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Initial Study of the Complete Mediated 

Electrochemical Oxidation of Ethylene Glycol 


Abstract 

Mediated electrochemical oxidation (MEO) may be used in the future for ambient 
temperature destruction of hazardous waste and for converting mixed (hazardou s and 
radioactive) waste to transuranic (TRU) waste. We have studied the MEO of ethylene 
glycol in an electrochemical reactor. The reactor had a rotating anode that was u sually 
operated below the limiting current for AgO!) generation. Rates of carbon d ioxide gen
eration were measured. A dynamic model of the rotating-anode electrochemical reactor 
was developed to predict the concentrations of ethylene glycol, carbon d ioxide, chemi
cal intermediates, and AgO!) as functions of time. Intermediates are believed to include 
formaldehyde and formic acid. 

Introduction 

Mediated electrochemical oxidation (MEO) The electrochemical reactor used in this stu d y had 
may be used for ambient temperature destruction a rotating anode that operated well b low the 
of hazardous waste and for converting mixed limiting current for Ag(II) g neration. Ra tes of 
(hazardous and radioactive) waste to transuranic carbon dioxide generation were measured. A 
(TRU) waste. Ag(II), generated by the anodic ox dynamic model of the rota tin g-anode 
idation of Ag(!), can be used to oxidize organics electrochemical reactor was d eveloped to pred ict 
dissolved in an aqueous phase.1- 6 Dissolved or the concentrations of ethylene glycol, carbon 
ganics are ultimately converted to carbon dioxide dioxide, chemical intermedia tes, and Ag(lI) as 
and water in such a process. For mixed waste, functions of time. Intermediates may include 
Ag(II) also enhances the dissolution of actinide formaldehyde and formic acid . Plausible reaction 
contamination for ubsequent removal by ion ex paths are shown in Fig. 1. Note tha t the overall 
change. Am bient temperature oxidation of mixed reaction involves alternating hydrogen-extracti n 
wastes avoids the possibility of high-temperature and oxygen-addition steps. Other experim ental 
actinide vola tilization during incineration. measurements were m ade to support the mod el 

We have s tudied the complete MEO of ethy and are also discussed. For example, we 
lene glycol to carbon dioxide. Partial oxidation of have determined the diffusivity of Ag(!) und er 
ethylene glycol had been studied previously.6 relevant conditions. 

Process Ch emistry and Reaction Kinetics 

Ag(II), in the form of Ag2+, is generated by The anodic reaction is balanced by the ca thodic 
the anodic oxidation of Ag+: reduction of nitric acid: 

Ag+ ----7 Ag2+ + e - . (1) 

In the absence of organics, most of the Ag(II) is The nitric acid is regenerated by the chemical re 

present as a dark brown nitrate complex, action of nitrous acid with oxygen: 

AgN03+?,8 


(4) 
Ag2+ +N03-----7AgN03+. (2) 

1 

(3) 
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Figure 1. Plausible reaction paths for ethylene glycol and acetaldehyde involving possible 
intermediates such as formaldehyde and formic acid. 

After generation, Ag(II) can be lost by anyone of 
several homogeneous reactions. For example, 
c nsider the reaction with water:7,8 

4Ag+ + 02 + 4HN03 . (5) 

Ag(ll) also reacts with dissolved organics to pro
duce carbon dioxide, CO2, The overall reaction 
for the oxidation of ethylene glycol is 

l OAg+ + 2C02 + lOHN03. (6) 

Formic acid is believed to be an in termediate 
formed during the oxidation of ethylene glycol; 
however, this has not yet been verified. 

Oxidation of this intermediate involves only two 
electrons and is relatively easy: 

2AgN03+ + HCOOH ~ 

2Ag+ + CO2 + 2HN03 . (7) 

Oxidation of benzene is much more difficult since 
at least thirty electrons are required: 

6C02 + 30Ag+ + 30HN03 . (8) 

Loss of Ag(II) by Reduction with Water 

The kinetics of Ag(II) reduction by water have 
been thoroughly studied by Po, Swinehart, 
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Substituting the equilibrium expression for 
[Ag-(CH20H)l+], Eq. 29: 

d[(CH20H)2] _ 2+ 
dt - - kKeqKl[Ag ][(CH20H)2]· 

(35) 

The equilibrium expression for Ag2+, Eq. 33, is 
substituted into the rate expression for the oxida
tion of ethylene glycol by Ag(II), Eq. 35: 

d[(CH20Hhl 
dt 

{I + [~:] + K4[N03-] + KeqK1 [(CHPH)2]} 

(36) 

Assuming that all of the Ag2+ is complexed, we 
find that 

d[(CH20H)2] 

dt 

_ -kKeq K1[Ag(II)][(CH20H)2] 

- { Kh _ 1 
[H+] + K4 [N03 ] + Keq K1 [(CH20H)2]f 

(37) 

The partial oxidation of diols by oxidizing 
agents such as HI04 is discussed by Morrison and 
Boyd.9 The generalized unbalanced reaction is 

(RCHOH)(R'CHOH) 

+ HI04 -t RCOOH + R'COOH . (38) 

In this case, the oxidizing agent extracts a proton 
and provides oxygen to the aliphatic carbon 
atoms. The electrophilic action of the HI04 weak
ens the C-C bond, thereby promoting 
disintegration of the molecule. From a mech
anistic point-of-view, this reaction is very 
different from the one involving Ag(II), since 
oxygen is probably not provided directly by the 
AgN03+ complex. 

Oxidation of Aldehyde 

The oxidation of ethylene glycol generates 
either two molecules of formaldehyde or an 
aldehyde-like intermediate. This intermediate is 

then oxidized by oxygen-bearing species 
generated during the reduction of Ag(II) 
by water: 

(39) 

We assume that the empirical rate of reaction is 

d[CH20] " 
dt = - k2 [CH20][Ag(II)]. (40) 

The rate of generation of th oxygen-bearing 
species, represented by "0," is proportional to the 
rate of Ag(II) reduction by wat r: 

d[O] 2dt = 2kn[Ag(II)] . (41) 

Therefore, we expect that the maximum 
electrochemically enhanced rate of oxidation of 
formaldehyde (or aldehyde-like intermediate) is 

d[CH20] d[O] 
(42) dt < ---cit . 

The oxidation of formaldehyde by a 
hexavalent chromium compound, H2Cr04, is 
discussed by Morrison and Boyd.10 The general 
reaction is 

f------------7 (RHCOOH)(Cr03H) , (43) 

followed by 

(RHCOOH)(Cr03H ) 

Cr(VI) is reduced to Cr(IV). Unlike Ag(II), this 
Cr(VI) compound can provide oxygen directly to 
the aldehyde molecule. In addition to Cr(VI), 
Tollen's reagent can be used to oxidize 
aldehydes.10 The overall (unbalanced) reaction is 

RCHO + Ag(NH3)2+~ RCOOH + Ag . (45) 

This reaction is used to detect aldehydes and is 
probably analogous to the oxidation of aldehy des 
by Ag(II). Oxygen is not supplied directly by the 
Tollen's reagent, Ag(NH3)2+. 
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Oxidation of Formic Acid by Ag(lI) 

The next step toward the com plete conver
sion of ethylene glycol to carbon dioxide probably 
involves the oxidation of formic acid . The oxida
tion of formic acid by Ag(II) is relatively simple 
and the kinetics have been investigated by Miller 
and Morrow.10 We assume that the reaction step 
represented by Eg. 46 is rate limiting and that the 
reaction step rep resented by Eg. 47 is very fast: 

kl 
Ag2+ + HC02~ Ag+ + HC02 • . (46) 

Ag2+ + HC02 • ~ Ag+ + H+ + CO . (47) 

The rate expression for oxidation of formic acid is 

d[HCOOH] = -k [A 2+'I[HCO-] (48) dt 1 g, 2 ' 

The dissociation of formic acid, Eq. 49, and the 
complexation of Ag2+ with nitrate ion, Eg. 50, are 
assumed to be at equilibrium. 

K3 
HCOOH ~ H + + HC02- . (49) 

K4 
Ag2+ -\- N03 -~ AgN03+ (50) 

From the equilibrium between HC0 2- and 
HCOOH, we know 

(51 ) 

By substituting Eq. 51 into Eq. 48, the following 
rate expression for the oxidation of formic acid 
is derived : 

d[HCOOH] - kJK3[Ag2+] [HCOOH] 
(52)

dt [H+] 

In addition to the equilibria represented by 
Eqs. 49 and 50, others may also be important. For 

example, we should consider equilibria for 
Ag-(CH20H)l+ and AgOH+. From the 
equilibrium between Ag2+ and all forms of Ag(II), 
Eq. 33, we know 

(53) 

By substituting Eq. 53 into Eq. 54, the rate 
equation for formic acid oxidation becomes 

d[HCOOH] 
dt 

_ -k1K3 [Ag(II)] [HCOOH] 

- {1 + [~] + K4[N03-] + KeqK1[(CHPH)21} [H+] 

(54) 

If [Ag-(CH20H)l+] and [AgOH+] are ignored, 
the equation becomes 

d[HCqgH] -kl K3[Ag(II)][HCOOH] (55) 
dt {1+K [N03-]}[H+]4 

which can be found in the literature.10 The rate of 
CO2 evolution is simply 

d[C02] - d[HCOOH] (56) 
dt dt 

The maximum overall rate of loss of Ag(II) is 
calculated from the sum of individual rates 
of reaction: 

L3 m,r. 
, 1 } } 
] = 

_ {d[(CH20H)2] d[O] d[HCOOH]} 
- 2 dt + dt + dt 

(57) 

where rj is the rate of reaction of the j-th species 
with Ag(II) and mj is the corresponding 
stoichiometric coefficient of Ag(II). 
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Quantitative Values of Equilibrium and K = 2.3 x 10 5 

Rate Constants 
6020(T - 283)J 

x exp [ (283 x T) (crn m ol-I), (62) Values of equilibrium and rate constants for 
the oxidation of ethylene glycol and formic acid 
have been found in the literature, for at least one 

K3 = 1.8 x 10- 7 
temperature. Data are summarized in Table 1. 

The temperature dependence of a typical 6020(T - 298)J 3 
equilibrium constant, K, is x exp [ (298 x n (mol cm- ), (63) 

m o ,15° (58)lnK=- -- +  andRT R 

K4 = 9.4 x 10 2
where m o and ,15° are the enthalpy and entropy 
changes, respectively. If the equilibrium constant 

6020(T - 298)J 3 1is known at two temperatures, we can write x exp [ (298 x T) (cm m ol- ). (64) 

K mo (T -TI J The Ahrenius-like temperature dependence of a In "0 = R ~ . (59) 
typical reaction rate constant is 

The enthalpy change is then k (T - T I)
In ~ = Ea TTl . (65) 

TTl) Km o = R T _ T I In K' . (60)( If we assume reasonable activation en rgies, 
25 kcal/mol, for the rate constants, k and k I can be 

For example, values of Kh at 283 K (lO°C) and written as 
293 K (20°C) can be used to estimate the enthalpy, 
m o = 11,961 cal/mol. The temperature _ [12582(T - 283)J -1 

k - 13.8 exp (283 x T) (s) (66) dependent expression for Kh is 

Kh =0.15 x 10- 3 
and 

6020(T - 283)J 3 (61) kI = 3.9 x 10 8 
x exp [ (283 x n (mol cm- ). 

12582(T - 298)J 3 -1-1 
Similar temperature dependence is assumed for X exp [ ' (298 x n (Cln mol s). (67) 
the other equilibrium constants: 

Table 1. Values of equilibrium and rate constants from literature. 

Constant Value Units T(OC) Reference 

K 0.15 x 10- 3 mol cm-3 10 [6] 

0.31 x 10- 3 mol cm-3 20 [6] 

K1Keq 2.32 x 105 cm3 mol-1 10 [6] 

K3 1.77 x 10- 7 mol cm-3 25 [5] 

K4 0.94 x 103 cm3 mol-1 25 [5] 

3.90 x 103 cm3 mol-1 25 [5] 

k 13.8 s-1 10 [6] 

k1 3.9 x 108 cm3 mol-1 s-1 25 [5] 

k " 2 1.0 X 105 m 3 mol-1 s-1 25 assumed 
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The ra tes of ind ividual organic oxidation 
reactions have not yet been verified . Future 
studies may include spectrophotometric studies 

of Ag(II)-organic reactions. Activation energies 
will be determined during these more 
fundamental studies. 

Model of the Rotating-Anode Electrochemical Reactor 


A theoretical model of the rotating-anode 
electrochemical reactor has been developed that 
accounts for both generation of Ag(II) by anodic 
oxidation of Ag(I),ll as well as simultaneous loss 
of Ag(II) by reaction with water7,8 and organics.5,6 

Ag(ll) genera tion is limi ted by the AgO) mass
transport rate a t the anode surface. The 
maximum possible flux can be calcula ted from the 
Nusselt number, which can be estimated from the 
Reynolds and Schmidt numbers. A 
dimensionless correlation for rotating cylinders 
was used.12 The anolyte is assumed to be 
turbulent and well mixed . The model is capable 
of dealing with two scenarios, h igh and low 
ethylene glycol concentrations, respectively. At 
high organic concentrations, Ag(II) is completely 
consumed in a thin film of anolyte at the anode 
surface. At low organic concentrations, 
significant levels of Ag(II) exist in the bulk 
anolyte and oxida tion reactions occur in the entire 
liquid volume. Ordinary differential equations 
representing transient concentrations are 
integra ted simultaneously by application of a 
fourth-order Runge-Kutta algorithm. 

Differential Mass Balance for Ag(II) 

The dynamic model for the rotating-anode 
electrochemical reactor is based on a differential 
mass balance for Ag(II) and organics. The rate of 
accumulation of the i-th reactant in the anolyte is 
equivalent to the d ifference between generation 
and loss terms: 

dC· 
V df = Generation - Loss. (68) 

where V is the volun1e of anolyte and Ci is the 
concentration of the i-th species. 

Generation Term 

The generation of Ag(II) is due to the anodic 
oxidation of Ag(I) at the surface of the cylindrical 
anode as shown in Fig. 2. This rate of generation 

is proportional to the current density, i, and the 
surface area of the cylindrical anode: 

Generation of Ag(I!) = (n dRL )1:i . (69) 

where dR is the d iameter of the anode, L is the 
length of the anode, and 'F is Faraday's constant. 
The maximum possible current density, known as 
the limiting current, iL, is proportional to the 
diffusion-limited flux of Ag(I) to the anode 
surface, N Ag(I): 

(70) 

co 0-5000 rpm 

1.78 em 
T 

Au/Pt 
L = 

AgNO; 

I 
~ 


d =1.20 em
R 

Figure 2. Sketch of rotating anode used for the 
Ag(II)-mediated electrochemical oxidation of 
ethylene glycol. 
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The flux is limited by the rate of Ag(I) transport 
through a Nernstian boundary layer separating 
the bulk electrolyte and the surface of the anode. 
The flux can be increased by reducing the 
thickness of the boundary layer which is usually 
done by increasing hydrodynamic flow. 
Hydrodynamic effects on flux are taken into 
account in the Nusselt number, Nu, for the anode: 

[A (I)] (71)NAgCD = Nu D d . 
R 

The dimensionless correlation for the Nusselt 
number of a rotating-cylinder anode is12 

Nu = (O.0791)Reo.7Sc 0.356 (72) 

where Re and Sc are the Reynolds and Schmidt 
numbers respectively. The Reynolds number for a 
rotating cylinder is 

(j) dR
2 

(73)Re = 2 (pJp) 

where (j) is the angular frequency of rotation, dR is 
the diameter of the anode, and p and f..1 are the 
density and viscosity of the anolyte, respectively . 
The Schmidt number represents the intrinsic 
transport properties of Ag(1) in the electrolyte and 
is calculated from f..1, p, and D, the diffusivity of 
Ag(l): 

Sc = (f..1£ P) . (74) 

Table 2. Estimation of diffusivity from RDE data. 

The Reynolds and Schmidt numbers can also be 
written in terms of the kinematic viscosity, v, 
which is defined as f..1/ p. 

The diffusivity of Ag(I) must be known 
before the limiting current can be estimated. A 
rotating disk electrode (ROE) was used to 
determine the limiting current for anodic 
oxidation of Ag(l) . The ROE was polarized at 
+0.85 volts relative to a stable (pseudo) reference 
electrode, Pt in 3.25 M HN03. The rotation speed 
was varied from 25 to 1000 rpm. The diffusivity 
was estimated by fitting the Levich equation10 to 
data like that shown in Figs. 3a and 3b. Note that 
D2/3 is proportional to the slope of the plots, B. 

B = 0.62(2n)1 /2 ~[J2 /3(f..1/p)-1 / 6[Ag(l)] . (75) 

Data was obtained for several temperatures (4,21, 
and 40°C). Results are summarized in Table 2. 
The diffusivity was found to obey the following 
empirical relationship: 

D = 0.581 x 10 -5-0.304 x 10-7T 

-0.279 x 10-9T2+0.113 x 10 - 9T 3 (76) 

where, in this particular case, T is the anolyte 
temperature in degrees Centigrade (OC). The 
diffusivity has a greater dependance on 
temperature than expected. To calculate the 
diffusivity from the slope, the density and the 
viscosity must be known. Empirical 

Regression 
T(OC) lAg(l)](M) B(C/cm2-.rs) D(cm2/s) coefficient 

4 0.01 1.100 x 10-3 0.686 X 10-5 0.976 

0.033 2.765 x 10-3 0.527 X 10-5 0.994 

0.05 4.494 x 10-3 0.494 X 10-5 0.995 

21 0.01 1.137 x 10-3 0.602 X 10-5 0.982 

0.033 3.877 x 10-3 0.694 x 10-5 0.995 

0.05 4.928 x 10-3 0.533 X 10-5 0.990 

40 0.01 1.737 x 10-3 1.142 X 10-5 0.997 

9 

http:B(C/cm2-.rs


20 

(a)18 

16 

14 

- 12 
N 

E 
u« 10 
g 

...J 8 

6 

4 

2 

0.01 M AgN03 
o = 0.60 x 10-5 Cm2/5 

(b) 

0.033 M AgN0 3 
o =0.69 x 10-5 Cm 2/5 

1 2 3 4 5 6 71 2 3 4 5 6 7 0 


\I co/2n (5-1/2) 


Figure 3. (a) Limiting current of a p latinum rotating disk electrode vs the square root of the rotation 
speed. The electrode had an active diameter of 0.127 cm. The electrode consisted of 0.01 M AgN03 
and 3.25 M HN03 at 2rc. (b) Plot similar to that shown in (a), except the AgN03 concentration 
is 0.033 M. 

expressions for the density and the viscosity of 
nitric acid have been established by fitting data 
published in various references:13,14 

p = (1 + 0.6741 X 1.0988) 

exp[49.20(1 /T -1/293)] (gIn cm-3) . 

(77) 

)J. = (1 + 3.2043 Xl .9037) 

exp[1723.24(1 /T - 1/293)] (cP) . (78) 

where X is the w eight fraction of H N0 3 in the 
water-acid solution. 

Loss of Ag(I1) in Bulk Anolyte 

After generation, AgO!) can be reduced by 
any of several homogeneous reaction . The total 

10 

rate of loss is proportional to the sum of all rates 
of reaction: 

m 

Loss of Ag(II) = V 	L mli (79) 
j=l 

Red uction of Ag(II) by w ater and o ther important 
chemical reactions have already been discussed. 
The differential equation used to predict the 
transient concentration of Ag(II) can be written as 

d[Ag(II)] . m 
V dt = (ndR L) (l/~) + V 	L mlj . (80) 

j = 1 

This formulation is best when there is a sig
nificant concentration of Ag(II) in the 
bulk anolyte. 



Loss of Ag(lI) at Anode Surface 

At high concentrations of organics, all of the 
AgOI) reacts in a thin film of anolyte at the anode 
surface. The volume-average rate of oxidation of 
the i-th organic near the anode surface is 

k·C· 
rs ,i = (l/V) (n dR L) (i/!F) mIl (81) 

Im/jCj 
j = 1 

Maximum Possible Steady-State Ag(lI) 
Concentration 

The maximum possible AgOI) concentration 
can be reached in the absence of organics. This 
steady-state concentration can be calculated by 
setting the accumulation term in the differential 
mass balance, d[Ag(II)]/dt, to zero. This condition 
requires that the rates of Ag(II) generation and 
loss be equivalent: 

(82) 

Recall that the limiting current is 

(83) 

Also recall that the second order rate constant, kn' 
is 

a 
(84)kn = (1 + f3 [Ag(l)] [H+]2) . 

Substitution of the expressions for iL and kn into 
Eq. 82, the steady-state equation that defines the 
maximum possible Ag(II) concentration, leads to 
the following quadratic: 

[Ag (II) F {IT t;Nu - f3 [H+F} 

x [Ag(II)](2 f3 [H+]2 [Ag(l)] 0 + 1) 

- [Ag(I)]o{f3 [H+]2 [Ag(1) ]0 + I} = 0 (85) 

where [Ag(l)]o is the initial concentration of 
AgN03. At any instant, [Ag(l)]o is equivalent to 
[Ag(l)] and [Ag(II)). The solution of this 
quadratic is 

-v B2_4AC - B 
[AgOI)] = 2A ' (86) 

where 

A = Va _ f3 [H+]2
nL DNu ' 

B = {2 f3 [H+]2 [Ag(I)]o + 1) , 

and 

Numerical Integration of Differential 
Equations 

The system of ordinary differential equations 
represented by Eq. 68 and Eq. 80 can be integrated 
numerically by application of a fourth-order 
Runge-Kutta algorithm, as discussed by 
Carnahan and Wilkes:15 

where C· 1 represents the concentration of thel,m+ 
i-th reactant at time tm+l' h is the time increment 
from tm to tm+l ' 

k2,i = f (tm + {h/2); Ci,m + {h/2)kl,i) , 

k3,i = f (tm + {h/2); Ci,m + {h/2}k2,i) , 

and 

The function off(tm; C.I,m) is equivalent to dC/ dt. 
This algorithm is simultaneously executed for all 
reactants, including Ag(II), ethylene glycol, 
formaldehyde, formic acid, and carbon dioxide. 

Predictions Based on the Model 

Predictions based on the model are shown in 
Fig. 4. The assumed conditions are comparable 
to those used in our experiments. The electrolyte 
is 90 ml of 0.5 M AgN03' 3.25 M HN03, and 0.2 M 
ethylene glycol at 22°C. The rotating anode has a 
diameter of 1.2 cm and a length of 1.78 cm. The 
rotation speed is 1500 rpm. The current is either 
336 or 673 rnA. Calculations for an anolyte 
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temperatu re of 70°C were also done bu t are not 
shown. Conditions are summarized in Table 3. 
Predictions for 336 rnA and 22°C are shown in 
Figs. 4a and 4b. Predictions shown in Fig. 4a 
assume that the ethylene glycol is converted to 
carbon d ioxide via two intermediates, formalde
hyde and form ic acid . The rate of reaction of 
ethylene glycol with Ag(II) is large and consum es 
essentially all available Ag(II) at the anode sur
face. The point of complete glycol conversion 
coincides w ith the p oint of maximum formalde
hyd e concentra tion. After all of the glycol is re
acted , there is enough Ag(II) available at the an
ode surface to oxidize formaldehyde to formic 
acid; thus, the form ic acid concentration begins 
to increase. The maximum form ic acid 
concentration is reached when th e rates of 
generation and loss of formic acid are equivalen t. 
The model p redicts that the glycol w ill be 
completely oxidized to carbon dioxide after 
14.25 hours. At th is point, Ag(l!) begins to 
acculTIula te in the bulk anolyte and reaches a 
steady-state concentration of almost 0.1 M . As 
discussed ea rlier, the steady state Ag(II) 
concentration is established when the rates of 
Ag(lI) generation and loss from reaction with 
water a re equivalent. This is possible after 
complete oxid ation of the dissolved organics. In 
contrast t the predictions shown in Fig. 4a, the 
pred iction s shown in Fig. 4b assume that the 
ethylene glycol is instantaneously converted to 

carbon dioxide. In this case, there is no 
accumulation of formaldehyde or formic acid in 
the bulk electrolyte. Again, the time required to 
completely convert the ethylene glycol to carbon 
dioxide, is 14.25 hours and is limited by the Ag(II) 
generation rate. 

Predictions for 673 rnA and 22°C are shown 
in Fig. 4c and 4d. Qualitatively, results are similar 
to those for 336 rnA and 22°C. However, the oxi
dation occurs twice as fast. All of the glycol is 
converted to carbon dioxide after about 7 hours. 
Predictions for 70°C are not shown, but are 
qualitatively similar to those for 22°C. There are 
quantitative differences, however. For example, 
the steady-state concentration of Ag(II) at 70°C, 
which is reached after complete oxidation of the 
organics, is lower than it is at 22°C. 

Figure Sa shows calculated values of the 
maximum-possible steady-state Ag(II) concentra
tions in the absence of organics and at various 
combinations of anolyte temperature and anode 
speed . Calculations are based on Eq. 87. The 
maximum-possible steady-state Ag(II) concentra
tion increases gradually with rotation speed and 
becomes less sensitive to temperature as the tem
perature increases. Figure 5b shows correspond
ing values of the limiting current density, iL' 
Higher limiting current densities are reached at 
higher temperatures, due to the increase in diffu
sivity with temperature. 

Table 3. Conditions assumed for predictive calculations. 

T (OC) A · i (rnA) Re Sc Nu i L(mA/cm 2) iliL 

22 336 11,510 1,582 758 189 0.265 

22 673 11,510 1,582 758 189 0.530 

70 336 25,470 108 509 840 0.060 

70 673 25,470 108 509 840 0.119 
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Figure 6. (a) Carbon dioxide evolution during the mediated electrochemical oxidation of ethylene 
glycol by AgO!). The electrochemical reactor was charged with 90 ml of 0.5 M AgN03t 3.25 M HN03, 

and 0.2 M ethylene glycol. The anode was a rotating gold cylinder having a diameter of 1.2 cm and a 
length of 1.78 cm. The anolyte temperature, rotation speed of the anode, and cell current were 22°C, 
1500 rpm, and 673 rnA, respectively. These conditions correspond to 53% of the limiting current for 
AgO!) generation. Carbon dioxide concentrations, as well as ethylene glycol conversions calculated 
from the concentrations, are shown. (b) Data from experiment at same conditions as Fig. 6a, except at 
70°C. A current of 673 rnA corresponds to 11.9% of the limiting current at 70°C. (c) Data from 
experiment at same conditions as Fig. 6a, except at 336 rnA and 70°C. A current of 336 rnA corresponds 
to 6% of the limiting current at 70°C. 
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Table 4. Times reguired for ethylene glycol conversion. 

T(OC) A · i (rnA) i/iL Actual (h) Pred icted (h) Efficiency (%) 

22 673 0.530 >27 7.11 <26 

70 673 0.060 20 7.11 36 

70 336 0.119 37 14.25 39 

Table 5. T im es reguired for formic acid conversion. 

T(OC) A · i (rnA) i/iL Actual (h) Predicted (h) Efficiency (%) 

22 673 0.530 12 1.3 11 

70 673 0.119 5 1.3 26 

Such inefficiency will have a profound effect on 
process economics and will have to be studied in 
greater detail. Compare the times required for 
conversion at 336 rnA and 22°C to that required 
for conversion at 336 m A and 70°C. The time re 
quired for conversion is independent of tempera 
ture and is proportional to cell current. We con
clude that the oxidation rate is limited by the 
Ag(II) generation rate. 

Formic acid is probably an intermediate in 
the mediated electrochemical oxidation of ethy
lene glycol. Therefore, we decided to indude 
formic acid in our experimental study. Data was 
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obtained a t the same conditions as summarized in 
Table 3. Results are shown in Fig. 7 and 
summarized in Table 5. 

The actual time required to convert formic 
acid to carbon dioxide was much longer than 
expected. As in the case of ethylene glycol, Ag(II) 
generat d in the electrochemical cell was not used 
efficiently to oxidize the formic acid substrate. 
The process is about 26 % efficient a t 70°C, based 
on the rate of generation of Ag(ll). Despite low 
efficiency, formic acid is converted to carbon 
dioxide more quickly than ethylene glyco1. 
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Figure 7. (a) Carbon dioxide evolution during the mediated electrochemical oxidation of formic acid 
by Ag(II). The electrochemical reactor was charged with 90 m. of 0.5 M AgN0 3, 3.25 M HN0 3, an d 
0.36 M formic acid. The anode was a rotating gold cylinder having a diam eter of 1.2 cm and a length of 
1.78 cm. The anolyte temperature, rotation speed of the anode, an d cell current were 22°C, 1500 rpm, 
and 673 rnA, respectively. These conditions correspond to 53% of the limiting curren t for Ag(II) 
generation. Carbon dioxide concentrations, as w ell as ethylen e glycol conversions calcu lated from the 
concentrations, are shown. (b) Data from experiment at sam e conditions as Fig. 7a, except a t 70°C. A 
current of 673 rnA corresponds to 11.9% of the limiting current at 70°C. 
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Summary and Conclusions 

We have studied the MEG of a typical experimental data. By adjusting model 
aliphatic organic in a rotating-anode electrochem parameters, taking into account the observed 
ical reactor. Complete oxidation of the organic inefficiency in the process, quantitative agreement 
was demonstrated and significant insight into the can be achieved. This model can be used as a 
MEG process has been gained. A model has been basis for designing large-scale electrochemical 
developed that is based on published kinetic reactors. Dimensionless correlations for other 
rate constants and measured mass-transfer coeffi types of electrochemical reactors can also be 
cients. Predictions agree qualitatively with incorporated into the model. 
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