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a b s t r a c t

Ion exchange is widely used to treat nitrate-contaminated groundwater, but high salt usage for resin
regeneration and management of waste brine residuals increase treatment costs and add environmental
burdens. Development of palladium-based catalytic nitrate treatment systems for brine treatment and
reuse has showed promising activity for nitrate reduction and selectivity towards the N2 over the
alternative product ammonia, but this strategy overlooks the potential value of nitrogen resources. Here,
we evaluated a hybrid catalytic hydrogenation/membrane distillation process for nitrogen resource re-
covery during treatment and reuse of nitrate-contaminated waste ion exchange brines. In the first step of
the hybrid process, a Ru/C catalyst with high selectivity towards ammonia was found to be effective for
nitrate hydrogenation under conditions representative of waste brines, including expected salt buildup
that would occur with repeated brine reuse cycles. The apparent rate constants normalized to metal
mass (0.30 ± 0.03 mM min�1 gRu

�1 under baseline condition) were comparable to the state-of-the-art
bimetallic Pd catalyst. In the second stage of the hybrid process, membrane distillation was applied to
recover the ammonia product from the brine matrix, capturing nitrogen as ammonium sulfate, a com-
mercial fertilizer product. Solution pH significantly influenced the rate of ammonia mass transfer
through the gas-permeable membrane by controlling the fraction of free ammonia species (NH3) present
in the solution. The rate of ammonia recovery was not affected by increasing salt levels in the brine,
indicating the feasibility of membrane distillation for recovering ammonia over repeated reuse cycles.
Finally, high rates of nitrate hydrogenation (apparent rate constant 1.80 ± 0.04 mM min�1 gRu

�1) and
ammonia recovery (overall mass transfer coefficient 0.20 m h�1) with the hybrid treatment process were
demonstrated when treating a real waste ion exchange brine obtained from a drinking water utility.
These findings introduce an innovative strategy for recycling waste ion exchange brine while simulta-
neously recovering potentially valuable nitrogen resources when treating contaminated groundwater.

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

Over the last century, industrial N2 fixation, enabled by the
Haber-Bosch process, has played a critical role in sustaining the
world’s food supplies in the face of population growth. However,
the process is energy-intensive and a significant fraction of nitro-
gen fertilizer products are released from agricultural and industrial
activities and enter surface and ground waters, endangering
aquatic environments and ecosystems (Camargo and Alonso, 2006).
In particular, nitrate in drinking water has been recognized as a
ann).
human health hazard, for which health guidelines and regulations
have been established to protect populations and limit adverse
effects. As a result, there has been a considerable interest in
developing effective and sustainable treatment technologies for
nitrate-impacted drinking water sources (Chen et al., 2019; Garcia-
Segura et al., 2018; Huo et al., 2017; Martínez et al., 2017).

Ion exchange (IX) is an effective process for nitrate-
contaminated groundwater documented at many drinking water
treatment plants (Kapoor and Viraraghavan, 1997). One of the
major challenges of using IX is brine management. Due to their
finite exchange capacities, anion exchange resins (AER) require
periodic regeneration using a concentrated salt brine solution
(commonly sodium chloride or sodium bicarbonate). This process
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consumes large quantities of salt since only a fraction of the NaCl
used to prepare fresh brine solutions adsorbs to the resin during
regeneration (Pintar et al., 2001). In addition, the regeneration step
produces a nitrate-contaminated waste brine stream that requires
disposal or further treatment (Bergquist et al., 2017a; Jensen and
Darby, 2016). The low salt use efficiency and waste brine disposal
are significant contributors to operation and maintenance (O&M)
costs for IX treatment (Wang et al., 2011). Thus, strategies to in-
crease salt use efficiency (i.e., percentage of the salt applied ending
up on the regenerated resin) andminimize brinewaste volumes are
critical to improving the economics and environmental sustain-
ability of IX processes for drinking water treatment.

Transforming nitrate to gaseous species (e.g., N2) or aqueous
species that have much lower affinity for the AER (e.g., cationic
NH4

þ) can potentially enable brine recycling and minimize net salt
inputs. The highly oxidized state of nitrogen in nitrate (þV) allows
it to be reductively transformed, either biologically, chemically, or
catalytically (Doudrick et al., 2013; Mellor et al., 1992; Wang et al.,
2006; Yang and Lee, 2005; Ye et al., 2017). In recent years, catalytic
hydrogenation has emerged as a promising technology for nitrate
reduction, wherein supported metal catalysts, most often
palladium-based bimetallic catalysts (Chen et al., 2003;
Constantinou et al., 2006; Jung et al., 2014; S�a and Vinek, 2005;
Xie et al., 2011), promote nitrate reduction using H2 as a bulk
reductant. Advantages of this technology include short start-up
times, fast reactions, use of a clean reducing agent that can be
produced renewably (H2), low risk of bacterial contamination, and
minimal production of contaminated disposals (Bergquist et al.,
2016; Chen et al., 2003; Choe et al. 2013, 2015; Martínez et al.,
2017; Papa et al., 2014). Many research efforts have focused on
identifying catalysts and operating conditions that selectively
convert nitrate to gaseous N2 while minimizing formation of the
alternative end-product ammonia. Supported bimetallic Pd cata-
lysts (e.g., PdeCu, PdeIn, PdeSn) have been most extensively
studied due to their high activity and tunable selectivity towards
N2 (Chen et al., 2003; Constantinou et al., 2006; Jung et al., 2014;
S�a and Vinek, 2005; Xie et al., 2011). While generally effective for
treatment of a variety of nitrate-containing water matrices, recent
studies show that nitrate reactions with some catalysts can be
markedly inhibited by some natural water constituents that
competitively adsorb to reactive surface sites (Chaplin et al., 2006;
Pintar et al., 1998; Wang et al., 2009), and reduced reaction rates
for PdeIn catalysts have been documented in recent studies
examining treatment of IX waste brine matrices (Bergquist et al.
2016, 2017a; Choe et al., 2015).

While catalytic nitrate reduction to gaseous N2 eliminates ni-
trogen residuals from the treated water, this strategy represents a
downcycling step that fails to capture any value embedded in the
fixed nitrogen species present in the contaminated water. Nitrate
reduction to the alternative product ammonia has typically been
deemed undesirable (Bergquist et al., 2016; Dortsiou et al., 2009;
Pintar et al., 2001; Yang et al., 2013), but ammonia has potential
value as fertilizer products (e.g., anhydrous ammonia, ammonium
sulfate) if a suitable process for recovering the endproduct can be
identified (e.g., volatilization and trapping of NH3). Opportunities
for recovering ammonia are most practical in matrices where ni-
trate has been concentrated like IX waste brines (where nitrogen
concentrations can reach >1000 mg L�1) (Bae et al., 2002; McAdam
and Judd, 2008; Yang et al., 2013). Thus, selective reduction of ni-
trate in IX waste brines to ammonia provides a potential pathway
for recycling fixed nitrogen species as fertilizer products during
water treatment. At the same time, removal of nitrate from the
waste brine can enable reuse of the waste brine and significantly
reduce net salt input requirements for the overall IX treatment
processes.
In this work, we introduce a hybrid ion exchange/catalytic hy-
drogenation/membrane distillation (IX/CH/MD) pathway to
simultaneously reduce salt input requirements and waste brine
discharge volume while recovering nitrogen resources when
treating nitrate-contaminated water sources (Fig. 1). Here, we
focused on characterizing thewaste brine management steps in the
hybrid process. Specifically, we assessed (1) treatment of nitrate-
contaminated IX waste brines using Ru/C, an alternative to more
costly Pd-based catalysts, which we recently reported exhibits
complete selectivity to ammonia when treating nitrate in fresh-
water matrices (Huo et al., 2017), and (2) recovery of the resulting
ammonia product from brine as ammonium sulfate, a potentially
valuable fertilizer product (Amaral et al., 2016; Garcia-Gonz�alez
and Vanotti, 2015; Li et al., 2018), using membrane distillation.
Experiments were conducted using both synthetic waste brine
mimicking conditions reported in earlier studies as well as a real
waste brine obtained from a drinking water utility that uses IX to
treat nitrate-contaminated groundwater. The influence of key
operating variables on the individual steps in the hybrid process
were examined, and findings provide a path forward for develop-
ment of the hybrid process to simultaneously enable reuse of waste
IX brines and reduce waste discharges while recovering a poten-
tially valuable product stream.

2. Materials and methods

2.1. Materials

A commercial Ru catalyst immobilized on carbon powder (Ru/C,
nominal 5 wt% Ru) was purchased from Sigma-Aldrich and used as
received. Previous characterization showed that the catalyst ex-
hibits high surface area (860m2 g�1) and Rumetal dispersion (38%),
and H2 temperature-programmed reduction and CO chemisorption
indicate surface Ru is present predominantly in the metallic state
under reaction conditions. Detailed characterization of this mate-
rial was described elsewhere (Huo et al., 2017). Sodium nitrate and
ammonium chloride were also obtained from Sigma-Aldrich. ACS
grade sodium sulfate, sodium bicarbonate, ammonium hydroxide
solution, sodium hydroxide, and hydrochloric acid were acquired
from Fisher Scientific. Concentrated sulfuric acid was purchased
from EMDMillipore. Ultra-high purity H2 and CO2 were supplied by
General Air. Waste IX brine was collected from a drinking water
treatment plant in California. Composition of the waste brine is
summarized in Table 1.

2.2. Catalytic hydrogenation experiments

To determine the influence of operating parameters on nitrate
hydrogenation reactions, kinetic studies were first conducted in
synthetic brine solutions using a procedure adapted from a previ-
ous study (Huo et al., 2017). A predetermined mass of Ru/C and a
test solution (120 mL) with desired background salt (NaCl, NaHCO3,
and/or Na2SO4) concentrations were added to a 250 mL three-neck
flask equipped with rubber stoppers and a Teflon-coated magnetic
stir bar (Fig. 2a). Initial rates were collected for the Ru/C loading
ranging from 1 to 7.5 g L�1 to identify the conditions under which
external mass transfer limitations are absent at the selected stirring
speed (1100 rpm). Prior to initiating the reaction with nitrate, Ru/C
in aqueous suspension was maintained under 1 atm H2 headspace
overnight by flowing excess H2 gas through the reactor
(300 mL min�1) while continuously stirring. The pretreatment
duration was chosen to accommodate reactor schedule, and a
shorter duration will likely be acceptable and can be confirmed in
future process optimization studies. Reaction was initiated by
adding a small volume of concentrated NaNO3 stock solution (5 M)



Fig. 1. Flow diagram of the proposed hybrid ion exchange/catalytic hydrogenation/membrane distillation (IX/CH/MD) strategy for reducing salt input requirements and waste brine
discharge volumes while simultaneously recovering a nitrogen fertilizer product during treatment of nitrate-contaminated water sources.

Table 1
Waste ion exchange brine composition.

Component Concentration (mg L�1)

pH 8.5
Total inorganic C 3057
Total organic C 22.5
HCO3

� 13,100 as CaCO3

Cl� 13,700 (2.3 wt% as NaCl)
NO3

� 9260 (149 mM)
NO2

� BQLa

SO4
2e 4350 (45 mM)

PO4
3e BQLa

Na 16,900
K 35.7
Mg 15.8
Ca 5.8
Cr 2.9
V 1.2
Li 0.6
Mo 0.5
Sr 0.2

a BQL ¼ below quantification limit (instrument quantification limit
0.1mg L�1, method quantification limit 10mg L�1 at dilution factor of 100).

Fig. 2. Schematic diagram of the bench scale (a) catalytic hyd
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to achieve the designed initial nitrate concentration (50e200 mM),
and reaction progress was tracked by periodically collecting ali-
quots of the catalyst suspension (1.5 mL) for analysis; collected
aliquots were immediately filtered (0.45 mm cellulose acetate) to
quench the reaction. Reaction temperature was maintained with a
circulating external water bath calibrated by an external ther-
mometer. The change of solution pH over the course of reactionwas
monitored (Orion double junction combination pH electrode, cali-
brated by standard NIST buffers, apparent pH values were re-
ported). In the case where the effect of pH on reactions was
evaluated, solution pH was maintained by an automatic pH-stat
(Metrohm) using HCl. The collected filtrate aliquots were diluted
with deionized water and analyzed for nitrate, nitrite, and/or
ammonia concentrations. All experiments were performed in
duplicate, and uncertainties are reported as standard deviations.

The procedure for measuring catalytic hydrogenation of nitrate
in real waste brine was modified to avoid the complication of ni-
trate reduction occurring during the period where the catalyst was
pre-exposed to H2 gas overnight. Prior to the reaction, a small
volume Ru/C slurry (0.6 g Ru/C in 10 mL deionized water) was
reduced overnight under H2 flow (300 mL min�1) at room tem-
perature. Reaction was then initiated by introducing 100 mL of the
rogenation reactor and (b) membrane distillation system.
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waste brine to a flask containing the pre-reduced catalyst. As a
control, experiments were also conducted in a synthetic brine
prepared to mimic the major ion composition of the real waste
brine (Table 1). For tests where CO2(g) was used to buffer pH of the
brine during treatment, CO2 gas was introduced to the reactor at
65 mL min�1. The rest of the procedure follows the description
provided above. A catalyst recycle experiment was also carried out
to evaluate the reusability of Ru/C for waste brine treatment. At the
end of the reaction, the catalyst was collected by filtering the sus-
pension with a membrane filter (0.45 mm cellulose acetate), rinsed
with deionized water several times, and dried in air at 70 �C before
reusing in the next reaction cycle.
Fig. 3. Catalytic nitrate hydrogenation and evolution of solution pH under baseline
testing conditions. Conditions: 5 g L�1 Ru/C, [NO3

�]0 ¼ 100 mM, synthetic brine matrix
(5 wt% NaCl, 100 mM NaHCO3, 100 mM Na2SO4), 30 �C, no solution pH control, 1 atm
H2 headspace maintained by flowing H2 at ca. 300 mL min�1. Error bars indicate
standard deviation from duplicate measurements (smaller than symbol if not visible).
Solid line indicates zero-order rate law fit to the first half-life. Dashed line indicates
change in measured pH during the reaction.
2.3. Membrane distillation experiments

A bench-scale membrane distillation assembly was operated in
direct contact batchmode to recover ammonia from synthetic brine
and real waste brine that was first catalytically treated to reduce
nitrate to ammonia (Fig. 2b). Ammonia-containing brine solutions
were on the feed side and sulfuric acid (0.25 M) was used on the
absorbent side of the membrane assembly. The membrane cell was
custom-made acrylic plastic cell, and spacers were used in both the
feed and the acid absorbent channels of the cell. The cell was
outfitted with a hydrophobic, microporous membrane provided by
BHA Altair, LLC (QL822). The membrane is a polypropylene-backed
PTFE material with a nominal pore size of 0.45 mm with the func-
tional layer in contact with the feed. Three cells, each with a surface
area of 195 cm2, were used in series. The experiments were per-
formed using co-current flow to minimize the local pressure dif-
ferential across the membrane. The feed stream was pumped
continuously during operation using a positive-displacement gear
pump (Micropump Integral Series, IDEX Corp. Vancouver, WA). The
acid absorbent stream was also pumped continuously using a
peristaltic pump (Masterflex L/S Series, Cole-Parmer, USA). Flow
rates of the feed and the acid absorbent were kept equal. A heat
exchanger was used to control the temperature of the feed brine
stream. Tests were conducted prior to ammonia recovery experi-
ments to validate membrane integrity and ensure that the mem-
branes were not wetted.

Four liters of brine feed solution was used for each experiment.
The concentration of H2SO4 in the acid absorbent (0.25 M, 1e2 L)
was designed to be excessive to ensure complete capture of
ammonia passing through the membrane as (NH4)2SO4. Kinetic
studies were conducted with synthetic solutions to examine the
impact of operating parameters on ammonia recovery. The syn-
thetic solutions were prepared by dissolving predetermined
amount of salts (NaCl, NaHCO3, and/or Na2SO4), ammonia aqueous
solution, and base (NaOH) in deionized water. The amount of
ammonia in aqueous solutions and NaOH was determined by
assuming complete hydrogenation of nitrate according to the
following stoichiometry (Eq (1)):

NO�
3 þ4H2/NH3 þ OH� þ 2H2O (1)

Time zero was recorded once the feed reached the designed
temperature (heat-up time 1e2 min), and the test duration was
60 min. Feed solution was sampled (8e10 mL) periodically to track
the change of total ammonia concentration (i.e., [NH4

þ] þ [NH3]).
For selected tests, acid absorbent solution was also sampled (1 mL)
to quantify the mass balance on ammonia in the system. The initial
and final pH values of the feed were also recorded. Batch experi-
ments were performed in duplicate and uncertainties are reported
as standard deviations. The procedure for catalytically treated real
waste brine was the same as for synthetic brine.
2.4. Aqueous analysis

Anions, including Cl�, NO3
�, SO4

2e, NO2
�, and PO4

3e, were quanti-
fied by ion chromatography with conductivity detection (ICS-90,
Dionex, Sunnyvale, CA). Metals were quantified by inductively
coupled plasmaeatomic emission spectroscopy (ICP-AES; Optima
5300, PerkinElmer, Fremont, CA). ICP-AES samples were acidified
with nitric acid to a pH < 2 before analysis. Total ammonia (NH3/
NH4

þ) was analyzed by colorimetric analysis (Hach salicylate
method). Alkalinity was measured by titration with 1 N H2SO4.
Total organic carbon (TOC) and inorganic carbon were determined
using a total organic carbon analyzer (Shimadzu TOC-L, Columbia,
MD).
3. Results and discussion

3.1. Synthetic brine e catalytic nitrate hydrogenation

Catalytic hydrogenation with Ru/C was initially evaluated in
synthetic brine solutions prepared at conditions representative of
nitrate-contaminated waste IX brines, designed to assess the in-
fluence of major anions and operating conditions. Tests showed
that the initial rate of nitrate hydrogenation increased linearly with
the catalyst loading ranging from 1 to 7.5 g L�1 (Fig. S1), consistent
with negligible external mass transfer limitations (Huo et al., 2017;
Rao et al., 1998; Ruppert et al., 2009). However, the possibility of
internal mass transfer limitations within the catalyst particles
cannot be ruled out, which is an inherent challenge for porous
catalyst materials (Choe et al., 2015). A catalyst loading of 5 g L�1

was then selected for use in subsequent experiments. Fig. 3 shows
the time profile of nitrate hydrogenation observed under the
baseline testing conditions (100 mM initial nitrate
concentration þ 5 g L�1 Ru/C in 5 wt% NaCl, 100 mM NaHCO3,
100 mM Na2SO4, 30 �C, no pH control). The rate of nitrate hydro-
genation appeared to be constant for the first half-life. Although
this observation alone is not sufficient to formally establish reaction
order, we calculated apparent zero-order rate constants using data
collected for the first half-life to facilitate comparison of catalyst
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activity under different feed solution chemistries and operating
conditions within the given system and also with catalyst activities
reported in literature (Bergquist et al., 2016; Choe et al., 2015).

�
NO�

3
�¼ �NO�

3
�
0 � k0MRut (2)

where [NO3
�]o is the initial aqueous nitrate concentration (mM),

[NO3
�] is the aqueous nitrate concentration at reaction time t (min),

and k0 is the apparent zero-order rate constant normalized to Ru
metal mass in the reactor suspension (mM min�1 gRu�1), and MRu is
the mass loading of active Ru metal in the aqueous suspension (gRu
L�1). Under the baseline testing condition, k0 was found to be
0.30 ± 0.03 mM min�1 gRu�1. This value falls within the same order-
of-magnitude as values reported for PdeIn/C catalysts using a
similar semi-batch reactor (0.18e0.81 mM min�1 gPd�1) (Choe et al.,
2015), indicating comparable activity and feasibility for treating
waste IX brine with Ru-based catalysts. This finding is also notable
because market costs for Ru have historically been much lower
than Pd (Chen et al., 2017; Huo et al., 2017; Vardon et al., 2017).
Ammonia was the only product in the liquid phase, but nitrogen
mass balance closure was hindered by NH3 transfer to the flowing
H2 in the headspace. We confirmed the selective nitrate reduction
to ammonia based on real IX waste brine treatment results as
shown later.

The values of k0 measured in synthetic brines of varying
composition are summarized in Table 2. An inverse dependence
was observed between k0 and initial nitrate concentration.
Reducing the initial nitrate concentration from 100 mM to 50 mM
resulted in k0 increasing from 0.30 to 0.70 mM min�1 gRu�1, while
increasing the initial nitrate concentration to 200mM resulted in k0
decreasing to 0.08mMmin�1 gRu�1. This trend suggests that the zero-
order behavior observed for individual batch reactions may not
represent the inherent nitrate hydrogenation kinetics. Considering
the potential influence of products on reaction rates, a more formal
approach to study kinetics in batch reactor is to examine the rela-
tionship between initial rate and initial concentrations (Ngo et al.,
2018; Tadepalli et al., 2007).

�d
�
NO�

3

�
0

dt
¼ k
�
NO�

3
�a
0½H2�b0 (3)
Table 2
Summary of measured initial rate constants for nitrate hydrogenation in synthetic brine

NaCl wt% NaHCO3
a mM Na2SO4 mM NaNO3

a mM

Baseline condition
5 100 100 100
Varying initial nitrate concentration
5 100 100 50
5 100 100 200
Varying solution pH
0 0 0 100
0 0 0 100
Varying salt levels
0 0 0 100
5 0 100 100
0 100 0 100
10 100 200 100
Varying temperature
5 100 100 100
5 100 100 100

a Amounts.initially added.
ln
�
� d
�
NO�

3

�
0

dt

�
¼ a ln

�
NO�

3
�
0 þ bln½H2�0 þ lnk (4)

where k is the rate constant, a and b are the reaction orders for
nitrate and hydrogen, respectively, and [H2]o is the initial aqueous
concentration of hydrogen, which is proportional to hydrogen
partial pressure in the gas phase according to Henry’s law. Because
k and [H2]o are constant in the current system, a can be obtained
from the slope of plotting the natural log of initial nitrate hydro-
genation rate versus the natural log of initial nitrate concentration.
A value of �1.5 was obtained for a over the range of nitrate con-
centration tested in this study (Fig. S2), which indicates the satu-
ration of the catalyst surface with nitrate and therefore blocking H2
adsorption (Nijhuis et al., 2002). The non-integer is challenging to
be completely rationalized, and further study of initial rates with
well-controlled system free of non-target ions (e.g., NaCl) is needed
to develop a more formal kinetic model for catalytic nitrate
reduction in brine solutions.

Because the nitrate hydrogenation reaction generates OH� as a
product (Eq. (1)), solution pH increases as nitrate hydrogenation
proceeds in the absence of an appropriate buffer. Under the base-
line condition, solution pH increased from an initial value of 9.5 to a
final value of 12.6 by the end of the reaction (Fig. 3). To evaluate the
potential influence of solution pH on nitrate hydrogenation,
apparent zero-order rate constants were determined for reactions
where pH was maintained at circumneutral pH conditions (pH 7.5)
and basic pH conditions (pH 11) by automatic pH-stat (with HCl
addition). Similar reaction rate constants were observed at both pH
conditions (Table 2), with k0 only increasing by ~20% at the higher
pH conditions. At first glance, the limited effect of changing solu-
tion pH appears to contradict findings reported previously for the
same catalyst reacting with lower initial nitrate concentrations
(e.g., 1.6 mM instead of 100 mM), where the first-order reaction
constant decreased at basic conditions (Huo et al., 2017). However,
the differing pH-dependent trends can be attributed to how pH
affects the concentration of nitrate adsorbing to catalyst surfaces at
different nitrate concentrations. With increasing pH, the catalyst
surfaces become more negatively charged due to deprotonation of
acidic surface functional groups on the support and accumulation
of OH� on the metal surface (Abdelrahman et al., 2015), inhibiting
electrostatic attraction and decreasing affinity for adsorption of
oxyanions like nitrate. At lower nitrate concentrations in the so-
lution phase this can inhibit reaction of nitrate with adsorbed
s (1 atm H2, 5 g L�1 Ru/C).

Temp
�C

pH k0
mM min�1 gRu�1

30 No control, rising pH 0.30 ± 0.03

30 No control, rising pH 0.70 ± 0.07
30 No control, rising pH 0.08 ± 0.01

30 7.5 0.09 ± 0.01
30 11 0.11 ± 0.01

30 No control, rising pH 0.15 ± 0.01
30 No control, rising pH 0.16 ± 0.03
30 No control, rising pH 0.58 ± 0.01
30 No control, rising pH 0.10 ± 0.01

25 No control, rising pH 0.18 ± 0.01
35 No control, rising pH 0.32 ± 0.04



Fig. 4. Ammonia removal from synthetic brine by membrane distillation and mass
balance under baseline testing conditions. Black solid line for Feed represents the first-
order model fit, whereas lines for Absorbent and Total N are only added to aid the eye.
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atomic hydrogen by decreasing the pre-equilibrium concentrations
of adsorbed nitrate (Chen et al., 2010; Epron et al., 2002; Wang
et al., 2014). While the intrinsic affinity of nitrate for adsorption
to the surface is still likely reduced when higher initial nitrate
concentrations are used, the very high concentration of nitrate in
the solution (100 mM) is still sufficient to drive the nitrate
adsorption to achieve high nitrate surface coverage. As a result, the
apparent rate of nitrate hydrogenation is little affected by the
change in solution pH conditions.

Three major non-target anions in waste brines and reused
brines (i.e., chloride, bicarbonate, and sulfate, Table 1) were then
systematically evaluated for their influence on nitrate hydrogena-
tion activity with Ru/C. Removal of all three anions from the solu-
tion led to a 50% decrease in k0 (from 0.30 to 0.15 mM min�1 gRu�1,
Table 2). Similar reductions in k0 were found in the pH-buffered
experiments mentioned above where the three ions had also
been removed from the matrix. Collectively, these observations
indicate that either increases in overall salinity of the water pro-
motes catalyst reactivity with nitrate or that more specific inter-
action involving one or more of the major anions acts to promote
nitrate reactions. Subsequent experiments suggest that the bicar-
bonate anion component is particularly important to catalytic re-
actions with nitrate. The rate constant measured in brine prepared
without the bicarbonate component (0.16 mM min�1 gRu�1) was
similar to the value measured in the absence of all three major
anions (0.15 mM min�1 gRu�1), whereas the rate constant measured
in solution containing only the bicarbonate component
(0.58 mM min�1 gRu�1) was nearly four times the value measured
with no brine components and twice the value measured in the
baseline brine conditionwhere all threemajor anions were present.
On the other hand, doubling the chloride and sulfate components
decreased k0 (from 0.30 to 0.10 mM min�1 gRu�1). Collectively, these
findings indicate that chloride and sulfate anions competitively
inhibit nitrate reactions with Ru/C, but bicarbonate anions serve to
promote increased catalytic reactions of nitrate. The inhibitory ef-
fects of chloride and sulfate are consistent with observations re-
ported for Pd-based catalysts (Bergquist et al., 2016; Choe et al.,
2015; Pintar et al., 1998), which are attributed to competitive in-
hibition of nitrate adsorption. The reason for enhanced reactivity in
the presence of elevated concentrations of bicarbonate is less clear.
This ion differs from the other two in that it possesses a labile
proton:

HCO�
3 4Hþ þ CO2�

3 pKa ¼ 10:33 (5)

Nitrate reduction to ammonia consumes Hþ (Eq. (1)), so it is
possible that bicarbonate can serve as a proton donor in the rate-
determining step on the overall reaction, thereby increasing the
apparent rate of nitrate hydrogenation.

Lastly, increasing solution temperature from 25 to 35 �C showed
a positive effect on k0 (Table 2), similar to reports of nitrate
reduction with Pd-based catalysts (Kim et al., 2016; Soares et al.,
2012). Arrhenius plot of the data yielded an apparent activation
energy (Ea) of 45 ± 6 kJ mol�1, comparable to Ea reported for nitrate
hydrogenation with a PdeCu/Al2O3 catalyst (Pintar et al., 1996). In
sum, the nitrate hydrogenation experiments conducted in synthetic
brine solutions support the technical feasibility of applying Ru/C
catalyst for reduction of nitrate ions present in IX waste brines. The
effects of different constituents and operating conditions on reac-
tion kinetics will inform future process design efforts. For example,
waste heat sources, if present, may be leveraged to improve reac-
tion rates, which can also benefit subsequent recovery of ammonia
by membrane distillation, as discussed below.
3.2. Synthetic brine - ammonia recovery by membrane distillation

Catalytic nitrate hydrogenation with Ru/C generates an
ammonia-rich brine. The ammonia is then removed from the brine
by membrane distillation and recovered as (NH4)2SO4 in a H2SO4
trap solution (Fig. 2b). A similar approach to that used for catalytic
hydrogenation studies was employed to evaluate ammonia recov-
ery from synthetic waste IX brines by membrane distillation and
identify the effects of important operating factors. Under the
baseline testing conditions, a synthetic brine feed was designed to
have the same composition as the baseline testing solution for
catalytic hydrogenation, with the exception that nitrate is assumed
to be hydrogenated stoichiometrically to ammonia according to Eq.
(1). Solution conditions, including salt levels, solution pH, initial
ammonia concentration, and temperature were evaluated for their
impact on ammonia recovery efficiency. Initial testing was used to
select 1.5 Lmin�1 feed flow rate to allow for goodmixing conditions
at the boundary layer (Qu et al., 2013) while maintaining the sys-
tem at low pressure (7.5 psig) to reduce the risk of wetting the
membranes (Qi and Cussler, 1985).

Under the baseline conditions, the kinetics of ammonia removal
from the feed followed a first-order rate law over the entire reac-
tion time course (Fig. 4). Nitrogen mass balance closure was ach-
ieved when summing the total ammonia concentrations in the feed
and acid absorbent sides of the membrane, indicating that the
system was well sealed, and loss of ammonia to void spaces in the
system was negligible. The membranes employed in membrane
distillation process are hydrophobic, allowing vapor-phase species
to permeate while rejecting ionic constituents in the aqueous feed.
Also, because the temperatures of the feed and absorbent solutions
were the same in the baseline testing conditions, the driving force
for ammonia mass transfer was only the difference in ammonia
partial vapor pressure between the feed and the acid absorbent.
The latter was maintained at a minimum by trapping the absorbed
ammonia in the protonated ammonium state that predominates in
acidic solutions.

NH4
þ 4 Hþ þ NH3 pKa ¼ 9.25 (6)



Table 3
Summary of ammonia mass transfer coefficient (KMD) and initial mass flux (JNHa) with different feed characteristics and operating conditions.

NaCl wt% NaHCO3
a mM Na2SO4 mM Ammoniaa,b mM Temp

�C
Initial pH Final pHc KMD

b m h�1 Initial JNH3b gNH3-N m�2 h�1

Baseline condition
5 100 100 100 30 11.2 10.8 0.19 ± 0.01 268 ± 3
Varying salt levels
0 100 0 100 30 11.6 11.3 0.19 ± 0.02 258 ± 21
10 100 200 100 30 11.1 10.7 0.18 ± 0.02 258 ± 26
Varying solution pH and initial ammonia concentration
5 50 100 50 30 11.1 10.7 0.20 ± 0.03 141 ± 21
5 200 100 50 30 9.2 9.1 0.10 ± 0.01 71 ± 1
5 50 100 200 30 12.7 12.6 0.16 ± 0.02 457 ± 49
5 200 100 200 30 11.5 11.0 0.17 ± 0.01 482 ± 39
Varying temperature
5 100 100 100 25 11.2 10.9 0.16 ± 0.01 229 ± 3
5 100 100 100 35 11.2 10.7 0.23 ± 0.03 326 ± 37

bOperation time 1 h.
a Amounts initially added.
b Calculated by using total ammonia concentration (i.e., [NH4

þ] þ [NH3]).
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The feed solution pH decreased from 11.2 to 10.8 as the
ammonia was removed, consistent with removal of a base species
from solution (Tao and Ukwuani, 2015). With very few exceptions,
feed solution pH remained >10.7 during the tests, where free
ammonia species predominates (>96%) (Table 3). Due to the rela-
tively low temperatures studied (no higher than 35 �C for all tests),
water evaporation through the membranes was not expected to be
significant. Therefore, the mass flux of ammonia (JNH3; gNH3-Nm�2

h�1) from the feed to the acid absorbent can be represented by the
following equation:

JNH3 ¼KMD½NH3�f (7)

where KMD is the overall mass transfer coefficient (m h�1), and
[NH3]f is the concentration of free ammonia in the feed solution
(mgNH3-N L�1). The overall mass transfer coefficient comprises
three resistances (i.e., feed liquid side boundary resistance, mem-
brane resistance, and acid absorbent side boundary resistance) and
depends on the membrane and operating conditions (Zarebska
et al., 2014). Practically, the value of KMD can be determined by
the following equation (du Preez et al., 2005; El-Bourawi et al.,
2007; Zarebska et al., 2014):

KMD ¼ V
At

ln

 
½NH3�f ;0
½NH3�f

!
(8)

where V is the total volume of the feed (m3), A is the membrane
area (m2), [NH3]f,0 is the initial concentration of ammonia in the
feed (mM), and [NH3]f is the ammonia concentration in the feed at
time t (h). By plotting ln([NH3]f,0/[NH3]f) versus time, a straight line
with the slope of (KMD,A)/V was obtained, and subsequently KMD
was determined. The initial JNH3 was then calculated from Eq. (7).
Under the baseline condition, the initial JNH3 was found to be 268
gNH3-N m�2 h�1 with the corresponding KMD of 0.19 m h�1

(Table 3).
Direct comparison of kinetic parameters observed in this study

with those reported in the literature is challenging, because rates of
ammonia mass transfer strongly depend on several factors,
including system configuration and geometry, membrane proper-
ties, and hydrodynamic characteristics of the system (Arogo et al.,
1999; Bennett and Myers, 1983; Lauterb€ock et al., 2013; Qi and
Cussler, 1985). Consequently, ammonia mass transfer coefficients
using model ammonia aqueous solution by membrane contactors
vary over a few orders-of-magnitude, e.g., 10�5 m s�1 (10�4 m h�1)
(Ding et al., 2006; Zhu et al., 2005), 10�3 m h�1 (Ahn et al., 2011),
and 0.62 cm s�1 (0.37 m h�1) (Qi and Cussler, 1985). The KMD values
measured in this study fall on the higher end of values reported.
Even so, ammonia recovery under different feed solution chemistry
and operating conditions can be comparedwithin the given system.

Variable salt concentration and composition in the brine feed
solutions (0e10 wt% for NaCl, 0e200 mM for Na2SO4) had only a
minor effect on ammonia mass transfer (Table 3). Increasing ionic
strength has slightly negative effect on the fraction of free ammonia
species present at a given pH condition (Bower and Bidwell, 1978).
However, at the relatively high pH conditions (>10.7, 1.45 pH units
above the pKa) used in these tests, the fraction of free ammonia
species remained high, rendering the effect of ionic strength
insignificant.

During catalytic nitrate hydrogenation, solution pH and free
ammonia concentration were inherently coupled due to the hy-
droxide generated during the reaction (Eq. (1)). In addition, pH of
the brine solution was influenced by the buffering capacity of the
solution during catalytic hydrogenation. Accordingly, four test
conditions were designed that combined two factors relevant to
solution pH, i.e., ammonia concentration, and bicarbonate con-
centration, each at two levels. To simplify the synthetic solution
preparation, we added pre-determined amounts of ammonia, bi-
carbonate and hydroxide following reaction stoichiometry (Eq. (1))
assuming complete nitrate hydrogenationwithout loss of ammonia
to the gas phase. At relatively low buffering capacity (e.g., 50 mM
initial ammonia and 50 mM initial bicarbonate), feed solution pH
was >11, and measured KMD (0.20 m h�1) was similar to that
observed for the baseline testing condition (Table 3). On the other
hand, when the brine was initially more strongly buffered at cir-
cumneutral pH conditions (e.g., 50 mM initial ammonia and
200 mM initial bicarbonate), feed solution for membrane distilla-
tion had a lower initial pH value. With an apparent solution pH of
9.2, a conditionwherein only ~50% of the ammonia is present as the
free ammonia species and ~50% as NH4

þ, the measured value of KMD

(calculated based upon total ammonia concentration) decreased
51% (Table 3), suggesting that feed solution pH can strongly influ-
ence rates of ammonia mass transfer. For brines with higher initial
ammonia concentration (e.g., 200 mM), solution pH was generally
higher (>11), and measured KMD values were again comparable
with that observed for the baseline testing condition (Table 3). The
initial JNH3 was observed to increase with the initial ammonia
concentration, which was expected from Eq. (8).

As expected, increasing temperature of the feed solution also
had a positive effect on ammonia mass transfer. For example, KMD
decreased from the baseline condition (30 �C) to 0.16 m h�1 when
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temperature was reduced to 25 �C, and increased to 0.23 m h�1

when temperature was increased to 35 �C (Table 3). This influence
of temperature observed was consistent with literature findings
with various membrane distillation configurations, including vac-
uum and sweep gas membrane distillation (Ding et al., 2006; Wu
et al., 2016; Xie et al., 2009). With increasing feed solution tem-
perature, solute diffusivity increases, ammonia solubility decreases,
and dissociation equilibrium is disturbed to favor dissociation,
which all can contribute to higher mass transfer rates (Arogo et al.,
1999). However, increasing feed temperature to accelerate
ammonia mass transfer will be increasingly limited at higher
temperatures, because the mass transfer of water vapor through
the membrane is intensified, compromising ammonia selectivity
(Xie et al., 2009).

Although membrane distillation has previously been explored
for ammonia removal from wastewater, its application in a
concentrated brine matrix such as waste IX brine was evaluated for
the first time in this study. The relatively high KMD values reported
here indicate that the chosen membrane has desirable properties
for such applications and the system geometry and liquid flow rate
imparted thin liquid boundary layer to minimize mass transfer
resistance. Similar to previous studies, high feed solution pH and
temperature were identified as critical variable for ammonia mass
transfer. Further sensitivity analysis will be useful to optimize
process operation by determining the relative changes of ammonia
mass transfer coefficient per “unit” change of operating factor
(Arogo et al., 1999).
3.3. Demonstration of nitrate removal and ammonia recovery from
real waste brine

Based on the results obtained in synthetic brines, we conducted
a demonstration of nitrate reduction and ammonia recovery with a
real ion exchange waste brine obtained from a utility in California
Fig. 5. Catalytic nitrate hydrogenation in real waste brine and a synthetic “mimic”
waste brine prepared with similar anionic composition as the waste brine. Conditions:
6 g L�1 Ru/C, 30 �C, no solution pH control, 1 atm H2 headspace maintained by flowing
H2 at ca. 300 mL min�1. The effect of pH control by flowing CO2 (at ca. 65 mL min�1)
was also examined. Error bars indicate standard deviation from duplicate measure-
ments (smaller than symbol if not visible). Solid lines indicate the zero-order model
fits to the first half-life.
treating nitrate-contaminated groundwater (Table 1). Catalytic ni-
trate hydrogenation in the waste brine followed a zero-order rate
law (Fig. 5), similar to synthetic brine solutions. However, the
measured k0 value was found to be significantly higher
(1.80 ± 0.04 mM min�1 gRu�1) than the values measured in the
synthetic brines (Table 2). As a control, reaction was conducted in a
synthetic waste brine with the same concentrations of major an-
ions (chloride, nitrate and sulfate), alkalinity (by adding sodium
bicarbonate), and initial solution pH (adjusted with NaOH) as the
real waste brine. Interestingly, the k0 value measured in this syn-
thetic “mimic”waste brine was ~30% lower (1.24 ± 0.02 mMmin�1

gRu�1) than the value measured in the real waste brine. These results
verify the technical feasibility of applying Ru/C for nitrate hydro-
genation in ion exchange waste brine. Still, further research is
needed to identify the origin of the faster nitrate hydrogenation
kinetics observed in the real waste brine. It is noted that the real
waste brine contains multiple minor constituents that are absent in
the synthetic waste brine. For example, the sole cation used in the
preparation of synthetic waste brine is Naþ, while the real waste
brine contains several divalent and trivalent cations (e.g., Ca2þ,
Mg2þ), which have previously been shown to enhance rates of ni-
trate hydrogenation (Pintar et al., 1998). In addition, trace organics
and metals in the real waste brine may interact with catalyst sur-
faces to enhance nitrate reactivity (H€orold et al., 1993; Liu et al.,
2014; Moyer and Meyer, 1979).

Considering that bicarbonate showed positive influence on ni-
trate hydrogenation kinetics (Table 2), tests were conducted to co-
feed CO2 with H2, which is a common practice for pH control when
treating nitrate with Pd-based catalysts (Bergquist et al., 2016; Choe
et al., 2015). The nitrate hydrogenation rate was comparable with
that in the absence of CO2 for the first 0.5 h, but the rate gradually
decreased with further reaction time (Fig. 5). This observation
could be a result of lower hydrogen partial pressure and the accu-
mulation of anionic bicarbonate and carbonate over time to
compete with nitrate for active site adsorption. For example, the
inorganic carbon concentration increased from 238 mM to 466mM
after 12 h of treatment. On the other hand, co-feeding CO2 signif-
icantly improved retention of ammonia in the open reactor system
by maintaining solution pH between 7.6 and 7.9, where ionic NH4

þ

predominates over the free ammonia species. After 8 h of reaction,
85% of the ammonia was retained in the liquid phase when co-
feeding CO2 compared to only 51% in the absence of CO2 buffer,
where pH increased to 10.0, allowing conversion of NH4

þ to the
volatile NH3 species (Fig. S3).

To provide sufficient feed solution for the membrane distillation
experiments, catalytic hydrogenation of real waste brinewas scaled
up in 1 L reactors (from 0.25 L flasks in experiments discussed to
this point). Reaction was conducted for up to 24 h while co-feeding
CO2 to maximize ammonia retention in the liquid phase. These
conditions resulted in near complete nitrate hydrogenation, and
the liquid phase retained ~90% of the ammonia reaction product
(Table 4). Salt composition analysis showed no loss of chloride and
sulfate, while inorganic carbon concentration increased due to CO2
absorption (Table 4). Further reactor optimization can be used to
improve reaction kinetics, but this is beyond the scope of the pre-
sent proof-of-concept study. Following catalytic reaction and just
prior to beginning the membrane distillation experiment, the so-
lution pH was adjusted to ~10.0 with NaOH to better reflect the pH
conditions observed when pH was allowed to drift without CO2
buffer.

Fig. 6a shows the observed kinetics of ammonia removal from
the catalytically treated real waste brine and a synthetic brine
preparedwith the samemajor ion composition, total ammonia, and
pH as the treated real waste brine. Ammonia removal in both brine
matrices were similar and followed a first-order model. Model fit of



Table 4
Water quality comparison of the real waste brine before treatment, after catalytic hydrogenation with Ru/C, and after membrane distillation to recover ammonia.

Solution chemistry Real waste brine After hydrogenation After membrane distillation

pH 8.5 8.6 9.9a

Cl� 13,700 mg L�1 (2.3 wt% as NaCl) 14,200 mg L�1 (2.4 wt% as NaCl) 14,200 mg L�1 (2.4 wt% as NaCl)
HCO3

�/CO3
2e 232 mM 485 mM 484 mM

NO3
� 9260 mg L�1 (149 mM) 79 mg L�1 (1.2 mM) 75 mg L�1 (1.2 mM)

SO4
2e 4350 mg L�1 (45 mM) 4520 mg L�1 (47 mM) 4280 mg L�1 (45 mM)

Total ammonia <3.2 mMb 136 mM 9 mM

a Solution pH was adjusted to 10.0 by adding NaOH prior to membrane distillation.
b Detection limit.
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data collected in real waste brine yielded KMD and JNH3 values of
0.11 m h�1 and 199 gNH3-N m�2 h�1, respectively (limited supplies
of the catalytically treated waste brine prevented replicate exper-
iments). This is similar to values measured in the synthetic brine
(KMD ¼ 0.12 ± 0.01 m h�1 and JNH3 ¼ 225 ± 4 gNH3-N m�2 h�1), and
the KMD value was of the same order of values obtained with other
synthetic solutions (Table 3). Good nitrogen mass balance closure
was also observed by summing the total ammonia concentrations
in the waste brine feed and acid absorbent solutions (Fig. 6b). Salt
composition and concentrations after membrane distillation were
almost invariant (Table 4), verifying membrane integrity within
tested operation time and high selectivity for transfer of ammonia.
These results indicate that membrane distillation can be an effec-
tive process for recovering ammonia from real waste brine
matrices.

Overall, the hybrid catalytic hydrogenation/membrane distilla-
tion process resulted in ~99% removal of nitrate from the waste
brine and ~80% nitrogen recovery in form of aqueous (NH4)2SO4.
Small quantities of nitrogen (~7%) remained in the treated brine as
either ammonia or nitrate, and the remainder was presumed to be
lost to the gas phase during semi-batch catalytic reactions. While
further improvements in system efficiency are likely through
reactor optimization, findings reported here provide a proof-of-
concept demonstration that the hybrid process can simulta-
neously treat nitrate contaminated waste brines and recover ni-
trogen as commercially viable fertilizer product.
Fig. 6. (A) Ammonia removal from real waste brine and synthetic solution by membrane d
solution flowing at 1.5 L min�1, 30 �C. (B) Ammonia mass balance in real waste brine feed
3.4. Application considerations of the hybrid process

Compared with conventional brine treatment systems, the
hybrid catalytic hydrogenation/membrane distillation process en-
ables brine reuse and provides potentially valuable product
through nitrogen transformation and recovery. Nitrogen in the
form of dilute nitrate contamination present in the source water
was transformed to a muchmore concentrated and pure (NH4)2SO4
solution (Fig. 1), which can be used as a liquid fertilizer or a pre-
cursor for production of solid fertilizer (Amaral et al., 2016; Garcia-
Gonz�alez and Vanotti, 2015; Li et al., 2018). This process leverages
chemical potential difference as the driving force (e.g., nitrate
adsorption to ion exchange resin, nitrate hydrogenation on Ru
surface, and ammonia mass transfer across membrane) and has
minimal thermal energy requirement; therefore, it likely has higher
energy efficiency compared to the traditional high-energy
HabereBosch ammonia synthesis from N2(g). The revenue from
selling the (NH4)2SO4 product may be approximated from the
quantity and market price of (NH4)2SO4. As an example, a medium-
size water treatment plant (10 MGD) that removes 30 mgNO3-N/L
recovers 415 tonne NH3eN/year, yielding 1960 tonne (NH4)2SO4/
year, which equates an annual revenue of $284,000 with an
(NH4)2SO4 price at $145/tonne (World Sulphuric Acid Weekly,
2017). Although producing (NH4)2SO4 through the hybrid cata-
lytic hydrogenation/membrane distillation process requires capital
investment and consumption of H2 and sulfuric acid, this process
also reduces the costs for IX treatment by improving salt use
istillation. Conditions: 4 L feed flowing at 1.5 L min�1, 1.15 L 0.25 M H2SO4 absorbent
and H2SO4 absorbent solution. Solid lines in (A) indicate the first-order model fits.
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efficiency and drastically reducing waste brine disposal costs, while
also limiting downstream environmental releases of nitrate (Wang
et al., 2011). Therefore, a full techno-economic analysis and life
cycle environmental impact assessment of the overall process are
required to more rigorously evaluate the economics and environ-
mental sustainability of the hybrid process demonstrated here. This
analysis should include important factors, such as process scale and
potential reductions in overall salt usage and waste discharge costs.

An initial conceptual evaluation of the economic and environ-
mental viability of the catalytic hydrogenation process may be
achieved by comparing the current system with a more developed
brine treatment system using Pd-based catalysts (Bergquist et al.,
2016; Choe et al., 2015). Previous work showed that both the
O&M costs and environmental impacts of recycling IX brines by
treating nitrate with PdeIn/C catalysts can be lower than those of
conventional IX processes (Choe et al., 2015). A critical factor to
delivering these benefits is reducing the catalyst cost, particularly
the use of Pd (Chiueh et al., 2011). Catalyst cost is directly associated
with the cost of the active metal (dominated by Pd for PdeIn/C
catalysts) and catalyst quantity, which is determined by catalyst
activity (less catalyst material is required for catalysts that exhibit
higher activity). Along this line of consideration, Ru catalysts have
an advantage over Pd-based catalysts due to the historically lower
cost of Ru (Chen et al., 2017; Huo et al., 2017; Vardon et al., 2017). In
addition, Ru catalysts have been reported to have high activity for
nitrate reduction, similar to PdeCu/C catalysts (Huo et al., 2017).
This study further confirmed that Ru/C is active for nitrate hydro-
genation in various brine conditions. Although comparison be-
tween Ru/C activity determined in this study and that of PdeIn/C
catalysts in the literature is not straightforward under different
reaction conditions, their apparent zero-order rate constants
normalized to metal mass are of similar magnitude when treating
synthetic brine solutions, and the rate constant with Ru/C for
treating a real waste brine is approximately two-fold higher than
the highest value reported for PdeIn/C catalysts (Bergquist et al.,
2016; Choe et al., 2015), all suggesting that Ru catalysts have a
potential to improve the economic and environmental sustain-
ability of the catalytic treatment step of the hybrid process.

A less studied but critically important consideration for catalytic
processes is catalyst stability and longevity. Catalyst longevity is
ultimately required to fulfill the assumptions of catalyst lifetime
(usually years) during techno-economic analysis and life cycle
assessment (Choe et al. 2013, 2015; Hutchison et al., 2017). Catalyst
stability also affects catalyst loading design for a fixed volume of
waste brine and vice versa, brine regeneration cycle design with a
fixed loading of catalyst. Generally, the higher the total volume of
waste brine that can be treated with the catalyst, the more savings
that can be gained from brine reuse (Bergquist et al., 2016).

Ru/C stability for waste brine hydrogenation was initially
assessed using a batch recycle test. After the first use, catalyst ac-
tivity increased in the following cycles (Fig. S4). This increase in
activity is likely related to catalyst activation. As shown in a pre-
vious study, elevated temperature pretreatment of catalysts with
either inert (N2) or reducing (H2) gas environment improved the
activity of Ru/C by desorbing synthesis residue and exposing redox-
labile Ru species (Huo et al., 2017). ICP analysis of the filtrate from
catalyst suspension after the reaction detected trace amounts of Ru
(<0.2% of the total amount of Ru). However, it is unclear whether
the detected Ru resulted from metal dissolution or the release of
loosely bound Ru nanoparticles from attrition. These results
demonstrated that Ru/C can be recycled in a semi-batch reactor,
and catalyst deactivation through leaching or fouling is insignifi-
cant over four use cycles. Further study, ideally in packed-bed
continuous-flow reactors, is required to more thoroughly deter-
mine the longer-term stability of Ru/C as well as process
consumables and wastes during brine treatment and resource re-
covery applications. The time-on-stream performance of catalytic
hydrogenation in flow reactors (Bergquist et al., 2017b; Chaplin
et al., 2009; Mendow et al., 2011), including measures of nitrate
hydrogenation activity, ammonia selectivity, and catalyst deacti-
vation rates, will also be valuable for techno-economic analysis to
optimize process design and identify critical cost drivers to guide
further process development and optimization efforts. It has been
reported that hydrogenation metal catalysts strongly adsorb sulfide
species (Angeles-Wedler et al., 2008; Chaplin et al., 2006), which
would lead to rapid catalyst poisoning if it were occurring in the
system. Therefore, prevention of biological sulfate reduction in the
brine recycling system will be critical to sustained operation.

Membrane distillation (or membrane contactor) has been
considered a cost-effective, energy-efficient technology for
removing ammonia from industrial and agricultural wastewater
(Darestani et al., 2017; Xie et al., 2009). This study provided the first
demonstration of its successful application to recovering ammonia
from IX waste brine. The high ammonia removal efficiency
observed in this study is related to the large membrane surface
area, high feed flow rate, and prevailing high solution pH. As nitrate
hydrogenation naturally raises solution pH (Eq. (1)), the membrane
distillation process can benefit from an upstream catalytic reactor
operated without pH control, which also saves the cost on alkali for
adjusting pH for membrane distillation. Alternative membrane
distillation configuration should be assessed to further improve
unit efficiency and reduce membrane cost (Qu et al., 2013). A major
concern during membrane distillation implementation is mem-
brane fouling, such as by particulate and organics (Tijing et al.,
2015; Warsinger et al., 2015; Zarebska et al., 2014). The risk of
particulate fouling caused by catalyst particle can be reduced by
filtration, which is also an effective method for removing scalants
that might precipitate at higher solution pH conditions (e.g., cal-
cium carbonate). On the acid absorbent side of the membrane, no
solid precipitation is expected due to the high water solubility of
(NH4)2SO4. Organic fouling is of less concern for the ion exchange
waste brine considering its low organic carbon content (Table 1),
but the accumulation of organic carbon over several brine regen-
erant cycles may lead to fouling over long-term operation and
needs to be evaluated. Further studies of membrane fouling during
long-term operation of the hybrid treatment system is
recommended.

4. Conclusions

This work demonstrated a hybrid catalytic hydrogenation/
membrane distillation process that potentially enables ion ex-
change waste brine reuse and captures nitrogen in the form of
fertilizer product. A commercial Ru/C catalyst, much lower in cost
than widely studied Pd-based catalysts, was found to be active and
selectively reducing nitrate to ammonia in both synthetic and real
waste brine matrices. The resulting ammonia product was effi-
ciently recovered from the brine by membrane distillation as
aqueous (NH4)2SO4, a commercial fertilizer product. Increased pH
and temperature conditions in the feed solution increased rates of
ammonia mass transfer through the gas permeable membrane,
while salt composition and concentrations in the brine had little
effect. The catalytic nitrate hydrogenation reaction naturally in-
creases pH of treated brine, thereby facilitating ammonia recovery
in the subsequent membrane distillation step. Low-grade waste
heat sources, if available, can also be leveraged to enhance rates of
both catalytic hydrogenation and membrane distillation steps.
Demonstration of the hybrid process with a real ion exchange
waste brine showed higher nitrate hydrogenation rates and similar
rates of ammonia recovery compared to synthetic waste brines. The
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higher rates of catalytic nitrate hydrogenation observed in the real
waste brine suggests that trace brine components not reflected in
the major ion composition can act to enhance reaction rates.
Further studies are recommended to evaluate these factors spe-
cifically, assess repeated reuse of brines for IX resin regeneration,
and optimize continuous flow reactor design to maximize brine
treatment efficiency and nitrogen recovery for an economical and
sustainable alternative to existing treatment operations.
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