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Removing nutrient from wastewater is very much needed for reducing the ecological impact of
discharge and managing the nutrient cycle. But achieving it sustainably requires minimal use of
chemicals and energy. Herein we demonstrate a hybrid electrochemical sequence with minimum
chemical use and reasonable energy consumption as a possible way for effective nutrient removal

and recovery from wastewater.
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ABSTRACT

The growing needs for sustainable nutrient management and pollution control have
motivated the development of novel technologies for nutrient recovery from wastewater.
However, most of the existing technologies require extensive use of chemicals and
intensive consumption of energy to achieve substantial recovery of nutrients. Herein,
we present a hybrid electrochemical sequence integrating two relatively novel
electrochemical processes, bipolar membrane electrodialysis (BMED) and membrane
capacitive deionization (MCDI), for simultaneous removal of phosphorus and nitrogen.
Specifically, the BMED process is employed to alkalify the wastewater to facilitate
struvite precipitation and the MCDI process is used to further reduce the ammonia
concentration in the effluent and concentrate the excess ammonia to a small stream.
The electrochemical sequence is demonstrated to remove ~89% of the phosphorous and
~77% of ammonia, recovering ~81% of wastewater as high-quality effluent that can be
discharged or reused. This electrochemical treatment train minimizes chemical use and
has competitive energy consumption as compared to electrochemical processes for

nutrient recovery from wastewater.
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1. INTRODUCTION

Phosphorus and nitrogen are essential nutrients for agriculture. Phosphorus, as one of
most essential resources in society, is currently extracted from non-renewable
phosphate reserve and is thus unsustainable!-3. It has been suggested that affordable
phosphate reserve will be depleted in foreseeable future unless there is paradigm-shift
of the way we manage phosphorous as a resource®>. Meanwhile, excessive amount of
phosphorus and nitrogen in wastewater need to be removed to protect aquatic
ecosystem from eutrophication and to meet growingly stringent discharge regulations®
1, To address these challenges, a new paradigm is in need for recovering valuable
resources, especially nutrients, from wastewater. The sustainable and cost-effective
removal and recovery of PO,3-P and NH,;*-N from municipal wastewater is of great

research interest and societal importance.

A notable process that has been heavily investigated in recent years for resource
recovery from wastewater is struvite (MgNH4PO,4-6H,0) precipitation. In this process,
both phosphorus and ammonium can be removed and recovered in the form of struvite
precipitate which can be used as a slow-release fertilizer* !> 13, Precipitation of struvite
is sensitive to pH and requires the pH to maintained above 8.5'% 15 or even 9.0 when
the treated wastewater has a low phosphate-P concentration (e.g., lower than 1 mM)'.
Therefore, the addition of the base is always required to achieve desired pH. In addition,
NH4"-N in typical treated wastewater is stoichiometrically overabundant as compared
to PO4>--P. Therefore, struvite precipitation along cannot effective recover all the PO4>--
P and NH4"-N from the treated wastewater. Additional processes are required to further

recover and remove the excess NH,™-N before treated wastewater can be discharged.

The motivation behind this study is to develop a treatment train fully based on
electrochemical processes to effectively achieve a high degree of PO4*-P and NH,"-N
recovery with the minimum use of the chemicals. The vision of achieving water and
wastewater treatment with minimum or even no chemical use is based on the fact that

the production of the chemicals often creates additional environmental footprint and the
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transportation of the chemicals also adds to logistic cost and challenges especially for
treatment systems that are distributed and remote. In order to achieve the stated goal,
we develop a hybrid electrochemical sequence combining bipolar membrane
electrodialysis (BMED) for adjusting the pH for struvite precipitation and membrane
capacitive deionization (MCDI) for recovering ammonium. A recent study
demonstrates the simultaneous recovery of nitrogen and phosphorus using concurrent
flow electrode capacitive deionization (FCDI)!”. This single-stage process focuses on

the nutrient removal from the treated water instead of recovering nutrient as fertilizer.

Bipolar membrane electrodialysis (BMED) is a relatively novel electrodialysis
technology that takes advantage of the special property of a bipolar membrane for
splitting water into protons (H") and hydroxide ions (OH") using an applied voltage'®
19, BMED has been explored for generating acidic and alkaline solutions from various
electrolytes?>-22, It has also been integrated with different treatment processes to
construct hybrid treatment trains where pH adjustment is required?®24. For example, it
has been coupled with microbial fuel cell (MFC) to produce alkali solution for biogas
upgrading?3. It has also been used to acidify seawater for extracting CO, from the
dissolved carbonate system?®. Not only the use of BMED for pH adjustment eliminates
the use of chemicals, it can also achieve precise control of pH by varying the current

and the hydraulic residence time.

The other electrochemical unit process employed in this treatment train is
membrane capacitive deionization (MCDI) which has been shown to be effective in
separating charged ions from relatively dilute feed water?6->°. MCDI, or some other
variants of capacitive deionization based on activated carbon (AC), such as flow-
electrode capacitive deionization’?, removes charged ions from water via formation of
electrical double layer in the micropores of the AC electrodes . MCDI can be used to
recover NH,*-N by removing NH," from a relatively large volume of the feed water,
temporarily storing the NH," ions in the AC electrodes, and later releasing them to a
relatively small volume of water as the concentrate rich in NH,™-N. In this way, the

majority of the feed water has a sufficiently low concentration of NH,"-N for discharge
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or beneficial reuse, whereas the brine has sufficiently high concentration of NH;*-N

that can be applied as fertilizer.

In this work, we demonstrate that a hybrid treatment train integrating BMED,
struvite precipitation, and multi-stage MCDI for the recovery of phosphorus and
ammonium from wastewater. We first investigate the impact of operation parameters
in BMED on its performance, and demonstrate that BMED can indeed increase the pH
of the wastewater in the alkaline chamber to the desired level for struvite precipitation,
while using simulated seawater in the acidic chamber to complete the setup. We then
perform a three-stage MCDI process to further remove the ammonium from the
supernatant of the wastewater after struvite precipitation and generate a concentrate of
ammonium. Finally, the overall performance of the treatment train was assessed in

terms of removal efficiency, product water recovery, and energy consumption.

2. MATERIALS AND METHODS

2.1 Bipolar Membrane Electro-dialysis (BMED) Cell

In this study, we used a lab-scale BMED cell assembled with a cation-exchange
membrane (Neosepta CMX, Tokuyama Co., Japan), a bipolar membrane (Fumasep
FBM, Fuma-Tech Co., Japan), and an anion-exchange membrane (Neosepta AMX,
Tokuyama Co., Japan) placed in parallel as shown (Fig. 1). The effective area of each
membrane was 17.5 cm?. Polypropylene mesh with a thickness of 0.5 mm was used as
spacer in each flow channel. Ruthenium-coated titanium electrodes were used in anode
and cathode compartments of BMED stack. The BMED cell was operated in a
galvanostatic mode as controlled by a potentiostat (SP 150, Bio-Logic, France) that also
recorded the real-time system voltage. The simulated wastewater and seawater flowed
through the base and acid compartments of the BMED system, respectively, as driven
by peristaltic pumps. The electrode rinse solution as pumped through both the anode
and cathode compartments. Under the applied electric field, water dissociates within
the bipolar membrane (BPM) to generate OH- ions that enter the base compartment and

H" ions that enter the acid compartment. In consequence, the seawater and wastewater
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flowing through the corresponding compartments become acidic and alkaline,

respectively.

Acidic seawater Alkaline mgCl,
- wastewater
Influent

Electrolyte] CEm AEM| Adsorption Desorption

Effluent Current Collector

% 4 @ water r_’ b @

Struvite Current Collector

Wastewater

Seawater

Fig 1. Schematic diagram of a lab-scale integrated system for simultaneously removal
and recovery of phosphorus and ammonium in wastewater. The BMED process
increases the pH value of wastewater in the base compartment while acidic seawater
is generated in the acid compartment that decrease the solution. The alkaline
wastewater enters a precipitation reactor for the production of struvite. The effluent
from such a reactor, still rich in NH4*-N, is further treated by a multi-stage MCDI for
NH,4*-N recovery.

2.2 Struvite Precipitation

The recovery of phosphorus from wastewater was achieved via the precipitation of
struvite (MgNH4PO,4- 6H,0) using the basified wastewater exiting the BMED cell.
MgCl,-6H,0 (analytical grade, Sigma-Aldrich, USA) was added into the precipitator
as the Mg source. The struvite precipitation was carried out in continuously stirred tank

reactor at room temperature (22 = 1 °C).
2.3 Multi-stage Membrane Capacitive Deionization (MCDI) System

The multi-stage MCDI system consists of three identical MCDI stacks. Each MCDI
stack has a single-pass flow configuration and is operated using constant (CC) charging
and discharge. The configuration of the MCDI stacks has been described in detail in
previous studies?”- 3!, and is also given in the Supporting Information. Briefly, four

MCDI assemblies in parallel were housed in an acrylic housing. Each assembly consists
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of two film electrodes casted with activated carbon particles (PACMM 203, Materials
& Methods LLC, Irvine, CA), an AEM, a CEM (both AEM and CEM are the same as
those used in BMED), and a glass fiber filter with a thickness of 250 um (Whatman) as
the spacer. Each assembly was cut to a 6 cm X 6 cm square with a 1.5 cm x 1.5 cm
square hole in the center. The total mass of the four pairs of activated carbon electrodes
was 3.06 g. Driven by a peristaltic pump, the feed solution enters through the edge of

the stack, flows along the spacer channels, and then exists through the center hole.
2.4 Solution Chemistry and Experimental Procedure

A synthetic wastewater with 2.5 mM PO,* and 12.5 mM NH,* was prepared by
dissolving inorganic salts of NH4CI and NH4H,PO, (analytical grade, Sigma-Aldrich)
in MilliQ water. The resulting N:P ratio and concentrations are typical of the
supernatant of the secondary sedimentation tank in the municipal wastewater treatment
plants* 32, The model seawater was prepared by adding sea salt (Sigma-Aldrich, USA)
to DI water at a concentration of 35 g L-!. The seawater was fed to the acidic chamber

to increase the electrical conductivity and reduce the overall cell resistance.

In the BMED experiments, a constant volumetric flow rates of 50 ml min~! was
used for all streams. We used a semi-batch mode in which the effluent streams form the
BMED cell were circulated back to the respective reservoirs of a volume of 500 mL.
The seawater and wastewater in the reservoirs thereby became increasingly acidified
and alkaline, respectively, which was monitored by measuring the pH in the reservoirs
using a pH meter (XL20, Fisher Scientific). The electrode rinse solution (0.1 M Na,SO,,
5L) was circulated through both anode and cathode compartments with a flow rate of
150 mL min!. The experiments were performed at constant current density (10 to 30
mA cm?). For each of the current density, BMED experiments were performed until
the target pH for the alkaline wastewater was achieved, and the corresponding operating

time and energy consumption (kWh/m?) were calculated.

Once the pH of the wastewater was raised to the target value, the alkaline

wastewater was transferred to a precipitator for struvite precipitation to occur for 8 hr.
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A semi-batch mode was used in our experiments because of the relatively small size of
the BMED cell. In real system with relatively large BMED cell, a single-pass operation

mode could be used instead of a semi-batch with recirculation.

The supernatant of the precipitation tank was sampled at various time points for
composition measurement. The orthophosphate (PO,*-P) and nitrogen (NH,;*-N)
concentrations were determined using ion chromatography (ICS-2100 IC system,
Dionex, CA, USA) and titrimetric method following the Standard Methods (American
Public Health Association, 2012), respectively. The precipitate obtained was washed
with ultrapure water and dried in an oven at 40°C for 48 h. The dried precipitate was
characterized using X-ray diffraction (XRD) (Rigaku Smart Lab, Japan) and compared

with standard XRD spectrum for struvite crystal.

The effluent from the struvite precipitator was sent to a multi-stage MCDI
system for recovery of NH,"-N. In each MCDI cell, the effluent stream in the charging
stage (when ions are stored in AC electrodes) is called the deionized water stream, while
the effluent stream in the discharge stage (when ions are released to the solution from
the AC electrodes) is called the brine stream. In the multi-stage MCDI experiments, the
brine stream of the one stage was sent to the next stage as the influent. The deionized
water stream from the second MCDI stack was sent to the third MCDI stack as the

influent.

The NH4"-N concentration of the effluent streams of the MCDI stacks was
continuously measured using an ammonium probe. In each stage, the flow rate was
controlled to be 3.5 ml/min, which corresponds to a hydraulic retention time (HRT) of
0.96 min. The MCDI experiments were performed with an operation mode of constant
current charging and reverse current discharge (CC-RC) as controlled by a potentiostat
(SP 150, Bio-Logic, France) that also recorded the real-time cell voltage. In this study,
we choose to use different current densities for charging and discharging, both within
one stage and between different stages, with the goal of maximizing NH,"-N removal

and achieving water recovery, WR.
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2.5 Data Analysis

The following performance metrics were used to evaluate the performance of the unit
processes and the overall sequence. The first performance metric is the specific energy
consumption, SECgyzp (kWh m?3), of the BMED process, defined as the energy
consumed to produce a unit volume of the alkaline water. The following expression is
used to calculate SECpuzp :

JU®)IAgudt

1
SECpmED = v 1
a

where U(t) is the voltage of the BMED cell which is dependent on charging time, ¢, / is
the applied current density, Agy is the effective area of each bipolar membrane, and

V. is the volume of alkaline solution produced.

In the multi-stage MCDI system, the average effluent and brine NH4"-N
concentrations for the charging and discharging step in each MCDI stage were

calculated based on the following expression:

J, c(®dt 2
t *

c=

where c¢(t) is the NH4*-N concentration at timet, and t* is the duration of the
charging or discharge step. Water recovery, WR, is defined as the ratio of volume of
the treated water (or diluted water) to the volume of the feed water in each MCDI stage,
given by

Va
Va+Vy

WR = €)

where V; is the volume of treated water (or diluted water) generated in the charging
step and V), is the volume of the concentrate (or brine solution) produced in the

discharge step.

The energy consumption of the MCDI process is quantified as the energy

consumed to transfer one mole of NH,*-N from the treated water to the concentrate:
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t
JU®IApydt

=— “4)
QJ y(co— c(®))dt

SECy

where / is applied current density to the MCDI cell, U is the time-dependent cell voltage
response, A;gy is the area of each ion exchange membrane which is also the apparent
area of the AC electrode, Q is the flow rate of the MCDI stack, and ¢, is the

ammonium concentration in the feed stream.

3. RESULTS AND DISCUSSION

3.1 Alkalinization of Wastewater by BMED

The pH of wastewater increased with time in the BMED process because of the
continuous generation of OH- via water electrolysis in the bipolar membrane (Fig. 2A).
Naturally, faster increase of pH in the wastewater results from a higher current density
that leads to higher production rate of OH-. To reach the ideal range of pH for struvite
precipitation, which is between 8.5 to 9.0, the BMED process was performed for 20, 10
and 6 min when the current density was 10, 20 and 30 mA cm, respectively.
Meanwhile, the pH of the seawater stream dropped to 2.2 £ 0.1 in all cases when the
ideal pH range for wastewater was reached. Even though both streams have the same
flow rate, the change of pH for the seawater stream was more significant than that for
the wastewater stream. The buffering capacity against acidification (i.e. alkalinity) for
seawater was lower than the buffering capacity (from PO,* and NH") against

alkalinization of wastewater.



250

251
252
253
254

255

256

257

258

259

260

261

262

Environmental Science: Water Research & Technology

:IC:L 8 10 mA/em’ i
4 §—EI—Acid compartment —&— Base compariment
6 120 mAlem’ b
NHE {—B— Acid compartment—é—Basecompar‘tment
41y i mA/em’
BRY Acid companment—e—-Basecompartment
VAR = 2o o a5 o ]
10 —— : : i —t
= g
Ot € 1.0f .
| : g o
S 8t ek .
= | g 205
(b : - X
(@)} 7 : B .
C‘U ey Q
= < =
O DO i 10 mA/em’® 20 mAjem’ 30 mA/em® |

0 20 40 60 80 100120
Time (min)

Fig 2. The changes of pH changes in acid and base compartments (top) and the
change of voltage of the BMED cell (bottom) as functions of time under different current
densities. The inset shows the specific energy consumption of BMED to adjust the pH
to 8.55 + 0.05.

Regardless of the current density, cell voltage drop was observed in the course
of the constant current BMED process due to the reduced resistances for both the
seawater and wastewater channels (Fig. 2B). The voltage drop was most significant at
the beginning of the BMED process but later leveled off as the acid and base
compartments became more concentrated. Such a trend can be explained by the fact
that the compartment resistance is inversely proportional to electrolyte concentration
and therefore the increase of electrolyte concentration has the strongest impact on

resistance in the range of low electrolyte concentration.
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The specific energy consumption of BMED, for achieving the target pH of 8.55
+ 0.05 in the wastewater increases with current density (Fig. 2B inset). There are two
major contributions to the energy consumption. First, the process of water electrolysis
to generate H* and OH- intrinsically requires minimum energy that corresponds to the
Gibbs free energy of the electrochemical conversion. Second, extra energy needs to be
provided to drive the process in a finite kinetic rate that is proportional to the current
density. For achieving the same pH change of the feed water, the same amount of H*
and OH- was generated and thus the same amount of Gibbs free energy was thus
consumed. However, splitting water at a faster rate requires imposing a higher
overpotential to provide a larger driving force, which contributes to the difference in
SEC at different current densities. In other words, there exists an intrinsic tradeoff
between energy efficiency and kinetic rate, that faster alkalinization of the wastewater

would inevitably consume more energy.
3.2 Struvite Precipitation in Wastewater Effluent from BMED

As shown in Figure 1, the main purpose of the integrated system is to remove and
phosphorus and ammonium simultaneously from the wastewater and recover them as
nutrients. Phosphorus was recovered from the alkaline wastewater effluent from the
BMED cell via the formation of struvite which precipitates from Mg?*, NH;", and PO4>".
Both NH;* and PO,* already exist in wastewater and the former is typically
overabundant as compared to the stoichiometric ratio of struvite. We therefore added
Mg?* into the BMED effluent in a 1:1 molar ratio for Mg?":PO,* to initiate the

formation of struvite.

As a consequence of struvite precipitation, the PO,-P and NH;*-N
concentrations of the supernatant decreased over time (Fig 3A). The concentration
profiles of PO4*-P and NH4*-N suggest that the precipitation proceeded to near
complication in only 60 min, which is in accordance with the optimal precipitation time
for struvite reported by Xu et al'2. There was about 10% of the in the influent to the
hybrid treatment train that could not be measured in either the precipitate or the solution,

which is likely due to evaporation of NHj as reported in reference 33. The phosphate
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concentration decreased from 2.5 to 0.27 mM, resulting in a phosphate removal
efficiency of 89.2%. At the same time, the pH value of supernatant dropped from 8.55
+ 0.05 to 8.2 + 0.1 due to struvite formation. XRD analysis of the composition of the
formed precipitate confirms reveals major peaks that are consistent with reference pure
struvite crystal standard (Fig. 3B).
(A) (B)
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Fig. 3 (A) Concentrations of PO,*-P and NH,*-N decreased as struvite formed in the
precipitator. (B) Powder XRD pattern of the precipitate extracted from the alkaline
wastewater in comparison with the standard struvite XRD pattern.

3.3 Removal and enrichment of ammonium using multi-stage MCDI

Due to the stoichiometric over-abundance of NH;"-N as compared to PO,*-P, 72%
fraction of the NH,"-N remained in the supernatant upon the completion of the struvite
precipitation (Fig 3A). To further reduce the effluent NH,"-N concentration for meeting
discharge standard and for recovering NH4-N as a valuable nutrient, we used a multi-
stage MCDI process to obtain a solution with enriched NH,*-N. Extensive experiments
with a variety of operating conditions (e.g. the current and flowrate of the charging and

discharge stages) have been tested to optimize this multi-stage MCDI process, with

results only from the optimal operating conditions presented in the following discussion.
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Fig 4. (A) A schematic diagram of a three-stage MCDI process in which the
concentrated brine from the first stage is sent as the feed stream to a two-stage MCDI
process for further extraction of ammonia nitrogen. This three-stage process enables
a high WR with effluent of low NH,4*-N concentration. (B) cell current and voltage, and
(C) effluent NH4*-N concentration as functions of time in the charging and discharge
steps at different stages. The water flowrate is 3.5 mL min-'.

The three-stage MCDI process was operated as following: the supernatant from
struvite precipitator, rich in NH,™-N, was fed to the first stage MCDI as the feed water
(Fig. 4A). In this first stage, the water recovery was 70% and the NH4*-N concentration
of treated effluent was ~2.5 mM (Fig. 4B). The brine of the first stage was then sent to
the second stage which recovered 55% of the second stage influent (i.e., 16.5% of the
overall influent). The average NH4"-N concentration of treated effluent in the second
stage was ~15.6 mM, which was still too high for direct discharge. Therefore, the
treated effluent in the second stage MCDI was further subject to a third stage MCDI
separation. The water recovery of the third stage MCDI process was 68%, which was
~11.2% of the influent to the multi-stage MCDI system. The average NH4-N

concentration of the treated effluent in the third stage was ~ 4.6 mM.
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In each stage, the MCDI cell was operated using constant current charging and
reverse current discharge (i.e. a CC-RC mode). The charging current was 40 mA in the
first and third stage, and was 70 mA in the second stage due to the higher influent
concentration of NH4*-N. The discharge current was 80 mA in all stages (Fig. 4C). The
flow rate was maintained at 3.5 mL min™! for both charging and discharge in all stages.
We chose to terminate charging when the cell voltage reached 1.4V (to prevent
electrolysis of water) and to terminate discharge when the cell voltage reached zero.
With this specific operation criterion, the charging-discharge cycle was shorter in the
second stage with a higher charging current. Specifically, the full charging-discharge

cycle for the second stage is about half of that for the first and third stages.

If we define removal efficiency as the percentage reduction of the feed
concentration (in the product water) and the enrichment efficiency as ratio between the
brine concentration and feed concentration, the first and third stage MCDI achieved an
NH,4"-N removal efficiency of 72% and an enrichment factor of ~1.9, whereas the
second stage MCDI achieved an NH4"-N removal efficiency of ~47% and an
enrichment efficiency of ~1.4. Overall, the three-stage MCDI process recovered over
81.2% of the effluent of the struvite precipitator with NH4"-N removal efficiency of
72%. It also generated ~18.8% of concentrated NH;"-N solution with an overall

enrichment factor of ~1.8.

The NH4"-N distribution throughout the treatment train and the performance
metrics for each MCDI stage are summarized in Fig. 5. The majority (72%) of the
NH,*-N remained in the effluent of the struvite precipitator, and 18% of the NH,"-N
was removed in formed struvite. There was about 10% of the NH4*-N in the influent to
the hybrid treatment train that could not be measured in either the precipitate or the
solution, which is likely due to evaporation of NHj3 as reported in literature3. The NH,4"-
N accounting suggests that the first stage MCDI process alone could remove 72% of
the NH4™-N in the influent stream and recover 70% of water. Notably, the first stage

MCDI process also consumed the least energy (1.87 kWh kg'! N).
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However, further enhancing water recovery becomes increasingly difficult. The
second and third stages combined only recovered ~12% more water while consuming
much more energy for NH,*-N removal. Specifically, the second and third stages
consumed 2.80 and 2.11 kWh kg-! N, respectively. With the tested flow rate and the
same level of NH4*-N removal, the total treatment time for achieving 82% water
recovery was 49 min, which is nearly two and half longer than achieving a water
recovery of 70%. Therefore, there is a diminishing return in both the aspects of energy
consumption and kinetics when the MCDI system was challenged to achieve a higher

water recovery.

= Effluent (struvite reactor) Other = Struvite -+ Recoverd (MCDI cycle 1)
= MCDI effluent (cycle 2) = Recovered (MCD/) = Effluent (MCDI)

100 : : 100 3 m
Stage 1 : Stage2 : Stage 3 o
a0l : . %— g0 <
- 2 > s| 3
X 0— a = 12
c 60} : 5 160 5 c
2 — . g | 3
2 N = | &
= 40 5 =8 | =
g N B 2 11 =
> N S = | =
20 N P
s 9 -
e | N =
0 202052 i : 0 0~
Before MCDI MCDI

Fig 5. Distribution of NH,*-N (bar), water recovery (red square), and specific energy
consumption (blue circle) in the electrochemical sequence. The hybrid process
recovers 82% water, removes ~100% PQO,*-P in the form of struvite and 77 % of the
NH,*-N in the forms of both struvite and NH,*-N concentrate.

The overall process of the MCDI was to generate two diluted streams and two
brine streams. The energy requirement of the three-stage MCDI system was 3.22 kWh
kg! N that is consumed to concentrate N from the precipitation supernatant (feed) to

the brine of the MCDI system, which is very competitive with other NH,"-N
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removal/recovery technologies. For instance, energy requirement for NH,"-N removal
by the conventional activated sludge process (based on nitrification and denitrification)
ranges from 6.18-13.6 kWh kg! N34 When combined microbial and electrochemical
process, namely bio-electrochemical system (BES) and BES-based system with the
representative examples as microbial fuel cell and microbial electrolysis cell, ammonia
may be removed and recovered with much lower energy consumption®3-37. However,
biological processes still require long start-up time and are sensitive to environmental
factors (e.g. pH, temperature and influent quality)?®. The three-stage MCDI process
reported in this study also consumed less energy when compared with FCDI or FCDI-

based processes that have been reported to consume 6.1~21.7 kWh kg N33.39,

4. CONCLUSIONS

We have demonstrated an integrated system that incorporates BMED, struvite reactor
and multi-stage MCDI in sequence. This system with two major electrochemical
components, BMED and MCDI, enables efficient removal and recovery (enrichment)
of nutrients from wastewater with the minimal use of chemicals. While the economic
competitiveness of BMED as compared to chemical dosing for pH adjustment requires
more extensive techno-economic analysis, BMED as an alternative for pH adjustment
converts the chemical consumption to energy consumption and thus can potentially be
powered by sustainable energy. The prevention of using chemicals for pH adjustment
is also beneficial to the subsequent removal of NH4", because it reduces the amount of
counter ions (cations in this case) in the feed water entering the MCDI system, which
reduces the competitive adsorption of other cations vs. NH;* and thereby reduces

energy consumption for NH4" recovery.

The proposed electro-chemical sequence also has a high adaptability to different
source water and target water quality. While we use treated wastewater as an example
in this study, the electro-chemical sequence may also be used for efficient removal and
recovery (enrichment) of nutrients from feed streams of high nutrient concentrations

and large N/P ratio (>10, e.g. urine and pig manure). The two major operating
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parameters, including applied current density and hydraulic residence time can be tuned

simultaneously to achieve the target treatment goal.
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