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This study investigated the synthesis of α-hemihydrate gypsum (α-HH) through semi-
liquid autoclaving of phosphogypsum (PG) using various carboxylic acids as
modifying agents. The impact of carboxyl group spatial location, auxiliary
functional group type, and the number of carboxyl groups within the carboxylic
acid modifiers on the mechanical strength and crystal morphology of α-HH was
analyzed using scanning electronmicroscopy (SEM), strength testing, andmolecular
dynamics simulations. The results revealed a significant influence of the carboxylic
acidmolecular structure on the α-HHcrystalmorphology.Monocarboxylic acids and
dicarboxylic acids with a long carbon chain length between carboxyl groups
exhibited preferential adsorption on the (200), (110), and (−110) crystal planes,
promoting crystal growth along the c-axis. In contrast, hydroxyl groups and cis
double bonds in the modifier structure induced selective adsorption on the (001)
plane, hindering growth along the c-axis. Conversely, trans double bonds favored
adsorption on the (200), (110), and (−110) planes, enhancing growth along the c-axis.
Based on these observations, screening principles for carboxylic acid modifiers were
established, suggesting that: 1) the number of carboxyl groups should exceed 2; 2)
the optimal carbon atom spacing between carboxyl groups is 3; and 3) auxiliary
functional groups such as hydroxyl groups and cis double bonds should be
introduced. Modifiers like citric acid, ethylene diamine tetraacetic acid (EDTA),
and pyromellitic acid, within concentration ranges of 0.05%–0.1%, 0.1%–0.15%,
and 0.05%–0.1%, respectively, yielded α-HH with flexural strengths exceeding
4 MPa and compressive strengths greater than 35 MPa, demonstrating the validity
of these principles.
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1 Introduction

Phosphogypsum (PG), a major by-product of wet-process phosphoric acid production,
poses a significant environmental challenge. Global PG production is estimated at
approximately 5 tons per ton of phosphoric acid [1], resulting in massive
accumulations, particularly in China, where over 830 million tons are stockpiled, with
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an annual increase of 78 million tons [2, 3]. This large-scale
accumulation not only occupies valuable land and contaminates
the environment [4–6] but also poses potential safety risks.
Consequently, comprehensive and sustainable utilization of PG is
crucial, focusing on high-value applications and large-scale
technological pathways.

Current PG utilization technologies, despite their diversity, face
limitations. Utilizing PG in cement retarders, phosphor gypsum-
based composites [7–10], and β-hemihydrate gypsum often suffers
from low added value and restricted application domains [11–14].
For instance, phosphor gypsum matrix composite cements exhibit
low alkalinity and susceptibility to carbonation, limiting their use to
plain concrete applications.While β-hemihydrate gypsum is suitable
for lower-end products, it exhibits high water consumption and low
strength properties. Utilizing PG for road construction [15–17] and
mine filling offers minimal added value with uncertain
environmental impacts [18].

A promising alternative is the transformation of PG into α-
hemihydrate gypsum (α-HH) through dehydration via heating in
saturated steam or aqueous solutions [19–21]. α-HH is a valuable
resource with applications in gypsum-based self-leveling mortars,
mold gypsum, and fiber-reinforced gypsum boards, among others.
However, the fibrous morphology of α-HH crystals, due to their
preferential growth along the c-axis direction, compromises their
mechanical properties. To overcome this limitation, controlling the
growth habit and morphology of α-HH crystals is crucial. This can
be achieved by transforming them into short columnar forms
through the use of crystal modifiers. Crystal modifiers selectively
adsorb onto different crystal planes of α-HH crystals, altering the
surface energy ratio and influencing crystal plane growth rates, thus
modifying the overall crystal morphology [22–24].

While three types of modifiers are currently utilized (inorganic
salts, low-polymerization organic acids, and high-polymerization
organic acid surfactants), each presents drawbacks. Inorganic salts,
such as aluminum sulfate, magnesium sulfate, and sodium sulfate,
may lead to salt petering on the product surface due to their high
content. High-polymerization organic acid surfactants, commonly
used for preparing calcium sulfate whiskers, promote growth along
the c-axis, increasing the aspect ratio. Carboxylic acids, however,
have proven to be well-suited for producing α-HHs due to their
ability to selectively adsorb onto end surfaces of α-HH crystals,
retarding their growth rate along the c-axis direction [25–30].

Current research on carboxylic acid modifiers primarily focuses
on investigating the impact of different carboxylic modifiers and
quantities on the morphology and performance of α-HH [31–34].
However, understanding how the molecular structure of carboxylic
acids themselves influences the performance and crystal
morphology of α-HH, along with its underlying mechanism,
remains an important area of research. Carboxylic acids, besides
their carboxyl functional group, may contain auxiliary functional
groups like hydroxyl or carbon-carbon double bonds, with
variations in both number and spatial position. Establishing a
screening principle for carboxylic acid modifiers based on their
molecular structure is crucial for optimizing α-HH production.

This study investigates the effects of carboxylic acids with diverse
molecular structures on the mechanical strength and crystal
morphology of α-HH. Experiments were conducted using citric acid,
ethylene diamine tetraacetic acid (EDTA), and pyromellitic acid as

modifiers, guided by screening principles established throughmolecular
dynamics simulations. These simulations calculated the adsorption
energy of various carboxylic acids on different crystal planes of α-
HH, offering insights into how molecular structure influences α-HH
crystal growth. This combined experimental and computational
approach provides a comprehensive understanding of the
relationship between carboxylic acid molecular structure and α-HH
crystalmorphology, paving theway for the development of effective and
targeted strategies for α-HH production.

2 Experiment

2.1 Materials and pretreatment

The original phosphogypsum (PG) used in this study was
obtained from Hubei Yuangu Group. To remove harmful
impurities, the original PG underwent pretreatment with alkaline
hot water at 70°C and pH = 12 washing. The process involved a mass
ratio of alkaline hot water to PG of 1:1, with PG being washed once,
followed by drying in an oven at 55°C ± 5°C until completely dry.
Subsequently, the PGwas sieved through a 0.3 mm square-hole mesh.
The chemical composition of PG samples was analyzed by X-ray
fluorescence spectrometer (Axios PW4400). The results are shown in
Table 1. The crystalline phases and morphology of PG samples were
analyzed respectively by X-ray diffraction (XRD-6000, Shimadzu,
Japan) and scanning electron microscopy (Zeiss EV018). The
results are shown in Figures 1, 2, respectively. The main
components of the original PG were CaSO4·2H2O and SiO2, along
with trace amounts of alkaline earth metal oxides and P2O5. The
crystal morphology of PG presents as rhomboidal-like particles. After
pretreatment, the impurities were significantly reduced and
CaSO4·2H2O content increased. The pretreatment did not alter the
crystal morphology of PG, but significantly reduced the presence of
fine particles adhering to the surface of the crystals.

All modifiers used were analytical reagents which degree of purity
were greater than 99%, sourced from Shanghai Maclin Biochemical
Technology Company. These included formic acid, adipic acid, maleic
acid, succinic acid, glutaric acid, dodecanedioic acid, mannitic acid,
ethylene diamine tetraacetic acid (EDTA), 2-hydroxy succinic acid,
maleic acid, reverse succinic acid, citric acid, and pyromellitic acid.

2.2 Preparation of α-HH sample

Formic acid, adipic acid, maleic acid, succinic acid, glutaric acid,
dodecanedioic acid, mannitic acid, 2-hydroxy succinic acid, maleic
acid, and reverse succinic acid were separately dissolved in deionized
water at a concentration of 0.05% by weight of PG. Citric acid,
EDTA, and pyromellitic acid were dissolved separately in deionized
water at concentrations of 0.05%, 0.1%, 0.15%, and 0.2% by
weight of PG.

Subsequently, the water was thoroughly mixed with the
pretreated PG using a mixer to prepare the slurry, with a mass
ratio of 0.3 of water to PG. The slurry was then autoclaved at 140°C ±
5°C for 3 h. The resulting α-HH was dried at 140°C ± 5°C for 12 h,
followed by 20 min of grinding. Finally, it was sieved through a
0.125 mm square-hole mesh.
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TABLE 1 Chemical composition of original PG and purified PG (wt%).

F NaO MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 Fe2O3

Original PG (O-PG) 1.56 0.46 0.25 0.42 6.80 1.03 49.0 0.18 39.80 0.10 0.30

Purified PG (P-PG) 1.27 0.52 0.08 0.11 5.81 0.79 49.5 0.09 41.03 0.12 0.27

FIGURE 1
XRD patterns of PG. (G-gypsum, Q-quartz).

FIGURE 2
SEM images of PG: (A) original PG, (B) purified PG.
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2.3 Methods

2.3.1 Mechanical strength test
A blade-type laboratory blender (NJ 160B, China) was used to

prepare the α-HH slurry to standard consistency. The slurry was then
cast into 40 mm × 40 mm × 160 mm molds and demolded after 2 h.
Some specimens were tested for flexural strength after 2 h, while
others were dried for 24 h at 40°C to assess dry compressive strength.
Strength testing was conducted according to China BuildingMaterials
Industry Standard “Test methods for physical properties of ordinary
gypsum plaster” (JC/T2038-2010) [35].

2.3.2 Microstructure
The sample phase composition was analyzed using an

X-ray diffraction instrument, operating with Cu Kα1

radiation (λ = 1.5418 Å) at a 40 kV voltage and 40 mA
current. The angular testing range for 2θ is 5–60°.

The microstructure of the samples was observed using a Zeiss
EV018 scanning electron microscope at a voltage of 10 kV and a
current of 5mA. Prior to testing, all specimens were coated with gold
to ensure conductivity.

3 Molecular dynamics simulation of
adsorption of modifier on the plane of
α-HH crystals

3.1 Model construction and
parameter settings

In this study, six different modifiers were selected, including
formic acid (CH2O2), dodecanedioic acid (C12H22O4), succinic

FIGURE 3
Molecular models of different carboxylic modifiers:(A) formic acid, (B)maleic acid, (C) dodecanedioic acid, (D) succinic acid, (E) reverse succinic aid,
(F) 2-hydroxy succinic aid.

FIGURE 4
CaSO4·0.5H2O crystal cell model obtained through molecular
dynamics simulations.

FIGURE 5
Morphology of α-HH crystals predicted by BFDH theory.
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acid (C4H6O4),2-hydroxy succinic aid (C4H6O5), reverse succinic aid
(C4H4O4), and maleic acid C4H4O4). The molecular models of these
modifiers are depicted in Figure 3. The cell model of CaSO4·0.5H2O
crystal was constructed based on the literature [36], and the atomic
coordinates of the crystal structure were exported from the CCDC
database to establish the model, as illustrated in Figure 4. The lattice
parameters are as follows: a = 12.0344Å, b = 6.9294Å, c = 90.265Å, and
β = 90.270°.

To describe the interaction between modifier molecules and
different crystal planes of α-HH crystal, it is necessary to cleave
several crystal planes of α-HH crystal. The predicted theoretical
morphology of α-HH crystals, utilizing the Bravais-Friedel-Donnay-
Harker (BFDH) theory, which is a model in crystallography that
explains the growth and morphology of crystals, is illustrated
in Figure 5 [37].

According to this theoretical morphology, the crystal planes
(001), (−110), (200), and (110) of α-HH were selected as the
adsorption crystal planes for the modifier. A 3 × 5 × 3 supercell
structure of α-HH crystal was constructed, and models of the (001),
(110), (−110), and (2 0 0) crystal planes were cleaved, as shown
in Figure 6.

For the molecular models of modifiers and crystal planes,
initial structures were geometrically optimized using the
Forcite module with the Smart algorithm. The COMPASSII
force field was employed for the molecular force field, and
atomic charges were assigned using the Forcefield assigned
method. A cutoff radius of 12.5 Å was applied. Van der Waals
interactions were computed using the Atom-based method, while
electrostatic interactions were calculated using the Ewald method.

The Adsorption Locator module in Materials Studio was
utilized to perform a Monte Carlo search in the configuration
space of the substrate-adsorbate system to determine potential
low-energy adsorption configurations. The interface model was
assembled by combining CaSO4·0.5H2O crystal planes with
modifier molecules. The Simulated Annealing algorithm
available in the Adsorption Locator module was employed to
locate the adsorption points with the lowest potential energy. The
COMPASSII force field was selected for the molecular force field,
and atomic charges were assigned based on the COMPASSII
force field. Atom-based method was used for van der Waals
interactions, while electrostatic interactions were computed
using the Group-based algorithm. The energy convergence
criterion was set to 0.001 kcal/mol, and the cutoff radius was
set to 12.5 ÅFigure 7 displays the adsorption models of formic
acid on the (001), (110), (−110), and (200) crystal planes of α-HH
crystals, while Figure 8 depicts the adsorption models of
dodecanedioic acid on the (001), (110), (−110), and (200)
crystal planes of α-HH crystals. Additionally, Figure 9
illustrates the adsorption models of succinic acid, 2-hydroxy
succinic aid, reverse succinic aid and maleic acid on the (001)
crystal plane of α-HH crystal.

3.2 Simulation of interaction energy

The stability of the adsorption system is indicated by the
negative interaction energy between the modifier and various

FIGURE 6
Structure models of the (001), (110), (−110), and (200) crystal planes of α-HH crystals obtained via molecular dynamics simulations.
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crystal surfaces of α-HH. A more negative interaction
energy value indicates a more favorable and stable
adsorption configuration [38]. To determine the position
of the lowest energy structure when the modifier is absorbed
on the crystal plane, we calculated the interaction
energy between the modifier and different plane of the α-
HH crystal.

The following Formula 1 was utilized to calculate the
interaction energy between the modifier molecule and the
crystal plane:

ΔE � Etotal– Esurface + Emodifier( ) (1)

In this equation, ΔE represents the interaction energy
between the modifier molecule and the crystal plane; Etotal
represents the total energy of both the crystal plane and the
modifier; Esurface represents only the total energy of the crystal
surface; and Emodifier represents only the total energy of
the modifier.

4 Results and discussion

4.1 Effect of molecular structure of
carboxylic acids on the mechanical strength
of α-HH

Figures 10, 11 depict the mechanical strength of α-HH samples
prepared under the regulation of carboxylic acid modifiers with
different molecular structures.

The mechanical strength of α-HH exhibited a non-monotonic
trend with increasing carbon atom spacing between the carboxyl
groups. Compared to the reference sample, α-HH showed a slight
increase in mechanical strength when modified with carboxylic acids
containing no intervening carbon atoms between the carboxyl groups.
A more pronounced enhancement was observed with modifiers
containing three carbon atoms within the carboxyl group interval.
However, further increases in the number of separating carbon atoms
led to a decline in mechanical strength. Notably, exceeding 10 spacer
carbon atoms resulted in a reversal of the morphology control effect.

FIGURE 7
Adsorption models of formic acid on the (001), (110), (−110), and (200) crystal planes of α-HH crystals obtained via molecular dynamics simulations.
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These observations indicate that an appropriate spatial arrangement
of carboxyl functional groups within the carboxylic acids is crucial for
effective morphology control of α-HH crystals. This study identified
an optimal range of 2–4 carbon atoms within the binary carboxylic
acid molecular structure. Deviation from this range, in either
direction, led to diminished crystal morphology control effects.

A positive correlation was observed between the number of
carboxyl groups in the carboxylic acid modifier and the mechanical
strength of α-HH. Specifically, α-HHmodified with monocarboxylic
acids exhibited significantly reduced mechanical strength compared
to the reference sample. However, the presence of two carboxyl
groups led to a substantial increase in mechanical strength, which
continued to improve with three carboxyl groups. A further increase
to four carboxyl groups resulted in only a marginal enhancement.
These findings suggest that monocarboxylic acids do not exert a
positive regulatory effect on α-HH crystal morphology. In contrast,
binary and polycarboxylic acids exhibited a positive influence on α-
HH crystal morphology, with the effect increasing alongside the

number of carboxyl groups present. This influence plateaued slightly
when the number of carboxyl groups reached three.

The presence of hydroxyl functional groups was found to
contribute to the enhancement of α-HH mechanical strength.
The influence of double carbon bonds on α-HH mechanical
strength demonstrated a dependence on isomeric configuration.
Specifically, cis-double carbon bonds led to an increase in
mechanical strength, while trans-double carbon bonds resulted in
a significant reduction. These findings suggest that the presence of
hydroxyl groups and cis-double bonds exerts a positive regulatory
influence on the α-HH crystal structure, whereas trans-double
bonds do not exhibit such an effect.

The observed trends in mechanical strength can be attributed to
the specific interactions between the carboxylic acid modifiers and
the α-HH crystal surface. Modifiers with a suitable number and
arrangement of carboxyl groups effectively interact with the crystal,
influencing its growth habit and leading to enhanced mechanical
properties. The presence of hydroxyl groups and cis-double bonds

FIGURE 8
Adsorption models of dodecanedioic acid on the (001), (110), (−110), and (200) crystal planes of α-HH crystals obtained via molecular dynamics
simulations.
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FIGURE 9
Adsorptionmodels of differentmodifiers on (001) crystal plane of α-HH crystals obtained viamolecular dynamics simulations:(A) succinic acid, (B) 2-
hydroxy succinic aid, (C) reverse succinic aid, (D) maleic acid.

FIGURE 10
The compressive strength of α-HH samples prepared under the regulation of carboxylic acid modifier with different molecular structures:(A)
carboxylic acid modifiers with varying numbers of carbon atoms in the carboxyl group interval, (B) carboxylic acid modifiers with varying numbers of
carboxyl groups, (C) carboxylic acid modifiers with different auxiliary functional groups.
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likely contributes to stronger interactions with the crystal surface,
further promoting the formation of more robust structures.

4.2 Impact of modifiers on the micro-
morphology of α-HH

Figure 12 presented SEM images of α-HH prepared with various
carboxylic acid modifiers, highlighting the significant influence of
modifier molecular structure on the resulting crystal morphology.

The number and arrangement of carboxyl groups within the
modifier molecule significantly affected the α-HH crystal habit. As
shown in Figures 12A–C, an increase in the number of carboxyl groups
led to larger α-HH crystals with a decreased length-to-diameter ratio,
resulting in a more complete crystal habit. This trend was evident when
comparing blank α-HH (Figure 12A) to α-HH modified with succinic
acid (Figure 12B) and EDTA (Figure 12C).

Further insights into the influence of functional groups were
observed by comparing the effects of succinic acid (Figure 12B)
and its derivatives. The addition of a hydroxyl group, as in 2-
hydroxysuccinic acid (Figure 12F), enhanced the morphology

control, yielding larger, shorter columnar crystals. Conversely,
the incorporation of a trans-double carbon bond, as in reverse
succinic acid (Figure 12D), significantly reduced crystal size while
increasing the length-to-diameter ratio, resulting in elongated
rod-like structures. In contrast, the presence of a cis-double
carbon bond, as in maleic acid (Figure 12E), led to increased
crystal size and a decreased aspect ratio, producing short
columnar crystals.

The number of carbon atoms separating the carboxyl groups
within the modifier molecule also influenced crystal morphology.
An initial increase in α-HH crystal size followed by a decrease was
observed as the number of spacer carbon atoms increased. With
three spacer carbon atoms in glutaric acid (Figure 12G), α-HH
crystals exhibited a reduced length-to-diameter ratio, resulting in
short columnar crystals. When four spacer carbon atoms were
present in adipic acid (Figure 12H), both crystal size and aspect
ratio decreased, leading to a predominance of rod-shaped crystals.
Finally, with ten spacer carbon atoms in dodecanedioic acid
(Figure 12I), a significant reduction in crystal size and a
transformation from rod-like to fiber-like morphology
was observed.

FIGURE 11
The flexural strength of α-HH samples prepared under the regulation of carboxylic acid modifier with different molecular structures:(A) carboxylic
acid modifiers with varying numbers of carbon atoms in the carboxyl group interval, (B) carboxylic acid modifiers with varying numbers of carboxyl
groups, (C) carboxylic acid modifiers with different auxiliary functional groups.
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4.3 Interaction energy between carboxylic
acid modifiers and different α-HH
crystal planes

Table 2 presents the interaction energies between the carboxylic
acid modifiers and different α-HH crystal planes. Both formic acid
and dodecanedioic acid exhibited higher adsorption energy values

on the (110), (−110), and (200) crystal planes compared to the (001)
plane. This indicated a preferential adsorption onto the lateral
crystal planes, namely, (110), (−110), and (200), rather than the
terminal (001) face of α-HH. Consequently, growth along the c-axis
of the α-HH crystal is promoted, resulting in an increased aspect

FIGURE 12
SEM images of α-HH prepared under the regulation of carboxylic acid modifier with different molecular structures: (A) blank, (B) succinic acid, (C)
EDTA, (D) reverse succinic acid, (E) maleic acid, (F) 2-hydroxy succinic acid, (G) glutaric acid, (H) adipic acid, (I) dodecanedioic acid.

TABLE 2 Interaction energy of different carboxylic acid modifiers adsorbed
on various crystal planes of α-HH crystal.

Modifiers Interaction energy (ΔE)/(kcal/mol)

(001) (110) (-110) (200)

Formic acid −51.3 ± 2.4 −63.7 ± 2.7 −69.1 ± 3.1 −52.7 ± 2.0

Dodecanedioic acid −107.6 ± 4.6 −122.5 ± 5.1 −127.7 ± 4.1 −108.4 ± 3.8

TABLE 3 Interaction energy of different carboxylic acid modifiers adsorbed
on (001) crystal plane of α-HH crystal.

Modifiers Interaction energy (ΔE)/(kcal/mol)

Succinic acid −84.0 ± 2.4

2-hydroxy succinic acid −98.4 ± 2.9

Reverse succinic acid −74.8 ± 2.3

Maleic acid −89.3 ± 2.7
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ratio and a fibrous morphology. These simulation results were
consistent with the experimental observations.

Table 3 displayed the interaction energy of different
carboxylic acid modifiers adsorbed on the (001) crystal plane
of α-HH. A comparative analysis revealed that both 2-
hydroxysuccinic acid and maleic acid exhibited greater

adsorption energies (in absolute values) than succinic acid
on the (001) crystal plane, while the opposite was observed
for fumaric acid (trans isomer of maleic acid). This suggests that
the presence of hydroxyl groups and cis double carbon bonds
within the carboxylic acid structure promotes adsorption onto
the α-HH (001) surface, whereas trans double carbon bonds

FIGURE 13
Molecular models of different carboxylic acid modifiers.

FIGURE 14
The compressive strength of α-HH with different modifier content (wt%):(A) Citric acid, (B) EDTA, (C) Pyromellitic acid.
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hinder this process. Notably, among the investigated modifiers,
2-hydroxysuccinic acid demonstrated the strongest adsorption
energy on the (001) crystal plane, followed by maleic acid. This
finding indicates that hydroxyl groups exerted a more substantial
influence on the adsorption behavior and, consequently, the
crystal morphology of α-HH compared to cis double carbon
bonds. Therefore, 2-hydroxysuccinic acid exhibited preferential
adsorption onto the (001) crystal plane, leading to superior
crystal morphology modification. These simulation results
were corroborated by SEM observations.

4.4 Impact of citric acid, EDTA and
pyromellitic acid on themechanical strength
and crystal morphology of α-HH

Building upon previous studies investigating the impact of
carboxylic acid molecular structure on both the mechanical
strength and crystal morphology of α-HH, citric acid, EDTA, and
pyromellitic acid were identified as optimized modifiers for α-HH
preparation. The molecular structures of these acids were depicted
in Figure 13.

Figures 14, 15 depicted the mechanical strength of α-HH
modified with various modifiers. Compared to the unmodified
sample, the incorporation of modifiers led to a significant
improvement in mechanical strength. For citric acid and EDTA,
the observed trend was an initial increase in strength with increasing
additive content, followed by a subsequent decrease. In contrast, the
strength gradually declined as the content of pyromellitic acid
increased. To achieve a compressive strength of 35 MPa in α-
HH, the optimal content ranges were 0.05%–0.10% for citric
acid, 0.10%–0.15% for EDTA, and 0.05%–0.10% for
pyromellitic acid.

Figure 16 and Table 4 demonstrated the significant impact of
different modifiers on the morphology and size distribution of
α-HH crystals. The aspect ratio of the α-HH crystals was
determined by measuring the length and width of at least
50 individual particles in ImageJ software. Unmodified α-HH
crystals exhibited a distinct elongated rod-like morphology with
a high aspect ratio of approximately 9:1. This indicated a
pronounced anisotropic growth along a specific
crystallographic axis. The blank sample displayed a relatively
narrow size distribution, with an average length of 10.4 µm and
an average width of 1.2 µm. This suggested a relatively

FIGURE 15
The flexural strength of α-HH with different modifier content (wt%): (A) Citric acid, (B) EDTA, (C) Pyromellitic acid.
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consistent growth process for the unmodified crystals. Citric
acid modification significantly altered the morphology of α-HH
crystals, leading to a reduction in aspect ratio to 4.2:1. The
crystals became shorter and wider, taking on a more columnar
shape. The average length increased to 17.2 µm, while the
average width increased to 4.4 µm. However, the size
distribution appeared to be slightly broader than the blank
sample. The presence of smaller particles (as observed in
Figure 16B) might explain this. EDTA modification led to the
formation of crystals with smooth surfaces and well-defined

hexagonal end faces. This indicated that EDTA influenced the
crystal growth process, promoting the formation of more
regular and symmetric structures. The average length
increased further to 21.2 µm, and the average width to
6.0 µm. The aspect ratio slightly decreased to 3.5:1, indicating
a further reduction in length-to-width ratio compared to the
blank sample. The size distribution remained relatively narrow,
suggesting a controlled growth process with EDTA. Pyromellitic
acid modification had a significant impact on crystal
morphology, drastically decreasing the aspect ratio to 1.5:1.

FIGURE 16
The SEM images of α-HH with different modifiers:(A) blank sample, (B) 0.1%citric acid, (C) 0.1%EDTA, (D) 0.05% pyromellitic acid.

TABLE 4 Average size and aspect ratio of α-HH crystals with different modifiers.

Modifier Average
length (µm)

Standard
deviation (µm)

Average
width (µm)

Standard
deviation (µm)

Aspect
ratio

Standard
deviation

Blank 10.4 1.6 1.2 0.2 9.1 1.2

Citric acid 17.2 2.4 4.4 0.6 4.2 0.8

EDTA 21.2 3 6 0.7 3.5 0.7

Pyromellitic
acid

6 0.9 4 0.6 1.5 0.2
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The crystals became very short and wide, appearing almost
cube-like. This indicated a strong influence on the
anisotropic growth, leading to more uniform growth along all
axes. The average length decreased to 6.0 µm, while the average
width was 4.0 µm. The size distribution was relatively narrow,
indicating a consistent growth process even with this drastic
change in morphology.

The results demonstrated that the introduction of different
modifiers significantly affected the morphology and size
distribution of α-HH crystals. The modifiers can influence the
crystal growth kinetics, altering the relative rates of growth along
different crystallographic axes.

5 Conclusion

This study investigated the impact of carboxylic acid modifiers
on the crystal morphology and mechanical properties of α-HH. The
findings highlight the significant role of the number, arrangement,
and type of functional groups within the modifier structure in
regulating crystal growth.

(1) The number and arrangement of carboxyl groups within the
modifier significantly influenced the crystal morphology.
Dicarboxylic acids with 2–4 inter-carboxyl carbons
demonstrated the most effective regulatory ability.
Modifiers with a single carboxyl group or a wider
separation between carboxyl groups (e.g., 10 carbons)
promoted elongation by preferentially adsorbing to the
side faces of the crystal. Conversely, hydroxyl or cis-
double carbon bond substitutions favored adsorption on
the (001) plane, leading to shorter crystals. Trans-double
carbon bonds showed negligible effects on crystal
morphology.

(2) The adsorption energy of carboxylic acid modifiers on
different crystal planes of α-HH varied significantly.
Succinic acid, 2-hydroxy succinic acid, reverse succinic
acid, and maleic acid exhibited distinct adsorption energies
on the (001) plane. Additionally, the adsorption energies of
formic acid and dodecanedioic acid differed across various
crystal planes, suggesting their preferential adsorption to
specific crystallographic orientations.

(3) Citric acid, EDTA, and pyromellitic acid emerged as highly
effective modifiers for α-HH, facilitating the transformation
of fine-rod crystals into short columnar structures. Optimal
concentrations of these modifiers were found to be 0.05%–
0.10% for citric acid, 0.10%–0.15% for EDTA, and 0.05%–
0.10% for pyromellitic acid. At these concentrations, α-HH
exhibited enhanced mechanical properties, with flexural
strengths exceeding 4 MPa and compressive strengths
greater than 35 MPa.

In summary, this study demonstrates the crucial role of
carboxylic acid modifiers in controlling α-HH crystal
morphology and mechanical properties. By understanding the

structure-activity relationships of these modifiers and their
adsorption behavior on specific crystal planes, it is possible to
effectively tailor the crystal growth process to achieve desired
properties for α-HH applications. Future research could further
explore the impact of other functional groups and molecular
structures on α-HH crystal morphology and investigate the
potential of these modifiers for enhancing other material
properties.
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