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Preparation and characterization of the linked lanthanum
carboxymethylcellulose microsphere adsorbent for removal of
fluoride from aqueous solutions
Jing Wang ?, Xiaoyan Lin *”’, Xuegang Luo *", Wenhui Yao®
* Department of Materials Science and Engineering, Southwest University of Science
and Technology, Mianyang, Sichuan 621010, China
b Engineering Research Center of Biomass Materials, Ministry of Education,
Mianyang, Sichuan 621010, China
Abstract: Linked Carboxymethyl cellulose microsphere loaded with lanthanum (I1I)
(linked-CMC-La) were fabricated by glutaraldehyde linked lanthanum carboxymethyl
cellulose microspheres (CMC-La) and used to remove fluoride from aqueous solution.
Characterizations of SEM, resistance to acid and alkali, TG, pH,,. and FT-IR were
used to distinguish the superiority of the two adsorbents. Results showed that the
linked CMC-La had a higher decomposition temperature (200°C) than CMC-La
(190°C) and a better resistance to acid and alkali compared with CMC-La. Batch
adsorption experiments were also performed on factors of pH, initial fluoride
concentration, and contact time. Results showed that the maximum removal efficiency
(RE) of CMC-La and linked CMC-La were about 98.85 % and 99.31 %, respectively,
when the fluoride concentration was 40 mg/L at pH 4.0. Adsorption process could be
well described by Langmuir isotherm model. The adsorption kinetics data was' well

fitted pseudo-second-order model. The analysis of adsorption and desorption of linked
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CMC-La and CMC-La revealed that crosslink had no obvious effect on the removal
efficiency and mechanism of adsorption and desorption of two absorbents. The
surface adsorption happened between linked CMC-La and fluoride due to Lewis
acid-base interaction and doped with electrostatic attraction.

Keywords: carboxymethyl cellulose sodium; La (Ill); crosslink; fluoride;
adsorption;
1. Introduction

Fluorine was a trace element necessary for human body [1]. However, when
concentration was above 1.5 mg/L, fluoride can lead to many health issues, such as
mottling of teeth, thyroid disorder, fluorosis of skeleton, and neurological damage
[2-4]. Therefore, removal of fluoride from water source was necessary. Up to now,
defluoridation had been achieved by adsorption [5], precipitation [6], donnadialysis
[7], ion exchange [8], membrane separation [9] and electrodialysis [10]. Among these,
adsorption was considered as one of the most convenient and economical methods for
wastewater, especially for low concentration wastewater [11].

However, the viability of adsorption technique greatly depended on the adsorbents
[12]. According to the adsorbent materials, adsorption could be divided into rare earth
adsorption [13], bone charcoal adsorption [14, 15], aluminum salt adsorption [16] and
biosorption [17]. Biosorption was chosen as one of the most promising methods due
to its environmentally-friendly properties.

Lanthanum showed high affinity for fluoride ions [18]. Various adsorbents, such as

gelatin [19], chitosan beads [20] and Sarfassum sp. [21] loaded with La (III) were
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used for the purpose of fluoride removal. Microsphere adsorbent such as synthetic
resins [22] was also widely used for fluorine removal by loading La (II). In this
present work, carboxymethyl cellulose sodium (CMC) was chosen as the new
microsphere biomaterial because of its abundant resource [23] and large amount of
active groups such as hydroxy and carboxyl. And the active groups had the tendency
to form complex with metal ions and crosslinking agent [24]. Though the
carboxymethylcellulose loaded with only metal ions had good adsorption capacity of
fluoride [25], it did not show good deeds in mechanical properties and acid and alkali
resistance, which limited its possible application. Cross-linkers were usually used to
modify chemical structure and textural properties of polymer by intermolecular and
intramolecular linking to improve its properties.

In this study, we attempted (i) to make carboxymethylcellulose as matrix together
with lanthanum to prepare the adsorbent of CMC-La microsphere and glutaraldehyde
was chosen as crosslinking agent to improve the thermostability and acid and alkali
resistance of the CMC-La microsphere, (ii) to characterize the difference between the
two adsorbents of CMC-La and linked CMC-La, (iii) and to deduce the mechanism of
the adsorption and desorption process of fluoride.

2. Material and Methods
2.1. Reagents
CMC was purchased from Aladdin Chemistry Company, Ltd. (Shanghai, China).

LaCls-7H,0, CsHgO,, NaF, NaOH, CsHgO, and HCl were purchased from Kelong
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Chemicals. NaOH and HCI were prepared at the concentration of 0.05 mol L™,
respectively. Besides, all reagents were analytically pure.
2.2. Microsphere preparation of CMC-La and linked CMC-La
Carboxymethyl cellulose sodium was dispersed in ultra-pure water and stirred at

high speed at room temperature to form 3 % (w/v) uniform solution. Carboxymethyl
cellulose sodium solution was automatically dropped into 5% (w/v) of LaCls-7H,0O
solution using injection pump at the speed of 7.94 pm/min and the CMC-La
microspheres were formed. After then, 5 mL 50%(Volume) CsHgO, were added into
the aqueous and the linking process of microspheres stood for another 24 h, and the
linked CMC-La micropheres were filtrated, washed with deionized water to remove
any residual ions and dried for ten hours at 45 “C for further experiments.
2.3. Characterization of CMC-La and linked CMC-La
2.3.1. SEM examination of CMC-La and linked CMC-La

Morphology analysis of CMC-La and linked CMC-La was carried out by Scanning
electron microscope (SEM, EVOI18, Carl Zeiss, Germany). The samples were
mounted on a bronze stub, sputter-coated with gold in a sputtering device for 1.5 min
at 10 mA and examined at a 20 kV accelerating voltage.
2.3.2. Density and compressive resistance of CMC-La and linked CMC-La

Density (bulk density and wet true density) was measured by the experiment method.
Firstly, 15mL ultrapure water was added into the 50 mL measuring cylinder and the
total mass (m; g) was measured in the balance. Secondly, 2 mL microsphere

adsorbents were added into the cylinder and m; (g) was attained with the same
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balance. Thus, the mass of the samples was the difference between m; and m;, namely
(my-m,;). Thirdly, the sample volume (V mL) was gained through the difference of the
before and after volume, too. The bulk density (g / mL) was calculated as equation (1).
Then, filling the cylinder with water and the total mass was my. Throw out the
adsorbent, fill the cylinder with water again and record the mass ms. The wet true
density was calculated as equation (2).
d =(m—my)[V (D
dp =m,—my [(m, —m)—(m, —m,) ()
Compressive resistance was one of the factors in the adsorbent application.
Approximately 14-15 microsphere adsorbents before dried were examined with a
texture analyzer (B. XTPlus, Stable Micro System Corporation, UK) [26]. A sample
was positioned on the stage to ensure that the probe evenly contacted the sample
surface. The test was performed at a constant speed of 4 mm/s and was stopped until
the samples were crushed to the same degree of deformation. At this time, the peak of
pressure force that displayed in software interface was defined as the compressive
strength of the samples. The final data was the average value of the 14-15
microspheres.
2.3.3. N, adsorption-desorption of CMC-La and linked CMC-La
N, adsorption and desorption experiments were conducted with a JW-BKI112
Surface Area Analyzer and Pore Size Analyzer. The N, adsorption-desorption
isotherms could provide information of pore volume, surface area and pore size

distribution.
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2.3.4. The resistance of CMC-La and linked CMC-La to acid and alkali

An experiment method was used to investigate the acid and alkali resistance of
adsorbents. Experiments were conducted in a batch of 250 mL glass-stoppered flasks
with 100 mg/L fluorine solution. Firstly, initial pH of the solution was adjusted to 1 to
12 with HCI1 (0.05 mol/L) and NaOH (0.05 mol/L), respectively. Secondly, 0.2 g of
adsorbents were added into each flask and the flasks were shaken in an electrically
thermostatic reciprocating shaker at 180 rpm for 72 h. Finally, the resistance of
adsorbents to acid and alkali were attained through observing adsorbents dissolution
properties at different pH.
2.3.5. Thermal properties analysis of CMC-La and linked CMC-La

The thermal stability of CMC-La and linked CMC-La were measured by
thermogravimetric analysis (Q600, TA Instrument Corporation, USA). The samples
were gradually heated at a rate of 20°C/min from 20 to 800 ‘C which were under
protection of N, with a flow rate of 20 mL/min.
2.3.6. Analysis on the point of zero charge of the adsorbent

A solid addition method [27] was used to investigate the point of zero charge

(pHpzc) of adsorbents. Experiments were conducted in a batch of 50 mL
glass-stoppered flasks containing 0.1 mol/L KNOs. Firstly, initial pH (pH;) of the
KNOj; solution was regulated from 3 to 11 with HCI (0.05 mol/L) and NaOH (0.05
mol/L). Secondly, 0.1 g of adsorbents were added into each flask and the flasks were
shaken in an electrically thermostatic reciprocating shaker at 180 rpm for 48 h. Finally,

pH of those solutions (pH;) was detected. The difference value between pH; and pH;
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(ApH = pH; - pHy) was plotted versus pH;, and intersection between the curve and
abscissa was pHp,c.
2.3.7 Fourier transform-infrared spectra (FT-IR) analysis

Both CMC-La and linked CMC-La were measured by Fourier transform-infrared
spectrometer (Nicolet-6700, USA) in the wavenumber range of 400-4000 cm™. Prior
to the measurement with FT-IR, adsorbents were taken into the oven at 55 [J for 24 h
and then pressed into discs with potassium bromide.
2.4. Batch adsorption experiment for fluoride

Batch adsorption experiments were studied with various pH, fluoride
concentration and contact time. Adsorption experiments were conducted in triplicate
in a 250 mL stoppered conical flask containing 50 mL of fluoride solution and a
certain dosage of adsorbents. Flask was shaking in an electrically thermostatic
reciprocating shaker at 180 rpm for a predetermined contact time. Fluoride removal
efficiency of adsorbents was evaluated by measuring the time-dependent
concentrations of fluoride. The average value of the results (differences less than 3%)
was used for data analysis. Besides, the pH of initial fluoride solution was adjusted by
NaOH and HCl solution.

Then solid-liquid filtrated, and the filtrates were analyzed by Metrohm
881-Compact-IC-Pro using calibration curve (linear equation:
Y =0.0158012X -0.285042 , where Y was absorbency and X was fluoride
concentration in mg/L; R* = 0.999). The removal efficiency (RE) was calculated as

follows [28].
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RE(%)=(C,-C,)/C,x100 3)

Where Cy (mg/L) and C, (mg/L) were the initial fluoride concentration and fluoride
concentration after adsorption, respectively.
2.5. Regeneration experiment of the adsorbent

Desorption of the adsorbed fluorine from CMC-La and linked CMC-La was

studied by static experiments. Adsorbent (0.2 g) was dispersed in a 250 mL stoppered
conical flask containing 50 mL of 100 mg/L fluorine solution as mentioned in the
adsorption procedure. Once equilibrium was reached, the adsorbent that loaded with
fluorine was filtered out and dried. Then the adsorbent was placed in a 250 mL
stoppered conical flask containing 50 mL NaOH solution for desorption. The pH of

desorption solution varied from 9.0 (CMC-La) to 11.0 (linked CMC-La). Then flask

was kept in an orbital shaker at 180 rpm for a 24 h period at room temperature (25 “C).

The final fluorine concentration in the filtrate was detected and desorption ratio was
calculated based on the removal efficiency. The maximum adsorption-desorption
times of the two adsorbents was also recorded. All experiments were carried out in
duplicate and showed differences less than 3%.

3. Results and Discussion

3.1. SEM

The photo and SEM micrographs of adsorbents were presented in Fig. 1. The

images illustrated that the adsorbents were granular. Compared with the CMC-La (Fig.

la), the linked CMC-La (Fig. 1b) was regular microsphere. Although, the surface of

two kinds of adsorbents were marked with a number of creases (Fig. 1c and Fig. 1d),
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which increased the contact area and improved ions adsorption capacity, the surface
of linked CMC-La appeared more creases per surface unit of the adsorbent. The
formation of a large number of folds on the surface of adsorbents may be caused by
water evaporation and surface shrinking of gel pellet. More water evaporation and
surface shrinking were, more creases on the surface of adsorbents and more dense
texture of gel particles were. The results from Fig. lc and Fig. 1d indicated that
linking process made a contribution to shaping the adsorbents and densification of the
gel particles. Compared Fig. 1c to Fig. le and Fig. 1d to Fig. 1f, respectively, there
was no obvious change in the creases on the surface of the adsorbent, which indicated

the adsorbent was relatively stable in the adsorption process.

Fig.1. Photos and SEM images of adsorbents ((a) digital photo of CMC-La, (b) digital photo of

linked CMC-La, (c) SEM of CMC-La, magnification x 2000, (d) SEM of linked CMC-La,
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magnification x 2000 (¢) SEM of CMC-La after adsorption, magnification x 2000, (f) SEM of
linked CMC-La after adsorption, magnification x 2000)
3.2. Density and compressive resistance

The compressive resistance and density of adsorbents were shown in table 1. The
compressive force of CMC-La was 92.125 g while the force of the linked CMC-La
was 310.467 g. From this point, the linking process improved the compressive
resistance of the adsorbent which may caused by densifying the gel particles. It was
also consistent with conclusion of the SEM.

As for the density, both the bulk density and wet true density of the CMC-La were
denser than the linked CMC-La. This may due to the heavier water absorbency of

CMC-La than that of the linked CMC-La.

Table 1 Compressive resistance and density characteristics of CMC-La and linked CMC-La

Adsorbent Force (g) Bulk Density (g / mL) Wet True Density
CMC-La 92.125 1.521 1.853
Linked CMC-La 310.467 1.447 1.609

3.3. N, adsorption-desorption of CMC-La and linked CMC-La

The results of N, adsorption-desorption analysis were shown in Table 2. The
specific surface area of CMC-La and linked CMC-La which was calculated from the
multipoint BET model was 4.132 and 1.798 m” /g, respectively. The total pore volume
of CMC-La and linked CMC-La was 0.0036 and 0.0023 cm’/g, respectively.

Table 2 Pore structure parameters of CMC-La and linked CMC-La

Adsorbent Surface area Total pore Average pore size
(m’/g) volume(cm’/g, 107) (nm)
CMC-La 4.132 3.6 7.051
Linked CMC-La 1.798 23 6.334

10
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The pore distribution was also shown in Fig. 2. From Fig. 2, the average pore size
of both the CMC-La and linked CMC-La was respectively 7.051nm and 6.334nm

(Table 2), and they were mostly distributed around 6nm.

0.0010
—&— (CMC-La
—o— linked CMC-La|

0.0008
0.0006

0.0004
0.0002 4 L

N
¥
0.0000 e —— e p—

T T T T
0 50 100 150 200

D (um)

dv/dD

Fig. 2 The pore distribution of both CMC-La and linked CMC-La

3.4. Analysis of acid and alkali resistance

The result of the resistance of adsorbents to acid and alkali was shown in Fig.3. The
previous preliminary experimental results showed that 3 to 11 of the solution pH was
the critical range of the resistance of the adsorbent to acid and alkali, and 4 was the
best adsorption pH for fluoride of the adsorbent. Therefore, three kinds of typical pH
of 3, 4, and 11 were chosen for the acid and alkali resistance test of the adsorbent.
After shaking in the solution of different pH for 72 h, the microspheres adsorbent of
CMC-La were obvious swelling (Fig.3al) when the pH value was 3 and there was no
significant change except slight swelling in appearance of CMC-La when the pH was
4 (Fig. 3b1l). However, the adsorbents of CMC-La decomposed (Fig.3c1) more or less
when the pH value was 11 which were not microsphere any more, further lead to the
adsorption solution turning to cloudy. The swelling and dissolution of the linked
CMC-La at the different pH value of the adsorption solution (3, 4 and 11) were shown

in Fig. 3a2, b2 and c2, respectively. Compared with CMC-La, the linked CMC-La

11



220

221

222

223

224

225

226

227

228

229

230

231

232

RSC Advances

showed better acid and alkali resistance. There was no signal of dissolution and the
adsorption solution was still clarification. From this point, the linking process
improved the resistance of adsorbents to acid and alkali. This may be due to the

cellulose chain interaction which was related to the presence of glutaraldehyde [29].

Fig.3. Digital images of CMC-La and linked CMC-La in the different pH value (al, a2: pH 3, b1,
b2: pH 4 and c1, c2: pH 11, respectively)

3.5. Thermal properties analysis

Thermogravimetric analysis was a standard of estimating the relative stability of
the material according to thermal decomposition temperature. Thermogravimetric
curves of CMC-La and linked CMC-La in the range of 0°C to 800°C were shown in
Fig. 4 and DTG curve exhibited a same three-stage decomposition band in the two
adsorbents. According to the DTG curve, the different decomposition process of the
two adsorbents lied in the first stage that the decomposition temperature of CMC-La
was 190°C while linked CMC-La was 200°C, which was slightly higher than

CMC-La. It could come to the conclusion that the cross linking made the CMC-La

12
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more stability in the first decomposition process and the linked sites were in the
hydroxyl of the carboxymethylcellulose [30]. The weight loss of both CMC-La and

linked CMC-La were 45%.

0.s

044

034

5
&
§
% L1 5] :; )
0.1+
-4 o
0.0 T T T T T T T T
o 100 200 300 400 500 600 700 800
Temperature (° C)
Fig.4. Thermal analysis showing TGA of Fig.5. Determination of the point of zero charge
adsorbent of CMC-La

3.6. Analysis on the point of zero charge of CMC-La

The pHp,. was a vital parameter to determine the net electrical neutrality in
adsorbent. When pH was below pH,,., surface charge was positive [31]. Plot of pHi
versus ApH was shown in Fig. 5. The pHp,. of CMC-La and linked CMC-La in
aqueous solution were at pH 5.7 and pH 4.8, respectively. So the adsorbent surface
presented positive charge below pH 5.7 and pH 4.8. Therefore, electrostatic attraction
between the positive adsorbent and fluoride existed below pH 5.7 and pH 4.8 [32].
3.7 Analysis of FT-IR

FT-IR spectrum of adsorbent material was presented in Fig. 6. As to CMC-La, The
broad peak around 3399cm™ and 1063 cm™ were assigned to the stretching modes of
-OH bands, and combined vibrations related to bending in -OH was observed at
1330cm’ [14, 33]. Peak at 2924 cm” was due to the stretching vibration of -CH-

bands [34]. The bands in CMC-La at 1590 cem” and 1423 cm™ were assigned to

13
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antisymmetric stretching and symmetric stretching of the carboxylic groups [35].
Bands between 1000 and 600cm™ correspond to sugar vibrations [36]. Compared
linked CMC-La with CMC-La, though faint changes, caused by linking of
glutaraldehyde, in positions of individual bands such as 1587cm™, 1328cm’,
1061cm™ were seen, a significant increase of bands intensity is noticeable in the wave
number range 2924 cm™. It is related to the presence as well as to the formation of
new C-H bonds in the considered system, which demonstrated the existing of linking

process [37].

T(%)

_ \ | . / \ 1590 1063 J\ /
_ \erd CMCLa \ 0 / v\/

[
/\J \ f | 721595
i \ /2924 132 f

\S— 1425

3399 1587 1061

— T T T T T T T T v T T T
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumbers (/fcm)

Fig. 6 FT-IR of CMC-La and linked CMC-La
3.8. Effect of pH
The effects of pH on the removal efficiency of adsorbents were studied by
adjusting pH of the aqueous solution from 3 to 11 and results were shown in Fig. 7.
From Fig. 7, removal efficiency decreased with the increase of the pH from 3 to 11,
and the maximum removal efficiency of both CMC-La and linked CMC-La were
about 93% and 98% in acid solution, respectively. In this aspect, cross-linking agent

made a positive impact on the removal efficiency.

14
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The electrostatic attraction may be the reason why removal efficiency decreased
with the increase of the pH. When pH was below pH,,., surface charge was positive
and the charge numbers decreased with the increase of the pH and removal efficiency
decreased with the increase of the pH. When pH was above pHy,., surface charge was
negative and the charge numbers increased with the increase of the pH and removal
efficiency decreased with the increase of the pH. As the adsorption of fluoride
happened in both acidity and basicity of aqueous solution, the electrostatic attraction

may not be the only reason for adsorption of fluoride.

100
. —&— CMC-La 100 4 . o .
£ag —— linked CMC-La A2 4 A — & __ a
90 - g0
S |
e £97 2
80 23] i
= 14
75 4 40 4 1
70 4
204
& A— CMC-La
65 ®  linked CMC-La
T T T T T o T T T T T
4 6 8 10 12 0 6 12 18 24
PH Time (h)

Fig. 8. Effect of contact time on adsorption
amount and removal efficiency of CMC-La and
linked CMC-La for fluoride

Fig.7. Effect of pH on adsorption amount and
removal efficiency of CMC-La and linked
CMC-La for fluoride

3.9. Effect of contact time and kinetics of fluoride adsorption

Effects of contact time on the adsorption by CMC-La and linked CMC-La were
studied and results were shown in Fig. 8. The contact time ranged from 5 min to 24 h
removal efficiency of CMC-La increased rapidly in the first 60 minutes and reached
equilibrium at 60 minute while the linked CMC-La increased rapidly in the first 120
minutes and reached equilibrium at 120 minute. The equilibrium removal efficiency

of CMC-La and linked CMC-La was about 93 % and 98%, respectively. And after

15
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adsorption, both pH of the solution containing CMC-La and linked CMC-La changed
to about 6.4 when the initial pH was about 4.0.

To investigate the mechanism of adsorption and its potential rate-controlling steps,
different kinetic models including intra-particle diffusion models, Elovich equation,
pseudo-first-order and pseudo-second-order.

The intra-paticle diffusion model was given in the following equation (4) [38].
0,=Kt"+C )
Where Ki (mg/(g min l/2)) was intra-particle diffusion rate constant and C (mg/g)

was the intercept. The intra-particle diffusion was shown in Fig. 9. According to Eq.

(4), a plot of O versus ¢

should be a straight line with a slope Ki and intercept C
when adsorption mechanism follows the intra-particle diffusion process. For
intra-particle diffusion model, it was essential for the Q¢ versus t'? plots to go through
the origin if the intra-particle diffusion was the sole rate-limiting step. According to
Fig. 9, any plot did not pass through the origin. This indicated that although
intra-particle diffusion was involved in the adsorption process, it was not the sole
rate-controlling step. The sorption process tended to be followed by two phases. It

was found that an initial linear portion ended with a smooth curve following by a

second linear portion. The two phases in the intra-particle diffusion plot suggested

that the sorption process proceeded by surface sorption and the intra-particle diffusion.

The initial curved portion of the plot indicated boundary layer effect while the second

linear portion was due to intra-particle or pore diffusion [39].
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Fig.9. Intra-particle diffusion model for the Fig.10. Elovich model for the adsorption of

adsorption of fluoride on CMC- La and linked  fluoride on CMC- La and linked CMC-La

CMC-La

301 Table 3 Parameters of pseudo-first-order kinetics, pseudo-second-order kinetics and elvoich
302  models for fluoride removal

adsorben  Qe(exp)(  pseudo-first-order kinetics pseudo-second-order kinetics Elovich
t mg/g) K, Qeea( R*  Kygmg  Qeey R’ h(mg blgm amgg R
(1/min) mg/g) min) (mg/g) g min) g) min)
CMC-La 34.25 0.00421 2.21 0.22 0.0015 3465 0.99 2.89 0.085 3.19 0.96
2 9 4
Linked 26.27 0.0194 5.64 0.97 0.0099 26.58  0.99 1.12 0.51 2.89 0.95
CMC-La 4 9 5
303
304 The adsorption data was further analyzed using the Elovich models. The Elovich

305  equation was given as follows:

306 O, =1/bIn(ab)+1/bInt (5)

307 where b was the initial adsorption rate (mg/g min), and the a parameter was
308  desorption constant (g/mg). When the adsorbate ions and the surface sites interacted
309  chemically through a second-order mechanism, the application of the Elovich
310  equation may be more appropriate [40]. Fig. 10 showed a plot of Qf versus Ln ¢ for
311 the Elovich equation at 298K. The parameters of the Elovich equation were shown in

312 Table 3. The Elovich equation described predominantly chemical adsorption on highly
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heterogeneous adsorbents, but the equation did not propose any definite mechanism
for adsorbate-adsorbent interaction. The coefficients were significantly depending on
the amount of adsorbent with a being much more sensitive.

Then the kinetics was also investigated through Lagergren pseudo-first-order
equation (6) [34] and Lagergren pseudo-second-order equation (7) [36]. The
equilibrium adsorption amounts (Q.) was calculated as equation (8). The mechanism

of adsorption and its potential rate-controlling steps were also studied.

In(Q, -0,) =InQ,-Kt (6)
t/0,=1/0, +1/K,Q; (7)
0,=(C,-C WV /IW ®)
h=K.0; ©)

Where O, was the equilibrium adsorption amount and @, was the adsorption
amount when time was t. When adsorption process was equilibrium, O, was equal to
Qe. K; (1/min) was the pseudo-first-order rate constant while K, (g/mg min) was the
pseudo-second-order rate constant for fluoride adsorption process, respectively. The h
(mg/g min) in equation (9) was the initial adsorption rate of the pseudo-second-order
[40]. Table 3 listed the results of experimental data of the two models. From table 3,
we can draw a conclusion that the adsorption process of fluoride onto both CMC-La
and linked CMC-La fitted pseudo-second-order model (Fig. 11) better than
pseudo-first-order model and Elovich model (Figure was not shown here). Because
the calculated equilibrium adsorption amount in pseudo-second-order was almost the

same as the experimental data and the R? was 0.999 and 0.999, respectively. R? was
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more than those of other models. And the fast adsorption rate and short equilibrium
time can also make a contribution to the result. According to the pseudo-second-order
model, the rate-limiting step may be chemical sorption involving valency forces
through sharing or exchange of electrons between sorbent and sorbate [37]. From this
point, crosslinking of the adsorbents did not change adsorption process and the
kinetics model attributed to pseudo-second-order model. It can also come to the
conjecture that the linked sites by glutaraldehyde were different from adsorption sites
of the adsorbents for fluorine. Because cross-linking happened between natural
polymer and glutaraldehyde by linking at the amine or the hydroxyl sites [41] while
ion-dipole and H-bonding were considered the primary noncovalent interactions for
the adsorption [42]. Analysis of the mechanism of glutaraldehyde crosslinking

CMC-La was shown in Scheme 1B of Fig.11.

100

904 100 -

<
3
1
.
AN

linked CMC-1a
~

10 ® linked CMC-Laf

U T T T T T T
1400 160¢ 0 20 40 60 80 100 120 140

T T T T T
400 600 800 1000 1200

 (nun)

T
0 200

Concentration(mg/L)

Fig.11. Pseudo-second-order kinetics model for Fig.12. Effect of initial concentration on
the adsorption of fluoride on CMC- La and adsorption amount and removal efficiency of
linked CMC-La CMC- La and linked CMC-La for fluoride

3.10. Effect of initial concentration and isotherm models
Effects of initial concentration of fluoride on the removal efficiency onto the
adsorbents were shown in Fig. 12. Fluoride concentration ranged from 10 to 130

mg/L. The removal efficiency of fluorine onto CMC-La increased with the increase of
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concentration from 10 to 40 mg/L, while the removal efficiency decreased by waves
from concentration 40 to 120 mg/L and the maximum removal efficiency was about
98.85% at 40 mg/L. The removal efficiency of fluorine onto the linked CMC-La
increased with the increase of concentration from 10 to 40 mg/L, and stayed stable
when the concentration was beyond 40 mg/L while the maximum removal efficiency
was 99.31% at 40 mg/L.

Analysis of isotherm data was important for predicting the adsorption parameters.
Langmuir, Freudlich, Temkin and Dubinin isotherm equations were used to identify
the adsorption efficiency and the mechanism of the adsorption process. The Langmuir
model can be expressed in a linear form of Equation (10) [43].

The essential feature of the Langmuir isotherm can be described by a separation
factor R;. When R, values were between 0 and 1, the adsorption was favorable. R,
was calculated by the following equation (11) [44].

Co/Q, =1/ (K Onu) + C./ Oprax (10)

R = 1+KG) (11)

The Freundlich was displayed in Equation (12) [45] and it assumed non-ideal
sorption on heterogeneous surfaces [46].

InQ, =nK, +nInC, (12)

The Temkin model can be expressed in a linear form of Equation (13):

O, =RT/b,InK,+RT/b, InC, (13)

The Dubinin model can be expressed in a linear form of Equation (14):

nQ,=mngQ,, - f& (14)
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/3 is a constant related to sorption energy (kJ* mol™) and ¢ is Polanyi potential
which is mathematically represented as equation (15):

e=RTIn(1+1/C,) (15)

Where Q. (mg/g) was the amount of adsorbed fluoride per mass unit at
equilibrium, Q,,., (mg/g) was the theoretical adsorption capacity, K; (L/mg) was the
binding energy of the adsorption system in Langmuir, Kr (mg/g) was the Freudlich
constant and n was the adsorption intensity. Kr was the Temkin isotherm equilibrium
binding erengy (L/g), by was Temkin isotherm constant related the heat of sorption
and T was the absolute temperature in Kelvin. Cy (mg/L) and Ce (mg/L) were the
initial and equilibrium concentration in solution, respectively.

The values of Langmuir, Freudlich, Temkin and Dubinin isotherm constant were
obtained by linear regression method and the results were shown in Table 4. As
depicted, Langmuir model was better fitted than other models (based on the higher
correlation coefficient i.e. R? value and the Omax)- It indicated that the adsorption
process was monolayer surface adsorption with finite number of identical sites. Fig.13
showed Langmuir model for the adsorption of fluoride on the two adsorbents. R,
values were between 0 and 1, and it indicated that the adsorption of fluoride by

CMC-La and linked CMC-La was favorable [47].

Table 4 Characteristic parameters obtained by Langmuir and Freundlich equations.

Tem Langmuir constant Freundlich constant Temkin constant Dubinin-Redushkevich
pera
adsorben wure K, br ke ,
t u Qmax 2 l(F 2 2 B(mOI Qmax 2
T (L/mg R Ry n R (J/mol (L/mm R 5
(mg/g) (mg/g) ki) (mg/g)
® ) ) ob
0.99 0.01 0.95 5.047  0.26 0.64
CMC-La 298 0.79  36.440 045 1473 339.17 0.116 24.60
9 3 4 2
Linked 0.90 0.00 0.84 4.884  0.62 0.83
298 1.21 42.662 0.52 2251 184.53 0.089 30.75
CMC-La 6 8 0 2
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3.11 Comparison with related adsorbent

The comparison of adsorption capacity (Qmax) of related adsorbents for fluoride

was shown in Table 5. The results showed that linked CMC-La in this study was

superior to related adsorbents in adsorption capacity. The possible reason may be the

creases in surface that added the adsorption site and the adsorption capacity.

Table 5 Comparison with related adsorbent

Adsorbent C(F)(mg pH  Contact Temperature('C) Qmax(mg Reference
L time (h) g
La*"-impregnated 40 5-7 0.67 25 21.28 19
gelatin
La-Al-loaded 20.82 72 10 10+£1 0.113 48
scoria
La-modified 10 6.7 24 25 35 49
chitosan
Protonated 10 7 0.5 30 1.66 50
chitosan beads
Zr-immobilized 80 3 24 30 23.18 51
resin
granular ferric 1-100 6-7 24 25 7.0 52
hydroxide
Linked CMC-La 100 3 24 25 42.66 Present
study

3.12. Regeneration experiment

To keep down the cost of adsorption process, regeneration of the waste adsorbent

for recycling usage was critical in industrial application. As the adsorption behavior of

fluorine onto the adsorbents was much more dependent on pH value, NaOH solution

was chosen as eluent and the pH of the eluent was based on the resistance of the

adsorbents to acid and alkali. The pH of the eluent differed from 9.0 (CMC-La) to

11.0 (linked CMC-La), and results were shown in Fig. 14.
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Fig. 13. Langmuir model for the adsorption of  Fig.14.  Adsorption-desorption  cycle of
fluoride on CMC- La and linked CMC-La CMC-La and linked CMC-La

From Fig. 14, the maximum recycle times of CMC-La was twice and the first
removal efficiency was about 92 % while the second reduced to about 43 %. As for
the linked CMC-La, it can regenerate at least 5 times and the removal efficiency was
still above 86 %. The fluorine removal efficiency decreased only 8 %, demonstrating
that the linked CMC-La in this study can be reused and recycled easily. It was
significant for practical applications. From this aspect, we can also achieve the
conclusion that the linking process improved the hydraulic stability of CMC-La and
increased the recycle times of the adsorbent, which resulted in reducing the cost of the
use of adsorbent.
3.13. Mechanism analysis of adsorption fluoride onto linked CMC-La and
desorption of fluorine with alkali aqueous

As concerned for the loading process, La (III) was loaded onto the CMC through

ion exchange of sodium in CMC [53, 54]. However, the positive charge of the loaded
with La (III) was impossible to be neutralized by carboxylic groups and it needed

other anionic species like hydroxyl ions existing in aqueous solution. The mechanism
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of La (III) loaded onto the linked CMC was depicted in Fig. 15 Scheme I1A.
Glutaraldehyde had been used extensively as a cross-linking agent for natural
macromolecule compound such as protein and methylcellulose [55]. Because it can
not only react with amino group, but also react with the phenolic hydroxyl group [56].
As the linking process happened between carboxylmethylcellulose, the linking group
was the hydroxyl group in CMC which was shown in Fig. 15 Scheme 1B and the
space grid structure was formed to improve the adsorbents stability and resistance
[57]. The denser structure was also the reason of the improvement of hydraulic

stability and recycle of the linked CMC-La, compared with CMC-La.

OH
JFe
OCH,CH,COON 0GH,CH,c00” | “obbceH,cH
LaCly 7H,O
—_—
o soulution o o + 2nNa'
o
. N HO n
CcMC CMC loaded with La(IIT)
OH (A) OH
pE Fe
OCH,CH,C00” | “obbccH,cH OCH,CH,c00” | “obccH,cH
G
T .
Se)
o o O

o

n HO N o
CMC-La(IIl) G: Glutaraldehyde
linked CMC-La
®)

Fig.15. Scheme 1. Mechanism of preparation of linked CMC-La (A: La (III) loading process onto
CMC, B: CMC-La linking process with glutaraldehyde).

After adsorption, fluoride reacted with La (III) [58] and substituted the hydroxyl
in linked CMC-La through Lewis acid-base interaction and it also explained the

reason why after adsorption the pH changed to about 6.4 when the initial pH was
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432 about 4.0. The mechanism of adsorption process was shown in Fig. 16 Scheme 2A.
433 Besides, according to pHy,., the electrostatic attraction between positive adsorbent
434  and fluoride below pH 4.8 was shown in Fig. 16 Scheme 2B. Thus it can be seen that
435  adsorption sites were different from linked sites of the adsorbents. That may be the
436  reason why the linking process had no obvious effects on the adsorption of CMC-La

437  and linked CMC-La for fluoride.

F

OH OH" substituted by F~ (’OI(‘ OH"

fluoride
-——
0 o O Of solution O Of-solutio
QH
linked _|n linked _n n
protonation process Lewis acid-base interaction in solution
(A) B
o+ \+
[ o] 1T F
OCH,CH,COO OOCCH,CH,0 OCH,CH,CO0 \E'>(')CCH20H2() —I
fluoride
— o 0 o 0
(0] (0]
n linked n n linked n

Electrostatic attraction in acidity solution

®)
Fig.16. Scheme 2. Adsorption mechanism of fluoride onto linked CMC loaded with La (IIT) (A:
Lewis acid-base interaction in solution, B: Electrostatic attraction in acidity solution.)
438 As NaOH was used as the eluent, hydroxyl ion may participate in the desorption

439  process. The desorption mechanism analysis was shown in Fig. 17 Scheme 3A.
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D

OCH,CH,C00

NaOH
+>
O 0O solution

n n n

(A)

Fig.17. Scheme 3. Desorption mechanism of fluoride off linked CMC loaded with La (III)
4. Conclusions

In this study, carboxymethyl cellulose microsphere loaded with La (I11) and linked
carboxymethyl cellulose microsphere loaded with La (I11) were fabricated and used
to remove fluoride from aqueous solution. The adsorption property of CMC-La and
linked CMC-La were investigated under batch experiments, and the crosslinking
adsorption and desorption mechanism were analyzed. Conclusions can be summarized
as follows:
(a) Compared with CMC-La, the linked CMC-La showed a better deed in
compressive resistance, acid and alkali resistance and thermostability. The
glutaraldehyde linking improved the adsorbent properties.
(b) The maximum removal efficiency of CMC-La and linked CMC-La were about
98 % and 99 %, respectively and both of them declined with the increase of the pH
value. The kinetics model of adsorption belonged to pseudo-second order kinetic
model.
(c) Linking process happened between hydroxyl of carboxylmethylcellulose and
glutaraldehyde. Carboxyl and La (III) were the functional groups in the adsorption

process. La (III) was loaded onto the CMC through ion exchange of sodium. The
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adsorption of fluoride onto CMC-La was cooperation of Lewis acid-base interaction
and electrostatic attraction when the solution was acidity. And desorption of the
adsorbent happened because of the hydroxyl ion substituted fluorine again.
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