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Commercial activated carbon was treated with six quaternary ammonium salts (Quats), namely,
hexyltrimethylammonium (HTMA), octyltrimethylammonium (OTMA), decyltrimethylammonium (DCTMA),
dodecyltrimethylammonium (DDTMA), Tetradecyltrimethylammonium (TDTMA), and
hexadecyltrimethylammoium (HDTMA) as to enhance the fluoride adsorption capacity. In batch mode experi-
ments, fluoride adsorption onto the Quats-treated activated carbon decreased dramatically with increase in so-
lution pH. Fluoride removal by the Quats-treated activated carbons was closely related to the Quats chain
length at less-than critical micelle concentration (CMC). Multi-site adsorption isotherm described fluoride ad-
sorption characteristics well. Results showed that activated carbon treated with DDTMA exhibited the best fluo-
ride adsorption density among all Quats investigated. DDTMA-treated activated carbons exhibited two-fold
increase in the fluoride adsorption capacity compared to the untreated activated carbon. Results of regeneration,
by alkaline desorption and/or Quats re-loading, showed fluoride-laden activated carbons have high reusability.
DDTMA increased the positive surface charge of the activated carbon that enhanced fluoride adsorption.
DDTMA-treated activated carbon was promising for fluoride removal from water with much enhanced removal
capacity.
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1. Introduction

High fluoride concentration has impacted the drinking water quality
in numerous regions of the world. Fluoride in drinking water at concen-
tration higher than 4 mg/L may cause denser bones and skeletal damage
(Dissanayake, 1991). Generally, fluoride concentration of surface water
is less than that of groundwater water (~ 0.2 mg/L versus
0.02-1.5 mg/L). However, some areas in southwest United States, the
fluoride concentration in surface water often exceeds 1.5 mg/L (USEPA
(Environmental Protection Agency), 2003). Many regions worldwide
have excessive fluoride in the groundwater. Numeral wells in north-
central Mexico, for example, have fluoride concentration >6 mg/L
(Diaz-Nava et al., 2002). The maximum contaminant level (MCL) and
the maximum acceptable fluoride concentration detected in drinking
water is 4.0 mg/L and 1.5 mg/L, respectively, according to the US Envi-
ronmental Protection Agency and the World Health Organization
(Diaz-Nava et al., 2002).

There are several water treatment processes for fluoride removal
from drinking water, including chemical precipitation, membrane pro-
cesses, ion-exchange, and adsorption (Meenakshi and Maheshwari,
2006; Srimurali et al., 1998). Although chemical precipitation is a simple
practice, the separation and ultimate disposal of fluoride sludge remain
a technical and economical challenge (Ayoob et al., 2008;
Warmadewanthi and Liu, 2009). Many efforts on fluoride removal by
membrane separations, such as reverse osmosis (Greenlee et al., 2009;
Owusu-Agyeman et al., 2019), nanofiltration (Yu et al., 2018; He et al.,
2016; Bouhadjar et al., 2019; Dolar et al., 2011), and electrodialysis
have been made (Kabay et al., 2008; Arahman, 2019). However, fouling,
scaling, membrane degradation, and high maintenance cost makes the
technology relatively unaffordable over other separation processes
(Ayoob et al., 2008; Judd, 2017; Meng et al., 2017). lon exchange and ad-
sorption methods have been extensively used, and are more effective
than chemical precipitation especially in dealing with dilute fluoride
concentration (Ayoob et al., 2008; Cai et al., 2016; Robshaw et al,,
2019). Moreover, adsorption is a rapid and inexpensive water purifica-
tion process (Bhatnagar et al., 2011; Habuda-Stanic et al., 2014;
Loganathan et al., 2013; Mohanta and Ahmaruzzaman, 2018; Kang
et al,, 2018; Kang et al., 2017).

Modifying the surface of solid absorbents to increase the removal ca-
pacity of specific impurities from water has been attempted (Asgari
et al.,, 2012; Ding and Shang, 2010; Pan et al., 2013; Bombuwala et al.,
2018; Mohan et al., 2014; Saikia et al., 2017; Wang et al., 2018; Tang
and Zhang, 2016; Wu et al., 2016). Surfactants have been reported to
be ideal surface modifiers for the adsorption of inorganic and organic
chemicals from waters (Bors, 1990; Bowman et al., 1994; Celik et al.,
2000; Dentel et al., 1998; Li and Bowman, 2001; Mahmudov et al.,
2015; Stapleton et al., 1994; Yildiz et al., 2005; Mobarak et al., 2018;
Mobarak et al.,, 2019). In general, a solid surface can be rendered nega-
tively charged by anionic surfactants to enhance the adsorption of cat-
ionic species from aqueous solution, and vice versa (Liu and Zhang,
2007; Ghiaci et al., 2004). Basar et al. reported that loading cationic sur-
factants such as cetyltrimethylammonium bromide (CTAB) on powder
activated carbon increased the positive zeta potential of the absorbent,
whereas adsorbing anionic surfactants such as linear alkylbenzene sul-
fonate (LABS) renders the activated carbon surface charge negative
(Basar et al., 2003). Mahmudov and Huang (Mahmudov et al., 2015)
studied two kinds of activated carbon (Filtrasorb 400 and Nuchar SA)
tailored with straight chain cationic surfactants of bromide salts such
as hexyltrimethylammonium, octyltrimethylammonium,
dodecyltrimethylammonium, and hexadecyltrimethylammonium and
reported improved perchlorate removal from dilute aqueous solutions.
The alkyl chain length of the fabricating surfactants directly controlled
the perchlorate removal efficiency (or adsorption capacity). HDTMA
(the one with the longest chain length) enhanced perchlorate removal
by 10 and 2 folds on Nuchar SA and Filtrasorb 400, respectively.

Several studies have suggested that the critical micelle concentra-
tion (CMC) of the surfactants and the hydrophobicity of the solid surface
affect the ion adsorption characteristics of surfactant-modified solids
(Rennie et al., 1990; Fragneto et al., 1996; Hasan and Huang, 1997;
Turner et al., 1999; Parette and Cannon, 2005; Mahmudov (2007);
Pitakteeratham et al., 2013; Mahmudov et al., 2015). Activated carbon
has unique surface consisting of both hydrophobic and hydrophilic
sites thereby making its surface structure ideal for modification by sur-
factants as to enhance ion adsorption.

There are investigations on modification of solid substrates by sur-
factants as to enhance the adsorption of chemical contaminants from
water (Mobarak et al., 2018; Mobarak et al., 2019). However, much in-
formation on the mode of surfactants adsorption and its relation to ions
adsorption from water and its regeneration is still needed. The objec-
tives of this work were 1) to study the mode of fluoride adsorption on
activated carbon treated with cationic surfactants, 2) to understand
the characteristics of surfactants modification of activated carbon and
its relation to fluoride adsorption, and 3) to assess the feasibility and
the regeneration of Quats-treated activated carbons in terms of fluoride
removal. This research was to test the hypothesis that the chain length
of quaternary salts (Quats) could affect the mode and thus the extent
of fluoride adsorption onto the Quats-modified activated carbon.

2. Materials and methods
2.1. Materials

A commercial Korean activated carbon (KAC) from Shin Ki Chemical,
Korea was selected in this work. Table S1 shows the general physical
and chemical characteristics of activated carbon studied. Based on the
manufacturing process (i.e., temperature and gas), activated carbons
can be classified as L or H type (Steenberg, 1944). The L type carbons
are more hydrophilic and upon dispersing in water exhibit acidic pH
and predominantly negative surface charge under ambient conditions.
In contrast, the H type carbons are more hydrophobic, elevate solution
pH, and have positive surface charge at ambient aquatic conditions.
KAC is a typical H type activated carbon and is a granular with 20
mesh grain size (0.85 mm) and pH,. of 6.8 (Corapcioglu and Huang,
1987; Mahmudov and Huang, 2010).

Before batch adsorption experiments, activated carbon was washed
with 1 L of dilute strong acid then base (0.1 mM HCl and 0.1 mM NaOH),
respectively. The procedure follows that reported by Mahmudov and
Huang (Mahmudov and Huang, 2010). Dilute HCl and NaOH might re-
move ash minerals such as Al,03, Fe;05 and CaO from the activated car-
bon (Wang et al., 2008).

The cationic surfactants were acquired from Alfa Aesar Corporation
(US) and utilized without further purification. Table 1 and Table S2, re-
spectively, lists the general properties and structure of the surfactants

studied, including, hexyltrimethylammonium (HTMA),
octyltrimethylammonium  (OTMA), decyltrimethylammonium
(DCTMA), dodecyltrimethylammonium (DDTMA),
tetradecyltrimethylammonium (TDTMA), and

hexadecyltrimethylammoium (HDTMA). These six quaternary ammo-
nium salts (Quats) were all straight chain with positive head and are
employed in this study. The Quats chain length, L, is determined by
the semi-empirical equation below (Eq. (1)) (Nevskaia and Guerrero-
Ruiz, 2001):

Le <Linax = (0.154 + 0.1265n) (1)

where L.y is the fully extended alkyl chain length (nm) and n is the
amount of carbon atoms of the saturated hydrocarbon chain.
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Table 1
Cationic surfactants used in this study.
Moiety Chain length (A) CMC (mM)? Reference

Hexyltrimethylammonium (HTMA) CHs-(CH3)sN ™ (CH3)3 9.13 495.0 (Mosquera et al., 1998)
Octyltrimethylammonium (OTMA) CHs-(CH,),N*(CHs)3 11.66 140.0 (Sanyo et al., 2006; Li et al., 2002)
Decyltrimethylammonium (DCTMA) CH3-(CH;)oN™ (CH3)3 14.19 64.6 (Tuddenham and Alexander, 1962)
Dodecyltrimethylammonium (DDTMA) CH3-(CH,)11N*(CH3)3 16.72 15.0 (Milton and Kunjappu, 2012; Bijsterbosch, 1974)
Tetradecyltrimethylammonium (TDTMA) CH3-(CH;)13N 1 (CH3)3 19.25 1.6 (Lin, 2009)
Hexadecyltrimethylammonium (HDTMA) CH3-(CH3)1sN T (CH3)3 21.78 0.9 (Milton and Kunjappu, 2012; Bijsterbosch, 1974)

¢ For pure water at 25 °C.

2.2. Characterization of the activated carbon

The specific surface area and surface charge, two of the most impor-
tant properties on ion adsorption, were measured. The zeta potential of
activated carbons was determined by Zetasizer 3000 HSa, Malvern Co.
USA. After Quats functionalization, the grinded KAC (75 um) was dis-
persed in 10 mM of NaCl solution for zeta potential measurement. It
must be noted that in the absence of other surface analyses, since the ac-
tivated carbon KAE used in this study was made from bituminous mate-
rial and had surface charge characteristics same as that of Filtrasorb 400,
it stands to reason that other surface characteristics of KAE such as XPS
and FTIR will be close to that of Filtrasorb 400 (Castillejos-Lépez et al.,
2008). S4 (Supporting Information) gives the surface analysis of com-
mercial activated carbons exemplified by Filtrasorb 400 and Nuchar SA.

2.3. Adsorption of Quats on activated carbon

Twenty milliliter of DDW (distilled deionized water) were first
placed in plastic bottles followed by the addition of 0.5 mL of 1.0 M
NaCl solution to give an ionic strength of 10~2 M. Pre-weighted acti-
vated carbon sample (0.1 g) was then placed in the plastic bottles and
hydrated for 1 h. A pre-calculated amount of stock Quats solution was
added to the plastic bottles to reach desired concentrations. The sam-
ples were agitated on a reciprocal shaker and mixed for 10 h, after
which 10 mL of the surfactant were sampled for the analysis of residual
surfactant concentration expressed as TOC. The characteristics and
mode of surfactants adsorption onto commercial activated carbons
have been reported previously (Mahmudov et al., 2015). Mahmudov
et al. reported that the quaternary ammonium salts adsorb strongly
onto the activated carbon surface by hydrophobic forces (Mahmudov
et al,, 2015).

2.4. Fluoride adsorption onto activated carbons

Preliminary adsorption run showed that fluoride adsorption reached
equilibrium state rapidly in <4 h (results not shown). All adsorption ex-
periments were run overnight, which was adequate to attain equilib-
rium adsorption. Plain or Quats-treated activated carbon, 0.1 g by
weight, was placed in 50 mL of solution containing fluoride at various
concentrations and ionic strength of 1072 M NaCl, and then shaken
for 10 h on a reciprocal shaker. Afterward the activated carbon was sep-
arated by filtration. The fluoride adsorption capacity of the activated
carbon was calculated from the difference between the initial and the
final concentrations divided by the mass (g) or surface area (m?) of
the activated carbon. The concentration of fluoride was determined by
DIONEX 500 Ion Chromatograph (IC) equipped with AS50 thermostat
for temperature control, a GP50 gradient pump, and Dionex IonPac
AC20 column.

Since all fluoride adsorption experiments were conducted under
well-controlled conditions, namely, in synthetic solutions with pH,
ionic strength, and temperature controlled, data were reasonably repro-
ducible, within 5-10% errors. Nonetheless, all fluoride adsorption

experiments were conducted in duplicate and results were reported
as averages of two separate runs.

2.5. Regeneration of fluoride-laden activated carbons

The regeneration experiments were conducted in five adsorption-
desorption cycles. The fluoride-loaded activated carbons were added
to a 100 mL of 1072 M NaOH solution and agitated on a reciprocal
shaker for 10 h. After regeneration, the surface-treated KAC was rinsed
with 2 L of DDW and dried in air at 37 °C overnight. The regenerated
KAC was stored in a desiccator for reuse in the next adsorption cycle.
The Quats-treated KAC, after the fifth adsorption/desorption cycle was
re-loaded with Quats following the above surface modification proce-
dures and the fluoride adsorption capacity determined. All regeneration
experiments were conducted in triplicate.

3. Result and discussion
3.1. The effect of pH on fluoride adsorption

Fig. 1 shows the fluoride adsorption capacity as a function of equilib-
rium pH on KAC pre-treated with 10 mM each of HTMA, OTMA, DCTMA,
DDTMA, TDTMA, and HDTMA. The fluoride adsorption capacity was
markedly affected by the solution pH. Furthermore, the influence of
pH on fluoride adsorption, onto Quats-treated KAC, was similar to that
of the untreated activated carbon. The adsorption of fluoride onto KAC
pre-treated with 10 mM of Quats in the pH range from 3 to 11 followed
the following increasing order: DDTMA-KAC > TDTMA-KAC > HDTMA-
KAC > DCTMA-KAC > OTMA-KAC > HTMA-KAC. The fluoride adsorption
capacity was the greatest at pH 3 then decreased dramatically with in-
crease in solution pH, similar to that of the plain KAC.

The fluoride removal capacity was less pH independent at low
(e.g., 1 mM) than high (>5 mM) initial fluoride concentration. At low
pH, the surface of Quats-pretreated KAC was protonated and positively
charged, which tended to enhance the adsorption of the anionic fluoride
ions. Note that in the pH range from 3.1 to 11 (HF: pK, 3.18), fluoride ion
(F7) is the predominant specie (Fig. S1). Fluoride adsorption capacity
decreased dramatically with increase in pH due in part to hydroxide
(OH™) competition for adsorption sites. The acidity constant of
hydrofluoric acid is 3.18 + 0.02 (Hefter, 1984). Therefore, at pH < 3.1,
fluoric acid, HF, became a predominant species, competition for the ac-
tivated carbon surface with proton decreased the total fluoride removal
capacity of KAC. Obviously, electrostatic interaction plays an important
role on fluoride ion adsorption onto the Quats-pretreated activated
carbon.

Additionally, Fig. 1 shows that fluoride adsorption capacity increases
with increase in carbon chain length of Quats (except HDTMA-KAC) in
the pH range from 3 to 11.The DDTMA-KAC exhibited markedly en-
hanced adsorption capacity at pH 3, which indicated that hydrogen
atoms on the tail of DDTMA also contributed to fluoride adsorption.
Our results agreed well with those reported previously on fluoride ad-
sorption onto pumice stone pretreated with HDTMA (Asgari et al.,
2012) and KMnO4-modified activated carbons (Daifullah et al., 2007).
The above authors reported that low pH enhanced and high pH
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Fig. 1. Effect of pH on fluoride removal by functionalized KAC at fluoride concentration of (a) 1 mM, (b) 5 mM, (c) 10 mM, and (d) 20 mM. [FAC] = 2 g/L, = 10~2 M NaCl. AC modified with

10 mM of Quats. The reported values were the average of two individual measurements.

impeded fluoride adsorption, respectively, which was in agreement
with our findings above.

Results clearly showed that fluoride adsorption capacity was closely
related to the alkyl chain length of Quats, especially at concentration
lower than the critical micelle concentration (CMC). Although HDTMA
has the longest carbon chain, it has the lowest CMC, the fluoride re-
moval of HDTMA-KAC is less than that of DDTMA-KAC. Therefore, to
some extent, CMC also contributes to fluoride adsorption capacity.

3.2. Adsorption isotherm

Fig. 2a shows the fluoride adsorption isotherms of Quats-pretreated
KAC at pH 3. Results showed two distinct adsorption steps. The fluoride
adsorption capacity of the first step was the same for all Quats
pretreated activated carbons. Adsorption capacity of the second step
was significantly different among all modified KACs, which reflected
the effect of Quats and the intrinsic carbon surface properties. Results
revealed that DDTMA-KAC exhibited the most remarkable improve-
ment on fluoride removal with nearly 2-fold increase in adsorption ca-
pacity versus the plain KAC at initial fluoride concentration of 20 mM.
With only a 6-C chain length and the lowest CMC, HTMA-KAC exhibited
no significant enhancement in fluoride removal compared to plain acti-
vated carbon.

To further quantify the type of Quats affecting fluoride adsorption,
we used the multi-site Langmuir adsorption model, i.e., Eq. (2).

n
- l"m,,- X KLJ' X Ce
r=>. 1+ Ky, x Ce 2)

i=1

where [ is the total adsorption density (umol/m?), [y,; is the monolayer
adsorption density (umol/m?) at the ith site, n is the set of surface site,
Ky ; is the equilibrium constant (L/mmol) of the ith site, and C. is the
equilibrium fluoride concentration in solution (mmol/L). The adsorp-
tion data in Fig. 2b are fitted by Eq. (2) and Fig. S2 (solid lines) shows
the fitted results. Table 2 lists the fitted monolayer adsorption density
(Tm,1, Tm2) and equilibrium constants, K; ;, the first, and K; 5, the
second-(Quats plus virgin AC sites), respectively, and the total mono-
layer adsorption density, I'y, of all Quats-pretreated KACs. Note that
the I'n,; of all Quats-KACs and plain KAC were of the same order of mag-
netite. There was no significant difference in K| ; for all Quats-KACs, ex-
cept that K;; was generally larger than K;, (the Quats sites). In
conclusion, the Quats modified KACs, especially, DDTMA-KAC, had
larger adsorption capacity but weaker adsorption energy toward fluo-
ride than the plan KAC, which clearly showed the merits of Quats pre-
treatment of activated carbons, especially KAC, for fluoride removal
from water. Quats pretreated KAC exhibited much improved fluoride
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Fig. 2. (a) Adsorption of Fluoride onto functionalized KAC. (b) Lines represent the fit by the
multi-surface Langmuir model. [FAC] = 2.0 g/L, I = 10~2 M NaCl, KAC modified with
10 mM of Quats, pH = 3. The reported values were the average of two individual
measurements.

adsorption capacity but small K| ,, i.e., adsorption energy, which would
make it easy to be regenerated for reuse.

3.3. Optimization of surface surfactant loading

Fig. 3 shows the relationship between carbon number of Quats and
fluoride adsorption capacity on KAC pretreated 10 mM of Quats. At
10 mM, the Quats concentration of HTMA (C6), OTMA (C8), DCTMA
(C10), and DDTMA (C12) were below the individual CMC value, and
that of TDTMA (C14) and HDTMA (C16) exceeded the corresponding
CMLC. The first group of adsorption sites, the linear correlations (R*> =

Table 2
Isotherm fit parameters for adsorption of fluoride on Korean activated carbon at pH 3.
1—‘m,l KLJ l—‘m,Z KL.Z 1“m,tota]
(umol/m?)  (L/mmol)  (umol/m?)  (L/mmol)  (umol/m?)
Plain KAC 0.15 2.67 0.41 0.10 0.56
HTMA-KAC 0.17 1.69 0.68 0.45 0.85
OTMA-KAC 0.16 1.87 0.74 0.19 0.90
DCTMA-KAC  0.19 0.87 0.81 0.17 1.00
DDTMA-KAC  0.24 0.82 091 0.19 1.15
TDTMA-KAC  0.22 0.96 0.90 0.23 1.12
HDTMA-KAC  0.21 0.85 0.86 0.17 1.07

0.13) between the carbon number of Quats and fluoride adsorption ca-
pacity was low, which indicated that fluoride adsorption was indepen-
dent of the carbon chain number. However, there was strong linear
correlation between fluoride adsorption capacity and C number for
the second group of adsorption sites, i.e., the Quats-occupied surface.
Adsorption on the second group of sites, the fluoride adsorption capac-
ity increased with carbon number, from C6 to C10 (R? = 0.95) then de-
creased from C14 to C16 (R? = 0.91). Results indicated possible
involvement of hydrogen atoms (with abundant localized positive
charges) in fluoride adsorption. Therefore, it is likely that electrostatic
interaction (positive N™ head) and hydrogen bonding (related to
chain length) are major forces responsible for the enhanced fluoride ad-
sorption of Quats pretreated KAC (Paul and Raj, 1997; Loganathan et al.,
2013; Aktas and Cecen, 2007). The fluoride adsorption capacity de-
creased from C6 (HTMA) to C12 (DDTMA) to C14 (TDTMA) then de-
creased from C12 to C16 (HDTMA) when the Quats concentration
used to treat the activated carbon was greater than CMC. Results sug-
gested that formation of micelle could hinder fluoride adsorption onto
the second sites (hydrogen bonding formation) due to steric hindrance
and increase in interfacial entropy.

3.4. Mode of fluoride adsorption on DDTMA-KAC

By subtracting the fluoride adsorption density (0.53 umol/m?) con-
tributed from the plain KAC from the total fluoride adsorption capacity,
one has the fluoride adsorption capacity contributed solely from the
DDTMA (C12) sites (open diamonds in Fig. 5). Interestingly, the slope
of the line connecting the open diamonds was two, which gave the sur-
face molar ratio of fluoride to DDTMA. That is, 1 mol of DDTMA was re-
sponsible for the adsorption of 2 mol of fluoride anion. Results from
Fig. 4 also showed enhancement of fluoride adsorption capacity with in-
crease in carbon number (below CMC) indicating hydrogen atoms on
the tail of DDTMA contribute to fluoride adsorption. Fluoride adsorption
was not brought by electrostatic force alone. The surface molar ratio of
F~ to DDTMA clearly implied that fluoride adsorption was brought by
the positive N™ (electrostatic) and the hydrogen atom on the chain (hy-
drogen bonding) of DDTMA (Deshmukh et al., 2006).

Fluoride adsorption with regard to carbon number could be divided
into two regions: (i) < CMC and (ii) > CMC. At Quats concentration
< CMC, Quats formed a monolayer via the hydrophobic chain attaching
to the activated carbon surface and the hydrophilic head at an upright
position with respect to the activated carbon surface. The hydrogen
atoms on the Quats chain contributed to the attachment of fluoride
ions that increased with increase in carbon number (Fig. S3a). However,
at concentration > CMC, Quats formed lamellar layer (admicelle) on the
surface of activated carbon. The lamellar micelle significantly hindered
fluoride adsorption onto the second site (hydrogen sites of Quats) and
consequently decreased fluoride adsorption as shown in Fig. S3b.

Based on the above argument, fluoride adsorption occurring on
DDTMA sites could be described by the following equilibrium equation
also:

S+aF =S—Fg K (3)

where [S-F.] is the fluoride-occupied DDTMA-KAC surface site
(umol/m?), [S] is the unoccupied DDTMA-KAC sites (umol/m?), and
[F™]is the free fluoride bulk concentration (M). K is the equilibrium ad-
sorption constant expressed as the following:

[5—FJ
K= @)

A plot of log {[S-F.]/[S]} versus log [F ] (not shown) gives K and “a”
from the intercept and the slope, respectively. The K value was 0.18 (L/
mmol) and the “a” value was 2.0. Note that K value was of the same
order of magnitude as K; , value (Table 2) and the “a” value was same
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Fig. 3. Effect of carbon numbers on fluoride adsorption. [FAC] = 2.0 g/L, [F ], = 20 mM,
average of two individual measurements.

as the surface molar ratio of adsorbed DDTMA to fluoride as shown in
Fig. 4 above. The Gibbs free energy of adsorption, AG° can be deter-
mined according to the following equation:

AG® = —2303 RT logK (5)

The Gibbs free energy of fluoride adsorption on KAC was
—12.83 kJ/mol, which indicated that fluoride adsorption on the
DDTMA-sites of KAC was thermodynamically favorable and sponta-
neous. In general, intramolecular hydrogen bonding can be consid-
ered weak (4 to 16 kJ/mol), moderate (16 to 60 kJ/mol), and strong
(60 to 160 kJ/mol) (Ng et al., 2009). Based on the Gibbs free energy
of fluoride on the functionalized KAC, result indicated that the for-
mation of weak hydrogen bonds took place during fluoride adsorp-
tion on the Quats sites.

Table 3 compares the adsorption capacity of fluoride adsorption on
Quats-treated activated carbon with other reported carbon based adsor-
bents. It is interesting to note that our Quats-treated activated carbon
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Fig. 4. Effect of DDTMA surface loading on fluoride adsorption. Solid diamond represents
fluoride adsorption via carbon and surfactant. Open diamond indicates fluoride removal
solely by surfactant. [F"], = 20 mM, pH = 3, [ = 102 M NaCl, [AC] = 2.0 g/L,
[DDTMA] CMC = 15 mM. The reported values were the average of two individual
measurements.

I = 1072 M NaCl, KAC modified with 10 mM of Quats, pH = 3. The reported values were the

exhibited a fluoride adsorption capacity that was competitive compared
to other activated carbon materials.

3.5. Effect of Quats loading on surface charge of activated carbon

Fig. S4 shows the zeta potential of plain KAC and DDTMA-KAC as a
function of pH. Results showed that DDTMA adsorption rendered the
surface of KAC positive. Surface charge reversal on DDTMA-KAC indi-
cated the presence of specific chemical adsorption of DDTMA on KAC.
The degree of charge reversal was remarkable for KAC modified with
50 mM of DDTMA. The zeta potential increased from +10 to +30 mV
at pH 2 when KAC was modified with none and 50 mM of DDTMA, re-
spectively. As the initial DDTMA concentration was increased from 30
to 50 mM, the zeta potential of KAC remained unchanged. This observa-
tion was the same as the results shown in Fig. 4 that the KAC surface
loading became constant (0.53 pmol/m?) as the DDTMA concentration
was increased (from 30 to 50 mM). The pH dependent nature of the
zeta potential of the Quats-treated KAC suggested incomplete surface
coverage by DDTMA under which circumstance the surface properties
of KAC were partially covered by the adsorbed DDTMA. Our results
agree well with observations from our previous study (Mahmudov
et al., 2015).

Although the zeta potential increased with increasing DDTMA
concentration, it did not increase fluoride removal when the
DDTMA concentration was increased from 30 to 50 mM. Since the
CMC of DDTMA is 15 mM, the formation of micelle can structurally
hinder the fluoride ions from being in contact with the hydrogen
on carbon chain. The impact of surfactant loading affecting zeta po-
tential on fluoride adsorption was consistent with the observation
on TDTMA- and HDTMA-KACs.

Upon hydration, surface hydrous species develop on the activated
carbon surface. These hydrous species are Bronsted acids/bases that un-
dergo proton transfer to endow surface charges to the activated carbon
surfaces (Supporting information, S7). Table S2 lists the calculated sur-
face intrinsic constants of activated carbon used in this study. Since
pHzpe = ¥ (DK + pKiY),the pHyye value of KAC was calculated as
6.86 (at | = 1072 M). Fig. S8 shows the surface speciation for KAC,
HTMA/KAC, and DDTMA-KAC. Results indicated that all three KACs ex-
hibited nearly 100% positive surface charge at low pH, and that the pos-
itive surface charge on DDTMA-KAC (Fig. S7) was retained at higher pH
value compared to that on KAC and HTMA-KAC. The results indicated
that DDTMA-KAC contained relatively more positive surface charges
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Table 3

Comparison of fluoride adsorption capacities of reported carbon based adsorbents.
Adsorbent Asp (m?/g) pH I'm (umol/m?) Reference
Quats-treated activated carbon 1000.0 3.0 1.15 This study
Graphite 571.0 7.0 0.01 (Karthikeyan and Elango, 2008)
Activated carbon (coconut shell) 358.0 2.0 0.05 (Araga et al., 2019)
Zr impregnated activated carbon 1103.9 4.0 0.25 (Mullick and Neogi, 2018)
Carbon nanotubes 687.0 7.0 0.34 (Li et al., 2003)
Carbon slurry 629.0 7.5 041 (Gupta et al., 2007)
Activated carbon fiber 1400 6.5 0.64 (Gupta et al., 2009)
Mg-Mn-Zr impregnated activated carbon 8433 6.0 1.65 (Mullick and Neogi, 2019)

than HTMA-KAE and thus a much promising adsorbent for fluoride ad-
sorption from water.

3.6. Reusability of DDTMA-KAC

Disposal of spent activated by incineration or landfilling, without re-
generation, seldom is an acceptable option (Berenguer et al., 2010). It is
known that the feasibility and applicability of activated carbon adsorp-
tion technology at industrial scale greatly relies on the degree of reacti-
vation and reuse of the exhausted AC (Hutchins, 1973; Liu et al,, 2018).
Thermal (Nevskaia and Guerrero-Ruiz, 2001), chemical (Ozkaya, 2006;
Ferro-Garcia, 1993), and biological (Aktas and Cegen, 2007; Ng et al.,
2009; ElGamal et al., 2018) regeneration are common practices. Since
fluoride adsorption on Quats modified activated carbon was highly
pH-dependent, it will be possible to regenerate the spent activated car-
bon chemically.

Fig. 5 shows the performance of DDTMA-KAC in five consecutive ad-
sorption/desorption cycles. The fluoride adsorption decreased, depen-
dent on the type of Quats modified KAC, due in part to loss of surface
Quats. The results indicated that the adsorption capacity was 67.9,
78.7,83.9, 85.9, 80.3, and 50% that of the freshly modified activated car-
bons, for HTMA-KAC, OTMA-KAC, DCTMA-KAC, DDTMA-KAC, TDTMA-
KAC, and HDTMA-KAG, respectively after five adsorption/desorption cy-
cles. At the end of the 5th adsorption cycle, the fluoride loaded activated
carbons were first washed with NaOH (0.01 M for 10 h) and then re-
loaded with Quats (initial concentration = 10 mM). Re-loading of
Quats totally restored the fluoride adsorption capacity (see fluoride ad-
sorption at cycle N = 1). Results clearly showed that washing at alkaline
pH using strong base such as NaOH or reloading Quats completely re-
stored the fluoride adsorption capacity of the Quats-pretreated acti-
vated carbon.

1.0

4. Conclusion

The adsorption characteristics of fluoride onto activated carbon, hy-
drophilic wood-based KAC, modified by Quats, were studied. Results
showed that the carbon number of Quats exhibited a dual role on fluo-
ride adsorption. Electrostatic interaction between F~ and the N* head
due to electrostatic interaction and hydrogen bonding formation be-
tween F~ and the hydrogen atoms on the Quats chain were responsible
for the enhanced fluoride adsorption. In addition, pH also affected the
removal of fluoride by both plain and Quats treated activated carbons.
Competition between fluoride ions and hydroxide (OH™) for the posi-
tively charged surface sites or electrostatic repulsion between fluoride
ions and negatively charged surface sites decreased fluoride adsorption
dramatically with increase in pH.

Six Quats, namely, HTMA, OTMA, DCTMA, DDTMA, TDTMA, and
HDTMA were used to pretreat activated carbons. Results showed re-
markable improvement in fluoride uptake over the plain activated car-
bon. Treating the activated carbon at low Quats concentration (10 mM
of treatment dose) and below CMC, the fluoride removal was closely re-
lated to the alkyl chain length of the Quats. DDTMA (a longer and more
hydrophobic Quats) exhibited the highest degree of enhancement in
fluoride removal among all Quats studied. Overall, the fluoride adsorp-
tion capacity of the DDTMA-KAC (at 30 mM of treatment concentration)
was increased by two-fold over the plain KAC. The DDTMA-KAC was ef-
fective in fluoride removal in multiple adsorption/desorption cycles. In-
crease in DDTMA surface loading increased the positive surface charge
(based on zeta potential measurements); the zeta potential increased
from +10 mV (the plain activated carbon) to +30 mV when the acti-
vated carbon was treated with 50 mM of DDTMA. However, as the
zeta potential increased, the fluoride removal remained constant. The
formation of bilayered micelles structurally hindered fluoride ions
from accessing to the hydrogen atoms on the carbon chains.

0.8
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Fig. 5. Performance of reusability of KAC functionalized with Quats. [AC] = 2 g/L, [F"], = 20 mM, pH = 3,1 = 1072 M NaCl, [NaOH] = 0.01 M, KAC modified with 10 mM Quats. Results

reported were mean values. The vertical error bars represent the range of standard deviation.
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Overall, the DDTMA-KAC exhibited high fluoride adsorption capacity
compared to other similar adsorbents. Results clearly showed that sur-
face modification increased (positive) surface charge and fluoride ad-
sorption capacity. The DDTMA-KAC was a promising adsorbent for
enhanced fluoride removal from aqueous solutions.
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