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One area of exploration for renewable energy is the development of fuel cells, including carbohydrate
fuel cells that can extract energy from carbohydrates. Viologen electron mediators have been shown to
enhance energy extraction and improve carbohydrate conversion efficiencies, although the limiting step
appears to be the homogeneous rate at which electrons are first transferred from the carbohydrate to the
viologen. In this work, electron transfer rates for various monosaccharides in the presence of methyl
viologen were studied in the absence of a fuel cell to isolate the homogeneous rate. Using glucose as the
model carbohydrate, a rigorous mechanistic model of the homogeneous electron transfer rate was
developed and showed a first-order dependence on OH™ concentration, a first-order dependence on
carbohydrate concentration, a zero-order dependence when the methyl viologen concentration was >
0.4mM, and an increasing rate with incubation time when glucose was incubated in a buffer solution
prior to exposure to methyl viologen. The incubation effect had a strong dependence on pH and was
consistent with interconversion between glucose and fructose. The mechanistic model, which agreed
well with experimental data, can be useful for identifying process improvements to carbohydrate fuel

cells, especially when the homogenous rate is a limiting step.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Energy use continues to increase and significant efforts are be-
ing expended to provide more renewable energy. Nearly 90% of
energy consumed comes from nonrenewable resources such as
petroleum, coal, natural gas, and nuclear, with the remainder from
renewable resources such as solar, wind, and hydropower [1,2].
Renewable resources, which continue to grow in utilization, still
have many sustainability challenges related to economics, effi-
ciency, supplies, and storage [3]. Thus, continued efforts are needed
to address these and other challenges when seeking to use
renewable energy. One current area of exploration is the develop-
ment of carbohydrate fuel cells that utilize biomass as the carbo-
hydrate source [4—9]. Biomass sources for carbohydrate fuel cells
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have included various constituents of wood, alcohols, agricultural
crops, biogas, and solid waste [10].

One key aspect of sustainable carbohydrate fuel cells is the need
for sufficiently fast and efficient oxidation rates to enable the viable
transfer of available electrons from the carbohydrate at current
densities that will meet the power requirements for the applica-
tion(s) of interest. In general, a C;, carbohydrate has a maximum 4n
available electrons that can be extracted to produce energy. For
example, the Cg carbohydrate glucose (CgH1,06) has 24 available
electrons.

There are several types of carbohydrate fuel cells. One type is a
biofuel cell utilizing carbohydrates in which either microbial cata-
lysts (microbial fuel cell) or enzymatic catalysts (enzymatic biofuel
cell) are employed. Biological catalysts provide advantages that
include carbohydrate specificity and a reduction in byproducts.
However, the use of biological catalysts faces potential challenges
that include low power output, enzyme durability, transport limi-
tations, and process limitations (e.g. pH) [11—14]. Carbohydrate fuel
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cells which use biological catalysts can extract up to 89% of avail-
able electrons in glucose but with a low power output which is not
appropriate for large-scale systems [15,16].

A second type of carbohydrate fuel cell is one that does not
utilize biological catalysts or any type of mediator. Rather precious
metals such as platinum and gold are used as the anode which can
result in rapid electron transfer rates and higher power densities
[17,18]. However, this type of carbohydrate fuel cell has potential
limitations including low electron transfer efficiencies, poisoning
by chloride ions, and costly electrodes [19,20].

A third type of carbohydrate fuel cell, which is the focus of this
study, utilizes an electron mediator. Electron mediators have been
utilized to mitigate some of the challenges associated with bio-
logical catalysts. Viologen electron mediators have been shown to
enhance electron transfer rates and improve carbohydrate con-
version efficiencies [5,6]. In one study, the electron transfer rates of
four different carbohydrates at two different temperatures in the
presence of viologen electron mediators were measured. Based on
the experimental rate constant of methyl viologen (the electron
mediator) and glucose at 55 °C, a current density of 30 mA/cm? was
estimated for a carbohydrate fuel cell [21]. In another study, it was
shown that a high electron transfer efficiency was achieved at
viologen/carbohydrate ratios greater than 10 and a simple mech-
anistic model was described [22]. In addition, it has been shown
that the oxidation efficiency with use of viologen mediators was
greater than 40% for some carbohydrates when measured with an
O,-uptake vial method [6]. Potential drawbacks to using electron
mediators includes degradation, non-specific (e.g. complex) re-
actions leading to side products, and mediator retention.

Mediator retention is a key aspect in developing a sustainable
carbohydrate fuel cell using electron mediators and possibilities
exist to use polymers or moieties attached to the electrode surface
to address retention issues. Several studies have shown a stable and
good redox behavior of a viologen moiety in self-assembled
monolayers of viologen derivatives on the electrode surface
[23—26]. Also, viologen polymers have been shown to rapidly
oxidize carbohydrates [27]. Although mediator retention has not
been sufficiently studied, these studies suggest some potentially
viable methods that could be further explored to address mediator
retention.

Since the many types of carbohydrate fuel cells have many
challenges but still show promising opportunities, mitigating the
challenges necessitates the need to have a greater understanding of
key aspects of the carbohydrate fuel cell process. With carbohy-
drate fuel cells using electron mediators, a two-step process occurs
on the anode side. First, electrons are transferred from the carbo-
hydrate to the electron mediator (homogeneous reaction in solu-
tion). Second, electrons are then transferred from the electron
mediator to the electrode (heterogeneous reaction at electrode
surface). Both steps are important to understand and characterize
since the limiting step controls the rate of electron transport. The
focus of this work is the characterization of the first step in which
viologen is used as an electron mediator to accept electrons from
the carbohydrate. Characterization of the first step, which was
studied in the absence of a fuel cell to decouple the homogeneous
kinetics from the heterogeneous kinetics, is essential for identifying
process improvements that can enhance the overall electron
transfer rate and the associated performance of a carbohydrate fuel
cell.

Fig. 1 schematically shows the interaction of a viologen medi-
ator, in this case methyl viologen (MV), with glucose as a repre-
sentative C, carbohydrate (n = 6) in the two-step electron transfer
process. In the homogeneous first step, MV2* (oxidized MV) in
solution oxidizes the carbohydrate and, in the process, is reduced to
MV (reduced MV). The oxidation products may include carbonate
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Fig. 1. The carbohydrate electron transfer process in the presence of methyl viologen
(MV) and a representative C, carbohydrate (Cg glucose). The C, carbohydrate has 4n
available electrons that can transfer completely to carbonate (CO%’), partially to
formate (HCO3), or to other byproducts. In the first step, oxidized MV (MV?*) is
reduced by the carbohydrate to form reduced MV (MV™). In the second step, reduced
MV is re-oxidized at the electrode to form oxidized MV.

(CO%f), which is the result of complete oxidation; formate (HCO; ),
which is associated with release of half of the available electrons; or
other byproducts, which corresponds to the release of a lower
fraction of the carbohydrate energy. When a carbohydrate fuel cell
is employed (which was not part of this study), the heterogeneous
second step also occurs where the reduced MV is then re-oxidized
at the electrode to regenerate MV while providing the anodic
reaction for the fuel cell. Other viologens undergo a similar process.

According to an earlier study [21], the limiting step for a
viologen-mediated carbohydrate fuel cell appears to be the ho-
mogeneous first step in which electrons are extracted from the
carbohydrate to form MV, Thus, characterizing the Kinetics of this
first step is critical for obtaining kinetic-controlled parameters that
can then be used to assess rate-controlling limitations when a
carbohydrate fuel cell is employed. Although a simple mechanistic
model was previously developed to characterize the homogeneous
first step [21], a more rigorous model would provide additional
information and more accurate assessment towards identifying the
rate controlling step(s) that would limit the function of a carbo-
hydrate fuel cell. In this work, the homogeneous first step using MV
as the electron mediator was characterized with regards to pH,
MV2* concentration, carbohydrate concentration, and exposure
time to buffer solutions when using glucose as a model
carbohydrate.

2. Materials and methods

Two studies were performed to characterize the first step of the
electron transfer process, which is the homogenous electron
transfer rate between a carbohydrate and MV2*. As previously
stated, the first step was studied in the absence of a fuel cell to
decouple the homogeneous kinetics from the heterogeneous ki-
netics. The first study measured the initial electron transfer rates
between various carbohydrates and MV?* in solution to provide a
comparison of rates. The second study measured the initial electron
transfer rate between glucose and MV?* in solution to develop a
rigorous mechanistic model for characterizing the homogeneous
rate as a function of pH, MV2* concentration, carbohydrate con-
centration, and exposure time to buffer solutions. For all studies,
methyl viologen hydrate (MV?*, 98% purity) was utilized. Six-
carbon carbohydrates (glucose, fructose, mannose, galactose, and
rhamnose), five-carbon carbohydrates (ribose, arabinose, and
xylose), and the three-carbon carbohydrate dihydroxyacetone
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(DHA) were evaluated in this study.

For the first study, the six-carbon, five-carbon, and three-carbon
carbohydrates were equilibrated at pH 11 (0.50M potassium
phosphate buffer solution) for 5min in a 3.5-ml cuvette under
anaerobic conditions. An anaerobic MV>" solution was then added
to initiate the electron transfer from the carbohydrate to MV2*. This
study was performed at 50°C with initial concentrations of
23.6 mM carbohydrate and 11.8 mM MV>+.

For the second study, glucose was used as the model carbohy-
drate and all experiments were conducted at 50 °C. The influences
of pH (11 and 12), carbohydrate concentration (1 and 2 mM),
exposure time (0—100 min) to buffer, and initial MV?* concentra-
tion (2, 4, 8, and 16 mM) on the electron transfer rate were exam-
ined. Separate stock solutions of glucose and MV?* were prepared
with deionized water, purged with nitrogen to remove oxygen,
then placed in an incubator to preheat the solutions to 50 °C. So-
dium hydroxide was added to a potassium phosphate solution to
obtain the desired pH and was then purged with nitrogen to
remove oxygen. The buffer was placed in 3.5-ml cuvettes in an
oxygen-free glovebox and preheated in an incubator oven to 50 °C.
The glucose stock solution was then added to the buffer solution by
a gas-tight syringe to obtain the desired starting glucose concen-
tration. Glucose remained in the buffer solution for incubation
times ranging from 0 to 100 min. The MV?* stock solution was then
added with a gas tight syringe to initiate the electron transfer. After
each run, the pH was measured to confirm that the pH remained
constant during the experiment.

For all studies, absorbance was measured as a function of time at
a wavelength of either 603 nm or 730 nm using a spectrophotom-
eter with a heating block to maintain the desired temperature.
Using the reported extinction coefficient of 13000 M~ 'em~! at
603nm [28] or the measured extinction coefficient of
2737 +42 M~ cm~! at 730 nm, the initial slope of the absorbance
versus time curve (observed during the first 2—3 min) was con-
verted to the initial rate of MV formation (ryy- ;). Here, ryy- ; also
corresponds to the initial electron transfer rate. The use of varying
wavelengths allowed for adjusting the sensitivity of the analysis.

3. Results
3.1. Electron transfer rates for various carbohydrates

For the first study, the value of ryy. ; at pH 11 for the various
carbohydrates is shown in Table 1 with ryy- ; initially modeled as:

v-+i = k(C);(OH™) (1)

where (C); is the initial concentration of the carbohydrate and k is
the second-order rate constant. Table 1 also shows the calculated
values of k for the various carbohydrates.

As noted, ryy- ; (and the associated k values) generally increases
as the number of carbons in the carbohydrates decreases. The

Table 1

Rate constants for the Reaction of MV2* with carbohydrates at pH 11 and 50 °C.
Carbohydrate # of Carbons ryy {(PM s™1) k(M~'s1)
Mannose 6 1.01 0.043
Rhamnose 6 1.23 0.052
Glucose 6 1.39 0.059
Galactose 6 3.30 0.14
Fructose 6 4.72 0.20
Arabinose 5 3.54 0.15
Xylose 5 3.78 0.16
Ribose 5 14.2 >0.6
DHA 3 354 >1.5

values of ryy: ; and k for ribose and DHA were difficult to assess
since they occurred much more rapidly relative to the other
carbohydrates-only lower bound estimates are provided. For the Cg
carbohydrates, fructose and galactose had ryy+; and k values of
approximately 3—4 times higher than those of glucose, rhamnose,
and mannose. A possible explanation for the faster fructose rate
compared to glucose is provided later in the discussion.

3.2. Electron transfer rate between glucose and methyl viologen

The second set of experiments focused on glucose as the model
carbohydrate to provide a more rigorous mechanistic character-
ization of ryy. ; based on pH, MV2* concentration, carbohydrate
concentration, and exposure time to buffer. Fig. 2 shows the initial
rate of MV" formation, ryy- ;, at pH 12 in the presence of initial
MV?* concentrations varying from 2 to 16 mM. Here, glucose was
incubated in buffer solution from 0 to 100 min prior to the reaction
with MV?*. The experiments showed good repeatability. As is
evident, the glucose incubation time had a significant impact on
mv+ i» With an increasing rate with incubation time. The solid lines
in Fig. 2 represent the rigorous model described in the discussion
section. As seen, 1y ; appears to be slightly dependent on the
MV?* concentration at zero incubation time, particularly at 2 mM.

Fig. 3 shows - ; as a function of incubation time at (a) pH 11
and 12 and (b) glucose concentrations of 1 and 2 mM. The solid
lines represent the rigorous model described in the discussion
section. Based on Equation (1), the ratio of ryy- ; at pH 11 relative to
pH 12 at each time point should be (0.001M)/(0.01M) = 0.1 for the
dependence of pH to be appropriately accounted for in Equation
(1). For the three incubation time points evaluated at both pH
values shown in Fig. 3a, the average ratio is 0.23 which is a little
higher than this expectation. As shown, the strong pH effect is
generally captured by both the model and the data even though the
model slightly under predicts the effect. As for the effect of glucose
on ryy+;, the ratio of ryy.; at 1mM glucose relative to 2 mM
glucose at each time point should be (1 mM)/(2 mM) = 0.5 for the
dependence of glucose to be appropriately accounted for in Equa-
tion (1). Fig. 3b shows an average ratio of 0.46 which is consistent
with expectations. Thus, ryy-; has a first-order dependence on
both pH and carbohydrate concentration.

Interestingly, the glucose exposure time to buffer prior to the
reaction with MV?* had a significant impact on ryy+ i. To further
explore whether )y ; of other carbohydrates are affected by the
incubation time, fructose incubation was studied under the same
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Fig. 2. Initial rate (ry, ;) of reduced methyl viologen (MV ") formation in the presence
of 2mM glucose versus glucose incubation time at pH 12 and 50°C. Initial MV>*
concentrations were 2, 4, 8, and 16 mM. Previous to starting the reaction, the glucose
was incubated in the buffer solution for various times ranging from 0 to 100 min. The
symbols represent the data and the solid lines represent Equation (5).
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Fig. 3. Initial rate (ryy- ;) of reduced methyl viologen (MV*) formation in the presence
of 16 mM MV?* versus glucose incubation time at 50 °C. Previous to the reaction, the
glucose was incubated in the buffer solution for various times ranging from 0 to
100 min. (a) 2 mM glucose at pH 11 (squares) or pH 12 (circles). (b) pH 12at 1 mM
glucose (squares) or 2 mM glucose (circles). Solid lines represent Equation (5).

conditions as glucose incubation (pH 12 with an initial fructose
concentration of 2 mM and an initial MV?* concentration of 8 mM).
As shown in Fig. 4, ryy+; decreased with incubation time when
fructose was the starting carbohydrate, which is opposite to the
increase observed for glucose. At an incubation time of zero, the
value of ryy+ ; with fructose was much higher than that of glucose,
similar to the findings in Table 1 at pH 11. Fig. 4 also shows the fit of
the rigorous model for the glucose data. As discussed below, it
appears that there is a conversion between glucose and fructose
when the carbohydrate is exposed to a buffer solution and this
conversion can account for the observed results. Further studies
would need to be performed to assess incubation time effects on
other carbohydrates.

4. Discussion

The values of ryyy+ ; shown in Table 1, which represent the initial
electron transfer rates between the carbohydrate and the viologen,
provided insights into general trends of transferring electrons be-
tween carbohydrates and MV?*. The electron transfer rates
generally conform to the following trend for mono-carbohydrate
oxidation by MV?*: hexoses < pentoses < trioses. The carbohy-
drate experiments shown in Table 1 were first analyzed by a
second-order rate law as shown by Equation (1). This rate model
properly accounted for the effects of pH (hydroxide concentration)
and carbohydrate concentration. However, the slight dependency
on MV?* concentration observed in the second study is not
accounted for in Equation (1). In addition, the effect of the carbo-
hydrate incubation time is not accounted for. When seeking to
design a carbohydrate fuel cell, it is important to characterize
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Fig. 4. The initial rate (ryy. ;) of reduced methyl viologen (MV") formation in the
presence of 2mM fructose and 8 mMMV2* (triangles) or 2mM glucose and
8 mM MV?* (circles) versus incubation time at pH 12 and 50 °C. Previous to starting
the reaction, the carbohydrate was incubated in the buffer solution for various times.
The solid line represents Equation (5).

electron transfer kinetic regimes in order to optimize the system.
Thus, there is a need to develop a more rigorous electron transfer
rate model to account for the incubation time as well as the po-
tential effects of MV2* concentration.

4.1. Reaction mechanism

Fig. 5 shows the proposed reaction mechanism developed by
this study for electron transfer between a carbohydrate (glucose (G)
and/or fructose (F) for this study) and MV?*. The mechanism was
developed using known carbohydrate chemistry along with the
experimental information of this study. A key focus of the mecha-
nism development was to reduce the complex carbohydrate
chemistry to a simplified model while maintaining integrity be-
tween the model predictions and experimental data. The initial
step of the mechanism shows that glucose (G) and fructose (F),
upon reaction with the hydroxide ion, form rapid equilibrium
species denoted as G’ and F’ as previously described in the literature
[29]. MacLaurin and Green [30] studied the kinetics between a
glucose, fructose, and mannose system and determined that the
reaction path between the glucose and fructose is the fastest be-
tween those carbohydrates, confirming interconversion between F
and G. In several studies, it was also determined that distinct
enediolates form between F' and G’ and via side pathways begin-
ning with F' and G’. As the enediolates are not very stable, they can
form and react quickly [29—31]. Only through enediolate formation
(denoted E¢ and Ep) and subsequent reaction with MV?* via side
pathways with G’ and F' was the mechanism consistent with the
experimental results. Enediolate formation between G’ and F' and
subsequent reaction with MV?* was not consistent with experi-
mental results. Thus, no enediolates between G’ and F' are shown
although they are known to exist. In addition, enediolate decom-
position to other unknown species denoted as D; and Dr was
included, which is consistent with enediolate decomposition pre-
viously described [29].

4.2. Model for the initial rate of MV* formation (ryy-+ ;)
The following method and equations were used to obtain a more

rigorous rate expression for ryy . ; compared to Equation (1). First,
based on Fig. 5, ryy+ ; was defined according to

ruv+ i = ke (E) (MV2) + kg (Ec) (MV2*) (2)

A pseudo-steady state hypothesis analysis was used to

KG kl KF
G+0OH™ = G'—‘ F'2F+0H™

y

D¢ & Eg Er trq Dg
V2+Y y MV 2+
MV*

Fig. 5. Proposed reaction mechanism for glucose, fructose, and their enediolates with
methyl viologen (MV?*). G’ and F’ are equilibrium species, E represents an enediolate,
and D represents a decomposition product.



H. Bingham et al. / Renewable Energy 145 (2020) 1985—1991 1989

approximate the concentrations of E; and Ef since enediolates are
at very low concentrations relative to other species due to rapid
formation and depletion [30,31]. The rapid equilibrium assump-
tions of G = K;(G)(OH™) and F = Kg(F)(OH™) and a pseudo-steady
state assumption for E; and Er were applied to predict the
approximate concentrations of E¢ and Eraccording to Equations (3)
and (4), respectively.

E _ k¢ sKc(G)(OH™)
o= Gt )

Ko+ ke (Mv2+) )

ke gK¢(F)(OH™)

= (4)
kF + kMF <MV2+)
Here, k’G = kgrt+kcq and k'F = kgr+kgq. For this study, it was
assumed that k'G = k¢ r since decomposition products of glucose are
relatively small [29]. It was also assumed that k/F = kg, is small over
the incubation time studied since ryy- ; increased with incubation
time and significant degradation of fructose would lead to
decreasing ryy+ ;. These predictions were then substituted into
Equation (2) to obtain ryy- ; when glucose is initially present as
shown in Equations (5) and (6).

ke.Kc(Go) (OH™) (Mv2+)

e k¢ ratio + (MV2+> (5)
_ ke pKe [k ratio + (MV2)] "
fﬁ ll ! l"chc e ratio + (MV?+) | ) (6)

Here, K¢ raio = Kg/Knc + ke ratio = K¢ /kuir, and (Go) is the initial
glucose concentration. Interestingly, the ratio (F)/(Go) is present in
Equation (6) and this ratio can change, especially during the incu-
bation period where interconversion between fructose and glucose
can occur. Thus, a method to estimate f from Equation (6) prior to
the time MV?* is added is required for parameterizing vy ; based
on the data. Clearly, if glucose did not convert to fructose during
incubation, then f=1 since (F)/(Gg) would be zero.

During glucose incubation in buffer in the absence of MV (kmc
and kyr are not applicable), Equations (7) and (8) describe the
change in the total glucose concentration, (G7) = (G) + (G ), and the
total fructose concentration, (FT) = (F) + (F'), with incubation time

(t:).

oGT

5t =~ (kor +41)(G) +ka(F) + ko (Ec) (7)
T
%: - ("Ff + k2> (F) + ki (G) + krr(E) (8)

The rapid equilibrium assumptions of (GT) = (G)[1 +Kg(OH™)]
and G = K;(G)(OH™) for glucose and (FT) = (F)[1 4+ Kg(OH™)] and
F = Kg(F)(OH™) for fructose are then substituted into Equations
(7) and (8). In addition, Equations (3) and (4) (with MV?* = 0) are
also substituted to give the resulting Equations (9) and (10).

d(G)  —kiKg(G)(OH") + koK(F)(OH")

dr [T+ Ko (OH )] ®)

d(F) _ kiK(G)(OH~) — koKr(F)(OH")

dr; [T+ Kr (OH )] (10)

Equations (9) and (10) thus characterize the interconversion
between glucose and fructose during incubation in a buffer solution
in the absence of MV?*,

Equations (9) and (10) were solved to estimate (F)/(Go) with ¢;.
At the initial time, only glucose was considered present since this
represented the experimental procedure. Based on Equations 9 and
10, d(G) =-d(F). Thus, (G) = (Gg) — (F). Substituting this relation-
ship into Equation (10) and dividing both sides by (Gg) gives

d[(F)/(Go)]

2 =a—b[(F)/(Go)] (1)
where
o k]KG(OH_)
= [T+ Ke(OH )] (12)
B (k1K¢ + k2Kp) (OH™)
b= T Ke(0H )] (13)
Integration of Equation (11) gives

(F) /(Go) = [(F)/(Go)ls(1 — e7%) where [(F)/(Go)ly; is the steady
state value of [(F)/(Gp)] and is equivalent to a/b. To estimate a and b,
and subsequently [(F)/(Gp)],, values for k; and k, were obtained
from literature at 50 °C and were 9.17 x 1074 s~ and 4.33 x 10~*
s~1, respectively [29]. In addition, Kr and K¢ were evaluated at 50 °C
as 204 M and 16.2 M, respectively [29]. At pH 11, a and b are
1.45x107° s ! and 2.33 x 107> 571, respectively. At pH 12, a and b
are 1.23x104s1 and 2.0x10“4s~1, respectively. However,
[(F)/(Go)lss is independent of pH and has a value of 0.62.

The above model for (F)/(Go) along with the assumption that
[KG ratio + (MVZH)] = [Kgatio + (MV2™)] was substituted into Equa-
tion (6) to give f as a function ¢;:

ke Kr (F) —bi;

f {1 ’ [kc.ch 1] G, (- )} ()

When fructose is initially present, similar equations to Equa-
tions (5) and (14) are obtained except all terms with F are changed
to G and all terms with G are changed to F. Equation (5), with the
definition of fin Equation (14), is the model used to characterize the
electron transfer rate between glucose and MV2".

The value for ks relative to kg was determined from Equation

(5) and Fig. 4 at t;=0 since f=1. When ryy- ; is independent of
MV?* then:

_ krsKr(Fo)
kC fI(G (GO )

From Fig. 4 at t;=0, R is 7.7. Since Fy and Gy were equivalent,
krf=6.1 ks according to Equation (15). Therefore, the only
remaining unknowns in Equations (5) and (14) are kg and kg ratio-
All data in Fig. 2 were regressed to Equations (5) and (14) to obtain
kef=5.2 x 107 s7! and kg rario = 0.38 mM. With the known ratio of
ke to ke, the value of kgpwas determined to be 3.1 x 1072 s~ . These
values are all at 50 °C.

TMy+ i (starting with F)

(15)

Tvy+ i (starting with G)

4.3. Data and model consistency

The data for ryy- ; as a function of t;, presented in Fig. 2, has a
nearly linear trend. This can be explained by Equation (14) where
the part of the model that is effected by incubation time is (1 —
e b4), When b is small, e?% =1 — bt;. This is consistent for the
values of b noted above. Therefore, (1 —e~b%) = bt; which shows the
model is consistent with the near linear trend of the experimental
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data. Another consistency of Equation (14) with data is shown in
Fig. 4 where ry, - ; decreased with incubation time starting with
fructose and ryy- ; increased with incubation time starting with
glucose. When starting with glucose, the [k (Kp /k¢ K —1] term is
positive, leading to an increase in ryy-; with incubation time.
However, when starting with fructose, the term becomes
(k¢ sKF /kp fKr — 1], which is negative, leading to a decrease in ryy- ;
with incubation time.

Fig. 6 shows the predicted initial rate data versus the experi-
mental rate for all of the data. The line shows where each data point
would lie if the experimental results and the model were in com-
plete agreement. The solid lines in Figs. 2 and 3 also show the
model fits for the experimental data. In general, the model did very
well in capturing the dependence of MV?* concentration, pH, car-
bohydrate concentration, and incubation time on ryy- ;. Generally,
when the MV2* concentration is > KG ratio then the MV2* depen-
dence disappears. Thus, there is a first-order dependence on MV>*
concentration at very low concentrations and no dependence at
higher concentrations when MV?+ > 10kg ratio (around 3.8 mM for
the carbohydrates in this study).

To compare with the carbohydrate studies shown in Table 1 at
pH 11, which utilized an MV?*+ concentration of 11.8 mM and an
incubation time of 5min, Equation (5) becomes ryy:; =
(0.997)k¢ sK5(Go)(OH™). By comparing this with Equation (1), the
glucose k value in Table 1 is equivalent to 0.997k¢ ;K¢. Thus, with
K¢ = 16.2, the equivalent glucose kg sfor Table 1 would be 3.7 x 1073
s~ which is generally consistent with the fitted parameter. How-
ever, it should be noted that the rigorously fitted kg came from a
much larger set of experimental data over a wider range of
experimental conditions.

4.4. Carbohydrate fuel cell applications

Characterization of the homogenous electron transfer rate (step
1 in Fig. 1) is important when seeking to optimize the design of a
carbohydrate fuel cell, especially when this rate is limiting. For
example, if glucose is the carbohydrate feedstock, one may want to
allow glucose to incubate before feeding the solution into the car-
bohydrate fuel cell to increase ryyy- ; due to the formation of fruc-
tose. However, if fructose is the carbohydrate feedstock, incubation
would be a disadvantage since ry - ; would decrease as a result of
glucose formation. The model for ryyy, - ; also provides insights into
the effects of pH, MV?* concentration, and incubation time that can
be useful for design considerations.

Predicted Initial Rate of MV*
Formation (uM/s)

1 2 3 4 5 6 7

Actual Initial Rate of MV*
Formation (uM/s)

Fig. 6. Actual vs predicted initial rate (ryy- ;) of reduced methyl viologen (MV™) for-
mation of data in Fig. 2. The MV?* concentration ranged from 2 to 16 mM and the
incubation time ranged from 0 to 100 min. Each point represents an experimental data
point and the line shows where each data point would lie if the experimental results
and model were the same values.

To this point in the paper, the focus has been on the first step of
the homogeneous electron transfer process in which the carbohy-
drate is oxidized and MV?* is reduced to form MV™'. A detailed
analysis of glucose as a model carbohydrate was performed, and
appropriate rate expressions were developed. The intent, of course,
is to use oxidation of a carbohydrate to generate electric power in a
carbohydrate fuel cell. In the carbohydrate fuel cell, electron
transfer at the anode occurs via the heterogeneous oxidation of
MV™*, which regenerates MV2* as shown in Step 2 of Fig. 1. This
produces energetic electrons in the process according to:

MVt = MV 4 e (16)

0, +2H,0 +4e~ >4 0H- (17)

In a subsequent study that is currently in progress, a viologen-
mediated fuel cell is being studied along with the development and
validation of a detailed mathematical model to predict the perfor-
mance of a viologen-mediated carbohydrate fuel cell. Here, unlike the
study presented in this work, both the homogeneous reactions and
the heterogeneous reactions are occurring simultaneously and are
thus coupled. The developed rate expression in the present work is a
crucial part of the mathematical model, especially since an earlier
study suggested that the homogeneous electron transfer rate (Step 1)
is limiting [21]. The mathematical model aims to predict the perfor-
mance of a viologen-mediated carbohydrate fuel cell in terms of
current/power density at various operating conditions for maximizing
the performance. Results of the model, with validation via experi-
ments, will be compared with current and power densities of other
types of carbohydrate fuel cells reported in the literature [32—35].

5. Conclusions

This work focused on assessing and characterizing the homoge-
neous electron transfer rate between a carbohydrate and MV elec-
tron mediator, which is the first step in a carbohydrate fuel cell using
MV as the mediator. Values for ryy- ; (and the associated k values) for
various monosaccharides were reported. The value of ryy . ; gener-
ally increased as the number of carbons in the carbohydrates
decreased. Using glucose as the model carbohydrate, a rigorous
model was developed to show the dependence of MV>* concen-
tration, pH, carbohydrate concentration, and incubation time on
v+ j- Model predictions agreed very well with experimental data.
The effects of incubation time for a glucose system were consistent
with interconversion between glucose and fructose. The OH™ con-
centration dependence was first order; thus, a pH change from 11 to
12 would result in a 10-fold increase in the reaction rate. Similarly,
the glucose dependence was first order. The effect that the concen-
tration of MV?* has on wmv+ i is a bit more complicated. There is
MV2+ dependence at lower concentrations; however, as the con-
centration of MV?* increases (to values about 10-fold larger than the
KG ratio» OF 3.8 mM), ryy+; is no longer dependent on the MV2+
concentration. The model for - ; also provides insights such as the
effect of pH, MV?* concentration, and incubation time that can be
useful for carbohydrate fuel cell design consideration.
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