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Abstract: Due to potassium persulfate’s excessive reaction speed and severe impact on the soil
environment, slowing down the reaction rate and reducing its environmental impact is an important
but challenging matter. Hence, microencapsulation technology was taken to modify potassium
persulfate, and potassium persulfate microcapsules were used to remediate the PAHs-contaminated
soil. The results of XRD and an infrared spectrum identified that the core material (potassium
persulfate) exists after being encapsulated by the wall material (stearic acid), and there was no
chemical reaction between the core material and wall material. The results of the sustained release
effect and kinetic equation showed that the release rate of the potassium persulfate microcapsules
was close to 60% after 48 h, and it had a good sustained-release effect compared with previous
studies. The results of the radical probe revealed that the free radicals produced from potassium
persulfate microcapsules activated by Fe?* were the main reasons for the degradation of PAHs, and
SO4™ - played the most important major role in the degradation of PAHs, followed by -OH, and
the reducing substances also played an auxiliary role. The results also suggested that potassium
persulfate microcapsules not only degraded PAHs in soil (53.6% after 72 h) but also had fewer negative
effects on the environment, and they even promoted the growth and development of microorganisms
and increased the germination rate of seeds due to the slow-release effect of the microcapsules. This
work reveals the degradation mechanism of potassium persulfate microcapsules and provides a new
amendment of potassium persulfate in the remediation of PAHs-contaminated soil.
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1. Introduction

As a typical advanced oxidation technology, potassium persulfate (K;S,0s) is known
for its good remediation effect and fast repair speed to organic pollutants as well as its good
stability, strong oxidation, and suitable water solubility (50 g/L, 20 °C) [1]. Sulfate-free
radicals (SO4~ -, E0 = 2.6 V) and hydroxyl free radicals (-OH, EO = 2.8 V), which have
strong oxidation, would be generated by potassium persulfate after activation [2], and
potassium persulfate has been used to remedy PAHs-contaminated soil [3-5]. However,
the reaction rate of potassium persulfate is usually relatively fast; meanwhile, the repair
process of potassium persulfate is an exothermic reaction, and the redox condition also
changed significantly during the reaction process, which would affect the soil characteristics.
Therefore, the utilization rate of potassium persulfate is usually low [6], and slowing down
the reaction rate is essential. Microencapsulation technology is an implementation for
controlled slow release using natural or synthetic membrane-forming materials to embed
solid, liquid, or gaseous cores, and it has been widely used in some fields, such as food,
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medicine, pesticide, fertilizer, oil extraction, etc. [7-11]. So, microencapsulation technology
has strong application potential in soil remediation by potassium persulfate to slow down
the reaction rate and reduce the environmental impact.

Due to potential carcinogenic human and environmental impacts, polycyclic aromatic
hydrocarbons (PAHs) have been listed as priority pollutants [12-14], and they are widely
studied in various environmental media [3-5,15,16]. Once PAHs enter into soil, it is easy
to sorb onto fine-grained soil particles, and it exists in the soil for a long time due to
its low aqueous solubility, semi-volatility, persistence, and stability [17-19]. Meanwhile,
PAHs could alter soil microorganisms and even cause harm to mammalian health through
the food chain [20-23]. Bioremediation has been used to cost-effectively remediate PAHs
soils without causing secondary pollution [15,16,24-26], but the remediation efficiency
is relatively low compared with chemical remediation. Physical and chemical remedia-
tion methods could quickly remedy organic-contaminated soil [27,28], but the microbial
community and chemical soil quality could be compromised during repair, and they are un-
suitable for remediating agricultural soils and subsequent bioremediation [29]. Therefore,
an efficient and ecologically friendly soil remediation method is required.

Based on the above analysis, we fully combined the advantages of potassium persul-
fate and microcapsules to prepare potassium persulfate microcapsules, and we applied
them to remediate the PAHs-contaminated soil. The purposes of this study were to (1) char-
acterize the potassium persulfate microcapsules; (2) reveal the sustained release behavior of
potassium persulfate from the microcapsules; (3) elucidate the degradation effect and mech-
anism of PAH contaminated soil by potassium persulfate microcapsules; and (4) evaluate
the effects on the environment after being degraded by microcapsules. In this study, a soil
remediation method with broad application prospects was proposed, and it was efficient
and ecologically friendly. Compared to traditional methods, the potassium persulfate
microcapsule had less impact on the soil environment and soil microorganisms, and it was
beneficial for subsequent bioremediation.

2. Materials and Methods
2.1. Reagent

Potassium persulfate (K;S;0g) used in the experiment was purchased from Chinese
Medicine, and stearic acid (C1g8H3402) was purchased from Beijing Merida. The analytically
pure and chromatographically pure solvents used in the experiment were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The mixture stock standard
solutions of U.S. EPA’s Sixteen PAH Priority Pollutants was purchased from AccuStan-
dard (New Haven, CT, USA), and it was used in this study. A high-performance liquid
chromatography (HPLC, Agilent 1100) was used to analyze PAHs. Field emission scan-
ning electron microscope and energy-dispersive spectrometer (SEM, s4800, Hitachi, Tokyo,
Japan) and X-ray powder polycrystalline diffraction (XRD, D8 advance, Brooke, Billerica,
MA, USA) were used to characterize the potassium persulfate microcapsules.

2.2. Preparation and Characterization of Potassium Persulfate Microcapsule

Due to its high solubility and ability to easily decompose at high temperatures, potas-
sium persulfate microcapsules needed to be prepared in the oil phase, and the temperature
was below 35 °C. First, 15 g stearic acid was put in a 100 mL beaker, and 50 mL anhydrous
ethanol was added. It was stirred until it was well dissolved with magnetic force at 55 °C
and 3000 r/min, and then 3 g polyethylene glycol was added to promote the package of
potassium persulfate microcapsules. Then, potassium persulfate and an equal amount
of bentonite were added, and the potassium persulfate microcapsule was vacuum-dried.
Three different potassium persulfate microcapsules, in which the mass ratio of potassium
persulfate and stearic acid was 1:1, 1:2, and 1:3, were prepared in this study, and the additive
amount of potassium persulfate was 15 g, 10 g, and 5 g, respectively.

X-ray powder polycrystalline diffraction (XRD, D8 advance, Brooke) was used to
analyze the structure of potassium persulfate microcapsules, and field emission scanning
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electron microscope and energy-dispersive spectrometer (SEM, s4800, Hitachi) were used
to observe the morphology of potassium persulfate microcapsules.

2.3. Experimental Design

The soil used in this study was sampled from the surface of the campus of Shenyang
University, and it was a silty clay with the following composition: 28.13% clay, 70.63% silt,
and 1.24% sand. Soil pH ranged from 6.88 to 7.15, and the organic matter content in soil was
5.46%, which was determined by the potassium dichromate outside heating method [17].
The mixture stock standard solutions of U.S. EPA’s Sixteen PAH Priority Pollutants were
added into the soil. The PAHs-contaminated soil was reserved after aging and storing in
the dark for one year, and the pot experiment was carried out in the laboratory.

First, 1:2 potassium persulfate microcapsules were used to degrade PAHs-contaminated
soil, and Fe?* was added as an activator with a mass ratio of 1:10 of microcapsules. The
chemical equations of the persulfate activation process are shown in equations 1 and
2[30,31]. First, 0.1 g microcapsules were added in 25 g of polluted soil, and triplicates of
each treatment were conducted. Soil samples were taken at intervals for a certain time (0 h,
1h,2h,4h,8h,12h,24 h, 48 h, and 72 h); the samples were air-dried, foreign matter was
removed (e.g., rocks, plastic waste, and leaves), and then they were ground and sieved by a
60-mesh screen to obtain homogeneous samples.

Fe?* + 8,042~ = Fe* 4504~ + S04~ (1)

SO, + H,0 =50, + -OH 2)

PAHs in the samples were extracted by an accelerated solvent extractor (Dionex
ASE300), and 1:1 (v:v) acetone/hexane was used as an extracting solution [32]. The silica
gel column chromatography was used to purify the extractant solution [33]; then, it was
evaporated and dissolved in 1 mL of acetonitrile (HPLC grade). At last, a high-performance
liquid chromatography (HPLC 1100, Agilent, Santa Clara, CA, USA) with UV and a fluores-
cence detector were used to analyze the PAHs as the method of previous studies [34-36].
Recovery rates were 80.3-96.5%.

2.4. Degradation Mechanisms Analysis

Radical probe compounds are substances that only react with certain free radicals
but do not react with other free radicals, oxidants, and pollutants. Usually, the persulfate
after being activated produced free radicals, including SO4~ -, -OH, and other free radicals,
even reducing substances, and that was the important mechanism of persulfate degra-
dation of pollutants [23,37]. Ethanol is usually used as the quencher of SO;~- and -OH
due to the high quenching rate constant of SO,~ - and -OH [38,39]. The reaction rate of
nitrobenzene (NB) with -OH is 3 orders of magnitude higher than that of SO, ™, so it can
be used as a probe compound to compare between -OH and SO4 ™ [40,41]. Meanwhile,
hexachloroethane (HCA) easily reacts with reducing substances (mainly including organic
matter and low-priced metals in soil, including Fe**, Mn**), and it can be detected whether
reducing substances participate in the reaction [42]. Therefore, ethanol, nitrobenzene, and
hexachloromethane were selected as radical probe compounds, and they were used to
determine the reaction mechanism in this study.

2.5. Data Analysis

The results of all indices represent the mean of triplicate samples. Excel 2020 and
Origin9.0 were used to analyze data, generate figures, and perform curve fitting. ¢-tests
were used to compare the results from each treatment, and a probability (P) of 0.05 was used
to show statistical significance. Low-ring PAHs were the 2-ring PAHs and 3-ring PAHs, such
as naphthalene, acenaphthylene, phenanthrene, and so on. High-ring PAHs were the 4-ring
PAHS, 5-ring PAHSs, and 6-ring PAHs, such as benz[a]anthracene, dibenz[a h]anthracene,
and so on.
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3. Results and Discussions
3.1. Characterization of Potassium Persulfate Microcapsule

To analyze the changes in crystalline structure before and after the encapsulation of
different proportions of microcapsules and judge whether stearic acid has successfully
encapsulated potassium persulfate, the microcapsules and potassium persulfate were
characterized by X-ray diffraction (XRD), and XRD patterns of potassium persulfate and mi-
crocapsules with three different proportions are shown in Figure 1. The results showed that
potassium persulfate has a strong diffraction peak at 20 = 27.574°, which is the characteristic
diffraction peak of potassium persulfate. The strong diffraction peaks of 1:1 microcapsules
at 20 = 27.568°, 1:2 microcapsules at 20 = 27.574°, and 1:3 microcapsules at 26 = 27.521°
appeared in the same position as the absorption peaks of potassium persulfate, and it
meant that the activity of potassium persulfate still existed and the crystal structure did
not change. A new very low-intensity diffraction peak appeared in the microcapsules. The
reasons may be that during the preparation of potassium persulfate microcapsules, such as
the encapsulation and breakage of potassium persulfate, the morphology of potassium per-
sulfate crystals changed [43], so there were differences in the detection process. Therefore,
according to the XRD patterns of microcapsules, it is preliminarily determined that the
potassium persulfate still exists after being encapsulated by stearic acid, and the potassium
persulfate microcapsule could be used as an oxidant in the remediation of environmental
pollution as potassium persulfate.
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Figure 1. XRD patterns before and after microencapsulation of potassium persulfate. (a) Potas-
sium persulfate before microencapsulation, (b) 1:3 microcapsules, (c) 1:2 microcapsules, and (d) 1:1
microcapsules.

The infrared spectrum results of stearic acid and potassium persulfate microcapsules
are shown in Figure 2. For stearic acid, no absorption peak was at more than 3000 cm™!,
which meant there was only saturated C-H and no unsaturated C-H. At 1701 cm ™!, there
was a stretching vibration peak of -C=0 with the -COOH group, and at 1431 cm ™!, there
was an in-plane bending vibration of -CH3 and -CH, [44,45]. The absorption peak at
720 cm~! was due to the in-plane oscillation of -CH,, which was consistent with the
structure of stearic acid [46]. The characteristic absorption peaks at 2917 cm~?!, 1701 cm !,
1431 cm ™!, and 720 cm ! are found in the 1:2 microcapsule, which are the same as those of
stearic acid. It can be seen that the characteristic absorption peak of stearic acid has not been
destroyed. It suggested that there was no chemical reaction between the core material and
wall material, when potassium persulfate was wrapped by stearic acid [47,48]. The surface
characterization of 1:2 microcapsules was observed by SEM, and the results are shown
in Figure 3. The microcapsules were observed at 2 um and 10 pm, respectively. Before
sustained release, the microcapsules were spherical and flaky, and the spherical surface
was flaky and gathered together in the shape of stearic acid at close range (Figure 3a,c).
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Figure 2. Infrared spectrogram before and after microencapsulation: (a) 1:1 microcapsules, (b) 1:2
microcapsules, (c) 1:3 microcapsules, and (d) stearic acid before microencapsulation.

Figure 3. Scanning electron microscopy before and after sustained release of the 1:2 microcapsule.
(a) 2 um before sustained release, (b) 2 um after sustained release, (c) 10 um before sustained release,
and (d) 10 um after sustained release.

3.2. Sustained Release Behavior of Potassium Persulfate from the Microcapsules

The sustained release and encapsulation rate were the important factors affecting the
performance of the potassium persulfate microcapsules. The sustained release effect of
potassium persulfate of microcapsules in deionized water at 25 °C is shown in Figure 4,
and it can be seen that the release rate of potassium persulfate gradually increased with
the increase in time, and the release rate was close to 60% after 48 h. However, the release
rate limits were different in different periods, in which the first 1 h was a rapid release
stage and then gradually slowed down after 1 h. Similar results also were detected by
Yang [49] and Li [50]. The reason was that some potassium persulfate molecules were been
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completely encapsulated by stearic acid in microcapsules, but some potassium persulfate
molecules may not have completely encapsulated by stearic acid on the surface of the
microcapsules. Potassium persulfate, which was not completely packaged in the surface
of the microcapsules, was easy to contact with soil solution, and it was first dissolved
in water. So, the release rate increased fast at first, and the first 1 h was a rapid release
stage. Potassium persulfate, which was completely packaged in microcapsules, needed
to be released through the void formed by the coating layer material or the dissolution of
potassium persulfate on the surface. The deeper the potassium persulfate, the greater the
pore resistance, so the smaller the diffusion speed [51]. At the same time, it can be seen
that the release speed of potassium persulfate also gradually decreases as time goes on.
The sustained-release performance of microcapsules was simulated with the kinetic model
Q =kt", where Q is the release rate, K is the release constant, T is the release time (h), and N
is the release order [7]. The kinetic equation parameters are shown in Table 1. It indicated
that the release rate will reach approximately 90% after 6.8 days in theory. Compared with
previous studies on persulfate [52-54], in which reactions usually last for a few minutes
or hours, the potassium persulfate microcapsules had a good sustained-release effect in
this study:.
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Figure 4. Release curves of potassium persulfate microcapsules.

Table 1. Dynamic simulation of sustained-release performance of microcapsules.

Ratio of Core to Kinetic R2 Time (50% Time (90%
Wall (Mass Ratio) Equation Release Rate)/d  Release Rate)/d
1:3 Q = 5.5471404%8 0.9988 5 182
1:2 Q =7.2911-1942 0.9997 2.1 6.8
1:1 Q =9.2343.10-4761 0.9973 1.4 49

SEM was used to analyze the sustained release behavior of the microcapsules. Before
release, the outer surface was smooth with few concave and convex surfaces and few
cracks and holes (Figure 3a,c). After release, the outer surface of the microcapsule spheres
diffused [55], and obvious cracks and holes appeared (Figure 3b,d). It was observed at
close range that the flaky substances separated from each other, which made potassium
persulfate gradually release from the gaps, thus achieving the effect of slow release. It
may be the release technique of the potassium persulfate in the deep potassium persulfate
microcapsules.
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3.3. Degradation of PAH-Contaminated Soil by Microcapsule
3.3.1. Degradation Effect of PAHs

The degradation effect of PAHs remediated by microcapsules in soil is shown in
Figure 5. The results in Figure 6 showed that potassium persulfate in microcapsules was
gradually released with the extension of reaction time, and the degradation rate of PAHs
gradually increased. The degradation rate of PAHs in soil reached 53.6% after 72 h of
reaction. Compared with previous research [56], the results of this study showed that the
slow-release effect of potassium persulfate wrapped by stearic acid had a good slow-release
effect, and the degradation rate of PAHs gradually increased with the slow release of
potassium persulfate from microcapsules.
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Figure 5. Degradation rate of PAHSs in soil by potassium persulfate microcapsules.

3.3.2. Degradation Mechanism of Potassium Persulfate Microcapsules

Radjical probe compounds, including ethanol, nitrobenzene, and hexachloromethane,
were used to analyze the reaction mechanism of the potassium persulfate microcapsules in
this study, and the results are shown in Figure 6. The results showed that the degradation
rate of low-ring PAHs and high-ring PAHs after adding ethanol quencher significantly
reduced compared with the degradation effect of PAHs in deionized water (Figure 6a,b),
and they were only 4.9% and 2.8%. It meant that the microcapsules released potassium
persulfate in deionized water and activated under the catalysis of Fe?*, but most of the
activated radicals of SO4~ - and -OH quenched with ethanol firstly, resulting in radicals
consumed and PAHs not being degraded. It showed that the activated radicals of SO;~-
and -OH played the main roles in the degradation of PAHs using potassium persulfate
microcapsules, and that had been proven by some research when persulfate was acted by
metal [23,57,58]. Moreover, the degradation rate of low-ring PAHs is higher than that of
high-ring PAHS, so it can be analyzed that the degradation rate of the low ring is faster
than that of the high ring in the degradation process of PAHs, and the structure of the high
ring is more stable than that of the low ring.

The degradation rate of PAHs after adding nitrobenzene to remove -OH is shown in
Figure 6¢. The degradation rates of low-ring PAHs and high-ring PAHs were 60.7% and
31.6% after 5 min reaction, which decreased by 4.3% and 5.2% compared with the blank
sample. When the reaction reached 480 min, the degradation rates of low-ring and high-
ring were 80.7% and 44%, respectively, which decreased by 10.4% and 24.1% compared
with the degradation rate without any free radical quencher. The main reason is that -OH
was quenched by nitrobenzene. The results in Figure 6¢ suggested that SO, ™ played a
major role in the degradation of PAHs by potassium persulfate microcapsules, and -OH
also played an auxiliary role, particularly in high-ring polycyclic aromatic hydrocarbons.
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Figure 6. Degradation mechanism study on PAHs by potassium persulfate microcapsules. (a) Degra-
dation effect of PAHs in deionized water, (b) effects of removing free radicals, (c) effect of removing
-OH, and (d) effects of removing reducing substances. The different letters indicate statistical differ-
ences between the groups (one-way ANOVA test) and represent a 5% significance level.

The degradation rate of PAHs after removing reducing substances by adding hex-
achloroethane is shown in Figure 6d. The results in Figure 6d showed that the degradation
rate of low-ring and high-ring PAHs was only 39.1% and 31.3% after a 5 min reaction,
which was 25.9% and 5.5% lower than that without adding a free radical probe reagent.
The degradation rates of low-ring and high-ring PAHs were 78.1% and 41.6%, respectively,
after 480 min reaction, and they were reduced by 13% and 26.5% compared with the blank
sample. The results showed that the reducing substances produced in the system also
played an auxiliary role in the degradation of PAHs due to promoting the generation of
SO4~ - and -OH radicals. The results also showed that with the prolongation of reaction
time, the influence of reducing substances on low-ring PAHs gradually decreased, while
the influence on high-ring PAHs gradually increased.

To sum up, the free radicals produced from potassium persulfate microcapsules
activated by Fe?* were the main reasons to degrade PAHs. During the free radicals, SO,
played the most important major role in the degradation of PAHs by potassium persulfate

microcapsules activated by Fe?*, followed by -OH, and the reducing substances also played
an auxiliary role.

3.3.3. Effects on Environment After Degradation by Microcapsule

As usual, there were some effects on the environment after the degradation of PAH-
contaminated soil. So, the change in pH value in soil, the seed germination rate, and the
bacteria quantity in soil after degradation by potassium persulfate microcapsules were
detected, and they were used to assess the effects on the environment after degradation
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by microcapsules (Figure 7). The results of Figure 7a showed that the soil pH slightly
decreased from 6.8 to 6.4 after being degraded by microcapsules, but the changes were not
significant (p > 0.05). The germination rate of ryegrass seeds was only 42.5% and increased
to 97.5% after treatment (Figure 7b). It showed that PAHs had significant effects on the
germination rate of ryegrass seeds, which had been proved in previous studies [59], and it
suggested that the toxic effect of soil on plants reduced significantly after treatment.
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Figure 7. Effects on environments after degradation by microcapsule. (a) Soil pH, (b) seed germination
rate, (c) the number of microorganisms in the soil with time, and (d) a comparison of the number
of microorganisms in the soil during different treatments. The different letters indicate statistical
differences between the groups (one-way ANOVA test) and represent a 5% significance level.

The number of bacteria was enumerated using the most-probable-number meth-
ods [60], and the changes in bacteria quantity in soil are shown in Figure 7c. It can be
seen that the number of bacteria without microcapsule treatment was 6 x 10* CFU/g.
After treatment, the number of bacteria in the soil shows a downward trend and then
increases with the extension of reaction time. After 72 h, the number of bacteria reached
16 x 10* CFU/g. That is related to the slow release of potassium persulfate in the microcap-
sules. PAHs in soil were degraded by potassium persulfate, and it would decrease toxicity
on microorganisms. Stearic acid, the wall material of potassium persulfate microcapsules,
was used as a carbon source by microorganisms in the soil, which provided the material
basis for the growth of microorganisms and increased the number of bacteria in the soil.
Meanwhile, the repair process of potassium persulfate microcapsules was more moderate,
and the impact on the soil environment was less compared to potassium persulfate. So,
the number of microorganisms was significantly higher in the remediation of potassium
persulfate microcapsule than potassium persulfate (Figure 7d).

Combined with the above results, the potassium persulfate microcapsules were an
oxidation system with little effect on the number of soil microorganisms and a good
removal effect of PAHs. It not only degraded PAHs in the soil but also had less effect on
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the environment, and it even promoted the growth and development of microorganisms
and increased the germination rate of seeds.

4. Conclusions

In summary, this work reported that microencapsulation technology was used to
amend potassium persulfate in the remediation of PAHs contaminated soil, in which stearic
acid was used to wrap potassium persulfate. The potassium persulfate microcapsules were
provided with a good sustained-release effect, and about 60% potassium persulfate was
released from microcapsules after 48 h. Based on XRD and the infrared spectrum, the
results suggested that no chemical reaction occurred between stearic acid and potassium
persulfate. Meanwhile, the degradation mechanism was also discussed, and the results
showed that SO, - played the most important major role in the degradation of PAHs,
followed by -OH, and the reducing substances also played an auxiliary role. The potassium
persulfate microcapsules had a good removal effect of PAHs in soil (53.6% after 72 h), and it
had a lower effect on the environment, which was beneficial for subsequent bioremediation.
Therefore, this research provided an environment-friendly oxidation system (potassium
persulfate microcapsules), and it has broad application prospects.
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