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Molecular identification guided process design for
deep removal of fluoride from electroplating
effluentt

Xin Wei, ©2 Nian Xu,® An Xu? and Xiaolin Zhang @ *2°

Fluoride was ubiquitous in effluents from various industries; however its specification in wastewater was
poorly understood, hindering the rational design of a water defluoridation process. In this study, we
developed a molecular identification method for fluoride in industrial wastewater by combining NMR
analysis and chemical tests. Given the complicated composition and the huge quantity, electroplating
effluents were chosen as the representative of fluoride-containing wastewater. *°F NMR analysis
suggested F~ and BFZ as the two main fluoride forms in raw wastewater and effluents from wastewater
treatment sections, and chemical tests suggested F~ concentration in the effluents ranging from 5.1 to
7.3 mg L™1. We also explored the adsorptive removal of BF; by using the strongly basic ion exchange
resin D201, i.e., quaternary ammonated poly (styrene-co-divinylbenzene) beads. The adsorption of D201
toward BF; followed pseudo-first-order kinetics (k; = 2.45 h~Y with an equilibrium time of less than 3 h.
Adsorption isotherms were fitted well with the Langmuir model, with the maximum adsorption capacity
of 25725 mg g~! at 298 K. D201 exhibited a greatly enhanced adsorption selectivity toward
BF; compared to common anions including Cl™ and SO3~, mainly owing to the low hydration energy
(AGhys® = —220 kJ mol ™) of BFz. In the fixed-bed mode, the D201 column could generate 850 and 460
bed volume (BV) clean water ([BF;] < 1.5 mg-F/L) from synthetic and realistic electroplating effluents,
respectively. The exhausted D201 column was fully refreshed with NaCl solution for five defluoridation
cycles with a constant effective treatment amount of ~1400 BV.

Fluorine-containing compounds are widely used in various industries as surface cleaners or catalysts. With the increasingly stringent regulation on surface water
quality, the deep defluoridation of industrial effluents was put on the agenda. However, the current studies about water defluoridation mainly focus on removing
free fluoride ions from groundwater. The knowledge about fluoride specification in wastewater is scarce, hindering the rational design of the water defluor-

idation process. This study reported molecular identification of fluoride in electroplating effluents by combining NMR analysis and chemical tests, as well as the
removal method toward the identified fluoride compound. We believe that this study may inspire more studies on the defluoridation of various industrial

wastewater.

1. Introduction

wastewater.” For instance, China has set a special fluoride
emission limit of 2 mg L™" in the ecological fragile area for

Fluoride compounds are widely used in various industries, such
as metallurgy, rare earth separation, uranium separation,
photovoltaic industry, lithium-ion batteries and electroplating
industry, resulting in the discharge of a great deal of fluoride-
containing wastewater." To reduce the adverse effects on
surface water, local governments in China have set increasingly
stringent standards on allowable fluoride discharge levels in
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aluminum and battery industries.>* Recently, Jiangsu province
has published a draft on the discharge standard of pollutants
for municipal wastewater, regulating the fluoride discharge
limit as 1.5 mg L™".° Owing to the relatively high K, values of
fluoride-containing precipitants (e.g., CaF, and AlF;), it is rather
difficult for the traditional precipitation and coagulation/
flocculation techniques to reduce fluoride to such low levels
under economically acceptable conditions.®”

A variety of methods have been reported for advanced water
defluoridation,®**® including adsorption and/or ion exchange,
membrane separation, and enhanced coagulation."* In
general, previous studies mainly focused on the removal of free
fluoride ions from groundwater.>” For instance, ion exchange

© 2022 The Author(s). Published by the Royal Society of Chemistry
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was among the most widely adopted methods for water
defluoridation, and this process was determined by the elec-
trostatic attraction between the positively charged functional
groups of the polymeric resin and the free fluoride ions.™
However, as one of the most electronegative elements (4.0 on
the Pauling scale), fluoride is prone to form various compounds
with heavy metals (e.g., Al, and Fe) and some nonmetallic
elements (e.g., P, B, and Si)."* More importantly, fluoride
compounds were usually used as catalysts and surface cleaners
in the forms of fluoroborate (BF; ) and fluorophosphate (PFg ) in
industries."”?* For example, NaBF, was frequently used as
a finishing catalyst in textile printing and dyeing industries, and
as one crucial component of the electrolyte in the electroplating
industry.”?* Similarly, LiPFs was the most important raw
material in the lithium battery industry.?**

In contrast to extensive studies about groundwater defluor-
idation, the knowledge of fluoride speciation in industrial
effluents was very rare. Currently, fluoride was mainly deter-
mined by ion chromatography (IC) and ion-selective electrode
(ISE), both of which produced chromatographic or potentio-
metric signals toward free fluoride ions.**” In the past few
decades, '°F nuclear magnetic resonance (NMR) spectroscopy
has been frequently employed to distinguish the structure of
organofluoride compounds in organic synthesis and chemical
biology.?**® The natural abundance of '°F is 100%, and the
sensitivity of the F nucleus is only slightly less than that of H,
and thus '°F NMR could detect fluorine at pM levels.® The
resonances of fluoride compounds did not overlap with those of
BC and 'H, making '’F NMR very promising in analyzing
a complex matrix like industrial wastewater.>® Moreover, it has
been widely reported that a minor change in the chemical
environment might cause significant chemical shifts of '°F
NMR spectra,*>** and therefore it is possible to identify all the
fluoride compounds in industrial effluents. In spite of those
merits, the attempts at employing '°F NMR for the molecular
identification of fluoride contaminants were rarely reported.
The utilization of '°F NMR for wastewater analysis was mainly
hindered by the relatively low signal intensity caused by the low
fluoride concentration (<10 mg L"), and the difficulty in the
assignment of the NMR peaks considering the sensitivity of °F
NMR to the chemical environment.

In this study, we demonstrated the applicability of '°F NMR
for fluoride species identification in electroplating wastewater.
Electroplating effluents were employed as representative
wastewater owing to the characteristics of complicated
composition and huge quantity.***® To better identify the fluo-
ride species, we determined the fluoride concentration and the
coexisting substances prior to NMR analysis, followed by freeze-
drying to improve the NMR signal-noise ratio. Afterward, the
possible fluoride species were conjectured based on the coex-
isting elements, and the references were prepared at the same
fluoride level as the wastewater. Finally, '°F NMR spectra were
collected at a prolonged scan time and an increased scan
number to further increase the signals. In addition to free
fluoride ions, fluoroborate (BF;) was found ubiquitous in the
electroplating effluents. Furthermore, the practical potential of
ion exchange in water decontamination from BF, was

© 2022 The Author(s). Published by the Royal Society of Chemistry
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systematically evaluated in terms of adsorption -capacity,
kinetics, selectivity, and reusability. Cyclic fixed-bed adsorption
was carried out toward synthetic wastewater and realistic elec-
troplating effluents. This study might shed light on efficient
defluoridation for industrial wastewater based on molecular
identification.

2. Materials and methods

2.1. Chemicals and reagents

All the reagents used in this study were of analytical pure or
higher grade, and they were purchased from Sinopharm
Chemical Reagent Co. Ltd (Shanghai, China). Ultrapure water
with a resistivity of 18.25 MQ c¢m was used to prepare all solu-
tions. The commercial macroporous strongly basic anion
exchanger D201, i.e., quaternary ammoniated poly (styrene-co-
divinylbenzene) beads with chloride as the anti-ions, was
purchased from Zhengguang Industrial Co. Ltd (Hangzhou,
China).

2.2. Water samples

The wastewater samples were collected from the Longxi elec-
troplating wastewater treatment plant (LXWWT) located in
Huizhou, China. Prior to discharge, the wastewater was treated
according to the process flow illustrated in Fig. 1. The water for
analysis was sampled from the outlet ports of coagulation,
secondary sedimentation tank and biological aerated filter
(BAF) sections. Besides, another wastewater sample was
collected from an electroplating wastewater treatment plant
(TXWWT) in Taixing City of China for comparison. All the
collected samples were filtered with a 0.45 pm microfiltration
membrane and stored in polyethylene bottles at 4 °C.

2.3. Molecular identification of fluoride in wastewater

The fluoride ions were determined with a potentiometer (Met-
tler Toledo InLab Reference Plus, Switzerland) coupled with
a fluoride ISE (Mettler Toledo DX219, Switzerland) by mixing
5 mL water samples with 5 mL total ionic strength adjustment
buffer (TISAB) containing 1 M NaCl, diluting to a constant
volume of 25 mL, and adjusting pH to 5-6 with 0.1 M HCl and
0.1 NaOH. The wastewater samples were analyzed by '°F and ''B
NMR (Bruker Avance III 600 MHz, USA) to reveal the potential
fluoride speciation. '°F NMR parameters were relaxation delay
1 s, pulse width 12, spectrometer frequency 564.63 MHz, spec-
tral width 133 928.6 Hz, and number of scans 554. *'B NMR
parameters were relaxation delay 1 s, pulse width 12, spec-
trometer frequency 192.55 MHz, spectral width 38 461.5 Hz,
and number of scans 128. Prior to analysis, fluoride in the
samples was concentrated 5 times through freeze-drying. The
concertation of BF;, was determined with a potentiometer
(Mettler Toledo InLab Reference Plus, Switzerland) coupled
with a fluoroborate ISE (Mettler Toledo DX287, Switzerland) by
mixing 5 mL samples with 5 mL TISAB containing 0.5 M Na,SO,
and diluting to a constant volume of 25 mL without adjusting
pH because this BF; ISE works well at pH 2-12 and is hardly
affected by pH changes.
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Fig.1 Wastewater treatment process flow and sampling sites in LXWWT.

2.4. Batch adsorption experiments

Batch experiments were carried out to investigate the defluor-
idation capability of D201 toward synthetic water. To be
specific, 0.025 g D201 was added to 50 mL NaBF, solution in
a 100 mL polyethylene conical flask, followed by shaking in
a thermostat shaker for 12 h to reach equilibrium. Kinetic
experiments were conducted by adding 0.5 g D201 to 1 L NaBF,
solution (10 mg-F/L) with or without 1000 mg L™" sulfate, fol-
lowed by stirring for 6 h at 298 K and initial pH = 7.0 £+ 0.2.
Aliquots were collected at time intervals to determine the
concentration of BF; . Adsorption isotherms were obtained with
and without 1000 mg L™ sulfate at 298, 308 and 318 K, and pH
= 7.0 £ 0.2. The effects of initial pH on the adsorption of
BF, (10 mg-F/L) onto D201 were investigated with and without
1000 mg L~ " sulfate at 298 K, in a wide pH range of 3-11. The
effects of competing anions on the adsorption of BF, (10 mg-F/
L) were tested by varying the concentration of sulfate, chloride,
nitrate and perchlorate from 0 to 2000 mg L' at 298 K, and pH
= 7.0 =+ 0.2. Unless otherwise stated, each experiment was
conducted in three replicates.

2.5. Fixed-bed experiments

Fixed-bed experiments were conducted by packing 5 mL D201
in a glass column (10 mm in diameter and 240 mm in height),
and a peristaltic pump was utilized to pump the synthetic
wastewater and the secondary effluent from LXWWT up-to-
down through the D201 column. The flow rate was constantly
kept as 20 bed volume (BV)/h, equaling an empty bed contact
time (EBCT) of 3 min. After reaching adsorption saturation,
D201 was regenerated by NaCl solution with a flow rate of 1 BV/
h (EBCT = 6 min). The column adsorption and desorption were
continuously repeated for five cycles.

2.6. Characterization and analysis

The common cations, boron, and silicate were probed by
inductively coupled plasma-optical emission spectrometry (ICP-
OES, Thermo Fisher iCAP7400, USA). The common anions were
analyzed by IC (Thermo Fisher Dionex ICS-1100, USA). Total
organic carbon (TOC) was determined by using a TOC-L¢sy
analyzer (Shimadzu, Japan). The concertation of BF, in
adsorption and desorption experiments was determined with
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a potentiometer (Mettler Toledo InLab, Reference Plus, Swit-
zerland) coupled with a fluoroborate ISE (Mettler Toledo DX287,
Switzerland) by mixing a 5 mL sample with 5 mL TISAB con-
taining 0.5 M Na,SO, and diluting to a constant volume of 25
mL. Fourier transform infrared (FT-IR, Thermo Fisher Nicolet
iS5, USA) spectroscopy was employed to detect the chemical
structure of D201.

3. Results and discussion

3.1. Basic parameters of wastewater

The basic parameters of wastewater from various sections of
LXWWT are described in Fig. 2a. The free fluoride ions in the
raw effluent were around 25 mg L, while the concentration
declined to around 10 mg L' in the coagulation section and
remained almost constant in the subsequent sections. Such
results were reasonable because the polyaluminium chloride
(PAC) used in the coagulation section could remove fluoride
through the formation of an AI-F precipitate and/or ligand
exchange with hydroxide ions. However, it has been extensively
reported that coagulation cannot reduce fluoride below
1.5 mg L~ " under economically acceptable conditions, possibly
owing to the relative high solubility product (Ky,) of the Al-F
precipitate.” The evolution of pH and TOC during wastewater
treatment is displayed in Fig. S1,1 from which one could see
that pH stayed around 7-8. The TOC in the raw water was
around 50 mg L~ " and increased to around 70 mg L' in the
coagulation effluent because of the addition of the organic
coagulant (e.g., polyacrylamide, PAM). After biochemical treat-
ment and biological aerated filtering (BAF), the TOC value was
reduced to below 10 mg L' again. As shown in Fig. 2b, the
elements of boron (B) and magnesium (Mg) were determined to
be 18-30 mg L™ " and 4-10 mg L™ " in the effluents, suggesting
the possible formation of B-F and Mg-F structures in the
effluent. In addition, the elements of Li, Al, Ni, and Cu were in
the range of 0-1.2 mg L™ (Fig. S21).

3.2. Molecular identification of fluoride

F NMR spectroscopy was used to qualitatively identify the
form of fluoride. As depicted in Fig. 2c and S3,t there were two
main peaks (—121.3 and —150.7 ppm) in the wastewater sample
from every section of LXYWWT. Considering that the chemical

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Concentration of free fluoride ions (a) and elemental B and Mg (b) in the effluents from each section of LXWWT, *°F NMR spectra of the
effluents from LXWWT and TXWWT (c), and B NMR spectra of the effluent from LXWWT (d).

shift of "F NMR was extremely sensitive to the surrounding
chemistry such as complex configuration, solution pH, and
even fluoride concentration,* the commercially available fluo-
ride species including NaF and NaBF, were used as the refer-
ences. Obviously, the peak at —121.3 ppm corresponded to the
free fluoride ions,** some of which might integrate with the
coexisting organic matter through electrostatic attraction or
hydrogen bonding. The peak at —150.7 ppm was ascribed to
fluoroborate ions (BF;).** Moreover, the results in Fig. 2d
indicated two main peaks with a chemical shift of 8.9 and —1.5
ppm?** appearing in the ''B NMR spectrum of the secondary
effluent from LXWWT, corresponding to boric acid (H;BOs) and
BF,, respectively. The above results confirmed the presence of
BF, and its hydrolyzed product (H3BOj3) in the electroplating
effluent from LXWWT. Note that the possible formation
of BF;OH ™ could not be ruled out, because it was rather difficult
to distinguish BF; from its partially hydrolyzed products
[BF,_x(OH), x = 1, 2, 3] in "°F and "'B NMR spectra.

To verify whether BF,; ions were ubiquitous in electroplating
wastewater, another secondary effluent sampled from TXWWT
was analyzed with the "’F NMR method. Similar to the waste-
water sampled from LXWWT, there were also two main peaks at
—121.3 and —150.7 ppm in the secondary effluent from
TXWWT, attributed to free F~ ions and BF; ions, respectively.
Such results demonstrated that in addition to free F~,
BF, might be another important species in electroplating
wastewater. The presence of BF, might arise from the use of
fluoroboric acid (HBF,) as an alternative to highly toxic hydro-
fluoric acid (HF) in the surface rinse of the plated parts. We also

© 2022 The Author(s). Published by the Royal Society of Chemistry

made a quantitative analysis of BF, in the wastewater, and the
results are depicted in Fig. S4.f The concentration is around
5 mg L' in the raw effluent and 2-4 mg L " in the subsequent
sections, accounting for about 16% and 30% of total fluoride,
confirming the significance of BF, for deep
defluoridation.

Prior to assessing the practical potential of ion exchange, the
possible hydrolysis of fluoroborate was investigated. As illus-
trated in Fig. 3, the hydrolysis of BF, followed zero-order
kinetics under varying pH and temperature. With pH
increasing from 3 to 11, the apparent rate constant (k,) for
BF; hydrolysis decreased from 0.220 + 0.004 to 0.100 =+
0.005 mg L~* day ', while the rate constant increased from
nearly zero to 0.282 4+ 0.006 mg L' day ' with increasing
hydrolysis temperature from 277 K to 308 K. It has been
extensively reported that BF, ,(OH), (x = 1, 2, 3) and H3;BO;
were formed during the stepwise hydrolysis of BF; (eqn (1)-(4)),
and the generation of BF;OH was the rate-limiting step.
Clearly, the hydrolysis reaction was acid-catalyzed and could be
accelerated with increasing temperature, in agreement with
previous studies.**?® However, the hydrolysis of BF, (initial
concentration 10 mg-F/L) was still very slow and the half-life
time (¢,5) reached 90 days. In other words, there was still
a considerable amount of BF; (up to 80% of the total fluoride)
in wastewater during the treatment process. Hence, the
sequestration of BF; was crucial to deep defluoridation of
electroplating effluent, though adsorptive removal of BF, from
wastewater was rarely reported.

removal

BF; + H,O = BFsOH + F~ + H* (1)

Environ. Sci.: Adv., 2022, 1, 584-593 | 587


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2va00177b

Open Access Article. Published on 19 2022. Downloaded on 12/06/2026 00:42:07.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Advances

View Article Online

Paper
25
TF=10 mg/L k,=0.282 mg-L".d" (b)
2,04 PH=T R?=0.997
21.5- A 308K »
g’ k;=0.105 L'g?
= mg ¢
~1.01 R?=0.992 _—*
— e
[TH
0.5
- = . e
0.0
0 2 4 6 8 10

Time (d)

Fig. 3 Hydrolysis kinetics of BF4 (10 mg-F/L) at temperature =298 K, and pH = 3, 7 and 11 (a) and at temperature = 277, 298 and 308 K, and pH =

25
TFy=10 mg/L (a)
20] T=298K K=0.220 mgL".d" ¥
: R?=0.998 i
J1s] o PH=
(=2} : :::1,1 k;=0.105 mg-L".d"
51 0- R?=0.992 _,
=1 o
-
’* //'/‘/5‘5/0:;’.9 L'd"
R?=0.986
0.0
0 2 4 6 8 10
Time (d)
7 (b).
BF;0H™ + H,O = BF,(OH); + F~ + H" (2)
BF,(OH); + H,0 = BF(OH); + F~ + H* (3)
BF(OH); = H3BO; + F~ (4)
3.3. Adsorption kinetics and isotherms

The strongly basic ion exchange resin D201, i.e., poly (styrene-
co-divinylbenzene) beads modified with quaternary ammonium
groups, has been widely used in water soften and toxic pollutant
removal,"** and therefore it was selected to examine the prac-
tical potential of the ion exchange method in BF; removal. The
chemical structure of D201 is illustrated in Fig. S5.7

Since massive common anions often coexisted in waste-
water, the adsorption kinetics of BF, onto D201 was investi-
gated in the presence or absence of sulfate (1000 mg L™'). As
displayed in Fig. 4a, the adsorption of D201 toward BF, was very
rapid in the first 30 min and reached equilibrium within 3 h.
Such results were not beyond our expectation because ion
exchange (electrostatic attraction) usually exhibit quick
kinetics.*»** The presence of sulfate suppressed the adsorption
kinetics and capacity of D201 toward BF,, mainly owing to
competition for the ion exchange sites. Both adsorption kinetics
could be well fitted with a pseudo-first-order model (eqn (5)).

0/ =0l —e ™) (5)

where Q. (mg g ') and Q, (mg g ') are the amount of
BF, adsorbed at equilibrium and at any ¢ (h), respectively and k
(g mg~' h™") is the rate constant.

The first-order rate constants for the situation with and
without sulfate (1000 mg L") were calculated to be 2.45 + 0.04
and 1.81 & 0.04 h™ ", respectively, and the adsorption capacities
(Qe) were determined to be 20.91 + 0.14 and 13.04 + 0.06 mg
g !, respectively. As a comparison, the presence of 1000 mg L™*
sulfate could completely screen the ion exchange capability of
D201 toward other anionic pollutants including arsenate,*
phosphate,* and fluoride,"* indicating that BF, might possess
a relatively high ion exchange potential than the common
anions. Note that the adsorption kinetics was much faster than

588 | Environ. Sci: Adv,, 2022, 1, 584-593

the hydrolysis kinetics (k, = 0.105 mg L' day ') of BF;, and
thus the structural change of BF, during adsorption was not
considered in this study.

The FT-IR spectra of D201 after adsorption are presented in
Fig. S6.7 The adsorption bands at 1488 and 1477 cm™ " corre-
spond to the vibration of the benzene ring, and the band at
993 cm ™' is assigned to the stretching vibration of C-N. These
bands stem from the polystyrene skeleton and the quaternary
ammonium groups of the D201 host, respectively.***> A new
conspicuous peak at 1049 cm ™' was observed, indicated the
uptake of BF;.

The adsorption isotherms of BF; on D201 with and without
sulfate (1000 mg L") at 298 K are depicted in Fig. 4c, and the
Langmuir model and Freundlich model were employed to fit the
data (eqn (6) and (7)).

_ QmKL Ce
Q= 1+ K.C. (©)
Q. = Kr C{ (7)

where Qp, represents the maximum adsorption capacity (mg
¢~ 1), Ky is the binding constant (L mg™*) which could roughly
reflect adsorption affinity toward the adsorbate, and Ky (mg
¢ )/(mg L™Y)" is the Freundlich constant, and n is the
Freundlich intensity parameter.

Obviously, the adsorption isotherms of D201 toward
BF; were well fitted with the Langmuir model (R* = 0.99). In the
presence of 1000 mg L' sulfate, the maximum adsorption
capacity of D201 towards BF, was calculated to be 191.04 +
14.79 mg g~ ', decreased by ~25% in comparison with the value
without sulfate. Adsorption isotherms were also recorded at
different temperatures (298, 308 and 318 K), and the data
(Fig. 4c) were well fitted with the Langmuir model (eqn (6)). The
fitted parameters are listed in Table S1, based on which one
could calculate the Gibbs energy change (AG°), enthalpy change
(AH?), and entropy change (AS°) from the classic Van't Hoff
equation (eqn (8)-(10)) (Table S2+).

AG° = —RTIn K¢ (8)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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AS°  AH°
wherein,
Kc=M xw x 1000 x Ki, (10

where w represents the number (55.5) of moles of pure water per
liter, and M is the atomic mass of fluorine (18.998).

It was obtained from Table S21 that AG® values at different
temperatures were all negative and the absolute values
increased with temperature, suggesting that the adsorption of
BF, onto D201 occurred spontaneously and the degree of
spontaneity increased with temperature. The negative values
AH° authenticate the exothermic character of adsorption,*®
consistent with the fact that the adsorption capacity declined
with temperature increasing from 298 to 318 K. The positive AS®
value indicated the increase of randomness at the solid/liquid
interface after BF, uptake. Obviously, the adsorption of D201
toward BF; was controlled by entropic change, possibly arising
from the dehydration of the hydrated BF; and/or coulombic
interaction between BF, and the quaternary ammonium
groups, as discussed below.

3.4. Effects of pH and competing anions

With pH increasing from 3 to 11, the adsorption capacity of
D201 toward BF, remained almost constant regardless of
whether sulfate coexisted or not (Fig. 5a). As discussed above,
the hydrolysis of BF, was very slow and therefore it was ignored

© 2022 The Author(s). Published by the Royal Society of Chemistry

during the adsorption process. As BF, existed in the form of
a monovalent anion in a wide pH range (0-14), and the
quaternary ammonium groups in D201 were always positively
charged, the electrostatic attraction between BF, and D201 was
unaffected by varying pH from 3 to 11. Note that under alkaline
conditions, the coexisting OH~ had minor effects on
BF, removal because of the relatively high hydration energy
(—439 kJ mol "), as discussed below. The pH-insensitive
adsorption capacity of a strongly basic ion exchange resin has
been extensively reported before for fluoride®” and nitrate.*"***
As described above, the hydrolysis of BF; was very slow, while
the adsorption was fast. That means, during the fast process of
adsorption, BF, existed stably in its initial form, insensitive to
pH changes. Thus, the performance was also stable at different
pH, distinguished from arsenate and phosphate. Additionally,
under alkaline conditions, the ion exchange of BF, was hardly
affected by the competing hydroxide ion because of its lower
hydration energy than the latter, which was also discussed
below.

The effects of common anions including chloride, nitrate,
and sulfate on the adsorption capacity of D201 are depicted in
Fig. 5b. Clearly, the addition of anions suppressed the adsorp-
tion of D201 toward BF,, mainly because ion exchange was
dominated by nonspecific electrostatic attraction.*® Note that
the anions with low hydration energy (AGyy4°) rather than high
charge density exerted strong competition for BF; adsorption,
e.g., 10 mM sulfate with a AGyyq° value of —1090 kJ mol ™ could
decrease the adsorption capacity toward BF; by 40%, while the

Environ. Sci.: Adv, 2022, 1, 584-593 | 589
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value for 10 mM nitrate (AGnyq® = —328 k] mol ') was 50%. As
discussed above, the adsorption of BF, onto D201 was
controlled by entropic change, and such results illumined that
the dehydration of the hydrated BF; might be the dominant
step determining its adsorption selectivity. Moreover, the
effects of perchlorate with an approximate AGpyq®
(—238 kJ mol ") compared to BF; (—220 k] mol ') was inves-
tigated, and 10 mM perchlorate suppressed the adsorption
capacity of D201 toward BF, by ~86%, further demonstrating
the key role of dehydration in the removal of BF, . The plausible
mechanism for BF, removal is illustrated in Fig. 5c. The
removal of BF; from water was due to the electrostatic attrac-
tion by the positively charged quaternary ammonium groups. A
nonspecific equilibrium exchange occurred between BF, and
the anti-ions (i.e., Cl7) in D201. The adsorption selectivity may
depend on the hydration energy of the ions and the hydrophi-
licity of the resin matrix. Specifically, the ion with a lower
hydration energy (e.g., BF;) exhibited a higher exchange
potential, and the hydrophobic microenvironment could facil-
itate the dehydration and the subsequent ion exchange process
of BF;.%®

3.5. Fixed-bed adsorption and regeneration

Given that the flow-through system has been widely adopted in
practical water treatment, the column adsorption of D201

590 | Environ. Sci.: Adv, 2022, 1, 584-593

toward synthetic and real electroplating wastewater was carried
out. The basic parameters of the synthetic water could be found
in Fig. 6a. Negligible BF, was detected in the initial 400 bed
volume (BV) effluent even under strong competing conditions
(1000 mg L~ sulfate), thanks to the high adsorption selectivity
of D201 toward BF,. Afterwards, the concentration of
BF, increased and exceeded 10 mg-F/L at around 1500 BV. The
effective treatment amount of 1500 BV was comparable with the
most efficient adsorbents for the advanced removal of other
toxic anions from water.>*”"** Our preliminary study suggested
that NaCl solution (20 wt%) could regenerate the exhausted
D201 efficiently in batch assays (Fig. S7t). As displayed in
Fig. 6b, in the column mode, it required around 22 BV NaCl
solution (20 wt%) to refresh the exhausted D201 (desorption
rate n = 90%), and the maximum BF, concentration in the
desorption effluent reached around 1300 times (1.3 g-F/L) the
initial concentration in the synthetic wastewater. Cyclic column
adsorption-desorption runs suggested that the effective treat-
ment amount declined from 1500 BV to 1400 BV in the 2nd run,
possibly due to the irreversible occupation of the ion exchange
sites by the anions (Cl~ or BF,). In the subsequent runs, the
effective treatment amount always remained at around 1400 BV
with a constant desorption rate (n) more than 90%, demon-
strating the excellent reusability of D201 for BF, removal. The
column adsorption toward the real electroplating wastewater

© 2022 The Author(s). Published by the Royal Society of Chemistry
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from LXWWT (the BAF effluent) is described in Fig. 6c. Obvi-
ously, there were massive sulfate, chloride, and nitrate coex-
isting in the real electroplating effluent, and the D201 column
was still capable of purifying more than 550 BV wastewater with
the BF, concentration below 1.5 mg-F/L. The regeneration
eluents can be recycled by adding Ca(OH), or/and CaCl,. Adding
Ca(OH), could promote the transformation of BF; into F ,*
which can be reduced to a relatively low level (<10 mg L") by
precipitation with Ca**.*® After solid-liquid separation, the
regeneration eluents can be recycled for regeneration of the
resin.

4. Conclusion

Herein, with the help of '°F and ''B NMR analysis, we demon-
strated the ubiquitous existence of BF, in electroplating efflu-
ents as a major fraction of fluoride. The possible hydrolysis of
BF,, which released free fluoride ions, in wastewater was
confirmed to be very slow and the half-life time (¢, 5) reached 90
days. The molecular identification guided us to remove
BF, through ion exchange by using the commercially available
strongly basic resin D201. The adsorption of D201 toward
BF; followed pseudo-first-order kinetics (k; = 2.45 h™") with an
equilibrium time of less than 3 h. Adsorption isotherms were
fitted well with the Langmuir model, with the maximum
adsorption capacity of 257.25 mg g~ " at 298 K. Attractively, the
adsorption of D201 toward BF, exhibited strong resistance
against the common coexisting anions including sulfate and

© 2022 The Author(s). Published by the Royal Society of Chemistry

chloride, mainly thanks to the low hydration energy AGyyqg°
(—220 kJ mol™") of BF;. In the fixed-bed adsorption, the D201
column could successively produce more than 850 BV clean
water with BF; below 1.5 mg-F/L, and the exhausted D201 was
steadily refreshed by using NaCl solution for cyclic use with only
a slight decrease (~100 BV) in the effective treatment amount.
Also, the D201 column exhibited satisfactory defluoridation
performance toward the realistic electroplating effluent,
producing more than 460 BV clean water with BF, below 1.5
mg-F/L. We anticipated that this study may inspire more
attempts at analyzing the fluoride species in various industrial
effluents and at developing the corresponding defluoridation
process for industrial effluents.
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