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Abstract

Sorption behaviors of perfluorooctanoate (PFOA) by activated carbon fiber (ACF) in
aqueous solution were investigated. The sorption of PFOA on ACF followed
pseudo-second-order kinetics and the sorption equilibrium reached at approximately 6 h. The
sorption of PFOA on ACF fitted the Freundlich model well. The sorption capacity of PFOA by
ACF decreased with the increasing pH, indicating that electrostatic attractive (pH < 7.4) and
repulsion (pH > 7.4) existed in the sorption process. Dissolved organic matter (DOM) inhibited
the sorption of PFOA on ACF and no obvious sorption was observed when the concentration of
DOM was increased to 500 mg L. This was primarily because of the competitive sorption
between DOM and PFOA, and the blockage of ACF pore by DOM. The results indicated that
electrostatic interactions, hydrogen bonding interaction, and hydrophobic interaction were
responsible for the fast sorption, and the formation of hemi-micelles and micelles of PFOA

further promoted the sorption of PFOA on ACF.

Keywords: Sorption; Perfluorooctanoate; Activated carbon fiber; Dissolved organic matter;

Mechanisms
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1. Introduction

Perfluorinated compounds (PFCs) are environmentally refractory organic pollutants that
have been widely used in different products, i.e., fire-fighting foams, polymer additives,
surfactants and cleaning agents, for nearly sixty years'”. Perfluorooctanoate (PFOA, C7F;sCO0")
is one of the most frequently used PFCs in these products. Due to its toxic effect,
bioaccumulation and global distribution, PFOA has been detected in wvarious different
environmental matrices including sludge 4 dust °, water *7, wildlife ®, air °, and human '°. For
example, the concentration of PFOA collected from groundwater at a fire-training area at
Waurtsmith Air Force Base (WAFB) was 105 pug L ' For drinking water, however, US
Environmental Protection Agency (USEPA) set 0.4 pg L' as the PFOA provisional health
advisory '2. Industrial wastewater was one of the main point sources for PFOA entering into
natural waters . Previous researches have reported that PFOA concentration in natural waters
was at ng L' level ™. Especially, close to the point source of PFCs emissions, the concentration
of PFOA was up to almost several hundred mg L™ '°. Therefore, it is imperative to develop
effective technologies to remove PFOA from these industrial wastewaters before being
discharged into the natural environment.

To date, several treatment technologies including membrane filtration '®, ultrasonic
irradiation ', electrochemical oxidation '®, sorption 1 and ultraviolet irradiation 2° have been
applied to remove PFOA from water. Among these methods, sorption has been demonstrated to
be one of effective and versatile methods due to its low cost and highly efﬁciency21. Previous
studies have demonstrated that PFOA could be effectively removed by boehmite *, alumina >,

24

zeolite ~°, sludge 25 carbon nanotube *°, granular activated carbon (GAC) 27 and powder

activated carbon (PAC) 2! However, limited data are available on the adsorption of PFOA on

3
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activated carbon fiber (ACF).

ACF is made from different natural and synthetic fibrous precursors by carbonization and
activation. The raw materials of ACFs are viscose, phenolic resin fiber, polyacrylonitrile fiber or
pitch fiber. Compared with PAC and GAC, ACF has many advantages including higher specific
surface area (700-2500 m’ g'l), more porous structure, more concentrated pore size distribution
and smaller fiber diameter **. These advantages resulted in many favorable characteristics such as
high mass transfer rate and high sorption capacity even at low concentration of adsorbate .
Especially, this fibrous adsorbent can be prepared in the forms of cloth and felt. The recycle and
reusage of ACF is easier than that of conventional activated carbon. Many organic pollutants

could be effectively removed by ACF due to its good performance, such as pentachlorophenol 30

3 35

p-nitrophenol ', tetracycline **, phenol *, dye **, phenolic compounds *, and metal ions *°.
According to the sorption principle of ACF, ACF may also exhibit effective adsorption capacity
for PFOA. However, the role of solution chemistry on PFOA adsorption mechanisms by ACF has
not been fully understood.

The main objective of the present study was to evaluate the removal of PFOA from aqueous
solution by using ACF as the adsorbent. The sorption kinetics, sorption isotherms, the effects of
initial ACF concentrations, solution pH, and dissolved organic matter (DOM) on sorption of
PFOA by ACF were carried out to elucidate the removal performance of PFOA. Furthermore, the
underlying mechanisms and the possible interactions between the adsorbent and adsorbate were
discussed.

2. Materials and methods

2.1. Materials

Perfluorohexanoic acid (PFHxA, 98%), perfluoheptanoic acid (PFHpA, 98%), PFOA (98%),

4
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perfluorononanoic acid (PFNA, 98%), perfluorodecanoic acid (PFDA, 98%) and HPLC-grade
acetonitrile (99.9%) were purchased from Sigma-Aldrich Chemical Co., Ltd. (St. Louis, MO,
USA). ACF was supplied by Shanghai Union Soldiers Environmental Protection Technology Co.,
Ltd. (Shanghai, China). Sodium hydroxide (NaOH), disodium hydrogen phosphate (Na,HPO,),
sodium dihydrogen phosphate (NaH,PO.), phosphorus acid (H3PO4), and fulvic acid (CAS:
479-66-3, 99%) were obtained from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). All
chemicals and reagents were of analytical grade or higher. Prior to use in the sorption
experiments, ACF was first washed repeatedly with deionized water and then washed in 80°C
deionized water for 2 h to remove the impurities. After being dried in an oven at 105°C for 48 h,
ACF was cooled and stored in a desiccator.
2.2. Characterization of ACF

The specific surface area of ACF was measured with a surface area analyzer (Quadrasorb SI,
Quantachrome, USA), and N, was used as the flow gas. The point of zero charge (pHy,.) for ACF
was measured according to the reported method *”. Fifty mL of 0.01 M NaCl solution was placed
into each conical flask, and the pH was adjusted to a value from 2 to 12 by adding 0.1 M HCI or
0.1 M NaOH stock solutions. Then 0.15 g of ACF was added into each flask, and the solutions
were stirred continuously at 25°C for 48 h. Finally, the pH value of each sample was measured.
The point of pHinitia = pHsinal Was taken as the pH,,. of ACF.
2.3. Sorption experiments

Sorption experiments were conducted in 250 mL conical flasks, containing 100 mL PFOA
solution. ACF was placed into each flask and 2 mM NaH,PO4 (pH 7.0) was added as a pH buffer
during the sorption. Then the mixture was immediately stirred at the speed of 120 rpm on an

orbital shaker. The pH values were adjusted by 0.1 M HCl or 0.1 M NaOH stock solutions. All of
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the experiments were carried out in triplicate and the average value was adopted. Blank
experiments demonstrated that the total PFOA loss was less than 1% of the initial concentration
(Table S1). In the adsorbent effect experiments, the dosages of ACF ranged from 50 to 2500 mg
L. In the sorption kinetic experiments, sorption of 100 mg L™ of PFOA solution at initial pH 7.0
by 80 mg L of ACF was carried out. The samples were taken at 0.08, 0.25, 0.5, 1, 1.5, 2, 4, 6, 8,
10, 12 and 16 h. After the sorption experiments, the final solution pH was determined. The
sorption isotherm experiments were conducted at initial PFOA concentrations ranging from 50 to
600 mg L™ for 6 h. The effect of pH on sorption was conducted with 80 mg L™ of ACF at initial
pH values of 3, 4, 6, 8, 10, and 12. The concentration of fulvic acid varying from 0-500 mg L™
was selected to investigate the effect of fulvic acid on PFOA sorption by 80 mg L' of ACF.
2.4. PFOA determination

The concentrations of PFOA were measured using a high performance liquid
chromatography (HPLC, DionexU3000, USA) equipped with an Athena C18-WP HPLC column
(4.6 mm x 250 mm, 5 um). The mixture of acetonitrile and 20 mM Na,HPO, (50/50, v/v) was
used as the mobile phase. The flow rate was set at 1.0 mL min™'. The injection volume was 10 pL
and the column temperature was maintained at 30 °C. The correlation coefficients (R of
standard curves for PFOA were above 0.999 (Fig. S1). In this study, the detection limit of PFOA
was 1.0 mg L™, the sorption capacity was calculated according to the differences between the

initial and equilibrium PFOA concentrations using the following equation:

(G-¢)v

9 = —— (D)
m

where g. is the sorption amount of PFOA (mg g™), Cy is the initial PFOA concentration (mg L™),

C, is the equilibrium concentration of PFOA (mg L), V is the solution volume (L), and m is the
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mass of ACF (g).
3. Results and discussion
3.1. Effect of adsorbent dosage

The effect of adsorbent dosage on the adsorption of PFOA on ACF was investigated. As
shown in Fig. 1, the removal ratio of PFOA increased from 19.3 + 0.8% to 93.4 + 0.6% as the
initial ACF concentration increased from 50 mg L™ to 1000 mg L. The number of active sites
for PFOA sorption on ACF surface increased with the increasing concentrations of ACF. This
could improve the contact probability between PFOA and ACEF, thus resulting in a higher PFOA
removal efficiency. However, as the initial ACF concentration increased to 2500 mg L™, almost
all of PFOA was adsorbed on the surface of ACF and the PFOA concentration remaining in the
solution was below the detection limits.
3.2. Sorption kinetics

Fig. 2 displays the sorption kinetics of PFOA on ACF at pH 7.0. It can be seen that the
sorption equilibrium time of PFOA by ACF is approximately 6 h. The sorption rate was fast in the
first stage of 2 h, reaching 67.5% of equilibrium sorption capacity of ACF. The rapid sorption
equilibrium of microcystin LR ** and uranium *° by ACF was also observed, where only 0.08-0.5
h was required to reach sorption equilibrium. The adsorption of PFOA on GAC and resin AI400
were equilibrated after at least 168 h *'. These results suggested that the size of the adsorbent
influenced the sorption rate of PFOA.

Three models were applied to investigate the sorption kinetics of PFOA on ACF, including
the modified pseudo-first-order, pseudo-second-order, and intraparticle diffusion models. The

pseudo-first-order model can be expressed as follows **:

g, =q. (1—HD )

7
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where ¢ is the sorption time (h), g. and g; are the amount of PFOA adsorbed at sorption
equilibrium and time 7 (mg g™), respectively, and k/ is the pseudo-first-order rate constant (h™) .
The pseudo-second-order model is presented as follows *:

gkt

= 45! 3
@ (+kt) @

where ;= kaqe (h™"), and £, is the rate constant of pseudo-second-order model (g mg'1 h™).

The intraparticle diffusion model proposed by Weber and Morris *' is expressed as follows:

112
g = CHk,t 4

172

where kyn 1s the intraparticle diffusion rate constant (mg g'1 h™"") and C is the intercept (mg g'l).

As shown in Fig. 2a and Table S2, the pseudo-second-order model fitted the data better than

the pseudo-first-order model according to the relatively higher correlation coefficient (R*= 0.998).

Previous studies have also demonstrated that the sorption of PFOA onto GAC, PAC, and carbon
nanotubes fitted the pseudo second-order kinetics well ****. These results indicated that the
chemical interactions played a major role in the sorption process **. PFOA existed in the form of
anion at pH 7.0 due to its low pKa (2.5) and the surface charge of ACF was positive (pH,,.= 7.4).
Therefore the electrostatic interaction between the positively charged ACF and negatively
charged PFOA facilitated the sorption of PFOA on ACF.

Because the pseudo-second-order model could not elucidate the sorption mechanism, the
intraparticle diffusion model was adopted to fit the sorption kinetics. The intraparticle diffusion
model assumes that the intraparticle diffusion is the sole rate-controlling factor in the sorption

process. If the regression of g; versus the square root of time ("

) is a straight line which passes
through the origin, the sorption process is controlled by intraparticle diffusion only **°. As

shown in Fig. 2b and Table S3, the intraparticle diffusion model failed to fit the sorption kinetics
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of PFOA on ACF because of the negative intercepts. This result demonstrated that intraparticle
diffusion was not the only rate-controlling step for PFOA sorption on ACF. Yu et al. *' compared
the sorption of PFOA on PAC, GAC and resin AI400. The results indicated that the sorption
kinetics of PFOA on GAC and resin AI400 followed the intraparticle diffusion-controlled
adsorption in the initial phase. In contrast, this model could not fit the sorption kinetics of PFOA
by PAC. This was primarily because PAC has a smaller size than GAC and resin AI400. Because
of the small size of ACF (Table 1), PFOA can easily diffuse into the inward pores, and thus the
external and intraparticle diffusion may be equal in this sorption process or even the external
diffusion becomes the rate-limited step.
3.3. Sorption isotherm

To further understand the interactions between adsorbent and adsorbate, the Langmuir and
Freundlich equations were applied to describe the sorption data.

The Langmuir equation assumes that the sorption occurs in the monolayer of adsorbent and

the equation is expressed as follows:

q — QOCe
© (K +C)

&)
where ¢. is the equilibrium sorption amount (mg g"), C. is the equilibrium concentration of
PFOA in solution (mg L), &/ represents the sorption affinity coefficient (mg L ™), and Qyis the
maximum sorption capacity (mg g'l).

The Freundlich model is an empirical equation assuming heterogeneous adsorptive energies

on the adsorbent surface. The isotherm is defined by:

q. =K.C (6)

F~e

1-1/n Ll/n

where Kr is the Freundlich constant related to sorption capacity (mg g'), and n is a
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constant depicting the sorption intensity.

As shown in Fig. 3 and Table S4, the sorption isotherms of PFOA on ACF could be fitted
better with Freundlich equation than Langmuir equation. The results demonstrated that the energy
distribution for the sorption “sites” was an exponential type, implying that there was multilayer
sorption in the sorption of PFOA on ACF ) According to the fitting results of Freundlich model,

n"! value was 0.43 as expected for a non-linear fitting. Nonlinearity could occur due to the

heterogeneity of sorption site and the interactions among sorbates such as electrostatic repulsion’"

48

3.4. Effect of pH

Solution pH plays an important role in the sorption of PFOA by ACF because pH not only

influences the surface charge of ACF, but also affects the speciation of PFOA in aqueous solution.

The effect of pH on the sorption of PFOA by ACF is illustrated in Fig. 4a. It can be seen that the
sorption capacities of PFOA on ACF decreased from 112.3 mg L™ to 103.5 mg L™ as the pH
values increased from 7.4 to 12.0. Meantime, the sorption capacity of PFOA on ACF decreased
by 8.1% as the pH value increased from 3.0 to 7.4.

As the pKa value of PFOA (2.5) was lower than the pH values (3.0-12.0) of PFOA solution
in this study, PFOA mainly existed in anionic form within the pH range. Fig. 4b presents the zeta
potentials of ACF at different pH values. The pHy,. of ACF is approximately 7.4. When solution
pH was higher than 7.4, the surface charge of ACF was negative. Therefore the electrostatic
repulsion played an important role in this sorption process. Furthermore, as the ACF surface had
more negative surface charges with the increasing solution pH, the increasing electrostatic
repulsion resulted in the decreasing sorption capacity. However, the surface charge of ACF was

positive at solution pH below 7.4, implying that electrostatic interaction between PFOA and ACF

10
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was attractive.

The removal ratio of PFOA decreased by 15.6% when the solution pH increased from 3.0 to
12.0, suggesting that other interactions existed in this process, such as hydrophobic interaction
and hydrogen bonding interaction. These interactions may be weaken electrostatic repulsion
between PFOA and ACF, leading to only 15.6% decrease in this sorption process. In contrast, it
was reported that pH had a significant effect on the sorption of PFOA on alumina. The adsorption
capacity of PFOA decreased with the increase of the solution pH, and no measurable amount of
PFOA was adsorbed onto alumina at pH 7.5 **. The results suggested that the sorption of PFOA
on alumina was mainly attributed to the electrostatic interaction since the electrostatic interaction
was the only pH-sensitive force. The results indicated that ACF had a high sorption performance
within a wide pH range.

3.5. Effect of DOM

DOM is ubiquitous in natural waters, and it can interact with organic contaminants by a
variety of binding and adsorption interactions *. Many researches have demonstrated that these
interactions could affect the migration and transformation of organic pollutants 3031 n this study,
fulvic acid was selected as the model DOM to investigate the effect of DOM on the sorption of
PFOA by ACF.

As shown in Fig. 5, the sorption capacity of PFOA on ACF was obviously decreased with
the increasing fulvic acid concentration from 0 to 500 mg L. Blank experiments (the
concentration of fulvic acid was 0 mg L") demonstrated that the amount of PFOA adsorbed on
ACF was 103.91 mg g”'. As the concentration of fulvic acid increased to 100 mg L™, the sorption
capacity of PFOA decreased by 75.4%. Especially, when the concentration of fulvic acid was 500

mg L', no obvious sorption reaction was observed in the experiments. The above results

11
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demonstrated that competitive sorption existed in this sorption process.

It is known that DOM inhibited the sorption of trace organic compounds through two major
mechanisms: direct site competition and pore blockage *2. DOM would compete for sorption site
of activated carbon with the target organic compounds. The molecular weight (MW) of DOM is a
critical factor that affects the competition between DOM and trace organic compounds o,
Different MW of DOM compounds have been demonstrated to have diverse effects on the
sorption of trace organic compounds on activated carbon. It has been reported that the effluent
organic matter (EfOM) fraction with MW lower than 1 kDa had the greatest effect on adsorption
capacity for PFCs, while adsorption was almost unaffected by the EfOM fraction with MW
greater than 30 kDa 3! Similar trend has also been reported by Newcombe et al. 3, who reported
that larger MW fraction of DOM compounds ( > 30,000) had much less effect on
2-methylisoborneol (MIB) adsorption capacity while lower MW compounds (< 500) exhibited
higher uptake and exerted a greater competitive effect on the adsorption of MIB **. In the present
study, fulvic acid belongs to the low MW fraction of DOM. As a consequence, the sorption
capacity of PFOA could be significantly affected by fulvic acid and decreased with the increasing
concentration of fulvic acid. Furthermore, previous studies have demonstrated that pore blockage
was the major mechanism for inhibited soprtion of target organic compounds by DOM ** %,
Kilduff et al. *° carried out the experiments to verify theoretical predictions of competitive effects
between trichloroethylene and activated carbon in the presence of humic acid. The results
indicated that the changes of site-energy heterogeneity were small at high loadings of humic acid,
suggesting that the possibility of pore blockage or pore filling mechanism existed. The preloaded
DOM could block some adsorption sites of sorbent, thus reducing the sorption capacity of trace

organic compounds, especially when the DOM loading was high. They may also narrow the

12
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existing transport pores, resulting in the decreased sorption rate for trace organic compounds. The
phenomena have also been verified by other researchers °”*®. Therefore, the adsorbed fulvic acid
could block the micropores and surface active sites of ACF and subsequently decreased their
sorption capacity for PFOA.

3.6. Sorption mechanisms

As discussed above, the electrostatic interactions existed between ACF and PFOA, which
was justified by the decreased sorption capacity of PFOA on ACF as the pH values increased
from 3.0 to 12.0. However, the sorption capacity of PFOA on ACF decreased by only 15.6%,
indicating that the hydrophobic interaction and hydrogen bonding interaction between ACF and
PFOA were much stronger than the electrostatic repulsion.

Hydrogen bonding interaction could be formed between fluorine atoms of PFOA and
hydrogen atoms of ACF because —OH group of ACF could act as hydrogen-bonding donors (Fig.
S2). The protonated groups of ACF can also capture water molecules via hydrogen bonds > ¢,
which leads to the competitive sorption of water with PFOA. Therefore the hydrogen bonding
interaction played an insignificant role in the adsorption process of PFOA. A schematic diagram
of the sorption of PFOA onto ACF is proposed in Fig. 6. Due to the hydrophobicity of ACF and
the hydrophobic perfluorinated chain of PFOA, the hydrophobic interaction was involved in the
sorption of PFOA on ACF ®'. In order to explore this possibility, the competitive sorption of
perfluorinated carboxylic acids (PFCAs) on ACF was conducted in the mixed solution containing
PFHxA, PFHpA, PFOA, PFNA, and PFDA. As shown in Fig. S3, ACF had the highest sorption
capacity for PFDA and the lowest sorption capacity for PFHxA (approximately zero) in the
competitive sorption process. The sorption capacities of PFCAs on ACF increased with the

increasing carbon chain length, and the adsorbed amounts of PFCAs on ACF followed the order
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of PFDA > PFNA > PFOA > PFHpA > PFHxA because PFCAs with longer C-F chain length are
more hydrophobic. These results indicated that hydrophobic interaction played an important role
on the sorption of PFCAs on ACF.

Although the critical micelle concentration (CMC) value of PFOA is 15696 mg L™, the
hemi-micelles and micelles are likely to form in the range of 0.01-0.001 of the CMC 62 The
accumulation of hemi-micelles and micelles enhanced the adsorbed concentration of PFOA onto
ACF ®. The hydrophobic interaction was the main mechanism for the sorption of PFOA on ACF.
The electrostatic repulsion and attraction existed between PFOA and ACF when the pH values
were greater than and less than 7.4, respectively. Hydrogen bonding interaction also involved in
the PFOA sorption by ACF. Moreover, the hemi-micelles and micelles of PFOA formed in the
adsorbent pores. Direct site competition and pore blockage were exited between PFOA and ACF
in the presence of DOM.

4. Conclusions

The sorption kinetics results showed that the adsorption equilibrium of PFOA on ACF could
be reached in 6 h. Adsorbent size governed the sorption rate of PFOA on ACF in aqueous
solution. With the increasing pH value from 3.0 to 12.0, the sorption capacities of PFOA on ACF

decreased by 15.6%. PFOA sorption was completely inhibited by DOM at 500 mg L. Both

hydrogen bonding interaction and electrostatic interaction were involved in the sorption of PFOA.

The hydrophobic interaction played a dominant role in this sorption process. Furthermore, PFOA
might form hemi-micelles and micelles in the adsorbent pores, which significantly enhanced the

sorption capacity.
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Table 1 Characteristics of ACF used in this study

BET surface  Pore diameter Micropore Micropore area Total pore pHpe
area (m” g") (A volume (cc g") (m* g™ volume (cc g™)
1226.16 5.63 0.392 991.85 0.563 7.4
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Fig. 1. Effect of ACF dosage on the sorption behavior of PFOA

Fig. 2. Sorption kinetics of PFOA on ACF fitted by (a) pseudo-first-order equation (—) and

pseudo-second-order equation (...... ), and (b) intraparticle diffusion model

Fig. 3. Sorption isotherms of PFOA on ACF fitted by Langmuir and Freundich equations

Fig. 4. Effect of pH on the sorption behavior of PFOA on ACF (a), and the zeta potential of ACF

(b).

Fig. 5. Effect of fulvic acid on the sorption behavior of PFOA

Fig. 6. The schematic diagram of PFOA sorption process on ACF
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