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Abstract: In order to investigate the impact of soil acidification on the adsorption of dissolved organic
matter by soil minerals and understand its mechanism, this study selected commonly found minerals
in soils, namely illite, kaolin, and hematite, as the research objects. Glucose and tannic acid were
considered as the representative compounds for studying the adsorption of dissolved organic matter
in soils. By analyzing the effects of the three minerals on the adsorption characteristics of glucose
and tannic acid after a short-term acidification treatment, this study aimed to explore the underlying
mechanism. To achieve this, scanning electron microscopy and a specific surface area analyzer were
utilized. The results of this study indicate that the adsorption modes of the minerals studied were
unaffected by short-term acidification. Chemisorption, as well as surface and mesopore diffusion,
were found to dominate the adsorption process. In terms of adsorption behavior, the minerals
exhibited multilayer inhomogeneous adsorption with glucose and kaolin, while tannic acid showed
monolayer adsorption with illite and hematite. When exposed to the same acidification conditions,
the saturated adsorption of glucose and tannic acid was found to be illite ≥ hematite > kaolin. The
kinetic adsorption processes exhibited three stages: fast adsorption, slow adsorption, and adsorption
equilibrium. Interestingly, as the intensity of the acidification increased, the saturated adsorption
capacity generally followed the trend of S3 (test minerals with pH adjusted to 3 value) > S5 (test
minerals with pH adjusted to 5 value) > CK (the control group). The acidification-induced solvation
led to an increase in the specific surface area and the number of active adsorption sites on the minerals.
Additionally, the protonation reaction triggered a change in the surface charge, which in turn affected
the hydrogen bonding, ligand exchange, and charge transfer between the minerals and glucose and
tannic acids. These interactions ultimately enhanced the adsorption capacity.

Keywords: short-term acidification; soil minerals; adsorption; glucose; tannic acid

1. Introduction

Dissolved organic matter (DOM) plays a crucial role in soil organic matter, influencing
the migration and transformation of both organic and inorganic pollutants, as well as the
bioavailability of essential nutrients like carbon, nitrogen, and phosphorus. It also has
significant effects on mineral weathering, soil formation, microbial growth and metabolism,
and the decomposition process of soil organic matter [1,2]. Glucose and tannic acid are
essential components of DOM. Glucose is one of the most widely distributed and important
monosaccharides in nature, as well as an energy source and intermediate product of
metabolism in biological cells [3]. Tannins are naturally occurring plant polyphenols
consisting of a glucose kernel linking multiple gallic acid dimers through an ester bond,
which is cycled into the soil through plant metabolism. These two different types of organic
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matter are widely involved in various physical and chemical processes in the soil and
play a crucial role in the soil ecosystem [4]. Soil organic carbon can form complexes with
soil minerals, which helps protect it from degradation and contributes to its sequestration.
Schmidt et al. [5] suggested that metal oxides and clay minerals interacting with soil organic
carbon have important effects on soil organic carbon stability. Klaus et al. [6] found that the
formation of mineral-bound organic carbon following the adsorption of soil minerals and
organic carbon was the most persistent protective mechanism. Metal oxides and laminated
silicate minerals (clay minerals) that have particle diameters of less than 2 µm are the
primary soil minerals responsible for the absorption of organic carbon and have a higher
potential for carbon sequestration [6–8].

Soil acidification has a significant impact on the transformation, structure, and adsorp-
tion behavior of clay minerals in soil. Severe soil acidification can accelerate the conversion
of 2:1 clay minerals to 1:1 type [9,10]. The pH of the soil plays a crucial role in determining
the surface charge and adsorption sites of minerals [11], and different minerals exhibit
varying responses to changes in the pH. The pH conditions influence the particle size of
minerals and trigger alterations in the surface properties of clay minerals and iron oxides,
thereby affecting their ability to adsorb dissolved organic matter [12,13]. Most studies
examining the effects of acidification on the adsorption behavior of organic matter focus on
acidified soils. These results provide a comprehensive understanding of the multifactorial
nature of soil, including the impacts of clay minerals, iron oxides, clusters, and microor-
ganisms. However, there is a research gap on the specific response mechanisms of each
factor to acidification. Clay minerals and iron oxides are essential adsorbents for dissolved
organic matter, and the modifications in their characteristics under different acidification
conditions, as well as their potential influence on the adsorption capacity and mode of
organic matter, require further investigation and elucidation. This knowledge gap limits
our understanding and control over the relationship between soil organic carbon and clay
minerals and iron oxides. Therefore, a comprehensive exploration of the effects of various
acidification conditions on the interaction mechanism between soil minerals and dissolved
organic matter has become a very important but highly lacking research topic, which is
crucial for gaining a profound understanding of the dynamic behavior and properties of
organic matter in the environment.

In this study, glucose and tannic acid were selected as representative compounds of
dissolved organic matter, while illite, kaolin, and hematite were chosen as the research
subjects. The primary objective was to analyze the impact of different acidification intensi-
ties on the characteristics of these minerals. The study employed isothermal adsorption,
kinetic adsorption, and various adsorption model fittings to investigate the adsorption
modes, adsorption processes, and underlying mechanisms of glucose and tannic acid under
different acidification conditions. The findings could serve as a theoretical foundation for
future investigations into the mechanism of mineral stabilization of soil organic carbon and
its influencing factors.

2. Materials and Methods
2.1. Test Materials

The minerals, including Illite, kaolin, and hematite, were all obtained from Shanlin-
shiyu Mineral Products Co., Ltd. (Guzhang county, China). Glucose and tannic acid were
purchased from Shanghai McLean Reagent Co., Ltd. (Shanghai, China). Both compounds
were of analytical purity (≥99.7%). The samples were analyzed using a Bruker X-ray
diffractometer (Bruker D8 ADVANCE (Beijing, China)) to verify their single physical phase
and adherence to the standard spectrum. The analysis confirmed that the samples exhibited
sharp peaks, good crystallinity, and high purity, as shown in Figure 1.
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Figure 1. The XRD diffraction patterns of examined minerals: (a) illite; (b) kaolin; (c) hematite.

2.2. Mineral Acidification Culture

In the experiment, 10 g of the test minerals (illite, kaolin, and hematite) was weighed
and separately placed in 50 mL culture flasks. The pH of each flask was adjusted to
3 and 5 value using 1 mol/L H2SO4. These two pH-adjusted samples were labeled as
S3 and S5, respectively. For the control group (CK), the same volume of deionized water
(about 25 mL) was added to the culture flask. All the culture flasks were then sealed and
kept at a temperature of 25 ◦C for a duration of 30 days. After the incubation period, the
samples were dried at 40 ◦C and subsequently ground through a 300-mesh sieve (pore size
of about 48 µm) for preservation. Three replicates were set for each treatment, ensuring the
reliability and consistency of the experimental data.

2.3. Isothermal Adsorption and Adsorption Kinetic Tests
2.3.1. Isothermal Adsorption Test

For the acidified test minerals (S3 and S5), a weight of 0.10 g was measured and
placed in 50 mL centrifuge tubes. Subsequently, 10 mL of deionized water and different
concentrations of glucose solution (or tannic acid solution) were added to the tubes. The
concentrations of the glucose and tannic acid solutions used were 0, 100, 150, 200, 250, 300,
400 mg/L for both solutions. The mixtures were then oscillated on a thermostatic oscillator
at a speed of 200 revolutions per minute for a duration of 24 h. Following the incubation
period, the samples underwent centrifugation at a speed of 3000 revolutions per minute for
15 min. The resulting supernatant was immediately filtered through a 0.45 µm microporous
filter membrane. The concentration of glucose in the filtrate was determined using a total
organic carbon (TOC) analyzer, while the concentration of tannic acid was determined
using a UV spectrophotometer (a full sweep was performed in the wavelength range of
200–800 nm, and the UV absorption peak of tannic acid was found to be at 276 nm based
on the spectrum.). The experimental temperature was maintained at 298 K.

2.3.2. Adsorption Kinetic Test

The acidified test minerals (S3 and S5) were weighed at 0.50 g and placed in 250 mL
brown bottles. To each bottle, 100 mL of deionized water and 400 mg/L glucose solution
(or 100 mg/L tannic acid solution) were added. At specific time intervals of 0, 0.5, 1, 3,
6, 12, and 24 h (and 1 min, 5 min, 10 min, 20 min, 30 min, 40 min, 1 h, 1.5 h, and 2 h for
tannic acid), 20 mL of the suspension was extracted and transferred to a centrifuge tube.
The subsequent steps of centrifugation at 3000 revolutions per minute for 15 min, and
filtration through a 0.45 µm microporous filter membrane, were carried out as described in
Section 2.3.1.

2.4. Analysis of Mineral Characterization

An SU 8010 field emission scanning electron microscope was used to conduct mineral
micro-morphological characterization, while the determination of the specific surface area
was performed using a 4-station fully automated specific surface area analyzer.
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2.5. Data Processing

Isothermal adsorption lines were fitted with the Langmuir and Freundlich models.
Langmuir Equation:

Qe =
QmKLCe

1+KLCe
(1)

Freundlich Equation:
Qe = KF + Ce

1
n (2)

where Qe is the equilibrium adsorption amount (mg/g); Qm is the maximum adsorption
amount (mg/g); Ce is the equilibrium concentration (mg/L); KL is the adsorption equilib-
rium constant; KF is the constant related to the adsorption capacity; 1/n is the adsorption
index; and the larger the value of n means the stronger the adsorption force.

The kinetic adsorption process was fitted with a proposed second-order kinetic equa-
tion, as follows:

t
Qt

=
t

Qe
+

1
kQ2

e
(3)

where Qt and Qe are the amount of substance adsorbed (mg/g) at time t and adsorption
equilibrium, respectively; and k is the adsorption rate constant (g/(mg·h)). Qe and k are
obtained from the intercept and slope of the curves obtained from the t − t/Qt fit.

All data analysis was performed using SPSS 25.0 software and graphing was per-
formed using Origin Pro 2022 software.

3. Results and Analysis
3.1. Microscopic Characterization of Soil Minerals

Distinct lamellar structures were observed in the microscopic characterization of un-
acidified illite and kaolin, as depicted in Figure 2a,d, respectively. Hematite displayed a
spindle-like structure (Figure 2g). Upon acidification, notable transformations took place.
Passivation, lamellar edge curling, and clustering were observed in illite, kaolin, and
hematite, respectively, as illustrated in Figure 2b,c,e,f,h,i). Among these changes, illite and
hematite displayed the most noticeable alterations in their characterization.
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Figure 2. FE-SEM photograph of examined minerals after different acidification treatments: (a–c): CK,
S5, and S3 of illite after different acidification treatments; (d–f): CK, S5, and S3 of kaolin after different
acidification treatments; (g–i): CK, S5, and S3 of hematite after different acidification treatments.
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All three minerals exhibited an augmentation in the specific surface area as the pH
decreased (Figure 3). Notably, illite and hematite were notably impacted by the acidification,
experiencing a significant increase in the specific surface area compared with the control
(CK). While the average pore diameter of mesopores decreased with the declining pH for
all minerals, the disparity between treatments did not reach statistical significance.

Minerals 2023, 13, x FOR PEER REVIEW 5 of 13 

Figure 2. FE-SEM photograph of examined minerals after different acidification treatments: (a–c): CK, 
S5, and S3 of illite after different acidification treatments; (d–f): CK, S5, and S3 of kaolin after different 
acidification treatments; (g–i): CK, S5, and S3 of hematite after different acidification treatments. 

All three minerals exhibited an augmentation in the specific surface area as the pH 
decreased (Figure 3). Notably, illite and hematite were notably impacted by the acidifica-
tion, experiencing a significant increase in the specific surface area compared with the 
control (CK). While the average pore diameter of mesopores decreased with the declining 
pH for all minerals, the disparity between treatments did not reach statistical significance. 

Figure 3. Specific surface area of minerals after different acidification treatments. Note: different 
lower-case letters indicate the difference levels of the same mineral at different acidification treat-
ments (p < 0.05). 

23.221b

14.742a

26.199b26.530a

15.782a

29.631a27.298a

16.619a

32.575a

0

5

10

15

20

25

30

35

40

Illite Kaolin Hematite

Sp
ec

ifi
c 

su
rfa

ce
 a

re
a 

(m
2 /g

) 

C
K

Figure 3. Specific surface area of minerals after different acidification treatments. Note: different
lower-case letters indicate the difference levels of the same mineral at different acidification treatments
(p < 0.05).

3.2. Effect of Short-Term Acidification on the Adsorption of Glucose by Soil Minerals
3.2.1. Isothermal Adsorption Characterization of Glucose Adsorption by soil Minerals

Comparing the Langmuir and Freundlich equation fittings, it was found that the
Freundlich equation fitting had a higher R2 value of 0.95–0.99. This suggested that the
Freundlich equation is more effective in demonstrating the variation process and adsorp-
tion mode of glucose saturation adsorption on the three minerals. This also indicated
the possible existence of the multilayer adsorption of glucose on the mineral surfaces.
The saturated adsorption of all three minerals increased as the concentration increased
(Figure 4). Under the same concentration conditions, illite had a higher saturated adsorption
(S3 > S5 ≈ CK) compared with kaolin and hematite (S3 ≈ S5 ≈ CK), but illite and kaolin
had higher KF values than CK (Table 1), indicating that acidification could enhance the
adsorption of glucose by the minerals and increase the amount of adsorption. At low
concentrations (Ce < 100 mg/L), hematite S3 adsorbed slightly less than S5 and CK, but as
the concentration increased, its adsorption capacity significantly increased.
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Table 1. Isotherm fitting parameters of glucose adsorption by three minerals after different acidifica-
tion treatments.

Mineral Treatment
Langmuir Fit Freundlich Fit

KL(L/mg) Qm(mg/g) R2 KF
[(mg/g)·(mg/L)n] n R2

Illite
CK 2.288 1.346 0.956 0.022 1.089 0.979
S5 1.427 8.488 0.964 0.037 1.094 0.971
S3 6.051 3.992 0.942 0.024 1.196 0.969

Kaolin
CK 2.374 1.184 0.945 0.013 1.055 0.986
S5 1.251 6.450 0.933 0.031 1.098 0.977
S3 1.020 4.139 0.941 0.060 0.995 0.958

Hematite
CK 1.593 7.823 0.923 0.007 1.390 0.998
S5 2.903 1.540 0.932 0.009 1.343 0.991
S3 4.889 2.859 0.844 0.003 1.589 0.973

3.2.2. Kinetic Characterization of Glucose Adsorption by Soil Minerals

Figure 5 showed that the adsorption process of illite and hematite was not affected
by the acidification. Initially, there was a rapid increase in adsorption, but it slowed down
over time and eventually reached equilibrium. The amount of adsorption at the same time
increased with the increased acidification intensity, and the equilibrium point of adsorption
arrival shifted forward significantly. For kaolin CK, there was a small amount of desorption
close to the equilibrium point, followed by reaching equilibrium. However, no desorption
was observed for the S3 and S5 adsorption processes. Additionally, the differences between
kaolin S3 and S5 and CK were characterized by a significant forward shift in the equilibrium
time point and an increase in the equilibrium adsorption, but the changes between the two
were not significant.
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The proposed second-order kinetic equation fitting effectively described the adsorption
process of the three minerals on glucose. The correlation coefficients (R2) ranged from
0.931–0.999, and the theoretical adsorption quantities were fairly close to the measured
values (Table 2). This suggests that the adsorption process may be primarily influenced by
chemisorption.
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Table 2. Kinetic fitting parameters of glucose adsorption by mineral after different acidification treatments.

Mineral Treatment
Qe Measured

Value
(mg/g)

Proposed Secondary Model

Qe Theoretical
Value
(mg/g)

k
[g/(mg·h)] R2

Illite
CK 11.640 12.289 0.089 0.997
S5 12.945 13.517 0.097 0.994
S3 7.312 7.472 0.149 0.995

Kaolin
CK 11.783 10.022 0.080 0.960
S5 11.592 10.754 0.088 0.966
S3 11.759 10.828 0.065 0.931

Hematite
CK 10.060 10.217 0.222 0.995
S5 11.056 11.337 0.403 0.999
S3 12.394 13.326 0.393 0.997

3.3. Effect of Short-Term Acidification on the Adsorption of Tannic Acid by Soil Minerals
3.3.1. Isothermal Adsorption Characterization of Tannic Acid Adsorption by Soil Minerals

Based on the results of fitting the Langmuir and Freundlich models (Figure 6) and
the corresponding parameters (Table 3), it can be observed that the Langmuir model is
more appropriate for describing the adsorption process of tannic acid on illite and hematite,
suggesting a monolayer adsorption may occur. In addition, the Freundlich model is
better suited for describing the adsorption process of tannic acid on kaolin, indicating a
possible multilayer adsorption. The saturated adsorption of all three minerals increased
progressively as the concentration of tannic acid increased. Under the same concentration
conditions, the saturated adsorption of the acidified minerals was in the order of S3 > S5
> CK. The maximum theoretical adsorption capacity (Qm) of the acidified illite, hematite,
and kaolin (KF) were all significantly higher than CK, suggesting that acidification could
enhance the adsorption of tannic acid by these minerals to some extent.
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Table 3. Isotherm fitting parameters of tannic acid adsorption by three minerals after different
acidification treatments.

Mineral Treatment
Langmuir Fit Freundlich Fit

KL (L/mg) Qm (mg/g) R2 KF[(mg/g)·(mg/L)n] n R2

Illite
CK 27.053 7.270 0.935 0.551 0.558 0.790
S5 8.565 7.537 0.983 1.561 0.388 0.914
S3 2.780 7.519 0.920 2.947 0.239 0.662

Kaolin
CK 49.839 2.650 0.454 0.146 0.561 0.896
S5 43.630 2.734 0.794 0.016 0.558 0.984
S3 36.770 5.495 0.833 0.310 0.597 0.970

Hematite
CK 4.612 5.336 0.916 1.860 0.262 0.760
S5 4.198 5.768 0.859 1.898 0.284 0.730
S3 4.205 7.435 0.850 2.275 0.313 0.723

3.3.2. Kinetic Characterization of Tannic Acid Adsorption by Soil Minerals

The temporal trend of tannic acid adsorption by the three minerals was similar in
Figure 7. In the early stages of adsorption, there was a rapid increase in adsorption
quantities, followed by a gradual decrease in the growth rate until reaching the adsorption
equilibrium. With the increased acidification, the adsorption amount and the time required
to reach equilibrium for all three minerals showed an increase and forward shift. The
equilibrium adsorption of illite was approximately equal for S3 and S5, and higher than
CK. On the other hand, the equilibrium adsorption of kaolin and hematite was higher for
S3 compared with S5 and CK.
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After applying the proposed second-order kinetic equations to analyze the adsorption
process, it was observed (Table 4) that the correlation coefficients (R2) for the three tested
minerals were all above 0.95. Additionally, the difference between the theoretical adsorption
amount and the measured value was relatively small. This indicates that the proposed
second-order kinetic equations effectively capture the adsorption process of tannic acid on
the three minerals, suggesting that chemisorption may play a dominant role in this process.
For illite, the adsorption rate constant (k) showed a trend of S5 > S3 > CK, suggesting that
increasing the level of acidification could enhance the adsorption rate of tannic acid on illite.
Conversely, for kaolin and hematite, the adsorption rate constants (k) showed a trend of CK
> S5 > S3, indicating that short-term acidification resulted in a decrease in the adsorption
rate of tannic acid in these minerals.
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Table 4. Kinetic fitting parameters of tannic acid adsorption by mineral after different acidification treatments.

Mineral Treatment
Qe Measured

Value
(mg/g)

Proposed Secondary Model

Qe Theoretical
Value
(mg/g)

k
[g/(mg·h)] R2

Illite
CK 3.571 3.509 0.265 0.995
S5 4.086 3.896 0.959 0.999
S3 4.183 4.212 0.340 0.998

Kaolin
CK 1.734 1.779 0.675 0.998
S5 2.356 2.467 0.168 0.995
S3 2.819 2.778 0.036 0.964

Hematite
CK 3.159 3.134 0.539 0.999
S5 3.346 3.349 0.483 0.999
S3 3.306 3.347 0.210 0.998

4. Discussion
4.1. Influence of Soil Minerals on Glucose and Tannic Acid Adsorption

The adsorption process of glucose and tannic acid by soil minerals can be divided
into three phases: fast adsorption, slow adsorption, and equilibrium adsorption. Initially,
the presence of active sites on the surfaces of clay minerals allows for the rapid binding of
glucose and tannic acid molecules. As the active sites decrease, along with the availability
of adsorption space and glucose and tannic acid content in the system, the adsorption rate
gradually slows down and eventually reaches a state of saturation equilibrium. Some stud-
ies also separate the adsorption process into different stages: surface diffusion, mesopore
diffusion, and micropore diffusion. In the surface diffusion stage, the initial mineral surface
provides numerous adsorption sites and there is a significant difference in the glucose
and tannic acid concentration, resulting in rapid adsorption. In the mesopore diffusion
stage, glucose and tannic acid diffuse from the mineral surface into the interior, leading to
a slower rate of diffusion. Finally, in the micropore diffusion stage, glucose and tannic acid
enter the mineral’s interior through smaller micropores for inter-pore diffusion. Due to
concentration differences and the small size of the pores, the diffusion rate is significantly
reduced until equilibrium is reached [14,15]. In this experiment, the amount of glucose
and tannic acid used is relatively large compared with the pore space of the minerals,
making it difficult for them to enter the interlayers. Therefore, the transient adsorption
on the outer surface is the dominant mechanism, suggesting that surface diffusion and
mesopore diffusion are the main mechanisms for glucose and tannic acid adsorption by the
three minerals.

The adsorption of glucose on the three minerals and kaolin on tannic acid was observed
to be multilayer and inhomogeneous, while illite and hematite on tannic acid showed
monolayer adsorption (Tables 1 and 3). The adsorption process is influenced by both
intraparticle diffusion and other factors [16]. Due to the limitations of the particle size
scale, glucose and tannic acid are unable or face difficulty in undergoing internal diffusion
within the minerals. Hence, the adsorption of the three minerals on glucose and tannic
acid is more likely to be influenced by other factors. The small molecule glucose occupies
adsorption sites on the mineral surfaces, forming overlapping layers of organic molecular
structures, which create additional potential adsorption sites for glucose adsorption to
continue [17]. Higher organic matter content facilitates the formation of layered structures
with overlapping layers in the “mineral-organic matter” complex on the mineral surface,
leading to a higher adsorption capacity [18,19]. Kaolin has a relatively small specific surface
area (Figure 3), resulting in a rapid occupation of the limited active adsorption sites by
macromolecular tannins. These tannins continue to be adsorbed through hydrogen bonding,
exhibiting multilayer adsorption characteristics [20]. It has been observed that tannins
with higher molecular weights can more rapidly reach the surface of soil minerals and
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occupy active adsorption sites on the surface [21,22], forming a spatial barrier that hinders
the further adsorption of tannins [8,23]. This phenomenon aligns with the adsorption
characteristics of tannins by illite and hematite observed in this study.

4.2. Mechanism of the Effect of Acidification on the Adsorption of Glucose and Tannic Acid by
Soil Minerals

Illite has a limited internal pore structure, resulting in a relatively low physical adsorp-
tion capacity. However, upon acidification treatment, the surface of illite particles becomes
rough and irregular, leading to an increase in the specific surface area [24]. This study
confirms that acidification visibly alters the appearance of illite, causing it to transform
from a distinct laminar structure to a scale-like structure. Additionally, the acidification
results in blurred edge structures and “passivation”, all contributing to an increase in the
specific surface area (Figure 2a–c). The level of acidification directly impacts the specific
surface area (Figure 3), with more significant acidification leading to more exposed adsorp-
tion sites. The surfaces of illite are predominantly negatively charged. However, under
acidic conditions, the end face of illite exhibits positive electrification due to protonation
between Al-OH, Si-OH, and H+. The degree of acidification directly influences the level of
protonation, thereby increasing the strength of positive electrification at the end face and
enhancing the adsorption capacity [25].

Compared with illite and hematite, kaolin has the smallest specific surface area
(Figure 3) and fewer available adsorption sites, making it less effective in adsorbing glucose
and tannic acid. The acidification of kaolin leads to an increased specific surface area
through an abstraction reaction [26]. Additionally, the dissociation of kaolin can cause
cracking parallel to the facets, resulting in the production of Al-OH and Si-OH on the edge
facets [27]. However, in this study, the short-term acidification did not significantly alter
the appearance of kaolin (Figure 2d–f), and only a slight increase in the specific surface area
was observed (Figure 3). Acidification can also alter the surface charge of kaolin. Under
acidic conditions, a large amount of H+ protonates with -OH, Si-O, Al-O, and Al-OH on
the surface of kaolin particles, forming positively charged groups [28]. This promotes the
adsorption of glucose and tannic acid. Therefore, the changes in the kaolin adsorption
capacity due to the short-term acidification can primarily be attributed to the protonation
of H+ under acidic conditions.

The charge of the hematite surface highly depends on the pH of the solution it is in.
Under low pH conditions, the surface hydroxyl groups and Fe-OH become protonated and
bond to the negatively charged surface, resulting in the formation of more Fe-OH2

+ groups.
This protonation enhances the ability of hematite to adsorb organic matter. Conversely, at
high pH levels, the Fe-OH groups on the surface of iron oxides react with OH− to form
Fe-O− groups, resulting in a change from positive to electrically neutral or even slightly
negative charge. This leads to an increased repulsive force between the surface groups
and glucose and tannic acid, reducing the adsorption capacity [29]. Upon acidification,
hematite exhibits varying degrees of detrital flakes and clusters, along with some disso-
lution (Figure 2h–i). This process results in decreased crystallinity, increased fine particle
content, and an increase in the specific surface area (Figure 3). Consequently, more oxygen
atoms and hydroxyls are exposed, creating more active sites and enhancing the adsorption
capacity of glucose and tannins. These findings are consistent with the results of previous
studies [30].

5. Conclusions

Short-term acidification did not alter the dominant mechanisms and process of glu-
cose and tannic acid adsorption by all three minerals (illite, kaolin, and hematite). The
dominant adsorption mechanisms mainly involved chemisorption as well as surface and
mesopore diffusion. The adsorption of glucose by the three minerals and tannic acid by
kaolin exhibited multilayer and inhomogeneous adsorption patterns, while the adsorption
of tannic acid by illite and hematite displayed monolayer adsorption. The adsorption
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processes still exhibited a rapid adsorption stage, a slow adsorption stage, and an adsorp-
tion equilibrium stage. Acidification-induced dissolution resulted in an increase in the
specific surface area and the number of active adsorption sites of the minerals to varying
degrees. The protonation reaction also caused changes in the surface charge of the minerals.
These changes affected the interactions such as hydrogen bonding, ligand exchange, and
charge transfer between the minerals and glucose and tannic acid, thereby enhancing the
adsorption capacity. The level of enhancement was directly proportional to the intensity
of acidification.
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