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Abstract 

Algogenic organic matter (AOM) generated from cyanobacteria‑impacted reservoirs poses a significant risk to drink‑
ing water. This study aimed to investigate the molecular degradation signature of Microcystis aeruginosa (MA)‑derived 
AOM by electrochemical oxidation and the corresponding disinfection by‑product formation potential (DBPFP). 
Boron‑doped diamond (BDD)‑based electro‑oxidation (EO) and electro‑Fenton (EF) were implemented at pH 3 
and 10 mA  cm−2 within 1 h. The fluorophore of extracellular organic matter (EOM), the mixture of EOM and intracel‑
lular organic matter (IOM), were characterized, and their corresponding molecular weight (MW) were fractionated. 
The results showed that dissolved organic carbon (DOC) degradation efficiency for BDD‑EF treatment is superior 
and maintains DOC attenuation up to 84% for the EOM suspensions alone, while a low degradation efficiency occurs 
for IOM‑EOM mixture. In contrast, BDD‑EO exhibits a maximum DOC degradation around 66% for EOM suspen‑
sions alone, but DOC reduction is as low as 20% for IOM‑EOM mixture. The  H2O2 generated by BDD‑EO preferentially 
degrades humic acid‑like substances in EOM suspensions, whereas BDD‑EF effectively degrades multiple fluorescent 
AOM by •OH. For IOM‑EOM mixture, BDD‑EO efficiently decomposes humics, but BDD‑EF preferentially minimizes 
soluble microbial product‑like and aromatic protein‑like substances. Meanwhile, BDD‑EF favors degrading biopoly‑
mers, humics, and low‑MW substances, while BDD‑EO merely degrades partial biopolymers and humic substances. 
After either EF or EO, specific DBPFP decreases as EOM presents alone where the toxicity of corresponding DBPs 
is mitigated effectively, instead the increased specific DBPFP appears for IOM‑EOM mixture where the toxic potency 
([DBP]/LC50) of corresponding DBPs increases. In summary, EO and EF are powerful in attenuating MA‑derived DBP 
precursors of EOM in the absence of IOM, depending on the molecular signature.
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1 Introduction
Cyanobacteria, particularly Microcystis aeruginosa (MA), 
are the most dominant species in water reservoirs. MA 
cells generally exhibit a higher growth rate than other 
algae during algae blooming in high nutrient-impact res-
ervoirs. In eutrophicated reservoirs, algogenic organic 
matter (AOM), such as extracellular organic matter 
(EOM) and intracellular organic matter (IOM), predomi-
nantly exists during MA growth. At a decay or death 
phase, MA cells are in the condition of limited nutrient 
uptake, resulting in the occurrence of humification of 
AOM [1]. Meanwhile, it significantly causes the release of 
IOM and toxins into water bodies during photosynthetic 
activity. Both IOM and EOM are recognized as the pre-
cursors of carcinogenic disinfection by-products (DBPs), 
such as trihalomethanes (THMs) and haloacetic acids 
(HAAs), in chlorination process for drinking water sup-
ply [2, 3]. IOM mainly comprises aromatic and aliphatic 
substances which are composed of proteins, whereas 
EOM reflects humic-like characteristics [4]. AOM is 
essentially a heterogeneous mixture of nitrogenous 
compounds with high hydrophilic substances and lower 
aromatic contents compared to natural organic matter, 
leading to much more difficulty in removing AOM via 
conventional treatment processes [5]. Thus, the efficiency 
in AOM removal depends on its complexity of compo-
sitions and molecular fractions. In drinking water treat-
ment, the IOM and EOM generated from eutrophicated 
reservoirs possess distinct compositional and molecular 
characteristics. The challenge of AOM removal increases 
significantly due to its dynamic reactivity in mixed IOM-
EOM suspensions, particularly during cyanobacteria cell 
lysis. As a result, conventional water treatment processes 
are less efficient in separating AOM and their corre-
sponding DBPs in cyanobacteria-impacted water.

Conventional water treatment processes, such as coag-
ulation-sedimentation and sand filtration, effectively 
remove algal cells but fail to alleviate AOM due to its 
hydrophilic compounds [6]. Single and multiple doses of 
NaOCl and  ClO2 oxidants are commonly used to enhance 
cyanobacterial inactivation and minimize AOM in pre-
oxidation where it can significantly deform algal cells and 
cause the release of IOM. It would be a major tradeoff 
for pre-oxidation-assisted coagulation, further raising 
concerns about DBP elevation upon post-chlorination 
[7, 8]. It has been proven that IOM of cyanobacteria is 
the dominant DBP precursor instead of EOM, especially 
for the formation of nitrogenous DBPs [3, 8, 9]. Previous 
studies have indicated that AOM with a low molecular 
weight (MW) (<  103 Da) is insignificantly removed from 
cyanobacteria-laden water by conventional water treat-
ment processes [1, 2]. To improve AOM degradation, 
advanced oxidation processes (AOPs), such as UV/H2O2/

O3,  H2O2/Fe2+, and  H2O2/Fe2+/UV have been proven its 
performance in the removal of EOM up to 95% [10, 11].

So far, electrochemical-oxidation processes (EOPs) 
have been extensively studied as an efficient, low chemi-
cal addition and broad-ecofriendly applicability to mini-
mize the impact of harmful cyanobacterial blooms on 
drinking water sources [12, 13]. These electrochemical-
oxidations reduce the use of toxic chemicals, leading to 
a reduced impact on the environment compared to con-
ventional chemical treatment processes. The effective-
ness of electro-oxidation (EO) and electro-Fenton (EF) 
depends on several essential parameters, such as elec-
trode materials, reactor configuration, current density 
(CD), pH, and the types of concentration of electrolyte 
[14]. It has been reported that EF at pH 3.0 is effective 
in transforming small-molecule organics into other pri-
mary smaller molecules with the final products such as 
 CO2 and  H2O [15]. Boron-doped diamond (BDD) is a 
promising electrode for efficient organic matter reduc-
tion in bio-related compounds, pharmaceuticals, cyano-
toxin removal, and various organic-rich wastewater 
treatment processes [13, 16]. For an EO process, BDD 
outperforms other anodes, such as platinum, titanium, 
graphite, and mixed metal oxides, in organic substance 
degradation, owing to its high overpotential to gener-
ate high-level  H2O2 [17]. However,  H2O2 typically lacks 
sufficient selectivity to oxidize organic compounds [18]. 
Unlike BDD-EO, previous studies have suggested that the 
removal efficiency of MA can reach over 95% by disinte-
grating cells with hydroxyl radicals (•OH) generated dur-
ing BDD-EF reaction [19]. Although many studies have 
investigated the effectiveness of electrochemical oxida-
tion on organic matter degradation in wastewater treat-
ment, the direct degradation of MA-derived AOM by 
EO and EF is still under investigation for drinking water 
treatment, especially in the degradation of the mixed 
IOM-EOM suspensions. It is warranted to further study 
the molecular degradation behaviors of AOM by EO 
and EF in the presence and absence of IOM in order to 
evaluate the implications of electrochemical oxidation in 
cyanobacteria-impact water treatment.

This study aimed to investigate the performance of 
BDD-EO and BDD-EF processes for MA-derived AOM 
degradation towards EOM suspensions in the pres-
ence and absence of IOM. The generation of  H2O2 and 
•OH were tested as well as the reduction in DOC and 
 UV254 were measured during EO and EF within 1  h at 
CD as low as 10  mA   cm−2. Furthermore, the variations 
in the average fluorescent intensity (AFI) and MW were 
analyzed during EO and EF treatment on AOM suspen-
sions. Finally, the DBP formation potential (DBPFP) 
towards AOM is determined to evaluate the significance 
of AOM composition in the EOPs for DBP precursors 
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degradation. Lastly, the molecular degradation signature 
of cyanobacteria-derived DBPs precursors by EO and EF 
was proposed.

2  Materials and methods
2.1  Chemicals and AOM sample preparation
Analytical grade chemicals, including sodium sulfate 
 (Na2SO4), ferrous sulfate heptahydrate  (FeSO4·7H2O), 
sulfuric acid  (H2SO4), sodium hydroxide (NaOH), potas-
sium titanium oxalate dihydrate  (K2TiO(C2O4)2·2H2O), 
terephthalic acid (THA,  C6H4(CO2H)2), and potassium 
phosphate dibasic  (K2HPO4), were purchased from 
Sigma-Aldrich (Germany). Graphite felt (Shenzhen 
Zhenzhixing Technology Co.) and BDD, Chenguang 
Machinery & Electric Equipment Co., China) were used 
as the cathode and anode, respectively.

The MA strains were cultivated in several 500  mL 
Erlenmeyer flasks containing BG-11 media. The tem-
perature was set at room temperature (25 ± 1  °C) with a 
light cycle of 12:12 (day: night) at a continuous rotation 
of 100 rpm. Figure S1 shows the observation on the MA 
cell by scanning electron microscope (SEM) scanning at 
the stationary phase where the MA suspensions contain 
a total cell count of approximately 1 ×  107 cells  L−1. Har-
vested AOM suspensions were then separated into EOM 
and IOM suspensions.

2.2  EOM and mixed IOM‑EOM suspensions extraction
In order to obtain the EOM suspensions, the MA cell 
suspensions were first centrifuged at 4000  rpm for 
15 min (DM0636, DLAB, United States). Then, the super-
natant was filtered through a 0.45  µm mixed cellulose 
ester (MCE) membrane filter (Advantec, Japan). Even-
tually, the EOM suspension was obtained from filtered 
suspensions and stored at −20 °C before each test to pre-
vent organic degradation [12]. Subsequently, the mixed 
IOM-EOM suspensions were extracted by subjecting the 
MA cell suspension to a brief preheating step at 60 °C for 
10  min on a heating plate (DLAB, USA), following the 
same procedure as the extraction process of EOM sus-
pensions. This thermal extraction method is more effec-
tive than centrifugation and chemical extraction using 
NaOH, resulting in strong absorbance spectra with negli-
gible changes to their chemical compositions [20].

2.3  Protocol of electrochemical oxidation tests
The electrochemical oxidation tests were conducted in 
a 1-L beaker glass filled with 1 L of 20 mM  Na2SO4 for 
BDD-EO, while a similar solution with the addition of 
3  mM  FeSO4‧7H2O as the catalyst, was prepared for 
BDD-EF, as depicted in Fig. S2. The addition of  Na2SO4 
facilitates electron transfer during electrochemical 

oxidation in lab-scale experiments [19]. The BDD anode 
and graphite felt cathode with an active area of 26.2  cm2 
and an inter-electrode gap of 2 cm were connected to a 
direct current power supply device (CPS-3205, Gophert, 
Taiwan). The CD applied in EO and EF tests was main-
tained at 10 mA   cm−2 following a previous study where 
the oxidizing agent was effectively generated to degrade 
algal cells and organic matter at a current density of 
10  mA   cm−2 in an BDD-based electrochemical oxida-
tion process [12], and the operational pH (3, 7, and 8.5) 
was adjusted using  H2SO4 or NaOH solution. A magnetic 
stirrer (DLAB, USA) was used at the bottom of the beaker 
to promote mixing at 60 rpm. Before each test, the elec-
trodes were submerged in 0.1 M  H2SO4 for 10 min and 
rinsed with ultrapure water and 95% ethanol, as previ-
ously described [21]. The stability test for BDD electrode 
was proceeded via cyclic voltammetry and electrochemi-
cal impedance spectroscopy (EIS) test. It shows a wide 
electrochemical stability window from −2 to 2  V vs. 
reversible hydrogen electrode and minimal background 
current, ensuring high resistance to side reactions. Addi-
tionally, EIS test confirms efficient electron transfer and 
excellent conductivity, with impedance values around 
6–7 Ω (see Fig. S3). The similar BDD electrode reported 
by a previous study has exhibited a crystalline struc-
ture with grain sizes up to 10 μm, as observed by SEM, 
while the Raman spectra show B-B and C-B vibrations at 
approximately 460 and 1220  cm−1, respectively [22]. The 
generation rate of  H2O2 and •OH was evaluated in the 
absence of AOM suspensions, as shown in Fig.  1. Sam-
ples were periodically withdrawn and divided into two 
tubes. A 20 mL sample was mixed with 2.5 mL of 0.7 M 
 H2SO4 and 2 mL of 0.02 mM potassium titanium oxalate 
for  H2O2 measurement. A 9  mL sample was added to 
1 mL of a probe mixture (5 mM NaOH and 2 mM THA) 
for OH radical measurement. A UV–Vis spectrophotom-
eter (Genesys™ 10S, Thermo Scientific, USA) was used to 
measure  H2O2 absorbance at 400 nm [23]. To determine 
the generation of •OH, 2D emission spectrum (Em) scan-
ning was employed using a fluorescent spectrophotom-
eter (RF-6000, Shimadzu, Japan). The •OH measurement 
was conducted at an emission wavelength of 425 nm and 
a scanning rate of 5 nm  s−1, as described previously [24]. 
Fluorescence-based measurements using the 2-hydroxy-
terephthalic acid chemical probe, as previously reported, 
are not affected by natural species such as inorganic ions 
 (Cl−,  NH4

+, and  SO4
2−) or organic compounds such as 

carboxylic acids (formic, succinic, and oxalic acids) in 
aqueous environment. This method is also considered 
more reliable compared to other chemicals like nitroben-
zene and benzoic acid [25]. Calibration standards were 
prepared using THA at various concentrations (0.5, 1, 5, 
and 8 mg  L−1) and pH 3.5.
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In BDD-EF and BDD-EO tests, EOM suspensions 
with and without IOM at the designed DOC concen-
tration of 6 ± 0.5  mg  L−1 were prepared first, followed 
by the addition of  Na2SO4 and  FeSO4‧7H2O as previous 
electrochemical oxidations test, then diluted to 1 L. The 
CD applied was at 10 mA  cm−2, and the operational pH 
was adjusted to 3. Subsequently, before both BDD-EO 
and BDD-EF tests, the prepared AOM suspensions were 
mixed for 10  min to reach a dissolved oxygen level of 
approximately 8 mg  L−1. Each BDD-EF and BDD-EO test 
was performed for 1 h under intensive mixing, and 30 mL 
of the oxidized sample was withdrawn every 10 min for 
subsequent analysis.

2.4  Characterization of AOM
The AOM fluorophore was characterized using a fluores-
cent spectrophotometer (RF-6000, Shimadzu, Japan) with 
a subsequent scanning excitation wavelength (Ex) from 
200 to 500  nm and emission spectra (Em) in the range 
of 250 to 550 nm. Each test was tailored to four specific 
regions based on each EEM peak with excitation/emis-
sion (Ex/Em) wavelengths: soluble microbial product-like 
(SMPL) (region I 250–340/280–380  nm), aromatic pro-
tein-like (APL) (Region II 200–250/280–380 nm), humic 
acid-like (HAL) (Region III 250–400/380–550  nm), and 
fulvic acid-like (FAL) (Region IV 200–250/380–550 nm), 
as previously described [26, 27]. These regions were 
measured according to the AFI. Each component in the 
analysis of fluorescent organics was determined to inves-
tigate the organic degradation of EOM suspensions and 
EOM-IOM mixture. The fluorescent signal depends on 
the presence of fluorophores and different organic matter 
fractions. This method relies on the relative assessment 
of organic matter composition or chemical structures 
based on fluorescent characteristics.

The DOC samples were measured using a total organic 
carbon analyzer (TOC-L, Shimadzu, Japan). A UV–Vis 

spectrophotometer (Genesys.™ 10S, Thermo Scientific, 
USA) was used to measure UV absorbance at 254  nm. 
The reduction ratios of DOC and  UV254 were calculated 
using Eq. (1)

where No represents the initial value of the original AOM 
suspension and Nt is the value of the treated samples 
after BDD-EO and BDD-EF. The degradation constant of 
DOC and  UV254 by BDD-EO and BDD-EF was assumed 
as a first-order condition and determined using Eq.  (2), 
adapted from previous study [28].

where Ct is the treatment concentration after EO and EF, 
Co is the initial concentration (mg  L−1), t is the electroly-
sis time (min), and k is the degradation constant  (min−1).

2.5  Fractionation of organic MW
AOM samples obtained after the EO and EF treatment 
for MW analysis were conducted using size exclusion 
high-performance liquid chromatography (HPLC-SEC) 
(LC-2030C 3D plus, Shimadzu, Japan) connected with 
sequential online detectors consisting of a photodiode 
array detector (Shimadzu). A chromatographic column 
(8 × 300 mm Protein KW-802.5, Shodex, USA), a hydro-
philic hydroxyl group covered by porous silica-based 
gel filtration chromatography, was used for size-exclu-
sion chromatography. The effluent containing phos-
phate buffer (20 mM  K2HPO4; pH 6.8 ± 0.1) was filtered 
through a 0.2 𝜇m MCE membrane filter (Advantec, 
Japan). The flow rate of the column was set to approxi-
mately 1  mL   min−1. Polyethylene glycol was used as a 
standard to calibrate the system, ranging from 300 to 
110,000  g   mol−1. The "Log-Normal-4 Area" model was 

(1)Reduction ratio (%) =
No − Nt

No

× 100%

(2)Ln
Ct

Co

= −kt

Fig. 1 Generation of (a)  H2O2 in EO and (b) •OH in EF over 60 min at pH 3, 7, and 8.5 with a CD of 10 mA cm.−2 (Anode: BDD, Cathode: Graphite felt, 
20 mM  Na2SO4, 3 mM  FeSO4 in EF)
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selected as the peak fitting technique, PeakFit (version 
4.12, Systat Software Inc., CA, USA), to resolve the over-
lapping peaks in HPLC-SEC chromatograms.

2.6  Protocol of DBPFP quantification
In this study, brominated DBPs are neglected because 
bromide was not introduced into the suspensions. 
The formation of halogenated DBPs was investigated 
to extract two THMs – trichloromethane (TCM) and 
trichloronitromethane (TCNM), two haloacetoni-
triles (HANs) – dichloroacetonitrile (DCAN) and 
trichloroacetonitrile (TCAN), two haloketones (HKs) 
– 1,1-dichloroacetone (1,1-DCK) and 1,1,1-trichloro-
acetone (1,1,1-TCK), and three HAAs – mono chloro-
acetic acid (MCAA), dichloroacetic acid (DCAA), and 
trichloroacetic acid (TCAA). Before extraction, the 
DOC sample was quantified following 5:1  (Cl2:DOC) 
ratio to calculate the yield of DBPs after a 7-d chlorina-
tion procedure. THMs, HANs, and HKs extraction fol-
lowed USEPA method 551.1 [29]. A 30  mL sample was 
transferred to a 40  mL glass vial containing 10  g anhy-
drous sodium chloride, followed by the addition of 3 mL 
methyl tert-butyl ether. For the measurement of HAAs, 
a modified version of the USEPA method 552.3 [30] was 
employed, which involved acidification of the water sam-
ples with  H2SO4 to adjust the pH to less than 0.5, fol-
lowed by adding 2 mL of acidic methanol and incubating 
at 55  °C for 2  h for methylation. After this process, the 
samples were mixed with 5 mL  Na2SO4 and 2 mL satu-
rated  NaHCO3. A gas chromatography-electron capture 
detector (GC/ECD) was used to analyze all extracted 
DBP samples. The GC/ECD was equipped with a column 
of 30  m × 0.25  mm × 0.25  μm (DB-1701, Agilent, USA). 
The method detection limit of each DBP compound was 
determined in the range of 0.01 to 0.23 μg  L−1.

3  Results and discussion
3.1  H2O2 and •OH generation during BDD‑EO and BDD‑EF 

processes
In this study, the production of  H2O2 via BDD-EO and the 
generation of •OH with the addition of 3 mM  Fe2+ as cat-
alyst at BDD-EF reaction were examined in the absence 
of AOM suspensions due to the immediate reaction with 
the organic matter could present in suspensions. This test 
was conducted at CD of 10 mA  cm−2 under varying pH 
conditions (3, 7, and 8.5) within 60 min. Figure 1 shows 
that the highest generation rate of  H2O2 and •OH is 
achieved at pH 3, where the maximum amount can reach 
up to 4.3 and 18 mg  L−1, respectively. However, at pH 7 
and pH 8.5, the least production of  H2O2 and •OH is due 
to the deprotonation of intermediates during reactions, 
which reduces the efficiency of •OH and  H2O2 forma-
tion [31]. This has echoed a previous study where 49 mg 

 L−1 of  H2O2 and 13 mg  L−1 of •OH are generated within 
1 h of BDD-EO at CD of 50 mA   cm−2 [19]. It is antici-
pated that  H2O2 and •OH generated by EO and EF at pH 
3 become dominant active oxidants that could be applied 
to reduce the AOM as DBP precursors. A previous study 
demonstrated that controlling the  sp2/sp3 ratio during 
the modification of the BDD electrode surface enhances 
the generation of  H2O2 through the two-electron water 
oxidation reaction and the two-electron oxygen reduc-
tion reaction [32]. The investigations into active oxidants 
formed in EO and EF suggest that the EO and EF behav-
iors towards AOM degradation could be quite different.

3.2  Degradation of dissolved organic matter by BDD‑EO 
and BDD‑EF

The changes in DOC concentration at different AOM 
suspensions, including EOM and the mixture of EOM 
and IOM, by BDD-EO and BDD-EF at pH 3 were evalu-
ated, as shown in Fig. 2a. The initial DOC concentration 
was conducted at 6 ± 0.5 mg  L−1 for each test. The DOC 
concentration of EOM suspensions significantly reduces 
after 10  min and steadily decreases by BDD-EF within 
1 h, reaching total reduction around 84% (Fig. S4). This 
superior decrease occurs due to the abundance of •OH 
generation, as depicted in Fig.  1b. Additionally, EOM 
suspensions possess a simple structure and pronounced 
hydrophobicity [4, 20], which facilitates the degrada-
tion in DOC by •OH. In contrast, BDD-EO shows a lim-
ited reduction in DOC in the EOM suspensions within 
40 min, but it substantially decreases at 60 min. On the 
other hand, a similar trend in the DOC reduction of the 
EOM-IOM mixture by both BDD-EF and BDD-EO is 
observed even though BDD-EF has a higher DOC reduc-
tion. Meanwhile, the inference of first-order kinetic was 
quantified to determine the rate constant of DOC reduc-
tion during BDD-EO and BDD-EF. It shows that the 
degradation rate constant for EOM by BDD-EF reaches 
approximately 0.076  min−1 at 20 min, while a lower deg-
radation rate constant appears as low as 0.014  min−1 for 
the IOM-EOM mixture by BDD-EF. However, the insig-
nificant rate constant of DOC reduction is observed 
by BDD-EO in the range of 0.010–0.012   min−1 before 
40 min regardless of IOM mixed with EOM. As the reac-
tion time increases further to 60 min, a significant reduc-
tion in DOC occurs at 66%. Likewise, the reduction in 
 UV254 for the EOM suspensions reaches 45% by BDD-EF 
after 1  h, whereas it merely causes a 30% reduction in 
 UV254 for the IOM-EOM mixture, as shown in Fig.  2b. 
However, BDD-EO is ineffective in causing the  UV254 
reduction for EOM suspensions, accounting for around 
30%, while a lower  UV254 reduction is found at 20% for 
the IOM-EOM mixture. Meanwhile, the rate constant of 
 UV254 reduction is observed for the EOM suspensions 
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and EOM-IOM mixture. On the other hand, after 30 min, 
the BDD-EF exhibits a rate constant of  UV254 reduction 
at 0.028  min−1 for the EOM suspensions, while the BDD-
EF only reaches a half  UV254 reduction rate for the IOM-
EOM mixture.

Electrochemical oxidation is expected to play a sig-
nificant role in the electro-combustion of organic matter 
into  CO2 [16]. Owing to the low level of •OH generated 
in BDD-EO, the effective combustion reaction does not 
proceed. In that case, the oxidation by  H2O2 takes place 
during the low CD reaction instead of electro-combus-
tion. A higher degradation rate constant for BDD-EF 
happens, possibly due to the majority of •OH can mas-
sively deform the electron-rich aromatic molecules and 
aliphatic substances into smaller fragments in the EOM 
suspensions. The decomposition of organics occurs 
through a series of oxidation reactions in which •OH 
radicals modify functional groups in organic molecules, 
ultimately leading to their transformation into simpler 
molecules [6]. Electrochemical methods for purifying 

organic molecules may be improved by employing 
anodes with greater overpotential for the generation of 
oxygen. BDD which possess this particular characteris-
tic, facilitates the electro-oxidation of organic substances 
through hydroxyl radical generation and minimizes the 
competing process of oxygen evolution [19, 32]. Thus, 
BDD-EF causes a more effective DOC reduction by elec-
tro-combustion for MA-derived AOM.

Likewise, the enhanced reduction in  UV254 by BDD-
EF for EOM suspensions could be attributed to the high 
reactivity between •OH and unsaturated bond func-
tional groups that are more susceptible to oxidation, as 
reported previously [19]. A previous study has shown 
a notable decrease in  UV254 as AOM reacts with •OH, 
indicating the majority of aromatic compounds are 
degraded by AOPs [33]. Additionally, a previous study 
has reported that •OH preferentially reacts with aro-
matic compounds or organic compounds with free elec-
tron pairs, such as nitrogen, in larger protein molecules 
from AOM components [6]. Although •OH is powerful 

Fig. 2 Variations in (a) DOC concentration and (b)  UV254 degradation in EOM suspensions and IOM‑EOM mixtures by EO and EF at different reaction 
times (Anode: BDD, Cathode: graphite felt, pH 3, 20 mM  Na2SO4, 3 mM  FeSO4 in EF, CD: 10 mA  cm−2, Initial DOC: 6 ± 0.5 mg  L−.1)
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to degrade  UV254-rich EOM, the reactivity of •OH and 
EOM could worsen in the presence of IOM due to the 
increase in hydrophilicity, as reported previously [3]. The 
presence of IOM substances could react with high-MW 
EOM (biopolymers) to form layers in the mixed IOM-
EOM suspensions [34], which could lower the reactivity 
between oxidants and AOM. Therefore, it reduces the 
degradation efficiency of AOM in the IOM-EOM mix-
ture compared to EOM alone in either BDD-EO or BDD-
EF process. In summary, the BDD-EF effectively degrades 
highly reactive organic compounds in EOM suspensions, 
while the inhibition of AOM degradation appears in the 
case of IOM-EOM mixture. In contrast, the BDD-EO 
can implement effective DOC reduction after a longer 
reaction time (60  min) even though the degradation of 
 UV254-based AOM is insignificant at such a condition. In 
other words, the BDD-EO and BDD-EF behave marked 
differences in AOM degradation.

3.3  Degradation of fluorescent organics by BDD‑EO 
and BDD‑EF

The fluorescent spectra of AOM suspensions were ana-
lyzed to understand the degradation of fluorescent com-
pounds by BDD-EO and BDD-EF. Figures  S5 and S6 
show that the original AOM solution contains the major-
ity of HAL substances before electrochemical oxidation. 
Regardless of the composition of AOM suspensions, 
both BDD-EO and BDD-EF can remove fluorophore 

substances within 60  min, especially for BDD-EF treat-
ment on the EOM suspensions. However, the presence 
of IOM can inhibit the reduction of AFI in both BDD-EF 
and BDD-EO processes. The degradation of fluorescent 
compounds by  H2O2 or •OH in an oxidation process can 
result in significant changes in their fluorescent spectra. 
The F-EEM spectra show a noticeable reduction in AFI 
for the BDD-EF treatment on AOM degradation.

The BDD-EO generates large amounts of  H2O2 that 
selectively breaks down humic-acid like substances 
in EOM suspensions. At the same time, BDD-EF can 
cause the degradation of various fluorescent AOM 
through the majority of active OH radicals, as illus-
trated in Fig. 3. In the IOM-EOM mixture, the BDD-EO 
effectively degrades humic-like substances (HAL and 
FAL substances) to reach maximum AFI reduction at 
around 70%. In contrast, BDD-EF reduces most SMPL 
and APL substances, accounting for AFI reduction at 80 
and 85%, respectively. As shown in Fig.  3b, HAL sub-
stances play a crucial role in influencing oxidation reac-
tions with  H2O2, leading to a predominant reduction 
in HAL substances in the BDD-EO process, which is 
slightly superior to the BDD-EF process. Although HAL 
substances are more prone to attract •OH, leading to 
various reactions such as hydroxylation and ring open-
ing [35], various functional groups, including carboxyl, 
phenolic, and hydroxyl groups within cyanobacteria-
derived AOM significantly react with •OH generated in 

Fig. 3 The AFI reduction ratio from (a) soluble microbial product‑like (SMPL), b humic acid‑like (HAL), c fulvic acid‑like (FAL) and d aromatic 
protein‑like (APL) substances in EOM suspensions and IOM‑EOM mixture after 1 h of EO and EF treatment. (Anode: BDD, Cathode: graphite felt, pH 
3, 20 mM  Na2SO4, 3 mM  FeSO4 in EF, CD: 10 mA  cm−2, Initial DOC: 6 ± 0.5 mg  L−.1)
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the EF process, as reported previously [36], which could 
result in the pronounced reduction in biopolymers and 
proteins due to the weakened reactions between humic 
substances and OH radicals. Consequently, the BDD-
EF preferentially degrades SMPL and APL substances, 
especially in the IOM-EOM mixture, instead of HAL 
and FAL substances compared to that by BDD-EO, as 
evidenced in Figs.  3a and b. The results in AFI varia-
tions indicate that BDD-EF can effectively minimize a 
wide range of fluorescent substances in response to the 
selectivity of •OH radicals towards AOM, especially 
for SMPL and APL substances; however, BDD-EO pre-
dominantly degrades humic-like substances as a result 
of preferential reactions between  H2O2 and humic-like 
substances. These findings suggest that the degradation 

of MA-derived AOM by either BDD-EO or BDD-EF is 
subject to the composition of fluorescent compounds.

3.4  MW distribution profiles of EOM and IOM‑EOM 
suspension by BDD‑EO and BDD‑EF

To further investigate the molecular degradation signa-
ture of AOM in the case of EOM suspension alone and 
the IOM-EOM mixture, the MW distribution profiles of 
EOM suspensions and IOM-EOM mixture by BDD-EO 
and BDD-EF were fractionated, as shown in Fig. 4. Before 
treatment by BDD-EO and BDD-EF, the EOM suspen-
sions and IOM-EOM mixture have a similar feature peak 
in the biopolymers areas (>  104  Da), humic substances 
 (103–104  Da), and low-MW substances (<  103  Da), 
whereas IOM only have low-MW substances (<  103 Da). 

Fig. 4 Molecular weight distributions of (a) EOM suspensions and b IOM‑EOM mixture before and after EO and EF treatment (Anode: BDD, 
Cathode: graphite felt, pH 3, 20 mM  Na2SO4, 3 mM  FeSO4 in EF, CD: 10 mA  cm−2, Initial DOC: 6 ± 0.5 mg  L−.1)
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The appearance of several peaks in the low-MW region 
indicates the presence of low-MW acids, predominantly 
hydrophilic molecules such as acetic and lactic acid, as 
reported previously [5]. In the case of EOM alone, the 
BDD-EF exhibits much more intensity reduction in each 
peak in the fraction of biopolymers, humic substances, 
and low-MW substances compared to BDD-EO owing 
to the stronger degradation ability of •OH in compari-
son with  H2O2. However, in the case of the IOM-EOM 
mixture, the BDD-EO behaves a more substantial reduc-
tion in the peak intensities of biopolymers and humic 
substances. Meanwhile, the multiple peak intensities of 
low-MW substances increase in both cases where the 
degradation of humic substances by BDD-EO is superior 
to that by BDD-EF, which echoes the higher reduction 
in HAL substances in the BDD-EO process in Fig.  3b. 
Previous studies have elucidated that AOM containing 
N-organics compounds derived from biopolymer that 
could rapidly react with  H2O2 [2, 37], which contributes 
to the degradation of biopolymers in the IOM-EOM 
mixture during the BDD-EO process. At such a condi-
tion, high-MW substances, including biopolymers and 
humic substances, are effectively decomposed into low-
MW substances by electro-conversion [19, 32], as shown 
in Fig. 4b. In contrast, BDD-EF evenly behaves the deg-
radation of various AOM in the EOM suspensions and 
IOM-EOM mixture by electro-combustion [38], which 
lowers the magnitude of low-MW substances, especially 
at EOM alone. In the presence of IOM, the AOM deg-
radation is inhibited due to worsened reactivity induced 
by hydrophilic and low-MW substances, as shown in Fig. 
S7. The findings in the molecular degradation of AOM 
suggest that BDD-EO favors degradation of the mole-
cules of biopolymers and humic substances to low-MW 
substances as well as BDD-EF preferentially degrades a 
broad spectrum of AOM evenly to a lower level of con-
centration instead.

3.5  Minimization of halogenated DBPs precursors 
by BDD‑EO and BDD‑EF

Halogenated DBP formation potential (DBPFP) is mainly 
subjected to the composition of AOM-derived DBPs pre-
cursors in oxidation processes [8]. Figure  5 shows the 
reduction of total DBPFP by BDD-EO and BDD-EF for 
the EOM suspensions alone and the IOM-EOM mixture. 
The BDD-EF exhibits much better total DBPFP reduction 
at EOM alone than BDD-EO, particularly in the inhibi-
tion of THMFP and HAAFP. However, BDD-EO imple-
ments a slightly superior reduction in total DBPFP in the 
case of the IOM-EOM mixture. A marked difference in 
various halogenated DBPs reductions between the EOM 
suspensions and IOM-EOM mixture is observed in Fig. 

S8. The BDD-EF can minimize TCM yields at approxi-
mately 72% in the process of THMs formation and the 
yields of DCAA and MCAA at approximately 94% for 
EOM suspensions. In contrast, in the case of the IOM-
EOM mixture, the BDD-EO induces a similar reduction 
of MCAA at 96%, whereas the yields of TCM are only 
slightly reduced.

The variations of DBPFP reduction are associated with 
the remaining AOM after the BDD-EF and BDD-EO 
treatment. The remaining AOM are mostly HAL sub-
stances after BDD-EF and BDD-EO processes, as shown 
in Fig. S6, contributing to DBP formation potential. 
Humic and low-MW substances dominate the majority 
of DBP precursors, whereas biopolymers as hydropho-
bic compounds contribute to limited DBP formation 
potential, as previously reported [2, 26]. In addition, both 
humic substances and low-MW fractions in AOM have 
been identified as potential precursors of halogenated 
DBPs such as THMs and HAAs [37]. Thus, THMFP and 
HAAFP are dominant regardless of initial AOM com-
position. On the other hand, the lower DBPFP appears 
after BDD-EO, where HKFP is much less than that after 
BDD-EF, which could be attributed to the higher SUVA 
 (UV254/DOC) of remaining AOM after BDD-EO, as evi-
denced in Fig. 1.

Moreover, Fig.  6 illustrates the specific DBPFP varia-
tions, including THMs (TCM, TCNM), HAAs (MCAA, 
DCAA, and TCAA), HANs (TCAN, DCAN), and HKs 
(1,1-DCK and 1,1,1-TCK) originated from the EOM and 
IOM-EOM mixture before and after BDD-EO and BDD-
EF. After either EO or EF treatment, specific DBPFP 
decreases as EOM is presented alone, whereas there is 
an increase in specific DBPFP in the IOM-EOM mixture. 
These results indicate that BDD-EO or BDD-EF treat-
ment preferentially degrades non-DBP precursors in the 
case of the IOM-EOM mixture, even though BDD-EF is 
effective in DOC reduction. Previous studies have also 
indicated that IOM with the majority of low-MW sub-
stances, has a more significant potential to be DBP pre-
cursors than EOM [4, 8]. Most remaining AOM belong 
to low-MW substances after EO and EF, where the spe-
cific DBPFP is much higher than that without electro-
chemical oxidation for the IOM-EOM mixture due to a 
lower level of remaining DOC and higher DBPFP. Addi-
tionally, based on the toxic potency calculation described 
previously [39], the [DBP]/LC50 as a toxicity indicator 
was used to evaluate the toxicity of DBPs in this study. 
The higher the [DBP]/LC50 ratio is, the higher total tox-
icity the DBPs exhibit. As shown in Fig. 7a, the ratio of 
[DBP]/LC50 is reduced in the post-chlorination of EOM 
suspensions after EO and EF treatments, especially for 
EF where the ratio of [DBP]/LC50 substantially decreases 
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from 0.011 to 0.001. However, in the case of IOM-EOM 
mixture, the ratio of [DBP]/LC50 increases slightly 
regardless of EO or EF treatments, as indicated in Fig. 7b. 
The marked difference in the toxicity between EOM sus-
pensions and IOM-EOM mixture after EO and EF could 
be contributed by the dominant toxicity driver-DCAN. 
The toxicity contributions from DCAN in the case of 
EO and EF are pronounced, accounting for approxi-
mately 90% for EO and 75% for EF, respectively, as shown 
in Fig.  7. The formation of DCAN has been proven its 
higher toxicity potential compared to the generation of 
other DBP compounds [39]. The increase in DCAN for-
mation is essentially caused by the presence of •OH that 
react with non-nitrogenous aromatic compounds to 
form phenolic compounds, ultimately leading to the for-
mation of nitrogenous DCAN precursors [40]. Despite 
the DBPFP can be effectively attenuated by EO and EF 
in the case of IOM-EOM mixture, the EO and EF pro-
cesses can increase the levels of toxicity of DBPs formed 
in post-chlorination. For EOM alone, EF is more effective 

to mitigate the toxicity tendency of DBP compounds than 
EO even though EF possesses a higher DBPFP.

3.6  Molecular degradation signature of MA‑derived DBPs 
precursors by BDD‑EO and BDD‑EF

Based on the findings of this study, the molecular degra-
dation signature of MA-derived AOM by BDD-EO and 
BDD-EF at pH 3 and CD 10 mA  cm−2 in the case of EOM 
alone and IOM-EOM mixture is proposed, as depicted 
in Fig. 8. It reveals that  H2O2 generation favors the deg-
radation of organic matter via direct electron transfer 
or electro-conversion in the EO process, while •OH is 
responsible for deforming organic matter via electro-
combustion in the EF process [38]. With BDD-EO treat-
ment, it is able to generate abundant  H2O2 and then 
decompose some of high-MW molecules, such as biopol-
ymers and humics (i.e., HAL substances), into a certain 
amount of low-MW substances (<  103  Da) at EOM sus-
pensions alone, while the high-MW molecules (>  103 Da) 
are comprehensively degraded into much more low-MW 

Fig. 5 DBPFP Variations in (a) EOM and b IOM‑EOM mixture by EO and EF (Anode: BDD, Cathode: graphite felt, pH 3, 20 mM  Na2SO4, 3 mM  FeSO4 
in EF, CD: 10 mA  cm−2, Initial DOC: 6 ± 0.5 mg  L−.1)
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Fig. 6 Specific DBPFP variations in (a) EOM and b IOM‑EOM mixture by EO and EF (Anode: BDD, Cathode: graphite felt, pH 3, 20 mM  Na2SO4, 3 mM 
 FeSO4 in EF, CD: 10 mA  cm−2, Initial DOC: 6 ± 0.5 mg  L−.1)

Fig. 7 Total toxic potency‑weighted DBP concentrations derived from the chlorinated samples of (a) EOM and b EOM‑IOM mixture before and after 
EF and EO treatment. (Anode: BDD; Cathode: Graphite felt; CD: 10 mA  cm−2; Initial DOC: 6 ± 0.5 mg L.−1). The toxic potency of each DBP compound 
was determined according to the values provided in the previous studies [39]



Page 12 of 14Aji et al. Sustainable Environment Research           (2024) 34:28 

substances in the case of IOM-EOM mixture, as proven 
in Fig. 4. In contrast, BDD-EF is effective to generate the 
majority of •OH and then evenly deform various AOM 
to lower their quantities at EOM suspensions alone, but 
the degradation of high-MW and low-MW substances is 
inhibited in the case of IOM-EOM mixture, as evidenced 
by the variations in degradation rate constants in terms 
of DOC and  UV254 in Fig. 1. The remaining humic sub-
stances and low-MW substances after either BDD-EO 
or BDD-EF treatment would act as DBPs precursors and 
cause variations in DBPFP, as shown in Fig. 5. In the case 
of EOM suspensions, BDD-EO can cause a pronounced 
reduction in HAAs precursors (i.e., DCAA) and an effec-
tive reduction in THMs precursors (i.e., TCM), accom-
panying the remaining TCM, DCAA and 1.1-DCK. 
However, the decrease in HAAs and THMs precur-
sors would be inhibited, as evidenced by the majority 
of remaining TCM and DCAA. By contrast, BDD-EF is 
powerful to decompose HAAs and THMs precursors at 
EOM suspensions alone, leading to remaining TCM. In 
the case of IOM-EOM mixture, most HAAs and THMs 
precursors remain after BDD-EF treatment and then 
cause a significant increase in TCMFP, MCAAFP, and 
1.1-DCKFP. In summary, BDD-EO and BDD-EF exhibit a 
marked difference in the molecular degradation of AOM, 
depending on the AOM composition, which is significant 
in response to their corresponding DBPFP.

4  Conclusions
Electro-oxidation (EO) and electro-Fenton (EF) driven 
by BDD-based electrolysis have demonstrated remark-
able effectiveness in the degradation of MA-derived 
AOM depending on its molecular composition. With 
1  h electrochemical oxidation reaction by controlling 
CD at 10  mA   cm−2 and pH at 3, the majority of •OH 
generated by BDD-EF can cause a significant reduction 
in DOC level up to 84% along with 45% reduction in 
 UV254 for EOM suspensions alone. At the same time, 
BDD-EO merely reaches the maximum DOC reduc-
tion at 66% and  UV254 reduction at 30%. However, the 
complexity of organic compounds in the IOM-EOM 
mixture inhibits the AOM degradation to increase the 
amounts of remaining organics in the process of BDD-
EF and BDD-EO. Interestingly, there are marked dif-
ferences in the degradation of fluorescent compounds 
and varied MW substances by BDD-EO and BDD-EF. 
BDD-EO with abundant  H2O2 preferentially degrades 
humic compounds (i.e., HAL substances) regardless 
of AOM composition. BDD-EF with dominant •OH 
can decompose various AOM molecules, especially 
for reducing SMPL and APL substances in the IOM-
EOM mixture. With BDD-EO treatment, it is effective 
in decomposing some high-MW compounds (>  103 Da), 
such as biopolymers and humics (i.e., HAL substances), 
into certain amounts of low-MW substances (<  103 Da) 
by electro-conversion at EOM suspensions alone. By 

Fig. 8 Molecular degradation signature of AOM by BDD‑EF and BDD‑EO in the case of EOM and IOM‑EOM mixture
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contrast, much more low-MW substances appear in the 
case of IOM-EOM mixture due to a significant decom-
position of high MW fractions. The BDD-EF effectively 
deforms various AOM molecules to lower their quanti-
ties by electro-combustion at EOM suspensions alone. 
However, the degradation of high-MW and low-MW 
substances is significantly inhibited in the case of the 
IOM-EOM mixture. The corresponding DBPFP of the 
degraded AOM is subject to the quantity of remain-
ing HAL substances and low-MW fractions, leading to 
a substantial reduction of HAAFP by either BDD-EO 
or BDD-EF in the case of EOM alone. However, the 
reductions in HAAFP and THMFP are significantly 
inhibited in the case of the IOM-EOM mixture. After 
either BDD-EF or BDD-EO, specific DBPFP decreases 
as EOM presents alone, while the increase in specific 
DBPFP appears in the case of the IOM-EOM mixture 
where BDD-EO outcompetes the performance in low-
ing specific DBPFP compared to BDD-EF. As IOM 
mixed with EOM, the toxicity tendency of correspond-
ing DBP compounds formed in the post-chlorina-
tion would increase regardless of EO or EF, while the 
DBP-derived toxicity would be attenuated effectively 
for EOM alone, especially for EF. In summary, electro-
chemical oxidation processes, such as EO and EF, effec-
tively reduce cyanobacteria-derived DBP precursors 
and the toxicity of DBPs formed in the post-chlorina-
tion for EOM suspensions. Instead, IOM releasing into 
EOM suspensions greatly impacts the degradation of 
DBP precursors by EO and EF and the toxicity of cor-
responding DPB compounds.
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