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a b s t r a c t
In this work, inexpensive, easily available and typical waste activated sludge (generated by anaer-
obic/anoxic/oxic (A2/O) and cyclic activated sludge system (CASS) processes) was investigated as 
an adsorbent for the defluoridation of geothermal water using both batch and column adsorption 
systems. Initially, the defluoridation efficiency was optimized in batch experiments according to 
sludge type, contact time, initial F– concentration and adsorbent dose. Fluoride removal efficiency 
of A2/O was superior to that of CASS. An optimum 86% fluoride removal efficiency occurred at an 
adsorbent dose of 60 g/L within 180 min. The adsorption behaviors were fitted well by the pseu-
do-first-order model and Freundlich model. Moreover, the thermodynamic parameters illustrated 
that the adsorption process of fluoride on activated sludge was spontaneous and endothermic. 
The mechanism of fluoride adsorption was exchange with hydroxyls on the activated sludge. The 
release of OH− due to fluoride adsorption was confirmed by the observed pH values. Finally, a 
homemade column was used to systematically evaluate the defluoridation performance for real 
F-containing geothermal water. The dynamic adsorption capacity was 0.55 mg/g. The results demon-
strated that this simple, economic and efficient sludge adsorbent has potential for application and 
can be developed into a feasible defluoridation technology for F– removal from geothermal water.
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1. Introduction

Geothermal fluids and springs are found around the 
world. As an important part of the Himalayan geothermal 
belt, the Tibetan Plateau is the region of China where high 
temperature hydrothermal systems are intensively distrib-
uted. Large numbers of fluoride-enriched geothermal springs 
are widely distributed on the southern Tibetan Plateau [1]. 
However, the high temperature hydrothermal systems dis-
charge high fluoride (F–) to the near river, which implied that 
fluoride from geothermal water poses a potential threat to 
the shallow groundwater or surface water [2].

Fluoride is one of the indispensable trace elements 
for humans and animals, and a lack of F– can lead to is 
prone to dental caries. F– plays a pivotal role in the forma-
tion of animal bones and teeth. An appropriate amount of 
F– is beneficial for bone and tooth development and den-
tal health. However, excessive intake of F-contaminated 
water will result in severe diseases such as osteoporosis, 
dental fluorosis, skeletal fluorosis, and stiffened and brit-
tle bones [3]. In view of the dual effects of F–, the World 
Health Organization (WHO) has placed strict require-
ments on the F– concentration in drinking water. The WHO 
recommends a permissible limit of 1.5 mg/L, while China 
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has set a stringent guidance value of 1.0 mg/L for F– [4]. 
In Tibet, the Yangbajing geothermal spring is a typical 
high temperature geothermal water, with an F– concen-
tration as high as 17.4 mg/L [5], which severely exceeds 
the standard for F– in surface water. A geothermal power 
plant is the main source of F– in adjacent river, and the 
residual F– concentration is closely related to wastewater 
discharge from surrounding geothermal power plants. 
Therefore, the water pollution in the environmental caused 
by nearby geothermal activities cannot be ignored. To 
reduce and prevent the adverse effects of high-fluoride 
geothermal water, the development of geothermal defluo-
ridation technology is urgently needed. The development 
of defluoridation technology is of great significance for 
ensuring the safety of water systems [6].

Great efforts have been made to improve defluoridation 
technologies, and a variety of available strategies, such as 
adsorption, precipitation, ion exchange, electrocoagulation, 
and membrane filtration, have been reported to remove 
F– in aqueous solutions [4,7,8]. Among these technologies, 
electrocoagulation is an effective process to remove fluo-
ride from water systems. However, electricity is required 
to operate the plant which increases its operating cost. It is 
widely recognized that adsorption is an ideal and appro-
priate technique compared to other defluoridation tech-
nologies, and is characterized by high efficiency, low cost 
and easy operation [9–11]. The key factor for adsorption is 
the development of high-performance adsorbents. A series 
of adsorbents have been employed for F– removal, such as 
metal oxides [12–14], zeolite materials [15], and natural 
materials [16,17]. Low-cost wastes are alternative effective 
adsorbents to remove F– from geothermal water for water 
purification.

It is critical to find a waste adsorbent with low cost 
and high adsorption capacity to efficiently eliminate flu-
oride from geothermal water. Because fluoride-enriched 
geothermal springs are characterized by high tempera-
ture, high mineralization, and alkaline pH, the efficient 
elimination of fluoride is still a major challenge. Activated 
sludge is a by-product produced by sewage treatment 
plants, and its safe treatment and disposal are an urgent 
problems to be solved. Activated sludge is a flocculant 
contains abundant organic matter and microorganisms, 
which can provide adsorption sites for F–, and this material 
is widely available and low in cost. Therefore, the devel-
opment of sludge adsorbents plays a positive role in real-
izing sludge recycling and promoting the development 
of sludge treatment and sustainable disposal technology. 
Activated sludge has been used to developed effective 
adsorbents for dyes [18], estrogens [19], and heavy met-
als [20,21]. Activated sludge is suggested herein as an 
ideal candidate material for use as a low-cost adsorbent 
for the removal of F– from geothermal water systems.

The overall objective of this research was to evalu-
ate the defluoridation potential of activated sludge, a 
waste by-product of sewage treatment plants. Fluoride 
adsorption experiments were performed considering con-
tact time, initial F– concentration, and adsorbent dose. 
Attempts were also made to understand the adsorption 
kinetic, adsorption isotherm, adsorption thermodynamic 
and mechanism. The experimental results showed that the 

activated sludge has application potential for the removal 
of fluoride from geothermal water.

2. Materials and methods

2.1. Instruments and reagents

The concentration of F– was determined by an ION 700 
fluoride meter (Youte Instrument Co., Ltd., China). A pHSJ 
model pH meter (Shanghai Yidian Scientific Instrument 
Co., Ltd., China). ZNCL-G190*90 constant temperature 
water bath magnetic stirrer (Hefei Yuhua Instrument Co., 
Ltd., China), and BSA224S electronic analytical balance 
(Sartorius, Germany) were used for the adsorption experi-
ments. Activated sludge from anaerobic/anoxic/oxic (A2/O) 
and cyclic activated sludge system (CASS) processes was 
obtained from a wastewater treatment plant (Lhasa, Tibet). 
Total ionic strength buffer (TISAB) and 100 mg/L NaF 
standard solution (Thermo Scientific Orion, USA) were 
employed for F– determination.

2.2. Characterization of the adsorbents

The activated sludge was characterized by Fourier-
transform infrared spectroscopy (FT-IR), powder X-ray dif-
fraction (XRD), scanning electron microscopy (SEM), and 
Brunauer–Emmett–Teller (BET) surface area analysis. The 
XRD patterns of the activated sludge were obtained on a 
D8 ADVANCE X-ray diffractometer (Bruker, Germany) 
with Cu Kα radiation (k = 1.5406 Å). The surface morphol-
ogy of activated sludge were obtained using SEM (FEI-SEM, 
Japan). The surface areas and pore size distribution were 
measured by N2 adsorption–desorption isotherms (ASAP 
2020, Micromeritics, USA), after all the activated sludge was 
degassed. The infrared spectra were recorded on a Nicolet 
6700 FT-IR spectrophotometer (Thermo Scientific, USA), the 
dry activated sludge was mixed with KBr powder, and then 
measured from 4,000 to 400 cm–1 with a resolution of 4 cm–1.

2.3. Batch and column experiments

Parallel experiments were carried out to investigate the 
adsorption performance of the sludge for F–. Specifically, 1.2 g 
of the dry sludge was added to 30 mL geothermal water and 
stirred at 80°C for 180 min to reach equilibrium. The deflu-
oridation efficiency was optimized according to the sludge 
type, adsorbent dose (5, 10, 20, 30, 40, 50, and 60 g/L), contact 
time (5, 10, 20, 30 and 240 min) and initial F– concentration 
(1, 2, 5, 10 and 20 mg/L) in batch experiments. In the column 
experiment, 1.5 g of the sludge was added and washed until 
F– in the effluent could not be detected. After sampling, the 
concentration of F– in the effluent was determined.

The determination of fluoride was based on the ion selec-
tive electrode method. Accordingly, the electrode potential 
E (mV) and the concentration of F– in solution correspond 
to the Nernst equation. The stock F– standard solution of 
100 mg/L was stepwise diluted to 0.5, 1, 5, 10 and 50 mg/L. 
Then, 3 mL TISAB was added to 3 mL F– standard solutions. 
After mixing, E (mV) was measured. The linear regression 
between E and –lgCF– was fitted, and the regression equation 
(E = k(–lgCF–) + b, y = 59.37x + 92.91) and correlation coefficient 
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(R2 = 0.9972) were obtained. The F– concentrations were calcu-
lated from the calibration curve.

2.4. Geothermal water collection

Yangbajing geothermal water was collected on June 
20, 2019. The geographical location of the sampling point 
is shown in Fig. 1. Conventional water quality parame-
ters, including water temperature, pH, conductivity, total 
dissolved solids, and salinity, were measured in the field. 
Furthermore, the concentrations of common cations (Ca2+, 
Mg2+, K+, and Na+) and anions (Cl–, SO4

2–, CO3
2–, HCO3

– and F–) 
in the geothermal water are presented in Table 1.

3. Results and discussion

3.1. Characterization

The SEM images in Fig. 2a–f show the micromorphol-
ogy of the sludge before adsorption of F–. The sludge 
presented a dense blocky surface structure and irregu-
lar small particles adsorbed on the surface. The surface 
structure was dense without pores. The average particle 
size for the two sludge was 4 μm. Fig. 2g shows the FT-IR 
spectrum of the sludge before adsorption of F–. Differences 
were not readily apparent in the positions of the absorp-
tion bands, but their relative intensity exhibited clear 
differences. The broad peak near 3,300 cm–1 was related 
to the N–H stretching vibrations of protein [22], and the 
absorption peaks at 2,921 and 2,850 cm–1 were caused 
by the asymmetric and symmetric stretching vibrations 
of CH2 in lipids. The absorption peak at 1,658 cm–1 cor-
respond to the stretching vibration of COO– in peptides 
and proteins. The peaks at 1,542 and 1,452 cm–1 represent 
NH3

+ and C–H bonds in peptides and polysaccharides. The 
absorption peak at 1,034 cm–1 was produced by the stretch-
ing vibration of the C–O bond in glycerin [23]. FT-IR anal-
ysis showed that the absorption peaks of COO– and other 

characteristic functional groups may be related to the 
extracellular polymeric substances (EPS) in the activated 
sludge. As important constituents of activated sludge 
flocs, EPS plays significant roles in pollutant adsorption 
[22]. Most likely, EPS contains a large number of hydroxyl, 
carboxyl and aldehyde groups, which are the main func-
tional groups that combine with F–.

The XRD patterns in Fig. 2h were consistent with those 
obtained in recent studies [24]. Apparently, the diffraction 
peaks at 2θ values from 20° to 30° were consistent with clay 
[25]. As shown in Fig. 2i, the nitrogen adsorption/desorp-
tion isotherm curve showed a low specific surface area 
(SBET) and pore volume. The SBET values for A2/O and CASS 
sludge were estimated to be 1.51 and 1.18 m2/g, respectively. 
The Barrett–Joyner–Halenda (BJH) adsorption average pore 
diameters of A2/O and CASS sludge were 16.11 and 16.44 nm, 
respectively. The samples had mainly dense structures 
and were mostly nanoporous, so the specific surface area 
was relatively low, which coincided with the SEM data.

3.2. Effect of sludge type

The F– removal efficiency of the activated sludge from 
the A2/O and CASS processes was compared. As shown in 
Fig. 3, the removal efficiency of activated sludge from the 
A2/O process was approximately 1.8 times higher than that 
of the CASS process under the same conditions. Generally, 
activated carbon is added as a microbial carbon source in 
the A2/O sewage treatment process, so residual activated 
carbon was inevitably remains in the sludge. Additionally, 
the A2/O activated sludge exhibited a relatively high spe-
cific surface area. It is well known that a high specific 
surface area of adsorbents usually leads to high fluoride 
removal efficiency, and residual activated carbon dop-
ing can increase the specific surface area. A2/O activated 
sludge integrates the advantages of a high surface area, 
which can synergistically contribute to a high fluoride 
removal efficiency. The results showed that the fluoride can 

Fig. 1. Geographical location of the sampling point.
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be adsorbed by the two sludge samples, but has a better 
affinity for A2/O activated sludge.

3.3. Effect of adsorbent dose

Adsorbent dose is one of the important parameters 
affecting removal performance, which is mainly related 
to in the number of adsorption sites. As the adsorption 
dose increases, the number of adsorption sites increases, 
and the removal rate of fluoride increases accordingly. In 
contrast, as the adsorption dose decreases, the number of 
adsorption sites decreases, and the number of remaining 
fluoride increases. It is worth mentioning that activated 

sludge is mostly nanoporous and heavy, so it is often 
necessary to increase the adsorption dose to achieve a 
high fluoride removal efficiency. Therefore, the effect of 
adsorbent dose on F– removal efficiency was optimized. 
As illustrated in Fig. 4a, fluoride adsorption depended 
greatly on the adsorbent dose. An optimum 86% fluoride 
removal efficiency occurred at an adsorbent dose of 60 g/L. 
Significantly, the residual F– concentration dramatically 
decreased from 14.45 to 2.32 mg/L as the dose increased 
from 5 to 60 g/L. From a practical perspective, when the 
adsorbent dose exceeded 50 g/L, the mixed sludge solution 
was difficult to separate. Fortunately, the fluoride removal 
percentage was maintained at 68% at an adsorbent dose of 

Table 1
Conventional water quality parameters of geothermal water collected in Yangbajing geothermal power plant in Tibet, China

Sample Temperature 
(°C)

pH Conductivity 
(μS/cm)

Total dissolved 
solids (mg/L)

Salinity 
(mg/L)

Na+ (mg/L) Ca2+ (mg/L)

Geothermal 
water

63 8.95 1,670 1,213 935 328.5 31.45
Mg2+ (mg/L) K+ (mg/L) F– (mg/L) Cl– (mg/L) SO4

2– (mg/L) CO3
2– (mg/L) HCO3

– 
(mg/L)

5.66 47.02 14.65 313.2 229 0 262.3

10 μm 2.5 μm 1 μm

10 μm 2.5 μm 1 μm

(a) (b) (c)

(d) (e) (f)

Fig. 2. SEM images of A2/O (a–c) and CASS (d–f), FT-IR spectra (g), XRD patterns (h) and nitrogen adsorption/desorption isotherms 
(i) of sludge before adsorption of F–.
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40 g/L. Thus, 40 g/L was selected as the optimal adsorbent  
dose.

3.4. Effect of contact time

Contact time is another important parameter determin-
ing removal performance. If the contact time is too short, 
the reactants will not be fully contacted, resulting in incom-
plete adsorption. When the contact time is too long, the 
adsorption efficiency will not be greatly improved, and 
the adsorption process will be time-consuming. Fig. 4b 
displays the time-dependent F– removal efficiency of the 
activated sludge. Specifically, the adsorbent initially exhib-
ited rapid uptake of F–, followed by slow uptake, and then 
finally gradually reached equilibrium. Approximately 50% 
of fluoride adsorption was achieved within the first 60 min, 
and the time required to reach equilibrium was approx-
imately 180 min. Compared with the equilibrium time 
of other reported defluoridation adsorbents (as long as 
24 h) [26], the adsorption equilibrium time for this sludge 
was fast. To clearly represent the effect of contact time 
effect on the F– removal efficiency of the activated sludge, 
the residual F– concentrations are shown. Regardless 
of the removal efficiency and residual F– concentration, 
there were no significant changes after 180 min.

3.5. Effect of initial concentration

The static adsorption capacity is the saturated adsorp-
tion capacity of the target ion (F–) on the adsorbent (sludge), 

and it is an important parameter to evaluate the perfor-
mance of adsorbents. The removal efficiency and adsorp-
tion capacity of F– at initial concentrations of 1, 2, 5, 10 and 
20 mg/L were investigated and are shown in Fig. 4c. A high 
adsorption capacity was achieved as increasing initial con-
centration. Notably, the fluoride level was reduced from the 
initial concentration of 5.0 to 1.5 mg/L by adding 1.2 mg 
of sludge. The permissible limit for fluoride in drinking 
water is fixed at 1.5 mg/L by the WHO. As the F– concen-
tration increased from 10 to 20 mg/L, the removal efficiency 
decreased from 74.2% to 57.6% due to the limited number 
of active sites.

3.6. Adsorption kinetics

The F– adsorption kinetics by activated sludge were 
simulated by the linearized form of the pseudo-first-order 
[Eq. (1)] and pseudo-second-order [Eq. (2)] models [12,27] to 
identify the rate and kinetics.

Pseudo-first-order model: log log
.

q q q
k

te t e−( ) − − 1

2 303
 (1)

Pseudo-second-order model: t
q k q

t
qt e e

= +
1

2
2  (2)

where k1 (min–1) and k2 (g mg–1 min–1) are the rate constants 
for the two kinetics models and qe and qt are the F– adsorp-
tion capacity (mg/g) at equilibrium and at time t (min), 
respectively.

The obtained adsorption data were fitted to the pseu-
do-first-order and pseudo-second-order kinetic models, 
respectively. As concluded in Fig. 5, the experimental 
results are better fitted by the pseudo-first-order model 
than the pseudo-second-order model. To present the fitted 
results more intuitively, the relevant kinetic parameters 
and correlation coefficients (R2) are listed in Table 2. The 
R2 for the pseudo-first-order kinetic model is quite high 
(>0.99), and the calculated qe is reasonable. The adsorp-
tion capacity calculated by the pseudo-first-order model 
(0.24 mg/g) is in extremely good agreement with the exper-
imental value (0.25 mg/g). Obviously, the F– adsorption data 
are modeled more consistently with the pseudo-first-or-
der model, indicating the occurrence of physical combi-
nation between F– and adsorption sites on the activated  
sludge.
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3.7. Adsorption isotherm

Analysis of isotherm data is important for predict-
ing the adsorption capacity of activated sludge, which is 
one of the main parameters required for the design of an 
adsorption system. To better understand the adsorption 
mechanism of F– and quantify the adsorption capacity, 
the Langmuir and Freundlich adsorption isotherms were 
applied to describe and calculate the adsorption pro-
cess [28]. The Langmuir model assumes that the target 
(F–) occupies only one type of active site, consequently 
forming a monolayer on the adsorbent surface, and the 
adsorption is monolayer and localized. In contrast, the 
Freundlich isotherm model assumes a heterogeneous sorp-
tion process and the mechanism of retention by physical 
adsorption [29]. The Langmuir and Freundlich isotherms 
were calculated using the following equations [12,28]:

Langmuir: 
C
q bq

C
q

e

e

e= +
1

max max

 (3)

Freundlich: log log logq K
n

Ce F e= +
1  (4)

where qe (mg/g), qmax (mg/g) and b (L/mg) are the amount of 
F– adsorbed at equilibrium, the maximum adsorption capac-
ity and the Langmuir constant, respectively. k (mg/g) and n 
are constants that represent the adsorption intensity of the 
Freundlich model, and a higher n (n > 1) indicates that the 
adsorption process is favorable.

The adsorption experimental data were analyzed and the 
fitting results are listed in Fig. 6. Additionally, the relevant 
parameters fitted by the adsorption isotherms are summa-
rized in Table 3. Fig. 6 clearly shows that the fitting result 
for the Langmuir model is very poor. The adsorption pro-
cess for F– by activated sludge is more consistent with the 
Freundlich adsorption model, according to the higher cor-
relation coefficient (0.9672). The Freundlich model assumes 
that the process of adsorption occurs on a heterogeneous 
surface by multilayer deposition and that interactions occur 
between F– ions at adjacent sites. Unfortunately, it is diffi-
cult to obtain the value of qmax from the Freundlich isotherm 
model, and only the variable n related to the adsorption 
intensity can be obtained. The value of n is 0.5912, which is 
indicative of unfavorable adsorption. Overall, F– adsorbed 
on the activated sludge surface was fitted by the Freundlich 
model, confirming the heterogeneity of the sludge surface 
and indicating multilayer adsorption.

3.8. Adsorption thermodynamics

The fluoride adsorption behavior of the activated sludge 
was investigated at five different temperatures from 298.15 
to 353.15 K. To determine the thermodynamic feasibility and 
confirm the nature of the adsorption process, three basic 
thermodynamic parameters, standard free energy (ΔG°), 
the standard enthalpy (ΔH°) and standard entropy (ΔS°), 
were calculated using Eqs. (5)–(7) [30,31].

K
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Fig. 5. Adsorption kinetics of pseudo-first-order (a) and pseudo-second-order (b) models.

Table 2
Relevant adsorption kinetic parameters

Pseudo-first-order Pseudo-second-order

qe,exp (mg/g) qe,cal (max) (mg/g) k1 (g mg–1 min–1) R2 qe,cal (max) (mg/g) k2 (g mg–1 min–1) R2

F– 0.25 0.24 0.0187 0.9939 0.40 0.0308 0.7344
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∆G RT K° = − °ln  (6)

lnK S
R

H
RT

° =
°
−

°∆ ∆  (7)

where R is the universal gas constant (8.314 J/mol K) and T 
is the Kelvin temperature (K). The values of ΔS° and ΔH° 
were obtained from the intercept and slope of the plot of 
lnK° vs. 1/T from Eq. (7). The linear regression between 
lnK° and 1/T is fitted in Fig. 7. The values of the above 
stated parameters are compiled in Table 4. The negative 
ΔG° value indicates the spontaneous nature of the adsorp-
tion process. The value of ΔH° for fluoride adsorption is 
4.989 kJ/mol, suggesting that the interaction between 
fluoride on activated sludge is endothermic in nature. 
Further, the positive value of ΔS° (44.575 J/mol) indicates 
the affinity of the sludge for fluoride.

3.9. Removal mechanism

The adsorption isotherm and adsorption kinetics data 
show that F– adsorption was mainly based on physical 
adsorption. The hydroxyl groups of EPS in sludge obviously 
play important roles in the fluoride adsorption. Given the 
infrared characterization results, the adsorption mechanism 
for F– was mainly electrostatic interactions. At acidic pH 
values, hydroxyl groups were protonated, and electrostatic 
interactions occurred. A possible reaction mechanism for the 
adsorption of fluoride onto the sludge can be hypothesized 
as follows:

≡ − + + ← → ≡ − − ++ − +EPS OH(s) H F (aq) EPS OH F H O-
22 (s)  (8)

However, as the pH of the geothermal water was 8.95, 
fluoride adsorption was possibly dominated by ion exchange 
at alkaline pH values. The pH value of the solution after 
adsorption was measured to determine whether there 
was OH− release. As expected, the pH of the solution after 
adsorption increased to 9.20, which confirmed that OH– 
was released due to fluoride adsorption. The mechanism of 
fluoride adsorption was exchange with hydroxyls on EPS 

Table 3
Relevant adsorption isotherm parameters

Langmuir Freundlich

qe,exp (mg/g) qe,cal (max) (mg/g) b (L/mg) R2 k n R2

F– 0.29 0.24 0.0187 0.0837 0.0197 0.5912 0.9672
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0.0028 0.0030 0.0032 0.0034
2.0

2.5

3.0

3.5

4.0

ln
K0

1/T

y=-600.1x+5.3614

R2=0.9681

Fig. 7. Thermodynamics plot for fluoride removal onto the acti-
vated sludge.
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in the sludge. The ion exchange mechanism can be briefly 
illustrated as follows:

≡ − + ← → ≡ − +− −EPS OH(s) F (aq) EPS F(s) OH (aq)  (9)

As presented in Fig. 8, the F– removal mechanism mainly 
involves ion exchange and electrostatic interactions.

3.10. Treatment of real F-containing geothermal water

To investigate the application effect of sludge in the 
actual removal process, a dynamic solid-phase column 
was investigated [32]. Specifically, the 1.5 g sludge was 
placed into a 20 mL injection tube. Geothermal water with 
an initial concentration of 14.65 mg/L (denoted as C0) was 
passed through the microcolumn at a flow rate of 0.7 mL/
min. The concentration of the effluent was measured and 
recorded as Ct. The variation curve of Ct/C0 and dynamic 
adsorption capacity are shown in Fig. 9. As shown in 
Fig. 9a, when the sample loading time exceeded 30 min, 
the ratio of Ct/C0 was approximately 0.1, and the residual 
F– concentration exceeded the recommended value of the 
WHO (1.5 mg/L). After 170 min, the ratio of Ct/C0 gradu-
ally increased to 0.9, and the dynamic adsorption capac-
ity was calculated to be 0.55 mg/g (Fig. 9b). A comparison 
of the adsorption capacities with waste-derived activated 
carbon adsorbents is presented in Table 5. Compared 
with activated carbon [33,34], red mud [35], and sludge 
[36], the F– adsorption capacity of the sludge in this study 

was higher, while the capacity of the activated sludge 
adsorbent was slightly lower than those obtained with 
previously reported waste adsorbents [37–42]. However, 
activated sludge has abundant sources and the benefits 
of low cost and no need for a complicated modification 
process, making it an efficient potential adsorbent for 
removing F– from aqueous solution.

4. Conclusion

Here, sludge from both A2/O and CASS processes was 
reported to be potential adsorbent for the removal of F– from 
water. Sludge from the A2/O process had better adsorption 
performance for F– than that from the CASS process. The 
activated sludge was capable of removing 90% F– within 
180 min using an adsorbent dose of 60 g/L. The adsorption 
of F– by sludge conforms to the pseudo-first-order model 
and Freundlich isotherm model. The mechanism of fluoride 
adsorption was exchange with hydroxyls on EPS compounds 
in the sludge. Notably, the fluoride level was reduced from 
the initial concentration of 5.0 to 1.5 mg/L by adding 1.2 g 
of sludge. Activated sludge from the A2/O process exhibits 
potential as an excellent adsorbent for high F-containing geo-
thermal water treatment.

Table 4
Thermodynamic parameters for the removal of fluoride

T (K) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (J/mol)

298.15 –8.02

4.989 44.575
313.15 –8.97
333.15 –10.03
353.15 –10.93
353.15 –11.14

Table 5
Comparison of adsorption capacity (mg/g) on different waste adsorbents

Adsorbents pH Equilibrium time Adsorption capacity (mg/g) References

Plain carbon 3 5 d 0.49 [33]
Activated peels of selected citrus fruits carbon 7 35 min 0.366–0.391 [34]
Red mud 5.5 2 h 0.164–0.331 [35]
Sludge 6.12 70 min 0.14 [36]
Cashewnut shell carbon 7 180 min 1.83 [37]
Orange waste 3–6 4 h 8.37–22.42 [38]
Activated bael shell carbon 6 60 min 2.4 [39]
Activated cotton nut shell carbon 7 180 min 1.379–3.359 [40]
Apatite materials 5–6 30 min 4.575 [41]
Alum sludge 6 120 min 5.394 [42]
Activated sludge 9.42 180 min 0.55 This work

 
Fig. 8. Proposed mechanism of F– removal by the activated 
sludge.
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