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ABSTRACT: Chemical modifications of granular activated carbon (GAC)
and powdered activated carbon (PAC) are necessary for enhanced removal of
perfluoroalkyl and polyfluoroalkyl substances (PFAS) in water. Herein, we
synthesized and tested goethite (α-FeOOH)-coated GAC and PAC for the
adsorption of mixtures of 13 PFAS (9 short- and long-chain PFAAs, GenX,
and 3 precursors) from water at an initial concentration of 10 μg/L for each.
Among the sorbents tested, modified PAC (MPAC) had excellent adsorption
compared to pristine PAC and GAC and modified GAC (MGAC). Based on
the isotherms, the maximum adsorption capacity of MPAC toward total
PFAS removal was 234 mg/g. Detailed characterizations revealed that the
adsorption performance of MPAC was due to its powdered nature, which
enabled a shorter diffusion path and rapid mass transfer in the internal pores of this sorbent in addition to the electrostatic and
hydrophobic interactions. Results obtained from this study provide valuable insights and knowledge for properly modifying GAC
and PAC to address the critical challenges associated with PFAS, especially those associated with short-chain compounds.
KEYWORDS: modifications of GAC and PAC, PFAS adsorption, isotherm and kinetic studies, removal mechanism

1. INTRODUCTION
Per- and polyfluoroalkyl substances (PFAS) are a class of
synthetic chemicals characterized by a hydrophobic tail and a
hydrophilic head. The hydrophilic head consists of polar
functional groups such as carboxylate (COO−), sulfonate
(SO3

−), and sulfonamides (SO2N).
1,2 Because of their unique

attributes, such as being resistant to degradation, persistent in
the environment, and potentially harmful to ecosystems, PFAS
pose a substantial threat to both environmental safety and
human health.3−5 In June 2022, the U.S. Environmental
Protection Agency (EPA) issued the interim lifetime health
advisory levels for perfluorooctanoic acid (PFOA) and
perfluorooctanesulfonic acid (PFOS) in drinking water,
which were set at extremely low concentrations of 0.004 and
0.02 ng/L, respectively.6 The regulatory demand of these
exceptionally low levels, combined with the stable C−F bonds
within their structures, bring a major challenge for remediation
efforts. As a result, novel and sustainable technologies are
urgently needed to remove PFAS in water to such low
concentrations.7

Conventional treatment methods have demonstrated their
inefficacy in effectively eliminating PFAS.8 For instance,
biological treatment primarily focuses on breaking the C−C
bond of PFAS, resulting in the rapid formation of short-chain
PFAS in water.9 Similarly, oxidation only partially degrades
PFAS, resulting in the formation of PFAS molecules with
shorter perfluorinated alkyl chains.10 Chlorine or UV

disinfection techniques are also futile in removing PFAS
under typical water treatment conditions.11,12 In contrast,
adsorption has emerged as a well-established and reliable
technology for PFAS removal, both as a standalone process for
point-of-use applications and as a component of water
treatment processes.13,14

Currently, a variety of commercial and synthetic sorbents
have been documented in the literature for PFAS removal,
including clays,15 granular activated carbon (GAC),16

powdered activated carbon (PAC),17 resins,18 and surface-
modified biopolymers.19 GAC and PAC have exhibited
effectiveness in adsorbing long-chain PFAS, but both suffer
from certain limitations. GAC, for instance, is well-known for
its slow adsorption kinetics and comparatively lower efficiency
in removing short-chain PFAS and precursors in comparison to
long-chain counterparts.20,21 On the other hand, superfine
PAC facilitates the rapid diffusion of short-chain PFAS
molecules for swift adsorption,22 but its use leads to the
formation of stable colloids in water, rendering their removal
challenging and necessitating additional centrifugation or
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filtration steps. This drawback hampers the practical
application of PAC in real-world drinking water treatment.23

Consequently, to enhance the adsorption capabilities for the
adsorption of short-chain PFAS and precursors, the mod-
ifications of both GAC and PAC are necessary.
Given that goethite (α-FeOOH), an abundant iron oxy-

hydroxide naturally found in sediments and rocks, is highly
thermodynamically stable in nature,24 α-FeOOH-based
composites have been used for removing toxic anions from
water. A precipitation method25 was employed to coat iron
oxide hydroxides (FeOOH) onto both GAC and PAC,
resulting in modified GAC (MGAC) and modified PAC
(MPAC). Although neither MGAC nor MPAC possesses
magnetic properties, it was believed that the modification
enhanced the electrostatic interactions26 between PFAS
(especially short-chain) and Fe3+ from both MGAC and
MPAC.
Despite a few studies reporting the use of modified GAC

and PAC for PFAS removal from water, most of them have
focused solely on removing PFOA or PFOS at mg/L levels.27

Therefore, it remains uncertain whether these sorbents can
effectively remove PFAS mixtures comprising these com-
pounds with diverse functional groups, structures (varying
chain lengths), and concentrations as low as μg/L or ng/L.
Hence, in this study, we synthesized FeOOH-assisted GAC
and PAC composites with the expectation that they would
exhibit a high adsorption capacity toward PFAS mixtures and
display fast adsorption kinetics, particularly for short-chain
PFAS. The results obtained from this study will provide
valuable insights and knowledge for properly modifying GAC
and PAC to address the critical challenges associated with
PFAS, especially short-chain compounds.

2. EXPERIMENTAL SECTION
2.1. Materials and Preparation of MGAC and MPAC.

The physiochemical properties of the 13 PFAS studied are
listed in Table S1. The chemicals and reagents used in this
study are listed in Table S2. Milli-Q water (resistivity ≥18.2
MΩ·cm) was used to prepare PFAS solutions. The synthesis
procedure was developed from a method reported by Lee et al.
with slight modifications.25 Briefly, PAC was first added to a 65
g/L NH4HCO3 solution. Then, FeCl3 solution at 35 wt % was
titrated slowly into the mixture of NH4HCO3 and PAC
solution at a mass ratio of FeCl3:NH4HCO3 = 1:5.5. The mass
ratio of PAC to α-FeOOH was 90:10, 85:15, or 80:20. During
the reactions, the pH was set at 7.0. After agitating
continuously for 2 h, the mixture was centrifuged at 3500
rpm for 15 min. The supernatant was discarded, and the solid
product was washed with deionized water three times. The
washed sorbent was then freeze-dried overnight. The same
procedure was also used to prepare MPAC with α-FeOOH
and kaolin at different ratios, as shown in Table S3. As shown
below, because MPAC 90:10 had the best adsorption
performance, MGAC with GAC:α-FeOOH at 90:10 was also
prepared in a similar fashion.

2.2. PFAS Adsorption Experiments. Adsorption experi-
ments were performed in batch mode and in triplicate. To
investigate the improvement of PFAS adsorption on PAC by
surface modification, each FeOOH- or FeOOH- and kaolin-
modified sorbent (Table S3) was added at 100 mg/L to a
PFAS solution consisting of six PFCAs (C6−C11), three
PFSAs (C4, C6, and C8), 8:2 diPAP, and GenX, with each at
100 ng/L. The mixture was then kept on a rotating shaker at

Figure 1. PFAS removal was by PAC and modified PAC at 48 h. Initial PFAS concentration: 100 ng/L, and sorbent dosage: 100 mg/L.

ACS ES&T Water pubs.acs.org/estwater Article

https://doi.org/10.1021/acsestwater.3c00483
ACS EST Water 2023, 3, 3708−3715

3709

https://pubs.acs.org/doi/suppl/10.1021/acsestwater.3c00483/suppl_file/ew3c00483_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestwater.3c00483/suppl_file/ew3c00483_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestwater.3c00483/suppl_file/ew3c00483_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestwater.3c00483/suppl_file/ew3c00483_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsestwater.3c00483?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.3c00483?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.3c00483?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.3c00483?fig=fig1&ref=pdf
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.3c00483?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


120 rpm for 48 h. The PFAS removal efficiency was calculated
using eq 1 as follows:

= ×C C
C

Removal efficiency(%) 100i t

i (1)

where Ci and Ct are the PFAS concentration that at initial and
time (t), respectively.
Afterward, MPAC with the best adsorption performance

(i.e., 90:10 PAC:FeOOH) was selected and tested against
PAC, GAC, MGAC (90:10 GAC:FeOOH), and a commercial
AC-aluminum (AC-Al)-based sorbent for the adsorption of 13
PFAS, each at 10 μg/L. These 13 PFAS included 6:2 FTSA
and 2-N-EtFOSAA in addition to the 11 tested previously. For
this test, subsamples were collected at 0, 4, 8, and 48 h and
subjected to PFAS analysis.
The experimental details of the adsorption kinetics and

isotherms are shown in Text S1, while the details of the
sorbents’ characterization and PFAS analysis are given in Texts
S2 and S3, respectively.

3. RESULTS AND DISCUSSION
3.1. Modification of PAC for PFAS Adsorption. To

enhance PFAS adsorption by a commercial PAC, the PAC was
modified by incorporating different amounts of FeOOH or
kaolin (Table S3). As shown in Figure 1, the main observations
are (1) the modification of PAC by both FeOOH and kaolin
did not lead to increased PFAS adsorption at the low

concentration of 100 ng/L. This was true for all short and
long-chain PFAS adsorption except for PFDA and PFUnA (see
Table S1 for abbreviation definitions); (2) all modified PAC
had higher removal of 8:2 diPAP than the pristine PAC.
Especially, MPAC (90:10 of PAC: FeOOH) removed >80% of
8:2diPAP, while pristine PAC showed <25% removal of this
precursor; (3) the loading of kaolin onto PAC/FeOOH did
not improve the adsorption performance. On the contrary, the
removal % was reduced, possibly due to blocking the active
sites for PFAS adsorption; (4) among the different ratios of
PAC, FeOOH, and kaolin tested, 90:10 of PAC:FeOOH
(MPAC) showed the best performance for removal of a
mixture of 11 PFAS, each at 100 ng/L.

3.2. PFAS Adsorption of MGAC and MPAC. To
determine the adsorption equilibrium time of PFAS on
GAC, PAC, MGAC, MPAC, and a commercial AC-Al sorbent,
subsamples were collected at 0, 4, 8, and 48 h, as shown in
Figure 2. It was observed that MPAC had the highest removal
of all PFAS compared to MGAC, PAC, GAC, and the AC-Al-
based commercial sorbent. Both PAC and MPAC achieved
100% removal of long- and short-chain PFAAs, 6:2 FTSA,
GenX, and 2-N-EtFOSAA in 4 h. For 8:2 diPAP, however,
PAC needed 48 h to reach 85% removal. The adsorption
performance of the commercial AC-Al sorbent was below 50%
at 1 h except for 2-N-EtFOSAA (ca. 75%) and gradually
increased with time and reached 100% removal at 48 h for

Figure 2. Adsorption of PFAS by unmodified and modified GAC and PAC and a commercial AC-Al-based sorbent at 4, 8, and 48 h. Initial PFAS
concentration: 10 μg/L, and sorbent dose: 100 mg/L.
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most PFAS. The exception was 8:2 diPAP, for which only 70%
was removed at 48 h.
Reports on PFAS adsorption by modified GAC are very

limited in the literature. In this study, removal of all tested
PFAS, each at 10 μg/L by GAC increased with time from 4 to
48 h, with nearly 100% removal of PFAAs, GenX, 2-N-
EtFOSAA, and 6:2 FTSA observed at 48 h. Compared to
GAC, MGAC had a much faster adsorption rate for all PFAS.
Among all of the targeted PFAS, 8:2 diPAP was an exception.
Its removal by GAC and MGAC after 48 h was 58 and 80%,
respectively. Given the outstanding performance of MPAC for
removing all tested PFAS, this sorbent was studied further in
terms of structure characterization, adsorption isotherms,
kinetics, and removal mechanism, as shown below.
3.3. Kinetics and isotherm studies. The adsorption

kinetics of the MPAC was investigated by using three kinetic
models: pseudo-first-order (PFO), pseudo-second-order
(PSO), and intra-particle diffusion (IPD) (see the Supporting
Information). The adsorption data of total PFAS were fitted to
these models, and the fitting correlations were assessed. The
squared correlation coefficients (R2) obtained from the
linearized PFO and IPD models were 0.0001 and 0.436,
respectively (Figure S1), indicating low fitting correlations. In
contrast, the linearized PSO model exhibited excellent fitting
correlations with an R2 value of 0.998 (Figure S1), suggesting
that the PSO model described the adsorption kinetics well.
Consequently, PSO was employed to fit the kinetic data of the
total PFAS (Figure 3A). The results indicated that a rapid
adsorption of total PFAS occurred within the initial hours of
contact time, demonstrating the fast kinetics of MPAC
compared to the others in the literature, as shown in Table
2 ranging from 12 h to 10 days.
Four commonly used isotherm models, namely, Langmuir,

Freundlich, Sips, and Toth, were employed to fit the
experimental adsorption data (Figure 3B). The Langmuir
isotherm accounts for the dynamic equilibrium of adsorption
and desorption, while the Freundlich isotherm describes the

adsorption process on heterogeneous surfaces. The Sips and
Toth models combine elements of the Langmuir and
Freundlich isotherms, with the primary objective of predicting
adsorption behaviors in heterogeneous systems. The qe and Ce
values for total PFAS (ΣPFAS) were calculated and used to
establish isotherm models because some individual PFAS in
the aqueous phase were either near or below the limit of
detection and similar physicochemical properties and adsorp-
tion mechanisms were possibly shared among the examined
PFAS. The relationship between C0 and mass of PFAS
adsorbed by the MPAC can be found in Figure S2.
As shown in Figure 3B and summarized in Tables 1 and S4,

the Langmuir model provided a good fit for the experimental
adsorption data in the high-concentration range, while the
Freundlich isotherm exhibited an excellent fit in the low-
concentration range. The Sips and Toth isotherms satisfac-
torily described the entire range of data, indicating the
successful application of the Sips isotherm in modeling the
adsorption process. The Sips isotherm is known to address the
limitations associated with an increasing adsorbate concen-
tration in the Freundlich model. It essentially behaves like the
Freundlich model at low adsorbate concentrations and predicts
monolayer adsorption, similar to the Langmuir model at high
adsorbate concentrations. Between the Sips and Toth
isotherms, Toth had a better fit given R2 of 0.9892, higher
than 0.9886 of the Sips. The Toth model predicted a maximum
adsorption capacity of 234.43 mg of PFAS/g of MPAC.
From Table 2, it was observed that the MPAC exhibited

comparable maximum adsorption capacity with those reported.
Different from other studies where only one or a few single
PFAS at the mg/L level was targeted, the MPAC in this study
had an excellent adsorption capacity for a PFAS mixture at the
low end of μg/L levels that are environmentally relevant. It was
also noted that during adsorption, with the increase of time,
long-chain PFAS did not outcompete and led to desorption of
the short-chain ones within the tested 48 h. Thus, the MPAC

Figure 3. (A) Kinetics of PFAS adsorption at an initial concentration of 10, 20, or 50 μg/L for individual PFAS by MPAC and (B) adsorption
isotherms of total PFAS by MPAC, fitted by the Langmuir, Freundlich, Sips, and Toth models.

Table 1. Parameters and Values Derived from Isotherm Models for PFAS Adsorption by MPAC

Langmuir Freundlich Sips Toth

parameter value parameter value parameter value parameter value

R2 0.9836 R2 0.9734 R2 0.9886 R2 0.9892
KL (L/μg) 1.92 × 10−3 KF (mg·L1/m/(g·μg1/m)) 9.16 KS (L/μg) 3.44 × 10−2 KT (L/μg) 0.20
qm (mg/g) 114.13 m 3.60 qm (mg/g) 153.56 qm (mg/g) 234.43

n 2.13 t 0.22
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has a high potential for removing PFAS present as mixtures in
various environmental matrices.

3.4. Physicochemical Characterization Studies.
3.4.1. FTIR and TGA. To reveal the functional groups of the
PAC, MPAC, and PFAS-laden MPAC, Fourier transform
infrared spectroscopy (FTIR) was performed as shown in
Figure S3A. It was difficult to identify FTIR bands of
functional groups associated with their structure. A few
bands were identified as follows: the band at 3650 cm−1 due
to the OH stretch demonstrates the evaporation of moisture.33

FTIR spectra of PAC had the stretching vibration of COO−34

and C−O bonds35 at 1540 and 1100 cm−1, respectively.
Similar bands were also noticed in the FTIR spectra of MPAC.
Next, the Fe−O bond of amorphous goethite is observed by
the FTIR spectra of MPAC at 1394 cm−136 confirming that
Fe3+ is loaded with PAC. FTIR bands of C�O groups (1682
cm−1) and the C�C bond of aromatic rings (1477 cm−1)
appeared in both PAC and MPAC.37 The FTIR spectra of
PFAS-laden MPAC had all the individual FTIR bands of both
PAC and MPAC with slightly altered signals which denotes the
interactions between the PFAS molecules and MPAC
surface.38

The thermal characteristics of GAC, PAC, MGAC, and
MPAC were investigated through thermogravimetric analysis
(TGA) under a N2 atmosphere from 45 to 1000 °C, as
depicted in Figure S3B. The weight loss observed at
temperatures below 120 °C for all sorbents was attributed to
the evaporation of water molecules present in the pores of the
sorbent; noticeably, MPAC had a higher weight loss (∼8%) at
this stage. A significant reduction in weight of GAC and PAC
was observed at 900 °C. For MGAC and MPAC, minor weight
losses (<2%) were detected in the range of 350−400 and 650−
700 °C, respectively. Overall, there was no significant thermally
driven mass loss observed below 800 °C, suggesting that these
sorbents can withstand high temperatures, which is a favorable
indicator for their stability in applications where thermal stress
may be a concern. Aside from thermal stress, other stress
factors, such as mechanical stress, exposure to other non-PFAS
chemicals, repeated cycles of adsorption−desorption will need
to be investigated to understand the sorbents’ stability in real-
world applications.

3.4.2. SEM, EDS, and BET. Scanning electron microscopy
(SEM) images presented in Figure S4 depict the morphologies
of GAC, MGAC, PAC, MPAC, and PFAS-laden MGAC and
MPAC at 200 nm. Both GAC and PAC displayed coarse
surfaces, as shown in Figure S4A,D. Subsequent to the
modification process, a uniform surface exhibiting increased
macroporosity was observed in MGAC and MPAC. These data
suggested that the iron deposition exhibited a strong adherence
to the surfaces of both GAC and PAC (Figure S4B,E). The
change in the morphology of SEM images of PFAS-laden
MGAC and MPAC (Figure S4C,F) is due to the surface
coverage of PFAS molecules via adsorption.
Energy-dispersive spectrometry (EDS) spectra showing

elemental composition (Figure S5) provided further evidence
of increased atomic % for Fe on the surface of MGAC (8.29%)
and MPAC (10.91%) in comparison to their pristine
counterparts. The presence of calcium, magnesium, and
aluminum in all four sorbents agreed with prior research
findings.39 The presence of the predominant fluorine (F) peak
in the EDS spectra of the PFAS-laden both MGAC and MPAC
with atomic % values of 3.07 and 7.30%, respectively, confirms
that PFAS was adsorbed to their surfaces.T
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The total surface area of GAC, MGAC, PAC, and MPAC
was calculated as 972, 940, 433, and 493 m2/g, respectively,
using the Brunauer−Emmett−Teller (BET) isotherm. Among
these sorbents, GAC had a higher surface area than PAC,
which is similar to previous findings.40,41 The BET surface area
of the MGAC experienced a reduction of approximately 3.3%
as a result of the infusion of iron particles onto its surface,
which is in line with a reported study.42 The BET surface area
of the MPAC, however, exhibited an increase of approximately
13%, possibly due to the microporous surface of the PAC/
MPAC.43,44 The microporous feature was supported by the
high ratio of micropore area to total surface area (>63%). One
of the advantages of the fine powder nature of PAC/MPAC is
easy for mass transfer with a short diffusion path, allowing
adsorbed PFAS molecules to reach available internal pores
fast.45

3.5. Adsorption Mechanisms. The plausible removal
mechanism of PFAS onto MPAC is mainly hydrophobic and
electrostatic interactions, as shown in Figure 4. The hydro-

phobic interactions strongly depend on the C−F tail of the
PFAS chain and hydrophobic C−C groups of the MPAC
network. The abundant C−C groups of MPAC are attracted
by the electronegative fluorine (C−F) of PFAS (especially long
and relatively hydrophobic PFAS) via hydrophobic inter-
actions.26 The electrostatic interactions take place between the
PFAS headgroup functionality and the surface charge of the
sorbent. Specific to MPAC, the Fe3+ ions on its surface are able
to attract anionic functional groups such as COO− and SO3

− of
PFAS.46 Thus, theoretically, the adsorption between short-
chain PFCAs and PFSAs and MPAC is predominantly
controlled by electrostatic interactions. Regarding the impacts
on desorption, hydrophobic interaction tends to be stronger
and more stable, which can make desorption more challenging.
Desorbing PFAS molecules that are strongly bound via
hydrophobic interactions may require more energy and/or
specific desorbing agents.47,48 In contrast, the electrostatic
interaction is relatively weaker. PFAS molecules adsorbed
through electrostatic attractions may be more easily desorbed
under the appropriate conditions.
From the literature, the Langmuir isotherm was observed to

be significantly influenced by electrostatic interactions,49 while
the Freundlich isotherm exhibited a strong correlation with
hydrophobic interactions.50 Our adsorption data matched the
Toth isotherm better at high concentrations than at low
concentrations, lending credence to the idea that electrostatic
interactions predominated at high concentrations, while

hydrophobic attractions took over at low concentrations. The
model exhibits conformity with the low concentration limit of
the Langmuir equation model and converges toward the
Freundlich model at a high concentration.51,52 The other weak
interactions such as hydrogen bonding, van der Waals, and
pore filling are also possible on the MPAC surface due to the
available −COOH/−OH functional group and MPAC’s
porous nature.17,53 However, additional empirical and
theoretical analyses would be required to authenticate the
suggested PFAS adsorption/desorption mechanism. The
implementation of a verified mechanism would prove advanta-
geous in the development of improved sorbents for the
purpose of PFAS removal through an iterative cycle of redesign
and retest.

4. CONCLUSIONS
While GAC and PAC are well-known and widely used sorbents
for PFAS removal, MGAC and MPAC reported in this study
had much better performance for the adsorption of a mixture
of PFAS at environmentally relevant concentrations. The
MPAC in particular had 100% removal of 8:2 diPAP,
demonstrating its potential use in removing PFAS precursors
that are widely present in the environment. This study thus
provided two new sorbents, MGAC and MPAC, that can
possibly replace GAC and PAC for removing PFAS in real
water contaminated by these emerging pollutants.
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