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Abstract 17 

During the prolonged operation of optical systems used for liquid-consistency inspection, their surfaces 18 

inevitably become contaminated. Among the most persistent contaminants are micrometer-scale rust 19 

particles, colloidal in nature and inclined to agglomerate, which gradually accumulate on the optical 20 

elements. To elucidate the mechanisms governing this deposition, numerical modeling was conducted 21 

to evaluate particle adhesion on a functional coating, both with and without an additional protective 22 

layer. The analysis incorporates the principal forces shaping particle behavior: adhesion, Hertzian 23 

elastic response, electrostatic double-layer interactions, and the hydrodynamic drag imposed by the 24 

surrounding liquid. From these components, the total interaction force, particle velocity, displacement, 25 

and their temporal evolution were derived. Taken together, the results offer a coherent physical picture 26 

of how rust particles engage with coated optical surfaces and how protective layers may mitigate this 27 

persistent form of contamination. 28 

 29 

Keywords: contaminants; rust; interaction; optical window; numerical simulation 30 

 31 

 32 

 33 

 34 

 35 

 36 

 37 

 38 

 39 

 40 

 41 

 42 

 43 

 44 

 45 

 46 

 47 

 48 

 49 



 2 

1 Introduction 50 

 51 

Monitoring the chemical consistency of liquids is critical across industries such as pharmaceuticals, 52 

environmental science, and food processing. Single-beam spectrophotometry has emerged as a widely 53 

used technique for this purpose due to its simplicity, cost-effectiveness, and non-destructive nature. 54 

This method measures the absorbance of light by a liquid at specific wavelengths, providing insights 55 

into the concentration of analytes present. Research (Agberien and Örmeci [1]) demonstrated the utility 56 

of single-beam spectrophotometry for environmental monitoring by detecting cyanobacteria in water, 57 

while Feng et al. [2] developed an open-source dual-beam spectrophotometer for citizen-science-based 58 

water quality monitoring. In microbiology, Montesinos-Cruz and Somerville [3] highlighted the 59 

technique’s role in analyzing microbial content in liquids, and Bausch & Lomb (Spectronic 20 [4]) and 60 

Drawell Analytical [5] provided guidance on spectrophotometer design and optimization. 61 

Despite its widespread use, challenges remain in ensuring measurement accuracy. Lab Manager 62 

[6] and Fisher Scientific [7] discussed factors such as light source stability, detector sensitivity, and 63 

sample turbidity, while Elite Scientific & Meditech (Spectroscopy, [8]) and Ezilab (Scientific [9]) have 64 

worked on improving instrument performance and usability. Yang et al. [10] developed an in-situ 65 

analyzer for dissolved reactive phosphorus in natural waters, demonstrating the feasibility of real-time 66 

nutrient monitoring. Carreres-Prieto et al. [11] applied LED spectrophotometry for wastewater 67 

characterization and optimized measurement accuracy using regression and dimensionality reduction 68 

techniques. Hladová et al. [12] reviewed methods for determining formaldehyde in liquid samples, 69 

emphasizing the versatility of single-beam spectrophotometry for detecting low-concentration 70 

industrial contaminants. 71 

Online and in-line spectrophotometric monitoring has become central to continuous process 72 

and water-quality surveillance. Shi et al. [13] highlighted that probe design, flow cell configuration, 73 

and fouling control strongly influence performance in field deployments. Single-beam 74 

spectrophotometers remain attractive for portable and low-cost monitoring due to mechanical 75 

simplicity, but they are more sensitive than double-beam systems to source fluctuations and mechanical 76 

drift. Ríos-Reina and Azcarate [14] emphasized that combining robust mechanical design with signal 77 

processing strategies such as baseline correction, reference replicates, and chemometric drift 78 

compensation is essential to achieve reliable results. 79 

The choice of sample cells and cuvettes also affects measurement precision. Páscoa et al. [15] 80 

reviewed the advantages of liquid waveguide capillary cells for enhancing sensitivity in trace analyte 81 

detection, compared to traditional quartz or glass cuvettes. Whitehead et al. [16] and Yimkosol et al. 82 

[17] demonstrated that 3D-printed adapters and holder designs improve mechanical stability and 83 

minimize alignment drift. Dupont et al. [18] and Lee et al. [19] highlighted that portable LED-based 84 

systems benefit from bespoke holder designs, light isolation covers, and fixed geometries to ensure 85 

reproducibility. Integrating mechanical and computational strategies enables low-cost single-beam 86 

systems to achieve fit-for-purpose performance comparable to laboratory-grade instruments (Ríos-87 

Reina and Azcarate [14]). 88 

Matrix-specific factors can further complicate measurements. Logozzo et al. [20] showed that 89 

iron contamination from corrosion can distort UV-Vis absorbance, necessitating auxiliary iron 90 

measurements or spectral corrections. Wilding and Blanton [21] demonstrated that fertilizers such as 91 

urea ammonium nitrate (UAN) require careful calibration to avoid interference from turbidity, 92 

precipitation, or overlapping absorbance bands. El Bindary et al. [22] and Türkmen et al. [23] 93 

developed methods for detecting iron contamination in complex matrices, while Esfandiari and 94 

Aliofkhazraei [24] reviewed complementary electrochemical strategies for low-level iron 95 

quantification. Fay et al. [25] and Anelli et al. [26] showed that portable LED-based systems with 96 

mechanically stable cuvette holders can accurately monitor high-absorbance solutions such as Ad-97 

Blue®.  98 
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Overall, single-beam spectrophotometry provides a rapid, non-destructive, and cost-effective 99 

approach for monitoring the chemical consistency of diverse liquids. While challenges such as 100 

mechanical instability, matrix complexity, turbidity, and light source fluctuations remain, advances in 101 

optical design, portable LED-based systems, and computational correction strategies continue to 102 

enhance the technique’s robustness, confirming its role as a valuable tool in environmental, industrial, 103 

and agricultural applications. 104 

The objective of this study is not to experimentally quantify deposit formation, but to develop 105 

and evaluate a mechanistic framework describing the interaction between rust particles and modified 106 

optical surfaces under representative UAN-32 operating conditions. The proposed modelling 107 

framework provides a scalable approach for industrial applications, demonstrating that surface 108 

modification is a viable strategy to enhance the durability and reliability of in situ spectroscopic sensing 109 

systems. 110 

 111 

2 Problem formulation 112 

In single-beam spectrophotometric systems, accurate light transmission through the cuvette’s optical 113 

window is essential for reliable absorbance measurements. During operation and handling, however, 114 

contaminants such as dust particles, chemical residues, or microdroplets may accumulate on or adhere 115 

to the optical surface (Fig. 1). These surface deposits introduce additional scattering and absorption, 116 

distorting the transmitted light intensity and compromising both measurement accuracy and 117 

reproducibility. 118 

This issue is particularly pronounced in single-beam configurations because these systems lack 119 

a reference beam to compensate for optical losses or drift caused by surface contamination. Even minor 120 

variations in the optical path arising from particle deposition, adsorption kinetics, or surface roughness 121 

changes-can produce significant systematic errors in absorbance readings. 122 

Therefore, it is necessary to develop a model and experimental framework that quantifies 123 

contaminant deposition on cuvette windows and evaluates its effect on transmitted light intensity in 124 

single-beam spectrophotometric systems.  125 

Key factors to consider include: Mechanisms of contamination - particle settling, vapor 126 

condensation, and chemical adsorption; Optical interactions - scattering, reflection, and absorption by 127 

the deposited layer; Temporal dynamics - evolution of contamination during measurement; 128 

Instrumental sensitivity - amplification of measurement errors inherent to single-beam systems. 129 

In addition to these challenges, surface contamination of cuvette windows has been widely 130 

recognized as a source of error in single-beam spectrophotometry. Dust, chemical residues, or 131 

microdroplets adhering to the optical interface introduce scattering and absorption that distort 132 

transmitted light intensity, reducing measurement accuracy and reproducibility (Blaney et al. [27]; 133 

Esfandiari and Aliofkhazraei [24]; Mettler Toledo [28]). Turbid or particulate-containing samples 134 

further exacerbate this effect, as light scattering can result in falsely elevated absorbance readings 135 

(Blaney et al. [27]; Li et al. [29]). 136 

While previous studies support the general principle that fouling or contamination can affect 137 

UV–Vis transmission, there is a lack of published work investigating the specific impact of rust 138 

particles, ~1 µm α-FeO(OH), adhering to fused-silica cuvette windows in high-ionic-strength fertilizer 139 

solutions such as UAN 32. This represents a novel source of error that this study seeks to quantify. 140 

The objective of this work is to establish a quantitative relationship between the degree of 141 

particle adhesion on fused-silica cuvettes and the resulting optical signal deviation in single-beam 142 

spectrophotometric measurements of UAN 32 solutions. By examining particle deposition 143 

mechanisms, optical interactions, temporal dynamics, and instrumental sensitivity, this study aims to 144 

provide predictive and corrective strategies to mitigate measurement errors caused by surface 145 

contamination in single-beam systems. 146 

 147 
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 148 

Fig. 1 An optical window that is covered with rust 149 

 150 

2.1 Technical background of the use of silanes for coating technology 151 

The silane category refers to chemical compounds of silicon and hydrogen, which are the silicon 152 

analogues of hydrocarbons. It is generally accepted that the general formula, analogous to the formula 153 

of alkanes, is SiₙH₂ₙ₊₂ (Fig. 2). 154 

The simplest form of silanes is monosilane SiH₄ (analogous to methane). There are also a 155 

number of disilanes (Si₂H₆), trisilanes (Si₃H₈), etc. with different valences. 156 

The structure is usually tetrahedral, and silicon in silanes is usually sp3-hybridized. Unlike 157 

hydrocarbons, the bond between silicon is weaker, and the bond between silicon and hydrogen is more 158 

polar than in the carbon-hydrogen pair. For these reasons, silanes are more chemically reactive. 159 

Silane acts as a reducing agent and is easily oxidized. In a substitution reaction, the reaction 160 

proceeds as shown, resulting in the formation of organosilanes Si–H → Si–R (where R is an organic 161 

group). From the point of view of chemical formation, silanes are a basic class of silicon hybrids and 162 

an intermediate link between inorganic chemistry in the form of SiH4 and organic polymer chemistry 163 

in the form of silicones. 164 

Silane is rarely used in its pure form, but its derivatives are widely used as organosilanes, 165 

siloxanes, and silicone polymers. The main form of organosilanes can be RₙSiH₄₋ₙ or RₙSiX₄₋ₙ. These 166 

types are used for surface modification, and silanes act as cross-linking agents for both polymers and 167 

composites. Hydrolysis and condensation of silanes form siloxanes, which are converted into silicone 168 

polymers in production. 169 

In terms of technology, silanes are used to form thin films and are widely used in construction 170 

chemistry and materials chemistry as water repellents, protective coatings, corrosion inhibitors for steel 171 

in concrete, and as components of composite coatings. They are capable of penetrating deep into porous 172 

materials, interacting with the hydroxyl groups of the cement matrix, and forming stable organosilicon 173 

bonds, giving the material water-repellent properties without significantly changing its vapor or visual 174 

permeability. They are also used in the manufacture of chips and solar panels to form protective films. 175 

To modify construction mixtures, such as concrete, silanes are used for impregnation, 176 

hydrophobization, and thus the formation of additional protection against moisture and salts. 177 

Scientific research pays great attention to the application and modification of silanes. Silanes are being 178 

studied in durability tests of 20-year-old concrete modifications, where they were used as penetrating 179 

water-repellent agents that reduce capillary water absorption (Christodoulou et al. [30]). 180 
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     181 

Fig. 2 Typical alkyl alkoxysilane molecular structure (Christodoulou et al. [30]) 182 

 183 

For porous materials, protection against aggressive marine environments containing ions or 184 

chlorides, as well as a reduction in the transfer of aggressive salts to metal surfaces, was achieved by 185 

coating with a silane emulsion. This modification reduced the permeability coefficient by up to 50% 186 

(Christodoulou et al. [30]). 187 

Other studies (Zhang et al. [31]) have determined that water-based silane emulsion significantly 188 

reduces the water absorption of concrete, which is explained by the hydrophobization of capillary walls 189 

in hardened cement paste. A schematic diagram of chemical reactions involved in the silane-modified 190 

cementitious systems, R is C8H17, Et is C2H5 is presented (Zhang et al. [31]) (Fig. 3). At the same time, 191 

this coating slightly inhibits early cement hydration and slightly reduces the compressive strength of 192 

concrete. Studies also show that the hydrophobicity of the silane coating decreases with an increase in 193 

the amount of absorbed water, which is believed to be associated with the swelling of the CSH-type 194 

gel upon water absorption. 195 

       196 

Fig. 3 Hydrolysis and condensation reactions of alkoxysilanes 197 

 198 

Other studies have determined that silane organo-mineral coatings increase the adhesion and 199 

durability of polyurethane nanocoatings (Ghamarpoor et al. [32]). 200 

Compounds of octyltriethoxysilane (OTES) and vinyltriethoxysilane (VTES) improved the 201 

scratch resistance of the polyurethane coating by 25% when a coating containing 5 wt% OTES-202 

modified nanoparticles was added, and by 37.5% when 1 wt% VTES-modified nanoparticles compared 203 

to coatings with unmodified nanoparticles. Organosilane coating with nanoparticles of CeO2, SiO2, or 204 

CeO2·ZrO2 types increased the corrosion resistance of metal substrates and enhanced the properties of 205 

the barrier layer by increasing the cross-linking of molecules in the film (Montemor et al. [33]). 206 

The hydrophobic properties of silanes were confirmed by research using triethoxy(octyl)silane-207 

based compounds (Fig. 4). This coating had a significant water-repellent effect (contact angle up to 208 

~135°), which is important for protecting wood, paper, and textiles (Baranov et al. [34]). 209 

 210 

Fig. 4 Schematic representation of the interaction between compounds 1 and 2 and cellulosic material surfaces 211 

(Baranov et al. [34]) 212 
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 213 

The use of a silane-containing layer has also been found to have antibacterial properties in 214 

combination with Ti3C2 nanoplates (Fig. 5). Chemical etching creates a rough surface that promotes 215 

superhydrophobicity. Silane molecules cross-link to form a film with low surface energy, which not 216 

only contributes to the superhydrophobicity of the surface, but also plays an important role in corrosion 217 

resistance (Nie et al. [35]). 218 

 219 

 220 

Fig. 5 Superhydrophobic silane-based surface coatings on metal surface with nanoparticles hybridization (Nie 221 

et al. [35]) 222 

 223 

A silane coating as a modifier improves the adhesion between the organic and inorganic phases 224 

in composite coatings, increasing resistance to corrosion and mechanical stress. This effect has been 225 

confirmed by studies of the synthesis and characteristics of silane-bonded sodium silicate composite 226 

coatings. In this work (Liu et al. [36]), a silane coupling agent was used as a bridge between organic 227 

and inorganic interfaces through hydrolysis and condensation reactions of its bifunctional groups, 228 

forming an interphase layer bound by hydrogen and covalent bonds, thereby improving the 229 

compatibility between the organic resin and inorganic sodium silicate. The results showed that with a 230 

modified sodium silicate content of 60 wt%, the coating hardness reached 4H. In addition, 231 

electrochemical tests demonstrated that the coating has a higher impedance (9.62 × 10⁴ Ω/cm²) and a 232 

lower corrosion current density (5.82 × 10⁻⁷ A/cm²). 233 

To coat silicon surfaces, including chromatography analysis cuvettes, silane modifications from 234 

the categories hexamethyldisilazane (HMDS), trimethylchlorosilane (TMCS), octyltriethoxysilane 235 

(OTES), and others can be used. 236 

HMDS is an organic silicon compound belonging to the silane group, with the chemical formula 237 

[(CH₃)₃Si]₂NH. It is an amine derivative in which two hydrogen atoms of ammonia are replaced by 238 

trimethylsilyl (TMS) groups. HMDS is a colorless, volatile liquid with a boiling point of ~125 °C and 239 

a density of ~0.77 g/cm³. Structurally, HMDS can be considered a silanazane: the central nitrogen atom 240 

is connected to two Si(CH₃)₃ groups, forming a Si–N–Si bridge. The Si–N bond length and Si–N–Si 241 

angle are close to the values of other disilazane compounds, which indicates that the molecular 242 

geometry is mainly determined by the properties of the electronic groups rather than steric factors 243 

alone. 244 

Since HMDS is a strong donor of silyl groups, it reacts with compounds containing active 245 

protonic groups (-OH, -NH, -SH, -COOH), replacing them with trimethylsilyl (TMS) fragments. This 246 

process is called silylation and is widely used in organic synthesis and analytical chemistry. Silylated 247 

compounds (TMS derivatives) generally exhibit higher volatility and thermal stability, which is 248 

particularly important when preparing samples for gas chromatography. 249 

HMDS is sensitive to moisture, so contact with water causes hydrolysis, which produces 250 

ammonia and trimethylsilanols. An example reaction with a silicon dioxide (SiO₂) surface, where the 251 

surface becomes less polar and hydrophobic: 252 

 253 
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2{-Si–OH} + (CH₃)₃Si–NH–Si(CH₃)₃ → 2{-Si–O–Si(CH₃)₃} + NH₃.                             (1) 254 

 255 

Used to protect functional groups in the synthesis of complex molecules, especially when it is 256 

necessary to protect –OH or –NH groups from unwanted reactions. Used in sample preparation for gas 257 

or liquid chromatography to increase the volatility of polar compounds. Photolithography and 258 

microelectronics. HMDS is widely used as a surface activator (primer) in the treatment of silicon or 259 

glass surfaces. This makes the surface hydrophobic and improves the adhesion of photoresist in 260 

lithography processes. It is used for surface modification (e.g., hydrophobization of oxides) by reacting 261 

with silanol groups on the surface. HMDS belongs to the class of silanazanes, which are silane 262 

derivatives in which silicon hydrides are replaced by functional groups (in this case, an amino NH 263 

group). Unlike silanols or siloxanes, the chemical activity of HMDS is manifested in its ability to 264 

transfer trimethylsilyl groups to other molecules or surfaces. This property makes it an effective 265 

silanization reagent in organic chemistry and materials science. 266 

TMCS is an organosilicon compound with the chemical formula (CH₃)₃SiCl. It belongs to the 267 

class of chlorosilanes – silane derivatives in which one of the substituents attached to the silicon atom 268 

is a chlorine atom. TMCS is a colorless, highly volatile liquid with a pungent odor and high chemical 269 

reactivity. 270 

Structurally, the TMCS molecule consists of a tetrahedrally coordinated silicon atom bonded to 271 

three methyl groups and one chlorine atom. The Si–Cl bond is highly polar, making the silicon atom 272 

strongly electrophilic, which determines the high reactivity of TMCS towards nucleophiles (especially 273 

–OH and –NH groups). TMCS is a highly active silylation reagent and is therefore used for the 274 

modification of active protonic groups. It reacts with –OH, –NH, –SH, and –COOH groups, replacing 275 

the active hydrogen with a trimethylsilyl (TMS) group: 276 

 277 

ROH + (CH₃)₃SiCl → ROSi(CH₃)₃ + HCl.                                                                           (2) 278 

 279 

During the reaction, hydrogen chloride (HCl) is formed, which can catalyze side reactions or 280 

cause unwanted substrate decomposition, so basic additives (e.g., pyridine, imidazole) are often used. 281 

Due to its high reactivity, TMCS silylation proceeds rapidly and efficiently even at low temperatures. 282 

TMCS is particularly sensitive to water, and the following reaction occurs: 283 

 284 

ROH + (CH₃)₃SiCl → ROSi(CH₃)₃ + HCl.                                                                (3) 285 

 286 

The resulting trimethylsilanol can further condense to form siloxanes. The release of HCl makes 287 

the reaction not only fast but also chemically aggressive, so TMCS must be stored and used under 288 

strictly dry conditions. Used to protect alcohol and amine groups during the formation of TMS 289 

compounds. Often used as an activator in combination with HMDS, as TMCS generates HCl and HCl 290 

activates HMDS and accelerates silylation reactions. Also used for the modification of enols, 291 

carboxylic acids, and heterocyclic compounds. Widely used for sample preparation for gas 292 

chromatography (GC): polar compounds are converted into volatile TMS derivatives, peak shape is 293 

improved, and column adsorption is reduced. Used for surface silanization, especially on a laboratory 294 

scale: reacts with surface silanol groups to form hydrophobic trimethylsilylated surfaces. Due to the 295 

release of HCl, milder silane reagents are more commonly used in industry, but TMCS remains 296 

important in scientific research. TMCS belongs to the class of chlorosilanes, which are silane 297 

derivatives in which a halogen (usually Cl) acts as a reactive leaving group. Unlike HMDS (which acts 298 

through silyl group transfer without the formation of strong acids), TMCS silylation occurs through a 299 

nucleophilic attack on an electrophilic silicon atom, with immediate release of HCl. 300 

OTES is an organosilicon compound with the chemical formula C₁₄H₃₂O₃Si, structurally it is 301 

C₈H₁₇–Si(OC₂H₅)₃. It belongs to the class of alkoxysilanes – silane derivatives in which hydrolyzable 302 
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alkoxy groups (–OR) are attached to the silicon atom. OTES is a colorless or slightly yellowish, low-303 

viscosity liquid widely used for surface modification and hydrophobization. In the molecule, the silicon 304 

atom is tetrahedrally coordinated: it is attached to one long octyl (C₈H₁₇) hydrophobic chain and three 305 

ethoxy groups (–OC₂H₅), which can hydrolyze and participate in condensation reactions. This structure 306 

allows OTES to act as a molecular bridge between the inorganic surface and the organic hydrophobic 307 

coating. OTES first undergoes hydrolysis, during which the ethoxy groups are converted into silanol 308 

groups: 309 

 310 

C₈H₁₇–Si(OC₂H₅)₃ + 3 H₂O → C₈H₁₇–Si(OH)₃ + 3 C₂H₅OH.                                       (4) 311 

 312 

The resulting silantriol (Si–OH) is highly reactive and can participate in condensation reactions. 313 

Silanol groups can either condense with each other to form siloxane bonds or react with surface silanol 314 

groups (e.g., on SiO₂, glass, minerals): 315 

 316 

Si–OH + HO–Si → Si–O–Si + H₂O;                                                      (5) 317 

 318 

Si–OH + HO–Si–C₈H₁₇ → –Si–O–Si–C₈H₁₇ + H₂O.                                           (6) 319 

 320 

This creates a chemically bonded monomolecular or polymeric layer with hydrophobic octyl 321 

chains on the outside. It is used to improve the water repellency of glass, silicon dioxide, ceramics, and 322 

mineral fillers. Octyl chains reduce surface energy, thereby increasing the contact angle and reducing 323 

water and salt penetration. It is used to impregnate concrete, stone, and plaster in order to reduce 324 

capillary water absorption and increase resistance to frost and salts. Unlike polymer coatings, OTES 325 

forms a chemically bonded, breathable layer that does not interfere with water vapor diffusion. Used 326 

as a bonding promoter between inorganic fillers (silicon dioxide, ash, mineral powders) and organic 327 

binders (polymers, bitumen). 328 

 329 

2.2 Physical and chemical interaction of materials and coating into an area of UAN-32 330 

To clarify the effect of the materials used on each other, it is necessary to consider the possible 331 

interactions between the contacting surfaces. Thus, an analysis of the physical and chemical bonds for 332 

the main pair, the silane coating with the surface of the fused silica spectrometry cuvette, is presented. 333 

Since the main technical problem is the deposition and formation of a layer of iron oxides on the 334 

cuvette, the object of optimization is the relationship between the silane coating layer and the iron 335 

oxides contained in the flowing liquid medium. A secondary but also important factor is the 336 

environment in which all processes take place, which means that the interaction between the silane 337 

coating and the liquid medium of urea (ammonium nitrate, UAN-32) is also important and may be 338 

relevant for the durability of the silane coating optimization. 339 

 340 

2.3 Silane-Fused silica 341 

 342 

 Silane-based materials interact complexly with silica (SiO₂) surfaces, including fused silica, a form of 343 

amorphous silicon widely used in optics and composite materials. Organoalkoxysilanes in solution 344 

undergo hydrolysis and subsequent condensation, leading to the formation of active –Si–OH groups 345 

capable of reacting with the surface silanol groups of silica. A variety of structures of organosilanes is 346 

presented in Fig. 6. 347 
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 348 

Fig. 6 Generic structures of functional organosilanes with varying numbers of hydrolyzable substituents on 349 

silicon (Dickens et al. [37]) 350 

 351 

The study (Dickens et al. [37]) determined that in dental practice, when using silanes for 352 

interphase bonding in polymer composites, organosilanes are capable of interacting with silanol groups 353 

on the surface of glass or ceramics through the functional group –SiX₃, forming strong Si–O–Si bonds 354 

with the surface (Fig. 7). 355 

 356 

 357 

Fig. 7 SEM micrograph of nano-sized silica glass particles “G” fused onto the silicon nitride whiskers “w” by 358 

heating at a temperature of 800 °C. The purpose of the silica-whisker fusion was to facilitate the silanization of 359 

whiskers and roughen the whisker surfaces for enhanced retention in the resin matrix (Dickens et al., 2005 [37]) 360 

 361 

In another study (Söderholm and Shang [38]), also using silane coating in dental composites, 362 

the formation of two types of chemical bonds was confirmed during the treatment of colloidal silica 363 

with silanes: one of them is silicone bridges formed by the condensation of hydrolyzed silanes with 364 

surface Si–OH groups, and the other is associated with the orientation of silane molecules parallel to 365 

the silica surface. It was also noted that during the reaction of siloxane bridge formation, water is 366 

formed, which immediately binds to silanol groups, and water molecules are no longer available for 367 

hydrolysis reactions of unhydrolyzed silane (Yamaguchi et al. [39]; Iijima et al. [40]). As a result, the 368 

intensity of isolated OH groups decrease, their availability for bonding disappears, and surface 369 

reactions do not occur (Fig. 8). 370 

 371 



 10 

 372 

Fig. 8 Typical image of colloid probe with granular silica particle (bar = 4.5 μm) (Iijima et al. [40]) 373 

 374 

2.4 Silane-Iron oxide 375 

 In its typical form, rust is hydrated iron oxides (Fe₂O₃·nH₂O and FeO(OH)). These compounds 376 

form on the surface of iron and steel during corrosion and are characterized by the presence of 377 

hydroxide groups. 378 

The study (Al-Saadi and Singh Raman [41]) examined the corrosion resistance of low-carbon 379 

steel under conditions of enhanced corrosion, and organosilanes were used for pretreatment. When 380 

treating a metal surface with silanes, the alkoxy groups undergo hydrolysis to form reactive silanol 381 

groups –Si–OH, which can be adsorbed onto the surface of the oxide and hydroxide phases of iron by 382 

means of hydrogen bonds and subsequent condensation, forming Me–O–Si bonds. It was determined 383 

that most types of silanes undergo acid-catalyzed hydrolysis, which is accompanied by slow gel 384 

formation. However, in an alkali-catalyzed reaction, the condensation reaction rate is higher and gel 385 

formation occurs faster. It has also been noted that silane coating is highly sensitive to the number of 386 

silanol groups formed as a result of hydrolysis, and only a sufficient number of them can form a 387 

protective layer of metal against corrosion. Such a coating can limit the access of oxygen and 388 

aggressive ions, the main factors of corrosion, by creating an intermediate phase. The possibility of 389 

combining silanes with organic components to form protective films, preventing further oxidation, as 390 

well as sealing the area of the coated material, is also mentioned. 391 

The most important step to form the organofunctional group of silanes is the addition of silicon 392 

hybrids to substituted olefins and acetylenes according to the reaction (Al-Saadi and Singh Raman 393 

[41]): 394 

 395 

X3SiH + CH2 = CH – R – Y → X3SiCH2CH2RY.                                            (7) 396 

 397 

Reactivity of silane(s) and silanols could be different. Silanols are most stable at pH around 3, 398 

and their reactivity increases when pH is lower than 1.5 or higher than 4.5. Effect of pH on alkoxysilane 399 

hydrolysis. The gross changes in silane condensation and polymerization in an acid vs. base condition 400 

Fig. 9) (Al-Saadi and Singh Raman [41]). 401 

 402 
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 403 

Fig. 9 Simplified schematic of bonding mechanism between silane molecules and metal surface hydroxide layer 404 

(a) before condensation: hydrogen-bonded interface and (b) after condensation with covalent-bonded interface 405 

(Al-Saadi and Singh Raman [41]) 406 

 407 

2.5 Silane-Urea fluid phase 408 

UAN-32 solution consists of urea and nitrate in water and is a product of fertilizer production. 409 

The liquid has relatively low acidity and reactivity in corrosive reactions when in contact with metal 410 

surfaces. The interaction between this type of liquid and silane can be assumed based on the 411 

characteristics of these materials. The liquid contains large proportions of ammonium and nitrates, 412 

which are catalysts for electrochemical corrosion processes (Sundaram et al. [42]). 413 

Part of the liquid composition contains water, so silanes can theoretically interact with it by 414 

forming protective organosiloxane layers on the substrate (e.g., on the metal surface), reducing the 415 

access of aggressive components of the solution (NO₃⁻, NH₄⁺ ions) to the substrate. This process was 416 

studied in a paper (Al-Saadi and Singh Raman [41]) that investigated the adsorption of hydrolyzed 417 

silanol groups and the subsequent formation of a dense Si–O–Si network structure that limits the 418 

diffusion of corrosion-active particles. 419 

 420 

2.6 Technical background of the use of phosphonate-functional silanes for optical surface 421 

modification 422 

The category of anionic silanes, specifically phosphonate-terminated silanes, refers to 423 

organosilicon compounds where the silicon atom is bonded to a functional phosphonate group 424 

(typically as a sodium salt). The general formula for such a molecule, which acts as a molecular bridge 425 

on optical surfaces, can be represented as (OH)3Si–R–PO32−. 426 

Unlike alkyl silanes such as OTES, which primarily provide hydrophobicity through long 427 

carbon chains, phosphonate silanes are engineered to provide high surface energy and a strong negative 428 

electrostatic potential (zeta potential). The structure typically consists of a trialkoxysilyl or 429 

trihydroxysilyl group at one end, which facilitates bonding to the substrate, and a phosphonate head-430 

group at the other, which provides the anionic functionality. 431 

 432 

2.6.1 Hydrolysis and bonding mechanism 433 

Analogous to the reactions described for alkoxysilanes (Eq. 8 in previous sections), 434 

phosphonate silanes undergo hydrolysis to form reactive silantriol intermediates. These silanols then 435 

participate in condensation reactions with the surface silanol groups (–Si–OH) of fused silica or glass: 436 

 437 

Si–OH(surface)+HO–Si–(CH2)3–PO3
2-→Si–O–Si–(CH2)3–PO3

2-+H2O                                             (8) 438 
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 439 

This creates a chemically bonded, stable monolayer that is resistant to mechanical wear and 440 

chemical degradation. While OTES forms a non-polar barrier, phosphonate-functional silanes create a 441 

"charged shield." 442 

 443 

2.6.2 Zeta potential and antifouling properties 444 

Aqueous media such as UAN-32 promote dissociation of the phosphonate groups, resulting in 445 

the surface acquiring a pronounced negative charge. Scientific studies indicate that such modifications 446 

can achieve a zeta potential of approximately -50 mV. This is critical for the prevention of "fouling" 447 

caused by iron oxide microparticles (rust). According to the DLVO theory, the strong negative charge 448 

of the optical surface creates a repulsive electrostatic force that prevents neutral or slightly negatively 449 

charged iron oxide particles (Fe2O3) from adhering to the surface. 450 

 451 

2.6.3 Stability in aggressive fluids (UAN-32)  452 

The interaction between the phosphonate silane layer and the Urea Ammonium Nitrate (UAN-453 

32) fluid is governed by the chemical stability of the Si–O–Si bond and the phosphonate group. Unlike 454 

simple carboxylic silanes, phosphonates exhibit superior resistance to hydrolysis in environments with 455 

high ionic strength and varying pH levels (typically pH 6.5–7.5 for UAN-32). The dense siloxane 456 

network formed after thermal curing (110°C) limits the diffusion of aggressive NO3− and NH4+ ions 457 

to the silica substrate, thereby acting as both a corrosion inhibitor and an antifouling agent. 458 

 459 

2.6.4 Comparison with HMDS and OTES 460 

While HMDS and TMCS are used for temporary protection or to increase volatility in 461 

chromatography, phosphonate silanes are permanent modifiers. Compared to OTES, which provides a 462 

water-repellent effect (contact angle ~135°), phosphonate silanes are often more hydrophilic but offer 463 

superior protection against the deposition of inorganic micro-solids. For optical spectrometry cuvettes, 464 

this ensures that the light path remains clear of rust deposits, maintaining the accuracy of the 465 

measurements without altering the optical properties of the fused silica, as the coating thickness 466 

remains in the 1–5 nm range. 467 

 468 

3 Methodology 469 

 470 

3.1 Single rust particle interaction 471 

When modeling using the discrete element method (DEM), it is important to first find out the 472 

interaction model, since it is difficult to predict the behavior of the interacting system (as an example, 473 

to know whether the particle will adhere or not) how the interaction of individual elements occurred. 474 

The interaction of rust particles is described considering Newton's second law, discrete element method 475 

(DEM): 476 

 477 𝑚௜ࢇ௜(ݐ) =  478 (9)                                                                                      ,(ݐ)௜ࡲ

 479 

here 𝑚௜ is the mass and ܽ௜(ݐ) is the acceleration of rust particle. Vector ܨ௜(ݐ) = ∑ ௝(ݐ)௜,௝ܨ  corresponds 480 

to the resultants of forces added up and acting on the center of a rust particle i during a possible 481 

interaction. The calculation is performed in each time step ∆ݐ numerically by applying a fifth order 482 

Gear’s predictor-corrector scheme used in the DEM.  483 
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 484 

Fig. 10 Force versus displacement. Rust particle interaction 485 

 486 

Fig. 10 shows a model of the interaction of rust particle. The interaction begins at point A, 487 

before contact, when the attractive forces acting on the surface of the particle are sufficient for their 488 

mutual attraction. Here SL is the approach of a rust particle to the surface of another particle. LU is the 489 

load upon contact of the particle, UA is the unloading upon contact, AD is the separation of the particle 490 

upon breaking the contact. 491 

In the present work, the calculation of the mass is simplified and expressed as follows: 492 

 493 𝑚௜ = 43  ௜ܴ௜3,                                                                                (10) 494ߩߨ

 495 

here ߩ௜ denotes the density of the particle. 496 

 497 

The total force acting on the particles during interaction can be decomposed into individual 498 

components, each of which describes the combined effect of attractive and repulsive forces: 499 

(ݐ)ܨ 500  = (ݐ)௔ௗℎܨ + ௘௟ܨ + ௗ௜௦௦ܨ +  501 (11)                                                   ,(ݐ)ௗ௥௔௚ܨ + (ݐ)ௗ௟ܨ 

 502 

here ܨ௔ௗℎ(ݐ) is adhesion force; ܨௗ௟(ݐ) is electrostatic double layer force; ܨௗ௥௔௚(ݐ) is drag force; ܨ௘௟(ݐ) 503 

is elastic force; ܨௗ௜௦௦(ݐ) is energy dissipation force. 504 

 505 

As mentioned earlier, when considering particles interaction, it can be divided into separate 506 

segments (Fig. 10), including interactions at a distance (approach and detachment/separation) and 507 

interactions at contact (loading and unloading). Now let's consider the forces, considering each 508 

stage/segment separately. 509 

 510 

3.1.1 Approach 511 

The interaction begins at point A (Fig. 10) with the process of approach. When particle 512 

approach each other, the adhesion force, the electrostatic double layer force, and the liquid resistance 513 

force are estimated: 514 

(ݐ)ܨ 515  = (ݐ)௔ௗℎܨ +  516 (12)                                                                          ,(ݐ)ௗ௥௔௚ܨ + (ݐ)ௗ௟ܨ 

 517 

here ܨ௔ௗℎ(ݐ) is adhesion force; ܨௗ௟(ݐ) is electrostatic double layer force; ܨௗ௥௔௚(ݐ) is drag force.  518 

 519 

 520 
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3.1.2 Calculation of adhesion force 521 

The adhesion force ܨ௩ௗௐ for a ܴ௜ radius having rust particle on glass in liquid at separation distance ℎ 522 

is calculated as follows (sphere interaction with a flat surface, Israelachvili and Ruths [43]): 523 

௩ௗௐܨ 524  = ஺ಹ⋅ோ೔6ℎೞ೐೛ೌೝೌ೟೔೚೙2 .                                                                              (13) 525 

 526 

Separation ℎ௦௘௣௔௥௔௧௜௢௡ distance is considered as ℎ௦௘௣௔௥௔௧௜௢௡ = ܽி=0. 527 

If the separation increases (e.g., due to surfaces roughness or hydration layers), the adhesion 528 

force decreases rapidly because ܨ ∼ 1/ℎ2. ܣு is the Hamaker constant. 529 

This uses the van der Waals force formula 530 

௩ௗௐܨ 531  =  ஺ಹோ6ℎ2 ,                                                                                             (14) 532 

 533 

with a Hamaker constant ܣு = 30 ∙ 10−20J. 534 

If the separation increases (e.g., due to surface roughness or hydration layers), the adhesion 535 

force decreases rapidly because 1~ܨ/ℎ2. The adhesion force of 1 µm particle on fused glass in liquid 536 

at a 20 nm distance is ܨ௩ௗௐ =  1.5 nN. 537 

 538 

3.1.3 Loading  539 

During loading, in the presence of contact, the deformation in the contact zone is additionally 540 

considered, and a new deformation describing member ܨ௘௟(ݐ) is included: 541 

(ݐ)ܨ 542  = (ݐ)௔ௗℎܨ + (ݐ)௘௟ܨ  +  543 (15)                                                               ,(ݐ)ௗ௥௔௚ܨ + ௗ௟,௅ܨ

 544 

here ܨ௔ௗℎ(ݐ) is adhesion force; ܨௗ௟(ݐ) is electrostatic double layer force; ܨௗ௥௔௚(ݐ) is drag force; ܨ௘௟(ݐ) 545 

is elastic force; ܨௗ௜௦௦(ݐ) is energy dissipation force. 546 

 547 

3.1.4 Unloading 548 

After loading the contact deformation is followed by unloading, which begins at point U (Fig. 549 

10) and continues to point A, which describes the beginning of detachment/separation. Unloading is 550 

described similarly to loading, with the addition of the term ܨௗ௜௦௦(ݐ), which takes into account the 551 

change in attraction force during contact deformation. This term estimates the change in tension force 552 

necessary to assess the presence of rust particle adhesion. 553 

(ݐ)ܨ 554  = (ݐ)௔ௗℎܨ + (ݐ)ௗ௥௔௚ܨ + (ݐ)ௗ௟ܨ  + (ݐ)௘௟ܨ +  555 (16)                                                   ,(ݐ)ௗ௜௦௦ܨ

 556 

here ܨ௔ௗℎ(ݐ) is adhesion force; ܨௗ௟(ݐ) is electrostatic double layer force; ܨௗ௥௔௚(ݐ) is drag force; ܨ௘௟(ݐ) 557 

is elastic force; ܨௗ௜௦௦(ݐ) is energy dissipation force. 558 

 559 

3.1.5 Detachment 560 

The effect of the changed attraction force is also considered in the case where the particle is 561 

separated after contact, but since the contact is broken during detachment/separation, the deformation 562 

forces are not considered: 563 

(ݐ)ܨ 564  = (ݐ)௔ௗℎܨ + (ݐ)ௗ௥௔௚ܨ + (ݐ)ௗ௟ܨ  +  565 (17)                                                   ,(ݐ)ௗ௜௦௦ܨ

 566 
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here ܨ௔ௗℎ(ݐ) is adhesion force; ܨௗ௟(ݐ) is electrostatic double layer force; ܨௗ௥௔௚(ݐ) is drag force; ܨௗ௜௦௦ 567 

is energy dissipation force. 568 

 569 ߭௟௜௤௨௜ௗ ௙௟௢௪(ℎ) = ߭௠௔௫,௟௜௤௨௜ௗ ௙௟௢௪ (1 − (ோ ೛೔೛೐−|ℎ|ோ೛೔೛೐ )ξ).                                                   (18) 570 

 571 

3.2 Development of longitudinal and transverse models of fluid and particle flows 572 

To create the numerical model, a physical model was employed consisting of a pipeline branch 573 

with a channel through which the investigated fluid flows. Within a segment of the channel, a spectral 574 

window is installed, bounded on both sides by cylindrical cuvettes. All geometric parameters of the 575 

numerical model fully replicate the real applied object. The geometry was developed using the 576 

parametric design software SolidWorks. Numerical simulations were carried out using the software 577 

package COMSOL Multiphysics. 578 

For modeling fluid flow, two flow regimes were selected: laminar flow and the turbulent k–ε 579 

model. Boundary conditions for both models were intentionally set to be identical to enable a direct 580 

comparison between the cases. Both models were applied under steady-state conditions. The inlet 581 

velocity was defined using the “fully developed flow” condition, with an average velocity of 0.0021 582 

m/s. The outlet boundary condition was specified as a free outflow, with the static pressure p0 equal to 583 

0 Pa. 584 

The fluid material properties were defined to accurately represent the physical model, with a 585 

density ρ = 1310 kg/m3 and a dynamic viscosity μ = 0.005 Pa·s. Particle trajectories were computed 586 

using a time-dependent approach. The particles were assigned properties consistent with the physical 587 

model: particle density ρp = 4000 kg/m3 and particle diameter of 1 µm. At the inlet, particles were 588 

introduced with randomly distributed initial positions, with a total of 500 particles released. Particle 589 

velocity was coupled to the corresponding velocity field obtained from the fluid flow model. 590 

Additionally, a drag force acting on the particles was included in the simulation. 591 

The computational mesh was generated using a physics-controlled meshing approach, 592 

consisting of approximately 190,000 elements (triangular, quadrilateral, tetrahedral, prismatic, and 593 

pyramidal elements). A physics-controlled solution method was selected for each flow regime. For 594 

particle tracking simulations, the total simulation time was set to 100 seconds to capture the full process 595 

from inlet to outlet. 596 

For visualization of solution, the following options were used: Streamline, Multislice, Surface, 597 

and Particle Trajectories. Additionally, Line Graphs were generated to represent transverse and 598 

longitudinal velocity profiles. 599 

 600 
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 601 

a) 602 

                 603 

b)        c) 604 

 605 

 606 

d) 607 

Fig. 11 Cross view a) isometric, b) from the inlet side, c) profile, d) a cross-section of fluid channel and single-608 

beam cuvette with dimensions 1) 15 mm, 2) 32 mm, 3) 120 mm, 4) 2 mm, 5) 31 mm. 6) 25 mm 609 

6) 5) 
4) 

1) 

2) 
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 610 

The trajectories of particles were analyzed using COMSOL Multiphysics 6.4. The model 611 

employed the following physics interfaces: Laminar Flow, Particle Tracing for Fluid Flow, and Fluid-612 

Particle Interaction. 613 

The boundary conditions for the laminar flow were set according to the first-stage simulation 614 

task, with an inlet velocity of 0.0021 m/s, corresponding to the Fully developed flow option. 615 

For particle trajectory modeling, the Particle Tracing for Fluid Flow boundary conditions 616 

included Particle release specification set to Specify mass flow rate, with a maximum number of 617 

secondary particles (Maximum number of secondary particles) of 10,000. Additionally, the Particle 618 

size distribution was set to Uniform size. 619 

Walls 1, which include all surfaces except the edge-parallel surfaces in the spectral window, 620 

were assigned the Wall condition: Bounce, with no other initial particle conditions specified. The 621 

particle density was set to 4000 kg/m³, particle diameter to 1 µm, and particle type was Solid particles, 622 

uncharged. The acting forces on the particles were defined as Drag force. 623 

The inlet Mass flow rate was set to 1 µg/s with a random initial position, and the Number of 624 

particles per release was 5000. Walls 2, representing only the edge-parallel surfaces within the spectral 625 

window, were assigned the Wall condition: Stick. In the multiphysics settings, the Coupled 626 

Interfaces section defined the coupling from Particle Tracing for Fluid Flow to Laminar Flow. 627 

The computational mesh was generated using the Element size: Finer option, resulting in 628 

103,218 triangles, 552 quads, 1,643,771 tetrahedra, 190,572 prisms, and 4,332 pyramids. 629 

Thus, the numerical model for particle trajectories was established following the above 630 

boundary conditions and model specifications. 631 

 632 

3.2.1 Laminar flow 633 

The default Laminar Flow reference pressure level is set to and equal to 0. For a steady-state 634 

process, the fluid properties are described by the following equations: 635 

ݑ)ߩ 636  ∙ ݑ(∇ = ∇ ∙ ݈݌−] + [ܭ +  637 (19)                                                                ;ܨ

∇ߩ 638  ∙ u = 0;                                                                        (20) 639 

ܭ 640  = ݑ∇)ߤ +  641 (21)                                                                                ,(்(ݑ∇)

 642 

here T is the temperature is taken from the common model input; 643 ߩ and ߤ – are taken from fluid properties, density and specific dynamic viscosity. 644 

 645 

The inlet is considered as fully developed flow and the model is set to a steady state, as 646 

described by the following equations: 647 

௪ݑ 648  ∙ ݐ = 0;                                                                               (22) 649 

 650 − 1஺ ∫ ݑ ∙ ݊݀ܵడΩ೔೙ = ܷ௔௩, ܣ = ∫ ݀ܵడΩ೔೙ .                                                   (23) 651 

 652 

For the outlet, the stationary process is described by the following equations: 653 

݈݌−] 654  + ݊[ܭ =  0̂n                                                                  (24) 655݌−

 656 

and  657 
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0̂݌ ≤  658 (25)                                                                              .0݌

 659 

3.2.2 Particle tracing for fluid flow 660 

For Particle Tracing for Fluid Flow is used Stationary study and equation is: 661 

 662 ௗௗ௧ (𝑚௩ ௗ௤ௗ௧) =  ௧.                                                                                            (26) 663ܨ

 664 

For Wall is set fixed and equation by default is: 665 

ݒ 666  = ௖ݒ − 2(݊ ∙  ௖)݊,                                                                                (27) 667ݒ

 668 

here ݒ௖ is the particle velocity when striking the wall. The Wall condition in model is bounce. 669 

 670 

The physical characteristics of the rust particles were defined with a density of 4000 kg/m³ and 671 

a diameter of 1 µm. The particles were modeled as solid spheres. Charge is not used. 672 

For drag force is using these equations 673 

஽ܨ 674  = 1ఛ೛ 𝑚௣ݑ)ܯ −  675 (28)                                                                                      ;(ݒ

 676 ߬௣ = ఘ೛ௗ೛218ఓ ;                                                                                        (29) 677 

௩௠ܨ 678  = 12 𝑚௙ ௗ(௨−௩)ௗ௧ ,                                                                                (30) 679 

 680 

here  681 𝑚௙ = 16  682 (31)                                                                       ;ߩ௣3݀ߨ

 683 ௗ(௨−௩)ௗ௧ = డ(௨−௩)డ௧ + ݒ ∙ ݑ)∇ −  684 (32)                                                                 ;(ݒ

௣ܨ 685  = 𝑚௙ ஽௨஽௧ ;                                                                                                          (33) 686 

 687 ஽௨஽௧ = డ௨డ௧ + ݑ ∙  688 (34)                                                                                             ;ݑ∇

ܯ 689  = 11− 916ఈ+18ఈ3− 45256ఈ4− 116ఈ5 (1 − ܲ(݊)) + 11−98ఈ+12ఈ3 ܲ(݊);                                       (35) 690 

ߙ 691  = ௥೛௅ ,                                                                                            (36) 692 

 693 

here L is the distance to the nearest wall; 694 

 695 

P(n) is the projection onto the vector normal to the wall; 696 

 697 

For inlet is set Stationary and by default is using: 698 

ݍ 699  =  700 (37)                                                                                            ;0ݍ



 19 

ݒ 701  =  702 (38)                                                                                             .0ݒ

 703 

Mass flow rate is set 1 µg/s. Initial position is random and number of particles per release (N) 704 

is 5000. As velocity (u) is used velocity field. For outlet is set Stationary and by default is using: 705 

ݍ 706  = ܰܽܰ.                                                                                 (39) 707 

 708 

For wall condition is set Disappear and Stick. Wall 2 is set Stationary and is described by the 709 

following equation: 710 

ݒ 711  = 0.                                                                                              (40) 712 

  713 

3.3 Multiphysics model preparation. Movement of rust particles in the pipe 714 

 715 

For a part of solution Multiphysics are used, Type is Fluid-Particle Interaction. Type is 716 

Stationary and described by the following equation: 717 

 718 డிೡడ௧ = − ∑ ௙ೝ೐೗,೔ிವ௠௘௦ℎ௩௢௟ே௜=1 ,                                                         (41) 719 

 720 

here the sum is taken over particles in the mesh elements. 721 

Coupled Interfaces is set as Source Particle Tracing for Fluid Flow and for Destination is 722 

Laminar Flow. 723 

The numerical model was based on a physical setup consisting of a channel branching from a 724 

line, through which the test fluid flows. In the channel section, a spectral window is installed, bounded 725 

on both sides by cylindrical cuvettes. All geometrical dimensions of the numerical model precisely 726 

replicate the actual physical object. The geometry was created using the parametric design 727 

software SolidWorks. 728 

For the numerical analysis, the COMSOL Multiphysics software package was employed. Two 729 

flow modules were selected for the fluid: laminar flow and turbulent k-ε. The boundary conditions for 730 

both modules were deliberately set identically to enable comparison between the two cases. Both 731 

modules were applied under steady-state conditions. The inlet velocity was defined using the Fully 732 

developed flow option, with an average velocity of 0.0021 m/s. The outlet was set as a free outflow 733 

with static pressure p0 is 0 Pa. 734 

The fluid properties were defined to accurately represent the physical model, with a density ρ = 735 

1310 kg/m³ and dynamic viscosity μ = 0.005 Pa·s. 736 

For particle trajectory simulations, a time-dependent approach was employed. Particle 737 

properties were defined according to the physical model, with particle density ρp = 4000 kg/m3 and a 738 

diameter of 1 µm. The inlet condition specified a random initial particle position, with 500 particles 739 

released per injection. Particle velocity was coupled to the corresponding velocity field computed in 740 

the fluid flow module. Additionally, drag force was included as the force acting on particle motion. 741 

The computational mesh was generated using a Physics-controlled approach, consisting of 742 

approximately 190,000 elements (triangles, quadrilaterals, tetrahedra, prisms, and pyramids). For each 743 

flow case, a Physics-controlled solver was applied. 744 

The duration of the particle motion simulations was set to 100 seconds, covering the complete 745 

process from inlet to outlet. For result visualization, Streamline, Multislice, Surface, and Particle 746 

Trajectories options were used, and additional Line Graphs were generated to display cross-sectional 747 

and longitudinal velocity profiles. 748 
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 749 

4. Results 750 

4.1 Single particle interaction 751 

This section may be divided by subheadings. It should provide a concise and precise description 752 

of the experimental results, their interpretation, as well as the experimental conclusions that can be 753 

drawn. Initial data for numerical simulation is presented in Table 1. The parameter values summarized 754 

in Table 1 were selected to represent a physically realistic operating scenario for in-line 755 

spectrophotometric monitoring of UAN-32 fertilizer solutions contaminated with corrosion-derived 756 

iron oxide particles. The adopted particle diameter of 1 μm corresponds to the characteristic size range 757 

commonly reported for suspended iron oxyhydroxide particulates in industrial aqueous systems. This 758 

size range is particularly relevant because such particles are sufficiently large to influence optical 759 

transmission while remaining strongly affected by colloidal interaction forces. 760 

Surface potentials, elastic properties, fluid characteristics, and electrochemical parameters were 761 

selected from experimentally reported literature values for fused silica, iron oxide particles, silane-762 

based coatings, and concentrated aqueous electrolyte environments. The phosphonate-functional silane 763 

surface was represented by a strongly negative surface potential in order to evaluate the maximum 764 

achievable electrostatic repulsion and antifouling performance under realistic operating conditions. 765 

The selected parameter set should be interpreted as a representative engineering configuration 766 

rather than a system-specific calibration. Consequently, the objective of the model is not to reproduce 767 

a particular experimental dataset, but to identify the dominant physical mechanisms governing particle 768 

transport, attachment, and detachment at the optical surface. This approach enables a mechanistic 769 

assessment of contamination processes and provides a physically grounded basis for evaluating the 770 

effectiveness of surface modification strategies. 771 

 772 

Table 1 Initial data for simulation of pollutant rust, optical window, silan, Fluid Urea Ammonium 773 

Nitrate 774 

Objects Initial Parameters Values References, Source 

Pollutant rust 
 

Material (Goethite) α − FeO(OH) - 
Considered pollutant particle 
diameter (table 1), ݀ 

1 μm 
Karim et al. [44]; 
Locsin et al. [45]  

Radius, ܴ௜ 0.5 μm - 

Initial interaction distance, ℎௌ  
(ℎௌ = ܽி=0) 

20 nm 
 
 

Hunter [46]; 
Israelachvili and 

Ruths [43]; 
Kosmulski [47] 

Initial velocity, ߭0 −0.21 cm/s 
Calculated from the 

flow rate. 
Tangential velocity, ߭0்  −0.0981 cm/s - 
Normal velocity, ߭0ே −0.0981 cm/s - 

mass, 𝑚௜ ≈ 2.094 ×  10⁻¹⁵ kg Eq. (10) 

Density, ௜  ≈ 4000 − 4250 kg/m3 
 

Dana [48]  

Debit, Q 5 l/min - 
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Young’s modulus, ܧ௜ 150 GPa  
Tunega [49]; Wang 

and Huang [50]  

Poisson's ratio, ௜ 0.245 
Tunega [49]; Wang 

and Huang [50] 
Surface potential, ߰௜ −10 mV Sposito [51]  
The adhesion force (point L), ܨ௅,௔ௗℎ  

−1.5 nN  Eq. (13), Eq. (14) 

Optical 
window   

Material Fused silica  
Density, ߩ௝ 2.20 g/cm3 Le Parc et al. [52]; 

Ollier et al. [53]; 
Root et al. [54] 

Young’s modulus (Fused silica), ܧ௝  
74 GPa Le Parc et al. [52]; 

Zha et al. [55] 

Poisson ratio, ߥ௝ 0.17 Deschamps et al. 
[56];  

Polian et al. [57] 
Surface potential, ߰௝ -10 mV  Hunter [46]; 

Israelachvili and 
Ruths [43] 

Fluid 
Urea 
Ammonium 
Nitrate 
(UAN) 
 

Type UAN-32 - 
PH ≈7.0 (ranging between 

6.5...7.5) 
Ren et al. [58]; 
Wyszkowski et al. 
[59] 

Temperature, ௧ܶ௘௠௣ 20 0C - 
The permittivity of the free 
space, 0ߝ 

8.854 ⋅ 10−12 C2J−1m−1 
Leuchs et al. [60], 
[61] 

Debye length, ߣ஽ 
 

0.96 nm Hua et al. [62]; 
Israelachvili and 
Ruths [43]; Patil and 
Keshri [63]; Wahab 
and Mahiuddin [64] 

Debye length, ߣ஽ 
 

0.106 nm Gaddam and Ducker, 
[65]; Lee et al. [66]; 
Smith et al. [67] 

A dielectric constant of water, 74.5 ߝ  
Viscosity, ߟ௙ ≈ 0.005 Pa ∙ s  
Density 1.305–1.325 g/cm³   

Cuvette Diameter/width, ݀௖௨௩௘௧௧௘ 12 − 14 cm Consistent with 
standard flow-

through optical cell 
specifications 

(typical for 
spectrophotometric 

liquid analysis 
hardware; Sprana, 

2026). 
www.sprana.eu 

Silan Surface potential, ߰௝ −50 mV Parida et al. [68];  
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(phosphonate
-functional) 

Kosmulski and 
Kalbarczyk [69]; 

Hunter [46]. 

Density ߩ௦௜௟௔௡ 0.9-1.3 g/cm⁻³ Plueddemann [70] 

Coating thickness  2–3 nm  Zhu et al. [71] 

 775 

4.2 Fluid flow analysis 776 

Now analytical calculations of the fluid flow rate will be performed. The flow rate (debit) can 777 

be calculated using following equation: 778 

 779 ܳ = జ௧.                                                                                (44) 780 

 781 

The debit in the system is ܳ =  5.0 l/min, which is expressed in m3/s: 782 

 783 ܳ =  5.0 l/min = 112 l/s ≈ 0.08(3) ∙ 10−3 m3/s; 784 112 l/s = 0.08(3) l/s ≈ 0.08(3) ∙ 10−3 m3/s. 785 

 786 

Cross section area: 787 ܣ =  గ(25∙10−3)24 − 5 ∙ 10−3 ∙ (25 ∙ 10−3 − 2 ∙ 10−3) = 0.37587 ∙ 10−3m2; 788 

= ܣ 789  0.49087 ∙ 10−3 − 0.115 ∙ 10−3 = 0.37587 ∙ 10−3m2. 790 

 791 

Liquid flow velocity: 792 

 793 ߭ = ொ஺ = 0.08(3)∙10−30.37587∙10−3 = 0.2128 m/s ≈ 0.21 m/s. 794 

 795 

4.3 Micro-mechanical analysis of 1 μm rust particle and modified surface interaction 796 

 797 

Comprehensive Micro-mechanical Analysis of Particle-Surface Interaction and Energy Barrier 798 

Efficiency. A detailed investigation into the behavior of a 1 μm diameter rust particle, Goethite α-799 

FeO(OH), within a Urea Ammonium Nitrate (UAN-32) solution reveals fundamental shifts in the 800 

energetic states between natural and chemically modified optical window surfaces. Based on the 801 

simulation parameters, where the particle mass is 2.094×10−15 kg and the initial normal velocity is 802 

precisely −0.0981 cm/s, the initial modeling of the uncoated glass surface indicates a dominant 803 

adhesive mechanism. In this context, the surface potential of the Goethite particle (−10 mV) and the 804 

negative potential of the fused silica glass (−10 mV) establish an sufficient electrostatic double layer 805 

force. When combined with van der Waals forces, this leads to irreversible heterocoagulation. The 806 

force-displacement curves (Fig. 12a) and (Fig. 12b) record a sharp escalation of force into the 24–25 807 

nN range, which is scientifically interpreted as the particle falling into the primary adhesion minimum. 808 

The force history graphs (Fig. 12c) and (Fig. 12d) and displacement curves (Fig. 12e) show that the 809 

contact duration lasts only fractions of a microsecond, while the velocity history graph (Fig. 12f) 810 

definitively confirms that the particle's velocity stabilizes at zero post-interaction. This signifies that 811 

the adhesive dissipative energy (30×10−18 J) completely absorbs the particle's kinetic energy, 812 

preventing any elastic rebound. Electrostatic screening is extremely intense, with a Debye length of 813 

approximately 0.1-0.9 nm. Consequently, attractive forces become dominant at very short distances, 814 

yet their magnitude is sufficient for irreversible particle trapping. 815 
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 816 

a)                                                                              b) 817 

  818 

c)                                                                              d) 819 

  820 

e)                                                                              f) 821 

Fig. 12 Interaction of rust particles on the surface of an optical window without additional coating 822 

 823 

In the silane-coated system, a significant alteration in the interaction process is observed, as 824 

consistently illustrated by all graphs in Fig. 13. Although the initial dynamic parameters of the particle 825 

remain identical, the silane layer forms a repulsive energy barrier, which, according to DLVO theory, 826 

creates a "positive energy wall." The surface potential of the negative potential of the silan layer 827 

(−50 mV) establish a strong influence of electrostatic double layer force. The force-displacement 828 

graphs (Fig. 13a) and (Fig. 13b) show that the maximum interaction force is drastically reduced to less 829 

than 0.6 nN, representing an approximately fifty-fold decrease compared to the uncoated glass. This 830 

repulsive effect manifests even during the particle's approach, preventing it from reaching the physical 831 

contact zone. The displacement history graph (Fig. 13c) indicates that the particle stops at a safe 832 

distance from the solid surface, and the ultimate proof of protection is visible in the velocity history 833 
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graphs (Fig. 12d), (Fig. 12e) and (Fig. 12f). Here, a positive rebound velocity of 834 

approximately 0.004 m/s is recorded. This phenomenon is scientifically classified as elastic repulsion, 835 

where the silane coating transforms the particle's kinetic energy into a repulsive impulse. Comparing 836 

these results to literature describing hydrophobic or charged silane layers, your findings confirm that 837 

the coating acts as an effective "soft" barrier that not only reduces adhesion but also ensures the particle 838 

remains suspended in the flow. Given that the particle remains detached from the surface after 839 

interaction, the hydrodynamic flow is expected to transport suspended particles away from the optical 840 

window. This behavior suggests a reduced likelihood of rust particle accumulation and deposit 841 

formation on the coated surface. This sequence of data scientifically substantiates that surface 842 

modification is an essential requirement for operating optical sensors in aggressive fertilizer media to 843 

shift the nature of interaction from static-adhesive to dynamic-repulsive, thereby minimizing 844 

measurement errors and extending equipment lifespan. This analysis aligns with the latest trends in 845 

surface engineering, which prioritize the creation of energy barriers as the most effective method for 846 

combating both organic and inorganic fouling. 847 

  848 

a)                                                                              b) 849 

  850 

c)                                                                              d) 851 

Fig. 13 Interaction of rust particles on the surface of an optical window with additional coating (Silan) 852 

 853 

The presented analysis focuses on the interaction between a representative rust particle and 854 

fused silica surfaces, both in their pristine state and with silane-based modification, within UAN-32 855 

media. The observed transition from adhesive to predominantly repulsive behavior demonstrates the 856 

potential of silane-based coatings to mitigate particle attachment under the investigated conditions. 857 

While particle deposition in practical systems may also be influenced by complex particle-particle 858 

interactions, local hydrodynamic disturbances, and the long-term evolution of surface chemistry, direct 859 

experimental quantification of these coupled effects remains challenging due to the combination of 860 

micrometer-scale particles, nanometer-scale interaction distances, and thin surface layers. Therefore, 861 
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the adopted modeling framework provides a physically based assessment of the dominant mechanisms 862 

governing particle attachment and detachment, establishing a foundation for future investigations of 863 

fouling mitigation strategies in optical sensing systems.  864 

 865 

4.4 Particle motion using fluid-particle Multiphysics model 866 

The calculated particle trajectories (streamlines) and the framing of particle motion are 867 

presented in Fig. 14. 868 

Model results indicated that the entire process, from entering to exiting the channel, occurs 869 

within 30 s. For result generation, 100 frames were captured, with each frame having a duration of 0.1 870 

s. Fig. 14a illustrates the situation at the 10-second mark after particle injection. The shape of the 871 

particle cloud confirms the effect of the Fully developed flow setting. At 10 s, the particles approach 872 

the spectral window; the velocity remains unchanged, and the entire particle flow concentrates along 873 

the axis within a section comprising approximately 20% of the channel's transverse width. 874 

 875 

 876 

  a) 877 
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878 

b) 879 

 880 

  c) 881 
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 882 

                d) 883 

               884 

 885 

     e) 886 
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 887 

                f) 888 

 889 

     g) 890 
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 891 

      h) 892 

 893 

Fig. 14 General view showing particles at a) 10 s, b) 12 s, c) 13 s, d) 14 s, e) 15 s, f) 16 s, g) 17 s, and 894 

h) 18 s after inlet, along with particle velocity streamlines under turbulent flow conditions 895 

 896 

In Fig. 14b, the particle positions are shown at 12 s from injection. As can be observed, the 897 

particles have already entered the spectral window zone, where the transverse width is significantly 898 

smaller. This leads to an increase in particle velocity, reaching 0.02 m/s initially and up to 0.035 m/s 899 

at the center of the spectral window. The cross-sectional area occupied by the particle cloud decreases 900 

approximately threefold upon entering the spectral window zone, and the particles move in a nearly 901 

linear beam. 902 

 903 



 30 

 904 

    i) 905 

 906 

     j) 907 

 908 



 31 

 909 

    k) 910 

 911 

                l) 912 

 913 



 32 

 914 

m) 915 

 916 

 917 

n) 918 

 919 

Fig. 15 General view showing particles at i) 19 s, j) 20 s, k) 25 s, l) 30 s, m) 35 s, and n) 50 s after 920 

inlet, along with particle velocity streamlines under turbulent flow conditions 921 

 922 
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            At 13 s from injection, the first particles introduced into the channel completely pass through 923 

the spectral window. Due to the sudden increase in cross-sectional area, the particle velocity decreases 924 

from 0.023 m/s to 0.01 m/s. Furthermore, as seen from the particle color scale, the particles attain 925 

maximum velocity at the center of the spectral window zone and in the section slightly downstream 926 

from the center. It is also noted that higher velocities, reaching up to 0.035-0.04 m/s, prevail among 927 

the particles furthest from the channel axis. 928 

Once the particles have completely passed through the spectral window zone, the shape of the 929 

aggregate cloud reverts from a narrow beam to an expanding form, occupying approximately 25% of 930 

the total channel cross-sectional area. From 14 s (Fig. 14d), the consequences of the spectral window's 931 

influence on particle motion become evident. Due to high drag forces at the entrance of the spectral 932 

window, the particles shift vertically in both directions away from the axis. The sudden constriction of 933 

the cross-sectional area, from a 32 mm diameter channel to a zone 2 mm wide and 31 mm high between 934 

two cuvettes installed perpendicularly to the channel, creates pressure gradient. This causes the 935 

particles to deflect into zones above and below the parallel cuvette cylinders located within the spectral 936 

window. By 15 s, it is observed that almost no particles remain moving at the axial level, as they 937 

distribute toward the periphery. Particle velocity in the lower part of the spectral window reaches up 938 

to 0.045 m/s, while in the upper part, it is approximately 0.035 m/s. The particle trajectories maintain 939 

a meniscus shape, concave toward the channel axis. Downstream of the spectral window, the particles 940 

spread across the entire channel cross-section; however, in this case, the front particles do not travel 941 

along the centerline but rather along the periphery. Fig. 14e shows that immediately upon exiting the 942 

spectral zone, the particle velocities are higher (0.02 m/s) than the main flow in the central channel 943 

zone (0.01 m/s). Upon exiting the spectral zone, the particles concentrate more toward the periphery 944 

than the axis, though less intensely than within the spectral window zone itself. 945 

In later stages, between 16-20 s, the situation remains similar; however, the particle streams 946 

exiting the spectral window zone increasingly divide into upper and lower sections, passing through 947 

the narrow gaps above and below the parallel cuvette cylinders, while the central portion remains 948 

undefined. Particle velocities at the periphery of the spectral window increasingly equalize, leaving 949 

only isolated particles along the axis. 950 

After 25 s (Fig. 15k, l, m), the particles become fully mixed across individual trajectories, and 951 

the front particles reach the channel exit. From 30 s onward, an increasing accumulation of particles is 952 

observed at the entrance to the spectral window zone, along with vortex motion and particle 953 

recirculation immediately following the exit from this zone, particularly along the axis. 954 

By 50 s (Fig. 15n), the trajectory lines indicate a uniform velocity distribution in the channel 955 

both before and after the spectral window, where the velocity changes insignificantly over the entire 956 

flow distance. Downstream of the spectral window, a slightly larger proportion of particles 957 

concentrates in the upper part of the channel. This asymmetric particle distribution is attributed to local 958 

secondary flow patterns and velocity field non-uniformities inherent to the flow geometry in this 959 

region. 960 

Based on the ratio of incoming particles to those moving through the spectral window, it is 961 

evident that high resistance significantly delays the particles before they enter the spectral window 962 

zone. Furthermore, the formation of vortices and backward particle motion immediately after exiting 963 

the spectral window zone creates conditions not only for particle accumulation in this central part of 964 

the channel but also for sedimentation and strong adhesion to the surfaces of the elements in this zone. 965 

Only the velocities at the periphery, which are approximately twice as high (reaching up to 0.04 966 

m/s), allow dynamic forces to overcome the adhesion force and transport the particles without 967 

permanent sticking or with only temporary attachment and subsequent detachment from the surface. 968 

Although the velocities along the axis are similar to the inlet velocity, the cross-section of this zone is 969 

nearly 12 times smaller; therefore, the probability of both particle-to-particle sticking 970 

(forming agglomerates) and particle adhesion to surfaces increases significantly. 971 
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Based on the ratio of incoming particles to those moving through the spectral window, it can 972 

be clearly stated that high resistance significantly delays particles prior to their entry into the spectral 973 

window region. Furthermore, the formation of vortices and the reverse motion of particles immediately 974 

downstream of the spectral window create conditions not only for particle accumulation in this central 975 

part of the channel, but also for their deposition and strong adhesion to the surfaces of elements within 976 

this region. 977 

Only in the peripheral zones, where velocities are approximately twice as high, reaching up to 978 

0.04 m/s, do dynamic forces become sufficient to overcome adhesion forces, thereby enabling particles 979 

to be transported without complete attachment, or with only temporary adhesion followed by 980 

detachment from the surface. 981 

Along the axis, velocities are comparable to the inlet velocity; however, given that the cross-982 

sectional area of this region is nearly twelve times smaller, the probability of both interparticle 983 

agglomeration and adhesion to surfaces increases significantly. 984 

Prediction of particle trajectories in the model revealed essential phenomena occurring due to 985 

flow continuity according to the continuity equation; since the volumetric flow rate in a closed system 986 

remains constant, the velocity of the particles and the fluid inevitably increases as the channel's cross-987 

sectional area decreases. Conversely, upon exiting the constriction and as the channel cross-section 988 

expands again, the flow velocity decreases according to the same principle of continuity, and the 989 

particles begin to spread across a larger cross-sectional area. 990 

The pressure gradient is considered another critical factor; due to the abrupt change in channel 991 

geometry between the cylindrical cuvette elements, local hydrodynamic resistance and a pressure drop 992 

in the flow direction are created. This pressure gradient forces the fluid flow to redistribute into zones 993 

where hydraulic resistance is lower; therefore, particles deflect from the channel axis and distribute 994 

into the upper and lower sections of the channel. In this manner, two main flow branches are formed, 995 

passing through the narrow gaps between the cylindrical elements and the channel walls. The 996 

simulation results also align with laminar flow theory. At low Reynolds numbers, a typical laminar 997 

velocity profile forms in the channel, where maximum velocity is reached at the center and decreases 998 

near the walls due to viscous friction forces. However, in the spectral window zone, this profile is 999 

distorted by complex geometry and local flow accelerations. Consequently, higher velocities may occur 1000 

in peripheral zones, particularly where the flow is forced through narrower gaps. This shift in velocity 1001 

distribution explains why particle trajectories downstream of the spectral window often deviate from 1002 

the channel axis and form peripheral flow bundles. 1003 

An important practical aspect highlighted by the simulation results is the potential for particle 1004 

accumulation and scale/deposit formation within the spectral window zone. This zone is characterized 1005 

by two significant hydrodynamic features: high resistance at the inlet and recirculating flow 1006 

structures immediately following the constriction. Due to the reduced flow velocity before entering the 1007 

spectral window, particles begin to accumulate in the central part of the channel. Furthermore, local 1008 

vortices and backward-moving trajectories at the exit of the spectral window create conditions for 1009 

particles to remain in this area for longer durations. Such hydrodynamic conditions increase the 1010 

likelihood of particles contacting structural surfaces and gradually forming a layer of deposits. The 1011 

mechanism of deposit formation in this zone can be explained by particle transport and surface 1012 

adhesion processes. At low local flow velocities, the hydrodynamic forces acting on the particles 1013 

become similar to, or even smaller than, surface adhesion and intermolecular interaction forces. In this 1014 

case, particles entering the recirculation zone may temporarily adhere to the surface. Subsequently, 1015 

other particles may join them, forming agglomerates. Over time, this process can lead to the formation 1016 

of a stable deposit layer on the surfaces of the cuvette cylinders or the channel walls within the spectral 1017 

window zone. 1018 

Based on the simulated particle trajectory results, it can be hypothesized that the process of 1019 

deposit formation may begin quite rapidly. Since particle accumulation before the spectral window is 1020 
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observed just a few dozen seconds after the start of the flow, the first instances of temporary attachment 1021 

to surfaces could theoretically occur within the first tens of seconds or minutes. If the particle 1022 

concentration in the flow remains constant and sufficiently high, a deposit layer can begin to form 1023 

within a relatively short period. In later stages of operation, this process may accelerate further due to 1024 

already formed particle agglomerates, which create additional surface roughness zones and increase 1025 

the probability of adhesion for new particles. 1026 

The analysis of particle motion in this study was performed using the trajectory framing 1027 

method, where particle position and velocity are evaluated at sequential time intervals. This 1028 

visualization technique allows for the observation of not only the instantaneous flow field but also the 1029 

dynamics of particle motion along the entire length of the channel. By analyzing different moments in 1030 

time, it is possible to determine zones of flow acceleration and deceleration, identify recirculating 1031 

structures, and evaluate changes in particle concentration across the cross-section. This method 1032 

provides an opportunity to investigate complex particle transport processes in detail and allows for a 1033 

more reliable interpretation of the hydrodynamic phenomena occurring in the spectral window zone. 1034 

 1035 

4.5 Transverse and longitudinal analysis of fluid flow. Particle streamlines. Pressure and velocity 1036 

distribution 1037 

The conducted numerical model study revealed the fluid flow dynamics within the channel 1038 

space and specifically in the zone adjacent to the spectral window. For the analysis, two profiles were 1039 

established along the channel axes A-A and B-B, as presented in Fig. 16a and Fig. 17a. 1040 

The cross-sectional view (Fig. 16a) illustrates the velocity variation vertically from the bottom 1041 

to the top of the channel. Under laminar flow conditions, the velocity variation is relatively symmetrical 1042 

from the channel axis in both directions (Fig. 16b). With a constant inlet velocity of 0.0021 m/s, which 1043 

was defined as fully developed, the absolute velocity at the channel periphery reaches 0.05 m/s. The 1044 

velocity decreases steadily towards the channel axis with a gradient of approximately 0.005 m/s every 1045 

2 mm, exhibiting slightly higher fluctuations in the upper part of the spectral window compared to the 1046 

area above the channel axis. At the axis, the velocity reaches 0.0027 m/s; however, the minimum value 1047 

is attained immediately beyond the channel's transverse symmetry axis (at a distance of 16.7 mm from 1048 

the bottom). Above the channel axis, the velocity varies with an almost linear dependence and reaches 1049 

its maximum value at a distance of 29.8 mm from the bottom. On both sides of the spectral 1050 

window, there is a free fluid flow zone extending to the circular boundary of the channel. Beyond this 1051 

point, the flow cross-section of the channel decreases by a factor of 11.95 (becoming equal to 67.31 1052 

mm²). 1053 

The results obtained using the turbulent flow module are depicted in the cross-section as the 1054 

dependence of the absolute fluid flow velocity on the distance from the channel bottom (Fig. 16c). As 1055 

observed, the turbulent flow exhibits minor disturbances in the boundary layers within the intervals of 1056 

0-2 mm and 30.5-32 mm from the bottom. However, in other sections, the velocity variation is a 1057 

smooth parabolic curve, with the peak velocity exactly at the central point of the channel axis, reaching 1058 

a value of 0.0031 m/s. A slight asymmetry was detected between the velocities of the lower and upper 1059 

zones, indicating that the velocity at the bottom is somewhat lower. It can also be seen that the initial 1060 

velocity directly at the bottom wall starts at 0.017 m/s, whereas at the upper wall, it decreases more 1061 

significantly to 0.015 m/s. This can be attributed to the effect of the drag force, the value of which 1062 

influences the distribution at low velocities within the channel. 1063 

 1064 
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 1065 

a) 1066 

  1067 

b) 1068 

 1069 

c) 1070 

Fig. 16 Velocity distribution in a) the cross-sectional profile A–A for different types of fluid flow, b) 1071 

laminar and c) turbulent (k–ε), based on the steady-state module 1072 

 1073 

A-A 
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 1074 

In the longitudinal profile for laminar flow, the dependence of the absolute fluid velocity on the 1075 

distance from the channel inlet toward the outlet illustrates the throat effect (Fig. 16b). The initial 1076 

velocity along the axis at the inlet is 0.004 m/s and remains nearly constant over the first 40 mm, i.e., 1077 

up to 20 mm before the center of the spectral window. At a distance of 40 mm from the inlet, the 1078 

velocity sharply increases by approximately 0.0036 m/s per millimeter, reaching 45 mm from the inlet, 1079 

where resistance and velocity damping effects occur. These effects are visible in the plot as kinks in 1080 

the curve. 1081 

Subsequently, the flow stabilizes, and a plateau is reached 10 mm before the center of the 1082 

spectral window. Approaching the center of the narrowest zone, at 60 mm from the inlet, irregular 1083 

velocity fluctuations appear until the maximum velocity is reached at approximately 63 mm, i.e., 3 mm 1084 

downstream of the spectral window center, where the velocity reaches 0.034 m/s. Beyond this point, 1085 

flow relaxation occurs: within several steps, the velocity returns almost symmetrically to lower values, 1086 

similar to the region before the spectral window. Additionally, prior to reaching the zone of nearly 1087 

uniform velocity distribution, a local velocity drop occurs in the 80–100 mm region from the inlet. 1088 

This phenomenon can be attributed to the sudden entry of fluid into the full cross-section of the 1089 

channel, where residual local resistances from the spectral window are no longer significant. Due to 1090 

viscosity, the fluid decelerates slightly to stabilize, after which the velocity gradually normalizes. 1091 

Absolute velocity stabilization occurs over a relatively long distance, and at 110 mm from the inlet (50 1092 

mm downstream of the spectral window center), the flow reaches a uniform velocity of 0.004 m/s, 1093 

equal to the inlet value. 1094 

For turbulent flow, four distinct zones can be identified (Fig. 17b). At the inlet, the absolute 1095 

velocity of the fluid increases steadily with very small acceleration. At 40 mm from the inlet, the 1096 

acceleration sharply increases, reaching a peak velocity of 0.027 m/s. Due to the nature of turbulent 1097 

flow, a sudden relaxation occurs, reducing the velocity by almost 15%. At 47 mm from the inlet, 1098 

velocity begins to increase parabolically up to 62 mm, just beyond the center of the spectral window. 1099 

A subsequent symmetric velocity decrease occurs toward 75 mm from the inlet. Here, another 1100 

abrupt velocity increase is observed due to flow relaxation, where the influence of the spectral window 1101 

constriction as a local obstacle diminishes. Turbulent flow, being more sensitive, exhibits a more 1102 

pronounced velocity increase, reaching approximately 0.035 m/s. After this peak, the absolute velocity 1103 

decreases more sharply than the velocity rise before the spectral window. 1104 

In turbulent flow, no significant fluctuations are observed. Beyond 100 mm from the inlet, the 1105 

velocity profile gradually levels off and shows minimal oscillations until the outlet. The final velocity 1106 

is slightly lower than in the laminar case but higher than in the region upstream of the spectral window, 1107 

reaching approximately 0.035 m/s. 1108 
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 1109 

a) 1110 

 1111 

b) 1112 

 1113 

       c) 1114 

B-B 
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Fig. 17 Velocity distribution in a) the longitudinal profile B–B for different types of fluid flow b) 1115 

laminar and c) turbulent (k–ε), based on the steady-state module 1116 

 1117 

Based on the results obtained from the spectral analysis of fluid flow velocity, the aim is to 1118 

examine the spatial distribution of the highest velocity regions in the vicinity of the spectral window. 1119 

In the case of laminar flow (Fig. 18a), the maximum velocity values (in the range of 4–5.5 m/s) 1120 

are distributed in the upper and lower zones of the channel, each occupying approximately one quarter 1121 

of the total channel area. These peak velocities are confined to a narrow region extending no more than 1122 

10 mm on either side of the spectral window center. 1123 

In contrast, under turbulent flow conditions (Fig. 18b), the highest velocity values occupy 1124 

nearly 80% of the total area within the spectral window region, expanding in both directions from the 1125 

narrowest part of the throat. Additionally, a pronounced increase in velocity is observed at the inlet and 1126 

outlet of the spectral window, where the fluid flow interacts with the cuvette walls and undergoes 1127 

separation upon exiting at the rear edge of the cuvette. 1128 

Under these turbulent conditions, the highest velocities are concentrated along the central axis 1129 

of the channel, whereas the upper and lower regions are dominated by moderate velocities, with values 1130 

in the range of approximately 1.7-2.2 m/s. 1131 

 1132 

a) 1133 
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 1134 

b) 1135 

Fig. 18 Fluid flow velocity field for a) laminar and b) turbulent (k–ε) flow type, based on the steady-1136 

state module 1137 

 1138 

By analyzing the fluid flow field and particle trajectories, corresponding visualizations were 1139 

generated for both laminar and turbulent flow conditions (Fig. 19a and Fig. 19b). 1140 

The cases differ fundamentally in terms of the dominant flow patterns entering the spectral 1141 

window. Under turbulent flow conditions, significantly larger flow contributions are observed along 1142 

the channel axis. In contrast, for laminar flow, only a small fraction of the flow is distributed along the 1143 

axis, while the majority is diverted toward the lower and upper regions of the channel, where free-flow 1144 

zones exist and the spectral window does not significantly disturb the flow. 1145 

 1146 
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 1147 

a) 1148 

 1149 

           b) 1150 

Fig. 19 Distribution of fluid flow velocity streamlines under a) laminar and b) turbulent (k–ε) flow 1151 

regimes, based on the steady-state module 1152 

 1153 

Differences are also evident in the trajectories upstream and downstream of the spectral 1154 

window. In laminar flow, fluid trajectories remain essentially linear and change only in the immediate 1155 

vicinity of the obstacle. Conversely, under turbulent conditions, trajectories upstream of the window 1156 



 42 

are nearly linear, whereas downstream they assume parabolic shapes and are oriented more toward the 1157 

peripheral regions than toward the central axis of the channel. 1158 

Particle trajectories in the fluid characterize their interaction with the surfaces of the spectral 1159 

window. Higher particle velocities reduce the probability of particle accumulation on internal surfaces, 1160 

thereby improving the operating conditions of the spectral window. As with other parameter 1161 

visualizations, particle trajectory fields were obtained for both laminar and turbulent flow conditions 1162 

(Fig. 20a and Fig. 20b). 1163 

In the case of laminar flow, the average particle velocity in the vicinity of the spectral window 1164 

is approximately 0.03 m/s, with the highest values observed along the channel axis. Near the edges of 1165 

the spectral window, the velocity increases by up to 30%, while slightly higher particle velocities are 1166 

observed in the lower part of the channel. Upstream and downstream of the spectral window, velocities 1167 

remain comparable to the bulk fluid flow and only begin to respond to the presence of the obstacle 1168 

immediately before reaching the edge of the spectral window. 1169 

Under turbulent flow conditions (Fig. 20b), particle trajectories closely follow the fluid motion 1170 

(Fig. 20b). The highest velocities, reaching 0.03-0.035 m/s, are concentrated along the channel axis. It 1171 

is also observed that a larger proportion of particles with moderate velocities (approximately 0.015 1172 

m/s) move within the lower part of the channel. In the turbulent regime, more intense vortical structures 1173 

are observed downstream of the spectral window, particularly in the upper part of the channel; however, 1174 

these dissipate within approximately 20 mm from the center of the spectral window. 1175 

 1176 

    a) 1177 
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1178 

              b) 1179 

Fig. 20. Distribution of particle flow velocity streamlines under a) laminar and b) turbulent (k–ε) flow 1180 

regimes, based on the time-dependent step module. 1181 

 1182 

The only obstruction in the analyzed system is the spectral window, which causes a narrowing 1183 

of the channel and corresponding pressure changes. Although the flow velocity is relatively low, clear 1184 

differences are observed both between regions upstream and downstream of the spectral window and 1185 

between pressure values under laminar and turbulent flow conditions (Fig. 21a and Fig. 21b). 1186 

Since the outlet of the channel is open, the highest pressures develop upstream of the spectral 1187 

window. Under laminar flow conditions, the pressure reaches up to 9.4 Pa, whereas in turbulent flow 1188 

it is approximately half that value, around 4.2 Pa. If absolute values are not considered, the overall 1189 

distribution pattern is similar for both flow regimes. The main difference is observed in the cross-1190 

section of the spectral window itself: in laminar flow, the pressure symmetry line is located at 1191 

approximately 4.5 Pa and is shifted slightly toward the inlet by about 2-3 mm. 1192 

In turbulent flow, the pressure distribution does not exhibit clear symmetry; however, 1193 

immediately downstream of the spectral window edge, the pressure drops to approximately 2.4 Pa. A 1194 

narrow boundary layer region is observed, where pressure values are about twice as low, ranging from 1195 

0.9 to 1.3 Pa. Within the spectral window cross-section, pressure is distributed in a parabolic pattern, 1196 

with values along the channel axis being about 0.3 Pa higher than in the peripheral regions. 1197 

At the end of the spectral window, pressure decreases to approximately 0.75 Pa, while within 1198 

the boundary layer a pressure zone persists with values between 1.3 and 2.2 Pa. Immediately 1199 

downstream of the spectral window, pressure further drops to about 0.14 Pa, and in the peripheral 1200 

regions near the trailing edge of the spectral window slightly negative values (around −0.9 Pa) are 1201 
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observed, indicating stronger local vacuum conditions compared to the laminar flow case.1202 

                        1203 

                                                            a) 1204 

 1205 

                            b) 1206 

Fig. 21. Surface pressure distribution of the fluid flow under a) laminar and (b) turbulent (k–ε) flow 1207 

regimes, based on the steady-state module. 1208 

 1209 

 1210 

 1211 
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5 Discussion 1212 

In the present study of UAN-32 flow in a channel equipped with integrated optical windows 1213 

for spectroscopic monitoring, a key operational limitation affecting measurement reliability has been 1214 

identified: progressive fouling of the embedded lens surfaces. Due to the real composition of UAN-32, 1215 

which includes significant amounts of impurities such as iron oxide compounds, a persistent rust-like 1216 

layer gradually forms on the optical windows, reducing their transparency and distorting the 1217 

transmitted optical signal. 1218 

This fouling directly impacts the accuracy of spectroscopic measurements. Reduced optical 1219 

transparency leads to lower signal intensity, increased scattering background, and baseline drift in 1220 

recorded spectra. As a result, the error in concentration determination increases significantly, 1221 

particularly in absorption-based spectroscopy. Recent studies indicate that even partial window fouling 1222 

can introduce systematic measurement errors in the range of 5-20%, depending on fouling thickness 1223 

and optical path length (Scheibelhofer et al. [72]; Spoor et al. [73]). In more severe cases, calibration 1224 

stability is compromised, requiring frequent recalibration and reducing overall experimental 1225 

reproducibility (Kang et al. [74]). 1226 

Maintaining optical window cleanliness is therefore critical for ensuring stable analytical 1227 

performance. Fouling not only degrades signal-to-noise ratio but also alters the effective optical 1228 

geometry of the measurement path, which is especially critical in high-precision flow diagnostics. 1229 

Neglecting this factor can lead to cumulative errors and incorrect interpretation of flow-related 1230 

physicochemical processes in UAN-32 systems. 1231 

Several engineering solutions can be proposed. First, anti-fouling and protective coatings such 1232 

as titanium dioxide, diamond-like carbon (DLC), or fluoropolymer layers can reduce particle adhesion 1233 

and surface deposition (Chae et al. [75]; Delgado et al. [76]; Mignani et al. [77]). Second, active self-1234 

cleaning approaches, including piezoelectric micro-vibration systems, can be implemented to prevent 1235 

particle accumulation. Such systems have demonstrated fouling reduction efficiencies of up to 40–60% 1236 

in flow environments (Kim et al. [78]; Piña-Díaz et al. [79]). 1237 

Additional approaches include hydrodynamic cleaning strategies such as pulsed flushing, flow 1238 

reversal, or locally increased shear stress near the optical surface. Gas or liquid curtain systems forming 1239 

a protective barrier between the main flow and the optical window have also shown promise in recent 1240 

developments (Schuhmann et al. [80]). In combination, these methods can significantly enhance the 1241 

stability and reliability of spectroscopic measurements in contaminated industrial fluids. 1242 

 1243 

6 Model limitations and future validation 1244 

The present work was designed as a mechanistic investigation of the fundamental processes 1245 

governing the interaction between colloidal rust particles and modified optical surfaces under 1246 

representative UAN-32 operating conditions. Accordingly, the primary objective was not the 1247 

reproduction of a specific experimental dataset, but rather the development of a physically consistent 1248 

framework capable of resolving the dominant forces controlling particle attachment, detachment, and 1249 

transport. 1250 

The proposed model integrates the principal interaction mechanisms expected to govern particle 1251 

behavior at the solid–liquid interface, including van der Waals attraction, electrostatic double-layer 1252 

interactions, elastic contact response, and hydrodynamic drag forces. The adopted material properties 1253 

and physicochemical parameters were selected from experimentally established ranges reported in the 1254 

literature for iron oxide particles, fused silica substrates, aqueous electrolyte environments, and silane-1255 

based surface modifications. Consequently, the obtained results should be interpreted as physically 1256 

based predictions of the governing deposition mechanisms rather than as direct reproductions of a 1257 

particular experimental configuration. 1258 

Despite the inherent simplifications associated with mechanistic modeling, the predicted 1259 

transition from adhesive particle capture on unmodified fused silica to predominantly repulsive 1260 
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interactions on phosphonate-functional silane surfaces is fully consistent with established colloidal 1261 

interaction theory and the known antifouling behavior of highly charged surface coatings. The 1262 

numerical results therefore provide a coherent theoretical explanation for the expected reduction in 1263 

particle accumulation and surface fouling under practical operating conditions. 1264 

It should nevertheless be recognized that real industrial systems may involve additional 1265 

complexities that were not explicitly considered in the present model, including particle size 1266 

distributions, surface heterogeneity, coating aging, chemical transformation of corrosion products, and 1267 

long-term hydrodynamic fluctuations. These factors may influence the quantitative rate of deposit 1268 

formation while not necessarily altering the fundamental interaction mechanisms identified in this 1269 

study. 1270 

Future work should focus on targeted experimental validation through controlled flow-loop 1271 

investigations employing UAN-32 solutions containing representative iron oxide particulates. Such 1272 

experiments, combined with optical transmission measurements and surface characterization 1273 

techniques, would enable quantitative assessment of deposition kinetics and provide additional 1274 

verification of the predictive capability of the proposed framework. Nevertheless, the present study 1275 

establishes a rigorous theoretical basis for understanding contamination processes on optical windows 1276 

and for the rational design of antifouling surface modifications for in-line spectrophotometric systems. 1277 

 1278 

7 Conclusions 1279 

This study investigates the dynamics of a flow originating from a chemical industrial process 1280 

and containing solid particulate impurities. The flow distribution within the channel and its passage 1281 

through the spectral window are of particular importance for the accuracy and operational lifetime of 1282 

in situ spectroscopic analysis due to particle deposition on the lens surfaces. 1283 

At identical inlet velocities, laminar and turbulent flow regimes exhibit differences in velocity 1284 

distribution across the channel cross-section exceeding 10%, while their velocity profiles undergo 1285 

significant changes along the streamwise direction. For the in situ spectroscopic system under 1286 

consideration, the installed cuvette elements introduce parabolic obstacles that reduce pressure by at 1287 

least 20% and generate a gradient from the channel axis toward its periphery. 1288 

An analysis of particle transport within the flow shows that particles traverse the spectral 1289 

window and reach the channel outlet within approximately 15 seconds. Starting from the fourth second 1290 

after entering the channel, particles increasingly deviate from the axial direction toward the periphery, 1291 

where flow velocities increase by more than a factor of 15, with even higher accelerations observed in 1292 

the lower region of the channel. 1293 

A substantial pressure drop caused by abrupt changes in cross-sectional geometry creates 1294 

conditions conducive to particle accumulation at the entrance to the spectral window. This effect may 1295 

further intensify lens fouling in the cuvette, in addition to primary contributing factors such as low flow 1296 

velocity, high concentrations of suspended solids, and the large surface area of optical elements 1297 

installed within the spectroscopic channel. 1298 

From a practical engineering perspective, the developed model demonstrates that silane-based 1299 

surface modification offers a viable pathway for mitigating these fouling effects. By creating a barrier 1300 

against particle adhesion, such coatings can substantially reduce the frequency of signal degradation, 1301 

thereby extending the operational lifecycle of optical components and optimizing maintenance 1302 

strategies in challenging industrial environments. 1303 

 1304 

Funding This publication received no external funding. 1305 

 1306 

Availability of data and material All data and materials supporting the findings of this study are included 1307 

within this article. 1308 

 1309 



 47 

Declarations  1310 

Ethics approval and consent to participate Not applicable. 1311 

 1312 

Consent for publication Not applicable. 1313 

 1314 

Competing interests The authors declare that they have no competing interests. 1315 

 1316 

Author contributions Conceptualization, A.C., S.B., V.M., R.B., A.Č., A.R. and R.J.; methodology, A.C., S.B., 1317 

V.M. and R.J.; software, A.C., S.B., R.J.; validation, A.C., S.B., R.J.; formal analysis, , A.C., S.B., V.M., R.B., 1318 

A.Č., A.R. and R.J.; investigation, A.C., S.B. and R.J.; resources, A.C., S.B. and R.J.; data curation, A.C., S.B., 1319 

V.M. and R.J.; writing-original draft preparation, A.C. and R.J.; writing-review and editing, A.C. and R.J.; 1320 

visualization, A.C., S.B., and R.J.; supervision, A.C. and R.J.; project administration, R.J.; funding acquisition, 1321 

A.C. and R.J. All authors have read and agreed to the published version of the manuscript. 1322 

 1323 

Acknowledgments:  1324 

This research was supported by the Eureka project, under grant agreement 10-052-P-01-017, No. F25T090966.  1325 

 1326 

References 1327 

1. A.V. Agberien, B. Örmeci, Monitoring of cyanobacteria in water using spectrophotometry and first derivative 1328 

of absorbance. Water 12, 124 (2020). https://doi.org/10.3390/w12010124 1329 

2. J. Feng, B. Khakipoor, J. May, M. Mulford, J. Davis, K. Siman, G. Russell, A. W. Smith, H. King, An open-1330 

source dual-beam spectrophotometer for citizen-science-based water quality monitoring. HardwareX 10 1331 

(2021). https://doi.org/10.1016/j.ohx.2021.e00241 1332 

3. V. Montesinos-Cruz, G.A. Somerville, Shining a light on spectrophotometry in bacteriology. Antibiotics 13, 1333 

1164 (2024). https://doi.org/10.3390/antibiotics13121164 1334 

4. Bausch & Lomb Spectronic 20, 2025. Wikipedia. 1335 

https://en.wikipedia.org/w/index.php?title=Spectronic_20&oldid=1309188739 1336 

5. Drawell. Lynn Wei. Single beam vs. double beam spectrophotometers: how to choose. Drawell Analytical 1337 

(2024). https://www.drawellanalytical.com/single-beam-and-double-beam-spectrophotometers-how-1338 

to-choose/ 1339 

6. Lab Manager. 2011 UV-Vis Spectrophotometer Survey Results. Lab Manager (2026). 1340 

https://www.labmanager.com/uv-vis-spectrophotometers-used-often-see-the-survey-results-18224 1341 

7. Fisher Scientific. Spectrophotometry. Fisher Scientific (2026). 1342 

https://www.fishersci.no/shop/products/spectrodirect-single-beam-spectrophotometer/15456714 1343 

8. Spectroscopy. Single beam UV/VIS spectrophotometer. Elite Scientific & Meditech Co (2026). 1344 

https://esmcbd.com/product/single-beam-uv-vis-spectrophotometer/ 1345 



 48 

9. EziLab Scientific. Single beam UV-Vis spectrophotometer EZL-SBS105| lab equipment. EziLab Scientific - 1346 

Lab Equipment (2026). http://www.ezilab.com/single-beam-uvvisible-spectrophotometers/ezl-sbs105 1347 

10. Z. Yang, C. Li, Z. Zhang, G. Lu, Z. Cai, W. Cao, Development of an in situ analyzer based on sequential 1348 

injection analysis and liquid waveguide capillary flow cell for the determination of dissolved reactive 1349 

phosphorus in natural waters. Sensors 20, 2967 (2020). https://doi.org/10.3390/s20102967 1350 

11. D. Carreres-Prieto, E. Fernandez-Blanco, D. Rivero, J.R. Rabuñal, J. Anta, J.T. García, Optimization of 1351 

indirect wastewater characterization using led spectrophotometry: A comparative analysis of regression, 1352 

scaling, and dimensionality reduction methods. Environmental Science and Pollution Research 31, 1353 

54481–54501 (2024). https://doi.org/10.1007/s11356-024-34714-8 1354 

12. M. Hladová, J. Martinka, P. Rantuch, A. Nečas. Review of spectrophotometric methods for determination 1355 

of formaldehyde. Research Papers Faculty of Materials Science and Technology Slovak University of 1356 

Technology 27, 105–120 (2019). https://doi.org/10.2478/rput-2019-0012 1357 

13. Z. Shi, C.W.K. Chow, R. Fabris, J. Liu, B. Jin, Applications of online UV-Vis spectrophotometer for 1358 

drinking water quality monitoring and process control: a review. Sensors 22, 2987 (2022). 1359 

https://doi.org/10.3390/s22082987 1360 

14. R. Ríos-Reina, S.M. Azcarate, How chemometrics revives the uv-vis spectroscopy applications as an 1361 

analytical sensor for spectralprint (nontargeted) analysis. Chemosensors 11, 8 (2023). 1362 

https://doi.org/10.3390/chemosensors11010008 1363 

15. R.N.M.J. Páscoa, I.V. Tóth, A.O.S.S. Rangel, Review on recent applications of the liquid waveguide 1364 

capillary cell in flow based analysis techniques to enhance the sensitivity of spectroscopic detection 1365 

methods. Analytica Chimica Acta 739, 1–13 (2012). https://doi.org/10.1016/j.aca.2012.05.058 1366 

16. H.D. Whitehead, J.V. Waldman, D.M. Wirth, G. LeBlanc, 3D Printed UV–visible cuvette adapter for low-1367 

cost and versatile spectroscopic experiments. ACS Omega 2, 6118–6122 (2017). 1368 

https://doi.org/10.1021/acsomega.7b01310 1369 

17. W. Yimkosol, N. Wattanavichean, M. Dangkulwanich, 3D-printed cuvette holder clip for a 1370 

spectrophotometer. BMC Research Notes 18, 352 (2025). https://doi.org/10.1186/s13104-025-07424-8 1371 



 49 

18. F. Dupont, S. Stoukatch, P. Laurent, K. Eersels, B. van Grinsven, J.-M. Redouté, Design aspects for portable 1372 

LED-based colorimetric characterisation systems targeting liquid analytes. Sensors 24, 1960 (2024). 1373 

https://doi.org/10.3390/s24061960 1374 

19. J.-K. Lee, Y.-H. Lee, D.-H. Lee, Proximal absorbance calibration method using an embedded blank reference 1375 

RGB sensor for determination of ion concentrations. Agriculture 14, 2171 (2024). 1376 

https://doi.org/10.3390/agriculture14122171 1377 

20. L.A. Logozzo, J.W. Martin, J. McArthur, P.A. Raymond, Contributions of Fe(III) to UV–Vis absorbance in 1378 

river water: a case study on the Connecticut River and argument for the systematic tandem measurement 1379 

of Fe(III) and CDOM. Biogeochemistry 160, 17–33 (2022). https://doi.org/10.1007/s10533-022-00937-1380 

5 1381 

21. M.H. Wilding, E.L. Blanton, Spectrophotometric determination of urea in ammonium nitrate fertilizers. 1382 

Journal of Agricultural and Food Chemistry 30, 596–598 (1982). https://doi.org/10.1021/jf00111a045 1383 

22. M.A. El-Bindary, Shahat, A., El-Deen, I.M., Khalil, M.A., Hassan, N., 2023. Spectrophotometric and 1384 

fluorometric methods for effective monitoring of rust state in boiler systems and Fe2+ ion in 1385 

pharmaceutical samples. Journal of Molecular Liquids 382, 121946. 1386 

https://doi.org/10.1016/j.molliq.2023.121946 1387 

23. D. Türkmen, A. Krug, B. Mizaikoff, Monitoring corrosion processes via visible fiber-optic evanescent wave 1388 

sensor. Chemosensors 8, 76 (2020). https://doi.org/10.3390/chemosensors8030076 1389 

24. N. Esfandiari, M. Aliofkhazraei, Advances in the determination of trace amounts of iron cations through 1390 

electrochemical methods: a comprehensive review of principles and their limits of detection. Talanta 1391 

277, 126365 (2024). https://doi.org/10.1016/j.talanta.2024.126365 1392 

25. C.D. Fay, L. Wu, I.M.P. de Vargas Sansalvador, A comparative study of optical sensing methods for 1393 

colourimetric bio/chemical detection: cost, scale, and performance. Sensors 25, 3850 (2025). 1394 

https://doi.org/10.3390/s25133850 1395 

26. C. Anelli, V. Pellicorio, V. Bello, S. Merlo, Label- and reagent-free optical sensor for absorption-based 1396 

detection of urea concentration in water solutions. Sensors 24, 2754 (2024). 1397 

https://doi.org/10.3390/s24092754 1398 



 50 

27. G. Blaney, A. Sassaroli, S. Fantini, Method for measuring absolute optical properties of turbid samples in a 1399 

standard cuvette. Applied Sciences 12, 10903 (2022). https://doi.org/10.3390/app122110903 1400 

28. Mettler Toledo, 2021. UV/Vis Spectrophotometry. Fundamentals and Applications. 1401 

https://www.mt.com/dam/MT-1402 

MX/UVVIS_Spectrophoto_Guide_EN_30256131C_V08.21_Original_69649%20%281%29.pdf 1403 

29. J. Li, Y. Tong, L. Guan, S. Wu, D. Li, A turbidity compensation method for COD measurements by UV–vis 1404 

spectroscopy. Optik 186, 129–136 (2019). https://doi.org/10.1016/j.ijleo.2019.04.096 1405 

30. C. Christodoulou, C.I. Goodier, S.A. Austin, J. Webb, G.K. Glass, Long-term performance of surface 1406 

impregnation of reinforced concrete structures with silane. Construction and Building Materials 48, 1407 

708–716 (2013). https://doi.org/10.1016/j.conbuildmat.2013.07.038 1408 

31. C. Zhang, S. Zhang, J. Yu, X. Kong, Water absorption behavior of hydrophobized concrete using silane 1409 

emulsion as admixture. Cement and Concrete Research 154, 106738 (2022). 1410 

https://doi.org/10.1016/j.cemconres.2022.106738 1411 

32. R. Ghamarpoor, M. Jamshidi, M. Joshaghani, Hydrophobic silanes-modified nano-SiO₂ reinforced 1412 

polyurethane nanocoatings with superior scratch resistance, gloss retention, and metal adhesion. 1413 

Scientific Reports 15, 31555 (2025). https://doi.org/10.1038/s41598-025-16829-1 1414 

33. M.F. Montemor, R. Pinto, M.G.S. Ferreira, Chemical composition and corrosion protection of silane films 1415 

modified with CeO2 nanoparticles. Electrochimica Acta 54, 5179–5189 (2009). 1416 

https://doi.org/10.1016/j.electacta.2009.01.053 1417 

34. O.V. Baranov, L.G. Komarova, S.S. Golubkov, Hydrophobic coatings based on triethoxy(octyl)silane. 1418 

Russian Chemical Bulletin 69, 1165–1168 (2020). https://doi.org/10.1007/s11172-020-2884-6 1419 

35. Y. Nie, S. Ma, M. Tian, Q. Zhang, J. Huang, M. Cao, Y. Li, L. Sun, J. Pan, Y. Wang, P. Bi, H. Xu, J. Zeng, 1420 

S. Wang, Y. Xia, Superhydrophobic silane-based surface coatings on metal surface with nanoparticles 1421 

hybridization to enhance anticorrosion efficiency, wearing resistance and antimicrobial ability. Surface 1422 

and Coatings Technology 410, 126966 (2021). https://doi.org/10.1016/j.surfcoat.2021.126966 1423 

36. M. Liu, Z. Tan, S. Xu, Y. Zhao, H. Wang, S. Zhang, R. Ma, T. Jiang, Z. Ma, N. Zhong, W. Li, Synthesis 1424 

and characterization of silane-coupled sodium silicate composite coatings for enhanced anticorrosive 1425 

performance. Coatings 15, 428 (2025). https://doi.org/10.3390/coatings15040428 1426 



 51 

37. S.H. Dickens, B. Fowler, H. Xu, Chemistry of silanes: interfaces in dental polymers and composites. Journal 1427 

of Research of the National Institute of Standards and Technology 110, 541 (2005). 1428 

https://doi.org/10.6028/jres.110.081 1429 

38. K.-J.M. Söderholm, S.-W. Shang. Molecular Orientation of Silane at the Surface of Colloidal Silica. Journal 1430 

of Dental Research 72, 1050–1054 (1993). https://doi.org/10.1177/00220345930720061001 1431 

39. M. Yamaguchi, Y. Nakamura, T. Iida, Reactivity of Silane Coupling Agent with Surface of Silica Particles. 1432 

Polymers and Polymer Composites 6, 85–88 (1998). 1433 

https://journals.sagepub.com/doi/10.1177/147823919800600203  1434 

40. Iijima, M., Tsukada, M., Kamiya, H., 2007. Effect of surface interaction of silica nanoparticles modified by 1435 

silane coupling agents on viscosity of methylethylketone suspension. Journal of Colloid and Interface 1436 

Science 305(2), 315–323. https://doi.org/10.1016/j.jcis.2006.10.005 1437 

41. S. Al-Saadi, R.K. Singh Raman. Silane coatings for corrosion and microbiologically influenced corrosion 1438 

resistance of mild steel: a review. Materials 15, 7809 (2022). https://doi.org/10.3390/ma15217809 1439 

42. P. Sundaram, I. Mani, R. Parray, Effect of urea ammonium nitrogen fertilizer on corrosion of different metals 1440 

7, 2256–2259 (2019). 1441 

43. J. Israelachvili, M. Ruths, Brief history of intermolecular and intersurface forces in complex fluid systems. 1442 

Langmuir 29, 9605–9619 (2013). https://doi.org/10.1021/la401002b 1443 

44. W. Karim, A. Kleibert, U. Hartfelder, A. Balan, J. Gobrecht, J.A. van Bokhoven, Y. Ekinci, Size-dependent 1444 

redox behavior of iron observed by in-situ single nanoparticle spectro-microscopy on well-defined 1445 

model systems. Scientific Reports 6, 18818 (2016). https://doi.org/10.1038/srep18818 1446 

45. J.A. Locsin, K.M. Hood, E. Doré, B.F. Trueman, G.A. Gagnon, Colloidal lead in drinking water: formation, 1447 

occurrence, and characterization. Critical Reviews in Environmental Science and Technology 53, 110–1448 

136 (2023). https://doi.org/10.1080/10643389.2022.2039549 1449 

46. R.J. Hunter, (with Internet Archive), Foundations of colloid science. Oxford ; New York : Oxford University 1450 

Press (2001). http://archive.org/details/foundationsofcol0000hunt 1451 

47. M. Kosmulski, Surface charging and points of zero charge. In Surface Charging and Points of Zero Charge, 1452 

1065 (2009). https://doi.org/10.1201/9781420051896 1453 

48. E.S. Dana, A textbook of mineralogy. (1898). http://archive.org/details/in.ernet.dli.2015.279445 1454 



 52 

49. D. Tunega, Theoretical study of properties of goethite (α-FeOOH) at ambient and high-pressure conditions. 1455 

The Journal of Physical Chemistry C 116, 6703–6713 (2012). https://doi.org/10.1021/jp2091297 1456 

50. Y. Wang, L. Huang, Structural, elastic, and mechanical properties of orthorhombic goethite (α-FeOOH) 1457 

under pressure from first-principles calculations. Russian Journal of Physical Chemistry A 97, 50–56 1458 

(2023). https://doi.org/10.1134/S0036024423010326 1459 

51. G. Sposito, The Chemistry of Soils (Second Edition, Second Edition). Oxford University Press (2008). 1460 

52. R. Le Parc, C. Levelut, J. Pelous, V. Martinez, B. Champagnon, Influence of fictive temperature and 1461 

composition of silica glass on anomalous elastic behaviour. Journal of Physics: Condensed Matter 18, 1462 

7507 (2006). https://doi.org/10.1088/0953-8984/18/32/001 1463 

53. N. Ollier, I. Reghioua, O. Cavani, M. Mobasher, A. Alessi, S. le Floch, L. Skuja, Probing densified silica 1464 

glass structure by molecular oxygen and E’ center formation under electron irradiation. Scientific 1465 

Reports 13, 13657 (2023). https://doi.org/10.1038/s41598-023-40270-x 1466 

54. S. Root, J.P. Townsend, M.D. Knudson. Shock compression of fused silica: An impedance matching 1467 

standard. Journal of Applied Physics 126, 165901 (2019). https://doi.org/10.1063/1.5126205 1468 

55. C. Zha, R.J. Hemley, H. Mao, T.S. Duffy, C. Meade, Acoustic velocities and refractive index of SiO2 glass 1469 

to 57.5 GPa by Brillouin scattering. Physical Review B 50, 13105–13112 (1994). 1470 

https://doi.org/10.1103/PhysRevB.50.13105 1471 

56. T. Deschamps, J. Margueritat, C. Martinet, A. Mermet, B. Champagnon, Elastic moduli of permanently 1472 

densified silica glasses. Scientific Reports 4, 7193 (2014). https://doi.org/10.1038/srep07193 1473 

57. A. Polian, D. Vo-Thanh, P. Richet, Elastic properties of a-SiO2 up to 2300 K from Brillouin scattering 1474 

measurements. Europhysics Letters 57, 375 (2002). https://doi.org/10.1209/epl/i2002-00470-4 1475 

58. B. Ren, Y. Guo, P. Liu, B. Zhao, J. Zhang, Effects of urea-ammonium nitrate solution on yield, N2O 1476 

emission, and nitrogen efficiency of summer maize under integration of water and fertilizer. Frontiers 1477 

in Plant Science 12, 700331 (2021). https://doi.org/10.3389/fpls.2021.700331 1478 

59. M. Wyszkowski, M.S. Brodowska, M. Karsznia, Innovative Fertiliser based on urea and ammonium nitrate 1479 

solution with potassium thiosulphate as a crucial factor in shaping plant yield and its parameters. 1480 

Agronomy 14, 802 (2024). https://doi.org/10.3390/agronomy14040802 1481 



 53 

60. G. Leuchs, A.S. Villar, L.L. Sánchez-Soto, The quantum vacuum at the foundations of classical 1482 

electrodynamics. Applied Physics B 100, 9–13 (2010). https://doi.org/10.1007/s00340-010-4069-8 1483 

61. G. Leuchs, M. Hawton, L.L. Sánchez-Soto, Physical mechanisms underpinning the vacuum permittivity. 1484 

Physics 5, 179–192 (2023). https://doi.org/10.3390/physics5010014 1485 

62. W. Hua, D. Verreault, H.C. Allen, Surface electric fields of aqueous solutions of NH4NO3, Mg(NO3)2, 1486 

NaNO3, and LiNO3: implications for atmospheric aerosol chemistry. The Journal of Physical Chemistry 1487 

C 118, 24941–24949 (2014). https://doi.org/10.1021/jp505770t 1488 

63. U.N. Patil, S. Keshri, Unravelling the structural and dynamical properties of concentrated aqueous 1489 

ammonium nitrate solutions: MD simulation studies. Molecular Simulation 49, 1413–1430 (2023). 1490 

https://doi.org/10.1080/08927022.2023.2234497 1491 

64. A. Wahab, S. Mahiuddin, Electrical conductivity, speeds of sound, and viscosity of aqueous ammonium 1492 

nitrate solutions. Canadian Journal of Chemistry 79, 1207–1212 (2001). https://doi.org/10.1139/v01-1493 

104 1494 

65. P. Gaddam, W. Ducker. Electrostatic screening length in concentrated salt solutions. Langmuir 35, 5719–1495 

5727 (2019). https://doi.org/10.1021/acs.langmuir.9b00375 1496 

66. Lee, A.A., Perez-Martinez, C.S., Smith, A.M., Perkin, S., Scaling analysis of the screening length in 1497 

concentrated electrolytes. Physical Review Letters 119, 026002 (2017). 1498 

https://doi.org/10.1103/PhysRevLett.119.026002 1499 

67. A.M. Smith, A.A. Lee, S. Perkin, The electrostatic screening length in concentrated electrolytes increases 1500 

with concentration. The Journal of Physical Chemistry Letters 7, 2157–2163 (2016). 1501 

https://doi.org/10.1021/acs.jpclett.6b00867 1502 

68. D. Parida, K.A. Salmeia, A. Sadeghpour, S. Zhao, A.K. Maurya, K.I. Assaf, et al., Template-free synthesis 1503 

of hybrid silica nanoparticle with functionalized mesostructure for efficient methylene blue removal. 1504 

Mater. Des. 201, 109494 (2021). https://doi.org/10.1016/j.matdes.2021.109494 1505 

69. M. Kosmulski, M. Kalbarczyk, Zeta Potential of Nanosilica in 50% Aqueous Ethylene Glycol and in 50% 1506 

Aqueous Propylene Glycol. Molecules 28, 1335 (2023). https://doi.org/10.3390/molecules28031335 1507 

70. EP. Plueddemann, Silane coupling agents. 2nd ed. NY: Plenum Press (1991). https://doi.org/10.1007/978-1508 

1-4899-2070-6 1509 



 54 

71. M. Zhu, M.Z. Lerum, W. Chen. How to prepare reproducible, homogeneous, and hydrolytically stable 1510 

aminosilane-derived layers on silica. Langmuir 28, 416–423 (2012), https://doi.org/10.1021/la203638g 1511 

72. O. Scheibelhofer, R. Hohl, S. Salar-Behzadi, D. Haack, K. Koch, P. Kerschhaggl, S. Sacher, J. Menezes, J. 1512 

Khinast, Automatic Correction for Window Fouling of near Infrared Probes in Fluidised Systems. 1513 

Journal of Near Infrared Spectroscopy 22, 229 (2014). https://doi.org/10.1255/jnirs.1102 1514 

73. E. Spoor, S. Welzel, U. Nieken, M. Rädle, UV/VIS-spectroscopic inline measurement for the detection of 1515 

fouling processes during the polymerization of N-vinylpyrrolidone. Reactions 4, 176–188 (2023). 1516 

https://doi.org/10.3390/reactions4010011 1517 

74. Z. Kang, Z. He, Y. Wen, M. Liao, X. Li, H. Chen, Q. Zhang, Smart COD sensor using UV-Vis spectroscopy 1518 

against optical window surface contamination. Measurement 187, 110125 (2022). 1519 

https://doi.org/10.1016/j.measurement.2021.110125 1520 

75. K.H. Chae, Y.M. Jang, Y.H. Kim, O.-J. Sohn, J.I. Rhee, Anti-fouling epoxy coatings for optical biosensor 1521 

application based on phosphorylcholine. Sensors and Actuators B: Chemical 124, 153–160 (2007). 1522 

https://doi.org/10.1016/j.snb.2006.12.012 1523 

76. A. Delgado, C. Briciu-Burghina, F. Regan, Antifouling strategies for sensors used in water monitoring: 1524 

review and future perspectives. Sensors 21, 389 (2021). https://doi.org/10.3390/s21020389 1525 

77. A.G. Mignani, P. Bizzarri, M. Driver, R. Palmer, K. Liefeith, G. Hildebrand, J. Dakin, Anti-biofouling 1526 

coatings for optical fiber sensors. Proceedings of SPIE - The International Society for Optical 1527 

Engineering (2002). https://doi.org/10.1142/9789812810779_0028 1528 

78. Y. Kim, S. K. Chung, J. Lee, Acoustic and heat-driven active cleaning technology for optical sensors. 1529 

Sensors and Actuators A: Physical 392, 116721 (2025). https://doi.org/10.1016/j.sna.2025.116721 1530 

79. A.J. Piña-Díaz, L. Castillo-Tobar, D. Milachay-Montero, E. Chavez-Angel, R. Villarroel, J.A. García-1531 

Merino, Frequency-mode study of piezoelectric devices for non-invasive optical activation. 1532 

Nanomaterials 15, 1650 (2025). https://doi.org/10.3390/nano15211650 1533 

80. L. Schuhmann, H. Matero, C. Hansemann, M. Bonarens, S. Wagner, Robust optical measurement cell for 1534 

sensitive in-situ characterization of reactive gas flows. Applied Optics 64, 3447–3455 (2025). 1535 

https://doi.org/10.1364/AO.557851 1536 

 1537 



    m  i   𝒂  i  ( t ) =   𝑭  i  ( t )


    F  d l  ( t )


  2 . 20   g /  cm 3


    E  j


  74   GPa


    𝜈  j


  0 . 17


    𝜓  j


  ≈


    T  t e m p


    20   0 C


    𝜀 0


    F  d r a g  ( t )


  8 . 854 ⋅  10  − 12


   C 2  J  − 1  m  − 1


   C 2  J  − 1  m  − 1


    𝜆  D


  0 . 96


    𝜆  D


  𝜀


    𝜂  f


  ≈ 0 . 005   Pa ∙ s


    d  c u v e t t e


    F  e l  ( t )


  12 − 14   cm


    𝜓  j


  − 50   mV


    𝜌  s i l a n


  Q =   𝜐  t


  Q =   5 . 0   l / min


   m 3 / s


  Q =   5 . 0   l / min   =  1 12 l / s ≈ 0 . 08 ( 3 ) ∙  10  − 3    m 3 / s


   1 12 l / s = 0 . 08 ( 3 )   l / s ≈ 0 . 08 ( 3 ) ∙  10  − 3    m 3 / s


  A   =     𝜋    ( 25 ∙  10  − 3 ) 2 4 − 5 ∙  10  − 3 ∙  ( 25 ∙  10  − 3 − 2 ∙  10  − 3 ) = 0 . 37587   ∙  10  − 3 m 2


    F  d i s s  ( t )


  A   = 0 . 49087 ∙  10  − 3 − 0 . 115 ∙  10  − 3 = 0 . 37587   ∙  10  − 3 m 2


  𝜐 =   Q  A =   0 . 08 ( 3 ) ∙  10  − 3  0 . 37587 ∙  10  − 3 = 0 . 2128   m / s ≈ 0 . 21   m / s


  F  ( t ) =   F  a d h  ( t ) +     F  d l  ( t )     +   F  d r a g  ( t )


    F  a d h  ( t )


    F  d l  ( t )


    F  d r a g  ( t )


    F  v d W


    R  i


    m  i


  h


    F  v d W =     A  H ⋅   R  i  6  h  s e p a r a t i o n 2


   h  s e p a r a t i o n


   h  s e p a r a t i o n =   a  F = 0


  F ∼ 1 /  h 2


    A  H


    F  v d W =       A  H R  6  h 2


    A  H = 30 ∙  10  − 20 J


    F ~ 1 / h 2


    F  v d W =   1 . 5   nN


    a  i  ( t )


    F  e l  ( t )


  F  ( t ) =   F  a d h  ( t ) +     F  e l  ( t ) +   F  d l , L     +   F  d r a g  ( t )


    F  a d h  ( t )


    F  d l  ( t )


    F  d r a g  ( t )


    F  e l  ( t )


    F  d i s s  ( t )


    F  d i s s  ( t )


  F  ( t ) =   F  a d h  ( t ) +     F  d l  ( t )     +   F  d r a g  ( t ) +   F  e l  ( t ) +   F  d i s s  ( t )


    F  a d h  ( t )


    F  i  ( t ) =   ∑  j    F  i , j  ( t )


    F  d l  ( t )


    F  d r a g  ( t )


    F  e l  ( t )


    F  d i s s  ( t )


  F  ( t ) =   F  a d h  ( t ) +     F  d l  ( t )     +   F  d r a g  ( t ) +   F  d i s s  ( t )


    F  a d h  ( t )


    F  d l  ( t )


    F  d r a g  ( t )


    F  d i s s


    𝜐  l i q u i d   f l o w  ( h ) =   𝜐  m a x ,   l i q u i d   f l o w  ( 1 −    (     R    p i p e −  | h |    R  p i p e ) ξ )


  ∆ t


  𝜌  ( u ∙ ∇ ) u = ∇ ∙  [ − p l + K ] + F


  𝜌 ∇ ∙ u = 0


  K = 𝜇  ( ∇ u +    ( ∇ u )  T )


  𝜌


  𝜇


    u  w ∙ t = 0


  −  1  A   ∫  𝜕  Ω  i n  u ∙ n d S =   U  a v ,   A =   ∫  𝜕  Ω  i n  d S


   [ − p l + K ] n = −     p 0 ^


      p 0 ^ ≤   p 0


    d  d t  (   m  v   d q  d t ) =   F  t


    m  i =  4 3 𝜋   𝜌  i   R  i 3


  v =   v  c − 2  ( n ∙   v  c ) n


    v  c


    F  D =  1    𝜏  p   m  p M  ( u − v )


    𝜏  p =     𝜌  p   d  p 2  18 𝜇


    F  v m =  1 2   m  f   d  ( u − v )  d t


    m  f =  1 6 𝜋   d  p 3 𝜌


    d  ( u − v )  d t =   𝜕  ( u − v )  𝜕 t + v ∙ ∇  ( u − v )


    F  p =   m  f   D u  D t


    D u  D t =   𝜕 u  𝜕 t + u ∙ ∇ u


  M =  1  1 −  9 16 𝛼 +  1 8   𝛼 3 −  45 256   𝛼 4 −  1 16   𝛼 5  ( 1 − P  ( n ) ) +  1  1 −  9 8 𝛼 +  1 2   𝛼 3 P  ( n )


    𝜌  i


  𝛼 =     r  p  L


  q =   q 0


  v =   v 0


  q = N a N


  v = 0


    𝜕   F  v  𝜕 t = −   ∑  i = 1  N      f  r e l , i   F  D  m e s h v o l


  α − FeO ( OH )


  d


  1   μ m


    R  i


  F  ( t ) =   F  a d h  ( t ) +   F  e l +   F  d i s s +     F  d l  ( t )     +   F  d r a g  ( t )


  0 . 5   μ m


   h  S


   h  S =   a  F = 0 )


    𝜐 0


  − 0 . 21   cm / s


    𝜐 0  T


  − 0 . 0981   cm / s


    𝜐 0  N


  − 0 . 0981   cm / s


    m  i


    F  a d h  ( t )


  ≈ 2 . 094   ×   10 ⁻ ¹ ⁵   kg


   (  i


  ≈ 4000 − 4250   kg /  m 3


    E  i


   (  i


    𝜓  i


  − 10   mV


    F  L , a d h


  − 1 . 5   nN


    𝜌  j

