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Abstract: The complex composition of natural organic matter (NOM) can affect drinking water
treatment processes, leading to perceptible and undesired taste, color and odor, and bacterial growth.
Further, current treatments tackling NOM can generate carcinogenic by-products. In contrast, promis-
ing substitutes such as electrochemical methods including electrooxidation (EO) have shown safer
humic acid and algae degradation, but a formal comparison between EO methods has been lacking.
In this study, we compared the Boron-doped diamond (BDD) electrode electrolysis performance for
Suwannee River NOM degradation using mixed-metal oxide (MMO) anodes under different pH
(6.5 and 8.5) representative of the high and low ranges for acidity and alkalinity in wastewater and
applied two different current densities (10 and 20 mA cm−2). BDD anodes were combined with
either BDD cathodes or stainless steel (SS) cathodes. To characterize NOM, we used (a) total organic
compound (TOC), (b) chemical oxygen demand (COD), (c) specific ultraviolet absorbance (SUVA),
and (d) specific energy consumption. We observed that NOM degradation differed upon operative
parameters on these two electrodes. BDD electrodes performed better than MMO under stronger
current density and higher pH and proved to be more cost-effective. BDD-SS electrodes showed the
lowest energy consumption at 4.4 × 103 kWh kg COD−1. while obtaining a TOC removal of 40.2%,
COD of 75.4% and SUVA of 3.4 at higher pH and current. On the contrary, MMO produced lower
TOC, COD and SUVA at the lower pH. BDD electrodes can be used in surface water as a pre-treatment
in combination with some other purification technologies to remove organic contaminants.

Keywords: electrochemical oxidation processes; boron doped diamond electrodes; mixed metal
oxides anodes; Suwannee river NOM; water treatment

1. Introduction

The effectiveness of water treatment processes are affected by the presence and amount
of natural organic matter (NOM) [1]. NOM, such as proteins, polysaccharides, aromatic
and humic substances, promote unwanted taste, odor and bacterial growth which increase
costs of water purification [2–5]. However, treatments to reduce NOM can trigger the
development of carcinogenic or genotoxic disinfection by-products (DBP), specifically
trihalomethanes and haloacetic acids, which are also undesired [2].

Currently, conventional NOM removal techniques include coagulation and floccu-
lation, sedimentation, and filtration. Alternatively, newer techniques that use magnetic
ion-exchange resins, activated carbon filters, and advanced oxidation processes (AOP) are
more expensive [6–8]. Yet, these methods cannot eliminate all organic pollutants. Conse-
quently, electrochemical AOP (EAOP) are regarded as promising in removing NOM. EAOP
degrade organic matter via oxidation using hydroxyl radicals (˙OH) that are produced at
the anode-electrode surface. These radicals are non-selective and propagate a degradation
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cycle with a broad variety of recalcitrant organic molecules [9]. Many different types of
electrodes can be used in EAOP; some are conventional materials such as doped-SnO2,
PbO2, and mixed metal oxides (MMO), while others are relatively newer options such as
boron-doped diamond (BDD). The diamonds in BDD electrodes act as magnetic isolating
materials, hence facilitating anodic oxidation in electrochemical water treatment [10]. The
most common dopant for these electrodes is boron, which substitutes carbon atoms in
the diamond crystal structure to promote a p-type semiconductor behaviour in the sys-
tem [9,11]. BDD electrodes can be fabricated relatively inexpensively through chemical
vapor deposition (CVD) and can degrade organic contaminants such as NH3, C.N.-, phe-
nol, organic dyes, surfactants, and landfill leachate [12–16]. In contrast, MMO electrodes
are rarely made through CVD as it is difficult to introduce many metal precursors in the
furnace [17]. MMO anodes have also been shown to have improved removal efficiency
under high temperatures [18]. Yet, MMO electrodes are popular for wasterwater treatment
due to their high resistance to corrosion and longevity, as well as operation at reduced
electrolytic voltages. They are highly used for electrochlorinations, where the chlorine
evolution reaction regarding MMOs has been summarized by Dong, Yu and Hoffmann [19].

As a reference, Table 1 provides a summary of published BDD studies for water purifi-
cation. In these cases, electrodes allow for organic oxidation via two different mechanisms:
(i) direct electron transfer (DET) using low applied potential, and (ii) indirect oxidation via
˙OH formation [20]. In the DET mechanism, BDD anodes contain locations for the active
adsorption of electrons and radicals, reducing the electrocatalytic activity of aliphatic -OHs,
-COOHs, and secondary oxidations. With the indirect oxidation process, evidence shows
that current densities increase at a potential over 2.3 V with -COOH concentrations [16,21].
BDD electrodes have low adsorption properties due to their inert surface, have a strong
resistance to corrosion and have high overpotentials for oxygen evolution. Due to these
characteristics, BDD electrolysis in the water discharge region can produce a high propor-
tion of ˙OH that are weakly adsorbed on the electrodes surface, creating an environment to
propagate oxidation of organic molecules [22]. The equations below shows the reaction
sequence where organic oxidation and oxygen evolution occur simultaneously [23]:

BDD + 2H2O→ BDD
(�OH

)
+ 2H+ + 2e− (1)

BDD
(�OH

)
+ R→ BDD + mCO2 + nH2O (2)

If mineralization is incomplete, there will be some products formed from the reaction
for Equation (2). In addition, organic evolution happens in competition with the ˙OH
terminating O2 according to the following reaction [22]

BDD
(�OH

)
→ BDD +

1
2

O2 + H+ + e− (3)

Evidence shows that secondary mechanisms are not occurring on the anode surface,
where the development of ˙OH takes place. Heard and Lennox detail the mechanisms at
the MMO and BDD electrode interfaces [24].

Table 1. Electrochemical oxidation of different organic substances using a BDD anode.

Pollutant Experimental Conditions Average Efficiency Refs.

Carboxylic Acids i = 30 mA cm−2; T = 30 ◦C; 1 M H2SO4 70–90% [16,20,23]
Polyacrylates i = 1–30 mA cm−2; 1 M HClO4 100% [23]

Industrial wastewaters i = 7–36 mA cm−2; initial COD 1500–8000 mg L−1 85–100% [25]
Carwash wastewater i = 15–60 mA cm−2 40% [26–28]

Wastewater from automotive
industry i = 30–50 mA cm−2; initial COD 2500 mg L−1 >90% [29]
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Although electrochemical techniques have been used as an alternative for NOM degra-
dation, the control of the electrochemical reactions for NOM elimination has not been fully
documented [8,25–30]. Because NOM includes a broad range of carbon compounds, insight-
specific mechanisms have been typically inferred rather than explored in-depth. Other
published works indicate that BDD electrodes are economically viable with conventional
AOPs and dimensionally stable anodes (DSA), such as MMOs [31–34]; yet, no standard
comparison between electrode materials exists with regard to NOM removal. Some studies
have shown efficiencies of MMO and BDD, but the experimental conditions do not subject
water samples to the same pH and current density. For example, Saha and colleagues
performed a similar evaluation for cooling tower blowdown water under different flow
rates and conductivities [35]. Other Recent work has shown a comparison between MMO
and BDD anodes for winery wastewater for over 10 h at natural pH, demonstrating 85%
mineralization with BDD due to the propensity for the system to generate more hydroxyl
radicals [36]. In addition, a study on landfill leachate concluded Pt anodes outperformed
BDD and MMO electrodes in terms of lower specific energy consumption and material
cost [37]. However, a straightforward comparison using same pH and current density has
been lacking. Therefore, our study assesses the performance of BDD and MMO electrodes
during electrochemical oxidation (EO) of a standardized water matrix containing NOM un-
der determined pH and currents. The water matrix was sourced from the Suwannee River,
which is generally used as a reference according to the International Humic Substances
Society [38]. Furthermore, we used a combination of total organic carbon (TOC), chemical
oxygen demand (COD), and specific U.V. absorption (SUVA) as surrogate parameters to
quantify NOM.

2. Materials and Methods
2.1. Reagents and Chemicals

To create the standard water matrix outlined by Rosenfeldt and Linden [39,40], we used
CaCl2, MgCl2·6H2O, KNO3, CaSO4·2H2O, NaOH, C6H11NO6, NaHCO3, and Suwannee
River NOM. Details are shown in Table 2. All reagents were acquired from Sigma-Aldrich
(purity ≥99%). We analyzed two water matrices with pH = 6.5 and pH = 8.5. Table 3 shows
the physico-chemical characteristics of the standardized water. Ultrapure water was used
during all electrochemical experiments (18.2 MΩ.cm, 22 ◦C, Milli-Q® Advantage A10 Water
Purification System, Merck KGaA, Darmstadt, Germany).

Table 2. Composition of standardized water matrix comprising Suwannee River NOM.

Compound % w/v

CaCl2 0.0226
MgCl2·6H2O 0.0836

KNO3 0.0041
CaSO4·2H2O 0.0295

NaOH 0.0009
NaHCO3 0.0126

C6H11NO6 0.00258
Suwannee River NOM 0.0102

Table 3. Physico-chemical characteristics of the standardized water matrix.

Measurements Units Water Matrix 1 Water Matrix 2

pH - 6.5 8.5
TOC mg L−1 6.25 7.03

UV254 cm−1 0.16 0.18
SUVA L mg−1 m−1 2.3 2.9
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2.2. Electrochemical Setup

The experimental setup consisted of a batch system showing three electrode configura-
tions: (i) BDD anode with a BDD cathode (BDD-BDD), (ii) BDD anode with stainless-steel
cathode (BDD-SS), and (iii) MMO anode with stainless-steel cathode (MMO-SS). Titanium
MMO and BDD anodes were purchased from William Gregor Ltd., East Grinstead, UK and
Element Six, Didcot, UK. All electrodes had the same surface area (10 mm × 10 mm × 1 mm),
and the gap between electrodes was 3 mm. Samples were square, roughly 1 cm in length
and width; both sides were presumably active. The power supply was R-SPS605 60V DC
Regulated manufactured by Nice Power, Southend-On-Sea, Essex, UK.

2.3. Electrochemical Degradation of Suwannee River NOM

Glass beakers with 300 mL of Suwannee River NOM water (pH = 6.5 or 8.5) were
placed on the experimental setup, schematically illustrated in Figure 1. pH values were
chosen to mimic natural water systems, using the two extremes at lower and higher
natural alkalinity. A 30-min equilibration time was used at 400 rpm, followed by 30-, 60-,
and 120 min. Each time point was organized as an individual experiment. A 0.45 µm
polyethersulfone (PES) membrane filtered the treated water to eliminate particulate matter.
Each treatment tested two different current densities (10 and 20 mA cm−2). TOC, COD,
and UV absorbance at 254 nm (UV254), taken at each time point, were used as substitute
parameters to quantify NOM. TOC values were characterized with a Shimadzu© TOC-
L analyzer with a Shimadzu ASI-L autosampler. We ran 4 iterations of every test and
every test had 3 setups, and the PeCOD itself had 10 runs of every sample. There were
120 samples in total: 40 MMO-MMO, 40 BDD-SS, 40 MMO-SS.
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Figure 1. Schematic electrochemical setup containing BDD and MMO electrodes.

In particular, the apparatus used a 680 ◦C combustion catalytic oxidation detection
method. MANTECH PeCOD© Analyzer was used to measure COD. UV254 values were
determined via a fluorescence plate reader (spectral max M3, Molecular Devices) at 254 nm.
The measurement occurs with shining UV light at a wavelength of 254 nm through an
aqueous solution in a quartz cell to identify aromatics or unsaturated carbon bonds (alkenes,
allenes) using the changes in the wavelength intensity [41]. TOC and COD elimination was
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calculated using Equation (4), where C0 and Cf were the initial and final organic carbon
concentration and COD measured in mg L−1 [42]:

ETOC (%) =
(C0 −Cf)

C0
∗ 100% (4)

The SUVA was determined by normalizing the UV254 by dissolved organic carbon
(DOC), using Equation (5):

SUVA =
UV254
DOC

(5)

DOC represents the organic matter found after treatment of the sample with a 0.45 µm
filter. The specific energy consumption per unit mass of COD (Esp in kWh kg COD−1) was
determined using the subsequent Equation (6), adapted from [43–45]:

Esp =
103 U · I · t

(COD0 −CODf)V
(6)

where U is the average electrolysis cell voltage (V), I is the applied electrolysis current (A),
t is the electrolysis time (h), V is the synthetic water volume (L). The experiments were
conducted at a water bath temperature of 22 ◦C. Temperature was not one of the parameters
addressed in the study, however, with a current of 20 mA/cm2 flowing between the elec-
trodes, it cannot be ruled out that the solution can be heated by the current, through ohmic
heating. The voltage applied varied in order to keep the current constant. Calculations are
included in the Supplementary Information.

3. Results
3.1. TOC Removal

First, we examined the TOC removal. Figure 2 illustrates the TOC elimination at
two pH levels (6.5, 8.5), in two separately applied current densities of 10 mA cm−2 and
20 mA cm−2. The highest TOC elimination was observed for all treatment systems at
120 min; thus, this time point was used for quantitative comparisons (TOC removal over
time for each treatment is illustrated in Figure S1). At pH 6.5 and 10 mA cm−2, TOC
elimination is amplified to 65.8% using MMO anodes and stainless-steel cathode (MMO-SS),
whereas BDD-SS and BDD-BDD showed lower removals of −0.7% and 2.4%, respectively.
Similarly, at 8.5 pH and 10 mA cm−2, MMO-SS demonstrated peak TOC removal at
43.2%. In contrast, BDD-SS and BDD-BDD performed poorly at 8.8 and 1.9%, respectively
(Figure 2).

Higher TOC removal at the lower current density (10 mA cm−2) using MMO electrodes
can account for their tendency for chlorine evolution. Cl- ions in the water matrix can affect
the EO. One such effect is the competition of these Cl- ions with organic contaminants for
active sites on the electrode surface or free radicals in the solution, thereby decreasing the
NOM degradation rate [46–48]. Additionally, low current densities have resulted in fairly
low removal percentages in previous studies [31,32,34,49].

Subsequently, as shown in Figure 2, bringing up the current density to 20 mA cm−2

strongly influenced organic matter oxidation. At 6.5 pH and 20 mA cm−2, BDD-BDD
revealed the most significant removal growth, flatlined at 52.8%. MMO-SS removal was
reduced to 14%, and BDD-SS demonstrated a TOC elimination of 1.2%. At a 6.5 pH, raising
the current density had varied results with BDD anodes. On the contrary, at pH 8.5, BDD-
BDD and BDD-SS produced the most significant TOC elimination at 40.2, 40.1, and 34.9%
for MMO-SS, respectively. Increased pH has been observed to enhance the incidence of
oxygen evolution; so, more oxidative species were produced in the aqueous solution, which
increased NOM degradation in BDD anodes. Increasing the current density to 20 mA cm−2

in turn also improved the TOC elimination and prevented the primary increase in partial
oxidated carbon chains in the TOC characterization.
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Additionally, the TOC removal in this study was higher than in AOP systems alone.
Fattahi et al. (2021). attained a removal efficiency of only 30% with TiO2 photocatalysis
irradiated by UV254 [50]. However, other studies using EAOP systems with higher current
densities reported higher TOC removal. For instance, Gandini et al. (2013) and Chen et al.
(2000) stated a removal capacity of 81% with a Ti-BDD anode using 38 mA cm−2 [20,51].

3.2. COD Removal

COD measures the oxygen equivalent of the organic matter in an aqueous sample that
is prone to oxidation when the water is exposed to a strong chemical oxidant. Its removal
pattern is different from that of TOC. However, like the TOC measurement, the longest
electrolysis interval at 120 min established the most effective COD removal (Figure S2).
At pH = 6.5 and 10 mA cm−2, MMO-SS displayed the maximum COD elimination at
91.6%., whereas BDD-SS and BDD-BDD had decreased COD elimination at 3.8 and−17.7%,
respectively (Figure 3). The increase in COD removal for BDD-BDD electrodes at 120 min
can be related to the agglomerates produced in the mixture, which boosted the floc size of
the NOM. COD equipment used to test the samples was unsuccessful in recognizing the
larger flocs, which may have affected the overall COD results.

At pH 8.5 and 10 mA cm−2, BDD-SS and BDD-BDD showed an increase in COD
removal of 52.8 and 43.8%. The BDD electrodes do not appear to substantially differentiate
COD removal over MMO electrodes at the lower current and the higher pH (8.5) settings.
Although COD efficiency was decreased in the case of the BDD-SS and BDD-BDD electrodes
at the higher pH than with the MMO-SS electrodes, it was still more effective than TOC
efficiency removal with the same parameters.

At pH 6.5 and 20 mA cm−2, the COD elimination increased to 52.2 and 63.2% for
BDD-SS and BDD-BDD, respectively (Figure 3). Nonetheless, MMO-SS accomplished
the highest COD removal at 90.2%. Alternatively, at pH 8.5 and 20 mA cm−2, BDD-SS
and BDD-BDD demonstrated COD elimination at 75.4 and 57.6%, respectively. MMO-SS
decreased in COD removal at higher pH to 68.8%. Thus, MMO electrode demonstrated a
greater removal at pH 6.5 for all current densities; though, BDD electrode efficiencies were
enhanced at pH 8.5 and the stronger current density.
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MMO and BDD efficiencies may be due to separate reaction pathways occurring
between the non-active (BDD) and active (MMO) electrodes. BDD is known as a ‘non-
active’ anode since it does not offer a catalytically active site for reactant adsorption in
aqueous solutions. Instead, the ˙OH that forms through water discharge reactions on the
anode surface is responsible for electrochemical degradation of organic compounds. In
contrast, MMO is an ‘active’ anode with low oxygen evolution overpotential [52,53]. ˙OH
can be produced through the following reactions:

MOx + H2O→ MOx
(�OH

)
+ H+ (7)

MOx
(�OH

)
→ MOx+1 + H+ + e− (8)

MOx+1 + R→ MOx + RO (9)

MOx+1 are active species on the electrode and react with organics (R) in the solu-
tion [34]. However, MMO electrodes have high electrocatalytic activity for chlorine evolu-
tion. Thus, active chlorines such as HClO and Cl2 form through indirect oxidation of Cl-

according to the reactions below [50]:

Cl− ↔ Clads + e− (10)

Clads + Cl− ↔ Cl2 + e− (11)

Cl2 + H2O↔ HClO + H+ + Cl− (12)

Different reaction mechanisms can also cause differences in COD and TOC removals.
MOx and MOx+1 may affect TOC removal. Moreover, low pH favored MMO anodic
oxidation by forming Cl- ions that were propagated by the current density. The Cl− assists
in organic oxidation by route of active chlorine at approximately pH 6.5 [49]. Increasing pH
lowered the concentration of Cl- in the solution; therefore, we observed that the hydroxide
radicals generated higher TOC removal via BDD anodes. This reaction displayed weak
adsorption properties of the BDD anode and a large generation of ˙OH thus increasing TOC
removal over COD removal [49].
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The theoretical oxygen demand (ThoD) was compared with the obtained COD using a
MANTECH COD analyzer, ThoD was calculated using Equation (13) formulated by Baker
et al. centered on a wide range of organic acids and Suwannee river NOM components [54]:

Cn Hm Oc Xk Nj Si Ph + bO2 → nCO2 +
m− k− 3j− 2i− 3h

2
H2O + kHX + jNH3 + iH2SO4 (13)

where X is the sum of halogens, and b is the oxygen demand calculated using
Equation (14):

b = n +
m− k− 3j− 2i− 3h

4
− e

2
+ 2i + 2h (14)

In Table 4, the photoelectro chemical oxygen demand (PeCOD) measurement was
only 15% lower than theoretical values, demonstrating that the PeCOD can be used as a
predictor of ThOD for the molecules in the synthesized water mixture.

Table 4. Evaluation of synthetic NOM matrix ThOD to PeCOD measurement.

Oxygen Demand [mg L−1]

Theoretical Calculation 21.21
PeCOD measurement 18

In addition, Stoddart et al. [55] identified a metric of NOM quantification as COD/TOC
ratio, which measures the degree of reduction of the organic compounds. A higher
COD/TOC ratio indicates high degradation by-products and, therefore, NOM reduc-
tion [55,56]. This ratio is a direct measure of the average oxidation state of a carbon in the
wastewater sample. The ranges for this ratio are from zero to 5.33, where the higher the
value, the higher the impact of the NOM molecules on the concentration of the surface
water oxygen. Lower numbers are therefore desirable. Table 5 shows COD/TOC ratios at
120 min of treatment. A full table of summarized data is available in the Supplemental Ma-
terials (Table S1). At the lower pH and lower current settings (pH = 6.5 and 10 mA cm−2),
MMO-SS demonstrated the lowest NOM content, meaning that MMO electrodes perform
better in contrast to the BDD anode setups at low pH and low current. At the higher pH
of 8.5 and lower current settings, BDD-SS and MMO-SS showed the lowest COD/TOC
ratio at 0.66 and 0.68. In contrast, BDD-BDD showed a higher COD/TOC ratio of 1.01.
These results exposed a better electrochemical performance at pH 8.5. Further, at lower
pH and higher current settings (6.5 pH, 20 mA cm−2), COD/TOC ratios were higher in
BDD-BDD electrodes, compared to BDD-SS and MMO-SS, reaching a value of 0.77 and
0.55 and 0.45, respectively. However, there was no substantial difference between BDD-SS
and MMO-SS electrodes at high and low pH, meaning the electrochemical performance of
electrodes at high current densities was unaffected by pH variation based on COD/TOC
ratio [34,57–59]. The standard error is large for the MMO anodes, even with many iterations
of the measurements at the low current. This observation could be due to a leak that caused
the anodes to oxidize on the backside that is not corrosion resistant.

Table 5. COD/TOC ratio for different electrode configurations, pH and current densities.

Electrodes
Current Density = 10 mA cm−2 Current Density = 20 mA cm−2

pH = 6.5 pH = 8.5 pH = 6.5 pH = 8.5

BDD-BDD 1.3 ± 0.7 1.01 ± 0.4 0.77 ± 0.07 0.73 ± 0.1
BDD-SS 1.74 ± 0.7 0.67 ± 0.4 0.55 ± 0.4 0.57 ± 0.2

MMO-SS 0.33 ± 0.3 0.67 ± 0.6 0.45 ± 0.1 0.59 ± 0.1

3.3. Specific UV Absorbance

UV254 quantifies NOM in water because aromatics have greater absorbance at 254 nm.
For instance, UV254 is normalized to DOC to give the SUVA, which is an indicator of
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aromaticity (Equation (5)). Previous studies indicated that the presence of a high TOC,
color, and SUVA in drinking water increased the likelihood of disinfection by-products
such as trihalomethanes (THMs) and haloacetic acids (HAAs) being present in the purified
solution. THMs and HAAs are products of the electro-generation active chlorines. However,
the oxidization of Cl- at the MMO anode to chlorine, which hydrolyzes into hypochlorous
acids (Equations (13)–(15)), leading to the electro chlorination of carbon molecules in
the mixture [53].

The standard SUVA value for the synthesized aqueous solution was 2.5 L mg−1 m−1 in-
dicating that the NOM moieties present were more hydrophilic and had a lower molecular
weight [2,60–63]. However, after 120 min of electrochemical treatment, SUVA increased, in-
dicating an improvement in UV254 absorbing species, as in, for instance, aromatic molecules
(Figure 4). While SUVA increased as the purification process progressed, TOC and DOC
declined, as revealed by the total TOC reduction (Figure 2). Consequently, the organics
present in the synthetic water decreased, but the residual organic matter increased to a
higher ratio of aromatic character than in the original state. Earlier experiments established
that an increase in aromaticity does not correlate with increased humic substances [64]
but they are an indicator for aromatic character and provide a general relation to the
development of disinfection by-products.

Environments 2022, 9, x FOR PEER REVIEW 10 of 15 
 

 

increased, indicating an improvement in UV254 absorbing species, as in, for instance, aro-
matic molecules (Figure 4). While SUVA increased as the purification process progressed, 
TOC and DOC declined, as revealed by the total TOC reduction (Figure 2). Consequently, 
the organics present in the synthetic water decreased, but the residual organic matter in-
creased to a higher ratio of aromatic character than in the original state. Earlier experi-
ments established that an increase in aromaticity does not correlate with increased humic 
substances [64] but they are an indicator for aromatic character and provide a general 
relation to the development of disinfection by-products. 

 
Figure 4. SUVA values of Suwannee River NOM after 120 min treatment using BDD and MMO 
electrodes at pH = 6.5 and 8.5 and current densities of 10 and 20 mA cm−2. Error bars show standard 
deviation. 

At pH 6.5, 10 mA cm−2: the SUVA was highest for MMO-SS at 14.4. BDD-BDD and 
BDD-SS were considerably lower at 3.4 and 2.7. However, at 8.5 pH, SUVA was reduced 
for the MMO-SS system to 4.7, while the other electrode sets remained near their 6.5 pH 
values, at 3.8 and 3.6, respectively. Hence, BDD electrodes have a higher resistance to pH 
changes in the standard aqueous NOM mixture. 

At 6.5 pH, 20 mA cm−2: the SUVA values were 4.6, 3.4, and 6.7 for BDD-BDD, BDD-
SS, and MMO-SS, respectively. In contrast, at 8.5 pH and 20 mA cm−2, SUVA improved 
for all systems to 5, 6.3, and 5.6, respectively, for the BDD-BDD, BDD-SS, and MMO-SS 
systems. The performance of BDD electrodes increased at higher current and pH. MMO 
electrodes, however, were adversely affected by increases in current and pH. 

It is relevant to point that at a higher pH and higher current, there were more ag-
glomerations visible in the MMO-SS system, shown by more yellow particulates and 
prominent water discoloration. The Ti present in the MMO anode introduced metallic co-
agulants to the electrochemical treatment, which increased the synthetic NOM floc (size, 
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At pH 6.5, 10 mA cm−2: the SUVA was highest for MMO-SS at 14.4. BDD-BDD and
BDD-SS were considerably lower at 3.4 and 2.7. However, at 8.5 pH, SUVA was reduced
for the MMO-SS system to 4.7, while the other electrode sets remained near their 6.5 pH
values, at 3.8 and 3.6, respectively. Hence, BDD electrodes have a higher resistance to pH
changes in the standard aqueous NOM mixture.

At 6.5 pH, 20 mA cm−2: the SUVA values were 4.6, 3.4, and 6.7 for BDD-BDD, BDD-SS,
and MMO-SS, respectively. In contrast, at 8.5 pH and 20 mA cm−2, SUVA improved for all
systems to 5, 6.3, and 5.6, respectively, for the BDD-BDD, BDD-SS, and MMO-SS systems.
The performance of BDD electrodes increased at higher current and pH. MMO electrodes,
however, were adversely affected by increases in current and pH.
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It is relevant to point that at a higher pH and higher current, there were more agglom-
erations visible in the MMO-SS system, shown by more yellow particulates and prominent
water discoloration. The Ti present in the MMO anode introduced metallic coagulants
to the electrochemical treatment, which increased the synthetic NOM floc (size, strength,
structure, and recovery potential). However, due to the lack of agglomeration in BDD
electrode systems, they showed lower SUVA.

3.4. Estimation of Specific Energy Consumption

Figure 5 represents the specific energy consumption of the samples calculated using
Eqn. 6. Determined at the lower applied current density, BDD-SS was examined to have the
lowest energy consumption at 1.5 × 103 kWh kg COD−1 at pH = 8.5. At 20 mA cm−2, BDD-
SS electrodes showed the lower specific energy consumption at
4.4 × 103 kWh kg COD−1 when tested at the higher pH. Therefore, BDD anodes aug-
ment the current input for the EO process at low and high current densities in the presence
of higher pH. However, increasing high current densities would increase charge passed
(Ah dm−3) using BDD-SS electrodes [37]. The same conclusion was reported by Zhou et al.
(2011), comparing methyl orange degradation using EO on two electrodes BDD and MMO.
Their results demonstrated that BDD electrodes have higher general current efficiency than
those of MMO [34]. The observations here also correlate well with recent results where BBD
has a higher removal efficiency than MMO over a wider range of conditions. Generally,
electrolysis performance is better under acidic conditions. Both BDD and MMO anodes
could perform better under acidic conditions [65–67] and performance will likely decrease
above a pH of 8.5, in particular, as we have observed here for the MMO-SS electrode system.
However, it seems BDD is more consistent in performance and will perform better than
MMO at pH extremes.
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4. Conclusions

Electrochemical oxidation of standardized Suwannee River NOM was examined us-
ing BDD and MMO electrodes at two different current densities (10 and 20 mA cm−2)
and pH (6.5 and 8.5). We identified that the electrooxidation via BDD and MMO an-
odes was significantly dependent on the current density. We observed that the BDD
electrodes displayed higher removal of NOM in the presence of the higher current den-
sity. The highest TOC and COD removal were observed with MMO electrodes at a pH of
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6.5 (10 mA cm−2) where TOC was 65.8%, COD was 91.6%, and the SUVA peaked at 14.4.
The BDD-BDD electrodes had the highest TOC of 52.8% and COD of 63.2% with a SUVA of
4.6 when treated with a pH of 6.5 at 20 mA cm−2, whereas BDD-SS observed its highest
TOC removal of 40.2% and DOC of 75.4% with a SUVA of 3.4 when the conditions where a
pH of 8.5 at 20 mA cm−2. Initial pH did not profoundly affect NOM oxidation.

Overall, through this comparative analysis, we observed that the MMO electrode
system exhibit improved performance at pH 6.5 and lower current (10 mA cm−2) from
0–30 min. MMO electrodes were more effective than BDD for COD and TOC elimination
at the lower current density. However, more importantly, the removal efficiency of the
BDD electrodes demonstrated a higher oxidation of the NOM under a broader range
of operating conditions (duration, current, pH). To add, BDD-based electrodes had the
lowest energy consumption and outperformed MMO electrodes at both the higher pH
and current studied. These observations reaffirm BDD’s utility, being a low capacitance
material and electrochemically stable. Moreover, SUVA data showcased a more effective
breakdown of NOM with BDD electrodes. Future experiments applying higher current
densities can help to establish the commercialization of BDD anodes for the removal of
NOM from water sources.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/environments9110135/s1, Figure S1. TOC Removal us-
ing BDD-BDD, BDD-SS, and MMO-SS electrode setups. (a) pH 6.5; current density: 10 mA cm−2

(b) pH 6.5; current density: 20 mA cm−2 (c) pH 8.5; current density: 10 mA cm−2 (d) pH 8.5; current
density: 20 mA cm−2; Figure S2. COD removal COD using BDD-BDD, BDD-SS, and MMO-SS
electrode setups. (a) pH 6.5; current density: 10 mA cm−2 (b) pH 6.5; current density: 20 mA cm−2

(c) pH 8.5; current density: 10 mA cm−2 (d) pH 8.5; current density: 20 mA cm−2. Table S1. Summary
of TOC and COD removal results for each electrode configuration and the two pHs. Excel with
calculations and raw data.
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