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Preparation of a novel environmentally friendly and cost-effective composite adsorbent for fluoride
removal is presented in this work. An activated sludge lysis ash/chitosan (ASLA/C) composite adsorbent
was synthesised using an in situ coprecipitation method, and the removal effect of the material was
analysed by static adsorption, isothermal adsorption and kinetic adsorption tests. Langmuir model could
better describe the adsorption process and the adsorption was in accordance with the kinetic equation
of the pseudo-second-order kinetics reaction. The values of adsorption thermodynamic and kinetic
parameters were indicated that the adsorption of fluoride ions is a spontaneous, heat-absorbing entropic

process, and the reaction was carried out by a combination of mechanisms, such as electrostatic
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Accepted 17th November 2022 adsorption, ion exchange, surface complexation and hydrogen bonding. e experimental results
indicated that ASLA/C can be used as a cheap and readily available alternative efficient adsorbent where

DOI: 10.1039/d2ra05343h the maximum fluorinate absorption was observed with 7.714 mg g~*, while solving the problem of waste
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1. Introduction

Fluorine is a trace element necessary for human life activities,
dental health, bone growth and development; however, long-
term exposure to fluorine-rich drinking water can cause
health hazards in people." A concentration of fluoride ions in
drinking water greater than 1.5 mg L~ will have a serious
impact on human health. In areas with severe fluoride ion
contamination, chronic diseases such as dental fluorosis and
bone fluorosis occur in large numbers, endangering human
health. Endemic fluorosis is a worldwide environmental and
geological problem that seriously endangers human health and
has caused widespread concern worldwide.” The efficiency of
fluoride removal by adsorption is mainly dependent on the
performance of the adsorbent materials, which can be classified
according to their raw material components as natural and
modified polymer adsorbents, rare earth adsorbents and
modified metal oxide adsorbents.>* Based on this, this paper
focuses on the study of organically modified industrial waste
residue composite adsorbent materials.

Industrial and agricultural wastes are byproducts of indus-
trial and agricultural production and processing in large
quantities. If these wastes are used as adsorbents, it not only
does reduce production costs, but also reduces the environ-
mental pressure caused by the waste treatment and disposal
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from activated sludge lysis disposal and realizing the environmental benefits of waste.

process and allows the waste to be reused, thus achieving the
goal of treating waste with waste. Industrial and agricultural
waste is now widely used for the removal of heavy metals, dyes
and other pollutants from water.>® Studies have verified that
straw ash,” electrocoagulated (EC) sludge,® modified clay
composite materials,” high-temperature modified eggshells,*
and crushed clay pots™ show promise in fluoride removal.
Meanwhile, activated sludge also can be used as a good
adsorption material with the advantages of low price, high
efficiency, good selectivity, and a wide applicability range of pH
and temperature,”" but there is a lack of reported studies
related to the use of activated sludge lysis ash as a fluoride
adsorption material.

Lysis has become a new method of disposal for industrial
and agricultural waste, Ako reported on the use of Advanced
Kinetics and Technology Solutions (AKTS) thermodynamic
software to simulate and calculate the activation energy (E,) and
other kinetic parameters of the remaining solid digestate, the
work highlights that the potential for solid waste cracking for
disposal."*** But the process will inevitably produce large
amounts of ash, which will create new disposal problems.'® The
large quantities of sludge generated as waste from treatment
plants and the residues from their subsequent lysis process
remain environmental issues. In recent research, Ahmed used
low-value lignocellulosic materials to synthesize activated
carbon into value-added products offers new ideas for a circular
economy.”” Emerging research therefore requires the sustain-
able treatment of sludge lysis ashes as a value-added resource.
For example, their conversion into high value-added products
such as sorbents is a favourable route to resource utilisation
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and secondary pollution control, as they are an unused resource
that also presents serious disposal problems. The preparation
of sorbents from lysis ash is a cost-effective alternative adsor-
bent that is of interest in the fields of material recovery,
resource utilisation and industrial wastewater treatment.
Therefore, the use of recovered sludge lysis ash for the prepa-
ration of composite adsorbents can serve the dual purpose of
resource utilisation and environmental management.
Chitosan (a copolymer of 2-glucosamine and N-acetyl-2-
glucosamine) is mainly derived from crustaceans such as
shrimp, crabs and lobster and is a nontoxic, biodegradable and
biocompatible material. Studies have shown that chitosan-
modified adsorbents have good treatment effects.®*® The chi-
tosan molecular chain contains a large number of amino
groups, which can easily undergo protonation under acidic
conditions, making it ligated with metal ions to form chelates
and play a role in the adsorption of metal ions, while there are
a large number of hydroxyl groups on its branched chain, which
also have a certain adsorption effect on fluorine ions.>***
There are few reports on the use of activated sludge lysis ash
in combination with chitosan for the adsorption of fluoride in
solution. In this study, chitosan was used to modify activated
sludge lysis ash to investigate its ability to remove fluoride from
water, and its removal effect and adsorption mechanism were
explored. Chemical modification enables the synthesis of
composites with porous structures while yielding materials with
higher surface areas. Ahmed et al. prepared high surface area
(1368 m? g~ ) cracked materials from manzanita lignocellulose
using NaOH activation modification.” Kong et al. synthesized
novel nanostructured lanthanide-doped hydrotalcite compos-
ites La@MgAl by hydrothermal calcination and prepared
surface area of 123.28 m* ¢~ and showed good results in the
removal of fluorinated wastewater.>® The modified neem husk
lysis material prepared from potassium hydroxide activated
Jatropha wood by Alau et al. had a high specific surface area of
1305 m” g~ ".>* Thus, in terms of porosity and surface area, the
chemical modification showed a better adsorption potential.
In this study, a new material was prepared for the removal of
fluoride ions from wastewater through the recycling of activated
sludge lysis ash modified by chitosan. In addition, the effects of
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the adsorbent dose, solution pH, different initial fluoride
concentrations, and reaction time on the adsorption capacity
were also investigated. The aim is to confirm the use of activated
sludge lysis ash as an inexpensive and readily available adsor-
bent material in the treatment of fluorinated wastewater. To
provide new ideas for the disposal of solid waste and to provide
theoretical support for its commercial-scale application.

2. Materials and methods

2.1. Materials and reagents

The treatment material used in this experiment was obtained
from the product of the remaining sludge pyrolysis ash were
collected from Kai Li factory, China, Guizhou wastewater
treatment plant. It was sieved and processed to control the
particle size range between 0.6 and 1.2 mm, washed with
deionized water and then dried in an oven at 80 °C for 24 hours.
After adding quantitative chitosan to acetic acid with a mass
fraction of 2% (wt) and dissolving magnetically at room
temperature to form a transparent solution, quantitative acti-
vated sludge lysis ash was added and reacted with magnetic
stirring for 2 h and left for 48 h, and then, the activated sludge
lysis ash/chitosan (ASLA/C) composite adsorbent was obtained
after extraction, washing and drying (the process is shown in
Fig. 1).

All chemical reagents used in this work were analytically
pure (A. R.), and chitosan with a deacetylation degree =95%
and viscosity of 100-200 MPa s from MACKLIN was used, while
NaF solution was prepared manually as simulated high-fluorine
water. NaF powder was dried at 103-110 °C for 2 h, and a stan-
dard stock solution of 20 mg per L NaF was prepared for
subsequent batch experiments.

2.2. Characterization methods

The adsorbent morphology of ASLA and ASLA/C was observed
using scanning electron microscopy (SEM) (Inspect™ Inspect
F50) at various magnifications. The phase of the adsorbent was
investigated using X-ray diffractions (XRD) (Shimadzu,
MAXima-X XRD-7000). Experiments were carried out using CuK
radiation at 40.0 kV and the continuous scanning range of the

—
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Chitosan modified
* ———— activated sludge lysis ash
(ASLA/C)

Fig. 1 Preparation process of activated sludge lysis ash/chitosan (ASLA/C).
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instrument was 10-70°. The N, adsorption-desorption
isotherms of the samples at liquid nitrogen temperature (77 K)
were determined using an ASAP 2000 automatic physical
adsorption instrument (Mack, USA), the specific surface area of
the products was calculated using the BET equation, and the
pore size pore volume distribution of the products was calcu-
lated using the BJH method. The infrared spectrum was recor-
ded on a Nicolet Nexus 670 Fourier infrared transform (FTIR)

spectrophotometer at a wavelength range from 400-4000 cm ™.

2.3. Batch experiments

2.3.1. Chitosan content proportioning experiments. The
material ratios were mainly for the ratios between chitosan and
activated sludge lysis ash (ASLA), where chitosan was added at
0g 02¢g 04¢g 06g, 0.8¢gand 1.0 g, and ASLA was added at
a fixed amount of 1.0 g. The preparation process will be carried
out according to the steps in Section 2.1, and the best material
ratios were obtained according to experimental optimization.

2.3.2. Fluoride ion adsorption experiments. One hundred
millilitres of a certain concentration of fluoride ion solution was
placed in a conical flask, the ASLA/C adsorbent was added, the
pH was adjusted with 0.1 mol L™ " hydrochloric acid and sodium
hydroxide, and the reaction was performed at room tempera-
ture (20 °C). The supernatant was passed through a 0.45 um
filter membrane after 30 minutes of standing, and the
concentration of fluoride ions in the reaction solution was
determined using a fluoride ion electrode. In batch adsorption
experiments, the effects of initial fluorine concentration (1, 2, 4,
6, 10 and 20 mg L"), reaction time (10-340 min), solution pH
(2-11) and the amount of adsorbent (0.1, 0.3, 0.5, 0.7, 0.9, 1.0
and 1.1 g/100 mL) were separately considered. The amount of
fluorine adsorbed and the fluoride removal rate were calculated
as follows:

(Co—C)V

0= "0 1)

(CO _ Ce)

R= x 100% )

0
where Q is the adsorption capacity at adsorption equilibrium
(mg g '); C, is the initial concentration of F~ in the solution
(mg g™ "); C. is the residual concentration of F~ in the solution
at adsorption equilibrium (mg g™ '); V is the volume of the
solution (mL); M is the mass of dry matter of the adsorbent
material added (g); and R is the removal rate of F~.

3. Results and discussion

3.1. Effect of chitosan content

To five beakers, 100 mL of simulated wastewater (C, =
10 mg L), 1.0 g of pure ASLA, and 0.2-1.0 g of chitosan were
added as described above. The reaction time was set at 180 min,
and the pH = 5. The reaction was left to stand after completion
for 30 min, and the relationship curve between the loading of
chitosan and the removal effect was obtained, as shown in
Fig. 2. The fluoride removal efficiency was only 0.043 mg g~ *
without chitosan, and the fluoride removal efficiency increased
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Fig. 2 Effect of chitosan dose on the fluoride removal effect of ASLA/
C. Adsorption conditions: Co =10 mg L™, pH =5 m=10g, t =
180 min, T =20 °C.

from 30.26% to 84.78%. This is mainly because the surface of
chitosan is positively charged, and the compound with ASLA
increases the positive charge on the surface of the adsorbent,
which improves the binding capacity of fluoride ions and
therefore the efficiency of fluoride removal.>* Meanwhile, the
large number of -NH, and -OH groups in chitosan, which are
naturally powerful in adsorption, help to produce NHy groups.
Therefore, chitosan occupies a larger proportion in the mass
ratio of composite adsorbents. When the chitosan content
added to the composite adsorbent was increased from 0.2 g to
0.8 g, and then gradually decreased as the chitosan content
increased. The optimum fluoride removal efficiency was 84.78%
for ASLA/C with a mass ratio of chitosan to ASLA of 4: 5 and an
adsorption capacity of 1.69 mg g~ '. Subsequent studies were
carried out on the basis of ASLA modified by 0.8 g of chitosan
with coprecipitation.

ASLA itself has moderate mechanical strength and granu-
larity, and in a reaction with chitosan modified composite
adsorbent, the mechanical strength and surface properties of
the adsorbent are improved with adsorption. The appropriate
proportion of chitosan in the composite adsorbent helps to
ensure the mechanical strength of the adsorbent and makes it
easy to shape and form particles, which can be used for static or
dynamic fluoride removal.

3.2. Characterization of the adsorbents

3.2.1. Diffraction pattern analysis. A distinct diffraction
peak appears in the XRD pattern at a 26 of approximately 32°,
and CaMg(CO;3), (dolomite) and SiO, (quartz) are the main
composition of ASLA. Kaolinite (Al,(Si,O5)(OH),), another
component of lysis ash, has a crystal structure consistingofa1:
1 lamellar structure formed by the arrangement of silicon-
oxygen tetrahedral sheets and aluminum-oxygen octahedral
sheets, which have a large specific surface area and pores
between layers, exhibiting a high adsorption capacity for heavy
metals.”® After compounding with chitosan, the position of the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD patterns of ASLA and ASLA/C.

characteristic absorption peak basically did not change, while
the intensity of the absorption peak was enhanced (Fig. 3). This
indicates that the crystalline shape of dolomite does not change
after compounding with chitosan, but only the crystallinity
increases.?®

The oxide and elemental content of ASLA were determined
using XRF (Table 1), and the main oxides were SiO,, Al,03;, CaO
and Fe,O;, which were similar to the XRD test results, further
demonstrating that the main elements of the sludge lysis ash
composition were Si, Ca, O, Al and Fe. The main components of
the modified ASLA/C were found to be unchanged, but the
percentage contents were increased. This is probably because
the chitosan used in the preparation of ASLA/C provided

Table 1 Composition analysis of (a) ASLA and (b) ASLA/C by XRF

View Article Online
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aluminium, which was loaded on ASLA in the form of an acti-
vator, while other elements were also introduced in small
amounts.

3.2.2. Surface morphology analysis. The surface
morphology of ASLA and ASLA/C was observed by SEM, as
shown in Fig. 4. Under 5.0k magnification, the surface of ASLA
was flat and smooth with no obvious porous structure. However,
after modification, ASLA/C has a large number of flocculent and
agglomerated structures, and the roughness of its surface
increased, probably due to the formation of new pores and
surfaces by mutual lap and winding between chitosan mole-
cules. In general, the rough surface structure will provide
a larger specific surface area than the blocky and smooth
surface structure, which is favour for the adsorption of fluorine
ions and the occurrence of chemical complexation. The
composite was prepared mainly by coprecipitation and SEM
images further confirmed that chitosan was interspersed in
ASLA. The exchange of fluorine ions occurs mainly on the
surface of ASLA, and the increase in adsorption capacity
depends mainly on the grain size and specific surface area. If
chitosan coalesces excessively on the surface of ASLA, the
specific surface area is reduced and the adsorption capacity is
lowered. It was therefore confirmed that when the chitosan
content was further increased, the excess chitosan clogged the
pores of the ash, resulting in a reduction in fluoride removal
efficiency.””

The N, adsorption-desorption curves and pore size distri-
bution curves of the ASLA and ASLA/C samples are shown in
Fig. 5. There are six recognized isotherm types, and according to
the IUPAC classification, the ASLA samples showed obvious type
IV isotherms at relative pressures 0.5-1.0 with H3 hysteresis
loops, and the samples of ASLA/C showed a sharp increase in N,
adsorption at higher relative pressures 0.8-1.0, indicating that

Composite SiO, Al,O4 CaO Fe,O5 P,O5 MgO SO, K,O TiO, Na,O
ASLA 8.18 11.3 33.24 6.52 5.43 3.25 2.95 0.36 0.23 0.14
ASLA/C 12.42 22.87 32.35 12.22 8.92 5.88 2.69 0.58 0.51 0.29

Fig. 4 Scanning electron microscopy images of (a)ASLA and (b) ASLA/C.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the modified materials have irregular mesoporous structures
and that some slit pore structures formed by the accumulation
of lamellar particles. The BET surface area and pore volume of
ASLA/C were significantly higher than those of ASLA, indicating
that modification with chitosan could improve the pore struc-
ture properties and enhance the N, molecule trapping ability.
ASLA/C has a richer pore structure and larger specific surface
area than before, and its specific surface area was 57.46 m* g,
which is approximately twice that of ASLA (26.91 m* g™ ). The
total pore volume of ASLA/C was 0.113 em® g~ " and that of ASLA
was 0.081 cm® g™, indicating that the specific surface area and
pore volume of ASLA were effectively increased after chitosan
modification, and more active sites were provided. The average
pore size determined by the BJH model analysis of ASLA/C was
16.5 nm, and the average pore size increased accordingly after
chitosan modification.

3.2.3. Functional group determination. Fig. 6 shows that
the same characteristic peaks exist at approximately 3371.93,
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(a) N, adsorption—desorption isotherms and (b) pore size distribution of ASLA and ASLA/C.

1428.99, 1042.82, 875.52 and 566.49 cm ™' for the material
before and after modification. The broad peak near 3371 cm™*
is mainly the OH stretching vibration peak, voy (containing
water and organic OH functional groups); the peak near
2928 cm ™' is mainly the CH stretching vibration peak, vcy; the
peak near 2520 cm ™' is mainly the sum frequency peak of the
symmetric and antisymmetric stretching vibration peak of
carbonate (calcite, dolomite), vas co, + ¥s co,- The peak near
1640 cm ' is mainly the in-plane bending vibration peak of OH,
don; the nearby peak at 1428 cm™' is mainly the stretching
vibration peak of carbonate (calcite, dolomite), 55 co ; the peak
at 1042 cm ' is mainly the stretching vibration peak of Si-O
bonds in some silicon-aluminates (containing structures such
as Si-O-Si and Si-O-Al) (the symmetric stretching vibration
peak of carbonate is near 1080, which may be masked, and the
antisymmetric stretching vibration peak of phosphate is also
near 1040). vgi_o; the out-of-plane bending vibration peak of
carbonate, yco,, is predominant near 876 cm™'; the bimodal

3cos
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Fig. 6 FTIR characterization of ASLA and ASLA/C.
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structure near 799 and 777 cm ™ is typical of the Si-O stretching
vibration peak of quartz, vs;_o, and the in-plane bending vibra-
tion peak of carbonate, o, is predominant near 726 cm ™% the
peak near 604 and 567 cm ™' may be the bending vibration peak
of phosphate, dpo;and the peak near 468 cm ' is mainly the
bending vibration peak of some Si-O bonds ds;_o (containing
Si-0-Si, Si-O-Al, Si-O-Mg, and Si-O-Fe structures).”® These
oxygen-containing functional groups are electron-absorbing
groups, which strengthen the electrostatic attraction of acti-
vated carbon and facilitate the adsorption process. Compared
with that before modification, the position of the characteristic
absorption peaks basically did not change but was enhanced.
This indicates that the crystal structure of the adsorbent was not
affected after chitosan compounding, while the crystallinity
increased. The results are consistent with the XRD results.

3.3. Batch adsorption experiments

3.3.1. Effect of reaction time. In this experiment, the
reactions were carried out in solutions with a dose of ASLA/C of
1.0 g, pH = 5 and an initial concentration of F~ of 10 mg L™ for
10, 20, 30, 40, 50, 60, 90, 120, 150, 180, 220, 260, 300 and
340 min at 20 °C. The results are shown in Fig. 7(a). As the
adsorption time increases, the adsorption volume Q rises
sharply and then rises slowly to a plateau, and the instanta-
neous adsorption rate (dQ/dt) decreases gradually. The curve
can be divided into three segments: the first period (adsorption
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time <60 min) has a large slope, and the adsorption volume
rises sharply, with approximately 55% of the total adsorption
volume completed within 60 min, indicating that adsorption at
this stage is a rapid adsorption process. The slope of the second
period (60-250 min) is smaller, with a slow increase in
adsorption over time, with approximately 35% of the total
adsorption completed in this period, probably due to the full
use of the active site on the adsorbent or physical adsorption.*
The third stage (adsorption time >250 min) is a plateau where
adsorption reaches equilibrium and the amount of adsorption
does not increase with time. Therefore, the adsorption of fluo-
ride by ASLA/C is a fast adsorption process, which achieved
equilibrium within 250 min.

3.3.2. Effect of adsorbent dose. Dose is an important
parameter that determines the adsorption capacity of the
adsorbent. To determine the appropriate dose, the adsorption
of 10 mg L ™" fluoride solutions (100 mL) by ASLA/C at pH = 5 for
250 min was studied at doses of 0.1, 0.3, 0.5, 0.7, 0.9, 1, 1.1 and
1.3 g. Fig. 7(b) shows the effect of ASLA/C dosing on the effect of
fluoride treatment at 20 °C. As seen from the figure, the fluoride
adsorption capacity of ASLA/C increased from 0.83 mg g~ * to
1.04 mg g ' and 1.49 mg g ' when the adsorbent dose was
increased from 0.1 g to 0.5 g and 1.0 g in solution, and the
removal rate of fluorine ions increased from 57.82% to 66.08%
and 89.13%. The highest removal rate of F~ in the range of
adsorbents studied was achieved when the amount of adsor-
bent reached 1.0 g. This is mainly because as the amount of

1.6 100
b o,
1.4
80
~ 1.2
B S
& 1
~
910 k60
0.8 1 i
40
0.6 T T T T
0 3 6 9 12 15
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60 zi
k40
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Fig. 7 Effect of (a) reaction time; (b) adsorbent dose; (c) solution pH and (d) initial F~ concentration on the fluoride adsorption capacity and

removal capacity.
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adsorbent increases, the adsorption sites available on the
surface of the adsorbent also gradually increase, and therefore
the removal rate gradually increases. The increase in the
amount of adsorbent added to the reaction provided more
adsorption sites for fluoride removal. Combined with the BET
analysis, the large specific surface area of ASLA/C further
increased the binding sites and facilitated the removal of fluo-
ride. As the initial fluorine solution concentration remained
constant, the change in fluorine removal rate continued to
decrease to 43.48%, even after continuing to increase the
amount of adsorbent. This may be due to the saturation of the
adsorption, combined with the large number of ASLA particles
squeezing each other, resulting in a decrease in specific surface
area and pore volume.* In summary, 10 g L~ " was chosen as the
optimum dose for the subsequent study.

3.3.3. Effect of initial pH. To investigate the effect of
different initial pH values on the adsorption effect, the pH of
the 10 mg L™ fluoride solution was adjusted to 2, 3, 4, 5, 6, 7, 8,
9, 10 and 11, the experiment lasted 250 min at 20 °C and the
effect of 1 g of ASLA/C on the removal of F~ was determined as
shown in Fig. 7(c). The fluorine adsorption capacity and fluo-
rine removal rate of fluorine by ASLA/C decreased significantly
with pH over 6 of the solution, and the acidic environment with
a pH of 4-6 was more favourable for the removal of fluoride. The
adsorption capacity of ASLA/C was continuously and steadily
increasing from pH 4 to 6, and the removal rate increased from
47.82% to 86.52%. This is because the surface of the material is
positively charged by the formation of -OH," and F~ can be
adsorbed onto the surface of the material through electrostatic
attraction. The acid dissociation constant of HF is 3.2, and at
pH < 3.2 fluorine is mainly in the HF form (the adsorbent is
unable to adsorb F~ in the HF state), resulting in few free
fluoride ions being adsorbed by the adsorbent, resulting in low
removal rates and adsorption volumes.***> As the pH gradually
increases, the OH™ content in the solution increases, and the
amount of active binding sites on the surface of the adsorbent
decreases, resulting in a faster decrease in the adsorption effect.
When pH > 7, the ASLA/C surface becomes negatively charged,
which prevents the adsorption of anions. At the same time, OH™
competes with F~ for adsorption and the probability of contact
between F~ and the adsorption site, resulting in a significant
reduction in adsorption and removal rates.*® In addition, when
the initial pH of the solution is greater than 9, the reaction
system contains a large amount of negative charges and the
surface of the adsorbent material has fewer binding active
sites,** which has a homogeneous charge repulsion effect with
the equally negatively charged fluoride ions. Therefore, the
electrostatic repulsion is also an important factor in the
significant decrease in the adsorption efficiency of fluorine ions
by ASLA/C under alkaline conditions. Compared to fluoride
ions, hydroxide has a stronger affinity to the surface of ASLA/C;
at pH 11, and the fluorine adsorption capacity and fluorine
removal rate of ASLA/C were only 0.67 mg g~ ' and 42.71%,
respectively.

3.3.4. Effect of initial fluoride concentration. The fluoride
removal effect at different concentrations of solutions (1, 2, 4, 6,
10 and 20 mg L™ ') was investigated by adding 1.0 g of composite
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adsorbent at pH = 4 and 20 °C for 250 min. As shown in
Fig. 7(d), the initial concentration of fluoride ions in the solu-
tion increased continuously within a certain range, and the
adsorption amount increased continuously from 0.058 mg g *
to 1.69 mg g~ ". After the concentration of the solution exceeded
6 mg L', the adsorption amount of F~ no longer increased with
the concentration of the solution. The fluoride removal
decreased from 84.78% to 71.73%, while the adsorption
capacity decreased to 0.47 mg ¢~ '. This is mainly because when
the amount of adsorbent is constant, its maximum adsorption
capacity is also fixed. When the initial concentration of the
solution is low, fluoride is more easily adsorbed on the adsor-
bent surface, and the adsorption sites of the adsorbent are not
saturated at this time.** Although the initial fluoride ion
concentration gradually increased, when a certain amount of
ASLA/C adsorption sites reached saturation, the excess fluoride
could not be continued, so when the initial fluoride ion
concentration in solution exceeded the ASLA/C adsorption
saturation capacity, the fluoride ion removal rate gradually
decreased.

3.4. Adsorption kinetics

To further investigate the adsorption mechanism of ASLA/C as
an adsorbent for fluoride, pseudo-first-order, pseudo-second-
order and intraparticle diffusion reaction models were used to
fit the adsorption kinetic processes.**** The pseudo-first-order
model assumes that the adsorption process depends on the
solution concentration and effective adsorption sites, while the
pseudo-second-order kinetic model is based on chemisorption,
including the sharing or exchange of electrons between the
adsorbent and the pollutant, and the valence electron forces
controlling the adsorption rate are assumed for each fitting. The
intraparticle diffusion model investigates the diffusion of
adsorbents within adsorbent particles and reveals the effect of
intraparticle diffusion on the adsorption process and the rele-
vant equation as follows.

ge = qe(1 — e ) (3)
t 1 1
i + — 4
@ kgl qe @
q, = kimlo'5 +c (5)

where ¢, is the amount of adsorption when adsorption reaches
equilibrium, mg g¢~'; g, is the amount of adsorption at time
t, mg g~ '; ky is the adsorption rate constant of the pseudo-first-
order kinetic model, min™%; k, is the adsorption rate constant of
the pseudo-second-order kinetic model, g min™*; ki, is the
internal diffusivity constant; and ¢ is the boundary layer
constant.

The results of fitting the three kinetic equations are shown in
Fig. 8. The three main stages into which the adsorption process
is divided can be obtained from the above results for the
different reaction times, which shows that no single factor
controls the adsorption steps in the process. Adsorption is
generally divided into three steps: surface diffusion, diffusion

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Fitting curves of adsorption kinetics (a) pseudo-first-order, (b)
tions: Co=6mg L™, pH=4,m=10g, T=20°C.

within the pore or particle and the interaction of the adsorbent
with the adsorption site.***" The results of each parameter
calculation are shown in Table 2, where the determinant (R*) of
the pseudo-second-order model is 0.981, which is higher than
that of the pseudo-first-order kinetic model at the same solution
concentration, indicating that the adsorption of fluoride ions by
ASLA/C is more consistent with the pseudo-second-order kinetic
model. In addition, the g. of the pseudo-second-order kinetic
model is also more consistent with the experimentally
measured sorption capacity in the results of the line plot fits.**
Pseudo-second-order reactions are chemical reactions in which
the reaction rate is proportional to the product of the concen-
trations of the reactants, i.e., proportional to the quadratic
concentration of the reactants. The pseudo-second-order
kinetic model reflects the compound effect of adsorption and
is based on chemisorption, suggesting that the fluoride
adsorption process of ASLA/C may have involved a chemical
reaction. The pseudo-second-order kinetic model fits better
than the pseudo-first-order kinetic model, indicating that the
adsorption of F~ by ASLA depends mainly on the amount of
adsorbent in the solution and that the hydroxyl groups in
fluoride and ASLA/C are adsorbed by hydrogen bonding and
coordination occurs in the actual adsorption process.*® At
appropriate pH values ASLA/C can be made positively charged,
so the negatively charged fluoride ions can be adsorbed.
Meanwhile, the fitted curve of the intraparticle diffusion

Table 2 Kinetic model of fluoride sorption on the ASLA/C adsorbent

Model Parameter Fluoride
Pseudo-first-order ge/(mg g™ ) 2.098

ky/(min™) 0.012

R 0.957
Pseudo-second-order ge/(mg g~ ") 0.033

k,/(min™") 2.638

R 0.981
Intra-particle diffusion Kine (mg g min %) 0.122

c 0.101

R 0.961

© 2022 The Author(s). Published by the Royal Society of Chemistry
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pseudo-second-order, and (c) intraparticle diffusion. Adsorption condi-

equation does not cross the origin, indicating that the adsorp-
tion process is controlled by intraparticle diffusion but is not
the only rate control step.** Due to the high concentration
gradient between the adsorbent and the adsorbed material, the
initial adsorption is controlled by surface adsorption. By the
time the adsorption sites on the surface are saturated, fluoride
starts to enter the ASLA/C pores and is adsorbed, slowly slowing
with intraparticle diffusion to reach adsorption equilibrium.***
Thus, the adsorption of fluoride by ASLA is controlled by both
surface diffusion and intraparticle diffusion.

3.5. Adsorption isotherms

The Langmuir, Freundlich and Temkin models were used to fit
the adsorption process of ASLA/C as an adsorbent at an initial
fluoride concentration of 10 mg L™'. The Langmuir model
assumes that adsorption is monolayer adsorption with no
interaction between adsorbed molecules and that the surface
adsorption energy is homogeneous. The Freundlich model
suggests that the adsorbent surface is nonhomogeneous, which
is dominated by multilayer adsorption, and the Temkin model
incorporates adsorbent-adsorbent interactions, leading to
a decrease in the heat of adsorption with decreasing
coverage.””*® The model equation is as follows.

Ce 1 1

= _ + — 6
qe que2 qe ( )
1
Ingy,=InKr+-1nC, (7)
n
RT
0. - (b_) In(4rC.) (8)
T
where C. is the mass concentration at adsorption

equilibrium, mg L™"; k is the Langmuir adsorption constant, L
mg '; g. is the adsorption capacity at equilibrium, mg g™ *; g, is
the maximum adsorption capacity, mg g '; Ky is the Freundlich
affinity coefficient, mg L™"; n is the Freundlich model constant;
R is the gas constant of 8.314 J (mol K)'; T is the absolute
temperature of environmental conditions, K; by is the Temkin
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model constant related to adsorption heat, ] mol™'; and Ar is
the equilibrium constant related to binding energy, L. mg™".
Fig. 9 shows the adsorption isotherm of ASLA/C, showing
that the maximum adsorption capacity gradually increases with
the increase in the initial concentration of fluoride ions. The
determinant value (R*) of the Langmuir model is 0.981 and
greater than that of the Freundlich model, indicating that the
Langmuir model is more suitable for this adsorption process,
and the adsorption of fluoride ions by ASLA/C tends to be more
of a single-molecular layer adsorption process. The weak
interaction between sorbent and adsorbent (small value of
parameter K;) is a result of physical interaction. The bond
energy by is 4.614 k] mol™" (<8 k] mol™"), as calculated by the
Temkin model, so the mechanism is also influenced to some
extent by physical adsorption.*”” In the physical adsorption
process, the adsorbent mass is attached to the adsorbent by van
der Waals interactions and this process is accompanied by

Table 3 Isotherm model of fluoride sorption on the ASLA/C adsorbent
Model Parameter Fluoride
Langmuir model gm/(mg g™ ") 5.714
K /(L mg ™) 0.011
R> 0.981
Freundlich model Ke/(mg L) 2.031
1/n 0.747
R? 0.873
Temkin model Ar/(g L) 14.236
br/(kJ mol ) 4.614
R 0.969

Table 4 Thermodynamic parameters of fluoride sorption on ASLA/C

a relatively low adsorption energy; thus, the process of fluoride
ion adsorption by ASLA/C is mainly controlled by chemisorp-
tion and physical adsorption plays a secondary role.** The
theoretical maximum sorption of fluorine by ASLA/C, guax, Was
calculated by the Langmuir model to be 5.714 mg g .

The mechanism of fluoride adsorption by ASLA/C as an
adsorbent was investigated by studying the changes in param-
eters such as the Gibbs free energy (AG,), enthalpy change (AH,)
and entropy change (AS,) during the thermodynamic process of
adsorption, with the following thermodynamic parameter
relationships.

Ko= & (9)

AG() = —RTIn KD (10)
ASy, AH,

InKp= —— — 11

n Kp R RT ( )

where Kp is the adsorption diffusion coefficient; g. is the
equilibrium adsorption amount mg g~ ', C. is the solution
concentration in mg L' after adsorption equilibrium, K, is
calculated by eqn (9), AG, is calculated by eqn (10), and
according to eqn (11), InKp is plotted against 7', with the
intercept corresponding to AH, and the slope corresponding to
AS,. The results are summarized in Table 4. As Table 4 shows,
AG, <0 and AH, > 0, indicating that the adsorption of fluoride
ions by the adsorbent is a spontaneous, heat-absorbing process,
a result that is consistent with the results of the Langmuir
model. AS, is determined by the constant state of the system
and is independent of whether the process is reversible or not,

T (K) AG° (k] mol™ ") AH® (k] mol ™) AS° (k] mol™) E, (k] mol ™) S* E (k] mol™)
283 —67.05 773.57 2.69 34247.91 1.61 x 1077 90.01

293 —88.63

303 —126.65
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and which is 93.04 k] mol™", indicating that the adsorption
process is an entropy-increasing process and the adsorption of
fluoride ions is a spontaneous, heat-absorbing entropic
process.>*

The adsorption activation energy E, is related to the Arrhe-
nius equation as follows.

ln(l—ﬁ):lnS*—O—ﬂ

RT (12)

where E, is the activation energy of adsorption (k] mol %), 6 is
the surface coverage (§ =1 — C./C,) and S* is the probability of
adhesion. Plotting T~ " against In(C./C,) yields the straight line
shown in Fig. 10, S* and E, are obtained from the intercept and
slope of the line, and the calculation results are shown in Table
3.

The migration energy (E) represents the change in free
energy as the adsorbent moves from infinity to the surface, and
the type of adsorption can be determined by the migration
energy. E < 8 k] mol™" (physical adsorption dominated), E >
8 kJ mol™" (chemisorption dominated), and the relationship
between E and each parameter is as follows.

and (c) In(C+/Co) in relation to T~1. Adsorption conditions: Co =6 mg L™,

1
_ ]t 13
E T (13)
Ing. = In gmax — ke? (14)
1
=RTIn(1+— 1
e~ rrm(1+ ) (15)

where k is a constant related to the energy of adsorption, guax is
the maximum adsorption capacity, g. is the equilibrium
adsorption volume and ¢ is the Polanyi adsorption potential.
The calculated migration energy E = 90.01 k] mol " indicates
that the adsorption process is dominated by chemisorption,
that is, when the adsorbent adsorbs fluoride ions, the
randomness at the solid-liquid interface increases and the
degree of disorder deepens.

3.6. Comparison of F~ adsorption capacities with those of
other adsorbents

In this study, the adsorption capacity of ASLA/C for fluoride was
compared with that of some other adsorbents, as shown in
Table 5. The ASLA/C composite adsorbent developed in this

Table 5 Comparison between various adsorbents used for fluoride removal

Adsorbents Removal (mg g™ ") Modified/raw adsorbent Reference
Fired clay pots 1.6 Raw 52

Paper mill lime 7.37 Modified with paper mill lime mud 53

Clay composite 0.093 Thermally activated 54

Straw ash 66.23 Thermally activated 7
Electro-coagulated sludge 124.6 Thermally activated 55
Bivalve shells 0.56 Thermally activated 56

Novel clay composite 0.0856 Pyrolysis and chemically activated 57
Bentonite-smectite rich clay composite 0.6 MnO, modification 58
Chitosan 2.57 Raw 59
Chitosan 3.72 Rare earths modification 60

Red mud 6.15 Chitosan modification 61
Ferromagnetic nanoparticles 1.2187 Chitosan modification 62
Activated sludge lysis ash 5.714 Chitosan modification Present study

© 2022 The Author(s). Published by the Royal Society of Chemistry
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experiment combines chitosan with activated sludge lysis ash as
a carrier, taking advantage of the high adsorption capacity of
chitosan and the good mechanical properties of lysis ash, and
using kaolinite as a binder to make its structure more uniform.
The ASLA/C composite adsorbent was prepared, which not only
retained the advantages of chitosan with a high adsorption
capacity for fluoride, but also enhanced its mechanical
strength. The adsorbent of this experiment is simple to prepare,
does not require toxic cross-linking agent, has good stability,
does not cause secondary pollution in the treated water
samples, and obtains satisfactory results in several groups of
experiments for fluoride removal; it can be widely collected in
water plants with both economic and environmental benefits
and has potential for large-scale commercial application.

3.7. Adsorption mechanism of ASLA/C

The adsorption mechanisms involved in the adsorption of
fluoride by the adsorbent in this study mainly include ion
exchange, electrostatic adsorption and surface complexation,

SRR _ ) _ |- Kaolinite
[ AT A
X \
|

Al;*
-OH -NH,
Fig. 12 Mechanism of fluoride removal by ASLA/C.
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accompanied by hydrogen bonding. Additionally, the domi-
nance of a particular mechanism varies under different exper-
imental conditions. Comparing the XRD patterns before and
after adsorption of ASLA/C (Fig. 11(a)), shows that the peak
shapes of the two are similar, indicating that the difference in
surface structure caused by fluorine adsorption is not obvious.
The shift in the main characteristic peaks representing ASLA/C,
is accompanied by a slight increase in the intensity of each
peak. The shift in the characteristic peaks may be attributed to
the adsorption of fluoride onto the nonhomogeneous surface of
ASLA via ion exchange, thus causing a change in its lattice.®® In
Fig. 11(b), the FTIR spectrum of the adsorbed fluoride shows
a significant deepening and broadening near the 3427.11 cm ™"
peak compared to the preadsorption spectrum, which is
evidence of the formation of OH,'...F bonds during the
adsorption process. Since -OH and F~ have similar dimensions,
they can be isomerically substituted by ligand exchange; the
new peak at 1610.75 cm ™" indicates the presence of an F...H...O
bonding phase at the ASLA/C interface.
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ASLA did not significantly change in terms of chemical
components after chitosan modification, which may because
they were compounded together by chemical bonding, and
caused the formed composite adsorbent to have more pore
structures formed than before modification. Chitosan contains
-OH and -NH,, and fluorine ions in solution can be adsorbed
by exchange with ~OH in the hydroxylation of the hydration
reaction under the action of ion exchange. Under acidic
conditions, -NH, transforms to -NH;", which can interact with
fluorine electrostatically and gravitationally; and -OH and -NH,
on ASLA/C also interact with fluoride by hydrogen bonding.
Meanwhile, fluorine ions can provide electrons to form strong
complexes with electron-accepting high-valence metals (e.g., Al
and Fe). Under acidic conditions, AlI** has coordinates with F~
in a stable manner and easily undergoes complexation reac-
tions to form the stable Al-F complexes [AlF,]*", [AIF]*", [AIF,]",
[AIF,]", AlF;, etc. (as the schematic mechanism shows in
Fig. 12).

4. Conclusions

Under the present experimental conditions, the maximum
adsorption capacity of fluorine using chitosan-modified acti-
vated sludge lysis ash was up to 5.714 mg g~ *. When the addi-
tion amount of ASLA/C was 10 g L™, the initial pH value of
water was 4 and the reaction time was 250 min. The Langmuir
model and the pseudo-second-order kinetic model are more
suitable for the adsorption of fluorine by ASLA/C, and the
adsorption of fluoride ions is a spontaneous, heat-absorbing
entropic process. The increase in temperature is favourable to
adsorption, and the adsorption process may have a chemical
reaction. Modified ASLA/C improves the fluoride removal
capacity of the material by bringing in more -OH functional
groups and increasing the specific surface area of the material,
and is suitable for a wide range of natural water bodies. The
mechanism of fluoride removal is mainly based on three reac-
tions: ion exchange, electrostatic adsorption and surface
complexation, which are also accompanied by hydrogen
bonding. Multiple removal mechanisms are better under acidic
conditions with a pH of 4 to 6. Considering the wide source and
low cost of activated sludge, making lysis ash for fluoride
removal from wastewater has an outstanding overall cost
advantage. Subsequent studies will further explore the desorp-
tion and selectivity with ASLA/C in real wastewater, and more
research will be carried out on microscopic forms of material
bonding and the evaluation of the full cycle of material
utilisation.
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