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The strongly acidic wastewater containing fluoride [F(-I)] is generally neutralized using lime, producing massive
hazardous solid waste, which may present serious environmental risks. In this study, a novel precipitant, N,N′ -Bis
(3-(triethoxysilyl)propyl)thiourea, was developed for the selective removal of F(-I) from strongly acidic waste
water. The precipitant was synthesized using (3-aminopropyl)triethoxysilane and thiourea at a molar ratio of 2:1
under 160 ℃. More than 90% of initial F(-I) was removed by the prepared precipitant from strong acidic
wastewater produced by nonferrous metal smelting industry, and the residual F(-I) concentration decreased to
below 100 mg/L. The F(-I) removal performance is almost free from the interference of coexisting ions. Only 6
kg/m3 of fluoride slag, which can be recycled as a concrete waterproofing agent, was produced. The F(-I)
removal mechanism including substitution, polycondensation, ion exchange and complexation was clarified: ‒
OH on Si atoms in the hydrolysis product of BTPT was substituted by F(-I), and a fluoro-substituted product
formed; the polycondensation of BTPT and fluoro-substituted product produced polymer precipitates; the specific
adsorption of F(-I) on the polymer precipitates occurred through ion exchange with ‒OH and complexation with
-NH+
2 -.

1. Introduction
It is well known that excess fluorine (F) has an adverse effect on
human, environment and industrial production. In particular, waste
water generated from metallurgy, photovoltaic, electronic, and elec
troplate industries have pH < 1 and contain high concentrations of
fluoride, chloride, As and heavy metals. In China, up to 390 million m3
strongly acidic wastewater is produced annually from metallurgical in
dustries. It is involved in the smelting of many kinds of metals, such as
lead, zinc, copper, nickel, cobalt, tin and antimony. Although their
smelting processes are different, the production processes of strongly
acidic wastewater are essentially the same. They generally contain
~50–200 g/L H2SO4, ~50–1000 mg/L fluoride, ~1000–8000 mg/L
chloride, ~50–500 mg/L As and a total of ~300–1000 mg/L heavy
metals (Tan et al., 2015; Liu and Bai, 2013). Presently, the sulfide pre
cipitation method to remove arsenic and heavy metals from acidic
wastewater has fast reaction rates and high removal efficiencies, and it

has been widely employed in industrial areas (Fu and Wang, 2011;
Lewis, 2010; Kaksonen et al., 2003; Peng et al., 2018; Liu et al., 2016).
The precipitation method to selectively remove chloride using Cu(II)
and Cu(0) is used in metallurgical industries (Tan et al., 2015; Peng
et al., 2019). Considering the adverse influence of high concentrations of
F(-I) on the quality of recycled H2SO4 in the smelting process, their re
sidual concentration should be decreased to below 100 mg/L. Many
techniques have been reported for fluoride removal such as chemical
precipitation, adsorption, and ion-exchange (Deng et al., 2020; Ayoob
et al., 2008; Bhatnagar et al., 2011). Specific to the strongly acidic in
dustrial wastewater, selective precipitation is considered as one of the
most economical and efficient methods due to its advantages of avail
ability, facile handling and simple operation. The precipitation using
hydrated lime (Deng et al., 2016), which is the most common method to
remove fluoride in the form of CaF2 from strongly wastewater, has a
major problem of producing massive CaF2 and CaSO4 waste, which may
present serious environmental risks. For example, for the treatment of 1
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m3 wastewater containing 1000 mg/L F(-I) and 100 g/L H2SO4,
approximately 140 kg of solid waste was produced. Thus, to avoid
producing large amounts of hazardous solid waste, it is necessary to
develop an efficient and environment-friendly agent to selectively
remove F(-I) from this type of strongly acidic wastewater. And after the
removal of F(-I) and the other above-mentioned contaminants, the pu
rified acidic wastewater can also be recycled as dilute H2SO4 (Boucher
et al., 1997; Gándara et al., 2012).
Organosilicon compounds may be one category of substances that
most likely react specifically with F(-I) and form F-containing organo
silicon precipitate. This speculation is based on two aspects: (1) The low
electronegativity of Si (χ = 1.9) relative to that of F (χ = 4.0) may result
in the easy substitution of chemical groups on Si by F, and stable Fcontaining organosilicon compounds with the relatively high bond en
ergy of Si-F (552 kJ/mol) (Xu, 1993) subsequently form; (2) organo
silicon compounds with the general chemical formulas X3SiQY and
X3SiQYQSiX3 (X, AlkO; Q, alkylene C1–C3; and Y, carbofunctional ionic
and complexing groups) easily form polymer precipitates through hy
drolysis and polycondensation (Voronkov et al., 2006, 2000, 2005).
Therefore, three common X3SiQY-type organosilicon compounds, i.e.,
(3-mercaptopropyl)trimethoxysilane [(CH3O)3Si(CH2)3SH], (3-amino
propyl)triethoxysilane [(EtO)3Si(CH2)3NH2] (APTES), and 3-glycidylox
ypropyltrimethoxysilane [(CH3O)3Si(CH2)3OCH2(CH)OCH2], were
firstly selected as precipitants in preliminary F(-I) removal tests on a
series of simulated acidic wastewater containing 200 mg/L of F(-I) and
100 g/L of H2SO4. The results showed that only 6–10% of the initial F(-I)
was removed by these organosilicon compounds (Fig. S1). To increase
the efficacy of the agent, the introduction of new functional groups on
above-mentioned organosilicon compounds was considered. Amine and
thiol groups were the preferred groups because they were usually graf
ted on mesoporous silica materials to form ligand anchored conjugate
adsorbent for metal ions removal (Walcarius et al., 2003; Abbas et al.,

2. Materials and methods
2.1. Materials
APTES (≥99%), thiourea (≥99%), ammonium sulfate (≥99%), NaF
(≥99%), trisodium citrate (≥98%), NaNO3 (≥99%), sodium fluo
rosilicate (≥98%), tetramethylsilane (≥99.9%, NMR grade) and NaOH
(≥95%) were purchased from Shanghai Macklin Biochemical Co., Ltd.
(Shanghai China). H2SO4 (98.0%) and HCl (36.0%) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Stan
dard solutions (1000 μg/mL) of F, N and Si were purchased from Beijing
ZhongKe ZhiJian Biotechnology Co. Ltd. (Beijing, China). Portland
cement was purchased from Qufu ZhongLian Cement Co. Ltd. (Qufu,
China). Standard sand was purchased from XiaMen ISO Standard Sand
Co. Ltd. (Xiamen, China). Deionized water (16.5 MΩ·cm) was produced
using a Milli-Q water purification system (Millipore, USA). The total
ionic strength adjuster and buffer solution (TISAB) with an NaNO3
concentration of 1 mol/L of and a trisodium citrate concentration of 0.2
mol/L was adjusted to pH of 5.0–6.0 using 1 mol/L of HCl before being
used.
2.2. Synthesis of BTPT
In accordance with the synthesis of BTPT in the previous study (Eq.
1) (Voronkov et al., 2005), in each experiment, 0.2 mol APTES, 0.1 mol
thiourea and 0.01 g ammonium sulfate were mixed in a sealed 100 mL
borosilicate glass bottle. To ensure that the solid can be well dispersed in
the liquid phase, the mixture was stirred at 120 r/min for approximately
10 min using a magnetic stirrer (DF-101S, Gongyi KeRui instrument Co.
Ltd). Then, the mixture was heated in an electrical heating
standing-temperature cultivator (DHG-9070A, Shanghai JingHong
Laboratory Instrument Co. Ltd).

(NH4 )2 SO4

2(EtO)3 Si(CH2 )3 NH2 + H2 NC(S)NH2 ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
̅→ [(EtO)3 Si(CH2 )3 NH]2 C(S) + 2NH3

2018; Awual and Hasan, 2019; Awual, 2015). Thus, APTES and thiourea
were selected to synthesize a new organosilicon compound, N,N′ -bis
(3-(triethoxysilyl)propyl)thiourea [(EtO)3Si(CH2)3NH]2C(S) (BTPT) in
accordance with previous studies (Voronkov et al., 2006). Using BTPT,
the F(-I) removal efficiency reached 83.5% (Fig. S1). A probable reason
is that there are more diverse functional groups in BTPT than the other
silanes, so more F(-I) can be combined with BTPT, and polycondensation
with neighboring bis-alkoxysilane organic or inorganic hybrid mole
cules more easily occurs in BTPT (Surca et al., 2017). These preliminary
results indicate that BTPT can be used as a precipitant to remove F(-I)
from strongly acidic wastewater. In previous studies, BTPT was used
as a monomer to prepare polymer adsorbent for the adsorption of
rare-earth metals (Voronkov et al., 2006, 2000, 2005). However, to the
best of our knowledge, it has rarely been reported as a precipitant for F
(-I) removal.
Thus, in this study, BTPT was developed as a novel precipitant for the
selective F(-I) removal from strongly acidic wastewater. In detail, its
synthesis conditions and removal efficiency for F(-I) were investigated,
and the mechanism for the F(-I) removal was clarified. Three types of
strongly acidic wastewater from zinc, nickel and copper smelters were
selected to verify the ability of BTPT to remove F(-I) from actual in
dustrial wastewater. The fluoride slag was recycled as a concrete
waterproofing agent.

(1)

2.3. F(-I) removal
The simulated strongly acidic wastewater was prepared using NaF,
H2SO4 and deionized water. The concentrations of H2SO4 and F(-I) were
set as 0–200 g/L and 50–1000 mg/L, respectively. In each sample set,
BTPT was added with a BTPT-to-F molar ratio of (0.2–1.2):1–200 mL
simulated wastewater, and the sample was mixed at 120 r/min using a
digital-display stable-temperature magnetic stirrer (DF101S, Henan
Henyan Scientific Instrument Co., Ltd., China) at 25–80 ℃. After
60 min, the suspension was filtered through a 0.22-μm polyethersulfone
membrane filter. The filtrate was sampled for the F(-I) concentration
analysis. The obtained solid (named fluoride slag) was rinsed thrice with
deionized water to remove soluble ions and naturally air-dried for
further analysis.
To clarify the removal mechanism of F(-I), control experiments were
conducted. For each control experiment, BTPT was added to 200 mL Ffree wastewater and mixed at 120 r/min. After 60 min, the suspension
was filtered. The obtained solid (named F-free slag) was added to
200 mL of simulated strongly acidic wastewater and mixed at 120 r/min
at room temperature. After 60 min, the suspension was filtered. The
filtrate was sampled for the F(-I) concentration analysis. The obtained
solid (fluoride slag©) was rinsed thrice with deionized water and
naturally air-dried for further analysis. To better understand the
adsorption of F(-I) by polymer precipitate, 1 g polymer precipitate was
2
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Fig. 1. FTIR spectra of the (a) reactants (APTES and Thiourea) and BTPT synthesized at 160 ℃ for 6 h and (b) fluoride slag, F-free slag, and fluoride slag©.

added to a batch of 100 mL simulated wastewater containing 100 g/L
H2SO4 and F(-I) with an initial concentration ranging from 50 to
1000 mg/L. And then each mixture was mixed at 120 r/min for 2 h at
25 ℃. The obtained adsorption capacity at different initial F(-I) con
centration were employed to fit the Langmuir and Freundlich models
(Tao et al., 2020). The detailed information was put in Supplementary
material.

via X-ray photoelectron spectroscopy (XPS) (ESCALAB 250Xi, Thermo
Fisher Scientific Co., USA) with MgK radiation. The C1s peak at
284.6 eV was used as the standard.
The chemical groups in the reactants, precipitant and precipitates
were recorded via attenuated total reflectance-FTIR (ATR-FTIR) equip
ped with a single-bounce diamond crystal and a deuterated triglycine
sulfate detector (Nicolet 8700, Thermo Fisher Scientific Co., USA). The
FTIR spectra of all samples were determined in the range of
4000–500 cm− 1 with a resolution of 4 cm− 1.

2.4. Recycling of fluoride slag

3. Results and discussion

The methods to dissolve fluoride slag, prepare the mortar and con
crete specimens, and conduct waterproofing tests are put in the Sup
plementary Information. The waterproofing test method reported in a
previous study (Xue et al., 2017) was employed in the present investi
gation. The performance of dissolved fluoride slag as waterproofing
agent was compared to that of a commercial waterproofing agent, which
is sodium fluorosilicate. The water absorption (%) of the cubic concrete
specimens after 14 d of curing is used as an index to evaluate the
waterproofing performance. A lower water absorption value indicates
better waterproof performance.

3.1. Synthesis of BTPT
The reaction temperature and time significantly affect the formation
of BTPT. A higher F(-I) removal efficiency was achieved when the
product was synthesized at higher temperature (Fig. S2a). When the
synthesis temperature was 140 ℃, the products removed 20% of the
initial F(-I). When the temperature increased to 160 ℃, the F(-I)
removal efficiency sharply increased to 80%. When the temperature
further increased to 200 ℃, the removal efficiency slowly increased to
85%. Thus, the synthesis temperature of BTPT should be controlled to be
at least 160 ℃. A higher F(-I) removal efficiency was also achieved when
the product was synthesized for longer reaction time (Fig. S2b). When
the reaction time increased from 2 h to 6 h, the F(-I) removal efficiency
increased from 35% to 85%. When the reaction time exceeded 6 h, the F
(-I) removal efficiency only very slightly increased. The results indicate
that the synthesis time of BTPT should be at least 6 h. In conclusion, the
optimum synthesis temperature was determined as 160 ℃ and synthesis
time was determined as 6 h.
To understand the effect of the temperature and reaction time on the
BTPT formation, the reactants and products obtained under different
conditions were characterized by FTIR. The spectra of APTES, thiourea,
and the product obtained at 160 ℃ with 6 h of reaction time are shown
in Fig. 1a. The spectra of the products obtained under other conditions
are shown in Fig. S3. The characteristic peaks of thiourea correspond to
the NH stretching vibration [ν(NH)] at 3300 cm− 1 and the NH defor
mation [δ(NH)] and CN stretching [ν(CN)] combination band at
1520 cm− 1 (Simons, 1978), which have almost no overlap with the
peaks in the APTES spectrum. Thus, the BTPT formation can be roughly
confirmed by the existence of characteristic peaks of thiourea, i.e., the
ν(NH), and δ(NH) and ν(CN) combination band, in the products ob
tained under different conditions (Fig. 1a). In the spectrum of the
product obtained at 160–200 ℃, ν(NH), δ(NH) and ν(CN) were found,
while for those at 100 ℃ and 140 ℃, the three characteristic peaks were
not found (Fig. S3a). This result illustrates that the BTPT formation was

2.5. Analysis methods
The total F(-I) concentration was determined by using the standard
addition method with an F ion meter (PXSJ-216 F, Shanghai INESA
Scientific Instrument Ltd., China). The detailed analysis process is
shown in a previous work (Hu et al., 2017). The concentration of Si, Zn,
Fe, Mn, Pb, Cu, Cd, and Ni was determined by an inductively coupled
plasma mass spectrometry (iCAP Q, Thermo Fisher Scientific Co., Ltd,
USA) with a detection limit of 10–50 ng/L. For each sample, 3 replicates
were measured.
The magic angle spinning-nuclear magnetic resonance (MAS NMR)
spectroscopy of 29Si and 19F nuclei was recorded on a 600-MHz solidstate spectrometer (JNM-ECZ600R, Japan Electron Optics Laboratory
Ltd., Japan). A 3.2-mm zirconia rotor and single pulse were used for all
nuclei. The resonance frequencies were 119.2 and 564.7 MHz for 29Si
and 19F nuclei, respectively. The relaxation delay and spinning rate for
all nuclei were 5 s and 15 kHz, respectively. The 19F–NMR spectra were
obtained after subtracting the background spectrum, which were indi
vidually acquired on a sample-free rotor prior to each sample run. A 1mol/L NaF solution producing a signal at − 120 ppm was used to refer
ence the 19F–NMR chemical shift scale. The 29Si resonance signal from
tetramethylsilane at 0 ppm was used to reference the 29Si–NMR chem
ical shift.
The relative elemental contents of BTPT and binding energies of F in
NaF and the products obtained after the F(-I) removal were determined
3
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Fig. 2. Effect of the H2SO4 concentration (a), BTPT dosage (b), initial F(-I) concentration (c) and temperature (d) on the F(-I) removal. Conditions: (a) 200 mg/L F
(-I), the molar ratio of Si/F = 1/1, room temperature; (b) 200 mg/L F(-I), 200 g/L H2SO4, room temperature; (c) 200 g/L H2SO4, molar ratio of Si/F = 1/1, room
temperature; (d) 200 mg/L F(-I), 200 g/L H2SO4, molar ratio of Si/F = 1/1.

unsuccessful at temperatures below 140 ℃. The products obtained at
different reaction time exhibit similar spectra, but the relative absor
bance values of the ν(NH), and δ(NH) and ν(CN) combination band for
the products obtained with reaction time of 2–4 h were obviously lower
than those with reaction time of 6–12 h (Fig. S3b). These results indicate
that the BTPT synthesis should entail a reaction time of at least 6 h. The
characteristic peaks of the product obtained at 160 ℃ after 6 h corre
spond to the CH stretching vibration [ν(CH)] at 2900–2700 cm− 1, CH
bending vibration [γ(CH)] at 1380–1365 cm− 1, SiO stretching vibration
[ν(SiO)] at 1100–1000 cm− 1, and SiC stretching vibration [ν(SiC)] at
800–750 cm− 1 (Simons, 1978) in the spectra of APTES and to ν(NH),
δ(NH) and ν(CN) in the spectra of thiourea, which preliminarily indicate
the BTPT formation (Fig. 1a).
The mass balance before and after the reaction was also analyzed. In
each experiment, an original mixture with a total weight of 51.91 g,
which comprised 44.28 g of APTES (MW: 221.37), 7.62 g of thiourea
(MW: 76.12), and 0.01 g of ammonium sulfate, was heated at 160 ℃ for
6 h. The product weighed 48.10 g. The lost weight (3.81 g) corresponds
to approximately 0.2 mol NH3 byproduct according to Eq. 1. The con
version rate of the reaction was calculated to be 94.7%. In addition, the
concentrations of total N and Si in the product were analyzed to be 62
and 113 g/L, respectively, which corresponded to their molar ratio of
approximately 1:1. Thus, as described in Eq. 1, approximately 0.1 mol of
BTPT formed when 0.2 mol of APTES reacted with 0.1 mol of thiourea at
160 ℃ for 6 h.

bimolecular nucleophilic substitution mechanism, and the reaction rate
is positively correlated with the concentration of acid to a limited extent
(Sanchez et al., 2000). Therefore, it can be speculated that the existence
of H2SO4 promotes the hydrolysis of BTPT, and then accelerates the
fluoro-substituted reaction rate, in turn facilitates the formation of
fluoride-containing polymer precipitate. In addition, the H2SO4 con
centration only had a slight effect on the F(-I) removal efficiency in the
H2SO4 concentration range of 50–200 g/L, which indicates that BTPT is
suitable for F(-I) removal from wastewater over a wide acidity range.
The effect of the BTPT dosage on the removal efficiency and residual
concentration of F(-I) is shown in Fig. 2b. When the molar ratio of BTPT
to F(-I) increased from 0.2:1–0.6:1, the removal efficiency increased
from 25% to 70%. Since the molar ratio increased to 1:1, the removal
efficiency slightly increased to 80% and remained almost unchanged
thereafter, although the molar ratio further increased to 1.2:1. Thus, to
ensure efficient F(-I) removal, the BTPT dosage should entail a molar
ratio to F(-I) of at least 1:1.
The effect of the initial F(-I) concentration on the removal efficiency
and residual concentration of F(-I) is shown in Fig. 2c. When the initial F
(-I) concentration increased from 50 mg/L to 185 mg/L, its removal
efficiency increased from 63% to 83%, and the residual concentration of
F(-I) increased from 20 mg/L to 31 mg/L. When the initial F(-I) con
centration increased from 185 mg/L to 1000 mg/L, its removal effi
ciency increased from 83% to 90%, and the residual concentration of F
(-I) increased from 31 mg/L to 100 mg/L. The results illustrate that
BTPT is suitable for the F(-I) removal over a wide range of initial F(-I)
concentration.
The effect of temperature on the removal efficiency and residual
concentration of F(-I) is shown in Fig. 2d. In the range of 25–80 ℃, the
temperature exerts little influence on the removal efficiency. In the
studied temperature range, the F(-I) removal efficiency was approxi
mately 85%. The result indicates that BTPT is suitable for the F(-I)
removal over a wide temperature range.
Based on above results, the optimum conditions for F(-I) removal
were determined as follows: ≥50 g/L H2SO4, the molar ratio of BTPT to

3.2. F(-I) removal from strongly acidic wastewater by BTPT
The effect of the H2SO4 concentration on the removal efficiency and
residual concentration of F(-I) is shown in Fig. 2a. In the absence of
H2SO4, only 5% of the initial F(-I) was removed; in the H2SO4 concen
tration range of 50–200 g/L, the removal efficiency rapidly increased to
approximately 80%, and approximately 40 mg/L of F(-I) remained. The
results indicate that the acidic condition plays a key role in F(-I)
removal. It has reported that the hydrolysis of siloxane follows the
4
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Table 1
Residual concentration of F(-I) in three types of strong acidic wastewaters.
Source
Zinc smelter

H2SO4 (g/L)

Initial F (-I) (mg/L)

Cl (-I) (mg/L)

Total metals (mg/L)

The molar ratio of BTPT to F (-I)

The residual F (-I) (mg/L)

1/1
1.25/1
1.5/1
1/1
1.25/1
1.5/1
1/1
1.25/1
1.5/1

137
95
87
121
87
65
102
52
35

79

960

4200

Zn,Fe,Mn,Pb,Cu,Cd ~1500

Copper smelter

107

1200

7300

Zn,Fe,Mn,Pb,Cu,Cd ~1900

Nickel smelter

55

530

6020

Zn,Fe,Mn,Pb,Cu,Ni,Cd ~1800

F(-I) ≥ 1:1, 25–80 ℃, 2 h. Furthermore, under the optimum condition,
the residual F(-I) concentration in the purified wastewater and the
content of F(-I) in the fluoride slag were measured. According to mass
balance of F(-I) before and after the reaction, we found that almost all F
(-I) removed from the acidic wastewater was transformed into fluoride
slag. And through measuring the residual concentration of Si in the
purified wastewater, the residual BTPT was roughly estimated to
≤10 mg/L, which did not adversely affect the recycling of purified
H2SO4 in the smelting process. These results indicate that this method is
environment- and production-friendly.
Then three types of real strongly acidic F-containing wastewater
from copper, zinc and nickel metal smelters were sampled and used to
further verify the selective removal ability of BTPT for F(-I). Table 1
shows that although thousands of ppm chloride and various types of
heavy metals coexisted in the wastewater, over 90% of the initial F(-I)
was removed, and the residual F(-I) concentration decreased to below
100 mg/L for wastewater from copper, zinc and nickel smelters. In
addition, the produced fluoride slag was dissolved by 2 mol/L of NaOH
solution at a solid-to-liquid ratio of 1:5. Almost no coexisting ions, i.e.,
Zn, Fe, Mn, Pb, Cu, Cd, and Ni, were detected in the solution. The results
indicate that the F(-I) removal by BTPT is almost free from the inter
ference of coexisting ions, and BTPT has high selective ability to remove
F(-I) from strongly acidic wastewater.

only 41% of the initial F(-I) was removed via adsorption. From the fitting
results of adsorption isotherms (Fig. S4), the higher regression coeffi
cient (R2 = 0.9999) indicated that the experimental result was consis
tent with the Langmuir adsorption isotherm. The maximum adsorption
capacity of F(-I) on polymer precipitate were calculated to be
25.6 mg/g. In addition, the obtained n value in Freundlich model was
3.28, meaning that some stable chemical bonds such as F-Si and F-N
formed between the adsorbent and F(-I) (Tao et al., 2020; Zhang et al.,
2019). However, using BTPT monomer, under identical conditions, 85%
of the initial F(-I) was removed. That is because diverse functional
groups such as -OH and -NH- in BTPT providing more reaction sites to F
(-I). The result also indicates that approximately 44% (the difference
between 85% and 41%) of initial F(-I) was removed before the formation
of polymer precipitate. A probable reason is that, a mass of OH- was
occupied during the polycondensation of BTPT (Eq. 3), leading to less
functional groups (‒OH) in pre-prepared polymer precipitate than
BTPT, so more F(-I) was combined with BTPT, and more F(-I) was
removed by BTPT.
Based on the above analysis, the removal mechanism of F(-I) by
BTPT is speculated as follows: (1) the hydrolysis of BTPT first occurs,
which produces [(HO)3Si(CH2)3NH]2C(S) (Eq. 2); (2) the ‒OH groups
combining with Si atoms were replaced by F(-I) through the nucleophilic
substitution, which forms a fluoro-substituted product: [Fx(HO)3− xSi
(CH2)3NH]2C(S) (0 < x < 3) (Eq. 4); (3) the polycondensation of BTPT
and fluoro-substituted product occurred, which produces F-free and Fcontaining polymer precipitates (Eqs. 3 and 5); (4) F(-I) was adsorbed by
the above polymer precipitates through ion-exchange and complexation
(Eqs. 6–8).
[
]
[(EtO)3 Si(CH2 )3 NH]2 C(S) + 6H2 O→ (HO)3 Si(CH2 )3 NH 2 C(S) + 6EtOH

3.3. Mechanism for F(-I) removal
Previous studies have confirmed that a polymer precipitate {[O1.5Si
(CH2)3NH]2C(S)}n produced from the hydrolysis (Eq. 2) and poly
condensation of BTPT (Eq. 3) can act as an adsorbent to adsorb rar
e–earth metals through ion exchange and complexation (Voronkov
et al., 2000; Voronkov et al., 2005). In this study, the polymer precipi
tate was tested to remove F(-I) from acidic wastewater under conditions
of 100 g/L H2SO4 and 200 mg/L initial F(-I). The results indicate that

(2)

{
}
n [(HO)3 Si(CH2 )3 NH]2 C(S) →{[O1.5 Si(CH2 )3 NH]2 C(S)}n + 3nH2 O

Fig. 3. XPS pattern of F1s in (a) NaF, (b) fluoride slag, and (c) fluoride slag©.
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to those in fluoride slag©, but their relative percentages have obvious
differences. Based on the ratio of peak areas of F-(Si) to F-(N) in the two
slags and F(-I) removal efficiency under these two different conditions,
the percentages (%) of F-(Si) and F-(N) species that account for the
initial F(-I) are estimated in Table 2. In fluoride slag, 76.5% and 8.5% of
the initial F(–I) existed in the form of F-(Si) and F-(N) species, respec
tively. In fluoride slag©, the values were 32.0% and 9.0%. Thus, in
fluoride slag©, the formation of F-(Si) species resulted from the ion
exchange of F(-I) with unreacted –OH in the polymer precipitation (Eq.
6). In fluoride slag, in addition to the ion exchange, the formation of
F-(Si) species resulted from the substitution of –OH in the hydrolysis
product of BTPT by F(-I) (Eq. 4). Otherwise, similar percentages of F-(N)
species (8.5% and 9.0%) indicate the almost identical combination
modes of F and N in two slags. The imino group (-NH-) in BTPT is in
clined to be transformed into -NH+
2 - through protonation under the
acidic condition (Eq. 7); then, F(-I) is complexed by -NH+
2 - (Eq. 8).
The 29Si–NMR and 19F–NMR spectra in Fig. 4 offer more detailed
information on the reaction mechanism. Since the resonance frequency
of 29Si strongly depends on the number of O atoms combined to Si, the
29
Si‒NMR spectra enable the differentiation of structural units such as
the end, middle and branching groups. The 29Si–NMR spectra in Fig. 4a
reveal the following. (1) Only one almost identical chemical shift at
− 45 ppm is identified in the spectra of APTES and BTPT, although they
have different chemical formulas. The result indicates that BTPT has one
Si atom with the identical combination environment to that in APTES.
(2) In the spectrum of F-free slag, there is one chemical shift at − 90 ppm,
while in the spectrum of fluoride slag, there are two chemical shifts at
− 60 ppm and − 90 ppm. This result indicates that F-free slag was also
produced during the F(-I) removal apart from the F-containing pre
cipitates. (3) According to the previous study, the chemical shifts at
− 90 ppm and − 60 ppm correspond to polymers with a trifunctional
branching monomer [R-Si(-O)3] and a middle group [R-Si(-O)2-X],
respectively (Marsmann, 1981). Thus, it can be speculated that in
fluoride slag, a part of the -O- group in [R-Si(-O)3] was replaced by F.
The 19F–NMR spectra in Fig. 4b show that there is one chemical shift of
19
F in the spectrum of NaF (− 120 ppm), while there are five chemical
shifts in the spectrum of fluoride slag (− 84.9, − 107.7, − 130.6, − 152.7,
and − 174.1 ppm). Thus, in the fluoride slag, there is almost no free F(-I),
and all of F(-I) is bound to Si or N. The five chemical shifts correspond to
five types of F atomic binding environments. According to the chemical
shifts of 19F in the analog fluorine-containing functional groups such as
CH3SiF3, (CH3)2SiF2, (CH3)3SiF, 4-fluoro-difluoroimidazole, 4-fluo
ropyrazole, and substituted 3-fluoropyrazoles (Dolbier, 2009) and the
chemical shift change rule for different substituents, the five possible
F-containing monomers were speculated as [F2O1/2Si(CH2)3NH]2C(S)
(− 174.1 ppm),
[F3Si
(− 130.6 ppm),
[FOSi(CH2)3NH]2C(S)

Table 2
F species and their percentages in fluoride slag and fluoride slag©.
Sample

Percentage of
initial F in
slags

Species
of F

Percentages of F
species in the
slag

Percentages of F
species accounting
for initial F

Fluoride
slag
Fluoride
slag©

85.0%

F-(Si)
F-(N)
F-(Si)
F-(N)

90%
10%
78%
22%

76.5%
8.5%
32.0%
9.0%

41.0%

[
]
(HO)3 Si(CH2 )3 NH 2 C(S) + xF− + xH+ →[Fx (HO)3− x Si(CH2 )3 NH]2 C(S)
+ xH2 O
(4)
{
} {
n [Fx (HO)3− x Si(CH2 )3 NH]2 C(S) → [Fx O(3−

x)/2 Si(CH2 )3 NH]2 C(S)

}
n

+ (3 − x)nH2 O
(5)
{
}
n [(HO)3 Si(CH2 )3 NH]2 C(S) +mF− +mH+
{
}
→ [Fm (HO)3− m Si(CH2 )3 NH]2 C(S) n +mH2 O

(6)

{
}
{[O1.5 Si(CH2 )3 NH]2 C(S)}n + 2nH+ → [O1.5 Si(CH2 )3 NH+
2 ]2 C(S) n

(7)

{

(8)

}
{
}
−
+ −
[O1.5 Si(CH2 )3 NH+
2 ]2 C(S) n + 2nF → [O1.5 Si(CH2 )3 NH2 F ]2 C(S) n

The FTIR spectra in Fig. 1b show that: (1) In the spectra of BTPT, the
double peaks at 1080 cm− 1 and 950 cm− 1 were identified as the Si-O
stretching vibration [ν(Si‒O)]. In the spectra of F-free slag and fluo
ride slag, only one broad peak between 1170 cm− 1 and 943 cm− 1 was
identified as the Si-O-Si stretching vibration [ν(Si‒O‒Si)]. The results
indicate the slags were the polymers resulting from the poly
condensation of BTPT (Eq. 3). (2) A new peak at 890 cm− 1, which was
assigned to the Si‒F stretching vibration [ν(Si‒F)], was found in the
spectra of fluoride slag and fluoride slag©. Thus, some -OH that was
combined with Si was substituted by F.
Figure 3 shows the peak fitting results of F1s in the XPS patterns. In
NaF, the binding energy of F1s is 684.5 eV (Fig. 3a). In both fluoride slag
and fluoride slag© (Fig. 3b and c), there are two types of binding en
ergies of F1s. The binding energy at 687.1.0 eV is assigned to F com
bined with Si. and 686.6 eV is assigned to F combined with N (NIST
X-ray Photoelectron Spectroscopy Database, 2000). The result indicates
that Si and N in BTPT are the reaction sites for F. Furthermore, the
binding energies of F-(Si) and F-(N) in fluoride slag are almost identical

Fig. 4. NMR pattern of (a)

29

Si in APTES, BTPT and slags and (b)
6

19

F in NaF and fluoride slag.
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Table 3
Water absorptivity test result for recycled fluoride slag as the waterproof agent.
Items
The amount of admixture (%)

Blank

Commercial waterproof agent

0

1

3

The weight of concrete specimen (g)

524.7

527.3

532.8

The weight of specimen after 14 d curing (g)

551.9

551.5

552.9

27.2

24.2

20.1

The weight of absorbed water (g)
Water absorption ratio (%)

5.20

4.60

3.77

(CH2)3NH]2C(S)
(− 152.7 ppm),
[F2O1/2Si(CH2)3NH+
2 F ]2C(S)
(− 84.9 ppm), and [FOSi(CH2)3NH+
F
]
C(S)
(−
107.7
ppm).
Their
esti
2
2
mated corresponding percentages are 41.7%, 28.9%, 19.0%, 8.4%, and
2.1% based on their peak area percentages.

Recycled fluoride slag
5
548.0
564.6

1

3

5

520.8

520.6

531.2

542.1

537.8

547.6

21.2

17.2

16.4

16.6
3.03

4.08

3.31

3.09
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3.4. Recycling of fluoride slag
This work produced much less fluoride slag than that in the tradi
tional method of neutralization using lime. For the treatment of 1 L
simulated strongly acidic wastewater containing 1000 mg/L F(-I) and
100 g/L of H2SO4, approximately 140 g of slag was produced using lime
neutralization, while only 6 g fluoride slag was produced in this study.
In contrast, the production of fluoride slag in the traditional method is
reduced by 96%. To avoid secondary pollution, the produced fluoride
slag was dissolved by NaOH, and the obtained alkaline solution was used
as a waterproofing agent for concrete. Figs. S5 and S6 show that the
optimum dissolution conditions entail a solid-to-liquid ratio (ratio of
fluoride slag to 2 mol/L of NaOH) of 1:5. Table 3 shows the water ab
sorption (%) of the cubic concrete specimens. The water absorption of
the blank specimen was 5.20%. With the increase in admixture dosage of
the recycled agent and sodium fluorosilicate from 1% to 5%, the water
absorption of the specimen decreased from 4.08% to 3.09% and from
4.60% to 3.77%, respectively. The results show that the recycled agent
has comparable waterproofing function with the commercial water
proofing agent.
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4. Conclusions
Presently, strongly acidic wastewater containing fluoride is generally
neutralized using lime and massive valueless hazardous gypsum waste is
produced. In this study, to recycle strongly acidic wastewater and avoid
the production of gypsum waste, a novel precipitant, N,N′ -Bis(3-(trie
thoxysilyl)propyl)thiourea (BTPT), was developed and it showed high
efficiency for selective removal of F(-I) under strongly acidic conditions.
More than 85% of F(-I) was removed from strongly acidic wastewater
over a 50–200 g/L acidity range and a wide temperature range
(25–80 ℃). It was estimated that the production of fluoride slag using
BTPT can be reduced by 96% compared with that in neutralization
method. And the fluoride slag can be recycled as a concrete water
proofing agent. Furthermore, the mechanism of F(-I) removal was
elucidated in details. Under strongly acidic conditions, F(-I) can sub
stitute the –OH groups on Si atoms. At the same time, the poly
condensation of fluoro-substituted product occurs and thus F-containing
polymer precipitates form. Subsequently, the specific adsorption of F(-I)
on the polymer precipitates occurred through ion exchange with -OH
and complexation with -NH+
2 -. Through these steps, F(-I) was selectively
removed. The removal mechanism helps to develop other novel orga
nosilicon compounds with similar structures or multifunctional groups
to selectively remove F(-I) from other types of strongly acidic waste
water from diverse industries. In conclusion, the developed F(-I)
removal agent can directly, selectively and efficiently remove F(-I)
from strongly acidic wastewater.
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