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HIGHLIGHTS

e Cation composition of LDHs strongly
affected PFOA adsorption.

e Zn—Al LDH had better performance for
PFOA adsorption than Mg—Al LDH.

e Zn—Al LDH was efficient for the removal
of medium- and long-chain PFCAs.

e Zn—Al LDH could be readily regenerated
and reused for PFOA removal.

o Electrostatic interactions were the pri-
mary mechanism for PFOA adsorption
onto LDHs.
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ABSTRACT

Per-and polyfluoroalkyl substances (PFAS), a large class of synthesized chemicals, are persistent in nature and
generally recalcitrant to conventional chemical and biological treatment. Adsorption is considered an economical
and practical method for PFAS treatment. Layered double hydroxides (LDHs) represent a promising class of
mineral-based adsorbents for PFAS removal because of the highly positive charge of their structural layers. In this
research, the performance of two representative LDHs with varied cation compositions, namely Zn-Al and Mg-Al
LDHs, were investigated and compared for the removal of perfluorinated carboxylic acids (PFCAs) with an
emphasis on perfluorooctanoic acid (PFOA). Zn-Al LDH showed high efficiency for the removal of medium- and
long-chain PFCAs (i.e., C > 7), and performed consistently better than Mg-Al LDH. Based on detailed adsorption
kinetics and isotherm studies toward PFOA, Zn-Al LDH showed higher adsorption capacity, stronger adsorption
affinity, and faster kinetics than Mg-Al LDH. Presence of natural organic matter had minimal impact on PFOA
removal by Zn-Al LDH, but sulfate severely inhibited PFOA adsorption. Combined results of aqueous adsorption
experiments and sorbent characterization suggested that electrostatic interactions may be the primary mecha-
nism for PFOA adsorption onto LDHs. Our results suggested that cation composition of LDHs can have significant
effect on the performance for PFCA removal.
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1. Introduction

Per-and polyfluoroalkyl substances (PFAS) are a huge class of syn-
thesized chemicals gaining increasing attention in recent years (Wang
etal., 2017). Due to their unique physical and chemical properties, PFAS
have been widely used in different applications in daily life, such as
firefighting foams, cosmetics, food packaging products, etc. (Kotthoff
et al., 2015; Ji et al., 2020). Many PFAS, including perfluoroalkyl acids
(PFAAs), are very persistent in nature and generally recalcitrant to
biological and chemical decomposition, because of the stable C-F bond
(Merino et al., 2016; Cousins et al., 2020). Although some PFAS may
partially degrade in the environment, they may ultimately transform
into the highly stable end products, such as PFAAs, which are negatively
charged and highly soluble in water under ambient pH conditions (Wang
etal., 2013, 2015; Xiao et al., 2018). Perfluorooctanoic acid (PFOA) and
perfluorooctane sulfonate (PFOS) are two legacy PFAAs that have drawn
most attention in the scientific and regulation communities, and have
been widely found in soil, sediment, surface water, groundwater, and
tap water (Kunacheva et al., 2012; Hu et al., 2016; Wang et al., 2017;
Sharifan et al., 2021). The U.S. Environmental Protection Agency (EPA)
has established the lifetime drinking water health advisory levels of 70
ng/L for PFOA and PFOS, both individually and combined (EPA, 2016).

Adsorption is considered a practical and economical method to treat
PFAS-contaminated water, because of its effectiveness and easy opera-
tion (Wanninayake, 2021). Various adsorbents, such as activated car-
bon, ion exchange resins, organic-inorganic composite materials, and
advanced polymers, have been investigated for PFAS removal (Xiao
et al., 2017; Ateia et al., 2019; Zhang et al., 2019; Dixit et al., 2021).
Among them, activated carbon is the most widely used adsorbent to
treat PFAS and its performance has been demonstrated in some field
applications (Du et al., 2014; Espana et al., 2015). However, activated
carbon exhibits several limitations, such as slow adsorption kinetics,
unsatisfactory adsorption capacities, and reduced performance in the
presence of dissolved organic carbon (Du et al., 2014; Zhang et al.,
2019). For instance, it has been reported that PFOS and PFOA adsorp-
tion by granular activated carbon (GAC) required up to seven days to
reach equilibrium, due to the slow intraparticle diffusion process (Yu
et al., 2009). The adsorption capacities of PFOS and PFOA by activated
carbon were substantially reduced in the presence of organic matters
(Yu et al., 2012). Thus, it is still of great desire to develop efficient and
cost-effective adsorbents for the removal of PFAS in aqueous solution.

Layered double hydroxides (LDHs) are a class of layered minerals
consisting of positively charged brucite-like structural layers and
exchangeable anions within the interlayers (Mishra et al., 2018). They
can be typically described by the formula of
M2 N3 (OH)21¥ (A" )y /nemH0, where M?* and N3' are metal
cations occupying the octahedral centers in the infinite hydroxide layers
and A" is an exchangeable anion (Wang and O'Hare, 2012). LDHs are
generally hydrophilic in nature, and the positively charged structural
layers can provide strong electrostatic interactions to anions, thus
making them suitable for the adsorptive removal of anionic pollutants in
water (Goh et al., 2008). Over the past decades, LDHs have been
extensively investigated as adsorbents for the treatment of various
waterborne contaminants, such as dyes, monoatomic anions (e.g.,
fluoride), and oxyanions (e.g., arsenate, phosphate) (Seida and Nakano,
2002; Goh et al., 2009; Zhang et al., 2012; Deng et al., 2018). A few
pioneering studies have reported the development of LDHs for PFOS and
PFOA removal with a primary focus on the examination of the role of
exchangeable anion composition (Hu et al., 2017; Chang et al., 2019;
Alonso-de-Linaje et al., 2021; Chen et al., 2021). Specifically,
nitrate-intercalated Mg-Al LDH has shown substantially better perfor-
mance than carbonate-intercalated Mg—Al LDH for PFOS and PFOA
adsorption (Hu et al., 2017; Alonso-de-Linaje et al., 2021). It has also
been found that removal of carbonate from the interlayer of Mg—Al LDH
substantially increased the adsorption of PFOA (Chang et al., 2019).
Meanwhile, LDHs can exhibit varied cation compositions, but the effect
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of cation composition on PFAS adsorption remains unexplored. Addi-
tionally, while previous studies have primarily focused on PFOS and
PFOA, the performance of LDHs for the removal of other PFAS is
insufficiently understood.

In this study, we synthesized, characterized, and systematically
compared the performance of two representative LDHs with different
cation compositions, namely Mg—Al and Zn-Al LDHs, for PFAS removal.
Nitrate-intercalated Mg-Al and Zn-Al LDHs were prepared because of
the superior performance of nitrate compared to other intercalated an-
ions (Hu et al., 2017). To our knowledge, this study investigated the
performance of Zn-Al LDH for PFAS removal for the first time. PFOA
was selected as a model anionic PFAS compound for detailed adsorption
investigation due to its high environmental relevance (Post et al., 2009;
Wang et al., 2017). Because of the shorter perfluoroalkyl moiety, PFOA
generally showed less affinity than PFOS with many types of adsorbents
(Duetal., 2014; Zhang et al., 2016; Dong et al., 2021). Additionally, the
performance of the two LDHs were also evaluated for the removal of a
suite of perfluorinated carboxylic acids (PFCAs) with different carbon
chain lengths.

2. Materials and methods
2.1. Chemicals

Magnesium nitrate hexahydrate (Mg(NO3)2+6H50, Fisher Scientific),
zinc nitrate hexahydrate (Zn(NOs3)2:6H20, Alfa Aesar), aluminum ni-
trate nonahydrate (Al(NO3)3+9H20, EMD-Millipore), sodium hydroxide
(NaOH, Fisher Scientific), hydrochloric acid (HCl, VWR-BDH), sodium
bicarbonate (NaHCOs, Fisher Scientific), sodium chloride (NaCl, Fisher
Scientific), sodium sulfate decahydrate (NaSO4+10H20, Fisher Scien-
tific), and sodium nitrate (NaNOs, Fisher Scientific) were used as pur-
chased without further purification. Suwannee River Natural Organic
Matter (NOM) was purchased from the International Humic Substances
Society and was used to prepare a stock solution of 300 mg C/L with the
calibration of a TOC analyzer (Shimadzu). Perfluorobutanoic acid
(PFBA, Sigma-Aldrich), perfluoroheptanoic acid (PFHpA, Sigma-
Aldrich), PFOA (Alfa Aesar), perfluorononanoic acid (PFNA, Sigma-
Aldrich), and perfluorododecanoic acid (PFDoA, Oakwood Chemical)
were used as representative PFCAs. Properties of the PFCAs were listed
in Supplementary Material (Table S1 of Supplementary Material). Ul-
trapure water (resistivity >18.2 MQ) was used to prepare solutions.

2.2. Preparation of Zn-Al and Mg-Al LDHs

Zn-Al and Mg-Al LDHs were selected as two model LDHs in the
present work because they were commonly applied for the removal of
anionic pollutants (You et al., 2001; Goh et al., 2008). Our preliminary
experiments also showed that Z1-Al and Mg-Al LDHs had best perfor-
mance for PFOA removal among a series of LDHs with different cation
compositions (Fig. S1 of Supplementary Material). Zn-Al and Mg-Al
LDHs were synthesized based on a slight modification of an aqueous
co-precipitation approach reported elsewhere (Hu et al., 2017). For
Zn-Al LDH, 100 mL of a mixed solution containing 0.75-M Zn
(NO3)2+6H20 and 0.25-M AI(NO3)3+9H,0 was prepared with the molar
ratio Zn?"/A13" = 3:1. The mixed salt solution was added into 100 mL of
a 2-M NaOH solution under vigorous stirring in a dropwise manner.
After completion of the reaction, the white slurry was aged at room
temperature for 24 h and then centrifuged to collect the solids. The
solids were washed with water several times to remove impurities and
dried in air at 60 °C. The obtained solids were grinded to powders and
stored for future use. Mg-Al LDH was synthesized following the same
approach with the use of Mg(NO3)2+6H20 (0.75 M) and Al(NO3)3+9H20
(0.25 M) as precursors.



J. Huo et al.

2.3. Material characterization

The morphology of the LDHs was determined using a Hitachi S-4800
scanning electron microscope (SEM). The crystalline structure of the
LDHs was determined by powder X-ray diffraction (XRD) using Bruker
D8 Discover A25 diffractometer with copper Ka radiation with a scan
speed of 6° per min and a step size of 0.02°. The Brunauer—Emmett—-
Teller (BET) surface area of the LDHs was determined based on Na(g)
adsorption/desorption measurement using a Micromeritics ASAP 2020
Accelerated Surface Area and Porosimetry System. Zeta potential mea-
surements of the LDHs were performed under pH 3-11 using a Malvern
Zetasizer Nano ZS 90. Fourier-transform infrared spectroscopy (FTIR)
measurements were acquired on a Shimadzu IRTracer100 Spectrometer.
The vibrations corresponding to the wavenumbers ranging from 500 to
4000 cm ! were collected with a resolution of 4 cm ™. The thermo-
gravimetric analysis (TGA) was conducted on a Discovery SDT 650
thermo-gravimeter (TA Instruments) in a 50-mL/min air flow. The
temperature ranged from 30 to 800 °C and the heating rate was 10 °C/
min. The anion exchange capacity of the LDHs was determined by
immersing 25 mg of the Zn-Al or Mg-Al LDH in 25 mL of a 4-mM
NaySO4 solution at ambient temperature for 24 h. The solution after
immersion was filtered through a 0.22-pm polyethersulfone (PES) sy-
ringe filter (Millipore), and nitrate concentration in the filtrate was
measured by ion chromatography (IC) with suppressed conductivity
detection (Dionex ICS-1000) (Ishikawa et al., 2007; Olfs et al., 2009).

2.4. Adsorption experiments

PFOA adsorption experiments were performed under batch mode at
ambient temperature (22 + 2 °C). Experiments were conducted using
polypropylene reactors placed on an orbital shaker (Thermo Scientific)
at 300 rpm at pH 6 with a PFOA concentration of 10 mg/L and an
adsorbent loading of 0.25 g/L, unless otherwise specified. The relatively
high PFOA concentration was used to fully investigate the different
adsorption behaviors of Zn-Al and Mg-Al LDHs under various water
chemistry conditions, and was within the range of PFOA concentrations
used in previous batch adsorption studies (Yu et al., 2009; Chang et al.,
2019; Alonso-de-Linaje et al., 2021). Notably, in some cases PFAS con-
centrations in contaminated groundwater near the source zone were
reported as high as mg/L (Schultz et al., 2004). Adsorption kinetics
studies were performed by collecting samples in a series of time intervals
up to 24 h. Adsorption isotherm experiments were carried out with
PFOA concentrations in the range of 10-300 mg/L to determine the
maximum PFOA adsorption capacities onto the LDHs. Samples were
collected after 24 h to ensure that adsorption reached equilibrium.
Additionally, the effect of pH on PFOA adsorption was examined in a
range of initial solution pH values (i.e., 3-11). The effect of common
anions on PFOA adsorption was determined in the presence of 1 mM of
chloride, nitrate, sulfate, or carbonates (predominantly as bicarbonate
and carbonic acid under the experimental condition). The effect of ionic
strength was determined using NaCl solutions with varied concentra-
tions (1-50 mM). The effect of NOM was studied using Suwannee River
NOM with concentrations ranging from 0.1 to 1 mM as C. Furthermore, a
separate set of experiments were performed in single-solute solutions
containing 10 mg/L of PFBA (C4), PFHpA (C7), PENA (C9), or PFDoA
(C12) to investigate the adsorption of various PFCAs with different
carbon chain lengths. Each experimental condition was run in
duplicates.

Reuse of Zn-Al LDH was evaluated by performing PFOA adsorption/
regeneration experiments for three consecutive cycles. In each cycle,
adsorption experiment was first conducted at pH 6 with a PFOA con-
centration of 10 mg/L and an adsorbent loading of 0.25 g/L. After 24 h
of contact time, PFOA-loaded Zn-Al LDH was collected by centrifuga-
tion and then added into 20 mL of fresh methanol (i.e., one-time use) for
24 h under shaking for adsorbent regeneration.
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2.5. PFCA measurement

Samples collected in all experiments were immediately filtered using
0.22-pm PES syringe filters (Millipore) to remove the adsorbents. Con-
centrations of PFOA or other PFCAs in the filtrates were analyzed using a
high-performance liquid chromatography (HPLC, UltiMate 3000,
Thermo Scientific) couple with single quadrupole mass spectrometry
(ISQ EM, Thermo Scientific). Chromatography was performed using a
C18 column (Acclaim™ 3 pm, 120 A, 100 x 2.1 mm, Thermo Scientific).
The mobile phase consisted of (A) Milli-Q water and (B) acetonitrile
(Optima LCMS grade, Fisher Scientific), both amended with 0.1% formic
acid (Fisher Scientific). The gradient of mobile phase started at 50% B,
jumped to 90% B at 3 min, reversed to the original condition at 4.5 min,
and maintained to 8 min at a flow rate of 400 pL/min. Mass spectrom-
etry (MS) analysis was performed using the single quadrupole MS with
an ESI source operated at negative mode with the following operating
conditions: vaporizer temperature 227 °C, ion transfer tube temperature
300 °C, source voltage —2046 V, source current 0.88 pA; sheath gas
pressure 42.9 psig, aux gas pressure 4.8 psig, and sweep gas pressure 0.5
psig.

The PFCA adsorption amount onto LDHs at equilibrium was calcu-
lated using Eq. 1, and the PFCA removal efficiency was calculated using
Eq. 2:

Removal (%) = <1 - Ci) x 100% #(2)

Co
where g, (mg/g) is the amount of PFCA adsorbed onto adsorbent at
equilibrium, ¢y (mg/L) is the initial concentration of PFCA in solution, c,
(mg/L) is the concentration of PFCA in solution at equilibrium, m (g) is
the mass of adsorbent, and V (L) is the volume of the PFCA solution.

3. Results and discussion
3.1. Characterization of synthesized LDHs

The structural and compositional properties of the as-synthesized
LDHs were determined using a series of tools. Zn-Al and Mg—Al LDHs
exhibited distinct and different morphologies. As shown in Fig. 1, Zn-Al
LDH consisted of small thin flakes randomly stacked into larger clutters,
while Mg-Al LDH was present as bulk material with thick laminar
layers. A higher specific surface area was observed for Zn-Al LDH (3.7
m?/g) than Mg-Al LDH (0.7 m?/g), which was consistent with the
smaller primary particle size of Zn-Al LDH. The layered structure of the
synthesized LDHs was confirmed by the strong peaks at 20 of ~10° that
represented the (003) reflection of the LDHs (Fig. 2a). Based on the
Bragg equation, the basal spacings (dgo3) of Zn—-Al and Mg-Al LDHs were
calculated as 0.87 nm and 0.80 nm, respectively. The thickness of one
brucite-like structural sheet was generally considered ~0.48 nm (Goh
et al., 2008), and thus the interlayer distances of Zn—-Al and Mg-Al LDHs
were estimated as ~0.39 nm and ~0.32 nm, respectively. The slightly
different interlayer distances might be related to the different in-
teractions between nitrate and Zn-Al or Mg-Al structural layers (Seftel
et al., 2008; Yang et al., 2014). Additionally, the peaks at 26 of ~21°,
34°, 39°, 46°, and 61° were referred to the (006), (012), (015), (018),
and (110) reflections of the LDHs (Hu et al., 2017). The result suggested
that no crystalline phases other than the LDHs formed in the present
study.

The functional groups of the LDHs were investigated using FTIR. For
both Zn-Al and Mg-Al LDHs, the broad absorption peak at 3600-3200
cm ! that was related to the metal-OH stretching indicated the abun-
dance of hydroxyl groups within the LDH structure (Fig. 2b) (Zhang
et al., 2017). The intensive band at ~1350 cm™! may be assigned to the
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Fig. 1. SEM images of (a) Zn—-Al and (b) Mg—Al LDHs.
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Fig. 2. (a) XRD patterns and (b) FTIR spectra of Zn—Al and Mg-Al LDHs before and after PFOA adsorption.

vibrations of the nitrate ion (Olfs et al., 2009; Hu et al., 2017), and the
small peak centered at ~1640 cm™! corresponded to the bending vi-
bration of adsorbed HyO (Chuang et al., 2008). Based on the TGA
analysis, the gradual weight loss of the LDHs at up to ~200 °C repre-
sented the removal of water adsorbed within the interlayer as well as on
the external surface of the LDHs (Fig. S2 of Supplementary Material)
(Seftel et al, 2008). The weight loss at higher temperature
(~200-~500 °C) was due to the dihydroxylation of the LDH structural
layers and decomposition of the nitrate anions (Theiss et al., 2013; Yang
et al., 2019, 2020a). Minimal weight loss was observed above 500 °C,
suggesting the conversion of LDHs to (mixed) metal oxides.

The surface charges of Zn-Al and Mg-Al LDHs were determined
based on zeta potential measurements at pH 3-11. In general, the zeta
potentials decreased with increasing pH for both Zn—Al and Mg—Al LDHs
(Fig. 3). Compared to Mg—Al LDH, Zn-Al LDH had higher positive zeta
potentials at pH 3-9. However, Zn-Al LDH became negatively charged
at pH 11, while the zeta potential of Mg-Al LDH remained positive at pH
11. Accordingly, the point of zero charge (pHp,c) values for Zn-Al and

Mg-Al LDHs were ~10 and > 11, respectively. The pHy,. values of LDHs
depended on the cation and anion composition of the materials, and
have been reported in the range of 7.2-12.5 for LDHs with varied
compositions (Goh et al., 2008). Overall, both Zn-Al and Mg-Al LDHs
would be positively charged under circumneutral and slightly basic
conditions relevant to water and wastewater treatment.

3.2. Adsorption kinetics and isotherms of PFOA

The adsorption behavior of PFOA onto Zn-Al and Mg-Al LDHs was
determined using adsorption kinetics and isotherm studies. The kinetics
experiments found that both Zn-Al and Mg-Al LDHs showed a rapid
PFOA uptake initially, followed by a gradually slower stage until the
adsorption equilibrium was achieved (Fig. 4). Notably, Zn-Al LDH
rapidly removed ~95% PFOA in solution within 1 h, and >98% PFOA
removal was achieved when adsorption reached equilibrium within 2 h.
Meanwhile, the equilibrium state was achieved after 8 h with the use of
Mg-Al LDH with the PFOA removal efficiency reaching ~66% at
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Fig. 4. Adsorption kinetics of PFOA onto Zn-Al and Mg-Al LDHs at pH 6 with
an initial PFOA concentration of 10 mg/L and an adsorbent loading of 0.25 g/L.
Dash lines represent pseudo-second order model fits.

equilibrium. The higher PFOA removal efficiency using Zn-Al LDH may
suggest its stronger affinity with PFOA than that of Mg-Al LDH. Our
observation was also consistent with previous studies using LDHs with
various anion compositions showing that the equilibration time for
PFOA adsorption was in the range of 1-8 h (Chang et al., 2019; Alon-
so-de-Linaje et al., 2021; Chen et al., 2021). For comparison, PFOA
adsorption by powdered activated carbon (PAC) generally took several
hours to reach equilibrium, and it may take several days for PFOA
adsorption to reach equilibrium by GAC and ion exchange resin (Yu
et al., 2009; Zhang et al., 2016; Dixit et al., 2021). While the adsorption
kinetics may be affected by experimental factors such as adsorbent and
adsorbate concentrations (Du et al., 2014), LDHs generally exhibited
fast PFOA adsorption kinetics comparable to PAC, and were
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substantially faster than GAC and ion exchange resin.

The PFOA adsorption kinetics onto Zn-Al and Mg-Al LDHs were
fitted to the pseudo-second order model, with the linearized form
described in Eq. 3:

t 1 t

@ kd 4 #B)

where t (h) is the contact time, g, (mg/g) and g, (mg/g) are the amount
of PFOA adsorbed at equilibrium and at time t, respectively, and k, (g/
(mg-h)) is the rate constant for pseudo-second order adsorption process.
Based on the fitting result (Fig. S3 of Supplementary Material), the
pseudo-second order model was suitable to describe the PFOA adsorp-
tion kinetics onto both Zn-Al and Mg-Al LDHs, which indicated that the
adsorption rate was related to the number of available sites of the
adsorbent (Ho and McKay, 1999). Specifically, the fitted rate constant of
Zn-Al LDH was ~6 times higher than Mg—Al LDH (Table S2 of Supple-
mentary Material), which was consistent with its much shorter contact
time for PFOA adsorption to reach equilibrium. The substantially faster
PFOA adsorption kinetics using Zn-Al LDH than Mg-Al LDH may be due
to the higher surface area and smaller particle size of Zn-Al LDH that
provided more available sites for adsorption. Additionally, Zn-Al LDH
had a slightly larger basal spacing than Mg-Al LDH, which might make
the adsorption sites within the interlayer more accessible by PFOA and
thus favor the overall adsorption kinetics.

The adsorption capacities of PFOA onto Zn—-Al and Mg-Al LDHs were
compared based on equilibrium adsorption isotherm experiments
(Fig. 5), and the data were fitted with both the classic Langmuir and
Freundlich models, as given in Egs. (4) and (5), respectively (Foo and
Hameed, 2010).

_ GmarKice

B 1+ KLC€ #(4)

qe

1

qe = KFCen #(5)

where g, (mg/g) is the amount of PFOA adsorbed at equilibrium, c, (mg/
L) is the equilibrium PFOA concentration in the solution, K; (L/mg) is
the Langmuir constant related to the energy of adsorption, gmax (mg/g)
is the Langmuir adsorption capacity, Kr ((mg/g)-(L/mg)/™) is the
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Fig. 5. Adsorption isotherms of PFOA onto Zn-Al and Mg-Al LDHs at pH 6 with
an adsorbent loading of 0.25 g/L. Solid and dash lines represent Langmuir and
Freundlich model fits, respectively.
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Freundlich constant denoting the adsorption affinity, and n is a dimen-
sionless indicator related to the adsorption heterogeneity.

Overall, the Langmuir model fitted the PFOA adsorption data slightly
better than the Freundlich model for both Zn-Al and Mg-Al LDHs
(Table S3 of Supplementary Material). On the basis of the Langmuir
model, the K, value for Zn-Al LDH was ~2.5 times compared to Mg-Al
LDH, indicating that the adsorption affinity between PFOA and ZI-Al
LDH was substantially stronger than that of Mg-Al LDH. This result
was consistent with the higher PFOA removal efficiency using Zn-Al
LDH than Mg-Al LDH shown in the kinetics study (Fig. 4). The Langmuir
adsorption capacities of PFOA were obtained as 625 mg/g (1.51 mmol/
g) and 588 mg/g (1.42 mmol/g) for Zn-Al LDH and Mg-Al LDH,
respectively. These values were substantially higher than many carbo-
naceous materials, as well as advanced adsorbents such as organic-
modified clays and metal organic framework (MOF) reported in litera-
ture (Table S4 of Supplementary Material) (Yu et al., 2009; Chen et al.,
2017; Yang et al., 2020b; Dong et al., 2021; Wang et al., 2021). Spe-
cifically, the PFOA adsorption capacities for Zn-Al and Mg-Al LDHs
were about twice as high as commercial PAC, and several times higher
than GAC (Yu et al., 2009; Zhang et al., 2016).

It should be noted that while the PFOA adsorption capacity for Zn-Al
LDH was slightly higher than Mg-Al LDH, both values were much lower
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than their corresponding anion exchange capacities (i.e., measured as
2.30 meq/g for Zn-Al LDH and 3.35 meq/g for Mg—Al LDH), which
indicated that not all sites within the interlayers of the Zn-Al and Mg-Al
LDHs were accessible for adsorption because of the confined space.
Previous research found that calcination of carbonate-intercalated
Mg-Al LDH distorted the layered structure and thus substantially
increased the PFOA adsorption capacity (Chang et al., 2019). Interest-
ingly, after calcination, the PFOA adsorption capacity reported in that
study was higher than the anion exchange capacity of the LDH, which
may be related to the micelle/hemimicelle formation of PFOA molecules
onto the LDH because of the high PFOA concentrations (up to 3000
mg/L) (Chang et al., 2019). It has been reported that the type of inter-
calated anions strongly affected PFAS adsorption capacities for LDHs
(Hu et al., 2017; Alonso-de-Linaje et al., 2021). The present study sug-
gested that PFOA adsorption behavior may also be dependent on the
cation composition of LDHs. Compared to Mg-Al LDH, Zn-Al LDH
showed stronger affinity with PFOA, which might be related to its higher
surface charge under circumneutral conditions (Fig. 3) that provided
stronger electrostatic interactions with PFOA anions than that of Mg-Al
LDH.
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Fig. 6. Effect of (a) solution pH, (b) inorganic anions (1 mM), (c) ionic strength, and (d) NOM on PFOA adsorption onto Zn-Al and Mg-Al LDHs with an initial PFOA
concentration of 10 mg/L and an adsorbent loading of 0.25 g/L (b), (c) and (d) were conducted at pH 6.
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3.3. Effect of water chemistry parameters

The performance of Zn-Al and Mg-Al LDHs for PFOA removal was
evaluated under various water chemistry conditions. PFOA adsorption
onto Zn-Al and Mg-Al LDHs was affected by solution pH, and PFOA
removal efficiency generally decreased with increasing pH under the
experimental conditions (Fig. 6a). For Zn-Al LDH, >98% PFOA removal
was observed at pH 5-7, and increasing the solution pH to 9 slightly
reduced PFOA removal efficiency. However, PFOA removal efficiency
dropped sharply to <5% when the solution pH further increased to 11,
which may be related to the change of the surface charge of Zn—-Al LDH.
Because of the low pK,, PFOA would be present in its deprotonated form
at pH 3-11 (Fig. S4 of Supplementary Material) (Zhang et al., 2019).
Thus, the positive surface charge of Zn-Al LDH at pH 3-9 would favor
the adsorption of PFOA through electrostatic interactions. It should be
noted that a slightly lower PFOA removal efficiency was observed at pH
3 than 5 and 7, probably because the stability of Zn-Al LDH structure
may be impaired at low pH which consequently decreased PFOA
adsorption (Goh et al., 2008). In contrast, the surface of Zn-Al LDH
became negatively charged at pH 11 (Fig. 3), which would induce
electrostatic repulsion with the PFOA anions, resulting in the dramatic
decrease of PFOA removal. Compared to Zn-Al LDH, Mg-Al LDH
exhibited lower PFOA removal efficiency at pH 5-9; meanwhile, ~50%
PFOA removal was observed at pH 11 using Mg-Al LDH, which was
substantially higher than using Zn-Al LDH and may be related to the
positive surface charge of Mg-Al LDH at pH 11 (Fig. 3).

Chloride, carbonates, nitrate and sulfate are among major anions
commonly present in water sources (Drever, 1988), and their effects on
PFOA adsorption onto Zn-Al and Mg-Al LDHs were evaluated. For
Zn-Al LDH, the presence of 1 mM of chloride and nitrate had no impact
on PFOA removal; however, PFOA removal efficiency was moderately
reduced to ~65% in the presence of carbonates, and the presence of
sulfate severely inhibited PFOA adsorption (Fig. 6b). Similar trend was
observed for Mg-Al LDH, and the anions showed stronger inhibitory
effects on PFOA adsorption onto Mg-Al LDH than Zn-Al LDH (Fig. 6b).
Both Zn-Al and Mg-Al LDHs were quite hydrophilic (Fig. S5 of Sup-
plementary Material), and thus PFOA adsorption onto Zn-Al and Mg-Al
LDHs may probably be mainly through electrostatic interactions. The
negative charge of PFOA in aqueous solution may come from both the
carboxylate functional group and the unique molecular structure
(Johnson et al., 2007). Specifically, because of the high electronegativity
of fluorine atoms, the perfluoroalkyl chain of PFOA may also carry a
partial negative charge (Xiao et al., 2011). Thus, PFOA may have a
stronger binding affinity with LDHs than that of the monovalent nitrate
and chloride, and be more preferentially adsorbed onto LDHs. Mean-
while, the moderate inhibition of carbonates may be related to the
specific metal-carbonates interactions that affected the adsorption sites
(Goh et al., 2008; Mishra et al., 2018). The strong inhibitory effect of
sulfate was consistent with the stronger binding affinity of divalent
anions than monovalent anions with positively charged adsorbent
through electrostatic attraction (Benjamin, 2002; Min et al., 2020). It
has been reported that sulfate reduced the adsorption of PFOS and
chlorinated polyfluoroalkyl ether sulfonate (F-53B) onto Mg-Al LDH by
~70% and ~50%, respectively (Hu et al., 2017; Ding et al., 2020).
Previous research also found that the adsorption of selenite (i.e., an
inorganic anion) onto Mg-Al LDH was inhibited by competing anions in
the order that sulfate > carbonates > nitrate (You et al., 2001). Notably,
the strong inhibitory effect of sulfate on PFOA adsorption in the present
work may be mitigated with the use of higher adsorbent loadings. For
instance, when the Zn-Al LDH loading increased from 0.25 to 2 g/L,
PFOA removal efficiency increased from ~10% to >80% in the presence
of sulfate, which may likely be attributed to the presence of more
adsorption sites to capture PFOA (Fig. S6 of Supplementary Material).

The important role of electrostatic interactions in PFOA adsorption
was further investigated by performing the adsorption experiments
under a series of ionic strengths. An increase of ionic strength gradually
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reduced PFOA removal efficiency using both Zn-Al and Mg-Al LDHs
(Fig. 6¢), which may be attributed to the compression of the electrical
double layer under high ionic strengths that would reduce the electro-
static attraction between PFOA and the positively charged LDHs (Min
et al., 2020). This observation suggested that PFOA adsorption onto
Zn-Al and Mg-Al LDHs may primarily rely on electrostatic interactions.
Compared to Mg-Al LDH, the increase of ionic strength had a less
inhibitory effect on PFOA adsorption onto Zn-Al LDH, which may be
related to the higher positive surface charge of Zn-Al LDH under the
experimental condition that resulted in a stronger affinity with PFOA
than that of Mg—Al LDH (Fig. 3). Similarly, a recent study also reported
that increased ionic strengths dramatically reduced PFOA adsorption
onto Cu-Mg-Fe LDH (Chen et al., 2021).

NOM is a complex organic matrix with ubiquitous presence in nat-
ural waters (Matilainen et al., 2011). The effect of NOM on PFOA
adsorption onto Zn-Al and Mg-Al LDHs was evaluated using Suwannee
River NOM ranging from 0.1 to 1 mM as C. As shown in Fig. 6d, the
presence of up to 1 mM of NOM had no inhibitory effect on PFOA
removal by Zn-Al LDH. Meanwhile, increasing NOM concentrations
mildly reduced PFOA removal by Mg-Al LDH, and the extent of inhi-
bition at 1 mM of NOM was comparable to that at 1 mM of NaCl. NOM
generally carries negative charges under circumneutral conditions and
has been reported to inhibit PFAS adsorption onto numerous classes of
adsorbents such as activated carbon and ion exchange resin (Gagliano
et al., 2020; Boyer et al., 2021). Given the hydrophilic nature of Mg-Al
LDH, the minor inhibitory effect of NOM may be attributed to its
competition with PFOA for adsorption sites onto Mg-Al LDH through
electrostatic but not hydrophobic interactions, although other mecha-
nism such as pore blockage cannot be fully excluded. Compared to
Mg-Al LDH, the robust performance of Zn-Al LDH in the presence of
NOM may indicate its stronger adsorption affinity with PFOA than that
of Mg-Al LDH.

3.4. Adsorption of PFCAs

The performance of Zn-Al and Mg-Al LDHs was compared for the
removal of five PFCAs with various carbon chain lengths, including
PFBA, PFHpA, PFOA, PFNA and PFDoA. All of the five PFCAs are in the
proposed fifth Unregulated Contaminant Monitoring Rule (UCMRS5) by
the U.S. EPA (EPA, 2021), and PFHpA, PFOA and PFNA were also pre-
viously listed under the U.S. EPA UCMR3 (EPA, 2012). Overall, the
PFCA removal efficiency generally increased with increasing chain
lengths of their perfluoroalkyl moiety. Specifically, nearly complete
removal of PFDoA was observed using both Zn-Al and Mg-Al LDHs. For
PFNA, PFOA and PFHpA, Zn-Al LDH exhibited better performance than
Mg-Al LDH with the removal efficiency reaching >95%; in contrast, the
removal efficiencies of these three PFCAs were in the range of ~50-90%
with the use of Mg-Al LDH. Meanwhile, both materials showed com-
parable and relatively low (i.e., ~50%) PFBA removal efficiency (Fig. 7).
Compared with Mg-Al LDH, the overall better performance of Zn-Al
LDH may be attributed to its higher surface charge under the experi-
mental condition and the slightly larger basal spacing that made the
adsorption sites more readily accessible.

It is generally accepted that the hydrophobicity of PFAS increased
with increasing perfluoroalkyl chain lengths (Higgins and Luthy, 2006;
Park et al., 2020b). Thus, longer-chain PFAS exhibited stronger affinity
with numerous carbonaceous materials (Zhang et al., 2019; Park et al.,
2020b), while adsorption of shorter-chain PFAS such as PFBA has been
recognized as a unique challenge because of the weak
adsorbent-adsorbate interactions (Li et al., 2020; Vu and Wu, 2020).
Interestingly, although electrostatic interactions were likely the main
driving force for PFCA adsorption onto LDHs, we observed a similar
trend that the removal efficiency depended on the perfluoroalkyl chain
length of the PFCAs in the present work. The better removal of
longer-chain PFCAs by LDHs may be related to their increased anionic
characters in comparison to shorter-chain PFCAs (Boyer et al., 2021).
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Fig. 7. Adsorption of different PFCAs onto Zn—Al and Mg-Al LDHs at pH 6 with
an initial PFCA concentration of 10 mg/L and an adsorbent loading at 0.25 g/L.

Based on density functional theory calculations, it has been suggested
that the total negative atomic charge increased with the increasing
lengths of perfluoroalkyl moiety of PFCAs, thereby causing stronger
electrostatic interactions between long-chain PFCAs and adsorbent
surface (Park et al., 2020a).

3.5. LDH regeneration and reuse

Reusability of adsorbent is important and valuable in practical water
and wastewater treatment applications. Since Zn-Al LDH showed better
performance for PFOA adsorption than Mg-Al LDH, the reusability of
Zn-Al LDH for PFOA removal was evaluated by performing the
adsorption/regeneration experiments for three cycles with the use of
methanol to regenerate the PFOA-loaded Zn-Al LDH in each cycle (Du
et al., 2016; Gagliano et al., 2020). Notably, regeneration did not
compromise the performance of Zn-Al LDH, and >98% removal of
PFOA was observed for all three cycles (Fig. S7 of Supplementary Ma-
terial). The result suggested that Zn-Al LDH may be an efficient and
robust adsorbent that can be used for multiple times for PFOA removal
applications.

3.6. Characterization of LDHs after PFOA adsorption

XRD was employed to characterize Zn-Al and Mg-Al LDHs after
PFOA adsorption experiments (i.e., 10 mg/L PFOA, 0.25 g/L adsorbent
dosage). Compared to raw Zn-Al and Mg-Al LDHs, no substantial
changes were observed in the XRD patterns of the Zn-Al and Mg-Al
LDHs after PFOA adsorption (Fig. 2a), suggesting that the LDHs were
stable without changing any crystalline structures during PFOA
adsorption process. For both Zn-Al and Mg-Al LDHs, the minimal shift
of the (003) reflection peak at 20 of ~10° indicated that PFOA adsorp-
tion did not alter the basal spacings of the LDHs, which may be attrib-
uted to the strong interlayer interactions between adjacent sheets of
LDHs as well as the relatively low PFOA loading onto the LDHs under the
experimental condition (i.e., <4 wt%). Previous research reported that
adsorption of pM level of PFOA and PFOS did not alter the basal spacing
of Cu-Mg-Fe LDH (Chen et al., 2021), which was consistent with our
observation for Zn-Al and Mg-Al LDHs. Similarly, Chang et al. (2019)
investigated PFOA adsorption onto calcined Mg-Al LDH under high
PFOA concentrations (200-3000 mg/L), and found that the basal
spacing of calcined Mg-Al LDH only started to increase when PFOA
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concentrations were above 1000 mg/L. Compared to the swellable
layered materials such as natural clays (e.g., montmorillonite), LDHs are
more difficult to be expanded because of their high charge density and
hydrophilic nature that lead to a tight stacking of the layers (Adachi--
Pagano et al., 2000; Wang and O’Hare, 2012).

FTIR spectra confirmed that PFOA was retained within Zn-Al and
Mg-Al LDHs. After PFOA adsorption, three new peaks at ~1145, 1210
and 1245 cm ™! were observed for both Zn-Al and Mg-Al LDHs (Fig. 2b),
which were attributed to the vibrations of the —CF3 and —CF5- groups of
adsorbed PFOA (Chen et al., 2017). The vibration of COO™~ group was
typically located at ~1660 cm ™! (Li et al., 2012), which could be largely
overlapped with that of bending vibration of adsorbed Hy0 and made it
challenging to fully differentiate these two peaks. However, a small shift
of the peak at ~1640 cm™! to a higher wavenumber was observed for
both Zn-Al and Mg-Al LDHs after PFOA adsorption (Fig. 2b), which
might imply interactions between the positively charged structural
layers of LDHs and the carboxylic group of PFOA. Overall, the charac-
terization results, together with the hydrophilic character of LDHs and
the inhibitory effect of ionic strengths and competing anions, suggested
that electrostatic interactions may be the primary mechanism for PFOA
adsorption onto Zn-Al and Mg-Al LDHs.

3.7. Practical considerations

Results of the present work suggested that LDHs may be an efficient
adsorbent for PFAS removal. In practice, LDHs may be prepared in large
scale from metal nitrate salts that are commonly used for agricultural
and industrial applications. Based on the low cost of the raw materials,
LDHs may potentially be a cost-effective alternative to conventional
adsorbents such as activated carbon. LDHs may be prepared in
powdered form and applied in a similar manner to PAC in ex situ water
treatment applications. Previous research also reported the synthesis of
granular LDHs (Sun et al., 2014), which made it possible to employ LDHs
in column-type filters. Additionally, LDHs may potentially be used alone
or mixed with other media as an amendment for in situ remediation of
PFAS-contaminated soil and/or groundwater. To promote the applica-
tion of LDHs, future research can be dedicated to (1) careful design of
LDH-based materials with improved performance in the presence of
competing anions, (2) systematic investigation of the effect of PFAS
structures and functional groups on the adsorption onto LDHs (3)
elucidation of the role of LDH structures (e.g., interlayer distance) in the
accommodation and capture of different PFAS molecules, (4) further
optimization of the LDH regeneration process, and (5) comprehensive
evaluation of the removal of various PFAS structures under environ-
mentally relevant settings.

4. Conclusions

In this research, nitrate-intercalated Zn-Al and Mg-Al LDHs were
prepared, characterized, and systematically compared for the adsorp-
tion of PFOA as a representative PFAS. Compared with Mg-Al LDH,
Zn-Al LDH showed higher adsorption capacity, stronger adsorption af-
finity, and faster adsorption kinetics for PFOA, which may be attributed
to the higher surface charge, larger surface area, and slightly larger basal
spacing of Zn-Al LDH that made the adsorption sites readily accessible.
Additionally, Zn-Al LDH performed better than Mg-Al LDH for the
removal of a series of PFCAs with varied chain lengths. The presence of
NOM had minimal impact on PFOA removal, but sulfate as well as
increased ionic strengths severely inhibited PFOA adsorption onto Zn-Al
and Mg-Al LDHs. Our results suggested that PFOA adsorption onto LDHs
may primarily rely on electrostatic interactions, and cation composition
of LDHs can have significant effect on its performance for PFAS removal.
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