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Abstract

Sulfite as precursor to generate sulfate radical (SO4
•−) for water treatment has gained attention. 

Here we report a metal-free and highly efficient electro/UV/sulfite process to produce SO4
•− for 

water treatment. UV/sulfite reaction induces sulfite radical (SO3
•−), which transforms into SO4

•− 

in the presence of oxygen generated by water electrolysis. Electro/UV/sulfite process generates a 

steady-state SO4
•− concentration of 0.2 to 1.1 × 10−12 M in our tests. Solution pH affects sulfite 

species distribution, and higher pH mediates improved yield of steady-state SO4
•− concentration. 

Effect of sulfite concentration exhibits a bell-shaped pattern toward SO4
•− production due to self-

scavenging. The oxidation capability of electro/UV/sulfite process is manifested by removing 

representative micropollutants (i.e., ibuprofen, salicylic acid, and bisphenol A) and Escherichia 
coli model pathogen, in both synthetic and natural water matrices. This novel electro/UV/sulfite 

process has obvious advantages, since it bypasses metal ion catalysts, supplies reaction with 

electrolytically generated nascent oxygen, and overcomes the acidic pH requirement, that are 

challenging to traditional metal/sulfite processes. Considering the features of environmental 

friendliness and low cost, the proposed electro/UV/sulfite process should lead to successful 

applications in the future.
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1. Introduction

Current challenges of water pollution require development of efficient treatment strategies. 

Sulfate radical (SO4
•−), because of its high redox potential and selective oxidation, is well 

studied for water treatment over the past two decades [1–4]. Sulfite as SO4
•− precursor under 

activation by transition metals has been investigated [5,6]. This delicate catalysis relies on 

valence-variable transition metals to generate SO3
•−, which then evolves into SO4

•− under 

oxic conditions, through the formation of corresponding inner-sphere metal-sulfite complex 

followed by intramolecular ligand-to-metal charge transfer [7]. However, the catalytically 

functional transition metals pose concerns either due to the requirement of strong acidic pH 

(e.g. iron, manganese) or their adverse carcinogenic properties (e.g. cobalt, copper, 

chromium), restricting their applications in practice [5]. Furthermore, surface water and 

groundwater usually contain buffering agents such as carbonate ions [8,9] which would 

require large amounts of acids to adjust solution to desired acidic pH. A metal-free platform 

to efficiently activate sulfite is hence strongly needed.

Literature review identifies UV irradiation of oxygenated sulfite solution as a possible sulfite 

activation method, that bypasses the metal catalysts for SO4
•− production [10–13]. This is 

supported by two facts. First, UV irradiation (254 nm) decomposes sulfite into hydrated 

electron (eaq
−) and SO3

•− (Equations 1 and 2) [12,13], both of which are reductive agents. 

SO3
•− is the precursor of SO4

•− radical in the presence of oxygen. The yield of sulfite 

decomposition under 254 nm UV light is relatively high, i.e., 0.39 for SO3
2−, and 0.19 for 

HSO3
− [13]. Currently, several studies utilize the generated eaq

− (−2.9 V vs SHE) [14,15] by 

UV/sulfite process under nitrogen atmosphere for breakdown of halogenated organic 

contaminants [16,17] or transformation of toxic heavy metals [18,19]. The utilization of eaq
− 

requires strict deoxygenated solution, usually under nitrogen atmosphere [16], and otherwise 

dissolved oxygen could easily scavenge eaq
− [20]. In fact, under oxic conditions, the SO3

•− 

byproduct in UV/sulfite process could be possibly upgraded into highly oxidizing SO4
•− via 

Equations 3 and 4 [5,7], which has not been emphasized. Second, several reports disclose 
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the oxidation of aromatic substrates into phenolic products by UV/sulfite under oxygen 

dissolution, suggesting the SO4
•− attack mode [10,12]. Yet, the viability of driving UV/

sulfite reaction to proliferate SO4
•− has not been fully explored.

HSO3
−/SO3

2 − ℎv SO3
• − + eaq− (1)

eaq− + O2 O2
− k2 = 1.9 × 1010M−1s−1 [20] (2)

SO3
• − + O2 SO5

• − k3 = 2.3 × 109M−1s−1 [21] (3)

SO5
· − + HSO3

−/SO3
2 − SO4

· − + SO4
2 − k4 = 1.2 × 104M−1s−1 [22] (4)

Further, previous results indicate that dissolved oxygen (DO) is instantly depleted during the 

UV/sulfite process, due to SO3
•− and eaq

− consumption (Equations 2 and 3). However, the 

transformation of SO3
•− into SO4

•− heavily relies on DO content. Oxygen generated by 

electrolysis exhibits high reactivity in aqueous solution due to its nascence [23,24]. Thus, 

electrolytic oxygenation is anticipated to promote the SO4
•− formation by UV/sulfite process 

via Equations 1–4 [10].

Building upon prior relevant work on electrochemical water treatment [4–6,24–27], this 

study rationally couples electrolysis and UV for sulfite activation (i.e., electro/UV/sulfite 

process) as a metal-free and highly efficient advanced oxidation process. The oxidation 

capacity of electro/UV/sulfite process is investigated by determining the steady-state SO4
•− 

concentration with benzoic acid, and probing the removal efficiencies of several 

micropollutants (i.e., ibuprofen, salicylic acid, and bisphenol A) and Escherichia coli model 

pathogen in diverse water bodies. Compared with previous peroxymonosulfate- or 

persulfate-based system, such as UV/persulfate system, the obvious advantages of the 

electro/UV/sulfite process are that 1), it avoids the use of toxic peroxymonosulfate/persulfate 

compounds; 2), sulfite has short residency upon exposure to the air, and produces benign 

sulfate anion; and 3), it does not affect the overall water quality especially the DO and pH 

post treatment. These properties of electro/UV/sulfite process ensure its safe use in water 

treatment industry.

2. Material and methods

2.1 Chemicals

Sodium sulfite (Na2SO3) and sodium sulfate (Na2SO4) were purchased from Acros Organics 

(Thermo Fisher Scientific, Inc.). Benzoic acid and ibuprofen (2-(4-isobutylphenyl)propanoic 

acid, C13H18O2) were purchased from Alfa Aesar (Haverhill, MA). Ethanol/thiourea 

(reactive to HO• and SO4
•−) and tert-butanol (reactive to HO•, but inert to SO4

•−) from 

Thermo Fisher Scientific, Inc. were used to scavenge related radicals and discern the role of 

SO4
•− toward substrate oxidation [28,29]. Ferrous sulfate (FeSO4), cobalt chloride (CoCl2), 
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copper sulfate (CuSO4), and manganese chloride (MnCl2) obtained from Thermo Fisher 

Scientific, Inc. were used to activate sulfite for comparison with electro/UV/sulfite process. 

Milli-Q water was used throughout this study unless specified. All other chemicals including 

salicylic acid, bisphenol A, methanol, phosphoric acid, sodium acetate, sodium phosphate, 

potassium borate, and thiourea were from Thermo Fisher Scientific, Inc.

2.2 Determination of photon flux

The photon flux of used experimental setup (Fig. S1) was determined as previously reported 

[16]. Briefly, 400 mL solution containing 0.6 M KI and 0.1 M KIO3 buffered in 10 mM 

borate (pH 9.2) as actinometer was irradiated by monochromatic UV lamp (254 nm). 

Resulted triiodide product (I3
−) was quantified by UV-Vis spectrometer at 352 nm (molar 

extinction coefficient as 26400 M−1 cm−1). The photon flux was then determined with 

Equation 5.

I = ΔC
Δt × V

Φ (5)

where I is the photon flux (Einstein/s), V (0.4 L) is the solution volume, and Φ (0.82 mol/

Einstein) is the quantum yield of I3
− at 254 nm. The photon flux was calculated as 0.43 

μEinstein/s.

2.3 Determination of effective path length

The effective path length was determined with photo-irradiation of 0.5 mM H2O2 solution, 

which followed pseudo first-order reaction kinetics [16,30,31]. The concentration of H2O2 

was quantified with titanium sulfate complexation method, and a yellowish color was 

developed and measured with UV-Vis spectrometer at 405 nm wavelength [32]. The 

effective path length was calculated with Equations 6 and 7.

dct
dt = −2.303εH2O2LΦapp

I
V Ct = − kCt (6)

L = kV
2.303εH2o2LΦappI (7)

where Ct is the concentration of H2O2 (M) at time t; k is the calculated pseudo first-order 

kinetic constant of H2O2 decay (s−1); Φapp (1 mol/Einstein) is the apparent quantum yield of 

H2O2 photolysis at 254 nm [33]; εH2O2 (19.6 M−1 cm−1) is the absorption coefficient of 

H2O2 at 254 nm [33]; I (0.43 μEinstein/s) is the photo flux; V (0.4 L) is the solution volume. 

The effective path length of the setup was determined as 2.3 cm.

2.4 Batch assays of electro/UV/sulfite treatment

Electro/UV/sulfite reaction setups contained 400 mL solution of 1 mM sulfite, 10 mM 

Na2SO4, and 10 mM phosphate buffer at pH 7, with UV irradiation and 200 mA current. 

Benzoic acid of specific concentration was used to capture/quantify SO4
•−. Reactions were 

initiated by simultaneously switching on the UV lamp (254 nm, 5 W, type UV5-
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D150W(Y)15, Yayi Inc.) and Agilent E3612A DC power supply workstation to maintain 

200 mA current with two identical Ti/MMO (mixed metal oxides) mesh electrodes (5 cm2). 

Effects of current intensity (0–200 mA), sulfite concentration (0–2 mM), and pH (4–10) 

were investigated. For the removals of different substrates, 5 μM ibuprofen, salicylic acid, 

and bisphenol A were utilized as representative micropollutants, and 106 CFU/mL (CFU, 

colony forming unit) Escherichia coli K12 was used as model water pathogen, without using 

buffers. Solution DO and pH were monitored during the course of reaction.

2.5 HPLC analysis

Concentrations of organic compounds (i.e., benzoic acid, ibuprofen, salicylic acid, and 

bisphenol A) were analyzed with a high-performance liquid chromatography (HPLC, 

Agilent 1200 Infinity Series) equipped with an Agilent Eclipse AAA C18 column 

(4.6 × 150 mm). Substrates were separated by 0.5 mL/min methanol/1% phosphoric acid 

(68/32) mobile phase, and detected at 228 nm wavelength using Agilent 1260 diode array 

detector. Sulfite quantification was performed with a modified HPLC method [27] by 

injecting 100 μL liquid sample, and the detection limit can be 0.1 mM.

2.6 Escherichia coli inactivation and quantification method

E. coli K12 strain was cultivated in 5 mL LB media of 15 mL culture tube at 37 °C 

overnight. 50 μL of the fully-grown bacteria solution was then added into 5 mL fresh LB 

media, and cultivated for another 2 hours. The exponential-phase E. coli was centrifuged at 

5000 g for 3 min, and washed with milli-Q water three times to remove nutrients. During 

bacterial inactivation assay, a final concentration of ~ 106 CFU/mL after dilution of 100 

times with water from original solution was prepared to simulate the bacteria concentration 

in real water bodies [34,35]. 1 mM sulfite, 10 mM Na2SO4 as electrolyte, 200 mA, and UV 

irradiation were used to inactivate E. coli. To determine the survival rate of E. coli 
(expressed as Nt/N0), samples were at first serially diluted at a 10-time gradient in 96-well 

plate, and then 5 μL liquids were dropped on the LB-agar plate with multi-channel pipette 

followed by overnight growth at 37 °C. Bacterial colonies ranging from 10 to 30 of a 

specific diluted sample were counted.

2.7 Electron spin resonance assay

50 mM 5,5-dimethyl-1-pyrrolidine-N-oxide (DMPO) was used to trap radicals in 

electro/UV/sulfite assay (1 mM sulfite, 10 mM Na2SO4, 200 mA current, UV, and 10 mM 

phosphate buffer at pH 7) and control assays of individual or dual components. Samples 

were drawn by a capillary tube after reaction for 10 seconds, and then immediately inserted 

into electron spin resonance (ESR) spectrometer (JES-FA200, Japan Electron Optics 

Laboratory Co. Ltd., Japan). ESR assays were conducted with 326 mT center field, 30 mT 

sweep width, 9.147 GHz microwave frequency, and 3 mW microwave power.

2.8 Test of natural water matrices

To further manifest the superior performance of the electro/UV/sulfite process, we tested 

removals of organics and E. coli bacteria in two natural water bodies. A groundwater sample 

from a Superfund site in Pozo Mita, Puerto Rico (referred as MIT groundwater), and a 
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surface water sample from Jamaica Pond in the Boston area (referred as JAM surface water), 

were used as the natural matrices. Water samples were centrifuged at 10000 g for 10 min, 

and then the supernatants were further filtered with 0.45 μm membrane to remove suspended 

solid particles or microbes. Water samples were adjusted to neutral pH with 1M H2SO4 or 

NaOH before sulfite addition, and then treated by the electro/UV/sulfite process. 106 

CFU/mL exponential-phase E. coli or 5 μM micropollutants (i.e., ibuprofen, salicylic acid, 

or bisphenol A) were used as substrate for treatment performance testing with 1 mM sulfite, 

200 mA current, and UV irradiation. E. coli inactivation efficiency, organic compounds 

removal together with its DO and solution pH automatic restorations, were monitored.

2.9 Determination of sulfate radical steady-state concentration

Benzoic acid (BA) was used as a standard compound to capture SO4
•−, since its oxidation by 

SO4
•− has been extensively characterized. 0.2 mM BA was selected because oxidation of BA 

at this concentration could be accurately measured by HPLC and maximally reflect the 

generated SO4
•− by electro/UV/sulfite process.

SO4
· − + BA product + SO4

2 − k8 = 1.2 × 109M−1s−1 [36] (8)

r8 = k8[BA] SO4
• −

ss SO4
• −

ss = r8
k8[BA] (9)

SO4
•− steady-state concentration ([SO4

•−]ss) (M) was calculated from Equations 8 and 9, 

based on experimentally measured r8. The above Equations 8 and 9 are based on the 

assumption that, BA degradation in the electro/UV/sulfite process is majorly due to SO4
•− 

radical, while the role of other oxidizing species such as HO• is negligible. This hypothesis 

has been later verified through radical scavenging assays. Therefore, the reaction rate 

between SO4
•− and BA (r8) was determined by quantifying the decrease of BA concentration 

over time during the first 5 min. The obtained apparent r8 value was then used to calculate 

([SO4
•−]ss based on Equation 9.

3. Results and discussions

3.1 Production of sulfate radical by electro/UV/sulfite process

Electron spin resonance assay was first used to confirm the generation of SO3
•− from UV/

sulfite reaction (Fig. 1a). Typically, DMPO/SO3
•− adduct (aHβ = 16.0 G, aN = 14.7 G) 

[37,38] appeared in UV/sulfite reaction, while UV irradiation or sulfite alone did not 

produce any noticeable signal (supplementary Fig. S2). DO concentration was measured 

during UV/sulfite reaction (Fig. 1b). DO concentration rapidly decreased almost to 0 mg/L 

in 2.5 min, even though the reaction was open to the air and under vigorous stirring. The 

instant DO depletion was primarily due to the approaching-diffusion rate of reaction 

between O2 and SO3
•−/eaq

− (Equations 2 and 3).

Water electrolysis was then used to provide oxygen for transforming SO3
•− into SO4

•− 

during UV/sulfite reaction. The DO concentration started to recover shortly (within 2.5 min) 
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and increased to saturation during UV/sulfite reaction. As a result, SO3
•− signal was 

weakened via its enhanced transformation into secondary SO4
•− by electrolytically 

generated O2 (Fig. 1a). DMPO mainly trapped the primary SO3
•− radical, and secondary 

SO4
•− was not detected in electron spin resonance assay. Benzoic acid has been extensively 

used to capture various transient reactive species [39] and was therefore used in this study. 

The oxidation percentage of 5 μM benzoic acid improved from 23% to 88% after 30 min 

reaction when applying electrolysis to the UV/sulfite process (Fig. 1c), indicating the 

enhanced oxidation capability. We also monitored sulfite concentration during reactions 

(Fig. S3). Application of electrolysis increased sulfite consumption from 46.8% to 96% after 

30 min. The noticeable sulfite oxidation by the UV/sulfite process was due to the dissolution 

of atmospheric oxygen; the significant increase of sulfite consumption was due to 

electrolytic oxygenation.

The reactive radicals generated in the electro/UV/sulfite process were examined. Different 

radical scavengers were used to verify this hypothesis [5]. 5 mM ethanol (reactive toward 

SO4
•−) [10] almost completely inhibited oxidation of benzoic acid treated by electro/UV/

sulfite process, whereas 5 mM tert-butanol (inert toward SO4
•−) [12] showed relatively little 

impact (Fig. 1d). Radical scavenging assay also confirmed that the slight removal of benzoic 

acid by UV/sulfite process was due to SO4
•− generated under atmospheric oxygen 

dissolution (Fig. S4). It is concluded that the main oxidation capability of electro/UV/sulfite 

treatment is ascribed to SO4
•−.

3.2 Synergy mechanism of sulfate radical production

During the electro/UV/sulfite reaction, sulfite solution was under both UV irradiation and 

electrolysis. The electron spin resonance assay showed that electro/sulfite reaction produced 

a clear DMPO/SO3
•− signal, while electrolysis or sulfite alone did not generate such signal 

(Fig. 2a). This is not surprising because it is reported that sulfite molecules absorbed on 

various anodes could be oxidized by transferring one electron directly to the anodes [40–42]. 

After sulfite donates an electron, SO3
•− is produced from electro/sulfite reaction. Therefore, 

SO3
•− formation is an anodic process that occurs on the surface of anode, agreeing with 

previous report [43].

In our study, Ti/MMO was used as inert electrodes. After in situ SO3
•− formation on the 

Ti/MMO anode, SO3
•− is supposed to further transform into SO4

•− in the presence of oxygen 

produced from water electrolysis. 5 μM benzoic acid was used to probe the generated SO4
•− 

from electro/sulfite reaction. 34.5% of benzoic acid was removed by electro/sulfite process 

after 30 min, while electrolysis or sulfite alone produced a relatively little effect (Fig. 2b). 

Radical quenching studies using tert-butanol and ethanol further confirmed the role of SO4
•− 

in degrading benzoic acid (Fig. S5). Specifically, with 5 mM tert-butanol, benzoic acid 

removal efficiency by electro/sulfite process decreased from 34.5% to 26.5%; benzoic acid 

removal was fully inhibited by 5 mM ethanol.

Therefore, the SO3
•− as precursor of SO4

•− has two sources, i.e., UV irradiation of sulfite 

solution, and anodic oxidation of adsorbed sulfite molecules (Fig. 3). The UV/sulfite process 

occurs in bulk solution to produce SO3
•−, while the electro/sulfite process occurs on the 

surface of electrode, since only adsorbed sulfite molecules participate in the single-electron 

Chen et al. Page 7

Chem Eng J. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



transfer [40–42]. The formed SO3
•− on the anode surface then transforms into SO4

•−. 

Considering the short life of SO4
•−, the formation of SO4

•− also occurs on the anode surface. 

Hence, the SO4
•− formed in bulk solution and anode surface together oxidized substrates.

3.3 Yield of sulfate radical by electro/UV/sulfite process

Coupling UV irradiation and electrolysis toward sulfite activation generates SO4
•−. The 

oxidation potential of electro/UV/sulfite process, as represented by the steady-state SO4
•− 

concentration, was explored under varying solution pH (pH 4–10) and sulfite concentrations 

(0–2 mM) (Fig. 4). 0.2 mM benzoic acid was used to capture generated SO4
•− by 

electro/UV/sulfite process, and determination method of steady-state SO4
•− concentration 

was described in Section 2.9.

3.3.1 Role of pH—The role of pH was investigated using different buffers. Specifically, 

10 mM acetate (pH 4–5), phosphate (pH 6–8), and borate (pH 9–10) buffers were used to 

maintain solution acidity/alkalinity. These buffers are inert toward SO4
•− [44] and therefore 

do not compete with heterologous substrates toward the SO4
•− pool. Solution pH affects the 

efficiency of electro/UV/sulfite process by affecting the species distribution of sulfite. As 

solution pH increases, sulfite shifts from HSO3
− to SO3

2− species (Fig. S6). Compared with 

HSO3
−, SO3

2− owns higher absorption coefficient and quantum yield under UV irradiation 

at 254 nm [13,16]. Therefore, higher pH is beneficial for SO3
•− generation from UV/sulfite 

reaction. As described before, SO3
•− can also be generated from electro/sulfite reaction. It is 

reported that SO3
2− (0.63 V vs SHE) [45] is more readily reduced than HSO3

− (0.84 V vs 

SHE) [11]. As a result, this Faradaic process is more effective in alkaline condition because 

of facile one-electron transfer from adsorbed sulfite molecule to the anode surface [40,41].

The overall yield of SO4
•− based on the mechanisms described above (Fig. 3) appeared to 

increase with pH (Fig. 4a). For example, the steady-state SO4
•− concentrations of 

electro/UV/sulfite process at pH 4, 7, and 10 were 2.18 × 10−13, 6.69 × 10−13, and 1.12 × 

10−12 M, respectively. Furthermore, tert-butanol slightly affected SO4
•− production, and 

ethanol fully quenched generated SO4
•−, consistent with above observations.

3.3.2 Role of sulfite concentration—Steady-state SO4
•− concentration initially 

increased with increasing sulfite concentration, but then decreased when sulfite 

concentration reached over 1 mM during the electro/UV/sulfite process (Fig. 4b). 1 mM 

sulfite mediated a maximum steady-state SO4
•− concentration of up to 6.7 × 10−13 M. This 

volcano pattern is because high concentration (over-dose) of sulfite tends to compete with 

the substrate toward SO4
•− reservoir [12], which is consistent with previous reports [5]. The 

role of SO4
•− during electro/UV/sulfite process was again verified by the differential radical-

scavenging assay via addition of tert-butanol and ethanol. Of note, the steady-state SO4
•− 

concentration of electro/UV/sulfite process under neutral condition (6.69 × 10−13 M) was 

around two orders of magnitude higher than that of reported iron/sulfite process [46], 

highlighting a preeminent oxidation capability of electro/UV/sulfite process.
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3.4 Oxidative capacity of electro/UV/sulfite compared with traditional metal/sulfite 
processes

The performances of electro/UV/sulfite process were compared with metal/sulfite processes. 

Reactions were evaluated at pH 7. A 10 mM MOPS buffer was selected as an inert buffer to 

maintain the neutral solution since transition metals such as Cu(II) and Fe(II) tend to 

complex with phosphate ion [47]. 5 μM benzoic acid was either treated by electro/UV/sulfite 

process (1 mM sulfite, 10 mM Na2SO4 supporting electrolyte, 200 mA, UV, 10 mM MOPS, 

pH 7) or metal/sulfite processes (0.1 mM Fe(II)/Co(II)/Cu(II)/Mn(II), 1 mM sulfite, 10 mM 

MOPS, pH 7). Pseudo first-order removal constants (k) of benzoic acid by electro/UV/sulfite 

and metal/sulfite processes were then compared. Measured k of benzoic acid treated by 

electro/UV/sulfite, Cu(II)/sulfite, Co(II)/sulfite, Fe(II)/sulfite, and Mn(II)/sulfite processes 

were 0.0773, 0.0231, 0.0154, 0.0024, and 0.0015 min−1, respectively (Fig. 5). The 

performance of electro/UV/sulfite process is superior than the transition metal-based sulfite 

activation processes, primarily because of its independence of transition metal ion catalysis. 

It is however worthy to mention that, sulfate radical-based water treatment technology has 

been majorly deployed to destroy the structure of toxins, while its capability of further 

breaking fragmented intermediates down into CO2 and H2O is relatively weak compared to 

hydroxyl radical [1,2]. This is because SO4
•− is highly electrophilic, and therefore it mainly 

attacks electron-rich groups such as aromatic ring. The oxidation intermediates are usually 

poor in electrons, and oftentimes they do not tend to react fast with SO4
•− [1,2]. In our study, 

we also observed above phenomenon, as the TOC (total organic carbon) removals by both 

electro/UV/sulfite and metal/sulfite processes were less than 20%. Nonetheless, in fact 

sulfate radical-based process is often conjugated with other processes such as hydroxyl 

radical oxidation or membrane filtration to achieve complete removal of the toxins in water.

3.5 Contaminant removal and disinfection

Removal of contaminants and inactivation of waterborne pathogens (i.e., disinfection) are 

important water treatment processes. The electro/UV/sulfite process is an efficient and 

relatively green platform for contaminant removal and disinfection. Removal of ibuprofen, 

salicylic acid, and bisphenol A, which are frequently detected in various environmental 

media [48–50]; and Gram-negative Escherichia coli K12, a debilitated strain lacking 

virulence characteristics [51], was evaluated.

Applying electrolysis to UV/sulfite process increased the pseudo first-order removal rate (k) 

from 0.0246, 0.0124, and 0.0071 min−1 (without electrolysis), to 0.1986, 0.0505, and 0.0395 

min−1 (with electrolysis), for 5 μM ibuprofen, salicylic acid, and bisphenol A, respectively 

(Fig. 6a–c). Radical-scavenging assay with tert-butanol and ethanol validated the vital role 

of SO4
•−. Among the selected organic substrates, ibuprofen was the most susceptible to 

photolysis (k, 0.0165 min−1), and salicylic acid and bisphenol A exhibited slight electrolysis 

activity (k, 0.0066 and 0.0043 min−1, respectively). The combination of substrate removal 

by photolysis, electrolysis, and SO4
•− agreed well with experimentally obtained pseudo first-

order removal rate (Fig. S7).

106 CFU/mL of exponential-phase E. coli, the maximum concentration in natural water 

bodies [34,35], was diluted from cultured E. coli in nutritious LB media. By applying 
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electrolysis to UV/sulfite process, E. coli inactivation efficiency was improved from 2.6-log 

to 5.4-log after 30 min (Fig. 6d). Tert-butanol and thiourea [52], instead of ethanol as it is a 

bactericidal reagent [53], were used to verify the bactericidal role of SO4
•−. Notably, 

thiourea suppressed 3.5-log of E. coli inactivation by scavenging SO4
•−, and the rest of E. 

coli death was caused by UV disinfection which thiourea did not fully rescue [54,55].

Importantly, along with efficient water treatment, the electro/UV/sulfite process 

automatically regulated the restoration of DO and solution pH to initial conditions (Fig. 

6e,f), which are challenging for traditional metal/sulfite process. During electro/UV/sulfite 

process, DO dropped from 7.5–9.2 mg/L to 0.3–1.3 mg/L at 2.5 min, but subsequently 

recovered to reach saturation level (10.9–13.9 mg/L) due to electrolytic oxygenation. 

Moreover, the addition of sulfite turned solution from neutral to alkaline (~ pH 8.6), and 

solution pH dropped to its original neutral condition at the end of electro/UV/sulfite 

reactions because of sulfite oxidation into sulfate.

3.6 Efficient treatment of natural water matrices

We then attempted to treat natural water bodies with the electro/UV/sulfite process. A 

groundwater sample with high carbonate alkalinity collected from Pozo Mita Superfund site 

of karst topography in Puerto Rico, and a surface water sample with high organic carbon 

content from a local Jamaica pond in Boston, were used as background matrices. Each of 5 

μM target organic contaminants and 106 CFU/mL E. coli was individually prepared in the 

water samples. Intrinsic ionic species and added sulfite provided the conductivity of the 

respective treatment, without additional electrolyte. 50% to 90% of the organic contaminants 

and more than 3.3-log of E. coli were removed in both water matrices treated by electro/UV/

sulfite process after 30 min reaction (Fig. 7). The slightly lower removal efficiencies in 

surface water were primarily due to the high content of organic carbon (Table S1), that 

competed with target compounds toward SO4
•−. Overall, the electro/UV/sulfite process 

exhibited high efficiency in natural water bodies, together with automatic DO and pH 

restorations, showing great promise for future applications. The electro/UV/sulfite process is 

also a low-cost system. In our studies, to treat 400 mL solution, current on electrodes was 

200 mA, and voltage was between 5 and 10 V. Considering that the UV lamp is 5 W, the 

total electric power is around 6–7 W. Based on the average US industrial electricity rate of 

$0.0676/kWh [56], the overall cost of electro/UV/sulfite process is estimated to be around 

$0.5/m3. This cost is variable based on water chemistry such as conductivity and can be 

affordable by most water treatment plants. These data clearly suggest that, the electro/UV/

sulfite process could be used for a wide variety of water treatment applications, such as in 
situ remediation and chemical treatment in a primary water treatment tank, etc.

4. Conclusions

In this work, we designed a metal-free and highly effective electro/UV/sulfite process for 

water treatment, through oxidation by SO4
•− radical. Electro/UV/sulfite process shows high 

oxidation efficiency toward a wide range of contaminants under varying conditions, together 

with automatic restorations of DO and solution pH. Electro/UV/sulfite process exhibits 

superior performance than traditional transition metal catalyzed sulfite activation processes, 

Chen et al. Page 10

Chem Eng J. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and does not require the addition of acid to maintain solution acidity. Further, the 

electro/UV/sulfite process relies on low-cost sulfite as the precursor of SO4
•− radical and 

generates relatively benign sulfate as an end product. Collectively, these advantages indicate 

valuable environmental implications, since this superior and environmentally friendly 

platform would not intrusively affect the native ecology/hydrology and hence could 

maximally offer convenience for following downstream treatments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Electrolysis provides oxygen for sulfite-based sulfate radical generation

• UV initiates the chain reaction to produce sulfate radical

• Greener pollutants abatement without metal ion catalyst

• Effective at neutral pH and efficient to various organic compounds

Chen et al. Page 15

Chem Eng J. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Electrolysis promoted UV/sulfite process to produce sulfate radical. (a) UV/sulfite process 

induced SO3
•− formation, and (b) electrolytic oxygenation (c, d) transformed SO3

•− into 

SO4
•−. Conditions: 5 μM benzoic acid, 1 mM sulfite, 10 mM Na2SO4, 10 mM phosphate 

buffer at pH 7, 200 mA, UV. 50 mM 5,5-dimethyl-1-pyrrolidine-N-oxide was used during 

(a) electron spin resonance assay; 5 mM tert-butanol or ethanol was used during (d) radical-

scavenging assay. Data were fitted with pseudo first-order reaction kinetics.
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Fig. 2. 
Electro/sulfite process generated sulfate radical, as (a) visualized in electron spin resonance 

assay and (b) demonstrated by benzoic acid removals. Conditions: 5 μM benzoic acid, 1 mM 

sulfite, 10 mM Na2SO4, 10 mM phosphate buffer at pH 7, 200 mA.

Chen et al. Page 17

Chem Eng J. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Schematic mechanism of sulfate radical proliferation during electro/UV/sulfite process. 

Primarily, UV induced sulfite to produce SO3
•−, which then transformed into SO4

•− under 

electrolytic oxygenation. Moreover, electrolysis of sulfite solution also produced SO4
•− 

through direct one-electron transfer from sulfite molecule to anode surface.
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Fig. 4. 
Steady-state sulfate radical concentrations mediated by electro/UV/sulfite process under 

varying (a) pH and (b) sulfite concentration. Typical conditions: 0.2 mM benzoic acid as 

capturing agent, 1 mM sulfite, 10 mM Na2SO4, 10 mM phosphate buffer at pH 7, 200 mA, 

UV. 200 mM tert-butanol and ethanol were used as scavengers. (a) different pH buffers were 

used, that is, 10 mM acetate (pH 4–5), phosphate (pH 6–8), and borate (pH 9–10). (b) sulfite 

concentration varied between 0.25 and 2 mM, under 10 mM phosphate buffer at pH 7.
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Fig. 5. 
Comparisons of benzoic acid degradation in terms of (a) kinetics and (b) removals after 

reaction for 30 min by electro/UV/sulfite and metal/sulfite processes. Conditions: 

electro/UV/sulfite process − 5 μM benzoic acid, 1 mM sulfite, 10 mM Na2SO4, 200 mA, 

UV; metal/sulfite processes − 5 μM benzoic acid, 1 mM sulfite, 0.1 mM metal ions (i.e., 

Cu(II), Co(II), Fe(II), or Mn(II)). Reactions were carried out in 10 mM MOPS buffer at pH 

7.
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Fig. 6. 
Electro/UV/sulfite process efficiently removed (a-c) various organic compounds and (d) E. 
coli microbe, together with automatic adjustments of (e) dissolved oxygen and (f) solution 

pH. Conditions: 1 mM sulfite, 10 mM Na2SO4, 200 mA, UV. 5 μM ibuprofen, salicylic acid, 

and bisphenol A were used as micropollutants; 106 CFU/mL E. coli cell in exponential-

phase was used as model pathogen. 5 mM tert-butanol and ethanol were used for (a-c), and 

100 mM tert-butanol and thiourea were used for (d). Solution was neutral before sulfite 

addition, and it turned alkaline (~ pH 8.6) after sulfite addition. Data in panels (a-c) were 

fitted with pseudo first-order reaction kinetics.

Chen et al. Page 21

Chem Eng J. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
Performance of electro/UV/sulfite process in natural water matrices. Electro/UV/sulfite 

process was used to treat (a) ibuprofen, (b) salicylic acid, (c) bisphenol A, and (d) E. coli, 
accompanied with automatic adjustments of (e) dissolved oxygen and (f) solution pH. 

Conditions: 1 mM sulfite, 200 mA, UV. 5 μM ibuprofen, salicylic acid, and bisphenol A 

were used as micropollutants; 106 CFU/mL E. coli cell in exponential-phase was used as 
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model pathogen. Note: MIT groundwater, Pozo mita groundwater in our Superfund site in 

Puerto Rico; JAM surface water, Jamaica pond in local Boston, MA.
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