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ABSTRACT. Slow-release materials have the property of controlling the slow-release of drugs. At present, polymer slow-release ma-
terials have been widely studied, but the stability is poor and the release effect of components is difficult to control. The diatomite mineral
is light in weight, small in volume and stable in physical and chemical properties. A series of diatomite based porous slow-release ma-
terials were prepared to explore the adsorption-release performance. The prepared slow-release materials have excellent porous structure
and adsorption-release properties. The adsorption process of phoxim onto slow-release materials accorded with Freundlich model. The
maximum adsorption capacity reached 217.86 mg g at 25 €. In addition, the release effect of phoxim from slow-release materials was
obvious under acid or high temperature conditions. The limit release amount was 60.04 and 80.2% respectively. The slow-release time
was up to 25 days which will reduce the phoxim residues efficiently. According to the fitting results of Ritger-Peppas model, the release

process was controlled by Fick diffusion mechanism.
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1. Introduction

Slow-release material is the use of physical or chemical
means to store drugs in it, controls the release rate of some ac-
tive substances in the expected time, maintains a certain effect-
tive concentration in a certain system, and slowly releases to
the environment in a certain time by means of infiltration, dif-
fusion, precipitation and depolymerization (Yang, 2012; Li et
al., 2020).

In recent years, polymers materials (Garrido et al., 2014;
Xie et al., 2016) have been usually used as slow-release mate-
rials. Although the slow-release materials prepared by natural
polymers can improve the slow-release performance, they are
easy to degrade and sensitive to the environment, which causes
their poor stability and the release of effective components is
difficult to control (Amine et al., 2014).

The structure of slow-release material determines its per-
formance, in the process of drug storage, the slow-release ma-
terials mainly depend on the adsorption properties of the mate-
rials. The slow-release materials with porous structure have the
advantages of low relative density, large specific surface area,
small specific gravity, high strength, light weight and strong
adsorption capacity. Therefore, they are widely applied on the
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preparation of adsorption type slow-release materials (Chen et
al., 1999; Hu et al., 2019).

Diatomite isakind of natural inorganic clay material which
consists of amorphous silica derived from exoskeletons of the
single-called diatoms (Tian et al., 2015; Senol et al., 2019). Di-
atomite is characterized by unique physical properties, such as
high porosity, macro/mesoporous structure, low density, large
specific surface area, low cost and nontoxicity (Zhang et al.,
2013; Yu et al., 2015). These properties suggest that diatomite
is a potential adsorbent (Meng et al., 2013; Ju et al., 2019), fill-
ers (Lamastra et al., 2017; Mold Shukry et al., 2018), catalysis
(Cherrak et al., 2016; Son et al., 2016) and drug delivery (Rug-
giero et al., 2014; Terracciano et al., 2018). As easily available
mineral with excellent properties as mentioned above, diato-
mite is suitable to prepare slow-release materials.

Phoxim is a typical representative of organophosphorus pe-
sticides, which are common insecticide for pest control. How-
ever, the organophosphorus pesticides will seriously endanger
human health, especially affect the nervous system. Efficient
and safe method to reduce organophosphorus pesticides in agri-
culture products will contribute to harm reduction and be of en-
vironmental interest.

Based on the pervious works on diatomite application, it
founded that the diatomite has the excellent adsorption proper-
ties on dye, metal ions and antibacterial agent. Furthermore, the
physical and chemical modification on diatomite can improve
the pore and surface properties efficiently. However, the slow-
release properties of diatomite have not been investigated. In
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this study, a novel porous diatomite based slow-release materi-
als were proposed to realize the slow-release of phoxim and re-
duce phoxim residues on agriculture products. The absorbing
capacity and performance of the slow-release materials were
explored by equilibrium and thermodynamics. The mechanism
of controlled release of phoxim from slow-release materials
was proposed by release kinetics as well. The prepared slow-
release materials provided safe and efficient reduction of pho-
xim in agricultural products.

2. Materials and Methods

2.1. Materials

The diatomite samples were supplied by Jilin Lulin novel
materials Co., Ltd., Baishan, Jilin Province, China. Sodium hy-
droxide, hydrochloric acid, phoxim and methanol were all ana-
lytical pure and purchased from Aladdin reagent Co., Ltd.

2.2. Preparation of Slow-Release Materials

The raw diatomite was passed through a 100-mesh metal
sieve, and then washed with deionized water. After drying, the
selected raw diatomite was used to adsorb phoxim. Then a cer-
tain amount of talcum powder and 1% sodium polyacrylate so-
Iution were mixed with the diatomite adsorbed phoxim and gra-
nulated in powder granulator. The obtained granular material is
a kind of slow-release material with raw diatomite, named RD-
RM. In the same way a kind of slow-release material with cal-
cined diatomite (CDRM) and modified diatomite (MDRM)
was prepared respectively. The selected raw diatomite mention-
ed above diatomite was calcined at 700 °C for 4 hours to obtain
the calcined diatomite. The modified diatomite was obtained
by treating the selected raw diatomite with 5% sodium hydrox-
ide at 100 °C for 2 hours.

The surface area the diatomite materials were determined
from the linear part of the BET plot (P/Po = 0.05 ~ 0.20) at 77
K using a Quantachrome Autosorb NOVA 2200e volumetric
analyzer. Scamming electron microscopy analysis (JEOL, JISM-
6460LV) was carried out for the diatomite samples to study the
development of morphology and elements. FT-IR spectra of
KBr pellets containing the diatomite samples using a Frontier-
1T series FT-IR spectrometer (PE, USA) in the range from 4,000
cm™! to 400 cm™.

2.3. Adsorption Studies

The phoxim was used as the adsorbate. The solution of
phoxim (100 mg-L") was prepared with methanol for its bad
solubility. Batch adsorption was performed in a set of 50 mL
flasks containing 25 mL of phoxim solution with various initial
concentrations. The amount of 0.25 g of diatomite and the puri-
fied diatomite was added and equilibrated at different tempera-
ture in a temperature-controlled water bath shaker (WS-300).
After adsorption equilibrium, the concentration of phoxim in
the solution was measured using a UV-visible spectrophotome-
ter (PerkinElmer, LAMBDAZ35) at 280 nm. The adsorption ca-
pacity (Q.) and removal efficiency (E£) of phoxim adsorbed on-
to diatomite were calculated according to the following equa-
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tions (Yan et al., 2012):
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where Q. is the adsorption capacity at equilibrium, mg-g™'; E is
the removal efficiency, %; Cy and C. are the initial and equilib-
rium concentration of phoxim in solution, mg-L™!; ¥V is the vol-
ume of solution, L; M is the mass of diatomite, g.

The adsorption isotherm was studies using the two well-
known isotherm models, Langmuir and Freundlich. The Lang-
muir model and Freundlich model (Yang et al., 2014) were as
follows:

C_G +; 3)
Qe Qmax Qmax . KL
1
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n

where Oy is the maximum adsorption capacity, mg-g!; K, is
a Langmuir constant relate to the affinity of the binding sites
and energy of adsorption, L-g!; Kr is a Freundlich constant re-
lated to adsorption capacity, L-g™!; 1/n is an empirical parame-
ter related to adsorption intensity.

The adsorption thermodynamic was carried out in this
study to reveal the adsorption properties as well. The thermo-
dynamic parameters for the adsorption process, the standard
free energy, standard enthalpy and standard entropy were cal-
culated using the following equations (Chowdhury et al., 2011):

AG =—RT InK_ (5)

AG =AH —TAS (6)
AS AH

InK. ==>-="" 7
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where AG is the standard free energy, kJ-mol'; R is the uni-
versal gas constant, 8.314 J-mol!-K'!; T'is the absolute solution
temperature, K; AH is the standard enthalpy, kJ-mol™'; AS is the
standard entropy, kJ-mol"!.K™!. K. is adsorption equilibrium con-
stant. The standard enthalpy and standard entropy values can
be calculated from the slope and intercept of the plot of /nK.
versus 1/7.

2.4. Release Studies

The modified diatomite slow-release material (1 g) was
used to adsorb 6 mg-mL! phoxim solution at 45 °C for 3 hours.
Talc powder and 1% sodium polyacrylate were added into the
slow-release material to obtain phoxim slow-release material.
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The effects of temperature and pH on the slow-release pro-
perties were studied. A series of 2 g slow-release materials were
respectively weighed. After a certain time of reaction, the slow-
release material was taken out and the concentration of phoxim
in the solution was measured using a UV-visible spectrophoto-
meter (PerkinElmer, LAMBDAZ35) at 280 nm. The release rate
of phoxim onto diatomite was calculated according to the fol-
lowing equation:

_ (1-r)100
RO

w ¥

where W is release rate, %; 7, is residual concentration of pho-
xim at time ¢, mg-mL!; Ry is theoretical release concentration,
mg-mL.

The slow-release kinetic was studied using the well-known
Ritger-Peppas empirical equation. The empirical equation (Lv
et al., 2019) is as follows:

t
—L =Kt" 9
M ©)
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where M,/ M., is drug cumulative release ratio; ¢ is drug release
time, min; K is release rate constant; » is diffusion index.

3. Results and Discussion

3.1. Selection of Slow-Release Materials

Three kinds of slow-release materials of RDRM, CDRM
and MDRM were prepared as section 2.2 mentioned above
(Figure 1). The adsorption effect of the different slow-release
materials was investigated.

35

30

25

20

15

10

Adsarption rate (%)

RDRM CDRM MDRM

Figure 1. Adsorption effect of different slow-release materials.

By comparing the adsorption rate of three slow-release
samples, it indicated that the adsorption capacity of the RDRM
was the worst, the CDRM was better and the MDRM was the
best. The best adsorption reached 30.43%. The impurities on
the surface of diatomite were removed by the treatment of cal-
cination and alkali treatment, which improved the adsorption
capacity of the slow-release materials. In addition, some impu-

rities in diatomite pores were cleared by alkali modification
deeply which made the adsorption effect of the MDRM better.

3.2. Characteristics of Slow-Release Materials

The quality of slow-release material was directly affected
by the adsorption capacity. The characteristics of the different
materials were analyzed to optimize the suitable material for
adsorbate.
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Figure 2. FT-TR spectrogram of diatomite materials.

3.2.1. FI-IR Analysis

The functional groups and chemical bonds of the three
slow-release materials were analyzed by infrared spectroscopy
and the infrared spectra was shown in Figure 2. The main char-
acteristic peaks of three materials were 476, 620, 793, 1094,
1629, and 3442 cm' respectively. The peak at 476 cm™' be-
longed to the Si-O-Si asymmetric stretching modes (Sheng et
al., 2009). It can be seen that the peak width of MDRM and
CDRM was obviously higher than that of RDRM. The peak at
620 cm! represented the vibration peak of six membered ring
composed of silica tetrahedron in cristobalite which indicated
the existence of cristobalite. In the infrared spectrum of the un-
modified diatomite, only the vibration absorption peak of Si-
O-Si bond was found and there was no 620 cm™' absorption
peak which indicated that there was no cristobalite in the un-
modified diatomite. The results illuminated that the content of
cristobalite in the material increased gradually after high tem-
perature modification (Ren et al., 2016). The peak at 793 cm’!
could be determined as Si-OH (Qi et al., 2007). In addition, Si-
OH also provided a possibility of chemical adsorption. The
peak at 1094 cm™! was considered to be due to Si-O-Si group
stretching, and the band at 1629 cm™ was corresponding to H-
O-H bending vibration of water (Khraisheh et al., 2005; Calis-
kan et al., 2011). The peak at 3442 cm™! was due to the vibration
absorption peak of Si-OH, the strength decreased with the in-
crease of temperature. Compared with the infrared spectra of
the three materials, the infrared spectra of MDRM changed
most, especially the peak area of the main functional groups. It
indicated that the MDRM had better effect in removing impuri-
ties and exposing more pores, which could improve the adsorp-
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Figure 3. Morphology of RDRM (a), CDRM (b), and MDRM (c).

tion performance of MDRM. It also provided a basis for the
preliminary screening of slow-release materials.

3.2.2. SEM Analysis

It can be seen that the prepared slow-release materials were
special kind of porous materials (Figure 3). It was a circular si-
eve plate with a large number of micropores on its surface. The
surface morphology of MDRM was better than that of RDRM
and CDRM. There were many impurities on the surface of the
RDRM, which covered the micropores and blocked the micro-
pores. The impurities in the CDRM samples were slightly less
than those of the RDRM. However, the high temperature caus-
ed part of the pore structure collapse. After alkali modification,
not only the surface impurities of diatomite can be removed,
but also the impurities blocking the pores can be cleared, ex-
posing more pore structure which improved the adsorption ca-
pability greatly.

3.2.3. BET Analysis

Table 1 showed that the specific surface area and pore size
of MDRM were better than that of the RDRM and the CDRM.
The impurities removal ability of the alkali modification was
better than that of high temperature calcination. In addition,
high temperature calcination led to the fragmentation of some
diatomite and collapse of some pores, resulting in the smaller
specific surface area and pore size. The pore volume of RDRM
was the largest, followed by MDRM and CDRM. There were
many impurities removed by alkali, while the existence of alka-
li can react with Si element in diatomite, which led to the disap-
pearance of some fine pore structure and turn into macropores,
resulting in the decrease of pore volume. The influence of high
temperature calcination made diatomite fragment, collapse, de-
stroyed the pore structure and minimize the pore volume of
CDRM. Combined with FT-IR, SEM and BET, the pore struc-
ture and properties of MDRM were perfect, which proved the
results in Figure 1.

Table 1. BET of Diatomite Samples

Specific Surface  Pore Volume Pore Diameter
Aream?g! cmig? nm

RDRM 20.894 0.2890 5.347

CDRM 22.976 0.0061 5.612

MDRM 34.165 0.0084 6.903
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3.3. Adsorption Isotherm

In view of the excellent performance of MDRM, the ther-
modynamics and kinetics of MDRM were analyzed. Adsorp-
tion isotherm was used to describe the effect of different tem-
perature on adsorption, as shown in Figure 4.
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Figure 4. Adsorption isotherm of phoxim onto MDRM.

Figure 4 showed that the adsorption capacity increased
with the increase of the concentration of phoxim solution. This
may be due to the high molecular content in the solution and
the high contact probability with the slow-release material. At
the same mass concentration, the increase of temperature in-
creased the adsorption capacity of the slow-release material, it
may be caused by the increase of the molecules thermal motion
in the solution with the increase of temperature. Phoxim mole-
cules were more likely to contact with the slow-release material
in the solution, and more easily adsorbed into the pores of the
MDRM. This showed that the appropriate increase of tempera-
ture indirectly improved the adsorption capacity of the adsorp-
tion material, which was conducive to the adsorption process.

3.4. Adsorption Isotherm Model

The ability of adsorbent to adsorb pollutants in aqueous
solution can be described by adsorption isotherm (Sari et al.,
2010). In addition, the adsorption of mobile phase on the sta-
tionary phase can also be described by adsorption isotherm
(Samuelsson et al., 2009). Adsorption isotherm is the relation-
ship between adsorption quantity and concentration of adsor-
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Table 2. Adsorption Isotherm Parameters for the Adsorption of Phoxim onto the MDRM

Langmuir Freundlich
T Q max / mg g'l Ki R? Kr 1/n R?
298K 217.86 0.0002 0.94274 0.2491 0.4543 0.97607
308K 197.23 0.0004 0.97974 0.4190 0.4119 0.99194
318k 190.84 0.0006 0.97696 0.6805 0.3724 0.98184

bent in equilibrium solution at constant temperature, and is the
basic requirement of adsorption process design. It is important
to obtain parameters from different isotherms for revealing the
mechanism of adsorption process and the properties of adsor-
bents (Zhou et al., 2011). The adsorption of phoxim on diato-
mite belongs to the adsorption on the solid surface at constant
temperature, which is explained by Langmuir and Freundlich
isotherm models (Pantoja et al., 2014; Medjdoubi et al., 2019).
Langmuir (Foo et al., 2010; Wang et al., 2019) is a monolayer
adsorption, the adsorption capacity of each adsorption site is
the same and there is no interaction between the adsorbates.
Freundlich (Abodif et al., 2020) adsorption isotherm model is
multi molecular adsorption, and the surface of adsorbent is not
uniform. Langmuir and Freundlich adsorption isotherm models
were used to study the effect of phoxim solution with different
initial mass concentration at different temperatures, the results
were showed in Figures 5 and 6. And the adsorption isotherm
parameters of phoxim adsorption onto MDRM samples were
listed in Table 2.
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Figure 5. Langmuir isotherm model of phoxim adsorption
on MDRM.

It can be seen from Figures 5 and 6 that both Langmuir
and Freundlich isotherm equations had good fitting effect, and
the fitting effect was also ideal. According to the parameters of
Langmuir model, the maximum adsorption capacity of phoxim
onto MDRM can reach 217.86 mg-g! at 25 °C. However,
through the comparison of R?, the R? of Freundlich model was
closer to 1, which was more consistent with the hypothesis of
sorption theory of phoxim by MDRM. It indicated that chemi-
cal adsorption existed in the adsorption process, which was also
consistent with the results of FT-IR analysis. In addition, 1/z in
Table 2 was between 0.5 ~ 1, which indicated that the adsorp-
tion of phoxim onto MDRM was monolayer adsorption and the
adsorption can be carried out easily. K; and Kr increased with

the increase of temperature. The results showed that tempera-
ture affected the adsorption capacity of MDRM. The increase
of temperature led to the enhancement of MDRM adsorption
capacity. In a word, a proper increase in temperature was effect-
tive for adsorption.
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Figure 6. Freundlich isotherm model of phoxim adsorption

on MDRM.
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Figure 7. InK.-T™* of phoxim adsorption onto MDRM.

3.5. Adsorption Thermodynamics

In order to understand the adsorption process, the thermo-
dynamic parameters were estimated (Table 3). Enthalpy (AH)
and entropy (AS) were obtained from the slope and intercept of
Kc versus T plot (Figure 7). Gibbs free energy (AG) was cal-
culated by Equation (6) (Eltaweil et al., 2020).

It can be seen from Table 3 that AS and AH were all posi-
tive values. The positive value of AH indicated that the adsorp-
tion process of phoxim onto MDRM was endothermic. The po-
sitive AS value revealed that the degree of disorder was in-
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creased by phoxim onto MDRM (Li et al., 2019). There were
both positive and negative values of AG, which indicated that
when AG value was higher than zero at low temperature, it was
nonspontaneous reaction. When AG value was less than zero at
high temperature, it was spontaneous reaction. Therefore, the
increase of temperature is conducive to the adsorption process.

Table 3. Thermodynamic Parameters for Phoxim Adsorption
onto MDRM

T/IK AG/ kJ mol? AH/kJ mol? AS/kJ mol ! Kt
298 1.58

308 0.78 2551 0.0803

318 —0.02

3.6 Slow-Release Analysis
3.6.1. pH-Dependence of Slow-Release

Figure 8 showed that on the first day, there was a sudden
release phenomenon of slow-release material (pH = 6/7/8). It
attributed to the high concentration of phoxim in the slow-re-
lease material, which led to the rapid molecular diffusion rate.
With the prolongation of the slow-release time, the release rate
gradually slowed down and the slow-release amount increased.
The slow-release amount of the slow-release material decreas-
ed with the increase of pH, the slow-release amount under the
acid condition was stronger than that under the alkaline and
neutral conditions, but the increase was not very significant.
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Figure 8. Effect of pH on MDRM.

3.6.2. Temperature-Dependence of Slow-Release

The slow-release amount of the slow-release material also
showed a sudden release phenomenon on the first day. With the
extension of time, the slow-release amount increased gradually,
after four days, the release rate slowed down, but the slow-re-
lease amount continued to increase. In addition, the increase of
temperature had a good effect on the increase of slow-release
amount, especially at 35 °C, the slow-release effect is more pro-
minent. The sudden release amount on the first day is also high,
reached about 30%. More than 80% of the 25 days release
amount has been achieved (Figure 9).
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Figure 9. Effect of temperature on phoxim release
from MDRM.

3.7 Release Kinetics of Slow-Release Materials

The slow-release is a process of matrix swelling and mole-
cules diffusion from the pores of MDRM. The empirical equa-
tion of Ritger-Peppas is used to study the release mechanism.

3.7.1. pH-Dependence of Release Kinetics

Figure 10 showed that according to the Ritger-Peppas re-
lease kinetics, the release results of the slow-release materials
had good fitting effect. In addition, the fitting data of the model
were shown in Table 4.
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Figure 10. Ritger-Peppas at different pH.

The goodness of fit R? were all above 0.98, indicating that
the release process was highly fitted to the model. The fitting
index n can be used to judge the law of drug release. When n <
0.5, it is Fick diffusion; when 0.5 <#n < 1.0, it is abnormal diffu-
sion; when n > 1.0, it is class II diffusion. The n value in the
table is between 0.2925 ~ 0.3111, less than 0.5, indicating that
the slow-release process was controlled by Fick diffusion me-
chanism under different pH conditions. The K value decreased
with the increase of pH, which caused by the decomposition of
the phoxim under alkaline conditions and resulting in a certain
lower release.
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Table 4. Ritger-Peppas Release Model Fitting Results under
Different pH Levels

pH K n R?

6 24.8256 0.2925 0.9914
7 22.4337 0.2971 0.9802
8 20.0447 0.3111 0.9871

3.7.2. Temperature-Dependence of Release Kinetics

Figure 11 showed that different temperatures had good fit-
ting effect. The cumulative release ratio at 35 °C was signifi-
cantly higher than that at 25 and 15 °C, which was consistent
with the release results in Figure 10. The obtained fitting data
of the model are listed in Table 5.
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Figure 11. Ritger-Peppas at different temperature.

Table 5. Ritger-Peppas Release Model Fitting Results in
Different Temperature

T/€ K n R?

15 22.3460 0.2145 0.9434
25 21.8122 0.2841 0.9831
35 30.0400 0.3129 0.9719

The R’ was greater than 0.94, indicating that the fitting de-
gree was better. The fitting index 7 is between 0.2145 ~ 0.3126,
indicating that phoxim release from slow-release materials was
controlled by Fick diffusion mechanism. The K value decreas-
ed first and then increased with the increase of temperature,
which indicated that the release amount of phoxim on the slow-
release materials was affected by temperature. The controlled
release amount can be achieved by adjusting the temperature

properly.

4. Conclusion

Three kinds of slow-release materials (RDRM, CDRM,
and MDRM) were prepared from diatomite. It found that the
MDRM was the best slow-release material with better mor-
phology structure and higher specific surface area. The adsorp-
tion rate reached 30.43%. Based on the study of adsorption

thermodynamics and slow-release kinetics, results showed that
the adsorption of MDRM was more in line with Freundlich iso-
therm model and the maximum adsorption capacity reached
217.86 mg-g! at 25 °C. The adsorption process had both physi-
cal adsorption and chemical adsorption, it belonged to single
molecule adsorption. As for the effect of chemical adsorption,
it will be discussed in the future work. Slow-release properties
at the condition of the acid solution and high temperature can
be improved. The slow-release time was up to 25 days. It real-
ized the slow-release of phoxim and reducing the residues in
agriculture products effectively. The release law followed Rit-
ger-Peppas equation and the release process was controlled by
Fick diffusion mechanism. Through the study of porous diato-
mite slow-release materials, the theoretical basis for the appli-
cation of slow-release materials in the future is provided.

In future work, the adsorption-release properties of the
slow-release materials based on diatomite will be improved by
modified diatomite and prepared process. The mechanism of
the slow-release will be further clarified. Efficiency modifica-
tion of diatomite and preparation of slow-release material are
realized by simpler process, which will provide a potential pos-
sibility for large-scale industrial production.
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