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GRAPHICAL ABSTRACT

Role of precursor type and thermal treatment in shaping the surface and colloidal
properties of cadmium yellow pigments
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Introduction

Inorganic pigments and mineral fillers have a signifi-
cant influence on the physical, mechanical, chemi-
cal, and thermal properties of polymeric materials.
In many cases, they reinforce the structure of the
material, improving its resistance to mechanical
damage and environmental factors [1, 2]. One of the
most important characteristics of pigments is their
behavior under solar radiation and in liquid or solid
media. The surface activity of pigments involves
adsorption phenomena of dissolved substances that
can form a new phase at the interface, thus affecting
the stability of dispersion systems. Such processes
are often related to the presence of surface-active
agents. The surface properties of pigments depend
on their chemical composition, crystal structure,
synthesis method, thermal treatment, and storage
conditions [3-5].

An essential factor determining the stability of
pigment dispersions is the electrokinetic potential
(C-potential), which reflects the surface charge of
pigment particles at the phase boundary. A high
absolute C-potential promotes electrostatic repulsion
between particles, limiting coagulation and enhanc-
ing dispersion stability. The value of the C-potential
depends on the pigment composition, the type of
ions present in the solution, the pH, and the nature
of the particle surface [6]. Adsorption of dissolved
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substances may further modify the surface tension
and lead to the formation of stabilizing adsorption
layers, reducing sedimentation and aggregation ten-
dencies [7-9]. The overall stability of such disper-
sions is governed by coagulation, flocculation, and
separation processes.

Numerous studies have demonstrated that surface
modification of cadmium pigments, for example by
silica or organic coatings, markedly improves their
chemical stability and resistance to photodegradation
[10]. Investigations of CdS, CdSe, and CdS-5iO, sys-
tems have confirmed the key role of surface structure
and composition in determining their durability and
optoelectronic properties. In contrast, photodegrada-
tion of cadmium yellow and cadmium red pigments
leads to oxidation of sulfur to sulfate forms and to
the release of cadmium ions into the environment
[11-16]. The presence of organic matter, such as humic
acids, can affect the aggregation and stability of CdS
nanoparticles in electrolyte solutions [17, 18]. Other
studies have identified secondary degradation prod-
ucts—such as cadmium carbonates, oxalates, and sul-
fates—within aged paint layers containing cadmium
pigments [19-21]. Enhanced pigment stability can be
achieved by coating CdS particles with silica or by
thermal treatment in the presence of in situ carbon,
yielding bright, saturated colors and reducing cad-
mium solubility [22, 23].

Despite extensive research on cadmium pigments,
most previous studies have focused either on their



optical properties, degradation processes, or envi-
ronmental behavior. Comparatively less attention has
been paid to the relationship between synthesis con-
ditions, surface chemical composition, electrokinetic
properties, and the stability of pigment dispersions
in aqueous systems. In particular, systematic studies
combining structural characterization with electro-
kinetic measurements and sedimentation analysis
remain limited. A comprehensive understanding of
how synthesis pathways and thermal treatment influ-
ence surface chemistry and, consequently, the electro-
kinetic behavior and dispersion stability of CdS pig-
ments is still lacking.

The aim of this study was to determine the effect
of the type of precursors and the synthesis method of
cadmium sulfide yellow pigment on the electrokinetic
potential of its particles and the stability of aqueous
dispersions formed from them. Laboratory synthe-
ses of cadmium yellow were carried out using two
different approaches: (1) precipitation from solution
followed by drying and calcination, and (2) reaction
in the molten state at elevated temperature between
homogeneously mixed solid substrates. The obtained
pigments were finely ground and homogenized and
subsequently characterized using Raman spectros-
copy, X-ray photoelectron spectroscopy (XPS), elec-
trokinetic measurements, and sedimentation analysis.
The interpretation of the results focused on identifying
the relationships between synthesis conditions, surface
composition, and physicochemical properties of the
pigments.

Experimental part
Materials

The following chemical reagents were used to synthe-
size the pigments:

¢ Sodium sulfide (Na,S5-9H,0, 2 98% purity, Merck
Life Science Sp. z 0.0.) with a decomposition tem-
perature of 120 °C,

¢ Cadmium chloride (CdCl,2H,0, 2 99% purity,
Merck Life Science Sp. z 0.0.) with a melting point
of 565 °C and a boiling point of 964 °C,

e Cadmium sulfate (CdSO,-8H,0, 299% purity,
Merck Life Science Sp. z 0.0.) with a melting point
of 41 °C and a decomposition temperature above
80 °C,

¢ Cadmium nitrate (Cd(NO;),4H,0, 299% purity,
Merck Life Science Sp. z 0.0.) with a melting point
of 59 °C and a boiling point of 350 °C,

¢ Cadmium carbonate (CdCO;, 299% purity, Merck
Life Science Sp. z 0.0.) with a melting point of
343 °C and a decomposition temperature of 412 °C,

e Sulfur (5,299.5% purity, Merck Life Science Sp. z
0.0.) with a melting point of 115 °C and a boiling
point of 444.61 °C.

The pH of the solutions was adjusted using con-
centrated sulfuric acid (H,50,, 95-98% purity, Merck
Life Science Sp. z 0.0.). The industrial cadmium pig-
ment with the trade name cadmium yellow ST sup-
plied by Zaktady Chemiczne Permedia SA in Lublin
(Poland) was additionally purified by extraction with
ethyl acetate.

Methods
Preparation of cadmium yellow
Cadmium yellow was obtained by two methods, i.e.

precipitation from solution according to reaction
Egs. (1)-(4) and melting according to reaction Eq. (5):

CdCl, + Na,S = CdS + 2NaCl (1)
CdSO, + Na,S = CdS + Na,SO, @)
Cd(NO;), + Na,$ = CdS + 2NaNO;, 3)
CdCO; + Na,§ = CdS + Na,COs; 4)
2CdCO; + 3S = 2CdS + 2CO, + SO, )

Table 1 presents the proposed compositions of sam-
ples prepared for the pigment syntheses. The calcula-
tions included 0.1 mol of starting substrates.

Two synthesis routes were employed to obtain cad-
mium yellow (CdS) pigment.

In the first method, CdS was precipitated from
aqueous substrate solutions (quantities listed in
Table 1). The precipitation was carried out in a 500 cm®
beaker at 90-98 °C for 1h. Upon completion, the pH
of the reaction medium was approximately 12. To
remove residual reactive Na,S and stabilize the precip-
itate, the suspension of sample P2 was acidified with
concentrated sulfuric acid to a pH of 1-2. The pigment
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Table 1 Designations and

. = Pigment Qualitative and quantitative compositions of reaction Preparation method pH
initial compositions of test . . .
designation mixtures
samples
Cd S H,0, cm®
P1 CdCl1,-2H,0, 5.7 g Na,S-9H,0,6.0g 400 Precipitation 12
P2 CdCl,-2H,0,5.7 g Na,S-9H,0, 6.0 g 400 Precipitation 1-2
P3 CdS0O,-8H,0, 8.8 g Na,S-9H,0,6.0g 400 Precipitation 12
P4 Cd(NO;),-4H,0;7,7g Na,S-9H,06.0g 400 Precipitation 12
P5 CdCO; 43 ¢ Na,S-9H,0,6.0g 400 Precipitation 12
P6 CdCO;,3.44 ¢ S;096 g - Melting -
P7 Industrial pigment-cadmium yellow ST - -
suspensions were then cooled to room temperature, ~ Methodology

filtered, and washed with distilled water until neutral
pH was achieved (five washings, 50 cm® each). The
obtained wet pigments were dried at 100 °C for 24h
in a forced-air oven, followed by gentle grinding and
homogenization in a porcelain mortar to obtain uni-
form powders for further analyses.

In the second method, cadmium yellow was synthe-
sized by solid-state roasting. The previously prepared
pigment samples were placed in closed porcelain cru-
cibles and calcined in a muffle furnace at 600 °C for
1.5h. After cooling to room temperature, the pigments
were crushed and homogenized in a porcelain mortar.

Additionally, CdS was synthesized directly by
fusion of cadmium carbonate and sulfur in closed
porcelain crucibles under the same conditions (600 °C,
1.5 h). The obtained products were similarly cooled,
ground, and homogenized.

All pigments prepared by both precipitation and
solid-state fusion methods were subjected to further
physicochemical and structural characterization.

Preparation dispersion of cadmium yellow

To prepare aqueous pigment dispersions, 0.3 g of CdS
powder was weighed and transferred to a beaker,
to which 30 mL of deionized water was added. The
resulting suspension was dispersed for approximately
1-2 min in an IKA-ULTRA-TURRAX T25 laboratory
homogenizer with an 525 N-18 Gz stirrer at 1500 rpm.
The pH of the samples was adjusted using acetic acid
(for acidic environments) or NaOH solution (for alka-
line environments), obtaining the required pH values
(3, 6, and 9). After pH adjustment, the dispersions
were briefly mixed again and subjected to further
testing.
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Raman spectroscopy

The spectra were made using Raman microscopy
using a Bruker Raman II Optik Senterra GmbH spec-
trometer equipped with a laser with a wavelength of
532 nm and a power of 2.5 mW. The aperture was set
to 50 um, and the microscope objective magnifica-
tion was 20 x . All samples were round tablets with a
diameter of 1.0 cm and a mass of 700 mg. Measure-
ments were performed using the point method. At
one freely selected point, 20 scans were performed
in 10s.

Electrokinetic potential

The Zeta potential ({) measurements were per-
formed using Zetasizer Nano ZS supplied from the
Malvern Instruments, Malvern, UK. Measurements
were performed in the disposable cuvette under the
controlled pH as follows pH 3, pH 6, and pH 9, with
the CdS concentration about 0.2 mg/mL. Prior to the
measurements, each powder-like sample was ground
using a mortar and pestle and then, vortexed for
1 min and followingly sonicated for 10 min. C values
were reported as the result of technical repetitions
(five consecutive measurements) of the same disper-
sion; independent dispersion preparations were not
performed, therefore reproducibility between prepa-
rations was not assessed.



XPS photoelectron spectroscopy

XPS photoelectron spectra were recorded under
ultrahigh vacuum conditions (base pressure in the
analyzer chamber was <2-:10-10 mbar). The source
of monochromatic excitation radiation was an AlK«
lamp with an energy of 1486.6 eV. The X-ray beam
angle to the sample surface normal was 55°. The
energy of photoelectrons emitted from the sample
surfaces was recorded using a VG-Scienta R3000
hemispherical analyzer. The major axis of the ana-
lyzer was oriented perpendicular to the sample
surface. High-resolution spectra from individual
sample regions were recorded with a AE =100 meV
step. After modeling a Shirley-type background, all
experimental data were fitted to Gaussian-Lorent-
zian curves using Casa XPS software. The research
results were interpreted based on the data presented
in [24-28].

The principle of Turbiscan LAB measurement

Turbiscan LAB was employed to quantitatively and
objectively characterize the stability of dispersion
system samples without destruction, to avoid the
interference of subjective factors and to show the
cause of instability [29].

The analyzed emulsion was placed in a cylindri-
cal measuring glass cell. The optical reading head
scanned the length of the sample (55 mm) acquir-
ing backscattering data as a function of the distance
along the axis of the tube and time (transmitted light
was neglected because the emulsion is opaque).
Backscattered light (BS) and Turbiscan Stability
Index (TSI) are used to quantify the stability of sam-
ples. The calculation method of this coefficient is as
follows:

Zzl'\il (x; - xm)2 (6)

TSI =
N-1

where x; (i=1,..., N) is the mean backscattering, x,, is
the mean value of x; and N is the number of scans. The
smaller the TSI value, the more stable the sample. The
measurement was performed on the day of sample
preparation and then after 7, 14 and 21 days of expo-
sure at20+1 °C.

Statistical correlation analysis

Correlation analysis was performed using the Pear-
son correlation coefficient () and the Spearman rank
correlation coefficient (p), along with p-values (two-
tailed test). Correlations were calculated separately
for pH 3, 6, and 9. The correlation coefficient, p-value,
and number of observations (N) are reported.

Results
Raman characterization of cadmium yellow

Raman spectroscopy was used to evaluate the quali-
tative composition and degree of structural order of
cadmium yellow pigments obtained by precipita-
tion and solid-state synthesis. Figure 1 presents the
Raman spectra of pigments obtained from various
cadmium precursors and sulfur sources, before and
after calcination at 600 °C.

In all samples, characteristic CdS bands
are observed: 1LO at~300-305 cm™ and 2LO
at ~ 600-610 cm ™, confirming that CdS is the domi-
nant component. Some spectra also exhibit weak
signals at higher shifts (~900-1000 cm™), where a
3LO contribution may occur. The presence of these
additional bands may indicate secondary surface
species and/or a greater contribution of structural
disorder; however, Raman spectroscopy alone does
not allow for unambiguous identification of crystal-
line impurity phases. Calcination typically leads to
narrowing and better development of the LO bands
and —in selected samples—to a more pronounced
higher-order bands, indicating increased order/
crystallinity. In some cases, additional weak bands
appear after calcination, suggesting modification/
oxidation of the surface layer, consistent with the
HR-XPS results (presence of oxidized sulfur species).
Precipitation samples typically exhibit broader LO
bands and a stronger contribution of low-frequency
signals (higher defect content), whereas the solid-
state sample (P6) and the industrial pigment (P7)
exhibit more pronounced higher-order phonon fea-
tures (e.g., 3LO), indicating higher crystallinity. In
summary, Raman confirms the formation of CdS
in all variants, and differences in band shape and
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Figure 1 Raman spectra of CdS pigments after precipitation and drying, and after calcination. Pigment types are indicated according to

Table 1; the letter “r” denotes calcined pigments.
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Table 2 Surface potential
values of cadmium yellow

A type of cadmium Type of environment and value of surface potential in mV

pigment particles depending pigment Acidic medium (5% v/v Slightly acidic medium Alkaline medium
on the synthesis method and acetic acid), pH=3 (distilled water), pH=6 (0.1 M NaOH),
chemical environment pH=9
P1 —39.95 —37.66 —26.47
Plr -3.13 —21.56 —29.6
P2 —20.19 —27.39 —32.08
P2r -9.89 -9.78 —24.32
P3 -1791 = -37.73
P3r —14.59 —24.43 —35.86
—4.75 —20.03
P4 —245 -8.55 —24.06
Pdr -23.29 - 34.69 -
P5 - 15.13 —38.55 —27.07
P5r -3.6 -—18.74 - 3775
—20.68
P6 - 11.38 —23.31 —35.96
—26.66
P7 —16.93 -29.99 — 3445
—-4.11

"Measurement not possible due to rapid aggregation and sedimentation.

intensity reflect the influence of the precursor type
and calcination on the structural order.

Electrokinetic potential of cadmium yellow
pigment dispersions in different media

The electrokinetic behavior of cadmium yellow (CdS)
pigments in aqueous environments was assessed
through C potential measurements at pH 3, 6, and 9,
representing acidic, near-neutral, and alkaline condi-
tions, respectively. Table 2 summarizes the measured C
potential values for pigments synthesized by different
routes and subjected to drying or calcination.

All measured pigment particles exhibited negative
C potential values, indicating a dominant anionic sur-
face charge under the tested conditions. The absolute
C values depended strongly on pH and thermal treat-
ment. In acidic media, more negative potentials were
generally observed, reflecting a higher density of pro-
tonable surface groups and stronger surface charge.
In alkaline media, some pigments exhibited less nega-
tive potentials, suggesting changes in the protonation/
deprotonation equilibrium or specific ion adsorption
mechanisms. Rapid aggregation and sedimentation in
certain systems prevented reliable C measurements,
consistent with low colloidal stability.

Calcination led to significant changes in C values,
associated with alterations in the surface chemistry
and the number/type of active sites capable of ioni-
zation or adsorption. HR-XPS results indicate surface
oxidation after thermal treatment (e.g., the appear-
ance/increase of oxidized sulfur S(VI) and higher bind-
ing energy Cd species), which may modify the electri-
cal double layer structure and thus influence C values.
Consequently, we avoid assigning these changes to
specific “dopant phases,” focusing instead on surface
chemical states.

The correlation between pigment surface structure
and C potential was further evaluated using the Raman
2LO/1LO intensity ratio as an indicator of crystallinity
and defect density. Across all pH conditions, higher
Raman intensity generally corresponded to more posi-
tive C potentials, reflecting a more ordered structure
and fewer surface defects. Acidic conditions promoted
surface degradation of dried pigments, whereas calci-
nation improved resistance. Neutral media resulted in
a compromise between structural order and electroki-
netic behavior, while alkaline conditions led to higher
negative surface charge and increased reactivity, likely
due to enhanced surface defects (see Fig. 2).

The C potential measurements indicate that the
electrokinetic behavior of CdS pigments is strongly
influenced by both the pH of the medium and thermal
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Figure 2 Relationship between the surface potential ({) of CdS pigment particles and the Raman 2LO/1LO intensity ratio in aqueous
media at different pH values. Pigment types and compositions are listed in Table 1.

treatment. Calcined pigments show a reduced nega-
tive C potential, which may affect colloidal stability
and chemical interactions. Higher negative C values in
acidic environments suggest a greater surface charge
density and potentially improved dispersion stability,
whereas in alkaline media there is a tendency toward
aggregation.

Overall, these results demonstrate that the electroki-
netic behavior of CdS pigments is strongly influenced
by synthesis route, thermal treatment, and surface
chemistry. Combining C potential measurements with
HR-XPS and Raman spectroscopy provides a compre-
hensive understanding of pigment surface properties,
their colloidal stability, and potential performance in
aqueous systems.

Electrokinetic potential and surface
composition of pigment dispersions
in different media

The electrokinetic potential of the pigment particles
originated from their immersion in aqueous electrolyte
solutions. At the solid-liquid interface, a thin layer was
formed, in which ions from the solution and decompo-
sition products of surface impurities were adsorbed.
Measurements showed that in all investigated solu-
tions, the electrokinetic potential of pigment particles
had negative values, resulting from the adsorption of
anions. Analysis of the raw materials used for pigment
synthesis indicated that they could have originated
from compounds containing elements such as oxygen,
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Table 3 Atomic concentration (at.%) of individual elements pre-
sent on the surface of pigments after precipitation and drying,
and after calcination

Pigment Oxygen (O) Carbon (C) Chlorine Sulfur (S)
type and (@)

designation

P1 12.72 7.07 6.34 30.48
P2 7.10 8.69 3.80 34.93
P3 36.83 9.23 - 16.95
P4 10.50 5.85 - 34.82
P5 18.69 391 - 3.56
Pir 25.75 1.84 7.63 15.71
P2r 27.46 17.39 9.81 16.65
P3r 44.83 6.18 - 20.94
P4r 40.23 10.73 - 21.49
P5r 55.38 6.47 - 14.04
P6 55.26 6.96 - 15.90
P7 16.01 9.67 - 32.95

carbon, chlorine, and sulfur. To determine the chemi-
cal composition of elements present on the pigment
surface, X-ray photoelectron spectroscopy (XPS) was
used. Table 3 presents detailed surface atomic concen-
trations of the individual elements expressed in atomic
percent. The table includes pigments after precipita-
tion and drying as well as after calcination.

Based on the data presented in Table 3, it can be
inferred that the negative charge of the pigment par-
ticles is primarily associated with the presence of chlo-
ride, sulfite, sulfate, and carbonate anions. The value
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Figure 3 Dependencies of the S/O ratio in the resulting com-
pounds on the surface of pigment particles after drying and roast-
ing on their potential in environments with different concentra-

of the electrokinetic potential is mainly determined by
anions containing sulfur and oxygen atoms, as these
elements were present in the highest concentrations.
In this case, the dominant anions were the sulfite anion
(5/30=0.67) and the sulfate anion (S/40 =0.50). Fig-
ure 3 shows the relationship between the S/O ratio for
individual pigments and their electrokinetic potential.
Both the pigments after precipitation and drying, as
well as those after calcination, were taken into account.

Based on the data presented in Fig. 3, it can be con-
cluded that at higher S/O ratios, the electrokinetic
potential of pigment particles in the acidic environ-
ment became more negative, suggesting a greater pres-
ence of sulfite-type compounds. In contrast, in envi-
ronments with pH 6 and 9, the relationship between
potential and the S/O ratio was more complex. In these
cases, an increased influence of the surface structure
of pigment particles was observed, likely related to

tions of hydrogen ions. The type and compositions of pigments
are given in Table 3

the presence of impurities such as CdO and CdSO,. In
the acidic environment, when the S/O ratio was very
low (below 0.6), the pigment particles contained less
sulfur, indicating a lower proportion of oxidized com-
pounds such as oxides or sulfates. In the alkaline envi-
ronment, adsorption processes involving ions such as
OH" occurred on the pigment surface, thereby influ-
encing changes in the surface charge of the particles.
In neutral and alkaline environments, the observed
trend was often reversed. Some pigment samples,
such as P5r and P6, exhibited highly negative electro-
kinetic potentials at low S/O ratios. Overall, it can be
concluded that the type and amount of oxidized impu-
rities—such as oxides, sulfites, sulfates, and carbon-
ates—had a significant effect on the surface charge of
pigment particles. A high S/O ratio in acidic conditions
indicated a more sulfate-like surface character and a
more negative electrokinetic potential. It was observed
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that both dried and calcined pigment samples with a
high S/O ratio showed a shift of the potential toward
less negative values. Conversely, the calcination pro-
cess led to a decrease in the S/O ratio and a shift of the
potential toward more negative values. The hydrogen
ion concentration in the aqueous environment had a
pronounced influence on the electrokinetic potential
of pigment particles. In all measurement series, a clear
trend was observed: a higher S/O ratio corresponded
to a less negative electrokinetic potential of the pig-
ment particles.

High-resolution XPS (HR-XPS) analysis of the key
core levels (S 2p, Cd 3d, O 1s) revealed that calcination
induced significant changes in the surface chemistry
of the pigments. In particular, the S 2p spectra showed
the appearance or increased intensity of a component
corresponding to oxidized sulfur (S(VI)) at binding
energies of approximately 169.0-169.5 eV, which can
be attributed to sulfate species on the pigment surface.
Concurrently, the oxygen content in the outermost
surface layer increased. The Cd 3d spectra exhibited a
component at slightly higher binding energy, consist-
ent with the presence of oxidized cadmium species
(CdO or Cd(OH),-like phases), indicating enhanced
chemical heterogeneity of the surface. These surface
modifications were reflected in the C-potential meas-
urements: pigments with higher S(VI) content and
more oxidized Cd species generally showed more neg-
ative electrokinetic potentials, particularly in alkaline
media. This relationship suggests that changes in sur-
face chemistry, rather than specific crystalline phases,
govern the structure of the electrical double layer and,
consequently, the electrokinetic behavior and disper-
sion stability of CdS pigments.

pH 3

pH 6

Stability of pigment dispersions in different
media

Sedimentation studies of pigments in various envi-
ronments were carried out using a Turbiscan device.
The tests consisted in determining the sedimenta-
tion curves of pigment particles in aqueous chemical
media with precisely defined acidity. Figure 4 shows
the sedimentation curves of pigments P1 and Plr in
different aqueous environments as a function of time.
The parameter used to describe the sedimentation rate
of pigment particles was the Turbiscan Stability Index
(TSI). This index represents the change in the intensity
of transmitted and scattered light signals during the
sedimentation process of pigment particles in an aque-
ous dispersion.

The sedimentation studies showed that the stabil-
ity index (TSI) assumes different values depending on
the type of environment. A low TSI value indicates
a highly stable system, in which only slight changes
in pigment particle size occur. In contrast, a high TSI
value is associated with significant instability of the
dispersion system, caused by the formation of large
agglomerates of pigment particles. Figure 4 clearly
shows the effect of the aqueous medium pH on the
stability of pigments P1 and P1r. In the aqueous envi-
ronment at pH 3, pigment P1r rapidly reached a high
TSI value, which then stabilized and remained nearly
constant. This indicated that the dispersion system
underwent rapid destabilization. For pigment P1, the
TSI value initially increased slowly and then more
rapidly, suggesting the occurrence of pigment parti-
cle agglomeration and sedimentation processes within
the dispersion system. In the aqueous medium with

pH 9
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Figure 4 Dependence of the stability index of yellow cadmium pigment P1 and Plr on the sedimentation time in chemical environ-

ments with different acidity. The type and compositions of pigments are given in Table 1
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pH 6, the dispersion of pigment P1 was highly stable,
as the TSI value increased slowly and its final value
remained very low. In this environment, the disper-
sion of pigment P1 was more stable than that of pig-
ment Plr. In the medium with pH 9, the dispersion
of pigment P1 initially exhibited a low TSI value. At
a later stage, the TSI value increased, reaching a level
comparable to that obtained for the P1r pigment dis-
persion. This phenomenon indicated pigment particle
agglomeration and destabilization of the pigment dis-
persion in water.

For the sedimentation stability studies of the
remaining pigment dispersions, similar dependen-
cies of the TSI index on time were obtained. All the
TSI-time curves could be described by an exponential
equation of the form:

[TSI| = A - 7)

In Eq. (1), the constant “A” was closely related to
the value of the TSI index. A higher value of constant
“A” corresponded to a higher TSI value and, conse-
quently, to greater instability of the dispersion system.
The constant “b”, on the other hand, represented the
rate of change in the stability of the dispersion sys-
tem. A higher value of constant “b” indicated a faster
destabilization process. Table 4 presents the values of
constants “A” and “b”, determined from the analysis
of the sedimentation curves, for all examined aqueous
pigment dispersion systems.

The highest values of constant “A” in the aqueous
medium at pH 3 were observed for pigments P7, P6,

and P4r. This indicated that these pigments formed
dispersions with the greatest instability. In the aque-
ous medium with pH 6, high values of constant “A”
were obtained for pigments P1r, P7, and P2r, which
clearly indicated the formation of unstable aqueous
dispersions. In contrast, in the aqueous medium with
pH 9, pigments P3r and P4r exhibited significantly
lower values of constant “A”, indicating the forma-
tion of stable dispersions. It can be concluded that
the values of constant “A” for pigments after calci-
nation were higher than those for pigments obtained
by precipitation and drying. This suggests that the
calcination process promotes dispersion instability.
Exceptions were pigments P3r and P4r, which, in the
aqueous medium at pH 9, exhibited low values of
constant “A” and formed stable dispersion systems.
The values of constant “b” ranged from 0.32 to 0.37.
Dispersion systems with “b” values close to 0.37 were
characterized by high instability, while those with val-
ues near 0.32 showed a very slow increase in the TSI
index and greater stability of the aqueous dispersions
formed. In general, it can be stated that in the acidic
medium at pH 3, pigments P4r, P6, and P7 formed
highly unstable dispersion systems. In the medium
with pH 6, most pigments also formed unstable dis-
persions, whereas in the medium with pH 9, stable
dispersions were formed by pigments P3r and P4r.
Their stability was higher than in the media with pH
3 and 6. A high pH of the aqueous environment inhib-
ited the sedimentation processes of pigment particles.

Table 4 Values of the
constants “A” and “b” from
Eq. (1), describing the

Type of  Acidic aqueous medium

pigment (pH 3)

Near-neutral aqueous medium
(pH 6)

Aqueous alkaline medium
(PH9)

sedimentation process of

Parameter A Parameter b Parameter A

Parameter b Parameter A Parameter b

pigments in aqueous media P1

e 2.9917 0.492
with different pH levels Plr 16.322 0.3343
P2 12.09 0.3139
P2r 22.208 0.3709
P3 13.486 0.3241
P3r 21.252 0.3661
P4 18.963 0.3556
P4r 21.306 0.3663
P5 14.163 0.3304
P5r 21.109 0.3654
P6 21.33 0.3666
P7 23.137 0.3772

17.614 0.3477 15.658 0.3358
21.604 0.3675 15.065 0.3251
12.79  0.3131 14.925 0.3309
18.222  0.3474 16.781 0.338

14.632 0.3265 17.681 0.3454
18.974 0.352 7.3993 0.3308
13.478 0.3263 13.539 0.3275
18.266 0.3478 8.278 0.2544
1453  0.329 13.86 0.3219
18.221 0.3473 17.282 0.3414
16.85 0.3353 17.319 0.3419
21.146  0.3665 18.304 0.3504
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Figure 5 Dependencies of pH3
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Pigments after calcination formed dispersion systems
with lower stability.

The data presented in Fig. 5 indicate that in the
acidic medium (pH 3), the surface potential of pig-
ment particles shifted toward less negative values,
particularly for pigments after calcination. At the same
time, the values of constant “b” for the calcined pig-
ments generally increased. This phenomenon suggests
a faster sedimentation of pigment particles in strongly
acidic environments. For example, in the case of pig-
ments P1 and Plr, the surface potential of Plr parti-
cles was less negative, indicating a greater tendency of
these particles to aggregate. Similar relationships were
observed for the other pigments as well. In general,
it can be concluded that the calcination process pro-
motes an increase in the sedimentation rate constant
“b” of pigment particles in strongly acidic media and
enhances their tendency to aggregate. In the medium
with pH 6, an increase in the value of the constant
“b” was also observed, indicating a greater propensity
of pigment particles to aggregate. In contrast, in the
medium with pH 9, the values of this constant ranged
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Surface potencial, mV

from 0.30 to 0.36, suggesting slower sedimentation of
pigment particles compared to those in media with pH
3 and 6. In this alkaline environment, the dispersion
properties of the pigments were very similar to each
other. The study clearly demonstrated the influence
of both the pH of the medium and the pigment cal-
cination process on the surface properties of the pig-
ments and their tendency to aggregate. The highest
dispersion stability of pigment particles was recorded
in the medium with pH 3, where their surface poten-
tials reached the most negative values. As the pH
increased, the surface potentials became less negative,
which clearly indicated a reduction in the stability of
the aqueous dispersions. At the same time, the range
of the sedimentation rate constant “b” gradually nar-
rowed. In the alkaline medium (pH 9), all pigments
exhibited a similar rate of TSI increase, indicating a
more uniform course of the pigment particle aggrega-
tion processes.
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Table 5 Quantitative

correlation analysis between pH Variable pair N Pearson r p-value Spearman p p-value
Raman 2LO/1LO ratio, 3 2LO/1LO versus 12 0.356 0.26 0.217 0.50
zeta potential (£), and 3 2LO/1LO versus A 12 0.051 0.88 0.483 0.11
sedimentation stability 3 2LO/1LO versus b 12 -0.197 0.54 0.105 0.75
parameters (A, b) at pH 3, 6, 3 ¢ versus A 12 0.595 0.041 0.112 0.73
and 9 3 ¢ versus b 12 —0.690 0.013 —0.349 0.27

6 2LO/1LO versus ¢ 11 0.148 0.66 0.064 0.85

6 2LO/1LO versus A 12 0.580 0.048 0.741 0.0058

6 2LO/1LO vs b 12 0.609 0.035 0.699 0.011

6 ¢ versus A 11 —0.042 0.90 0.018 0.96

6 { versus b 11 —0.044 0.90 —0.118 0.73

9 2L.O/1LO versus ¢ 11 0.018 0.96 —0.295 0.38

9 2LO/1LO versus A 12 —0.003 0.99 —0.028 0.93

9 2LO/1LO versus b 12 — 0.064 0.84 —0.105 0.75

9 { versus A 11 —0.770 0.0057 —0.764 0.0063

9 { versus b 11 —0.613 0.045 - 0.618 0.042

N=number of data points used for the correlation; N varies due to missing {-potential values

Correlation between chemical composition,
zeta potential and dispersion stability

To quantitatively evaluate the relationships between
Raman metrics, electrokinetic properties, and disper-
sion stability, correlation analysis was performed
between the Raman 2LO/1LO ratio, C-potential, and
Turbiscan-derived stability parameters (A and b), sep-
arately for pH 3, 6, and 9 (Table 5). The 2LO/1LO-C cor-
relations were weak and statistically non-significant
across all pH conditions, indicating that the Raman
ratio alone is not a global predictor of C-potential for
the entire sample set. In contrast, C-potential exhib-
ited significant correlations with stability parameters
in acidic and alkaline media (C-b at pH 3; C-A and C-b
at pH 9), supporting the role of electrokinetic effects
in controlling destabilization kinetics. At pH 6, moder-
ate and statistically significant correlations were found
between 2LO/1LO and both A and b, suggesting that
under near-neutral conditions structural/crystallinity-
related Raman metrics may be more directly linked to
sedimentation behavior than C alone.

Discussion

The qualitative composition of the studied pigments
was confirmed by Raman spectroscopy, revealing
that the main component of each pigment was yellow
cadmium sulfide. In addition, by-products originat-
ing from both the pigment synthesis and calcination

processes were present. The temperature at which
calcination was conducted influenced the crystallinity
and structural order of the pigment particles, which in
turn affected their electrokinetic properties.

Measurements of surface potential in aqueous dis-
persions of different pH values highlighted the role
of electrokinetic properties in pigment stability. All
pigment particles, whether after precipitation and
drying or after calcination, exhibited negative sur-
face potentials in aqueous media. The most negative
potentials were observed under strongly acidic con-
ditions, while the potentials became less negative as
the medium approached neutrality. This behavior
was closely linked to the chemical composition of
the pigment surfaces, particularly the presence of
oxygen- and sulfur-containing species detected by
X-ray photoelectron spectroscopy (XPS). Calcina-
tion reduced the number of active adsorption sites,
resulting in less negative potentials and a modified
surface charge distribution.

Raman spectroscopy provided insight into the
structural characteristics of the pigment surfaces
through the 2LO/1LO ratio. To quantitatively link
structural, electrokinetic, and sedimentation proper-
ties, correlation analysis was performed separately
for pH 3, 6, and 9 between the Raman 2LO/1LO ratio,
C-potential, and Turbiscan-derived parameters (A
and b).

Across all pH values, the correlation between
2LO/1LO and (-potential was weak and not
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statistically significant, indicating that the Raman
ratio alone is not a universal predictor of electroki-
netic behavior.

C-potential showed significant correlations with
sedimentation parameters in acidic and alkaline
media (C-b at pH 3; (-A and C-b at pH 9), highlight-
ing the role of surface charge in controlling destabi-
lization kinetics. Stronger negative potentials gen-
erally corresponded to slower sedimentation rates,
confirming that electrostatic repulsion contributes to
dispersion stability.

At near-neutral pH (6), moderate and statistically
significant correlations were observed between the
Raman 2LO/1LO ratio and both A and b, suggesting
that under near-neutral conditions structural/crystal-
linity-related Raman metrics may be more directly
linked to sedimentation behavior than C alone.

These findings indicate that dispersion stability
is controlled by a combination of electrostatic and
structural factors, with their relative contributions
depending on the pH of the medium. Electrokinetic
effects dominate in strongly acidic and alkaline envi-
ronments, while structural and crystallinity-related
properties exert a stronger influence under near-neu-
tral conditions.

Conclusion

The stability of cadmium sulfide pigment dispersions
depends on both electrostatic and structural factors,
with their relative importance being dependent on
the pH of the medium. The C-potential plays a key
role in sedimentation behavior in strongly acidic
and alkaline environments, with more negative
potentials corresponding to slower sedimentation
and higher dispersion stability. Under near-neutral
conditions, structural properties and particle crys-
tallinity, reflected by the Raman 2LO/1LO ratio, are
more directly associated with sedimentation behav-
ior than C-potential alone. Calcination modifies the
surface chemistry and particle structure, leading to
a reduction in the number of active adsorption sites,
less negative C-potentials, and faster sedimentation.
Overall, dispersions of precipitated and dried pig-
ments are more stable than those of calcined pigments,
and acidic environments promote greater dispersion

@ Springer

stability than alkaline media. Integrated analysis of
Raman spectroscopy data, C-potential measurements,
and Turbiscan-derived sedimentation parameters pro-
vides a comprehensive understanding of dispersion
behavior and enables optimization of pigment synthe-
sis and post-processing to achieve desired stability and
functional properties.
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