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ABSTRACT

There is a growing problem of excessive fluoride ion (F-) in mine water in western China and it is
urgent to identify appropriate treatment strategies. In this work, we tested polyethylenimine-mod-
ified diatomite for adsorption of low concentration F~ from aqueous solution. Fourier-transform
infrared spectroscopy analysis suggested amino group (-NH,) may be the main functional group
promoting adsorption. Scanning electron microscopy and Brunauer-Emmett-Teller—Barrett—
Joyner-Halenda analysis showed that the modified diatomite surface became smooth and the
specific surface area decreased slightly with modification. The optimal pH, temperature, and dos-
age of polyethylenimine modified diatomite (PEI/DT) were determined as 2.0°C, 5°C, and 0.2 g/L,
respectively. The whole adsorption process can be completed in 20-30 min. The adsorption data
were better fit to the Langmuir model (average R* = 0.9962) to describe the adsorption process than
the Freundlich model (average R? = 0.9413). The adsorption efficiency of F- by PEI/DT was high-
est at 5°C, with a maximum saturated adsorption capacity (g, ) of 28.62 mg/g. The pseudo-sec-
ond-order kinetic model (average R* = 0.9992) is more suitable to describe the overall adsorption
process and the pseudo-first-order kinetic model (average R* = 0.7318) can only describe the initial
stage of adsorption. Thermodynamic parameters confirm that the adsorption process is a spon-
taneous exothermic process. Overall, the results show that the prepared PEI/DT can potentially
be used as an adsorbent to remove F~ from mine water.
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1. Introduction

In recent years, coal mining has gradually shifted from
the Middle East to the west part of China [1]. To address
mine drainage loss and protect water resources, the National
Energy Group built a number of underground reservoirs
[2]. Although this addressed the loss of water resources,
there have been some problems with water quality, includ-
ing a concentration of fluoride ion (F7) that exceeds the
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safety standard [3]. People routinely drinking groundwa-
ter with excessive fluoride ion will experience dental and
bone fluorosis [4]. Therefore, excessive F~ in water poses a
huge potential threat to local residents as well as the local
water environment [5]. Therefore, there is an urgent need
to address the problem of excessive F~in water.

Many methods have been developed for the treat-
ment of fluorine-containing wastewater, with precipitation
and adsorption the most commonly used methods [6-8].
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Calcium salt precipitation method is generally used for
industrial wastewater with a high concentration of F~ [9].
Lime cream can be added to promote generation by F~ and
Ca of CaF, precipitation. Lacson et al. [10] used recovered
calcium carbonate to remove 98% of F from an aqueous
solution containing a high concentration of F- (4,000 mg/L)
at a pH of 2-6. Wang et al. [11] used biosynthetic crystals
separated by calcium carbonate precipitation to remove
F- (1,500-3,500 mg/L) from groundwater, with a maximum
saturated adsorption capacity of 5.10 mg/g and a removal
rate of 98.24%. However, the concentration of F~ in under-
ground reservoirs is typically much lower, about 5 mg/L,
and precipitation methods are not suitable for treatment of
this low F~ concentration.

Adsorption technology is simple, easy to operate, and
typically is relatively low in cost. Adsorption is considered
the most effective method to remove low concentrations of
F~ (1-5 mg/L). Dehghani et al. [12] used chitosan-Fe,O, to
adsorb fluorine ions, with a maximum saturation adsorp-
tion capacity of 2.30 mg/g. Cheng et al. [13] used activated
alumina to adsorb fluorine ions under neutral conditions,
with q__ of 2.74 mg/g. Al-Ce hybrid was used for adsorp-
tion of F~ with a maximum saturated adsorption capacity
at 180 min of 27.5 mg/g. Despite these promising results,
large-scale application of these methods has been limited
because some adsorbents have limited adsorption capac-
ity or too much adsorption time is required [14]. Effective
adsorption technology requires the careful selection of a
suitable adsorbent and an effective modification method.
The main component of diatomite is SiO,, which has good
mechanical properties and stable performance in acidic and
alkaline solution [15]. Diatomite was previously modified
as an adsorbent carrier for efficient adsorption of cationic
pollutants [16]. However, F- is a typical anionic pollutant in
water, so for the removal of F-, different reagents must be
selected for modification of diatomite.

Polyethylenimine (PEI) is a water—soluble polymer with
high adhesion and absorbability and can be loaded on the
surface of diatomite carrier. After dissolving PEI in water,
amino groups (-NH,) can be protonated and form cationic
amino groups (NH,") with H* in aqueous solution [17].
Protonated NH," binds to negatively charged diatomite in
aqueous solution, confirming the successful loading of PEI
to give a positively charged surface of modified diatomite.
PEI was loaded on the adsorbent surface and used to
adsorb a variety of anionic dyes [18]. Through electrostatic
attraction, the NH,* groups on the surface of PEI can effi-
ciently adsorb dyes from water, with the dyes completely
adsorbed on the adsorbent surface [19,20]. Although there
have been no reports of high adsorption efficiency for F-
at low concentration (1-5 mg/L), few studies have tested
polyethylenimine-modified diatomite for this purpose.

In this work, polyethylenimine-modified diatomite (PEI/
DT) was used to adsorb fluorine ions in aqueous solution.
Diatomite and modified diatomite were characterized by
scanning electron microscopy (SEM), Brunauer-Emmett—
Teller-Barrett-Joyner-Halenda (BET-BJH), X-ray diffraction
(XRD), and adsorption experiments. The optimum parame-
ters of F- adsorption in aqueous solution were determined by
varying temperature, dosage, and contact time. The isothermal

adsorption and adsorption kinetics models were used to
describe the adsorption data and determine the thermody-
namic parameters of adsorption states, such as enthalpy
(AH®), entropy (AS°®), and Gibbs function values (AG®).

2. Materials and methods
2.1. Pretreatment process of diatomite

Diatomite was obtained from a power plant in Burian
and the specific ingredients are listed in Table S1. The sam-
ple was washed several times with distilled water and HCI
(0.5 m) to remove impurities and organic matter, dried at
105°C, and sealed and stored before subsequent use. The
modified diatomite was prepared by surface loading of high
molecular organic polymer. For modification, 1,000 mL dis-
tilled water and 10 mL polyethylenimine colloid solution
were mixed and stirred until the polyethylenimine com-
pletely dissolved, becoming a light-yellow viscous solution.

2.2. Reagents

NaF (98%), NaOH (96%), and polyethylenimine
(MW = 1,800, 99%) were purchased from Shanghai Aladdin
Co., Ltd., China. HCl (35%) was purchased from Tianjin
Damao Chemical Reagent Company, China. Deionized
water (18 MQ)/cm) was used for all experiments.

2.3. Batch adsorption experiment

The 100 mg/L F- stock solution was prepared by weigh-
ing 225.56 g NaF. A certain volume of the stock solution was
transferred into a conical flask with a volume of 100 mL
for adsorption experiments. A certain amount of modified
diatomite was thoroughly mixed with F- solution. The mixed
solution was stirred at 180 rpm in a thermostatic oscillator
until reaching adsorption equilibrium. The concentration
of F- was measured at certain time intervals, and removed
samples were centrifuged at 3,200 rpm for 2 min before mea-
surement of the concentration with a F- meter (Leici, PXS]J-
216F, China). For batch adsorption, the pH was adjusted
by addition of 0.5 M HCl or 0.5 M NaOH.

Different parameters in the adsorption process (pH, dos-
age, and contact time) were varied to determine the opti-
mum conditions for F- adsorption. The solution pH was
adjusted to 2, 3, 4, 5, 6, and 7, at temperature, initial concen-
tration, and dosage of 25°C, 5 mg/L, and 0.2 g/L, respectively.
Similarly, different dosages (0.1, 0.2, 0.3, 0.4 and 0.5 g/L), dif-
ferent contact times (1, 3, 5, 10, 15, 20, 30, 50, and 70 min)
and different temperatures (5°C, 10°C, and 15°C) were ana-
lyzed as factors affecting the adsorption process [21,22]. For
the adsorption experiments, 100 mL F- solution was mixed
with adsorbent and adsorption was allowed for 30 min
before the measurement of residual F~ concentration.

After reaching the adsorption equilibrium, the equi-
librium adsorption capacity (7, and F- removal efficiency
(R) of PEI/FA were calculated according to the following
equations [23]:

v(c,-C,)
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where g, is the equilibrium adsorption capacity of adsor-
bent, mg/g; C, is the initial concentration of F-, mg/L; C, is
the equilibrium adsorption concentration, mg/L; V is the
volume of the aqueous solution, L; M is the mass of the
adsorbent, g.

2.4. Instrument and equipment

Fourier-transform infrared spectroscopy (Thermo Fisher
Scientific, FTIR, Nicolet iS10, USA) was used to detect func-
tional groups and chemical bonds on the surface of adsor-
bents. The pH in the solution was adjusted by addition of
HCI and measurement with a pH meter (WTW, MIQ/TC
2020, Germany). The specific surface area and pore-size
of adsorbents were analyzed by BET-BJH (Micromeritics
Instrument Corp., ASAP 2020, USA). The composition and
crystal type of the adsorbent were analyzed by X-ray dif-
fractometer (Shimadzu Corporation, XRD 6100, Japan).
The morphology and surface structure of the adsorbent
were analyzed by scanning electron microscopy (SEM,
Hitachi S-4800, Japan). The thermal stability of the adsor-
bent was measured using a thermogravimetric analyzer
(TGA, NETZSCH STA 449 C, Germany).

3. Results and discussion
3.1. Characterization of diatomite

The surface morphology and structure of diatomite
were observed by SEM before and after modification
(Fig. 1). Fig. 1a shows that the unmodified diatomite after
pretreatment exhibits a rough surface and many mesh-
shaped pores, ideal characteristics of an adsorbent [24].
Fig. 1b shows that the surface porosity of diatomite decreased
after modification, indicating the successful loading of PEI
onto the surface of diatomite. Although the modification
decreased the surface porosity, it can significantly increase
the adsorption efficiency of F.

The composition of diatomite and modified diatomite
was qualitatively analyzed by XRD. As shown in Fig. 1c,
the diatomite used here was mainly composed of SiO,, with
smaller amounts of cristobalite, quartz, and montmorillon-
ite. This composition of modified diatomite is consistent
with that of diatomite earth (Fig. 1d). XRD confirmed SiO,
as the main component in diatomite.

The specific surface area and pore size were measured
to directly evaluate the adsorption capacity of F~. As shown
in Table S2, the specific surface areas of diatomite and
PEI/DT were 65.86 and 47.07 m?/g, indicating the loading
of PEI on the surface of modified diatomite. Loading can
lead to the blockage of surface pores, thus reducing the
specific surface area [25]. The change of total porosity is
positively correlated with the change of specific surface
area. However, the average pore size is negatively cor-
related with the specific surface area and the average pore
size decreases with the increase of specific surface area.
The average pore sizes of were measured for diatomite
and PEI/DT as 3.38 and 4.89 nm, respectively. As depicted

in Fig. S1, the original diatomite has the largest number of
pores with the size of 9.2 nm, while the modified diatomite
has the largest number of pores 44.7 nm in size. This sug-
gests that the modification of PEI may block the pores
of diatomite, thus reducing the number of small pores.
Although many pores are blocked, the modified reagent
can greatly improve the adsorption capacity of the adsor-
bent for improved F- adsorption efficiency.

FTIR can reveal the composition of functional groups
and chemical bonds on the surface of the adsorbent.
The presence of new functional groups was confirmed by
comparing the patterns for diatomite before and after mod-
ification. Fig. 1e shows that the peaks of the main functional
groups in the diatomite mainly occur at 3,439; 1,640; 1,467
and 1,081 cm™. The peak at 3,439 cm™ may be hydrogen
atom in Si-H bond, 1,640 cm™ may correspond to bend-
ing vibration of H-OH bond, the peak of 1,467 cm™ may
be caused by C-O stretching vibration and bending vibra-
tion of H-OH, and the peak value at 1,081 cm™ may rep-
resent Si-O-H bond. After modification, the peaks mainly
occurred at 3,445; 2,347; 2,453; 1,646; 1,469 and 1,093 cm™,
with strong peaks at 2,347 and 2,453 cm™ likely correspond-
ing to amino group (-NH,), an important functional group
for the adsorption of F~ on PEI/DT. Compared with the
pristine diatomite, the new peaks of 2,347 and 2,453 cm™
indicated successful loading of the polyethylenimine
onto the surface of diatomite [26].

TGA is an index that can be used to evaluate the ther-
mal stability of diatomite and explain the proportion of
mass loss of diatomite before and after modification with
increased temperature [27]. Fig. 1f shows that the mass frac-
tions of diatomite and modified diatomite decreased with
the increase of temperature. Increasing temperature from
0°C-200°C, the weights of diatomite and modified diatomite
decreased rapidly because the weight loss in this tempera-
ture range is due to changes in the moisture content in the
adsorbent. At temperatures above 200°C, the change trend
of the weight of the adsorbent slows, mainly correspond-
ing to the loss of water and the volatilization of impurities.
The SiO, in diatomite is resistant to high temperatures,
with a melting point of more than 1,700°C. When the tem-
perature reached 700°C, the weight of the adsorbent basi-
cally remained unchanged, indicating that the modified
diatomite exhibits high thermal stability.

3.2. Optimization of adsorption parameters
3.2.1. Effect of pH on F~ adsorption

The process parameters were varied to optimize adsorp-
tion. The pH value of the solution has a significant influ-
ence on the surface charge of PEI/DT and the adsorption
capacity of F- in the solution [28]. Consistently, pH greatly
affected the adsorption efficiency of F- by PEI/DT in aque-
ous solution. Fig. 2 shows the change of F~ adsorption effi-
ciency under different pH. At pH = 2, the removal efficiency
of F~ reached the maximum of 97.56%. In the pH range
from 2 to 7, the adsorption efficiency of F- decreased obvi-
ously, reaching the lowest adsorption efficiency (60.24%)
at pH = 7. Electrostatic attraction is an important principle
of adsorption. The effect of pH on adsorption is mainly
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Fig. 1. Physico-chemical characterization of diatomite and modified diatomite.

related to the isoelectric point of diatomite in water, and
the isoelectric point of PEI/DT is 2.2.

During the adsorption process, the presence of H* ions
protonate -NH, on the surface of PEI/DT into NH,* [Eq. (3)].

PEI . PEI "
ﬁ_NH2+H ﬁﬁ—NHa (3)
%—NH;-&-F_(:)%—NH;—F_ (4)

According to Egs. (3) and (4), F~ is negatively charged in
aqueous solution. When the pH of aqueous solution is 2,
H* ions can protonate -NH, on the surface of PEI/DT into
NH," [29]. The cationic NH,* in PEI/DT can then attract and
remove F~. Adsorption occurs through the mutual attrac-
tion of positive and negative charges under electrostatic
attraction. The lower the pH, the better F~ is adsorbed.
The mechanistic basis of PEI/DT adsorption of fluoride
ions is shown in Fig. S2. The experimental results show
the highest adsorption efficiency when pH = 2.



134 Y. Zhang et al. / Desalination and Water Treatment 283 (2023) 130-140

100

90

80

R/%

60

50 L

pH

Fig. 2. Effect of different pH on adsorption of F- by modified
diatomite.

3.2.2. Effect of dosage and contact time

Fig. 3 shows the effect of PEI/DT dosage on F- adsorp-
tion efficiency. The adsorption efficiency was maximum,
95.94%, at a dosage of 0.2 g/L. At higher dosage, the adsorp-
tion efficiency gradually declined, reaching 90.59% at a
0.5 g/L dosage. When the dosage increased from 0.1 to
0.2 g/L, there were more adsorption sites, so the adsorption
efficiency increased significantly. However, as the dosage
continued to rise, g, fell rapidly, from 0.90 to 0.18 mg/g. This
phenomenon indicates that for increased dosage of adsor-
bent, the adsorption capacity of the adsorbent will decrease
rapidly [30]. The results show 0.2 g/L is the optimal dosage
of PEI/DT for the adsorption of F~.

Contact time can be varied to evaluate the saturation
time of adsorption process. Fig. 4 shows that the whole
adsorption process reached equilibrium within 20-30 min.
The adsorption efficiency increased significantly at 0-10 min
and the change trend of F- adsorption efficiency became
stable at 10-20 min. The adsorption equilibrium time
slightly differed with different initial concentration of F-.
For an initial concentration of F- of 1-3 mg/L, the equilib-
rium adsorption time was 20 min, but at an initial concen-
tration of 4-5 mg/L, the equilibrium adsorption time was
30 min. The adsorption equilibrium time increased because
increased F- concentration resulted in longer adsorption
time. In addition, equilibrium was reached quickly because
adsorption occurred mainly on the surface of PEI/DT. PEI/
DT has a large surface area for adsorption of F-, promot-
ing combination of F- with the adsorbent. With increased
adsorption time, the adsorption power gradually decreased,
so the adsorption efficiency slows and then finally reaches
the adsorption equilibrium [31]. The results show that
the optimal adsorption time is 20-30 min.

3.3. Adsorption isothermal model of fluoride ion

Adsorption isotherms show how adsorbent molecules
reach equilibrium during adsorption, and the balance
between adsorption time and F- adsorption capac-
ity reflects the saturated adsorption capacity of PEI/DT.
Isothermal adsorption models can be used to fit the data
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Fig. 4. Effects of contact time on F~ adsorption rate.

and determine the potential mechanisms of adsorption [32].
Here, the experimental data were fit to the Langmuir and
Freundlich isothermal adsorption models.

3.3.1. Langmuir adsorption isotherm

The Langmuir adsorption isotherm assumes that the
adsorbent is composed of monolayers and there is no
interaction between adsorbent molecules [33].

1 1 1

S (5)
q, 4. C,xbxq,

where C, is the concentration of F~ at equilibrium, mg/L;
g, is the maximum saturated adsorption capacity, mg/g;
b is a Langmuir constant, L/mg.

The fitting condition of the Langmuir model is that F-
concentration ranged from 1-5 mg/L at 5°C-15°C. As given
in Table 1 and Fig. S3a, the results showed that the adsorp-
tion data of PEI/DT well accord with Langmuir adsorp-
tion isotherm after fitting. The g, values of F~ at 5°C, 10°C
and 15°C were 28.62, 23.45 and 17.39 mg/L, respectively.
These results indicate that the g, of the adsorption process
decreased gradually with the increase of temperature. The
adsorption capacity reached its maximum value at low
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Table 1
Adsorption isothermal model parameters for F- adsorption
by PEI/DT

Table 2
Compared the maximum saturated adsorption capacity of F~
by different adsorbents

Pollutant ~ Parameters T (°C) Adsorbent q,(mg/g) pH  References
5 10 15 Ti-zeolite 1.39 6 Ma et al. [35]
Langmuir, concentration (1-5 mg/L) Nanoparticle resin 0.88 3-5.5 Boldaji et al. [36]
Modified bentonite 2.26 10 Thakre et al. [37]
) 9, (Mg/g) 2862 2345 17.39 Chitosan-Fe 0, 2.03 3 Dehghani
F b Z(L/ mg) 9.63 12.84 18.14 nanocomposite etal. [12]
R 0.9960 0.9941 0.9985 Hydrotalcite/chitosan 35.20 3 Viswanathan
Freundlich, concentration (1-5 mg/L) composite and Meenakshi
K, (mg/g)(L/mg)""  9.82 767 458 Nano-hydroxyapatite- 13.51 3 Sundaram and
= n,Fl 00075 03461  0.4956 chitin composite Meenakshi [39]
R 09613 09217 09413 _PEVDT 28.62 2 This work

temperature (5°C), and the correlation coefficients (R?) were
0.9960, 0.9941 and 0.9985 for 5°C, 10°C and 15°C, respec-
tively. The results showed that the Langmuir isotherm is suit-
able to describe the adsorption of F~ on PEI/DT, suggesting
that this adsorption process is a monolayer process [34].
Adsorption by this material was compared to that pre-
viously reported for different adsorbents, as shown in
Table 2. The maximum saturated adsorption capacities of
Ti-zeolite, nanoparticle resin, Modified bentonite, chitosan-
Fe,O, nanocomposite, hydrotalcite/chitosan composite, and
nano-hydroxyapatite-chitin composite were determined
as 1.39, 0.88, 2.26, 2.03, 35.20 and 13.51 mg/g, respectively
[35-37,12,38,39]. There was low adsorption capacity of met-
al-supported adsorbents (Ti-zeolite, nanoparticle resin,
modified bentonite, chitosan-Fe,O, nanocomposite), with
improved adsorption capacity of high polymer modified
adsorbents (hydrotalcite/chitosan composite and nano-
hydroxyapatite-chitin composite) [35-37,12,38,39]. In this
work, the adsorption capacity of PEI-modified diatomite
for F~ was 28.62 mg/g, higher than that reported for other
adsorbents, and this modification method achieved the
highest adsorption capacity at 5°C. The temperature of
mine water is typically below 10°C year-round in western
China, suggesting that the prepared PEI/DT is well-suited
for F~ adsorption in actual mine water at low temperature.

3.3.2. Freundlich adsorption isotherm

The Freundlich model describes the adsorption of
multi-molecular layers, assuming that the surface of the
adsorbent is not uniform, with a change in adsorption
surface energy with the change of surface coverage [40].
This model cannot calculate the saturated adsorption
capacity, but is suitable for the characterization of non-uni-
formity monolayer adsorption and adsorption at medium
concentration.

Ing, =InK, +1C€ 6)
n

where K, is a Freundlich constant, (mg/g)(L/mg)""; n is
a Freundlich constant. If the value of 1/n is between 0

and 1, the material is easily adsorbed. When the value of
1/n is greater than 2, the material is difficult to be adsorbed.

Fig. S3b and Table 1 present the Freundlich adsorption
isotherm data for PEI/DT adsorption of F-. All the param-
eters in the whole adsorption process were in the range of
0 <n' <1, but R? differed greatly at different temperatures
(0.9217-0.9613). This phenomenon indicates that when n!
is in the range of 0-1, the surface or adsorption strength
of modified diatomite is not uniform, and the material can
be easily adsorbed on the surface [41]. The difference of R?
values at different temperatures indicates that the adsorp-
tion of fluoride ions on modified diatomite at low tempera-
ture is more consistent with Langmuir adsorption isotherm
model. The Freundlich model is mostly used to describe the
adsorption of multi-molecular layers. Comparison of the
R? for the two models suggests that the Langmuir model
can better describe the adsorption process of PEI/DT than
the Freundlich model.

3.4. Adsorption kinetics of fluoride ion adsorption

To better describe the adsorption process and explain
the control principle from the perspective of dynamics, a
kinetic model is needed [42]. Pseudo-first-order kinetics and
pseudo-second-order kinetics were tested to describe the
reaction pathways and rate control steps for adsorption of
F- by PEI/DT.

3.4.1. Pseudo-first-order kinetics model

The pseudo-first-order kinetic model was originally
proposed by Lagergren and its expression is as follows [43]:

k.t

1

2303 @

log (g, —q,) =logg,

where g, is the experimental equilibrium adsorption capac-
ity of adsorbent, mg/g; g, is the equilibrium adsorption
capacity of adsorbent at f moment, mg/g; Docal and qWE are
theoretical and practical equilibrium adsorption capacities,
mg/g; k, is the pseudo-first-order kinetics model constant,

1/min.
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Table 3

Kinetic model of adsorption of F-by PEI/DT at different concentrations

Pollutant C, (mg/L) Pseudo-first-order kinetics

Pseudo-second-order kinetics

qe,exp
G (M8/8) Ky (min") R G (3/8) K, (g/mgmin) R (mg/e)

1 7.01 0.096 0.8214 8.88 0.226 0.9991 8.91

2 2.64 0.162 0.6615 9.58 9.136 0.9999 9.59

F 3 4.03 0.053 0.6156 8.51 0.820 0.9997 8.52
4 5.12 0.034 0.7459 9.11 0.238 0.9984 9.15

5 6.81 0.046 0.8145 9.10 0.211 0.9987 9.06

Linear fitting of data was carried out using Eq. (7), as  Table 4

listed in Table 3 and Fig. S4a. The g, , value was lower than
the Dy value, with a clear difference between the values.
The R? values were 0.6156-0.8214, indicating that the adsorp-
tion experimental data do not conform to the pseudo-first-
order kinetics model. These results suggest that this model
cannot completely describe the adsorption process, and
may only be applicable to the initial stage of adsorption [44].

3.4.2. Pseudo-second-order kinetics model

The pseudo-second-order kinetic model was proposed
by Ho and Mckay [45] and can be used for in-depth analysis
of dynamic data. The model is expressed as follows:

t 1 t
+7

9. ka4

®)

where k, is the pseudo-second-order kinetic model constant,
g/(mg-min).

Table 3 and Fig. S4b present the linear fitting of data to
the pseudo-second-order kinetic model. Compared with
the pseudo-first-order kinetic model, the calculated R?
value of the pseudo-second-order kinetic model was much
closer to 1.000, with close values of g, , and g, . The over-
all R? values were between 0.9984-0.9999, indicating that
the pseudo-second-order kinetic model is more suitable to
describe the experimental data of F- adsorption by PEI/DT.
The experimental results indicated that chemical adsorp-
tion may be the limiting step affecting the adsorption effi-
ciency of PEI/DT [46]. Amino groups on the surface play a
key role in the interaction between F- and PEI/DT, and the
F- is mainly adsorbed on the surface of PEI/DT.

3.5. Adsorption thermodynamics

Thermodynamic parameters, including Gibbs free
energy (AG°), enthalpy change (AH®), and entropy change
(AS°), are important indexes for the application of adsorp-
tion process and were determined according to the fol-
lowing equations.

AG®=-RTK, ©9)

_AS° AH®
¢ R RT

InK (10)

Thermodynamic parameters for adsorption of fluoride ion by
PEI/DT

Pollutant C, AG® (kJ/mol) AH° AS°
(mg/L) 278K 283K 288K (kJ/mol) (J/mol-K)
1 -741 -6.88 -5.45 -2497 -11.80
2 -824 445 -592 -30.81 -21.71

F- 3 -891 -541 -543 -29.75 -26.97
4 -6.51 -6.51 -4.32 -2091 -21.11
5 —-441 472 514 -31.14 8241

q.
K, =1 11
= ()

AG® = AH°-TAS°® (12)
where R is the gas constant (8.314 J/mol'K), T is the tem-
perature (K), and K, is the partition coefficient. K, was cal-
culated from Eq. (11), AH®° and AS° were calculated from
Egs. (10) and (12), respectively.

The data calculated according to Eqgs. (9)-(12) are
listed in Table 4. As shown, all the values of AG® and AH°
obtained at different temperatures are negative, indicating
that adsorption is a spontaneous exothermic process. As the
temperature increased, g, gradually decreased. AS° value is
a physical quantity reflecting the disorder degree of mate-
rial. When AS° is positive, it indicates an increased disor-
der degree in solid-liquid phase. A negative value indicates
that AH® plays a leading role in spontaneous adsorption
(AG®° < 0) [47]. Overall, the results show that the adsorption
of fluoride ions by the prepared material is a spontaneous
exothermic process.

4. Conclusion

In this work, we used polyethylenimine modified
diatomite to adsorb low concentration F~ (1-5 mg/L) in
aqueous solution. FTIR analysis confirmed that the amino
functional groups (-NH,) were successfully loaded onto
the surface of diatomite. The optimal values of pH, dos-
age, and contact time were determined to be 2.0, 0.2 g/L,
and 30 min, respectively. The adsorption process achieved
the best adsorption efficiency (97.56%) at 5°C, indicating
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that this material is appropriate for use in low tempera-
ture mine water. The isothermal adsorption model con-
firmed that the adsorption process well fit to the Langmuir
model, with a maximum saturated adsorption capacity of
28.62 mg/g. The pseudo-second-order kinetic model bet-
ter described the adsorption process than the pseudo-first-
order kinetic model, with average R? value of 0.9992. Finally,
the thermodynamic parameters confirm that the adsorption
of F~ by PEI/DT is a spontaneous exothermic process. This
work provides a new idea for the application of PEI/DT as
an efficient F~ adsorbent.
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Table S1
Element content in diatomite
Elements SiO, ALO, Fe,O, CaO MgO K,0 Others
Contents 75.43% 5.87% 1.51% 5.75% 3.02% 2.34% 6.08%
Table 52
Analysis of specific surface area and pore structure of adsorbent
Names Specific surface Total pores Average
area (m%/g) (cm®) pores (nm)
Diatomite 65.86 0.0556 3.38
PEI/DT 47.07 0.0331 4.89
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Fig. S1. Pore-size distribution of PEI/DT and diatomite.
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Fig. 52. Batch adsorption process and mechanism.
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