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a b s t r a c t

Flow-electrode capacitive deionization (FCDI) represents a promising approach for ion separation from

aqueous solutions. However, the optimization of spacer, particularly for nitrate-contaminated groundwa-

ter systems, has often been overlooked. This research comprehensively investigates the influence of using

a conductive (carbon cloth, CC) spacer on nitrate removal performance within FCDI system, comparing

it to a non-conductive (nylon net, NN) spacer. In both CC and NN FCDI systems, it is unsurprisingly that

nitrate removal efficiency improved notably with the increasing current density and hydraulic retention

time (HRT). Interestingly, the specific energy consumption (SEC) for nitrate removal did not show obvious

fluctuations when the current density and HRT varied in both systems. Under the auspiciously optimized

process parameters, CC-FCDI attained a 20% superior nitrate removal efficiency relative to NN-FCDI, ac-

companied by a notably diminished SEC for CC-FCDI, registering at a mere 28% of NN-FCDI. This great

improvement can be primarily attributed to the decrement in FCDI internal resistance after using con-

ductive spacer, which further confirmed by electrochemical tests such as linear sweep voltammetry (LSV)

and electrochemical impedance spectroscopy (EIS). Upon prolonged continuous nitrate removal at the

optimized conditions, the CC-FCDI system achieved a consistent 90% nitrate removal efficiency with a

low SEC of 2.7–7.8 kWh/kg NO3-N, underscoring its steady performance. Overall, this study highlights the

pivotal importance of careful spacer design and optimization in realizing energy-efficient groundwater

treatment via FCDI.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nitrate (NO3
−) contamination has emerged as a global water

quality issue due to the escalation of agricultural practices [1–

3]. Significant health concerns arise from its conversion to toxic

nitrite within the human digestive system [4]. Numerous stud-

ies suggest a direct correlation between elevated nitrate levels in

drinking water and the occurrence of methaemoglobinaemia (“blue

baby syndrome”), a condition to which infants are particularly vul-

nerable [5]. Therefore, the increase in human-caused inputs has

resulted in significant impacts on aquatic ecosystems, as well as

posing potential health risks to both humans and livestock [6–

8]. World Health Organization (WHO) has set maximum contam-

inant levels for NO3
− in drinking water at 50mg/L (equivalent

to 11mg/L as NO3-N) [9]. Physico-chemical technologies including
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ion-exchange [10,11], electrodialysis (ED) [12], and chemical reduc-

tion [13–17] were employed for NO3
− removal from source wa-

ters. Although these technologies have been reported to achieve

high removal efficiencies, they demand relatively severe operat-

ing conditions (e.g., high chemical consumptions for ion-exchange

[18] and high voltage for ED), thereby immensely increasing oper-

ational costs.

In the past two decades, great efforts have been devoted to

capacitive deionization (CDI) [19–22]. Flow-electrode capacitive

deionization (FCDI), a variant of CDI, has been recognized as an

innovative and energy-efficient electrochemically driven ion sepa-

ration technology [23,24]. Compared to conventional CDI that uti-

lizes static electrodes, flowable electrodes are employed in FCDI

systems, which can potentially achieve continuous running pri-

marily due to the uninterrupted supply of new or regenerated

particle electrodes into the flow-channels [25]. Previous studies

have demonstrated that FCDI is effective for continuous removal
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Fig. 1. The operation system of the CC-FCDI.

of NO3-N with the effluent concentration below 1mg/L at a low

energy consumption of ∼0.5 kWh/m3 [26]. In an effort to further

enhance the performance of FCDI, numerous studies have explored

to optimize the FCDI architectures and develop innovative elec-

trodes/membranes [23,27–29]. Note that the conductivity of flow-

able electrodes is 1–2 orders of magnitude lower than that of the

fixed electrodes, much attention has been paid to elevate the con-

ductivity of the flow electrodes (e.g., increasing the content of the

activated materials, and/or adding conductive additives) [30,31].

However, sporadic attention has been directed towards optimizing

the spacer.

It should be noticed that spacer plays a significant role in FCDI

devices [32], acting as support for the separators (e.g., ion exchange

membranes (IEMs) and creating feedwater flow channels, and pro-

moting mixing [33]. Enhanced mixing can facilitate the minimiza-

tion of concentration polarization, thereby reducing the non-ohmic

resistance [34]. Unfortunately, these spacers have a notable draw-

back as they reduce the effective area of the IEMs for ionic conduc-

tion, leading to the elevation of internal resistance of FCDI unit,

and thus dramatically increasing the energy consumption of the

system especially when treating low-salinity feed streams [35,36].

Therefore, it is crucial to select or design suitable spacers to en-

hance the performance of FCDI. Another common strategy is the

employment of conductive spacers. Tang and Zhou introduced ion-

exchange resins as conductive spacer in desalination chamber, and

found that interfacial electroconvection and charge efficiency was

significantly enhanced [37]. Luo et al. improved the system by in-

serting a titanium mesh in the desalination chamber, which re-

sulted in a 17.5% reduction in the specific energy consumption

(SEC) [38]. They further enhanced the desalination performance

of FCDI system by optimizing the architecture of the conductive

spacer, achieving a 56.6% decrease in the SEC [39]. Previous stud-

ies have focused on the effect of titanium mesh-based conductive

spacer additions on the desalination performance of FCDI. While

these advances shed light on optimizing FCDI desalination per-

formance, there remains a research gap concerning the impact of

spacers on NO3-N removal efficiency and SEC in groundwater sys-

tem.

In this study, we incorporated carbon cloth (CC) into FCDI

feed chamber as conductive spacer (Fig. 1), and compared the

NO3-N removal performances with the FCDI using traditional non-

conductive nylon net (NN) spacer. The effects of current density

and hydraulic retention time (HRT) on the performance of FCDI

and SEC related to NO3-N elimination were investigated. Electro-

chemical analysis such as linear sweep voltammetry (LSV) and

electrochemical impedance spectroscopy (EIS) was conducted to

further evaluate the critical role of CC played in FCDI system. Fi-

nally, the system was operated continuously for a duration of 9 h

in order to investigate the robustness of CC in an FCDI unit.

Fig. 2. Changes of the (a) cell voltages, (b) NO3-N or Cl− removal efficiency, (c)

Dv, and (d) SEC as a function of the current density. The experiments were carried

out in single-pass mode with the HRT set at 3.5min. Each test was operated for a

duration of 30min.

All chemicals used in this study were obtained from Sigma-

Aldrich with a purity level of greater than 99.0% (ACS grade), and

were used without additional purification. Detailed information on

material preparation, characterization, experimental analysis, and

FCDI setup is presented in Text S1 and Fig. S1 (Supporting infor-

mation).

Fig. 2a presents the variation cell voltage in relation to the ap-

plied current density. A breaking point in NN-FCDI was observed

when the current density reached about approximately 16 A/m2.

Beyond this point, the voltage increased more rapidly, reaching

2.2V at 32 A/m2. Even though the cell voltage of CC-FCDI also

exhibited a similar increasing trend, the increase rate was half as

much with a significantly higher breaking-point of 32 A/m2. Fig.

2b illustrates that a positive relationship was observed between

the current density and the removal capacity of the FCDI. Com-

pared to NN-FCDI, CC-FCDI maintained high NO3
− removal effi-

ciency (50%−60%) even at lower current densities (8–16 A/m2). Im-

portantly, a notable NO3-N/Cl
− selectivity up to 3.4 was observed

when operating at a current density of 8 A/m2, indicating that

NO3
− is preferentially removed at low current densities compared

to Cl−. CC-FCDI achieved a NO3-N removal rate of 82.4% at 32

A/m2, significantly higher than that of the NN-FCDI. More detailed

information regarding this remarkable difference is further high-

lighted in Fig. S3 (Supporting information). This phenomenon may

be attributed to the heightened affinity and passive adsorption

tendencies exhibited by NO3
− ions in comparison to Cl− ions to-

wards the anion exchange membrane (AEM) at low current density.

Higher current densities tend to promote competitive migration

of NO3
− and Cl− through the AEM, subsequently reducing NO3-

N/Cl− selectivity (Fig. S4a in Supporting information). While the

average salt removal rate (ASRR) of CC-FCDI and NN-FCDI systems

are similar under the same current densities, cell voltages showed

significant variations. As the current density increased, ASRR con-

sistently rose and the corresponding voltage also increased. Once

the threshold voltage was exceeded, there was a considerable drop

in voltage-driven desalination capability (Dv) that can be used to

compare the rate of ion removal when the system is operated un-

der different conditions. At a current density of 32 A/m2, the Dv

of CC-FCDI was 29.4 μmol cm−2 min−1 V−1 that was 3.4 time of

the Dv of NN-FCDI (Fig. 2c). Correspondingly, higher current densi-

ties caused lower conductivity in the desalination chamber result-
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ing in an increase in FCDI internal resistance, and thus higher en-

ergy costs (Fig. 2d). While our results indicate that CC-FCDI had the

ability to reduce nitrate concentrations in contaminated ground-

water to 1mg NO3-N/L, achieving around 80% NO3-N removal effi-

ciency (i.e., 10mg NO3-N L−1) that conforms the World Health Or-

ganization (WHO) demand would be more cost-effective. On bal-

ance, it can be argued that 32 A/m2 with an effluent concentration

of less than 10mg NO3-N/L and a SEC of 2.7 kWh/kg NO3-N is op-

timal for operation.

As shown in Fig. 3a, it was clear that the cell voltage of CC-FCDI

is much lower than that of NN-FCDI. As HRT increased, both the of

voltages of CC-FCDI and NN-FCDI increased essentially linearly, but

the CC-FCDI slope was smaller. The result was attributed to more

moderate fluctuations in concentration level of the feed water in

CC-FCDI [40]. The shear rate near the interface between the mem-

brane and water decreased, resulting in an expansion of the diffu-

sion boundary layer with the HRT increasing. The concentration at

the membrane-water interface and the concentration of the influ-

ent water differed from one another more and more. Obviously, CC

largely increased convection and reduced the expansion of the dif-

fuse boundary layer. The distribution of feed water across the IEMs

was observed to be more uniform, which reduced the non-ohmic

resistance compared with NN-FCDI. Fig. 3b depicts the giant differ-

ence of CC-FCDI and NN-FCDI in removal efficiency. At the HRT of

3.5min, the nitrate removal rate of CC-FCDI was about 15% higher

than that of NN-FCDI. What can be noticed is that the change in

HRT has little effect on the Dv of the system (Fig. 3c). It should be

noted that the degree of NO3
− concentration reduction exhibited a

linear relationship with the decrease of Dv (Fig. S5 in Supporting

information). Specifically, the SEC increased from 2.2 kWh/kg NO3-

N to 2.7 kWh/kg NO3-N across the HRT range of 2.5–3.5min in CC-

Fig. 3. Variations of (a) cell voltage, (b) NO3-N or Cl− removal efficiencies, (c) Dv,

and (d) SEC as a function of the HRT. The experiments were carried out in a single-

pass with the current density controlled at 32 A/m2. Each test was operated for a

duration of 30min.

FCDI (Fig. 3d). The efficiency of NO3-N removal in CC-FCDI was ob-

served to increase and the SEC of NO3-N removal had a very small

range of fluctuations as the HRT increased. The most favorable HRT

duration has been established as 3.5min.

Fig. 4a presents the LSV curve of CC-FCDI and NN-FCDI. Obvi-

ously, the current of CC-FCDI is significantly larger than that of

NN-FCDI, a difference attributable primarily to the spacer types.

Fig. 4. (a) LSV scanning (−1.0∼1.0V vs. Ag/AgCl, 5mV/s) of two devices. (b) Nyquist plots of FCDI cells with two spacers. The symbol Z’ denotes the real component of

impedance Z, while −Z" represents the imaginary component. The analysis of the EIS was carried out using NaCl concentrations of 1000mg/L. The time course results of

the following variables were analyzed: (c) the effluent concentration of NO3-N and Cl− , (d) the electrolyte concentration of NO3-N and Cl− , (e) the SEC and ion removal

efficiency, and (f) the distributions of NO3-N in FCDI systems.

3



H. Guo, Q. Wei, Y. Wu et al. Chinese Chemical Letters 35 (2024) 109325

Fig. 4b illustrates the internal resistances of the FCDI systems, de-

termined through EIS analysis [41]. The equivalent circuits of CC-

FCDI and NN-FCDI were constructed based on previous studies

[42]. The measured ohmic resistance of the CC-FCDI was deter-

mined to be 2.7 �, 37.2% lower than 4.3 � observed in NN-FCDI.

In an FCDI system, spacer, membrane, feed water, and flow elec-

trode all contributed to the internal ohmic resistance. Utilizing a

non-conductive spacer, like NN, can elevate the FCDI’s internal re-

sistance, mainly due to the diminished volume of the electrolyte

in the desalination compartment. Conversely, when incorporating

a conductive spacer, such as CC, the FCDI exhibits a substantially

reduced internal resistance. This reduction is attributed to the elec-

tric double layers formed on the surface of CC, which significantly

accelerate the ion transfer in desalination chamber and mitigate

the polarization near IEMs. A long-term experiment lasting 9 h was

conducted to assess the efficiency of both systems for NO3-N re-

moval, employing optimal parameters of a current density of 32

A/m2 and a HRT of 3.5min. Over this extended operation, the volt-

age of both devices declined due to the ion accumulation within

the electrodes (Fig. S6 in Supporting information), which resulted

in a gradual counter-diffusion of ions from the electrode solution

into the desalination chamber. The effluent conductivity of CC-FCDI

and NN-FCDI were 288 μS/cm and 505 μS/m (Fig. S7 in Supporting

information), respectively. As shown in Fig. 4c, the effluent of NO3
−

concentration remained stable, highlighting the stability of the sys-

tem operation over an extended period. In Fig. 4d, the NO3-N and

Cl− concentrations in CC-FCDI electrolyte was higher than those of

NN-FCDI. Due to Cl− accumulation in the electrolyte, Cl− concen-

tration gradient across the membrane increased, considerably in-

hibited Cl− migration from the desalination chamber to the anode

chamber. Similar behavior was observed for NO3-N. Mass balance

calculations revealed that 62.0% of NO3-N in CC-FCDI was captured

by electrodes, 11% remains in the effluent, while only 27.0% was

found in the electrolyte (Fig. 4e). The concentrations of NO3-N and

Cl− in the effluent from CC-FCDI were notably lower than in NN-

FCDI, with NO3-N levels in the electrolyte being neglected.

As shown in Fig. 4f, the SEC for NO3-N removal increased con-

siderably in the long-term operation compared to the single run.

However, CC-FCDI still maintained a great advantage over NN-FCDI

in terms of energy performance. Notably, CC-FCDI not only reduced

the SEC but also improved the removal rate by about 10%. The

NO3-N/Cl
− selectivity during prolonged operation was enhanced

due to the distinct transport gradients of the ions, influenced by

the considerable concentration disparity between NO3-N and Cl−

in the electrolyte. In summary, the results in this study offered a

feasible approach to decrease the SEC for NO3-N removal.

In this study, we thoroughly investigated of the influences of

conductive spacer (i.e., CC) and non-conductive spacer (i.e., NN) on

NO3-N removal performances. At an HRT of 3.5min and a current

density of 32 A/m2, CC-FCDI achieved 82.4% nitrate removal at a

current density of 32 A/m2, 15% higher than that of NN-FCDI. In

addition, the SEC for nitrate removal in CC-FCDI was 72.0% lower

than that of the control experiments with NN-FCDI. Electrochemi-

cal tests such as LSV and EIS revealed that the internal resistance

of FCDI was significantly reduced when using CC as the spacer. CC

facilitated ion across the desalination because of its higher ion con-

ductivity, i.e., lower ionic resistance of EDLs than the bulk elec-

trolyte solution. Long-term operation showed that CC-FCDI still

maintained 90% nitrate removal efficiency even after 9 h contin-

uous operation. Our results demonstrated that conductive spacer

can play an important role in FCDI system. Thus, in pursuit of pro-

cess improvement, the incorporation of advanced materials science

methodologies and dynamic simulation modeling techniques can

be leveraged to opt for spacer materials that are not only more

economically viable but also characterized by enhanced durability

and superior electrical conductivity.
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