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Hrynerds: In thiz srody, dtanium was chosen 2= the subsorate material to form composite coatings thar replace raditional
Blacroion metal sheets. Colloidal nanopartcles, wiich are heterogeneous m nature, exhibit variations In size, shape, and
::ﬂfﬂE ] composition that significandy affect their catalytic behavior.

SuI:]E.T} These variations are crurial for understanding the interactons betvween individual pardeles, as they can alter
gl s the efficiency and performance of the coating. The role of elecrrolyziz in controlling the deposition and stability
'l'l.miur-n of nanoparticies on ttanium mrfaces is slzo examined.

Plate ESulfor wastes can be recyeled into imctionally ardve products by using polyacrylamide, a floccnlatng agent
derived from indigenous polymerz. Thiz approach aims to expand the potential applicatons and improve the
performance of these materialz wnder practical conditions. Therefore, research in this area is of greatr Importance,
focusing on innovative methods for converting mulfur wastes into valnahle hioactive compounds.

This research foruses on the formation of a composite materisl bazed on polyvacryiamide and sulfur on the
surfare of 4 dtamum plate through electrolyms. The smody emploved seanning slecmon microzcopy (SEM) o
anafyze the resulting composite material The findings revealed thar the amide groups (-CONH:z] in poly-
acrviamide interact effectively with sulfor, enhancing the adhesion and smbillity of the deposited sulfor layer.
Additionally, polvacrylamide playz a critical role in stabilizing the microstroctnre of sulfur, facilicnng the
intagration =nd mmiform formation of the compesite coating. Thizs innevative spproach demonstrates the po-

tential for creating robust composite materials with promizing zpplications.

1. Introduction

In contemporary scienbific research, the explorabion of cofloadal
nanoparticles has gained sigrmificant sttenbion due to their potential to
advancs matenals and technolosizs scross varous felds. Among the
diverse phy=sieochemical methods availsble, electrolyss stands out as a
wversatile snd effective techmigue. This method 15 parteularly vehaable
for the clectrochemical recovery of iocnogenie polymers {macroions)
from solutions onto electrode surfaces of different shapes and geome-
fries. By leveraging electrolyais, it = possmble to depomt fimebonal
coatings that exhibit tatlored properties; soch as enhanced corrozsion
reziztance, mechamesl strength or chemies] stshility. Theze costings
are cruceal for mmproving the performance of matenals m demanding
environments, including biomedical | asrospace, snd mdustnal spplica-
tions (Takble 1).

The electrochemics!l spplication of polyacrvlamide-sulfor (PAM-S)
composite costnes on Gtamom surfaces has several mnnovabtive aspects
that confribute to its scientifie novelty. For exsmple, polvacrylammide
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[PALT) provides fleabihity, hydrophibeity, and excellent adhesion, whale
sulfur enhsness chermieal stebility, antrmicrobial properties, and corro-
sion regiztance. The combinstion of the polymer matoe wath sulfior
creates a synergishic effect.

The electrochemica]l synthesiz method of the slectrochemmies] for-
maton of the PAM-& composite coating iz itself novel because it alows
for simultaneons polymenzstion and sulfor addition under controllsd
conditions. Tuning of the sirface properties by adiusting the deposibion
paramebers (e g, current density, voltzge). Compared to conventional
methods, sl=cirochemical depositon provides stvong adhesion to the
titamum substrate and reduces defects. Titsmum iz widely used
biomedical immplants, serospace, and manne applicsfions.

Improving itz surface properties with a PAM-S composite costng
provides: Improved corrosion resistance, especially m aggressive snvi-
ronments. Enhanced chemical stsbibity, protecting ttenmom from
oxidizing and acidic enyironments.

The composite costng has mulople funchonal advantages,
mnchadimg: Corrosion protecbon: Sulfor acts as a barrier agsinst corrosive
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Table 1

Miolecular mase characterizties of polyacrylamide samples:
Eampl= [Midi'y K«x10%ds a M x 105 fhimm  Form
PAs 145 631 =1n} 3.361 372 152
aPAA (1515 148 6.15 o0LE2 3.675 511 08
2P AA CI0HEE 175 &45 B3 3754 500 2440

agenis, while PAM provides & hydrophilic shield that hoots water
ponetrabon

The electrochemmeal process iz environmentally friendhy compared to
tradittonal chemical depomtion methods, which often require toxc
sobvents or generste hazerdous weste. The uss of water-soluble poly-
acrylamide end sulfur iz consistent with zustzinsble practess and re-
duces the emaronmental footprmt.

The electrochemical method allows for the cresfion of custormzed
coatings through modificetion. This research combines polymer scienee
and electrochemistry, providing in=ight into how polymers and mor-
ganic materials can be slectrochemically deposited together.

Tz helps to understand the mechamsms of composte formaton
and their effects on surface properties, paving the way for further in-
novations in hmetional coatings. In conclusion, the soentific novelty of
electrochemmicsl polvacrvlamide-sulfur composite coatings hes in their
bhybrid functionshty, advanced deposiion method, and potential to
improve the performance of dtamum n demanding environments.

Thiz mmovshve spprosch opens up new possibihities for durable,
corrosion-resistant, snd multhimetional coatmgs’ m mdustnal and
bromedics]l applications.

A eritical application of this spproech mvolves the nze of macroions
az regenersbive miatensls for medicsl implant=. In such cases, the
biocompatibihity, bioactivaty, and zafety of the resnliimg costmps are of
great importance. Thess properties ensure that the coatings are smtable
for integration with biclogical systems, melang them zafe and effective
for mediesl vse. Besearchers workimg m this field heve developed
Vanous Inmovstive sirategmies to enhanee these properties. some of which
are outlined below.

Thiz study emphasizes the role of eleciroly=is in the development of
advanced hiomsterials, showeasing itz potential for producmg ceatings
with tatlorsd properties for medical snd other high-value appheations
[(Wangetzl , 2022). In thisstudy, Otanmim was chosen mstead of a metsl
plate

In thiz study, ttanium was chosen as the substrsbe matensl for the
formation of composite coatings, replacme traditional metal plates
Colloadal nanopariticles, which ars mhberently heterogeneous, exhibat
wvariahons n size, shepe, and compozibon that stgmificantly influence
thew catalybic behaviar. These vanztons are crueial to understanding
how mdividual particles mteract within a catalytic system, sz they can
alter the effectiveness and efficency of the coating. The study explores
bow these parbicle-to-particle differences mmpact the oversll perfor-
mance of the coatings, partecolarly m estzlyiie processes. The role of
electrolyzis 1n controlling the deposition and stability of nanoparbcles
on Btanium sarfaces 1= slso exsmined, with a focus on optomizing the
catalyfic properiies of the finsl componte material The findingz aim to
enhanes our understending of colloidal nanopartele behavior 1o prac-
tical spplications, such as catalyzis and matenial enmneenng (Song ctal
2024} behavior will be enticel to realizing more stable, selectve, and
efficient catalvst systems_ bot it remains diffienlt to generste this un-
derstanding usng convenbonal characterization technigoes.

A number of tergeted scentific sbodies and it hes been shown Ik iz
possible m principle to use the electrolysiz method to creste & mmero-
sized coating on the dental surfaee of btamum due to the presence of
an implant based on chitozan biopeolymer dus to the prezsence of an
amine (NH2 ) group in the elementsry units, itz action iz activated under
the influence of an elecinc feld as a polyelectrolyte during electrolyzs
(Fhramenbovs et a1 | 2023). Stroctural polymer compasite (Yosn ot =l
20277 ¥ 15 t 2l 2024} materizlz (PCME) are tsed in various

[X]
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indusiries: mirersft, rocket, shipbmlding, automotive and electnes] m-
dustry, constroction, sports mdustry, chermueal and specis]l engimesring,
medicme, ctc. Eey studies o this field mamly use vanous kands of
maodificstions of larse micromechanical models, created at one time for
the descripbon of polymer composites properfies m general {Venkatram

According to the scentific date presented m the scientfic srucles of
Seott O. Hopkins and others he prezence of sufficient achwve groups for
polvacrylarmde to behave well under the mfluenee of =20 electric field a=
a macroion, 1= polvacrvlammds, n-PAM, formed by n scrylamde
monomers [-CHzCHICONHz)-] (Dan =t =t 2024} The polvmer back-
bone contains two carbon stoms, one of which iz conmectad to an amide
group [Mardoncich 1, 2021) (NHz] — G=0 All the resulbimg
polymers are syndictacte, with amide groups sltematmg on both sides
of the chain.

Zheng, H- et al The synthesiz of amonie polvacrylamide and zome of
e propertes are presented o seientifie articles (Zhenz =t =1 2013)
Yongzhi Lou et al reported resultz on the photocatalvtic synthesis of
cationic polyecrylamide snd evaluation of itz surface flocculation and
dewatermg (Lau =t 2l | 201 8).

Homogeneous polymerization mcludes polvmerization processes in
zolvents in which both the monomer and the polymer are soluble. The
number of such solvents for polyaorvlamade (PAA) (Vilovkow et 2l
2019} 1z zmalls water, formamide, acetic and formie acids, dimethyl
sulforade (DMSO) (Cazh =t 2l | 2022} a2 well a5 zome water-organic
mixtares. In additiom, PAA has homied solubihity m dimethylforma-
mide {DMF) (Eom and Fim, 2071 4), ethvlene glyeol, and glycerol Poly-
methecrylammde (PAMAAY ks much lesz soluble than PA4 N N-dimethyi-
and N N-disthyvlacrvlarmde polymers are zoluble in waber and insoluble
1 hydrocarbons (BEckert and Abetz  2020). Poly-N N-dicthylacrylarmde
15 zoluble m acctons. Polvmerz with longer alkyl substtuentz on the
nitrogen stom are less soluble in waker but more soluble iIn orgamie
zolvents (Lewoezhko et al, 2021). Poly-N-methyl- &nd poh~N-n-
butvimethacrylamide are readily zoloble m DMF, polvmer W-[2-zthyi-
hexrll-methacrvlamide-toluene (Park ot 2l 2017). Acrylic and meth-
scrylhic polymers dissolve m concentrated soluhons of hydrochlone acid
(Lietsl 3024}

High molecular weight polyvacrylanmdes are alse highly effectve and
are widely used az flocculants, thickeners, structure and film formers_ In
medicine, as tampons, pampers, napkms, superabsorbent= for wound
dressings, az a film-formmng sgent for controlling the prolonged efect of
pharmacentcs] drugs, as hydrogels (L= 20217 for ophthalmo-
logical cordact lensez (Franco snd De Mareo, 2021 ). In agriculhore, they
are used as supersorbents for soil reshapine, formme a et flme for
seeds, ferolizers, insecticides, herbicides and Amgiedes (Duke et =l
2023).

Crystalline (densty 2,07 kg/dm’) (Fholodovyeh o 2l | 2007) which
1z referred to as E-modificsbion of sulfur, pale yellow rhomboid {Thens
et al | 2021 Weell parameters: 8 =1.04646, b= 128660, ¢ =2 4486 mm}
15 stable at temperatiares up to 9838 “C under normeal condibions. When
the temperature exeeeds 85,38 °C, | —modification monoclime solfur
{Len =t al | 2017 Yeell parameters: a = 1. 000, b = 1.006, ¢ = 1.102 nm}
ervetal (density 1.96 kg/dm) becomes stable (Fiao =t 2l 20247

Hifl, C. R, et sl {Hill et =, 2023]), scientific findings cited in Hhe
sciemtific article indicate that distery requrements for sulfur are mainly
sulfur-contsming aming acids to meet the demand for the synthesiz of
proteins, encvmes, cosnTvmies, wvitsmmine, snd hormones. (SAA) i@
caleulated based on the requirements for cystene and methionms. SAA
iz sbundant i srmims] sourees and relatively loww in plant sourees. While
glucosmolstes are predommantly found m Braszica vegetables (g,
broceoli, cabbage, and ksle’}, Album vegstables (e.g; garlie, onions, and
lesks) contzin & different clasz of sulfur-contsmng compounds, pre-
marily cysteine sulforddes. Both tvpes of sulfir compounds contribute
mgmficantly to the health benefits and defenze mechamsms of these
plants; but they are dishnet o their struchwe and effects (Wskos =t 5l

L= - | I

ng ot &l
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2020). Therefore, sodmm produced and obtaimed on the basis of our
soientific research doss not canse any harm to plants and natore:

Dordevic D and others in their soenbific article also gave conchusions
about which compounds sulfir has & positive effect on, that 1=, slfur (5)
[Dordevic =t =l 2023) 1= an omportant element and necessary for all
bving organism=. It 1= a part of biocrganic compounds; for sxample,
proteins (in the form of combined amimo acids, for exampls, cysteine
and methionine], =nbbiotiez and sntinderobizl compounds (for
example sulfonsmides, allicin). F. Kb Ursksev et &l (Uralos=v and Bal-
dyrev, 2000). menboned the mechanochermeal synihesiz of colloadal
sulfir particles.

In fect sulfir occurs in nature together with = number of elements
[M=yer, 1975) (Fig. la) and mskes up 0.05 % of the esrth’™s cost
Currently, naboral sulfur deposits exst in Ikaly, the USA Japan, Mexico,
and Central Asia (Rockmmack =t 2l 1979), and sulfur 2= extracted from
them by melting, and it 13 recommendead for use in the form of granmles
(Fiz. 1 b) or powdar [Fig. 1

Today, about half of the sulfor raw materials prodoced m the world iz
sulfuric amd (Torrent-Soucarrat et al | 201 2) (Ho504), 25 % 15 obimined
from sulfites, 10-15 % 1= from agrscultoral erops {mamnly copper zulfate
for vines and cotton CuS0y SH-O) 1= used mn the fight agamst hermil
mmects, 10 % i3 uzed n vulesnization i the rubber mdustry. Also, sulfur
paint= and pisments, explosives (Burondo =t =l 2022} {sunpowder),
zynthetie fibers, hmminephors, matehesz, cil, medicines are produced.

2. Research Methodolozy

Electrochemicsl formstion of polyserylamide-sulfur  composite
cosbng: on Gtsniom surfaces 1= proposed @z a novel spprosch to
mmprove surface properties. This method providez a controllable and
scalable solution to improve the durability and performance of titanium
m a varety of spplications.

The electrolyziz method 1= a2 key procesz for the formsbon of
polyacrylamide-sulfor (PAM-S) compozsite coatings. It myvolves applving
an electncal current to dave the simultansous polymenzation of poly-
acrylamide and deposition of sulfir onto the Hitsmum surface.

Electrolyziz method, Electrolvsiz is a chemics] process in which an
clectne current passes through an electrolyte — either in a heated dilute
state or 3z 3 zolubon in water — cansmg coddastion—reduction (redox)
reactions at the electrodes. 'Thez leads to the decomposihon of the
electrolvte and the rele=ase or deposition of substances at the elsctrodes
[(Yang et al | 2021). I 13- known that any electrolyie solution conssts of
cations and smions. Cabions and anions meve rregolarly m solubon IF
positive and negative electrodes (anode and cathode) (Luo et sl | 3023)
are placed in such a solution, the movement of 1ons I the solution will
follow & certain pattern: amons will move towards the anodes, cabions
will move towards the csthpde Cations go to the cathode and t=ke
electrons from 1k, and amons, on the confrary, give excess elechrons to
the anods; reduction ocowrs at the eathode and coodation oecurs at the
anode.

In the resctions talang place st the cathode, the energy of hydration
of the cabion wath water molecules should be taken mio account, for
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example, sodium rescts more achvely with water than cslenmm, even
though it 15 located lower than ealetom in the electrochemmcal zeries.

The Englizsh scientizt M. Faraday sl 2021) first
establizhed {in 1838) that there iz 5 guantitative connection between
eleciric current and chemeal processes that occur under the influence of
electric ensrgy. M. Faraday miroduced the coneepts of electrodes, anode,
cathode, amon, slectrolyte, elecirolyais to soence (Scott, 20157, These
terms have been used until now. During hiz experiments, Faraday con-
nected several gabvamic elements 1n zenies and formed a battery: he used
this battery az 5 zowrce of elecinic current during elsctrolysiz. A= a result
of hiz mvestigations, he discovered the following laws of elecirolvas:

Faradgy'z Jst low In the procesz of slectrolysiz, the mass of the
substance relessed at the electrode iz directly proporbonal to the
amoumt of elertric carrent passmy through the zolubion.

If we denote the mass of the substance deposited on the electrode by
t, the amount of electneity by @, the cument by I and the time by
Faraday'z 1=t lasw 1= written sz folloves:

m =k} =kt (1}

Faraday 'z 2nd law of Electrolyziz states that when the same quantity
of eleciric charge 12 passed through mulbiple electrolviic cells connectad
in series, the masse: of the substances deposited or relessed at the
electrodes are directly proportional to their rezpective chemucal equiv-
alents: This principle 15 foundatonal in electrochemmstry and helps to
predict the ontcome of electrolysiz 5 senes of electrolbzers.

Chntozan biopolymer (Miluzbeva and Rashudows, 2022} 1= now
widely used I the producton of multi-layered carbon nanotubes
(Miallzkporr et sl | 2027). Thiz method was developed by zeientists from
the Homg Fong Polytechmic University and the Shanghai Institute of
Materia Medica, and 1= bezsed on the noncovalent moedification of cha-
tosan on the surface of carbon nanotubes (Al Mohammads et 2l , 2015}

Analyziz of the literature shows that phosphate, caleivm, eopper,
gold, rockel 1ons, az well a= hopolymers such as chitoean, fbroan ste,
macrorons can be such substances. The main izsue here 1= to determine
the parameters of electrolyziz for the producton of coastings based on
given substaneces. Durng electrolysis, the ranges of direct corrent sup-
phisd to plastic (0.1-10 mA), temperature range (30-70 *C}), concen-
trafions of selected biolomeally active substanees solubons and moxtures
{0.1-10 %%, electrolysiz dme {1-20 h) are displayed. The main attention
iz paid to the physical charactenzhes of the surface of the plabes and
ther smoothness snd roughness. Fiz. 2 shows = schematic view of the
electrolyas of solution 1ons on the surface of the plates.

Currently, the use of tricaleium phosphate (Ceg{P0ye] fons, which
contain divalent caleiom (C=" ') and pentavalent phosphorus (P, asa
binder 1= 2 topic of increasing mberesi m elecirochemmical and biomedical
applications due to their nnigue properiies.

Previous studies have investigated the hehavior of sills fibroin and
tricaleium phosphate zalt in combination with an electric fizld. This is
becemze fibroin containe smone (-NH,) snd carboxyl (-COOH) fume-
tional groups that are important for elecivochemeical mteractions.

During electrolyzis, fibroin undersoes electrochemicsl regeneration,
where its imetional groups are achivated and adsorbed onto the metal

(Ehsldmlov et

Flg. 1. Mamral composition of sulfor with calcium carbomare (CaC0:), aragonite (2}, pure 5 granule (b) and powder ().
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Flg. 2. The principle dizgram of using the electrolysiz method for solutons
with salt ions: 1. 1-rarbon slectrodes on the surface of which jons are regen-
erated and oxidized; 2, 2 — jonz moving towards the elecrodes; 3 - membranes
for solution; 4 - polvmer solntion; 5 — dialveate.

surface. This regeneration process creates a reactve micrface that -
teraris with tnealenmm phosphate 1ons (Tuwsalsks et sl 20220,

The descnbed electrolviic method requres precize comirol ower
warious parameters, varizfions in which can lead to inconsistent coating

The electrolytie method used to coat btanmum plates i very sensrhve
o verious parameters, and maintsiming precise control over these pa-
rameters iz ezzenbis] to ensure consistent =nd high-guslity coatings.
Vanatons m factors such as onrent demszity, voltsge, tempershure:
electrolvte compomition can sigmificantly affect the costing process,
leading to Inconsistent results. There are some ey paremeters that noast
be controlled to snsure = uniform and high-quslity costing on ftanium
plates. The amount of current applied to the electrobrbic process directly
afferts the deposition rate and uniformiy of the coating. Too high or too
low a current density can result in poor adhezion, rough surface textures,
or uneven coating thickness.

In addition, the spplied voltage can affect the slectrochenmeal re-
achions that ocour on the electrode surface. Voltags vanations can lead
to Imecomeistent deposition, altered microstruchare and uneven coating
guality. Mamismming a stable voltage iz essenbial to ensure smooth and
conziztent coating formation. The chemica! compozition of the electro-
Ivte playsa sigmificant role 1n the neture of the costing. Vanatoons in the
concentraiton of metal zelis, pH, and other addittves can lead to dif-
feremniess in costing strocture, sdhesion, and uniformity. Mamtaining the
correct electrolyte concentraton 1= eritical for consiztent depositon. The
temperature of the electrolyte sffects the rate of chemical resctions; 100
mobility, snd the overall efficiency of the costing process. High tem-
peratures can cause excezsive omdation or degradstion of the eleciro-
bvte, while low tempersfures can slow the d=posthon rate or ceuse poor
costing adhezion. Electrode surface preparation iz also an mportsnt
parameter, =3 can the surface conditon of ttamum plates prior to
electroly=iz. Insufficient clesming of the plate surface ean result in poor
adhesion or uneven coabing thckness.

Time 13 also important in the electrolvms process. The durstion of the
electroly=is proees=z sl=o playzs = role in determining the thickness and
uraformity of the coating. Too zhort & tme can lead to msufficient
cosbng, while too long a bme can l=ad to excezsrre deposition and l=ad
to defects.

To zolve thess problems it 1= very fmportant to implement strict
control messurez, including monstonne and regulsting each of these
parsmeters dunng the process. Automstion and real-tme ssnzors also
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belp mamfain ztsble condibions and ensore the production of high-
quality coatings.

In thiz research work, m order to muimimmzs the occumrence of the
shove problems in the electrolvas method, the clectrolyziz time waz ==t
to t = 5-18 h, the current I = 10-30 mA, the temperature wa= main-
taimed at T = 30 degrees Celams uzmg a thermostat, and the surface of
the ttamom plate was cleaned by physice] and chemical methods.

3. Analyzis and results

Since it 1= Important to conduct research with pure sulfor partcles in
the research work, in order to remove residual elemental maszes from
the compombion of mechamically emshed powders, they wers first
treated with water, sulfurwater (1:10 retio], then with aretone sulfur:
acetone (1:5 ratio} 1= washed and cleaned. When the absolute masses of
zulfur powder before and after washing are compared, it was found that
itz mass decresses to 4 g Thiz resalt shows that the msss composibon of
the powder iz 00 % sulfur.

In order for the powder particles to be in the mucro- and nano-sized
range. they were sdditonslly erushed by mechsmeal achon on the
surface of a2 sieve with holes (holes) of 1 =+ 10 pm

It was observed that thess micro-sized sulfir paracles have stronger
odor dispersing properties than previous sulfor waste. Thiz situation can
be explamed by two sspects:

- firstly, elemental sulfir in the environment and air; oxygen, winch
has been punfied from additions] substances, has the ability to cmat
maore odorz for moisture;

- —secondly, the smmding of sulfur sflows the relative surface of itz
mnicro-gized particles to-inersase and the snergy to be more exposed
to oxyzen, substances in the air, and moisture, to pass to the gas
phase of regeneration and evaporation.

The insolubility of sulfur m water environment, its mucro-particles
helped to prepare the suspenzion.

When applying = thin leyer of sulfur suspension on = glass surface
with very low vizcoerty, it was obeerved that water molecules svaporate
eamly, snd sulfur pericies return to the dust state and scatter under the
mflusnes of relatvely weak externsl mfluences (wind, blowing).

Thas iz the ease when sulfur microparticles are uzed mn praches, for
sxample, when they are recommended &5 mescheides; 1t 1z neceszary to
enrnich them with additives that keep them on the surface.

Thus, by extracting zulfir from the composition of natural gaz pro-
cessming waste, grinding to the level of mmeroparficles, wazhing and
drying In an environment of water and seetone, and additional grmding,
particles with & size of less than 5 pm and 100 nm and preparstion of
water suspenzions based on them posmibility 15 determined. The main
festure of such particles iz that as theiwr size decreszes, they emmt =
stronger sulfur smell

The mezolobility of sulfur n an agueous environment 15 based on 1t
chemucal properties, and thiz properiv makes 1t possible to prepare
ztable suspensions based on sulfur micro- and nenmoparticlez. Sulfur doez
not react with water snd 1= inscluble iIn water because it 1= 3 nonpolar
clement. Water, on the other hand, conm=ts of polar molecules, with
which sulfir does not mteract Van der Wasls foreez are dominant be-
tween sulfur molecules, which sepasrates them from hydrophahe
environments.

Molecular mass characteriztics of polyacrylomide. Polyacrvlammde
[PADT) iz & high-molecular-wweizht polymer with impertant spplications
in a vari=ty of fields such a= waker trestment, biomedical devices, and a=
aflocculant in suspensions. The molemlar mass (or molecular weight) of
polyacrylarmde plays & critical role m determimimg 1ts physical and
chemical properties, such a= solubility, viscosity, and shility to form
gels.
To obtam smionie modified polyecrylamide (PAA-S) m & sulfor sas-
pension, somes monomer umits wers partally hydrolyzed m sodium
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byvdrocode (Na0H) mediom, carboxyiate proups were mivoduced to 1m-
crease the ionogenicity of the microparticles. Specifically, 2.5 mLof 3 M
NaOH agueous solution was added o 50 mLl of 1 g/dL polvacrylammds
solution. Alksline bvdroly=iz was carried out 2t 30 "Cfor { hand 2k,
resulbing i two separste sampl=s.

The hydrolyziz products were then analyzed by potenfometric
fitration using 0.1 M HCl and 0.5 M NaOH fifrants, with disblled swater
ar the reference. The degrees of hydrolysiz {DH} were determined to be
18 % and 30 9, respectively. A= 3 result bwo amiome polyecrvlamide
zamples wers prepared: aPAA [18 34) and aPAA (30 %)

Further studies wers conducted on the basiz of comparative snalyss
of the following three samples:

FAA — Nonionic polyacrylamide [PAA-HD)
aPAA (18 %) — Ansoric polvacrylamide (HD = 18 36}
aPAA (30 96) — Amonie polyacrvlamide {HD = 30 %)

A Ubbelohde wizcometer was used to determine the molecnlar
weights of thess zamplez. The camllary flow time of the zolvent water
was by = 80 z. Sample solubons with € = 0.1 g/dL. were prepared.
Dristilled water was wsed as the solvent for nomonic PAA while s binary
solvent conzisting of 0.2 % NaCl + water was used for the 1onic aPAA
{15 %) and sPAA (30 %) s=mplez to mitigate the cffects of any con-
centration anomalies.

The vizcosity messnremenis were performed at a constant termper-
ature of 25 “C. The solutions were graduslly diluted by adding the zol-
wvent in dizcrete sbeps, reducing the concentration from 0. g/dl to 0.02 g/
dl The flow times (&) of these diluted solubons were recorded 1=ing a
viscometer. The relative (g = /%), specifie ___ =y 1)
and guoted (§__z/C) viscozifies were determined depending on the
concentration (C) and graphs of (§,,/C) dependence on C were con-
structed according to the Hagzins formuls ::?‘__I:;‘:I."C = |n] +kiy|C and are
presented m Fiz. 3.0

B
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Flg. 3. Graphs of the relanonship benween reduced viscosioy (g /C) and
concentration (CF 1 (Yellow markers): Represents PAA (unhydrolyzed poly-
acrylamide). 2 (Gray markersk Pepresents 2PAA (18% hydrolvzed pely-
acrylamide). 3 ({Red markers): HRepresents aPAA (309%  hydrolyzed
polyacrylamide). (For inrerpretation of the references to colour in thiz fgure
legend, the reader iz referred to the welb version of thiz arocle)
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1. PAA (Sample 1) The plot has a relstively sentle slope. The low slope
suggests mimimal mi=rschon between polymer chaims and solvent
due to the sbsence of charged groupe.

2 =PAA (18 %) (S=mple 2 The =lope 1s slightly steeper compared to
Sample 1.

This mmdiestes moderate electrosiabie mterachions, consistent with a
partial degree of hydrolysis (15 %)

3. =PAA (30 %] (Sample 31 The steepest slope smong all three samples.
This suggests 8 sigmificant mmereass m hydrodynmamie volome and
stronger electrostsiic interachions due to the higher degrae of hy-
drolysis (30 %)

The trend confirms that as the degree of hydrolyeis mereases, the
reduced specific viscosity-

Mipecific/ G increases due to stronger polvmer—solvent interachons and
grester cham expanson in solobon This abigns wath the expected
behavior for amonie polyacrylamides wath higher carhosoylate content.

I the graphis::h*apﬂlabadh:ﬂ‘—vﬂ,th:mmdjﬁmkh;:iﬂ:Dand
Bypeime/ © = [W] is zatisfied in the Haggins formula Based on this, the
charartenistic viscosites [N] of the samples are determuned from the
graphs and besed on them the molecular masses of the samples (M},
distsmee between the ends of the macromolecular chame - b, and the
radii of the elementary units (B) were calovlated (1-table). The co-
efficients X and @ of the Mark-Euhn-Hawvmk squation corresponding to
the degree of hydrolyzsis were found. and the molecular maszez of the
samples M = {||;r]fE}1""' were caleulated Taking the swelling coefficient
of the zamples az o = ] and the hydrodynamic Flory parameteras F =2,
84%10%dl /g, the distance between the chain ends, which represents the
conformational state of macromolerules. was ealeulated sccording to

the Flory formula fr] = (< > )mﬂﬂm sl devinined Ekn the

average vahies of the effectve radil of mscromoleculsr clusters.

The comparstnre analyzsiz of the rezults in the table demonstrates that
the partial alksline hvdrolysis of the samples, reaching hydrolysiz ' de-
grees (HD) of 18 % and 30 946, l=d to an inereass in the carboxylste proup
content . the monomeric tmts. A= a result, the molecular masses
imncreazed by factors of 1.09 and 1.12. respectvely. Addiconally, the
sverage distsmees between the ends of the macromolecnlar cheins
increased by a factor of 1.37 for the HD 18 % sample and by 1.57 for the
HD 30 % zample. Simmolar differences wers observed in the radn of the
clementary umis.

Theze changes mdicste the formabion of schve ;onogenic groups mn
the hydrolvzed polyacrylamide samples, leading to 5 more extendsd
conformation of molecular chains in solations. Thiz extended state en-
hances the polyelectralvie and flocculation properties, creating favor-
sble comditions for more cffechve performance, parficularly in
electrolvms processez. Thiz improved fimetionality makes the hyvdro-
lvzed zamples more efficient m their spplications, especially in processes
that require 1on-cxchenge or focculation capabilities.

UV Spectroscopic features of sulfur micro- and nonoparticles. The
reslts of the analyzic wsmg Speeord D20 uliraviolet spectroscopy
revealed important information 1 the snalysis of the composition of
zulfur micro- and nenoparticles. Fig 4.

The prezence of sulfor and it= properties are confirmed by the
appearanice of spectral peakes charactenstie of sulfur at s wavelength of 4
7 210 nm 1 the stody.

The wavelength of A = 210 nm iz cheracterisbe of sulfur, and the
sppearance of this peak mdicates the prezence of zulhe atoms or =mall
molecular sgeregates. At thiz wavelength ultraviolet radiation excites
transitions charactenstic of the electromic states of sulfir, which are
clearly visible in the spectrozeope.

The pesks obtamed by Specord D20 spectroscopy confirtm the sts-
bility of sulfur perticles in the dispersion and their compositon. The
speciral peaks of sulfor at 37210 nm sllow the detection of sulfur among
2 large mumber of other components, which provides high senaitivity.
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Flg. 4. Ulraviolet spectroscopy spectrum of sulfur micro- and nanoparticles.

The spectral properties of mucro- and nanoparticles ultraviolet
spectroscopy help to onderstand how they mteract with other matenals.

I iz used to qualitatively and quentitstively evalaate sulfur costings
on substrates such as Gtarmum plates.

Obtaining mformation about the chemical composifion and stsbility
of nanoparticles n=ing uliraviolet spectroscopy, and the promment pezks
of suifor m the ultreviolet spectroscopy spectnm allow for a desper
understanding of itz electronic and optical propeross.

The phyzical and chemseal state of materials 15 very important m the
prodochon of composibe matenals. as they directly affect the perfor-
manecs mnd functicnality of the material Sulfw-polyacrylaomde sus-
pensions wers used in the stady, which ensares thewr dual role of actively
contributing to the formation of compozite coatings through the elec-
trochermics] regeneration of macroions In the electrolyte and on the
surface of the Gtamum plate tnder an electne feld.

From a phyeical pomt of view, sulfur micro- and nanoparticles m
suspenszion have high resctivity in the electrolyte due to their high
surface ares. snd the hydrophilic polvmer chain of polvacrvlammde
keeps the sulfur particles stable in the dispersion state. Chermeslly, the
—CONH; groups in the polyacrylamide cham bind to the sulfor particles,
belping them stebilize in an electrie field The degres of ionizstion of
macroions im the suspenzion helpe electrochermiesl processes.

In thiz ressarch work, the prineiple drawing of the electrolyes devies

and a simple laboratory device for s implementation are presented in
Fig. 5. The deviee conzistz of = emrrent zouree (P, a voltmeter {V]), an
smmeter (A), and an electrobvie call (R} When the electrolytes iz placed
mmide the cell, the iomz or macroions in them sppear 1n the form of
smon: and cebons depending on thelr negative and positve charges and
move bowsards the anode (a} and cathode (b} under the mfluence of
electric current

The results of the study show that the elsctrolysis of colloidal sulfir
zolubon m hydrochlonie acd (HCLY and water, combined with poly-
ascrylamide and salme mednmm wnder sn electne field, leads to the for-
meton of a coating on the metal surface The main experimental
conditions and ‘analysis results are az follows. Electrolyesiz condibons:
the cmrrent supplied from the sowreeis I = 10 — 30 mA_ the electrolyzis
duration: t =5 — 15 h, the electrolyte composition 1s HCO and colloadal
sulfur m water, and polyacrylsmide macroion 1s provided to inersase
stabality and facilitats the formation of the coating, and & saline medium
iz provided to ensure ionic conductivity. To understand the mechanism
of coatmg formaton on the surface of the plete, that 1=, sulfor deposinon,
sulfur colloid undergoes slectrochemics] regeneration under an electne
field and sulfir stoms are restored to the metal surface, and poly-
acrvlamide chains help stabilize the coating and improve adhesion to
the substrate.

Nanoparticles of different sizes or shapes can have sigmifcanty
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Flg. 5. Schemarnc drawing of the elecmolyziz sveem
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different physical snd chemical properties, such as surface area, reac-
tvity, optical behawvior, and stability. Thizs malkes it difficult to predict
how the entire colloadal system will behave bazed on the properties of
mdividusl nanoparticles. Due to the vanshidity of the particles, the
overall performance of the colloidal sy=tem (2. g, m catalyeiz, drug de-
hivery, or senemyg spplications) may not be consistent  Some parbicles
may perform better than others, leading to less predictable results.

Heterogenecous colioidal nanoparticles may experience different ag-
gregahon of degradation rates dependmz on their size and surface
properiies. Smaller nanoparbelss may be more prone to aggregation,
which affects the stabality of the colloidal suspension.

Composite coatings obtained by slectrolvziz method Modern Sean-
nmg Electron Microscope (SEM{EDS) Energy Dhizpersive Spectroscopy:
Jeol JEMIT200LA (Japan) was used for lngh-resolution imsging of the
metal surface and snalyvzed.

Spectral anslysis wasz performed to determine the elemental
compozition of the costing by =nergy dispersive spectroscopy (EDS)
Surface morphology SEM imaging revealed a vniform coating with clear
mucrostroctural featires indicating suecez=ful deposihon

EDS analymis of the elementsl compesition confirmed the prezence of
sulfur {5) and other elemeniz (eg., carbon (C) and nmitrogen (W) are
evidence supporting the formeton of a composite matenizl from

The peaks in the speetra are ahgned wath sulfur and pelymer com-
ponents, confirming their mesezzful mmbesrabon mto the costing.

The SEM images and speciral snalysss presented in the stody provide
detaitled mmizhis into the stomic and molecular transformations of
polyacrylamide and sulfur on the surface of the Hitaniom plate during the
electrolysiz proeess. These findings snhanee the imderstanding of the
micrachon mechamizms and «nable a desper analysis of the substances
formed during the costing process.

In terms of the mieraction between polyacrylamide and sulfur; SEM
analyees reveal the distribuhon of sulfir micropsrticlez and poly-
acrylanuds chains on the Otsmum plate. The -CONH: groups m
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polvacrylarmde intersct wath sulfur, facihtshng the adhesion snd sta-
bility of the deposited sulfur layer.

Dunng the electrolysis process, sulfur 15 reduced to the atomue lesel
and depesited on the Hitanium sarface. Polyacrylarmde enhaness inte-
gration by stabilizing the microstructiore of sulfur, facilitating the for-
maton of & composite costng.

Az for the moleculasr composition, EDS spectrs confitm the presence
of mlfur, cerbon, and nitrogen, which comezpond to the
polvacrylarmde-zulfur complex. Changes i the distobution of element=
reflect the elecirochemics]l reactions snd bonding processes that ocour
during the costng formation process Fig 6.

Spectral analy=is results Spectrum 004; Sulfur (5] content 1708 %,
Carbon (C) content 36.17 %, Nitrogen (N} content: 16.34 %, Spectnumm
005: Sulfur {5) content: 46.53 %, Carbon (C)) content 53.37 %

Theszs rezultz mdicate that polyecrylamids and sulfur are combined
in the form of atomic fragments on the surface of the titannmm plate
during the electrolysiz process. In parbeulsr, the changs in the § and C
ratios 13 a confirmation of the molecular degradation of polyacrylarmde
and the formation of compounds with solfur.

The moleculsr formuls of polyzervlammde 1= (CHNO),. Dunng
electrolveis, the parbisl cleavage of the C-N and =0 bonds 1under the
mflurnes of high-enersy lon= and an electne fizld mdicates the
decompositon of polyacrylammde nto macrmome fragments.

Dunng electrolyziz, sulfur iz reduced to an atomic zkzte (o the form
of 5% or § 7). These atoms combine with polyacrylamide fragments to
form new structures.

The surface of the titanium plste acts as a substrate for chemical
reactions during electroly=is. The carbon and nitrogen atoms of poly-
acrviamde and the sulfur fragrents are attached to the ttannm surfacs
through chemical bonds.

The presence of N atoms in the 004 zpectrum indicstes that the
primary structure (C-N} of polyacrylamde 1z preserved. The shsence of
nitrogen atoms snd an mcreaze m the sulfor content in the 005 spectrum
indicates that polvacrylammde 1= further decomposed and &-C bondz are

RPN, '-||

Fig: 6. Surface morphology (SEM Analveis) and Spectral Feanwes (EDS Analyris) of the coating.

-
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formed. The high content of carbon, nitrogen and sulfur in the chemical
compounds on the surface of Stamum confirme the formation of a new
composite coatng, and the costing can Impert varous properbies
{corrozion resistance, pesticide resizstance ) to the surface of the ftanium
plate.

The studiss carmed out in an electrolysis unit highlight the umquse
mierplay between mecrolons and vons during combined electrochemical
reducton processes. These findings demonstrate that such interschons
offering valusble meights into the underbying mechanizms of electro-
chermcal systems.

4. Conclesion

In conclusion, succeszful modification of polvacrvlamide by hydro-
Y=z in sodivm hydronde and subsegnent mtroduction of a carboogylate
group sigmficantly inereasss s ionogenicity and helpe to form a stable
sulfinr suspension. The moleculsr weight properties of the polymer are
shghtly sfected, but remain sufficient to form hmchionsl PAA-S com-
pozibes with poteniial for variouws appheabions.

The results of the analysiz performed by Specord D20 ulraviolet
spectroscopy allow for the effective determination of the compositon
and propertizz of sulfur mocro- and nanoparticles. Speciral peaks ob-
tained at a wavelength of & =+ 210 nm relisbly confirm the presence of
salfur and are of great Importance i studying 1t physicochemics] skaks
Tz method can be used az a ba=ic seientific tool in the study of mmcro-
-and nanoparticles end in their spplication areas.

Durnng the electrolysis process, polyacrylamide macroions and sulfir
atoms sre attached to the surface of the ttanium plate, forming a new
compozsite material. The spectra 004 and 005 show different stages of
polvacrylamudes degradation and chemice]l changes on the titanium
surface A hizh concentration of sulfur (rpectnum 005} msy be of great
tmportance 0 enhanong the pesticidal or anfihmgal properties of the
ftamurmn coating.

The combined regenerstion of macrolons and ions duning electroly=is
can be used as & basic technologmesl approach to creste new metenals.
The coatings formed on the ttantom plate wall have different imenonal
properiies depending on the strochure of the macroions and the prop-
erties of the ions, and = number of tachoologicsl innovations can be
mireduced ‘a2z 5 resalt of fwrther stody and optmmzaton of this
mechanizm.

The use of sulfor-polyacrylamide suspensions &5 macrolons m elec-
the production of composits costings. The coating formed on the surface
of ttarium plates haz high mechamicsl and chemical properties, ndi-
cating its great potential for spplication in agricultural, mdustrisl and
envirenmentzl sectors.
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