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Abstract: This study investigates the influence of specific surface area (SSA) and aluminum
hydroxide particle size on sodium aluminate’s purification efficiency in the Bayer process.
This research examines how variations in SSA affect the adsorption and incorporation of
contaminants such as Cu, Fe, and Zn, as well as the optimal balance between effective
purification and excessive Al2O3 loss. Different SSA values and purification durations
are analyzed to optimize the purification process and determine conditions that maxi-
mize impurity removal while maintaining system stability. Additionally, solid residue
characterization using X-ray diffraction (XRD), scanning electron microscopy (SEM), and
energy-dispersive spectroscopy (EDS) provides insights into impurity incorporation mech-
anisms, including isomorphic replacement, surface adsorption, and co-crystallization. This
study highlights key process parameters that influence impurity behavior and crystalliza-
tion dynamics, offering valuable guidance for refining industrial purification strategies and
improving aluminum hydroxide quality.

Keywords: impurities; removal; precipitation; iron; zinc; copper

1. Introduction
The Bayer process is the most commonly used for alumina production, although

there are plants operating alternative processes depending on available raw materials (the
combined Bayer–sinter process and the Nepheline-based process) [1–3]. Due to different
constituents of the raw material, primarily bauxite, the ore needs to be treated to produce
alumina of the requested quality (Al2O3). This is achieved by blending and grounding it to
ensure consistent infeed, which is followed by digestion in autoclaves at high pressures
and temperatures, along with caustic soda (NaOH). These conditions are chosen based
on the type of aluminum minerals present in the bauxite [4]. The aluminum minerals
are selectively dissolved to form an equilibrium, with the conditions driving the reaction
from left to right to obtain sodium aluminate (NaAl(OH)4), as represented in the following
adapted equations: Equation (1) for gibbsite and Equation (2) for boehmite and diaspore.
This stage is called leaching [5].

Al(OH)3 + Na+ + OH− ⇄ Al(OH)−4 + Na+ (1)
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AlO(OH) + Na+ + OH− + H2O ⇄ Al(OH)−4 + Na+ (2)

After leaching in the Bayer process stream, the resulting process solution is filtered
to remove insoluble residues. These include all other minerals (iron, titanium, silica, and
calcium) that are present in bauxite and representing waste called red mud or bauxite
residue [6]. The solution is then cooled in crystallizers in the presence of seed crystals of
fine Al(OH)3 to precipitate and extract aluminum hydroxide from the sodium aluminate
solution. After the precipitation, the mother liquor, rich in sodium hydroxide, is used
again in the leaching process. The produced aluminum hydroxide can be heated to around
1000 ◦C in the calcination process to remove water and produce anhydrous aluminum
oxide (alumina), as shown in Equation (3) [7,8]:

Al(OH)3 → Al2O3 + H2O (3)

The Bayer process for alumina production relies on the stability of aluminate solutions,
which is influenced by several key parameters, including concentration, caustic ratio
(caustic ratio is the ratio of total sodium oxide (Na2O) to alumina (Al2O3) in the Bayer
process), liquor temperature, and the presence of impurities. Industrial aluminate solutions
inevitably contain impurities that can affect both their stability and the quality of the final
alumina product. However, the precise impact of these impurities remains insufficiently
understood. This paper focuses on investigating the process for the removal of these
impurities and exploring the mechanisms under which certain impurities could be removed
from the liquor [9,10].

Impurities in aluminate solutions can be classified as organic or inorganic. Organic
impurities primarily include oxalates, acetates, and bitumen, while inorganic impurities
consist of dissolved elements such as Fe2+, Zn2+, Cu2+, Ca2+, Na+, and (SiO3)2− [11]. Dur-
ing bauxite leaching at elevated temperatures and pressures, aluminum dissolves into the
solution along with certain impurities, which then become part of the aluminate solution.
Compared to bauxite processing, in the case of synthetic solutions, which are produced
by dissolving the aluminum hydroxide in caustic soda, some impurities originate from
dissolved aluminum hydroxide, and this could influence hydroxide precipitation in the
next phase. Silica dissolves in the form of sodium silicate (Na2SiO3) when exposed to
NaOH [12]. Iron, present in bauxite as goethite and hematite, has a very low dissolution
rate during leaching, and it can primarily be found as ferrate ions (Fe(OH)4

−) or colloidal
particles in aluminate solutions [13]. Zinc, due to its instability in alkaline environments, is
usually present in the form of zincate (ZnO2

2− or Zn(OH)4
2−), although colloidal zinc may

also be formed, making separation by filtration challenging [14,15]. In the Bayer process,
copper is present in sodium aluminate solutions as a result of bauxite leaching, where
copper-bearing minerals like chalcopyrite dissolve under alkaline conditions. In the highly
caustic environment, copper exists primarily in the form of cuprate complexes such as
Cu(OH)4

2− or CuO2
2−, and it may also form colloidal particles. These copper species can

influence the precipitation of aluminum hydroxide, potentially affecting the purity and
properties of the final alumina product [16–19]. In the Bayer process, organic impurities
such as sodium oxalate and acetate can accumulate in the aluminate solution, adversely
affecting the precipitation of aluminum hydroxide. To address this, researchers have ex-
plored the use of alkaline-earth metal carboaluminates, specifically magnesium and calcium
hydrocarboaluminates, as effective sorbents for removing these organic contaminants. These
compounds exhibit high selectivity towards organic substances, facilitating their removal
from the solution and thereby enhancing the purity of the resulting alumina product [20].

Potassium impurities in sodium aluminate solutions can lead to the formation of undesir-
able compounds during the crystallization process. A single-step crystallization method has
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been developed to effectively remove potassium by promoting its incorporation into specific
crystalline phases that can be separated from the solution. This approach not only reduces
the potassium content but also improves the overall quality of the alumina produced [21].

An experimental study on the purification of aluminate solutions was conducted at
Alumina Ltd., demonstrating the successful removal of iron, zinc, and copper from Bayer
liquor with over 90% efficiency. The purified solution remained economically viable for
further processing, allowing for the production of various types of aluminum trihydrate.
The results indicated that increasing the contact time between the liquor and seed crystals
enhances the removal of these impurities. However, higher temperatures reduce impurity
removal efficiency due to increased solubility and a lower precipitation rate. Optimal
impurity removal was achieved at 40 ◦C [22].

A filtration process using a granular Fe2O3
−-based substance (40–100 wt.% Fe2O3)

was effective in removing copper and zinc species from the solution. For improved zinc
removal, the Fe2O3 particles were coated with a metal sulfide, preferably zinc sulfide
(ZnS). In aluminum production, impurity limits are critical, with a maximum allowable
zinc content of 0.03 wt.% in certain alloys. To maintain aluminum oxide purity, CuO and
ZnO concentrations should be below 0.015 wt.% and 0.023 wt.%, respectively. Reducing
impurities such as zinc in Bayer liquor helps obtain alumina with fewer incorporated
contaminants in its crystalline structure [23].

Milovanovic et al. [13] studied Bayer liquor purification through crystallization at
52 ◦C for 24 h, using aluminum hydroxide seed with specific structural properties. The
resulting aluminum hydroxide was calcined at 950 ◦C for 2 h (heating rate: 5 ◦C/min). The
obtained alumina (Alumina I) was compared with alumina produced without Bayer liquor
purification (Alumina II) from Alumina Ltd. Zinc concentration in the Bayer liquor was
reduced from 0.0494 g/L to 0.0057 g/L after purification. Correspondingly, ZnO content in
alumina decreased from 0.026 wt.% (Alumina II) to 0.016 wt.% (Alumina I), highlighting
the effectiveness of impurity removal [24].

In our previous work, we developed a three-stage purification strategy to achieve
high-purity aluminum hydroxide by systematically removing silica, calcium, iron, zinc,
and copper impurities from sodium aluminate solutions and finally removing sodium from
the precipitated product. The first stage involved the addition of lime, which effectively
reduced silica and calcium to acceptable levels under optimized conditions. In the second
stage, specially produced aluminum hydroxide seed crystals facilitated the removal of iron,
zinc, and copper, with lower temperatures proving more effective for impurity reduction.
Finally, hydrothermal washing was performed to eliminate residual sodium oxide, which
is occluded in precipitated alumina trihydrate, where increased time, temperature, and
hydrate concentration improved purification efficiency [25].

The novelty of this paper lies in its continuation of our previous research on the
purification of sodium aluminate solutions, with a specific focus on the effect of seed crystal
particle size and specific surface area on the removal of zinc, copper, and iron impurities.
While our prior work demonstrated the effectiveness of seed crystals for impurity removal,
this study provides a deeper investigation into how variations in particle size and surface
area influence the efficiency of process of purification. By systematically analyzing these
parameters, we aim to optimize the purification process, enhancing impurity removal while
maintaining process efficiency and cost-effectiveness. This research offers new insights into
improving alumina purity and refining industrial Bayer process operations.
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2. Materials and Methods
2.1. Materials

Non-metallurgical hydrate obtained at the factory Alumina d.o.o., Zvornik, Republic
of Srpska, Bosnia and Herzegovina, was used as raw material to obtain synthetic sodium
aluminate solution. For the preparation of seed crystals, we used dried and ground material
from the production plant of Alumina Ltd., which is milled on different levels in the mills
with beads to reach different micronized levels and specific surface areas shown in Figure 1.

Figure 1. Particle size and specific surface area of ground aluminum hydroxide in correlation with
milling time.

Figure 1 illustrates the relationship between grinding time, particle size, and specific
surface area of milled (ground) aluminum hydroxide. As grinding time increases, particle
size decreases due to the mechanical breakdown of larger particles, leading to finer material.
Simultaneously, the specific surface area increases with smaller particles, providing higher
total surface area for interaction.

2.2. Methods

The chemical composition of the sample was analyzed using X-ray fluorescence (XRF)
spectroscopy on a Shimadzu 8000 device (Shimadzu, Kyoto, Japan). Bulk analysis, with
a focus on detecting impurities, was carried out via Atomic Absorption Spectroscopy (AAS)
or Inductively Coupled Plasma (ICP) methods. All samples were analyzed under the
following conditions: beam voltage of 10 kV, X-ray energy range from 0 to 10 keV, a beam
frequency of 20,000 pulses per second, and an acquisition time of 300 s. Composition
identification was done using the DIFFRAC.SUITE EVA FT software, Version 4.2.

Scanning electron microscope (SEM) analysis was conducted on a JSM 7000F by JEOL
(manufactured in 2006, JEOL Ltd., Tokyo, Japan), and energy-dispersive X-ray (EDX)
analysis was performed using an Octane Plus-A detector by Ametek-EDAX (manufactured
in 2015, AMETEK Inc., Berwyn, PA, USA) with Genesis V 6.53 software. The results
revealed an irregular structure in the solid residue.

X-ray Diffraction (XRD) analysis of the solid residue from the first purification phase
was carried out using a Bruker D8 Advance equipped with a LynxEye detector (Bruker AXS,
Karlsruhe, Germany). X-ray powder diffraction patterns were recorded using a Bruker
AXS D4 Endeavor diffractometer in Bragg–Brentano geometry (Bruker AXS, Karlsruhe,
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Germany), fitted with a copper tube and a primary nickel filter, providing Cu Kα1,2
radiation (λ = 1.54187 Å).

2.3. Procedure

To achieve the highest quality aluminum hydroxide, it is essential to purify the alu-
minate solution by removing the various impurities it contains. The amount of organic
and inorganic impurities dissolved in sodium aluminate in the Bayer process depends on
several factors, including temperature, bauxite type and composition, pressure, and other
operational parameters. These factors determine the extent of impurity dissolution in the
sodium aluminate solution. In Table 1, the design of the experiments is shown.

Table 1. Design of the experiments.

Experiment No. Seed Crystal Particle
Size (µm)

SSA of Seed Crystal
(m2/g)

Time (min)

1 9.55 5.3897 30

2 9.55 5.3897 60

3 9.55 5.3897 90

4 9.55 5.3897 120

5 4.77 12.1691 30

6 4.77 12.1691 60

7 4.77 12.1691 90

8 4.77 12.1691 120

9 2.44 20.5632 30

10 2.44 20.5632 60

11 2.44 20.5632 90

12 2.44 20.5632 120

13 1.02 27.6645 30

14 1.02 27.6645 60

15 1.02 27.6645 90

16 1.02 27.6645 120

Through empirical research, it was determined that 200 g of solid NaOH per liter of
demineralized water is required to dissolve 260 g of non-metallurgical hydrate. This results
in an aluminate solution with concentrations of 174 g/L of Al2O3 and 155 g/L of Na2O,
which was then subjected to purification.

The purification process for removing these impurities was conducted as outlined
in Figure 2.

 

Figure 2. Block scheme of the purification process.
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The figure illustrates the overall process for purifying aluminum hydroxide, which will
be presented in this paper. It begins with non-metallurgical aluminum hydroxide, which is
digested with sodium hydroxide (NaOH) to produce a sodium aluminate solution. This
solution, which contains various impurities, requires purification to achieve the desired
quality of aluminum hydroxide.

The first step in the purification process involves grinding finely precipitated hydrate
with varying grinding times and particle sizes, as outlined in the materials section of
the paper. These different particle sizes (specific surface area) are crucial as they affect
the purification process. The ground hydrates are then mixed with the sodium aluminate
solution, and the effect of different particle sizes, or specific surface areas, on the purification
efficiency over time is investigated.

Following the mixing and reaction, the next stage is filtration. The filtration process
separates the solid phase, which contains the impurities and the ground hydrates, from the
liquid phase (purified sodium aluminate solution).

Preparation of Tablets

This method involves immersing the sample in epoxy resin, and then the samples are
polished with water-sanding abrasive paper to cut the agglomerated and layered particles.
A small amount of powder was placed in molds measuring 4 × 4 cm, and then the sample
was immersed in epoxy resin and left for 12 h to harden. After the sample hardened, it was
removed from the mold and polished. The sample thus prepared was then reanalyzed on
a scanning electron microscope, where EDS point analysis was also performed, to determine
the composition. Polishing of the samples was done with water-sanding papers of different
grain fineness with water. Polishing with sandpapers of different fineness was done in the fol-
lowing order (from coarser to finer granulations): 46 µm > 30 µm > 18 µm > 10 µm > 5 µm.
The duration of each operation amounted to 15 min.

3. Results
3.1. Liquid Phase Results
Influence of the Specific Surface Area of Finely Precipitated Hydrate

After completing the experiments, the obtained results were analyzed to evaluate the
influence of the specific surface area of finely precipitated hydrate on the purification process.

In Figure 3a, the concentrations of Cu and Fe show a sharp decline within the
first 30 min of purification, indicating an efficient removal process even with the smallest
specific surface area of 5.3897 m2/g. This suggests that the purification method effectively
adsorbs and eliminates these impurities at an early stage. In contrast, Zn concentration
decreases at a much slower rate, implying that its removal is less efficient compared to Cu
and Fe see Table A1.

Figure 3b shows that sodium hydroxide concentration (Na2O content) remains stable
throughout the purification process, indicating that it does not participate in the crys-
tallization or adsorption reactions. However, the alumina concentration (Al2O3 content)
gradually decreases over time due to the crystallization process. This occurs because the
added aluminum hydroxide, which acts as a seed crystal, promotes further crystallization,
and it also acts as an adsorbent for impurity adsorption. As a result, the caustic modu-
lus, which represents the molar ratio of Na2O to Al2O3, increases gradually over time.
However, this increase is not significant, suggesting that under these process conditions
(concentration of reactants and seed crystals), the kinetics of the crystallization process is
not so fast and does not cause major structural transformations in the system.
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(a) (b) 

Figure 3. (a) Variation in Cu, Fe, and Zn concentration over purification time. (b) Changes in caustic
modulus during purification for SSA of seed crystals of 5.3897 m2/g.

In Figure 4a, the concentrations of Cu and Fe decrease significantly within the
first 30 min, similar to the trend observed at a lower SSA of seed crystals. However, with
an increased SSA of seed crystal to the value of 12.1691 m2/g, the Zn content also decreases
more over time, indicating improved adsorption efficiency. The enhanced removal of Zn
suggests that a larger surface area provides more active sites for adsorption, leading to
better overall impurity reduction (see Table A2).

(a) (b) 

Figure 4. (a) Variation in Cu, Fe, and Zn concentration over purification time. (b) Changes in caustic
modulus during purification for SSA of seed crystals 12.1691 m2/g.

In Figure 4b, the crystallization process becomes more intensive with the use of seed
crystals with higher SSA, leading to a more noticeable decrease in alumina concentration in
sodium aluminate liquor (Al2O3 content) over time. The ground hydrates, which serve as
seed crystals, promote more extensive crystallization, increasing the kinetics of the process.
The reason for this lies in the higher activation energy that is introduced in a system with
a seed of higher SSA under the same concentration of added seed. With the rise of SSA, the



Metals 2025, 15, 669 8 of 19

system experiences stronger crystallization effects, leading to a continuous increase in the
caustic modulus over the reaction time.

In Figure 5a, the concentrations of Cu and Fe drop to 0 within the first 30 min, showing
an even higher efficiency compared to the use of seed crystals with lower SSA values.
The Zn content also shows a significant decline, reaching near-complete removal by the
end of the purification process. This improvement highlights the strong influence of SSA
on adsorption efficiency, as a larger surface area provides more active sites for impurity
removal, allowing for faster and more complete purification (see Table A3).

 
(a) (b) 

Figure 5. (a) Variation in Cu, Fe, and Zn concentration over purification time. (b) Changes in caustic
modulus during purification for SSA of seed crystals 20.5632 m2/g.

In Figure 5b, the crystallization process becomes even more intense with the use of
seed crystals with a higher SSA of 20.5632 m2/g. Values of alumina concentration in
the liquor (Al2O3) show a steeper decline over time, indicating continuous and faster
crystallization, showing these seed crystals even more active during the process. Unlike
previous cases, the concentration of sodium hydroxide (Na2O) is no longer constant but
begins slight increase slightly after 60 min. Since the concentrations of caustics should
be stable, reason for the slight increase is evaporation, since the process is at atmospheric
pressure. The caustic modulus experiences a rapid and significant rise, reflecting the faster
process of crystallization in the case of seed crystals with higher SSA. The rapid increase
in caustic modulus suggests that in the case of the use of higher SSA of seed crystals, the
system undergoes substantial structural changes, and with the increase in time, a significant
loss of alumina from the liquor is detected.

In Figure 6a, the concentrations of Fe and Cu drop to zero within the first 30 min,
confirming the highly efficient removal of these impurities. The Zn content also significantly
decreases, reaching zero at 120 min, demonstrating that in the case of seed crystals with
SSA of 27.6645 m2/g, the purification process is 100% for all three elements Table A4.

In Figure 6b, the caustic ratio increases to very high values, indicating an intensified
crystallization process. The Al2O3 content in the liquor decreases over time, as in the
previous cases, reaching a very low level of 133 g/L at 120 min. Such a significant reduction
suggests that prolonged purification with seed crystals at high SSA can lead to excessive
crystallization, which may lead to high precipitation yield and it could be a big loss if the
next steps are planned in further processing. Therefore, optimization of the purification time
is crucial. At 90 min, a good balance is achieved, with effective Zn removal and an Al2O3

content of 151 g/L, ensuring efficient purification while maintaining a stable process.
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(a) (b) 

Figure 6. (a) Variation in Cu, Fe, and Zn concentration over purification time. (b) Changes in caustic
modulus during purification for SSA of seed crystals 27.6645 m2/g.

3.2. Solid Residue Results

The incorporation of zinc into the aluminum hydroxide structure is a crucial aspect
of the process that affects the purity of the obtained crystals. During the crystallization of
aluminum hydroxide, zinc has the potential to be included in the crystal lattice or to be
adsorbed on the surface of the crystal, which depends on the process conditions and the
chemical environment. There are several mechanisms that can explain the incorporation
of zinc, iron, and other components of the solution. Isomorphic replacement: Zinc ions
can replace ions of aluminum in the crystal lattice, which occurs due to the similarity in
ion size and chemical characteristics. This type of substitution is more intense when the
crystallization conditions are rapid and uncontrolled. Surface adsorption: Zinc can be
adsorbed on the surface of formed crystals under certain conditions, especially in cases
where the crystal surface is larger than its volume, which is the case with smaller crystals.
Co-crystallization: In some cases, zinc can co-crystallize with aluminum hydroxide, forming
mixed crystals if the conditions for its crystallization are favorable. Factors such as pH
value, zinc concentration in the solution, presence of other ions, and temperature directly
affect the degree and manner of incorporation. The control of these parameters is essential
to reduce unwanted incorporation, thereby ensuring a higher level of aluminum hydroxide
purity. Examining and understanding these processes is crucial for optimizing methods
for zinc removal and improving the quality of the final product in industrial applications.
Given the various mechanisms of zinc incorporation into the structure of precipitated
aluminum hydroxide, we tried to determine whether there is any other mineralogical
structure besides the expected gibbsite aluminum trihydrate by X-ray structural analysis.
Figure 7 shows the diffractogram of the analyzed sample (5B: 120 min, 50 ◦C, 5 g/L).

Unfortunately, this instrumental technique did not determine the presence of another
mineral structure except for the expected aluminum hydroxide. There are two possible
reasons for this. The first is that there was no crystallization of the other mineral structure
due to the fact that the concentration of zinc in the solution was very low, just like iron. In
addition, the chemical analysis also determined a small concentration of these elements in
the precipitated aluminum hydroxide, which could potentially limit the detection by this
method. SEM analysis of a sample of the solid residue after zinc removal is given in Figure 8.
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Figure 7. XRD analysis of the sample obtained at 120 min, 50 ◦C, 5 g/L.

 

Figure 8. SEM analysis of solid residue from Exp. (120 min, 50 ◦C, 5 g/L) (a) for a 50 µm scale
indicator, (b) for a 10 µm scale indicator.

In Figure 9, an individual presentation of individual elements through EDS mapping
is given.

As can be seen from the results of the EDS mapping analysis, aluminum is the most
dominant, which corresponds to the results shown earlier, because aluminum hydroxide is
also the expected product of the reaction.

Figure 10 shows the SEM analysis of the solid residue after the process of removing
zinc from the solution at a temperature of 50 ◦C, a time of 120 min, and an amount of added
seed crystal of 5 g/L.

The image clearly shows that the obtained particles are agglomerated and irregularly
shaped, significantly larger than 1 µm. This is also confirmed by the results of the PSD
analysis, where the mean diameter of the size of the obtained particles was detected as
2.96 µm, which is almost six times larger than the mean diameter of the starting particles
of 0.47 µm. On that occasion, an EDS point analysis was performed on the given sample,
where the chemical content was checked at certain points on the sample. In addition to
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aluminum hydroxide from XRD analysis, the presence of sodium was also determined.
This was also confirmed by the EDS analysis of the given sample during mapping, which
is shown in Figure 11a. It can be seen that the sodium concentration was determined at
the level of 0.5%, which approximately corresponds to the results of the chemical analyses
previously performed on this sample.

 

Figure 9. EDS mapping of cations of individual elements in the sample.

Figure 10. SEM analysis of powders after the second stage of purification, zinc and iron removal at
different magnifications (5B: 120 min, 50 ◦C, 5 g/L).
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Figure 11. Quantitative EDS analysis of the sample (120 min; 50 ◦C, 5 g/L) (a) from the solid residue
during mapping of the scanned part, (b) spectrum 13 from Figure 8b, (c) spectrum 19.

Based on the results shown in Figures 11, A1 and A2, it can be seen that during the
surface EDS point analysis, the main components are aluminum, originating from aluminum
hydroxide, and sodium, which was found as it was in concentrations of 0.5%, and probably
in a certain amount, it was adsorbed or remained due to insufficient washing of the obtained
particles during filtration. Unfortunately, impurities were not detected with this technique
because they were obviously not concentrated on the surface of the material but incorporated
into the inner layers or between the agglomerated particles. That is why it was necessary to
change the method of preparing samples for imaging on the electron microscope.

Figure 12 shows a photograph at a scale indicator of 1, 25, and 50 µm, and the EDS
analysis was performed at five points. The results are shown in Figure 13c. In addition to
aluminum (Al), iron (Fe), copper (Cu), calcium (Ca), silicon (Si), but also zirconium (Zr)
(Figure A5d), which was not detected in previous cases, were detected in these points.
Based on these results, it is concluded that the mentioned aluminum-hydroxide trace
elements are concentrated in specific places in the sample, which may indicate material
heterogeneity or different phases in the sample. The heterogeneity of the composition of the
material in the section, as well as the specific places of presence of the mentioned impurities,
indicate that these elements are integrated in the structure of aluminum hydroxide.

The results of the EDS analysis, shown in Figure 13a, show that aluminum oxide
(Al(OH)3) dominates in all points, which is expected because controlled crystallization of
aluminum hydroxide was performed. However, in these points, in addition to aluminum,
sodium (Na), zinc (Zn), iron (Fe), sulfur (S), silicon (Si), and chlorine (Cl) were detected
in traces. Chlorine appearing in all spectra originates from the epoxy resin and should be
ignored. The presence of these elements and the percentage content during the EDS analysis
of the polished surface is variable, indicating an inhomogeneous distribution of impurities
in the analyzed powders (Figure A3). Figure 13b shows a snapshot with a scale indicator
of 50 µm, and the EDS analysis was done at two points, while the third spectrum is the
result of mapping one part of the surface. The EDS results are shown in Figures 13b and A4.
In this case, in addition to aluminum as the dominant species, a larger amount of calcium
(Ca) was detected at one point. At this point (Spectrum 18), as in Figure A4, calcium is the
dominant phase, probably in the form of calcite, while aluminum (Al) is in a significantly
lower concentration. In addition to these two elements, silicon (Si) and magnesium (Mg) are
also present in traces. Interestingly, calcium was not detected during the XRD analysis of the
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sample. This was expected because during the chemical analysis, it was found in very low
concentrations in the sample, which is beyond the detection range of the mentioned device.
On the other hand, dominant aluminum was again detected on Spectrum 19, with traces of
silicon and sodium, which further supports the hypothesis of variability and heterogeneity
of the material. Mapping of the sample’s surface prepared in this way (Spectrum 20) again
indicated the heterogeneity of the composition in the analyzed samples. In this case, iron was
detected to a greater extent in addition to aluminum as the dominant element. Besides iron,
copper (Cu), barium (Ba), antimony (Sb), zinc (Zn), and calcium (Ca) were also detected.

Figure 12. SEM image of polished samples immersed in epoxy resins during EDS analysis for 30 min,
50 ◦C, 5 g/L (a) for a 1 mm scale indicator, (b) for a 50 µm scale indicator, (c) for a 25 µm scale indicator.

Figure 13. EDS analysis of the sample (30 min, 50 ◦C, 5 g/L) (a) spectrum 2 from Figure 12a,
(b) spectrum 20 from Figure 12b, (c) spectrum 24 from Figure 12c. In the cross-section shown in
Figure 13a, analysis was performed with a scale indicator of 1 mm.
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4. Conclusions
The results demonstrate that the specific surface area (SSA) of finely precipitated

hydrates plays a crucial role in the efficiency of the purification process. As SSA increases,
the removal of Cu, Fe, and Zn improves significantly, with Cu and Fe being eliminated
within the first 30 min at higher SSA values, while Zn shows a more gradual decline. The
enhanced impurity removal is attributed to the increased number of active adsorption sites
available at larger SSA, which facilitates more effective interaction with contaminants.

Additionally, the crystallization process intensifies with increasing SSA, leading to
a continuous decline in Al2O3 content over time. While higher SSA promotes more exten-
sive crystallization and enhances impurity removal, excessive crystallization at prolonged
purification times results in a significant loss of Al2O3. This is evident at the highest SSA of
27.6645 m2/g, where the Al2O3 content drops to a critical level of 133 g/L after 120 min,
indicating potential negative effects on system stability.

Optimization of purification time is essential to balance impurity removal and maintain
stable Al2O3 content. The results suggest that a purification duration of approximately 90 min
is optimal, ensuring efficient Zn removal while maintaining Al2O3 at an acceptable level of
151 g/L. This study highlights the importance of controlling SSA and purification time to
achieve the best purification efficiency while preventing excessive crystallization losses.

Further analysis of the solid residue offers deeper insights into impurity incorporation
mechanisms. The incorporation of Zn into the aluminum hydroxide structure is influ-
enced by process conditions and chemical environment, occurring through isomorphic
replacement, surface adsorption, and co-crystallization. Isomorphic replacement, where
Zn substitutes for Al in the lattice, is more pronounced under rapid crystallization con-
ditions. Surface adsorption is particularly evident in smaller crystals with larger surface
area-to-volume ratios. Co-crystallization, on the other hand, occurs under favorable precip-
itation conditions, forming mixed phases with aluminum hydroxide. Factors such as pH,
Zn concentration, the presence of competing ions, and temperature play a crucial role in
determining the extent and mechanism of incorporation.

X-ray diffraction (XRD) analysis of the solid residue confirmed that the primary crystal-
lized phase was aluminum hydroxide, without evidence of other mineralogical structures.
However, scanning electron microscopy (SEM) and energy-dispersive spectroscopy (EDS)
analyses provided further details on impurity distribution. SEM images revealed agglomer-
ated and irregularly shaped particles with a significant increase in mean particle size from
0.47 µm to 2.96 µm after purification. EDS mapping confirmed the presence of Al as the
dominant element, alongside minor amounts of Na, Zn, Fe, S, Si, and Cl. The presence of
Na at 0.5% concentration suggests partial adsorption or insufficient washing of particles
during filtration.

More detailed EDS point analysis of polished cross-sections further confirmed the
heterogeneity of impurity distribution. While Al(OH)3 remained the dominant phase,
elements such as Fe, Cu, Ca, Ba, Sb, and Zr were detected in localized regions, suggesting
that these impurities are not evenly distributed but rather integrated into specific sites
within the aluminum hydroxide structure. Notably, Ca, which was not detected in XRD
analysis, was identified in trace amounts in EDS, likely due to its low concentration
being below XRD detection limits. The presence of Zn, Fe, and Cu in isolated regions
reinforces the hypothesis that impurities are incorporated within the structure rather than
forming separate phases. Overall, this study highlights the importance of optimizing
SSA and purification duration to maximize impurity removal while preventing excessive
crystallization losses.
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Appendix A

Table A1. Variation in Cu, Fe, and Zn concentration, caustic modulus, and Al2O3, Na2Oc (Caustic)
content with purification time for SSA of seed crystals of 5.3897 m2/g.

Time Cu Content Fe Content Zn Content Na2Oc Al2O3 αk

min mg/L mg/L mg/L g/L g/L /
0 7.2 9.96 9.88 155 173.91 1.47

30 1.12 2.15 9.45 155 172.38 1.48

60 0.75 0.28 9.04 155 169.3 1.5

90 0.64 0.16 8.4 156.55 167.79 1.53

120 0.55 0.07 7.14 155 164.54 1.55

Table A2. Variation in Cu, Fe, and Zn concentration, caustic modulus, and Al2O3, Na2Oc content
with purification time for SSA of seed crystals of 12.1691 m2/g.

Time Cu Content Fe Content Zn Content Na2Oc Al2O3 αk

min mg/L mg/L mg/L g/L g/L /
0 7.2 9.96 9.88 155 173.91 1.47

30 0.84 0.57 9.12 155 167.28 1.52

60 0 0.12 8.8 157.32 168.81 1.53

90 0 0 5.28 155 161.67 1.57

120 0 0 4.71 155 158.37 1.61

Table A3. Variation in Cu, Fe, and Zn concentration, caustic modulus, and Al2O3, Na2Oc content
with purification time for SSA of seed crystals of 20.5632 m2/g.

Time Cu Content Fe Content Zn Content Na2Oc Al2O3 αk

min mg/L mg/L mg/L g/L g/L /
0 7.2 9.96 9.88 155 173.91 1.47

30 0 0 5.74 155 163.2 1.56

60 0 0 3.24 157.58 161.05 1.61

90 0 0 1.28 158.54 155.55 1.68

120 0 0 0.6 154.22 142.8 1.77
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Table A4. Variation in Cu, Fe, and Zn concentration, caustic modulus, and Al2O3, Na2Oc content
with purification time for SSA of seed crystals of 27.6645 m2/g.

Time Cu Content Fe Content Zn Content Na2Oc Al2O3 αk

min mg/L mg/L mg/L g/L g/L /
0 7.2 9.96 9.88 155 173.91 1.47

30 0.11 0 5.43 155 161.73 1.57

60 0 0 2.61 156.55 158.13 1.63

90 0 0 0.36 158.45 151.92 1.71

120 0 0 0 155 133.11 1.91

Appendix B

Figure A1. Quantitative EDS analysis of the sample (120 min, 50 ◦C, 5 g/L) (a) spectrum 13,
(b) spectrum 14, (c) spectrum 15 and (d) spectrum 16.

Figure A2. Quantitative EDS analysis of the sample (120 min, 50 ◦C, 5 g/L) (a) spectrum 17,
(b) spectrum 18, (c) spectrum 19.
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Figure A3. Quantitative EDS of polished samples (30 min; 50 ◦C, 5 g/L) (a) spectrum 1, (b) spectrum 2,
(c) spectrum 3, (d) spectrum 4, (e) spectrum 5, (f) spectrum 6.

Figure A4. Quantitative EDS of polished samples (30 min; 50 ◦C, 5 g/L) (a) spectrum 18, (b) spectrum 19,
(c) spectrum 20.
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Figure A5. Quantitative EDS of polished samples (30 min, 50 ◦C, 5 g/L) (a) spectrum 24, (b) spectrum 25,
(c) spectrum 26, (d) spectrum 27, (e) spectrum 28.
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