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from groundwater†
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This study presents a new type of biomassmaterial for defluoridation fromwater; the material was prepared

by loading tetravalent zirconium ions onto grape pomace produced from grape juicing and wine factories.

Experiments showed that the optimum pH of defluoridation is around 3.0, and the fluorine removal

efficiency could reach 96.13% for one-time contact. In batchwise adsorption tests, it was very interesting

to find that even at pH values near 10, at which traditional adsorbents usually do not function for

defluoridation, the removal efficiency of fluoride was still more than 90% for the Zr(IV)-loaded grape

pomace (Zr(IV)-GP) biosorbent; proton release from Zr(IV)-GP was confirmed to cause an automatic

decrease of the pH, which can save additional acid consumption in the case of one-time use and render

the defluoridation more convenient and efficient. The maximum adsorption capacity of Zr(IV)-GP was

7.54 mg g�1; as a comparison, the maximum adsorption capacities of zirconium-loaded strongly acidic

ion exchange resin D001 and zirconium-loaded weakly acidic ion exchange resin D113 were evaluated

to be 4.85 mg g�1 and 1.14 mg g�1, respectively. The effects of coexisting anions, such as Cl�, NO3�,

SO4
2�, CO3

2� and HPO4
2�, on the fluorine removal efficiency were also examined; it was found that

CO3
2� and HPO4

2� anions had drastically adverse effects on defluoridation, while Cl�, NO3�, and SO4
2�

appeared not to interfere. Real groundwater containing 1.8 mg L�1
fluoride sampled from Guanzhuang

Village in Haixing County of Hebei Province was used for defluoridation through a continuous column

adsorption process; it was found that pre-adjusting the groundwater pH affected the purification

efficiency drastically, i.e., the time of the breakthrough point for the inlet groundwater pH at 3.0 was

about 8 times longer than that at the original pH of 8.18. In addition, the Zr(IV)-GP adsorbent retained

good adsorption capacity even after 3 cycles of adsorption–desorption–adsorption operations,

indicating that the synthesized zirconium-loaded grape pomace is a very promising new fluorine-

removing material for groundwater purification.
1. Introduction

Fluoride is one of the essential trace elements in the human
body. Appropriate intake of uoride can stimulate the vitality of
osteoblasts and strengthen teeth and bones.1–4 However, once
the uorine in the human body exceeds a certain concentration,
it will inhibit osteoblasts, causing dental uorosis and, in severe
cases, growth retardation, infertility, and even damage to the
kidneys and the nervous system. The uorine content of safe
drinking water in China is not permitted to exceed 1.0 mg L�1,
and theWorld Health Organization (WHO) standard is less than
1.5 mg L�1.5,6 At present, more than 200 million people around
Engineering, University of Science and
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the world are drinking groundwater with a uoride concentra-
tion of more than 1.5 mg L�1; the most serious situation is in
India. According to open reports, more than 66 million people
in India suffer from uorosis, including 4 million children
under the age of 14.7–9 Therefore, solving the problem of uo-
rine pollution in drinking water has become one of the main
tasks of researchers worldwide.

There are many techniques for removing uoride from
water, such as electrodialysis,10,11 ion exchange,12,13 nano-
ltration,14–16 reverse osmosis,17 precipitation,18 and adsorp-
tion.19–22 Electrodialysis, ion exchange, nanoltration and
reverse osmosis are all efficient methods for deuoridation;
however, they are complicated, costly, and impractical for some
less developed and developing countries. The precipitation
method usually uses a calcium salt to convert uoride in water
into a calcium uoride precipitate for removal. This is a simple
and low-cost uorine removal method; however, it is only useful
for water containing high concentrations of uorine. In water
with low concentrations of uorine, it is difficult to decrease the
uoride in water to below 1.5 mg L�1 by this method. In
RSC Adv., 2019, 9, 7767–7776 | 7767
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Fig. 1 FTIR spectra of raw grape pomace (GP), zirconium-loaded
dried grape pomace (Zr(IV)-GP) and grape pomace with absorbed
fluoride (Zr(IV)-GP-F�) in the range from 4000 to 400 cm�1.
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contrast, adsorption for uorine removal is being extensively
studied by many researchers because of its low cost, simple
operation, and abundant raw material sources.23–26 In recent
years, various adsorbents have been reported for the removal of
uoride in water, such as activated carbon,27,28 activated
alumina,29–31 bone charcoal,32–34 ion exchangers loaded with
high-valent metals,35,36 and biosorbents loaded with rare earth
elements.37 However, these adsorbents may have low selectivity
and experience interference from other anions in water,
resulting in poor adsorption efficiency. For example, deuor-
idation using activated aluminum requires frequent elution due
to its very small adsorption capacity for uoride in practical
cases; it also inevitably produces soluble aluminum ions in the
water, which have been recognized as harmful to human health.
Therefore, it is quite necessary to develop new cost-effective
adsorbents for deuoridation of drinking water.

In this study, a novel uorine-removingmaterial was designed
in which zirconium ions are loaded onto discarded grape
pomace, which is abundantly produced in grape juicing and wine
factories. Zirconium is a typical rare metal that mostly exists in
the tetravalent state in aqueous solutions and has a strong
tendency to hydrolyze in water to form hydrate species such as
ZrO2+-(OH)n; due to these properties, it is usually used as the
basic functional component for anion exchange. Preliminary
experiments showed that the Zr-loaded grape pomace gel had
high efficiency and good selectivity for deuoridation. The
development of this adsorbent material may provide a valuable
reuse for grape waste. In order to compare the effects of the
matrix materials on the deuoridation efficiency, a strongly
acidic ion exchange resin, D001, with –SO3H functional groups
(abbreviated as Zr(IV)-D001 hereaer) and a weakly acidic ion
exchange resin, D113, with –COOH functional groups (abbrevi-
ated as Zr(IV)-D113 hereaer) were both chosen for loading of
ZrO2+ and testing of uoride removal efficiency.

2. Materials and methods
2.1. Chemicals and instruments

The chemicals used in this study were of analytical grade and
did not require further purication. Nitric acid (HNO3), sodium
hydroxide (NaOH), sodium uoride (NaF), sodium nitrate
(NaNO3), sodium chloride (NaCl), disodium hydrogen phos-
phate (Na2HPO4$12H2O), sodium sulfate (Na2SO4) and sodium
carbonate (Na2CO3) were purchased from Beijing Chemical
Factory. Zirconium oxychloride octahydrate (ZrOCl2$8H2O) was
purchased from Tianjin Guangfu Fine Chemical Research
Institute. The uoride concentrations and pH values of the
aqueous solutions were measured using a PF-1-C type uoride
ion selective electrode and a pH meter, respectively, which were
purchased from Shanghai Yue-Ci Electronic Technology Co.,
Ltd. The morphologies and elemental compositions of the
adsorbents were observed using a scanning electron micro-
scope and energy dispersive spectrometer (ZEISS), and the
composition of the functional group of the adsorbent was
observed using a Fourier transform infrared spectrometer
(IRTracer-100). The uoride stock solution was prepared by
dissolving 2.21 g of NaF in 1000 mL deionized water. In
7768 | RSC Adv., 2019, 9, 7767–7776
addition, other solutions of uoride ions with different
concentrations were prepared by diluting the stock solution.
2.2. Preparation of Zr(IV)-loaded grape pomace

The grape pomace used to prepare the adsorbent in this study was
produced at the Xingtai Grape Wine Company, Hebei Province.
First, the grape pomace was washed with deionized water several
times to remove the contaminants on the surface of the grape
pomace; then, by drying the cleaned grape pomace in an oven at
60 �C for 24 hours, the dried grape pomace was obtained and
further crushed by a mechanical crusher, passed through a 40
mesh sieve, and collected for zirconium loading. Next, ten grams of
dried grape pomace powder was added to 0.1 mol L�1 ZrOCl2-
$8H2O solution with an initial pH of 1.35. Aer stirring for 24
hours, the pH of the solution was found to be 1.11. Aer ltration,
the lter cake was washed three times with deionized water to
remove unloaded zirconium ions on the surface of the grape
pomace, and the zirconium-loaded grape pomacewas then dried in
an oven at 60 �C. Aer drying for 24 hours, the prepared adsorbent
was collected for deuoridation tests in the following experiments.
2.3. Preparation of Zr(IV)-D001 and Zr(IV)-D113

The strongly acidic ion exchange resin D001 and the weakly
acidic ion exchange resin D113 used in this study were
purchased from Jiangsu Suqing Water Treatment Engineering
Group Co., Ltd. First, pretreatment was performed for the D001
and D113 resins to remove various impurities and contami-
nants in the synthetic processes, and 10 g of each resin aer
pretreatment was added to a prepared 0.1 mol L�1 ZrOCl2$8H2O
solution with an initial pH of 1.35. Aer stirring for 24 hours,
the pH values of the Zr(IV)-D001 and Zr(IV)-D113 solutions shif-
ted to 1.13 and 1.15, respectively. Aer ltration, the resins were
washed several times with deionized water to remove unloaded
zirconium ions on the surface of the resins; then, the wet Zr(IV)-
D001 and Zr(IV)-D113 were placed in different labeled reagent
bottles for use.
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 SEM/EDS images of raw grape pomace (GP), zirconium-loaded dried grape pomace (Zr(IV)-GP) and grape pomace with adsorbed fluoride
(Zr(IV)-GP-F�).

Fig. 3 Effects of adsorbent dosage on equilibrium time at different S/L
ratios of adsorbents (initial fluoride concentration¼ 19.91mg L�1, pHi¼ 3,
temperature¼ 25 �C, solution volume¼ 20 mL, contact time ¼ 60 min).

Fig. 4 Effects of contact time on fluoride adsorption using Zr(IV)-GP,
Zr(IV)-D001 and Zr(IV)-D113 (initial fluoride concentration ¼
19.91 mg L�1, pHi ¼ 3, temperature¼ 25 �C, solution volume ¼ 20 mL,
weights of adsorbents ¼ 120 mg, 700 mg, 700 mg, respectively).
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2.4. Characterization of the adsorbent

Examination of GP, Zr(IV)-GP and Zr(IV)-GP-F� was carried out
using a Fourier transform infrared spectrometer (IRTracer-100)
to analyze the functional groups. Scanning electron microscopy
This journal is © The Royal Society of Chemistry 2019
(SEM) and energy dispersive spectrometry (EDS) were used to
observe the surface morphologies and chemical compositions
of the adsorbents before and aer adsorption of zirconium ions
RSC Adv., 2019, 9, 7767–7776 | 7769
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Fig. 5 Effects of pHi on fluoride adsorption using Zr(IV)-GP, Zr(IV)-
D001 and Zr(IV)-D113 (initial fluoride concentration ¼ 19.91 mg L�1,
temperature ¼ 25 �C, solution volume ¼ 20 mL, contact time ¼
60 min, weights of adsorbents ¼ 120 mg, 700 mg, 700 mg,
respectively).

Table 1 Isotherm parameters for fluoride adsorption on various
adsorbents from aqueous solution

Adsorbent

Langmuir model parameters

pH qmax (mg g�1) b (L mg�1) R2

Zr(IV)-GP 3.0 7.54 1.121 0.99
Zr(IV)-D001 3.0 4.85 0.020 0.96
Zr(IV)-D113 3.0 1.14 0.013 0.88

Fig. 6 (a) Adsorption isotherms of fluoride on Zr(IV)-GP, Zr(IV)-D001
and Zr(IV)-D113: (b) corresponding Langmuir plots (initial fluoride
concentration ¼ 19.91 mg L�1, temperature ¼ 25 �C, pHi ¼ 3, solution
volume ¼ 20 mL, contact time ¼ 60 min, weights of adsorbents ¼
120 mg, 700 mg, 700 mg, respectively).
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and adsorption of uoride. The amount of Zr(IV) ions loaded on
the GP was quantitatively evaluated by dissolving 20 mg of Zr(IV)-
GP in 8 mL of aqua regia. Aer ltration, the total concentration
of zirconium ions loaded on the grape pomace was determined
by ICP/AES. The amount of zirconium ions leaking during the
adsorption of uoride by Zr(IV)-GP was also tested by ICP/AES.

2.5. Batchwise adsorption tests

Batch adsorption experiments were performed for the three
different adsorbents to investigate their adsorption performance
for uoride. Fluorine removal efficiency was investigated by
controlling the time, amount of adsorbent, initial pH and initial
uoride concentration. The adsorption ratio and adsorption
capacity were calculated by the following two equations:

% A ¼ Ci � Ce

Ci

� 100% (1)

q ¼ Ci � Ce

W
� V (2)

where Ci and Ce are the initial concentration (mg L�1) and
equilibrium concentration of uoride, respectively. W is the dry
weight of the adsorbent (mg), and V is the volume of uoride
solution (mL).

Kinetic tests were carried out in order to study the equili-
bration times and the diffusion constants for uoride adsorp-
tion. In each experiment, 120 mg of Zr(IV)-GP adsorbent and
20 mL of uoride solution (19.91 mg L�1) were mixed together
and stirred for a certain time; then, 700 mg wet Zr(IV)-D001 and
Zr(IV)-D113 resins, which equated to 120 mg dried adsorbents,
were also mixed with 20 mL uoride solution (19.91 mg L�1)
and then stirred for a certain time. The adsorption isotherm of
uoride was investigated by changing the initial concentration
of uoride. The repeated adsorption–desorption of Zr(IV)-GP
was carried out using 0.1 mol L�1 NaOH to investigate the
reusability of the Zr(IV)-GP adsorbent.
7770 | RSC Adv., 2019, 9, 7767–7776
2.6. Continuous adsorption and elution tests

The capability of Zr(IV)-GP to remove uoride from water and
the regeneration performance of the adsorbent were evaluated
using a continuous xed bed column with an inner diameter
and height of 1.0 cm and 25 cm, respectively. The uoride in the
This journal is © The Royal Society of Chemistry 2019
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xed bed experiment was set initially at 10.03 mg L�1, the initial
pH at 3.0, the ow rate at 1.0 mL min�1, and the amount of
adsorbent at 500 mg. The column adsorption experiment was
carried out until the uoride concentration of the effluent
approached the initial concentration. The effluent uoride
concentration was analyzed by a uoride ion-selective electrode.
When the continuous adsorption experiment was complete, the
xed bed column was washed several times with deionized
water and then desorbed using 0.1 mol L�1 NaOH.
3. Results and discussion
3.1. Characterization of Zr(IV)-GP

3.1.1. Analysis of infrared (IR) spectra. In order to investi-
gate the compositions of the adsorbent functional groups,
infrared spectroscopy analysis was performed on raw grape
pomace (GP), Zr(IV)-GP and uoride-adsorbed Zr(IV)-GP,
respectively. As shown in Fig. 1, the strong peaks observed for
Table 2 Comparison of adsorption capacities for fluoride on different a

Adsorbent pH Temp

Zr(IV)-GP 3 25
Zr(IV)-D001 3 25
Zr(IV)-D113 3 25
La-impregnated chitosan
beads

5 30

Protonated chitosan beads 7 30
Modied native cellulose — 25
200CT-Zr resin 2.4 30
Hydrous MnO2-coated
alumina

4–6 25

La-SOJR 4 30
Al–Zr impregnated cellulose — —
Activated alumina — —

Fig. 7 Effects of co-existing interfering ions during the adsorption of
fluoride onto Zr(IV)-GP (initial fluoride concentration ¼ 19.91 mg L�1,
temperature ¼ 25 �C, solution volume ¼ 20 mL, contact time ¼
60 min, weight of adsorbents ¼ 120 mg, pHi ¼ 3).

This journal is © The Royal Society of Chemistry 2019
the original GP at 3423, 2927, 1739 and 1631 cm�1 are related to
the stretching vibrations of –OH, –CH2, –COO and –C]O,
respectively. The peak value of 1631 cm�1 changed to 1625 cm�1

aer loading zirconium ions, which may be due to ion exchange
between the hydrogen ions on the grape pomace and the
zirconium ions. Therefore, infrared spectroscopy indicates that
carbonyl functional groups play a key role in zirconium ion
loading. The xed zirconium ions in the grape pomace form
hydrate compounds, which have anion exchange capability with
uoride ions in aqueous solution to remove uoride fromwater.

3.1.2. Analysis of SEM and EDS. As shown in Fig. 2, the
morphologies and elemental compositions of the original grape
pomace (GP), zirconium-loaded grape pomace (Zr(IV)-GP) and
grape pomace aer adsorption of uoride (Zr(IV)-GP-F�) were
analyzed by scanning electron microscopy (SEM) and energy
dispersive spectrometry (EDS), respectively. Fig. 2(a) shows
a cross-section of the original grape pomace; the surface is
porous and has a large surface area, which should provide
dsorbents

erature (�C) qmax (mg g�1) Ref.

7.54 This study
4.85 This study
1.14 This study
4.56 41

7.22 42
8.55 43
9.50 44
7.03 45

20.14 46
5.76 47
2.40 48

Fig. 8 Leakage of loaded zirconium ion from Zr(IV)-GP with varying
concentrations of fluoride at different pH values (temperature¼ 25 �C,
solution volume¼ 20 mL, contact time¼ 60min, weight of adsorbent
¼ 120 mg).

RSC Adv., 2019, 9, 7767–7776 | 7771
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convenient conditions for the loading of zirconium ions and
uoride ions, and the raw grape pomace is mainly composed of
C, Cl and O elements. Fig. 2(b) shows the epidermal
morphology aer loading zirconium ions. It is apparent from
the energy spectrum that a large number of zirconium ions are
loaded on the surface of the grape pomace to form the active
sites. Fig. 2(c) shows the epidermal morphology aer adsorp-
tion of uoride; the energy spectrum shows that uoride ions
were also successfully adsorbed, which can be ascribed to ion
exchange.
Fig. 9 Adsorption/desorption cycle tests of Zr(IV)-GP (initial fluoride
concentration ¼ 1.8 mg L�1, initial pHi ¼ 3, temperature ¼ 25 �C,
solution volume¼ 20 mL, contact time¼ 60min, weight of adsorbent
¼ 120 mg).
3.2. Batchwise adsorption tests

3.2.1. Effects of adsorbent dosage. In order to investigate
the effects of the amount of adsorbent on the adsorption effi-
ciency, the amount of Zr(IV)-GP was varied from 30mg to 480mg
and the wet Zr(IV)-D001 and Zr(IV)-D113 were varied from 175mg
to 2800 mg, corresponding to the same dried mass values of
Zr(IV)-GP. The initial concentration of uoride was
19.91 mg L�1, the volume of the solution was 20 mL, and the
initial pH was set at 3. As shown in Fig. 3, adsorption equilib-
rium could be achieved when 120 mg of Zr(IV)-GP was added;
however, for Zr(IV)-D001 and Zr(IV)-D113, reaction equilibrium
was attained at 700 mg and 1400 mg, respectively. This indi-
cates that the adsorption efficiency of Zr(IV)-GP for uoride
removal is much higher than those of Zr(IV)-D001 and Zr(IV)-
D113.

3.2.2. Effects of contact time. Experiments to investigate
the effects of adsorbent contact time on uoride adsorption on
Zr(IV)-GP, Zr(IV)-D001 and Zr(IV)-D113 were carried out in the
time range of 10 min to 300 min. The initial concentration of
uoride was 19.91 mg L�1, the initial pH was set at 3, and the
amounts of Zr(IV)-GP, Zr(IV)-D001 and Zr(IV)-D113 were set at
120, 700, and 1400 mg, respectively. As shown in Fig. 4, the
amount of uoride adsorbed at the beginning increased rapidly
with time, and all samples reached equilibrium aer 1 h of
contact. The equilibrium adsorption amounts of Zr(IV)-GP,
Zr(IV)-D001 and Zr(IV)-D113 were 3.21, 0.532 and 0.304 mg g�1,
respectively; it was obvious that the biosorbent had the advan-
tage of much greater adsorption capacity for uoride.

3.2.3. Effects of pH. The initial pH of the solution plays
a crucial role in uoride adsorption; it may affect the number of
chemically active sites by changing the surface charging state
under different pH values. In order to determine the optimum
pH, the initial pH of the solution was varied between 2 and 9. As
shown in Fig. 5, when the pH was set at 3, the adsorption
performance of all three adsorbents exhibited the best effi-
ciency, and the highest adsorption efficiency of Zr(IV)-GP
reached 96.13%. In the above studies, it could be found that
when the initial pH of the solution was greater than 5, the
adsorption ratio became poor; this is obviously due to compe-
tition of –OH at higher pH and also because the surface negative
charges of Zr(IV)-GP at pH values above 5 became fairly strong,
which repels the approaching uoride anions strongly, as
demonstrated in Fig. 2 (ESI).†38,39 In batchwise tests, it was
found that when the initial pH was adjusted to 9, Zr(IV)-GP
retained a good adsorption effect for uoride, and the
7772 | RSC Adv., 2019, 9, 7767–7776
adsorption ratio could reach 87.74%. By monitoring the pH
before and aer the reaction, it was found that the main reason
for the above phenomenon was that Zr(IV)-GP itself can lower
the pH of the solution to below 5, thereby avoiding the inter-
ference of hydroxyl ions in the adsorption of uoride ions by the
adsorbent. It is an important nding that Zr(IV)-GP can effec-
tively remove uoride from a uorine-containing aqueous
solution in the case of pH values greater than 5 and without
adjusting the pH in advance. Obviously, the protons were
released from the Zr(IV)-GP biosorbent. Additionally, the raw
grape pomace gel was used to test its adsorption for uoride; no
removal efficiency was conrmed, which veries that the exis-
tence of zirconium in the grape pomace specically contributed
to its removal efficiency for uoride.

3.2.4. Adsorption isotherms of uoride. As shown in
Fig. 6(a), the adsorption isotherms of uoride by the Zr(IV)-GP,
Zr(IV)-D001 and Zr(IV)-D113 adsorbents were tested and
compared. As shown, when the concentration is low, the rising
curve is quite steep. When the concentration is higher, the curve
approaches a platform, which is consistent with the typical
single-layer adsorption law. The experimental data were
modeled using the Langmuir model, and the formula is as
follows:40

Ce

qe
¼ 1

qmaxb
þ Ce

qmax

(3)

where Ce (mg L�1) and qe (mg g�1) in the formula are the
adsorption equilibrium concentration and the adsorption
amount, respectively. qmax (mg g�1) is the maximum adsorption
capacity and b (L mg�1) is the Langmuir constant, which is an
adsorption equilibrium constant related to the binding energy
associated with the adsorption process. Fig. 6(b) shows the
adsorption isotherm tted according to formula (3). The
maximum adsorption capacities and constants b of the three
adsorbents can be calculated from the tted formula, as listed
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra00109c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ar
ch

 2
01

9.
 D

ow
nl

oa
de

d 
on

 6
/9

/2
02

6 
3:

05
:4

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
in Table 1. As seen from the table, the maximum adsorption
capacity of Zr(IV)-GP is 7.54 mg L�1, which is much larger than
those of the other two adsorbents. Also, the correlation coeffi-
cients of the three adsorbents are close to 1 for tting, which
further indicates that the adsorption behavior is consistent with
the Langmuir model. Table 2 lists the maximum adsorption
capacities and optimum pH values of adsorbents tested by other
researchers. It can be seen from the table that the maximum
adsorption capacity of the adsorbent used in this study is much
larger than those of most other adsorbents; also, the adsorbent
used in this study is low-cost, safe and non-toxic, and does not
cause secondary pollution to the environment, demonstrating
good prospective real applications in the deuoridation of
groundwater which contains excessive uoride.

3.2.5. Effects of co-existing ions. There are usually some
interfering impurity ions in actual uorine-containing water.
Scheme 1 Mechanism of fluoride adsorption and desorption on the Zr(

This journal is © The Royal Society of Chemistry 2019
Therefore, this experiment explored the effects of various
interfering ions on the selective uorine removal efficiency of
Zr(IV)-GP. As shown in Fig. 7, the effects of some high concen-
tration anions, such as chloride, nitrate, carbonate, phosphate
and sulfate, on the selective uorine removal of Zr(IV)-GP at
different pH values were investigated. It can be seen from the
gure that 100 mg L�1 of sulfate, nitrate and chloride did not
inuence the selective deuoridation of Zr(IV)-GP, while high
concentrations of carbonates and phosphates had adverse
effects on the selective removal of uoride using Zr(IV)-GP.

3.2.6. Leakage of loaded Zr(IV) ions from grape pomace. As
mentioned, uoride ions form very stable complexes with high-
valent metal ions such as Fe3+, Al3+ and ZrO2+, according to the
study of Taishi Kobayashi and Kenso Fujiwara;49,50 the Zr(IV)
loaded in the grape pomace may leak into the water due to
possible coordination with uoride anions in the deuoridation
IV)-loaded grape pomace particles.

RSC Adv., 2019, 9, 7767–7776 | 7773
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process, especially under acidic conditions. The present study
explores the effects of uoride concentration and pH on the
leakage of loaded zirconium ions from the grape pomace. As
shown in Fig. 8, at low pH, when the initial uoride concen-
tration is below 20 mg L�1, the amount of Zr(IV) leakage is
negligible for all the investigated pH values. However, as the
initial concentration of uoride increases, the amount of Zr(IV)
leakage into the solutions increases. At high pH, even at high
concentrations of uoride ions, the leakage of Zr(IV) is negligible
at alkaline pH, indicating that the desorption of the uoride by
0.1 mol L�1 NaOH does not cause any leakage of the supported
metal ions.

3.2.7. Adsorption/desorption studies on Zr(IV)-GP. In order
to investigate the reutilization performance of the adsorbent,
a series of adsorption–desorption–adsorption experiments were
carried out. The initial concentration of uoride was set at
19.91 mg L�1, and the initial pH of the solution was 3. Previous
studies have shown that sodium hydroxide solution can effec-
tively desorb adsorbed uoride; therefore, the adsorbent was
eluted using 0.1 mol L�1 NaOH in the present study. As shown
in Fig. 9, aer six consecutive cycles of adsorption–desorption,
the adsorbent retained very good adsorption efficiency, and the
adsorption ratio reached over 80%. The above results show that
Zr(IV)-GP can maintain good adsorption capacity even aer
several repeat uses, which can greatly reduce its cost in practical
applications.

3.2.8. Fluoride adsorption/desorption mechanism.
According to a study by Ilce Gabriela Medina-Meza,51 large
numbers of chemical groups such as polyphenols and antho-
cyanins can be extracted from grape pomace, and it also
Fig. 10 Breakthrough curve of real groundwater in a fixed bed column w
25 �C, flow rate ¼ 1.0 mL min�1, weight of adsorbent ¼ 500 mg, bed de

7774 | RSC Adv., 2019, 9, 7767–7776
contains large amounts of pectic acid and other substances. The
presence of these substances provides abundant active sites for
the loading of zirconium ions via a cation exchange process. As
shown in Scheme 1a, the residual carboxyl groups on pectic
acid, whose main component is a polysaccharide polymer
existing in the form of a free acid, form a stable metal chelate
with zirconium ions. During the loading process, all the positive
charges of the supported metal zirconium ions are unlikely to
be electro-neutralized by the carboxyl groups because the large
polymeric chains of pectic acid have large steric hindrance.
Therefore, the loaded zirconium has only one or two positive
charges, and the other zirconium ions are probably electro-
neutralized by various anions, such as hydroxide ions present
in water. The hydroxide ions are anion-exchangedwith uoride in
the water to remove uoride ions in the water. Additionally, this
adsorption mechanism also can be shown in Scheme 1b; grape
pomace contains large amounts of polyphenolic substances, the
hydroxyl groups on the polyphenolic substances form stable
chelates with the metal zirconium ions, and the metal zirconium
ions are also neutralized by various anions, such as hydroxide
ions, present in the water. These hydroxide ions undergo ligand
exchange with anions during adsorption to remove uorine from
the water.52,53 The adsorbed uoride ion can be eluted with NaOH
and also by ligand exchange reactions between uoride ion and
hydroxide ion.
3.3. Column tests

In order to provide guidance for practical applications on a large
scale, the present study evaluated the ability of Zr(IV)-GP to
ith Zr(IV)-GP (initial fluoride concentration ¼ 1.8 mg L�1, temperature ¼
pth ¼ 3.5 cm).

This journal is © The Royal Society of Chemistry 2019
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remove uoride in a continuous xed bed column. A real
groundwater sample containing 1.8 mg L�1

uoride taken from
Guanzhuang Village in Haixing County of Hebei Province,
China, was used for the continuous column deuoridation test.
Firstly, the groundwater was directly percolated through the
Zr(IV)-GP packed column without pre-tuning the pH; as shown
in Fig. 10, the breakthrough point was about 120min. The pH of
the outlet water was 6.20 in the early run and increased grad-
ually with owing time, reaching the original pH of the
groundwater at 8.18. Obviously, the protons in the Zr(IV)-GP gel
leaked into the owing water, leading to a decrease in the pH of
the early inlet water; however, it was consumed quickly and no
longer caused a pH increase of the outlet water aer a period of
time. Taking the deuoridation efficiency into account, the pH
of the inlet groundwater was adjusted by acidication in
advance. Fig. 10 indicates that the groundwater at pH 3.0
increased the deuoridation capacity to at least 8 times than
that at the pH of the original groundwater sample (8.18). Two
and three cycles of adsorption/elution operations caused the
deuoridation efficiency to decrease gradually; however, at least
80% of the adsorption capacity was retained. Fig. 10 also
demonstrates that aer elution using 0.1 mol L�1 NaOH solu-
tion, the uoride concentration in the eluent reached
125.3 mg L�1, which is about 70 times higher than the initial
uoride concentration (1.8 mg L�1). The above experiments
show that the xed bed column equipped with Zr(IV)-GP
adsorbent has good removal performance for trace uoride in
water. This study provides the possibility of practical applica-
tion of the adsorbent for the deuoridation of groundwater.

4. Conclusion

This study reports a new type of uorine-removing biomaterial
which has been experimentally conrmed to provide superior
deuoridation of zirconium-loaded grape pomace in compar-
ison with traditional resins. Energy dispersive X-ray (EDS)
spectroscopy, Fourier transform infrared (FTIR) spectroscopy
and other techniques conrmed that uoride ions were
successfully adsorbed on Zr(IV)-GP. The Langmuir isotherm
model well describes the equilibrium data of uoride adsorp-
tion on Zr(IV)-GP. Column adsorption tests veried that pre-
adjusting the groundwater pH increased the uoride removal
capacity by about 8 times that of the original groundwater pH of
8.18. Aer three cycles of adsorption/elution, the deuoridation
efficiency decreased slightly, showing that Zr(IV)-GP is an
excellent uorine removal material that may nd real applica-
tion in the practical groundwater purication eld.
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