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The contamination of water resources with nitrate is a growing and significant problem. Here we report the use of
ultramicroporous carbon (average pore size <1 nm) as a capacitive deionization (CDI) electrode for selectively removing
nitrate from an anion mixture. Through moderate activation, we achieve a pore-size distribution consisting almost
exclusively of narrow (<1 nm) slit pores that are perfectly suited for adsorbing the planar, weakly hydrated, nitrate
molecule. Cyclic voltammetry reveals an enhanced capacitance for nitrate when compared to chloride as well as
significant ion sieving effects when sulfate is used as the electrolyte anion. We measure exceptionally high selectivities
(S) of both nitrate over sulfate (Snxossos = 18 = 5) and nitrate over chloride (Snos«c: =5 = 1) when performing a constant
voltage CDI separation on 3.33 mM/3.33 mM/1.67 mM CI/NO3/SO4 water. We use molecular dynamics simulations to
better understand why the pore-size distribution has such a dramatic impact on the electrosorption selectivity of these
ions.

" INTRODUCTION

Capacitive desalination is a water treatment technology of emergent interest for use in treating low
salinity brackish waters.>* In addition to general salinity reduction,> a particular area of interest in CDI
research is the selective removal of specific ionic contaminants for increased energy efficiency and
effective removal capacity.%1® One of the major contaminants of interest in CDI research is nitrate,'"*
which is regulated by the US Environmental Protection Agency to a maximum contaminant level in
drinking water of 10 mg/L at N or 0.7 mM as NOs.!” The concentration of nitrate in groundwater is
increasing by a reported 1-3 mg/L/yr due to a number of factors,'” making the development of effective
treatment methods increasingly important.

From the standpoint of CDI, nitrate removal presents a unique opportunity due to its particular
solvation properties and the fact that CDI typically relies on activated carbon electrodes to electrosorb

ions.?>2¢ Specifically, the nitrate molecule is planar and weakly hydrated,?” which makes it ideal for
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insertion into slit-shaped carbon micropores.?®? It is well known that microporous activated carbon can
show significant ion sieving effects when the solvated ion is too large compared to the micropore-size
distribution.3*% We note that the effective ion “size” depends on the solvation structure, including how
strongly the ion is solvated. Given these considerations, it is reasonable to expect that a pore-size
distribution of exclusively narrow pores (<1 nm) would screen-out common unwanted ions in favor of
selectively adsorbing nitrate. Such an approach is expected to be highly effective because divalent species
would be strongly rejected due to their larger hydrated size and tightly-bound solvation shell.?3¢ In
general, if the selective adsorption of any monovalent species is desired with CDI, it is critical to avoid
competition from divalent species, as they are typically present in real waters and are expected to
preferentially adsorb due to their higher valence.**%’

In this work, we successfully realize the idea of achieving highly selective nitrate adsorption (Snos/x
>5) by utilizing ultramicroporous hierarchical carbon aerogel monolith (WHCAM) electrodes with a tight
micropore size distribution consisting mainly of pores <1 nm in width. To demonstrate selectivity, we
chose chloride and sulfate as interferant species because they are commonly found in real waters and,
together with nitrate, span a large cross section of hydrated ion properties (see Hofmeister series).%®
Through cyclic voltammetry, gas adsorption, and electrochemical impedance spectroscopy
measurements, we provide evidence that the mechanism of selectivity is ion sieving. Through detailed
first-principles molecular dynamics simulations, we further conclude that the unique, disk-like, shape of
the nitrate molecule along with its weak hydration shell is the likely reason behind the high selectivity

values that we observe.

" MATERIALS AND METHODS

Ultramicroporous hierarchical carbon aerogel monoliths (UHCAM) were synthesized by the method

of Baumann et al.?’

The aerogel was carbonized at 950 °C for 3 h under N, and subsequently activated
for 1h at 950 °C under CO: flow. Scanning electron microscope (SEM) micrographs were taken in a

Phenom ProX desktop platform (Figure 1).
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Figure 1. SEM micrographs of the cross section of the uHCAM electrodes after carbonization and
activation at high (a) and low (b) magnifications.

lon sieving effects were measured by cyclic voltammetry in pure solutions of 50 mM NaCl and
NaNOs, and 25 mM NazSO4 using two sheets of tHCAMs synthesized as described above.®® These
electrodes had a face area of 5.6 cm? with an average thickness of 470 um. The material had a mass
density of 0.50 g/cm? and an approximate total surface area of 1084 m?/g by DFT analysis (862 m?/g
BET) as measured from of N, adsorption experiments (Micrometrics). Assuming a carbon density of 1.95
g/cm?® and a microporosity of 0.3 cm®/g, the measured density implies an average total porosity of 74%
with approximately 59% attributable to macropores and 15% attributable to micropores. The two carbon
aerogel electrodes were separated by a 90 um thick 2.5 cm by 3.5 cm non-conductive polyester mesh
(McMaster-Carr, 9218T73), with an estimated porosity of 34%. For contacts, custom clippers with four
titanium wires were used.

For selective ion removal measurements, a flow-through (fteCDI) cell was assembled using utHCAMs.
The dimensions of the electrodes were 4 cm by 5.6 cm (projected face area of 22.4 cm?)® with an average
thickness of 475 um. The material had a mass density of 0.55 g/cm?, giving an average total porosity of
72% with approximately 55% attributable to macropores and 17% attributable to micropores. For an
electrode separator, we used 4.5 cm by 6 cm coffee filter paper that was 150 um thick. For contacts, four

strips of 30 um thick 99.6% titanium foil (Solution Materials LLC) were inserted into the cell.*® The
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electrodes and separator were stacked between laser-roughened 0.1 mm thick acrylic endplates with ports
cut out for fluid flow. The cell was sealed with a UV-cure epoxy and clamped to reduce contact
resistance.*

The resistance and capacitance of the cell was characterized by electrochemical impedance (2)
spectroscopy (EIS) and cyclic voltammetry (CV). During electrochemical tests, the cell was fed with a
constant flow of 3 mL/min solution (see Sl; BioLogic VSP-300 potentiostat) using a peristaltic pump
(Watson Marlow, Falmouth, Cornwall UK) in closed-loop circulation with a 1 L reservoir continuously
purged with water-vapor saturated nitrogen. For EIS, we applied a sinusoidal potential perturbation with
amplitude of 10 mV and scanned over a frequency range from 700 kHz to 5 mHz at 0 V DC bias
immediately after discharging the cell for several minutes at short circuit.

The desalination performance of the cell was tested under constant voltage operation using a Keithley
2602B SourceMeter (Tektronix Inc.), charge voltage 0.4, 0.6, 0.8 and 1.0 V, discharge voltage 0 V, flow
rate 3 mL/min, and charge/discharge time >25 min. lon selectivity was measured for a mixture of 3.33
mM of NaCl, 3.33 mM of NaNOs and 1.67 mM NaxSO4. All salts were ACS reagent grade (Sigma-
Aldrich). The water used to make all solutions was Milli-Q ultrapure 18.2 MQ-cm. To monitor the effluent
concentration, we used a flow-through conductivity sensor (Horiba 3574-10C) installed downstream of
the CDI cell. The sensor was kept close to the effluent port and attached to a narrow 1.59 mm inner-
diameter tube. The sensor was multi-point calibrated with NIST traceable KCI conductivity standards
corrected for ambient temperature (Oakton Instruments, Vernon Hills, IL).

Individual anion concentrations (chloride, nitrate, and sulfate) were measured by ion chromatography
(1C). A Dionex ICS-5000 ion chromatograph with an lon Pac AG18 2x50 mm guard column and lon Pac
AS18 2x250 mm analytical column were used. The mobile phase was KOH and autogenerated via a
Dionex EGC 500 KOH eluent generator cartridge (Thermo/Dionex #075778). The eluent program was
2mM to 50mM in a two-stage ramp. The column and detector temperature was 35°C. The detector
suppressor was an electrolytically regenerated suppressor with 18 MQ laboratory grade water as the

regeneration fluid. The regenerated suppressor was supplied at 0.25 mL/min, the suppressor current
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setting was 31 mA, and the standard injection volume was 5 L. Calibration solutions were commercially
purchased.

In order to provide a better understanding of the experimental data, we carried out first-principles
molecular dynamics simulations of chloride, nitrate, and sulfate ions dissolved in bulk water. These
simulations provide insights into the hydration structure of each ion with high fidelity, including geometry
and solvation strength, which can be directly related to the ion selectivity observed in the experiments.
Specifically, the salt solutions were modeled by periodic cubic cells consisting of 63 water molecules and
a single solvated ion, with the excess charge compensated by a uniform background charge. The size of
the cells was chosen to yield the experimental density of liquid water under ambient conditions. Our first-
principles simulations were carried out using Born-Oppenheimer molecular dynamics with the Qbox
code,** with the interatomic force derived from density functional theory (DFT) and the Perdew, Burke,
and Ernzerhof (PBE) approximation for the exchange-correlation energy functional.*> The interaction
between valence electrons and ionic cores was represented by norm-conserving pseudopotentials,*® and
the electronic wave functions were expanded in a plane-wave basis set truncated at a cutoff energy of 85
Ry. All hydrogen atoms were replaced with deuterium to maximize the allowable time step, which was
chosen to be 10 au. The equilibration runs were carried out at an elevated temperature of T = 400 K in
order to recover the experimental water structure and diffusion, while providing a good description of the
ion solvation at room temperature.**“® For the analysis of structural properties, the statistics were collected
over 45 ps microcanonical simulations after an equilibration run of 15 ps. Together with the first-
principles molecular dynamics simulations, the reference interaction site method was employed to
estimate the hydration solvation energy of the ions.* In these calculations, the simple point charge (SPC)
model was applied to water, and the optimized potentials for the liquid simulations all-atom force

field were used to describe the interaction between ions and water molecules.*’

® RESULTS AND DISCUSSION

Hydrated lon Properties
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In order to establish a baseline for the discussion of our experimental data, we summarize the first-
principles results of the solvation structure of chloride, nitrate, and sulfate ions in bulk water. Figure 2
presents the radial distribution functions (RDF) between oxygen atoms of water molecules and the anions.
For nitrate and sulfate, we choose to compute the RDF between water oxygens and the nitrogen and sulfur
atom of the ions, respectively. The results indicate that the hydrated chloride ion is significantly smaller
(15-17%) than both the nitrate or sulfate ion in terms of the proximity of the nearest water molecules.
Interestingly, from the standpoint of the RDF, a hydrated nitrate ion is similar in size to a sulfate ion but
with a different average number of water molecules in the hydration shell. Specifically, by integrating the
radial distribution functions up to the corresponding first minimum, we find an oxygen coordination
number of 13.6 and 10.5 for nitrate and sulfate ions, respectively. The simulations reveal a significant
difference in hydration-shell geometry between the ions due to the fact that nitrate is a planar molecule,?®
while sulfate and chloride are essentially symmetrical in three-dimensions. Along these lines, Figure 3
visualizes the hydration shell of sulfate, chloride, and nitrate, showing that chloride and sulfate have a
more symmetric, spherical-like, hydration shells whereas nitrate is solvated in a disk-like manner. We
hypothesize that this disk-like shape is critical to understanding why nitrate readily adsorbs into carbon

slit pores.?®

3l Mmax,C-o  Atom Pair (lon-Water)

i ---ClO

Radial Distribution Function, gy_(r)

Distance, r (A)

Figure 2. The calculated ion-oxygen radial distribution functions for chloride (CI-O), nitrate (N-O), and
sulfate (S-O) in bulk water.
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Table 1. lon Solvation Properties

|On Ahdecak;* (kJ/mOI) Ahdeexp* (kJ/mOI) from REf. 27 rmax,X-O (A)

NOs~ -333 -300 3.67 (N-0)
cr -340 -340 3.12 (CI-0)
SO.* -1192 -1080 3.75 (S-0)

Sulfate

Figure 3. Spatial distribution functions of the hydration shell in Cartesian space of nitrate, chloride, and
sulfate. The color key is as follows: red = oxygen, white/grey = hydrogen, green = chlorine, blue =
nitrogen, and yellow = sulfur.

Another critical factor in understanding hydrated ion properties is the strength of the solvation shell,
which has been discussed at length in the literature.2>2-*¢ Both theory and experiment (Table 1) indicate
a substantially larger standard molar Gibbs free energy of hydration for divalent sulfate (-1080 kJ/mol)
when compared to monovalent nitrate (-300 kJ/mol) and chloride (-340 kJ/mol).?” Interestingly, nitrate
and chloride have a similar standard molar Gibbs free energy of hydration, with CI~ being slightly more
strongly solvated. Thus, given the difference in size and similarity in solvation shell strength, one might
expect chloride to be preferentially adsorbed into confined pores over nitrate. However, we show below
that the opposite is true, with the reason likely being related to the disk-like hydrated nitrate ion readily

fitting into narrow carbon slit pores.

Pore-Size Distribution
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Figure 4 shows the pore-size distribution as measured from N2 gas sorption experiments for the
MHCAM material studied here as well as that for Suss et al.,*® which is a similar HCAM material but with
different microporosity than that examined in this work. While COz is the preferred gas for use in sorption
measurements to quantify the microporosity of carbonaceous materials,*® the two gases have been shown
to yield similar results for ultramicroporous carbon.® Here we use the measured microporosity in cm?/g
as a proxy for degree of activation since furnace conditions are highly sensitive to experimental details
(e.g., time, temperature, flow rate, tube diameter, loading, sample geometry, etc). Figure 4a gives insight
into how the pore-size distribution evolves with more activation in these HCAM materials. Figure 2b
shows the cumulative area for the material studied herein, which has a reasonable 85 F/g in 2 M NaCl

capacitance and virtually all the micropores below 1 nm.

- N - 2-
— M 20 : 1200 — : : : :
(2) IO I . . (b)
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Figure 4: Pore size characteristics from N; adsorption measurements. (a) Micropore-size distribution as a
function of slit pore width for this work and that of Suss et al.*® (b) Cumulative micropore volume as a
function of slit pore width for this work. The material used in this work and in Suss et al.*® are processed
identically according to Ref. 39 but are activated to different levels. The metrics indicated in (b) show that
virtually all micropores in this work are well below 1 nm in width and the capacitance is reasonably high at
85 F/g. For reference, we mark the 2rmaxx.o position from Figure 2 and Table 1.

For HCAM material with no activation, Figure 4a confirms that there is limited accessible micropore
area in general, whereas further activation up to 0.3 cm3/g microporosity (this study) yields a large number
of ~0.5 nm width pores. For a sense of scale, this peak would correspond to slit pores that have no more
than one sheet of graphene removed from a local graphitic structure. Such a narrow and small-sized pore

distribution is known to occur with moderately activated carbons.>®*! Further activation to 0.6 cm®/g
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microporosity (triangles in Figure 4a) significantly increases the relative distribution of micropores
between 0.4-1.4 nm. From the standpoint of ion sieving, the strongly ultramicroporous structure obtained
here is ideal as there are a large number (1085 m?/g) of small ~0.5 nm slit-like pores and very little porosity
larger than 1 nm in width. In Figure 4a, we mark the locations of the approximate first peak position of
the ion-oxygen radial distribution function for CI-, NOs~, and SO4* taken from Table 1 and Figure 2,

indicating that such small pores are expected to show strong confinement effects for all the ions studied.

lon Sieving

As expected from the pore-size distribution of our {HCAM material (Figure 4), cyclic voltammetry (CV)
measurements display significant ion sieving features when Na>SOs is used as the electrolyte (Figure 5).
The signature feature of ion sieving is a pinching of the CV curve (reduction in capacitance) at larger
absolute voltages where the sieved species should be adsorbed.?® Such behavior is clearly observed in
Figure 5a, where the NaxSOs electrolyte displays a significant reduction in capacitance, especially at
higher absolute voltages, whereas NaCl and NaNOs show typical low-electrolyte-concentration CV
behavior. Because the measurements were made on a symmetric 2-electrode cell, sieving is observed at
both positive and negative bias. The observation of divalent ion sieving with activated carbon electrodes

has been observed before, >332

where it is believed that the divalent species are too large and too strongly
hydrated to access the small micropores.?>%’ The results in Figure 5a are consistent with this picture, even
showing a higher capacitance for the slightly more weakly hydrated monovalent NO3™ (-300 kJ/mol) when
compared to CI~ (-340 kJ/mol).?” Given the similarities of chloride and nitrate in effective hydrodynamic
size (Figure 4a) and solvation energy, it is surprising that there is such a significant difference of
capacitance in Figure 5. We hypothesize that the difference in hydrated shape between chloride and nitrate

is the deciding factor in determining accessibility to the micropores and therefore also measured

capacitance.
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Figure 5: (a) Cyclic voltammograms of a symmetric 2-electrode cell taken at 0.5 mV/s in 50 mM NaNOs, 50 mM
NaCl, and 25 mM Na,SO,. Strong ion sieving is observed at larger voltages (>]|0.2| V) for Na,SO,, but not for
NaCl or NaNOs. (b) Nyquist plots from EIS measurements (700 kHz-5 mHz) with the series resistance (Rs = Re(Z)
@ Im(Z) = 0) subtracted from the real component. CV and EIS experimental details are described in the
materials and methods section.

Figure 5b presents EIS data for the corresponding CV curves in Figure 5a taken from 700 kHz to 5
mHz at short circuit with the series resistance (Rs, here defined as Re(Z) @ Im(Z) = 0) subtracted from
the real component. The significant differences in resistance are surprising given that at an ambient
temperature of 22°C one would expect the electrolyte conductivities to be: 50 mM NaCl = 5.14 mS/cm,
50 mM NaNOs = 4.89 mS/cm, and 25 mM Na>SOs = 4.55 mS/cm.> Thus, despite only a 12% difference
in conductivity, the measured Re(Z) at 5 mHz is 340% larger for Na;SO3 when compared to NaNOs.
Furthermore, the trend in Re(Z) is opposite to the direction that would be expected from the conductivity
of NaNOs vs. NaCl. Thus, we conclude that the EIS spectrum at short circuit is also impacted by
micropore adsorption effects. Segalini et al.>! witnessed similar EIS behavior when examining carbons
with pore-size distributions that transitioned between sieving and non-sieving for a given electrolyte. It
their work, it was found that the low frequency region of the Nyquist plot deviated more strongly from
the expected vertical line when significant ion sieving effects were present, indicating non-ideal capacitive
behavior.’! A potential physical explanation for the observed differences in impedance can be found from
the work of Suss et al.,* who concluded that materials with a significant storage-pore resistance would
display a lower phase angle (<45°) at intermediate high frequencies (linear portion at low Re(Z) in Figure
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5b inset). Indeed, the phase angle for NaNOs; and NaCl in the Figure 5b inset are exactly 45° in the
intermediate high frequency linear regime, whereas the phase angle for Na;SOs is significantly lower than

45° (~12-36°), suggesting a more significant storage-pore resistance.

Selective Adsorption with CI/NO3/SO4 Mixtures.

With the ions and electrodes individually characterized, we measured the electrosorption selectivity of
our WHCAM materials in a flow-through electrode CDI cell (Figure 6). To do so, we used a 3.33 mM/3.33
mM/1.67 mM NaCl/NaNO3z/Na>SO4 feed solution and charged the cell at various constant voltages (0.4-
1 V) under a constant flow rate (3 ml/min) while monitoring the effluent conductivity (Figure 6a). Here
we observed a highly unusual effluent curve, where the salinity initially decreased sharply, but was then
followed by a rapid increase and subsequent second decrease (Figure 6a). This anomalous increase in
conductivity during the constant voltage charging phase was not present at low charging voltages (0.4 V)
but was clearly visible for larger voltages (1 V). Such non-monotonic behavior is highly atypical for CDI
effluent conductivity curves. We hypothesize that this is caused by a multi-step process: first the ions are
adsorbed statistically (non-selectively), which corresponds to the initial sharp decrease in conductivity;
second, at later times, the electrode self-corrects for undesirable concentration ratios of adsorbed species
by rejecting unwanted ions (rise in conductivity) and replacing them with desirable species (second
decrease in conductivity). Such a time-dependent selectivity is in qualitative agreement with the results
and analysis of Zhao et al.,® who observed a similar effect with a mixture of Ca?* and Na*. In particular,
Zhao et al.*® noted that the modified Donnan model predicts non-specific adsorption during the early times
of a charging phase, which is then followed by the replacement of undesirable ions (e.g., Na*) with those
that are preferentially adsorbed (e.g. Ca?"). It appears that a similar phenomenon is occurring here,
however further analysis actually reveals anti-selectivity for the divalent species (Figure 6b,c).

After charging the cell at constant voltage and flow for an extended period of time (>25 min), we

discharged the device at zero volts and collected the resulting concentrate, stopping once the cell current
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density decayed to a low value (0.045 mA/cm?). With the concentrate solution in hand, we were able to
measure the ion concentration ratios that were adsorbed onto the electrodes during the charging phase
with ion chromatography. Figure 6b presents the resulting raw concentration values of nitrate, chloride,
and sulfate in the collected concentrate solution. Surprisingly, by far the dominant adsorbed species was
nitrate, followed by chloride, and then lastly by sulfate (NO3~ > CI~ > SO4?"). The sulfate concentration
scarcely deviated from the feed (Figure 6b), indicating that it was essentially not adsorbed. These results
are consistent with the ion sieving results obtained above and indicate that ultramicroporous carbon can
be used as a highly selective sorbent for nitrate and perhaps other weakly solvated planar ions even in the
presence of divalent ions.>*

The concentrate concentrations of Figure 6b can be used to calculate the electrosorption selectivity of
the device for one ion over another. In order to calculate these selectivity values, we modify the IUPAC

selectivity coefficient for adsorbed ions, defining that

Cads,A
__ Cads,B
SA/B A (1)
Cf,B

where Sass is the selectivity coefficient for species 4 over species B, cads,a 1S the adsorbed concentration
of species 4, cads, 1s the adsorbed concentration of species B, cfa is the free concentration of species A4,
and cgp is the free concentration of species B. For the purposes of this work, we ignore valence
modifications to Eqn. (1) and rewrite it in terms of the excess concentration in the concentrate solution

(Ac) and the feed concentration (cfeed)

acy
__ _Acp
SA/B ~ Cfeed,A (2)
Cfeed,B

where Aca = cc,a—Creed,a 1S the excess concentration of species A4 in the concentrate solution, Acg = cc—
creed,B 1S the excess concentration of species B in the concentrate solution, creeq,a 1s the feed concentration
of species A4, creed,s 1S the feed concentration of species B, cca 1s the concentration of species A in the
concentrate solution (Figure 6b), and c.p is the concentration of species B in the concentrate solution

(Figure 6b).
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Using Eqn. (2), we calculate the selectivities of nitrate over chloride (Snos/c1) and nitrate over sulfate
(S~o3/s04) and plot them as a function of cell voltage in Figure 6c. Interestingly, we observe a weak voltage
dependence of the selectivity, finding that Sxos/ct = 5 + 1 and Snos/sos = 18 £ 5 (Figure 6c) independent
of voltage. Of course, though, absolute removal does scale with voltage (Figure 6a), which is another
important factor to consider given that usually a target minimum concentration is desired (e.g. 10 ppm)
and not a target selectivity. Thus, the fact that our nitrate selectivity remains high for larger removals
(higher voltages) is another promising aspect of our results.

The observed nitrate selectivities are exceptionally high when compared to other CDI research,

especially given that a divalent ion is present in addition to chloride.'>!""!” Most importantly, these results

21,24 18,20

are obtained without the need for specialized functionalization, membranes,? or coatings; and are
measured in a relevant mixture with multivalent and chloride interferants. We conclude that our y(HCAM
electrodes are ideally suited for selectively removing nitrate from ion mixtures due to an excellent match
between pore structure (narrow slits) and ion solvation properties (nitrate is a weakly solvated disc).?®
This work shows that the approach of tuning carbon electrode microporosity can be a highly effective
way to achieve excellent electrosorptive selectivity. We note, though, that while these selectivities are
encouraging, they must be realized in cycles with sufficient concentration reduction and throughput to

have practical value. Thus, future work will seek to achieve practically valuable separations as well as

further optimize nitrate selectivity by tuning pore size without sacrificing sorption capacity.
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Figure 6: (a) Effluent conductivity profiles resulting from a constant-voltage charge with a 3.33 mM/3.33
mM/1.67 mM NaCl/NaNOs/Na;SO, feed solution flowed at 3 ml/min. The device had a face area of 22.4 cm?.
(b) lon concentrations in the concentrate solution created from discharging the cell at zero volts after the
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charging phase shown in (a). (c) The calculated nitrate/chloride and nitrate/sulfate selectivities from the results
in (b).
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