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ABSTRACT

For resource utilization, water treatment residual sludge (WTRS) and its cerium-modified
product (Ce-WTRS) were used as adsorbents to remove F  from aqueous solution. The
adsorbent materials were characterized by energy dispersive X-ray, scanning electron micro-
scope, X-ray diffraction, Fourier transform infrared, and specific surface area test tech-
niques. Different experimental conditions such as pH, initial F~ concentration, contract time,
and temperature were investigated. The appropriate adsorption capacity was achieved in
the pH range of 3-9. Adsorption kinetics, isotherm, and thermodynamic studies were used
to illustrate the nature of F onto adsorbents materials. Good fitting of pseudo-second-order
kinetics model indicated the chemisorption nature. Further analyses of intra-particle diffu-
sion model were carried out to determine the rate controlling step. It was found that the
Langmuir and Temkin isotherm models fitted the experimental data better. The maximum
adsorption capacity (g,) determined by Langmuir isotherm model was 1545mg/g for
Ce-WTRS, 22% higher than WTRS. The negative values of AG? indicated the feasibility and
spontaneity of material-fluoride interaction. AH? >0 for Ce-WTRS demonstrated the endo-
thermic nature, while AH? <0 for WTRS suggested an exothermic procedure. Ion exchange
and complex reaction were identified as the main mechanism of fluoride adsorption.

Keywords: Fluoride; Adsorption; Water treatment residual sludge; Cerium modification;
Characterization; Kinetics; Isotherm

1. Introduction processes. Typically, the waterworks sludge contains
soil particle, colloidal material, microbial species, res-
idues of other chemicals (i.e. polymers), and cationic
flocculation. These compositions and groups have
made WTRS a potential adsorbent for harmful ions
*Corresponding author. removal. Previous studies have reported the ability

Water treatment residual sludge (WTRS) is a
waste by-product of the drinking water treatment
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of WTRS to remove harmful ions such as phosphate
[1-4], perchlorate [5], and heavy metal [6,7].

Excessive fluoride ions in water bodies pose a
great threat to the living environment and health of
human beings nowadays. It is estimated that more
than 200 million people worldwide rely on drinking
water with fluoride concentrations exceeding the
WHO guideline of 1.5mg/L. Long-term ingestion of
fluoride-rich drinking water causes serious health dis-
orders such as mottling of teeth, softening of bones,
and ossification of tendons and ligaments, and various
neurologic damages [8]. To reduce fluoride concentra-
tion in naturally high fluoride waters or fluoride con-
taminated waters, a variety of methods have been
developed, including electrocoagulation [9,10], electro-
dialysis [11], precipitation [12], ion exchange [13],
reverse osmosis [14], and Donnan dialysis [15].
Among these methods, electrocoagulation, electrodial-
ysis, and reverse osmosis show excellent capacity for
F~ removal, but require very high capital cost. Precipi-
tation is most widely used, but it is inefficient and
always causes secondary pollution. Adsorption is gen-
erally considered attractive because of its effectiveness,
low cost, simple procedure, and sustainable method
[16,17].

A recent statement has shown that materials con-
taining rare earth elements are projected as potential
adsorbents mainly due to their strong affinity
specifically towards fluoride [18]. Zhang et al. [19]
have used CeO,/AlL,O3; composites as fluoride adsor-
bents and investigated the adsorption mechanism of
fluoride onto CeO,/Al,O3; composites. Swain et al.
[20] have utilized Zr(IV)-ethylenediamine to remove
fluoride from water. Onyango et al. [21] have
employed La®>*-exchanged zeolite to remove the excess
fluoride in natural groundwater. Swain et al. [22] have
studied the adsorption of fluoride in drinking water
by using cerium-impregnated chitosan as adsorbent.
These rare earth-loaded adsorbents are proved to be
rather efficient for fluoride removal.

For resource utilization, WTRS and its Ce(III)-mod-
ified product (Ce-WTRS) were used as the adsorbents
for fluoride removal. The experimental data were then
fitted to kinetic and isotherm models to understand
the mechanism of fluoride onto WTRS and Ce-WTRS.

2. Materials and methods
2.1. Main reagents

Sodium fluoride (NaF), sodium hydroxide (NaOH),
hydrochloric acid (HCI), and sodium chloride (NaCl)
were purchased from Fine Chemical Materials, Shang-
hai, China. Ethylic acid (HAc), sodium acetate (NaAc),

and sodium citrate (C¢HsNazO72H,0) were procured
from Kermel Chemical Reagent Ltd Tianjin, China.
Cerium nitrate hexahydrate [Ce(NO;);-6H,O] was pur-
chased from Aladdin reagent, Shanghai, China. Total
ionic strength adjustment buffer solution prepared
using NaCl, HAc, NaAc, and C¢HzNazO;2H,0O was
used to stabilize the ionic strength of the solution to
improve the accuracy of analysis. All the chemicals
used were of analytical reagent grade.

2.2. Adsorbents preparation

The Ce-WTRS particles were prepared by impreg-
nation method. Every 4g of WTRS particles (=100 +
120 mesh size) were added into 100 mL cerium nitrate
solution (0.006 mol/L) and the contents (WTRS parti-
cles/aqueous solution = 40g/L) were kept for con-
stant heating in digital thermostat water bath pot
(HH-4, Shanghai Guohua, China) at 363K for 2h.
These particles were heated in the muffle furnace
(SXL-1008, Shanghai Jinghong, China) at 473K for 4 h.
The cerium-modified adsorbent (Ce-WTRS) was
obtained and used in batch experiments.

2.3. Characterization of adsorbents

The major chemical elements of WTRS and
Ce-WTRS were determined using energy dispersive
X-ray spectrometer (EDX) (EDX-LE, Shimadzu, Japan).
The surface area and pore size analyzer (F-Sorb 3400,
Beijing App-one, China) helped to determine the
structure of the adsorbents. The qualitative identifica-
tion of chemical groups and compounds in WTRS and
Ce-WTRS was identified by Fourier transform infrared
spectrometer (FTIR) (IR Prestige-21, Shimadzu, Japan).
X-ray diffraction analyzer (XRD) (D-8 Diffractometer,
Brucker, Germany) was used to identify the crystal
structure of the adsorbents. The morphology feature
of the surface was examined with field-emission
scanning electron microscope (SEM) (Hitachi S-4700,
Shimadzu, Japan).

2.4. Analysis methods

The fluoride concentration was determined using
fluoride ion selective electrode (pF-1, Shanghai Rex,
China) with pH meter (pHS-3C, Shanghai Rex, China)
according to ion selective electrode method. Different
initial concentration of F~ solutions were prepared by
proper dilution from F stock solution (1,000 mg/L).
Necessary amount of adsorbent material was taken in
a 250 mL polyethylene plastic bottle and 100 mL of
fluoride solution of known concentration was added.
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The mixtures were shaken on the water-bathing
constant temperature vibrator (SHZ-82, Shanghai
Guohua, China) for required time.

The extent of F adsorption (g,), the percent
removal of F~, the amount desorbed of fluoride (g,),
and the desorption ratio of F~ were estimated using
the following equations:

Co — C.V,
Removal rate — 0~ ¢ 100% 2
0
CsalV,
q="T" ®)
) B released F~ (mg/g)
Desorption rate = initially F-adsorbed (mg/g) x 100%
4)

All the investigations were carried out in duplicate
and the average values were reported herein to
confirm reproducibility of the experimental results.

2.5. Kinetics experiments

The kinetic studies were conducted by batch mode.
Fixed dosage (1 g/100 mL) of adsorbent was added into
a set of polyethylene plastic bottles containing 100 mL
sodium fluoride with the concentration of 50 mg/L. The
mixtures were agitated at 120rpm and 303K. The
samples were taken out at preset time intervals to
monitor the residual concentration of F. To increase
the comparability, similar kinetic experiments of
various F~ concentrations (100, 200 mg/L) were also
carried out.

2.6. Effect of pH

(1) About 1g of adsorbent materials and 100 mL
fluoride solution were added into a set of
polyethylene plastic bottles, respectively.
About 50 and 100mg/L were selected as the
initial concentration, respectively. The mix-
tures were agitated at 120 rpm and 303 K. In
certain time intervals, the samples were taken
to test the pH.

(2) About 1g of adsorbent materials and 100 mL
fluoride solution were added into a set of
polyethylene plastic bottles, respectively. The
effect of pH on F adsorption was investigated
by adjusting solution pH to 1, 3, 5,7, 9, and 11

with the initial F~ concentration of 50 mg/L,
respectively. The mixtures were agitated at
120 rpm and 303 K for 4 h. The equilibrium pH
and F~ removal rate were examined.

2.7. Thermodynamic experiments

One gram of adsorbent materials and 100 mL fluo-
ride solution of various initial concentrations (10, 20,
50, 100, 200, and 300 mg/L) were added into a set of
polyethylene plastic bottles, respectively. The mixed
suspensions were agitated at 120 rpm for 4 h. Fluoride
adsorption experiments were carried out at 303, 318,
333, and 348 K, respectively. The pH of the F solution
was kept primordially without any adjustment.

2.8. Desorption and readsorption experiments

Desorption experiment of F~ was performed as
follows: 1g of absorbent was used to adsorb 100 mL
(V,) F solution (50mg/L) for 4h. The adsorbed
adsorbents were filtered and washed gently more
than three times with deionized water to remove
any residual F~ wunabsorbed. The fluoride-loaded
adsorbent was treated by 50mL (V;) of sodium
hydroxide solution at different concentrations (0.001-
0.050mol/L) to desorb the fluoride. The mixtures
were shaken for 4h (a period equal to the adsorp-
tion time) and filtered for defluorination analysis.
The above-mentioned defluorinated adsorbent, which
had been treated by NaOH (0.01 mol/L) for 4h, was
again treated with 100mL of fluoride solution at
50 mg/L for readsorption analysis.

3. Results and discussion
3.1. Characterization of adsorbents

The EDX patterns of WTRS and Ce-WTRS are
shown in Fig. 1(a) and (c). Results indicated that the
elements such as silicon, aluminum, iron, potassium,
calcium, magnesium oxygen, and carbon were found
on both adsorbents. Furthermore, cerium was found
on the surface of Ce-WTRS. The results of EDX analy-
sis are in accordance with the XRD patterns (Fig. 2).
Characteristic peaks of S5iO,, Al,O;, and Fe,O; were
observed on the XRD diagrams of WTRS and
Ce-WTRS. Peak at 28° corresponding to CeO,, which
may be formed by alteration of Ce®* due to the heated
treatment, indicated the existence of cerium in
Ce-WTRS.
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Fig. 1. EDX image of: (a) WTRS, (c) Ce-WTRS, and SEM image of: (b) WTRS, (d) Ce-WTRS.

SEM micrographs of WTRS (Fig. 1(b)) and
Ce-WTRS (Fig. 1(d)) reveal that both adsorbents pos-
sess heterogeneous lamellar structure with tiny pore
and holes. The surface area of Ce-WTRS and WTRS is
found to be 50.26 and 54.38 m*/g and the pore volume
is 0.0175 and 0.0182mL/g, respectively. No obvious
difference was found between Ce-WTRS and WTRS. It
was reasonable to believe that the structure of
Ce-WTRS was similar to WTRS.

Fig. 3 represents the FTIR spectra of WTRS and
Ce-WTRS before and after adsorption. The broad band
in the range of 3,650-3,200/cm is due to the stretching
mode of structural OH groups. The band at 1,640/cm
generally corresponds to the OH bending mode of
water. The metal-oxygen groups are observed at 470,

798, and 1,035/cm, corresponding to Al-O, Si-O-Si,
and Al-OH stretching mode, respectively. After
adsorption, the band observed at 3,440/cm becomes
strong and sharp. It is inferred that OH groups and
metal-oxygen groups have been taking part in the
adsorption procedure.

3.2. Kinetic analysis
3.2.1. Effect of contact time

The effect of contract time on adsorption of F is
presented in Fig. 4. The time of adsorption equilib-
rium is found to be 120 min for Ce-WTRS, which is
earlier than WTRS (150 min). It is evidence that there
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Fig. 2. XRD diagrams of WTRS and Ce-WTRS.
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Fig. 3. FTIR spectra of (a) WIRS, (b) F~ adsorbed WTRS,
(c) Ce-WTRS, and (d) F adsorbed Ce-WTRS.

are more active adsorption sites on the adsorbents
after cerium modification. The optimal contract time is
selected to be 240 min for sufficient adsorption.

3.2.2. Kinetic models

The experimental data were fitted to pseudo-
first-order, pseudo-second-order, and intra-particle
diffusion models to understand the adsorption type
and mechanism.

The pseudo-first-order and pseudo-second-order
kinetic models represent physisorption and chemi-
sorption, respectively. The pseudo-first-order and
pseudo-second-order equations are expressed as:
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Fig. 4. Effect of contract time on F~ removal by WTRS and
Ce-WTRS (initial concentration of F~ =50-200 mg/L, adsor-
bent dosage=10g/L, temperature=303K, pH was not
adjusted).

In(q. — q¢) =In g, — kat 5)
t 1 1
R (6)
g kg.®  qe

The intra-particle diffusion model, which could deter-
mine the diffusion mechanism of F~ in adsorption pro-
cess, is suggested as:

g = kiat'? + C; ()

3.2.3. Evaluation of kinetic models

3.2.3.1. Pseudo-first-order and pseudo-second-order kinetic
models. Linear plots of t/g; vs. t (Fig. 5(al) and (a2))
and In (g.—q,) vs. t (Fig. 5(b1) and (b2)) were used to
fit the pseudo-first-order and pseudo-second-order
kinetic models, respectively. The rate constants (k;, k)
and equilibrium absorption capacity (g.) are given in
Table 1 along with the correlation coefficient (R?). The
values of correlation coefficients indicate that the
pseudo-second-order model provides a better relation-
ship for kinetics. In addition, the calculated equilib-
rium adsorption capacities (g,c.) oObtained from
pseudo-second-order model are more close to the
experimental values (g.exp)- Accordingly, the surface
reaction involving complexation or ion exchange is the
main mechanism of adsorption.
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Fig. 5. Adsorption kinetic models for fluoride onto WTRS and Ce-WTRS (initial concentration of F~ =50-200 mg/L, adsor-
bent dosage =10 g/L, temperature = 303 K, pH was not adjusted).

3.2.3.2. Intra-particle diffusion model. The adsorption
process of adsorbate ions from aqueous solution onto
the adsorbent generally involves three stages [23]: (1)
film diffusion; (2) intra-particle diffusion; (3) adsorp-
tion or ion exchange. In generally, the third step is
assumed to be very fast and do not represent the rate-
limiting step of the whole adsorption process [24]. So,
the first two steps are always limiting the rate of
adsorption.

To probe further into the rate of internal mass
transfer, experimental data were fitted to the intra-
particle diffusion model. If there is an excellent fit of

the experimental data to the intra-particle diffusion
model, the plot of g, vs. #'/* should show a strong linear
relationship. Further, the intra-particle diffusion is the
only rate-determining step if the plots pass through the
origin. However, it is clearly shown in Fig. 5(c1) and
(c2) that the plots were not linear over the whole time
range but multilinear. This indicates that both intra-
particle diffusion and film diffusion contribute to the
rate-determining step [25] of F~ adsorption.

Fig. 5(c1) and (c2) shows that all the plots can be
divided into three sections. In the first section (from 0
to 20min for Ce-WTRS and 0 to 30min for WTRS,



454

Table 1
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Adsorption kinetic constants of F~ onto WTRS and Ce-WTRS (temperature 303 K; adsorbent dosage 1g/100 mL; agitation

speed 120 rpm; pH was not adjusted)

WTRS

Ce-WTRS

Co (mg/L) 50 100

200 50 100 200

Jeexp (Mg/8) 4.28 6.61
Pseudo-first-order kinetic model

kq 0.0159
qe,cal (mg/g) 283
R? 0.9626
Pseudo-second-order kinetic model
k; (g/mgmin) 0.011
Je,cal (Mg/2) 4.56
R? 0.9992

0.0180
4.45
0.9666

0.007
7.10
0.9997

9.38 4.56 7.02 11.10
0.0261
6.92

0.9573

0.0243
2.05
0.9146

0.0253
491
0.9883

0.0274
9.75
0.9379

0.006
10.16
0.9990

0.032
4.69
0.9999

0.010
7.46
0.9995

0.005
12.07
0.9993

respectively), fluoride ions were transported to the
outside surface of adsorbent via the boundary layer
diffusion. At this stage, the adsorption of fluoride
occurred through external surface adsorption until the
surface adsorption sites were saturated. Thereafter,
the fluoride ions diffused into the internal pores of the
adsorbents for further adsorption (from 20 to 120 min
for Ce-WTRS and 30 to 150min for WTRS, respec-
tively). In this section, the F  density gradient
decreased gradually, and the adsorption of F~ was
controlled by both film diffusion and intra-particle dif-
fusion. The last section (from second section to 240
min) was the equilibrium adsorption stage where film
diffusion and intra-particle diffusion began to slow
down because of the extremely low fluoride concen-
tration [26]. This type of mult-linearity has also
reported in other researchers [23,25,27].

3.3. Effect of pH

Fig. 6 shows the pH history of the solution during
adsorption process. It can be seen from Fig. 6 that the
pH decreases sharply when the adsorbents were
added. It has been known that OH group is easy to
take off the proton to reduce the pH. So, it is reason-
able to say that the surface of Ce-WTRS is richer in
OH groups as the decrease of pH for Ce-WTRS seems
quite greater. It further indicates that the addition of
Ce causes rise of the —-OH activity. For WTRS
(Fig. 6(a)), the curves show fast decrease firstly and
slight decline subsequently. While for Ce-WTRS
(Fig. 6(b)), the pH curves show rapid advances at the
first 25 min and then decline with time. This could be
related to the reactions occurred in the solid/liquid
system. Hydrolysis reaction of fluoride ions would
happen in aqueous:

8.0

—{— Ce-WTRS

—{— WTRS
7.5

7.0

pH

6.5

60 1 1 1 1
0 50 100 150 200

t/(min)

250

Fig. 6. pH history of the solution (initial F~ concentration
=50mg/L, adsorbent dosage=10g/L, temperature =303
K, pH was not adjusted).

F +H,0 < HF+OH~ AH, >0,AH_<0 ®)

Complex reaction between F~ and the metal composi-
tion occurred via the general reaction formula:

R:M,O,(OH); + nF~ — [R:M,O.(OH),JF"~ ©)

(R,M = Al, Fe, Ce,Si,C,N, Kand soon)AH <0
And ion exchange between F and —-OH happens as
follows:

W-OH+F =W-F+OH"

(W = WTRS or Ce-WTRS)AH > 0 (10)
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On the one hand, the decrease of F caused by the
complex reaction (Eq. (9)) would give rise to the
leftward move of the hydrolysis reaction (Eq. (8)),
i.e. OH numbers in decline. So, the pH of the solu-
tion kept falling down. On the other hand, ion
exchange between F° and -OH (Eq. (10)) would
make fun of pH. This suggests that the complex
reaction (Eq. (9)) may be the primary reaction in the
process of F~ adsorption onto WTRS. The double
trends for Ce-WTRS indicate that the surface reac-
tion (Eq. (9)) and ion exchange (Eq. (10)) should be
simultaneous.

The effect of initial pH of solution on F~ adsorp-
tion is shown in Fig. 7. The equilibrium pH increased
with the initial pH from 1 to 7, while declined with
the initial pH from 7 to 11. In the case of pH around
1, the fluoride species existed mainly in the form of
HF which were uncharged and were hardly attached
on the adsorbents. While negatively charged F domi-
nated at higher pH values. Hydroxyl in strong alka-
line solution could well competitively adsorb on the
active adsorption sites with fluoride, resulting in
reduced adsorption efficiency. In the intermediate
range, both species coexisted with one another [28].
Plateaus were found at pH 3-9 for both adsorbents
and the maximum fluoride adsorption capacity was
obtained at this range. It is proved that the adsorption
of fluoride is pH dependent, and the optimum pH
range for fluoride removal is between 3 and 9. The
pH of the system was not adjusted because the initial
and equilibrium pH of fluoride solution were right in
this range.

1.0
0.8
[} m
T o6 <
T g
> =3
CED c
s 0.4} 3
—{B— Removal rate of WTRS 14 T
—/A— Removal rate of Ce-WTRS
02 —[— Equilibrium pH of WTRS 42
A —/\— Equilibrium pH of Ce-WTRS
00 1 1 1 1 1 O
0 2 4 6 8 10 12
pH

Fig. 7. Effect of pH on F removal by WTRS and Ce-WTRS
(initial concentration of F~ =50 mg/L, adsorbent dosage =
10 g/L, temperature = 303 K, initial pH 1-11).

3.4. Isotherms analysis
3.4.1. Effect of temperature and initial concentration

Fig. 8 illustrates the effect of temperature on F~
adsorption. The F~ uptake of Ce-WTRS was more sub-
stantial than WTRS. As the initial fluoride concentra-
tion of 300mg/L, the adsorption capacity increased
from 11.76 to 14.69mg/g at 348K. The enhanced
adsorption capacity might be due to the availability of
adsorption sites that increased with cerium treatment.
The adsorption uptake increased as temperature rose,
which indicates that the adsorption of fluoride onto
adsorbent materials is favorable at high temperature.

As seen in Fig. 8, the adsorption capacity of fluo-
ride increased with increasing the initial F~ concentra-
tion. This could be explained by the increasing driving
force of F~ onto active sites in high concentration solu-
tion. The uptake of fluoride changed little as the initial
concentration of F~ rose to a certain degree because of
the saturation of adsorption site.

3.4.2. Adsorption isotherms

Equilibrium data, commonly known as adsorp-
tion isotherms, are basic requirement for the design
of adsorption system [29]. The equilibrium data
were tested with respect to Langmuir, Freundlich,
Dubinin—-Radushkevich, and Temkin isotherm models
in order to obtain the best-fit.

The Langmuir equation is valid for monolayer
sorption which is known as the ideal localized
monolayer model [30] and given as:

-
N
T

©
T

—— 303K WTRS
—0®— 318K WTRS
—/— 333K WTRS

—{— 303K Ce-WTRS
—O— 318K Ce-WTRS
—¥— 333K Ce-WTRS

Adsorption capacity/(mg/g)
[}
T

w
T

0 = 1 1 1 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300

Initial concentration/(mg/g)

Fig. 8. Effects of temperature and initial concentration on
fluoride removal by WTRS and Ce-WTRS (initial concen-
tration of F =10-300mg/L, adsorbent dosage=10g/L,
temperature = 303 K, pH was not adjusted).
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Fig. 9. Adsorption isotherm models for fluoride onto WTRS and Ce-WTRS (initial concentration of F~ =10-300mg/L,

adsorbent dosage =10 g/L, temperature = 303 K, pH was not adjusted).
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Table 2
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Isotherm constants for F~ adsorption onto WTRS and Ce-WTRS at different temperatures (initial F~ concentration 10-300
mg/L; adsorbent dosage 1g/100 mL; contract time 4 h; pH was not adjusted)

WTRS Ce-WTRS
303K 318K 333K 348 K 303K 318K 333K 348 K
Langmuir
Gm 9.71 10.71 11.66 12.64 13.47 13.87 14.52 15.45
163 0.094 0.080 0.073 0.065 0.063 0.067 0.088 0.089
R? 0.9971 0.9976 0.9969 0.9959 0.9905 0.9860 0.9917 0.9894
Ry 0.034-0.517  0.041-0.554  0.044-0.578  0.049-0.606  0.050-0.614  0.047-0.599  0.037-0.532  0.036-0.530
Freundlich
Kr 1.208 1.220 1.248 1.229 1.320 1.505 1.767 1.890
n 2.313 2.236 2.180 2.096 2.112 2.219 2.272 2.268
R? 0.8902 0.9043 0.9109 0.9209 0.8979 0.8603 0.8878 0.8660
Dubinin—Radushkevich
Gm 7.18 7.50 7.85 8.12 8.69 9.65 9.71 10.70
R? 0.9311 0.9214 0.9158 0.9066 0.9226 0.9504 0.8970 0.9204
Temkin
B 1.71 1.86 2.01 2.17 2.26 2.23 2.29 2.41
R? 0.9824 0.9903 0.9924 0.9922 0.9815 0.9668 0.9830 0.9726
Table 3
Comparisons of fluoride adsorption capacity of WTRS and Ce-WTRS with other adsorbents
Concentration range Temperature g, (mg/
Adsorbent pH (mg/L) X g) Reference
Fe—-Al-Ce trimetal oxide adsorbent 7.0 85.4 298 178.00 [18]
Activated alumina 7.0 2.5-14.0 - 2.41 [31]
Magnesium-doped nanoranged 7.0 10-150 308 75.2 [32]
hematite
Pine bark biochar 2.0 1-100 308 10.53 [33]
Meixnerite - 12.4-248 293+2 19.10 [34]
Fe—Al mixed hydroxide 4.0 10-90 303 91.70 [35]
CeO,/Al, O3 composites 3-10 20-200 303 37.00 [36]
Alum sludge 6.0 5.0-35.0 305 5.39 [37]
Algal biosorbent 7.0 5.0-25.0 303 1.27 [38]
Alumina supported carbon 3.0 - 298 45.32 [39]
nanotube
Apatitic tricalcium phosphate 6.8-6.9 30-60 313 15.42 [40]
Ca/650 6.9 = 0.1 210.0 298 19.05 [41]
Magnetic-chitosan particles 70+0.2 5-140 291-293 22.49 [42]
Metal ion loaded natural zeolite - 1-20 303 2.04-4.13 [43]
WTRS Without 10-300 348 12.64 Present
adjustment study
Ce-WTRS Without 10-300 348 15.45 Present
adjustment study
C, 1 C, 1
ge  Kigm + Gm D Re=17 K. Co (12)
Dimensionless parameter of the equilibrium or The isotherm shape can be indicated as below

adsorption intensity R;, which is often used for
further analysis of adsorption, is calculated as:

according to the values of R;: R; > 1 for unfavorable

adsorption; Rp =1 for linear adsorption; 0 < R, <1 for
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favorable adsorption; and R;.=0 for irreversible
adsorption.
Freundlich isotherm model is described as a

non-ideal adsorption which is based on multilayer
adsorption and commonly presented as:

Ing,=In Kr+ %1n C, (13)

The Dubinin-Radushkevich (D-R) isotherm model
agrees with the assumption that the adsorbate is
adsorbed through porous structure. The D-R equation
is represented as:

Inge=Inqu — ﬁsZ where ¢ = RT In (1 + %) and

e

1 1

b= V25

(14)

The Temkin isotherm is an adsorption model based
on the heat of ion exchange between adsorbate and
adsorbent. The Temkin equation is given as:

RT
ge = BIn Kt + Bln C, where — =B

b (15)

3.4.3. Evaluation of adsorption isotherms

The adsorption isotherm plots of Langmuir, Fre-
undlich, D-R model, and Temkin model are presented
in Fig. 9. The isotherm parameters (g,,, K., R, K¢, 1,
B) along with the correlation coefficients (R) are sum-
marized in Table 2. The values of R’ indicate that the
fitting order of the isotherm models is: Langmuir >
Temkin > D-R > Freundlich. The best fit of Langmuir
model infers that fluoride adsorption onto adsorbent
materials is monolayer chemisorption. The Langmuir
constant K; for Ce-WTRS increased with increasing
temperature, indicating that the adsorption process is
endothermic. And the process of fluoride onto WTRS
is proved to be exothermic as the values of K
decreased as the temperature rose. The values of R; at
all temperatures are between 0 and 1, demonstrating
that the adsorption of F is favorable at experimental
conditions. The experimental data can also fit the
Temkin model well. It is indicated that the fluoride
removal by the materials is mainly governed by ion
exchange. The Temkin constant B increased with the
temperature rose, suggesting an enhanced adsorption
activity at high temperature. The poorly fit of Freund-
lich and D-R isotherms confirms that fluoride adsorp-
tion onto adsorbents is not multilayer and the
structure of adsorbents is not multihole.

The maximum adsorption capacity (g,,) obtained
from Langmuir isotherm model is usually used for the
comparison of different sorbents. The different values
of g,, depend on the diverse characteristics of the
adsorbents, various surface modification methods, and
varying experimental conditions. The maximum fluo-
ride adsorption capacity (g,,) of Ce-WTRS obtained at
348K was 15.45mg/g, 22% higher than WTRS (12.64
mg/g). We can see in Table 3 that the fluoride
removal by WTRS and Ce-WTRS is considerably effec-
tive, compared with other adsorbents.

3.4.4. Thermodynamics for adsorption

Thermodynamics parameters can provide valuable
knowledge to clarify the adsorption mechanism. The
Gibbs free energy change (AG’) is determined using
K}, values obtained from the Langmuir model by the
formula:

AG’ = —RTInK; (16)
The standard enthalpy change (AH?) and standard
entropy change (AS%) are given by Van’t Hoff equation
as follows:

AS’  AH'

AH’ and AS? were calculated from the intercept
and slope of the plot of In K; vs. 1/T (Fig. 10). The
values of thermodynamic parameters (AG’, AH’ and
AS’) are listed in Table 4.

4.5
m ™
44+ 5
~
£ ® WTRS
43r (@ Ce-WTRS
42+ o
a
41 1 1 1 1 1
2.8 2.9 3.0 3.1 3.2 3.3
-103T

Fig. 10. Van’t Hoff plots for the adsorption of fluoride onto
WTRS and Ce-WTRS.
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Table 4
Thermodynamic parameters for the adsorption of fluoride onto WIRS and Ce-WTRS

WTRS Ce-WTRS

Temperature (K)  AG’ (KJ/mol)  AH? (K]/mol)  AS? J/molK)  AG? (J/mol)  AH? (kJ/mol)  AS? (J/mol K)
303 —11.439 —6.965 14.701 —-10.437 7.636 59.488
318 —11.604 —11.124
333 —-11.886 —12.405
348 —12.082 —12.980
Table 5
Data for F~ desorption using different concentrations of NaOH (%)

Rate of desorption at different concentration of NaOH

Rate of 0.001 0.002 0.005 0.007 0.010 0.020 0.050 Rate of

Absorbent adsorption mol/L mol/L mol/L mol/L mol/L mol/L mol/L readsorption
WTRS 77 7 10 19 24 25 16 2 27
Ce-WTRS 78 11 15 33 38 41 23 2 36

The negative values of AG’ suggest that the
adsorption process is feasible and spontaneous. Posi-
tive values of AS” can be interrelated to the increased
randomness at the solid-liquid interface during the
adsorption process. Positive value of AH? for F~ onto
Ce-WTRS suggests the endothermic nature. Accord-
ingly, the ion exchange of F~ and —OH was involved
in fluoride adsorption because energy was needed for
hydroxyls to leave the surface and for F to combining
with the active adsorption sites. While negative value
of AH” of F~ removal by WTRS indicates an exother-
mic process. So, the key reaction of F~ onto WTRS is
considered to be the complexation reaction (Eq. (9)).
In general, isometric heat for chemical adsorption,
which is similar to chemical reaction heat, is above 40
kJ/mol. The absolute values of AH? that were all
below this value might be explained by the fact that
chemical reactions between F and metal ions as well
as ion exchange between F~ and —OH occurred simul-
taneously.

3.5. Desorption and readsorption studies

It is expected that OH™ can compete greatly with
F adsorbed already. Hence, NaOH solution was used
to desorb fluoride from the adsorbents. The effect of
initial concentration of NaOH on desorption is shown
in Table 5. The best desorption efficiency of F~ was
reached to 41% for Ce-WTRS when the NaOH

concentration was 0.01 mol/L. Desorption of fluoride
ions occurring in alkaline solution confirms that the
ion exchange between F~ and -OH is involved in F~
adsorption. The incomplete desorption of F~ shows
that ion exchange mechanism is not unique. Other
mechanism, such as surface complexation reaction
(Eq. (9)) is also considered to explain the F~ adsorp-
tion process. Further study of the regenerated adsor-
bent for reutilization was conducted. The fluoride-
loaded adsorbents treated with 0.01 mol/L of NaOH
for 12h were used. The readsorption percentage of
fluoride onto Ce-WTRS was found to be 36%. The
regeneration and readsorption capacities of WTRS
were also investigated and their values were 25 and
27%, respectively. The poor desorption rate and regen-
eration rate indicate that the regeneration and reuse of
adsorbent are impracticable, but it provides a basis for
understanding the mechanism of F~ adsorption onto
adsorbents.

4. Conclusions

WTRS particles were used as fluoride adsorbents
for resource utilization. Results showed that the chem-
ical composition and structure of Ce-WTRS were simi-
lar to WTRS. The pseudo-second-order kinetic model
was the best-fit for fluoride removal, suggesting that
chemisorption was the main adsorption mechanism.
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Further analyses by intra-particle diffusion model
indicated that the rate-controlling steps were domi-
nated by both film diffusion and intra-particle diffu-
sion. The optimal range of pH for F adsorption was
3-9. Ce-WTRS were found to be more efficient for
fluoride removal compared to WTRS. The maximum
fluoride adsorption capacity (g,,) of Ce-WTRS deter-
mined by Langmuir isotherm model was 15.45mg/g,
a considerable value compared with other fluoride
adsorbents. The Langmuir and Temkin adsorption iso-
therm models were considered as the best-fit. It con-
firmed that the adsorption process of F  was
monolayer chemisorption. The negative values of AG’
indicated that the adsorption of F~ was feasible and
spontaneous. AH’ > 0 for Ce-WTRS indicated an endo-
thermic adsorption process and AH? < 0 for WTRS
demonstrated an exothermic nature. Surface complex-
ation and ion exchange were seen as the mechanism
of F~ onto WTRS and Ce-WTRS.
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Nomenclatures

b — Temkin isotherm constant (k]J/mol)

B — constant of Temkin isotherm

Co — initial concentration of fluoride in solution
(mg/L)

C, — concentration of fluoride in solution at
equilibrium (mg/L)

C; — intra-particle diffusion model constant

Csol — concentration of the solution after
desorption (mg/L)

E — adsorption freedom energy (kJ/mol)

kq — pseudo-first-order rate constant of
adsorption (1/min)

k, — pseudo-second-order rate constant of
adsorption [(g/mg) min]

K; — intra-particle rate constant (mg/g/min'/?)

Kr — Freundlich constant [(mg/g) (L/g)"/™]

16 — Langmuir constant (L/mg)

Ky — Temkin constant (L/mg)

1/n — Freundlich exponent

qa — desorption capacity of the adsorbent (mg/g)

e — adsorption capacity of the adsorbent at
equilibrium (mg/g)

e cal — the calculated equilibrium adsorption
capacity (mg/g)

Je,exp — the experimental equilibrium adsorption

capacity (mg/g)

Gm — maximum adsorption capacity (mg/g)
g — adsorption capacity at time ¢ (min)

R — ideal gas constant (8.314 J/mol K)

R’ — correlation coefficient

Ry — adsorption intensity

T — time (min)

T — temperature (K)

Va — solution volume for adsorption (mL)
Vi — solution volume for desorption (mL)
w — amount of adsorbent added (g)

G’ — Gibbs free energy (kJ/mol)

H° — enthalpy of adsorption (kJ/mol)

s’ — entropy of adsorption (kJ/mol K)

B — Dubinin-Radushkevich model constant
E — DPolanyi potential (J/mol)
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