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enormous stress on already scarce fresh-
water supplies.[2] Tapping into abundant, 
non-conventional water resources—such 
as seawater, municipal and industrial 
wastewater, and groundwater—in a sus-
tainable and cost-effective manner will 
be critical for meeting these rapidly 
increasing water needs and ensuring 
water security for future generations.[3]

In this context, the capture of naturally-
occurring boron—predominantly in the 
form of neutral boric acid—is of consid-
erable interest, given its ubiquity in sea 
and groundwater, as well as in industrial 
and municipal wastewater.[4] Although 
boron is an essential micronutrient that 
can benefit animals and plants in low 
concentrations,[4b,5] excess boron can have 
detrimental health effects, and the permis-
sible range for safe boron levels is often 
very narrow, particularly for crops and 
plants.[5a,6] The concentration of boron in 
seawater is usually between 4–6 ppm,[4a,7] 
but much higher values (>100  ppm) can 
be found in some groundwater and waste-

water sources.[8] The World Health Organization has imposed a 
boron concentration limit of 2.4 ppm[9] for drinking water, but 
many countries have implemented stricter limits (<1 ppm).[4b] 
The boron concentration limit for irrigation water can be much 
lower than that for drinking water (<0.5  ppm), which poses a 
significant technological challenge.[4b,5a,6b]

Membrane and adsorbent-based technologies have emerged 
as leading water treatment strategies for highly impaired 
waters due to their energy efficiency, low cost, small footprint, 
and operational simplicity.[10] Reverse osmosis membranes 
currently dominate the global desalination market,[11] but 
state-of-the-art membranes suffer from a number of issues, 
including inadequate rejection of small, neutral solutes—such 
as boric acid at ambient conditions.[12] Indeed, single-stage 
reverse osmosis treatment of seawater is often unable to reduce 
boric acid concentrations below the strict limits set for drinking 
and irrigation water.[11,12b,13] As a result, removing this con-
taminant from water often requires additional energy-intensive 
steps, for example multiple reverse osmosis stages.[11] Alter-
native technologies for boron removal have been proposed, 
including adsorption, ion exchange, liquid–liquid extraction, 
electrodialysis, and precipitation coagulation.[4a,b,14] Among 

This study demonstrates that functionalized, highly porous polymers are 
promising for the adsorptive capture of boric acid, a neutral contaminant that is 
difficult to remove from seawater using conventional reverse osmosis mem-
branes. Appending N-methyl-d-glucamine (NMDG) to the pore walls of high- 
surface-area porous aromatic frameworks (PAFs) yields the adsorbents PAF-1-
NMDG and P2-NMDG in a simple two-step synthesis. The boron-selective 
PAFs demonstrate adsorption capacities that are up to 70% higher than those 
of a commercial boron-selective resin, Amberlite IRA743, and markedly faster 
adsorption rates, owing to their higher NMDG loadings and greater porosi-
ties relative to the resin. Remarkably, PAF-1-NMDG is able to reduce the boron 
concentration in synthetic seawater from 2.91 to <0.5 ppm in less than 3 min at 
an adsorbent loading of only 0.3 mg mL−1. The boron adsorption rate constants 
of both frameworks, determined via a pseudo-second-order rate model, represent 
the highest values reported in the literature—in most cases orders of magnitude 
higher than those of other boron-selective adsorbents. The frameworks can also 
be readily regenerated via mild acid/base treatment and maintain constant boron 
adsorption capacities for at least 10 regeneration cycles. These results highlight 
the numerous advantages of PAFs over traditional porous polymers in water 
treatment applications.

Porous Aromatic Frameworks

The global demand for clean water is increasing at a fast pace 
due to population growth, agricultural expansion, variable con-
sumption patterns, climate change, and improved living stand-
ards, among other reasons.[1] As a result, freshwater resources 
are being depleted faster than they can replenish, creating an 
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these alternatives, adsorption has emerged as the most prom-
ising technology due to its low cost, excellent selectivity, and 
operational simplicity.[15]

Adsorption-based technologies for boron removal from 
aqueous solutions primarily rely on boron-selective resins, 
which are typically made from polymers bearing boron 
chelating moieties (e.g., polyol groups).[4c,15] Other mate-
rials have also been explored for boron adsorption, including 
activated carbons and metal oxides, but their performance is 
often inferior to that of polymeric resins because they typi-
cally lack the boron-specific polyol functional groups.[15] High-
performance adsorbents must possess—at a minimum—excel-
lent selectivity, large capacities, fast adsorption rates, long-term 
stability, and reusability. However, most boron-selective adsor-
bents fall short in at least one of these areas, thereby severely 
limiting their effectiveness for water treatment applications.

Porous aromatic frameworks (PAFs) are a relatively new class 
of porous network polymers with desirable properties including 
exceptionally high surface areas (>5600 m2 g−1), remarkable 
long-term stability in harsh environments, and chemical struc-
tures that are amenable to modification with a diverse array of 
functionalities.[16] These properties render PAFs promising for 
use as adsorbents in water treatment applications. While PAFs 
have been extensively investigated as adsorbents for gas storage 
and separation applications,[17] their utility in water treatment 
applications, and boron capture in particular, remains relatively 

unexplored.[18] Herein, we demonstrate that PAFs can provide 
an excellent platform for the development of high-performance 
adsorbents for water treatment applications. In particular, modi-
fication of two high-surface-area porous polymers, PAF-1 and 
P2, via functionalization with N-methyl-d-glucamine (NMDG) 
yields adsorbents that exhibit exceptional selectivity for boron 
and rapid adsorption relative to a state-of-the art commercial 
resin, Amberlite IRA743. Remarkably, these materials exhibit 
adsorption kinetics that far exceed those of any boron-selective 
material reported to date, highlighting the potentially significant 
energy savings that may be accessed by using PAFs in the treat-
ment of water for the removal of boron and other contaminants.

The parent frameworks PAF-1[16a] and P2[19] were synthe-
sized from tetrakis(4-bromophenyl)methane via a Yamamoto-
type Ullmann coupling reaction and a Suzuki cross-coupling 
reaction between tetrakis(4-bromophenyl)methane and 1,4-ben-
zenediboronic acid bis(pinacol) ester, respectively. Successful 
synthesis of both materials was confirmed by data from Fourier 
transform infrared spectroscopy (FTIR), elemental analysis, 
and solid state 1H–13C cross-polarization magic angle spinning 
(MAS) nuclear magnetic resonance (NMR) spectroscopy (see 
Section 2 in the Supporting Information), which agreed with 
previously published results.[16a,19]

The boron-selective PAFs were synthesized via a two-step 
post-synthetic modification of PAF-1 and P2, as illustrated in 
Figure 1. In the first step, PAF-1 and P2 were chloromethylated 
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Figure 1.  General scheme for the synthesis of boron-selective adsorbents PAF-1-NMDG and P2-NMDG. Reaction conditions: i) Ni(cod)2, cod, 
2,2′-bipyridine, N,N-dimethylformamide, 80  °C; ii) XPhos Pd G2, THF, 65  °C; iii) paraformaldehyde, AcOH, H3PO4, HCl, 90  °C; and iv) NMDG,  
N,N-dimethylformamide, 90 °C.
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according to a previously reported protocol to access PAF-1-
CH2Cl and P2-CH2Cl.[17d] The successful introduction of –
CH2Cl moieties into each framework was confirmed by the 
appearance of an absorption band around 1266 cm−1 in their 
FTIR spectra, attributed to the methylene wagging mode 
of –CH2Cl, and via MAS 13C NMR spectroscopy by the appear-
ance of a new resonance at 43 ppm. Based on carbon elemental 
analysis, chloromethylation yielded approximately 1.18 and 1.62 
–CH2Cl groups per biphenyl and terphenyl for PAF-1-CH2Cl 
and P2-CH2Cl, respectively.

In the second modification step, NMDG was appended to 
the pore walls of the frameworks via a nucleophilic substitution 
reaction with the –CH2Cl groups. Successful incorporation of 
NMDG was confirmed via FTIR spectroscopy, with the disap-
pearance of the band at 1266 cm−1 and the appearance of three 
new bands at 1072, 1017, and 3300–3600 (broad) cm−1 that were 
attributed to the C–O, C–N, and hydroxyl groups of NMDG, 
respectively.[20] Further support for successful incorporation of 
NMDG was afforded from MAS 13C NMR spectroscopy, with 
the appearance of a broad resonance at ≈72  ppm that was 
attributed to the carbon atoms in NMDG. Based on nitrogen 
elemental analysis data, the overall reaction yielded approxi-
mately 0.87 and 1.07 NMDG functional groups per biphenyl 
and terphenyl for PAF-1-NMDG and P2-NMDG, respectively 
(corresponding to NMDG loadings of 2.55 and 2.33 mmol g−1, 
respectively). Calculations from carbon elemental analysis data 
yielded similar values (see the Supporting Information for 
details).

Nitrogen adsorption isotherms collected at 77 K were used to 
quantify the surface areas of the parent frameworks and their 
functionalized analogs (Figure S3, Supporting Information).  
The Brunauer–Emmett–Teller (BET) surface areas of PAF-1 
and P2 were determined to be 4400 and 1550 m2 g−1, respec-
tively. The lower surface area of P2—despite its longer repeat 
unit—is attributed to network interpenetration during  
framework assembly,[17a] as well as the presence of unre-
acted aryl bromide end groups that contribute to the total 
framework mass.[16c] In contrast, PAF-1 is considered to be a 

non-interpenetrating framework with no residual aryl bro-
mide end groups remaining on the framework surface fol-
lowing synthesis.[16c] As expected, appending –CH2Cl groups 
to PAF-1 and P2 reduced their surface areas to 1960 and 
1200 m2 g−1, respectively. Following the reaction to append the 
rather bulky NMDG functional groups, the final surface areas 
of PAF-1-NMDG and P2-NMDG were determined to be 78.8 
and 28.6 m2 g−1, respectively.

Upon successful synthesis of PAF-1-NMDG and P2-NMDG, 
we investigated their equilibrium boron uptake via batch 
adsorption experiments and compared their performance 
with that of a leading commercial boron-selective polymeric 
resin, Amberlite IRA743. The commercial resin is made from 
NMDG-functionalized poly(styrene-divinylbenzene),[4b] and 
elemental analysis of a sample obtained from Sigma–Aldrich 
(Amberlite IRA743 free base) indicated an NMDG loading of 
2.18  mmol g−1, assuming all of the detected nitrogen content 
was due to the NMDG functional groups. The BET surface area 
of the IRA743 resin was 23.4 m2 g−1 (Figure S6, Supporting 
Information), which is in reasonable agreement with previous 
reports.[21] Equilibrium boron adsorption capacities as a func-
tion of equilibrium boron concentration in the contiguous 
solution are presented in Figure  2a. Both PAF-1-NMDG and 
P2-NMDG demonstrated higher boron adsorption capacities 
than IRA743. On average, PAF-1-NMDG also exhibited slightly 
higher boron adsorption than P2-NMDG, which is reasonable 
given the higher surface area of PAF-1-NMDG and its higher 
density of NMDG groups compared to P2-NMDG.

The equilibrium adsorption data were fit using a single-site 
Langmuir model, which provided a reasonably good descrip-
tion of the experimental results (see section 6 in the Supporting 
Information for full details). The saturation capacities of 
PAF-1-NMDG and P2-NMDG were determined to be 1.70 and 
1.56  mmol g−1, respectively—approximately 70% and 56% 
higher than that determined for IRA743 (0.991  mmol g−1).[22] 
Given that the Langmuir model slightly underestimates boron 
adsorption by both PAFs at higher concentrations, their actual 
saturation capacities are likely to be slightly larger than predicted 
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Figure 2.  a) Equilibrium boron adsorption capacity as a function of equilibrium boron concentration in aqueous boric acid solutions prepared with DI 
water (initial concentrations ranging from 1.6 to 19.4 mmol L−1). b) Equilibrium boron concentrations in synthetic seawater (initial boron concentra-
tion of 2.91 mg L−1, pH of 8.2) as a function of adsorbent loading. c) Boron adsorption capacities as a function of equilibrium boron concentration 
in synthetic seawater. Error bars represent the standard deviation obtained from measurements on at least three separate samples. Filled symbols 
in (a) and (c) denote experimental points and solid lines represent Langmuir model fits. Langmuir model parameters and R2 values are provided in 
section 6 of the Supporting Information.
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here. Notably, PAF-1-NMDG and P2-NMDG also exhibit 
high saturation capacities relative to other polymeric boron-
selective adsorbents (see Table S4, Supporting Information).  
Recently, some inorganic materials such as nitrogen-doped 
graphene oxide[23] and metal–organic frameworks[24] have also 
been shown to exhibit impressive boron capacities—as high as 
10.6 mmol g−1 (at 45 °C) for the metal–organic framework UiO-
66. However, these materials undergo significant reductions 
in boron adsorption capacity after a few regeneration cycles, 
casting doubt on their long-term performance.

Selective removal of boron from aqueous solutions in the 
presence of other solutes is important for practical applica-
tions, such as seawater desalination. In practice, boron-selec-
tive adsorbents are likely to be used after passing seawater 
through a single stage of reverse osmosis, after which the con-
centration of competing ions is substantially lowered. In this 
study, however, the selectivity of the NMDG-functionalized 
PAFs was tested in solutions mimicking untreated seawater, 
representing some of the most challenging boron-removal 
conditions likely to be encountered. The measured concentra-
tion of boron in the synthetic seawater solution was 2.91 ppm 
(or 16.4  ppm boric acid), and the concentrations of all other 
ions (Na+, K+, Mg2+, Ca2+, Sr2+, Cl−, HCO3

−, SO4
2−, Br−, and F−)  

ranged from 1.36  mg L−1 to ≈19.8  g L−1, as reported by the 
manufacturer (see Table S5, Supporting Information). For 
these experiments, the adsorbent concentration varied from 
0.20 to 0.75 mg mL−1.

For all adsorbent quantities investigated, the PAFs removed 
a larger amount of boron from the synthetic seawater sam-
ples than IRA743 (Figure  2b). In particular, while a max-
imum ≈86% reduction in initial boron concentration was 
achieved with the highest IRA743 loading of 0.75  mg mL−1,  
PAF-1-NMDG and P2-NMDG loadings of 0.5 and 0.75 mg mL−1,  
respectively, reduced boron levels below those detectable by 
ICP-OES. Approximately 0.3 and 0.4 mg of PAF-1-NMDG and 
P2-NMDG per mL of synthetic seawater, respectively, were 
required to reduce the boron concentration to below 0.5 ppm, 
which is a common target for irrigation water. In contrast, 
≈0.75 mg L−1 of IRA743 was required to reach this target. These 
results demonstrate that the NMDG-functionalized PAFs are 

able to efficiently remove boron at low adsorbent concentra-
tions from aqueous solutions containing highly concentrated 
ionic species commonly found in seawater.

Boron adsorption capacities as a function of equilibrium 
boron concentration in synthetic seawater solutions are pre-
sented in Figure  2c. A Langmuir model was again used to fit 
the data and extract boron saturation capacities of 0.94, 0.90, 
and 0.63 mmol g−1 for PAF-1-NMDG, P2-NMDG, and IRA743, 
respectively—a trend that mirrored the non-competitive adsorp-
tion experiments. These saturation adsorption capacities are 
≈40% lower than those obtained in boric acid solution, sug-
gesting that the other ionic species in the synthetic seawater 
interfere with the complexation process. Competitive adsorp-
tion studies reported for other boron-selective polymers have 
also revealed a reduction in boron adsorption in the presence 
of various ions.[25]

Interestingly, under competitive adsorption conditions, both 
PAFs outperformed other boron-selective materials that dem-
onstrate better performance under non-competitive condi-
tions. For example, the saturation capacity of nitrogen-doped 
graphene oxide was found to be 5.43  mmol g−1 in boric acid 
solution, compared to values of 1.70 and 1.56  mmol g−1 for 
PAF-1-NMDG and P2-NMDG, respectively, under similar 
experimental conditions.[23] However, in synthetic seawater 
the nitrogen-doped graphene oxide capacity diminished to 
0.23  mmol g−1, compared to 0.94 and 0.90  mmol g−1 for  
PAF-1-NMDG and P2-NMDG, respectively.

The complexation of NMDG and boron species can result 
in a number of different structures, and the type of complex 
formed directly influences the boron adsorption capacity of a 
material. For example, one NMDG group can form either a 
monochelate or a tetradentate complex with one borate, or two 
NMDG groups can form a bischelate complex with one borate 
(Figure 3a).[26] Excluding other criteria, the adsorption capacity 
of a material that forms monochelate or tetradentate complexes 
would be higher than the material that forms bischelate com-
plexes. To elucidate the nature of the complexation that occurs 
within PAF-1-NMDG and P2-NMDG, boron-saturated samples 
of both materials were characterized via 11B MAS NMR and 
FTIR spectroscopy (Figure 3b,c).
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Figure 3.  a) Possible NMDG-borate complex structures. b) 11B MAS NMR and spectra of PAF-1-NMDG and P2-NMDG after exposure to 2000 ppm 
aqueous boric acid solution. Two well-resolved peaks were observed in each spectrum, with chemical shifts of 10.15 and 5.37 ppm for PAF-1-NMDG 
and 9.87 and 5.25 ppm for P2-NMDG. c) FTIR spectra of PAF-1-NMDG (red), P2-NMDG (blue), and PAF-1-NMDG and P2-NMDG following exposure 
to a 2000 ppm aqueous boric acid solution (purple and pale blue, respectively).
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Exposure of PAF-1-NMDG and P2-NMDG to a 2000  ppm 
boric acid solution resulted in the appearance of a peak at 
≈950 cm−1 in their IR spectra, which was attributed to the 
asymmetric BO stretch of the tetrahedral borate anion.[27] 
The absence of a peak at ≈1400 cm−1, corresponding to the 
asymmetric BO stretch of trigonal boric acid, suggests that 
nearly all of the complexed boron was in the form of tetrahe-
dral borate. The 11B MAS NMR spectra of both PAFs exhibited 
two distinct chemical shifts at approximately 5 and 10  ppm 
(Figure  3c), consistent with the previously reported 11B MAS 
NMR spectra for IRA743.[22] We attributed the chemical shifts 
at ≈5 ppm to monochelate NMDG–borate complexes, while the 
chemical shifts at ≈10 ppm were assigned to either bischelate or 
tetradentate complexes, based on previous assignments of the 
IRA743 spectrum.[22,26] Considering the density of NMDG sites 
in all three materials, the maximum boron capacities are lower 
than would be expected for one-to-one NMDG–borate complex 
formation (e.g., 2.4  mmol g−1 in the case of PAF-1-NMDG, 
assuming all NMDG groups are accessible), but they are also 
higher than expected for exclusive formation of bischelate com-
plexes (e.g., 1.2 mmol g−1 in the case of PAF-1-NMDG). Thus, 
we attributed the chemical shifts at ≈10  ppm to a mixture of 
both the bischelate and tetradentate complexes. Based on the 
relative intensities of the two chemical shifts for both PAFs, the 
formation of bischelate and tetradentate complexes is favored 
over the formation of monochelate species.

The rate of solute adsorption within a material is a key prop-
erty that determines industrial batch processing times. The rate 
of boron adsorption within the PAFs and IRA743 was investi-
gated via batch adsorption experiments, using aqueous solu-
tions consisting of 80 ppm boric acid and adsorbent quantities 
of 1  mg mL−1 of solution. Interestingly, it was found that the 
boron adsorption rate for PAF-1-NMDG determined using ini-
tially dry samples differed substantially from the rate measured 
using samples initially equilibrated with water (see Figure S10, 
Supporting Information). The discrepancy may be attributed to 
rate-limiting water diffusion through the pores and accompa-
nying particle agglomeration in the dry material, which would 
be minimized in a hydrated, well-dispersed sample. Thus, prior 

to boron exposure all adsorbents were equilibrated with a small 
amount of deionized (DI) water.

As shown in Figure 4a, both PAFs achieved their equilibrium 
boron adsorption capacities significantly faster than IRA743 (see 
Figure S11, Supporting Information for time-dependent boron 
adsorption data normalized by the equilibrium adsorption 
capacity for each material). This result was somewhat expected 
due to the substantially smaller PAF particle sizes—on the 
order of hundreds of nm (Figure S5, Supporting Information)  
relative to 500–700  µm for the resin. To minimize any size 
effects, a sample of IRA743 was ball-milled (BM) for 30 min at a 
frequency of 30 Hz to yield average particle sizes comparable to 
that of the PAFs (Figure S5, Supporting Information). Kinetics 
experiments performed under the same conditions revealed 
more rapid boron adsorption by the BM IRA743 sample, but 
this rate was still surpassed by that of both PAFs—for example, 
after 30 s, PAF-1-NMDG and P2-NMDG reached ≈90% and 
≈78% of their equilibrium capacities, respectively, while BM 
IRA743 achieved less than 50% of its equilibrium capacity.

A linearized pseudo-second-order rate model, given by  
equation (1),[28] was used to analyze the boron adsorption rates 
for each material.

1

t 2 e
2

e

t

Q k Q

t

Q( )= + � (1)

Here, Qt is the boron adsorption capacity at time t (units of 
mg g−1), Qe is the boron adsorption capacity at equilibrium (units 
of mg g−1), and k2 is the rate constant (units of g mg−1 h–1). The 
data points in the transient region of each plot (Qt/Qe <  0.95) 
were fitted to equation (1) to extract Qe and k2 (see Table 1), and 
the fits are presented in Figure 4a as solid lines. Overall, the 
pseudo-second-order rate model provided a reasonably good 
description of the experimental results, in agreement with pre-
vious reports on boron adsorption in polymeric materials (see 
Table S6, Supporting Information). The lowest pseudo-second-
order rate constant was observed for IRA743, due to its much 
larger particle size relative to the other adsorbents as mentioned 
above. BM increased the pseudo-second-order rate constant of 
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Figure 4.  a) Time-dependent boron (as boric acid) adsorption capacities, Qt, of PAF-1-NMDG, P2-NMDG, IRA743, and BM IRA743. The solution 
loading of each adsorbent was 1 mg mL−1 and the initial boric acid concentration was 80 ppm (1.29 mmol L−1). b) Time-dependent boron (as boric acid 
in synthetic seawater) adsorption capacities, Qt, of PAF-1-NMDG, P2-NMDG, and BM IRA743. The solution loading of each adsorbent was 0.3 mg mL−1 
and the initial boron concentration was 2.91 ppm.
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IRA743 by a factor of ≈75, and such a strong rate dependence 
on particle size suggests that diffusion of boric acid within the 
pores is the rate limiting step in adsorption. Both PAFs demon
strated substantially faster rates of boron adsorption relative 
to the commercial resin—for example, the rate constants for  
PAF-1-NMDG and P2-NMDG were 16 and 4.5 times greater 
than that of BM IRA743, respectively. To the best of our knowl-
edge, the pseudo-second-order rate constants for the PAFs rep-
resent the highest values reported to date for any boron-selective 
material, regardless of experimental conditions. For compar-
ison, an extensive list of rate constants for boron adsorption in 
various adsorbents is provided in the Supporting Information  
(see Table S6).

The remarkably high rate of boron adsorption demonstrated 
by PAF-1-NMDG can be primarily attributed to its greater 
porosity relative to that of the other materials, as indicated by 
its larger BET surface area. Interestingly, P2-NMDG and BM 
IRA743 possess comparable BET surface areas, but the rate 
constant for P2-NMDG is more than four times that of BM 
IRA743. This result could arise if the particle sizes between 
the two materials remained somewhat disparate even after 
BM—although this conclusion is difficult to draw with certainty 
from the scanning electron microscopy (SEM) images alone,  
because particle agglomeration during imaging made it dif-
ficult to precisely determine average particle size. The faster 
boron adsorption by P2-NMDG relative to that of BM IRA743 
might also be partly attributed to swelling of the framework in 
the presence of water, which would enhance its porosity and 
internal pore volume available for mass transfer. Indeed, pre-
vious studies have suggested that similar porous network poly-
mers may be susceptible to swelling,[29] which could be unde-
tectable via standard surface area measurements—especially 
for materials possessing chemical functionalities that interact 
strongly (e.g., via hydrogen bonding) and do not allow the 
framework to easily expand in the presence of gases.[29]

To investigate whether the porosities of PAF-1-NMDG and 
P2-NMDG are substantially different in the presence of water, 
we performed water vapor isotherm measurements at 25  °C 
(Figure S12, Supporting Information). Interestingly, water 
adsorption in P2-NMDG was greater than that in BM IRA743 
despite the similar nitrogen adsorption in these two materials, 
indicating that P2-NMDG may indeed swell to some extent in 
the presence of water. This result suggests that water-equili-
brated P2-NMDG exhibits greater porosity and pore volume 
available for mass transfer than water-equilibrated BM IRA743, 

which would account for the faster rate of boron adsorp-
tion exhibited by P2-NMDG. Water vapor adsorption was the 
highest in PAF-1-NMDG, indicating that the hydrated material 
has greater porosity than both P2-NMDG and IRA743, which is 
also corroborated by the N2 surface area and boron adsorption 
kinetics results. However, further investigation is necessary to 
fully understand this behavior.

Rate experiments were also performed with a synthetic sea-
water solution to test the performance of the materials under 
competitive adsorption conditions. In general, the trends 
observed for the non-competitive experiments were preserved—
PAF-1-NMDG exhibited the highest rate of boron adsorption, 
followed by P2-NMDG and then BM IRA743 (Figure  4b). 
Within 1 min, PAF-1-NMDG and P2-NMDG achieved 86% and 
71% of their equilibrium adsorption capacities, respectively, 
while BM IRA743 reached only 28% of its equilibrium capacity. 
Notably, PAF-1-NMDG reduced the concentration of boron in 
the synthetic seawater solution from 2.91 to less than 0.5 ppm 
in just 3 min. This is a remarkable result considering the low 
adsorbent concentration employed for these experiments, as 
well as the high concentration of various other ionic species in 
the synthetic seawater.

Boron adsorption rate constants were again determined 
by fitting data in the transient region (Qt/Qe  <  0.95) to the 
linearized pseudo-second-order rate model in equation  (1) 
(Table  1 and solid lines in Figure  4b). The rate constant for  
PAF-1-NMDG was determined to be 59.9 g mg−1 h−1, approxi-
mately 26 times higher than the rate constant for BM IRA743 
and three times higher than that of P2-NMDG. For all mate-
rials, the pseudo-second-order rate constants derived from the 
competitive adsorption experiments were lower than those 
from the non-competitive adsorption experiments. This result 
was expected, since the boron concentration in the synthetic 
seawater solution was lower than that in the pure boric acid 
solution, thereby lowering the driving force for boron diffusion 
within the materials. Nevertheless, the pseudo-second-order 
rate constants for both PAFs under these challenging competi-
tive conditions remain higher than all other values reported in 
the literature for boron-selective adsorbents under any experi-
mental conditions (Table S6, Supporting Information).

The ability to fully regenerate and reuse adsorbents over 
many cycles is critical for their practical implementation and 
may justify initially high material costs. In the case of the 
NMDG–borate complex, exposure to an acidic solution can lead 
to a release of boric acid[4c] and subsequent treatment with base 
will regenerate the neutral NDMG tertiary amine. We thus eval-
uated the cyclability of PAF-1-NMDG and P2-NMDG by first 
treating each adsorbent (5 mg mL−1) with a 400 ppm of boric 
acid solution, washing each material with 1 m HCl followed 
by 1 m NaOH, and finally re-exposing each to fresh boric acid 
solution. Notably, both PAFs maintained their boron adsorp-
tion capacities for at least 10 of these cycles (Figure 5), demon-
strating their excellent stability and reusability.

Due to their high porosities, excellent stability, and ease 
of functionalization, PAFs are emerging as promising high-
performance adsorbents for water treatment applications. We 
have leveraged the tunability of these materials to design two 
novel boron-selective adsorbents by appending NMDG func-
tional groups to the pore walls of the frameworks PAF-1 and P2 
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Table 1.  Pseudo-second-order rate model parameters for experiments 
performed with boric acid (80  ppm) or synthetic seawater solutions. All 
experimental data were fit with R2  >  0.99. Equilibrium adsorption capaci-
ties, Qe, are given in units of mg (boron) g−1 and k2 values are given in 
units of g mg−1 h−1.

Adsorbent Boric acid solution Synthetic seawater

Qe k2 Qe k2

PAF-1-NMDG 9.54 164 7.58 59.9

P2-NMDG 8.98 46.5 7.14 18.6

IRA743 6.64 0.138 – –

BM IRA743 5.77 10.4 5.42 2.32
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via a facile two-step reaction. The resulting PAF-1-NMDG and 
P2-NMDG materials demonstrate boron capacities that are as 
much as 70% greater than that of the commercial resin IRA743 
under non-competitive and competitive conditions. Addition-
ally, relative to the resin, significantly smaller amounts of each 
PAF were required to reduce the boron concentration in syn-
thetic seawater to below 0.5 ppm, a common target concentra-
tion for irrigation water. To the best of our knowledge the boron 
adsorption rate constants of PAF-1-NMDG and P2-NMDG in 
both boric acid and synthetic seawater solutions represent the 
highest values reported in the open literature for any boron-
selective adsorbent. Importantly, both PAFs could also be 
regenerated via mild acid/base treatment and maintained their 
initial boron capacities for at least 10 regeneration cycles. These 
results demonstrate the promise of using functionalized PAFs 
as high-performance adsorbents for difficult water treatment 
applications.

Experimental Section
Materials: Tetrakis(4-bromophenyl)methane was synthesized 

according to a previously reported procedure.[30] All other starting 
materials and reagents were purchased from Sigma–Aldrich and used as 
received, unless otherwise stated.

PAF-1 Synthesis: A three-neck Schlenk flask was charged with bis(1,5-
cyclooctadiene)nickel(0) (2.0  g, 7.3  mmol), dried 2,2′-bipyridyl (1.1  g, 
7.3  mmol), anhydrous dimethylformamide (DMF) (110  mL), and 
1,5-cyclooctadiene (0.93 mL) under an argon atmosphere. The mixture 
was heated to 80 °C and stirred for 1 h to afford a deep purple solution. 
Dried tetrakis(4-bromophenyl)methane (0.93 g, 1.5 mmol) was added to 
the flask under an argon atmosphere via a solid transfer adapter, and 
the mixture was stirred overnight at 80 °C, after which the solution had 
changed color to black. Upon cooling to room temperature, aqueous  
6 m hydrochloric acid (50 mL) was added dropwise to the flask, and the 
resulting turquoise solution was stirred for 3 h at room temperature. 
After stirring for ≈30 min, the color of the initially black particles changed 
to white. The white solid was filtered and washed with DMF (250 mL), 

methanol (250  mL), chloroform (250  mL), methylenedichloride 
(250 mL), and tetrahydrofuran (THF, 250 mL), and dried under vacuum 
at 150 °C to afford ≈440 mg of PAF-1 as an off-white powder.

P2 Synthesis: A 150  mL Schlenk flask was charged with tetrakis(4-
bromophenyl)methane (500  mg, 0.79  mmol), 1,4-benzenediboronic 
acid bis(pinacol) ester (540  mg, 1.7  mmol), and chloro(2-
dicyclohexylphosphino-2′,6′-dimethoxy-1,1′-biphenyl)[2-(2′-amino-
1,1′-biphenyl)]palladium(II) (SPhos Pd G2) (55  mg, 0.076  mmol). 
The solid mixture was then deoxygenated with three vacuum/argon 
cycles. Anhydrous THF (25  mL) and degassed aqueous 2 m K2CO3 
(2.5  mL) were then added to the flask via syringe transfer under an 
argon atmosphere. The solution was stirred at 65  °C for 3 d, during 
which a white precipitate appeared. The solid was filtered, washed with 
THF (250 mL), and then stirred in aqueous 6 m HCl (50 mL) for ≈6 h 
to remove impurities and side products. The solid was then collected 
via vacuum filtration and washed with 250 mL each of THF, methanol, 
and methylene dichloride. The solid was further purified via Soxhlet 
extraction with THF and methylene dichloride (24 h each). The product 
was then dried under vacuum at 150 °C to afford ≈350 mg of P2 as a 
beige powder.

PAF-1-CH2Cl and P2-CH2Cl Synthesis: A 150-mL pressure vessel 
was charged with either PAF-1 or P2 (300  mg), paraformaldehyde 
(1.5 g, 0.050 mol as monomer), glacial acetic acid (9.0 mL, 0.16 mol), 
phosphoric acid (4.5  mL, 0.086  mol), and 12.1 m hydrochloric acid 
(30 mL, 0.36 mol). The mixture was stirred at 90 °C for 3 d. The solid 
was filtered, washed with methanol (1.0 L), and dried under vacuum 
at 120  °C overnight to afford PAF-1-CH2Cl (≈400  mg) or P2-CH2Cl 
(≈360 mg) as a beige powder.

PAF-1-NMDG and P2-NMDG Synthesis: A 150-mL pressure vessel 
was charged with either PAF-1-CH2Cl or P2-CH2Cl (300  mg), NMDG 
(12 g, 0.061 mol), and DMF (40 g). The mixture was stirred at 90 °C for 
3 d. After this time, the solid was filtered, washed with methanol (1.5 L), 
and dried under vacuum at 120  °C overnight to afford PAF-1-NMDG 
(≈460  mg) or P2-NMDG (≈430  mg) as a light beige powder. Prior to 
all measurements, the frameworks were dried under vacuum at 120 °C 
overnight to remove any residual solvent.

Equilibrium Boron Adsorption: After drying, a sample of PAF-1-NMDG, 
P2-NMDG, or IRA743 (≈10 mg) was quickly weighed in a plastic 4-mL 
tube using a microbalance (XPE Micro-analytical Balance, Mettler Toledo, 
Columbus, OH, USA). Then, an aqueous boric acid solution (≈2  mL, 
100–1200 ppm) prepared with ultrapure DI water (or synthetic seawater 
solution for the competitive adsorption experiments) was added to the 
plastic vial, and the mixture was shaken for 24 h at 25  °C. Ultrapure 
DI water (18.2 MΩ cm electrical resistivity and less than 5.4 ppb total 
organic carbon) was generated by a Millipore RiOS and A10 water 
purification system (Billerica, MA, USA). After equilibration, the solution 
was filtered through a 0.45 µm syringe filter to remove the particles, and 
the concentration of boron in the solution was quantified via inductively 
coupled plasma optical emission spectrometry (ICP-OES, Optima 7000 
DV, PerkinElmer, Weltham, MA, USA). The boron adsorption capacity, 
Qe (mmol g−1), was calculated from the following equation:

V m0
1Q C Ce e( )= − − � (2)

where C0 is the initial boron concentration in the solution (mmol L−1), Ce 
is the boron concentration in the solution after equilibration (mmol L−1), 
V is the solution volume (L), and m is the adsorbent mass (g). A similar 
protocol was used to measure equilibrium boron adsorption as a 
function of solution pH. The solution pH was adjusted with aqueous 
HCl or NaOH.

Boron Adsorption Kinetics: After drying, a sample of PAF-1-NMDG, 
P2-NMDG, or IRA743 (≈30  mg) was quickly weighed and added 
to a 50-mL plastic centrifuge tube containing a magnetic stir bar. 
The centrifuge tube was then charged with 6  mL of DI water, and  
the solution was stirred at 1000 rpm for ≈1 h to disperse and hydrate the  
adsorbent. An aqueous solution of boric acid prepared in DI water 
(24 mL, 100 ppm) was then added to the centrifuge tube to reach a final 
desired boric acid concentration (80 ppm), and the solution was stirred 

Adv. Mater. 2019, 1808027

Figure 5.  Boron adsorption as a function of regeneration cycle number. 
The solution loading of each adsorbent was 5 mg mL−1, and the boric 
acid concentration in the external solution was 400 ppm (6.47 mmol L−1).
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at 1300  rpm at ambient conditions. For the competitive adsorption 
experiments, the powder samples (≈12 mg) were equilibrated with 1 mL 
of DI water prior to adding 39 mL of synthetic seawater solution. At fixed 
time intervals, 500-µL aliquots of the solution were collected and quickly 
filtered with a 0.45-µm syringe filter. The concentration of boron in the 
solution was measured via ICP-OES, and the amount of boron adsorbed 
in the material was calculated via equation  (2).

Adsorbent Regeneration: After drying, PAF-1-NMDG or P2-NMDG 
(typically 200  mg) was quickly weighed and added to a 50-mL plastic 
centrifuge tube containing a magnetic stir bar. Then, a 400 ppm aqueous 
boric acid solution (40  mL) was added to the tube, and the mixture 
was stirred at 1300 rpm for ≈2 h. After equilibration, the adsorbent was 
filtered and washed sequentially with 150 mL each of DI water, 1 m HCl, 
DI water, 1 M NaOH, DI water, and methanol and subsequently dried 
under vacuum. After drying, the mass of the adsorbent was recorded 
and the experimental protocol was repeated.

11B NMR Spectroscopy: 11B solid-state MAS NMR spectra were 
acquired at room temperature using a Bruker AV-500 spectrometer 
equipped with a 4 mm 1H/X MAS probe (Bruker). A MAS frequency of 
10  kHz was used for all  11B signal acquisitions. Spectra were acquired 
using a Hahn-echo pulse sequence with a 90° pulse of 6 µs and a 
recycle delay of 5 s. Interpulse spacings were rotor synchronized to 
300 µs to minimize the boron nitride background signal of the MAS 
stator. Acquisition with shorter interpulse spacings (100–200 µs) did 
not demonstrate additional boron peaks, aside increased signal from the 
stator background. The  11B chemical shifts were calibrated using 0.1 m 
boric acid aqueous solution as an external reference.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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