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Abstract

Aims: To determine how potassium hydroxide concentration, temperature, and liq-
uid-to-solid ratio affect pH and the transfer of aluminum and iron from sapropel into the liquid
phase, and to quantify retention of both elements in the residual solid under resource-efficient
conditions.

Study Design: Factorial laboratory screening of three potassium hydroxide concentrations
(1, 2, and 3%). — P. six temperatures (40—90 °C). — P. and five liquid-to-solid ratios (1:1-3:1).

Place and Duration of Study: Sapropel was collected from the dried bed of the Aral Sea,
Uzbekistan, and processed at the Department of General Sciences, Asia International Univer-
sity, Bukhara, Uzbekistan. The experimental dates were not documented in the source record.

Methodology: Air-dried, ground sapropel was treated with aqueous potassium hydrox-
ide under continuous mixing. The separated liquid phase was analyzed potentiometrically for
pH and instrumentally for aluminum and iron. Liquid-phase transfer was calculated from the
element mass in solution relative to its initial mass in the sapropel.

Results: Across all tested conditions, pH ranged from 6.53 to 10.92, aluminum transfer
from 0.72 to 14.20%, and iron transfer from 2.5 to 9.7%. Aluminum mobilization increased
sharply at 3% potassium hydroxide and pH above 9.3. Under the selected conditions of 2%
potassium hydroxide, a liquid-to-solid ratio of 2.5:1, and 80 °C (pH 8.66). — P. 3.19% of alu-
minum and 5.0% of iron entered the liquid phase; 96.81% and 95.0%, respectively, remained
in the solid.

Conclusion: Moderate alkalinity preserved most aluminum- and iron-bearing mineral
components while supporting humic-substance processing. The residue is therefore a plausi-
ble precursor for sorbent development, although adsorption capacity, kinetics, selectivity, and
regeneration must be established directly before application.

Keywords: sapropel; potassium hydroxide; aluminum; iron; phase partitioning; solid res-
idue; sorbent precursor; Aral Sea
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1. Introduction

Alkaline extraction of humic and fulvic
substances from sapropel collected on the
dried bed of the Aral Sea produces two mate-
rial streams: a liquid phase enriched in solu-
ble humic fractions and a mineral-rich solid
residue. Using both streams would support
a low-waste valorization pathway. Potassium
hydroxide is particularly relevant when the
liquid product is intended as a fertilizer pre-
cursor, while the residual solid may provide
a locally available adsorbent feedstock (Cheng
et al., 2019; Platonova & Adeeva, 2018).

Toxic elements such as lead, cadmium,
copper, zinc, and arsenic remain important
contaminants of industrial and agricultural
waters. Adsorption is widely investigated for
their removal because it can be operationally
simple and compatible with low-cost min-
eral materials. Iron and aluminum (hydr)
oxides are especially relevant: surface hy-
droxyl groups can bind cations and oxyan-
ions through inner-sphere complexation, ion
exchange, and coprecipitation (Hira et al.,
2023; Hua et al., 2012; Mashale et al., 2025).
Magnetite, goethite, hematite, and ferrihy-
drite have accordingly been studied as active
phases or components of sorbent systems
(Boruah et al., 2023; Das et al., 2011).

Retention of iron and aluminum during
alkaline treatment is therefore important to
the potential value of the sapropel residue.
Aluminum hydroxide is amphoteric: sparing-
ly soluble AI(OH)3 can form soluble alumi-
nate species, principally [AI(OH)4]-, as alka-
linity increases. The solubility of aluminum
hydroxide rises substantially in strongly basic
media (Gayer et al., 1958). Iron(I1I)-bearing
phases are comparatively persistent over the
moderately alkaline range studied, although
their mineralogical form and transformation
behavior depend on pH, temperature, and
reaction time (Das et al., 2011). A process
optimized only for liquid-phase humic recov-
ery could consequently overlook loss of min-
eral adsorption sites from the solid product.

This study evaluated the effects of potas-
sium hydroxide concentration, temperature,
and L/S ratio on pH and the interphase par-
titioning of aluminum and iron during sap-
ropel processing. The specific objectives were
to quantify the fractions entering the liquid
phase, identify conditions that preserve both
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elements in the solid, and define the scientif-
ic basis for subsequent sorbent-development
studies. No direct adsorption test was per-
formed; therefore, the residue is evaluated
only as a potential sorbent precursor.

2. Methodology

2.1 Study Material and Sample
Preparation

The study material was sapropel sample
S-0 collected from the dried bed of the Aral
Sea. The sample was air-dried, ground, and
homogenized to obtain a uniform material
before treatment.

2.2 Alkaline Processing

Sapropel was treated with aqueous KOH
solutions at concentrations of 1, 2, or 3%.
The investigated L/S ratios were 1:1, 1.5:1,
2:1, 2.5:1, and 3:1, and the treatment tem-
peratures were 40, 50, 60, 70, 80, and 90 °C.
Continuous mixing was maintained during
treatment. The suspension was then separat-
ed into liquid and solid phases by filtration or
centrifugation. Treatment duration was held
constant across runs, but its numerical value
was not available in the source record.

2.3 Analytical Measurements and
Mass Balance

The pH of the separated liquid phase was
measured potentiometrically. Aluminum
and iron concentrations in solution were de-
termined using the laboratory’s instrumental
analytical workflow based on atomic absorp-
tion spectrometry and spectrophotometry.
The source record did not preserve instru-
ment models, calibration ranges, detection
limits, or the allocation of individual samples
between the two analytical techniques; these
details should be supplied from the laborato-
ry log before peer-review submission.

The fraction of each element transferred
to the liquid phase was calculated as:

E = (msol / m0) x 100%, (D)

where E is the fraction transferred to the
liquid phase (%). — P. msol is the mass of
the element in solution, and mO is its ini-
tial total mass in the sapropel. Retention
in the solid phase was calculated as 100 —
— E (%). The mass-balance approach fol-
lows established quantitative characteriza-
tion principles for humic and mineral ma-
terials (Swift, 1996).
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2.4 Data Presentation

The source dataset reported measured
values for each tested condition but did not
include replicate counts, uncertainty esti-
mates, or inferential statistics. Results are
therefore presented descriptively as per-
centages, ranges, and absolute percentage-
point differences. The English figures re-
produce the numerical series shown in the
source manuscript; no interpolation was
used to generate new experimental obser-
vations.

Section 1. Chemistry

3. Results And Discussion

3.1 Effect of Process Variables on pH

KOH concentration was the principal de-
terminant of pH. Across the complete exper-
imental matrix, pH ranged from 6.53 to 7.78
at 1% KOH, from 7.92 to 8.91 at 2% KOH,
and from 9.35 to 10.92 at 3% KOH. Tempera-
ture and L/S ratio had smaller effects, gener-
ally increasing pH by approximately 0.1-0.3
units at successive levels. At L/S = 2.5:1, the
temperature profiles remained clearly sepa-
rated by KOH concentration (Fig. 1). The se-
lected condition of 2% KOH and 80 °C gave
pH 8.66, corresponding to moderate alkalin-
ity rather than the strongly alkaline region
reached at 3% KOH.

Figure 1. Effect of temperature and KOH concentration
on the pH of the liquid phase at L/S = 2.5:1
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3.2 Aluminum Mobilization

Aluminum transfer was highly sensitive
to alkalinity. Across all conditions, liquid-
phase transfer was 0.72-1.69% at 1% KOH
and 1.37-3.72% at 2% KOH. At 3% KOH and
pH 9.35-10.92, it increased to 4.94-14.20%.
At fixed L/S = 2.5:1, aluminum transfer in-
creased with temperature at every KOH con-
centration, but the separation between the 2
and 3% series was much larger than the tem-
perature effect within either series (Fig. 2).
This pattern is consistent with the ampho-
teric dissolution of aluminum hydroxide and
the formation of soluble aluminate species in
basic media (Gayer et al., 1958).

3.3 Iron Mobilization

Iron transfer remained comparatively
low over the investigated matrix: 2.5-3.7%
at 1% KOH, 3.9-5.5% at 2% KOH, and 6.4—
-9.7% at 3% KOH. At L/S = 2.5:1, increas-
ing temperature from 40 to 90 °C at 2%
KOH raised the liquid-phase fraction from
4.5 to 5.3% (Fig. 3). Iron was therefore re-
tained predominantly in the solid under all
tested conditions. The response is compati-
ble with persistence of iron(III) (hydr)oxide
phases under moderate alkalinity, although
mineralogical analysis would be required to
identify the phases actually present (Das et
al., 2011).
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Figure 2. Effect of temperature and KOH concentra-
tion on aluminum transfer to the liquid phase at L/S = 2.5:1
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Figure 3. Effect of temperature and KOH concentration on
iron transfer to the liquid phase at L/S = 2.5:1
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3.4 Relative Effect of KOH Concen-
tration

At 80 °C and L/S = 2.5:1, increasing
KOH from 1 to 2% raised aluminum trans-
fer from 1.24 to 3.19% and iron transfer
from 3.30 to 5.00%. A further increase
to 3% KOH raised aluminum transfer to
10.79% and iron transfer to 8.60% (Fig. 4).
Thus, the step from 2 to 3% KOH increased

aluminum mobilization by 7.60 percentage
points and more than tripled its liquid-
phase fraction. The corresponding change
for iron was 3.60 percentage points. KOH
concentration, acting through pH, was con-
sequently the dominant control on phase
partitioning; temperature had a secondary
effect, and L/S ratio had the smallest effect
within the ranges studied.
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Figure 4. Effect of KOH concentration on aluminum
and iron transfer at 80 °Cand L/S = 2.5:1
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3.5 Interphase Partitioning under
Selected Conditions

The resource-efficient condition selected
for integrated sapropel processing was 2%
KOH, L/S = 2.5:1, and 80 °C. At pH 8.66,
only 3.19% of aluminum and 5.00% of iron

entered the liquid phase; corresponding-
ly, 96.81% and 95.00% were retained in the
solid (Table 1; Fig. 5). These values indicate
preservation of the metal-bearing mineral
fraction while avoiding the stronger alumi-
num dissolution observed at 3% KOH.

Table 1. Interphase partitioning of aluminum and iron
at2% KOH, L/S =2.5:1, and 80 °C

Parameter Alu?:lr)lum I(ll;(:)l Interpretation
Transferred to liquid phase (%) 3.19 5.00 Entered the fertilizer stream
Retained in solid phase (%) 96.81 95.00 Preserved in the residue
Liquid-phase pH 8.66 8.66 Moderately alkaline medium

Figure 5. Partitioning of aluminum and iron between solid and liquid
phases under the selected conditions (2% KOH, L/S = 2.5:1, and 80 °C)
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The retention of approximately 95-97%
of both elements is favorable for further ma-
terial development. Iron- and aluminum-
bearing (hydr)oxides can provide hydrox-
ylated surfaces for cation and oxyanion
binding through surface complexation and
ligand exchange (Hira et al., 2023; Li et al.,
2016; Mashale et al., 2025). Residual humic
fragments may contribute additional ion-ex-
change sites. However, elemental retention
alone does not establish adsorption perfor-
mance. Surface area, pore structure, miner-
alogy, point of zero charge, leaching stability,
adsorption isotherms, kinetics, selectivity in
multicomponent solutions, and regeneration
must be measured before the material can be
described as an effective sorbent.

The selected 2% KOH condition also lim-
its aluminum entry into the liquid fertilizer
precursor. This may be desirable because ex-
cessive soluble aluminum can be phytotoxic
under some soil conditions. Compared with
2% KOH, 3% KOH provides only a small ad-
ditional benefit for humic-substance recovery
in the associated process dataset, whereas it
increases aluminum loss more than three-
fold. The 2% condition therefore offers a de-
fensible compromise among liquid-product
recovery, retention of mineral surface func-
tionality, and reagent demand.

3.6 Study Limitations

This screening study is limited by incom-
plete analytical metadata in the source re-
cord, absence of replicate statistics and error
estimates, and lack of direct characterization
of the residual solid. The reported partition-
ing values should therefore be interpreted as
descriptive process-screening results. Inde-
pendent replication with documented instru-
ments, calibration, quality-control samples,
and full mass-balance closure is required.
Direct adsorption tests are also necessary to
verify the proposed downstream use.

4. Conclusion

KOH concentration was the dominant
control on pH and on the partitioning of alu-
minum and iron during alkaline processing
of Aral Sea sapropel. Aluminum transfer rose
sharply above pH 9 at 3% KOH, reaching
14.20% across the full experimental matrix,
whereas it remained at or below 3.72% at
1-2% KOH. Iron was retained more strong-

Section 1. Chemistry

ly, with 2.5-9.7% transferred to the liquid
phase across all conditions.

At 2% KOH, L/S = 2.5:1, and 80 °C, the
liquid phase had pH 8.66 and contained
3.19% of the initial aluminum and 5.00% of
the initial iron. Thus, 96.81% of aluminum
and 95.00% of iron remained in the solid res-
idue. These conditions preserve most metal-
bearing mineral components while avoid-
ing the substantial aluminum mobilization
caused by 3% KOH. The residue is a promis-
ing sorbent precursor, but its adsorption ca-
pacity and operational performance require
direct experimental confirmation.
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