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Abstract

The present investigation describes a refined strategy for synthesizing an alizarin-derived
organic pigment using phthalic anhydride and aromatic polyhydroxy precursors as the main
starting materials. The preparation process involved a carefully regulated electrophilic acyla-
tion stage followed by acid-assisted cyclization leading to the formation of an anthraquinone
chromophore system. Particular attention was devoted to optimizing the synthesis conditions,
including reaction temperature, processing time, and catalytic medium concentration, in order
to improve pigment formation efficiency and structural organization. Structural and thermal
properties of the obtained pigment were evaluated by means of X-ray diffraction (XRD) and
thermogravimetric—differential scanning calorimetry (TG—DSC) techniques. XRD analysis
revealed the presence of partially ordered crystalline domains associated with aromatic layer
packing and intermolecular m-electron interactions within the anthraquinone framework. Ther-
mal investigations demonstrated that the synthesized material maintains structural stability
over a broad temperature interval, while the principal degradation stage occurs only at elevated
temperatures exceeding 400 °C, confirming the strong thermal endurance of the pigment sys-
tem. In addition, the synthesized pigment exhibited favorable technological properties such
as high hiding power, resistance to thermal deformation, and stability against photochemical
degradation. These characteristics indicate its suitability for utilization in durable coating
formulations, polymeric composite materials, and advanced industrial coloration technolo-
gies requiring long-term operational stability. The proposed synthetic methodology offers an
efficient pathway for producing thermally robust and chemically stable anthraquinone-based
pigments with enhanced functional performance and potential applicability in modern mate-
rials engineering.
Keywords: Alizarin pigment, phthalic anhydride, anthraquinone derivatives, organic pig-
ments, XRD analysis, TG—DSC, thermal stability, advanced coatings
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Introduction

Organic pigments represent an essen-
tial category of functional materials widely
employed in modern industrial technolo-
gies, including protective coatings, poly-
mer engineering, textile coloration, print-
ing systems, optoelectronic materials, and
advanced composite applications (Hun-
ger K., 2003; Herbst W., Hunger K., 2004).
Continuous progress in materials science
and industrial manufacturing has created
a growing demand for organic pigments ex-
hibiting superior thermal endurance, photo-
chemical stability, chemical resistance, and
long-term operational durability. Within
this field, anthraquinone-derived pigments
have attracted considerable scientific and
technological interest owing to their strong
chromatic intensity, stable conjugated aro-
matic structure, and outstanding resistance
to environmental degradation processes
(Gregory P., 1991). These advantages make
anthraquinone compounds particularly valu-
able for high-performance applications such
as automotive finishes, engineering plastics,
heat-resistant coatings, corrosion-protective
systems, and durable polymer composites
(Christie R. M., 2015).

Anthraquinone molecules possess ex-
tended conjugated m-electron frameworks
capable of efficient visible-light absorption,
resulting in vivid and stable coloration prop-
erties. The incorporation of hydroxyl and
other electron-donating functional groups
into the anthraquinone backbone substan-
tially affects intermolecular hydrogen bond-
ing, crystal organization, molecular stacking,
and overall pigment behavior (Zollinger H.,
2003). Such structural characteristics con-
tribute to enhanced resistance against ul-
traviolet radiation, oxidative degradation,
moisture exposure, and chemical attack
compared with many conventional organic
chromophores including azo-based pigments
(Smith H. M., 2002). Consequently, anthra-
quinone pigments are regarded as highly
stable coloring materials suitable for techno-
logically demanding environments requiring
prolonged service life and physicochemical
reliability.

Among anthraquinone compounds, aliz-
arin (1,2-dihydroxyanthraquinone) occupies
a historically significant position as one of
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the earliest naturally derived organic dyes.
Initially extracted from the roots of the mad-
der plant (Rubia tinctorum), alizarin was ex-
tensively utilized in traditional textile dyeing
processes for centuries (BechtoldT., Mus-
sakR., 2009). The later development of syn-
thetic alizarin production marked a trans-
formative achievement in industrial organic
chemistry and enabled the transition from
natural dye extraction to large-scale chemical
manufacturing (GraebeC., LiebermannC.,
1869). This advancement greatly expanded
the industrial importance of anthraquinone
pigments in textiles, inks, polymer additives,
artistic pigments, and protective surface
coatings (BuxbaumG., PfaffG., 2005). In
contemporary research, alizarin derivatives
are additionally investigated as function-
al compounds for electrochemical devices,
sensing technologies, coordination chemis-
try, and photonic systems (Kalyanasunda-
ram K., 1992).

Recent scientific attention has increas-
ingly focused on the synthesis of anthraqui-
none pigments using phthalic anhydride as
a key precursor because of its high reactivity,
industrial accessibility, economic feasibility,
and compatibility with aromatic cyclization
reactions (El-Shekeil Y. A., SapuanS.M.,
Khalina A., 2012). Owing to its cyclic anhy-
dride structure, phthalic anhydride readily
participates in electrophilic condensation
and Friedel-Crafts-type transformations
leading to the formation of anthraquinone
frameworks with high structural stability
(Olah G.A., 1964). Furthermore, phthalic
anhydride-based synthetic routes offer con-
siderable advantages for industrial imple-
mentation due to their scalability, control-
lable reaction pathways, and adaptability
toward catalyst-assisted modification strate-
gies (Ghosh P., Das D., 2018).

The preparation of anthraquinone pig-
ments generally involves high-temperature
condensation reactions between aromatic
substrates in the presence of acidic or metal-
containing catalysts. The physicochemi-
cal properties of the resulting pigments are
strongly dependent on synthesis conditions
such as reaction temperature, catalyst con-
centration, reaction duration, reagent ratio,
and thermal treatment environment (Pa-
tel H., VashiR.T., 2005). Variations in these
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parameters can significantly influence pig-
ment yield, crystal ordering, particle mor-
phology, thermal behavior, dispersibility,
and optical performance. Therefore, the opti-
mization of synthesis parameters remains an
important research direction for the produc-
tion of advanced anthraquinone pigments
with improved industrial applicability.

Modern coating and polymer technol-
ogies require pigments that combine high
tinting strength with excellent thermal sta-
bility, ultraviolet resistance, low volatility,
and compatibility with polymeric matrices
(Maile F.J., PfaffG., ReyndersP., 2005).
During manufacturing operations includ-
ing extrusion, thermal curing, and injec-
tion molding, pigments are frequently sub-
jected to elevated temperatures exceeding
200-300 °C. Under such severe conditions,
many traditional organic pigments undergo
oxidation, structural decomposition, crystal-
phase transformation, or irreversible dis-
coloration, thereby restricting their use in
high-performance engineering materials
(AhmedN.S., NassarS.H., El-GamalA.R,,
2016). For this reason, the development of
thermally stable anthraquinone pigments
capable of maintaining structural integrity
under harsh processing conditions remains
a critical objective in contemporary pigment
chemistry.

Recent investigations have demonstrat-
ed that careful control of reaction conditions
and molecular organization can substantially
improve pigment crystallinity, particle-size
distribution, surface characteristics, and re-
sistance to thermal degradation (WangM.,
LiY., ChenX., 2019; ZhangY., ZhaoX,
LiuH., 2021; TangB., ZhangS., WangX.,
2020). In particular, the presence of aromat-
ic stabilizing fragments and intermolecular
hydrogen-bonding interactions has been re-
ported to enhance crystal-packing density
and suppress decomposition processes with-
in anthraquinone systems (KarickhoffS. W.,
BrownD.S., ScottT.A., 1979). Moreover,
highly ordered semi-crystalline structures
often exhibit superior photostability and im-
proved mechanical compatibility with poly-
meric binders and coating matrices (Chen J.,
WuD., TamK.C., 2018).

Another important aspect influencing
pigment performance is dispersibility with-
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in organic media and polymer systems. In-
sufficient particle dispersion may result in
agglomeration, uneven coloration, gloss
reduction, and deterioration of coating ho-
mogeneity (HasegawaM., Miyashitay.,
2017). Anthraquinone pigments possessing
optimized surface chemistry and controlled
morphology generally demonstrate im-
proved compatibility with polymer matrices
and enhanced stability in solvent-containing
systems (Liu H., Wang Y., Zhao J., 2020). Ac-
cordingly, establishing correlations between
synthesis conditions, crystal structure, and
final application properties is essential for
designing next-generation organic pigments
with multifunctional performance charac-
teristics.

Environmental and regulatory consider-
ations have also stimulated growing interest
in the replacement of toxic heavy-metal-
containing inorganic pigments with safer
organic alternatives (PfaffG., 2008). In this
regard, anthraquinone pigments, particular-
ly alizarin derivatives, are considered prom-
ising candidates because of their compara-
tively low toxicity, high operational stability,
and lower environmental impact (Hunger K.,
Mischke P., Rieper W., RaueR., KundeK,,
Engel A., 2012). Additionally, the utilization
of commerecially available raw materials such
as phthalic anhydride provides economic and
ecological benefits for industrial-scale pig-
ment production processes.

Despite significant achievements in an-
thraquinone chemistry, limited research has
systematically examined the optimization of
phthalic anhydride-derived alizarin synthe-
sis with emphasis on thermal stability, crys-
tal organization, and physicochemical per-
formance for advanced coating and polymer
applications. Existing investigations have
predominantly concentrated on coloration
and dyeing behavior, while comparatively
fewer studies have explored the relationships
between synthesis parameters, structural
evolution, and thermal degradation mecha-
nisms (KobayashiN., 2011). Therefore, fur-
ther research directed toward the develop-
ment of efficient synthetic methodologies for
obtaining highly stable alizarin-based pig-
ments with enhanced functional characteris-
tics remains scientifically and technologically
important.
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Research method

All chemicals utilized during the exper-
imental work possessed analytical-grade
purity and were applied directly without
additional purification procedures. Phthalic
anhydride (C,H,0,,299% purity) was em-
ployed as the primary aromatic precursor
for constructing the anthraquinone back-
bone because of its elevated chemical activity
and broad industrial accessibility. Catechol
(1,2-dihydroxybenzene, C.H O,,299% puri-
ty) served as the hydroxyl-substituted aro-
matic component responsible for generation
of the alizarin chromophoric system. Con-
centrated sulfuric acid (98 wt% H,SO,) func-
tioned simultaneously as a catalytic medium
and dehydrating agent during the condensa-
tion and ring-closure reactions.

Analytical-grade sodium hydroxide was
used during post-reaction neutralization to
eliminate residual acidic species and stabilize
the pigment phase. Ethanol was applied as
an auxiliary purification solvent for remov-
al of remaining organic impurities and en-
hancement of pigment cleanliness. Distilled
water was employed in all dilution, washing,
precipitation, and purification operations.

Since the structural and thermal prop-
erties of anthraquinone pigments are highly
dependent on reagent quality and synthesis
conditions, all experimental procedures were
carried out under carefully regulated labora-
tory environments to ensure reproducibility
of the obtained results.

Preparation of Alizarin Pigment

The target alizarin pigment was synthe-
sized through a thermally assisted multistep
condensation pathway involving electrophil-
ic aromatic substitution, intramolecular cy-
clization, and final purification stages. The
selected methodology was aimed at improv-
ing pigment yield, crystalline ordering, ther-
mal endurance, and structural homogeneity.
Special attention was devoted to controlling
acidic conditions and thermal treatment pa-
rameters because these factors strongly in-
fluence anthraquinone ring formation and
pigment morphology.

Condensation Process
The initial reaction stage was conduct-
ed in a 250 mL three-necked glass reactor

Section 1. Chemistry

equipped with a reflux condenser, mechan-
ical agitator, thermometer, and electrically
controlled heating system. This configura-
tion ensured stable thermal conditions and
efficient mixing throughout the synthesis.

At the beginning of the experiment, a pre-
determined amount of phthalic anhydride
was introduced into the reactor and heated
gradually until a homogeneous molten phase
was obtained. Concentrated sulfuric acid was
subsequently added slowly under continuous
stirring to establish a uniform acidic medi-
um. The addition rate was carefully moder-
ated in order to avoid local overheating and
undesired secondary reactions.

After stabilization of the reaction envi-
ronment, catechol was introduced portion-
wise into the system while maintaining con-
stant agitation. The reactant ratio between
phthalic anhydride and catechol was selected
close to stoichiometric equivalence to favor
formation of anthraquinone intermediates
and suppress side-product generation.

The reaction mixture was maintained at
145-155 °C for approximately 5-6 h. Under
these conditions, electrophilic substitution
and condensation reactions occurred be-
tween activated aromatic species and proton-
ated phthalic intermediates. The acidic envi-
ronment promoted dehydration reactions
and facilitated progressive formation of an-
thraquinone-type molecular fragments.

As the reaction proceeded, the color of the
medium gradually changed from light brown
to dark red-violet, indicating the formation
of extended conjugated aromatic structures.
Continuous stirring provided uniform heat
transfer and prevented local carbonization
within the reaction mass.

Cyclization and Aromatic Stabilization

Following completion of the condensa-
tion step, the temperature of the reaction
mixture was slowly elevated to approximate-
ly 170 °C in order to initiate intramolecular
cyclization and stabilization of the aromatic
anthraquinone framework. Elevated thermal
conditions promoted ring closure reactions
and enhanced development of the m-conju-
gated chromophoric structure characteristic
of alizarin pigments.

The cyclization stage was continued for
an additional 1-2 h under constant stirring
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conditions. During this period, dehydration
and molecular rearrangement processes con-
tributed to formation of thermally stable aro-
matic systems possessing improved structur-
al ordering.

The simplified overall synthesis pathway
may be represented as:

Phthalic anhydride + Catechol — Alizarin + H20

As cyclization progressed, the viscosity
of the reaction medium increased noticeably
and gradual precipitation of pigment parti-
cles was observed. The final reaction prod-
uct exhibited an intense dark reddish-purple
coloration associated with the formation of
highly conjugated anthraquinone structures.

Neutralization and
Product Purification

After completion of the thermal treat-
ment, the reaction system was cooled to room
temperature and carefully transferred into
an ice—water mixture under vigorous stirring
conditions. Rapid cooling promoted efficient
pigment precipitation and minimized sec-
ondary transformation reactions.

The resulting suspension was neutral-
ized using dilute sodium hydroxide solution
until approximately neutral pH values were
achieved. This neutralization stage was es-
sential for removal of residual sulfuric acid
and stabilization of the synthesized pigment
particles.

The precipitated solid product was iso-
lated by vacuum filtration and repeatedly
washed with distilled water until sulfate res-
idues were no longer detected in the filtrate.
Additional washing with ethanol was carried
out to remove remaining organic contami-
nants and improve pigment purity.

The purified pigment material was dried
in a laboratory oven at approximately 90 °C
for 6—8 h until constant mass was obtained.
After drying, the material was mechanical-
ly ground and sieved to produce a homoge-
neous fine pigment powder suitable for struc-
tural characterization and coating-related
applications.

Determination of Pigment Yield

The efficiency of the synthesis process
was assessed by calculating the pigment yield
according to the following relationship:
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mex
Y = P «100%
m

theor
where:

m__ represents the experimentally ob-
tained mass of the dried pigment;

m,  corresponds to the theoretical pig-
ment mass determined from stoichiometric
calculations.

Depending on synthesis conditions such
as reaction temperature, catalyst concentra-
tion, reaction duration, and purification effi-
ciency, the average pigment yield was found
to vary between approximately 82% and 89%.
Improved yields were generally achieved un-
der optimized thermal conditions that pro-
moted efficient cyclization and minimized
formation of undesired secondary products.

Results analysis

Structural Formation Mechanism
of Alizarin Pigment

The synthesis of alizarin pigment from
phthalic anhydride proceeds through a se-
quence of electrophilic condensation, cy-
clization, and aromatization reactions under
strongly acidic conditions. Initially, phthalic
anhydride becomes activated in concentrat-
ed sulfuric acid, producing reactive acylating
intermediates capable of interacting with
catechol aromatic rings. The first stage in-
volves electrophilic substitution leading to
the formation of o-benzoylbenzoic acid-type
intermediates. Subsequent intramolecular
cyclization and dehydration reactions gener-
ate the anthraquinone backbone characteris-
tic of alizarin pigments.

The final molecular architecture contains
hydroxyl-substituted anthraquinone frag-
ments that significantly influence intermo-
lecular organization. Strong intermolecular
hydrogen bonding between adjacent hydrox-
yl groups contributes to enhanced molecular
packing and stabilization of crystalline do-
mains. Such interactions improve both pig-
ment crystallinity and color intensity.

Furthermore, the extended m-conjugated
system within the anthraquinone framework
is responsible for the pronounced chromo-
phoric behavior of the synthesized pigment.
Electron delocalization across aromatic rings
increases absorption in the visible spectral
region, resulting in the intense deep-red
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coloration typical of alizarin derivatives. The
conjugated structure additionally enhances
photochemical resistance and contributes to
the thermal stability of the material.

X-Ray Diffraction Analysis

The crystalline characteristics of the
synthesized alizarin pigment were investi-
gated using X-ray diffraction analysis. The
obtained diffractogram demonstrated that
the pigment possesses a semi-crystalline
structure with several well-defined diffrac-
tion reflections, confirming the successful
formation of ordered anthraquinone molec-
ular domains.

The XRD pattern presented in Figure 1
shows characteristic diffraction peaks locat-
ed at approximately 20 values of 11.8°,17.4°,
24.9°, and 27.6°. The strongest reflection ob-
served at 24.9° corresponds to the dominant
crystalline plane of the synthesized pigment
and indicates preferential orientation of aro-
matic molecular layers.

The reflections appearing in the 24-28°
region are associated with m—om stacking in-
teractions between planar anthraquinone
structures. Such intermolecular interactions
promote structural compactness, reduce pig-
ment solubility in organic solvents, and im-
prove physicochemical stability.

The coexistence of sharp diffraction peaks
and broadened background regions suggests
the simultaneous presence of crystalline and
amorphous domains. This semi-crystalline
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organization is advantageous for industrial
pigment systems because it combines suffi-
cient structural order with improved dispers-
ibility in coating matrices.

The crystallite size of the synthesized pig-
ment was estimated using the Debye—Scher-
rer equation:

D KA
P cosO

where:

D is the crystallite size;

K is the Scherrer constant;

A is the X-ray wavelength;

p is the full width at half maximum,;

0 is the diffraction angle.

The calculated crystallite size ranged
from approximately 38 to 52 nm, indicating
the formation of nanostructured pigment
particles. Nanocrystalline organization is
particularly beneficial for coating and poly-
mer applications because smaller crystallites
improve dispersion stability, color homoge-
neity, and compatibility with polymer matri-
ces.

Additionally, the measured interplanar
spacing values varied between 7.49 and 1.69
A, confirming layered molecular packing
within the synthesized pigment structure.
The dominant peak intensity reaching 100%
at 24.9° further supports the formation of
preferentially oriented anthraquinone crys-
talline domains.

Figure 1. XRD pattern of the synthesized alizarin pigment
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The principal diffraction peaks obtained
from the XRD analysis together with the
corresponding interplanar spacing values,
relative intensities, and crystallographic
plane assignments are summarized in Ta-
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ble X. The diffraction reflections observed
at 20 values of 11.8°, 17.4°, 24.9°, and
27.6° confirm the formation of an ordered
anthraquinone-derived semi-crystalline
pigment structure.

Table 1. XRD Structural Parameters of Synthesized Alizarin Pigment

No. 20 (degree) d-spacing (A) Relative Intensity (%) Hkl
1 11.8 7.49 28.6 (001)
2 17.4 5.09 453 (010)
3 24.9 3.57 100.0 (012)
4 27.6 3.23 62.7 (110)
5 32.1 2.79 314 (113)
6 36.7 2.45 2.8 (020)
7 44.8 2.02 18.9 (116)
8 54.3 1.69 14.2 (214)

The calculated d-spacing values demon-
strate a gradual decrease with increasing
diffraction angle, indicating the existence of
compact molecular packing and enhanced in-
termolecular ordering within the synthesized
pigment matrix. The most intense reflection
located at 24.9° with a d-spacing value of
3.57 A corresponds to the dominant crys-
talline orientation and confirms strong m—mn
stacking interactions between adjacent aro-
matic layers. This structural arrangement is
characteristic of conjugated anthraquinone-
based organic pigments possessing high mo-
lecular planarity and improved electronic de-
localization.

The relatively large interplanar spacing
observed for the (001) plane at 7.49 A sug-
gests the presence of layered molecular or-
ganization associated with intermolecular
hydrogen bonding and partially ordered or-
ganic domains. Meanwhile, the reflections
indexed as (110), (113), and (020) indicate
progressive crystallization and stabilization
of the aromatic framework generated during
thermal synthesis.

Furthermore, the presence of higher-
angle reflections with lower relative intensity
demonstrates that the synthesized pigment
contains nanoscale crystalline regions dis-
persed within an amorphous matrix. Such
structural heterogeneity is beneficial for pig-
ment applications because it contributes to
improved dispersibility, enhanced surface

interaction, and increased compatibility with
polymeric and coating systems.

Thermal Behavior of the
Synthesized Pigment

The thermal stability of organic pigments
is one of the most critical parameters deter-
mining their applicability in high-perfor-
mance coating systems, polymer composites,
and thermally cured materials. Simultaneous
TG-DSC analysis was therefore performed to
evaluate the thermal decomposition behav-
ior of the synthesized alizarin pigment.

The TG-DSC curves shown in Figure 2
reveal a multi-stage thermal decomposition
mechanism characteristic of anthraquinone-
based organic pigments.

Stage I (50—-140 °C)

The initial decomposition region exhib-
ited only minor mass loss of approximately
3-5%, which is primarily attributed to the
evaporation of physically adsorbed moisture
and low-molecular-weight volatile impuri-
ties remaining after synthesis and purifica-
tion. The limited mass reduction observed in
this region indicates relatively good physico-
chemical stability at moderate temperatures.

Stage II (220-350 °C)

The second thermal degradation stage
corresponds to partial decomposition of
hydroxyl-containing molecular fragments
and oxidative transformations occur-
ring within peripheral functional groups.
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Moderate weight loss accompanied by small
DSC transitions was observed in this tem-
perature interval, indicating structural rear-
rangement and fragmentation processes.

Stage III (380—-620 °C)

The major decomposition stage occurred
between 380 and 620 °C and is associated
with destruction of the aromatic anthraqui-
none framework. The TG curve demonstrat-
ed intensive mass reduction above 400 °C,
confirming degradation of highly conjugated
aromatic structures.

Simultaneously, the DSC thermogram
displayed pronounced exothermic peaks
near 430-450 °C, which are associated with
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oxidation and carbonization reactions of aro-
matic molecular fragments. Despite progres-
sive thermal degradation at elevated tem-
peratures, approximately 20% residual mass
remained at 700 °C, indicating the formation
of thermally stable carbonaceous residue.

The obtained thermal analysis results
demonstrate that the synthesized pigment
possesses relatively high thermal resistance
up to approximately 250 °C. Such thermal
stability is highly important for pigments in-
tended for thermoplastic polymers, powder
coatings, and high-temperature industrial
curing systems.

Figure 2. TG-DSC curves of the synthesized alizarin pigment
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Pigment Performance Properties

The practical applicability of the syn-
thesized alizarin pigment was evaluated
using alkyd enamel systems. The obtained
performance characteristics demonstrat-
ed favorable optical and physicochemical
properties suitable for industrial pigment
applications.

The pigment exhibited covering ability
values in the range of 78—-92 g/m2, indicat-
ing efficient opacity formation and satisfac-
tory coloring performance. High coloring in-
tensity and homogeneous distribution within
coating matrices were additionally observed
during formulation studies.

The synthesized pigment also demon-
strated thermal resistance up to approxi-

mately 250 °C, confirming its suitability for
thermally cured coating technologies and
polymer processing operations.

One of the most significant properties ob-
served was enhanced UV resistance reaching
approximately 850 h, indicating strong resis-
tance against photodegradation. Such stabil-
ity is particularly important for outdoor coat-
ings and weather-resistant polymer systems
exposed to prolonged ultraviolet irradiation.

The pigment additionally demonstrated
high oil resistance and low solubility in or-
ganic solvents. Reduced solubility is highly
advantageous because it minimizes pigment
migration and bleeding phenomena while
improving long-term coating durability and
color retention.
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The summarized pigment performance
parameters are presented in Table 2.

Section 1. Chemistry

Table 2. Performance properties of the synthesized alizarin pigment

Property Value
Covering ability 78-92 g/m?2
Thermal resistance 250 °C
UV stability 850 h
Oil resistance High
Solubility in organic solvents Low

Figure 3. Performance properties of the synthesized alizarin pigment
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Industrial and Technological
Perspectives

The synthesized alizarin pigment demon-
strates considerable industrial potential due
to its favorable structural, thermal, and phys-
icochemical characteristics. The developed
material may therefore be considered prom-
ising for several technologically important
applications, including:

+ high-performance paints and protec-

tive coatings;

« thermally stable polymer composites;

« textile coloration technologies;

o decorative industrial finishes;

+ anticorrosive coating systems;

« specialty printing inks and organic col-

orants.

The use of phthalic anhydride as the
primary precursor provides several techno-
logical advantages, including relatively low

raw-material cost, good industrial availabil-
ity, synthetic scalability, and high process
reproducibility. Moreover, the developed
synthesis route does not require highly so-
phisticated processing equipment, which in-
creases its industrial feasibility.

The obtained results additionally suggest
that the proposed synthesis strategy may
serve as a versatile platform for the prepa-
ration of modified anthraquinone pigments
possessing tailored optical, thermal, and
surface characteristics. Future modification
of the anthraquinone framework through in-
corporation of additional functional groups
may enable the development of next-gener-
ation organic pigments with improved pho-
tostability, enhanced thermal resistance, and
broader applicability in advanced coating
and polymer technologies.
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Conclusion (discussion)

The present investigation successful-
ly established a reliable and technological-
ly adaptable synthesis methodology for the
preparation of alizarin-based anthraquinone
pigment using phthalic anhydride as the
principal aromatic precursor. The developed
synthetic route, involving controlled electro-
philic condensation followed by thermally
induced intramolecular cyclization, enabled
the formation of structurally stable anthra-
quinone chromophores possessing favorable
physicochemical characteristics suitable for
advanced industrial applications. Careful
regulation of reaction temperature, acidic
medium, and thermal treatment duration
played a decisive role in achieving improved
pigment formation efficiency and enhanced
structural organization.

Optimization of the synthesis parameters
demonstrated that stable pigment yields in
the range of approximately 82—-89% could be
reproducibly obtained under controlled lab-
oratory conditions. The obtained results con-
firmed that both thermal regime and catalyst-
assisted dehydration processes significantly
influence anthraquinone framework forma-
tion, molecular ordering, and pigment purity.
The developed process therefore represents
a comparatively efficient and scalable ap-
proach for the preparation of high-perfor-
mance organic pigments from commercially
available raw materials.

Structural characterization by X-ray dif-
fraction analysis revealed the successful for-
mation of a semi-crystalline anthraquinone-
based pigment structure containing partially
ordered nanocrystalline domains. The ob-
served diffraction reflections indicated the
presence of intermolecular aromatic stacking
interactions associated with m—m conjugation
within the anthraquinone framework. Such
structural organization is considered highly
beneficial for improving photochemical sta-
bility, crystal packing density, and resistance
toward environmental degradation processes.

Thermal analysis performed using simul-
taneous TG-DSC techniques demonstrated
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that the synthesized pigment exhibits re-
markable thermal endurance over a wide
temperature range. The major thermal de-
composition stage was observed only at tem-
peratures exceeding approximately 400 °C,
confirming the formation of highly stable
aromatic structures. The enhanced thermal
resistance can be attributed to the extended
conjugated anthraquinone system and in-
creased intermolecular stabilization within
the semi-crystalline pigment matrix. These
characteristics are especially important for
modern coating and polymer-processing
technologies where pigments are exposed to
elevated temperatures during extrusion, cur-
ing, molding, and thermal treatment opera-
tions.

In addition to thermal stability, the syn-
thesized alizarin pigment displayed favor-
able technological and functional properties
including strong hiding power, low solubility
in common organic media, stable coloration
behavior, and high resistance toward pho-
tochemical degradation. The combination
of these properties indicates excellent com-
patibility with protective coatings, polymeric
binders, engineering plastics, and composite
systems requiring long-term operational du-
rability. Improved physicochemical stabili-
ty also suggests that the developed pigment
may retain its optical and structural integrity
under aggressive environmental conditions
such as prolonged ultraviolet exposure, oxi-
dation, and thermal aging.

From an industrial and environmen-
tal perspective, the proposed synthesis ap-
proach offers several important advantages.
The use of commercially accessible aromatic
precursors, relatively simple reaction condi-
tions, and high synthesis efficiency contrib-
utes to the economic feasibility of large-scale
production. Furthermore, anthraquinone-
based pigments such as alizarin derivatives
represent promising alternatives to certain
heavy-metal-containing inorganic pigments
due to their comparatively lower environ-
mental impact and improved operational
stability.
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