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ABSTRACT

Silica fouling reduces the effectiveness and durability of membrane-based treatment systems,
and silicon contamination in industrial water streams poses ongoing operational issues. With an
emphasis on their processes, drawbacks, and applicability for various silica species, this article
provides a comparative examination of the main silica removal technologies: ion exchange,
reverse osmosis (RO), ultrafiltration (UF), electrocoagulation (EC), adsorption, and lime softening.
Although they need a significant amount of chemical input and pH control, lime softening and
ion exchange are efficient for dissolved silica. RO requires thorough preparation and offers broad-
spectrum separation, although it is susceptible to silica scaling. While UF works well with colloidal
and particulate silica, it is unsuccessful with monomeric forms. EC achieves excellent removal
rates with less sludge by combining electrochemical destabilisation and crystallisation.
Adsorption provides variable selectivity, low energy consumption, and compatibility with
membrane systems, especially when employing tailored materials like activated alumina, iron
oxide-coated media, and functionalised hybrids. In addition to outlining important techno-
economic considerations for scaling up silica extraction methods in intricate industrial water
matrices, the paper highlights new developments in adsorbent design, such as surface
modification, hierarchical porosity, and regeneration techniques.

Keywords: silica, industrial, wastewater, treatment, adsorption.

Information about authors:
Doctor of Physico-Mathematical Sciences, Laboratory of Advanced Materials and Technologies,

Manarbek Kylyshkanov Kazakh British Technical University, St. Tole bi, 59, 050000, Almaty, Republic of Kazakhstan. Email:
kylyshkanov@mail.ru
Doctoral student, LLC Deep Core Analytics, al-Farabi av., 17/1 b5B, 050059, Almaty, Kazakhstan.
Gerassyova Natalya

Email: tatoline2001@gmail.com

Rustam Sharipov

PhD, Assistant Professor, Laboratory of Advanced Materials and Technologies, Kazakh British
Technical University, St. Tole bi, 59, 050000, Almaty, Kazakhstan. Email: r.sharipov@kbtu.kz

Master student, Department of science and innovation, Kazakh British Technical University, St. Tole

Akzhunis Kuanysh bi, 59, 050000, Almaty, Kazakhstan. Email: a.kuanysh@kbtu.kz
Galymzhan Maldybayev PhD, Associate Professor, Laboratory of Advanced Materials and Technologies, Kazakh British
Technical University, St. Tole bi, 59, 050000, Almaty, Kazakhstan. Email: g.maldybaev@kbtu.kz
. PhD, Professor, School of Materials Science and Green Technologies, Kazakh British Technical
El-Sayed Negim

University, St. Tole bi, 59, 050000, Almaty, Kazakhstan. Email: elashmawi5@yahoo.com

Omirserik Baigenzhenov

PhD, Professor, Mining and Metallurgical Institute named after O.A. Baikonurov, Satbayev
Unversity 22 Satbaev str.,050013, Almaty, Kazakhstan. Email:
o.baigenzhenov@satbayev.university

Lyazzat Bekbayeva

PhD, Associate Professor, National Nanotechnology Open Laboratory, Al-Faraby Kazakh National
University, Al-Farabi av., 050040, Almaty, Kazakhstan. Email: lyazzat_bk2019@mail.ru

Khaldun M. Al Azzam

PhD, Professor, Department of Chemistry, Faculty of Science, The University of Jordan, 11942,
Amman, Jordan. Email: azzamkha@yahoo.com

Ulpan Balgimbayeva

Doctoral student, School of Applied of Mathematics, Kazakh British Technical University, St. Tole
bi, 59, 050000, Almaty, Kazakhstan. Email: u.balgimbaeva@kbtu.kz

Introduction

In industrial water

applications, silicon is predominantly present as
reactive silica (monomeric and soluble), colloidal

systems, silicon is  silica (non-ionic and suspended), and particulate

predominantly found as silica (SiO,), which exists in  silica (such as sand or silt). Silica removal is the main
granular, colloidal, and ionic forms. In industrial goal of extraction procedures to reduce the
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possibility of scaling and equipment deterioration.
The specific form of silica is determined by variables
such as pH, temperature, and the characteristics of
the water source. The most effective removal
techniques include lime softening, ion exchange,
reverse osmosis, and advanced ceramic media
filtration [1]. Silicon-containing wastewater is
primarily produced during steam throughput or
steam drive extraction used for thick oil
development. Injected steam causes hydrolysis of
underground silicon rocks, forming silicates and
resulting in significant amounts of silicon-laden
wastewater [[1], [2]]. Large-scale pipeline clogs can
arise from silicate scale buildup in oilfield
wastewater collection systems. Compared to other
water sources, well water includes more silica, which
can damage equipment, particularly in deep wells
where temperatures are greater. High silica levels
also hinder well-water treatment methods, so
concentrations must be lowered to protect
equipment and membranes. There are many
methods used to reoval silicon from industrial
wastes. Among these, the most widely employed
techniques include adsorption, electroddialysis,
reverse osmosis, chemical precipitation, ion
exchange, solvent extraction/liquid membrane
separation and electrolysis [[3], [4], [5]]. Adsorption
has become a critical process across numerous
industrial applications, including natural gas storage,
pollution control, catalyst support, and particularly
in gas separation and purification, owing to its low
energy requirements, operational flexibility, and the
wide variety of available adsorbents [[6], [7], [8], [9],
[10]]. Additionally, adsorption processes are widely
recognized as a standard technique for determining
the surface area and pore size distribution of solid
materials. This process is characterised by its non-
toxicity, cost-effectiveness, environmental
sustainability, and renewability. As a result, it is seen
as a practical substitute for conventional treatment
procedures and an efficient way to remove heavy
metals from wastewater. The process of adsorption
can be accomplished via chemisorption, which
involves the creation of a chemical connection
between the sorbate molecule and the adsorbent
surface, or physical adsorption, which is controlled
by weak intermolecular interactions. Due to the
remaining valence forces from surface molecules,
chemical adsorption results in the formation of a
monomolecular layer of adsorbate on the surface.
On the other hand, physical adsorption results from
molecule condensation inside the solid's capillaries
[[11], [12]]. Consequently, a thorough

understanding of adsorption mechanisms is
essential not only for the design and optimization of
industrial adsorption processes but also for
accurately characterizing the structure of porous
solids. Several methods have been documented for
the treatment of industrial effluents. lon exchange
involves swapping ions between electrolytes, or
between an electrolyte solution and a complex. Its
primary purpose is to employ solid materials such as
minerals, clays, membranes, and resins to purify,
separate, and disinfect ion-containing fluids. This
mechanism may facilitate adsorption and takes
place at the solid's surface. However, ion exchange
is costly in terms of capital and operating expenses
[13]. A common technique for recovering materials
or purifying solutions is chemical precipitation,
which turns dissolved compounds into solid
particles. There are several methods for improving
chemical  precipitation. Sodium  decanoate,
carbamates, carbonates, sulphides, and polymers
are examples of reagents that generate insoluble
metal compounds as alternatives to hydroxide
precipitation. Large volumes of sludge and silt
containing heavy metals are produced by
flocculation and coagulation, and this method is
typically ineffective in eliminating trace pollutants
[14]. Desalination, water purification, and chemical
recovery are three  applications  where
electrodialysis, a membrane-based separation
technique that uses an electric potential to
selectively remove ions from solutions, is very
beneficial. Electric fields are used in electrodialysis,
a non-thermal separation technique, to move ions
across ion-exchange membranes. Positively charged
ions (cations) can pass through cation-exchange
membranes, while negatively charged ions (anions)
can pass through anion-exchange membranes.
These membranes are systematically arranged in
alternating order between two electrodes within a
configuration known as an electrodialysis stack
[[15], [16], [17]]. Research indicates that the
potential of an electrodialysis cell is largely
independent of ion type, instead depending on
operational conditions and cell configuration.
Despite various drawbacks, electrodialysis has
significant advantages for treating heavy metal-
containing wastewater, including the ability to
efficiently remove unwanted particles from water
and produce highly concentrated streams for
recovery [18]. But because this technique produces
hazardous waste, cooperation with businesses that
can recover and recycle metals from the resultant
sludge is required. While, reverse osmosis is a

— 106——



Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

pressure-driven membrane process designed to
remove dissolved salts, contaminants, and
microorganisms from water by passing it through a
semi-permeable membrane that permits the
passage of water molecules while restricting larger
solutes such as salts, organic compounds, and
microbes [[19], [20], [21]]. This technology is
extensively employed for desalination, water
purification, and industrial fluid separation. In
reverse osmosis, the natural osmotic flow is
counteracted by applying pressure exceeding the
osmotic pressure, thereby enabling the selective
removal of impurities. But solvent extraction
transfers a solute from one liquid phase (typically
aqueous) to another immiscible phase (usually
organic) based on solubility differences. Because of
operational and financial concerns, it is rarely
utilised in wastewater treatment, even though it
enables the recovery of important species. Because

a liguid membrane permits targeted solute
movement between two aqueous phases,
combining solvent extraction and membrane

separation with a membrane can increase selectivity
[[18], [19], [20]]. The electrolysis process is a
significant electrochemical technique that utilises
electrical energy to drive non-spontaneous chemical
reactions, commonly for the decomposition of
compounds or extraction of elements. It plays an
essential role in fields such as metallurgy, water
splitting, and electroplating. Electrolysis operates by
passing a direct electric current through an
electrolyte a medium containing free ions which
induces chemical changes at the electrodes and
facilitates the extraction of heavy metals [[22], [23],
[24], [25]].

Common methods for removal silica from
industrial waste. Lime Softening

By introducing lime (calcium hydroxide), which
increases the pH and causes magnesium to
precipitate as magnesium hydroxide, the lime
softening method eliminates silica from water.
During water softening, silica may be removed via
precipitation with calcium carbonate or by
adsorbing onto solids [26] . This precipitate adsorbs
dissolved silica, and both are then removed via
sedimentation and filtration. The effects of MgO
slaking on silica removal and the mechanisms by
which MgO removes silica were investigated [26]. At
different pH levels (8.0-11.3), doses (100-1000
ppm), and contact periods (15-120 min),
experiments were conducted to assess the silica
removal efficiency of slaked and nonslaked MgO

under warm lime sodtening operating temperatures
(65—85 °C). There are two competing methods for
removing silica: adsorption onto process-formed
Mg(OH), or precipitation as magnesium silicate
complexes. Slaked MgO showed a lower percentage
of silica removal under WLS conditions than
nonslaked MgO, which was explained by higher silica
adsorption on Mg(OH); after slaking. According to
research, the amount of magnesium in the water
affects how well silica is removed by precipitation
processes [27]. Furthermore, silica solubility can be
impacted by temperature, pH level, salt
concentration, silica concentration, and pressure
[28]. The hot lime process has been shown to
effectively remove both water hardness and silica.
Additionally, studies indicate that lime softening can
reduce silica content even when performed at
ambient temperatures. Three chemical treatments
lime-soda softening, sodium aluminate addition,
and magnesium oxide for reducing silica in water
purification systems were examined. Jar-tester
experiments measured the effect of varying doses
on silica concentrations. Magnesium oxide was the
most cost-effective option for treating 30,000 cubic
meters of water, possibly saving around USS$S1.8 - 2.1
million annually [29].

lon exchange

By applying an anion exchange resin, which
makes it easier for silica ions to be replaced with
hydroxide ions and is regenerated using caustic
agents like sodium hydroxide, ion exchange
efficiently eliminates dissolved ionic silica from
wastewater. Although this technique is quite
effective at removing reactive silica, it needs to be
treated first to transform the silica into its ionic form
since ion exchange cannot deal with colloidal or
particulate silicon. However, silica solubility is
influenced by a range of factors, including
temperature, pressure, pH, and ionic strength. For
pH values below 9, solubility remains relatively
constant; however, at higher pH levels, solubility
increases as silicate ions form in addition to the
monomer, which is in equilibrium with the solid
phase. Salts lower silica solubility by increasing ionic
strength [30]. Silica removal from hydrated lime was
tested using ion exchange and uv
spectrophotometry. By combining 10 mL of 2 M
NaOH with 15 mL of 0.1 M HCI, the ideal technique
reduced silica to 0.0054%. Sodium hydroxide
reduces silica concentration and can limit silica
accumulation on tube surfaces during water
treatment [31]. The ideal conditions for silicon
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removal from simulated wastewater were
determined to be pH 6, a reaction time of 20
minutes, a current density of 27 mA/cm?, and a
temperature of 35 °C, based on single-factor and
orthogonal experiments. Under the conditions of pH
8.0, reaction time of 20 minutes, current density of
27.2 mA/cm?, and a temperature of 35 °C, the silicon
concentration in Hongshan OQilfield wastewater
decreased from 76.22 mg/Lto 10.75 mg/L, achieving
a silicon removal rate of 85.90% with an electrode
mass loss of 0.0209 g. Calcium and magnesium ions
greatly improve silica removal at pH 8. These
findings inform industrial use of electrocoagulation
to remove silicon from oilfield wastewater [1]. The
removal of silica from water using the electro-
Fenton (EF) advanced oxidation process was
systematically evaluated. Experimental
investigations varied several parameters, including
pH, current density, reaction duration, monopolar
versus bipolar system configurations, and inter-
electrode distance. Results demonstrated that up to
95% silica removal was achieved after 40 minutes of
operation at near-neutral pH utilizing a bipolar
electrode arrangement. The extent of desilication
increased proportionally with higher applied current
densities. Optimal silica removal consistently
occurred at near-neutral pH values [32]. The
separate pretreatment of removing silica was
explored using several methods. Testing was done
on precipitation using Fe(OH)s, AlI(OH)s, silica gel,
and a strongly basic anion (SBA) exchange resin.
While some aluminium remained and
aluminosilicate colloids were not eliminated, Al(OH);
was the most successful, removing nearly all the
dissolved silica. With a silica removal rate of up to
94%, the SBA resin also demonstrated good
performance [33].

Reverse osmosis for silica removal

A semipermeable membrane is used in the
popular water purification process known as reverse
osmosis (RO) to eliminate impurities. Nevertheless,
silica cannot be successfully removed by RO alone;
pretreatment and scale control are required to
avoid silica fouling. The many types of silica
dissolved, colloidal, and particulate present
difficulties for RO membranes. Although some
particle silica is eliminated by RO, dissolved reactive
silica frequently gets through and may subsequently
result in chronic scaling. Pretreatment strategies for
silica removal from reverse osmosis (RO) feed water
encompass softening and coagulation, seed

precipitation and aggregation, tight ultrafiltration,
ion exchange, adsorptive media, and
electrocoagulation. To mitigate RO membrane

fouling under silica-rich conditions, common
approaches include antiscalant dosing, pH
optimization, and intermediate concentrate

softening [[33], [30]]. Examined were the behaviour
of silica scaling and its elimination in RO membrane
processes, paying special emphasis to the gallic acid
(GA)-based cleaning mechanism. Even at the lowest
starting concentrations of silicic acid, silica scale
accumulation caused a steady drop in membrane
flow over time. Nonetheless, GA was quite
successful in cleaning silica-fouled RO membranes;
in the first half hour, it removed 81.87% of the silica
scale, recovering 89.7% of the initial flow. GA's
ability to clean is ascribed to its ability to adsorb
onto silica scale particles, creating a surface
complex that changes into a 1:3 complex that
dissolves in water. Silica deposits on the membrane
surface are gradually broken down by this contact.
These results enhance knowledge of the
relationships between GA and silica scaling and
provide important information for creating effective
silica scale cleaning methods [34]. As feed water
concentration rises, increasing osmotic pressure
limits water recovery in reverse osmosis. However,
this restriction has no effect on membrane
distillation (MD), a thermally driven membrane
desalination method. This study examined pH
adjustment to reduce silica scaling in the MD
process. When feed water pH was below 5 or above
10, negligible scaling occurred at silica
concentrations up to 600 mg/L, whereas scaling
peaked at neutral pH (6—8). The study also evaluated
cleaning techniques; performance was momentarily
restored by dissolving some silica scale with NaOH
solutions that had a pH higher than 11. Re-exposed
to supersaturated silica, however, caused quicker
scaling than with fresh membranes because residual
silica remained on membrane surfaces [35]. The
electromagnetic field (EMF) influenced the
performance of the RO system by reducing
membrane scaling, altering the characteristics of the
formed scales, and lowering the rate at which
normalized water permeability declined. EMF
treatment demonstrated efficacy in removing pre-
existing scales and precipitates from water pipelines
and storage tanks. It was only partially successful in
getting rid of existing scaling on RO membranes,
though. According to membrane autopsy, the scales
that developed on the membrane surface when
exposed to an electromagnetic field (EMF) had a
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soft, powdery texture that made it easy to remove
them with a simple water rinse. After examining the
many ways that EMF impacted the RO membrane,
the magnetohydrodynamic effect was shown to be
the main one. This study presents EMF as a
chemical-free method for controlling membrane
scaling and maintaining RO performance during
brackish groundwater desalination, providing
detailed discussion on mechanisms and future
perspectives [36].

Ultrafiltration (UF)

Ultrafiltration (UF) is a membrane-based
separation technology extensively utilised in
industrial water treatment processes, particularly
for silica removal. This technique uses semi-
permeable membranes that function at low to
moderate pressures (1-10 bar) and have pore
diameters that are normally between 0.01 and 0.1
microns. UF may be used to remove particulate and
colloidal silica, but it cannot extract dissolved
(reactive) silica because it efficiently separates
suspended solids, colloidal particles, and high-
molecular-weight solutes from water. Several
factors influence the efficacy of ultrafiltration,
including pH which affects silica speciation and
membrane charge; temperature which impacts
viscosity and flux; transmembrane pressure where
higher levels increase flux but may also promote
fouling; and crossflow velocity which plays a crucial
role in reducing concentration polarization and
fouling [[37], [38]]. Feed solution pH significantly
affects electrodialysis with ultrafiltration (EDUF)
using polyethersulfone (PES) membranes by altering
membrane  selectivity through electrostatic
interactions with peptides. These effects can cause
high molecular weight peptides to accumulate
softly. EDUF at pH 9 efficiently isolates cationic
peptides (<400 Da) in KCl and restricts anionic
peptide variety in KCl 1. A two-step UF-EDUF
method using UF permeate as feed is being tested to
better understand the influence of high molecular
weight peptides [39]. The role of solution chemistry
in PES ultrafiltration membrane fouling by silica
nanoparticles and natural organic matter was
assessed under controlled pH, ionic strength, and
calcium conditions. The Lifshitz—van der Waals,
electrostatic, and acid—base interactions were
measured using the Extended Derjaguin—Landau—
Verwey—Overbeek (xDLVO) theory. The main force
behind adhesion and cohesion was found to be
acid—base attraction, and fouling rose with
decreasing pH, increasing ionic strength, and
increasing calcium. In complicated colloidal systems,

the inverse relationship between estimated
interaction energy and fouling potential highlights
the usefulness of xDLVO theory in forecasting
membrane behaviour [[40], [41]]. To investigate
how adding and then removing silica (SiO,)
nanoparticles affected the membrane's shape,
hydrophilicity, and separation performance, an
ultrafiltration membrane based on polysulfone (PSf)
was designed. Three types of membranes were
prepared pristine PSf, PSf/SiO, composite, and acid-
washed PSf/WSiO, and characterized systematically.
Pure water flux tests showed that the PSf/WSiO,
membrane had higher permeability compared to the
other samples, while the PSf/SiO, membrane had
lower fouling during bovine serum albumin
filtration. These findings indicate that introducing
and subsequently removing sacrificial fillers can
influence transport properties and performance in
PSf-based ultrafiltration membranes [42]. Silica was
eliminated using a semi-batch adsorption method
that included hollow fibre ultrafiltration membranes
and iron oxy/hydroxide agglomerates (IOAs).
Adsorbent dose, residence period, and silica content
were the main factors investigated. Maximum
adsorption occurred within 15 minutes, matching
batch results. Higher silica concentrations increased,
while greater adsorbent dosages decreased,
adsorption capacity. The ultrafiltration membrane
separated loaded adsorbent without significant
fouling before breakthrough. A simple model
accurately predicted breakthrough curves [43].

Electrocoagulation for Silica Removal

Electrocoagulation (EC) uses a direct electric
current to dissolve metal electrodes usually
aluminum or iron which release ions that bind with
and remove silica from water. This chemical-free
procedure minimises sludge and eliminates the need
for additional chemicals by forming solid floc that is
easy to remove, making it an effective substitute for
conventional industrial and geothermal water
treatment techniques [[44], [45]]. An
electrochemical reaction serves as the foundation
for the electrocoagulation (EC) process. The anode,
such as aluminium, oxidises and dissolves when a
direct current is supplied, releasing metal ions into
the water. Water reduction results in the production
of hydroxide ions at the cathode, which causes
hydroxide creation. The metal ions released from
the anode subsequently react with these hydroxide
ions to form metal hydroxides, such as aluminum
hydroxide. These metal hydroxides function as
coagulants, aggregating with dissolved silica to
produce stable hydroxy-aluminosilicate polymers
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and other flocs. Because of their size, these flocs can
be eliminated by filtering or sedimentation
procedures [[44], [45], [46]]. The following elements
affect the EC process: iron is good for both silica and
sulphide, whilst aluminium is good for silica; Results

are influenced by electrical factors, including
voltage, time, and current density; Flow rate
reducing power consumption and increasing

efficiency by optimising flow rate and electrode
spacing; and Conductivity and pH in water chemistry
affect treatment efficacy and cost. [47], [44], [48],
and [49]. Electrocoagulation is an effective and
energy-efficient approach for removing silica and
hardness from oil-sands produced water. Key
operating parameters including charge loading,
current density, flow rate, and polarity reversal
period significantly influence removal efficiency and
system performance. Over 80% silica removal was
made possible under ideal circumstances (8 mA
cm™2 current density and 1000-1500 C L™ charge
loading), with aluminium electrodes surpassing iron
in terms of pollutant reduction and operating costs.
Extended polarity reversal intervals further
enhanced removal efficiency while reducing energy
consumption and cell voltage. These findings
highlight the potential of EC, particularly Al-based
systems, as a scalable and cost-effective solution for
silica-rich industrial wastewater treatment [48].
Meanwhile, the aluminium electrode is frequently
used in electrocoagulation (EC) to remediate
wastewater that contains SiO,. The effectiveness of
Si0O2 removal using iron was increased by
methodically optimising the current density, plate
spacing, plate-to-water ratio, and electrode
passivation control. A multiphysical field linked
simulation model was also used to examine the
temperature field, velocity, concentration, and
electricity distributions inside the silica removal
system. An optimal silica removal rate of 97.4% was
achieved with a theoretical iron consumption of
0.251 g Fe/L, an adsorption capacity of 660 mg
Si02/(g Fe L), and electricity usage of 0.312 Wh/L.
Simulation results demonstrated that EC promotes
mass and heat transfer within the cell, and anodes
featuring square holes are more effective in
enhancing the iron corrosion rate [49]. Fouling and
scaling from silica are major challenges in membrane
desalination. Studies of pretreatment and SDI tests
found silicate salts stay insoluble in brackish and
seawater, and fouling does not relate to silica levels
between 15-200 mg/L. Electrocoagulation using AlI>*
is more effective than Fe*, reaching 90.2% silica
removal efficiency for brackish water containing
roughly 28 mg/L silica [50]. The use of hybrid

coagulants composed of polyaluminum nitrate
sulfate (PANS) and three polyamines (PAs) with
different molecular weights for silica removal was
investigated. For each polymer, four hybrids with
varying PANS-to-polyamine ratios (5-20%) were
examined at five doses (500-2,500 mg/L) and two
beginning pHs (8.4 and 10.5). In terms of silica
removal, all hybrids performed better than PANS at
pH 8.4; they needed lower doses (500 vs. 2,500
mg/L) and were best at 5% polyamine (over 50% vs.
PANS's 30%). At pH 10.5, all products removed up to
90% of the material with no variation in efficiency.
Generally speaking, hybrids eliminated more COD
than PANS, particularly at higher pH values. While PA
molecular weight did not affect silica removal,
higher weights improved COD removal. Mechanism
analysis indicated that PANS promoted sweep
flocculation, whereas hybrids combined sweep
flocculation with patch formation [51]. The influence
water quality affects dissolved silica removal using
electrocoagulation with aluminum electrodes was
studied. Experiments were performed on
replacement water (RW) and cooling tower
blowdown water (CTBW), both assessed at a small
pilot scale with a continuous flow system including
electrocoagulation, flocculation, sedimentation, and
sand filtration. Key variables evaluated included
silica removal efficiency, aluminum usage, head loss,
and voltage. Treatment costs for all water types
were considered. The Al**/silica removal ratio
ranged from 1.09 to 1.33 for RW and was 0.85 for
CTBW [52].

Adsorption for removal silica

An effective method for removing silica from
water is adsorption, which makes use of substances
like silica-based adsorbents, activated alumina, and
iron-based compounds. Activated alumina's
remarkable selectivity and regeneration capabilities
make it particularly beneficial. Additionally,
composite materials, including magnetic iron—
aluminum hydroxide nanoparticles, provide the
benefit of magnetic separation, facilitating
straightforward recovery processes [[53], [54], [55],
[56]]. Absorbent materials include activated
alumina, which is a commonly used and well-
researched adsorbent, particularly for complex
industrial wastewaters, due to its selectivity for silica
and capacity for regeneration. Although they are
also used, iron-based absorbents such iron (lll)
hydroxide and similar substances have the potential
to create deposits that make regeneration
procedures more difficult. To improve stability and
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adsorption performance, a variety of silica-based
materials are used, such as mesoporous silica and
silica aerogels, occasionally with additional metal
oxides. To make separation and reuse easier,
composite materials like magnetic iron-aluminum
hydroxide nanoparticles combine silica adsorption
capabilities with magnetic qualities [[57], [58], [59],
[60], [61]]. Surface contacts, pH, and the chemical
affinity of silica species for the adsorbent are all
factors that affect adsorption. Strong pH
dependence characterises the adsorption process;
for example, adsorption onto activated alumina is
pH-dependent, whereas iron-based adsorbents
work best at pH 9. As shown with gallic acid-
modified resins, chemisorption—the formation of
chemical bonds between silica and the adsorbent
occurs sometimes [[53], [57], [62], [63]]. Adsorption
and chemical precipitation were used to study the
removal of reactive silica from synthetic solutions
and industrial anodising waste streams. Seven
precipitants and twelve commercial adsorbents
were evaluated. Ferrolox (based on iron (lll)
hydroxide) was the most effective adsorbent,
particularly at pH 9, producing 16.22 mg/g for
synthetic solutions and 11.25 mg/g for wastewater.
According to molecular modelling, Ferrolox and
silica species formed a hydroxo-complex during the
silica removal process. Magnesium chloride was
removed up to 87% in precipitation, and the most
important factor was found to be pH (variance value
81.42) [57]. The effectiveness of boehmite (y-
AIOOH) as an adsorbent for silica removal was
assessed. Both chemical and physical adsorption
processes were shown by kinetic analysis, and the
pseudo-second-order model suggested the
existence of chemisorption. At concentrations more
than 50 mg/L, the silica adsorption isotherm
complied with the Freundlich model, and
mesoporous structures facilitated silica adsorption
in tap water. According to this study, y-AIOOH can
be used as an adsorbent to alleviate silica-related
issues in a variety of sectors [56]. At a SiO,
concentration of 200 mg/L, with a dosage of 0.10
g/L, pH 10.5, and temperature of 303 K, integrated
chemical precipitation using Fennofix type FF40 and
evaporation achieved 96% silicon removal. This
result is marginally higher than reported silicon
removal rates for precipitation using CaO (93%) and
electro-coagulation  (95%) at  initial  SiO;
concentrations of 954 mg/L and 250 mg/L,
respectively. Both chemical precipitation and

evaporation were able to treat thermo-mechanical
pulping (TMP) whitewater of varying strengths, as
the treated effluents complied with the regulatory
silicon limit of less than 50 mg/L [63]. Magnesium
oxide effectively removes soluble silica from water
via adsorption, especially when combined with hot-
process lime-soda softening, without increasing lime
or soda ash usage. The process aligns with Langmuir
and Freundlich isotherms and reduces the solids
content of treated water, unlike chemical reagents
such as ferric sulphate. While final traces of silica are
hardest to eliminate, practical applications have
shown reductions from 6.3 ppm to 0.6 ppm and from
56 ppm to 1 ppm in full-scale and natural water
treatments, respectively [64]. Core-shell composite
magnetic  Al(OH);@Fes0;, nanoparticles were
created as adsorbents to extract silica from brackish
water. Silica adsorption is made possible by the
AI(OH)s shell, while magnetic separation is made
simple by the Fe304 core.

At 2 g L% these nanomaterials removed
approximately 95% and 80% of silica from solutions
with initial concentrations of 0.5 and 2 mM,
respectively. After four cycles, regeneration with
0.05 M NaOH retained reusability and removal
effectiveness of around 40%. The presence of silica
polymerisation on the AI(OH); shell during
adsorption was verified by spectroscopic
investigations. Utilising these nanoparticles in
reverse osmosis showed decreased silica scaling and
enhanced water recovery, suggesting that they
might be used for effective brackish water
treatment and inland desalination [[65], [66]]. Ferric
hydroxide (Fe(OH)s) and ferric chloride (FeCls) were
investigated for the removal of silica from integrated
circuit (IC) effluent. Fe(OH)s; absorbed 94.6% of
reactive silica in less than 60 minutes, whereas
optimised FeCl; decreased turbidity by 97.2%.
Adsorption was modelled using PHREEQC and suited
the Langmuir  isotherm, showing  silica
polymerisation on iron surfaces. Silica may be
effectively removed from industrial effluent by using
both FeCls and Fe(OH)s [67].

Conclusions

Removing silica from industrial water is vital for
preventing membrane fouling and maintaining
efficiency. In addition to their advantages,
traditional techniques including electrocoagulation,
ion exchange, reverse osmosis, ultrafiltration, and
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lime softening have disadvantaged such high
chemical usage, high energy costs, and restricted
compatibility. The selective removal of reactive and
colloidal silica using adsorption, particularly with
improved materials, requires less energy and
produces less sludge. Research on enhanced
adsorbents via regeneration, porous architectures,
and surface modification is essential to creating
scalable and cost-effective  solutions. The
development of efficient and sustainable water
treatment systems for silicon management can be
facilitated by incorporating these developments.
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TYWIHAEME
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a4icTepi TaNKblnaHaabl.

KpemHesemmeH nactaHy membpaHanbiK TasapTy KyWenepiHiH, TMiMAiniri meH y3ak mepsimai
6epikTiriH TOeMeHAeTeAi, an OHEepKaCINTIK Cy afblHAAPbIHAA KPEMHUWAIH 60aybl TypaKTbl
nanganaHy KesiHge eneyni KMbIHAbIKTAP TyAblpaabl. byl makanaga KpeMHUIA] KeTipyaiH, - MOH
anmacy, kepi ocmoc (KO), yabtpadunbtpaums (YO), anektpokoarynaums (IK), agcopbums kaHe
9KMEeH YYMCapTy CWAKTbl HEerisri TexHoNoruanapbiHa ONapAblH, XKYMbIC icTey npouecTepi,
KEeMLUINiKTepi MeH apTypAai KpemHesem TypsepiHe KONAaHblAy epeKLlenikTepi TypFblCbiHAH
casibICTbipMasibl Tangay XKyprisineai. Onap aMTapabikTa Meswepae XMMUANbIK 3aTTapapl aHe pH
6aKblNayblH KaXeT eTce fe, 9KNeH KYMCapTy KaHe MOH anmacy aicTepi epireH KpemHesemai
KeTipyae tmimai. Kepi ocmoc KeH, aykbimapl 6eny KabineTiHe ue 6GonfaHbiMeH, angplH ana
OaMbIHABIKTbI KAXKeT eTefi XaHe KpemHeseM TyHbacbIHbIH, Ty3inyiHe 6eitim. YnbTpadunbtpaums
KONINOUATbI KaHEe AWUCNepCTi KpemMHesemAai TUiIMA[ KoAaabl, AereHMeH, 01 MOHOMepAi Typsepre
KaTbICTbl TUIMCI3. DNIEKTPOKOAryNALUA INEKTPOXUMUANDBIK TYPAKCbISAAHABIPY MEH KpuUcCTanaaHy
NPOLLECTEPIHIH, YNnecyi HaTUXKeCIHAE a3 KeseMzi Waam Ty3e OTbIPbIN, *KOFAPbl KO TUIMAINITIH
KamTamacbi3 etegi. Aacopbuus aaici acipece 6enceHaipinreH ranMHosemai, Temip OKcuai
HerisiHaeri Kantamanapgpl KaHe OQYHKUMOHaNAaHAbIPbIAFAH rMBpUATEp CUAKTbI apHalibl
maTepuangapabl NnakfanaHfaH Karganaa aiHbIManbl CENEKTUBTINIIKKE, TOMEH SHEPrua TyTbIHYFa
JKoHe MeMOpaHanblK JKyWenepMeH »Kakcbl yihnecimginikke ue. COHbIMEH KaTap, Kypaeni
OHEPKICINTiK Cy MaTpuLanapbiHaH KpeMHe3eMaji KeTipy a4icTepiH KEHENUTYAiH Heri3ri TeXHUKaNbIK,
JKOHEe 3KOHOMMKA/bIK acrekTinepiH TandaymeH KaTap, mMakanaga apcopbeHTTi obanaypafbl
COHFbl XKETICTIKTEP, Mbicanbl, 6eTTiK moandUKaLma, nepapxuaNbIK KEYEKTINIK KaHe pereHepauus

TyliiH ce30ep: KPEMHWI ANOKCU A, OHEPKICINTIK, aFbiHAbI Cyaap, TasapTy, aacopbums.
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AHHOTAUMA

3arpsasHeHne KpemHe3emMOoM CHUXKaeT 3GPEeKTUBHOCTb M AONrOBEYHOCTb MEMBPAHHbIX cucTem
OYUCTKM, A NPUCYTCTBUE KPEMHMA B MPOMBbILLIEHHbIX BOAHbIX MOTOKAX CO3AAET MOCTOAHHbIE
3KCMyaTaLMOHHble Npobnembl. B LaHHOM CTaTbe NPOBOAUTCA CPABHUTE/IbHBIN aHaIN3 OCHOBHbIX
TEXHONOTUI  yAaNeHus KpemHe3ema - MWOHHOro obmeHa, obpaTHoro ocmoca (0O),
ynbTpadunbtpaumm (YO), anektpokoarynaumm (3K), agcopbumm u ymardeHusa wu3BecTblo - C
AKLEHTOM Ha UX MEXaHM3Mbl, HELOCTAaTKM M NPUMEHUMOCTb K Pa3/IMiHbIM GOpMam KpeMHesema.
Mocrynuna: 27 okms6ps 2025 HecmoTps Ha HeobXO4MMOCTb WCMO/b30BAHMA 3HAYMTENIBHOTO  KOIMYECTBA  XMMMYECKMUX
PewueH3upoBaHMe: 24 HoABps 2025 peareHTOB M KOHTPO/IA pH, M3BECTKOBOE YMATYEHME U MOHHbIN 06MeH 3GdEeKTUBHbI ANA yaaneHUs
MNpuHATa B NevaTs: 26 Hoa6pA 2025 pacTBOpéHHOro KpemHesema. OO TpebyeT TwaTteNbHOW NpeABapUTEIbHOW MOAFOTOBKM, HO
obecrneunBaeTr LWMPOKWUIN [Mana3oH pasgeneHus, XoTa W noagep)KeH o06pa3oBaHWIO OCAfKOB
KpemHesema. YP 3dPeKTUBHO yaanseT KOANOUAHbIM M YACTUYHO AWUCNEPCHbLIA KpeMHeseMm,
0HAKO He CnpaBAseTca C MOHOMEPHbIMKU dpopmamu. DK AEMOHCTPMPYET BbICOKME MoKasaTenu
yAaneHus npuv  MeHbliem o0b6bEéme ocagka 6narofapa COYETAHMIO  31EKTPOXMMMUYECKOM
Jectabunmsaumm M Kpuctaaamsauuu.  Aacopbums  XapaKTepusyeTcs  NepemeHHoM
CENIEKTUBHOCTbIO, HWM3KMM 3HepronotpebieHMemM W COBMECTMMOCTbIO C  MeMBPaHHbIMU
cucTeMamu, OCOBEHHO MNPW  UCMONBb30BaHWM CMELMaNbHO pPa3paboTaHHbIX MaTepuanos -
aKTMBMPOBAHHOTO  OKCMAA  aNlOMMHMA, MOKPbITUIA Ha OCHOBE OKCMAa Kenesa w
bYHKUMOHANN3MPOBaAHHbIX TMBpMaoB. NOMMMO aHanM3a K/YEBbIX TEXHUKO-3KOHOMMUYECKUX
aCMeKToB MacWTabupoBaHUA METOAOB YAANEHUA KPEMHE3EMA W3 CAOXKHbIX MPOMbILLIEHHbIX
BOZHbIX MaTpuL, B CTaTbe TaKXKe PacCMaTPMBAlOTCA MOCNEAHME AOCTMNKEHMA B obnactu
NPOeKTUpPoBaHMA aacopbeHTOB, TakMe Kak MoaudUKaumsa MOBEPXHOCTM, Mepapxuyeckas
MOPUCTOCTb M METOAbI PEreHepaLmu.

Knrouesble cnoe8a: ANOKCUA KPEMHUA, NPOMbILIAEHHbIE, CTOYHbIE BOAbI, O4MCTKA, a,u,cop6u,v1ﬂ.
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