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� Addition of HPAM during MIL-96
synthesis facilitated particle size
enlargement.

� HPAM also functions as a crystal
shape modifying agent.

� HPAM-grafted MIL-96 showed
improvement in PFOA uptake
quantity.
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A new synthesis method was developed to prepare an aluminum-based metal organic framework (MIL-
96) with a larger particle size and different crystal habits. A low cost and water-soluble polymer, hy-
drolyzed polyacrylamide (HPAM), was added in varying quantities into the synthesis reaction to achieve
>200% particle size enlargement with controlled crystal morphology. The modified adsorbent, MIL-96-
RHPAM2, was systematically characterized by SEM, XRD, FTIR, BET and TGA-MS. Using activated car-
bon (AC) as a reference adsorbent, the effectiveness of MIL-96-RHPAM2 for perfluorooctanoic acid (PFOA)
removal from water was examined. The study confirms stable morphology of hydrated MIL-96-RHPAM2
particles as well as a superior PFOA adsorption capacity (340 mg/g) despite its lower surface area, relative
to standard MIL-96. MIL-96-RHPAM2 suffers from slow adsorption kinetics as the modification signifi-
cantly blocks pore access. The strong adsorption of PFOA by MIL-96-RHPAM2 was associated with the
formation of electrostatic bonds between the anionic carboxylate of PFOA and the amine functionality
present in the HPAM backbone. Thus, the strongly held PFOA molecules in the pores of MIL-96-RHPAM2
were not easily desorbed even after eluted with a high ionic strength solvent (500 mM NaCl). Never-
theless, this simple HPAM addition strategy can still chart promising pathways to impart judicious
control over adsorbent particle size and crystal shapes while the introduction of amine functionality onto
the surface chemistry is simultaneously useful for enhanced PFOA removal from contaminated aqueous
systems.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

Adequate, clean and safe water supply is indispensable to
healthy wellbeing of humans and living organisms (Tiedeken et al.,
2017). Unfortunately, our surface and ground waters continue be-
ing polluted by industrial waste streams containing toxic and
persistent chemicals including perfluorinated compounds (PFCs).
PFCs have recently received much attention because they are
ubiquitous contaminants in water, wildlife, and humans. The most
commonly found PFCs in surface waters are perfluorooctanoic acid
(PFOA) and perfluorooctane sulfonate (PFOS) (Rivera-Utrilla et al.,
2013). Surprisingly, thus far, there is no mutually agreed interna-
tional drinking water standard for PFOA and PFOS, but the United
States Environmental Protection Agency have recommended a
strict combined concentration limit of 70 ng/L (Cordner et al., 2019).
Recent analysis of global water samples even revealed concentra-
tions exceeding the provisional threshold (Andersson et al., 2019;
Feng et al., 2020; Li et al., 2018; Lorenzo et al., 2019; Scher et al.,
2018; Valsecchi et al., 2017).

Although most fluorochemical manufacturers have ceased their
production of PFOA and PFOS in the early 2000s, this measure does
not address the legacy pollution caused by these compounds
(Wang et al., 2017). The ubiquitous presence and long-range
mobility of PFCs is attributed to the high chemical stability of
their CeF bonds (bond dissociation energy, D

�
298 K ¼ 485 kJ/mol)

(Richardson, 2008), rendering them suitable as ingredients to make
fluoropolymers (McNamara et al., 2018), fire-fighting foams
(Cordner et al., 2019), and stain-repellent products (Richardson,
2008). Typical contamination hot spots then include the vicinity
of industrial areas, military training sites, airports and wastewater
treatment plants (Hu et al., 2016). Moreover, exposures to PFCs
adversely affect body immunity (Sunderland et al., 2019), neuro-
logical functions (Piekarski et al., 2020), reproductive systems
(Rashtian et al., 2019), as well as giving strong correlations to cor-
onary heart disease (Huang et al., 2018), and cancer (Mancini et al.,
2020) among many others. As a result, there is an urgent need to
investigate efficient materials for PFCs remediation from contami-
nated water.

Of the treatments available for PFCs removal from water (Ateia
et al., 2019), adsorption is extensively used given its simplicity,
relatively lower cost and high selectivity (Du et al., 2014). Studied
adsorbents range from activated carbon (AC) (Du et al., 2015; Xu
et al., 2020), minerals (Shih and Wang, 2013; Wang and Shih,
2011), magnetic nanoparticles (Badruddoza et al., 2017), polymers
(Xiao et al., 2017), resins (Yang et al., 2018), functionalized cellulose
(Ateia et al., 2018), graphene oxide-silica hybrid (Ali et al., 2020),
and metal-organic frameworks (MOFs) (Chen et al., 2016; Jun et al.,
2019; Liu et al., 2015b; Sini et al., 2018, 2019). However, except for
MOFs, most adsorbents only exhibit between low and moderate
PFOA uptake compared to the industrial AC standard (>90%
removal, 3 M Company, USA) (Vecitis et al., 2009).

MOFs refer to a novel class of porous materials made from
organic bridging linkers and metal atoms. Distinguishing MOF
features include their high surface areas, ready structure tunability
and reusability via simple washing procedures which means that
these materials are seen as a promising future substitute for AC
(Xue et al., 2016). These features are befitting to resolve long-
standing problems in PFOA removal by other conventional waste-
water treatments especially given their dilute levels existence, low
molecular weight, and high transportability (Chen et al., 2020;
Gagliano et al., 2020). Further to that, in commercial water purifi-
cation processes, adsorbents are generally deployed into a packed
bed for continuous filtration. Fluids flowing through some packed
beds may at times result in high pressure drops. This directly in-
creases the energy requirement to pump the fluid through the bed
and decreases the operational lifetime of the pumps, impacting on
the economics of the process (Gebald et al., 2019). Although various
factors are involved in optimal bed design, lowering the pressure
drop can be easily achieved by increasing the adsorbent particle
size (Mandic

́

et al., 2017). Larger particles also facilitate easier re-
covery in between the washing cycles.

Size and crystal morphology of MOFs can be precisely controlled
via the presence of additives (Seoane et al., 2016) such as initiation
solvents (Liu et al., 2015a; Long et al., 2011), coordination modu-
lators or capping agents (Guo et al., 2018; Han et al., 2015; Wang
et al., 2013), surfactants (Falcaro et al., 2011), and hard templates
(Yan et al., 2015) or through synthetic techniques using pyrolysis
(Lee and Kwak, 2017), ultrasound (Vaitsis et al., 2019), and micro-
reactor (Watanabe et al., 2017). Some complexities regarding the
respective methods are usage of harmful organic solvents, use of
acidic or basic modulators that increase risk of safety hazards and
difficulty in isolating the hard templates after preparation. Whilst
these three MOF synthetic techniques can only be carried out with
specialized instrument, a common limitation of these approaches is
the formation of predominantly nanoparticle products. The work
reported here uses a surfactant-assisted method which serves as a
multifaceted approach; functioning as a nanoreactor, a capping
agent as well as a molecular template (Seoane et al., 2016).

The current study highlights a new one-pot surfactant-based
synthesis method to control particle size and morphology of MOF
crystals by utilizing a synthetic polymer, hydrolyzed poly-
acrylamide (HPAM). HPAM is a low cost and water-soluble polymer
widely used for enhanced oil recovery in petroleum drilling pro-
cesses, as well as being used as a flocculant for wastewater treat-
ment (Rellegadla et al., 2017) where its benign effects on water
quality are noted (Edomwonyi-Otu and Adelakun, 2018). Finally, a
non-toxic and hydrothermally stable aluminum-based MOF, MIL-
96 (Al) was chosen to be tested for liquid phase adsorption of
PFOA. Given the positive surface charge for MIL-96 (Azhar et al.,
2018), HPAM must be anionic to initiate particle aggregation.
Such polymer-MOF composite strategy may also improve separa-
tion selectivity (Chang et al., 2020). In this case, the PFOA adsorp-
tion performance by the modified material was benchmarked with
a commercial AC to understand the interaction mechanisms better.

2. Materials and methods

2.1. Chemicals

Polyacrylamide (PAM) (FLOPAM FA 920 SH, non-ionic, molecular
weight (Mw) ¼ 10e12 MDa) and partially hydrolyzed poly-
acrylamide (HPAM) (FLOPAAM FP 3630 S, anionic, 25e35 mol%
hydrolyzed, Mw ¼ 18 MDa) were supplied by SNF Floerger (France).
Polyacrylic acid sodium salt (PAA, average Mw~2100), 2,2,2-
trifluoroethanol (TFE, 99.5%), perfluorooctanoic acid (PFOA, 95%),
ammonium acetate (AA, 99.0%), trimesic acid (TMA, 95%), sodium
chloride (NaCl, 99%) were purchased from Sigma Aldrich. Deute-
rium oxide (D2O, 99.9%) and aluminum nitrate nonahydrate
(Al(NO3)3$9H2O, 98%) were purchased from Fluorochem and Alfa
Aesar respectively. All other chemicals and solvents were reagent
grade and used without further purification. Ultrapure water (H2O)
used throughout the study was obtained from PureLab Chorus
ELGA unit. Granular activated carbon (AC) F400 was procured from
Chemviron Carbon as a high-grade, steam-activated bituminous
coal.

2.2. 19F NMR analysis

Concentration for the internal standard (TFE) solutionwas set to
2.3 mM by transferring 0.42 mL TFE into 1 L H2O. The NMR analyte
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consists of 0.25 mL D2O, 0.25 mL filtrate and 0.2 mL TFE. Quantifi-
cation was performed according to the literature (Sini et al., 2018).
Integrated area under the characteristic peaks of the terminal CF3
groups for PFOA (�80 ppm) was compared relative to the TFE peaks
(�76 ppm). Residual PFOA concentration after adsorption was
calculated from the linear calibration equation obtained.
2.3. Adsorption

Prior to adsorption, the adsorbents were activated overnight at
120 �C under vacuum. All sorption experiments were conducted at
room temperature. A PFOA stock solution (1000 mg/L) was pre-
pared using ultrapure H2O. The adsorbent (20 mg) was added with
20 mL PFOA solution into a screw cap vial, stirred for 72 h and then,
the solutionwas filtered. The filtrate was collected for NMR analysis
while the filtered solids were reused for desorption. The experi-
ments were performed in duplicate and the average values are
reported.
2.4. Desorption

Based on the result from the desorption solvent screening, the
solvent composition was adjusted to get a mixed methanol/water
(3:1, v/v) stabilized with 10 mM AA buffer solution. To study the
influence of NaCl on the desorption efficiency, four desorption
solvents were prepared with varying NaCl concentrations namely:
RS1 (no salt), RS2 (10 mM NaCl), RS3 (50 mM NaCl) and RS4
(500 mM NaCl). After 72 h of adsorption, the adsorbent was
recovered by filtration and placed respectively in 20 mL desorption
solvent containing the above NaCl concentrations to be continu-
ously stirred for another 72 h at room temperature. The sample
mass used for desorption was assumed the same with the initial
mass. Sample preparation for NMR analysis followed the steps
mentioned previously.
2.5. Hydrothermal synthesis of MOF

MIL-96 was synthesized according to the original method
described previously (Loiseau et al., 2006) whereas the protocol for
polymer addition was adapted from another study (Nandiyanto
et al., 2019). A typical hydrothermal synthesis solution contains
Al(NO3)3$9H2O (1.3 g, 3.5 mmol), TMA (0.1 g, 0.5 mmol) and H2O
(5 mL, 278 mmol) in a 23 mL Teflon liner. Firstly, to induce particle
aggregation, HPAM solution (1000 mg/L) was poured into the
reacting solution containing only the dissolved linker in H2O. The
solution was later sonicated for 15 minutes prior to adding the
metal precursor. The ratio between the volume of polymer solu-
tions added and the volume of water (R) is defined in Eq. (1). The
mixture was heated to 210 �C for 24 h. After cooling to ambient
conditions, the resulting solid product was recovered via filtration
and consequently washed with copious amount of H2O. The
washed residue was dried at 120 �C in vacuo overnight. Similar
steps were implementedwhen using other polymer solutions (PAM
and PAA). Chemical structures for all the polymers are illustrated in
Fig. S1 of the Supplementary Information (SI).

R¼ Volume of polymer ðmLÞ
Volume of water used as solvent in the reaction ðmLÞ 1
3. Results and discussion

3.1. SEM

For MIL-96, HPAM is proven effective in changing the MOF
particle morphology as observed in Fig. 1a e 1d. Generally, starting
from the normally reported small hexagonal bipyramidal shaped
(HB) crystals (Benzaqui et al., 2017), higher HPAM concentrations
facilitate incremental increases in the aspect ratio (length: diam-
eter), transitioning from hexagonal spindles (HS) to elongated
hexagonal rods (HR), particularly when 20 mL HPAM was used
(MIL-96-RHPAM2). Upon closer inspection from out-of-plane PXRD
measurements, the apparent HS morphology was revealed to be a
hybrid form of two elongated hexagonal pyramids seamlessly
connected at the long axis (Sindoro et al., 2013).

It was reported that the hydrothermal synthesis conditions for
MIL-96 must be strictly controlled given the possibility of forming
two larger pore Al trimesates, MIL-100 and MIL-110, in the same
reaction system despite all having distinct crystal structures. MIL-
100 is the kinetically stable product which forms at short reaction
times and low pH condition whereas the thermodynamically
favored MIL-96 can be obtained after longer reaction times. MIL-
110, on the other hand, crystallizes in a much more acidic or basic
medium (Haouas et al., 2009). Their corresponding crystal mor-
phologies have also been solved with MIL-96, MIL-100 andMIL-110
presenting a flat hexagonal, an octahedral and a hexagonal needle-
like habits respectively (Haouas et al., 2012). Therefore, the influ-
ence of HPAM on the crystal morphology agrees well with the
stability order of these phases; MIL-96 > MIL-110 > MIL-100.

The addition of HPAM seems to play multiple roles in the crystal
elongation phenomenon, firstly as a competing modulator. Since
the pKa value for HPAM (4.5) (Li et al., 2002) is similar to that of
TMA (pKa1 ¼ 3.51, pKa2 ¼ 3.89, pKa3 ¼ 4.70), there will be compe-
tition with the linker to form coordination bonds with available Al.
As a result, nucleation rate slows down and permits slow growth of
large MOF crystals (Morris et al., 2017). Secondly, the amine (-NH2)
groups in both HPAM and PAM increase the basicity of the reacting
solution, providing ideal conditions for the formation of MIL-110
ascribed by the existence of HR crystals. HPAM is a copolymer
composed of PAM and PAA. To identify the dominant functional
groups responsible to the formation of HR, MIL-96 was synthesized
using equivalent concentrations of PAM (Fig. 1e) and PAA (Fig. 1f)
separately. Before the reaction, the solutions were very acidic upon
addition of PAM (pH ¼ 2), PAA (pH ¼ 2.4) and HPAM (pH ¼ 2.2).
Such acidic environment increases the likelihood of eNH2 groups
protonating to form primary ammonium ions (-NH3

þ) in preference
to the ionization of the eCOOH groups on the TMA due to higher
pKa values. It is therefore expected to see the eNH2 groups con-
tained in HPAM and PAM to govern the crystal elongation mecha-
nism, transforming the HB shape into the HR habit more so than
using PAA.

Following the addition of 20 mL PAA, it is unclear what drives
the formation of new hexagonal lumps (HL) with some truncated
and larger in dimension among the HR.Whatmight have happened
is, from the instant of mixing PAA in water, the dissociated Naþ

cations may end up competing with the Al3þ species to form bonds
with the linker, causing deceleration in the crystal growth and
altering the original template. Another factor that may have
undermined PAA’s influence is due to its low molecular weight
(~2100 g/mol). By substituting higher molecular weight PAA for the
synthesis, its influence toward crystal elongation may be amplified.

Finally, the successes in morphological change shown in the
MIL-96 samples can be attributed to the solubility of the linker



Fig. 1. Modified MIL-96 crystals with (a) no polymer, (b) 2 mL HPAM (RHPAM ¼ 0.2), (c) 6 mL HPAM (RHPAM ¼ 0.6), (d) 20 mL HPAM (RHPAM ¼ 2), (e) 20 mL PAM (RPAM ¼ 2), and (f)
20 mL PAA (RPAA ¼ 2).
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(TMA) in water. Simultaneous dissolution of both TMA and HPAM
during the pre-mixing stage facilitates smooth integration of the
latter species into the reacting solution, which subsequently
changes the MOF crystal morphology. On a side note, identical
experiments were performed involving similar modification of
another MOF. Readers are referred to Fig. S2 e S4 in the SI for
further information.

3.2. PXRD

As shown in Fig. 2, the PXRD patterns of every sample are
slightly different compared to the simulated MIL-96 spectra. The
peaks have also been shifted slightly to higher angle. The drift may
be attributed to the presence of free TMA inside the pores of the
samples (Abid et al., 2016). The aforementioned series of crystal
shape changes can be defined using the Bravais, Frisdel, Donnay
and Harker (BFDH) theory which describes the three main planes
that make up the morphology of MIL-96; they are (002), (100) and
(101) at 2q ¼ 5.7�, 7.1� and 7.7� respectively (Liu et al., 2015a).
Except for the subtly present (002), other key characteristic peaks
including (102), match well with the simulated spectra, indicating
the core crystalline structure is retained. Although by visual in-
spection, MIL-110 was mainly present at higher HPAM loading as
evident by the HR formation, due to instrument limitation (mini-
mum 2q � 5�), the characteristic XRD peaks of MIL-100 (2q ¼ 4�)
andMIL-110 ((001) facet; 2q¼ 5�) (Lin et al., 2013) cannot be clearly
detected and thus, have to be omitted from subsequent discussion.

With higher concentration of HPAM, the emerging (100) facet
indicates it could enhance the growth rate of the (100), resulting in
narrowed edge and the lengthening of the crystals. Furthermore,
higher proportion of HPAM accentuates the growth of the (101)
crystal plane as shown by the gradual peak increase in which



Fig. 2. PXRD patterns of the simulated MIL-96 compared to the as-synthesized MIL-96
samples modified with different types and proportions of polymers. Fig. 3. FTIR spectra for the parent MIL-96 and MIL-96-RHPAM2 before and after PFOA

adsorption.
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alongside with (100), completes the formation of HR crystal
morphology. This is consistent with the reported SEM images. The
eNH2 groups in HPAM function like OH� ions, increasing solution
basicity and speeding up the growth rate along the (101) facet,
consequently forming the HR habit (Lin et al., 2013).

After the addition of PAA, the (002) facet that is responsible for
the formation of HL is only weakly observed in the PXRD, as with
the simulated MIL-96, which is probably affected by instrument
background noise during scanning, impure phase with ill-defined
morphology and powder size inconsistency. Although the BFDH
theory also states that the growth rate of the (002) facet to be
relatively unaffected, the number of products containing the (002)
plane may be subservient compared to the bulk phase which is
dominated with (100) and (101)-directed crystals. In short, the
preferential crystal growth along the (100) and (101) planes, as a
function of higher polymer concentrations, transformed the crystal
anisotropy by promoting crystal elongation from its original HB
shape. For a hexagonal lattice system, the impact of polymer
presence in the reacting environment accelerated the growth along
the c axis (Sindoro et al., 2013). Moreover, with a higher quantity of
added polymers, the subtle width broadening of the strongest peak
corresponding to the (102) crystal face implies a slight decrease in
particle size. In addition, the relative Bragg peaks of (200) and (201)
also become broader and less intense compared to the original MIL-
96, supporting theminor reduction in particle size and crystallinity.
3.3. FTIR

FTIR spectroscopy was used to understand PFOA adsorption
mechanism onto MIL-96-RHPAM2 and the linker interaction with
added polymer (Fig. S5). Detailed analysis of the IR peaks is dis-
played in Table S1. The collected spectra of spent MIL-96-RHPAM2
in Fig. 3 confirms that PFOA was adsorbed through electrostatic
interaction with the MOF. A previous study also inferred the
increased intensities of symmetric (vs) to asymmetric (vas) COO�

stretch after PFOA adsorption in relation to an inner-sphere
complexation with the metal centers. In this case, the carboxylate
head groups of PFOA may have formed electrostatic bonds to the
surface of MIL-96-RHPAM2 (Gao and Chorover, 2012). The consis-
tent NeH peak on both spectra of MIL-96-RHPAM2 after PFOA
adsorption and desorption indicates minimal leaching of the HPAM
functionality.

3.4. BET

The use of PAM, PAA and HPAM for this particle size modifica-
tion led to a significant reduction in the apparent surface area
(SABET), see Fig. S6. The pore size distribution plot in Fig. S7 clearly
proves complete pore blocking when HPAM was used, asserting its
location inside the pores. Interestingly, compared to the apparent
surface area of AC (SABET ¼ 1179 m2/g), MIL-96-RHPAM2
(SABET ¼ 75 m2/g) has comparatively good PFOA adsorption ca-
pacity even though it possesses a lower surface area.

3.5. Adsorption kinetics

Apart from knowing the equilibrium adsorption capacity of
sorbents (Fig. S10), it is equally important to understand the
adsorption kinetics involved in the PFOA removal by MIL-96-
RHPAM2. Based on previous studies, the experimental data ob-
tained herein is fitted using a pseudo second order (PSO) kinetic
model. Fig. S12 highlights the severe diffusion limitation exhibited
by MIL-96-RHPAM2 as the material’s adsorptive capacity only
reached its plateau after 186 h of contact time. Concurrently, the
PFOA adsorption data can also be described by the Elovich kinetic
model. Non-linear plots using both models showed high regression
coefficients with PSO (R2 ¼ 0.983) and Elovich (R2 ¼ 0.996), sug-
gesting chemisorption is the rate limiting step as supported by the
FTIR analysis. Since the Elovich equation gave superior approxi-
mation to the experimental data, it may be concluded that the
adsorption proceeded in a highly heterogenous system (Riahi et al.,
2017). Earlier discussions have highlighted the abundance of
chemical functional groups comprising of eNH2, eOH, eCOOH,
eNH3

þ and the Al3þ metal centers on MIL-96-RHPAM2 which may
readily bind to PFOA.

To gain a detailed insight in the PFOA adsorption kinetics for
MIL-96-RHPAM2, vapor phase adsorption experiments were con-
ducted with a hydrocarbon analogue to PFOA; n-octane (C8H18)
(Fig. S13 e S14). The fundamental differences in liquid-phase
adsorption and vapor adsorption are acknowledged but, in both



Fig. 4. Measured hydrodynamic particle size distribution (mean volume equivalent
sphere diameter in bracket) of polymer-modified MIL-96 in pure water by laser light
diffraction (n ¼ 5). The particle size ranges shown reflect the true size as particles were
pre-sonicated prior to the laser light diffraction measurement. Addition of 20 mL
HPAM effectively formed the largest MIL-96 particles with 225% diameter increase
from 3.2 mm to 10.4 mm.
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cases, the kinetic rate is nonetheless similar (denoted by the
proximity of k2¼ 2� 10�4 g/mg.min). Vapor phase adsorption time
of 1000 minutes is still insufficient to realize an equilibrium
adsorption state. The BET result shows that although increasing the
HPAM content increases the particle size (Fig. 4), it has compro-
mised the material’s porosity. In turn, there is an increase in the
diffusion path length inside the adsorbent that hindered effective
diffusion and prolonging the time required to reach equilibrium
(Kumar et al., 2019). It may appear that the approach outlined here
has created another problem but, there is a future opportunity to
retain the beneficial effect provided by HPAM by tuning MIL-96
adsorption capacity with temperature, taking into account the
high thermal stability of HPAM (Al-Hamairi and AlAmeri, 2020) and
the MOF flexibility of changing and increasing its pore size (Barton
et al., 2018).

In comparison to the reported kinetic data for PFOA removal by
several other adsorbents, MIL-96-RHPAM2 can adsorb PFOA at
loading levels on a par with other adsorbents, but the extremely
slow uptake would be a significant drawback for its practical use.
Table 1
Comparison of the pseudo-second order kinetic parameters for PFOA adsorption by sele

Sorbent used Tested PFOA
concentration (mg/L)

Pseudo-s

qe (mg/g

Bamboo-derived AC 120 393
Fe3O4-modified AC 300 364
Perfluorinated UiO-66-(F4) 500 381
UiO-66 327
MIL-101 (Cr) 100 481
Quaternized amine MIL-101 (Cr)-QDMEN 791
MIL-53 (Al) 1 100
ZIF-7 e 22
ZIF-8 177
ZIF-L 244
UiO-67 500 350
MIL-96-RHPAM2 1000 340a

a Shows the increase in adsorption capacity after kinetic experiment was extended to
Relative to other adsorption studies displayed in Table 1, the PFOA
concentration used in this work is the highest.
3.6. PFOA adsorption and desorption

Knowing that PFCs are hazardous chemicals, safe regeneration
and economical reuse of the spent adsorbents is critically impor-
tant. Although thermal regeneration is preferably used by carbon
manufacturers, adsorbed PFCs are not easily removed from the
carbon surfaces by decomposition as CeF is the strongest single
bond in organic chemistry after BeF, SieF and HeF. While the next
best alternative is to use higher regeneration temperatures to break
the CeF bond, this often results in high carbon losses (Ateia et al.,
2019).

To develop an efficient PFOA regeneration method from spent
MOF, the nature of adsorption processes must first be understood.
An earlier report on PFOA adsorption by MOF had confirmed the
electrostatic interaction between the cationic MOF species (Al3þ)
with the anionic carboxylate groups (COO�) of PFOA as the main
bindingmechanism, supplemented by H-bonding and hydrophobic
interaction to a lesser extent (Jun et al., 2019). So, with electrostatic
interaction being the most prevalent, it was decided to trial saline
eluents to evaluate their destabilization effect on the electrostatic
PFOA adsorption complex.

The positively charged Al3þ center of MIL-96 is surmised to have
a strong interaction with the anionic carboxylate groups (COO�) of
PFOA. Contrary to expectations, increasing the eluent ionic strength
has minimal effect on PFOA desorption by MIL-96-RHPAM2 (Shih
and Wang, 2013; Wang and Shih, 2011) except for a slight drop at
the highest tested salt concentration (500 mM NaCl). Such salt
concentration may be sufficiently high enough to reduce the elec-
trostatic forces between the Al3þ center and the negatively charged
PFOA molecules resulting from the competitive PFOA adsorption
with the background ions (Naþ and Cl�) (Gao and Chorover, 2012).
However, due to the well-established acid-base and electrostatic
bonds between the Al3þ, carboxylate (COO�), hydroxyl (OH), NH2
and NH3

þ functional groups on the MOF, the driving force to
establish new bonds with the incoming Naþ and Cl� ions is not as
favorable, hence, not accommodating the desorption of adsorbed
PFOA molecules into the eluent phase.

Apart from the Al3þ center being a major MOF binding site, it is
probable that the NH2, which will also exist in a protonated form as
a NH3

þ, contained in HPAM also attaches to the anionic carboxylate
of PFOA via strong electrostatic adsorption forces (Ali et al., 2020;
Deng et al., 2013; Liu et al., 2015b). In addition, the van der Waals
interaction between the carbon chain of PFOA (8 carbons on the
PFOA) and the main skeleton (CH2eCH)n of HPAM may also
ct MOFs and AC.

econd order model parameter Equilibrium
time (hr)

Reference

) k2 (g/mg.min) R2

2.7 � 10�5 0.91 33.5 Du et al. (2015)
7.1 � 10�5 0.998 29 Xu et al. (2020)
2.6 � 10�3 0.993 1 Sini et al. (2018)
2.7 � 10�3 0.996
1.4 � 10�4 0.967 1 Liu et al. (2015b)
2.1 � 10�4 0.985
7.3 � 10�2 0.999 4 Jun et al. (2019)
7.1 � 10�5 0.994 1 Chen et al. (2016)
2.0 � 10�5 0.978
9.6 � 10�6 0.985
6.1 � 10�4 0.999 1 Sini et al. (2019)
1.7 � 10�4 0.983 186 This work

186 h suggesting MIL-96-RHPAM2 has a very slow kinetic rate.



Fig. 5. Percentage of PFOA desorbed from MIL-96-RHPAM2 and AC using eluents with
various NaCl concentrations (temperature 25 �C, adsorbent dose ¼ 2 mg/L, initial PFOA
concentration ¼ 1000 mg/L).
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contribute to the adsorption process. Altogether, these explana-
tions for the incomplete desorption of PFOA from aminated ad-
sorbents such as MIL-96-RHPAM2 are in line with the obtained
result from batch desorption studies. Fig. 5 illustrates the nuanced
NaCl influence in the eluent to the PFOA desorption performance of
MIL-96-RHPAM2. Across the tested salinity window, the highest
PFOA fraction desorbed only reached 77% but not full recovery,
providing future research opportunities to clarify the best solvent/
salt systems capable of complete PFOA desorption. Descriptions on
the possible PFOA adsorption mechanisms onto MIL-96-RHPAM2
can be found in Fig. S16 (Scheme S1) and Fig. S17 (Scheme S2) for
the pristine form.

Although PFOA desorption efficiency from AC is inferior to MIL-
96-RHPAM2 at lower ionic strengths, AC’s desorption efficiency is
improved at the highest ionic strength tested here. Similar to MOF,
PFOA adsorption onto AC shares similar adsorption mechanisms
(Wang and Shih, 2011; Wang et al., 2019), confirming the impor-
tance of surface chemistry on AC. There is a clear correlation with a
marked increase in PFCs sorption with more availability of basic
groups in the adsorbents. Thus, to enhance the adsorption process,
an abundance of hydroxyl and carboxyl oxygen-containing func-
tional groups on the AC surface will then interact with the PFOA
anions via acid-base/electrostatic interactions (Sun et al., 2016; Zhi
and Liu, 2016). Along the same lines, the oxygen-containing basic
and acidic surface groups on ACmay formH-bond interactions with
the amphoteric COOH functional groups within PFOA. An increase
in the eluent ionic strength can potentially weaken these PFOA to
AC H-bonding interactions by the Naþ and the Cl� ions shielding
the electrostatic interactions whilst also directly competing for the
H-bonding sites. While these results show that NaCl was not an
effective PFOA desorption facilitating agent, only catalytic degra-
dation has so far offered superior performance (Du et al., 2014;
Zhao et al., 2013).

4. Conclusions

In summary, the addition of an anionic polymer (HPAM) to a
cationic aluminum-based MOF (MIL-96) during the hydrothermal
synthesis stage allowed the formation of larger MOF crystals with
well-defined crystal habits. Taking advantage of HPAM being a low
cost and an environmentally friendly additive, a HPAM-modified
MIL-96 (MIL-96-RHPAM2) showed promising particle size growth
from 3.2 mm to 10.4 mm as well as the ability to control the crystal
morphology using this simple modification procedure. Incorpo-
rating HPAM into the MIL-96 structure resulted in the introduction
of amine functionality, which can form a primary ammonium
species that in turn led to improved PFOA adsorption capacity
relative to the pristine form, while also promoting higher PFOA
affinity compared to AC. Higher concentrations of NaCl in the eluent
solvents did not yield enhanced PFOA desorption from both spent
adsorbents, MIL-96-RHPAM2 (maximum PFOA desorbed was 77%)
and AC (74%), primarily due to the strong PFOA adsorption to both
adsorbents.
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