
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Boosting the valorization of biomass and green electrons to chemical building
blocks
A study on the kinetics and mass transfer during the electrochemical conversion of HMF to
FDCA in a microreactor
Delparish, A.; Uslu, A.; Cao, Y.; de Groot, T.; van der Schaaf, J.; Noël, T.; Fernanda Neira
d'Angelo, M.
DOI
10.1016/j.cej.2022.135393
Publication date
2022
Document Version
Final published version
Published in
Chemical engineering journal
License
CC BY

Link to publication

Citation for published version (APA):
Delparish, A., Uslu, A., Cao, Y., de Groot, T., van der Schaaf, J., Noël, T., & Fernanda Neira
d'Angelo, M. (2022). Boosting the valorization of biomass and green electrons to chemical
building blocks: A study on the kinetics and mass transfer during the electrochemical
conversion of HMF to FDCA in a microreactor. Chemical engineering journal, 438, Article
135393. https://doi.org/10.1016/j.cej.2022.135393

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, P.O. Box 19185, 1000 GD Amsterdam, The Netherlands.
You will be contacted as soon as possible.

Download date:16 Sept 2026

https://doi.org/10.1016/j.cej.2022.135393
https://handle.uba.uva.nl/personal/pure/en/publications/boosting-the-valorization-of-biomass-and-green-electrons-to-chemical-building-blocks(7f90c37a-3de6-4470-97fc-d13cbf51366e).html
https://doi.org/10.1016/j.cej.2022.135393


Chemical Engineering Journal 438 (2022) 135393

Available online 23 February 2022
1385-8947/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Boosting the valorization of biomass and green electrons to chemical 
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electrochemical conversion of HMF to FDCA in a microreactor 
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A B S T R A C T   

Electrochemical conversion of biomass-derived 5-hydroxymethyl-furfural (HMF) to 2,5-furandicarboxylic acid 
(FDCA), the building block of bio-based plastics, is an attractive process that leverages renewable electrons and 
carbon resources. The process offers the potential to increase energy and cost efficiency by combining mild 
reaction conditions with high activity and selectivity. This study elucidates the mechanism and reaction kinetics 
of HMF electrochemical oxidation over Ni(OH)2/NiOOH, and their implications on the reactor design. The re
action is studied in a parallel plate electrochemical microreactor using Ni plates as the working and counter 
electrodes. The work presents mass transfer characterization of the reactor and a thorough parametric study. 
Nearly complete conversion and current efficiency are obtained at pH 13, cell potential of 1.7 V, and unprec
edentedly short residence time of <380 s. Taking advantage of the flow microreactor, mass transfer- and reac
tion- limited regimes are decoupled, and a kinetic model is developed for the first time in the literature. The 
kinetic model, showing a good agreement with the experimental results, suggested that the reaction proceeds 
through adsorption of HMF and the intermediates over NiOOH. Finally, the effect of mass transfer characteristics 
of the reactor on the process is evaluated for various cell configurations.   

1. Introduction 

The urge to mitigate climate change alongside the growing global 
energy consumption have been the incentives for a transition from 
carbon-intensive to more sustainable energy systems [1]. With renew
able electrical energy resources (e.g., solar, wind, and geothermal) being 
central to this transition, grid energy storage and electric transportation 
technologies have already achieved remarkable milestones [2]. How
ever, chemical manufacturing industry, despite being responsible for 
one-third of the global greenhouse gas emissions, is yet to make a sig
nificant step towards its electrification [3–5]. A paradigm shift in 
chemical industry, catalyzed by the continuously dropping cost of 
renewable electricity, might expand industrial applications of electro
chemical processes far beyond chloralkali and aluminum production in 

the next few decades [6]. 
The other crucial aspect in decarbonization of the chemical industry 

is the substitution of fossil feedstocks with a sustainable alternative such 
as lignocellulosic biomass [7–13]. Polymers and plastics account 
for>80% of the chemical output, making them a compelling target for 
transforming the industry [14]. Recent efforts have shown the viability 
of a green alternative to polyethylene terephthalate, the most common 
thermoplastic, by replacing terephthalic acid by its biomass-derived 
counterpart, i.e. 2,5-furandicarboxylic acid (FDCA) [14–17]. Known as 
the “sleeping giant”, FDCA is an oxidation product of 5-hydroxymethyl- 
furfural (HMF), a major bio-based chemical building block [15,16]. 

The conventional catalytic route for HMF oxidation to FDCA requires 
precious metal catalysts (e.g., Au, Pd, Pt), excessive amounts of oxidant 
(e.g. 20–40 bar O2), and elevated temperatures (above 150 ◦C) [17–19]. 
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On the contrary, the electrochemical pathway operates with low cost 
electrocatalysts and mild conditions (i.e. ambient temperature and 
pressure), yet it achieves high activity and selectivity [19]. Thus, the 
electrochemical oxidation of HMF not only takes advantage of renew
able electrons, but also offers the potential to increase energy and cost 
efficiency of the process. The electrocatalytic oxidation of HMF to FDCA 
involves two half-reactions, as follows: 

Anode : HMF+ 6OH− →FDCA+ 4H2O+ 6e− (1)  

Cathode : 6H2O+ 6e− →3H2 + 6OH− (2)  

Overall : HMF+ 2H2O→FDCA+ 3H2 (3) 

As shown in Fig. 1a, HMF oxidation to FDCA (Eq. (1)) proceeds via 
various intermediates. The alcohol and aldehyde functional groups of 
HMF must undergo oxidation to form the carboxylic acid groups of 
FDCA. Dependent on being initiated from the aldehyde or the alcohol, 
the first intermediate in the oxidation reaction would be 5-hydroxy
methyl-2-furoic acid (HMFCA) or diformylfuran (DFF), respectively. 
Further oxidation of the aforementioned leads to formation of 5-formyl- 
2-furancarboxylic acid (FFCA), and subsequently FDCA. 

Grabowski et al. [20] were the first to demonstrate the electro
catalytic oxidation of HMF and achieved an isolated FDCA yield of ca. 
75% over a Ni-based electrocatalyst. Subsequent research by Vuyyuru 
et al. [21] and Chadderdon et al. [22] used noble metals as the electro
catalyst, but these led to unsatisfactory low yield/selectivity to FDCA 
and low current densities. More recent studies confirm that the most 
promising electrocatalysts for this reaction are in fact the transition 
metals. Among them, Ni-based electrocatalysts have been widely re
ported as one of the most active yet stable options at the usually required 

alkaline conditions [7,21,23,24]. Significant efforts have been devoted 
to improve their performance via novel preparation methods and/or 
synthesis of various metalloid alloys as electrode material 
[18,19,23,25,26]. However, understanding of the reaction engineering 
aspects of HMF electrochemical transformation (Fig. 1b) remains 
limited. 

This study aims to shed light on the reaction mechanism of HMF 
electro-oxidation, kinetics/mass transfer interplay, and reactor design 
considerations. The reaction is studied in a flow-through parallel-plate 
electrochemical microreactor over a Ni electrode. This provided the 
opportunity to decouple mass transfer from kinetics and describe the 
interactions with the electrocatalyst. By elucidating these phenomena, 
the key factors with regards to reactor design, reaction optimization and 
process intensification are identified. 

2. Experimental procedures 

2.1. Materials 

HMF (99.0%), FDCA (97.0%), 5-hydroxymethyl-2-furoic acid 
(HMFCA, 95.0%), 5-formyl-2-furancarboxylic acid (FFCA, 98.0%) were 
purchased from Fluorochem Ltd. Sodium sulphate anhydrous (99.0%), 
potassium nitrate, and potassium acetate were supplied by VWR. Po
tassium hydroxide standard solution (8.0 N) were purchased Fisher 
Scientific. Acetic acid, potassium hexachloroiridate(III), and potassium 
hexachloroiridate(IV) were obtained from Merck/Sigma-Aldrich 
(>99.99%). All chemicals were used as received without further puri
fication. Deionized water (Barnstead E-pure water purification system, 
resistivity > 18 MΩ cm) was used to prepare the solutions. Ni slab 
electrodes (99.2%) were supplied by Salomon’s Metalen B.V. 

2.2. Voltammetry and HMF conversion experiments 

Cyclic voltammetry (CV) and chronoamperometry (CA) experiments 
were conducted in a two-electrode configuration using an undivided-cell 
parallel-plate microreactor designed by Laudadio et al. [27]. The anode 
and cathode were both Ni slabs connected to CompactStatTM potentio
stat provided by Ivium Technologies B.V. through a copper current 
collector. The microreactor consisted of eight channels with anodic 
specific surface area (Aanode/Vchannel) of 4 × 103 m− 1 and dimensions of 
2.5 × 10− 4 m (Height) × 3.0 × 10− 3 m (Width) × 10.5 × 10− 2 m (Length) 
that were operated in series (Fig. 2). For HMF conversion experiments, 
the alkaline electrolyte containing KOH, supporting electrolyte 
(Na2SO4), and HMF was supplied to the reactor by a syringe pump 
(Fusion 720, Chemyx). Product analysis was carried out in Shimadzu 
Prominence (LC-20A) HPLC system with a PDA detector (SPD-M20A). 
The mobile phase, 0.5 mM sulfuric acid, was fed in isocratic mode with a 
flow rate of 0.8 mL min− 1 at 70 ◦C. Sample aliquots of 5 μL were injected 
into a 150 mm × 7.8 mm RHM-Monosaccharide H + column (Phe
nomenex Inc.). Calibration curves for each of the compounds were ob
tained at their specific maximum light absorption wavelength (285, 288, 
255, 285, and 265 nm for HMF, DFF, HMFCA, FFCA and FDCA, 
respectively) as they showed different absorption profiles. The HMF 
conversion, the yield of the oxidation products and current efficiency 
towards each product were calculated using the following equations: 

HMF conversion( − ) = 1 −
CHMF,in

CHMF,out
(4)  

Product yield( − ) =
Ci,out

CHMF,in
(5)  

Current efficiency( − ) =

∑
niFQvCi,out

I
(6)  

where ni, F, Qv and I represent the number of electrons transferred in 
formation of product i, Faraday constant, volumetric flow rate and 

Fig. 1. (a) Two possible pathways for alkaline electrochemical oxidation of 
HMF, (b) schematic of HMF oxidation in a two-electrode cell. 
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current. 

2.3. Mass transfer characterization 

Limiting current density method was employed to obtain liquid–solid 
mass transfer correlation. The limiting current density (iL) is reached at 
high reaction rates resulting in a plateau of constant current in cur
rent–potential plot at a certain potential range. With complete reactant 
depletion on the electrode surface at iL: 

iL

nF
=

D
δ

Cb = kLSCb (7)  

where n is the number of electrons transferred, F is the Faraday constant, 
D is the diffusion coefficient, δ is the thickness of the diffusion layer, Cb is 
the concentration of the electroactive species in the bulk, and kLS is the 
mass transfer coefficient. This method enables direct quantification of 
kLS, and consequently mass transfer correlation development, by 
measuring iL from linear sweep voltammograms (LSV). Hexa
chloroiridate(III)/(IV) redox couple was used to characterize mass 
transfer in the reactor and measure the limiting current densities: 

Anode : IrCl3−
6 ⇋IrCl2−

6 + e− (8)  

Cathode : IrCl2−
6 + e− ⇋IrCl3−

6 (9) 

The main reason for the applicability of this redox couple is the wide 
potential range wherein the limiting current can be measured. Both the 
reduction and oxidation plateaus of the redox are well separated from 
the potentials where water reduction/oxidation occur. Since the reac
tion is reversible and both redox reactions occur simultaneously, the 
bulk concentration of the reactants can be considered to remain con
stant. Chemical degradation by the side reaction can affect the mea
surements, however this can be mitigated by operating under 
sufficiently acidic conditions (Table 1) as this inhibits the degradation 
and keeps the electrolyte stable [28]. Further details of this method can 
be found elsewhere [29]. 

3. Modeling 

3.1. Multiphase reactor model 

A complete reactor model that includes kinetics and mass transfer (i. 
e., kin + MT model) is developed to predict the effect of various cell 
configurations with different anodic specific surface areas. The model, 
assuming a plug flow behavior, predicts the concentration profiles by 
solving a set of ODE and algebraic equations: 

Mole balances in bulk (liquid phase): 

dCi,b

dτ = − kLSaLS(Ci,b − Ci,s) (10) 

Mole balances on electrocatalyst surface (solid phase): 

0 = kLSaLS(Ci,b − Ci,s)+ri,s (11)  

where ci, τ, aLS, and ri are concentration of component i, residence time, 
specific surface area, and formation rate of component i. kLS coefficients 
are measured experimentally (see section 2.3) and kinetic rates are ob
tained as explained in section 3.3. The set of equations were solved using 
a mass matrix and ode15s solver in MATLAB (2019b). 

The validity of plug flow assumption in the electrochemical micro
reactor was checked using the dimensionless Bodenstein number: 

Bo =
uL
Dax

(12)  

where u, L, and Dax represent the flow velocity, reactor length, and axial 
dispersion, respectively. Axial dispersion under the laminar flow regime 
is defined as [30,31]: 

Fig. 2. (a) Schematic representation of the electrochemical undivided-cell microreactor, (b) flow-pattern in the reactor though the 8-channel spacer.  

Table 1 
Electrolyte composition of the limiting current density method experiments.  

Role Compound Concentration 

Reductant Potassium Hexachloroiridate(III) 0.5 mM 
Oxidant Potassium Hexachloroiridate(IV) 0.5 mM 
Supporting electrolyte Potassium Nitrate 0.5 M 
Buffer Potassium Acetate/Acetic Acid 0.1 M (pH 4)  
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Dax =
udh

Iax
(13)  

Ix =
1

ReSc
+

ReSc
192

(14)  

where dh is the hydraulic diameter. Bodenstein number ranged between 
1.1 × 104 and 4.2 × 105 at the Reynolds values relevant for this report. 
Bo≫100 indicates a nearly ideal plug flow behavior [30–32]. 

3.2. Mass transfer limited reactor model (MT model) 

The role of mass transfer in the electrochemical conversion of HMF is 
assessed by comparing the microreactor performance (i.e., measured 
current densities) against the predictions of a reactor model (i.e., hereby 
referred as the MT limited model) in which all the reaction steps are 
assumed to be mass transfer limited. Under the assumed mass transfer 
limited regime, concentration of the substrates on the electrocatalyst 
surface is considered zero. In the reaction system, HMF oxidizes to 
HMFCA, then to FFCA, and finally to FDCA. Assuming a plug flow 
behavior in the reactor, the relevant mole balances can be expressed in 
the following series of differential equations: 

dCHMF

dτ = − kLSaLSCHMF (15)  

dCHMFCA

dτ = kLSaLS(CHMF − CHMFCA) (16)  

dCFFCA

dτ = kLSaLS(CHMFCA − CFFCA) (17)  

dCFDCA

dτ = kLSaLSCFFCA (18)  

where kLS is obtained experimentally (section 2.3), aLS is the specific 
surface area (Aanode/Vreactor = 4000 m− 1), and τ is residence time in the 
reactor. The differential equations were solved in MATLAB (2019b) 
using the ode45 solver. The obtained concentration profile can be then 
translated to the predicted current density via Eq. (6) assuming 100% 
current efficiency to HMF oxidation products (e.g., no oxygen evolu
tion), which is in line with experimental observations below 1.7 V. The 
difference between the experimentally obtained currents and MT model 
predictions are then interpreted as evidence of a kinetic regime. 

3.3. Kinetic modeling 

The kinetic-limited experimental data was used to build the kinetic 
model, and fit the corresponding kinetic parameters. Considering a plug- 
flow reactor model and in absence of any mass transfer limitation, the 
time dependent relation between reaction rate and concentration pro
files can be described as follows: 

dci

dτ = aLS.ri (19)  

where ci, τ, aLS, and ri are concentration of component i, residence time, 
specific surface area, and formation rate of component i. MATLAB 
(2019b) was employed to solve the set of differential equations using 
ode45 solver, and to fit the kinetic parameters using lsqnonlin function. 
The confidence intervals of 95% were determined by nlparci function. 

4. Results and discussion 

4.1. Mass transfer characterization of the electrochemical microreactor 

As illustrated in Fig. 3a, well-defined current plateaus corresponding 
to the limiting current densities are obtained at flow rates between 0.1 
mL/min and 4 mL/min. Sherwood numbers can be calculated from the 

current plateaus (using average current measured in 0.3 to 0.4 V range) 
as a function of inlet flow rate: 

Sh =
iLdh

nFDCbulk
(20) 

The results are fitted to a power law model [33,34] (Fig. 3b) and a 
Sherwood correlation as a function of the Reynolds number (Re) is 
obtained: 

Sh = 0.29Re0.34Sc0.33for1 < Re < 50 (21)  

where Sc = µ/ρD is the Schmidt number (see Table 2). 

4.2. Cyclic voltammetry 

Ni surface, when placed in contact with an alkaline solution, be
comes spontaneously covered with Ni(OH)2 [37]: 

Ni̅̅̅̅̅̅̅ →
OH−

Ni(OH)2 (22) 

which initially appears in an unstable α phase that subsequently ages 
to the stable β-Ni(OH)2 [38]. CV measurements over the aged Ni 

Fig. 3. (a) LSVs for the oxidation of hexachloroiridate (III) in the electro
chemical microreactor at various inlet flow rates (0.1, 0.5, 1.0, 1.5, 2.0, 2.5, 
3.0, 3.5, and 4.0 mL/min). (b) Sherwood-Reynolds plot fitted to obtain Eq. (21). 
Electrolyte data are provided in Table 1. 
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electrode were carried out at pH 13 in the presence and absence of HMF. 
As shown in Fig. 4, an anodic peak appears in both cases at a cell po
tential between 1.6 V and 1.7 V, followed by a steep current rise cor
responding to the oxygen evolution reaction (OER), which is the major 
competing reaction with HMF oxidation. The current peak at ca. 1.6–1.7 
V is attributed to Ni surface oxidation reaction [37–39]: 

Ni(OH)2 + OH− ⇌
k− 1

k1 NiOOH + H2O + e− (23) 

Oxidation of Ni(OH)2 sites to NiOOH is initiated at the onset po
tential of 1.4 V to generate an anodic current. In the absence of HMF, this 
current reaches a maximum followed by a valley as the Ni(OH)2 sites 
deplete during the sweep (Fig. 4a and 4b). With the reverse sweep, 
NiOOH reduces back to Ni(OH)2 producing a cathodic current. In the 
presence of HMF, the anodic peak is enlarged and the valley shrinks. 
This can be explained by HMF oxidation occurring over the NiOOH sites 
[23], causing the reduction of NiOOH sites back to Ni(OH)2 (Fig. 4c). 
The regenerated NiOOH sites are then available again to participate in 
the surface oxidation reaction (Eq. (23)), thus contributing to the anodic 
current. The vanishing of the valley in the presence of HMF (especially at 
higher concentrations of HMF in the bulk, as shown in Fig. 4b), suggests 
that the surface coverage of HMF and/or its oxidation products plays a 
key role in the catalytic cycle displayed in Fig. 4c, and thus on the shape 
(or presence/absence) of the current maxima [40]. 

4.3. Effect of operational parameters 

The results of the chronoamperometry experiments are shown in 
Fig. 5 where the product distribution (Fig. 5a) and the faradaic current 
densities (Fig. 5b) are plotted as a function of flow rate and cell poten
tial. Upon increasing residence time (i.e., inverse of the flow rate), the 
total yield of oxidation products monotonically increases, with FFCA 
being the main intermediate and FDCA the primary final product. 
Similar product distribution is found for all cell potentials, with a visible 
effect on the overall reaction rate, also shown in Fig. 5b. The continuous 
line in Fig. 5b shows the results of the MT model, which seems a better 
predictor of the reactor performance only at higher cell potentials 
(above 1.6 V) and lower flow rates (i.e., below 0.2 mL/min in this case). 
In other words, the reaction is mass transfer limited only at sufficiently 
high cell potential (i.e., faster reactions) and low flow rates (i.e., lower 
mass transfer coefficients). At a cell potential of 1.6 V and flow rates of 
0.2 mL/min or higher, the overall reaction is kinetically limited and 
FDCA yield does not exceed 55% due to the slow reaction. In fact, at this 
potential the reaction rate appears to be independent of HMF 

Table 2 
Relevant constants used in the mass transfer correlation development study.  

Constant Symbol Value Unit 

Electrons exchanged n 1 – 
Hydraulic Diameter dh (=

2WH
W + H

)(a) 4.6 × 10− 4 m 

Diffusion Coefficient [35] D 8.46 × 10− 10 m2.s− 1 

Electrolyte density [36] ρ 1030 kg.m− 3 

Dynamic Viscosity [36] µ 9.80 × 10− 4 Pa.s 
Schmidt number Sc 1125 – 

(a) W: microchannel width, H: microchannel height. 

Fig. 4. (a) CV measurements in the presence and absence of HMF (5 mM), (b) 
forward scans from 1.4 to 1.8 V in the presence and absence of HMF (5, 10, and 
20 mM), at pH 13, flow rate of 0.5 mL/min, and scan rate of 10 mV/s, (c) 
catalytic cycle in the presence of HMF. 

Fig. 5. (a) Product distribution at 1.6 to 1.8 V and various flow rates, (b) MT 
limited currents vs. observed current densities. Conditions: pH 13, 10 mM HMF. 
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concentration (Fig. 4), suggesting that the rate determining step at 1.6 V 
is the oxidation of the Ni(OH)2 sites on the electrocatalyst surface (Eq. 
(23)). Much faster reaction rates are observed at 1.7 V, but further in
crease to 1.8 V does not result in a faster conversion of HMF. In fact, 
there is a remarkable drop in current efficiency (from 90 to 100% at 1.7 
V to 30–50% at 1.8 V, see Tables S1 and S2) as the cell potential falls well 
into the OER region [18]. The slightly lower yields at 1.8 V can then be 
attributed to the formation of OER intermediates occupying the avail
able active sites and/or formation of less active species on the electro
catalyst surface upon overcharging of the β-NiOOH phase [41]. Thus, 
the highest HMF conversions (up to 97%) and current effiencies (>90%) 
are obtained at 1.7 V (Table S2) where OER is well suppressed while 
FDCA formation rate is maximal. 

Next, the effect of pH on the cell performance is assessed in Fig. 6. 
Here, chronoamperometry experiments at 1.7 V reveal a significant ef
fect of KOH concentration on FFCA yield, with an optimum at pH 13. 
Lower pH (i.e., pH 12) leads to decreased reaction rates and limited 
yields to the final oxidation product FDCA, even at extended contact 
times. The primary product at pH 12 in the entire range of contact times 
is the intermediate FFCA. On the other hand, higher pH favors the 

production of FDCA, which becomes the prevalent product at pH 14. 
Also remarkable are the slightly higher yields of HMFCA at pH 14. This 
can be attributed to a base-induced homogenous redox Cannizzaro re
action [42,43], which engages aldehyde functional groups of HMF and 
FFCA to form HMFCA through oxidation and reduction, respectively. 
However, the Cannizzaro effect on HMF reduction and FFCA oxidation is 
obscured by the electrochemical pathway as it pushes towards oxidation 
of the substrates. Although higher hydroxide concentration elevates the 
selectivity towards FDCA, increasing pH from 13 to 14 results in slower 
HMF oxidation. A possible explanation is the formation of less active 
nickel species on the electrode surface reported at OH– concentrations of 
1 M and higher, i.e. ionic forms of nickel such as Ni(OH)3− and Ni 
(OH)4

2− [24,44,45]. Immediately after the tests at pH 14, the same 
electrocatalyst was again tested at pH 13, resulting in lower yields and 
current densities with respect to the original experiment under the same 
conditions (Table S5). This indicates a certain extent of Ni structural 
alteration at high pH. However, the electrocatalyst slowly regained its 
original activity after being in contact with the electrolyte of pH 13 for 
about 1 h. Detrimental effect of excessive base on Ni electrocatalyst has 
also been reported by Robertson et al. [44] for electrochemical oxidation 
of various alcohols at hydroxide concentrations above 0.8 M. The drop 
in current efficiencies from 90 to 100% to 50%-75% is another adverse 
effect of elevating pH to 14. The promotion of OER at high pH is also 
confirmed by the CV measurements (Figure S2). The base concentration 
not only decreases the limiting current density for substrate oxidation, 
but also shifts of OER to lower values. Thus, the inhibition of the cata
lytic activity towards substrate oxidation due to OER promotion on the 
electrocatalyst surface cannot be discarded at pH 14. 

The effect of HMF inlet concentration was studied at 1.7 V and pH 13 
which previously led to the highest electrocatalyst activity and current 
efficiencies (>90%). As shown in Fig. 7, nearly full HMF conversion (i.e., 
100% yield to oxidation products) is reached with a flow rate of 0.1 mL/ 
min (contact time of 378 s) regardless of the inlet concentration. In 
terms of current densities, the 5 mM experiment seems to be better 
predicted by the MT limited model up to ca. 1.5 mL/min. The deviations 
between model and experiments after this point, once again, mark the 
beginning of the kinetic limited region (Fig. 7b). Furthermore, the 
kinetically limited current with 5 mM HMF is around half of that 
recorded during the 10 mM experiment (i.e., ~8.0 A/m2 vs. ~ 14.0 A/ 
m2, respectively). This suggests a first-order dependency of the kinetic 
reaction rate with respect to HMF concentration in range of 5 to 10 mM. 
The trend, however, does not hold for higher HMF concentrations as 
doubling to 20 mM only slightly increases the current density, sug
gesting a strong adsorption of HMF and/or derivatives on the oxide- 
covered Ni electrocatalyst. 

4.4. Kinetics and reactor model 

According to our experimental observations and based on the results 
obtained under the kinetically limited regime, we propose a kinetic 
model derived from the following mechanism (Fig. 8) and assumptions: 

1. The oxidation of HMF is initiated by adsorption over NiOOH sites 
(Eq. (24)), formed by prior oxidation of Ni(OH)2 sites in the presence of 
a base (Eq. (23)): 

NiOOH+HMF⇌
k2

k− 2
HMFs (24) 

Direct adsorption of HMF on the Ni(OH)2 sites is ruled out. Other
wise, the competition of HMF and hydroxyl ions in solution for the same 
Ni(OH)2 sites would result in a nearly full coverage of OH– (θOH− = 1) 
under the anodic bias and an abrupt drop of HMF oxidation rate with 
θHMF approaching zero [40]. 

2. HMF adsorption is followed by hydrogen-abstraction from the 
α-carbons of the functional groups to generate the radical intermediate 
(Is) [46]: Fig. 6. (a) Product distribution at pH 12 to 14 and various flow rates, (b) MT 

limited currents vs. observed current densities. Conditions: 1.7 V, 10 mM HMF. 
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HMFs→
k3 Is (25) 

3. FFCA is formed through a direct conversion of Is: 

Is + 3OH− →
k4 FFCAs + 2H2O+ 3e− (26) 

Depending on the α-carbon engaged in reaction (Eq. (25)), the 
radical intermediate, with incorporation of the hydroxyl ions, should 

then be oxidized to form either DFF or HMFCA. However, no DFF was 
detected in any of the experiments while HMFCA yields did not exceed 
3%. On the other hand, significant amounts of FFCA were obtained as 
the main reaction intermediate. Although the reaction seems to proceed 
via HMFCA and FFCA, the rates of formation and the consecutive 
oxidation of HMFCA seem to be nearly in equilibrium (i.e., pseudo 
steady state). Another plausible explanation is that the conversion of 
HMF to HMFCA is significantly slower than its subsequent oxidation, but 
supporting experiments using HMFCA in the feed rule out that hy
pothesis (Table S8). Thus, we assume that the formation and further 
conversion of HMFCA is nearly in equilibrium, so the conversion of Is to 
FFCA is modelled as a single step on the surface of the solid (Eq. (26)). 
This is followed by FFCA desorption from the surface: 

FFCAs ⇌
k5

k− 5
FFCA+Ni(OH)2 (27) 

where k-5 (corresponding to direct adsorption of the organic sub
strate on the lower oxide) should be set to zero for the same reason 
described earlier. 

4. The total number of active sites are constant. 
5. Concentrations of intermediates/complexes formed on the catalyst 

surface are small and time invariant (quasi-steady-state approximation). 
Kinetic rate expression of HMF oxidation to FFCA is derived (see 

Supporting Information, section 3) based on the above mechanism and 
assumptions: 

rHMF = I/FA = (28)  

ϕsCHMF(
1
k2
+ 1

k2K1COH−
+ 1

k3K2
+ 1

k3K1K2COH−

)

+

(
1

k1COH−
+ 1

k3
+ 1

k4C3
OH−

+ 1
k5

)

CHMF  

where ϕs is the electrocatalyst saturated surface concentration and Ki =

ki/k− i. This kinetic expression predicts a maximum current at high HMF 
concentrations, consistent with the experimental results. Based on Eq. 
28, this maximum current is positively correlated with COH− and ϕs. 
However, as discussed earlier, it should be noted that ϕs itself is 
dependent on COH− , as the electrocatalyst surface can be modified by the 
pH of the reaction medium. In addition, the kinetic model does not ac
count for the competing OER and its effect on faradaic efficiency. 
Accordingly, the model fitting was carried out at single pH (i.e., pH 13) 
and a cell potential where the OER was well suppressed (i.e., 1.7 V). 
These were the optimal conditions for HMF oxidation. As OH– concen
tration remains constant throughout the reactor (undivided cell), Eq. 28 
can be simplified to: 

rHMF = I/FA =
kHMF

1 CHMF

1 + kHMF
2 CHMF

(29) 

Taking the same approach, Eq. (30) is derived for the rate of FFCA to 
FDCA (see derivation in Supporting Information, section 3): 

rFFCA = I/FA =
kFFCA

1 CFFCA

1 + kFFCA
2 CFFCA

(30) 

Parameter fitting was carried out using the experimental data in 
absence of mass transfer limitations (i.e. flow rates higher than 0.7 mL/ 
min Fig. 7b). The fitted kinetic parameters with 95% confidence 

Fig. 7. (a) Product distribution at various HMF concentrations and flow rates, 
(b) MT limited currents vs. observed current densities. Conditions: 1.7 V, pH 13. 

Fig. 8. HMF conversion pathway to FDCA over Ni(OH)2/NiOOH.  

Table 3 
Kinetic parameters estimated (with 95% confidence intervals) from experi
mental data.  

Parameter Estimated value Unit 

kHMF
1 (5.3 ± 1.6) × 10− 6 s− 1 m 

kHMF
2 (4.6 ± 2.5) × 10− 2 mol− 1 m3 

kFFCA
1 (1.8 ± 1.1) × 10− 5 s− 1 m 

kFFCA
2 (5.8 ± 2.3) × 10− 1 mol− 1 m3  
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intervals are presented in Table 3. The parity plots presented in Fig. 9 (i. 
e., experimental vs. predicted concentration (R2 = 0.99) for HMF, FFCA 
and FDCA), confirm the adequacy of the kinetic model. 

Finally, the significance of the reactor design in the electrocatalytic 
oxidation of HMF is assessed with a reactor model that assumes ideal 
plug flow (i.e., representative of the mixing behaviour of the parallel 
plate reactor under consideration), and includes kinetics (i.e., the kinetic 
model developed in this study) and mass transfer (kin + MT model). 
Both the kinetic and mass transfer contributions are a function of the 
specific surface areas of the electrodes, which have been evaluated in the 
range from 102 to 104 m− 1 at the spacial-velocity of 8.5 molHMFm− 2

anodes− 1. 
The effect of kLSaLS (s− 1) on the total yield of the products is presented in 
Fig. 10. According to the model, at a given specific surface area of the 
electrode, the yield is expected to increase with kLSaLS up to a maximum 
value (i.e., yield under kinetic regime). The model predicts a maximum 
total yield of 52% which is in agreement with the experiment at the 
spacial-velocity of 8.5 molHMFm− 2

anodes− 1 (corresponding to 0.7 mL min− 1 

flow rate and 20 mM inlet HMF concentration, Supporting Information, 
Table S6) as expected. Prior to this point, for lower mass transfer co
efficients (e.g., in reactors with poor mixing), the electrochemical cell 
will render lower products yields (i.e., yield under mass transfer limited 
regime). These could be as low as 10% (i.e., 5 fold decrease) for the same 
electrode area, highlighting the relevance of the reactor design. The 
exact transition between the mass transfer and kinetic regimes is 
seemingly dependent on the specific surface area (e.g., around 4 × 10− 3 

s− 1 in a cell with anodic specific surface area of 100 m− 1) as the latter 
affects equally the electrochemical reaction and the mass transfer pro
cess. Hence, the minimum mass transfer coefficient (kLS) to abate 
transport limitations is the same regardless of the electrode specific area. 
According to our reactor model, a minimum kLS of ca. 2 × 10− 5 m s− 1 

would be needed to ensure absence of mass transfer limitations under 
these conditions. This is in line with our previous findings (Fig. 7) when 
we concluded that the experiment at 0.7 mL min− 1 (with an estimated 
kLS of 1.2 × 10− 5 m s− 1) was the point of transition to a mass transfer 
limited regime. Note that, our mass transfer correlation was developed 
in monophasic (liquid-only) conditions, while the synthesis of hydrogen 
gas in the cathode during the reactions causes the development of a bi- 
phasic (i.e., Taylor) flow. It is well-known that mass transfer in Taylor 
flow regime is enhanced due to increased mixing/turbulence [47,48]. 
Thus, the actual mass transfer coefficient during our experiments was 

likely higher. Another key finding from this analysis is that the experi
ments that resulted in the highest yields at lowest flow rates (Fig. 7) 
were in fact very well controlled by the mass transfer. This calls for extra 
care that should be paid to the design of the reactors for electrochemical 
conversion in high yields. Introduction of turbulence promoters or inert 
gas into the electrochemical reactors might be useful to compensate for 
the low flow rates and circumvent mass transfer limitations. 

5. Conclusions 

Electrochemical valorization of lignocellulosic biomass is where 
renewable electricity and carbon feedstock meet to offer a sustainable 
alternative to the petroleum-based chemical manufacturing. In this 
paper, electrochemical oxidation of HMF to FDCA was studied in a flow- 
through electrochemical microreactor for the first time. The role of key 
parameters including cell potential, pH and concentration was investi
gated. Optimal cell potential and electrolyte pH were found for a 
maximum electrocatalyst activity and selectivity to HMF oxidation 
products (particularly FDCA), thus suppressing the competing OER. The 
results suggested that the conversion proceeds through strong adsorp
tion of the organics substrates over the oxide-covered Ni electrode. 

The often-overlooked interplay of reaction kinetics and mass transfer 
in electrochemistry, especially in organic electrochemistry, was inves
tigated in this work through a novel approach by combining principles 
of electrochemical engineering, heterogeneous catalysis, and reactor 
engineering. Characterizing the mass transfer of the cell allowed us to 
isolate the reaction-limiting regime in the reactor. A kinetic model was 
then developed and successfully fitted to the experimental results. The 
obtained kinetic rate expressions were employed to model reactors of 
different mass transfer characteristics and electrode specific surface 
areas. Our results reveal that mass transfer plays a significant role in the 
performance of the cells in terms of HMF conversion in a wide range of 
reaction conditions. Similar approaches can be applied to other elec
trochemical systems where lack of reaction engineering insights over the 
process has led to an ongoing issue with interpretation, reproduction 
and cross-comparison of the reported experimental works in literature 
[49]. 

Fig. 9. Comparison of experimental concentration of reactant and products 
with values predicted by kinetic model. 

Fig. 10. Total products yield at various kLSa in reactors with specific surface 
areas ranging from 102 to 104 m− 1 at spacial-velocity of 8.5 molHMFm− 2

anodes− 1. 
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Chemie Und Pharm. 88 (1) (1853) 129–130, https://doi.org/10.1002/ 
jlac.18530880114. 

[43] S. Subbiah, S.P. Simeonov, J.M.S.S. Esperança, L.P.N. Rebelo, C.A.M. Afonso, 
Direct transformation of 5-hydroxymethylfurfural to the building blocks 2,5- 
dihydroxymethylfurfural (DHMF) and 5-hydroxymethyl furanoic acid (HMFA) via 
Cannizzaro reaction, Green Chem. 15 (10) (2013) 2849, https://doi.org/10.1039/ 
c3gc40930a. 

[44] P.M. Robertson, On the oxidation of alcohols and amines at nickel oxide electrodes: 
mechanistic aspects, J. Electroanal. Chem. Interfacial Electrochem. 111 (1) (1980) 
97–104, https://doi.org/10.1016/S0022-0728(80)80079-9. 

[45] X.-Z. Fu, Y.-J. Zhu, Q.-C. Xu, J. Li, J.-H. Pan, J.-Q. Xu, J.-D. Lin, D.-W. Liao, Nickel 
oxyhydroxides with various oxidation states prepared by chemical oxidation of 
spherical β-Ni(OH)2, Solid State Ionics 178 (13-14) (2007) 987–993, https://doi. 
org/10.1016/j.ssi.2007.04.011. 

[46] M. Amjad, D. Pletcher, C. Smith, The oxidation of alcohols at a nickel anode in 
alkaline t-butanol/water mixtures, J. Electrochem. Soc. 124 (2) (1977) 203–206, 
https://doi.org/10.1149/1.2133266. 

A. Delparish et al.                                                                                                                                                                                                                              

https://doi.org/10.1016/j.cej.2022.135393
https://doi.org/10.1016/j.cej.2022.135393
https://doi.org/10.1039/C6GC90040B
https://doi.org/10.1002/ente.201300108
https://doi.org/10.1002/ente.201300108
https://doi.org/10.1016/j.trechm.2019.01.001
https://doi.org/10.1016/j.trechm.2019.01.001
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0020
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0020
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0020
https://doi.org/10.1016/j.coche.2018.05.002
https://doi.org/10.1016/j.coche.2018.05.002
https://doi.org/10.1002/ente.201900994
https://doi.org/10.1002/chem.201803319
https://doi.org/10.1016/j.fuproc.2016.05.021
https://doi.org/10.1039/C9GC03264A
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0050
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0050
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0050
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0055
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0055
https://doi.org/10.1016/J.CATTOD.2018.03.047
https://doi.org/10.1016/J.CATTOD.2017.03.029
https://doi.org/10.1039/D0GC02630A
https://doi.org/10.1039/D0GC02630A
https://doi.org/10.1039/D0GC02315A
https://doi.org/10.1039/D0GC02315A
https://doi.org/10.1039/c2ee02480b
https://doi.org/10.1039/D0GC02770G
https://doi.org/10.1021/acscatal.7b03152
https://doi.org/10.1021/acscatal.6b01861
https://doi.org/10.1016/0013-4686(91)85084-K
https://doi.org/10.1016/j.cattod.2012.05.008
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0110
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0110
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0110
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0110
https://doi.org/10.1021/acscatal.8b04003
https://doi.org/10.1021/acscatal.8b04003
https://doi.org/10.1021/acs.jpcc.7b02771
https://doi.org/10.1002/ange.201603798
https://doi.org/10.1002/ange.201603798
https://doi.org/10.1021/acscatal.8b01017
https://doi.org/10.1021/acscatal.8b01017
https://doi.org/10.1007/s41981-018-0024-3
https://doi.org/10.1016/S0020-1693(00)93300-0
https://doi.org/10.1016/S0020-1693(00)93300-0
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0145
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0145
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0145
https://doi.org/10.1098/rspa.1953.0139
https://doi.org/10.1098/rspa.1953.0139
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0155
https://doi.org/10.1021/ie0492350
https://doi.org/10.1021/ie0492350
https://doi.org/10.1149/1.2132668
https://doi.org/10.1149/1.2132668
https://doi.org/10.1016/J.IJHEATMASSTRANSFER.2016.08.076
https://doi.org/10.1016/J.IJHEATMASSTRANSFER.2016.08.076
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0175
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0175
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0180
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0180
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0180
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0180
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0180
https://doi.org/10.1016/S0022-0728(72)80425-X
https://doi.org/10.1016/S0022-0728(72)80425-X
https://doi.org/10.1016/S0022-0728(83)80532-4
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0195
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0195
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0195
https://doi.org/10.1039/p29720001396
https://doi.org/10.1039/p29720001396
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0205
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0205
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0205
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0205
http://refhub.elsevier.com/S1385-8947(22)00896-8/h0205
https://doi.org/10.1002/jlac.18530880114
https://doi.org/10.1002/jlac.18530880114
https://doi.org/10.1039/c3gc40930a
https://doi.org/10.1039/c3gc40930a
https://doi.org/10.1016/S0022-0728(80)80079-9
https://doi.org/10.1016/j.ssi.2007.04.011
https://doi.org/10.1016/j.ssi.2007.04.011
https://doi.org/10.1149/1.2133266


Chemical Engineering Journal 438 (2022) 135393

10
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