
98 
 

 Journal of Chemistry and Technologies, 2025, 33(1), 98-107 

 

 

Journal of Chemistry and Technologies 
 

pISSN 2663-2934 (Print), ISSN 2663-2942 (Online).  
 

journal homepage: http://chemistry.dnu.dp.ua 
editorial e-mail: chem.dnu@gmail.com 

 

UDC 620.19 

STUDY OF THE PHOSPHATE ADHESION ON STAINLESS STEEL SURFACES: 
INVESTIGATION OF CLOGGING AND GEOGRAPHICAL SETTINGS 

Mustapha Adar1*, Mohcine Chakouri2, Majda Medkour1, Zakarya Abbassi3, Youssef Najih1,  
Jamaa Bengourram1, Mustapha Mabrouki1 

1Industrial Engineering Laboratory. Sultan Moulay Slimane University, Faculty of Science and Technology, PO Box 523, Beni 
Mellal, Morocco. 

2Team of Remote Sensing and GIS Applied to the Geosciences and the Environment, Faculty of Sciences and Technology, Beni 
Mellal 23000, Morocco 

3Laboratory of Search in Physics and Science for Engineer, Polydisciplinary Faculty, Sultan Moulay Slimane University, Beni 
Mellal, Morocco 

Received 24 March 2024; accepted 10 October 2024; available online 15 April 2025 

Abstract 
Clogging, a physicochemical adhesion phenomenon, occurs between material surfaces, prompting our investigation 
into phosphate adhesion on steel surfaces and its associated clogging. Phosphate pellets, produced under varying 
pressures (80–340 bars) with 25 % water content, were analyzed after drying at 60 °C. Physicochemical interactions 
were explored through contact angle measurements, showing a decrease from 71° to 65° as compaction pressure 
increased, and surface energy calculations indicated an increase from 49 mJ/m² to 52.5 mJ/m². The phosphate 
originated from the extraction zone of the OCP in Ben Guerir, Morocco. Contact angle measurements on stainless 
steels (304, 304L, and 316) revealed that 316 steel exhibited hydrophobic behavior (contact angle 94°, surface energy 
35 mJ/m²), while 304 and 304L were hydrophilic with contact angles of 68° and 70°, and surface energies of 48 mJ/m² 
and 45 mJ/m², respectively. Atomic force microscopy (AFM) revealed that 316 steel had the highest roughness (Ra = 
45 nm) compared to 304 and 304L (Ra = 32 nm and 34 nm). A predictive adhesion model showed that 316 steel 
promotes phosphate adhesion (negative free energy of adhesion), while 304 and 304L steels displayed positive free 
energies, indicating weaker adhesion. These findings provide key parameters for understanding phosphate fouling 
on solid supports. 
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Анотація 
Між поверхнями матеріалів відбувається забруднення за рахунок явища фізико-хімічної адгезії, що спону-
кало нас дослідити адгезію фосфатів на сталевих поверхнях і пов'язане з нею забруднення. Фосфатні гранули, 
виготовлені під різними тисками (80–340 бар) з 25 %-ним вмістом води, були проаналізовані після сушіння за 
60 °C. Фізико-хімічні взаємодії були досліджені шляхом вимірювання кута розтікання, який зменшився з 71° 
до 65° зі збільшенням тиску ущільнення, а розрахована поверхнева енергія збільшилась з 49 мДж/м² до 
52.5 мДж/м². Фосфат походить із зони видобутку в Бен-Герірі, Марокко. Вимірювання кута розтікання на 
нержавіючих сталях (304, 304L і 316) показало, що сталь 316 має гідрофобну поведінку (кут розтікання 94°, 
поверхнева енергія 35 мДж/м²), а сталі 304 і 304L виявилися гідрофільними, з кутами розтікання 68° і 70° і 
поверхневими енергіями 48 мДж/м² і 45 мДж/м² відповідно. Атомно-силова мікроскопія показала, що сталь 
316 має найвищу шорсткість (Ra = 45 нм) порівняно з 304 і 304L (Ra = 32 нм і 34 нм). Моделювання адгезії 
показало, що сталь 316 сприяє адгезії фосфатів (негативна вільна енергія адгезії), а 304 і 304L мають 
позитивну вільну енергію, що свідчить про слабшу адгезію. Ці результати надають ключові параметри для 
розуміння фосфатних відкладень на твердих опорах. 
Ключові слова: адгезія; АСМ; забруднення; фосфати; стандартні нержавіючі сталі; поверхнева енергія. 
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Introduction  
Morocco presently stands as a key contributor 

to global phosphate production, constituting 20 % 
of the world's output and ranking as the second-
largest producer following the United States. 
Moreover, it leads as the primary exporter, 
commanding 45 % of the global market. The 
transportation of extracted phosphate to hoppers 
via large-capacity trucks, however, is marred by 
the persistent challenge of fouling and clogging on 
truck bodies, resulting in substantial economic 
ramifications. The elucidation of the clogging 
mechanism and the underlying interactions 
governing phosphate adhesion to tippers becomes 
imperative.   

The phenomenon of clogging, engendering 
material adhesion, emanates from the system's 
innate proclivity to mitigate surface energy. 
Consequently, adhesion manifests as a process 
characterized by adhesion work, denoting 
adhesion strength. The reversibility of this 
adhesion mechanism remains nontrivial, 
particularly due to possible reactions between 
interacting materials in direct contact [1–5]. 
Numerous factors intricately influence material 
adhesion, prominently including intrinsic surface 
characteristics such as surface morphology [6], 
roughness [7–9], grain size and crystallinity [10], 
chemical constituents at the surface [11; 12]. 
Among these characteristics, wettability, 
hydrophobicity and surface energy are of primary 
importance [13–20],, which have a direct impact 
on adhesion mechanisms [21], consequently 
impacting mechanical clogging and inking [22; 
23].  

This study is principally dedicated to 
comprehending the phosphate clogging 
phenomenon on standard steels employed in 
industrial contexts, specifically in trucks' tippers 
for raw phosphate transportation. The primary 
objective is to furnish a physicochemical 
characterization by measuring the contact angle 
and calculating the surface energy of phosphates 
in pellet form and stainless steels. Additionally, a 
topographic characterization and roughness 
measurement via atomic force microscopy are 
conducted to visualize the steel support 
topography. Furthermore, an analytical model is 
employed to scrutinize phosphate adhesion, 
providing insights into the phenomenon of 

phosphate clogging on steels. Notably, the findings 
underscore that the physicochemical properties of 
the steel supports exert a discernible influence on 
the initiation of clogging. 

 

Experimental methods 
Geographical and stratigraphical settings 
From a geographical standpoint, the study area 

is located within the municipality of Oulad 
Hassoune Hamri, situated in the Gantour basin, at 
the heart of the Benguerir region wich is located 
between Casablanca and Marrakech in the center 
of Moroccan territory. Stratigraphically, this 
region is renowned for its phosphate formations, 
which have been the subject of numerous studies 
since 1965. These formations, ranging from the 
Upper Cretaceous to the Eocene, primarily consist 
of silica and carbonate [24–26]. 

Regarding the different stratigraphic layers: 
The Maastrichtian phosphate begins with a 

coarse texture and concludes with a silico-
marginal complex. It is divided into two distinct 
terms, separated by a layer of yellow clay known 
as the Maastrichtian, which plays a key role in the 
Gantour basin. 

The Danian typically starts with a limestone 
phosphate and ends with a silico-marginal 
complex, containing the most significant 
phosphate layer in the series. The Thanetian is 
characterized by an extensive layer of sand-
phosphate, covered by marls. The Ypresian 
consists of a marl-siliceous complex accompanied 
by a phosphate furrow. The Lutetian marks the 
end of the phosphate formation process and is 
distinguished by a slab of dolomitic limestone 
containing thersitae. 

Fig. 1 provides a general overview of the 
geographical location of the study area. 

Preparation of steel samples 
Stainless steel, recognized for its robust 

mechanical attributes and superior corrosion 
resistance, stands as a versatile alloy extensively 
employed across diverse sectors including 
mechanical engineering, food processing, 
chemical industries, and transportation [27]. This 
section outlines a physicochemical investigation 
involving three distinct types of stainless steel—
304, 304L, and 316. The substrates of each steel 
coupon (2⨯2 cm) underwent a preliminary 
cleansing process with distilled water. 
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Fig. 1. location of study area 

 

Preparations of phosphate pellets 
This section details the fabrication of 

phosphate pellets weighing 5 g, achieved through 
varied pressures utilizing a MAGNUS-England 
hydraulic press. To obviate gaps within the 
volume during compression and mitigate clogging 
of the mold walls, the pellets were formulated with 
a 25% water content. Subsequently, the pellets 
were subjected to specific pressures (80, 100, 140, 
200, 240, 300, and 340 bars) for a duration of 
5 minutes, followed by a 2-hour heating phase at a 
temperature denoted as T=60 °C (refer to Fig. 1). 

AFM characterization 
The topographical assessment of the samples 

was conducted employing the Nanosurf Easyscan 
2 AFM atomic force microscope through tapping 
mode. This atomic force microscope system is 
adept at achieving nanoscale resolution 
measurements of a sample's topography and 
various other properties, encompassing line and 
surface calculations. The fundamental 
components of the core system comprise the 
EasyScan 2 AFM scan head, the AFM sampling 
stage, the EasyScan 2 controller equipped with the 
AFM Basic module, and the EasyScan 2 software. 
This comprehensive instrumentation facilitates 
precise and detailed characterization of surface 
features and properties at the nanoscale level. 

Physicochemical characterization 
а) Contact angle measurements 

Contact angle measurements were acquired 
utilizing the DIGIDROP tool provided by GBX 
France. This measurement apparatus comprises a 
horizontal plate, a camera capturing between 50 
and 60 images per second, and a white light source 
positioned in front of the camera to facilitate 
visualization in ombroscopy. The liquids 
employed for these measurements encompass 
both polar (water, formamide, and dimethyl 
sulfoxide) and non-polar (methylene iodide) 
substances. For the alumina samples, three to six 
measurements were conducted to ascertain 
surface energy and to conduct a comprehensive 
investigation of the kinetics associated with the 
contact angle. 

The determination of contact angle kinetics 
involves the systematic collection of data points, 
enabling a nuanced understanding of the dynamic 
changes in contact angles over time. These 
measurements serve as a basis for calculating the 
surface energy of the materials under 
investigation. The liquid surface energy 
components referenced in this article are sourced 
from [28], ensuring a comprehensive and 
standardized approach to the quantification of 
surface properties. 

b) Surface energy calculation 

The determination of surface energy involves 
the application of Thomas Young's equation [29] 
within the framework of the model developed by 
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VAN OSS [30]. Thomas Young defined the contact 
angle (θ) of a liquid drop on an ideal and planar 
solid surface in mechanical equilibrium by 
considering the interplay of three interfacial 
tensions: 

𝛾𝑆𝑉 = 𝛾𝑆𝐿 + 𝛾𝐿𝑉 cos 𝜃   (1) 
Here 𝛾𝐿𝑉 ,𝛾𝑆𝑉 , and 𝛾𝑆𝐿 represent the liquid-

vapor, solid-vapor, and solid-liquid interfacial 
tensions, respectively, and θ is the contact angle. 

Van Oss' model incorporates the acid-base 
approach, which accounts for molecular 
interactions through electron donor/acceptor 
processes, considering complementary properties 
of the liquid and solid. The total surface energy (γ) 
is expressed as the sum of Lifshitz-Van der Waals 
(LW) forces (γLW) and acid-base interactions (γAB): 

γ = γ𝐿𝑊 + γ𝐴𝐵     (2) 
For the calculation of the surface energy, a 

minimum of three liquids is required: one non-
polar liquid and two polar liquids following the 
Lewis scale [31]. Therefore, the surface energy 
equation can be written as follows: 
(cos 𝜃 + 1)/2 = (𝛾𝑠

LW𝛾𝐿
LW) 1/2 / 𝛾𝐿 + (𝛾𝑠

+𝛾𝐿
−)1/2 /  𝛾𝐿 

+ (𝛾𝑠
−𝛾𝐿

+)1/2 /𝛾𝐿    (3) 
Here, θ represents the measured contact angle, 

𝛾LWis the Van der Waals free energy component, 
𝛾+ is the electron acceptor component, and 𝛾− is 
the electron donor component. According to Van 
Oss, Chaudhury and Good [32], water is 
considered the reference solvent, and the surface 
energy component values for the utilized liquids 
are detailed in Table 1.  

Table 1. 
Surface tension values of the liquids used 

Liquid 
Surface Energy Components (mJ/m2) 

𝜸𝑳 𝜸𝑳
𝐋𝐖 𝜸𝑳

𝐀𝐁 𝜸𝑳
+ 𝜸𝑳

− 

Water 72.8 21.8 51.0 25.5 25.5 

Formamide 58.0 39.0 19.0 2.28 39.6 
Methylene Iodide 50.8 50.8 ≈ 0 ≈ 0 ≈ 0 

 

c) Quantitative hydrophobicity 
The quantitative hydrophobicity of a given 

material (i), denoted as the variation of the total 
free energy, is defined as the change in the free 
energy of interaction between two interfaces of 

the material immersed in water (W) [28]. This 
metric comprises two components: acid-base (AB) 
and dispersive (LW). The equation expressing the 
free energy of interaction is delineated as follows: 

ΔG𝑖𝑤𝑖  = –2[((𝛾𝑖
𝐿𝑊) 1/2 – (𝛾𝑖

𝐿𝑊) 1/2) 2 + 2((𝛾𝑖
+𝛾𝑖

−) 1/2 + (𝛾𝑤
+𝛾𝑤

−) 1/2 – (𝛾𝑖
+𝛾𝑤

−) 1/2 – (𝛾𝑤
+𝛾𝑖

−) 1/2 )] (4) 
A negative value of ΔG𝑖𝑤𝑖  indicates an attractive 

free energy of interaction between molecules, 
signifying a hydrophobic character of the solid 
surface—implying that the surface has less affinity 
for water than among its own components. 
Conversely, when ΔG𝑖𝑤𝑖   > 0, the solid surface is 
deemed hydrophilic, signifying a greater affinity 
for water. 

d) Theoretical model of adhesion prediction: 
thermodynamic approach 

In accordance with the thermodynamic 
approach [32], the adhesion energy ∆G𝑎𝑑ℎ, also 
referred to as Gibbs free energy, exerted by a 
particle undergoing a transition from a system 
with two interfaces (particle/liquid (𝛾𝑝𝑙), 

liquid/substrate (𝛾𝑠𝑙)) to a system with one 
interface (particle/substrate (𝛾𝑝𝑠)), corresponds 

to the free energy variation of the system. The 

thermodynamic approach is mathematically 
expressed through the following equation: 

∆G𝑎𝑑ℎ= 𝛾𝑝𝑠  – 𝛾𝑝𝑙– 𝛾𝑠𝑙         (5) 

This physicochemical approach represents a 
comprehensive framework for elucidating particle 
attachment on surfaces, taking into consideration 
diverse attractive and repulsive interactions such 
as Van der Waals, electrostatic, or dipolar forces, 
collectively expressed in terms of free energy. 
Successful application of this approach 
necessitates the numerical estimation of 
thermodynamic parameters, including particle 
surface free energy and substrate surface free 
energy, to calculate the Gibbs adhesion energy. 

Adhesion is energetically favored only when 
∆G𝑎𝑑ℎ is negative. The adhesion free energy ∆G𝑝𝑙𝑠 

can be decomposed into two distinct components: 
the Lifshitz van der Waals (∆G𝑝𝑙𝑠

𝐿𝑊) and acid-base 

(∆G𝑝𝑙𝑠
𝐴𝐵 ) components: 

∆G𝑝𝑙𝑠 = ∆G𝑝𝑙𝑠
𝐿𝑊 + ∆G𝑝𝑙𝑠

𝐴𝐵  ,              (6) 

where :  
∆G𝑝𝑙𝑠

𝐿𝑊 = ((𝛾𝑝
𝐿𝑊)1/2 – (𝛾𝑠

𝐿𝑊)1/2 )2 – ((𝛾𝑝
𝐿𝑊)1/2 – (𝛾𝑙

𝐿𝑊)1/2)2 – ((𝛾𝑠
𝐿𝑊)1/2 – (𝛾𝑙

𝐿𝑊)1/2)2    (7) 

∆G𝑝𝑙𝑠
𝐴𝐵  = 2[(𝛾𝑙

+)1/2 [(𝛾𝑝
−)1/2 + (𝛾𝑠

−)1/2 – (𝛾𝑙
−)1/2] + (𝛾𝑙

−)1/2 [(𝛾𝑝
+)1/2 + (𝛾𝑠

+)1/2 – (𝛾𝑙
+)1/2] – 

((𝛾𝑝
+𝛾𝑠

−)1/2×(𝛾𝑝
−𝛾𝑠

+)1/2]           (8) 
 



102 
 

 Journal of Chemistry and Technologies, 2025, 33(1), 98-107 

 

Results and discussion  
Physicochemical characterization of phosphate 
The physicochemical analysis of phosphate 

was carried out by measuring the contact angle 

and calculating the surface energy on pellets of 
phosphate, as shown in Fig. 2, compacted under 
various pressures.  

 

 
 

Fig. 2. Phosphate pellets obtained under the following pressures: 80, 100, 140, 200, 240, 300 and 340 bars 
 

To perform contact angle measurements on the 
phosphate pellets, we first identify the 
equilibrium time of the solvent drop used in this 
study. For this reason, we perform kinetics of the 

water contact angle on the surface of the 
phosphate pellet as well as the volume of the drop 
as depicted in Fig. 3. 

 
 

Fig. 3. Kinetics of the contact angle and the droplet volume on the pellet 
 

In region (A), the contact angle of the water 
decreases slowly on the surface of the phosphate 
pellet, this is the phase of the drop equilibrium. In 
region (B), the values of the contact angle and the 
drop volume decrease quickly as a function of 
time. This is the phase of the liquid absorption on 
the phosphate surface. This can be explained by 

the high value of the phosphate surface energy. 
The obtained results (contact angle values, surface 
energy components and hydrophobicity) of the 
different pellets under various pressures (80, 100, 
140, 200, 240, 300 and 340 bar) are grouped in 
table 2.  

Table 2 
Contact angle values and surface energy components of the phosphate pellets 

Phosphate 
pellets 

Contact angle (°) Surface Energy components (mJ/m2) 𝚫𝐆𝒊𝒘𝒊 
(mJ/m2) ƟW ƟF ƟD 𝜸𝑳𝑾 𝜸+ 𝜸− 𝜸𝑨𝑩 𝜸𝑻𝒐𝒕 

P 80 29.00 33.20 21.30 47.39 0.01 52.65 1.56 48.96 33.80 

P100 26.90 30.90 24.40 46.37 0.00 53.04 0.85 47.21 35.43 

P140 22.90 30.00 22.20 47.11 0.00 56.62 0.25 47.36 40.19 

P200 20.10 22.30 18.40 48.24 0.05 53.83 3.22 51.46 33.82 
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Continuation of Table 2 

P240 21.70 23.30 18.00 48.35 0.04 53.06 2.82 51.16 32.97 

P300 16.60 20.10 14.50 48.97 0.04 55.35 3.07 52.04 35.45 

P340 16.80 19.30 15.10 49.06 0.05 54.79 3.42 52.48 34.43 

From Table 2, we observe that the compacting 
pressure of the phosphate pellets slightly 
increased the surface energy. For a pressure of 
80 bars, the value of the surface energy is about 
49 mJ/m2. While for a maximum pressure of 
340 bars the value of the surface energy is equal to 
52.5 mJ/m2. Therefore, the variation of the 
pressure caused a modification of the interactions 
at the interface of the phosphate pellets.  

 

 
Fig. 4. Variation of the contact angle of water and 

hydrophobicity 
 

Fig. 4 shows the evolution of the contact angle 
as a function of the compacting pressure. We can 
see that as the pressure increases the contact 
angle of the water drop decreases. This result 
shows that the pressure has changed the 
physicochemical properties of the pellet surface, 
i.e., the topographical structure has changed as a 
function of pressure, such as roughness and 
porosity. We can also see from Fig. 4 that the 
surfaces of the various pellets are hydrophilic 
(ΔG𝑖𝑤𝑖  is positive). The pellet obtained at 140 bar 
has the highest value of free energy of interaction.  
 

 
Fig. 5. Surface energy components of phosphate pellets 

 

In addition, Fig. 5 shows the influence of 
compacting pressure on the surface energy 
components. We find that the pellets obtained 
under different pressures have a fairly large 
dispersive component compared to the polar 
component. It has been shown that the pellet 
surfaces are governed by long-range 
intermolecular forces. Analyzing the electron 
acceptor/donor character by decomposing the 
polar (acid-base) component into an acid 
component and a base component, we find that 
the base component has the highest value in all 
pellets. Then, the surfaces of these pellets have a 
very important electron acceptor character as 
presented in the results of Table 2.  

Physicochemical characterization of steel 
supports  

The hydrophobic/hydrophilic properties, 
surface energy components and acid-base 
properties of stainless-steel support surfaces 
were evaluated using contact angle 
measurements.  

Table 3 
Contact angle values and surface energy components of stainless-steel supports 

Steel 
supports 

Contact angle (°) Surface Energy components (mJ/m2) 𝚫𝐆𝒊𝒘𝒊 
(mJ/m2) ƟW ƟF ƟD 𝜸𝑳𝑾 𝜸+ 𝜸− 𝜸𝑨𝑩 𝜸𝑻𝒐𝒕 

304 23.07 33.70 44.60 37.24 0.31 58.46 8.45 45.68 42.60 

304L 54.23 46.03 43.10 38.03 0.18 28.16 4.42 42.45 –1.42 

316 80.67 52.47 26.93 45.44 0.08 3.50 1.05 46.48 –69.38 

The calculation of the surface energy and its 
components was performed using the Van Oss 

approach, the results are presented in Table 3. All 
three supports have a very large dispersive 
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component of surface energy compared to the 
polar component. On the other hand, 316 steel has 
a very low value of the polar component of surface 
energy. This result is already proven by the 

calculation of the free energy of interaction. By 
analyzing the hydrophobic/hydrophilic character, 
steel 304 is hydrophilic (ΔG𝑖𝑤𝑖  is positive) while 
304L and 316 are hydrophobic (ΔG𝑖𝑤𝑖  is negative). 

 
Fig. 6. Surface energy components of steel supports (304, 304L, 316) 

 

Fig. 6 shows the fraction of each component of 
surface energy relative to total energy. We observe 
that the surfaces of the various samples are 
governed by the Lifshitz-Van Der Waals long-
range forces. We also find from the acid-base 
properties that all steel supports have a strong 
electron acceptor character.    

Topographic characterization of steel supports 
using AFM  

The topographies of the samples used in this 
study are characterized by atomic force 
microscopy. The images obtained from the three 
steel supports (304, 304L and 316) are shown in 
Figs. 7, 8 and 9. Compared to a 2D surface 
roughness meter, the AFM not only measures the 
surface roughness, but also displays a 3D image 
showing the surface morphology of the measured 
area and indicating possible defects at the micro 
and nano scale

 
Fig. 7. AFM images of 304 steel (2D and 3D) 

 

 
Fig. 8. AFM images of 304L steel (2D and 3D) 
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Fig. 9. AFM images of 316 steel (2D and 3D) 
 

 
Fig. 10. Linear and surface roughness of steel (304, 304L and 316) 

 

From the images obtained, we observe that 
each steel surface has a different topography. This 
result is evaluated by calculating the roughness of 
each steel. Using advanced image analysis by the 
Esayscan 2 software of the Nanosurf Flex AFM 
device, the surface properties of different 
substrates can be described by a set of roughness 
parameters. A selected number of roughness 
parameters calculated for the samples are shown 
in Fig. 10. We note that 316 steel has the highest 
value of linear and surface roughness. The other 
supports have almost the same roughness values. 
It can be said here that the roughness typically 
changes the physicochemical properties of the 
steel. This provides this support with a 
hydrophilic aspect and a very important electron 
acceptor character. 

Prediction of phosphate adhesion on stainless 
steels 

In the first part, we calculated the surface 
energies of both phosphate pellets and stainless 
steels using the contact angle technique. We 
extracted all the physicochemical parameters in 
order to exploit it in this section to establish a 

predictive study of the adhesion of phosphate on 
the surface of steels which we will assimilate as 
the first stage of clogging. By the thermodynamic 
approach we have calculated the free energy of 
adhesion of the pellet-steel system to predict the 
primary adhesion of the phosphate particles. 

The adhesion prediction study was carried out 
on steels (304, 304L and 316) and phosphate 
pellets that were compacted at variable pressures 
(80, 100, 140, 200, 240, 300 and 340 bars). 

Fig. 11 summarizes the results of the prediction 
of the phosphate adhesion on steel supports. For 
304 and 304L steels, the values of adhesion energy 
calculated by the thermodynamic approach are 
positive. Following these values, it can be 
confirmed theoretically that the adhesion is not 
favored. In contrast to 316 steel, the values of 
adhesion energy calculated on its surface are 
negative, i.e. the adhesion of phosphate on 316 
steel is favored. This diversity of the calculated 
adhesion energy values of the different steel- 
pellets systems is explained by the 
physicochemical and topographical properties. 
316 steel has a higher roughness than 304 and 
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304L steel. Concerning the physicochemical 
properties, the substrates of 304 and 304L steel 
have a very strong electron-donor character, 
which disadvantages the creation of chemical 
bonds between phosphate and steel. Furthermore, 
we observe that the pressure does not have a 
significant influence on the adhesion energy. The 
phosphate pellets obtained under pressure P = 
140 bar always have the highest value of the 
adhesion energy. According to Fig. 11, we can see 
that 304 and 304L steel has a repulsive aspect 
(yellow region), while 316 steel has an attractive 
aspect (blue regions) because of the base 
component of the surface energy and also because 
of the negative value of the free energy interaction 
(hydrophobicity).  

 
Fig. 11. Adhesion energy of steel-pellets systems 

 

The adhesion of phosphate on stainless steel 
surfaces is governed by a combination of chemical 
interactions and surface properties. Chemically, 
phosphate adhesion is driven by electrostatic 
attractions, hydrogen bonding, and in some cases, 
covalent bonding. Phosphates can form 
coordination complexes with metal cations on the 
surface of stainless steel, particularly with oxides 
such as iron, chromium, and nickel present in the 
steel's passive layer. These interactions are 
influenced by the surface energy of both materials, 
where the phosphate's electron donor character 
plays a critical role in bonding with the electron-

acceptor components of the steel's surface energy. 
The adhesion is further influenced by the 
roughness and composition of the stainless steel 
surface. Increased surface roughness, as observed 
with 316 steel, enhances mechanical interlocking 
and provides more surface area for chemical 
interactions, which favors phosphate adhesion. In 
contrast, smoother surfaces, such as those of 304 
and 304L steel, exhibit lower phosphate adhesion 
due to reduced roughness and a stronger electron-
donor character that impedes the formation of 
chemical bonds with phosphate. Surface 
treatments, such as polishing or passivation, can 
further modify the oxide layer's thickness and 
composition, affecting the adhesion process by 
altering the surface energy and the interaction 
potential between phosphate and stainless steel. 
The combination of these factors—chemical 
bonding mechanisms and surface properties like 
roughness and composition—collectively 
determines the efficiency and strength of 
phosphate adhesion on stainless steel surfaces.   

 

Conclusion  
The work carried out in this paper focuses on 

determining the parameters that affect the 
clogging and phosphate adhesion on steels. A 
physicochemical study was performed in order to 
analyze the interactions involved in the 
phenomenon of phosphate clogging. Based on the 
surface energy calculation of phosphate pellets, 
we found that the surface of phosphate has a 
hydrophilic character and is governed by long-
range forces (larger dispersive components in 
front of the polar component).  304 and 304L 
steels have hydrophilic character, and 316 steel 
has hydrophobic character. Moreover, 
topographic parameters and roughness calculated 
from atomic force microscopy of steels showed 
that 316 steel has the highest value of arithmetic 
roughness. By studying the prediction of 
phosphate adhesion to steels, we found that 
adhesion favors 316 steel, which presents an 
attractive aspect opposite to the other steels (304 
and 304L). 
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