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ARTICLE INFO ABSTRACT

Keywords: e NETmix stands as an electrochemical flow reactor engineered to enhance mass transfer. This study aimed at
Anodic Odeat_lon assessing the performance of the e NETmix reactor in the realm of organic electrosynthesis. Specifically, the
Electrocatalysis research focused on the selective electrochemical oxidation of 4-methoxybenzyl alcohol (4-MBA) to p-ani-
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saldehyde (PAA) using a bare fluorine-doped tin oxide (FTO) anode. The efficiency of the process was assessed
for distinct current densities (j), Reynolds numbers (Re), supporting electrolyte contents, and substrate initial
contents. The e NETmix reactor was extensively compared to a commercial electrochemical flow reactor
(MicroFlowCell from ElectroCell, Denmark). e NETmix facilitated the use of a broader range of j
(0.8-2.0 mA cm ™2 versus 0.8 mA cm™2) together with smaller Re (>190 versus >1750), supporting electrolyte
contents (>1 mM versus >30 mM), and substrate initial contents (>2.0 mM versus >3.0 mM) with no loss of PAA
production or energy consumption. These findings underscore a remarkable suitability of e NETmix as a reactor
for organic electrosynthesis.

1. Introduction [1]) or action of reactive oxygen species (ROS) generated on the anode
surface. One or more adsorbed products (P,gs) are formed in both cases.
Typically, organic electrosynthesis occurs through inner sphere re- Ultimately, the P,qs should desorb from the anode surface and be
actions close to the electrode surface. In the case of processes driven by transferred to the bulk liquid phase to avoid overoxidation [1-3].
oxidation reactions, the electrosynthesis takes place on the anode sur- S p i 1
face. One or more substrates are transferred from the bulk liquid phase ads = Pods + 06 M
to the anode surface, where they are adsorbed (S,gs). Afterward, the Given this surface-driven reaction mechanism, it is easy to infer that
oxidation of the substrate(s) occurs by direct charge transfer (Eq. (1) mass transfer is critical in organic electrosynthesis. Therefore, various
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efforts have been made to address mass transfer limitations in electro-
chemical reactors. In this context, electrochemical flow reactors have
become very popular since they provide enhanced mass transfer and, in
addition, increased heat transfer, energy performance, scalability, pro-
cess safety, automation, and reproducibility. The most common elec-
trochemical flow reactors refer to parallel plate flow reactors/cells, also
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known as filter-press electrochemical reactors/cells. A summary of these
reactors is provided elsewhere [4-6]. For instance, Selt et al. [7] con-
ducted electrochemical synthesis of biphenols from phenols with higher
productivity and yield in a flow electrolysis cell (productivity of
0.3-1.3 g min~! and yield of 58-62 %) compared to a beaker-type batch
cell (productivity of 2 mg min~" and yield of 46 %).
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Fig. 1. (a) Sketches of the e NETmix reactor disassembled (left) and assembled (right) (frontal views), and (b) pictures of the e NETmix reactor assembled (left —
frontal view; center — back view) and picture of the electrode plate with the NETmix engraved (right). The e NETmix reactor is equipped with a bare fluorine-doped

tin oxide (FTO) glass anode.
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A novel parallel plate flow reactor — named e NETmix — was
developed recently. This reactor comprises a fluid distributor network —
based on the NETmix technology — composed of cylindrical chambers
interconnected by prismatic channels arranged at a 45° angle with the
chamber axis and a 90° angle with neighboring channels. A provisional
patent application on this electrochemical flow reactor was recently
filled, encompassing distinct reactor configurations [8]. One possible
configuration of the e NETmix reactor is fully presented in Morais et al.
[9] and characterized regarding mass transfer. In this e NETmix
configuration, illustrated in Fig. 1, the NETmix network is engraved on a
plate working as an electrode and covered by a flat plate electrode. The
plate on which the NETmix network is machined is made of
stainless-steel, while the flat plate electrode can be interchangeable with
materials of different natures. The NETmix network has chambers with a
diameter of 3.25 mm and channels with a length of 0.99 mm and a width
of 0.60 mm. The chambers and channels depth is 1.50 mm. Given the
micro dimensions of the channels, the e NETmix reactor can be classi-
fied as a microreactor. The use of microfluidic reactors for organic
electrosynthesis is not new. The high electrode surface area-to-volume
and short interelectrode distance are key advantages of these devices
[10]. Review articles focused on organic electrosynthesis using micro-
reactor technology have been published [11,12], covering a multitude of
microreactors. For example, Noel and co-workers designed an undivided
filter-press electrochemical flow microreactor with an 8-channel
configuration (106x3 mm per channel) and an interelectrode gap of
0.25-0.50 mm [13]. Furthermore, Wirth and colleagues developed an
electrochemical flow microreactor featuring a serpentine flow channel
(3 mm with) and an interelectrode gap of 0.25 mm [14].

Morais et al. [9] reports volumetric mass transfer coefficients (kpA)
from (1.2940.03)x10 ' s~ ! to (5.10+0.07)x10~ ! s~! and mass transfer
coefficients (k) from (6.7840.02)x10 > ms™' to (2.68+0.04)x10 *
ms ! in e NETmix for Reynolds numbers (Re) from 100 to 1750 and
corresponding mean linear fluid velocities (vayg) from 0.10 m s! to
1.82m s~ . The kpA and ky, values are up to ~54-fold and ~24-fold
higher than those given in various lab-assembled and commercial
electrochemical flow reactors mentioned in the literature (references
provided in [8]) for identical vay and Re conditions, respectively.
Furthermore, a detailed comparison with a Micro Flow Cell from Elec-
troCell A/S (Denmark) revealed larger kA and ky, values of ~63-fold
and ~8.6-fold, respectively, in e NETmix for similar Re. The superior
mass transfer performance of the e NETmix device is unquestionable
and mainly attributed to the NETmix network, which induces convective
mixing and the development of a laminar chaotic flow regime.

The current study covers the validation of the e NETmix reactor
developed in Morais et al. [9] for organic electrosynthesis. The selective
oxidation of the primary alcohol 4-methoxybenzyl alcohol (4-MBA) to
its aldehyde p-anisaldehyde (PAA) is the model synthesis reaction under
evaluation. PAA is widely used as a flavor and a fragrance in the food,
personal care, and pharmaceutical industries. Current industrial routes
of PAA synthesis cause severe environmental problems as they mainly
involve the oxidation of p-cresyl methyl ether by manganese dioxide in
acidic media or the methylation of p-cresol or anisole in organic solvents
and harsh conditions of pressure and temperature [15,16]. Electrosyn-
thesis using mild conditions, i.e., ambient temperature and pressure,
neutral pH, and aqueous media (organic solvent-free), is a more sus-
tainable alternative. The 4-MBA conversion to PAA by electrochemical
oxidation has been studied [17-21], as well as by photoelectrocatalysis
and photocatalysis [22-25]. The efficiency of the 4-MBA selective
oxidation to PAA is evaluated for different current densities (j), hydro-
dynamic conditions (in terms of Re), supporting electrolyte contents,
and 4-MBA initial contents. The e NETmix reactor is thoroughly
compared with the Micro Flow Cell from ElectroCell A/S (Denmark),
referred to as e Cell for simplification purposes. A bare fluorine-doped
tin oxide (FTO) glass electrode is used as the anode. FTO is transparent,
highly conductive, thermostable, and resistant to strong acids and bases,
as well as organic solvents [26]. Surface-modified FTO electrodes have
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been extensively used in solar cells [27,28] and electrochemical sensors
[29,30]. To the authors’ knowledge, the use of bare FTO for organics
oxidation is scarce. However, it has already demonstrated its ability to
catalyze the electrochemical oxidation of certain organic compounds
[31,32].

2. Material and methods
2.1. Chemicals

Chemicals are provided in the Supplementary Material file.
2.2. Electrochemical reactors

2.2.1. Lab-assembled electrochemical flow reactor: e NETmix

The e NETmix experimental set-up, represented in Fig. 1, is
described in detail in Morais et al. [9]. It is mainly composed of (i) a
316-grade stainless-steel plate with an engraved NETmix network
working as an electrode, (ii) a flat plate made of any preferred material
working as an electrode, (iii) polyethylene terephthalate (PET) end
frames to hold the components together and seal the reactor by me-
chanical compression, (iv) stainless-steel supporting sheets to give
resistance to the end frames, and (v) various gaskets and O-rings to avoid
leakages and electrodes shortcut. The fluid flows upwards within the
NETmix network, which acts as a static mixer. The NETmix network is
created by the repetition of a unit cell in which a cylindrical chamber is
connected to four prismatic channels positioned at a 45° angle with the
chamber axis, originating a 90° angle between neighboring channels.
Chambers exhibit 3.25 mm diameter (D) and 1.50 mm depth (@), while
channels show 0.99 mm length (L), 0.60 mm width (d), and 1.50 mm @.
The interelectrode gap is assumed to range from ~0 mm at the ends of
the NETmix lateral walls to ~1.5 mm (NETmix depth) at the NETmix
base. Chambers are distributed by 55 rows, each row alternating be-
tween 10 and 11 columns of chambers. There is a total of 578 chambers
and 1080 channels connected to the chambers, of which 525 chambers
and 1000 channels are covered by the flat plate electrode. This translates
to a total volume of 8.2 mL, with 7.4 mL in direct contact with both the
anode and the cathode, constituting the active volume. The active sur-
face area of the flat plate electrode is 49.5 cm?, while the active surface
area of the NETmix plate electrode is 141.6 cm?. The fluid enters the
reactor through 11 inlet chambers at the bottom of the network and exits
via 11 outlet chambers at the top of the network. The pressure drop in
the e NETmix reactor may vary from >0.5 kPa to >17 kPa for water at
25 °C and Re from 100 to 1150, based on estimates derived from the data
presented by Fonte et al. [33].

In the current application, the stainless-steel plate with the NETmix
network works as a cathode. The anode consists of a flat glass plate of
3.2 mm thickness one-side coated with a thin transparent film of FTO,
exhibiting ~150 nm thickness, 10 Q sq ! resistance, and a trans-
mittance >80 %, supplied by Dyenamo (Sweden). The glass plate sub-
strate is made of standard sodium glass, containing ~70 % silicon
dioxide (SiO3), ~13 % sodium oxide (Nay0), ~7 % calcium oxide
(Ca0), among other minor constituents. The bare FTO anode was uti-
lized in its original condition. The selection of FTO as the anode stem-
med from preliminary tests involving various electrode materials, with
FTO consistently demonstrating superior efficiencies.

2.2.2. Commercial electrochemical flow cell: e Cell

The MicroFlowCell from ElectroCell (Denmark), e Cell, is also
described in detail in Morais et al. [9] and is represented in Figure SM-1.
It is mainly composed of (i) two flat plates working as the electrodes (an
anode and a cathode), (ii) a polytetrafluoroethylene (PTFE) flow frame
with a trapezoid-shaped channel filled with a turbulence promoter (TP)
mesh with 80 % porosity made of polypropylene (PP), (iii) PTFE end
frames to hold the components together and seal the reactor by me-
chanical compression, (iv) stainless-steel supporting sheets to give



C.H. Rosa et al.

resistance to the end frames, and (v) peroxide-cured ethylene propylene
diene monomer (EPDM) gaskets between all the cell components to
avoid leakages. The fluid flows in the trapezoid-shaped channel of the
flow frame. A rectangular section of the trapezoid of 33.3 mm L,
30.0 mm d, and 3.8 mm o is in contact with the electrodes, originating
an electrodes’ active surface area of 10 cm?. The interelectrode gap is
3.8 mm. The fluid enters the e Cell reactor through a single bottom inlet
and leaves the reactor through a single top outlet. The anode is a glass
flat plate one-side coated with a thin transparent FTO film equal to that
used in e NETmix (see Section 2.2.1). The cathode is a 316-grade
stainless-steel flat plate.

2.3. Electrochemical system

Both the e NETmix and the e Cell reactors were integrated in an
electrochemical system mainly composed of: (i) a cylindrical glass vessel
magnetically stirred and thermostatically controlled with the aid of a
refrigerated heating circulating bath (Grant, model ecocool 150 R) to
ensure proper homogenization and temperature control of the solution,
(ii) a gear pump (Ismatec, model BVP-Z, with Ismatec Z-142 or Z-040
pump head), and (iii) a power supply (Velleman®, model
LABPS3005DN, 0-5 A, 0-30 V). All the system components were con-
nected by PTFE tubing. Full details of this system are given in Morais
et al. [9].

2.4. Electrochemical characterization of the FTO anode

Electrochemical characterization of the commercial FTO anode was
conducted by cyclic voltammetry (CV) wusing a potentiostat
PGSTAT302N (Metrohm, USA). An undivided and thermostatically
controlled batch cell under magnetic stirring at 300 rpm was used
together with a standard three-electrode cell configuration. The FTO
was the working electrode, a platinum coil was the auxiliary electrode,
and a silver/silver chloride (Ag/AgCl) (3.2 M) was the reference elec-
trode. A volume of 50 mL of a solution composed of ultrapure water with
100 mM NaySO4 as the supporting electrolyte in the presence or absence
of 4-MBA at different concentrations (1.0-10 mM) was used. CV mea-
surements were performed at 25+1 °C at a scan rate of 10 mV s
ranging from 0 V to 1.4 V vs. Ag/AgCl.

2.5. Selective electrochemical oxidation of 4-MBA to PAA

The electrochemical system was operated in semi-batch mode, i.e.,
the solution was constantly recirculated between e NETmix or e Cell
devices and the homogenization vessel. The substrate solution was
prepared by spiking ultrapure water with 0.25-3.0 mM 4-MBA in the
absence or presence of 0.1-100 mM NaySO4 as the supporting electro-
lyte. A 500 mL or 101 mL solution volume in e NETmix or e Cell,
respectively, was placed into the homogenization vessel. The volume of
solution was different in the two reactors to guarantee the same ratio of
anode active surface area to solution volume (9.9 m? m~3) since the
process efficiency is directly related to this ratio. First, the solution was
recirculated through the system until it reached a temperature of 25+1
°C (~10-15 min). Afterward, the solution pH was adjusted to 7.0+0.2
(neutral pH) and recirculated for 10 min to provide its homogenization.
The solution flowed at 6.7-118.0 L h™! (¢ NETmix) or 4.3-75.5Lh™!
(e Cell), giving rise to Re in the range 100-1750, corresponding to the
minimum and maximum permissible values in e Cell. The e NETmix
reactor can operate within the entire laminar flow regime range, with a
flow rate of 135 L h™! for a Re of 2000, resulting in a processing capacity
of 3240 L per day. A control sample was taken before the beginning of
the reactions, which was marked by the switching on of the power
supply at a constant j in the range 0.3-3.0 mA cm~2. The solution
temperature and pH were continuously measured and adjusted to
maintain the initial values throughout the reaction time. Samples were
taken at predetermined time intervals up to 120 min of reaction.
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Experiments were carried out in duplicate.

The efficiency of the 4-MBA selective oxidation to PAA was assessed
in terms of conversion, 4-MBA initial oxidation rate (rp 4-mpa), selectivity
to PAA, yield to PAA, PAA production rate, current efficiency (CE),
energy consumption for electrical current supply (EC), material recovery
(MR), and consumed charge. For some experiments, the generated by-
products were also assessed.

The conversion (in %) was given by the amount of substrate (4-MBA)
converted per amount of substrate fed — see Eq. (2) [34].

[4-MBA], — [4-MBA],

[4-MBAJ, x 100 (2)

Conversion =

where [4-MBA] is the initial concentration of 4-MBA in solution (in
mM) and [4-MBA], is the concentration of 4-MBA in solution at a given
reaction time t (in mM).

The 1o 4.mpa (in mM min~1) was calculated according to Eq. (3),
considering the pseudo-first-order kinetic constant for 4-MBA oxidation
(k4-MBA, in min~1). The k4-mpa Was determined by the pseudo-first-order
kinetic model represented in Eq. (4).

Toa-mBa = Ka-vpa X [4-MBA], 3
[4-MBA], = [4-MBA], x e kemmaxt 4

where [4-MBA]; and [4-MBA]g are in mM and t is the reaction time (in
min).

A non-linear regression method was applied to fit the pseudo-first-
order kinetic model to the experimental data using Fig.P software
from Biosoft. The goodness of fit was assessed through the relative
standard deviations, residual variance (Sﬁ), and coefficient of determi-
nation (RZ).

The selectivity to PAA (in %) corresponded to the amount of PAA
(product) formed per total amount of 4-MBA (substrate) converted — see
Eq. (5) [34].

[PAA],

lectivi PAA =
Selectivity to [4-MBA], — [4-MBA],

x 100 )

where [PAA]; is the content of PAA in solution at a given reaction
time t and all variables are in mM.
The yield to PAA (%) corresponded to the amount of PAA (product)
formed per total amount of PAA that could be formed - see Eq. (6) [34].
[PAA],

Yield to PAA = ———% x 100 or
[4-MBA], (6)

Yield to PAA = Conversion x Selectivity to PAA

where [PAA]; and [4-MBA] are in mM.
The PAA production rate (in mM min’l) was determined according
to Eq. (7):

PAA production rate = ry4-vpa X Selectivity to PAA @

where ro 4.mpa is in mM minL.

The CE (in %), also called Faraday efficiency, was calculated ac-
cording to Eq. (8) [35]:

_ nxFx[PAA], x Vi

CE
Ixt

x 100 (€©)]
where n is the theoretical number of electrons exchanged in the
elementary act of the electrode reaction (two exchanged electrons per
PAA molecule - see Section 3.1), F is the Faraday constant
(96485 C mol_l), [PAA];is in M, V is the solution volume in the system
(in L), I is the applied current (in A), and t is in s.

The EC (in kWh mol 1) was calculated in terms of specific energy
consumption per unit product mass via Eq. (9) [36]:
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Ecen xIxt

EC=——<l2° "~
Vs x [PAA], x 1000

9

where E is the average cell potential (in V), Iisin A, tisin h, VsisinL,
[PAA]; is in M, and 1000 is a unit conversion factor.

The MR (in %), defined as the relative amount of products of interest
(PAA in this case) and substrate (4-MBA) in solution, was calculated via
Eq. (10):

[PAA], + [4-MBA],

MR = 4 -MBA],

x 100 (10)
where all variables are in mM.
The consumed specific charge (in Ah L™!) was calculated according
to Eq. (11) [35]:

1
Consumed specific charge = X a1

s

where I is A, tis in h, and V; is in L.

The by-products were evaluated in the first instance by liquid
chromatography-quadrupole time-of-flight tandem mass spectrometry
(LC-QTOF-MS/MS) and afterward by high-performance liquid chroma-
tography (HPLC). The carbon dioxide (CO2) was quantified by per-
forming a carbon balance, in which the dissolved organic carbon (DOC)
was measured, and it was assumed that the difference between the DOC
of the initial solution and of a given sample was entirely due to the CO,
production.

Parameters were computed based on a fixed 4-MBA conversion of
50 % and for 120 min of reaction (total reaction time). A 4-MBA con-
version of 50 % was chosen as it reflects the maximum conversion
attained after 120 min of reaction in the experiment with the lower 4-
MBA oxidation rate, corresponding to the trial at Re of 100 in the
e Cell reactor (see Tables 1 and 2). This approach enables direct

Table 1

Journal of Environmental Chemical Engineering 12 (2024) 113424

comparison of all experiments. Data was also computed for 120 min of
reaction as it resulted in higher conversion values in most of the ex-
periments, typically >95 % in e NETmix and >60 % in e Cell, thereby
enhancing the discussion of results.

2.6. Analysis of variance

A four-way analysis of variance (ANOVA) was conducted to assess
the influence of four operational parameters (j, Re, [NaySO4], and [4-
MBA]o) on both rg4.mea and PAA selectivity separately. Each reactor
underwent individual analysis. The reactors, e Cell and e  NETmix,
were treated as independent variables, while j, Re, [NagSO4], and [4-
MBA], were considered dependent variables. p-value, F-value, and sig-
nificance levels were evaluated to ascertain the statistical significance of
the findings. All statistical analyses were performed using R Studio.

2.7. Analytical determinations

4-MBA, PAA, and 4-MBZA contents were followed by reversed-phase
HPLC using a VWR-Hitachi LaChrom Elite® liquid chromatograph. This
equipment was fitted with a Merck LiChrospher® 100 RP-18 (5 um)
LiChroCART® 125-4 column at 25 °C and a diode array detector (DAD)
set at a wavelength of 225 nm. Samples of 40 pL were injected. For the
determination of 4-MBA and PAA, the mobile phase was composed of a
mixture of 55:22.5:22.5 (% v/v) of 0.010 M oxalic acid:methanol:
acetonitrile (eluents A:B:C) flowing at 0.7 mL min~!. The run time was
8 min, and the retention time was 3.6 min for 4-MBA and 6.4 min for
PAA. The quantification and detection limits were 0.2 uM and 0.06 pM
for 4-MBA, respectively, and 0.6 M and 0.2 uM for PAA, respectively.
For the determination of 4-MBZA, the mobile phase was composed of a
mixture of 40:30:30 (% v/v) of eluents A:B:C flowing at 1.0 mL min~ L.
The run time was 3.5 min, and the retention time was 2.1 min. The
quantification and detection limits were 1.0uM and 0.3 uM,

Efficiency of selective oxidation of 4-MBA to PAA for experiments in e NETmix in terms of conversion, consumed specific charge, selectivity to PAA, yield to PAA, and
current efficiency (CE) for a reaction time of 120 min (columns on the left in bold) versus 50 % 4-MBA conversion (columns on the right).

e NETmix

j (mA cm™2) t (min) Conversion (%) Consumed specific charge (Ah LY Selectivity to PAA (%) Yield to PAA (%) CE (%)

0.3 120 89 61 50 0.059+0.002 0.044+0.001 82+2 82+4 50+2 41+2 45+2 57+4
0.5 120 46 84 50 0.099+0.002 0.0379+0.0008 80+4 81+6 67+4 41+3 36.21+0.8 58+2
0.8 120 25 96 50 0.158+0.002 0.0329+0.0004 82+1 82+2 79+2 41+1 26.8+0.4 74+2
1.0 120 24 97 50 0.198+0.002 0.0394+0.0004 74+3 75+4 72+3 3742 19.4+0.3 58+1

1.5 120 22 98 50 0.297+0.002 0.0552+0.0004 7442 78.0+0.9 72+2 39+1 13.0+0.2 39+1

2.0 120 22 98 50 0.396+0.002 0.0715+0.0004 65+3 73.8+0.9 64+3 36.9+0.5 8.6+0.1 30+1

3.0 120 22 98 50 0.594+0.002 0.1069-+0.0004 47+3 54+1 46+3 2741 4.2+0.1 14.7+0.3
Re

100 120 30 94 50 0.158+0.002 0.0398+0.0005 85+4 85+4 80+4 43+2 27.1+0.4 65+1
190 120 24 97 50 0.158+0.002 0.0316+0.0004 82+1 84+1 79+2 42+1 26.9+0.4 8242
375 120 23 97 50 0.158+0.002 0.0305+0.0004 82+2 8242 80+2 41+1 27.0+0.4 80+2
500 120 24 97 50 0.158+0.002 0.0316+0.0004 83+2 83+2 80+2 41+1 27.1+0.4 77+2
625 120 26 96 50 0.158+0.002 0.0339+0.0004 83+1 84+1 80+2 42+1 27.0+0.4 7642
1000 120 26 96 50 0.158+0.002 0.0339+0.0004 83+3 83+3 80+3 4241 27.1+0.4 74+2
1250 120 24 97 50 0.158+0.002 0.0316+0.0004 82+1 82+1 80+2 4141 27.1+0.4 78+2
1750 120 25 96 50 0.158+0.002 0.0329+0.0004 82+2 82+2 79+2 41+1 26.8+0.4 74+2
[NazS04] (mM)

0 120 39 88 50 0.158+0.002 0.0514+0.0004 80+2 80+2 70+3 40+1 23.7+0.4 41.1+0.9
0.1 120 32 92 50 0.158+0.002 0.0428+0.0004 80+1 81.0+0.6 74+2 41+1 25.0+0.4 55+1

1 120 25 97 50 0.158+0.002 0.0327+0.0004 80+2 81+2 77+2 40+1 26.1+0.4 65+1

5 120 23 97 50 0.158+0.002 0.0308+0.0004 80+2 80.4+0.1 78+2 40+1 26.4+0.4 69+2

10 120 25 96 50 0.158+0.002 0.0332+0.0004 82+1 82+1 79+1 41+1 26.8+0.4 66+1

30 120 24 97 50 0.158+0.002 0.0316+0.0004 82+2 82+3 79+2 41+2 26.9+0.4 68+1

50 120 25 96 50 0.158+0.002 0.0329+0.0004 82+2 8242 79+2 41+1 26.8+0.4 7442
100 120 26 96 50 0.158+0.002 0.0339+0.0004 82+2 82+2 79+2 41+1 26.7+0.4 73+2
[4-MBA] , (mM)

0.25 120 14 100 50 0.158+0.002 0.0191+0.0002 77+1 79.1+0.7 77+1 40+1 6.5+0.2 26.2:+0.4
0.50 120 16 99 50 0.158+0.002 0.0217+0.0003 82+2 82+2 81+3 41+1 13.8+0.3 49.4+0.7
1.0 120 25 96 50 0.158+0.002 0.0329+0.0004 82+2 82+2 79+2 41+1 26.8+0.4 74+2
2.0 120 47 83 50 0.158+0.002 0.0627+0.0008 91+3 91+4 76+3 46+2 51.1+0.7 77+1

3.0 120 72 68 50 0.158+0.002 0.095+0.001 89+3 88+3 61+3 4442 61.8+0.8 79+1
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Table 2

Journal of Environmental Chemical Engineering 12 (2024) 113424

Efficiency of selective oxidation of 4-MBA to PAA for experiments in e Cell in terms of conversion, consumed specific charge, selectivity to PAA, yield to PAA, and
current efficiency (CE) for a reaction time of 120 min (columns on the left in bold) versus 50 % 4-MBA conversion (columns on the right).

e Cell
j (mA cm™2) t (min) Conversion (%) Consumed specific charge (Ah LY Selectivity to PAA (%) Yield to PAA (%) CE (%)
0.3 120 99 57 50 0.06+0.01  0.049+0.008 76+4  78+3 43+3  39+7 39+3 51+8
0.5 120 51 80 50 0.10+0.01  0.042+0.004 79+5 806 64+4  40+5 3412 58+6
0.8 120 39 88 50 0.16+0.01  0.051+0.003 71+2 7142 62+2  35+2 21+1 4243
1.0 120 36 9 50 0.20+0.01  0.060+0.003 57+2  57+1 51+2  28+1 13.840.9  29+1
1.5 120 35 91 50 0.30+0.01  0.087+0.003 37+4 4242 34+4  21+1 6.0+0.4 13.24+0.6
2.0 120 38 89 50 0.40+0.01  0.126+0.003 2045 2646 18+4 1343 2.4+0.2 6.140.3
3.0 120 37 9 50 0.59+0.01  0.182+0.003 1045  15+1 9+4 7+1 0.8+0.1 2.340.2
Re
100 120 124 50 50 0.16+0.01  0.16+0.01 2045 2245 1042 11+2 3.4+0.3 3.640.3
190 120 81 64 50 0.16+0.01  0.106+0.007 23+2  24.0+0.5 1541 12+1 5.0+0.4 6.140.5
375 120 77 66 50 0.16+0.01  0.102+0.006 4245 4145 28+3  21+3 9.4+0.6 10.840.8
500 120 71 69 50 0.16+0.01  0.093+0.006 7245  72+5 50+3  36+3 17+1 2542
625 120 75 67 50 0.16+0.01  0.098+0.006 69+6  69+4 46+4  35+3 16+1 2341
1000 120 60 75 50 0.16+0.01  0.080+0.005 70+6  69+6 52+5  34+4 18+1 26+2
1250 120 41 87 50 0.16+0.01  0.054+0.003 70+3  70+2 61+3  35+2 21+1 36+2
1750 120 39 88 50 0.16+0.01  0.051+0.003 7142 7142 62+2  35+2 21+1 4243
[NayS04] (mM)
0 120 52 80 50 0.16+0.01  0.069+0.004 6616  66+7 52+5  33+4 18+1 28+2
0.1 120 54 79 50 0.16+0.01  0.071+0.004 70+5  70+2 55+4  35+2 19+1 2742
1 120 49 82 50 0.16+0.01  0.065+0.004 7243 7243 59+3  36+3 20+1 3242
5 120 46 83 50 0.16+0.01  0.061+0.004 71+2 712 59+2  36+2 20+1 3142
10 120 44 85 50 0.16+0.01  0.058+0.004 67+3  67.0+0.9 57+3  34+2 19+1 33+2
30 120 37 9 50 0.16+0.01  0.049+0.003 67+3 6746 60+3  34+4 20+1 4243
50 120 39 88 50 0.16+0.01  0.051+0.003 71+2 712 62+2  35+2 21+1 42+3
100 120 39 88 50 0.16+0.01  0.051+0.003 714 7148 62+4  35+4 21+1 4243
[4-MBA] o (mM)
0.25 120 28 95 50 0.16+0.01  0.038+0.002 52+8  57+9 49+8 2945 4.240.4 10.740.7
0.50 120 28 95 50 0.16+0.01  0.037+0.002 60+5 635 57+5  32+3 9.6+0.6 24+2
1.0 120 39 88 50 0.16+0.01  0.051+0.003 71+2 7142 62+2  35+2 21+1 4243
2.0 120 53 79 50 0.16+0.01  0.070+0.004 75+4  75+4 59+3  38+3 40+3 63+4
3.0 120 80 65 50 0.16+0.01  0.106+0.007 92+4  91+3 59+3  45+3 60+4 80+5
respectively. The methods were validated through the determination of 1
linearity (R and the limits of detection (LOD) and quantification 100 mM Na.SO
(LOQ). T T MR,
DOC was quantified by the difference between total dissolved carbon 10 100 mM Na,SO, + 1.0 mM 4-MBA
(TDC) and dissolved inorganic carbon (DIC): DOC = TDC - DIC. TDC was 1 100 mM Na,SO, + 5.0 mM 4-MBA !'
determined by catalytic combustion at 680 °C, and DIC was determined |
inec by cata vyt > ane 84 == 100 MM Na,SO, + 10 MM 4-MBA
by acidification, both in a TC-TOC-TN analyzer with ASI-V autosampler . !
(Shimadzu, model TOC-V¢gy) equipped with a nondispersive infrared 'E T :
(NDIR) detector. O 6+ i
LC-QTOF-MS/MS analysis and workflow followed in the initial << | N
identification of by-products is described in the Supplementary Material = I
file. ~ 4+ i
Prior to HPLC, DOC, and LC-QTOF-MS/MS analysis, samples were T _.=n
filtered through 0.45 pm Nylon filters from Whatman. 2+ ,-’ J,
- . /
Temperature and pH were measured by a multiparameter meter ’ >
1 Py
(HANNA, model edge® HI2020). ol e
By
Total oxidants were determined using iodometric titration by 0 V =
adapting the procedure reported in Kolthoff and Carr [37]. In sum, (i) ——t—t—t——t——t——t
00 02 04 06 08 10 12 14

10 mL of diluted sample were mixed with potassium iodide (KI) in
excess and vigorously shaken and left to stand for 15 min, (ii) a volume
of 5 mL of sulfuric acid (HySO4) 5 % (v/v) was added to the mixture and
shaken, and (iii) sodium thiosulfate (NayS;03) 0.01 M was used to
titrate the mixture under agitation until a change in color from yellowish
to transparent-white was observed. The volume of NayS,03 was regis-
tered to calculate the content of oxidants.

3. Results and discussion
3.1. Mechanism of 4-MBA oxidation on the FTO anode
First, the mechanism of 4-MBA oxidation on the bare FTO anode was

electrochemically assessed by CV measurements. Fig. 2 shows that an
aqueous solution of 100 mM NaySO4 did not present any oxidation peak

E vs. Ag/AgCl (V)

Fig. 2. CV curves for the bare FTO anode in a 100 mM Na,SO4 aqueous solu-
tion before and after adding different 4-MBA contents (T = 25+1 °C, scan rate
of 10mVsh).

until water oxidation onset at 1.25 V vs. Ag/AgCl. In contrast, the sup-
porting electrolyte solution in the presence of 1.0 mM 4-MBA depicted a
clear oxidation peak at around 1.0 V vs. Ag/AgCl that overlapped with
the water oxidation onset at 1.2 V vs. Ag/AgCl. To associate the oxida-
tion peak with the 4-MBA oxidation, increasing concentrations of 4-MBA
up to 10 mM were applied. It can be observed that the j peak at 1.0 V vs.
Ag/AgCl showed increasing values of 0.2 pA cm ™2, 0.7 pA cm ™2, 1.3 pA
em 2, and 2.4 pA em™2 at 0 mM, 1.0 mM, 5.0 mM, and 10 mM of 4-
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MBA, respectively. A linear relation (R? = 0.966) between the j at 1.0 V
vs. Ag/AgCl and the 4-MBA concentration can be obtained (Figure SM-
2). These results suggest that the 4-MBA underwent direct charge
transfer oxidation at the bare FTO anode.

The role of ROS in the 4-MBA oxidation was also assessed. ROS can
be electrochemically generated from the oxidation of water and ions on
the anode surface and contribute to the indirect oxidation of organics.
Water oxidation mainly leads to the formation of physisorbed hydroxyl
radicals (®OH) via Eq. (12) [3]. Oxidation of ions can promote the
generation of distinct ROS, depending on the ions’ nature. In the current
work, the ions in the solution are sodium (Na™) and sulfate (SO?;*),
resulting from the supporting electrolyte (NaySO4). While no ROS are
typically formed from Na*, SOF  can provide the generation of per-
sulfate (S,0% ) directly from SO3 oxidation via Eq. (13) [1] and of
sulfate radicals (SOX_) from various mechanisms, such as oxidation of
SOZ  at the anode surface via Eq. (14) [38], reaction of S,03  with ®OH
or an organic (R) via Egs. (15) or (16) [39], and reduction of szo§* via
Eq. (17) [40]. The possible contribution of ®OH, SO®~, and S,03 tothe
4-MBA oxidation was evaluated.

H,0—-®OH +H" + ¢~ (12)
2803 — S,05” + 2e” 13)
SO2 - SO® + e (14)
$,02 +®OH—HSO; + S0~ +1/20, as)
S;02” + R — 2509 + R® 16)
S,07 +e —S02 +S0%" a7

Regarding ®OH and SO® ™, their role was determined by carrying out
standard 4-MBA oxidation reactions in e NETmix (conditions: j =
0.8 mA cmfz, Re =1750, [NaSO4] = 50 mM, [4-MBA]op=1.0mM, T =
25+1 °C, pH = 7.0+0.2), both in the absence and presence of ®OH and
SO®™ scavengers. Tert-butyl alcohol (TBA) and N,N-dimethylthiourea
(DMTU) were used as ®OH scavengers, while methanol (MeOH) was
used as SO®  scavenger. Contents of 10-100 mM TBA, 10-25 mM
DMTU, and 10-100 mM MeOH were employed. There was no change in
the 4-MBA decay or PAA formation in the presence of the scavengers
(data not shown), which excludes the contribution of ®OH and SO®™ to
the 4-MBA oxidation.

The involvement of S,03 in the 4-MBA oxidation was indirectly
inferred by determining the concentration of total oxidants in the so-
lution (using iodometric titration) during a standard 4-MBA oxidation
reaction in e NETmix. The content of total oxidants was null during the
reaction according to the LOD of the analytical method (data not
shown). Thus, it is unlikely that the S,0% ~may have participated in the
4-MBA oxidation. Note that the content of ®OH and SO® ™ cannot be
deduced by iodometric titration due to the short lifetimes of these
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radicals in water in the order of few ns [41] or dozens of ps [42],
respectively, and due to the restriction of their action to the anode
vicinity.

The results mentioned above suggest that ROS did not contribute to
the 4-MBA oxidation and, therefore, the 4-MBA may have been exclu-
sively oxidized by direct charge transfer oxidation at the FTO anode.
This is an expected outcome regarding the low applied j (0.8 mA cm™2)
and consequent low Ecej; (—~3.0 V), which do not favor the generation of
the scrutinized ROS [1].

Based on these findings, one can suggest a reaction pathway for the
4-MBA selective oxidation to PAA: the FTO anode captures an electron
from the 4-MBA, giving rise to the corresponding cation radical, which
suffers further oxidation, evolving to PAA and other possible by-
products. In total, two electrons are exchanged per molecule of PAA
formed. Fig. 3 illustrates the 4-MBA oxidation reactions.

3.2. By-products of 4-MBA oxidation on the FTO anode

The 4-MBA oxidation leads to the generation of PAA, the target
product, but other products can be formed since a selectivity of 100 % to
a given product is challenging. A LC-QTOF-MS/MS analysis investigated
the formation of by-products in a first approach. Samples from standard
4-MBA oxidation reactions (conditions: [NaSO4] = 50 mM, [4-MBA]q
=1.0mM, T = 2541 °C, pH = 7.0+0.2) were analyzed, either taking
place in the e NETmix reactor (Re = 1750) under constant current
conditions (j = 0.8 mA cm’z) or in the undivided batch cell under
potentiostatic conditions (E = 1.0 V vs. Ag/AgCl). This determination
revealed the presence of a single product apart from PAA: the 4-methox-
ybenzoic acid (4-MBZA). The obtained MS/MS spectra for PAA and 4-
MBZA are given in Figures SM-3 and SM-4, respectively. Afterward,
the 4-MBZA, PAA, and CO2 were quantified by HPLC or DOC analysis for
a standard 4-MBA oxidation reaction in the e NETmix device. The
carbon balance of this reaction for 50 % 4-MBA conversion revealed
that, in addition to 50 % of C in the 4-MBA form, 41 % of C was in the
PAA form (selectivity to PAA of 82 %), 7.7 % of C was in CO5 form, and
the remaining 1.3 % C was in the 4-MBZA form (Figure SM-5). An extra
trial, in which 1.0 mM PAA was the feeding solution, proved that the 4-
MBZA compound derived from PAA partial oxidation. Furthermore, the
4-MBA oxidation to PAA proved to be irreversible. Loddo et al. [43],
Palmisano et al. [24], and Yurdakal et al. [25] reported that CO5 was the
main oxidation product, apart from PAA, in photocatalytic experiments
starting from 4-MBA, and that there were traces of 4-MBZA, in agree-
ment with the outcomes achieved here.

3.3. Selective electrochemical oxidation of 4-MBA to PAA

The 4-MBA selective electrooxidation to PAA was assessed for
different j (from 0.3 mA cm™2 to 3.0 mA cm™2), hydrodynamic condi-
tions in terms of Re (from 100 to 1750), supporting electrolyte (NasSO4)
contents (from 0 mM to 100 mM), and substrate 4-MBA initial contents
(from 0.25mM to 3.0 mM). The impact of a specific operational

4-MBA 4-MBA cation radical PAA
OH o*" 0
> + H' - + H'
-e -e
.0 .0 .0
H3C H3C H3C
CeH,,0, CsHo0, CeH;0,

Fig. 3. Direct electrooxidation pathway of 4-MBA to PAA.
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parameter on the selective oxidation of 4-MBA to PAA was evaluated
while keeping the other operational parameters constant. In this regard,
(i) while varying the j, Na;SO4 content and 4-MBA initial content, the Re
was fixed at 1750, which is the maximum Re permitted in the current
electrochemical system employing the e Cell technology, (ii) while
changing the Re, j and 4-MBA initial content, the Na;SO4 content was
kept at 50 mM, which typically ensures an excess of supporting elec-
trolyte and protects the oxidation reactions from migratory effects [44,
45], (iii) while varying the Re, j and NaySO4 content, the 4-MBA initial
content was fixed at 1.0 mM since it is a value within the range of the
most widely employed 4-MBA initial contents [21, 23-25], and (iv)
while varying the Re, NaySO4 content and 4-MBA initial content, the j
was fixed at 0.8 mA cm™2 since this j value provided maximum PAA
production rates for a Re of 1750 and a 4-MBA initial content of 1.0 mM
in e NETmix and e Cell (see Section 3.3.1).

3.3.1. Influence of current density

The increase of j promoted larger r 4-mpa values for j <0.8 mA cm™
and minimal changes in the rg 4.mpa values for j >0.8 mA cm 2, both in
e NETmix and e Cell (Figs. 4a and 4c and Tables SM-1 and SM-2). The
positive effect of j on the rp 4.vpa up to 0.8 mA cm 2 can be attributed to
the occurrence of 4-MBA direct charge transfer oxidation to a greater
degree. This indicates that the 4-MBA oxidation was charge transfer

2
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controlled for j <0.8 mA cm™2. Upon applying j >0.8 mA cm ™2, the 4-
MBA oxidation may have no longer been controlled by charge trans-
fer. The two reactors differed in the maximum obtained rg 4.mpa. This
parameter was (30+3)x10"3 mM min~! in ¢ NETmix and (19+1)x
103 mM min~! in € Cell ((1.6+0.2)-fold greater in e NETmix). Since
the other parameters affecting the rg 4.mpa Were similar in both reactors,
this outcome can be attributed to mass transfer limitations in the e Cell
reactor due to its poorer mass transfer performance. The kA and ky,
values were ~52-fold and ~7.1-fold smaller in e Cell compared to
e NETmix for a Re of 1750 [9].

The selectivity to PAA is directly related to the specific pathway of 4-
MBA oxidation and PAA further oxidation to other products, namely
CO5 and 4-MBZA. In both reactors, the selectivity to PAA had a similar
maximum value at low j, and the application of larger j negatively
impacted this parameter (Figs. 4a and 4c). The registered maximum
selectivity was 79+8 % for both reactors. The detrimental effect of j on
the selectivity can be attributed to PAA’s electrochemical instability and
its overoxidation at a higher degree as increasing currents are supplied.
The two reactors differed in the j value at which this negative effect is
initiated and in the extent of this effect. While the selectively was
negatively impacted for j >2.0 mA cm™2 in ¢ NETmix, this adverse
impact started occurring forj >0.5 mA cm 2 in e Cell. Furthermore, the
selectivity decreased by (1.5+0.2)-fold upon the increase of j from
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Fig. 4. Efficiency of selective oxidation of 4-MBA to PAA as a function of current density in e NETmix (a, b) and e Cell (c, d). Efficiency in terms of 4-MBA initial

oxidation rate (ro 4.mpa) (
average cell potential (Ecey) (

), selectivity to PAA (), and PAA production rate (v) (a, ¢); and energy consumption for electrical current supply (EC) ( ),
), current efficiency (CE) ( A), and material recovery (MR) (@) (b, d). Values for 50 % 4-MBA conversion. Conditions: Re = 1750,

[NaySO4] = 50 mM, [4-MBA]y, = 1.0 mM, T = 2541 °C, pH = 7.0+0.2. Error bars are representative of deviations from duplicate trials.
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2.0mAcm 2 to 3.0mA cm 2 in ¢ NETmix, whereas there was an
abrupt decrease in the selectivity of (5.4+0.7)-fold in e Cell for a rise in
the j from 0.5 mA cm ™2 to 3.0 mA cm 2. Therefore, a lower effect of j on
the selectivity in the e NETmix reactor is evident, which can be ascribed
to the enhanced mass transfer in this reactor. In the presence of more
intense mass transfer phenomena, the PAA can be removed faster from
the active sites of the FTO anode, which can hinder its overoxidation.
One can claim that e NETmix protected the PAA from overoxidation.

The effect of j on the rg 4.mpa and selectivity to PAA simultaneously
contributed to a maximum PAA production rate of (234+4)x1073
mM min~! for a wide j range of 0.8-2.0 mA cm~2 in ¢  NETmix. This
contrasted to a maximum PAA production rate of (12.6+0.5)x1072
mM min~! in e Cell ((1.840.2)-fold smaller) for a single j value of
0.8 mA cm 2 (Figs. 4a and 4c).

The EC values were (1.2+0.1)-fold smaller for j <0.8 mA cm 2 in the
e NETmix reactor compared to the e Cell reactor (Figs. 4b and 4d) due
to the slightly larger magnitude of ro 4.mpa in the former reactor. For j in
the range 0.8-3.0 mA ecm ™2, the disparity between the two reactors in
terms of EC became notably pronounced and intensified with increasing
j. This finding can be ascribed to the dramatic decrease in selectivity to
PAA observed in the e Cell reactor for j >0.8 mA cm 2.

The maximum MR value was 89+8 % in both reactors (Figs. 4b and
4d) due to the similar maximum selectivity to PAA. Note that the MR
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exhibits identical behavior as the selectivity to PAA because of its
calculation for a fixed 4-MBA conversion of 50 %. The same trend is
observed for the yield to PAA, as illustrated by the values presented in
Table 1 and Table 2 (values for 50 % conversion). The maximum CE was
similar in e NETmix and e Cell (74+2 % and 58+6 %, respectively)
but was achieved for distinct j (Figs. 4b and 4d). The CE was maximum
at 0.8 mA cm 2 in ¢ NETmix and at a lower j of 0.5 mA cm ™2 in e Cell
because of the decrease in selectivity for j >0.5 mA cm 2 in the latter
reactor. After reaching the maximum, the CE decreased as j increased in
both reactors. This can be attributed to the boost of the rate of parasitic
reactions, including the oxygen (O,) evolution at the anode surface
through water oxidation via Eq. (18) [1], and, when applicable, to the
above-mentioned drop of selectivity.

®OH + H,0 - O, + 3H' + 3e” (18)

Table 1 and Table 2 present a summary of results obtained in
e NETmix and e Cell, respectively, for 120 min of reaction, resulting in
conversions ranging from >50-98 %. The key disparity observed at
higher conversion levels in both reactors pertains to CE. As conversions
increased, CE decreased, achieving values from 1.340.1 % to 3.5+0.1 %
lower for j ranging from 0.3 mA cm ™2 to 3.0 mA cm 2. This CE decline
can be attributed to the escalation of parasitic reactions at higher con-
versions. The highest CE was achieved at a j of 0.3 mA cm ™2 in both
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Fig. 5. Efficiency of 4-MBA selective oxidation to PAA as a function of hydrodynamics (Reynolds number — Re) in e NETmix (a, b) and e Cell (c, d). Efficiency in

terms of 4-MBA initial oxidation rate (ro 4-mpa) (

supply (EC) ( ), average cell potential (Ecen) (

), selectivity to PAA (W), and PAA production rate (W) (a, ¢); and energy consumption for electrical current
), current efficiency (CE) (4,), and material recovery (MR) (@) (b, d). Values for 50 % 4-MBA conversion.

Conditions: j = 0.8 mA cm 2, [NaySO4] = 50 mM, [4-MBA]y = 1.0 mM, T = 25+1 °C, pH = 7.0+0.2. Error bars are representative of deviations from duplicate trials.
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reactors, with values reaching 4542 % and 39+9 % in e NETmix and
e Cell, respectively. The yield to PAA increased as a consequence of the
increase in conversion, achieving peak values of 79+2 % and 62+2 % in
¢ NETmix and e Cell, respectively, at a j of 0.8 mA cm ™2, at which a
consumed charge of ~0.16 Ah L™! was obtained in both reactors.

3.3.2. Influence of hydrodynamics (Reynolds number)

In the e NETmix reactor, Re of 100-1750 translates to flow rates of
6.7-118.0 L h’l, residence times of 3.98-0.22 s, and number of passes
through the reactor of 904-16,364 within each 60-min interval. In
€ Cell, Re of 100-1750 correspond to flow rates of 4.3-75.5Lh~%,
residence times of 3.35-0.19s, and number of passes through the
reactor of 1075-18,947 within each 60-min interval. Residence times
and number of passes exhibit remarkable similarity across both reactors.

The increase of Re from 100 to 190 in the e NETmix reactor pro-
moted a slight growth in the ry 4.mpa value ((1.340.1)-fold), and mini-
mal variations were achieved for higher Re (Fig. 5a and Table SM-1). A
maximum 7o 4.mpa value of (28+3)x10> mM min ! was achieved for
190<Re<1750. In the e Cell technology, the effect of Re was very
distinct. Increasing ro 4-mpa values were attained for rising Re for all the
tested range (100<Re<1750) (Fig. 5c and Table SM-2). Moreover, the
ro,4-mBA Values were (4.340.3)-fold to (1.5+0.1)-fold inferior to those in
e NETmix. The largest Re (1750) could not provide the maximum rg 4.
MmBA Value achieved in the e NETmix device, indicating that there was a
lot of room for enhancing the g 4.mpa in e Cell. These results suggest
that the 4-MBA oxidation in the e NETmix reactor was slightly mass
transfer limited for a Re of 100, and no mass transfer limitations
occurred for Re >190. On the other hand, the 4-MBA oxidation in the
e Cell reactor may have been mass transfer controlled for all Re.

Regarding the selectivity to PAA, Re had a null effect on this
parameter in e NETmix (Fig. 5a). By contrast, increasing selectivity
values were observed up to a Re of 500 in e Cell, followed by similar
values onwards (Fig. 5¢). The lower selectivity in e Cell for Re <500 can
be associated with the PAA overoxidation due to mass transfer limita-
tions. It was necessary to reach a kA of (4.7+0.5)x1073 s7L ie., the
kmA for Re of 500 in e Cell [9], to maximize the selectivity. The kA
values in e NETmix were always larger than (1.29-+0.03) x 107 1s7! [9],
which can explain the achievement of a maximum selectivity regardless
of the Re in this reactor. The magnitude of the maximum selectivity in
both reactors was also distinct. While the selectivity had a maximum
value of 83+6 % in e NETmix (for the entire Re range), the maximum
selectivity was 70+8 % in e Cell (for Re >500). A slightly smaller
selectivity was expected in the e Cell reactor since applying a j of
0.8 mA cm ™2 leads to a slightly prejudicial effect on this parameter,
according to Section 3.3.1.

The PAA production rate was maximum for a wide Re range of
190-1750 (flow rates of 12.8 Lh7!to 118.1 Lh™) and equal to (23
4+5)x10"% mM min~! in ¢ NETmix (Fig. 5a). Conversely, the PAA
production rate was ever-increasing in e Cell, reaching a maximum of
(12.6+0.5)x10~3 mM min ! ((1.840.4))-fold smaller compared to the
e NETmix set-up) for a Re of 1750 (flow rate of 76.5 L hh (Fig. 5¢).
The CE behavior was similar, reaching a maximum of 77+7 % in the
e NETmix reactor for Re >190 (Fig. 5b) and a value (1.8+0.2)-fold
lower in e Cell for a Re of 1750 (Fig. 5d).

The EC consistently exhibited higher values in e Cell compared to
the e NETmix reactor (Figs. 5b and 5d) due to the lower rg 4.mpa values
in the former reactor. For Re 100-375, this difference became much
more pronounced owing to the decreased selectivity to PAA in
e NETmix, resulting in a (12.940.2)-fold larger value in the e Cell
reactor for Re 100. The two reactors’ slightly different maximum
selectivity values led to maximum MR values of 92+5 % and 8546 % in
e NETmix and e Cell reactors, respectively (Figs. 5b and 5d).

From the data presented in Table 1 and Table 2, it becomes evident
that higher conversions led to lower CE and higher yield to PAA. At
120 min of reaction and a consumed charge of ~0.16 Ah L™}, the CE
achieved values of 26.840.4 % and 2141 % in e NETmix and e Cell,
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respectively, and the yield to PAA was 79+2 % and 62+2 %, respec-
tively. No additional changes were observed at higher conversion levels.

Employing lower Re (flow rates) while maintaining maximum per-
formance, as facilitated by e NETmix, can confer significant advantages
due to, for example, (i) the reduction of the energy consumption for
pumping the fluid, which is both environmentally beneficial and cost-
effective, (ii) the minimization of the wear and tear of the electrodes
and equipment, such as pumps, valves, and pipes, potentially extending
their lifespan and reducing maintenance costs, (iii) the ease of handling
and automating processes, and (iv) the reduced demands on equipment
size and capacity, and consequent ease of scaling-up processes.

3.3.3. Effect of supporting electrolyte content

The operation without a supporting electrolyte, i.e., the so-called
self-supported bulk electrolysis, was possible for both reactors. This
can be attributed to the short distance between the electrodes, which
enables the charge to still be transferred even in the absence of a sup-
porting electrolyte. However, the application of distinct NaSO4 con-
tents highly affected the energy consumption for the supply of electrical
power to the reactors, represented by the EC (Figs. 6b and 6d). The EC
was (6.540.3)-fold and (3.6+0.1)-fold smaller in e NETmix compared
to the e Cell reactor in the lack of supporting electrolyte and in the
presence of a low NaySO4 content of 0.1 mM, respectively. The very
distinct EC values in both reactors for null or low NaySO4 concentrations
can be mainly attributed to the much larger E.¢ registered in e Cell
(Figs. 6b and 6d). For instance, an average E.. as high as 16.2 V was
obtained in e Cell in the absence of a supporting electrolyte, contrasting
with a Eep of 3.8 Vin e NETmix under the same conditions. The higher
Ecenn in e Cell resulted from a higher ohmic resistance in this reactor
mainly due to its wider interelectrode gap (3.8 mm in e Cell versus
0-1.5 mm in e NETmix). As the Na;SO,4 content increased, the differ-
ence in the registered EC values in the two reactors became blurred due
to the smaller ohmic resistances achieved for higher supporting elec-
trolyte contents and, consequently, similar E.e. For NasSO4 contents
>1mM in e NETmix and >30 mM in e Cell, an average Ece of 3.0
40.1 V was recorded in both reactors, and the EC values were (1.8+0.2)-
fold smaller in the e NETmix device exclusively due to the smaller rg 4.
MBa in this reactor, as discussed below.

The NapSO4 content also impacted the rg 4-mpa values (Figs. 6a and 6¢
and Tables SM-1 and SM-2), although to a lower extent than for EC. The
ro,4-MBA Values were positively affected by the Na;SO4 content in both
reactors up to a given NaySO4 content from which the rp 4.mpa values
became similar. The achievement of smaller g 4.vpa values for lower
NaySO4 contents was likely due to the mass transfer of electroactive
species by migration in the absence of a supporting electrolyte in excess.
The transport of species by migration is usually complicated and known
by disturbing the mass transfer properties by diffusion and/or convec-
tion so intensively that data interpretation becomes difficult or impos-
sible [44]. Moreover, the supporting electrolyte content is inversely
proportional to the thickness of the electrical double layer (EDL), and,
thus, there is additional flow resistance under low electrolyte contents,
ultimately changing the rg 4.mpa values via electrokinetic effects [46,47].
During the phase when the rg 4.mpa values ceased to depend on the
NaySO4 content, the NapSO4 may have been available in excess. This
may have eliminated the migratory effects, and, thus, the mass transfer
may have occurred exclusively by diffusion and convection, and the EDL
may have remained thin.

The two reactors differed in the Na;SO4 content for which g 4.mpa
stopped depending on the NaySO4 content — 1 mM in e NETmix versus
30 mMine Cell. This can be mainly associated with the enhanced mass
transfer by convection and diffusion in this reactor. Because of that, the
e NETmix reactor may have been more able to protect electroactive
species from migratory effects. Furthermore, the ro4.mpa values in
e Cell were always smaller (by (1.3440.06) to (2.0+0.1)-fold) irre-
spective of the supporting electrolyte content. The maximum o 4-mpa
value was (2842)x10~2 mM min~! in ¢ NETmix (for 4-MBA initial
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Fig. 6. Efficiency of selective oxidation of 4-MBA to PAA as a function of supporting electrolyte (Na,SO4) content in e NETmix (a, b) and e Cell (c, d). Efficiency in

terms of 4-MBA initial oxidation rate (1o 4-mpa) (

supply (EC) ( ), average cell potential (Ecen) (

), selectivity to PAA ([, and PAA production rate (v) (a, ¢); and energy consumption for electrical current
), current efficiency (CE) ( A), and material recovery (MR) (@) (b, d). Values for 50 % 4-MBA conversion.

Conditions: j = 0.8 mA cm 2, Re = 1750, [4-MBA]o = 1.0 mM, T = 25+1 °C, pH = 7.0£0.2. Error bars are representative of deviations from duplicate trials.

contents >1 mM) and (184+1)x10"3 mM min' in e Cell (for 4-MBA
initial contents >30 mM). The smaller rp 4.mpa values achieved in the
e Cell reactor can be mainly related to the inability to maximize the 4-
MBA oxidation in this reactor due to mass transfer limitations, even for a
Re of 1750. This contrasts with the absence of constraints in the trans-
port of the 4-MBA for Re >190 in e NETmix, as discussed in Section
3.3.2. It should also be mentioned that the ratio of supporting electrolyte
concentration to electroactive species bulk concentration that allowed
for a maximization of the rg 4-mpa was 1-fold in e NETmix and 30-fold in
e Cell. The ratio in the e NETmix device was lower than the usually
reported ratios, i.e., 10 to >100-fold [44,45], while the ratio in the
e Cell set-up was within the commonly disclosed values. These out-
comes highlight the improvement of mass transfer by convection and
diffusion in this novel reactor.

The selectivity to PAA was not affected by the supporting electrolyte
content in both reactors (Figs. 6a and 6¢). Selectivity values of 81+2 %
in e NETmix and 69+9 % in e Cell were achieved in the full range of
NaySO4 contents. These results suggest a null influence of the migratory
effects and EDL thickness on transferring the generated PAA from the
anode surface to the bulk solution. The slightly lower average selectivity
attained in e Cell can be related to the application of a j of 0.8 mA cm 2,
which showed a slight adverse effect on the selectivity, as discussed in
Section 3.3.1. The MR values, which had the same behavior as the
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selectivity to PAA, were 91+2 % and 85+10 % ine NETmixande Cell,
respectively, for the entire NaySO4 content range (Figs. 6b and 6d).

As the selectivity remained constant for all the supporting electrolyte
contents in both reactors, the PAA production rate had the same
behavior as the g 4-mpa. In the e NETmix reactor, the PAA production
rate was maximum and equal to (2342)x10~2 mM min ! for NayS04
contents >1 mM (Fig. 6a); in the e Cell reactor, the PAA production rate
was maximum and equal to (13+1)x10~2 mM min~! ((1.8+0.2)-fold
lower) for NapsSO4 contents >30 mM (Fig. 6¢). The CE also had the same
behavior as the rp4.mpa, with a maximum of 69+6 % in e NETmix
(Fig. 6b) and 42+3 % in e Cell (Fig. 6d).

The application of higher conversions promoted lower CE and higher
yield to PAA, without any further discernible alterations (see Tables 1
and 2). This trend mirrors the observations made for j and Re.

Note that the generation of ROS from the SO3 ions provided by the
NaySO4 was not detected (see Section 3.1). Consequently, there was no
intensification of indirect oxidation mechanisms upon using higher
NaySO4 concentrations.

The use of low supporting electrolyte contents without loss of effi-
ciency, as permitted in the e NETmix technology, can be very advan-
tageous. For instance, it can contribute to (i) cost savings since
supporting electrolytes can be expensive, (ii) the mitigation of the
electrode fouling, thereby prolonging the lifespan of the electrodes, (iii)
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the simplification of the scaling-up process as the challenges related to
the handling of large volumes of electrolyte solutions are avoided, (iv)
simpler purification procedures and higher product yields since high
concentrations of electrolytes can complicate the separation and puri-
fication of the target products, and (v) the improvement of the selec-
tivity when the supporting electrolyte leads to undesirable side
reactions.

3.3.4. Effect of substrate initial content

The ro 4-mBa values increased for larger 4-MBA initial contents in
both reactors up to a plateau characterized by similar ry 4.mpa values
regardless of the 4-MBA initial content. This plateau was achieved for 4-
MBA initial contents >1.0 mM in e NETmix and >2.0 mM in e Cell
(Figs. 7a and 7c and Tables SM-1 and SM-2). The rg 4.mpa growth phase
indicates that larger 4-MBA contents were made available at the FTO
anode surface to interact with the free active sites and undergo direct
oxidation when larger 4-MBA initial contents were present. Therefore, it
can be claimed that the 4-MBA oxidation at the FTO anode was under
mass transfer control for 4-MBA initial contents <1.0 mM in e NETmix
and <2.0 mM in e Cell. In this growth phase, the rg 4.mpa values were
(1.56£0.08) to (2.040.1)-fold lower in the e Cell device than in the
e NETmix device. This can be ascribed to a lower mass transfer of the 4-
MBA to the anode surface in the former reactor. In the plateau phase, the
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content of 4-MBA in solution may have been sufficiently high to saturate
the FTO active sites, avoiding mass transfer limitations and equalizing
the rg 4.mpa values in both reactors — (29+2) x 1073 mM min . The need
for double the 4-MBA initial content in the e Cell reactor compared to
the e NETmix reactor to attain this phase (2.0 mM versus 1.0 mM)
corroborates the poorer mass transport of the 4-MBA to the anode sur-
face in e Cell.

Regarding selectivity to PAA, an increase for rising 4-MBA initial
contents, which was more evident in the e Cell set-up (Figs. 7a and 7c),
was perceived. In this commercial reactor, the selectivity rose in the
entire range of 4-MBA initial contents (from 0.25 mM to 3.0 mM) in a
total of 3445 %. In the e NETmix reactor, the selectivity increase was
very low (total of 9.04+0.3 %) and only occurred for 4-MBA initial
contents >2.0 mM. A maximum selectivity of 90+5 % was achieved in
both reactors at distinct 4-MBA initial contents: >2.0 mM in e NETmix
and 3.0 mM ine Cell. One explanation for the increase of selectivity for
higher 4-MBA initial contents common to both reactors is that 4-MBA
and PAA competed for adsorption on the FTO anode surface, making
it possible to mitigate PAA overoxidation in the presence of large
amounts of 4-MBA. The FTO glass surface is typically hydrophilic,
exhibiting a contact angle smaller than 90° [48,49]. Thus, the adsorption
of the 4-MBA on the FTO may have been favored since this compound is
less hydrophobic than the PAA, as inferred from the n-octanol-water
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partition coefficients (Kow) (log Kow (4-MBA) = 1.10 versus log Kow
(PAA) = 1.76 [50]). Under this explanation, the lower effect of 4-MBA
initial content on the selectivity in e NETmix can be due to the better
mass transfer in this reactor. Furthermore, the lower selectivity ine Cell
for 4-MBA initial contents <1.0 mM can result from the PAA over-
oxidation. It is known that a j of 0.8 mA cm™2 can ensure a selectivity
close to the maximum for a 4-MBA initial content of 1.0 mM in e Cell
(Section 3.3.1), but a j of 0.8 mA c¢m 2 cannot be optimum for these
lower 4-MBA initial contents. The improved mass transfer in the
e NETmix technology may have hindered the PAA overoxidation for
lower 4-MBA initial contents, reinforcing the ability of this reactor to
protect PAA from overoxidation.

The PAA production rate was maximum for 4-MBA initial contents
>2.0 mM in e NETmix and >3.0 mM in e Cell and equal to (26+1)x
103 mM min ! in both reactors (Figs. 7a and 7c). For the same 4-MBA
initial contents, the CE was maximum and equal to 79+3 % in the two
reactors (Figs. 7b and 7d).

During the rg 4.mpa growth phase in both reactors and the selectivity
to PAA growth phase in e Cell, the EC values exhibited a decreasing
trend and were consistently higher in e Cell compared to the e NETmix
reactor (Figs. 7b and 7d). This disparity between reactors arose from the
smaller ro4-mpa values in the former reactor, coupled with higher
selectivity to PAA for 4-MBA initial contents <3.0 mM. For 3.0 mM of 4-
MBA, the EC reached its minimum value equal to 0.2440.02 kWh mol *
in both reactors. The MR had a maximum value of 96+8 % in both re-
actors for substrate initial contents >2.0 mM and of 3.0 mM in
e NETmix and e Cell, respectively (Figs. 7b and 7d).

A 4-MBA initial content of 3.0 mM yielded quite similar results for all
parameters in both reactors, underscoring that the mass transfer limi-
tations in e Cell can be mitigated in the presence of large substrate
contents.

The trend of lower CE and higher yield to PAA at higher conversions,
as evidenced in Tables 1 and 2, aligns with observations for all other
operational parameters.

Applying low substrate initial contents in organic electrosynthesis
can sometimes be beneficial, making it possible to take advantage of the
e NETmix set-up for this purpose. For instance, (i) some substrates are
scarce, forcing the use of diluted solutions, (ii) some substrates are
difficult to handle, and thus the use of low quantities can reduce the
likelihood of mishaps, and (iii) the purification process after the reaction
can be easier for more diluted streams in some cases.

3.3.5. Influence of the different operational parameters through ANOVA
Table 3 presents the results of ANOVA conducted to assess the in-
fluence of the four operational parameters (j, Re, [NaySO4], and [4-
MBA]o) on ro 4.mBa and selectivity to PAA in each reactor.
ANOVA reveals that j was the operational parameter exerting the
largest influence on rg4mpa in e NETmix (p-value <0.05) and on
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selectivity to PAA in both reactors (p-value <0.001). Particularly note-
worthy is the pronounced influence of j on selectivity to PAA, which
emphasizes the heightened propensity for PAA overoxidation with
increasing j values. The effect of j on rp 4.mpa underscores the occurrence
of direct charge transfer in the 4-MBA oxidation and the pivotal role of
charge transfer in the 4-MBA oxidation.

In the e Cell reactor, Re and [4-MBA] exerted the most significant
influence on rg 4.mpa (p-value <0.001), and also significantly affected
selectivity to PAA (p-value <0.001 and <O0.05, respectively). These
outcomes bolster the occurrence of severe mass transfer limitations in
the whole Re range and in the presence of substrate initial contents
<3.0 mM. For the e NETmix reactor, the effect of Re was never signif-
icant and the effect of [4-MBA]( was only significant for PAA selectivity
(p-value <0.05). The null effect of Re underscores the enhanced mass
transfer ability for all Re range in e NETmix. The impact of [4-MBA]q
can be related to the increase of selectivity to PAA for 4-MBA initial
contents >2.0 mM.

The NaySO4 content stands out as an operational parameter exerting
minimal influence on ro 4.mpa and selectivity to PAA in both reactors,
consistently showing no significant variance. These findings emphasize
the primary role of NaySO4 on the EC, as discussed above, while
depreciating its perceived impact on ro 4-mpa-

4. Conclusions

The findings presented in this study demonstrate the high suitability
of e NETmix for organic electrosynthesis. The selective oxidation of 4-
MBA to PAA in the e NETmix reactor equipped with a bare FTO anode
led to the following maximum values: PAA production rate of (27+1)x
1073 mM min "}, To,4-mBA Of (29.240.4)x10~3 mM min ", selectivity to
PAA of 914 %, EC of 0.200+0.002 kWh mol !, CE of 79+3 %, and MR
of 96+4 % (all parameters for a fixed 4-MBA conversion of 50 %). In this
reactor, these maximum values were achieved for a wide range of j of
0.8-2.0 mA crn_z, Re >190 and corresponding flow rates >12.8 L h_l,
supporting electrolyte (NaySO4) contents >1 mM, and substrate (4-
MBA) initial contents >2.0 mM. This contrasted with the results in the
commercial e Cell (Micro Flow Cell from ElectroCell A/S, Denmark), in
which similar values were achieved but for a single j of 0.8 mA cm ™2, Re
>1750 (>9-fold larger) and corresponding flow rates >76.5 L h! (>6-
fold larger), NapsSO4 contents >30 mM (>30-fold larger), and 4-MBA
initial contents >3.0 mM (>1.5-fold higher). For a j of 0.8 mA cm’z, a
Re of 190, and a 4-MBA initial content of 1.0 mM in the presence of an
excess of NaySO4 (50 mM), the PAA production rate was (12.0+0.8)-fold
larger in the e NETmix reactor compared to the e Cell reactor.
e NETmix showed an evident greater ability to maximize the PAA
production rate due to: (i) an enhancement of the 4-MBA oxidation (in
terms of rg 4.mpa) for smaller Re, supporting electrolyte contents, and
substrate initial contents, and (ii) a higher protection of PAA

Table 3
ANOVA for operational parameters influencing ro 4.mpa and selectivity to PAA in e NETmix and e Cell.
T0,4-MBA
Operational parameter F-value p-value Significance
e NETmix e Cell e NETmix e Cell e NETmix e Cell
j 7.409 9.207 0.012 0.006 * o
Re 0.645 30.490 0.430 <0.001 i
[Nay;SO04]1 0.047 0.300 0.831 0.589
[4-MBA] 3.290 42.067 0.083 <0.001 ok
Selectivity to PAA
Operational parameter F-value p-value Significance
e NETmix e Cell e NETmix e Cell e NETmix e Cell
j 94.929 54.271 <0.001 <0.001 ok ok
Re 0.053 32.604 0.820 <0.001
[NayS04]1 1.090 0.679 0.307 0.418 -
[4-MBA] 10.957 10.386 0.003 0.004 o wx
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overoxidation, and consequent higher selectivity to PAA, for a much
more comprehensive range of j, Re, and 4-MBA initial contents. The
superior performance of the e NETmix reactor can be mainly attributed
to an improved mass transfer in virtue of using a fluid distributor with a
NETmix network able to induce convection and promote the develop-
ment of a laminar chaotic flow regime. However, when operating with
high initial substrate contents ([4-MBA]y >3.0 mM), the PAA produc-
tion rate can be equivalent in the commercial cell and the e NETmix
reactor. This observation suggests that the mass transfer limitations
present in commercial cells can be counteracted when high amounts of
substrate are available. Another advantage of the e NETmix technology
is its enhanced energy performance due to the incidence of a low ohmic
drop, mainly due to the narrow interelectrode gap of the reactor. This
enabled the operation of the e NETmix reactor in the absence of sup-
porting electrolyte with an EC 5.0+0.3 times smaller than that of the
e Cell reactor. In addition, the bare FTO anode proved to be a promising
anode material for the selective electrooxidation of the 4-MBA to PAA.
The 4-MBA underwent direct charge transfer oxidation at the FTO
anode.
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