources.
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CHAPTER 1. ADSORPTION MATERIALS FOR ENVIRONMENTAL

PROTECTION

1.1 Features of water purification from pollution by inorganic and organic
substances
1.1.1 Sources of heavy metal ions and organic dyes in the aquatic

environment

Water is essential to life and seems to be everywhere and inexhaustible, covering
140 million square miles of the Earth's surface, or about 72% of the planet's surface.
However, most water resources are not directly usable, and more than 1.1 billion people
worldwide are suffering from a shortage of clean water [1]. The adequacy or otherwise
of a country's water resources has a bearing on its long-term development. The four
major civilizations of history were all born in areas rich in water resources, so it can be
seen that the availability of sufficient freshwater resources is crucial to the development
of a civilization. However, with the development of civilization, a large number of
heavy industries and human activities produce a variety of wastewater through various
ways to produce serious pollution of the water environment. For example, heavy metal
pollution of water bodies, dye pollution, agricultural residual pesticides, various
organic pollutants and so on [2 - 5]. If wastewater containing various pollutants is
discharged directly without control, it will not only cause a devastating disaster to the
already insufficient freshwater resources, but also jeopardize the health of the people
who depend on these water sources. Recent studies have shown that water pollution is
becoming a major cause of death and disease in the world, with about 14,000 people
worldwide losing their lives directly or indirectly every day [6]. However, civilization
needs to progress, science and technology need to develop. How to safeguard the
progress of civilization at the same time with maintaining good human survival of
water resources in due course has become the mainstream of research in today's era. In

order to find a way to control water pollution, we need to fully understand the causes



28

of pollution and the characteristics and structure of various types of pollutants to find
a way to control pollutants.

Usually, people collectively refer to metal elements with a density greater than
5g/cm?® as heavy metals, for example, the common heavy metals in life are copper (cu),
lead (Pb), cadmium (Cd), mercury (Hg), chromium (Cr), and arsenic (As) and so on.
Some trace heavy metal elements are even essential components needed by the human
body, such as iron (for oxygen exchange and transportation), zinc (related to human
development), chromium (to enhance the role of insulin on sugar and lipids), and so
on. However, if the human body ingests water containing heavy metals or consumes
contaminated aquatic products for a long time, the heavy metal ions in the human body
will slowly accumulate, and when exceeding a certain concentration it will pose a
serious threat to human health, leading to a series of chronic diseases, including nerve
damage, renal failure, immune system disorders, and the risk of causing cancer [7]. For
example, in the sixties and seventies of the last century, Japan's Bucheon Plain near the
people due to long-term reference mine emissions of cadmium-containing wastewater,
caused by cadmium poisoning, excessive heavy metal cadmium ions in the human
body to gather, resulting in bone deformities, even coughing may cause bone fractures,
a large number of patients with pain unbearable, and even some people cannot stand
the pain and suicide [8]. Excess heavy metal ions are not only harmful to the human
body but also cause irreversible damage to the natural environment. Excessive heavy
metals in water will disrupt the balanced environment in natural bodies of water, and
in severe cases will lead to the widespread death of organisms in the water. Due to the
high mobility of water bodies, water bodies contaminated by heavy metals will spread
from point to point, further spread to a wider area, and even flow into the urban
groundwater system or farmland irrigation system, thus either directly or indirectly into
the human body.

Heavy metal ions enter water bodies and ecosystems in various ways, mainly
from mining, domestic wastewater, agricultural irrigation and manufacturing waste.

Mining and smelting: With the development of industry, a large number of ores

have been discovered and mined by human beings, which involves the technology of
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ore refining. Often, a large amount of water is used for cleaning and processing when
refining metals, which results in a large amount of wastewater or sludge containing
heavy metal ions being discharged directly into nearby bodies of water. For example,
lead, mercury and arsenic are common pollutants in mining areas, and these heavy
metal ions will spread to all nearby water bodies with the water flow [9].

Domestic Wastewater: In modern life, a large number of industrially prepared
products such as batteries, paints and automobiles contain heavy metals. When the
wastewater is discharged into water bodies without treatment or through improper
treatment methods, heavy metal ions also enter the water bodies around the city, enter
the groundwater, and return to the urban water supply cycle [10].

Agricultural irrigation: While modern agriculture is advancing by leaps and
bounds, human beings are no longer satisfied with the use of natural fertilizers. In
modern farming activities, people have begun to use large quantities of fertilizers and
pesticides containing heavy metals such as copper, zinc and arsenic in order to reap
greater benefits. However, with the extensive use of these substances, it leads to the
retention of heavy metals in the usual farming activities and their accumulation in the
soil and eventually seeping into the surface water systems such as groundwater and
rivers with rainwater. When these heavy metals are absorbed by plants and animals in
the water, they return to the food chain, causing harm to human health and the
ecosystem [11].

Manufacturing: Industry is the cornerstone of human progress and
development, and a multitude of industrial products facilitate modern human life.
However, in the process of manufacturing them, factories at all levels of the process
inevitably produce a large amount of wastewater containing heavy metal ions. Usually,
factories have their own set of wastewater treatment processes to control the
wastewater discharged within the safety standards required by the region where they
are located. However, in some underdeveloped areas, factories often discharge
untreated or inadequately treated wastewater directly into rivers, lakes and oceans in
order to save costs, resulting in widespread pollution [12].

Dye pollution is another common environmental pollution problem, mostly
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found in countries and regions with a large number of light industries such as paper,

textile, leather, and cosmetics [13, 14]. It is especially common in countries with
emerging economies, such as China, India and Vietnam in Asia. In these developing
countries, the rapid advancement of industrial processes has resulted in the slow
improvement of domestic environmental policies and measures. Factories engaged in
related industries discharge a large amount of poorly treated dye-containing wastewater
into rivers and lakes, causing serious water pollution problems. In addition, since the
current wastewater treatment design covers a large area and is expensive in terms of
construction and operation costs, small and medium-sized factories ignore wastewater
treatment in order to save operation costs, which further aggravates the water pollution
problem [15, 16].

Industrial dyes are designed with chemical stability in mind to give better
durability to industrial products containing the dye [17]. However, this characteristic
also makes it more difficult for degradation to occur under natural conditions after
entering a body of water. Some dyes can withstand natural means of water purification
such as washing, light and microbial decomposition, thus causing persistent pollution
[18]. After the entry of various dye compounds into natural water bodies, the water will
be caused by a wide range of discoloration, thus seriously affecting the degree of light
transmission of water. As we all know, a large number of primary producers in the
water obtain the energy needed for survival through photosynthesis [19]. When the
water is polluted by dyes and reduces the rate of passage of its light source, it will
seriously interfere with the photosynthesis of aquatic organisms, so that they are unable
to obtain the energy needed for growth, resulting in the death of a great number of
aquatic plants [20]. In compliance with the biosphere in the water, when a large number
of primary producers are dead, the other organisms in the water will also die out due
to the actual loss of the source of food. According to the aquatic biosphere, when the
primary producers die off in large numbers, other aquatic organisms will also die out
because they have no food source. In addition, dyes, as the crystallization of modern
industry, have a complex and varied organic structure, including many dye molecules

containing aromatic rings and azo bonds, and if organisms are exposed to such
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carcinogenic molecules for a long period of time, they will increase the risk of cancer

and poisoning [21].

1.1.2 Methods of water purification from pollution by inorganic and organic

substances

The self-purification function of the water is slow and limited, when the
pollutants in the water reach a certain amount, the water will lose its self-purification
ability [22]. And these non-naturally degradable substances after reaching a certain
concentration not only pose a serious threat to human health, but also destroy the
balanced environment in the water, which will lead to the death of water organisms on
a large scale in serious cases [23]. Therefore, timely management of water pollutants
1s not only to protect human health, but also an important measure to protect the natural
ecological environment. Therefore, for the long-term development of human society,
finding a suitable method to address pollutants (such as heavy metal ions and dye
molecules) in water bodies has become a contemporary research theme. At present, the
commonly used methods for treating pollution in water bodies are in the following
directions:

Adsorption: Adsorption is the use of adsorbents to adsorb harmful substances
in water to the surface by physical or chemical methods, and then by removing the
adsorbent's to achieve the purification of water bodies [24]. Adsorbent usually has a
large specific surface area and rich pore structure, after it is put into the wastewater,
the harmful substances through physical adsorption or chemical bonding attached to
the surface of the adsorbent or within the pore space, forming a stable structure [25].
In addition, depending on the functional groups and structures on the surface of the
designed adsorbent, it is possible to achieve targeted removal of specific ions, which
allows it to be used in certain specific fields [26]. Common adsorbent materials include
activated carbon, zeolites, natural minerals, as well as nanomaterials and biomass
materials (e.g., chitosan, microbial mycobacteria, etc.) that have been widely used in

recent years. However, some of the limitations of adsorption methods are that
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adsorbents are usually prone to adsorption saturation and failure after prolonged and

intensive use, and therefore, as with membrane filtration methods, the adsorbents in
the wastewater need to be replaced frequently to maintain optimal adsorption results
[27]. In recent decades of research, in order to improve the adsorption efficiency of
adsorbents and reduce economic costs, researchers have developed a large number of
adsorbents with different characteristics. For example, they use waste materials in life
to prepare adsorbents, thereby turning waste into treasure, or modify the surface of
adsorbents to greatly enhance the adsorption performance, or develop adsorbents with
automatic solid-liquid separation functions, which can be separated from water by
physical means after adsorption is completed, etc.

Membrane Filtration: Membrane filtration is a highly efficient wastewater
treatment technology that filters and separates pollutants in the water column through
a semi-permeable membrane [28]. Membrane filtration is commonly used in factory
wastewater outfalls, especially in industries with high concentrations of pollutant
residues from production processes such as metalworking, electronics manufacturing,
and chemicals. The method utilizes filter membranes of different pore sizes to retain
harmful molecules in the water to prevent wastewater containing large amounts of
pollutants from being discharged directly into natural bodies of water, blocking
pollution at its source. The membrane filtration method is simple to operate, has a high
removal efficiency, and is suitable for the removal of a wide range of pollutants.
However, its supporting equipment and later maintenance costs are high, and the
membrane is easily blocked by pollutants, requiring regular inspection, cleaning and
replacement [29].

Ion exchange method: In the ion exchange method, wastewater containing
metal ions and dye molecules flows through the exchange bed containing ion exchange
resin or mineral, using ion exchange to selectively replace toxic ions (copper, lead,
cadmium, etc.) with less harmful ions (such as sodium, potassium ions) [30]. In this
process, the more harmful ions are adsorbed and retained by the resin, while the
exchanged less toxic substances are released into the wastewater, thus reducing the

level of pollutants in the water. The advantage of this method is that specific toxic
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molecules can be treated by designing the ion exchange bed to have a high removal
rate and work well at lower concentrations. However, it is not effective enough in
treating higher concentrations of wastewater and is prone to secondary pollution [31].

Phytoremediation: Phytoremediation is a low-cost, aesthetically pleasing and
environmentally friendly remediation technique. This technique can remediate water
bodies that have been contaminated over a large area. In practice, people plant these
plants with restorative functions and make them grow in polluted waters, using the
roots of the plants to absorb harmful substances in the water. In the process of plant
growth, harmful molecules will be gradually accumulated in the plant body. After
reaching a certain level, the accumulated pollutants are removed at once by harvesting,
thus achieving the purpose of purifying the water [32]. Generally speaking,
phytoremediation is a relatively simple and low-cost restoration technology, which
does not require professional personnel to operate, and is suitable for receiving large
areas of polluted waters. However, the disadvantages are obvious. Since pollutants are
slowly collected through the roots of plants, the time required is much longer than other
treatment methods. And most of the plants are not suitable for growing in the water
environment is very harsh areas, so it can only be applied in less seriously polluted
waters.

Chemical precipitation: Chemical precipitation is the use of target ions and
precipitant chemical reaction, the formation of insoluble precipitates, so as to remove
harmful substances in water [33]. Commonly used precipitants include hydroxides,
sulfides, and carbonates. Chemical precipitation has the advantages of easy operation
and high removal efficiency, and is particularly suitable for industrial wastewater
containing high concentrations. However, the treatment of wastewater pollutants using
chemical precipitation produces a large amount of sludge, which often contains high
concentrations of heavy metals and other hazardous substances, and must be properly
treated to avoid secondary contamination. In addition, the precipitation effect may be
affected by the pH value of the water. If the pH value is out of control, the precipitated
hazardous substances will be re-dissolved and return to the wastewater, so the

operating conditions need to be precisely controlled in practice to ensure the best
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removal effect.

In conclusion, in order to completely solve the problem of heavy metals and dyes
pollution in water bodies and obtain a clean and hygienic water environment
researchers have made a lot of efforts. Nowadays, among the known methods, the
adsorption method is considered to be one of the most effective methods for water
pollution treatment, which impresses people with its low cost and high efficiency of
water purification [34, 35]. Of course, the current adsorption method also has
corresponding shortcomings, such as the adsorption efficiency is still to be improved
as well as the desorption problem of the adsorbent after adsorption. Therefore, in order
to better design and manufacture a perfect adsorbent and make the adsorption method
a perfect solution to the problem of water pollution, the exploration and understanding

of the adsorption process is essential.

1.2 Application of adsorption process for water purification
1.2.1 Principles of adsorption and influence of external factors on the

adsorption process

Adsorption is a widely used method in modern water treatment, which is
characterized by low operating costs, high purification efficiency as well as flexibility
in design and operation. The emergence of the term adsorption can be traced as far
back as 1881 when it was introduced by the German scientist Heinrich Kayser [36].
Adsorption is the process by which an adsorbent obtains a specific component from an
adsorbed object, both by attracting ions or molecules out of a liquid (or gas) through
van der Waals' forces or chemical bonding, and by binding them to the surface of the
adsorbent . In wastewater treatment, adsorption is the process by which an adsorbent
transfers polluting molecules or ions (such as harmful heavy metal ions and dye
molecules) from the water to the surface of the adsorbent by adsorption [37].

Adsorption can be categorized into physical adsorption and chemical adsorption
according to the type of adsorption force (van der Waals force vs. chemical bonding),

in addition, ion exchange is usually considered as a special type of chemical adsorption.
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However, in practice, adsorption is a complex process and from time to time, both types
of adsorption occur simultaneously [38]. Schematic representation of several of the

most common adsorption mechanisms are presented in Fig. 1.1.

Surface adsorption Anion exchange

Hydrophobic interactions

Diffusion into the
network of materials

Van der Waals
.interactions Chemisorption

Inclusion complex formation

Electrostatic interactions

Chelation
Fig. 1.1. Schematic representation of several of the most common adsorption

mechanisms [38]

Physical adsorption: Physical adsorption is the adsorption of adsorbate onto the
surface of an adsorbent through the van der Waals forces between objects. Physical
adsorption is usually less selective and is suitable for the removal of a wide range of
molecules or ions. In practice, because the adsorption energy required for physical
adsorption is very low (usually less than 8 kJ/mol), it can be realized at low
temperatures without the addition of external energy [39]. In addition, the resolution
process of the adsorbent is also a criterion for an excellent adsorbent because it is
related to the reusability of the adsorbent, whereas physical adsorption requires only a
small amount of energy to resolve the adsorbed substance after adsorption due to the
low bonding energy, which makes reuse much easier, which is a great economic
advantage. However, because van der Waals forces are weakly electrostatic, physical
sorption is usually susceptible to the reaction environment. When the reaction changes

significantly (e.g., temperature increases), physical sorbed adsorbates are susceptible
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to desorption, whereby ions or molecules originally adsorbed by the adsorbent are
disconnected from the adsorbent and returned to the environment [40]. In addition,
physical adsorption is also characterized by multilayer adsorption and faster adsorption
rate. Multilayer adsorption is due to the fact that there is no strong chemical bonding
between adsorbate and adsorbent, so that adsorbed substances can be attached layer by
layer on the surface of the adsorbent, such as the adsorption of rust by magnets to form
a multilayer structure. The adsorption process does not need to overcome high energy
barriers, so the rate of adsorption is faster and usually reaches equilibrium shortly after
the adsorption begins [41].

Chemisorption: Chemisorption is the process of adsorption of an adsorbate onto
the surface of an adsorbent through strong covalent or ionic bonds. Chemisorption has
a high adsorption energy, usually greater than 16 KJ/mol, which usually makes
chemisorption require a high temperature to occur, but the higher adsorption energy
also means that the adsorbate is more difficult to detach, so chemisorption is often
irreversible [42]. In contrast to the low selectivity of physical adsorption,
chemisorption has higher selectivity, and the functional groups on the surface of the
adsorbent can be engineered to the desired structure for specific ions, hence its superior
performance in removing some single or specific pollutant wastewaters [43].
Adsorption efficiency is also greatly influenced by the surface area of the adsorbent,
and in chemisorption, the rate of adsorption is usually slower because adsorbate
binding to the adsorbent needs to occur at specific active sites. Therefore, the adsorbent
usually requires materials with a larger surface area, such as nano-materials or
materials with a mesoporous structure, which provide more active sites for pollutants
to bind to for the same amount of mass. Comparison of physical adsorption and

chemical adsorption are presented in Table 1.1 [39 - 43].
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Table 1.1 - Comparison of physical adsorption and chemical adsorption

Adsorption method Physisorption Chemisorption
) Chemical bonding
Adsorption type Van der Waals force (covalent or ionic)
Reversibility Reversible Usually irreversible
Adsorption energy Low (<8 kJ/mol) High (>16 kJ/mol)
Number of adsorption Multilayer Monolayer
layers

Suitable for low
temperature conditions
Selectivity Low High

Adsorption temperature Better at high temperatures

The adsorption process is a complex process, various environmental parameters
or the structure of the adsorbent itself will affect the efficiency of adsorption in
different degrees. For example, the type of adsorbent, temperature, solution pH, stirring
speed, reaction time and so on [44, 45]. In order to remove pollutants from water more
efficiently and to improve the adsorption effect of adsorbents, it is crucial to have an
in-depth understanding of the influence mechanisms of these factors. The following is
a summary of the effects of major external factors on the adsorption process.

Temperature: The mechanism by which temperature affects the adsorption
process is more complex and depends mainly on the type of adsorption. Generally, if
the adsorption is chemisorption, since during chemisorption, a certain amount of
energy is required to overcome the activation energy, which creates a chemical bond
link with the adsorbent. Therefore, at higher temperatures, it tends to help overcome
the activation energy for chemisorption and increase the rate of adsorption, but higher
temperatures also mean that there is a greater possibility of destroying the physical
structure of the adsorbent, resulting in the inactivity of the adsorbent [46]. On the other
hand, in the case of physical adsorption, higher temperatures generally have a negative
effect. This is because physical adsorption relies on intermolecular van der Waals
forces, a weak interaction that is more stable at low temperatures, however, when the
temperature rises, the adsorbate will be more likely to detach from the surface of the
adsorbent, leading to a decrease in adsorption [47]. In addition, the change of

temperature also has a certain effect on the adsorbate, in the high temperature
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environment will accelerate the kinetic energy of the adsorbate molecules, making

them more active in the medium, thus increasing the probability of their capture by the
adsorbent, however, too high a temperature also affects the stability of the adsorbate,
such as some organic molecules will be molecularly dissociated at high temperatures
or other side reactions [48]. Therefore, in the practical application of the adsorbent, the
temperature should be adjusted according to the characteristics of the adsorbent and
the type of pollutant, and the comparison group and pre-experiment should be set up
to achieve the best adsorption effect.

Effect of pH of the solution on adsorption: pH is one of the most important
parameters affecting the adsorption process. Almost all the experiments of new
adsorbents for the treatment of hazardous wastewater will explore the pH value at the
time of adsorption [49]. The pH value of the solution can seriously affect the adsorption
process, such as: the ionization state of adsorbate, the surface charge of adsorbent, and
triggering the competing ionic effect [50]. The pH of adsorbent solution is the most
important parameter for the adsorption process. First of all, the change of pH affects
the ionization state of adsorbates in wastewater, e.g., at alkaline pH (pH > 7), heavy
metal ions in wastewater may exist in the form of hydroxide precipitates, which makes
them easier to be removed by adsorption [51]. In addition, the change of pH also
changes the surface charge of the adsorbent because in aqueous solution, the surface
of most adsorbents carries different functional groups, such as carboxyl, amino or
hydroxyl groups, which exhibit different ionic states at different pH values. For
example, under acidic conditions, the amino group will be positively charged by
protonation, which makes it easier to adsorb negatively charged pollutants in
wastewater, while under alkaline conditions it may become uncharged or negatively
charged, which gives it better adsorption of positively charged pollutants [52]. Finally,
the change of pH can also cause competitive effects of other ions in the aqueous
solution with the adsorbate. Since wastewater is a complex system containing a variety
of different pollutants such as heavy metals, dyes and other small and large molecules.
In practical adsorption operations such as the adsorption of heavy metal ions in water,

a low pH value means a high concentration of hydrogen ions in the solution, which
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compete with heavy metal ions for adsorption sites and thus reduce the adsorption

efficiency of heavy metal ions; whereas at a high pH, due to the low concentration of
hydrogen ions, the adsorption sites can be used for the binding of heavy metal ions,
and thus the adsorption efficiency is higher. Therefore, in practical applications, it is
necessary to select the pH that best suits the experimental conditions according to the
nature of the adsorption object and the adsorbent itself [49 - 52].

Stirring speed and time: Stirring speed and time can affect the rate of
adsorption by influencing the degree of diffusion of the adsorbate in solution. Proper
agitation allows the adsorbate to move faster in solution, thereby increasing the chance
of contact between the adsorbate and the adsorption sites on the surface of the
adsorbent. However, excessive agitation may damage the physical structure of the
adsorbent and affect its adsorption effect. The length of stirring time, on the other hand,
affects the saturation of the adsorbent during the adsorption process. Adsorption is
usually divided into a fast adsorption phase and a slow equilibrium phase, where the
initial adsorption rate is faster because there are sufficient sites on the adsorbent surface
for the adsorbate to bind rapidly. However, as time passes, the adsorption sites are
gradually occupied, the adsorption rate slows down, and eventually reaches saturation
equilibrium. Therefore, in practical applications, the control of stirring speed needs to
balance the adsorption rate and the mechanical stability of the adsorbent to achieve the
best adsorption efficiency. Connected to the actual application, the choice of contact
time should be adsorption saturation as the goal, both to ensure adsorption efficiency
and avoid unnecessary waste of energy and time [53].

Competition from other ions or molecules in the solution: In actual
wastewater treatment, the wastewater to be treated often contains a variety of ions and
organic molecules, which will compete with each other and the molecules to be
adsorbed for the adsorption sites of the adsorbent, thereby affecting the adsorption of
the target pollutants [54]. For example, Wang et al. tested the adsorption of three ions,
Pb(I1), Cu(ll) and Zn(ll) ions, from aqueous solution by hydroxyapatite-biochar
nanocomposites, and found that other metal ions present in the water would compete

with the heavy metals in the adsorption process. For example, the presence of Ca(ll)
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and Mg(Il) reduced the removal of Cu(ll) and Zn(ll) by the adsorbent (Ca(ll) had a

greater effect than Mg(ll)), whereas they had no effect on Pb(Il). Wang et al. noted that
this was due to the fact that Mg(ll) has a stronger covalent nature than Ca(ll), and thus
Mg(ll) ions displayed stronger hydration and thus less effect on the adsorbent [55].
Overall, external factors such as temperature, pH, stirring rate and contact time,
and solution composition all play important roles in the adsorption process. In practice,
finding out the optimal external experimental conditions for the adsorbent can
significantly improve its removal efficiency of pollutants. Meanwhile, the design of
the adsorbent needs to be selected and adjusted according to the actual pollution
environment to ensure that the adsorbent can be adapted to the required application
environment. The adsorbent and the adsorption environment constitute a complex
system that often needs to be considered and optimized according to the actual situation

in order to achieve the ideal adsorption effect.

1.2.2 Practical application of adsorbents for water purification

The selection of adsorbent is the top priority of the water adsorption process, and
the performance of adsorbent directly affects the removal of water pollution. Excellent
adsorbents often need to simultaneously meet high performance, high selectivity,
excellent regeneration capability, environmental friendliness and controllable cost. In
recent decades, in order to create a perfect adsorbent for water and to solve the water
pollution problem completely by adsorption, researchers have tried various common
and uncommon materials in life. The following are some of the common adsorbents
available today:

Carbon-based adsorbent: Carbon, as one of the first adsorbent materials used
by people, has been widely used in the field of water adsorption since its discovery.
For example, in the ancient Egyptian era, people began to use burnt charcoal as a water
purification material for removing odors and impurities in water [56]. With the progress
of time, people are no longer satisfied with the use of natural charcoal, and various

modern technologies such as activation, functionalization or nanocomposite
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technology of carbon materials have been gradually discovered and applied. For
example, Liu et al. prepared KOH-activated carbon (KAC) with different pore
structures and used it for the adsorption and removal of perfluorooctanoic acid (PFOA)
in the aqueous environment. Their study showed that the contribution of ultra-
micropores (<1.2 nm) and small mesopores (2.0-3.0 nm) to the adsorption of PFOA
was significant, and compared with the ordinary carbon material, the KAC material
with the optimal pore structure increased the adsorption capacity by 2.61% for the
PFOA. The adsorption capacity of the KAC material with optimal pore size structure
for PFOA was increased by a factor of 2.61, and the adsorption rate was increased by
a factor of 2.21 [57]. Liu et al. used the strategy of surface functionalization of activated
carbon materials, and their group prepared a new Bamboo Activated Carbon (BAC)
with the functionality of Ethylenediaminetetraacetic Acid (EDTA) by means of branch
grafting BAC with EDTA functionality. The functionalized BAC@SiO,-EDTA
material increased the maximum adsorption capacity of Pb(II) and Cu(Il) by a factor
of 2.7 and 6.1, respectively, which was a significant enhancement in effect. Its
subsequent study surfaces that the enhancement of the adsorption effect after branching
1s due to the presence of EDTA on the modified BAC which promotes the formation of
chemical complexes. In addition, the negative charge on the surface of the modified
material will also better attract and bind heavy metal ions [58]. Carbon-based materials
have also led some scholars to utilize them for the development of composites due to
their excellent stability and large specific surface area, e.g., Sarita et al. composited
them with ZnO materials and applied them for the removal of Cd(II) from aqueous
solution. The results confirmed that the maximum adsorption capacity of the composite
ZnO@activated carbon nanocomposite for cadmium ions can reach 96.2 mg/g [59].
Metal-organic frameworks (MOFs): are a class of porous materials formed by
metal ions or metal clusters (usually transition metals) connected with organic ligands
through ligand bonds [60]. Since its birth in the 1990s, this kind of structure with
adjustable pores and large specific surface area and diversity has attracted much
attention in the field of adsorption [61]. This kind of MOFs material has excellent

performance in both heavy metal adsorption and dye adsorption, for example, Jin et al.
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prepared a Zr-based magnetic metal-organic skeleton composites (Zr-MFCs) modified
with amino group and applied them to the adsorption and removal of heavy metals and
dyes in the mixed solution at the same time. Their experimental results showed that the
amino-modified Zr-based magnetic MFCs had good adsorption effects on heavy metals
Pb?" and methylene blue in water [62]. In addition, the structural flexibility of MOFs
gives them higher designability, allowing them to selectively adsorb specific pollutants,
which has good applicability in certain wastewater removals containing specific
pollutants. Correspondingly, Lin et al. investigated the selectivity of the MOFs
materials, which screened seven Zr-based metal-organic skeletons (Zr-MOFs) with
different structures for the selective adsorption for the removal of organic arsenic acid
(OAA) from aqueous media. The final results showed that among the seven different
MOFs materials, MOF-808F exhibited the most excellent selectivity and reusability in
the presence of competing ions, such as chloride ion, acetate ion and sulfate ion or after
three consecutive adsorption runs, its adsorption efficiency for organic arsenic acid
(OAA) did not decrease significantly [63]. Although MOFs materials have shown high
adsorption efficiency in aqueous adsorption, problems such as their poor stability in
aqueous environments and excessive cost have been limiting their industrial
applications.

Nanomaterials: With the development of nanotechnology, nanomaterials are
being used more and more widely in the field of adsorption. As nanomaterials have a
larger specific surface area, which usually leads to insufficient coordination of atoms
on their surfaces, resulting in a large number of unsaturated bonds on their surfaces,
which makes the surface of the material extremely unstable and easy to combine with
other atoms (such as heavy metal ions and dye molecules in water), which makes the
nanomaterials show a strong effect in adsorption. Currently, common nanosorbents
include nano-oxides, nanographene oxide and carbon nanotubes, and nano-zero-valent
iron. Many researchers have conducted detailed studies in this field of research [64].
Zangiabadi M. and Yazdapanah N. in 2021 investigated the efficiency of nanosorbents
and organic adsorbents for the removal of zinc ions (Zn*") and cadmium ions (Cd*")

from industrial wastewater under the same experimental conditions. The results
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showed that the nanoadsorbents could reach the adsorption equilibrium faster than the
organic adsorbents (nanoadsorbents reached the adsorption equilibrium in 30 min,
while the organic adsorbents took 120 min and longer) [65]. Hirpo et al. on the other
hand, showed a keen interest in hybrid adsorption, and their group prepared a Fe;O4 -
ZnO (FZRBC-DES) ternary adsorbent impregnated on DES-modified biochar and
tested its adsorption capacity for anion (Cr,0%), cation (Pb*"), and organic molecule
(diclofenac). The experimental results showed that this ternary composite nanosorbent
fulfilled its adsorption task well, and its maximum adsorption capacity (Qmax) for
Cr(VI), Pb(Il) and DCF were 66.23, 384.62 and 24.33 mg/g, respectively [66].
Although the current study shows that nanomaterials have performance advantages for
the treatment of water pollution, the high cost and difficulty of reuse limit their large-
scale industrial application. However, the high cost and the difficulty of reuse limit the
large-scale application of nanomaterials in industry.

Natural clay adsorbent: Natural adsorbents are considered to be a suitable
industrial adsorbent due to their low cost, wide availability and environmental
friendliness. Mineral materials such as saponite, zeolite and bentonite are usually
negatively charged and can effectively adsorb cationic pollutants [67 - 69]. However,
their adsorption efficiency, adsorption capacity, etc. are often inferior to other synthetic
adsorbent materials. Therefore, in order to improve the defects of natural adsorbents,
researchers have made a lot of attempts. Hai et al. used surface modification of
industrial by-product fly ash (FA) and biochar (BC) with polyethyleneimine (PEI) to
enhance the adsorption of natural organic matter (NOM). The results showed that under
the optimal adsorption conditions, the adsorption capacity of the modified adsorbent
for NOM was about three times higher than that of the original material, and it also had
higher durability [70].
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1.3 Materials based on silica and aluminosilicates for water treatment

1.3.1 Mesoporous silicas: methods of their production, surface modification

and practical applications

Among the existing adsorbents, mesoporous silica materials have attracted
additional attention for their unique internal pore structure. Its earliest discovery was
in the 1970s, but it did not subsequently attract widespread attention [71]. This situation
continued until 1992. In that year, researchers at Mobil Oil Corporation used micellar
mesoporous framework templates to allow aluminosilicate gels to form the first silica
material with mesopores in the templates. Since then, this new type of silica material
with mesoporous structure has attracted a lot of attention and researchers [72].
Currently, according to the definition of the International Union of Pure and Applied
Chemistry (IUPAC), ordered structures with pore sizes and pores of 2-50 nm are
defined as mesoporous materials [73]. Before the discovery of mesoporous silica
materials, the traditional silica has many shortcomings, such as irregular morphology,
small specific surface area, etc. These shortcomings make it face many difficulties in
practical applications. The emergence of mesoporous silica has changed this status quo,
its controllable regular morphology and pore structure as well as adjustable pores make
it possible to design different synthesis methods according to the different application
areas, so that it can be adjusted microscopically. In addition, its large specific surface
area makes it possible to have more surfaces involved in the actual reaction at the same
mass. Therefore, the emergence of mesoporous silica materials has set off a research
boom in various fields.

Among the mesoporous silica materials, two materials, MCM-41 and SBA-15,
were the first to be discovered and the most widely studied. The former is a mesoporous
solid synthesized by Mobil Oil in 1992 that has a high specific surface area and a
tunable pore structure. The latter is a mesoporous silica material with pore sizes ranging
from 4.6 to 30 nanometers, prepared by researchers at the University of California,
Santa Barbara, who used amphiphilic triblock copolymers to direct the organization of

polymerized silica species, in which the particles are also arranged in an ordered
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hexagonal array [74]. Their structures laid the foundation for the synthesis of many
other mesoporous materials, and since then, various mesoporous silica materials based
on the MCM-41 and SBA-15 series have been successfully reported (spheres, rods,
disks, powders, etc.). The schematic structural diagrams of SBA-15 and MCM-41 and

the morphology of their derived silica materials are shown in Figure 1.2.

SBA-15 MCM-41

Fig. 1.2 - Schematic structure of SBA-15 and MCM-41 and morphology of their

derived silica materials. SEM image source [75, 76]

MCM-41 is one of the earliest and most widely studied members of the
mesoporous silica family. It is characterized by the construction of hexagonal porous
mesoporous silica possessing a neat and orderly arrangement through templates. The
diameter of these pores ranges from 2 to 10 nanometers [77]. Such a small pore size
makes MCM-41 more suitable for the adsorption of smaller molecules such as heavy
metals, dyes and pharmaceuticals [78, 79]. Additionally the highly uniform pore space
allows the material to interact with reactive molecules in a consistent manner, thus
building efficient and predictable adsorption behavior. Another distinctive feature of

MCM-41 is the thin pore wall, which gives it a larger specific surface area [80].
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However, the thinner pore walls also reduce their stability compared to other
mesoporous materials, making them unsuitable for some extreme reaction conditions.

Synthesis route and method of MCM-41. MCM-41 is typically synthesized
using a template method in which cetyltrimethylammonium bromide (CTAB) is used
as a surfactant to form micelles in solution, which serve as a template for the
condensation of silica precursors (e.g., tetracthyl orthosilicate, TEOS). After the silica
is synthesized, the template is removed by calcination or solvent extraction, leaving a
characteristic mesoporous structure [81]. The synthesis method and structural diagram
of MCM-41 are shown in Figure 1.3. In addition, some scholars have also prepared
MCM-41 by the sol-gel method, which can precisely control the pore size and surface
properties by adjusting the pH, temperature, and surfactant concentration during the
synthesis process, making it suitable for some applications with special requirements
[82]. Besides the template method and gel method, high temperature hydrothermal
method has also been applied to synthesize MCM-41, and the MCM synthesized by
this method can provide thicker pore wall and more stable structure, which can be used
to make up for the shortcomings of its poor stability, and is favorable for industrial

applications [83].
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Fig. 1.3 - The synthesis method and structural diagram of MCM-41, and its

method of compounding with iron ions [84]
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SBA-15 (Santa Barbara Amorphous-15) was successfully prepared by

researchers at the University of California in 1998 [73]. Similar to MCM-41, SBA-15
has a large specific surface area and hexagonally arranged mesopores. However,
compared to the smaller pore size and thin pore wall structure of MCM-41, this
mesoporous silica synthesized in acidic media has larger pore sizes (ranging from 5 nm
to 30 nm) and thicker pore walls, resulting in greater structural stability and the ability
to maintain its structural integrity in more complex environments. Studies have shown
that the thicker pore walls of SBA-15 allow for greater structural stability and therefore
less structural disruption after the reaction is complete, which allows for a certain
degree of reusability, a property that greatly reduces the cost of use in industry [85]. In
addition, its structural stability gives it the ability to be applied under harsh conditions,
such as certain industrial wastewater and complex aqueous environments. Overall, the
emergence of the SBA-15 series has greatly expanded the practical application range
of mesoporous silica, enabling mesoporous silica to have the ability to work under
harsh conditions.

Synthesis route and method of SBA-15. Synthesis of SBA-15 is typically done
using a sol-gel method that uses triblock copolymers (e.g., Pluronic P123) as templates
[86]. These copolymers first form micelles in solution, and then the silica precursor
self-organizes around the micelles [87]. As with MCM-41, the silica precursor used in
the synthesis of SBA-15 is usually TEOS, but other sodium silicate precursors can be
used [88, 89]. After the silica precursor self-assembles around the micelles to form
silica, the copolymer template is removed by calcination or solvent extraction to obtain
the final mesoporous silica. The synthesis of SBA-15 can be tuned by adjusting certain
conditions (e.g., temperature, pH, and type of solvent used) of the synthetic reaction
species. Depending on the synthesis conditions, researchers can control the pore size,
pore thickness, and appearance of the material. Fig. 1.4, shows a typical SBA-15

synthesis schematic.
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Fig. 1.4 - Schematic synthesis of a typical SBA-15 [90]

Monodisperse dendritic silica nanoparticles (DMSN). The appearance of
MCM-41 and SBA-15 opened the door to mesoporous silica, and various improved
syntheses based on them have been widely reported in recent decades. For example,
Sreyashi et al. used tetrabutylammonium bromide salt as an accelerator to obtain an
unprecedented monocrystalline rod-shaped mesoporous silica MCM-41 by a simple
one-step hydrothermal method, and this prepared rod-shaped mesoporous material
exhibited a higher degree of hydrothermalization [91]. Valentina et al. on the other
hand, developed a bottom-up synthesis method to prepare flat disc-like mesoporous
silicananoparticles, known as nanodiscs (NDs), and applied them for bimodal delivery
and improved cellular uptake [92], while Abdurrahman's team, on the other hand,
utilized microspherical mesoporous silica to remove the cationic dye methylene blue
from aqueous solution [93]. However, most of the prepared mesoporous silica is easy
to agglomerate and not easy to maintain good dispersion. So people have made
improvements in the traditional mesoporous silica preparation process to explore the
greater possibilities of mesoporous silica materials. Among them, Cai's team first
reported and discovered a kind of monodisperse mesoporous silica spheres synthesized
by sol-gel soft template in 2001 [94], and then Brian et al. first used the name of
mesoporous silica (MSN) to name all the spherical mesoporous silica materials with
layered structure, and since then this nomenclature has been widely adopted by
researchers [95]. However, it has been found that this MSN material usually has only
narrow channels and pore openings, which, while enabling them to adsorb most small

molecules, does not allow them to adsorb large molecules. This limits their wide
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application in adsorption as well as in pharmaceuticals and other fields. Therefore,

there is a need to expand the pore channels as well as the mesopore size of MSNs to
extend their applications in different fields. Therefore, researchers have embarked on
a new round of improvement in the preparation of MSNs to obtain novel spherical
mesoporous silica that combines stability, wide pore space and pore channels for
different applications. In this line of thought, dendritic silica materials with three-
position hierarchical structures have been extensively studied in the last decade [94-
98]. Compared with the conventional MCM-41 and SBA-15 in which the silica
mesopores are arranged in a regular cylindrical or hexagonal shape, this new dendritic
monodisperse mesoporous silica has a three-dimensional structure, in which the
mesopores radiate outward in a radial pattern with the central core as the origin [99].
Its unique morphology is reminiscent of natural dendritic minerals and artificial
dendritic molecules, and thus the nomenclature of dendritic silica (DMSN) has been

gradually accepted (Fig. 1.5).

4

Inorganic Silica Dendrimer.”

Natural Mineral Dendrimer |

Organic Dendrimer

Fig. 1.5 - Schematic representation of natural dendritic mineral molecules as well
as artificial organic dendrimer molecules and dendritic mesoporous silica nanospheres

(DMSNSs) with unique branching structures [99]

The dendritic structure emanates from the center and is formed by interconnected
pores that expand uniformly in all directions. This dendritic structure not only increases
the specific surface area, but also facilitates the rapid diffusion of molecules into the
internal pores. This special structure makes DMSN highly efficient in the

transportation and adsorption of macromolecules in applications such as the adsorption
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of pollutants in water and drug delivery [100, 101]. The main morphological features

of this DMSN with a central pore include the following:

Open pore structure: The unique inside-out dendritic pore structure facilitates
the exposure of more reaction sites, and also allows for better diffusion and contact of
guest molecules in the environment with the reaction sites, thus improving the
efficiency of applications such as catalysis and adsorption.

Different pore size distribution: Thanks to its unique dendritic structure,
DMSN typically has pores and internal pores of different sizes and capacities, thus
providing hierarchical porosity. This stepped pore size enhances the transport and
adsorption of different molecules.

Adjustable pore size: The pore size in DMSN can be adjusted by changing the
synthesis conditions, e.g., by changing the reaction time or by changing the molar ratio
of the surfactant. Typical pore sizes in DMSN range from 2 to 30 nm in a typical
synthesis the tunability of the pores makes it more flexible for practical applications.

Biocompatibility and Stability: Similar to other silicone-based materials,
DMSN is biocompatible and non-toxic, thus avoiding secondary contamination
problems in practical applications. In addition, DMSN exhibits excellent stability
under conditions such as high temperatures and harsh chemical environments, which
1s critical for applications in extreme environments.

Synthesis of monodisperse dendritic silica (DMSN). Unlike the synthesis of
MCM-41 and SBA-15 with ordered structures, the preparation of DMSN is relatively
complex and versatile. So far, the following synthetic methods including surfactant-
assisted synthesis, microemulsification techniques and dual template methods have
been widely used depending on the characteristics in the synthesis. They are

summarized in Table. 1.2. The following are the main synthetic routes for DMSNss:
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Table 1.2 - Characteristics of mesoporous silica under different preparation

methods
Synthesis Methods Formation Mechanism Main Applications

Microemulsion-Template Microemulsion three- Nanomedicine [103],
Method [102] phase synergistic control | catalysis[104]

of core-shell growth
Biphase Stratification The reaction occurs at Pollutant degradation [106],
Method [105] the oil-water interface Adsorption [107].
Aqueous Solution No organic solvents, the | Adsorption[109], medicine [110]
Method [108] silica-derived micelles

grow orderly on the

surface

Microemulsion-Template Method

The microemulsion-template method is one of the most common methods for
synthesizing DMSN. In the synthesis process, an oil-water mixture of water, surfactant
and organic solvent is used to form microemulsion droplets, and this oil-water mixed
phase will act as a template. Then silica precursors (e.g., tetracthyl orthosilicate
(TEOS)) are added to the template, which hydrolyzes and condenses around the
template, ultimately resulting in the formation of a dendritic mesoporous structure
[111].

Biphase Stratification Method

The Biphase Stratification Method refers to a synthesis method in which the
synthesis reaction occurs at the oil-water interface. This method dissolves the silicon
source in the upper hydrophobic organic phase, and the surfactant is dispersed in the
lower water phase. During the reaction, the silicon source diffuses from the oil phase
to the water phase and undergoes hydrolysis and condensation reactions, forming an
ordered co-assembly structure with the surfactant in the lower layer. Under the
hydrophobic effect of the organic solvent, a radial dendritic mesoporous structure is
formed, and finally, a silicon nanomaterial with hierarchical porous characteristics is

generated [105].
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Aqueous Solution Method

The Aqueous Phase Synthesis Method is a method for synthesizing dendritic
mesoporous silica in a pure aqueous phase system without the need for organic
solvents. Its main mechanism is to form composite micelles through anion-assisted
templates (such as salicylate, heptafluorobutyrate, etc.) and cationic surfactant CTAB,
and then guide the silicon source to assemble and grow in an orderly manner on the
micelle surface through electrostatic action, eventually forming dendritic silica. This
method avoids the use of organic solvents, so it has advantages in greenness and ease
of operation, and is one of the most widely used synthesis strategies [112].

Surface modification of mesoporous silica and its complexes. Surface
modification or complexation of mesoporous silica becomes essential when a single
silica is not sufficient for a particular application. Typically, the modification of the
surface of mesoporous silica consists of two aspects, one is the introduction of
functional groups and organic molecules on its surface; the other approach is to use it
as a substrate for complexing with other high-performance materials to enhance its
performance in areas such as catalysis, drug delivery and adsorption of pollutants in
water.

Introduction of Functional Groups and Organic Molecules: By introducing
different functional groups on the surface of mesoporous silica, the chemical reactivity,
selective adsorption ability and targeting ability in biomedical fields can be effectively
enhanced. Common surface modification groups include amino, carboxyl, sulthydryl
and phosphate groups. These groups can interact with target molecules through
covalent bonding or electrostatic attraction to enhance the functionality of the materials
[101, 113].

Amino-functionalized: = Amino-functionalized mesoporous silica can
significantly improve its adsorption capacity for metal ions, especially for the removal
of heavy metals (e.g. copper, lead, mercury, etc.) in water pollution [114, 115]. The
amino group can be linked to the metal ions through complexation and can adsorb
heavy metal ions in water more efficiently.

Sulfhydryl Modification: Sulthydryl is a functional group that has an affinity
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for heavy metals and can form strong bonds with heavy metal ions such as mercury,
cadmium, and thallium to remove toxic metal contaminants. Roozbeh et al.
demonstrated that sulthydryl-modified mesoporous silica has a high affinity for the
heavy metal thallium ion [116].

Polymer and biomolecule modification: Mesoporous silica can also be
combined with polymers or biomolecules (e.g., DNA, antibodies) for drug delivery,
gene therapy, and biosensors. Both selective recognition and treatment of specific cells
or tissues can be achieved by modifying targeting molecules on the surface of the
material [117].

Composite high-performance materials: Given the large number of pores and
high specific surface area of mesoporous silica, as well as its excellent stability, in some
applications, mesoporous silica with this characteristic is used as a substrate for loading
high-performance materials (such as metal nanoparticles, oxides, or organic polymers)
that can be easily agglomerated, and thus can provide a stable substrate for these
reactive materials to greatly enhance their efficiency in specific reactions. The
mesoporous silica stabilized substrate can give these reactive materials a stable base,
thus greatly improving their reaction efficiency in specific reactions [118].

Metal nanoparticle composite: By introducing metal nanoparticles (e.g., gold,
silver, palladium, platinum, etc.) into mesoporous silica, highly efficient catalysts can
be formed for catalytic processes in organic chemical reactions. For example,
palladium nanoparticles loaded on mesoporous silica can be used to exhibit efficient
catalytic activity in hydrogenation reactions [119].

Magnetic nanomaterial composites: Magnetic adsorbents can be prepared by
compositing mesoporous silica with magnetic nanomaterials (e.g., zero-valent iron), a
system that is particularly suited for the rapid separation and regeneration of materials
in pollutants, both by simply removing the reacting material from the reaction system
through magnetic adsorption, thus eliminating the need for a post-reaction treatment
step. For example, Roxana's group has applied this magnetically adsorbable silica

mesoporous material to the adsorption of dyes in the water column, and after the
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adsorption reaction is complete, the magnetic adsorbent can be removed from the water
column under the influence of external magnetic forces [120].

Oxide composites: In fields such as photocatalysis, water adsorption and energy
storage, mesoporous silica is also able to be composited with zinc oxide, titanium
dioxide oxide [121, 122]. Such composites are particularly promising for
photocatalytic degradation of organic pollutants, selective adsorption and
electrochemical sensors.

Practical applications of mesoporous materials. Given the unique properties
of mesoporous silica, such as high specific surface area, tunable pore size and hole size
on demand, and chemical stability, one can find it in a variety of fields. Their ability to
encapsulate, adsorb and release molecules makes them multifunctional materials for
applications such as environmental remediation, medicine and catalysis.

Mesoporous Silica in Medicine. Currently, one of the most widely used areas of
mesoporous silica applications is in the biomedical direction. The tunable pore size,
high specific surface area and biocompatibility of mesoporous silica materials make
them ideal candidates for drug delivery, imaging and diagnostic applications. For
example, in drug delivery systems, many researchers have been working on the
application of mesoporous silica in drug delivery systems due to its ability to
encapsulate various therapeutic agents, including small molecule drugs, proteins and
nucleic acids. The porous structure of mesoporous silica gives it excellent loading
capacity for drug molecules, while the large number of functional group sites on its
surface can be specially functionalized with targeted ligands to achieve selective drug
delivery to specific tissues or cells [123, 124]. In addition, they can be designed in
synthesis to release drugs in response to specific stimuli such as pH, temperature or the
presence of enzymes, which makes them particularly suitable for the controlled release
of chemotherapeutic drugs in cancer therapy [125]. Mesoporous silica can also be used
as an imaging agent for diagnostic purposes. By equipping the MSN surface with
homing devices such as aptamers (Aps), this composite material functions as a cancer-
targeting and imaging agent, as shown by Somayeh et al. both Ap-armed MSNs can

actively deliver drugs to the target location, and at the same time, this structure can
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effectively reduce the off-target effect, thus maximizing the therapeutic effect of drugs

[126].

Application of mesoporous silica in the adsorption of water pollutants.
Mesoporous silica materials have great potential in the field of environmental
remediation, especially in the adsorption of pollutants from water bodies. This is
because they fulfill almost all the requirements of a good adsorbent, i.e.,
biocompatibility, environmental stability, high specific surface area, high loading
capacity, and possession of a large number of functional groups that can be involved in
the reaction [127]. Adsorption of pollutants on mesoporous silica is usually achieved
by physical or chemical adsorption. Therefore, the addition of specific functional
groups on the surface of mesoporous silica can significantly improve the adsorption
capacity of mesoporous silica. For example, Lu et al. investigated MCM-41 and
diaminylated MCM-41 as adsorbents for the removal of ciprofloxacin, and their results
showed that the diaminylated MCM-41 had a more efficient ability to remove
ciprofloxacin from the water column [128]. Ahmadreza's team synthesized 3-
mercaptopropyltrimethoxysilane-functionalized mesoporous fibrous silica
nanospheres by a one-pot method and tested their adsorption properties for the toxic
cationic dye crystal violet. The maximum adsorption capacity of 3-
mercaptopropyltrimethoxysilane-functionalized mesoporous fibrous silica
nanospheres reached 164.3 mg g .

The rich surface and stable structure of mesoporous silica can also provide a
stable carrier for other aqueous adsorbent materials. In order to increase the adsorption
performance of mesoporous silica materials, researchers often try to composite them
with other efficient adsorbents to increase the reactive charge strength or reactive sites.
Deng et al. prepared a silicate-hydrochar composite in 2020, in which the hydrochar
has abundant reactive functional groups but its small specific surface area and pore
volume limit its role in adsorption. In this system, the silica has rich reactive functional
groups but the small specific surface area and pore volume limit its role in adsorption,
while the silica composite with hydrochar has rich mesopores on the surface and inside

to make up for the lack of hydrochar material, this efficient hybrid silicate-
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hydrothermal carbon composite shows excellent adsorption capacity for heavy metals
Cu?" and Zn*" as well as tetracycline (TC) [129]. Li et al. on the other hand showed
interest in magnetic materials, they synthesized a magnetic mesoporous silica (NZVI-
SH-HMS) material by gel-sol and wet impregnation methods at room temperature, the
surface of this material was co-modified by thiols and nano-zero-valent iron, and
experiments showed that this material exhibited good ability to remove lead and
cadmium ions from the water. In addition, the introduction of zero-valent iron brings
about magnetic properties, so the adsorbent can be quickly separated from the solid-
liquid using a magnet after adsorption [130].

Mesoporous silica in other applications. In addition to pharmaceuticals and
adsorption, mesoporous silica materials play a role in catalysis, fuel cells and sensors
[131 - 133]. In catalysis, the high surface area and well-defined pore structure of
mesoporous silica materials provide an ideal environment for catalytic reactions to
occur. Therefore, it is widely used as a catalyst or catalyst carrier for various chemical
reactions, and one can significantly improve its catalytic activity by loading precious
metals on its surface, such as modifying Au/Pd bimetallic alloy nanoparticles on
mesoporous silica-modified gC3N4 nanosheets, which can significantly increase the
ability of photocatalytic oxidation and reduction of hexavalent chromium [134].
Mesoporous silica materials can also be used as composite membranes in the field of
fuel cells to improve the stability of the materials, for example, its composite with
phosphotungstic acid to form a new proton exchange membrane for high-temperature
fuel cells. The proton conductivity of the HPW/MCM-41 mesoporous silica inorganic
PEM is 0.018 and 0.045 S cml at 25 and 150 8C, respectively [135]. In addition,
mesoporous silica materials can be used in chemical sensors [136]. Due to their high
surface area and adjustable pore size, mesoporous silica materials can be used for the
detection of pollutants, biomolecules, or gases by adjusting their pore structure or
functionalizing their surface to selectively adsorb target molecules. Functionalized
mesoporous silica, for example, can interact specifically with the target analyte,

thereby increasing the sensitivity and selectivity of the sensor [137].
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In conclusion, mesoporous silica materials have a wide range of applications in

different fields such as pharmaceuticals, water adsorption, catalysis, fuel cells and
sensors due to their unique structural features, including extremely high specific
surface area, adjustable pore size and chemical stability. Especially in the field of
adsorption, the special morphology and adjustable pore size of mesoporous silica and
rich surface functional groups endow it with excellent adsorption capacity for
pollutants in water. In addition, its stable structure and large specific surface area allow
it to be loaded or modified with other materials such as iron, nickel and other metals to
obtain different functional groups and active sites, thus further expanding their use and
performance. Therefore, the continuous development and functionalization of
mesoporous silica (especially DMSNSs) is very necessary, and we believe that the in-
depth development and understanding of their adsorption mechanism and properties
will bring perfect solutions in the fields of water pollutant treatment, biomedicine, and

advanced energy systems someday in the future.

1.3.2 Adsorbents based on aluminosilicates raw materials

The production of sorption materials based on inexpensive natural raw materials
for use in technologies for treating a wide range of contaminated wastewater, surface,
and groundwater is based on the targeted regulation of the porous structure parameters
and molecular structure of the surface layer of sorbents during their synthesis. The goal
is to achieve optimal ion-exchange and adsorption properties with respect to inorganic
and organic toxicants.

Natural layered silicates are widely used in the production of sorption materials
for water purification from metal ions and organic substances [138 - 141]. On their
basis, composites with unique physicochemical and structural-sorption properties are
obtained [142, 143]. This is due to the adsorption and ion-exchange properties of clay
minerals, their high dispersity, and their chemical and thermal stability [144].

The availability of various methods to regulate their structure and surface

chemistry, the presence of industrial deposits, and the low cost of clays make them
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suitable for many technological processes. Based on knowledge about the crystalline
structure of clay minerals and with the use of modern physical and physicochemical
research methods, mechanisms of interaction between layered silicates and various
substances are studied. This allows researchers to find the most effective ways to
control the adsorption, catalytic, and other properties of inorganic silicate sorbents, as
well as to determine rational ways of their use.

Although natural aluminosilicates possess high dispersity and the ability to
exchange and adsorb cations, various surface modification methods are applied to
improve their structural and sorptive characteristics. These include mechanochemical,
thermal, and chemical treatments using acid, alkali, and metal salt solutions, as well as
organic and organosilicon compounds [145]. Significant attention is currently paid to
sorbents based on natural clay minerals modified with polymers. This is due to the
possibility of introducing functional groups of high-molecular compounds during
synthesis, both into the interlayer space of clays and onto the surface of the mineral.
The attached functional groups (hydroxyl, carboxyl, amino, etc.) significantly enhance
the ability of clay sorbents to adsorb heavy metals from water due to their increased
selectivity for such pollutants [146].

In [147], montmorillonite was synthesized and functionalized with 3-
aminopropyltriethoxysilane (APTES). The resulting composite showed stronger
adsorption capacity for Co?* than the original clay mineral. In another study [148], a
series of organomontmorillonites were synthesized and their efficiency towards Sr(II)
ions was studied.

A key criterion for evaluating an adsorbent is its reusability. A sorption material
was obtained by functionalizing vermiculite with hexylamine, which showed higher
efficiency for As(IIl) than the original mineral. During five consecutive adsorption-
desorption cycles, the modified vermiculite maintained high adsorption capacity,
indicating strong regeneration potential [149]. In [150], vermiculite was modified with
ethylamine to study its adsorption capacity for cesium. A material with high specific
surface area and a branched porous structure was obtained, demonstrating much greater

efficiency than the original mineral. The maximum cesium adsorption increased from
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56.92 mg/g (original mineral) to 78.17 mg/g (modified sample).

Studies have shown that doping clay minerals with metal ions or their
compounds significantly improves their adsorption properties. The incorporation of
transition metal elements into the surface or interlayer space of aluminosilicates
enhances their adsorption capacity for heavy metal ions and organic pollutants. For
example, doping clay with iron ions can improve its adsorption characteristics for
Cr(VI) and Cd(II) [151].

Using metal salts, urea, and palygorskite under hydrothermal crystallization
conditions, a layered adsorbent was obtained that was highly effective in removing
Pb**, Cu?*', and Ni*" ions from aqueous solutions [152]. Clay materials pillared with
cerium compounds are promising adsorbents. They demonstrate high efficiency in
purifying aqueous solutions contaminated with Cd**, Co**, and Cu*" ions [153].

A composite geopolymer material based on bentonite clay with embedded FesO4
magnetic nanoparticles exhibited high affinity for copper, lead, nickel, and cadmium
ions [154]. Nanocomposites based on kaolin and TiO: effectively remove Pb(II) and
Cd(II) 1ons from aqueous solution, with maximum adsorption capacities reaching 333
mg/g for Pb(II) and 250 mg/g for Cd(II) [155].

Modification of clays with organic surfactants leads to the production of hybrid
organic-inorganic composites capable of removing various organic and inorganic
pollutants from water. For example, montmorillonite modified with octadecan-betaine
can simultaneously adsorb bisphenol A and Cd** from aqueous solutions [156].

Natural and synthetic zeolites - hydrated aluminosilicates with a framework
structure - are also of great scientific interest. They feature a system of regular channels
and interconnected cavities that can hold ions, atoms, and molecules whose sizes match
the free space. Because of their rigid crystalline structure with well-defined pore sizes,
zeolites are effectively used for separating gas and liquid mixtures, purifying
substances, and as catalysts. Synthetic zeolites are produced by hydrothermal
crystallization in aqueous aluminosilicate systems (in the case of aluminosilicate
zeolites) under atmospheric or elevated pressure [157].

Hydrothermal synthesis involves the effect of high temperatures on solutions
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containing silicon and aluminum compounds. One promising source of Si and Al for
zeolite synthesis is fly ash - a byproduct of coal combustion at power plants. Fly ash
has low bulk density and thermal conductivity, and high stability in alkaline solutions
and at high temperatures. The particle size of fly ash ranges from 5 to 500 um.
Chemically, these materials are multicomponent systems containing about 90 wt % of
Si02, Al:Os, and Fe.Os [158]. In [159], zeolite synthesized from fly ash using
microwave-assisted thermonuclear and hydrothermal synthesis demonstrated high
efficiency in removing Cu?*, Zn**, Ni**, and Pb** ions from water.

New promising materials for removing heavy metals from aqueous
environments include fly ash-based geopolymers [160]. Various nano-, micro-, and
mesoporous composite materials for environmental protection have also been
developed, with fly ash used as the main source of silicon and aluminum [161].

Thus, scientific interest in the development of sorption materials based on
aluminosilicate raw materials is steadily growing. Researchers increasingly focus on
surface functionalization of clay minerals, which improves the structural-sorption
characteristics and physicochemical properties of the resulting materials. Sorbents
derived from aluminosilicate raw materials hold great promise in the field of

environmental protection due to their availability and low cost.

Conclusions to Chapter 1

The analytical review of the literature on methods for obtaining adsorption
materials based on synthetic silicas, natural and artificial aluminosilicate raw materials
was conducted. The sources of heavy metal ions and organic dyes entering water bodies
were analyzed. Special attention was paid to adsorption processes that are
economically feasible and effective for purifying water from inorganic and organic
toxicants that are in low concentrations compared to other pollutants. It was shown that
surface modification of synthesized silicas and aluminosilicates with zero-valent iron
particles, organosilicon compounds, oxides and metal oxyhydroxides leads to a

significant increase in their adsorption capacity.
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CHAPTER 2

RESEARCH OBJECTS AND METHODS

2.1 Research objects

2.1.1 Reagents, materials, experimental instruments and equipment

The reagents required for the synthesis of the materials are shown in Table 2.1.

Table 2.1 - Main reagents required for the synthesis of the materials based on

silica and aluminosilicates

Chemical reagents Molecular formula Manufacturer

Cetyltrimethylammonium bromide Ci9H42BrN MERCK, Germany

(CTAB)

Triethanolamine (TEA) CsH15NO3 MERCK, Germany

Tetraethoxysilane (TEOS) SiCsH2004 MERCK, Germany

Sodium Salicylate (NaSal) C7HsNaOs MERCK, Germany

Sodium Borohydride NaBH4 MERCK, Germany

Iron(IIl) chloride hexahydrate FeCl3-6H.0 CHEMLABORREACTIV LLC
(Ukraine)

Ethanol C:HeO CHEMLABORREACTIV LLC
(Ukraine)

Nickel Nitrate Ni(NO3z)2-6H20 | Sigma-Aldrich (USA)

Nitric Acid HNO3 Sigma-Aldrich (USA)

Sucrose Ci2H220n Sigma-Aldrich (USA)

Sodium Hydroxide NaOH CHEMLABORREACTIV LLC
(Ukraine)

Sodium Chloride NaCl CHEMLABORREACTIV LLC
(Ukraine)

Sodium alginate (CsH706Na)n CHEMLABORREACTIV LLC
(Ukraine)

Calcium chloride CaCl, CHEMLABORREACTIV LLC
(Ukraine)

Aluminum metal granulated Al CHEMLABORREACTIV LLC
(Ukraine)



https://www.sigmaaldrich.com/UA/en/substance/ironiiichloridehexahydrate2703010025771
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All chemicals used in this work were in analytic grade and used without further

purification. The materials required for the synthesis of the materials based on

commercial silica and aluminosilicates are shown in Table 2.2. The experimental

instruments and equipment are shown in Table 2.3.

Table 2.2 - Materials required for the synthesis

commercial silica and aluminosilicates

of the materials based on

Materials Description of the Manufacturer
material
Commercial High Purity | Amorphous silica (SiO2) Sigma-Aldrich (USA)
Grade Silica Gel
Saponite Aluminosilicate from the | Limited Liability Company
Tashkivske deposit | VELES (Ukraine)

(Ukraine)

Fly ash microsphere Commercial aluminosilicate | Recycling Solutions
microspheres Company (Poland)
Table 2.3 - Experimental instruments and equipment
Model or
Equipment Manufacturer
specification
Magnetic stirrer JOANLAB China
Top-drive mixer JOANLAB China
Analytical balance RADWAG AS 220.R2 Poland
Technical balance KERN EBM 1200-1 Germany
Heating drying oven MEMMETR Germany
Muffle furnace SNOL Ukraine
Centrifuge MPW-340 Poland
Thermostat TW-2.02 ELMI Latvia
Shaker 0S-20 Latvia
Peristaltic pumps G728-1-1 China
Conductometer EZDO 4805 Taiwan
Mini laboratory pump KNF LAB Germany
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2.1.2 Method for preparation of dendritic mesoporous silica nanoparticles

The dendritic mesoporous silica nanoparticles (DMSN) were synthesized by one-
plot method according to a modified method described in [100, 162, 163]. In the first
stage, 1.36 g of tricthanolamine (TEA) were dissolved in a 500 ml of distilled water.
The solution obtained should be placed in a water bath set at 80 °C with uniform stirring
for a period of 30 minutes. Subsequently, 7.6 g of cetyltrimethylammonium bromide
(CTAB) and 3.36 g of sodium salicylate (NaSal) should be added to the system, and
stirring should continue for an additional hour. Concurrently, a solution comprising 80
ml of tetracthoxysilane (TEOS) and 10 ml of ethanol should be prepared and
introduced to the mixture via peristaltic pump over a period of 30 minutes, with
constant stirring. After that, the mixture was continuously stirred for a further 90
minutes at 80 °C. Then, the solid phase is separated from the liquid phase by
centrifugation and washed three times with a mixture of water and ethanol. The
resulting precipitate is then calcined at 550 °C for a period of 6 hours. The obtained
sample is coded DMSN-1.5. The additional two samples were synthesised in a
methodology analogous to that described above, with the stirring time increased from
90 minutes to 180 minutes and 300 minutes. Accordingly, these samples are coded

DMSN-3 and DMSN-5, respectively. The general synthesis steps are shown in Fig.

2.1.
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TE-A/ P 2 / ’:1;1?05 and Ethanol solution
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L)
=] 3 S
g

[ R

DMSN-1.5,3,5 Time 1.5h, 3h, 5h Strring 3 times

Fig. 2.1 - Preparation process of DMSN materials
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2.1.3 Method for preparation of zero-valent iron supported by dendritic

mesoporous silica nanoparticles

Zero-valent iron supported by dendritic mesoporous silica nanoparticles was
synthesized according to a reported method with slight modifications [164]. The
DMSN sample was mixed with a solution of FeCl;-6H,0 of a certain concentration and
stirred for 30 minutes on a magnetic stirrer. The mass ratio of Fe’ to DMSN was 0.2:1.
The resulting suspension (pH = 2) was quantitatively transferred to a three-neck flask
and the process of reducing Fe*" ions with 0.1N sodium borohydride solution under a
nitrogen atmosphere was carried out. After that, the obtained composite (Fe?@DMSN)
was separated from the liquid phase by centrifugation and washed three times with
alcohol. The resulting precipitate was dried under vacuum at 60°C and ground to a

fraction of < 0.1 mm.

2.1.4 Method for preparation of amino-functionalized dendritic mesoporous

silica nanoparticles

The amino functionalization of the surface of the synthesized DMSN-1.5 was carried
out by post-coupling using 3-Aminopropyltriethoxysilane (APTES) in an aqueous-
alcoholic medium according to a modified procedure [165, 166]. For this purpose, a
DMSN sample was placed in a water-alcohol solution (1:3) acidified with concentrated
HCI. The mixture was transferred to a three-necked flask in a thermostat (temperature
80 °C). With constant stirring, the APTES alcohol solution was added to the system,
which was fed dropwise using a peristaltic pump for 1 hour. Fig. 2.2 shows a schematic

of the setup illustrating this process.
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gBO’C

APTES
Fig. 2.2 - Schematic diagram of the installation for amino functionalization of

DMSN surface

2.1.5 Method for preparation of silica gel modified with nickel oxide

Sorption materials were synthesized according to the modified method described
in [167]. Fig. 2.3 schematically depicts the process of sorbent synthesis.

‘ Biscuit cakes
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after grinding ° o
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Figure 2.3 - Scheme of preparation of a sorbent based on silica gel modified with

nickel oxide
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First, 2 wt. % aqueous suspension of SiO, was prepared. Then, while continuing
to stir with a magnetic stirrer, the calculated amount of Ni(NOs),-6H,O and sucrose
was added sequentially. The mass ratio of NiO to SiO, was 1:1 and 0.5:1. After
complete dissolution of the reagents, several cm® of HNO; were added and the mixture
was stirred for 30 minutes at room temperature. The next stage of synthesis consisted
of several successive stages of temperature treatment at 110 °C, 250 °C and 800 °C.
After holding at 110 °C, the samples resembled biscuit cakes in appearance. The
temperature of 800 °C corresponds to the thermolysis process in air, which was carried
out at a heating rate of 7 °C/min and holding at the maximum temperature for 3 hours.
For further studies, the fired samples were crushed and sieved to obtain a fraction <

0.315 mm.

2.1.6 Method for preparation of granular adsorption materials based on

clay minerals and biopolymers

To obtain adsorption materials, we used saponite from the Tashkivske deposit
(Sap), which is a layered aluminosilicate of the smectite group with a 2:1 structure, and
commercial sodium alginate (Alg), which is a natural polysaccharide, an anionic
polymer derived from marine brown algae. The synthesis of ferrihydrite-modified
saponite (Sap.Fh) with a mass ratio of clay mineral to Fe** equal to 1:1 was carried out
according to the method [168]. The natural aluminosilicate (Sap-Alg) and iron-
modified aluminosilicate (Sap.Fh-Alg) adsorbents were granulated according to the
method described in the literature [169]. In this case, to ensure reproducible results, it
is important to obtain a homogeneous suspension, which can be achieved by
thoroughly mixing the experimental reagents for a defined period of time. Thus, the
weight of the clay mineral or its modified form was added to a container with distilled
water and continuously stirred with a paddle stirrer for 30 minutes. Then, a certain
volume of 1.5% sodium alginate solution was gradually added to this mixture by drops
and additionally stirred for another 30 minutes (as shown in Fig. 2.4, part A). To obtain

granular adsorbents, the container with the prepared suspension was placed on the
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platform of an orbital shaker, which stirred it at a given speed so that it could be fed
dropwise into a vessel with a 0.2M CaCl, solution using a peristaltic pump. Ca*" cations
in this case act as a ““cross-linking” agent (as shown in Fig. 2.4, part B) [170]. The
formed spherical granules were left in this solution for a day and then washed with
distilled water to remove excess salts. Washing was monitored using a conductometer.
After that, the samples were dried in an oven in two stages: the first 2 hours at 80 °C

and the second 2 hours at 105 °C.

Part A: Preparation of clay mineral Part B: Granulation process
suspension with sodium alginate

=

2 \
1 / N
\ L .
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Buxa
oy

1. Suspension of clay mineral and water. 2. 1. Shaker. 2. Clay mineral suspension with

Paddle stirrer. 3. Sodium alginate solution. sodium alginate. 3. Peristaltic pumps.
4. Top-drive mixer 4. Dropper. 5. Container of calcium chloride
solution

Fig. 2.4 - Scheme of preparation of granular adsorption materials based on
clay minerals and biopolymers

2.1.7 Method for preparation of mesoporous adsorbents from coal fly ash

To obtain a mesoporous adsorbent based on fly ash, commercial aluminosilicate

microspheres were used, which had a bulk density of 0.37 g/cm® to 0.41 g/cm’, a
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specific gravity of 0.65 g/cm?® to 0.75 g/cm’, and an average grain size of 140 pm to
155 pm. Additional sources of sodium and aluminum for obtaining zeolites were a
solution of sodium aluminate (NaAlO4), which contained 150 g/dm® Na,O and 50
g/dm?® Al,0;. To obtain it, granulated metallic aluminum was dissolved in a solution of
sodium hydroxide. The synthesis of the zeolite phase on the surface of aluminosilicate
microspheres was carried out at a temperature of 90 °C for 5 hours under thermostatic
conditions with constant stirring. The ratio of solid and liquid phases was 1:50. The
obtained material after the end of the synthesis was separated from the solution by
decantation and repeatedly washed with distilled water from excess salts to a neutral
pH value of the washing water. The washing was monitored using a conductometer.

The resulting precipitate was dried at 90°C.

2.2 RESEARCH METHODS

The instrument and equipment information required for this experiment is shown

in Table 2.4.

Table 2.4 - Experimental instruments and equipment

Equipment Model or specification nfazﬁlft;g;i
Spectrophotometer UNICO UV 2100 USA
Spectrophotometer iCAP 7400 ICP-OES USA
Rotational viscometer Rheotest-2 Germany
Derivatograph Q-1000, IOM Hungary
X-ray photoelectron spectrometer PHI 5600 USA
Surface Area and Pore Size Analyzer Quantachrome NOVA-1200e | USA
Fourier transform infrared spectrometer | Bruker Vertex 70 model Germany
X-ray diffractometer XD-8 Germany
Scanning electron microscope Nova Nano SEM450 USA
Transmission electron microscope JEM-2010F Japan
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2.2.1 Methods for studying the surface morphology of the obtained

materials

Scanning electron microscopy (SEM) with energy dispersive X-ray

spectroscopy (EDS)

A Nova Nano SEM450 scanning electron microscope (Field Emission Scanning
Electron Microscope) with energy dispersive X-ray spectroscopy (EDS) produced by
FEI Company of the United States was used to scan and analyze the elements of the
material to obtain the microscopic morphology and element distribution of the
adsorbent. Before the study, a small amount of powder was applied to an adhesive
conductive substrate (carbon tape SPI 05081-AB), which was covered with a thin (30
nm) layer of conductive material (Au/Pd mixture) using a Gatan 682 PECS device, in
order to avoid local charge accumulation during the study by scanning electron
microscopy. The analysis of the obtained images was performed using Imagel
software. Point elemental analysis was performed at different points on the surface to

minimize the influence of possible surface inhomogeneities.

Transmission electron microscopy (TEM)

High-resolution TEM images were tested using a JEM-2010F transmission
electron microscope at an accelerating voltage of 200 kV to obtain high-resolution
internal structures of the materials. To carry out the study, a small amount of powdered
material was dispersed in ethanol using an ultrasonic device. Then, the suspension was
pipetted onto the test grid of the TEM device. The samples were examined after

evaporation of the solvent and drying of the sample at room temperature.
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2.2.2 Methods for determining the phase composition of samples and

surface chemistry

X-ray diffraction analysis (XRD)

The monominerality of the materials and the qualitative composition of the
modified samples obtained on its basis were controlled using X-ray diffraction analysis
(X-ray diffractometer XD-8 with two Soller slits, filtered with CuKa radiation in the
range 20 = 10 - 80°). The Match! software with an integrated international PDF-2

diffractogram database was used to interpret and decipher the results obtained.

X-ray photoelectron spectroscopy (XPS) analyses

The X-ray photoelectron spectroscopy (XPS) analyses were carried out with a
PHI 5600 spectrometer using a monochromatic Al K (alpha) source. The instrument
work function was calibrated to give a binding energy (BE) of 84 eV for the Au 417,
line of metallic gold, and the spectrometer dispersion was adjusted to give a BE of
932.6 eV for the Cu 2ps,; line of metallic copper. Survey scan analyses were carried out
with a pass energy of 93.9 eV and a step size of 0.2 eV. The charge neutralization on

the samples was adjusted to get the peak position of C 1s C-C peak at 284.8 eV.

Fourier-transform infrared spectroscopy (FTIR) analyses

The Fourier-transform infrared spectroscopy (FTIR) study was carried out in the
wavelength range 0of 4000-400 cm™ using a Fourier spectrometer Bruker Vertex 70 with
the standard method of tableting with potassium bromide (KBr). The samples under
study were thoroughly mixed with KBr powder in a mass ratio of 1:300, and the

resulting mixture was pressed into transparent tablets with a diameter of 13 mm.
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2.2.3 Methods for determining the parameters of the porous structure of

samples

Method of low-temperature nitrogen adsorption-desorption (BET)

The method of low-temperature (-196 °C) nitrogen adsorption-desorption was
used to study the surface parameters and porous structure of the synthesized samples.
The samples were degassed in a vacuum before the measurement. The data obtained
were processed using specialized software Quantachrome NovaWin version 11.04. The
specific surface area (Sger, m?/g) was calculated by the Brunauer-Emmett-Teller (BET)
multipoint method, and the external pore surface (Sex, m?/g) and micropore surface
(Smicro, M?/g) were estimated by the t-method. The total pore volume (Vy, cm®/g) was
determined by the maximum adsorbed volume of nitrogen at a relative pressure p/po~=
1 (0.99). The micropore volume (Vmicro, cm’/g) was estimated by the t-method, and

their percentage content (Vmicro, %0) Was calculated using the following formula:

= Do 10 (2.1)

Vs

VMiKpO

The average pore radius (R, nm) was calculated using the following formula:

2V, 2.2
o 2V (22)

SBET

The micropore volume was estimated by the t-plot method, and their content was
calculated using the following formula:

(2.3)

V.,
— MIKpO .100
VZ

MIKpO
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2.2.4 Methods for determining the thermal stability of the materials

Thermal and thermogravimetric analysis (DTA/TG)

Differential thermal and thermogravimetric analysis (DTA/TG) was performed

on a derivatograph in the temperature range from 20 °C to 1000 °C, with heating in air

a rate of 5 °C/min. Al,O3 was used as a comparison sample.

The study of the structural and sorption characteristics and thermal stability of

the granular materials based on biopolymers and clay minerals was carried out on

samples, the initial data for which are presented in Table 2.5.

Table 2.5 - Initial data for obtaining granular samples

*Mass ratio of _
_ Volume of the added | Mass fraction of
saponite to ) ) S
Ne Sample name _ _ sodium alginate | saponite in the
sodium alginate, _
solution Vag, cm? suspension W, %
msap/ Maig
1 Sap-Alg (6:1) 6 40 9
2 | Sap.Fh-Alg (6:1) 6 40 9

*The calculation is made on a dry basis

2.2.5 Methods for determining the rheological characteristics of the

suspensions

To study the rheological characteristics of the prepared suspensions with

different mass ratios of saponite and biopolymer, a rotational viscometer (Rheotest-2,

Germany) with a system of coaxial cylinders was used under thermostatic conditions

at 25 °C (thermostat U8, Germany). The initial data for the preparation of suspensions

are given in Table 2.6.



Table 2.6 - Initial data for the preparation of suspensions
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*Mass ratio of Volume of sodium Mass fraction of
saponite to alginate solution saponite in the
Sample name . . )
sodium alginate, added, suspension,
msap/malg Va]g, Cm3 W, %
1| Sap-Alg(16:1) 16 15 9
2| Sap-Alg (32:1) 32 15 18
3| Sap-Alg (48:1) 48 15 27

*The calculation i1s made on a dry basis

2.2.6 Methods for determining of the content of functional groups on the

surface of samples

Determination of the content of functional groups (-OH)

The method of reverse titration of benzoic acid in 0.05 N toluene with KOH
solution in the presence of bromothymol blue indicator was used to determine the total
concentration of the main centers [B] [171]. A 100 mg sample of DMSN, pre-annealed
and cooled to room temperature without exposure to moisture, was added with 10 ml
of a 0.05 N solution of benzoic acid in toluene. After 30 minutes of stirring, a 3 ml
aliquot of the sample was taken and titrated. The amount of adsorbed benzoic acid was
calculated from the difference between the amount of acid taken and the amount
determined after adsorption.

The content of amino (-NHz) groups (meq/g) was determined by the acid-base
back-titration method [173]. The weighted DMSN-NH, sample (at least 100 mg) was
immersed in 20 ml HCI (0.1 N) for 24 h, and the resulting solution was titrated with
KOH (0.1 N). The content of -NH, groups was calculated by the following Eq. 2.4:

Vic1Nucar — VkouNkown (2.4)
m

The content of NH, groups =

where: V' is the volume of acid and alkali taken for titration, ml; N is the equivalent

concentration of acid and alkali taken for titration, N; m is the mass of the sample, g.
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2.2.7 Methods for determining of the stability of the granules in the aqueous

medium

The stability of the obtained granules in the aqueous medium was determined
visually by observing the behavior of the samples shaken on a shaker for a certain time.
To do this, a sample of the granular material was placed in a 100 cm? conical flask and
filled with a solution that simulated water contaminated with Cu®" ions with a pH of
5.6-5.8 and an ionic strength of I = 0.01 on NaCl. The ratio of solid to liquid phases
was 1:500, and the concentration of Cu®" was 5 mg/dm’. The shaking time of the

obtained granules with the solution ranged from 15 minutes to 5 hours.
2.2.8 Methods for determining sorption characteristics

Adsorption of heavy metal ions in water

The adsorption capacity of the obtained samples was evaluated using model
solutions contaminated with Cu(Il) ions in the concentration range of 10-100 mg/I.
(CuS0O45H,0 purchased from Sigma Aldrich (St. Louis, MO, USA) was employed as
the source of Cu (I1)).

The ionic strength (I=0.01) was adjusted with a 1 M NaCl solution. The pH value
was adjusted with 0.1 M NaOH solution and controlled with a pH meter (ADWA
AD1020).

Experimental studies of the effect of pH on the degree of purification of model
solutions from Cu(Il) ions were carried out in the pH range from 3 to 6, which
corresponds to the range of pH values with the highest percentage of Cu?* form. The
removal efficiency (R, %) of copper (II) ions was estimated by Eq. 2.5:

(2.5)

— M. 100%
Cin

where: C;, and C,, are representing the initial and equilibrium copper concentrations

(mg/l).
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To study the kinetics of the adsorption process, the contact time of the adsorbent
with the model solution (20 mg/l) was varied in the range from 15 to 60 minutes. The
analysis of the kinetic process parameters was carried out using pseudo-first-order
(PFO) and pseudo-second-order (PSO) models, represented by Eq.2.6 and Eq.2.7,
respectively:

In(a, — a;) = lna, — kqt (2.6)

t 1t 2.7)

ar  kpai  ac

where: a. and a, (mg/g) are the adsorption capacity at equilibrium and at any time (min),
respectively; k; (min') and k; (g/mg'min) are the PFO and PSO rate constant,
respectively.

All adsorption experiments were carried out under static conditions at 20 + 2 °C
and continuous shaking of the samples (Biosan OS-20). The solid-to-liquid phase ratio
was 1:500. After the adsorption equilibrium was established, the liquid phase was
separated by centrifugation (3600 rpm), and the equilibrium concentration of copper
was determined by inductively coupled plasma atomic emission spectroscopy (Thermo
Scientific iCAP 7400 ICP-OES).

The adsorption capacity (a, mg/g) of copper ions was estimated by Eq. 2.8:

(Cin = Ceq) "V (2.8)

m

where: C;, and C,, represent the initial and equilibrium copper concentrations (mg/l),
V' is the solution volume (L), and m is the weight of the adsorbent (g).

The Langmuir (Eq. 2.9) and Freundlich (Eq. 2.10) equations were used to
describe the experimental adsorption isotherms of Cu(II) ions:

4. = amaxKLCeq (2-9)
¢ 14K, Cy

a, = KpCol" (2.10)
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where: a. (mg/g) 1s the equilibrium adsorption capacity, C,, (mg/1) denotes equilibrium
concentration, @, (mg/g) is the maximum adsorption capacity, K; (I/mg) denotes the
Langmuir equilibrium constant, and Kr ((mg/g)(I/mg)"™) and 1/n are Freundlich

constants related to the adsorption capacity and adsorption intensity, respectively [173].

Adsorption of dye in water

In a typical adsorption experiment, a fixed amount of 0.1 g of the adsorbent was
added to a series of conical flasks containing methylene blue (MB) solution and
continuously shaken at room temperature. Different variables were investigated in the
experiments, including the concentration of the MB solution, the contact time, and the
pH value, which all affect the adsorption efficiency of the material. After the adsorption
equilibrium was established, the liquid phase was separated from the solid phase by
centrifugation, and the equilibrium concentration of the dye in the aqueous phase was
determined spectrophotometrically. The optical density of the solutions was

determined on UNICO-UV 2100 spectrophotometer (USA) at A =665 nm and an

absorbing layer thickness of 1 cm. The adsorption value (a, mg/g) of methylene blue
was calculated by the formulas 2.8 — 2.10.

Conclusions to Chapter 2

The method of obtaining dendritic mesoporous silica nanoparticles (DMSN) and
sorption materials based on them is described. The surface of DMSN was modified
with zero-valent iron particles and organosilicon compounds. The method of applying
nickel oxide to the surface of commercial silica gel is presented. It is shown how
granular sorbents based on natural clay and biopolymers were obtained and how an
adsorbent was synthesized using fly ash. To study the morphology, structural and
sorption characteristics and physicochemical properties of the obtained adsorbents,
modern instrumental research methods were used, which are also presented in this

chapter.
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CHAPTER 3

SILICA-BASED MESOPOROUS MATERIALS FOR AQUEOUS POLLUTANTS
REMOVAL

3.1 Synthesis and characterization of dendritic mesoporous silica

nanoparticles

In this work, we try to search for optimal parameters for easy synthesis of
monodisperse silica microspheres with controlled structural and physicochemical
characteristics. The aim was to study the effect of synthesis time on the formation of
silica microspheres for control of their surface morphological properties. The synthesis
was conducted by alkaline hydrolysis in an aqueous/alcohol solution using structure-
directing agents, namely cetyltrimethylammonium bromide (CTAB) and sodium
salicylate (NaSal), in conjunction with an inorganic precursor, namely
tetracthoxysilane (TEOS). The synthesis time varied from 1.5 to 5 hours. The following
methods were used to study the synthesised silica microspheres: X-ray powder
diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM) and low-temperature N, adsorption/desorption method [165].

In order to investigate the impact of synthesis time on the morphology and
structural properties of the synthesised silica microspheres, a series of studies were
conducted.

The analysis of the obtained samples diffractograms (Fig. 3.1) revealed the
presence of a single, broad diffraction peak at 20 =22 °, indicative of amorphous silica

(JCPDS card No. 29-0085).
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Fig. 3.1 - XRD difftaction patterns of synthesis silica materials

The analysis of structural features using infrared spectroscopy (Fig. 3.2) revealed
that all samples exhibited a wide peak at 3433 c¢cm!, which was identified as the
antisymmetric stretching vibration peak of -OH group. The peak located at 1640 cm!
was attributed to the bending vibrations of the water molecule [174]. Nevertheless, the
intensity of these peaks is greatest for the DMSN-1.5 sample. This results from the fact
that the calcination process produces a discontinuity in the dehydroxylation process.
Once the hydrophobic surfactant molecules have been completely removed, the large
surface area is then covered by silanol species, which immediately adsorb molecular
water [174, 175]. The strong and wide band observed at 1093 cm™ is attributed to the
Si-O-Si antisymmetric stretching vibration. The peak observed at 966 cm™ is attributed
to the Si-O vibration bond of isolated Si-OH groups. The peak at 803 cm™ is identified
as the symmetric stretching vibration of the O-Si-O bond. Accordingly, the samples
contain all the wvibrational bands of Si-OH, O-Si-O and Si-O-Si, which are

characteristic of amorphous DMSN [176, 177].
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Fig. 3.2 - IR-spectra of synthesis silica materials

The morphology of silica is of critical importance in determining its properties
and potential applications. The images obtained via scanning electron microscopy (Fig.
3.3) that silica microspheres, when subjected to varying reaction times, exhibit
monodisperse spheres with a diameter of approximately 200 nm and evident pores. As
illustrated in Fig. 3.3 (a, b), the spherical silica material subjected to a reaction time of
1.5 hours shows a nanoscale edge of approximately 7 nm and distinct mesopores.
Furthermore, the high-magnification SEM image (Fig. 3.3a) reveals a substantial
internal space within the silica spheres with acute edges. The spheres are observed to
be isolated from one another, lacking any apparent bonding, which may facilitate the
creation of a larger reaction area and the occurrence of specific reactions.

As 1illustrated in Fig. 3.3 (c, d), the reaction time of 3 hours results in a
transformation of the silica spheres' edges from thin nanosheets to thicker strip-like
edges. In particular, the dimensions of these edge nanosheets increase from 7 nm to 16
nm. Nevertheless, the edge shape and growth trend can still be discerned from the high-

magnification SEM in Fig. 3.3 (c), indicating that it evolved from a thin edge. This
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indicates that with an extended reaction time, the silica material continues to expand in
the lateral direction rather than the longitudinal one. It is noteworthy that this change
occurs solely in the thickness of the edges while the overall morphology with a 200 nm

diameter 1s maintained.

(e)g 22 nm
oAl

100 nm

Fig. 3.3 - SEM images of silica microspheres (a, b — DMSN-1.5;

c, d— DMSN-3; e,f — DMSN-5)

Upon reaching a reaction time of five hours (Fig. 3.3 e), while the overall size
and morphology of the DMSN-5 material remain relatively consistent, exhibiting a
spherical form with a porous structure, the edge widths continue to thicken, reaching
up to 22 nm. At this juncture, the edges of the spherical silica are constituted entirely
of nanostrips, and the presence of sharp edges is no longer discernible. At low
magnification, as illustrated in Fig. 3.3 (f), the material begins to exhibit localized
lumping or stacking. Consequently, a portion of the material loses its monodisperse
nature, which leads us to conclude that further prolonging the reaction time is

unnecessary.
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The general principle of synthesis can be described as follows. In aqueous
systems with CTAB and NaSal, the application of salicylate anion is role of form large
pores, due to its superior micelle penetration effect. In particular, the strong
electrostatic attraction and high miscibility of NaSal and CTAB result in a highly
favourable interaction energetically. Sal” anions ultimately migrate into CTA" micelles,
with their hydrophobic portions inserted into the hydrophobic regions of the micelles.
This results in an increase in the packing parameter, which induces a structural
transition in the CTA" micelles from spherical to vesicular or lamellar, and
subsequently to central radial [178]. An increase in the reaction time from 1.5 hours to
5 hours results in a slowing of the process, although it does not reach a complete halt.

The process of wall thickening of synthesised SiO- particles affects the overall
textural parameters of the particles, including specific surface area, pore size and pore
volume. As illustrated in Fig. 3.4, all samples of SiO2 microspheres exhibited isotherms
of low temperature nitrogen adsorption/desorption belong to the type IV isotherms with
H3-type hysteresis loops according to the IUPAC classification. The nature of the
hysteresis loop allows us to ascertain that the porous structure of all samples is
constituted by spherical particles of homogeneous size, which is the same as
commercial highpurity grade silica gel [179]. This type of isotherms is typical for
materials with a mesoporous structure.

However, in comparison with the industrial silica sample, which exhibits a
relatively narrow pore size distribution concentrated around 2.5-3 nm [179], the
obtained samples (Si0-1.5; Si0,-3; Si0,-5) display a considerably wider pore size

distribution (Fig. 3.5). The pore sizes of all DMSN microspheres range from



approximately 5 to 50 nm.
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Fig. 3.4 - Isotherms of low-temperature N, adsorption/desorption of the
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Fig. 3.5 - Pore size distribution by radius of the synthesis DMSN
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The parameters of the porous structure of the investigated samples are presented
in Table 3.1. As the synthesis time is increases, the specific surface area of the samples
shows a gradual decrease of approximately 2 times. Concurrently, the total pore volume
is observed to diminish. Among the synthesised samples, the DMSN-1.5 sample is the
only one to show a microporous structure in addition to meso-structures.

Table 3.1 - Parameters of the porous structure of SiO, samples

Sample SBET, Sext, Smicro, Vs, Vmicro, Vmicro, R,
m?/g m?/g m?/g cm’/g cm’/g % nm
DMSN-1.5 504 448 56 2.067 0.017 0.8 8.2
DMSN-3 452 452 - 1.586 - - 7.02
DMSN-5 308 308 - 1.161 - - 7.5

This effect due to the continued growth of the outer edges, thickening, and
extrusion of the original pore space, that observation aligns with SEM images (Fig.
3.3).

The analysis conducted via XRD and FTIR corroborated the amorphous nature
of the synthesised Si0: and the presence of characteristic Si-OH, O-Si-O, and Si-O-Si
bands, which are indicative of amorphous silica structures. The IR-spectroscopy
analysis demonstrated that shorter synthesis times resulted in incomplete hydrolysis of
TEOS, as evidenced by the presence of free Si-OH groups in the SiO2 -1.5 sample.

Across the full range of synthesis times, the diameter of the silica microspheres
remained at approximately 200 nm. However, the edges of the nanosheets exhibited a
gradual thickening as synthesis time was extended, increasing in width from 7 nm at

1.5 hours to 22 nm at 5 hours. This edge thickening affected the overall texture of the
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samples.

All samples exhibited mesoporous structures with type IV isotherms and H3
hysteresis loops, indicative of uniform spherical particles with a wide range of pore
sizes. The S10,-1.5 sample demonstrated the highest specific surface area (504 m?/g)
and contained both mesoporous and microporous structures. With longer synthesis
times, the specific surface area decreased as a result of pore space reduction caused by
the thickening of the nanosheets.

The study revealed that a synthesis time of 1.5 hours is optimal for achieving a
high specific surface area and morphology without significant pore coalescence or edge
thickening. Prolonged synthesis times (up to 5 hours) resulted in the formation of
materials with reduced surface area, pore volume, and aggregation of individual
particles DMSN.

The results obtained show the effect of synthesis time on nanosheet thickness
and specific surface area, thereby providing insights into the optimisation of the
structural properties of silica spheres for potential applications in catalysis, adsorption,

and material science.

3.2 Adsorption removal of copper (II) from water by zero-valent iron loaded

dendritic mesoporous silica

In this work, to solve the drawbacks of the dendritic silica material's weak

inherent ability to capture heavy metal ions in the water body, as well as the difficulty
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of solid-liquid separation after adsorption, we introduced zero-valent iron as an
additional adsorption site on the surface of the dendritic silica. [100].

Scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) were used to observe the macroscopic and microscopic morphology of DMSN
and Fe?@DMSN adsorbents. Fig. 3.6 (a, b) show the SEM patterns of DMSN and
Fe?@DMSN, and we can see that the DMSN material still maintains the dendritic
morphology before and after Fe loading and the material is well dispersed with a
diameter of around 200 nm. We also observed that its monodispersed distribution and
internal mesoporous structure give it a larger specific surface area and more active sites
compared to the traditional silica material, which will play a positive role in the
adsorption capacity of the material. In Fig. 3.6 (b), the synthetic Fe® loaded on the edge
of DMSN can be observed in the form of small particles.

To further observe the microscopic morphology of Fe’@DMSN materials and
the loading state of Fe°, we performed transmission electron microscopy (TEM) tests
on Fe?@DMSN, and in the TEM patterns in Fig. 3.6(c, d), we can clearly see that Fe°
1s tightly adhered to the surface of DMSN and aggregated into clusters to a small extent,
which is due to the van der Waals forces and magnetic properties of Fe nanoparticles,
the unsupported Fe® tends to aggregate together [176]. In addition, aggregated Fe®
material is not observed in the blank area of Fig. 3.6 (c), indicating that Fe® is
successfully composited with DMSN and firmly linked together, rather than simply

stacking.



Fig. 3.6 - SEM images of DMSN (a), Fe’@DMSN (b), TEM image of

Fe’@DMSN (c) and (d), EDS mapping characterization of Fe?@DMSN (e)

86




87

To observe the elemental distribution in the composites, the elemental
distribution mapping test was carried out for Fe’?@DMSN in Fig. 3.6 (¢), and the results
of the mapping test can be observed that the elements O, Si, and Fe are uniformly
distributed in the materials, which further indicates the successful synthesis of
Fe’?@DMSN composites.

X-ray diffraction analyses of DMSN and Fe’@DMSN were carried out in Fig.

3.7.
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Fig. 3.7 - XRD images of DMSN (blue line) and Fe?@DMSN (red line).

A distinct broad peak was observed at around 260 = 24 which is typical for
amorphous silica materials. In the XRD pattern of the composite material Fe’?@DMSN,
in addition to the observed broad diffraction peaks belonging to amorphous silica, two
sharp peaks belonging to the (110) and (200) crystalline surfaces of Fe® are also
revealed at 20 =44.7 and 20 = 65.0, which is in agreement with the XRD card PDF#06-

0696 of Fe’. The above results indicate that the Fe® is well crystallized and loaded onto
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the DMSN material, and the Fe’@DMSN composite was successfully synthesized.

The surface functional group structures of DMSN and Fe?@DMSN were tested
by FTIR spectroscopy, the results of which are shown in Fig. 3.8, where both materials
show peaks at 3433, 1630, and 803, which corresponds to the -OH telescopic vibration,

Si-H,O bending vibration, and O-Si-O bending, respectively.
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Fig. 3.8 - FTIR images of DMSN (blue line) and Fe’@DMSN (red line)

In particular, after the composite Fe° the Si-OH bending vibration peak at 966
cm! disappears in the FTIR spectra of Fe?@DMSN, which may be attributed to the
chemical bonding of Si-OH on the surface of DMSN with the iron atoms on the surface
of Fe’ to form Si-O-Fe [177]. In addition, the Si-O-Si vibration of the composite is red-
shifted from 1100 to 1083 further indicating that the functional group structure of
DMSN has changed. All these results indicate that Fe® was successfully dispersed in

DMSN.
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The obtained isotherms of low-temperature nitrogen adsorption/desorption (Fig.
3.9 a) of the studied samples belong to the type IV isotherms according to the [IUPAC
classification with a hysteresis loop of type H3, which is typical for mesoporous
materials. The value of the specific surface area for the modified sample is almost half
that of the synthesized DMSN, which may be due to the fact that nZVI occupies or
partially blocks the DMSN’s pore channels. The total pore volume has a similar trend.
The distribution of pores by size (Fig. 3.9 b) shows a wide range of pore sizes in the

range of 3-50 nm.
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Fig 3.9 - Nitrogen adsorption/desorption isotherm (a) and pore radius

distribution (b) of the studied samples (1 - DMSN, 2 - Fe’@DMSN)

The parameters of the porous structure are presented in Table 3.2.

Table 3.2 - Parameters of the porous structure of the investigated samples

SBET, Sext, Smicro, VE, Vmicro, ) 0 R,

Sample m%/g M%/g M%/g cm’/g cm’/g Viiero, %0 1
1 504 448 56 2,067 0.017 0.82 8.2
2 312 251 61 0.788 0.021 2.66 5.1

In the adsorption reaction, the pH of the solution affects the functional groups of




90

the adsorbent and the solution's heavy metal ions, which in turn affects the actual
adsorption effect of the adsorbent on the heavy metal solution. In addition, since copper
ions in solution will precipitate as hydroxides under alkaline conditions, which will
affect the accuracy of the adsorption experiments, we only considered the adsorption
of copper ions by Fe?@DMSN at pH <6.

In Fig. 3.10, we tested the adsorption capacity of Fe’?@DMSN for copper ions at
different pH (3~6), and the result shows that the composite material has the best
adsorption effect when pH is equal to about 5, and the removal rate of copper ions in
solution reaches 95.5%. This is the reason for the subsequent adsorption process, the

solution pH was kept at 5.7 = 0.1.

100+

Fig 3.10 - Adsorption efficiency of Cu?*" by Fe’?@DMSN materials under

different pH.(T= 298 K, Co (Cu*") = 20 mg/L, t=1h)

To investigate the adsorption capacity of the materials, adsorption isotherms (Fig.
3.11(a)) were used to explore the interactions between the toxic heavy metals Cu?" with

DMSN and Fe’?@DMSN.
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The experimental data were tested using Langmuir and Freundlich models,
respectively. The correlation parameters of the fitting results are shown in Table 3.3.
The Langmuir model for the correlation coefficients of the two adsorbents (R?
respectively DMSN > 0.97 and FeO@DMSN> 0.96) fitted better with the experimental
data as compared to the Freundlich model. This indicates that the adsorption process
of heavy metal ions on both adsorbents is the same for homogeneous adsorption. The
results of calculating the maximum adsorption (qm) of Cu** on both adsorbent materials
based on the Langmuir model showed that the adsorption capacity of DMSN for Cu
ions was insignificant at around 0.7 mg-g"!'. However, after Fe’ modification on its
surface, the maximum adsorption of Cu?" by the composite material Fe’@DMSN

increased significantly to 39.8 mg-g™!, which is nearly 57 times higher than that of the
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adsorption of the initial DMSN material. This confirms our view that nano-Fe®, as a
newly introduced adsorption active site, significantly enhances the adsorption

properties of the DMSN substrate for Cu?".

Table 3.3 - Fitting parameters for Cu** adsorption removal isotherms for DMSN

and Fe"@DMSN
Langmuir Freundlich
Name Om KL Ks
1 1 R? 1 n R?
(mg-g”) | (L-mg™) (mg™"-L"g)
DMSN 0.702 1.754 0.969 0.567 15.73 0.963
Fe’@DMSN 39.804 12.720 0.955 33.76 11.71 0.922

The adsorption efficiency of Fe’@DMSN with Cu?" was investigated using
adsorption kinetics Fig. 3.11 (b), which showed that the composite reached equilibrium
for the adsorption of Cu®" ions at around 120 min. The kinetic data were fitted with
pseudo-first and pseudo-second-order kinetic equations. According to the calculated
constants (Table 3.4), the correlation coefficient of the pseudo-first-order kinetic model
(R%?=10.972) is higher than that of the pseudo-second-order kinetic model (R*>=0.951),
and the experimental value (qe) s close to that calculated from the pseudo-second-order
kinetic model so that the adsorption of Cu?" by Fe’@DMSN is more suitable for the

pseudo-first-order kinetic equation.
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Table 3.4 - Kinetic parameters of Cu (II) adsorption on Fe?@DMSN

Pseudo-first-order Pseudo-second-order
Name Qe K4 Qe K>
R2 RZ
(mg-g") (min™) (mg-g™) (g'mg’-min™)
Fe?@DMSN 1.700 0.0136 0.972 2.129 0.0062 0.951

In summary, in this study, Fe°@DMSN composite adsorbent was successfully
synthesized by reducing Fe®" ion solution which contained DMSN material with
sodium borohydride solution under a nitrogen environment. The material
characterization confirmed that the material possessed a solid structure and abundant
adsorption functional groups. In addition, its adsorption capacity for the toxic heavy
metal Cu?" in simulated wastewater was tested. The adsorption results showed that at
pH = 5.7 £ 0.1 and 298 K, the maximum adsorption capacity was 39.8 mg-g’!, which
was about 57 times higher than that of the base DMSN material (0.7 mg-g!), and the
kinetic process was described by a pseudo-first-order model. In addition, the adsorbed
mixture could utilize an external magnetic field to achieve solid-liquid separation. All
the results show that the Fe’@DMSN composite adsorbent is a promising adsorbent

for the treatment of Cu?*-polluted wastewater.

3.3 Adsorption removal of copper (II) from water by amino-functionalized

dendritic mesoporous silica nanoparticles

Amino groups (-NH:) are particularly effective for removing heavy metal cations

from aqueous media. Due to their lone electron pair and ability to act as Lewis bases,
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they readily form coordinate bonds with heavy metal ions (Lewis acids). In most cases,
amino silanes are used as modifiers for the grafting of amino groups onto various
substrates [180, 181].This approach can be applied to a wide range of materials,
including aerosil, silica, silica gel, clay minerals, and even biosorbents [182-184].

Dendritic mesoporous silica nanoparticles (DMSN) are particularly attractive
adsorbents due to their high specific surface area, uniform pore and particle size,
chemical stability, and excellent surface functionalization capability [185]. Their
unique dendritic-fiber morphology ensures that adsorption sites are easily accessible
from all directions, further improving their efficiency in metal ion removal.

Therefore, in this study, we successfully synthesized a dendritic silica material
with an amino-functionalized surface and applied it in the field of copper ion
adsorption in wastewater [186].

The analysis of structural features by infrared (IR) spectroscopy showed that all
the vibrational bands characteristic of amorphous silica are present in the studied
samples, namely: the vibrational Si-O bond of isolated Si-OH groups (966 cm™),
symmetrical valence vibrations (803 cm™), asymmetrical valence vibrations (1093 cm™
1 and bending vibrations (467 cm™) of the O-Si-O bond (Fig. 3.12) [187, 188].

The presence of new functional groups (-NH,) was confirmed by the appearance
of a shoulder of valence and deformation vibration bands at ~1500 cm™ [189]. In
addition, the asymmetric and symmetric stretching modes of -CH, observed in the
range of ~ 2830 - 2990 cm™! indicate the presence of APTES propyl chains [190]. The
absence of a peak in the v ~ 3000 cm™ region, which belongs to the symmetrical

stretching of the -N-H bond, may be due to the low intensity of amine groups
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originating from APTES functionalization [191].

The functionalization of the DMSN surface also transforms the peak in the v ~
3400 cm™! region from the low-frequency side and a shoulder appears in the range of ~
3200 - 3000 cm™. This peak corresponds to the asymmetric vibrations of the -OH group,
namely partially hydrated silanols (Si-OH residue) and adsorbed molecular water [192,
193]. The peak at 1640 cm™! characterizes the bending vibrations of the water molecule

[192].

DMSN-NH,
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Fig. 3.12 - IR spectra of DMSN before and after surface functionalization with

amino groups

The content of -OH groups in the initial DMSN sample was 0.16 meq/g. The
content of NH, groups in the obtained sample, determined as the average of three
titration results, was 2.03 meq/g. In the simplest case of functionalization, one hydroxyl

group on the DMSN surface reacts with one triethoxysilyl group of APTES (Fig 3.13).
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In this case, the equivalent content of amino groups in the modified sample
should be equal to the equivalent content of hydroxyl groups in the initial DMSN. That
is, 0.16 meq/g for NH, groups content. However, the content of amino groups in the
resulting sample is significantly higher, which indicates a much more complex
mechanism of DMSN modification by APTES. Such a mechanism could, for example,
involve partial condensation of APTES with simultaneous functionalization of the
DMSN surface (Fig 3.14).

The number of condensed APTES molecules (n in Scheme 3.2) in the resulting
system is likely to vary significantly. Still, the average number n can be calculated by
dividing the equivalent content of amino groups by the equivalent content of hydroxyl

groups, which is 12.68.
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Fig 3.13 - The simplest scheme of interaction of surface -OH groups with APTES
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Fig 3.14 - The proposed mechanism of surface functionalization
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Fig. 3.15 shows the DTA and TG curves for the DMSN sample before and after

surface functionalization. The DTA curves of both samples show similar endo effects
at temperatures from 40 to 110 °C, which correspond to the dehydration of the surface
of silica particles. In this range, the mass loss (TG curve) is mainly due to the removal

of physically bound water, i.e., adsorbed on the surface of the original and modified

silica particles [144, 194].
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Fig. 3.15 - DTA and TG curves for DMSN before and after surface

functionalization with amino groups

The maximum moisture removal rates differ between the original silica and the
modified APTES. For the original sample, the maximum corresponds to the endo effect
at 69 °C, and for the modified sample at higher temperatures up to 85 °C. This

difference may be due to the influence of amino groups and the possible presence of
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CO; adsorbed from the air, which shifts the maximum moisture removal rate to higher
temperatures in the DMSN-NH; sample. The period of the second mass loss, between
120-200 °C, is explained by the removal of chemically bound water.

When the temperature exceeds 200 °C, the main contribution to the mass loss is
due to the decomposition of organo-functional groups [195]. According to the literature
[196], the boiling point of APTES 1s 217 °C, so it is assumed that physically adsorbed
APTES will be completely removed from the matrix surface by 300 °C. Therefore, the
maximum at 280 °C, which is present only in the DMSN-NH, sample, probably
indicates the cleavage of the amino group in the form of ammonia or oxidation to
nitrogen. In general, primary amines are characterized by a large number of possible
reactions with the release of gaseous products [197].

In the temperature range above 450 - 500 °C, an exogenous effect is observed
when residual alkyl groups that no longer contain nitrogen are oxidized to gaseous
products (CO, CO,). The DTA curve shows that the main decomposition ends by
500 °C. This temperature is consistent with the results of an article [198], which
indicates that the C-Si bond begins to break at temperatures of 450-510 °C. The low-
temperature nitrogen adsorption/desorption isotherms (Fig. 3.16 a) of both samples
under study, according to the IUPAC classification, can be attributed to type IV with
H; hysteresis loops. This type of isotherm is characteristic of materials with a
mesoporous structure, which is confirmed by the obtained pore size distribution (Fig.

3.16 b).
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Fig. 3.16 - Isotherms of low-temperature nitrogen adsorption/desorption (a) and

pore size distribution by radius (b) DMSN and DMSN-NH,

The specific surface area of amino-functionalized DMSN (247 m?/g) is lower
than that of the original sample's (404 m?/g). This decrease is due to the introduction
of organic functional groups into the pores, which also reduces their volume.
Consequently, the total pore volume decreases from 1.534 cm?/g to 1.073 cm?/g. At the
same time, the average pore radius slightly increases from 7.6 nm to 8.7 nm, but before
and after functionalization, the local maximum is observed in almost the same range.
However, these changes in the pore structure after DMSN functionalization are
insignificant. The obtained sample retains 80% of its structural characteristics and can
be used as a potential adsorbent for the removal of heavy metal ions from aqueous
media.

For the most part, wastewater contaminated with copper ions is acidic. In this

case, the predominant form of copper is Cu®*. In addition, at pH 6, the processes of



100
precipitation of Cu(OH), from solution begin. Therefore, in this study, the effect of pH

on the copper ion removal process was investigated in the range from 3 to 6 (Fig. 3.17).

The initial DMSN practically does not exhibit adsorption capacity, with a
maximum purification efficiency at pH 6, reaches only 15%. In contrast, DMSN-NH,
demonstrates highly efficient Cu(Il) removal across the entire studied range, with a
slight decrease in the degree of purification from 99% to 87% as the pH increase from
3 to 6. The ability of a potential adsorbent to absorb copper ions in an acidic
environment is a key factor for the effective removal of Cu(II) from real water bodies,
such as concentrated copper-containing wastewater. This is because, in highly
concentrated solutions, copper complexes can precipitate at pH values below neutral
below neutral [199]. Fig. 3.18 shows the time dependence of the Cu(Il) adsorption
process. In general, the establishment of adsorption equilibrium occurs quite quickly.
Within 15 min for DMSN-NH; and 60 min for DMSN, the maximum removal of Cu(II)
from the model solutions is achieved. Table 3.5 presents the calculated parameters of

the pseudo-first and pseudo-second-order kinetic models of this process.
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Fig. 3.17 - Dependence of the degree of Cu(Il) ion removal on the pH of the

aqueous medium by DMSN and DMSN-NH, samples



101

= & ====9
DMSN
e DMSN-NH,
—— Pseudo-first order

- - - - Pseudo-second order

0 10 20 30 40 50 60
T, Min

Figure 3.18 - Kinetics of Cu(Il) adsorption on the studied samples

Table 3.5 - Coefficients of kinetic equations

Pseudo-first-order model Pseudo-second-order model
Sample Qeq, ki, Qegs ko,
R? R?
mg/g min’! mg/g g/mg-min
DMSN 0.77 0.17 0.9951 0.84 0.34 0.9992
DMSN-NH, 8.97 0.29 0.9998 9.29 0.09 0.9974

The kinetic curves are well described by both model, with (R? > 0.99). This

suggests that the adsorption process may occur via a mixed mechanism. At the initial

stages, adsorption is rapid due to a high concentration gradient, indicating physical

adsorption during the first 10 minutes. As the Cu(Il) concentration in the solution

decreases, the process rate slows down, and adsorption increasingly involves chemical

interactions, such as the formation of complexes or chemical bonds between Cu?" ions
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and active sites on the surface of the material. However, pseudokinetic models are only
general tools for presenting kinetic results. They do not provide a clear physical
description of the kinetic mechanism and do not determine which adsorption step is
more important [200]. The equilibrium adsorption behavior of Cu**ions on DMSN and
DMSN-NH; samples described by Langmuir and Freundlich adsorption models, is
shown in Fig. 3.19. The results indicate that the adsorption capacity of the synthesized
DMSN for copper ions is relatively low, reaching no more than 0.62 mg/g. For

comparison, the adsorption of Cu(Il) on commercial SiO, under similar conditions is

0.3 mg/g [179].
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Figure 3.19. Adsorption isotherms of Cu(Il) on DMSN samples before and after

surface functionalization with amino groups

When the DMSN surface is modified with amino groups, the adsorption capacity



103

increase by a factor of 50. The calculated parameters of the adsorption equations are

summarized in Table 3.6.

Table 3.6 - Coefficients of adsorption equations

Sample Langmuir model Freundlich model

Qmax Kr R? Kr n R?
DMSN 0.76 1.16 0.8517 0.56 11.7 0.8387
DMSN-NH2 37.5 0.74 0.9671 17.61 3.9 0.9667

The adsorption of Cu(Il) on DMSN and DMSN-NH, samples is well described

by both models, further confirms the combination of physical adsorption with

chemisorption in the studied copper concentration range. To further investigate the

mechanism of copper ions adsorption on the surface of amino-functionalized DMSN,

XPS analysis of the sample before and after adsorption was performed (Fig. 3.20). The

elemental composition of the initial and treated samples is shown in Table 3.7.
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Figure 3.20 - XPS of amino-functionalized DMSN before and after sorption
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The Ols maximum (about 532 eV), attributed to oxygen and surface hydroxyl

groups (Si-OH), represents the main peak of the spectrum. The Si2p and Si2s peaks

(about 100—160 eV) correspond to silicon present in the DMSN structure. The C1 peak,

at 284 eV is associated with the carbon of the aminopropyl group (-CsHe -NH> ), while

the N1 peak, at 400 eV corresponds to the nitrogen of the amino group.

The DMSN-NH; *Cu sample, with adsorbed copper ions has a characteristic

Cu2p3/2 peak at 933.6 eV. Notably, the interaction between Cu?* ions and amino

groups leads to an increase in the intensity of the O1 and N1 peaks and their partial

shift to the higher energy zone. In order to evaluate the possibility of reusing DMSN-

NH; , desorption experiments were conducted to determine its regeneration efficiency

over three cycles of copper ion adsorption/desorption.
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Table 3.7 - Elemental composition of the samples

Initial Treated
Element
Concentration, at.% Concentration, at.%

C 22.83 18.57

N 2.96 2.28

0) 49.47 51.91

Si 24.74 26.83
Cu - 041

The adsorption of copper ions was carried out under the following optimal
conditions: the solid-to-liquid phase ratio was 1:500, the interaction duration was 60
min, the concentration of the Cu(Il) model solution was 100 mg/L, the ionic strength
was 0.01, and the pH was 5.7. Copper ion desorption from the DMSN-NH, surface was
achieved using 0.1 M HCI. Before this, the spent sample was washed several times
with distilled water, followed by 60 minutes of stirring in 0.1 M HCI at a solid-to-liquid
phase ratio of 1:500. After centrifugation, the copper ion concentration in the liquid
phase was determined. The solid phase was then repeatedly washed with distilled water,
and a single wash with 0.01 M NaOH solution was performed to activate the amino
groups. Using 0.1 M HCI was found that the desorption capacity after each cycle was
10%, while the adsorption capacity of the material increased by 50%. The underlying
reasons for this phenomenon — including the potential activation of novel adsorption
centers, structural changes in DMSN, and modifications in the chemical properties of

the -NH, groups - require further investigation.
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The obtained results confirm the successful synthesis and amino-
functionalization of dendritic mesoporous silica nanoparticles (DMSN). It was
determined that the content of -NH, groups in the modified sample is significantly
higher than the content of -OH groups in the initial sample — 2.03 meq/g and 0.16
meq/g, respectively. This confirms a complex modification mechanism involving
partial condensation of APTES with simultaneous functionalization of the DMSN
surface.

At the same time, the textural parameters of the material underwent notable
changes, characterized by a decrease in specific surface area from 404 m?/g to 247 m?/g
and a reduction in total pore volume from 1.534 cm?/g to 1.073 cm?/g. Nevertheless,
the mesoporous structure remained largely intact. Structural, morphological, and
adsorption studies demonstrated that the modification of the DMSN surface with amino
groups significantly enhances the efficiency of copper (Cu?*) ion removal from
aqueous solutions. DMSN-NH, exhibited high adsorption capacity (up to 99%) even
in acidic environments, as confirmed by kinetic and isothermal adsorption models. The
results of XPS analysis indicate the formation of coordination bonds between Cu?* ions
and amino groups, suggesting a combination of physical adsorption and chemisorption.
Preliminary research on the regeneration and reuse of the material suggests that
effective reuse is feasible. However, further research is needed to study the optimal
conditions for this process in detail. The DMSN-NH, offers several advantages,
including a simple synthesis process, control over particle size and texture parameters,
and easy separation from the liquid phase. However, the material also has certain

drawbacks, such as high dispersion, which may reduce accessibility to active sites.
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Consequently, the modified DMSN-NH, are promising adsorbents for the effective

treatment of wastewater contaminated with heavy metal ions.

Conclusions to Chapter 3

Amorphous dendritic mesoporous silica was synthesized and its morphology and
structural and sorption characteristics were investigated. It was found that silica
microspheres obtained as a result of synthesis carried out at 1, 3 and 5 hours are
monodisperse spheres with a diameter of about 200 nm, the pore sizes of which are in
the range from 5 to 50 nm, and the specific surface area is 504, 452 and 308 m?/g,
respectively. It was determined that the synthesis time of 1.5 hours is optimal for
achieving the high specific surface area and morphology without significant
coalescence of pores or thickening of the edges.

The sorbent material was obtained by applying zero-valent iron particles to the
surface of dendritic mesoporous silica. It was determined that applying a modifying
layer of Fe0 particles leads to a decrease in the specific surface area almost half that of
the original silica. It is shown that the maximum adsorption capacity of the adsorbent
with respect to copper ions is 39.8 mgeg-1, which is approximately 57 times higher
than that of the starting material.

The amino-functionalized adsorbent was obtained by chemical modification of
dendritic mesoporous silica with 3-aminopropyltriethoxysilane. It was found that the
starting silica practically does not exhibit adsorption capacity for copper ions at pH 6,

and the modified one demonstrates effective removal of Cu(II) in the entire studied pH
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range. It is shown that the establishment of adsorption equilibrium occurs quite quickly.
The results of X-ray photoelectron spectroscopy indicate the formation of coordination
bonds between Cu?" ions and amino groups, which indicates a combination of physical
adsorption and chemisorption processes. Studies of the regeneration of the spent

material indicate its possible reuse.
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CHAPTER 4

MODIFIED COMMERCIAL SILICA GEL USED FOR HEAVY METAL

IONS AND ORGANIC DYES REMOVAL FROM AQUEOUS SOLUTIONS

4.1 Adsorption removal of copper (II) from water by NiO-modified silica
gel

The treatment methods of heavy metals in the water environment mainly include
adsorption, chemical precipitation, ion exchange, etc. [201, 202]. Some of these
methods are not suitable for the treatment of heavy metals in the water environment or
prohibitive due to their inability to meet water purification requirements or the high
cost of the materials. Therefore, finding an efficient and clean water purification
material with controllable cost has become the preferred goal of researchers. In recent
years, it has been found that metal oxide-based adsorbents have unique
physicochemical properties, including chemical stability, controllable morphology and
size, and abundant surface active sites. They have potential applications in the removal
of various heavy metal contaminants from water systems [203, 204]. For example, iron
oxide (FesO4), which is common among metal oxides, has been shown to be effective
in the removal of various heavy metals (including lead (Pb*") arsenic (As*') and
mercury (Hg?")) due to its magnetic properties and ease of separation from the adsorbed
wastewater.[205 — 207]. Another example includes metal oxide composites using
titanium dioxide (TiO2), which is well known for its large specific surface area and
stable properties [208, 209]. In addition, nickel oxide (NiO) stands out for its excellent

physicochemical properties, with its high specific surface area, low cost, and natural
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porosity [210 — 212], showing great potential for water treatment. These examples
highlight that metal oxide nanoparticles and their complexes possess the potential to
act as effective adsorbents for water purification.

Given these studies, we designed a silica (Si0O2)-based composite embedded with
nickel oxide (NiO) particles based on several considerations. First, it is well known
that the surface of SiO: is negatively charged in water, while the surface of NiO is
positively charged, which allows the two to bond uniformly and tightly together due to
charge attraction [213]. Silicon dioxide material serves as an excellent support
substrate, and its chemical stability and high specific surface area can provide nickel
oxide particles with a substrate bed that is stable and reactive in a variety of
environments and can control the size of NiO particles to a certain extent, as well as
enhance their dispersion and heavy metal adsorption capacity. In addition, NiO was
selected for its special affinity for heavy metal ions, and the literature shows that it still
maintains good adsorption performance in aqueous environments where a variety of
heavy metal ions are present [214]. Therefore, modification of silica surface with nickel
oxide particles can synergize the properties of the two materials, thus significantly
improving the adsorption performance and reducing the cost of adsorption.

In this study, we prepared a simple, cost-controlled silica material embedded
with nickel oxide particles and evaluated its ability to adsorb the removal of Cu?** ions
from aqueous solution by adsorption experiments (pH, Cu®" ion concentration, time).
By combining the physicochemical properties of NiO with the structural advantages of

Si10,, this study contributes to the advancement of water purification technology and
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provides a novel and effective solution to the pressing problem of heavy metal pollution
in water resources [179].

When analyzing the XRD (X-Ray Diffraction Analysis) data for the SiO>@NiO
sample (Fig. 4.1), 5 characteristic peaks were observed at 20 = 37°, 43°, 62°, 75°, and
79°, corresponding to the planes (222), (400), (440), (622), (444), respectively, and
belonging to NiO (JCPDS database card No. 89-5881). The broad peak at 20 = 22° is
characteristic of Si0; in the amorphous phase. The Si0,@0.5N10 sample has a similar

X-ray diffraction pattern, but the intensity of the main characteristic peaks is lower.
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Fig. 4.1 - Diffraction pattern of the synthesized Si0,@NiO

The obtained isotherms of low-temperature nitrogen adsorption/desorption (Fig.

4.2 a) belong to the type IV isotherms according to the IUPAC classification.
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Fig. 4.2 - Isotherms of low-temperature N, adsorption/desorption of the pure and

modified SiO; (a) and the distribution of pores by radius (b)

This type of isotherms is typical for materials with a mesoporous structure. The

nature of the hysteresis loop allows us to determine that the porous structure of all

samples is formed by spherical particles of similar size with homogeneous packing,

forming cylindrical pore channels. Also, these materials have a narrow range of

homogeneous mesopores concentrated around 2.5 — 3 nm, which is confirmed by the

distribution of pores by radius (Fig. 4.2 b). The parameters of the porous structure of

the investigated samples are presented in Table 4.1.

Table 4.1 - Parameters of the porous structure of SiO, samples before and after

Ni-modified

Sample SgeT, m%/g Vs, cm®/g Izlo\r;(:r;?il::ls
Si0; 411 0.746 2.653
Si0,@0.5NiO 256 0.387 1.830
Si0,@NiO 186 0.290 1.822

Note: Sper — specific surface area, Vs— total pore volume, dV(r) — average pore

radius (BJH)
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With an increase in the amount of the deposited NiO layer on the SiO; surface,
the value of the specific surface area decreases by 1.5-2.5 times. In addition, the total
volume of pores decreases, indicating that they are partially blocked by NiO particles
or that NiO agglomerates are formed on the pore walls.

It is well established that the initial pH of a solution affects not only the
protonation of the functional groups of adsorbents, but also the degree of ionization
and speciation of toxicants in an aqueous solution. This, in turn, affects the interactions
between the adsorbents and the adsorbate. Fig. 4.3 shows the distribution of copper ion
forms in aqueous medium depending on pH (calculated using the software "The

software Chemical Equilibrium Diagrams", Sweden).
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Fig. 4.3 - Diagram of the distribution of copper forms depending on pH of the

aqueous solution

In an acidic environment (pH<6), copper is found mainly in the form of

positively charged Cu®" ions. When the pH shifts towards an alkaline environment,
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copper is precipitated in the form of hydroxides. The dynamics of this process depends
on the concentration of copper, the presence of other anions and cations, and
temperature. Accordingly, in natural aqueous systems, copper hydroxocomplexes can
be formed in the pH range of 6.5 and higher [215]. Therefore, the effect of pH on the
adsorption of Cu (II) was studied in the pH range from 3 to 5.5 to avoid the precipitation
of copper in the form of Cu(OH), at pH > 6.

According to the results obtained, commercial SiO, shows almost no sorption
capacity for Cu (II) in the studied pH range, and the maximum sorption value is 0.2
mg/g at pH 5.5. For the modified samples, the degree of Cu?" ion removal increases
simultaneously with an increase in pH. Thus, the maximum sorption values are
observed at pH 5.5 and are equal to 0.9 mg/g and 1.7 mg/g for the S10,@0.5Ni10O and
Si0,@NiO samples, respectively. That is why all subsequent sorption experiments
were performed at pH 5.5+0.1.

The study of the influence of the contact time between the samples modified
with nickel oxide and copper ions on the sorption process showed that their removal
occurs quite quickly (Fig. 4.4).

The time for establishing sorption equilibrium in the system is 1 hour. At the
same time, within the first 15 minutes, the degree of removal for the SiO,@NiO sample
1s 51%. At the same time, the Si0,@0.5N10 sample removes only 36% of copper ions,
which is much higher than unmodified Si0,.

The analysis of the kinetics of copper ion sorption by the obtained sorbents was
carried out using pseudo-first-order and pseudo-second order kinetic models. The

calculated parameters of the kinetic models are shown in Table 4.2. The obtained data
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indicate that the kinetic dependences of Cu (II) sorption are better described by the

pseudo-second-order model, since the calculated values of sorption values (ac, ca)

coincide with the experimental data (a, .xp) and the correlation coefficient is close to 1

(R2>0.99).
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Fig. 4.4 - Kinetic curves of Cu (II) adsorption on the studied materials

Table 4.2 - Kinetic parameters of Cu (II) adsorption on Ni-modified silica gel

Parameters
Pseudo-first-order Pseudo-second-order
Sample Ae, exp,
de, cal, de, cal, kZ,
(mg/g) ki, min! | R2? R?
(mg/g) (mg/g) | g/mg min

Si0,@0,5Ni0 | 1.20 | 0.53 0.0085 ]0.554 |1.20 0.2158 0.997

S10,@N10 1.34 | 0.37 0.0192 |0.786 |1.33 0.3113 0.999
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Fig. 4.3 shows the sorption isotherms of copper ions on pure commercial SiO,

and modified samples based on it.
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Fig. 4.5 - Isotherms of adsorption of Cu (II) by the pure and modified SiO;

samples

The results obtained indicate that the sorption capacity of the original SiO; in
relation to copper 10ns is insignificant and reaches no more than 0.3 mg/g. At the same
time, after modifying its surface with nickel oxide, an increase in this indicator is
observed. Thus, for the S10,@0.5NiO sample, the increase in the maximum sorption
value is almost 5 times, and for SiO,@Ni0O, almost 10 times.

A range of materials, based on commercia silica gel and nickel oxide, was
synthesised with differing mass ratios of the components. The analysis of the textural
characteristics showed that the obtained samples retained the mesoporous structure of
the original matrix, although the average pore radius a slight decline. Furthermore, in
the series S10,> S10,@0.5Ni10 > Si0,@Ni0, the specific surface area decreased from

411 m?/g to 186 m*/g.
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4.2 Adsorption removal of methylene blue from water by NiO-modified

silica gel

Many industries, such as textile, cosmetic, paper, printing, chemical, etc., use
various synthetic dyes to dye their products. As a result, wastewater is formed, which
is a potential hazard to the environment and poses a serious threat to human health and
other living organisms [216]. Most organic dyes are toxic, have carcinogenic and
mutagenic effects on living organisms and negatively affect the photosynthesis
processes of aquatic biota [217 - 219]. Due to their limited biodegradability, organic
dyes are mainly removed from the aquatic environment. Various technologies are used
for this purpose, including ion exchange, chemical precipitation, biosorption, filtration,
reverse osmosis, and adsorption [220, 221]. Among these methods, adsorption is
widely used for the removal of dyes from water bodies due to its low cost and high
efficiency.

Among inorganic materials, silicate-based sorbents can be included in a separate
group. They are promising adsorbents for the removal of dyes due to their high
chemical and mechanical stability, low cost, availability and structure, which allows
modifying their surface by various methods to increase reactivity [222, 223]. It is
known that metal oxides exhibit adsorption and photocatalytic ability to organic
pollutants, including synthetic dyes [224 - 226]. There are also works that present the
results of effective adsorption of dyes by composite materials based on metal oxides

and silicates, including using amorphous forms of silica [227, 228].
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Therefore, the aim of this study is to obtain an adsorbent based on commercial
silica gel with a nickel oxide layer applied for the removal of the organic dye methylene
blue from aqueous solutions. Studying the morphology, structural and sorption
characteristics, and physicochemical features of the obtained materials will allow for
their targeted synthesis, which will contribute to obtaining effective materials with
unique properties [229].

Fig. 4.6 shows images of the microstructure of commercial SiO, and synthesized

samples Si10,-0.5Ni0 and Si0,-NiO.

Fig. 4.6 - Characterization of the obtained materials:

a, b — SEM images of Si0,; ¢ — SEM images of SiO,-0.5NiO;

d — SEM image of Si10,-NiO

It can be seen that the particles of the initial silica gel do not stick together and
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have an irregular shape (Fig. 4.6, a, b). After modifying its surface with nickel oxide
(S10,-0.5N10 sample), the formation of a NiO layer is observed (Fig. 4.6, c¢). The
presence of this layer is possible due to the fact that SiO. and NiO are charged
oppositely — negatively and positively, respectively, which allows nickel oxide
particles to remain on the SiO: surface due to the attraction of charges [227]. It can also
be seen that not the entire surface of the silica gel is completely covered with nickel
oxide (Fig.4.6, c, highlighted in orange), due to which both silica gel and nickel oxide
can participate in the dye adsorption process. With an increase in the amount of
deposited NiO (SiO,-NiO sample in Fig.4.6,d) it is possible to observe an almost
completely covered Si0O, surface, which indicates that further increasing the amount of
nickel oxide is no longer of practical importance.

Fig.4.7 shows the elemental analysis of the S10,-0.5 NiO sample. It can be seen
that the element Ni is evenly distributed on the surface of the material, which indicates
that nickel oxide is evenly deposited on the surface of the silica gel — silica composite

material filled with nickel oxide.

Fig. 4.7 - EDS mapping characterization of Si10,-0.5 NiO
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In addition, all three elements Si, O are also evenly distributed in the composite
sorption material, which further proves its successful synthesis.

To obtain information about the functional groups that are on the surface of the
original silica gel and what changes occur to the surface during modification, IR spectra

of the samples were obtained, which are presented in Fig.4.8.
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Fig. 4.8 - FTIR images of the obtained materials

It was found that all three materials are characterized by a weak peak at
1635 cm!, which is due to the vibrations of hydroxyl groups (H-O-H) [230]. In addition,
the peaks shown at 1093 c¢cm™ and 803 c¢m’, on the other hand, correspond to
asymmetric vibrations of Si-O-Si bonds [231]. Only in the IR spectrum of silica gel, a

silica-specific peak of Si-OH bonds at 966 cm™! is observed. For the composite samples
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S10,-0.5Ni10 and Si0,-NiO, the intensity of this peak weakens with an increase in the

amount of deposited NiO, which confirms the successful completion of the
modification [232]. In addition, the presence of a crystalline phase of nickel oxide on
the surface of silica gel is confirmed by X-ray phase analysis. For the S10,-0.5N10 and
S10,-NiO samples, characteristic peaks for NiO are observed at 26=37°, 43°, 62°, 75°
and 79°, corresponding to the (222), (400), (440), (622), (444) planes, respectively
(JCPDS database map No. 89-5881) and a broad peak at 26=22° characteristic of Si0,
in the amorphous phase [233].

Nitrogen adsorption-desorption isotherms on the original silica gel and modified
samples belong to type IV isotherms according to the IUPAC classification, which is
typical for materials with a mesoporous structure and a pore size in a narrow range,
about 2.5-3 nm. It was found that after applying a nickel oxide layer to silica gel, the
specific surface area and pore volume decrease significantly. Thus, Si0; has a specific
surface area of 411 m*/g and a total pore volume of 0.746 cm?/g. The same values for
Si0-0.5NiO and SiO,-NiO are 256 m*/g and 0.387 cm’/g and 186 m%*g and
0.290 cm?/g, respectively, which indicates that the pores are partially blocked by NiO
particles or NiO agglomerates are formed on the pore walls [233].

Fig.4.9 shows the dependences of the sorption values of methylene blue on the

time of contact with the sorption materials.
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Fig. 4.9 - Adsorption kinetics of methylene blue adsorption by the obtained
materials: 1 — Si0;; 2 — S10,-NiO (1:1); 3 — Si0,-NiO (1:0.5); 4 — pseudo-first-order;

5 — pseudo-second-order

The results indicate that at an initial dye concentration of 20 mg/dm? all the
studied materials adsorb methylene blue cations quite quickly. The equilibrium state
occurs practically within 15-30 minutes, and 1 hour is quite sufficient for adsorption
experiments. The analysis of kinetic curves was carried out using pseudo-first and
pseudo-second order kinetic models. Table 4.3 shows the calculated parameters of the
corresponding equations. The obtained data show that the correlation coefficients of all
materials have a very high correspondence to the kinetic models of both orders and are

close to 1 (R*>0.99).
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Table 4.3 - Kinetic parameters adsorption of methylene blue on the obtained

materials
Pseudo-first-order Pseudo-second-order
Sample . K> (g'mg”
ge(mgg’) | Ki(min™) R | ge(mggh) - min™) R
SiO» 9.1310 0.1338 0.999 9.394 0.0435 0.997
Si02-NiO (1:1) 9.7568 0.1796 0.999 9.940 0.0759 0.999
Sl(?z(;l\sh)o 9.9248 0.2388 0.999 9.992 0.2068 0.999

Fig.4.10 shows the adsorption isotherms of methylene blue on the original SiO,
and modified samples based on it. The results obtained indicate that the sorption
capacity of SiO, with respect to dye ions is somewhat lower than on composite sorbents.
It is found that all materials effectively adsorb dye cations from the solution at low
initial concentrations, which is due to the presence of a sufficient number of active
adsorption centers on the surface. With an increase in the dye concentration in the
solution, the surface of the sorbents gradually becomes saturated and at a certain
content of the pollutant in the solution, the sorption value no longer increases. It is
shown that the maximum adsorption capacity of silica composites after applying NiO
increases compared to the original silica, and the efficiency of Si0,-NiO (1:0.5) is

higher than Si0,-NiO (1:1).
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Fig. 4.10 - Adsorption isotherms of methylene blue by the investigated samples:

1 — S10,-Ni0 (1:0.5); 2 — Si0,-NiO (1:1); 3 — Si0,; 4 — Langmuir model;

5 - Freundlich model

The experimental data were tested using Langmuir and Freundlich models,

respectively [179].

The Langmuir model, according to the calculated correlation coefficients, better

describes the obtained isotherms than the Freundlich model (Table 4.4).

Table 4.4 - Fitting parameters for methylene blue adsorption removal isotherms

for the investigated samples

Langmuir Freundlich
Sample
gm(mgg') | K (mgh) | R Kr (mg-g") n R
Si0; 12.636 1.426 0.983 6.528 291 0.959
S10>-NIO 19.259 6.613 0.876 12.670 5.63 0.836
(1:0,5)
Sl(()lz_'ﬁlo 15.286 3.459 0.974 9.458 509 | 0.869
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This indicates that the surface of the obtained sorbents is energetically
homogeneous and in the process of methylene blue adsorption, a monolayer of
pollutant molecules is presumably formed on the surface.

Sorption materials based on commercial silica gel and nickel oxide with
different mass ratios of components were obtained. Analysis of structural and sorption
characteristics showed that the obtained samples retained the mesoporous structure of
the original matrix after applying the modifier layer. At the same time, the specific
surface area and average pore radius decreased slightly compared to the original sample.
It was found that the removal of methylene blue from the solution by the synthesized
materials occurs quite quickly, and the maximum adsorption capacity is possessed by
S10,-NiO (1:0.5). However, the issues of effective phase separation after sorption and

the possibility of regeneration of the spent material remain unresolved.

Conclusions to Chapter 4

The mesoporous adsorbent based on commercial silica gel and nickel oxide
with different mass ratios of components was obtained. It was shown that the
adsorption capacity of silica gel after modification increases almost 10 times. It was
established that the removal of methylene blue from the solution by modified silica gel
occurs quite quickly, and the maximum adsorption capacity (19.3 mg/g) is possessed

by the sample with a mass ratio of SiO, to NiO (1:0.5).
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CHAPTER 5

MATERIALS BASED ON ALUMINOSILICATES FOR ADSORPTION

REMOVAL HEAVY METAL IONS FROM AQUEOUS SOLUTIONS

5.1 Preparation of granular materials based on biopolymers and clay

minerals for adsorption removal heavy metal ions from water

Recently, much of the attention of scientists has been focused on the
development of so-called “low-cost” adsorbents based on available and inexpensive
raw materials [234 - 236]. One of the most promising directions in water purification
1s the use of natural clay minerals, which, despite their sufficiently high efficiency,
strength, chemical resistance and low cost in removing a wide range of pollutants from
water, have not been widely used due to their high dispersibility in water, which is not
conducive to their recovery [237]. In order to improve the recyclability of adsorbents
based on silicate raw materials, powdered aluminosilicates are usually granulated using
various binders, such as natural biopolymers - alginates [238]. Although the separation
of granular silicate adsorbents from the solution is significantly simplified, on the other
hand, the adsorption capacity of the particles decreases due to the reduction in specific
surface area. Therefore, the surface modification of aluminosilicates with compounds
with a high affinity for metal ions, in particular iron oxyhydroxide (ferrihydrite), has
been shown to significantly improve the efficiency of such materials [239, 240].

One of the stages in the production of granular adsorbents based on clay minerals

and sodium alginate is to obtain homogeneous suspensions with an optimal ratio of
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solid and liquid phases so that the granules are stable in the aqueous medium for a
certain time, have a particle shape as close to spherical as possible, and a size that
ensures intensive kinetic processes. An unresolved part of the scientific problem is the
study of the rheological behavior of such mixtures and the thermal stability of the
resulting granules, because if we consider the prospect of using these adsorbents on an
industrial scale, ensuring the continuity of the technological process of their production
1s quite important.

Granular adsorption materials are widely used in water treatment and water
purification technologies. lon-exchange resins [241], adsorbents based on activated
carbon [242], natural and modified zeolites [243] are well known, which are highly
effective in removing various pollutants from water. A significant number of studies in
the field of obtaining granular materials using inorganic, including silicate, raw
materials indicate a high interest of scientists in the development of adsorbents using
affordable and cheap materials, including natural biopolymers (alginates), which show
a high affinity for heavy metal ions and are biocompatible, biodegradable and safe for
living organisms. Sorption materials can be produced using only sodium alginate, but
such adsorbents have low mechanical strength and thermal stability. To avoid these
disadvantages, various fillers are added during synthesis, in particular, organic
molecules, polymers, biomass, or inorganic materials [244, 245], such as natural and
artificial silicates, metal oxyhydroxides, etc. For example, granular adsorbents based
on diatomite [246], silica modified with titanium oxide [247], artificial laponite silicate
[248], natural bentonite [250, 251], and synthesized ferrihydrite [252] have been

obtained. Given the above, it would be interesting to study the synthesis parameters,
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rheological characteristics of clay suspensions with the addition of biopolymers, and
thermal properties of granular materials based on modified layered aluminosilicates,
which will have improved physical and chemical, including sorption, properties due to
the increase of active reaction groups on their surface. Layered clay minerals, such as
saponite from the Tashkivske deposit (Ukraine), which is an environmentally friendly
mineral raw material with a wide range of applications in agriculture, chemical industry,
medicine, and environmental protection, are promising in this area.

The aim of the work is to obtain granular adsorbents based on a natural clay
mineral and a biopolymer that are stable in the water environment for water purification
from heavy metal ions. To achieve this goal, it was necessary to investigate the
rheological behavior of clay suspensions based on saponite and sodium alginate, to
obtain granular alginate-containing adsorption materials using natural and modified
saponite, and to study the structural, sorption, and thermal properties of the resulting
granules [253].

Of particular importance for the preparation of granular adsorption materials
based on clay minerals and biopolymers is the viscosity of the resulting suspensions,
which is affected by both the content of the solid phase and the amount of sodium
alginate solution added. Such mixtures must be aggregately stable for a given time and
sufficiently fluid. This ensures favorable conditions for high-quality granulation of the
samples.

The rheological behavior of suspensions based on saponite and sodium alginate
was studied by obtaining flow curves (Fig. 5.1), i.e., the dependence of shear stress (1;)

on shear rate (D) in the range up to 437 s7!.
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1 - Sap-Alg (16:1); 2 — Sap-Alg (32:1); 3 - Sap-Alg (48:1)

Fig. 5.1 - Rheological flow curves of suspensions

The rheological characteristics of the suspensions are presented in Table 5.1. The
Bingham model was used to describe them:
r,=7.+n D, (5.1)
where 1, - the shear stress, Pa; 1. — the ultimate shear stress, I1a; n* - the plastic viscosity,

Pa - s; Dr - the shear rate, ¢’

Table 5.1 - Rheological characteristics of suspensions

Low shear rates High shear rates
Ne Sample Viscosit
} name Pa . s ¥ | Interval Dy, s Bingham's equation | Interval Dr, s°!
1 (Sf‘é’fglg 6,78 0-2 1. = 20,7+0,061 -Dr 130-437
2 | Sap-Alg 12,0 0-2 T = 39,7+0,057 Dr 160-437
(32:1)
3 (Sjgfglg 15,47 0-2 1. = 45,3+0,071 -Dr 210-437
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After determining the conditions for granulation, a series of samples were
obtained, the parameters of which are presented in Table 2.6 (Chapter 2).

The study of their stability in the aqueous medium showed that they completely
disintegrated within 1 hour of shaking, which indicated an insufficient amount of added
sodium alginate in the clay suspension.

The flow curves of saponite suspensions with sodium alginate (Fig. 5.1) have a
typical appearance for clay dispersions with clearly defined hysteresis loops, indicating
the formation of thixotropic structures with a predominant mechanism of interaction
between the positively charged side surface of clay mineral particles and the negatively
charged biopolymer anion [254]. The strength of the structure of the resulting
suspensions increases with an increase in the mass ratio of saponite to sodium alginate.
This may result from a specific interaction between aluminosilicate particles and the
biopolymer, in particular, its possible adsorption by two clay mineral particles
simultaneously with the formation of bonds between them, leading to the formation of
spatial coagulation structures. In addition, the presence of a hysteresis loop in the flow
curves obtained by increasing and decreasing the shear rate is due to the low rate of
recovery of the destroyed coagulation structure of the suspension, the strength of which
significantly depends on the content of the solid phase in it [255].

In the range of low shear rates (up to 2 s™), the curves are approximated by
straight lines passing through the origin. In this case, the static shear stress (yield
strength) is zero because the suspensions are not concentrated. The dependence of the
shear stress on the shear rate is linear since in slow flow there is no or low rate of

destruction of the suspension structure and coagulation contacts between particles have
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time to recover under the influence of thermal motion. Thus, from a rheological point
of view, at low shear rates, the investigated suspensions are Newtonian fluids. Under
such conditions, they have the highest dynamic viscosity, which depends on the content
of clay mineral and sodium alginate. The analysis of flow curves in the range of average
shear rate (from 2 to 81 s!) showed that the effective viscosity of suspensions decreases
due to the fact that the destruction of the structure prevails over its recovery.

At the same time, it is also possible to orient the particles of the destroyed
structure in the flow of the dispersion medium. The dependence of the shear stress, and
thus the viscosity, on the shear rate is nonlinear. At high shear rates (interval from §1
to 437 s, under the action of high shear stress, the suspension structure is completely
destroyed, and the effective (Bingham's) viscosity is the lowest and remains practically
unchanged throughout the interval, which creates the most favorable conditions for the
implementation of the process of high-quality granulation.

Thus, the results of rheological studies indicate that these suspensions are
thixotropic, and for high-quality granulation, it is necessary to carry out their
continuous mixing with a shear rate in the range from 225 s! to 437 s’!. The necessary
conditions can be met by using an orbital shaker and setting the mixing speed of clay
dispersions to 150 rpm. At the same time, the suspensions have the necessary fluidity,
which makes it easy to pump them with a supervolute pump for continuous feeding
into the calcium chloride solution to form spherical granules.

Further studies have determined that in to obtain stable granules that do not
disintegrate during several hours of intense shaking, both based on natural saponite and

its ferrihydrite-modified form, it is necessary to have a ratio of components with a
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significantly higher content of biopolymer in relation to the clay mineral (see Table 2.5
(Chapter 2)). It should be noted that the synthesized granular adsorption materials Sap-
Alg (6:1) and Sap.Fh-Alg (6:1) proved to be quite stable in the aqueous medium since
no signs of their destruction were detected during 5 h of shaking on a shaker.

The X-ray diffraction patterns of the original saponite and its modified sample

after ferrihydrite application are shown in Fig. 5.2.

InTencuBHicTB, %
@)
[\

10 20 30 40 50 60 70 80
20, rpan.

1 - original saponite (S - saponite, K - quartz); 2 - modified saponite

Fig. 5.2 - Diffractograms of powdered saponite

X-ray diffraction data (Fig. 5.2) indicate the practical monominerality of the
initial saponite (curve 1) with diffraction peaks 20 = 6° (1.46 nm), 12° (0.72 nm), 19°
(0.45 nm), and 60° (0.15 nm) (PDF File No. 00-013-0305), which contains quartz
impurities (20 =21° (0.426 nm) and 27° (0.334 nm) (PDF File No. 01-083-2472)). The
diffraction pattern of saponite after ferrihydrite is applied to its surface shows the
appearance of an amorphous phase with weak signals characteristic of iron-containing

compounds (FeO, Fe,0s, etc.). This confirms its successful modification with synthetic
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iron oxyhydroxide.
The adsorption-desorption isotherms of nitrogen on natural and modified

saponite are shown in Fig. 5.3, and the distribution of pores by size in Fig. 5.4,

respectively.
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Fig. 5.3 - Isotherms of low-temperature  Fig. 5.4 - Distribution of pores by size

nitrogen adsorption/desorption of samples

The parameters of the porous structure of the test samples are given in Table 5.2.

Table 5.2 - Parameters of the porous structure of the tested samples

Average
Sample SSA, m%/g Vs, em’/g Vmicro, cm®/g Wmicro, % | pore radius,
1, nm
Sap 52 0,0984 0,00523 5,32 3,81
Sap-Fh(6:1) 173 0,134 0,00453 3,38 1,56
Sap.Fh-
109 0,0974 - - 1,78
Alg(6:1)

SSA — specific surface area, m*/g; Vs — total pore volume, cm*/g; Viicro — micropore

volume, cm’/g; Wyicro — micropore content, % r — average pore radius, nm
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The obtained isotherms of low-temperature nitrogen adsorption/desorption (Fig.
5.3) belong to the type IV isotherms according to the IUPAC classification, which is
typical for mesoporous materials. The hysteresis loop of type H4 indicates the presence
of micropores in the studied samples, as well as pores with a predominantly slit shape,
which is confirmed by the distribution of shapes by size (Fig. 5.4). It should be noted
that for sample 3, the desorption branch is not completely closed in the medium and
low-pressure region, which is characteristic of a microporous structure with narrow
areas in the pore channels. This phenomenon may be due to the filling of free space
with sodium alginate molecules. When a layer of amorphous ferrihydrite is applied to
the surface of saponite, the specific surface area increases by a factor of 3. At the same
time, due to an increase in the proportion of micropores from 21.5% to 42%, the total
pore volume increases. During granulation, the specific surface area decreases from
173 m*/g (for the powdered sample) to 109 m?/g (for the granulated sample) but
remains 2 times higher than that of the original mineral (Table 5.2).

Using the methods of differential thermal analysis (DTA) and thermogravimetric
analysis (TG), we studied the phase transformations and mass changes that occur in
granular samples based on clay minerals and biopolymers during heating. Fig. 5.5
shows the derivatograms of granules obtained based on natural (Sap-Alg (6:1)) and
ferrihydrite-modified saponite (Sap.Fh-Alg (6:1)). For comparison, DTA and TG
curves for the powdered clay mineral (Sap) are presented.

As can be seen from Fig. 5.5, in the temperature range from 20 °C to 170 °C,
active mass loss is observed for all samples (see curves 1 for Fig. 5.5 (a, b, ¢)), which

is due to the removal of physically adsorbed water, including its molecules that may be
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in the interlayer space of saponite [144]. This is also confirmed by the endothermic
effects in this temperature range, which can be observed in the DTA curves (see curves

2 of Fig. 5 (a, b, ©)).
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Fig. 5.5 - Derivatograms of samples
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At the same time, the results of thermogravimetric analysis (Table 5.3) indicate
a gradual increase in the mass loss of granular samples “Sap-Alg(6:1)” and “Sap. Fh -

Alg(6:1)” from 7.3% and 12.9%, respectively.

Table 5.3 - Results of differential thermal and thermogravimetric analysis of

samples
Peak temperature | Mass loss in the
Temperature Total mass
Sample of the thermal | temperature
range, °C loss, %
effect ,°C range, %
20-170 120 8,3
Sap 500 - 580 550 1,9 18,5
700 - 750 - 1,6
20-170 120 7,3
240 - 280 240 9,6
Sap-Alg(6:1) 31,0
480 - 550 480 2,1
700 - 750 720 1,5
20-170 120 12,9
220 - 280 240 44,1
Sap.Fh-Alg(6:1) 54,6
480 - 540 500 2,0
700 - 750 - -

With further heating (in the temperature range from 220 °C to 280 °C), a sharp
mass loss is observed for the Sap-Alg(6:1) and Sap.Fh-Alg(6:1) granules, which are
not observed for the natural saponite sample. This is due to the dehydration processes
that occur in sodium alginate [256] and ferrihydrite [257] at these temperatures. Thus,

for the sample Sap.Fh-Alg(6:1), the mass loss is 44.1 %, which is significantly higher
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than that for Sap-Alg(6:1) (Table 5.3). These processes are confirmed by the DTA

curves, which show end-effects in a given temperature range (Fig. 5.5, b and c, curves
2). With further heating (480 °C - 500 °C), the TG curves for all samples show a slow
mass loss, a slight acceleration of which begins at 580 °C, due to the removal of
crystallization water and dehydroxylation processes. At the same time, for the granular
samples Sap-Alg(6:1) and Sap.Fh-Alg(6:1), this process is superimposed on the
burnout of alginate [258] and phase transformations of ferrihydrite [257], respectively,
which is confirmed by the exo-effects on the DTA curves (Fig. 5.5 b, c).

Thus, the results obtained indicate that when the obtained granules are heated to
a temperature above 200 °C, mass loss occurs due to the processes that take place
during the heat treatment of both clay minerals and the burning of sodium alginate and
phase transformations of ferrihydrite. However, given the drying regime of granular
materials Sap. Fh-Alg(6:1) granular materials proposed in this work (no more than
105 °C), it can be noted that the obtained samples will exhibit high adsorption capacity
for heavy metal ions compared to the Sap-Alg(6:1) adsorbent due to the fact that under
these synthesis conditions, materials based on modified saponite will have improved
physicochemical properties due to an increase in the number of reactive groups
introduced by sodium alginate and ferrihydrite.

The rheological behavior of suspensions based on saponite and sodium alginate
with different mass ratios of components was investigated. It was found that these
systems are thixotropic and their viscosity at the introduction of the same amount of
biopolymer depends on the content of the solid phase. Based on these data, the

necessary conditions for granulation were selected and samples were obtained using
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natural and ferrihydrite-modified saponite. It was found that the stability of granules in
an aqueous medium is significantly affected by the amount of sodium alginate added
to the suspension. The structural and sorption characteristics and thermal properties of
the obtained granular adsorbents were studied and the prospects of their application in

water purification from heavy metal ions pollution were shown.

5.2 Adsorption removal of copper (II) from water by mesoporous

adsorbents from coal fly ash

Fly ashes formed at thermal power plants during coal combustion (cenospheres)
are considered by researchers as a cheap and available raw material for obtaining
artificial zeolites. Due to their unique microspherical design and chemical composition,
similar to low-modulus zeolites, energy ash cenospheres are a promising base for
producing microspherical zeolites that combine a specific zeolite structure with the
preserved spherical shape of the original cenospheres. In this work, the method of
precipitation was chosen, meaning the synthesis of a zeolite phase on the surface of
aluminosilicate microspheres. It is essential that after modification the material retains
its original spherical form. In this process the aluminosilicate microspheres act not only
as a matrix (core) for the creation of the new material but also as an additional source
of silicon and aluminum necessary for building the zeolite framework.

Fig. 5.6 shows the X-ray diffraction patterns of the initial fly ash microspheres
(FAM) and the sample with the deposited zeolite layer (z/FAM).

According to the results of the X-ray diffraction analysis (Fig. 5.6), the main
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phases of the initial microspheres (FAM) are mullite (PDF File No. 00-015-0776) and

quartz (PDF File No. 00-046-1045). As a result of interaction with a sodium aluminate
solution, a zeolite phase forms on the surface of the FAM, which is represented by
jadeite (PDF File. No. 00-022-1338). Based on calculations, the mineral composition
of z/FAM is as follows: jadeite-type zeolite — 45—-50%, mullite — 25-27%, and silicon
dioxide — up to 20%. For comparison, the FAM consists of 45% mullite and 45% silicon

dioxide, the latter including quartz and a significant amount of amorphous SiOs.

z/FAM

Intensity (a.u.)

2 theta, deg.
Fig. 5.6 — X-ray patterns of fly ash microspheres (FAM) and zeolite-modified fly

ash microspheres (z/FAM): J - jadeite, M — mullite, Q - quartz

SEM images of the initial microspheres and synthesized samples are shown in

Fig. 5.7 (a, b) and Fig. 5.7 (c, d), respectively.

Analysis of the SEM images (Fig. 5.7) allows estimation of the average particle

size of the initial cenospheres (Figs. 5.7 a and 5.7 b), which is 172.2 pum and agrees
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with literature data [259]. The fairly smooth surface structure of the FAM grains,

without significant distortions or cracks, indicates the probable absence of micropores.
The modified samples (Figs. 5.7 ¢ and 5.7 d) retain the hollow spherical structure of

the FAM and possess a secondary external zeolite layer in the form of petal-like spheres

(~2-2.5 um).

Fig. 5.7 — SEM images of the original microspheres (a, b) and synthesized

samples (c, d)

Fig. 5.8 presents EDS spectra of the original microspheres, and Table 5.4 shows
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the elemental analysis of the original and modified microspheres.
As can be seen (Fig. 5.8), the spectrum shows clear peaks corresponding to the
elements Si, Al, O, and Na. Additionally, the presence of other elements (Mg, K, Ca,

Ti, Fe, C) is recorded, confirming the quantitative elemental analysis (Table 5.4).

Spectrum 7

1 2 3 - 5 6 7 8 9
Full Scale 7515 cts Cursor: 0.000 keV

Fig. 5.8 — EDS spectra of the original microspheres

Table 5.4 — Elemental analysis of the original and modified microspheres (EDS

results)

Samples Content (wt.%)

Si Al Na | Others*

FAM 22,11 113,59 10,37 |63,93

z/FAM | 14,66 | 14,44 | 10,77 | 60,13

*Mg, K, Ca, Ti, Fe, C
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The presence of gold and palladium peaks is due to surface treatment prior to
analysis. It is worth noting that after treating FAM with sodium aluminate solution, the
Na content in the z/FAM sample significantly increased, while the Si content
decreased, with the Al content remaining nearly unchanged. This indicates that a
chemical reaction occurred between the FAM components and the alkaline sodium
aluminate solution, resulting in a zeolite phase deposited on the surface of the original
microspheres.

Nitrogen adsorption-desorption isotherms for FAM and z/FAM samples and
their pore size distributions are shown in Fig. 5.9 and 5.10, respectively. Table 5.5
provides the main porous structure parameters of the studied materials.

As a result of FAM zeolitization, the specific surface area increased more than
tenfold; the number and total volume of pores also increased. The shape of the isotherm
for the initial microspheres (Fig. 5.9 a) indicates the presence of primarily macropores

and a small number of micropores, which aligns with SEM observations.
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Fig. 5.9 — Nitrogen adsorption/desorption isotherms for original (FAM) and

modified (zZFAM) microspheres
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For the modified microspheres (Fig. 5.9 b), the isotherm displays a pronounced

hysteresis loop in the relative pressure range from 0.45 to 1, indicating a mesoporous

structure. This change in porous structure is also confirmed by Fig. 5.10. While the

FAM shows several local pore maxima below 10 nm with a small volume (Fig. 5.10

a), the z/FAM displays a wide pore size distribution starting from 2 nm with a stable

volume (Fig. 5.10 b).
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Fig. 5.10 — Pore size distribution of original (a) and modified (b) microspheres

by BJH method

Table 5.5 — Porous structure parameters of the studied materials

Materials
Parameters
FAM z/FAM
Specific surface area (Sger), m’g’! 0,4 6
External surface area, m’g’! 0,17 5
Total pore volume (Vz), cmg’! 5,415-10% 1,788-10
Volume of micropores (V,), cm’g’! 7,693-10 1,544-10*
Content of micropores (V,), % 1,75 214
Average pore radius, nm 2,615 6,489
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To determine the efficiency of the synthesized zeolite-coated sample for
removing heavy metal ions from water, the main physicochemical features of copper
ion removal from model solutions were studied.

The study of contact time between solid and liquid phases showed that copper
cation removal by z/FAM occurs quite rapidly. At an initial Cu*" concentration of 5
mg/L and a pH of 5.6, more than 85% of the contaminant is removed within 1 hour.

Fig. 5.11 shows the dependence of copper ion removal efficiency on the pH of
the water. As can be seen, with increasing pH, the adsorption capacity increases, which
is related to both the speciation of copper ions in water and the surface chemistry of
the samples. It is known that up to pH 5.8, copper exists as positively charged ions Cu**
and Cu(OH)2** [179], and the Cu?" content decreases as pH approaches 6. The study
was conducted in the pH range 3.2-5.8 to avoid copper hydroxide precipitation. For
z/FAM, the copper removal efficiency exceeds 70% already at pH ~ 3, and at pH 4 or
higher it reaches about 90% and remains stable up to pH 5.8. This indicates that the
obtained sorbent material can effectively remove metal cations in acidic and mildly

acidic environments.
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Fig. 5.11 — Influence of pH on copper ion removal efficiency (green — original
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microspheres, purple — modified)
Results of copper adsorption capacity studies of the obtained zeolite materials
are presented in Fig. 5.12. The study was conducted in the Cu** concentration range of

5-25 mg/l, pH = 5.7, and mixing time of 1 hour.

z/FAM

FAM

0 L N B A B —
0 2 4 6 8
C.., mg/dm’

eq’

Fig. 5.12 — Copper adsorption isotherms on FAM and z/FAM samples

The obtained data indicate that the deposition of a zeolite phase on FAM
increases copper sorption capacity from 4.94 mg/g to 6.53 mg/g. Thus, the research
shows that synthetic zeolites have good sorption capacities for Cu(Il) ions at low
concentration levels. The affinity of Cu(Il) ions for synthetic zeolites (z/FAM) was
significantly higher than for fly ash microspheres (FAM). Consequently, they should

be considered effective and economical sorbents for water and wastewater treatment.

Conclusions to Chapter 5

Stable in an aqueous environment, low-cost granular adsorption materials were
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obtained using saponite modified with ferrihydrite and sodium alginate. Based on the
study of the rheological properties of suspensions and thermal characteristics of
granules, the optimal conditions for their production were determined. The perspective
of their use in water purification from heavy metal ion contamination has been
established.

It was shown that using fly ash, it is possible to obtain adsorption materials for
the removal of heavy metal ions from water. It was established that the deposition of
the zeolite phase on the surface of microspheres increases their sorption capacity with
respect to copper ions from 4.94 mg/g to 6.53 mg/g, but to increase efficiency, it is

necessary to carry out a longer synthesis at a higher temperature.

The results of this chapter were published in:

1. Fomenko, O., Makovetskyi, O., Bondarieva, A., Tobilko, V., & Yu, J. (2024).
Obtaining granular adsorbents based on biopolymers and clay minerals. Bulletin of
NTUU «gor Sikorsky Kyiv Polytechnic Institute», Series «Chemical Engineering,

Ecology and Resource Saving», (3), 93-103. https://doi.org/10.20535/2617-

9741.3.2024.312425 (in Ukraine).

2. Bondarieva, A., Yu, J., Tobilko, V. (2022). Saponite based composite
materials for removal of inorganic toxicants. Abstract Book of participants of the

International research and practice conference «Nanotechnology and nanomaterials»

(NANO-2022). Lviv, Ukraine, August 25-27, 2022, P. 276.
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CONCLUSIONS

An analytical review of the literature was conducted regarding adsorption
materials used for the protection of water environments from contamination by heavy
metal ions and organic dyes. Methods for obtaining mesoporous adsorbents based on
synthetic silicates (silicas) and natural and artificial aluminosilicate materials were
analyzed, and various approaches to their chemical modification were considered.

Amorphous dendritic mesoporous silica was synthesized. The surface
morphology was studied, revealing that the silica microspheres obtained from
syntheses conducted over 1, 3, and 5 hours are monodisperse spheres with diameters
of approximately 200 nm, pore sizes ranging from 5 to 50 nm, and specific surface
areas of 504, 452, and 308 m?/g, respectively. It was determined that a synthesis
duration of 1.5 hours is optimal for achieving a high specific surface area and favorable
morphology without significant pore coalescence or edge thickening.

An adsorbing material was obtained by depositing zero-valent iron (Fe®)
particles onto the surface of the dendritic mesoporous silica. It was found that the
specific surface area of the modified sample is nearly half that of the original silica,
which may be attributed to Fe’ particles occupying or partially blocking the pore
channels. It was demonstrated that the maximum adsorption capacity of the modified
adsorbent for copper ions is 39.8 mg-g!, which is approximately 57 times higher than
that of the unmodified material.

An aminofunctionalized adsorbent was obtained by chemically modifying

dendritic mesoporous silica with 3-aminopropyltriethoxysilane. It was found that the
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content of —NH, groups in the modified sample is significantly higher than the content
of —OH groups in the unmodified material - 2.03 meq/g versus 0.16 meq/g, respectively.
It was established that the original silica exhibits virtually no adsorption capacity for
copper ions at pH 6, whereas the modified material demonstrates efficient removal of
Cu(Il) across the entire studied pH range. It was shown that adsorption equilibrium is
reached relatively quickly. X-ray photoelectron spectroscopy results indicate the
formation of coordination bonds between Cu?* ions and amino groups, which confirms
the involvement of both physisorption and chemisorption processes. Studies on the
regeneration of the spent material show that it can be reused.

An adsorbent based on commercial silica gel and nickel oxide with varying mass
ratios of the components was obtained. It was found that this material has a mesoporous
structure formed by uniformly packed spherical particles of the same size. The results
show that the adsorption capacity of silica gel increases nearly tenfold after surface
modification with nickel oxide, reaching about 3 mg/g. It was demonstrated that the
removal of methylene blue from solution by the modified silica gel occurs rapidly, with
the highest adsorption capacity (19.3 mg/g) observed for the sample with a Si02 to NiO
mass ratio of 1:0.5.

Water-stable low-cost granulated adsorbent materials were obtained using
aluminosilicate (saponite) modified with ferrihydrite and the natural biopolymer
sodium alginate. Based on the study of the rheological properties of the suspensions
and the thermal characteristics of the granules, optimal conditions for their preparation
were determined. The materials showed promising potential for use in the removal of

heavy metal ions from water.
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It was shown that adsorption materials for heavy metal ion removal from water
can also be obtained using technogenic aluminosilicate waste (fly ash). It was found
that the deposition of a zeolite phase on the surface of microspheres increases their
sorption capacity for copper ions from 4.94 mg/g to 6.53 mg/g. However, to improve

effectiveness, a longer synthesis time at a higher temperature is necessary.
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