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and breakthrough curve modeling
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In this study, we discuss the removal of fluoride from water through column adsorption methods using
Al(OH)3@AC as a functional granular activated carbon. The height of the bed, fluoride concentration, and
flow rate are the experimental factors used to obtain the breakthrough curves. As the flow rate
increased, the breakthrough and saturation times decreased. The analysis of simplified column models,
such as the Adams—Bohart, Thomas, and Yoon-Nelson models, revealed that the Clark model best
described the adsorption process when fitting the experimental data. The obtained breakthrough curves
agreed with the corresponding experimental data. The highest capacity for adsorption obtained during
the column procedure was found to be 41.84 mg g~! with a bed height of 3 cm, an initial fluoride
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1. Introduction

Water contamination due to population increase and industrial
activity is one of the most challenging issues to researchers
because it continuously threatens human health and the envi-
ronment. It has been found that pollutants, such as nitrate ions,
pharmaceutical products, nitrophenol and trace metals, in
water sources cause serious problems in human health, the
ecosystem and the environment.'”> Contamination by anionic
pollutants, especially fluorides, in drinking water is a universal
problem in this era. This pollutant is recognized as the most
dangerous inorganic pollutant.

When fluoride is present in drinking water within desirable
limits, it promotes the formation, maintenance and health of
teeth and bones. However, the consumption of water contain-
ing a concentration of fluorides higher than the maximum
allowable concentration (1.5 mg L™ ') leads to several health
problems, including osteoporosis, kidney damage, bone defor-
mation, inactivation of the reproductive organs, nerve and
muscle degeneration, skeletal fluorosis and more.

Given the health risks mentioned above, it is essential to
treat water contaminated with fluorides in order to bring them
back to recommended limits. Defluorination is an effective and
applicable method to reduce the concentration of F~ in
drinking water. The main defluorination methods used
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concentration of 10 mg L~ and a flow rate of 7.5 mL min~%.
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worldwide are adsorption,® coagulation/precipitation,” electro-
dialysis,® ion exchange,” reverse osmosis and nanofiltration.’
These methods include advanced advantages and disadvan-
tages, using different concepts with different effects.

Adsorption is one of the most interesting methods for the
elimination of fluoride ions (F~) due to its high effectiveness
and limited cost.’™' Various inorganic materials have been
used for the removal of F~, like metal oxide-based materials,
carbonaceous materials, soils, clay minerals, and polymer- and
biopolymer-based materials.***® Of the above materials, porous
carbon is a promising candidate for adsorption processes due to
its ecological friendliness, high adsorption and low cost."”'®
Carbonaceous materials are an interesting adsorbent that can
be used for pollutant removal from water.’*>' However, most
types of porous carbons, such as activated carbon, showed
a visible decrease in efficiency after the first cycle. The adsorp-
tion process explained that the surface functionality is reduced
due to its low chemical stability, resulting in the leaching of
material, waste and associated costs.?*** Herein, the adsorption
capacity of activated carbon is determined by the modification
strategy, aiming to optimize the surface properties and thus the
adsorptive character.> Recently, industries have tried to apply
inorganic adsorbents to adsorb fluoride.

More recently, for applications, adsorption procedures using
batches for continuous treatments has been very useful in this
regard.”*?® Nevertheless, a dynamic adsorption system is rec-
ommended for full application in water depollution, because of
its simple operation and stability.>**® In addition, the adsorp-
tion of liquid media under continuous flow is considered a non-
linear pathway that can be tailored via breakthrough curve.*-**
Herein, the properties of breakthrough curves are determined
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on the bases of column parameters flow rate, adsorbate quan-
tity, pH, temperature and adsorbent weight.>**>-* It has been
demonstrated that the adsorption process can change signifi-
cantly from the adsorbent-adsorbate configuration in packed-
bed columns. Accordingly, it was shown that modeling of
breakthrough analysis for liquid adsorption is highly desirable
for water purification in full concreate applications.* For this,
the key factor of the breakthrough analysis modeling steps is
the close fitting and prediction of adsorption properties while
exploring the experimental results. However, correlation with
the adsorption phenomena in packed-bed columns is hard in
the laboratory setting compared to modeling in batch methods
due to the quantity of elements in the adsorbent and liquid
media for dynamic systems. Here, the fittings of the adsorption
process are obtained from the mass transfer mechanisms,
kinetics and thermodynamics of adsorption.** Numerous
models have been employed for the fitting of breakthrough
curve analysis performed in a dynamic adsorption pathway. For
the fitting models, it has been established that the Adams-
Bohart,** Thomas,?” Clark,*® Yan,* and Yoon-Nelson*® models
are the most useful for the control of breakthrough curves in
dynamic adsorption.>***** The above models are based on
analytical equations, which require low computational time for
analysis processing. Additionally, these models are popular for
fitting adsorption data in dynamic water depollution due to
their simple form and performance.

In this work, a functional granular adsorbent based on
Al(OH);@AC was prepared via the simple incorporation of
aluminum particles into activated carbon. The granular adsor-
bent Al(OH);@AC was used to fabricate a system based on
a glass column for continuous removal of fluoride ions as
hazardous materials in water. The performance evaluation was
obtained via investigation of the flow rate, the fluoride amount
and the bed height. To explain the adsorption mechanism,
different methods, including the Thomas, Adams-Bohart,
Yoon-Nelson, and Clark models, were used. Based on the
results, the adsorption mechanism is proposed.

Paper

2. Methods and materials

2.1. Materials preparation

In all the experiments, granular activated carbon from date
stems was functionalized according to our previous method.*?
The chemicals Al(NO3);-9H,0, NaF (99%) and HCl/NaOH were
purchased from Alfa Aesar (Germany), Merck (Germany) and
Sigma-Aldrich (USA), respectively. Ultrapure water with resis-
tivity =18 MQ cm was obtained from a Milli-Q system. The
specific fluoride ion electrode ISE27F (Cole Parmer, USA) was
used to determine the fluoride concentration.

In our previously published paper,** we developed different
approaches in parallel. Each process was simple. In order to
improve the performance of the material produced (AC) and
increase its adsorption capacity from practically zero, we
introduced aluminum in various forms through the incorpo-
ration of Al(OH); compounds and aluminum nanoparticles (Al
©) and the grafting of 3-aminopropyltriethoxysilane (APTES)-AI°
and OH-aminopropyltriethoxysilane (APTES)-Al°. All prepared
adsorbents were tested for the adsorption of fluorides and the
results showed that AC-Al(OH); has the best removal efficiency
compared to the other adsorbents tested. The fixation of
aluminum hydroxide on the surface of AC was achieved by an
inexpensive method. Firstly, the activated carbon made from
date stems was dispersed in water as a solvent under ultra-
sonication for 20 minutes. Then, the aqueous solution con-
taining the activated carbon was mixed with the aluminum
solution with continuous stirring. A dose of NaOH was added to
the mixture in order to adjust the pH to 11 and again the
mixture was stirred for 4 h to obtain the hydroxide phase
(Al(OH)3). The final material was filtered and washed with
ultrapure water. The resulting activated carbon, referenced as
AC-Al(OH)3;, was dried at 80 °C overnight.*

The fluoride ion content was determined using a selective
electrode. The specific ISE27F ion fluoride electrode used in our
work is combined with a pH/potential electrode with an

column filled with
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peristaltic pump

contaminated
water

A\ 4
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Scheme 1 Visualization of the experimental configuration for dynamic elimination of fluoride.
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Fig. 1 Effect of (a) bed height, (b) flow rate and (c) initial fluoride
concentration on breakthrough curves of fluoride adsorption on
AUOH)3z@AC in the column system.

integrated millivoltmeter or an ionometer calibrated to directly
give the fluoride concentration. The samples were mixed with
total ionic strength adjuster buffer (TISAB). This solution makes
it possible to maintain the ionic force constant, keep the free
fluoride ions in solution and regulate the pH so that the latter is
around 5 and therefore the fluoride ions will be in the ionic
state and detectable.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.2. Material characterization

The characteristics and properties of the adsorbent prepared
based on activated carbon (Al(OH);@AC) were presented in our
previously published paper.*

2.3. Fixed column studies

A continuous fixed-bed column was used to test the perfor-
mance of the granular functional activated carbon in simulta-
neous fluoride elimination (Scheme 1). The experimental
apparatus consisted of a Pyrex glass jacketed column with an
external diameter of 18 mm, an interior diameter of 10 mm, and
a length of 0.25 m. Nonwoven glass was fixed at the column
bottom and then the desired quantity of functional activated
carbon was added to the column to reach various bed masses.
The fluoride polluted water was pumped downwards through
the bed at a stable and continuous flow rate using a peristaltic
pump (Ismatec® IPC, Coleman). The obtained aqueous phases
were collected and filtered for measurement of the remaining
amount of fluoride. Thereby, the breakthrough curves were
obtained and fitted according to the following models.

2.4. Studies of the breakthrough curves

To study the patterns for dynamic adsorption of pollutants over
column systems, various theoretical models were used. The
necessary parameters to establish operation and dynamic
response are the time for breakthrough appearance and the
form of the breakthrough curve.

(i) The Thomas model uses the theory of Langmuir kinetics
for adsorption-desorption, promoting suppressional dispersion.
It was obtained via a simple derivation using the assumption that
the force of the derivation rate could fit second order reversible
reaction kinetics. According to this model, described by eqn (1),
the constant separation factor and its favorable or unfavorable
isotherms can be estimated.*” This model was employed to
remove F~ ions from aluminum basic materials.**

C 1

THJ0X

Go 1 +exp (K

where C, and C (mg L") are the concentrations of fluoride at
the column entrance and exit, respectively, Kry (mL min "
mg ') is Thomas' model rate constant, g, (mg g ') is the
adsorption capacity, x (g) is the adsorbent mass, and Fy
(mL min~") is the flow rate.

(ii) The Adams-Bohart model was derived from the mathe-
matical relation described by C./C, and ¢ under permanent flow
configuration (eqn (2)). The proposed model was focalized from
the theory of the surface reaction. It estimates that equilibrium
cannot be reached instantly. According to the results obtained
by this model, a simple approach to visualize adsorption over
columns, its validity is localized in the concentration range of C,
< 0.5C,.3042

(1)

— Ky C()[)

C z
FO = eXp (KAB Col — KABN() 70) (2)
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Table 1 Parameters of the studied bed height (H) on the elimination of fluoride ions using activated carbon. Experimental conditions: [F]g =

10mg L™ Qu=75mLmin"% pH=6.15

Breakthrough time  Saturation time Breakthrough

Saturation volume

Adsorbed quantity  Yield (R) Adsorption capacity

H(cm) (¢) (min) (ts) (min) volume (Vp) (mL) (Vs) (mL) (Maqs M) (%) g (mgg™
1 40 480 300 3600 17.11 37.45 22.82
2 90 780 675 5850 28.01 47.88 28.01
3 150 900 1125 6750 34.62 51.28 30.10

Table 2 Effect of the flow rates (Q,) on the column operation. Experimental conditions: [Flo = 10 mg L™, H = 2 cm and pH = 6.15

Qv Breakthrough time Saturation time Breakthrough volume Saturation volume Adsorbed quantity Yield (R) Adsorption capacity
(mL min™") () (min) (¢) (min) (Vi) (mL) (Vi) (mL) (Mads mg) %)  qmgg

7.5 90 780 675 5850 28.01 47.88 28.01

11 50 660 550 7260 27.62 38.05 27.62

14.5 30 540 435 7830 24.20 30.90 22.24

Table 3 Effect of the initial fluoride concentration on the column operation. Experimental conditions: Qy = 7.5 mL min~}, H =3 cm, pH = 6.15

Breakthrough time Saturation time Breakthrough

Saturation volume

Adsorbed quantity Yield (R) Adsorption capacity

mg L")  (t) (min) (t) (min) volume (Vp) (mL)  (Vs) (mL) (Mags) (mg) (%) q(mgg™)
5 330 1020 1575 5850 29.78 77.85 25.89
10 150 900 1125 6750 34.62 51.28 30.10
15 120 780 900 5850 48.12 36.20 41.84

where K, (L mg™ " min ") is the kinetic constant, N, (mg L") is
the concentration of saturation, Z (cm) is the bed height and U,
(cm min™") is the linear rate.

(iii) The Yoon-Nelson model was established via the changes
and mechanism involved over the adsorption and breakthrough
caused by the statistical data of the adsorbate.*>** This model is
simpler for clear investigation compared to the Adams-Bohart
model, as it is not limited by the details of adsorbate charac-
teristics, the type of adsorbent, or the physical properties of the
adsorption bed.** The empirical equation used in this model
may reduce the error brought on by using the first established
model, Thomas, especially at the beginning and end of the
period on the breakthrough curve.*

£ _ exp(kYNt — 6kYN)
C() - 1 + eXp(kYNt — 6kYN)

(3)

where 6 (min) is the time of 50% saturation and Kyy (min™") is
the rate constant.

(iv) Clark's model is based on the mass transfer equation
accompanied by the Freundlich model to determine the
constants such as Ky and 1/n. Clark's model resulted in the

following equation
()
) (@)

c_ (. r
Co  \1+ A exp(—)

where 7 is the adsorption constant of Freundlich, A is the Clark

constant and r is the adsorption rate in mg L' min~".
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The regeneration of the adsorbent bed in dynamic mode is
very important for larger scale applications.*” In our previous
article, we carried out a study on the desorption of fluoride from
Al(OH);@AC in batch mode, using different chemical desorp-
tion agents, of which NaOH (0.01 M) solution proved the most
effective desorption agent among the different chemical agents
tested.” Thus, NaOH was also used in this study of desorption
in dynamic mode. For the experiment, the Al(OH);@AC bed was
saturated in a column at 22 °C with an initial fluoride solution (c
=10mg L', pH = 6.15), a flow rate of 7.5 mL min~ " and a bed
height of 3 cm. Once the activated carbon bed was saturated, we
sent ultrapure water to the column to eliminate traces of the
fluoride solution, then NaOH solution (0.01 M) at the same flow
rate (7.5 mL min~ ). The fluoride concentration was monitored
at the column outlet (Scheme 1).

3. Results and discussion

The study was conducted to determine the breakthrough curves
and describe the process based on the system's different oper-
ating parameters, notably the flow rate, the height of the bed of
Al(OH);@AC and the initial concentration of fluoride.

3.1. Influence of bed height

The unremoved fluoride over the column was investigated in
three different bed heights: 1, 2 and 3 cm. Measurements were
performed via a fixed amount (10 mg L") of fluoride in liquid

© 2024 The Author(s). Published by the Royal Society of Chemistry



Paper

RSC Advances

(a)
1,0 ———— XA 1,0 — e
% x XK Ty % X X
e -
0.8 / 08 *
£ /
/ * *
0,6 S " ¥
*/ * Experimental Data 0,6 / * Experimental Data
Q@ */, simulated curve Uc )é simulated curve
= 04 / >
Q A O 941 "
J 7
0,2 ¥/
0,2 %/
0.0 Jame™ Qv=7.5 L/min, H=2 ¢cm, C=10 mg/L /é/ Qv =11 mL/min, H=2 cm, C,=10 mg/L
0,0
0 200 400 600 800 1000 1200 0 100 200 300 400 500 600 700 800 900
t (min) t (min)
1,04
0,38
06
>
Qo
=
O 044
02
Qv =14.5 mL/min, H=2 cm, C; =10 mg/L
0,0 T T T T T T T T
0 100 200 300 400 500 600 700 800
t (min)
1,0 1.0 ¥ X
" * X7
* Experimental Data ~
simulated curve
0,8 0,8
06 0,6
> * Experimental Data =
o . &)
= simulated curve <
O 04 O 044
02 024
Qv=7.5 mL/min, H=1em, Cy= 10 mg/L 00 ;(* Qv =7.5 mL/min, H=3 ¢m, C¢= 10 mg/Lj
00 T T T T T T . A T T T T
0 100 200 300 400 500 600 0 200 400 600 800 1000
t (min) t (min)
(b)
1.0 % X X
K
*
(©) /w
09| % Experimental Data sy EHHKK *
simulated curve 084 /*
/
084 % /% % Experimental Data
\ / A .
¥/ 064 >§/ —— simulated curve
Qv =7.5 mL/min, H=3 cm, ' 7
/ < ¥
= 087 Cy=5mg/L / @] //
@] / = X/
Ry /X O 04+ * /
&) 044 / “
fx
/ 0,24
0,24
x X .
x x ¥ KK Qv =7.5 mL/min, H=3 cm, C( =15 mg/L
X 0,0 T T T T T T
T T T T T T
400 600 800 1000 1200 1400 0 0 400 600_ 800 1000 1200
t (min)

00 S
200

0
t (min)

fluoride concentrations

© 2024 The Author(s). Published by the Royal Society of Chemistry

Fig. 2 Experimental and calculated breakthrough curves obtained from Thomas model for different (a) flow rates, (b) bed heights, and (c) initial
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solution under a permanent and stable flow rate of 7.5
mL min~ .

Fig. 1a illustrates the breakthrough curves obtained at
various heights of activated carbon beds and the different
operating parameters of the column are given in Table 1.

The data clearly show that increasing the bed height, or in
this instance the adsorbent dose, induces an increase in
breakthrough and saturation times. For bed heights of 1 to
3 cm, the fluoride adsorption capacity rises from 22.82 mg g~ *
to 30.1 mg g~ *. This result can be explained by a longer resi-
dence time corresponding to a higher dose of activated carbon,
which improves the fluoride adsorption. Similar results were
found by S. Mohan et al.,*® who explained their results by noting
that the number of active sites increased with the height of the
bed. For the rest of the study, the height of AC-Al(OH); which
gives the longest saturation time is retained, i.e. 3 cm.

3.2. Influence of flow rate

In continuous mode water treatment, the flow rate is an essential
factor. Thus, the flow rates of 7.5, 11 and 14.5 mL min~ ' were
examined. The other operating parameters were kept constant:
the initial fluoride concentration = 10 mg L™ ", the height of the
fixed bed = 3 cm and the pH of the solution = 6.15. The obtained
results are illustrated in Fig. 1b and the different operating
parameters of the bed column are given in Table 2.

In these results, a reduction in the breakthrough and satu-
ration times occurs when the volume flow rate is increased. At
a higher flow rate, column saturation is quickly reached and the
breakthrough curve becomes steeper (Fig. 1b).

This faster saturation of the bed column is due to the time
spent by the solute in the column, which is insufficient for
achieving equilibrium, explaining the decrease in adsorption
capacity. Clearly, as the flow rate is raised, the time spent in the
column by the fluoride molecules decreases, decreasing the
contact between the solid and liquid phases and, as a result, the
exchange rate. In their recent work, N. Chen and collaborators
demonstrated that the time to breakthrough reduced as the flow
rate increased.*® They attributed this result to a reduction in the
duration of time that fluorides spent in interaction with the
adsorbent; thus, the fluoride ions did not have sufficient time to
diffuse into the adsorbent pores and left the column before
equilibrium was reached. R. Mohan and collaborators obtained
the same results.*” The reduction in the contact time causes
a reduction in the adsorption capacity. In addition to this, the
porosity and pore size of adsorbents is one of the main factors
in adsorption. The porosity of AC-Al(OH); is high. It consists of
74% mesopores and 26% micropores.** It is widely known that
the more porous the sorbent, the longer the contact time
required to fully use its adsorptive ability. Therefore, the impact
of flow rate on the sorbent's efficacy is typically greater the
higher its microporosity. The volume flow retained for the rest

of the study is 7.5 mL min™".

3.3. Influence of initial concentration

The initial concentration is an essential parameter that allows
comprehension of the adsorption behavior. Fig. 1c presents

6 | RSC Adv, 2024, 14, 1-14
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the fluoride concentration over the breakthrough curves. As
expected, a rise in F~ concentration led to an observable
decrease in the breakthrough time. This can be attributed
mostly to the higher quantity of fluoride ions introduced into
the column per unit time when increasing the initial fluoride
concentration. In addition, the low concentration gradient
causes slow diffusion produced by a decrease in the transport
coefficient, which in turn results in a decrease in the mass
transfer coefficient. Thus, higher initial fluoride concentra-
tions lead to greater driving force for mass transfer and the
saturation of the bed of the adsorbent is reached more
quickly, which leads to a reduction in the breakthrough time
(Table 3). The results of the current study are consistent with
those published by M. Talbat et al.*®

4. Data modelling

The studies of the adsorption phenomenon, kinetics and
breakthrough data are necessary to check the efficacy of this
continuous fixed bed column for dynamic water treatment. For
this, various theoretical models were used to present the
breakthrough curves. In the sections that follow, the results

Table 4 Mathematical parameters of Thomas model

Parameters Kry 10°* (mL min " mg ™) go (mgg™) R

Flow rate (mL min )

7.5 1.22 27.24 0.994
10 1.18 22.00 0.992
14.5 1.02 17.66 0.986
Bed height (cm)

1 3.2 17.98 0.994
2 1.22 25.23 0.992
3 1.01 30.87 0.996
Initial concentration of fluorides (mg L")

5 2.1 25.10 0.989
10 1.01 27.87 0.990
15 2.4 30.20 0.985
Table 5 Adams-Bohart model parameters

Parameters Kag 107* (L mg ' min™") No (mg L) R
Flow rate (mL min )

7.5 1.22 26.83 0.958
11 2.82 24.12 0.913
14.5 3.12 19.33 0.921
Bed height (cm)

1 2.18 24.45 0.925
2 1.22 27.4 0.958
3 1.09 32.8 0.929
Initial concentration of fluoride (mg L)

5 1.98 23.87 0.961
10 1.09 29.56 0.958
15 0.98 38.45 0.958

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Experimental and calculated breakthrough curves obtained from the Adams—Bohart model for different (a) flow rates, (b) bed heights and
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Fig. 4 Breakthrough, experimental and calculated curves obtained from the Yoon—Nelson model for different (a) flow rates, (b) bed heights, and
(c) initial concentrations.
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obtained allowed the modeling of the breakthrough curves
using classic kinetic models such as the Thomas, Adams-
Bohart, Yoon-Nelson and Clark models (original Pro 9.064 BIT
software).

4.1. Thomas model

The Thomas model estimates that the forces of intraparticle
diffusion are the same as the axial liquid film concentration
over the material's surface.* The breakthrough curves pre-
sented in Fig. 2 were obtained for various flow rates, bed heights
and fluorine amounts and then fitted with a nonlinear relation
of the Thomas model (eqn (1)). The constant data calculated
using this model are listed in Table 4.

The results obtained from this model showed a correlation
coefficient near 1 (R*> > 0.98). This can be attributed to the
fluoride adsorption process over Al(OH);@AC, which involves
both chemical interactions and the diffusion of F~ ions within
the adsorbent particles. The obtained Ky, demonstrated that
the removal rate of fluoride ions decreased with the increase
of the flow rate and the amount of fluorine. However, when the
height of the bed was raised, the rate of fluoride adsorption
decreased. This is explained by the rise in derivation force over
the adsorbate/adsorbent during the dynamic removal. In
addition, this behavior resulted in an increase of the mass
transfer rate while the initial amount and the flow rate
Consequently, the diffusion forces and axial
dispersion rise with an increased bed height. This was sup-
ported by the decrease of Kry.*>*° The removal uptake of F~
ions was obtained via the application of the Thomas model, in
which the capacity decreases with an increase in flow rate and
rises with increases in initial concentration and bed height
(Table 4).

This was associated with increased diffusion forces at a high
initial quantity of F~, resulting in an increase of fluoride uptake
capacity. However, the mass transfer driving forces and resident
time for the adsorbate increased with increases in bed height
over the column. This trend is not the same for the flow rate
effects, where a reduction was obtained for the adsorbent/
adsorbate, resulting in a lower capacity.®® The calculated
Thomas maximum adsorption capacity for AC-Al(OH); was
30.2 mg g ', which is considerably higher than the adsorption
capacities found in the literature (Table 5).

increase.

Adsorbent gm (mg g™ References
Modified magnetite 1.8 45

Hydrous ferric oxide 12.7 52
Al-modified zeolite 3.2 53

Hematite 2.4 53
Magnesia-pullulan 16.5 54

composite

AC-Al(OH); 30.2 Present study

4.2. Adams-Bohart model

The Adams-Bohart model forecasts breakthrough curves
during the initial adsorption phase, supposing that the initial
amount of fluorine ions and the remaining amount are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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directly proportional to the number of pollutants removed.
According to the results from the Adams-Bohart model, N,
values increased with flow rate but dropped as the bed height
rose (Fig. 3).

As shown in Table 5, the K,p constant drops with a rise in all
parameters. It established that adsorption uptake was 33 mg
¢ ' and reached a maximum at 5 cm bed depth, 10 mg L™" of
fluoride concentration, and a flow rate of 5 mL min .

As the bed height increased from 1 to 3 cm, the bed uptake
rose. The results are explained by the key role of the func-
tionalization of the activated carbon, resulting in sufficient
active sites in Al(OH);@AC. Increasing the flow rate caused an
increased amount of F~ to stick to AI(OH);@AC in the fixed
column, decreasing the bed capacity. The findings showed
that Kap and N, are inversely related and the condition is
controlled by the external mass transfer over the initial phase
of adsorption.” Importantly, measurements of Ny and Kp
describe their values, which are related to the system variables
and are similar to the results obtained by Ajmani et al.>®
Furthermore, the experimental data corresponded well to the
Adams-Bohart model with an R® greater than 0.95 in

Table 6 Mathematical parameters of Yoon—Nelson model

T

Parameters Kyn (min™?) (min) R
Flow rate (mL min )

7.5 1.02 x 1072 363 0.995
11 1.50 x 102 235 0.992
14.5 1.98 x 1072 157 0.953
Bed height (cm)

1 1.66 x 1072 228 0.994
2 1.02 x 1072 363 0.995
3 0.87 x 102 451 0.990
Initial concentration of fluoride (mg L)

5 1.02 x 1072 585 0.989
10 0.87 x 1072 451 0.990
15 0.87 x 1072 387 0.985

Table 7 Mathematical parameters of Clark model

Parameters A r(mg L ' min™") n R
Flow rate (mL min )

7.5 39.44 6.40 x 1073 1.99 0.997
10 25.12 9.12 x 10 1.01 0.997
14.5 15.67 9.35 x 103 1.54 0.9997
Bed height (cm)

1 27 1.34 x 107 1.53 0.995
2 39.44 6.40 x 1073 1.99 0.997
3 45.32 5.62 x 107 1.97 0.995

Initial concentration of fluoride (mg L)

5 25.34 2.18 x 103 4.65 0.995
10 32.45 5.62 x 1073 1.97 0.996
15 77.423 4.82 x 107° 1.68 0.997
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concentrations.
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Fig. 6 Evolution of the concentration of fluoride at the outlet of the
column as a function of time. [NaOH] = 0.01 mol L™, bed height =
3 cm, flow rate = 7.5 mL min%, T = 22 °C.

a majority of cases (Table 5). The No values rose with the flow
rate but declined as the bed height increased. Following the
same trends, K g was reduced as the flow rate rose and raised
as bed height increased.

4.3. Yoon-Nelson model

The model established by Yoon-Nelson assumes that the rate of
adsorption for each adsobate is proportional to the adsorption
capacity of the adsorbate and the rate of adsorbate break-
through over the sorbent.* The nonlinear regression was
accomplished by plotting C,/C, versus the time, as seen in Fig. 4.

Table 6 shows the Kyy and calculated time values.

It was observed that 7 values reduced as the solution flow rate
increased, but rose as bed height increased. Here, the increase
of 7 was explained by the greater bed height providing a high
number of activated functional sites which require more time to
accomplish a 50% adsorbate breakthrough. In contrast,
a reduction in 7 with the initial amount of F~ is associated with
less time needed to reach a 50% breakthrough because more

RSC Advances

fluoride ions are easily available for the available active sites.
Likewise, as the flow rises, the 7 values decrease and this can be
attributed to the fact that F~ is supplied to the free activated
sites faster than at low flow rates. Furthermore, the Ky rose as
the flow rate and F~ concentration increased, which was in good
agreement with data obtained previously.*® Herein, the model
analysis over the nonlinear regression measurements is
summarized in Table 6 and R* values up to 0.98 are obtained in
most cases. Importantly, the Yoon-Nelson model fit the exper-
imental values correctly.

4.4. Clark model

Clark created this model to demonstrate the kinetics of a fixed
bed adsorption system based on the combination of mass
transfer and Freundlich isotherm. The calculated values of the
Clark parameters are reported in Table 7 and the associated
curves are shown in Fig. 5.

With an increase in the adsorbate flow rate, the value of the
Clark constant (r) rises. For the Freundlich isotherm, it was
observed that the constant “n” is higher than 1, indicating that
adsorption is favorable. In conclusion, the results obtained
from the Clark model showed that a lesser flow rate is efficient
for maximizing AI(OH);@AC adsorption. In this regard, it will
be important to study the regeneration over the adsorbent to
confirm the above results. The results (Fig. 5) show that the
experimental and obtained breakthrough curves are in good
agreement.

5. Fluoride desorption tests in
dynamic mode

We monitored the number of fluorides at the column outlet
over time. The results obtained are presented in Fig. 6.
According to the results shown in Fig. 6, we observe rapid
desorption during the first hour of contact which then gradually
decreases until reaching equilibrium, estimated at a concen-
tration of 0.5 mg L™ of fluorides after 150 min of desorption

breakthrough
. 1000 time
£
£
N’
g 500
0 time
N
e Q
Ng g

Fig. 7 Effect of the regeneration of the activated carbon bed Al(OH)s@AC on the breakthrough and saturation times. Experimental conditions:
[Flo =10 mg Lfl, volume flow rate = 7.5 mL minfl, bed height = 3 cm, initial pH = 6.15, T = 22 °C.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with a desorption yield of 75% as determined using the
following equations.

ts
Phags = Qv[ C(n)dt 5)
JO
Yae (%) = 29 5 100 6)
Mads

where m,qs is the mass of the adsorbent desorbed from the
surface of the adsorbent (mg), Q, is the volume flow rate
(mL min™"), and Y. is the desorption efficiency.

6. Regeneration-reuse of the
adsorbent

To evaluate the performance of regenerated Al(OH);@AC,
a continuous adsorption test was performed under optimal
operating conditions. The results obtained are illustrated in
Fig. 7. According to the results, the breakthrough time goes
from 170 min for the first use of the activated carbon bed to
100 min after its regeneration. We see the same trend for the
saturation time, which goes from 900 min during the first use to
780 min after regeneration. In addition, the fluoride adsorption
yields obtained are 51.21% during the first use and 45.55% after
regeneration. These results are promising and further confirm
the fluoride removal performance of the produced Al(OH);@AC
activated carbon.

7. Conclusions

The dynamic adsorption of fluoride over Al(OH);@AC was
investigated in a continuous fixed bed column to provide theo-
retical and technological information to expand the industrial
scale application of Al(OH);@AC. The results of the continuous
mode study are encouraging and show that a number of
parameters such as feed flow, fixed bed height and initial fluoride
concentration influence the breakthrough curves. Indeed, the
maximum adsorption capacity calculated by the Thomas model
(qrm) of 30.20 mg g was obtained for a feed flow rate of
7.5 mg L%, a bed height of 3 cm and an initial fluoride concen-
tration of 15 mg L', Concerning the applicability of existing
kinetic models, the results of the fitting of experimental data
showed that the Thomas, Yoon-Nelson and Clark models satis-
factorily describe the experimental data of the adsorption of
fluorides on AC-Al(OH); and, to a lesser extent, the Bohart-Adams
model, as it describes only the starting phase of the dynamic
process of the column system. The breakthrough curves were
determined based on the optimization investigations, taking into
account bed heights, flow rates, and initial fluoride concentra-
tions. In conclusion, Al(OH);@AC has significant commercial
application potential since it can safely and continuously remove
F~ pollutants from water using a fixed-bed column.
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