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Abstract  23 

While electrode material advances show how electrochemical processes can degrade wide 24 

range of environmental pollutants, less research exists on how to lower energy requirements for 25 

electrolysis through innovation in reactor geometry that control mass transfer. Microfluidic 26 

devices with high electrode surface area to solution volume ratios offer unique insights since they 27 

can minimize mass transfer limitations in electrochemical reactors and decrease the energy 28 

requirements. Shortening interelectrode distances hold promise to overcome charge transfer 29 

limitations, which otherwise requires electrolytes addition for low conductivity drinking waters. 30 

To examine the interconnected effects of electrode separation distances and solute concentrations 31 

on mass transport and energy efficiency, electrochemical treatment using a model water pollutant 32 

(nitrite ion) was evaluated in a flow-by microelectromechanical system (MEMS) reactor where 33 

the electrodes were ~ 40 µm apart in microfluidic reactors. The performance was compared to 34 

conventional completely-mixed batch reactors with interelectrode distance of 1 cm. The 35 

microfluidic reactors showed decrease of electrical energy per order (EE/O) in one order of 36 

magnitude with the ability to degrade contaminants with concentrations as low as 5 mg/L without 37 

increasing the energy consumption with the absence of supporting electrolytes. This paper presents 38 

a promising approach to study and ultimately develop cost-effective electrochemical technologies 39 

by optimizing electrode separation distances, instead of increasing salinity which is often required 40 

to achieve sufficient conductivity in water but is counter producing low-salt potable drinking 41 

water. 42 

 43 
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1 Introduction	47 

Electrochemical water treatment processes are promising technologies for the advanced 48 

removal of targeted pollutants from drinking water resources and wastewater treatment plants 49 

effluents, including advanced oxidation and electrocatalytic reduction processes1–4. Heterogeneous 50 

hydroxyl radicals (OH) are electrogenerated from water at the anode’s surface during 51 

electrochemical oxidation (EO) for indirect electrochemical oxidation process5. In electrocatalytic 52 

reduction, electroactive species gain electrons through reduction reactions that occur at the cathode 53 

surface. In the case of nitrite reduction for example, the reduction mechanism can involve direct 54 

charge transfer process and indirect reduction from adsorbed hydrogen (Hads) formed during the 55 

reduction of water. However, both electrochemically-driven reactions occur at the electrode 56 

surface making electrochemical treatments mass transfer limited processes. Limited mass transport 57 

might lead to high energy consumption when scaling-up electrified water treatment6,7. Different 58 

electrocatalysts can control selectivity of nitrite reduction towards nitrogen gas (N2) or ammonium 59 

(NH4
+)8,9. While preferential formation of N2 is the most desired outcome when considering 60 

applications for drinking water, recent studies highly value NH4
+ as an added value product when 61 

considering water reuse for agriculture10,11.  62 

The efficiency of an electrochemical reaction is controlled by charge or mass transfer12,13. 63 

Charge transfer is referred to the interfacial reaction at the electrode surface that is responsible of 64 

the redox reaction involving an electroactive species. When the reaction is governed by charge 65 

transfer, kinetics is determined by the number of electrons delivered and not by the target pollutant 66 

transport to the electrode surface. Charge transfer can be controlled by current intensity in the 67 

electrochemical process, higher current intensity leads to higher delivery of electrons per second 68 

which may accelerate the charge transfer rate. Hence, higher charge transfer can lead to a faster 69 



abatement of target pollutant. However, increasing current intensity may decrease the total 70 

efficiency of the process determined by Faradaic efficiency (FE), the efficiency of charge 71 

(electron) transfer to a system facilitating an electrochemical reaction. 72 

Mass transfer involves the transport of the target pollutant from/towards the electrode 73 

surface. This process is mainly governed by diffusion and migration of chemicals from the bulk 74 

solution to the electrodes surfaces where the electrochemical reactions occur14,15. Mass transfer by 75 

diffusion is controlled by diffusivity of individual species and thickness of diffusion layer that is 76 

influenced by the Reynold’s number and solute concentration gradients between bulk solution and 77 

electrode surface16,17. Mass transfer by migration is driven by electrical potential gradients in the 78 

cell. High resistance in an electrochemical cell hinders mass transport where energy consumption 79 

increases for solutions with low conductivity due to ohmic drop. Solution conductivity has a direct 80 

impact on electrocatalytic activity18. The addition of supporting electrolyte decreases the resistance 81 

and diminishes the overall energy consumption19–22. However, adding salt could be expensive and 82 

may require additional removal of added chemicals. Furthermore, most research add > 50 mM of 83 

ionic strength (> 3000 μS/cm) to achieve sufficient background electrolyte concentrations. The 84 

secondary drinking water standard in the United States of America for total dissolved solids (TDS) 85 

is 500 mg/L (~ 750 μS/cm or ~12 mM). Therefore, most electrochemical studies have utilized 86 

conductivity levels far in excess of salt concentrations recommended for drinking water for 87 

aesthetic or health reasons. 88 

Advances in micro and nanofluidics can tackle the issues of high energy consumption in 89 

water treatment processes23. Microfluidic reactors with micro inter-electrode distance could 90 

overcome electrochemical limitations of mass transfer and decrease energy consumption even with 91 

the absence of supporting electrolytes at low cell voltage21,24–28. The small distance between the 92 



two electrodes accelerates and intensify the kinetic of mass transfer rate inside the reactor leading 93 

to the ability of achieving a continuous flow mode where pollutants are converted in a single 94 

passage of solution29,30. The ability to achieve a continuous flow reaction with short residence time 95 

allows flexibility on changing applied conditions as compared to a batch reactor. Most microfluidic 96 

reactors reported on the literature are based on building a commercially available filter press cell 97 

(flow-by-cell) made of polytetrafluoroethylene PTFE spacer (100-500 µm) to separate the two 98 

electrodes7,29,30. Other devices were made by micro-milled adhesive spacer for microchannel 99 

between two electrodes21,30.  100 

In this work, microfluidic devices were fabricated as a cross flow system between two 101 

electrodes based on microelectromechanical system (MEMS) fabrication techniques, where the 102 

interelectrode distance was 40 µm. The objective is to evaluate the impact of engineering reactor 103 

design on the electrochemical systems performance. As a model reaction, nitrite conversion was 104 

studied in electrochemical microfluidic reactors in a single pass as compared to bulk batch reactors 105 

without or with supporting electrolytes (variable salinity concentrations) and benchmarked using 106 

engineering figures of merit. Nitrite is regulated by the United States of America Environmental 107 

Protection Agency (EPA) with a maximum contaminant level (MCL) of 1 mg NO2
--N/L. The 108 

influence of main parameters in electrochemical reactors such as current intensity and solution 109 

conductivity are considered. Electrical energy per order and electrical consumption were reported 110 

and compared for the electrical requirements between the two types of reactors. 111 

 112 

2 Material and Method 113 

2.1 Electrodes Preparation and Microfluidic Device Fabrication  114 



All electrodes used in this work were made of platinum (Pt) and prepared in the lab using 115 

silicon (Si) wafers as substrates for all devices. Due to its high corrosion resistance and ability to 116 

prevent poisoning by reduction by-products, platinum electrodes prove to be excellent 117 

electrocatalysts for nitrate/nitrite reduction2,31,32. Platinum has been reported to have high 118 

selectivity for nitrate/nitrite reduction towards ammonium33. A Platinum layer of 100 nm were 119 

coated on wafers using thermal evaporation techniques. Preparing electrodes by thermal 120 

evaporation technique results in a homogeneous and smooth electrodes surface to avoid friction 121 

forces that might increase in microchannel as reported in other works7.  122 

Electrochemical microfluidic devices were fabricated based on microelectromechanical 123 

system (MEMS) techniques where the interelectrode distance (the distance between electrodes) is 124 

less than 50 µm (~40 µm) (Figure 1). Briefly, the platinum coated electrodes were further coated 125 

with epoxy polymer (SU-8) by a spin coater acting as a separation layer between the two electrodes 126 

in the device. The thickness of the epoxy layer determines the distance between the two electrodes 127 

in the microfluidic device and it is controlled by the viscosity of the polymer and the spin coat 128 

speed. The final result shows a thickness layer of ~40 µm. A channel was etched on the epoxy 129 

layer all the way to Pt surface on the wafer where solution pass though between the electrodes. 130 

Lastly, in order to connect the microchannel to macro reservoirs, a microfluidic delivery device 131 

fabrication (stamp) is needed. The delivery device was made of polydimethylsiloxane (PDMS) 132 

and connected to a syringe pump through needles and luer connector (silicon tubes). More details 133 

in the device fabrication were reported in the supporting information (Figure S1). 134 

 135 



 136 

 137 
Figure 1: Schematic of the microfluidic device fabricated by soft lithography. a) 3-D of the device 138 
components. b) a cross view of the device.  139 
 140 

2.2 Operation of Electrochemical Reactors 141 

Experiments were conducted with solutions of 50 mg-N/L of nitrite (equivalent to 3.56 142 

mM of potassium nitrite (KNO2) and 165 mg/L as nitrite) with initial pH 6.5. Conductivity was 143 

modified by adding Na2SO4 as supporting electrolyte with concentrations ranging from 0 up to 144 

100 mM of Na2SO4. Nitrite was used to evaluate the reactors performance as its decay reaction by 145 

platinum electrodes is well achieved. The applied current intensity was varied from 1 mA to 160 146 

mA using a power supply (Tenma DC 72-2720). These solutions were treated galvanostatically 147 

using the microfluidic electrochemical reactor and a batch reactor illustrated in Figure 2, which 148 

operation is described below. 149 

Microscale microfluidic devices. Experiments were conducted in continuous flow reactors where 150 

electrochemical reactions occur in a single pass through one channel of 500 µm wide, 40 µm 151 

interelectrode distance and 25 mm length. Solution is delivered to the microreactor by a syringe 152 

pump with flowrate ranges between 0.02 mL/min and 0.65 mL/min. The corresponding residence 153 

a) 

b) 



time to the applied flowrate determines hydraulic residence time (HRT) for the electrochemical 154 

reaction in the reactor. Samples were collected at the outlet. 155 

Macroscale batch reactors. Experiments were conducted with 100 mL solutions in a beaker under 156 

magnetic stirring at 700 rpm to ensure target pollutant transport from/towards the electrode surface 157 

in the reactor. The reactor is equipped with two 4.5 cm2 platinum (Pt) electrodes, prepared under 158 

same conditions than the electrodes used in microfluidic set ups. The interelectrode distance was 159 

kept at 1 cm for all experiments. 160 

 161 
Figure 2: Schematics of a) a flow-by microfluidic reactor where interelectrode distance is 40 µm 162 
and b) a batch reactor in a beaker where interelectrode distance is 1 cm. 163 
 164 
 165 
2.4 Measurements and Analysis 166 

 Conductivity of the solutions was measured by Thermo Scientific conductivity meter 167 

(Orion Star A322 Portable) and the pH measurements were conducted by Thermo Scientific pH-168 

meter (Orion Star A221). Samples were withdrawn from reactors at a given time and were analyzed 169 

for conversion of nitrite by UV Spectrophotometery (Hach DR6000) at the maximum absorption 170 

a) b) 



wavelength of nitrite of λmax = 354 nm and Ion Chromatography (Metrohm 930 Compact IC Flex). 171 

The corresponding potential was taken continuously for any new run or at any change in 172 

experimental parameters. Microchannel dimensions were measured by Bruker XT Profilometer.  173 

The effectiveness of the electrochemical reduction was evaluated in terms of Faradaic 174 

efficiency (FE), which counts for the number of electrons consumed in the electrochemical process 175 

relative to the theoretically expected conversion governed by Faraday’s law and determined by 176 

Eqs. (1) and (2)2,34: 177 
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where Qexp is the experimental charge consumed in the reaction in Coulomb (C), Qtheor is the total 180 

charge circulated in (C), n is the amount of electrons required per mol of product (mol), F is the 181 

Faraday constant (96,487 C mol−1), Ni-r is the amount of product generated per volume (mole/L), 182 

Qr is the flowrate in the microfluidic reactor (L/h), Ni is the amount (mol) of product generated 183 

during the electrolysis, I is the applied current in amperes (A), t is the reaction time in hours (h), 184 

and 3600 is a unit conversion factor (3600 s/h). 185 

To compare batch and microfluidic reactors, the electrical energy requirements were 186 

benchmarked using engineering figures of merit. The electrical energy per order (EE/O) (kWh m-187 

3 order-1) is defined as the electric energy required to remove a contaminant by one order of 188 

magnitude in a unit volume, as estimated by Eqs. (3) and (4)2,35: 189 
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where Ecell is the average cell potential in volt (Vs), Vs is the solution volume treated in liter (m3), 192 

Q is flowrate for the continuous flow system in cubic meter per hour (m3/h), and C and C0 are the 193 

final and initial concentration of pollutant (mg/L). The electrical energy consumption EC (kWh g-194 

1) required for the degradation of a unit mass of contaminants was estimated by Eqs. (5) and (6)35,36: 195 
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Two methods are used to compare reactors performance in terms of mas transfer 198 

coefficient: (i) experimentally based on limiting current measurements using linear sweep 199 

voltammetry14,15,37, and (ii) empirically by using dimensional analysis15,38. In this research, 200 

dimensional analysis is considered as commonly used method to determine mass transfer 201 

coefficient rate based on the three nondimensional groups: the Sherwood number (Sh) described 202 

by Eq. (7)15; the Reynolds number (Re) defined according to Eqs. (8) and (9)39; and the Schmidt 203 

number (Sc) following Eq. (10). These groups are related to the mass transfer coefficient km (m/s) 204 

which was calculated from Eq. (11)15 for Re # < 2000: 205 
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where dh is the equivalent diameter of the channel (m), D is the diffusivity of nitrite in water (m2/s), 211 

Le is the ratio of dh over electrode length, u is the velocity of fluid (m/s), ࣇ  is the kinematic 212 

viscosity of the fluid (m2/s), Dr is impeller diameter (m), n is rotation speed (rotation/s), ρ is the 213 

density of solution kg/m3), and µ is the viscosity if fluid (P.s) . Also, the diffusion layer thickness 214 

δ (m) affects mass transfer in electrochemical cell as a function of ion diffusivity and diffusion 215 

transfer coefficient. Since most of mass transfer occurs due to diffusion34, mass transfer coefficient 216 

assumed to be due diffusion where diffusion layer thickness was calculated by Eq. (12)37,40: 217 

ߜ ൌ 	
஽

௞೘
                             (12) 218 

 219 

3 Result and Discussion  220 

Electrolysis were performed in microfluidic and conventional batch reactors with 221 

interelectrode distance of 40 µm and 1 cm, respectively. The electrolysis performance metrics were 222 

obtained for nitrite decay, EE/O, and EC by varying current density and solution conductivity with 223 

and without adding supporting electrolytes. 224 

 225 

3.1 Electrolysis Performance for Nitrite Conversion 226 

 Electrolysis were conducted to evaluate the two reactors for nitrite decay over time without 227 

adding supporting electrolytes. The applied current density was fixed at j= 18 mA/cm2, with 228 

corresponding current intensity of I ~3 mA for microfluidic reactor and I = 80 mA for batch 229 

reactor. Figure 3 shows nitrite decay in microfluidic reactor that occurs in single pass where the 230 

flowrate through the reactor channel determines the hydraulic residence time (HRT). Slower 231 



flowrates lead to longer HRT and therefore improved the percentage of nitrite reduction achieved 232 

per single pass, resulting in larger amounts of charge transferred to the solution with increase HTR. 233 

The flowrate was varied from 0.021 to 0.5 mL/min with a HRT corresponding to 1.43 to 0.06 234 

second (s). Triplicate measurements of nitrite abatement were conducted at each HRT experiments 235 

and the results were very consistent for the microfluidic reactors at average standard deviation (SD 236 

= ± 3 x 10-3 mg/L).  237 

To compare the performance of both reactors for nitrite decay, Figure 3 also shows the 238 

decay of nitrite over time in a 100 mL solution in a batch reactor. Nitrite decay improves by 239 

increasing reaction time where ~95% nitrite reduction was achieved after 3 hours runs. The decay 240 

rate in microfluidic reactor was faster than batch reactor, where 95% reduction was achieved in 241 

~1.5 s as compared to 3 hours in batch reactor at fixed current density. Faradic efficiency (FE) was 242 

calculated to measure the efficiency of the reactors by Eq. (1) and (2) for the conversion of nitrite 243 

and the production of ammonium as expected from the reduction of nitrite by Pt cathode (Figure 244 

3). For both reactors, FE decreased by increasing the reaction time. Even with short reaction time 245 

in microfluidic reactors, FE for the two reactors were significantly different (by t-test) at more than 246 

two times higher in microfluidic reactor at an average of ~ 9% as compared to batch reactor 247 

(~3.5%) due the high area of electrode to solution volume ratio (~ 250 cm2/mL) as compared to (~ 248 

0.045 cm2/mL) in batch reactor. FE for converting nitrite to ammonium is consistent with literature 249 

reports ranging from 2% to 9 %41,42.  250 

 251 

 252 



 253 
     254 
 Figure 3: Nitrite decay over time	by Pt cathode and Faradaic efficiency (red) in batch reactors 255 
(

▲
) and microfluidic reactors (●). Current density is fixed at j = 18 mA/cm2, initial concentration 256 

C0 = 50 mg-N/L and conductivity was 0.53 mS/cm2 and pH = 6.5. Error bars represent standard 257 
deviation for triplicate measurements (< 1% standard deviation in percentage nitrate reduction 258 
based upon triplicate experiments for microfluidic reactor). 259 

 260 

3.2 Kinetics Reaction Rate Constant  261 

The electrolysis rate in the conventional batch reactor follows pseudo first-order kinetics 262 

for nitrite decay (r NO2- = - k [NO2
-]) with an apparent reaction rate constant of k = 3 x 10-3 s-1 263 

(Figure 4a). On the other hand, rates in the microfluidic reactor exhibit a two-stage kinetic as a 264 

function of HRT. Figure 4b shows nitrite rates in the microfluidic reactor first follow zero-order 265 

kinetics (r NO2- = -k’) with faster decay rates of nitrite at shorter HRT (0.06 – 0.14 s) followed by 266 

pseudo first-order kinetics at longer HRTs (0.24 to 1.42 s). First, the faster kinetic rate occurs until 267 

reaching a limiting current density (the maximum current to achieve a desired reaction before to 268 

the simultaneous discharge of extraneous ions), when it then becomes mass transfer limited by 269 

diffusion as described previously in kinetic models. The zero-order kinetics (r NO2- = -k’) have k’ 270 



= 4.4 mol L-1 s-1 at lower HRTs while first-order kinetics for nitrite decay (r NO2- = - k [NO2-]) 271 

have  k = 1.1 s-1 at higher HRTs. 272 

Figure 4: Nitrite decay data for a) batch reactors (▲) as it fits first order kinetics and b) 273 
microfluidic reactor (●) as showing two trends, zero and first order kinetics. Initial concentration 274 
of nitrite C0 = 50 mg-N/L, conductivity of 0.53 mS/cm and pH = 6.5. Error bars represent standard 275 
deviation for triplicate measurements (SD = 3x10-3 mg/L of nitrite decay for microfluidic reactors). 276 
 277 

 278 
3.3 The Effect of Current Density on Microfluidic Electrolysis Performance  279 

 The applied current density (j) is an important parameter for electrochemical processes 280 

since j controls the reaction kinetics. At high applied current, more electrons are delivered per 281 

second leading to enhanced transfer of electrons between the electrodes and the electroactive 282 

species in solution. Higher availability of electrons may lead to an increase in reaction rates. 283 

However, applied currents above the current limit result in a transition towards mass transfer 284 

limitation, where the degradation rate becomes limited by diffusion of electroactive species (i.e., 285 

nitrite) towards the electrode surface. Then, the additional electrons transferred are used in 286 

parasitic reactions such as hydrogen evolution reaction from water reduction. When increasing 287 

current has no or minimum effect on electrolysis performance, the reactor is considered a mass 288 

transfer limited. 289 



 To evaluate the effect of current density on nitrite removal in the microfluidic reactor, 290 

Figure 5 shows the electrolysis performance for nitrite reduction at different applied current 291 

density j ranging from 18 mA/cm2 (I = 3 mA) up to 640 mA/cm2 (I = 80 mA). The initial 292 

concentration of nitrite was 50 mg-N/L (0.53 mS/cm) and no supporting electrolytes were added. 293 

Increasing the HRT in the cell improves the reduction percentage attained for both applied 294 

currents. However, at j = 640 mA/cm2, nitrite reduction increased by an average of 20% as 295 

compared with reactors where j = 18 mA/cm2 was applied due to the increase of the amount of 296 

charge passed through the electrodes. However, increasing the current also leads to the increase of 297 

the energy consumption in the reactor.  298 

   299 

Figure 5: The effect of applied current density on nitrite reduction over time in microfluidic 300 
reactors. Interelectrode distance = 40 µm, initial concentration of nitrite is 50 mg-N/L (0.53 301 
mS/cm) and pH = 6.5. No supporting electrolytes were added. Error bars represent standard 302 
deviation for triplicate measurements (SD < 1% in percentage of nitrite reduction based upon 303 
triplicate experiments). 304 
 305 
 306 
 307 
 308 
 309 



3.4 The Effect of Current Density on Energy Requirements   310 

The effect of current density on electrical energy requirements is evaluated by testing a 311 

range of currents at a fixed reaction time. Figure 6 shows the increase in electrical energy per order 312 

(EE/O) (kWh m-3 order-1) of the nitrite reduction calculated by Eq. (3) and (4) for both microfluidic 313 

and batch reactors at applied current density ranges from j= 8 mA/cm2 to 40 mA/cm2. In the 314 

microfluidic reactor, the experiment proceeds at fixed HRT of 0.24 s, whereas reaction times up 315 

to 1 hour were monitored in the conventional batch reactor. Supporting electrolytes were not added 316 

for both reactors.    317 

In the microfluidic reactor (Figure 6), nitrite reduction of 66% was achieved at low current 318 

density of j= 8 mA/cm2 (I = 1 mA) at the given HRT. Nitrite reduction then increased by 13% 319 

when the current density was raised to j = 40 mA/cm2 (I = 5 mA). The EE/O in the microfluidic 320 

reactor increased four-fold when the current density increases by factor of five. On the other hand, 321 

nitrite reduction in batch reactor was at ~ 50% at lower current density j= 8 mA/cm2 (I = 40 mA) 322 

and increased by 19% when current density increased to j= 40 mA/cm2 (I = 160 mA). The electrical 323 

energy per order increased by nine-fold when the current density was increased by a factor of five 324 

(Figure 6). However, the microfluidic reactor achieved the same nitrite reduction and more when 325 

compared to the batch reactor with at least one order of magnitude lower electrical energy required 326 

when current density was j > 20 mA/cm2. This is due the increase in mass transfer rate achieved 327 

by small micrometric distance between the two-electrode that leads to low resistance in the reactor. 328 

 329 



                                 330 

  331 
Figure 6: The effect of applied current density on nitrite reduction (a) and electrical energy per 332 
order requirement (b) for the batch reactor (

▲
) and for the microfluidic reactor (●). Initial 333 

concentration of nitrite is 50 mg-N/L (0.53 mS/cm and pH = 6.5). The flowrate of the microreactor 334 
is fixed at Q = 0.125 mL/min (HRT = 0.24 s). For batch reactor, the reaction time is fixed at one 335 
hour for 100 mL solution. No supporting electrolytes were added. Error bars represent standard 336 
deviation for triplicate measurements. 337 
 338 
 339 
 340 



5.3.5 The Effects of Electrolyte Concentrations on Energy Requirements   341 

The conductivity of an aqueous solution indicates the ability of the solution to conduct 342 

electric current. By increasing the concentration of ions in solution, conductivity will be increased 343 

and hence resistance in the solution is decreased between the electrodes. Thus, the addition of 344 

supporting electrolytes (non-electroactive ions) is used to increase the solution conductivity, 345 

decrease the diffusion layer on the electrode, and decrease the cell potential. Enhancing the 346 

solution conductivity, it also decreases the resistance in the medium and diminishes the overall 347 

energy consumption. Moreover, adding supporting electrolytes to the system may affect the mass 348 

transfer in the electrochemical reactors by eliminating the mass transfer by migration leading to 349 

dominant mass transfer by diffusion. However, presence in high concentrations of other 350 

electrolytes could interfere with the electrochemical reactions of interest by enacting competitive 351 

reactions. Also, the requirement of salt addition may increase the operation costs and might require 352 

additional removal of salt content after treatment. 353 

 Figure 7 shows nitrite reduction and electrical energy requirements in batch and 354 

microfluidic reactors for different initial nitrite concentrations with and without adding supporting 355 

electrolytes. The conventional batch reactor experiments were conducted by using nitrite solutions 356 

(5 – 50 mg-N/L) at fixed current density (j = 18 mA/cm2) and fixed reaction time of one hour of 357 

100 mL solutions (Figure 7a). At first, electrolysis runs for solutions with nitrite concentration < 358 

50 mg-N/L (< 1 mS/cm) without the addition of supporting electrolytes were not achieved due to 359 

the high potential in the cell (> 61 V). For other nitrite solutions, there is no significant effect on 360 

the reduction by increasing solutions conductivity as indicted in Figure 3. However, the EE/O was 361 

at highest for solutions with lower conductivity and was reduced by 80% when 50 mM Na2SO4 362 

was added as supporting electrolyte.  363 



The small interelectrode distance in microfluidic reactors is an alternative approach to 364 

enable and enhance the electrolysis without adding supporting electrolytes. Microfluidic reactors 365 

can also perform high nitrite reductions at low concentration without increasing energy 366 

requirements. As a comparison to the batch reactor, Figure 7b shows nitrite reduction and electrical 367 

energy requirement in microfluidic reactors using same nitrite solution (5 – 50 mg-N/L) with and 368 

without adding supporting electrolytes at fixed current density (18 mA/cm3) and HRT (0.24 s). 369 

When the conductivity of the solution increased by 3 order of magnitude, the electrical energy per 370 

order increased only by 25%. Nitrite reduction was the same or higher for the solution with low 371 

conductivity. At low nitrite concentration (5 mg-N/L, 0.06 mS/cm), the microfluidic reactor 372 

achieved ~91% reduction leading to a final concentration less than the maximum contaminant 373 

level of nitrite as regulated by the US Environmental Protection Agency (EPA, MCL = 1 mg-374 

N/L).18.  375 

Electrical energy per order requirements in the microfluidic reactors (2.2 kWh m-3 order-1) 376 

represent only 5% of the energy required in the batch reactor (64 kWh m-3 order-1) to treat 50 mg-377 

N/L nitrite without adding supporting electrolytes and more than 4 times lower even when 378 

supporting electrolytes were added (13 kWh m-3 order-1 with 50 mM Na2SO4) in the batch reactor. 379 

Electrical energy per order usually ranges from 20 - 60 kWh m-3 order-1 for nitrite reduction as 380 

previously reported33. Note that these results evidence the promissory performance of microfluidic 381 

devices but do not analyze the effect of other co-existing species. For instance, recent experimental 382 

research demonstrates that the presence of water hardness ionic species (i.e., Ca2+, Mg2+) may 383 

induce the precipitation of inorganic scaling on the surface of the cathode43. Precipitation is 384 

favored by the high alkaline pH localized on the cathode surface. The formation of inorganic 385 

scaling on the cathode inhibits transport of electroactive species from/towards the electrocatalytic 386 



sites of the electrode surface and therefore decreases performance of electrochemical reduction of 387 

nitrite. Effects and challenges that may arise from the treatment of real water matrices are beyond 388 

the scope of this study, but should not be overlooked when considering technology translation. 389 

390 

 391 
 392 
Figure 7: The effect of conductivity and the addition of supporting electrolytes at fixed current 393 
density (j= 18 mA/cm2) on nitrite reduction (bars) and electrical energy per order (■) for the a) 394 
batch reactor and the b) microfluidic reactor. Initial concentration of nitrite is varied to 5, 25, and 395 



50 mg-N/L at pH = 6.5. Supporting electrolytes were added to 1, 10, 50, and 100 mM of Na2SO4 396 
for 50 mg-N/L N solutions where corresponding initial conductivity was reported. The flowrate of 397 
microfluidic reactor is fixed at Q = 0.125 mL/min (HRT = 0.24 s). Batch reactor was run at one-398 
hour reaction time for 100 mL solutions. Error bars represent standard deviation for triplicate 399 
measurements. 400 
 401 
3.6 Energy Consumption in Micro and Conventional reactors 402 

 To compare the two reactors in terms of energy consumption required to remove a unit 403 

mass of contaminants, nitrite electrolysis was performed for an energy consumption level as 404 

calculated using Eq. (5) and (6). Figure 8 shows the energy consumption for the removal of nitrite 405 

to achieve at least 90% reduction in batch and microfluidic reactors under the same conditions 406 

with and without the addition of supporting electrolytes. The initial concentration was 50 mg-N/L 407 

N and current density was fixed at 18 mA/cm2. Adding supporting electrolytes had no effect on 408 

the energy required in microfluidic reactor for a reduction of nitrite > 90%. The microfluidic 409 

reactor consumed one order of magnitude of energy lower than batch reactor with the absence of 410 

supporting electrolytes. Even with the addition supporting electrolytes, the microfluidic reactor 411 

consumed half the energy required as compared to batch reactors. 412 



 413 
Figure 8: Electrical energy consumption required after 90% removal of nitrite in batch and 414 
microfluidic reactors at fixed current density (j= 18 mA/cm2). Initial concentration of nitrite is C0 415 
= 50 mg-N/L and 50 mM Na2SO4 added as supporting electrolyte. The flowrate of microfluidic 416 
reactor to achieve > 90% removal was at Q = 0.02 mL/min (HRT = 1.43 s) and the batch reactor 417 
was run for three hours for 100 mL solutions. Error bars represent standard deviation for triplicate 418 
measurements. 419 
 420 
 421 
 422 
3.7 Mass Transfer and Diffusion Layer Thickness  423 

Superior mass transfer for nitrite in microfluidic reactors was achieved with lower energy 424 

as compared to batch reactor. The EE/O is a figure of merit to measure energy input and reaction. 425 

In microfluidic reactors even with increase in current we still maintain a low cell potential (< 5 V) 426 

where kinetics is fast (k = 1-7 s-1). The enhanced mass transfer in microfluidic reactors can be 427 

reported by higher mass transfer coefficient (km) and the compressed diffusion layer (δ) as 428 

compared to batch reactor (Table 1). Mass transfer coefficients for microfluidic and batch reactors 429 

were calculated from equations (7-11). In microfluidic reactors, km increased with increasing 430 

flowrate where the Reynolds number (Re#) is increased. The diffusion layer thickness on the other 431 



hand decreased with increasing flowrate Eq. (12). As compared to batch reactor, km in microfluidic 432 

reactor is reported to be two orders of magnitude higher than batch reactor which is consistent with 433 

the previously reported values of km for micro channel with much higher electrode area4. For the 434 

batch reactor, km was estimated to be 5.9 x 10-4 cm/s and was constant with previously reported 435 

values44. The diffusion layer was estimated based on km to be at least one order of magnitude lower 436 

in microfluidic reactors (5-17 µm) as compared to batch reactor (290 µm). Therefore, the 437 

compressed diffusion layer in microfluidic reactors led to a higher mass transfer due to the lower 438 

resistance where lower electrical energy is required.  439 

  440 



 441 
Table 1: Non-dimensional groups, mass transfer coefficient and diffusion layer thickness for 442 
different flowrate in microfluidic and batch reactor. 443 

Flowrate Q 
(mL/min) 

 Re # Sc # Sh # Le km (cm/s) δ (µm) 

Microfluidic Reactor 

0.02 1.30 

588 

4.32 

3 x 10-3 
 

0.010 17.2 

0.04 2.59 5.43 0.012 13.6 

0.13 7.72 7.78 0.018 9.5 

0.21 12.96 9.23 0.021 8.0 

0.42 25.93 11.61 0.027 6.4 

0.50 30.86 12.29 0.028 6.0 

0.63 38.89 13.27 0.030 5.6 

Batch Reactor 
700 rpm 
(stirring) 

2037 588 73.21 0.01 5.9 x 10-4 290 

 444 
 445 
4 Summary and Conclusions 446 

 The small distance between the two electrodes in electrochemical microfluidic reactors 447 

shows promises to overcome mass transfer limitation associated with the high energy requirements 448 

in conventional electrochemical technologies. Electrolysis was performed for nitrite reduction in 449 

a microfluidic reactor (interelectrode distance = 40 µm) and a conventional batch reactor (1 cm 450 

interelectrode distance) by the variations of three parameters: 1) current density, 2) initial 451 

concentration of contaminants, and 3) the addition of supporting electrolytes. Unlike conventional 452 

batch reactors, it was found that the performance of the microfluidic reactor with electrode 453 

separations of < 100 μm is less dependent on the addition of salt concentrations above levels 454 

suitable for drinking water. Note that addition of salt to increase conductivity is not as critical for 455 

microfluidic systems than for conventional reactors where electrodes are spaced millimeters or 456 

greater distances apart. The main conclusions from this research are: 457 



 Microfluidic reactors achieved > 95% reduction of nitrite in less than 1.5 seconds where the 458 

batch reactor required 3 hours for the same decay percentage. The reaction rate constant was 3 459 

orders of magnitude faster with the microfluidic rector than with the batch reactor. 460 

 Even with short time of reaction in the microfluidic reactor, the efficiency was more than two 461 

times higher at 95% reduction of nitrite as compared to batch reactors (measured by Faradaic 462 

efficiency). 463 

 At low concentration of contaminants (5 mg/L nitrite) and low solution conductivity (0.06 464 

mS/cm), the microfluidic reactor shows > 90% reduction of nitrite with no effect on energy 465 

requirements, whereas electrolytes were not successfully performed in conventional batch 466 

reactor due to high electrical potential (> 61 V). 467 

 Electrical energy required to degrade nitrite by one order (EE/O) in the microfluidic reactor 468 

was one order of magnitude lower than the batch reactor without adding supporting 469 

electrolytes. Even when 50 mM of Na2SO4 was added as supporting electrolyte to the solution, 470 

EE/O was 4 time higher in batch reactors. 471 

 Microfluidic reactors achieved > 90% reduction of contaminants by an order of magnitude 472 

lower energy consumption (EC) as compared to batch reactor without the addition of 473 

supporting electrolytes. 474 

While individual microfluidic reactors may never treat sufficient volumes of drinking water 475 

to meet human daily needs, the purpose of this work was to demonstrate the importance of inter-476 

electrode spacing on electrocatalytic reactor designs and potential to reduce addition of salt to 477 

drinking waters. Moreover, the MEMS fabricated microfluidic reactors offers a robust and highly 478 

reproducible platform to study electrocatalytic reactions in a way that allows separation of mass 479 



transport rates (from bulk solution to electrode surfaces) from surface electrode reactions, and 480 

potentially even back diffusion of reaction by-products into the bulk solution.  481 
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Supporting Information: MICROFLUIDIC FLOW-THROUGH REACTORS MINIMIZE 1 

ENERGY REQUIREMENTS OF ELECTROCHEMICAL WATER TREATMENT WITHOUT 2 

ADDING SUPPORTING ELECROLYTES 3 

Authors: Omar Alrehaili, Ana S. Fajardo, Sergi Garcia-Segura, Paul Westerhoff 4 

 5 

Electrodes Preparation 6 

All electrodes used in this work were made of platinum (Pt) and prepared in the lab. Silicon 7 

(Si) wafers with the two sizes were cleaned and prepared as substrates for all devices. Due to its 8 

high corrosion resistance and ability to not getting poisoned by reduction by-products, platinum 9 

electrodes prove to be excellent electrocatalysts for nitrate/nitrite reduction1–3. Thermal 10 

evaporation technique was used to coat platinum on wafers with a Lesker #3 Thermal Evaporator.  11 

At first, 100 nm thickness layer of platinum was coated directly to Si wafers. However, the high 12 

stress film of platinum caused a detachment of the coated layer from the wafer after cleaning with 13 

just water. Therefore, an adhesive layer (10 nm) of titanium that has a relatively lower stress film 14 

was coated first on the wafer followed by 100 nm layer of platinum to achieve stability of the metal 15 

on the wafers. Preparing electrodes by thermal evaporation technique results in a homogeneous 16 

and smooth electrodes surface to avoid friction forces that might increase in microchannel as 17 

reported in other work4.  18 

 19 

1. Microfluidic Device Fabrication   20 

Microfluidic devices were fabricated based on microelectromechanical system (MEMS) 21 

techniques where the interelectrode distance (the distance between electrodes) is less than 50 µm 22 

(~40 µm). The fabrication involves soft lithography for etching channels on epoxy polymer (SU-23 



8), and building a delivery system using Polydimethylsiloxane (PDMS). Water flows in a 24 

microchannel between electrodes as a continuous flow system using a syringe pump. The 25 

microfluidic device fabrication processes were implemented in a clean room. 26 

Each device has two electrodes, top layer wafer (25 × 10 mm) and bottom layer wafer (60 27 

× 35 mm) coated with Pt as described previously (Figure S1a). Bottom piece wafers (60 × 5 mm) 28 

with coated platinum layer were further coated with polymer epoxy (SU-8) by a spin coater as a 29 

separation layer between the two electrodes in the device. SU-8 is a common negative photoresist 30 

that is used for MEMS fabrication. The thickness of the epoxy layer determines the distance 31 

between the two electrodes in the device and it is controlled by the viscosity of the polymer and 32 

the spin coat speed. In my microdevices, SU-8 2025 (MicroChem Inc.) was spin coated (2,000 33 

rpm for 30 second) on Pt coated wafer (bottom) followed by a soft baking step (95 � for 6 min) 34 

resulting a thickness layer of ~40 µm. 35 

 



 36 
Figure S1: Microfluidic device fabrication steps. a) Two size wafers coated with platinum, top 37 
piece (25 × 10 mm) and bottom piece (60 × 35 mm). b) A 500µm channel etched on SU-8 38 
photoresist by a photolithography process. c) A cross section of the fabricated channel with 39 
dimensions measured by Bruker XT Profilometer. d) The two parts of the microfluidic device. e) 40 
The final look of the microfluidic device connected by two cables at the top substrate (anode) and 41 
bottom substrate (cathode). 42 
  43 

A channel was etched on the epoxy layer all the way to Pt surface on the wafer. A photo 44 

mask therefore was designed where a chromium channel (500 µm wide, 3500 µm long) between 45 

to circle reservoirs (2000 µm in diameter) was printed a quartz glass. When UV light is exposed 46 

to the negative photoresist (dose = 260 mJ/cm2) through the mask using an EVG 620 Automated 47 

Mask Alignment, the exposed part became solid, unexposed part (reflected by the chromium 48 

channel) will be soluble later in the developing process. The substrates were then transferred to 49 



another baking step at 95� for 6 min. An image of the mask should be visible in the SU-8 50 

photoresist coating. Substrates were then dipped in a developer (SU-8 developer) for 6 minutes to 51 

remove the soluble photoresist, followed by a hard baking step (cure) at 180� for 10 min. The 52 

resulted substrate has a visible channel with measured thickness of 40 µm (Figure S1b-c). 53 

In order to connect the microchannel to macro reservoirs, a microfluidic delivery device 54 

fabrication (stamp) is needed. The delivery device was made of polydimethylsiloxane (PDMS). 55 

Briefly, PDMS (Sylgard 184 Silicone Elastomer kit, Dow Corning) was mixed with its curing 56 

agent (Dow Corning Sylgard 184 Silicone Elastomer Curing Agent) at a volumetric ratio of 10:1 57 

under a vacuum.  PDMS solution was cured for 2 h at 65� before it was cast onto the top piece of 58 

silicon wafer coated with Pt and hardened for 48 hours at room temperature ~22°C. PDMS was 59 

peeled from the mold and ready for hole interconnecting. Needles, 20 gauge, were purchased from 60 

Kontes (868280-2001) and sharpen by Dremel Multipro 395. A compressed seal is formed around 61 

the needle and oxygen plasma was used for the top and bottom parts to attach them together (Figure 62 

S1d). The process of coring involves; using a sharpened needle to make a hole, and removing it, 63 

inserting another unsharpened needle in the hole, and connecting the needle with a luer connector 64 

(silicon tubes). Figure S1e shows the final shape of device ready to be connected to a power supply.  65 

 66 

2. Specific Charge for Nitrite Conversion 67 

The specific charge, the rate of energy consumption over volume, was calculated for nitrite 68 

conversion in both reactors. The microfluidic reactor showed lower specific charge needs as it 69 

requires lower energy due to the relatively faster nitrite abatement rate. Figure S2 showed 70 

specific charge over nitrite conversion for the batch and microfluidic reactors.  71 



 72 

Figure S2: Specific charge (Q) over nitrite conversion for batch reactor (▲) and microfluidic 73 
reactor (●). Current density is fixed at j = 18 mA/cm2. Initial concentration of nitrite is = 50 mg-74 
N/L and conductivity was 0.53 mS/cm2. 75 

 76 

  77 
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