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ABSTRACT: Chromium and arsenic are two of the most
problematic water pollutants due to their high toxicity and
prevalence in various water streams. While adsorption and ion-
exchange processes have been applied for the efficient removal of
numerous toxic contaminants, including heavy metals, from water,
these technologies display relatively low overall performances and
stabilities for the remediation of chromium and arsenic oxyanions.
This work presents the use of polyol-functionalized porous
aromatic framework (PAF) adsorbent materials that use chelation,
ion-exchange, redox activity, and hydrogen-bonding interactions
for the highly selective capture of chromium and arsenic from
water. The chromium and arsenic binding mechanisms within
these materials are probed using an array of characterization
techniques, including X-ray absorption and X-ray photoelectron spectroscopies. Adsorption studies reveal that the functionalized
porous aromatic frameworks (PAFs) achieve selective, near-instantaneous (reaching equilibrium capacity within 10 s), and high-
capacity (2.5 mmol/g) binding performances owing to their targeted chemistries, high porosities, and high functional group loadings.
Cycling tests further demonstrate that the top-performing PAF material can be recycled using mild acid and base washes without any
measurable performance loss over at least ten adsorption−desorption cycles. Finally, we establish chemical design principles enabling
the selective removal of chromium, arsenic, and boron from water. To achieve this, we show that PAFs appended with analogous
binding groups exhibit differences in adsorption behavior, revealing the importance of binding group length and chemical identity.

■ INTRODUCTION
Although water is the most abundant resource on Earth, it is
estimated that one-quarter of the global population lacks water
that is free from contamination.1 The removal of micro-
pollutants (e.g., heavy metals) from water is one of the most
pressing yet technologically difficult water treatment challenges
worldwide. These contaminants are often found in various
water sources at trace yet toxic concentrations, alongside
competing constituents of similar size and charge that are more
concentrated yet relatively nontoxic (e.g., sodium chloride).2,3

For example, chromium(VI)-based oxyanions have caused
immense issues related to water contamination.4 Such species
are highly mutagenic and carcinogenic to living systems, yet are
commonly released to the environment through industrial
processes such as metallurgy, electroplating, mining, leather
tanning, pigment production, and cement production.5,6 As
another damaging contaminant, arsenic is often present in
natural groundwater in areas such as Bangladesh and lowland
Amazonia at concentrations much higher than the drinking
water limit endorsed by the World Health Organization (10
ppb).7 This water contamination leads to an estimated 43,000

deaths per year caused by arsenic poisoning in Bangladesh
alone.8

Various separation methods have been proposed to achieve
selective chromium and arsenic removal from water, including
ion-exchange,4 adsorption,9 membrane separations,10−12 elec-
trocoagulation,13 and photocatalytic degradation.14 Of these
methods, adsorption and ion-exchange are often considered as
among the most promising due to their low operating and
capital costs, high uptake capacities, and ease of use.10

Adsorbents and ion-exchange resins consist of an inorganic
material (e.g., zeolites, layered double hydroxides, metal
oxides) or organic polymer. These materials are cost-effective
but typically exhibit poor sorption kinetics, chemical and
thermal stability, and/or recyclability.4,15 Moreover, these
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methods generally rely on leveraging electrostatic interactions
(e.g., ion-exchange) that exhibit relatively low selectivity for
chromium and arsenic oxyanions over other common water-
borne anions.4,9 These drawbacks necessitate the development
of robust materials and methods that can more effectively
achieve chromium and arsenic oxyanion separations.

In this work, we sought to address the limitations of existing
adsorption and ion-exchange methods by developing methods
based on the use of functionalized porous aromatic frameworks
(PAFs). PAFs are a class of porous network polymers that
feature a highly porous, diamondoid-like structure composed
of organic nodes covalently and irreversibly coupled through
aromatic linkages.16,17 As a result, PAFs display exceptional
hydrothermal and chemical stabilities, such as stability in
boiling water, concentrated acids and bases, and organic
solvents.17−19 Functionalization of the organic struts within
these framework materials can lead to specific molecular
interactions that enable the high-capacity removal of a variety
of targeted ions from water.20−23

Here, we show that PAFs functionalized with the amino-
polyol N-methyl-D-glucamine (NMDG) capture chromium
from water through selective and redox-active diol chelation
interactions, with unprecedented uptake rates, high adsorption
capacities, and stable cycling performance. These adsorbent
materials additionally capture arsenic rapidly through selective
hydrogen-bonding and ion-exchange interactions. Previous
reports have described the use of aminopolyols and diols in
macroporous polymeric materials to achieve chromium and
arsenic capture,24−28 but their precise adsorption mechanisms
have not been elucidated. Additionally, owing to their low
porosities and poor synthetic tunability, these materials show
limited capacities, uptake rates, and stabilities. Other material
classes with higher porosities and extensive tunability (e.g.,
metal−organic frameworks) have been reported as alternative
adsorbents for chromium and arsenic oxyanion capture.
However, these reported materials have typically relied on
electrostatic ion-exchange interactions between the oxyanions
and cationic groups on the material, leading to relatively low
selectivity over other waterborne anions.4,29−31

■ RESULTS AND DISCUSSION
Design, Synthesis, and Structural Characterization.

The parent PAF-1 framework, which consists of tetrahedral
carbon nodes connected by biphenyl struts (Figure 1a), was
synthesized through a Yamamoto-type Ullmann coupling
reaction starting with the monomer tetrakis(4-bromophenyl)-
methane.16 The NMDG functional group was then appended
onto the framework through a facile two-step route, starting
with the chloromethylation of PAF-1 before the subsequent
nucleophilic addition of NMDG.22 To investigate the effects of
aminopolyol size, diol positioning, and ammonium counter-
anion-exchange, this synthetic strategy was also implemented
to synthesize three new frameworks (PAF-1-MAPD, PAF-1-
serinol, PAF-1-N(CH3)2) containing methylamino-1,2-pro-
panediol (MAPD, featuring a 1,2-diol), serinol (featuring a
1,3-diol), or dimethylamine functional groups, respectively
(Figure 1). Notably, PAF-1-N(CH3)2 acts as a weak base
anion-exchange resin without alcohol functionalities.

The successful syntheses of these materials were verified by
elemental analysis, Fourier-transform infrared spectroscopy
(FTIR), surface area measurements, and thermogravimetric
analyses. For each aminopolyol- or amine-functionalized
material, elemental analyses revealed an increase in nitrogen

content close to the values expected for a loading of one
functional group per biphenyl strut (see Supporting
Information). Based on these nitrogen elemental analyses,
the functional group loadings were calculated to be 2.50, 3.29,
3.27, and 3.51 mmol/g for PAF-1-NMDG, PAF-1-MAPD,
PAF-1-serinol, and PAF-1-N(CH3)2, respectively (Figure 1b
and Table S1). The FTIR spectra of PAF-1-NMDG, PAF-1-
MAPD, and PAF-1-serinol showed the appearance of new
peaks at 1040, 1080, and 3300−3500 (broad) cm−1,
corresponding to C−O, C−N, and O−H bonds on the
aminopolyols, respectively (Figure S2).22,32 These spectra also
showed the disappearance of the peak at 1260 cm−1,
corresponding to the C−H wagging mode of −CH2Cl on
the PAF-1-CH2Cl precursor.21,32

Nitrogen adsorption isotherms were collected at 77 K for
the functionalized PAFs to determine their Brunauer−
Emmett−Teller (BET) surface areas (Figures S3 and S4).
The obtained BET surface areas for PAF-1, PAF-1-CH2Cl,
PAF-1-N(CH3)2, PAF-1-serinol, PAF-1-MAPD, and PAF-1-
NMDG were found to be 4530, 1950, 1580, 610, 510, and 80
m2/g, respectively. We note that decreases in surface area upon
incorporation of functional groups into PAF-1 are consistent
with previous reports and are likely due to the partial pore
filling and the added mass of the functional groups.19−21,33

Nonetheless, the relatively high surface areas of the function-
alized PAFs suggest high accessibility of the functional groups
within the frameworks, as well as high porosities for these
materials.20 Furthermore, thermogravimetric analysis (TGA)
decomposition results indicate high thermal stability of the
materials (no decomposition below 200 °C), along with
expected drops in mass in the range 200−500 °C that are
consistent with the masses of the functional groups (Figure
S7).
Equilibrium Cr(VI) and As(V) Adsorption Properties.

We then examined the Cr(VI) adsorption properties of the
four synthesized PAF materials. Importantly, the amine on
each functional group is predicted to have a pKa near or above
9, causing these functional groups to be protonated at neutral
pH conditions. Simulations performed using HySS software34

also indicate that Cr(VI) exists completely in the oxyanion

Figure 1. (a) Schematic of functionalized PAF pores used in this
work, where R indicates an appended functional group. (b)
Functional groups appended onto PAFs in this work, along with
the corresponding names of the resulting materials. NMDG: N-
methyl-D-glucamine, MAPD: 3-methylamino-1,2-propanediol, SABET:
Brunauer−Emmett−Teller specific surface area, FG: functional group
loading per gram of functionalized PAF material.
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state at neutral pH conditions in our measurements, with the
predominant species being CrO4

2− (Figure S9). Thus, each
framework can potentially participate in anion-exchange
interactions with the oxyanions, while PAF-1-NMDG, PAF-
1-MAPD, and PAF-1-serinol also contain polyol groups that
may additionally participate in Cr(VI) binding.

We first collected Cr(VI) adsorption isotherms and fit the
resulting data to a single-site Langmuir model (Figures 2 and

S18). High Cr(VI) saturation capacities were observed for
each material: 2.50, 3.63, 3.70, and 2.87 mmol/g for PAF-1-
NMDG, PAF-1-MAPD, PAF-1-serinol, and PAF-1-N(CH3)2,
respectively. These capacities suggest that the functional
groups bind Cr(VI) in a ∼1:1 stoichiometric fashion (Table
S2). Interestingly, further inspection in the low-concentration
region of these isotherms reveals that PAF-1-NMDG captures
Cr(VI) much more effectively than the other frameworks at
dilute Cr(VI) concentrations, as indicated by a markedly
steeper isotherm profile in this region (Figure 2 inset). Indeed,
when applied to aqueous solutions containing 0.5, 1, or 5 ppm
of Cr(VI), PAF-1-NMDG reduces the Cr(VI) to concen-
trations far below the 0.1 ppm maximum contaminant level for
drinking water imposed by the U.S. Environmental Protection
Agency (Figure S14).35

The Langmuir constant (KL) obtained from the Langmuir
model serves as a measure of equilibrium binding affinity.36,37

The KL value for Cr(VI) obtained for PAF-1-NMDG (14.4 L/
mmol) was over an order of magnitude higher than those for
PAF-1-MAPD (0.8 L/mmol), PAF-1-serinol (0.9 L/mmol),
and PAF-1-N(CH3)2 (0.9 L/mmol) (Table S2). These
differences confirm the higher Cr(VI) binding strength toward
the NMDG functional groups than to the MAPD, serinol, and
dimethylamine groups. The nearly identical KL values among
PAF-1-MAPD, PAF-1-serinol, and PAF-1-N(CH3)2 also
suggest that Cr(VI) binding in each of these three frameworks
occurs through a similar mechanism. Given that PAF-1-
N(CH3)2 can only capture Cr(VI) oxyanions through anion-
exchange interactions, these results suggest that PAF-1-MAPD
and PAF-1-serinol also capture Cr(VI) via anion-exchange.
Indeed, images of these three frameworks after Cr(VI) loading
show that the frameworks gain a yellow-brown color upon
adsorption (Figure S24), similar to the colors of Cr(VI) in
solution and of Cr(VI)-loaded anion-exchange materials.4,38 In

contrast, PAF-1-NMDG turns a distinct green color upon
Cr(VI) adsorption (Figure S24), suggesting significant changes
to the CrO4

2− coordination sphere and/or oxidation state
upon adsorption.39,40 These findings indicate that the addi-
tional length, flexibility, and/or number of alcohols present on
NMDG facilitates the stronger Cr(VI) binding compared to
the other synthesized adsorbents.

The high Cr(VI) loadings of these frameworks encouraged
us to also explore their arsenic removal capabilities. Like
Cr(VI), toxic As(V) generally exists fully in the oxyanion state
at neutral pH conditions, predominantly as a mixture of
H2AsO4

− and HAsO4
2− (pKa ≈ 7.0).41−43 The As(V)

adsorption isotherms and their single-site Langmuir model
fits revealed saturation capacities of 1.14, 0.93, 0.53, and 1.86
mmol/g for PAF-1-NMDG, PAF-1-MAPD, PAF-1-serinol, and
PAF-1-N(CH3)2, respectively (Figures 3a and S19 and Table

S3). These capacities suggest that approximately one As(V)
binds to every two NMDG or dimethylamine functional
groups. The associated KL value for PAF-1-NMDG (2.2) was
approximately double the values for PAF-1-MAPD (1.0) and
PAF-1-N(CH3)2 (1.2) and four times the value for PAF-1-
serinol (0.5), indicating a higher affinity for As(V). The similar
KL values obtained for PAF-1-MAPD and PAF-1-N(CH3)2
suggest that PAF-1-MAPD captures As(V) solely through
anion-exchange interactions.

Isotherms collected at pH = 4 conditions showed steeper
adsorption profiles for each framework but otherwise similar
saturation capacities and KL differences among the frameworks,
with the exception of PAF-1-serinol (Figures 3b and S20 and
Table S4). At these conditions, As(V) predominantly exists as
H2AsO4

−, potentially leading to more favorable binding due to
the additional hydrogen bonding interactions that can engage
this oxyanion species.41−43 The exact mechanisms that lead to
weaker binding in PAF-1-serinol compared to PAF-1-MAPD,
indicated by the lower As(V) KL values for PAF-1-serinol, are
still under investigation. However, these results suggest that
the diol positioning and/or number of carbons bonded to the
nitrogen affect As(V) adsorption properties. Cr(VI) and As(V)
isotherms collected for unfunctionalized PAF-1 showed
negligible adsorption (Figure S11), confirming that the PAF
backbone does not facilitate adsorption.
Mechanisms of Cr(VI) and As(V) Adsorption. We

employed X-ray absorption spectroscopy (XAS) to elucidate
the rapid and strong Cr(VI) and As(V) binding mechanisms of
PAF-1-NMDG. We first leveraged X-ray absorption near-edge

Figure 2. Chromium(VI) adsorption isotherms by PAF-1-NMDG
(green squares), PAF-1-MAPD (red diamonds), PAF-1-serinol (blue
circles), and PAF-1-N(CH3)2 (gray triangles). (Inset) Zoom-in of the
dilute region of the isotherms. The adsorption data were fit by a
single-site Langmuir model (solid lines). Error bars represent the
standard deviation obtained from at least three replicate tests. The
mean values obtained at each concentration are shown.

Figure 3. Arsenic(V) adsorption isotherms by PAF-1-NMDG (green
squares), PAF-1-MAPD (red diamonds), PAF-1-serinol (blue circles),
and PAF-1-N(CH3)2 (gray triangles), at (a) pH = 7 and (b) pH = 4
conditions as adjusted by HCl. The adsorption data were fitted by a
single-site Langmuir model (solid lines).
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structure (XANES) spectroscopy at the Cr K-edge to probe
the electronic structure of the bound Cr (Figure 4a, inset).

However, the features of the Cr K-edge XANES spectrum of
Cr(VI)-dosed PAF-1-NMDG are ambiguous. While the pre-
edge feature at 5993 eV is aligned with a feature commonly
used to fingerprint formally Cr(VI) species,44 such as CrO3,
the main edge position at approximately 6011 eV is within 5
eV of the main edge of Cr(acac)3 (acac− = acetylacetonate)
and other compounds featuring exclusively octahedral Cr(III)
sites.45

In contrast, oxidation state assignment based on the As K-
edge XANES data for As-loaded PAF-1-NMDG is more
straightforward. The white-line position at 11,875 eV is well-
aligned with that of KH2AsO4 at 11,873 eV (Figure 4b, inset),
consistent with the expected white-line range for As(V)-
containing compounds46 and strongly supporting the assign-
ment of a +5 As oxidation state. Thus, the XANES data suggest
that the primary As(V) adsorption mechanism by PAF-1-
NMDG is not As(V) reduction.

X-ray photoelectron spectroscopy (XPS) at the Cr 2p core
level was conducted on Cr-loaded PAF-1-NMDG to supple-
ment the XANES data and clarify the speciation of captured Cr
(Figure 5). Deconvolution of the Cr 2p region reveals
multiplet splitting at the 2p3/2 peak (components 1 and 2 at
576.7 and 578.0 eV, respectively). Such multiplet splitting has

been observed for other compounds with octahedral Cr(III)
centers, such as Cr2O3 and Cr(acac)3 (Figure S37).47,48 The
broad component at 580.4 eV (component 3) is assigned to
shakeup structure that is also observed for Cr(acac)3 and
derivatives thereof.48 Overall, the similar intrinsic loss structure
apparent in the spectra of Cr-dosed PAF-1-NMDG and
Cr(acac)3 indicate that the mechanism for Cr(VI) capture in
PAF-1-NMDG is dominated by the reduction of Cr(VI) to
Cr(III), consistent with prior observations of alcohol oxidation
by Cr(VI) species in certain acidic environments.49 The
oxidation of PAF-1-NMDG alcohols upon Cr binding is
supported by FTIR and XPS (Figures S38−S40).

EXAFS spectroscopy was leveraged to confirm the
coordination environment of Cr and As in the respective
dosed PAF-1-NMDG samples. The fitted spectra for Cr and As
are displayed in Figures 4a and S28 and 4b and S29,
respectively. Fit parameters, including coordination numbers
and bond lengths, are listed in Table 1. The fits indicate that
Cr(III) forms a six-coordinate complex with PAF-1-NMDG
upon adsorption, consisting of four Cr−O bonds with a 1.93 Å
bond distance and two Cr−O bonds with a 1.63 Å bond
distance. The coordination number increase of two for Cr
compared to the starting four-coordinate CrO4

2− species
confirms the Cr coordination to the NMDG alcohol groups, in
agreement with the Cr 2p XPS data. The Cr−O bond distance
of 1.93 Å is remarkably similar to that found in Cr(acac)3
(Cr−O bond distance of 1.95 Å),50 suggesting the partial
oxidation of the NMDG polyol. This, coupled with the similar
XPS spectra of Cr(acac)3 and Cr-loaded PAF-1-NMDG
(Figure 5), support the potential bischelate Cr(III) structure
proposed in Figure 6. In this structure, oxidized NMDG acts as
an acetylacetonate analog, binding the Cr(III). While the Cr
complex itself has a local charge of −1, this is balanced by the
positively charged NMDG ammonium cation.

Fits for the As K-edge EXAFS spectrum showed that As(V)
maintains four As−O bonds upon adsorption to PAF-1-
NMDG, with bond distances (1.82 Å) elongated compared to
those reported in the Cambridge Crystallographic Data Centre

Figure 4. Fourier-transformed extended X-ray absorption fine
structure (EXAFS) spectra and the one-shell fitting results for (a)
Cr(VI)- and (b) As(V)-loaded PAF-1-NMDG. Phase shifts are not
included in the displayed apparent distances. (Insets) XANES spectra
for each respective sample.

Figure 5. Chromium 2p XPS data for K2CrO4, Cr(acac)3, and
Cr(VI)-dosed PAF-1-NMDG. The latter two spectra were fitted by a
five-component model (solid lines). For brevity, only the three
components associated with the 2p3/2 level are displayed. The
components 1, 2, and 3 correspond to the main, spin−orbit splitting,
and shakeup components of the 2p3/2 level, respectively. The data for
K2CrO4 were fit with a two-component model, wherein the lower-
energy component corresponds to the 2p3/2 level. Fit parameters are
listed in Table S8.
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for K3AsO4 (1.69 Å). While the exact causes for this bond
elongation are still being investigated, we propose two
potential As(V)-NMDG complex structures. In the first
proposed structure (Figure 6), the As(V) oxyanion undergoes
simultaneous anion-exchange to the protonated NMDG amine
and hydrogen bonding to the polyol groups. These additional
hydrogen bonding interactions may explain the improved
affinity of As(V) toward PAF-1-NMDG compared to the
anion-exchange-only PAF-1-N(CH3)2 and shorter-chain PAF-
1-MAPD, as indicated by the previously described As(V)
adsorption isotherms. The second proposed structure (Figure
S35) features a monochelate mechanism, where two alcohols
on one NMDG functional group chelate to one As(V)
oxyanion.

Another method of probing the local coordination environ-
ments of Cr and As in PAF-1-NMDG would be through the
crystallographic characterization of analogous molecular
complexes. However, attempts to isolate crystalline benzyl
aminopolyol complexes with Cr and As were unsuccessful.

For comparison, we also collected XANES spectra for Cr-
and As-loaded PAF-1-N(CH3)2. The data reveal that these
adsorbates maintain their +6 and +5 oxidation states upon
adsorption, respectively, as expected for anion-exchange
interactions (insets of Figures S32 and S33). The EXAFS fits
also show that the Cr maintains four Cr−O bonds with a 1.59
Å bond distance upon adsorbing to PAF-1-N(CH3)2 (Figures
S30 and S32 and Table 1), highly similar to the crystallo-
graphic structure reported for Na2CrO4·4H2O (Cr−O
distances: 1.64 Å).51 Consistent with an anion-exchange
mechanism, these similarities verify that the coordination
sphere of Cr(VI) does not change upon CrO4

2− adsorption in
PAF-1-N(CH3)2, unlike in the case of adsorption in PAF-1-
NMDG.

With this gained insight, we then wanted to better
understand why the shorter aminopolyols MAPD and serinol
do not achieve the high-affinity Cr(VI) oxyanion binding
realized with PAF-1-NMDG. To do this, we investigated the
B(OH)3 adsorption properties of the three frameworks.
Notably, unlike for chromium or arsenic separations, the
NMDG functional group is used on an industrial scale to
remove boric acid from water, primarily through proposed

monochelate, tetradentate, and bischelate adsorption mecha-
nisms.22,52−54 The MAPD and serinol groups have not been
adopted for such separations, although their lighter molecular
weights could lead to higher gravimetric adsorption capacities
than NMDG, should they be capable of participating in the
same types of chelation interactions.

Previous studies of the NMDG-B(OH)3 adsorption
mechanism revealed that B(OH)3 adsorption is dominated
by tetradentate and bischelate binding (Figure S36). Mean-
while, only a small fraction of the adsorption capacity was
attributed to monochelate binding mechanisms (Figure
S36).22 Due to the smaller polyol sizes of MAPD and serinol,
these functional groups cannot participate in tetradentate
binding. However, these functional groups can in principle
participate in bischelate binding if pore spacing and functional
group flexibility allow multiple functional groups to come in
close enough proximity to bind to the same adsorbate
molecule.

The collected B(OH)3 isotherms show that PAF-1-NMDG
achieves boron saturation capacities (2.01 mmol/g) that are
roughly six times that of PAF-1-MAPD (0.33 mmol/g) and
PAF-1-serinol (0.36 mmol/g) (Figure S10 and Table S5). The
drastically lower loadings for the latter two frameworks
correspond to only 1 B(OH)3 adsorbed per every ∼10
MAPD or serinol groups within the PAF. Given that much
higher B(OH)3 loadings are afforded through bischelate
interactions, as previously explained, these data suggest that
bischelate B(OH)3 interactions�and thus presumably also
bischelate Cr and As(V) interactions�do not occur to a large
extent in PAF-1-MAPD or PAF-1-serinol. The lower Cr(VI)
and As(V) binding affinities observed for PAF-1-MAPD and
PAF-1-serinol can thus likely be attributed to the lack of
tetradentate and bischelate binding capabilities for these
frameworks.

Along these lines, we also tested the Si(OH)4 adsorption
performance of PAF-1-NMDG as a function of pH (Figure
S17). Silicon-based compounds pose significant industrial
water treatment issues, arising from their propensity to cause
scaling and the relative lack of available techniques that can
selectively remove these compounds.55 Given the oxygen-rich
speciation of waterborne silicon, we postulated that the
NMDG functional groups could potentially adsorb silicon via
analogous chelating mechanisms as those observed for B(OH)3
and Cr(VI) and As(V) oxyanions. Unfortunately, minimal Si
uptake was observed at all tested pH values (pH range: 1−12).
The highest Si uptake occurred at pH conditions of 9.5 and
12.0, likely because Si is largely anionic (as SiO(OH)3− and/or
SiO2(OH)22−) at these conditions, enabling some anion-
exchange to the NMDG amine. We hypothesize that the ability
of B(OH)3 and Cr(VI) to increase in coordination number
(e.g., to the four-coordinate tetrahedral borate anion upon
adsorption, or the six-coordinate Cr(III) complex), along with
the redox activity of Cr(VI), plays a crucial role in the binding

Table 1. EXAFS Fitting Results of the Cr- (Unshaded) and As-Loaded (Shaded in gray) PAF-1-NMDG and PAF-1-N(CH3)2
material path Na R (Å)b σ2 (Å2)c ΔE0 (eV)d R-factor (%)e

PAF-1-NMDG−Cr Cr−O 2 1.63 ± 0.02 0.005 −3.99 ± 7.94 1.8
Cr−O 4 1.93 ± 0.04 0.005 −3.99 ± 7.94 1.8

PAF-1-N(CH3)2−Cr Cr−O 4 1.59 ± 0.01 0.005 3.94 ± 1.95 0.8
PAF-1-NMDG−As As−O 4 1.82 ± 0.02 0.005 5.57 ± 2.43 0.3
PAF-1-N(CH3)2−As As−O 4 1.70 ± 0.01 0.001 6.21 ± 2.06 0.5

aCoordination number. bBond length. cMean-square relative displacement (Debye−Waller factor). dEdge shift. eGoodness-of-fit parameter.

Figure 6. Proposed structures of Cr(III) (left) and As(V) (right)
bound to PAF-1-NMDG.
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of these solutes by NMDG alcohol groups. Similar chemical
interactions are lacking for Si(OH)4.

These mechanistic findings offer important guidelines for the
design of adsorptive functional groups for not just chromium
and arsenic separations, but also for boric acid and silicon
separations.
Kinetics, Selectivity, pH Dependency, and Recycla-

bility Tests for Cr(VI) and As(V) Removal. Informed by the
isotherm and mechanistic data provided above, we identified
PAF-1-NMDG to be the most promising material for Cr(VI)
and As(V) removal out of the four PAF-1-derived frameworks.
We thus sought to systematically characterize the Cr(VI) and
As(V) removal performances of PAF-1-NMDG, starting with
adsorption kinetics measurements.

Adsorption kinetics are one of the most important properties
of adsorbents, influencing factors such as throughput and
required adsorbent bed sizes. We measured the adsorption
kinetics of PAF-1-NMDG using separate solutions containing
250 mg/L of Cr(VI) (in the form of CrO4

2−) or As(V) (in the
form of H2AsO4

−/HAsO4
2−). In both cases, PAF-1-NMDG

exhibited exceptionally fast kinetics: the equilibrium saturation
capacities for Cr(VI) and As(V) were reached by the time the
first data point was collected (<10 s) (Figure 7). To the best of

our knowledge, these adsorption kinetics are the fastest of any
reported adsorbent to date, for both chromium and
arsenic.4,9,56 The rapid adsorption rates of PAF-1-NMDG
can be attributed largely to the high porosities, as indicated by
relatively high surface areas (Figures S3 and S4), and small
particle sizes (∼200−250 nm diameter), as determined
through FESEM (Figure S8), of this material, which minimize
mass transfer resistances. Indeed, due to these properties, other
functionalized PAF materials have likewise been reported to
show among the fastest adsorption kinetics for their respective
adsorbates.17,20−22,57,58

To understand how the unique Cr(VI) and As(V) oxyanion
binding mechanisms of PAF-1-NMDG translate into selectivity
over competing solutes, two-component adsorption selectivity
experiments were conducted. Aqueous testing solutions were
prepared by combining 2 mM solutions of either Cr(VI) or
As(V) with 2, 20, or 200 mM (i.e., 1×, 10×, or 100× higher
concentrations) solutions of Cl−, NO3

−, SO4
2−, or B(OH)3. As

displayed in Figure 8, the measured PAF-1-NMDG Cr(VI)
and As(V) adsorption capacities (q) for each solution were
compared to the adsorption capacities measured for solutions
devoid of competing constituents (q0) (i.e., for solutions

containing only 2 mM Cr(VI) or As(V) in deionized water).
Strong selectivity for As(V) and especially Cr(VI) by PAF-1-
NMDG was observed in these measurements.

These selectivity tests revealed that Cr(VI) and As(V)
adsorption is most negatively affected by competing solutes in
the following order: B(OH)3 > SO4

2− > NO3
− > Cl−. The

measurements also demonstrated that selectivity for Cr(VI)
over other competing solutes is significantly higher than the
As(V) selectivities, consistent with the unique polyol chelation
and redox properties confirmed only for Cr(VI), along with the
steeper adsorption isotherm profile observed for Cr(VI)
(Figures 2−6). Importantly, PAF-1-NMDG shows excellent
selectivity over Cl−, which is the most abundant anion in many
water streams.59 For example, only 8% loss in Cr(VI) capacity
was observed even in the presence of 200 mM Cl−. The
additional loss in Cr(VI) and As(V) capacity observed in the
presence of NO3

− and SO4
2− was likely because the oxygen

components of these competing anions can hydrogen-bond
with the polyol functionalities, partially blocking Cr(VI)
chelation and As(V) ion-exchange and hydrogen bonding
with NMDG. Between these two competing anions, SO4

2−

decreases Cr(VI) and As(V) capacity more, likely because this
anion possesses a higher charge and number of oxygen atoms,
strengthening ion-exchange and hydrogen bonding interactions
with NMDG.60 The presence of B(OH)3 decreased Cr(VI)
and As(V) capacity the most of any competing solute due to
the known ability of PAF-1-NMDG to chelate to B(OH)3, as
previously discussed.

Figure 7. Adsorption kinetics for (a) Cr(VI) and (b) As(V) by PAF-
1-NMDG. The initial Cr(VI) and As(V) concentrations in the testing
solutions were 250 ppm. The equilibrium capacities of PAF-1-NMDG
for both contaminants were reached by the first data points taken (10
s after the Cr(VI) and As(V) solutions were added). These nearly
instantaneous adsorption kinetics are attributed to the high porosities,
small particle sizes, and rapid binding mechanisms of PAF-1-NMDG.

Figure 8. Two-component anion selectivity tests for PAF-1-NMDG
at neutral conditions between (a) Cr(VI) or (b) As(V) and one type
of the following competing constituents: NaCl (gray), NaNO3 (blue),
Na2SO4 (red), or B(OH)3 (light yellow). In these tests, PAF-1-
NMDG was mixed with a solution containing 2 mM of Cr(VI) or
As(V), along with 2, 20 mM, or 200 mM of the competing
constituent. q0 denotes the equilibrium uptake for PAF-1-NMDG in a
solution containing only 2 mM Cr(VI) or As(V) in DI water.
Multicomponent metal selectivity tests for PAF-1-NMDG using
solutions containing 2 mM of common competing metals and (c)
Cr(VI) or (d) As(V). Error bars represent the standard deviation
obtained from at least three replicate tests. The mean values obtained
at each condition are shown.
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We also explored the selectivity of PAF-1-NMDG for
Cr(VI) and As(V) in the presence of common competing
metal solutes. In these experiments, PAF-1-NMDG was mixed
in solutions containing 2 mM of Cr(VI) or As(V) and 2 mM
each of Na+, K+, Mg2+, Cu2+, Co2+, Ni2+, and Fe3+. Solution pH
was adjusted to 3 to ensure metal dissolution, and Fe3+ was
omitted from the As(V) solution to avoid the precipitation of
ferric arsenate. The results of these experiments show that
PAF-1-NMDG displays excellent selectivity for Cr(VI) and
As(V), adsorbing minimal amounts of competing metals
(Figure 8c,d). This strong adsorption preference for Cr(VI)
and As(V) can again be traced back to the unique binding
interactions displayed by the NMDG functional group.

Since PAF-1-NMDG can selectively capture Cr(VI), As(V),
and B(OH)3, we performed three-component selectivity tests
to better understand the PAF-1-NMDG adsorption selectiv-
ities between each solute. Aqueous solutions containing
equimolar concentrations (0.2, 2, or 5 mM) of these three
solutes were tested. Adsorption capacities in these experiments
are provided in Figure S23, while Figure 9 displays the data in

terms of selectivity (see also Section 1.10 in the Supporting
Information). The results show that PAF-1-NMDG exhibits
selectivity at neutral conditions in the approximate order:
B(OH)3 ≈ Cr(VI) > As(V) (Figure 9a). The higher selectivity
achieved for Cr(VI) and B(OH)3 over As(V) stems from the
selective polyol chelation mechanisms observed for Cr(VI) and
B(OH)3, which leads to an increase in coordination number
upon adsorption, whereas As(V) does not increase its number
of bonds upon NMDG adsorption (as discussed above).

Notably, the total combined solute adsorption capacity by
PAF-1-NMDG plateaus to a ∼1:1 solute-to-NMDG ratio in
these three-component experiments (Figure S21). This result
suggests that each NMDG group cannot accommodate more
than one solute at a time on average. This behavior
corroborates previously proposed B(OH)3 binding mecha-
nisms that suggest that the amine is intrinsically linked to the
polyol chelation, due to the ability of the amine to facilitate
necessary proton transfer during the binding reaction between
the NMDG O−H groups and the B(OH)3 (or, here, CrO4

2−)
solute.61

The aforementioned three-component selectivity tests were
also performed for PAF-1-NMDG under pH = 4 conditions.
Selectivities from these experiments are given in Figure 9b,
while Figure S23 displays the data in terms of adsorption

capacity. The following selectivity order under these pH = 4
conditions differs from the pH = 7 data: Cr(VI) > B(OH)3 ≈
As(V). Thus, adjusting the solution pH to slightly more acidic
conditions (e.g., pH = 4) can be utilized to improve Cr(VI)
and As(V) selectivity further. Acidic conditions are expected to
improve Cr(VI) chelation to PAF-1-NMDG because the
additional protons help drive the reduction of Cr(VI) to
Cr(III).62,63 The improved As(V) selectivity corroborates the
stronger As(V) affinity observed in pH = 4 adsorption
isotherms (Figure 3), likely due to the additional hydrogen
bonding interactions and/or improved ease in chelating
interactions, as previously discussed.

The improved Cr(VI) and As(V) selectivities observed
under mildly acidic conditions also agree with other pH
dependency tests. For example, two-component selectivity
measurements revealed improved As(V) selectivity for PAF-1-
NMDG over other competing solutes (Cl−, NO3

−, SO4
2−,

B(OH)3) at pH = 4 conditions compared to pH = 7 conditions
(Figure S22). We also tested the Cr(VI) and As(V) adsorption
capacities of PAF-1-NMDG as a function of pH ranging from
1−12, using solutions containing 10 mg/L of either Cr(VI) or
As(V) (Figures S15 and S16). Maximum capacities were
attained under pH = 4 conditions for both adsorbates. Notably,
minimal capacities were achieved under pH = 12 conditions.
At these basic conditions, the NMDG groups (pKa ≈ 9.6)64 are
not expected to readily facilitate proton transfer in aqueous
solution, and repulsive interactions between the oxyanions and
deprotonated NMDG hydroxyl groups may additionally occur.
These effects were similarly observed for B(OH)3 capture
under basic conditions.22

To maximize their lifetime and reduce capital costs,
adsorbents must be capable of achieving regeneration over
numerous cycles without facing significant performance loss or
degradation. To this point, we tested the Cr(VI) and As(V)
adsorption−desorption performances of PAF-1-NMDG over
10 cycles (Figure 10). Inspired by the desorption protocols
used for desorbing chelated boron from NMDG groups,22,52,53

we applied relatively mild acid and base washes (using 1 M
HCl and 1 M NaOH) for the desorption of bound Cr and
As(V) from PAF-1-NMDG. Remarkably, the adsorption
capacity of PAF-1-NMDG for both Cr(VI) and As(V)
remained constant even after 10 cycles. As further evidence

Figure 9. Equimolar three-component selectivity tests by PAF-1-
NMDG for K2CrO7, KH2AsO4, and B(OH)3, at (a) pH = 7 and (b)
pH = 4 conditions as adjusted by HCl. The concentration of each
species tested was 0.2 mM (gray), 2 mM (red), or 5 mM (blue). The
dashed line indicates a value of unity, corresponding to no selectivity.
Error bars represent the standard deviation obtained from at least
three replicate tests. The mean values obtained at each condition are
shown.

Figure 10. Regeneration and recyclability of PAF-1-NMDG for
Cr(VI) (green) and As(V) (yellow). The adsorption solution
contained 500 mg/L of Cr(VI) or As(V). Desorption was carried
out using 1 M HCl and 1 M NaOH washes. No measurable loss in
adsorption capacity for either toxic contaminant was observed over 10
adsorption−desorption cycles.
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of this successful recycling, Cr-loaded PAF-1-NMDG displayed
the characteristic green tint after every adsorption cycle, while
reverting to its original light beige color after every desorption
cycle (Figure S25). Retention of the chemical structure of
PAF-1-NMDG during adsorption/desorption cycling was
confirmed by FTIR and O 1s XPS, which indicated no
framework or functional group degradation (Figures S38−
S40). Notably, regeneration attempts using 1 M NaCl instead
of 1 M HCl did not lead to appreciable Cr(VI) desorption
from Cr-loaded PAF-1-NMDG (Figure S26). This finding
validates the importance of acidic conditions to achieving
desorption and further confirms that anion-exchange mecha-
nisms are not primarily responsible for dilute Cr(VI)
adsorption in PAF-1-NMDG. While the exact mechanisms of
Cr desorption from PAF-1-NMDG are still under inves-
tigation, these results showcase the extraordinary reusability
and stability of the PAF adsorbents.

To check whether the Cr(VI) and As(V) binding strategies
utilized by PAF-1-NMDG could be applied more generally to
other PAF materials, we synthesized an analogous material
(P2-NMDG, see Figure 1a) consisting of longer terphenyl
struts in the PAF backbone rather than biphenyl struts.
Characterization data obtained for this material were similar to
those of PAF-1-NMDG. For example, consistent with previous
reports,22 elemental analyses demonstrated that P2-NMDG
possesses an NMDG loading of 2.36 mmol/g (Table S1) and a
similar TGA decomposition profile (Figure S7). Adsorption
isotherms for P2-NMDG showed highly similar Cr(VI) and
As(V) properties compared to PAF-1-NMDG: ∼1:1 NMDG/
Cr and ∼2:1 NMDG/As loadings and high KL values of 17.7
and 1.9 L/mmol for Cr(VI) and As(V), respectively (Figures
S12, S18, and S19 and Tables S2 and S3). Adsorption
characteristics also suggested that P2-NMDG binds to these
adsorbates in similar fashions to those by PAF-1-NMDG. To
this point, Cr-loaded P2-NMDG displayed a green color and
Cr K-edge XANES spectrum (Figure S34) practically identical
to those of Cr-loaded PAF-1-NMDG (Figure 4a).
Comparisons to Other State-of-the-Art Materials. To

provide context for the adsorption performance of PAF-1-
NMDG, we investigated the adsorption performance of
Amberlite IRA743 for comparison. This material is a
commercial resin made up of NMDG-functionalized poly-
(styrene-divinylbenzene).52 Adsorption isotherms of IRA743
for Cr(VI) and As(V) exhibited saturation capacities that were
only 64.6 and 54.6% that of the Cr(VI) and As(V) saturation
capacities, respectively, for PAF-1-NMDG (Figures S11, S18,
and S19 and Tables S2 and S3). The higher loadings of PAF-1-
NMDG are enabled by the higher NMDG loadings in these
high-surface-area PAF materials (see Tables S2 and S3). The
KL values of IRA743 obtained for Cr(VI) (1.2) and As(V)
(1.7) were also significantly lower than those observed for
PAF-1-NMDG, suggesting more favorable binding by PAF-1-
NMDG despite having the same NMDG functionality as
IRA743. We note that a previous study from our laboratory
similarly found that PAF-1-NMDG yields higher KL values for
B(OH)3 adsorption compared to those obtained for IRA743.22

Given the lower degree of synthetic control over the IRA743
pores compared to the highly tunable PAF micropores, we
postulate that spacing between NMDG functional groups may
be closer and more favorable in the PAF-1-NMDG materials,
allowing strong bischelate interactions. Differences in the
swelling behaviors of these materials may also contribute to the
differences in their binding strengths.

We also tested the Cr(VI) and As(V) adsorption kinetics of
IRA743 for comparison, using the same kinetics testing
protocols as used for PAF-1-NMDG. The resin was first ball-
milled to afford smaller particle sizes similar to those of PAF-1-
NMDG, to diminish kinetics effects from particle size
differences. For both oxyanions, the ball-milled IRA743 resin
displayed markedly slower adsorption kinetics compared to
PAF-1-NMDG (Figure S13). While PAF-1-NMDG reached
equilibrium capacity within 10 s, IRA743 did not reach full
equilibrium capacity until after 4 h, although by 30 min the
resin did reach nearly 97 and 86% of the equilibrium capacities
for Cr(VI) and As(V), respectively. The drastically faster
adsorption kinetics for PAF-1-NMDG can be attributed to its
much higher porosity, as previously described.

Tables S9 and S10 compare the Cr(VI) and As(V)
adsorption performances, respectively, of PAF-1-NMDG
more generally to the performances of other leading
adsorbents. As previously mentioned, PAF-1-NMDG exhibits
the fastest Cr(VI) and As(V) adsorption kinetics of any
reported material to date, while maintaining high capacities on
par with some of the highest-capacity materials. For example,
other materials that achieve even higher capacities often take
hours�even days�to reach their high equilibrium capacities.
Unlike nearly all other materials, PAF-1-NMDG can addition-
ally be recycled numerous times without any measurable loss
in performance. It is worth noting that the majority of the
other reports did not provide recyclability data, making further
comparisons challenging. Importantly, with the exception of
metal oxide materials used for As(V) removal, the vast majority
of reported Cr(VI) and As(V) adsorbents also rely on simple
ion-exchange mechanisms, which often face low selectivities
not described in Tables S9 and S10. In contrast, PAF-1-
NMDG features unique chelating and redox capabilities.

■ CONCLUSIONS
Chromium(VI)- and arsenic(V)-based oxyanions are among
the most deleterious waterborne pollutants, plaguing commun-
ities worldwide whose water supplies are exposed to these toxic
contaminants. The majority of adsorbents available for metal
removal are applicable only for the removal of neutral or
cationic pollutants, while those available for anionic pollutants
most frequently rely on simple ion-exchange interactions that
often offer low selectivity toward specific anions. In this work,
we investigated the use of a series of amine- and aminopolyol-
functionalized porous polymer frameworks for the targeted
adsorption of Cr(VI) and As(V) oxyanions. Extensive
adsorption experiments demonstrated that frameworks ap-
pended with NMDG functionalities can achieve high
adsorption capacities, the fastest reported adsorption kinetics
to date for Cr(VI) and As(V) binding, high selectivity over
other common waterborne anions and metals, and recyclability
using mild acid and base washes without measurable
performance loss. Spectroscopic data (e.g., XAS and XPS
spectra) and other systematic adsorption investigations (e.g.,
B(OH)3 adsorption isotherms and pH dependency tests)
indicated that this PAF-1-NMDG material achieves highly
favorable Cr(VI) and As(V) binding through a combination of
diol chelation, hydrogen bonding, ion exchange, and redox
interactions. These investigations also showed that smaller
aminopolyol groups (e.g., MAPD, serinol) do not offer the size
and/or flexibility needed to achieve selective chelation
mechanisms, offering important guidelines for the design of
adsorbents for B(OH)3 and Si(OH)4 removal in addition to
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Cr(VI) and As(V) removal. The favorable adsorption
properties demonstrated for PAF-1-NMDG in this work
altogether make this material highly promising for use in
toxic chromium and arsenic oxyanion separations.
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