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. Abstfact

The electrochemical oxidation of glucose to gluconic acid and reduction
of glucose to sorbitol has been successfully paired in an undivided packed bed
electrode flow cell. The use of a Raney nickel powder catalytic cathode signi-
ficantly improved the currgnt efficiency for sorbitol pfoduction,‘as compared

to a high hydrogen overpotential Zn(Hg) cathode. The optimum operating condi-

tions for the paired synthesis are: activity W-2 Raney nickel powder cathode, -

graphite chip anode, a 1.6 M glucose and 0.4 M CaBr‘2 initial solution composi-
tion, pH 6-7, 60°C solution temperature, a current density of 250-500 mA and a
solution volumetric flow rate of 100 mf min;1. Under these conditions the
sorbitol current efficiencies are at least 80%, the glucose acid current effi-
ciencies are 100% and the proddct yields are quantitative. A separation
scheme for the paired syntheses has also been devised. It consists of the
precipitation of the oxidation product (calcium gluconate) and the ethanol
extraction of glucose and CaBr, from sorbitol. Based on a preliminary
economic analysis of the cost of raw materials, energy and the electrochemical
cell and separation equipment the cost 6f producing 1 1b calcium gluconate and
0.68 1b sorbitbl in a paired synthesis was estimated to be $0.896. The cost
of producing the same amount of sorbitol and calcium glhconate in separate
eléctrochemioal.cells was calculated to be $1.20. Thus, the paired synthesis

/
appears to be an economically viable process.
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1.0 SUMMARY

Glucose, a biomass derived material, was chosen as starting material to
investigate the feasibility of paired synthesis and to produce guidelines that
will encourage consideration of électrochemical syntheses which employ both

electrodes gainfully.

Preliminary undivided packed bed flow cell experiments with a 0.8 M glu-
cose and 0.8 M NaBr starting solution showed that the oxidation and direct
reduction reactions of glucose could be'combined into a paired synthesis.

When the synthesis was performed at pH 7 with a graphite chip anode and amal-
gamated zinc shot céthode, high product yields and gluconic acid (oxidation)
current efficiencies (ca. 70%) were obtained. The ;orbitol (reduction)
currenﬁ efficienciés, however, were found to be low (ca. 20%). The work
presented in this repbrt focuses on: a) identifying and minimizing side reac~
tions which consume current at the anode and cathode, b) examining the use of
CaBr2 as an alternate supporting electrolyte to NaBr énd ¢) developing a

separation scheme for the products, reactants and supporting electrolyte of

the paired synthesis.

Approximately 10-30% of the current lost at the anode and cathode in a
pH 7 undivided flow cell electrolysis was due to a parasitic &-gluconolactone/
glucose redox couple. §-Gluconolactone (an electroreducible intermediate in
the electrooxidation of glucose) was exiting the anode, circulating through
the external reaction loop of the experimental apparatus and reentering the
cathode compartment where it was reduced. Increasing the temperature of the
electrolyte solution during an electrolysis was found to be an effective

method of increasing the rate of hydrolysis of the lactone to irreducible



gluconic acid. When the électrolytic solution temperature was maintained at
55°C and the soiution was kept in a holding tank for ca. 10 minutes after
exiting the anode and before confacting the cathode, sorbitol and gluconic
acid current efficiencies increased 20-30% to ca. U45% and 100%, respectively
at 0.3 F/mole. Product yields were quantitative. Current losses at the

cathode were due solely to hydrogen evolution.

The preferred supporting electrolyte for the paired synthesis is CaBr'2
because the low solubility of the oxidation product (calcium gluconate) would
facilitate its separation downstream from the electrochemical reactor. The
reduction of glucose in the presence of CaBr2 was first studied in a divided
H-cell at 55°C and pH 7 using a Zn(Hg) cathode. Sorbitol current efficiencies
from constant potential electrolysis (-~1.7 V vs. SCE) were found to be 32% at
0.2 F/mole. It appeared that both sorbitol and glucose caused an anodic shift
in the H2 evolution current-potential curve for Zn(Hg) when CaBr, was present.
Additionally, the presence of calcium gluconate decreased the rate of glucose
reduction. The results from undivided packed bed flow cell paired synthesis
experiments with an initial electrolyte of 0.8 M glucose and 0.4 M CaBr‘2 at
55°C and pH 7 showed that while the gluconic acid current efficiencies were
high (ca. 100%), those for sorbitol (ca. 20%) were much lower than the reduc-
tion current efficiencies obtained with a NaBr supporting electrolyte at 55°C.
No by-products were detected in electrolysis samples and the cathodic current
losses were attributed to excessive H2 evolution. When a quaternary ammonium
salt (tetramethylammonium bromide, ethyl-triethanolammonium bromide or
triethyl-ethanolammonium bromide) or a quaternary ammonium salt/CaBr'2 mixture

was used as supporting electrolyte, the rates of both hydrogen evolution and
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glucose reduction decreased; the net effect was no improvement in sorbitol

current efficiencies.

An alternative approach to the direct electrochemical reduction of glu-
cose at a high hydrogen overpotential cathode, such as Zn(Hg), is the electro-
catalytic hydrogenation of glucose at atmospheric pressure using a (low hydro-
gen overpotential) Raney nickel powder cathode. Sorbitol current efficiencies
of 60-80% were obtained when glucose (0.8 M) was reduced at a constant current
in a divided H-cell with CaBr, as supporting eleétrolyte (T = 60°C, pH = 7).
In undivided flow cell, constant current, paired synthesis experiments with
Raney nickel (1.6 M glucose-0.4 M CaBr'2 initial electrolyte, pH = 7, T =
60°C), sorbitol current efficiencies >80% and gluconic acid current efficien-
cies of 100% were obtained at 0.3 F/mole. Cathodic current losses were
attributed to H, evolution; no other by-products formed and the product yields
were quantitative. It appears that electrocatalytic reduction current effi-
ciencies are dependent on the electrolyte flow rate through the packed bed
nickel powder and the applied current, high current efficiencies being

obtained at high flow rates and low currents.

The electrocatalytic reduction of fructose (to sorbitol) and xylose (to
Xylitol) on Raney nickel in a divided H-cell at 60°C was also investigated.
The current efficiencies for xylitol formation were higher than those obtained
by the direct reduction of xylose on Pb (65% vs. 30%). Xylitol yields were
low due to the formation of unidentified by-product(s). When fructose was
electrocatalytically reduced, sorbitol was formed at a high current.efficiency
but the primary reduction product detected in the catholyte was 2-deoxysorbi=

tol. These results cannot be explained at this time.



Work was begun on developing a scheme for separating the paired syn-
thesis reactant, products and supporting electrolyte. Due to its low solubil-
ity, calcium gluconate would directly precipitate out of the electrolysis pro-
duct mixture. The focus of the separation experiments was to devise a method
for separating sorbitol, CaBr, and glucose using either ethanol or acetone as
an extracting solvent. It was thought that an ethanol or acetone extraction
would be successful because the solubility of CaBr'2 is high and that of sorbi-
tol is low in these solvents. When small amounts of water were present in a
mixture of CaBr,, glucose and sorbitol, CaBr, was always detected in the sol-
vent insoluble sorbitol/glucose fraction. Experiments with dry product mix-
tures indicated that ethanol at 25°C coﬁld be used to separate CaBr'2 from sor-
bitol. In an industrial paired synthesis process, a dry electrolysis mixture
would be obtained by spray drying the electrolyte solution after it exits the

electrochemical cells.

The use of reverse osmosis and ultrafiltration membranes for separating

CaBr2 and sorbitol was also examined. In the case of reverse osmosis, both

CaBr2 and sorbitol were highly rejected by the membrane. An ultrafiltration

membrane separation process also proved unsuccessful due to the fact that the
higher molecular weight organic compounds present in the electrolysis mixture

(sorbitol or glucose) passed through the membrane along with CaBrz,

A preliminary economic evaluation of the paired synthesis was performed
by comparing the process costs of synthesizing sorbitol and calcium gluconate
in a paired vs. unpaired reaction scheme. The capital equipment, raw materi-
als and energy costs for the separate industrial scale synthesis of calcium

gluconate and sorbitol were estimated to be $0.525 and $0.993/1b of product,



respectively. The cost of synthesizing one pound of calcium gluconate with
the simultaneous formation of 0.68 1b sorbitol in a paired synthesis using a
graphite chip anode and Raney nickel packed bed cathode was found to be
$0.896. The cost of producing the same amounts of sorbitol and calcium glu-
conate in separate electrochemical processes is $1.20. Thus, it appears that
significant cost savings can be achieved by combining the oxidation and reduc-

tion reactions of glucose into a paired synthesis.



CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

The oxidation and reduction as a paired synthesis of the aldehyde glu-
cose has been studied as a model system for potential energy savings in
organic electrochemical synthesis. Both the direct reduction/indirect
oxidation and electrocatalytic reduction/indirect oxidation reactions of
glucose have been successfully paired in parallel current/electrolyte

flow (flow through) packed bed electrochemical cells.

To date the optimum electrochemical method of synthesizing sorbitol and
gluconic acid in an undivided packed bed flow cell is by electrocatalyt-
ically reducing glucose to sorbitol using a Raney nickel powder
(activity W-2) cathode at atmospheric pressure and indirectly oxidizing
glucose to gluconic acid (via electrogenerated HOBr) at a graphite
anode. The optimum operating conditions for the paired synthesis are an
initial glucose concentration of 1.6 M, a 0.4 M CaBr'2 supporting elec-
trolyte (to facilitate the separation of the oxidation product, calcium
gluconate, from the electrolytic solution) and a solution pH of 5-7 (to
minimize the base catalyzed isomerization of glucose to fructose). The
paired synthesis was performed in a batch recycle mode. The electrolyte
volume in the recycle loop and flow rate had to be carefully chosen to
allow for an adequate solution residence time outside the electrochemi-
cal cell so that &-gluconolactone (an electroreducible intermediate oxi-
dation species) can hydrolyze to gluconic acid before contacting the
cathode. The rate of hydrolysis of the lactone to gluconic acid was
also found to increase at elevated temperatures. Current losses (both

anodic and cathodic) by a parasitic &-gluconolactone/glucose redox cou-



ple were eliminated when the electrolytic solution was kept in a 60°C
constant temperature holding tank outside the electrochemical cell for

26 minutes.

The anodic and cathodic product yields for the electrocatalytié
reduction/indirect oxidation paired synthesis weré quantitative; no by-
products formed which consumed glucose. The gluconic acid current effi-
ciencies at 0.3 F/mole were 100%. The sorbitol current efficiencies
were found to be dependent on the applied constant current and the elec-
trolyte flow rate. At volumetric flow rates 2100 m% min"1 and applied
currents s500 mA per 10 grams of active Raney nickel powder, cathodic
current efficiencies 2 ca. 80% were obtained. Current losses were
attributed to hydrogen evolution. It may be possible to maintain high
sorbitol current efficiencies at much higher applied currents by
increasing the glucose concentration and/or increasing the volumetric
flow rate of solution through the electrochemical cell. A thorough
theoretical study of the reaction kinetics and mass transfer processes
in the Raney nickel bed cathode may be useful in determining the rela-
tionship between applied current, flow rate and sorbitol current effi-

ciency.

The Raney nickel powder used in the paired synthesis experiments had a
particle size distribution between 5 and 150 microns. Immobilizing the
finely divided powder was difficult to achieve and the pressure drop
through the Raney nickel packed bed electrode was relatively large.
Flow cell experiments need to be performed using large nickel particles

such as the granular (1/4 inch x 1/8 inch) Raney nickel alloy manufac=
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tured by the Davison Chemical Division of W. R. Grace and Co. Molybde—
num promoted Raney nickel catalysts have'been shown to be highly effec~-
tive for the cheﬁlcal caﬁalytic reduction of carbonyl compounds and
these catalysts should also be examined as potential electrocatalysts

for the reduction of glucose.

Fructose and xylose were electrocatalytically reduced to sorbitol and

xylitol, respectively, at a Raney nickel powder cathode. The current

. efficieneiee.for the reductions were high, but the product yields were

low for reasons not well understood at this time. It may be possible to

improve the yields by using a different catalytic material for the

_ cathode, e.g., aetive-ruthenium on carbon powder.

Sorbitol current efficiencies in the paired direct reduction/indirect
oxidation of glucose usihg a Zn(Hg) cathode and CaBr2 as supporting

electrolyte were no higher than ca. 20% at 0.3 F/mole due to excessive '

'hydrogen evolution. Quantitative product yields and 100% gluconic acid

current efficiencles, however, were obtained.‘ Changing the cohstant
applied caihode'potential frem -1.95 V to ;1.70 V vs. SCE proved unsuc-
cessful in significantly reducing current losses at the cathode. The
use of a humbef of quaternary ammonium salts as supporting_electrolytes
improved the sorbitol cukrent efficiencies by at mest 10%. When NaBr
was used as the supporting electrolyte, the highest sorbitol current
efficiencies were obtained, i.e., 40-50% at 0.3 F/mole. It appears that

both glucose and sorbitol in the presence of,CaBr'2 increase the rate of

_ H2 evolution on Zn(Hg) by causing (for reasons not known at this time)

an anodic shift in the H, evolution current-potential curve. It can be



concluded from this work that the direct reduction/indirect oxidation
paired synthesis for the production of sorbitel and gluconic acid does
not perform as well as the electrocatalytic reduction/indirect oxidation
scheme because of the large cathodic current lossesdee to Hé evolution

on Zn{Hg).

~ A preliminary separation scheme was devised for removing sorbitol and

calciem gluconate from the electrolytic solution. Due to its low solu=
bility in wéter, calcium gluconate would directly precipitate out of
solution. After completely drying the remainipg electrolysis mixture,
absolute ethanol at 25°C can be used to separate CaBr2 from sorbitol and
glucose. It also appears that absolute ethanol can be used to separate
glucose and sorbitol, once theCaBr2 has been removed. To date only
small scale, batehztype separation experiments have beeﬁ performed.
Further experimental Qork are needed to deterﬁine the optimum operating
conditions for a continuous separation scheme (e.g., determining.the
optimum sorbitol/glucose ceﬁcentration ratio in the product mixture
exitiné the electrochemicel_flow cell,"finding the hinimum amount of
ethanol to be added to the dry eleotrolysis miXxture to effectively dis-
80lve CaBr‘2 and determining the optimum ethanol temperature for separat-

ing glucose and sorbitol).

A thorough. cost analysis of the industrial scale paired synthesis of

© calcium gluconate and sorbitol cannot be carried out until the separa-

tion experiments, listed above, are performed. A preliminary economic
evaluation and comparison of the paired and unpaired electrochemical

processes, however, were undertaken. It was concluded that the cost of

10
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the electrochemical cells far outweigh the separation equipment costs in
the individual sorbitol and calcium gluconate processes. Since the only
by—ﬁroduct formed in the paired synthesis is H2 gas (at the cathode),
the separation schemes for the paired anq unpaired syntheses were found

to be comparable in complexity and cost. Thus, a paired synthesis pro-

' cess would significantly lower the major capital cost expenditure for

the industrial production of sorbitol and calcium gluconate by reducing

the required number of electrochemical cells by as much as one<half.

Using as a design basis the production of 2.2x106 1b calcium

gluconate/year and 1.5x106 1b sorbitol/year, it was determined that the

_cost of synthesizing 1.0 1b calcium gluconate with the simultaneous for-

mation of 0.68 1lb sorbitol in a paired reaction scheme ($0.896) was sig-
nifiéantly 1e$s'than the cost of producing the same quantity of material
in two separate processes ($1.éo per 1 1b caléium gluconate and 0.68 1b

sorbitol). Thus our preliminary cost analysis indicates that the paired
synthesis of calcium gluconate and sorbitol may indeed be an economi-

cally viable process.

1"



3.0 INTRODUCTION

The study of new organic electrochemical reactions in conjunction with
the development of new concepts in electrochemical engineering affecting elec~
trode and flow cell analysis'and design has Eesulted in a worldwide upsurge of
activity in organic electrochemical synthesis. The use of electrochemical
methods for the production of organic chemicals is attractive for a number of
reasons: the potential savings in ehergyvas compared to traditional chemical
syntheses, the minimization of unwanted by=product formation and the use of

non-petroleum based feedstocks such as biomass.

All electrochemical reactions must, by the nature of the teéhnique, have
simultaneous anodic and cathodic reactions in which an equal number of elec~
trons are removed and added to the system, respectively. In many inorganic
electrochéhical syntheses.and in most of the organic electrochemical syntheses
reported to daté, the reaction of interest is carried out at one elecfrode
while a sacrificial reaétion, necessary to complete the circuit, is carried
out at.the other electrode, producing at best an innocuous product like H2
(cathodic) or 02 (anodic) which will interfere minimally with the desired syn-
thesis. Since only one electrode is employed usefully, the maximum energy
efficiency for this process is'SO%. Also, the'formation of an unwanted pro-
duct in the sacrificial electrode reaction often mandates the use of coétlier
and less energy efficient electrochemical cells in which the anode and cathode

are divided by a membrane (i.e., the so-called divided cells).

Under the limitations in ehergy efficiency imposed by the use of a sac-
rificial electrode reaction, many investigatdrs have beén working to minimize

energy usage in organic and inorganic electrochemiéal syntheses. Improved

13



cell design [1], particularly close spacing of the electrodes, increased con-
ductivity of the electrolyte and optimized flow patterns (2] have been and are
being investigated. Similarly, much effort has been expended on finding/
fabricating electrode materials w1th minimum feasible overvoltage for the

desired reactions [3].

Another method of improving the eneréy utilization invelectrochemical
syntheses, which has not been explored in great depth and which directly
addresses the inefficiencies associated with sacrificial electrode reactions,
is the strategy of using paired syntheses. 1In a paired synthesis the reac-
tions at both the anode and the cathode contribute to the formation of the
desired product or products. Additional energy and cost savings can be
achieyed by carrying out the paired syntheses in undivided electrochemical
cells. The capital equipment costs of an undivided cell would be reduced
since it contains no separator membrane and requires only one pump to flow
both anolyte and catholyte through the system. Lower operating (energy) costs
would also be realized in an undiVided cell since the absence of a membrane
with its electrical resistance would result in a lower overall cell voltage.
Carrying out two reactions in the same cell, however, can lead to.an increase
in the amount of by=~product formation‘and a lowering of the current efficiency
because the product from one electrode can be altered or destroyed at the

other electrode.

A careful choice of experimental conditions and cell design can often
minimize the problems associated with undivided cells. In this regard a fun-
damental understanding of the chemistry of the individual electrode reactions

as well as an engineering understanding of the interdependence between elec-



trode kinetics, electrical potential distributions, electrolyte concentration
and flow rate and the size and shape of the electrodes is necessary in order

to make a paired synthesis in an undivided cell a viable process.

Previous paired syntheses sought to maximize the chemical yields of the

product(s) but did not focus on the question of energy conservation [4,5,6].

Thus the pair acrylate 2392;.adipate and malonate Qflg-bimalonate gave eventu-
ally excellent yields in static [4] and in flow cells [7]. However, the pair
2CH2 = CHX EEQE—X(CHZ)MXVand'ZRCOOH_QEEELRR did not give satisfactory results

in a static cell but did so in flow cells (unpublished work of Baizer).

!

The latter illustrates well the unwanted side- and inter-actions that
must be subdued if acceptable results are to be obtained. The oxidation half
of the pair (2RCO0™ - ZCO2 + 2R! » RR) evolves CO, which promotes undesired
mixing within the cgll and the intermediate radical R1 cannot only yield the

desired RR but can also add to the CH, = CHX substrate to give undesired oli-

gomers and polymers. .Appropriate cell designlhas overcome these difficulties.

To’further'oﬁf knowlédge of paired syntheses, the novel péifingvdf the
oxidation and reduction reactions of aldehydes has been studied. Aldehydes,
RCHO, are in an intermediate oxidation state between alcohols, RCHZOH, and the
corresponding acids, RCOOH. The cathodic reduction and anodic oxidation of-
RCHO, both either direct or indirect,‘are ideally suited for defining and then
minimizing thé side reactions encountered ih carrying out the redox in an |

undivided cell.

The direct reduction of aldehydes has been extensively covered in the

literature [U4] and generally results in the formation of primary alcohols or



pinacols as shown below.
R=CHO + 2e~ + 2H' » RCH,0H ,
" (3.1)
Primary alcohol
'2R-CHO + 2e~ + 2H* » R-CH-CH-R - S (3.2)

. OH OH
'+ Pinacol
The indirect oxidation of aldehydes with electkogenerated bromine is well

known as a clean reaction leading to the formation of carboxylic acids.

2Br~ -~ 2¢7 » Br2
' (3.3)

Br, + R-CHO + H,0 » RCHH + 2H® + 2Br™ G
3.

Either of the reduction reactions can be combined with the oxidation; if
pinacol formation is the cathodic reaction then the aldehyde will be consumed
at the cathode at twice the rate at which it is consumed in the anode reac-

tion. -

3.1 Electrocatalytic Reductions

Electrochemical syntheses at a cathode usuglly éccuf by the direct
reduction of a chemical species at theAelectrodé surface. An alternative
approach is to perform an electrocatalytic hydrogenation (reduction) using a
low hydrogen overvoltage metal powder catalyst (e.g., Raney nickel or platinum
black). 1In electrocatalytic reductions, hydrogen is electrochemically gen-

erated directly on the catalyst surface by the discharge of hydrogen ions from

16



the adjacent solution. Adsorbed hydrogen then combines with reactant to give
the reduced product. vThe current éfficiencies‘and product yie;ds for an elec-—
trocatalytic reduction may‘be higher‘than those obtained by direct reduction
and the cathode potential for electrocatalytic reduction may be lower than the
potential for direct reduction at, for example, a.high hydrogen overpotential
cathode. Although high surface area metal catalysts such as Raney nickel are
widely used in chemical catélytic hydrogenations, their application as

~ catalysts for electrochemical hydrogenations has attracted very little atten=
tion [8-10] and their use in continuous electrochemical flow cells and paired

reaction schemes has not been investigated before.

Liquid phasé catalytic hydrogenations are perforﬁed at high solution
temperatures (greater than 100°C) and high hydrogen pressures (ca. 100 atm).
These operating conditions are necessary to maintain a high hydrogen concen-
tratiod at the metal catélyst surfaée. Electrocatalytié hydrogenafionsy on
the other.hénd, can be carried out af moderate tempefatures and atmospheric
pressures because hydrogen is generatéd directly on the catalyst. Thus, elec-
trocatalytic hydrogenations offer a number of significant advantages over
chemical cqtalytic reduction schemes: (a) they do not require elaborate and
expensive high pressure reactor systems, (b) they use both hydrogén and
catalyst more efficiently and may require lower catalyst loading and (c) they
operate at lower temperatures, thus minimizing thermal degradation of reac-
tants and products, and/or unwanteq homogeneous  side reactions, and (thermal)

energy input.
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3.2 Considerations in the Choice gg'Substrates Targeted for Study

In the formulation of any paired synthesis it is essential that prelim-

inary‘Eiﬁé?iméntS‘be-pepfopmedﬁinﬁg_gigiggg H-cell to determine if the product
\\ .

from one electrode will react less rapidly than the starting material at the
opposite electrode. If satisfactory results are obtained from these experi-
ments, then the investigation can be directed toward finding suitable undi-
vided flow cell configurations and operating conditions which maximize current_

efficiencies and product yields for the paired reaction scheme.

Glucose, a biomass—~derived aldehyde, was chosen for ﬂhis investigation
of paired syntheses in undivided flow cells. The electrochemical reduction
(direct) and oxidation of glucose separately have been/are coﬁmercial
processes, and it shoula.be possible to compare material consumption of these
with'the corresponding data of the fully optimized paired synthesis leading to
the same products. Additionally, the electrocatalytic reduction of glucose
using a metal powder catalyst can be compared to the current high pemperature

and pressure commercial catalytic hydrogenation methods.

It was reported duriﬁg the preliminary work on the glucose paired syn=~
tﬁeSIS £11] that glucose was selectively oxidized in the presence of the
direct‘reduction product (sorbitol) and selectively reduced (directly at a
high hydrogen overpotential cathode) in the presence of the oxidation product
(gluconic acid). The work presented in this report deals with (a) the design
and testing of undivided flow cells for the paired direct reduction/indirect
oxidation and electrocatalytic reduction/indirect oxidation of glucose and (b)
the development of a separation scheme for products and reactants downstream

from the electrochemical reactor.
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4.0  BACKGROUND

4.1 The

Direct Electrochemical Reduction of Glucose

The direct reduction of glucose to sorbitol has been examined by a

number of workers and was a commercial process of the Atlas Powder Co. [12]

from 1937 to 1948. A comprehensive review of both polarographic data and syn-

thetic studies has been published by Fedoronko [13]. More recent reviews have

also been published by Kassim [14] and Chum [15].
found that a small reduction wave (-1.6 V vs. SCE) was not diffusion con-
trolled but was dependent on the rate of transformation of the irreducible

cyclic hemiacetal forms to the open-chain aldehyde form (Equation 4.1).

Polarographic [16] studies

The

height of the wave was found to increase when the the pH of the catholyte was

increased from

H—l_oH
H——o0H
HO ——H
H—{—OH
H

CH,,OH

a-D Glucose

High pH
igh p
g

(nonelectroreducible)

6.5 to 8.1 and also when the temperature was increased.

CHO
H ——OH
HO ——H
H —4—OH
H ~—— OH
CHZOH

a-D Glucose .
(electroreducible)

CH,OH
H——OH

it HO——H
> H OH

2e H~—— OH
CH,,OH

Sorbitol .

Los [17,18] and co-

(4.1)

workers studied these kinetic currents and determined the rate and equilibrium

constantsvfor the mutarotation of glucose.
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As was shown by the polarographic studies, an alkaline catholyte
increases the rate of mutarotation of glucose and hence 1¢a§s to an increase
in the rate of reduction;- Conéequently nearly all thé.s&nthetic wofk ﬁas been
carried out in alkaline media. :The'cbnditions for the eleCtbolYtic prbduction
of sorbitol and mannitbl wéré initialiy pfoposed by,Creiéhton [i9]. ' He uée& a
divided cell with an amalgamated lead cathode and a lead anode. An aqueous
catholyte of gluéose‘(1:8uM) and éodium sulfate (O.SAM) Qés-eﬁbidyed;;ﬁhe
hydroxyl ion concentration was maiﬁtéihed at about 0.5¥M dufiﬁg'eléééﬁolféeS':
by addition of sulfuric acid. At current deﬁsities of 10.0 mA/cm? current
efficiéncies of'abéut 55%>66uidibé'obtained: the remainder of the curbéni gen~
erating hydrogen gas;w Uhdér fhese éonditiohé, both sorbitol (¥70% yielé)‘énd
mannitol (=20% yield) were bfoéucéd; Anélysis'of commercial samples (Atlas
Powder Co.) by Wolfrom and co-workers [20] showed the presence of é numbér of
other by*pro@ucts from the reduction. The product from electrolyses carried
out at lowvaikalinity (pH 7*10)-con£ained sorbitol, smali émdunts of mannitol
(=1%) and 2-deoxysorbitol (=5%). 'From more alkaline catholytes (pH 10-13) in
‘addition to S;rbitoi}ané mannitdl, the by—prbdﬁcts 2-deoxysorbitol, 1-
deoxymannitéi,‘én allitol, DL-nggitol énd even a dodecitol wére found. All
these products arise from the fact‘that in alkaline solution glucose undergoes
isomerization to mannose and fructose. This increases with pH. A summary of
the possible reactions is shown in Figure 4.1. Use of too high a temperature
and pH leads to degradative chemical reactions of both glucose and its pro-

ducts which discolor the solution.

Extensive studies have been carried out to find the best cathode
material for the reduction. Parker and Swann [21] obtained good results at

Pb, Th, Cd, Zn and Bi, but they found the best cathode to be amalgamated lead.
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Fig. 4.1 Reduction reactions of -glucose in basic

solution ' . t
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They obtained little or no reduction at Ag, Au, Cu, Fe, W, Wo, Ni, Co, Sn, Pt,
Cr and Mg. They also found that in many cases the structure of the cathode
has a considerable effect on the rate of reduction. 1In a similar investiga-
tion by Belenkaya and Belozersky [22] the amalgams of metals other than lead
were examiﬁed but no improvement was obtained. They foﬁnd that the best
cathode for the reduction was an Al-Ni alloy (1:1 or 3:10). With this they

achieved current efficiencies of 53% compared to only 38% at lead amalgams.

Apart from the work performed in alkaline solutions, Hales reported [23]

that the reduction could also take place in acid'catholytes (pH 7-1.5) using

sodium sulfate, sulfuric acid and a zinc amalgam cathode.

All these studies were essentially carried out in stirred tank reactors.
Recently, the reduction of glucose has been exémined in a parallel plate flow
cell, by Kuhn and co-workers [24,25]. Using a lead cathode they found better
results (current efficiencies 25-30%) at pH's 3 and 11 than at pH 7. They
concluded that the mutarotation of glucose is catalyzed by acid and base, and
would be at a minimum in neutral solution. They found that a change of flow
rate had little effect on the reduction; however, they examined only a small
range of Reynolds numbers in the laminar flow region (Re 2004600). Further-
more, hydrogen evolution would give quite effective stirring of the region

near the cathode.

From the work of previous investigators it may be summarized that for
the successful reduction of glucose to sorbitol a cathode with a high hydrogen
overvoltage is required, e.g., lead or zinc or their amalgams. The reduction
should also be carried out at moderate temperatures (20-30°C) and in a catho-

lyte of low alkalinity (pH 8.5=10), to avoid formation of mannitol and other
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by-products. Fairly low current densities (10-20 mA/cmz) are also essential
to prevent excessive hydrogen evolution. Glucose concentrations of between

0.7 M and 3.0 M should be used.

4,2 The Electrochemical Oxidation of Glucose

The earliést-studies on the oxidation.of glucose to gluconic’ acid using
electrogenerated bromine were carried out by Isbell and Frush‘[26,27]. Their
method consisted of oxidation of bromide ions at graphite anodes. Hypobromite
thus formed chemically oxidized glucose to gluconic aoid; Calcium carbonate
was kept in the.solution to maintain it at or hear neutral pH. Thus calcium
gluconate was the product of the reaction. They proposed a semi~industrial
batchwise procedure for the productioﬁ of calcium gluconate, in which the
bromide used was recycled and calcium gluconate was obtained (by adding cal~-
cium hydroxide) as its less soluble bésié salt, Ca (06H11O7)2.2Ca0. Fink and
Summers {28] tested many factors in order to find pptimél conditions for the
semi-industrial production of calciumigluconaﬁé in-an ﬁﬁdivided cell. They
electrolyzed aqueous solutions of.glucose (0.8 M) and sédi;m bromide (0.17 M)
in the presence of calcium carbonaté, until all the glucose was consumed.
After removal of the precipitated ca&cium gluconate and recharging with glu-
cose, - the solution could repeatedly be returned to the cell over several

months. The yields and current efficiencies were reported to be almost guan=

titative under these conditions.

Addition of other anions such as sulfate or chloride is undesirable as
this leads to an anodic shift of potential which produces a decrease in
current efficiency due to the formation of bromate. Fioshin et al. [29] also

examined the reaction and showed that the oxidation of bromide was the
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potential determining step, hypobromite being the oxidant; the small amounts
of bromate formed did not take part in the oxidation and lead to the slight

current inefficiency of the process.

The mechanism of the oxidation was also studied by Isbell [30] and other
workers [31,32] who found that the oxidation of B-D-glucopyranose proceeded
mych more rapidly (35 fold) than that of a—D—gluéépyranose. They also found
that the initial product was §-gluconolactone which hydrolyzed to gluconic
acid.

The following are thus the proposed reactions occurring during the syn-.

thesis:

2Br~ - 2¢” » Br, (at electrode)

S (4.2)
Br, + H,0 » HOBr + Br~ + H'
. (4.3)
0
t
CHO ‘ C COOH
H —4—OH H—— OH H —+4+—O0H
HO —4— H HO —4—H +0H~ HO +—H
HOBr -
H H  — H ——OH - H-{—oH (4.4)
H —— OH HAdg— H-Tp—-OH
CH,0H
2 CHZOH CHZOH
Glucose 0-Gluconolactone Giuconic Acid

The calcium gluconate synthesis described is practiced commercially by

Sandoz-Chefaro [33] and on a small scale in India [34-39] using a rotating

graphite electrode cell.
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4.3  Non=Electrochemical Methods for the Production of Sorbitol and Gluconic
Acid from Glucose - : ' .

A paired electrochemical process for synthesizing sﬁrbitol and gluconic
acid from glucose would have to be cost competitive with present day technolo-
gies for producing these compounds. Sorbitol is currently manufactured by the
high pressure catalytic hydrogenation of glucose using either batch or con-
tinuous hydrogénation procedures. The most commonly used heterogeneous
catalysts for the synthesis of sorbitol are supported nickel and Raney nickel
[40]. Cobalt, platinum, palladium and ruthenium [41] have also been shown to
catalyze the hydrogenation of glucose. Typical operating temperatures and
pressures for the catalytic hydrogenation are ca. 140°C and 125 atm [42]. The
glucose solution pH is maintained in the range of 4«8. Under alkaline condi=
tions, glucose isomerizes to fructose and mannose; the hydrogenation of fruc-
tose and mannose yields mannitol as well as sorbitol. The sorbitol solution,
after exiting the catalytic reactor, is purified in two steps: (1) by passage
through an ion-exchange resin bed to remove gluconate and other ions and (2)
by treatment with activated carbon to remove trace organic impurities. The
solution of sorbitol is coﬁcentrated, in a confinuous evaporator, to a solu-
tion containing 70% solids and sold. Crystalline sorbitol in pellet or powder
forms is also made by further cbncentration and crystallization of the 70%

sorbitol syrup.

The amount of sorbitol produced in the United States during 1983 was
estimated from data in the literature. Between 1965 and 1974 the production
of sorbitol in the U.S. grew at an average annual‘rate of 6.3% [43]. Based on
a 6.3% growth rate per year and the level of production in 1974 (70,800 metric

tons), ca. 130,000 metric tons of sorbitol were produced in the United States
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during 1983. The current (Januar& 1984) selling price for sorbitol is

$0.41/1b for a 70% aqueous solution and $0.74/1b for powder [44].

Gluconic acid is produced commercially either by the_direct oxidation of
glucose in the presence of oxygen on a palladium catalyst [45] or by fhe
direct oxidation of glucose using oxygen and the enzyme . glucose oxidgse fu46].
The current (January 1984) selling price for calcium gluconate is $1.80/;b ’

Cau].

o
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5.0 EXPERIMENTAL

5.1 Equipment and Procedures

5.1.1 Divided Hscell

For studies carried out on either half of the glucose paired reactions,
a standard glass H=cell was used. The anode and cathode compartments were
separated by a medium porosity glass frit that retarded the flow of electro-
lytic solution from one cpmpartment to the other. A diagram of the cell used
to stLdy the direct reduction of glucose at a flat plate Zn(Hg) cathode is
shown in Figuré 5.1. The sidearms of the H-cell were used for measuring pH
and temperature and for sampling solution during an elebtrolysis. The working

and counter electrodes along with a Luggin capillary reference electrode were

held by Teflon adaptors at the top of the H~cell. Stirring was provided in

the working electrode compartment by a magnetic stirring bar. The electro-
lytic solution in the H=cell was heated by placing the cell in a constant tem-

perature water bath.

When studying the electrocatalytic reduction of glucose at a Raney
nickel powder cathode, an H=cell similar'to that shown in Figure 5.2 was used.
A flat plate nickel current collector'(3.5 cm diameter) was placed at the bot-
tom of the H-cell. After filling the anode and cathode compartments with
electrolytic solution, freshly prepared Raney nickel powder was added to the
catholyte and allowed to settle on the nickel plate. Electrical contactvto
the Raney nickel bed was made by spot welding a thin strip of nickel sheet to
the flat plate current collector. The nickel strip was coated with Teflon to

ensure that all the applied current was transferred to the Raney nickel bed.
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TO REFERENCE ELECTRODE
COUNTER ELECTRODE - . || WORKING ELECTRODE

<— ADAPTERS ' %

" LUGGIN
CAPILLARY

‘SIDE ARM

‘

AGAR —

GLASS FRIT

Fig.--5.1 A schematic diagram of H-cell.

28 .



GLASS FRIT
]
]
]
—,—- // DA B
" GRAPHITE ~ RANEY NICKEL
COUNTER ELECTRODE POWDER CATALYST
e . | NICKEL PLATE CURRENT

COLLECTOR,.

-~ Fig. 5.2 The divided H-cell i«Vj‘tll'a Raney nickel
powder cathode.
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5.1.1.1 Current-Potential (i-E) Measurements -~ Using the divided H-cell,

currentﬁpotential curves were obtained by polarizing the flat plate working
electrode potentiostatically and measuring the steady state current. To
attain some consistency in results, the éxperimental conditions were kept the
same as much as possible, i.e., freshly prepared electrolytic solution was used
in each voltammetric measurement, electrodes were prepared in the same manner
for each experiment and the distance between the Luggin capillary and working
electrode was Kept constant at 1 mm. The final i=E results were obtained by

averaging several identical experiments.

5.1.1.2 Constant Potential Electrolysis - During a constant potential electro-

lysis, the potential of the flat plate working electrode was potentiostati=
cally set at some desired value. The current change was monitored throughout
the electrolysis and the amount of electricity passed was determined using a

digital coulometer.

5.1.1.3 Constant Current Electrolysis = The electrocatalytic reduction of glu-

cose at a Raney nickel cathode was performed under constant current condi-
tions. The current appliedAduring an electrolysis was slightly below that
which produced observable H, evolution at the Raney nickel bed. Periodically
the current was tﬁrned off to allow electrochemically generated H=atoms to
react with glucose. The catholyte and Raney nickel powder were occasionally
stirred with a glass rod to minimize pH and glucose concentration changes in
the nickel bed. The total amount of charge passed during an electrolysis was

measured with a digital coulometer.
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5.1.2 Porous Packed Bed Flow Cells

The packed bed plexiglass flow cell used in the paired direct
reduction/indirect oxidation of glucose is shéwn in Figure 5.3. The anode was
located above the cathode and the electrolyte flow was in the upward direc-
tion; parallel to the current. The packed bed electrodes were cylindhical in
shape with a 3.2 cm diameter and a thickness of 1;2_cd. The anode bed was
composed éf cylindrically shaped graphité chips (Poco Graphite Inc.) with a
void fraction of ca. 49% and a surface area/volume ratio of 8.5 cm?/cm3. The
cathode was a packed bed of amalgamated reaéent grade zinc shot (0.5 cm shot
~diameter) having a void fraction and specific surface area of ca. 45% and 6.6
cm2/cm3, respectively. Exterhal electrical contact was.made by a graphite rod
in the anode compartment and an amalgamated zinc rod in the cathode. 5 mm
diameter glaas beads above and below the electrodes were used to ensure a uni-
form flow distribution ih the packed beds. The anéde and éathode were
separated from one another and from the glass,beaas by perforated polypro=
pylene disks sandwiched between two sheets of nylon mesh screen. Reference
electrode probes were inserted through the body of the cell at the front faces

of the anode and cathode.

A second packed bed parallel current/electrolyte flow cell (shown in
Figure 5.4) was used for the paired electrocatalytic reduction/indirect oxida=
tion electrolyses. The cylindrical (6.7 cm diameter) flow cell was con-
structed of glass with a fine. porosity glass frit separating a 2.5 cm thick
graphite chip anode (same material as in the previously mentioned flow cell)
from the Raney nickel powder cathode (3 mm thick). The electrolyte flow was

in the downward direction to press the nickel powder against the glass frit.

!
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BPZ, generated electrochemically at the anode, was swept away from the cathode

by the flow of solution. A spiral wound nickel sheet (3 mm high) was imbedded
in the Raney nickel and electrical contact to the sheet was made by a nickel

plated aluminum rod.

The packed bed electrodes were inserted into a batch recycle reaction
loop (Figure 5.5) which normally consisted of a pump, flow meter, throttle
valve, hydrocyclone gas disengager and a holding tank (500—100 mf%) immersed in
a constant temperature water bath. The individual elements of the reaction
loop were connected by tygon tubing. The inventory of solution required to

fill the system was between 250 and 1200 m{.

Electrolyses in the zinc shot packed bed flow cell and the zinc plate
H-cell were performed at a constant cathode potential using either a Magna
Research Model 4700M or a Wenking ST72 potentiostat. Constant current experi-
ments were performed with the Raney nickel cathode H-cell and flow cell using
either a Sorensen DCR80#60B or Hewlett~Packard Harrison 6201B D.C. power sup=
ply. For all experiments the current was measured with a Simpson ultra high
sensitivity Microammeter; potentials were measured with a Keithley 610B Elec= .
trometer and a Keithley 168 digital multimeter; and the total charge passed
during an electrolysis was counted using a model 541 Koslow Scientifiec Co.

coulometer.
5.1.3 Preparation of Electrodes

The zinc metal shot and flat sheet electrodes were amalgamated using the
procedure described by Creighton [19]. Initially the electrodes were cleaned

with dilute nitric acid, rinsed thoroughly with distilled water then immersed
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in an aqueous mercurous nitrate solution to deposit mercury on the metal sur-
.face. After Qashing with distilled water metallic mercury was added dropwise
on the electrode; any excess mercury was wiped off aftér five minutes. Dirt
and grease were removed from the graphite electrodes by washing with either

dilute nitric acid or acetone then rinsing with distilled water.

A catalytically active Raney nickel cathode was prepared from Raney
nickel alloy powder (Alfa Products, 50/50 Ni/A% content) by adding the alloy
powder to a 17 wt% NaOH solution. On addition, an exothermic. reaction
occurred, with vigorous hydrogen evolution. After the evolution of hydrogen
slowed, the metal powder/caustic suspension was heated to 60°C for ca. one
hour. The solution was occasionally stirred, then allowed to cool to room
temperature.' The alkaline solution was then decanted and the nickel powder
washed several times with distilled water, uhtil the rinse water pH was neu-
tral. Raney nickel powder catalyst obtained in this way has an activity coms=
parable to that of W=2 [97]._ Prior to using the nickel powder in an H#cell or
flow cell electrolysis, adsorbed hydrogen atoms formed during the activation
process were rémoved by allowing the catalyst to stand in a 1.0 M glucése

solution for ca. 20 hours.

5.2 Quantitative Analysis .

’

In the earliest studies [25,31] of glucose reduction, products were
analyzed by separation of the componedts normally as their acetates or pyri-
dine complexes. The oxidation products were analyzed by separation of the
components as their calcium salts [34]. Later workers [19] who studied thg
reduction used GC analysis after silylation of the sugars. In‘the present

study the GC technique did not prove satisfactory, especially when analyzingl
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the products formed in the paired reactions, Consequently, it was decided to
use HPLC as the analysis technique. After trying a number of different
columns, two cation exchange columns ‘were found to be satisfactory. For
analysis of glucose énd its reduction products, the cation exchange.resin in
its calcium ion form (Bio-Réd's HPX-87C) was used. The column was thermostat-
ted at 80°C; the solvent was water. The compounds were analyzed using a
refractive index detector. On this column gluconic acid is eluted as a broad
ill-defined peak and so a second column was used for the analysis of the oxi-
dation products. This is the same type of cation éxchange column but in its
hydrogen ion form (Bio—-Rad's HPX*87H). For compléte separation of glucose and
its reduction products a UVadetector was used (wave length 216 nm). The
eluent for this column was 0.01 N sulphuric acid. This column requires no
external heating and analyses are carried out at room temperature. Confirma-
tion of the products was ach;eved by comparing with the retention time of
authentic samples available commercially. Sample concentrations were deter#
minedlfrom calibration curves obtained using prepared samples of known concen-

tration.

The current efficiency for both sorbitol and gluconic acid is given by:

moles of product formed x 2 x 96500 x 100

current efficiency (%) = charge passed

(5.1)

Sorbitol and gluconic acid yields were calculated from Equation (5.2).

; _ moles of product formed
Yield (%) = moles of glucose consumed x 100

(5.2)

When examining the results obtained in all of the paired synthesis

experiments in an undivided cell it should be remembered that as glucose is
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the substrate for both oxidation and.reduction, it should theoretically be
consumed -at a raté of one faraday per mole, although the individual reactions
require two faradays per mole. For the same reasoh‘the'maximum theoretical
yield for sorbitol, as defined by Equation (5.2),.is 50%, the other 50% of the

glucose should appear as its oxidation product, gluconic acid.
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6.0 RESULTS AND DISCUSSION

6.1 The Direef Reduction/Indirect Oxidation g{ Glucose

Preliminary divided H=cell and packed bed flow cell experiments, which
have been reported by the present authoes elsewhere [11,48], showed that at
25°C a 0.8 M glucose-0.8 M NaBr solution could be electrolyzed in a parallel
configuration packed bed flow cell (cf. Figure 5.3) to produce both sorbitol
and gluconic acid. The initial flow cell paired syntheses were‘carried out
with an amalgamated zinc shot cathode (direct reduction); a graphite chip
anode, a constant cathode (front. face) potential of 52.1 V vs. SCE and an
electrolyte flow rate of 0.8 &/min (a ca. 22 secohd.residence time outside the
electrochemical cell).v When the solution bH_was'maintained at 11, gluconic
acid yields and current efficiencies at 0.4 F/mole were high (ca. 30%* and
80%, respectively) but the sorbitol yields and current efficiencies were low
(20%* and 35%, respectively) due to hydrogen evolution and the formation and
subsequent reduction of fructose to products other than sorbitol. When the
solution pH was lowered to 7, the_sorbitol yields increased to 34% and the
gluconic acid yields increased to 47% but the sorbitol and gluconic acid
current efficiencies decreased to 20% and 65%, respectively. Current losses
were attributed to hydrogen evolution and a parasitic Gﬂgluconolactone/glucose

redox couple.

The results presented below are from recent experiments, whose purpose
was to: a) increase sorbitol and gluconic acid current efficiencies at pH 7

by minimizing current losses due to §-gluconolactone reduction and hydrogen

¥The maximum theoretical yield is 50%.
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evolution and b) examine the use of CaBr‘2 as an alternative supporting elec-

trolyte to NaBr.
6.1.1 The §-Gluconolactone/Glucose Parasitic Redox Couple'

The electrooxidation of glucose to gluconic acid is bélievéd to proceed

via a gluconolactone intermediate [49], as shown in Equation 6.1.

CHO

- _ ~ COOH
H ——O0H H —— OH H —+—OH
HO —— H _ - HO S —+
Br, HO H +OH HO H
H4—O0H —p H ——OH ‘_—O'l;_ H——o0H" CHD
H —— OH H— ) H——O0H
CH,OH :
2 CH,OH CH,,OH

Glucose ~ §-Gluconolactone Gluconic Acid

Fedoronko [13] has réported that lactones can be reduced to.the corresponding
aldoses at a mercury cathode. Since the hydrolysis of &§-gluconolactone is
acid-base catalyzed [50], the low gluconic acid current efficiencies and some
of the current lost at the cathode for a pH 7 électrolyéis may be due to 6- -
gluconolactone exiting the ahode, circulating through éhe external reaction
loop of the experimenfal appabatus (Figure 5.5) and reentering the cathode
compartment where it is reduced. Since the lactone is reduced back to glucose

there is no loss in product yields.

To examine this hypothesis furthér,-a series of H;cell exbériments were
performed to determineithé electroreducibility of G-gluconoiactone. Figure

6.1 shows the i-E curves for the reduction of a 0.15 M .§-gluconolactone 0.8 M
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Fig 6.1 The effect of pH on the electrochemical reduction of
6 -gluconolactone (Zn/Hg cathode, T=269°C)

O 0.8M NaBr, pH=7

A 0.8M NaBr and 0.15M . $§-gluconolactone, pH=9
B o.8m NaBr and 0.15M 6-pluconolactone, pH=6
0J 0.8M NaBr and 0.15M - 8-pluconolactone, pH=4.5
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NaBr solution at pH 4.5, 6 and 9 using a.Zn(Hg) cathode. These results indi-
cate that: 1) at the normal cathodic opebating potential in the packed bed

flow cells (-2.1 V vs. SCE), the current densities for lactone reduétion (30

mA/cm® at pH 4.5 and 20 mA/cm? at pH 6) are considerably higher than the glu~-
cose reduction current (reported previously [48] to be ca. 10 mA/cm? at -2.1 V:
vs. SCE) and 2) at pH 9 there is no measurable reduction current for the lace
tone, presumably bécause at this pH the hydrolysis to gluconate is fast and

the resulting gluconate (as well as gluconic acid) are known from previous

experiments [11,48] to be nonelectroreducible.

Current=potential data for lactone reduction were also obtained at vafiP
ous times after preparing a 0.15 M §-gluconolactone solution (pH = 6.5). The
results, shown in Figure 6.2, indicaté that at this pH value the lactone
slbwly,hydrolyzes to the acid. After 3.5 houfs there is no longer any lactone
present iﬁ éhe eléctnblyte and the measuréd.current»is equal to'thé packgfoUnd

(H2 evolution) current.

Based on the low lactone reduction currents in Figure 6.1, two paired
synthesis éacked bed flow cell experiments were performed in which the solu=
tion pH was constantly mohitored (by inserting a pH probe into the external
circulation loop) and maintained‘constant (by addition of NaQH) at either 8.0
+ 0.5 or 9.0 + 0.3. It was hoped that at‘these solution pHs, lactone reduc-
tion would be eliminated and fructbse formation minimized. Tﬂe initial elec-

_trolyte composition for both pH experiments was 0.8 M glucose and 0.8 M NaBr.
The Eesulting sorbitol and gluconic acid current efficiencies at pH 8 and 9
were essentially the same as those found at pH 10.5, i.e. high gluconic acid

current efficiencies and yields (ca. 70% and ca. 45% at 0.4 F/mole, respecs
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tively) and low sorbitol current efficiencies and yields (ca. 30% and 20% at
0.4 F/mole, respectively). HPLC analysis of electrolyte samples detected the
presence of both fructose and 2-deoxysorbitol (formed by fructose reduction).
Mass balance calculétions showed that séme of the initial glucose could not be
accounted for after adding the concentrations of pfoducts, by=products and
unreacted glucose detected by HPLC. The general conclusion that can be drawn
from these experiments is that the electrolyte pH must be maintained at ca.
7.0 and some other method must be found for increasing the rate of &=

gluconolactone hydrolysis.

Another method for increasing the rate of lactone hydrolysis is to main-
tain the electrolyte, after exiting the electrochemical cell, at a high tem~
perature for a specified period of time. The possibility thét this technique
mighﬁ succeed was reinforced by a literature value for. the lactone hydrolysis
reaction activation energy of 15 kcal/mole, for the témperature range 20-25°C
[51]. To test the high temperature hypothesis, a series of divided H=cell
experiments.were performed in which a 0.15 M §-gluconolactone and 0.8 M NaBr
solution was maintained at either U45°C ob 55°C-for ca. 30 minutes during which
time cathodic currents at «2.1 V vs, SCE were periodically measured. The
solution pH was maintained constant at 6.7 + 0.4. The experimentally measured
current density/time curve at 55°C is shown in Figure 6.3. Afﬁer 8-10 miﬁutes
the current density decreased from‘an initial value of 55 mA/cm® to normal
background current densities of ca. 2.5 mA/cmZ. The decreasing currents
correspond to the decreasing concentration of lactone in solution. At U45°C, 20
minutes was required to convert the lactone to gluconic acid. 1It, therefore,
appeared that by performing the paired syntheses at a "high" temperature, the

parasitic lactone/glucose redox couple could be eliminated.
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To ensure that no Gfgluconolactone\entered the cathode compartment of
the packed bed flow cell during a paired synthesis experiment, the electrolyte
after exitiﬁg the anode was kept in a 55°C ?onstant temperature hoiding tank
for approximately 10 minutes. The size of the holding tank was dictated by
the volume and volumetric flow rate of electrolyte in the batch circulation
loop. The velocity of the sblution in the packed beds.must also be kept high
enough to sweep electrochemically generated Br2 away from the cathode. High
solution velocities and adequate residence times outside the cell were
obtained by using a packed bed flow cell with a 3.2 cm diametér, a 0f15 £/min
volumetric flow rate of electrblyte and a total solution volume in the circu=
lation loop and holding‘tank of 1.5 liters. A "high" temperature (58°C) long
residence time (10 minutes) packed bed flow cell paired synthesis experiment
was performed with an initial electrolyte composition of 0.8 M glucose and 0.8
M NaBr. The solution pH was continuously monitored during a constant poten=
tial (=2.1 V vs. SCE) electrolysis and was maintained constant at 6.8 + 0.3 by
addition of NaHCO3.V The resulting sorbitol and gluconic acid current effi=
ciencies are plotted as a function of the charge passed in Figure 6.4. For
comparison purposes current efficiencies from a 25°C, short residence time
experiment are also shown in Figure 6.4. 1Increases of 20430% in both the sors=
bitol and gluconic acid current efficiencies for the "high" temperature elec-
trolyses indicate that the parasitic é-gluconolactone/glucose redox couple has
been eliminated. Gluconic acid current efficienciés greater than 100% for the
58°C electrolyses are believed to be due to errors in the HPLC analysis tech~-
nique. The current losses at the cathode are attributed to hydrogen evolu=

tion.
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6.1.2 The Use of CaBr’2 as supporting Electrolyte

The preferred supporting electrolyte for the paired synthesis of sorbi-
tol and gluconic acid is CaBr, because the low solubility of the oxidation
product (calcium gluconate) would facilitate the separation of products, sup=
porting electrolyte and unreacted glucose downstream from the electrochemical
flow cell, During the initial phase of this research pr'oject,vCaBr2 was
tested as a supporting electrolyte for glucose reduction at high pH and
ambient temperature. The constant potentiai reduction 6f glucose in a divided
H-cell with CaBr, at pH 10 and 25°C resulted in a sorbitol current efficiency
of 119 at 0.47 F/mole [11]. The current losses were primarily due to hydrogen
evolution. Some current was also consumed by the reduction of fructose

(formed by the base catalyzed isomerization of glucose).

In order to evaluate CaBr, as a supporting electrolyte at pH 7 and 55°C,
a series of i»nE potentiostatic polarization measurements and constant poten-
tial reduction experiments were performed in a divided H-cell using én amal-
gamated zinc cathode. The H-cell was immersed in a 55°C constant temperature
water bath and the catholyte pH was maintained.at 7.2 £+ 0.5 by addition of
HBr. The resulting i~E curves for reduction of glucose are shown in Figures
: '

6.5 and 6.6. For comparison purposes Figure 6.5 also contains cathodic polar-

ization data for NaBr supporting electrolyte.

The initial i-E bolarization experiments compared the rate of hydrogen
evolution in NaBr and CaBr, electrolytes. Curves A and B in Figure 6.5 show a
decrease of ca. 80 mV in the hydrogen overpotential for a 0.4 M CaBr'2 electro=~
lyte, as compared to 0.8 M NaBr. Upon addition of glucose to the 0.4 M CaBr2

solution, a large increase in current was observed (curve F). Normally, this
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increase in current is attributed to glucose reduction and, based on curves B
and F, the current efficiency for glucose reduction was calculated to be 96%
at ~1.7 V vs. SCE. This high sorbitol current efficiency was unexpected since
high temperature, neutral pH electrolyses with NaBr produced sorbitol current
efficiencies of only 40-60% (cf. section 6.1.1). Also, as previously men=
tioned, a glucose/CaBr, constant potential electrolysis at pH 10 gave low sor=
bitol current efficiencies. 1In an effort td explain the discrepancies in
current efficiencies between i-E polarization experiments and constant poténﬂ
tial electrolyses, a constant cathodic potential (%1.7 V vs. SCE) electrolysis
was performed in a divided H-cell ét 55°C and pH 7 using an initial electro=
lyte of 0.8 M glucose and 0.4 M CaBr,. After 6.2 F/mole the sorbitol current
efficiency was calculated to be 32%. This lower current efficiency for glu~
cose reduction is attributed to an anodic shift in the hydrogen evolution i-~E
curve due to the presence of glucose and sorbitol. It was reported in earlier
H-cell experiments [11,48] that the presence of glucose caused an anodic shift
in the potential at which H, evolution was visually observed. The effect of
sorbitol (0.5 M) on hydrogen evolution with CaBr‘2 supporting electrolyte (0.4
M) is shown in Figure 6.6. The large increase in current after‘addition of
sorbitol is not due to sorbitol reduction; it was established early in our
work that sorbitol was not electroreducible. The presence of sorbitol, how-
ever, does appear to increase the rate of hydrogen evolution, for reasons not

well understood at this time.

The effect of gluconate ions on the rate of hydrogen evolution and glu-
cose reduction is shown in Figure 6.5. When either calcium or sodium glu~
conate is added to a 0.4 M CaBr, catholyte, the current density, for a given

potential, increases signifiéantly above the CaBPZVbackground (curves C and D,
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as compared to curve A). As_ in the case of sorbitol,Ait was determined ear-
lier [11,48] that gluconic acid is not reduced at an amalgamated zinc cathode.
Hence, gluconate ions in the presence of CaBr'2 also cause a decrease in the
hydrogen overpotential on amalgamated zinc. No anodic.shift in H2 evolution
was observeq¥when sodium gluconate was added to NaBr catholyte (curves A and

A' in Figure 6.5).

Calcium gluconate in CaBr, supporting electrolyte also decreases the
rate of glucose reduction, as shown by the lower current densities in curve E
of Figure 6.5 compared to curve F. The conclusions that can be drawn from the
H=cell experiments are that sorbitol and gluconate ions, in the presence of
CaBrZ’ increase the rate of hydrogen evolution on amalgamated zinc. Gluconate
ions also decrease the rate of glucose reduction. The problems associated
with a buildup of sorbitol and gluconate ions in the electrolyte may be
resolved when a scheme for removing products, at least semi#continuously, is

devised (cf. Section 6.3).

CaBr2 was also used as supporting electrolyte in undivided packed bed

flow cell paired synthesis experiments. Prior to these experiments, the rate
of hydrolysis of §=gluconolactone in a CaBr2 electrolyte was determined. As
discussed in Section 6.1.1, the lactone oxidation intermediate must hydrolyze
to giuconic acid before contacting the cathode. To determine the time
required to hydrolyze &-gluconolactone at 55°C and pH 7 in the presence of
CaBP2, a solution of 0.15 M 6-gluconolactone and 0.4 M CaBr'2 was electrolyzed
in a divided Hecell. A constant potentiel of =1.8 V vs. SCE was applied to a
Zn(Hg) cathode and currents were periodically recorded over a period of 10

minutes. The measured current densities decreased from an initial value >55
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mA/cm? to 2.0 mA/cm2 in 3 minutes as the electroactive lactone hydrolyzed to

gluconic acid.

Highvtemperature, neutral pH paired synthesis experiments were performed
- in the packed bed flow cell shown in Figure 5.3 using an amalgamated zinc shot
cathode and a graphite chip anode. The initial electrolyte composition was 0.8
M glucose and 0.4 M CaBr,, the electrolyte temperature was 55°C and the solur
tion pH was maintained constant by addition of Ca(OH)Z. The volumetric flow
‘rate (0.2 #/min) and electrolyte volume in the batch recycle reactidh loop
.(660 m) were chosen to ensure a 3 minute residence time in the holding tank.
The results of three constant cathode potential (either =1.95 V.or -1.70 V vs.
SCE) electrolyses are shown in Table 6.1. High gluconic acid current efficien= -
cies at both ~-1.70 V and =1.95 V vs. SCE indicate that the 6-gluconolactone
oxidation intermediate is being completely hydrolyzed in the holding tank
‘(oxidation current efficiencies greater than 100% are due to errors in the
HPLC analysis technique used to determine gluconic acid concentrations). The
low sorbitol current efficiencies (compared to those obtained with NaBr) were
essentially constant when the cathode potential was changed from #1,95 V to
#1.7 V vs. SCE. Cathodic current losses were due solely to hydfogen evolution
in experiment #1. In experiments #2 and #3 current losses were primarily due
to H2 evolution, however, small amounts of fructose and 2-deoxysorbitol were
found in electrolysis samples. From mass balance calculations of products,
by=products and unreacted glucose present in solution samples at 0.3 F/mole
(exps. #2 and #3), 100% of the starting glucose could be accounted for. The
low sorbitol and high gluconic acid yields in Table 6.1 are due to the fact
that glucose was consumed primarily at the anode (product yield is'defined as

the ratio of moles of product formed to moles of glucose consumed) and not due
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Table 6.1
Performance of the Glucose Paired Reactions

Using CaBr2 as Supporting Electrolyte

Exp. # Cathode pH Charge Current Efficiency (%)  Product Yields (%)
Potential : Passed Gluconic Sorbitol Sorbitol Gluconic

(V vs. SCE) (F/mole) - Acid Acid

1 -1.95 6.810.3 0.076 95 - - --

0.15 101 7.0 -- -

0.22 103 9.0 - -

0.30 91 9.0 - -

2 -1.70 . 7.0+0.5 0.1 96 22 12 . " 53

0.2 89 20 - 15 _64

0.3 108 16 12 77

3 -1.70 7.040.5 0.3 100 20 12 7Y



to by-product formation. These results show that there will be significant
losses in the electrochemical efficiency of the paired synthesis if CaBr'2 were

to be used as supporting electrolyte.
/

6.1.3 The Use of Quaternary Ammonium Salts to Suppress Hydrogen Evolu=
tion

One method for increasing the sorbitol current efficiencies in the glu~
cose paired synthesis with CaBr, js to add a small amount of a quaternary
ammonium salt (RuN+Br’) to the electrolytic solution. Quaternary ammonium
salts are used in many electrororganic syntheses, e.g., the reduction of
' acrylonitrile to adiponitrile, to suppress hydrogen evolution. It has been
proposed [52] that this takes place by the formation ofva hydrophobic region
near the cathode made up of the quaternary ammonium cations, brought there by
electrostatic attraction. This hydrophobic layer limits the amount of water
contacting the cathode, thus reducing the rate of hydrogen evolution.
Tetraethylammonium bromide as supporting electrolyte for the glucose paired
reactions was studied early on in this research program [11,48]. The results
of divided H=cell reduction experiments showed that tetraethylammonium bromide
decreased both the rate of hydrogen evolution and glucose reduction; increased
sorbitol current efficiencies were not observed. It was hypothesized that the
tétraethylammonium_ions formed a nonpolar organic layer near the electrode,
excluding glucose as well as water, If this were the case, the use of a more
polar quaternary ammonium salt, such as triethylethanolammonium bromiQe or
ethylntrietﬁanolammoniumlbromide, as supporting electrolyte may adequately
suppress the evolution of hydrogen withouf affecting the rate of giucose
reduction. If the size of ﬁhe tetraethylammonium ion were preventing glucose

from contacting the electrode surface, the use of a smaller quaternary
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ammonium cation such as the tetramethylammonium ion may result in an increase

in" the sorbitol current efficiencies.

A series of i=E potentiostatic polarization measurements and constant
potential electrolysis experiments were performed in a divided H=cell to
determine the effect of triethylethanolammonium bromide, ethyltriethanolam-
‘monium bromide and tetramethylammonium bromide on glucose reduction and hydros
gen evolution. Ethyltriethanolammonium bromide was synthesized by refluxing |
equimolar amounts of triethanolamine and ethyl bromide in an acetonitrile sol-
vent. The quaternary ammonium sait was then recrystallized four times in an
absolute ethanol/diethyl ether mixture. Product purity‘was'checked by thin
iayer chromatography. Triethylethanolammonium bromide was synthesized by
refluxing equimolar amounts of N,N=diethylaminoethanol and ethyl bromide
without solvent. Purification was achieved by recrystallizing the salt four
times in a mixture of isopropanol and diethyl ether. Product’purity was
checked by a melting point determination (254-255°C vs: a literature value of
256°C [53]) and by thin layer chromatography. Tetramethylammoniun bromide was
purchased from Aldrich Chemicals at 98% purity. The salt was further‘purified

by recrystallization from methanol.

In all divided cell reductipn experiments the cathode was an amalgamated
zinc plate, the initial glucose concentration was 0.8 M, the electrolyte tem=
perature was 55°C and the pH was maintained constant at 7.0 + 0.5. . Background
(H2 evolution) i-E curves for CaBr2 and the three quaternary ammonium salts
are shown in Figure 6.7. The onset of hydrogen eyolutioh was visually
observed at =1.80 V vs. SCE when the electro;yte contained either CaBr2 or

triethylethanolammonium bromide. Hydrogen evolution was observed at =2.0 V
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vs. SCE when tetramethylammonium bromide and ethyltriethanolammonium bromide
were tested. This cathodic shift of 200 mV in the onset of hydrogen evolution

(as compared to that for CaBrz) was not observed with NaBr and’tetraethylam-

monium bromide [11]. ‘ ' S

¥
L

Figure 6.8 sﬁows the i~E curves for glucose reduction in the presence of
the quaternary ammonium salts. Sorbitol current efficiencies, as determined
by the total (glucose reduction and H, evolution) currents in Figure 6.8 and
the background currents in Figure 6.7, are as follows: triethylefﬁanolamr
monium bromide; 48.9% at -1.8V vs. SCE and 70.3% at -2.0 V vvs. SCE, ethyl-
triethanolammonium bromide; 47.4% at =1.8 V vs. SCE and T1.7% et 72.0 V vs.
SCE and tetramethylammonium bromide; 85.3% at =1.8 V vs. SCE.and 94.3% at =2.0

V vs. SCE.

" Constant potential-electrolyses of glucose (O'a*M) at an amalgamated
zinc cathode were performed ueipg either a quaterhary ammonium salt or a
quaternary ammonium salt/CaBr, mixture as suppofting electrolyte. The result-
ing sorbitol current efficiencies arevlisted in Table 6.2. For comparison
purposes the sorbitol current efficiency usinigACaBr'2 as supporting electrolyte
is also 1isted; Reduction curkeﬁt efficiencies were determined by HPLC
analysis of solution samples for sorbi£01, Approximately 10% of the current
~losses for glucose reduction were due to the formation and subsequent reduc=
tion of fructose. The'remaining current wasulost to hydrogen evolution. The
sorbitol current efficiencies in Table 6.2 are lower than those calculated
from the i~E curves in Figures 6.7 and 6.8 because glucose causes an anodic

’

shift in the hydrogen evolution i=E curve. This phenomena was previously

-

observed in this laboratory with NaBr and CaBr2 supporting electrolytes. The
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Fig. 6.8 Current density-potential curves for glucose reduction
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Table 6.2. Effect of Supporting Electrolyte on Sorbitol Current
Efficiency (T = 55°C, pH 7, 0.8 M initial glucose concentration)

‘Supporting Electrolyte Cathode Potential Charge Passed Sorbitol Current

Efficiency
(V vs. SCE) (F/mole) (%)

0.2 M tetramethyl- -2.0 0.2 25
ammonium bromide ‘ '
0.2 M ethyl-triethanol- - =2.0 0.2 ' 30
ammonium bromide
0.2 M triethyl-ethanol- . =2.0 - 0.1 30
ammonium bromide -
0.2 M triethyl-ethanol- “1.7 0.2 16
ammonium bromide
0.1 M triethyl-ethanol- -1.7 0.2 25
ammonium bromide and
0.4 M CaBr

2
0.1 Methyl-triethanol- 1.7 0.1 - 30
ammonium bromide and ’
0.4 M CaBr

2
0.4 M CaBr, -1.7 0.2 . 32

2



results in Table 6.2 clearly show that there is no improvement in sorbitol
current efficiency with any of the quaternary ammonium salts.tested. The more
polar quaternary ammonium salts tested in the present study appear to behave
like tetraethylammonium bromide, i.e., they reduce both hydrogen evolution and

‘glucose reduction.

6.2 The Electrocatalytic Reduction/Indirect Oxidation of Glucose

6.2.1 The Electrocatalytic Reduction of Glucose in a Divided H=Cell

In an effort to improve the current efficiencies for sorbitol produc=
tion, the direct reduction method was replaced by én electrocatalytic hydroge-
nation scheme using a Raney nickel powder cathode. The preliminary electroca-
talytic reduction experiments wefe performed in a divided Hwcell with an ini;
tial électrolyte composed of 1.6 M glucose and 0.4 M CaBrz, The electrolyte
temperature was maintained at 60°C by immersing the H-cell in a constant tem=
perature water bath and the solution pH was kept constant at ¢a. 7.0 by addis
tion of HBr. Electrolyses were carried out at a constant applied current. At
the conclusion of an electrolysis, samples were removed from the catholyte and

analyzed for reactant and product(s) by HPLC.

The results of a series of glucose electrocatalytié reduction experi=
ments are shown in Table 6.3. The sorbitol current efficiencies are 50-400%
higher than those reported in the literature [25] and presented in Sections
6;1.1, 6.1.2 and 6.1.3 for the direct reduction of glucose. Current losses
for the electrocatalytic reduction of glucose at 0.2 F/mole are primarily due
to the formation of 2~deoxysorbitol, with some current (5-10%) consumed by H

2

evolution. The selectivities in Table 6.3 are the relative amounts of product
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Table 6.3

The Constant Current Electrocatalytic Reduction of Glucose
Initial Catholyte = 50 mf of 1.6 M glucose and 0.4 M CaBr

Cathode = 2 grams Raney nickel 2.
T = 60°C
Exp. Applied Curren£ Charge Passed Selectivity (%) o Sorbitol Current Mass
No. (ma) (F-mole glucose ) Fructose 2=deoxysorbitol  Sorbitol Efficiency (%) Balance
1 200 0.2 24 9 T 6T 83 103
0.4 29 13- 58 ' 61 107
2 300 0.2 14 , 8 78 76 =
3 . 200 : 0.2 29 12 59 70 90
y2 200 0.2 - 39 = - 61 _ 60 , 84

a ~ Saturated NaHCO. was used as supporting electrolyte.and the solution pH = 8.5. _
b = Total concentra%ion of products and unreacted glucose compared to the initial concentration of glucose.



and by-product(s) defected in thé electrolytic soluﬁion aftér the paésage of
either 0.2 or 0.4 F/molg pf glucose. ‘Fructose is formed dﬁring an electro#
lysis by the base-catalyzed isomerization of glucose (the local solution pH in
the nickel powder bed increases above 7.0 as protons are discharged). 2=
deoxysorbitol.is formed by the subsequent reductioniof fructose (a 4e”-
transfer reaction) at Raney nickel. pH excursions and fructose formation
could be minimized by performing the reduction in a flow céll, where the
residence time Qf solution -in the nickel powder bed is short.‘ In experiment
2, 26% of the current lost after 0.4 F/mole can be attributed to H, evolution;
the remainder (13%) to 2~deoxysorbitol formation. The increased amount of H,
evolution may be due to éatalyst deactivation by adsorbed glucose or reduction
products. Experiment 4 in Table 6.3 lists the results from a buffered, high
pH (8.5) electrolysis with NaHCO3 as supporting electrolyte. As expected, |
large amounts of fructose formed.  No 2#deoxysorbitol, however, was detected.
The low mass'bélﬁnce for experiment 4 indicates thét some by-product(s), not
observed by HPLC analysis, was produced during the electrolysis. Low mass
balances wére also found when fructose or glucose (at high pH) was directly
reduced at a high hydrogen overpotential metél cathode [11,48]. At the

present time the qurrent losses in experiment 4 are attributed to the evolu=-

tion of hydrogen and/or the electrosynthesis of the unknown by=product(s).

An additional cohstant current divided H-cell electrolysis was performed
to determine whether glucdﬁic acid would be reduced at ahRaney nickel cathode.
The catholyte initially contained glucose (1.6 M), gluconic acid (1.0 M) and
CaBPZ (0.4 M). After passing'O.Z F/mole the catholyte was anélyéed for glu-
cose, sorbitol and gluconic acid by HPLC. " Sorbitol was'formed during the

electrolysis and the gluconic acid concentration remained unchanged. Thus,
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glucose is selectively reduced in the presence of gluconic acid at a Raney
" nickel cathode and the electrocatalytic reduction ‘method of'producing sorbitol

can be incorporatedAinto an undivided flow cell paired Synthesis.

6.2.1.1 The Electrocatalytic Reduction of Xylose and Fructose = In an .

effort to expand the applicability of the glucose paireq synthesis to the
industrial processing of other sugar compounds, two new paired syntheses were
devised. 1In one, Xylose, a five carbon monosaccharide, is used as starting
material. Xylitol would be synthesized at a Raney nickellqathode and'calcium
xylonate would be made at a graphite.chip anode (by indirect gxidation via
hypobromite). A second variation of the glucose paired synthesis_woqlq use .
invert sugar (a mixture of glucose and fructose, formed by.the hydrolysi§ qf
sucrose) as starting material with sopbitol and mannitol being formed at an .
electrocatalytic powder cathqde and calcium gluconate producgd qp‘a graphitg_
chip anode. At the present time the hydrogenation of xylose to xylitol [54]
and fructose to a mixture of sorbitol.and mannitol [55] is performed by a
chemical catalytic process at high temperatures (80~140°C) and high'H2 pres=
sures (20=-140 atm) using Raney nickel, supported nickel or ruthenium

catalysts.

The electrocatalytic reduction experiments with xylose and fructose wéfe
carried out in a divided H=scell using the same experimental brocédubeé dis-
cussed in Section 5.1.1.3 and aboveifor the electrocatalytic reduction of glu-
cose. The initial electrolyte contained either 0.5 M xylose and 0.5 M CaBr2
or 1.0 M fructose and 0.4 M Na,S0y. .The catholyte pH was maintained constant
at ca. 7.0 by addition of either HBr or stou, respectively. Electrolyte sam-

ples were analyzed for reactant, products and by-product(s) by HPLC.
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The results of the *ylose and fructose eleqtrocatalytic reduction exper=
iments“are shown in Table 6.4. The xylitol current efficiencies are higher
than those obtained by the direct reduqtion of xylose to xylitol at a lead
cathode, i.e., 30% [56]. The only product found in solution by HPLC analysis
was xylitol. The low méss_balances, however, indicate that other product(s),
as yet unidentified, formed during the electrolysis. These unknown
compound(s) could be the product(s) of electrochemical reactions and‘thus
would explain (along with H, evolution) the 29-37% loss in current efficiency. '
The results of the fructose experiments show that 2sdeoxysorbitol is the pri~
mary reduction product. The high current efficiencies for sorbitol, however,
imply that 2~deoxysorbitol was not produced electrochemically. 2=
deoxysorbitol could have been catalytically synthesized if adsorbed H (formed
during catalyst activation) were present on the Raney nickel. H atoms how=
ever, were presumably removed pripr to the electrolysis, as discussed in Sec-
tion 5.1.3. The discrepanbies between the sorbitol current efficiencies and
the amounts of 2-deoxysorbitol formed cannot be explained at this time. Addi=
tionally, only 59% of the initial fructose could be accounted for by a mass
balance calculation of reactant and products detected by HPLC. Similar low
mass balance results were observed in the pH 8.5 electrocatalytic reduction of
glucose and in the direct reduction of fructose at a Zn(Hg) cathode [11,48].
It may be possible to improve the broduct yields for fructose reduction by
using a different metal powder electrocatalyst. Ruthenium has been shown to
be the most effective catalyst for the chemical hydrogenation of fructose [57]
and it should be examined as a powder cathode for the electrocatalytic reduc-

tion.
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Initial Electrolyte

Table 6.4°

The Electrocatalytic Reduction of Xylose and Fructose

Cathode - 6.0 grams Raney nickel
T = 60°C

[N

Charge Passed Selectivity (%)

Xylitol Current

Mass

Composition (F/mole reactant) Xylitol by-products Efficiéncy (%) Balance (%)
0.5 M Xylose and 0.15- . _ 100 - 71 T4
0.5 M CaBr‘2 ’ :
0.36 100 - 63 4y, 3
Selectivity (%) . Sorbitol Current Mass

Sorbitol  2-deoxysorbitol Efficiency (%) Balance (%)
0.230 (exp. #1) 32 68 67 59
81 59

0.210 (exp. #2) 43 57



6.2.2 Paired Synthesis in an Undivided Flow Cell

A series of constant current glucose paired synthesis experiﬁents were
performed using a Raney nickel powder cathode, a graphite chip anode and the
parallel current/electrolyte flow configuration packed bed flow cell shown in
Figure 5.4, 1In all electrolyses the initial glucose concentration was 1.6 M,
the supporting electrolyte was 0.4 M CaBr, and the electrolyte temperature was
maintained constant at ca. 60°C. The solution pH was kept constant during an
electrolysis by addition of Ca(OH),, The electrolyte volume in the batch
recycle reaction loop and flow rate were chosen to ensure an adequate solution
residence time outside the eleeprochemical flow cell to allow §-gluconolactone
to hydrolyze to gluconic acid. The cathode was composed of 10 grams of
activity W=2 Raney nickel powder. The same Raney nickel was used in all flow
cell experiments. After one electrolysis and prior to the next flow celi
experiment, the nickel powder was thoroughly washed with distilled water.
During an electrolysis, solution samples were periodically removed and

analyzed for glucose, sorbitol, gluconic acid and by-products by HPLC.

The results of seven paired synthesis experiments are listed in Table
6.5. In experiments 1-6 the initial glucose concentration was allowed to
decrease during an electrolysis as glucose was converted to sorbitol and glu-
conic acid. The glucose concentration in experiment 7vwas maintained constant
at 1.6 M by periodically adding glucose powder to the electrolytic solution.
The applied constant current, flow rate and residence time of solution outside
' the electrochemical celléwere varied in experiments 1-7, as shown in Table

6-5-
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Table 6.5

Performance of the Glucose Paired Synthesis Using a Raney Nickel
Cathode in an Undivided Flow Cell
Temperature: 60°C
Anode: Graphite; Cathode: 10 grams Raney nlckel powder
Initial Electrolyte Composition: 1.6 M Glucose and 0.4 M CaBr

2

Exp. No. I (mA) - Flow RatF -Residence Time pH Current Efficiencies (%) at 0.3 F/mole
: ' (mﬁ min (min) ‘ Reduction Oxidation

1 1000 20 20 -5 88 : 85

2 500 20 20 6 64 86

3 250 35 7. 6 3, ' 98

4 250 100 6 7 1022 1012

5 500 100 6 6 79 106°

6, 750 100 6 775 - 109°

7 750 " 150 8 6 75 . ' 136

a - Current efficiencies at 0.2 F/mole.
b - The glucose concentration was maintained constant at 1.6 M.
¢ - Current efficiencies greater than 100% are due to errors in the HPLC analysis technique.



The sorbitol current efficiencies listed in Table 6.5 are significantly
higher than those found when glucose was directly reduced at Zn(Hg) using.
either CaBr, (20%, cf. Table 6.1) or-NaBr (40-60%, cf. Figure 6.4) as support-
ing electrolyte. The yields for sorbitol in all of the Raney nickel‘ paired
synthesis experiments were quantitative due to the fact that the solution pH
was maintained at or below 7 (a mildly alkaline electrolytic solution results
in the isomerization of glucose to fructose and.the subsequent reduction of
fructose to 2=deoxysorbitol by a fourselectron transfer reaction). Cathodic
current losses in experiménts_where the electrolyte flow rate are 2 100
mi min~! are attributed to-hydrogen«evolution. Cathodic current losses in the
20 and 35 mf mi!n""1 flow rate experiments were due to hydrogen evolution and

the back diffusion of anodically generated Br2 into the cathode compartment.

The fact that -a sorbitol current efficiency of 100% was obtained in experiment

ﬂ under certain experimental conditions is of significant importance. The

implication is that by carefully choosing ‘the applied current and electrolyte
flow rate, current losses at the cathode can be totally eliminated. The

results in Table 6.5 show that at an electrolyte flow rate of 100 mQ min"1,

sorbitol curreht efficiencies increased fromj75%'to ;00% as the.constant
applied current was décreased froﬁ 750 to 250 mA. The currént efficiency data
can be.éxplained as fbllows: at a éonstant épplied éurrent, adsorbéd hydrogen
atomsvéré formed on the nickel powder surfaéé by the.discharée of brotons from
the adjécent solﬁtion.  The hydrogen atoﬁs can ﬁheh either cbﬁbiﬁe to form
hydrogen moleculés (which evolve from'the elecirode shrfécé és HZ gas) of
reéct'with glucose to_forﬁ‘sorbitol;‘ By increasing the applied current, ét'é

given solution flow rate throﬁgh the packed bed cathodé, the number of sdffaée

hydrogen atoms increases faster than the number of surface glucose molecules.

69



The net effect is a higher probability of two adsorbed hydrogen atoms combin~
ing to form H2ﬁ(i.e., a lower current efficiency for sorbitol). When the flow
rate of solution or the bu;k glucose concentration is increased at a given
applied current, the concentration of glucose at the nickel surface increases
while the rate of production of adsorbed hydrogen atoms remains constant. In.
this case the probability of adsorbed hydrogen atoms combining with glucose is
high. This thought experiment implies that 100% reduction current efficienn
cies could be obtained at very high applied currents (e.g., 1-3 amps per 10
grams of Raney nickel powder as opposed to the currents of 250 to 750 mA in
Table 6.5) by increasing the flow rate of electrolyte through the packed bed
and/or increasing the concentration of glucose in solution. éurther experis
mentation and a thorough theoretical analysis of the kinetics and mass
transfer processes which occur during the electrocatalytic hydrogenation of
glucose in a flow cell are needed to substantiate the 100% reduction current

efficiency hypothesis.

The gluconic aqid current efficiencies in Table 6.5 are ca. 100% when
the electrolyte flow rate was maintained at or above 35 m% min’1. In experi-
ments 1 and 2 the high currents and low flow rates led.to anédic current
losses by the back diffusion of electrogenerated Br2, Gluconic acid current
efficiencies greater than 100% are attributed to errors in the HPLC analysis
technique. Product yields for the oxidation half of the paired synthesis are

quantitative; no by-products were detected by HPLC analysis, hence no unwanted

side reactions were occurring.

It can be concluded from these experiments that near quantitative glu-

cose oxidation and reduction current efficiencies and yields can be obtained
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in an undivided continuous flow cell paired synthesis by the judicious choice
of applied‘curnent, glucose concentration aﬁd electrolyte flow rate. The key
improvement in this paired synthesis was the replacement of the Zn(Hg) cathode
(direct reduction mechanism) with an electrocatalytic_Raney nickel powder

cathode.

6.3 Development 92.5 Separation Scheme for the Glucose Pairéd Synthesis"
6.3.1 Ethanol Extraction Method

In Qrder for. the paired electrochemical synthesis of sorbitol and glué
conic acid to be a successful continuous industrial process, methods for con- -

tinuously separating unreacted glucose, sorbitol, calcium gluconate and CaBr2

must be found.

Initial experimenté focused on an ethanol separation scheme. _Etﬁanol
was used by’thé Atlas Powder 60. in theirteléctrochemical sorbifdl process5to.
separate.préduot from Supportinévelecﬁrolyte [19].'IThe solubili;ies'of the
organic and inorganic components of the paired syﬁﬁhesis product mixture indi-
cated that an ethanol separation might be feasible. The solubility of calcium
gluconate in water (0.07 M) and ethanol is low [58] whefeas CaBr'2 [58] and
glucose (0.25 M in 80% ethanol [59]) are‘highly soluble in ethanol. The solus
bility of sorbitol in‘ethanol is low at 0°C-(1.2 wt %) but increases to 4.63

wt % at L40°C [60].

The ethanol separation procedure envisioned for the glucose paired reac-
tions is as follows: the proddct mixture (sorbitol, calcium gluconate, CaBr2
and unreacted glucose) after exiting a bank of electrochemical cells is col=

lected and 95% of the water is removed by moderate heating. Absolute ethanol
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is then added to make a 95 volume % ethanol solution. Both CaBr‘2 and glucose
will dissolve in the ethanol. The sorbitol/calcium gluconate precipitate is

then filtered and washed with water to dissolve sorbitol.

To first determine whether sorbitol could be separated from glucose and
CaBr2, a separation experiment was performed using 100 m% of a 6.7 M sorbiiol
= 0.5 M glucose - 0.4 M CaBr, solution (total weight of solute = 31.3 grams).
Approximately 90% of_thé water was remo§ed by heating the mixture to 65°C.
Absolute ethanol was then added to make a 95 volume % ethanol solution. The
mixture was then heated to 60°C then cooled to room temperature. A white pre-
cipitate formed and was filtered, then dried under vacuum. Ten grams. of
solute were recovered. The composition of the precipitate (sample A, Table -
6.6) was determined by dissolving the solute in water and analyzing by HPLC.
1.2 grams of the solute were then washed twice with 10 m% of room temperature
ethanol. After each washing the precipitate composition was determined by
HPLC (samples B and C, Table 6.6). The results in Table 6.6 indicate that the

solubility of CaBr, in ethanol is too low for this separation method to be of
Table 6.6 Results of the Ethanol Separation Experiment

" Composition (wt %)

Sample CaBr, Glucose Sorbitol

initial 30.5 28.8 40,7

A 32.5 23.0 44,0

) B 32.0 24,0 44,0
c 4o.0 19.0 41.0
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any practical use. It does appear, however, that if CaBr2 wepe.first removed

from the product mixture, ethanol could be used to separate glucose and sorbi-~

tol.

-

Additional ethanol separétioh experiments were performed using solutions
with initial CaBr, (32-39 wt %), glucose (21-35%) anc_i sorbitol (16-47 w\: %)
compositions different than those listed in Table 6.6. After evaporating 95%
of the water, the mixtu;e was refluxed with hot ethanol for ca. 30 minutes
then allowed to cool to room temperature. The undissolved material was fil=
tered, added to water and analyzed by HPLC. In all of these experiménts CaBr‘2
was detected in the ethanol insoluble fraction. Thus, varying the composition
of the product mixture‘(e.g}; increasing the amount of glucose electrolyzed
before exiting the electrochemical flow cells) had no effect on the separaﬁion

of CaBr2 and sorbitol when ethanol was used as the extracting solvent.

Acetone was also examined as a possible solvent for separating CaBr'2 and
glucose from the electrolysis product mixture. The separation scheme with
this solvent would be the same as that for ethanol. The separation of a 31 wt
% CaBrZ, 29 wt % glucose and Ut wt % sorbitol mixture was attempted using the
same experimentai prbcedﬁre as that used with éthanol (i.e. evaporate water,
reflux with hot solvent then cool down). The results showed that acetone
behaved likexeﬁhanol in that some CaBr'2 was found with the qndissolved gl;cose
and sorbitol. Although the éolubility of pure, dry CaBr'2 in hot acetone is
high [58], it appears that when water and sorbitol are present, its solubility

decreases (water is present because only 95%'of the water from the product

mixture was removed before'adding the extracting solvent).
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The poor separation of CaBr, aﬁd sorbitol in ethénol was believed to be
due to a small amount of water present in the product mixture prior to the
addition of ethanol. To determine the effect of water on the ethanol sepafaﬁ
tiOh of CaBl"2 and sorbitol, sepafation experiments were performed using a dry
" powder. mixture of glucoée (6.0_grams), sorbitol (1.5 grams) and CaBr2 (3.0
grams). In one experiment the dry product mixture was placed in an extraction
thimble and 125 mf of hot absolute ethanol was refluxedlthrough the mixture
for three hours ﬁsing a_soxhlet extractor. The compositions of the undis=
solved soiid and ethanol fraction were determined by HPLC. A total of 4.1
grams of material remained undissolved after the extraction experiment, The
undissolvéd solid consisted of 0.01 gram CaByZ, 3.98 grams.glucose and 0.035
gram sorbitol. 2.76 grams of CaBr,, 1.83 grams of glucose and 1.44 grams of
sorbitol dissolved in the hot ethanol solvent. Although 99% of the CaBr2 was
removed from the dry powder mixture, @ost of the sorbitol also dissol?ed in

the ethanol, thus making this separation procedure unsuitable for the glucose

paired synthesis.

A second‘separation experiment was performed in which 100 m& of absolute
ethanol at Zébbcwés addedrto a dry powder mixturé of glucose (6.0 grams), sor-
bitol (1.5 gfams) and CaBrz (3.0 grams5. The mixture was stirred for ca. 5
hours without heating. HPLC analysis of the dissolved ethénol fraction shpwed
that all of the CaBr, dissolved in the ethanol whereas only 40% of the sorbi-
tol powder and 11% of the glucose dissolved. It thus.appears thét when all of
the water is Pemoved‘from the paired synthesis product mixture, ethanol at
ambient temperature can be_used to separate CaBr‘2 from glucose and‘sorbitol.

A dry product mixture can be obtained in an industrial scale paired synthesis

process by the use of a spray dryer.
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6.3.2 Membrane Separation Methods

The use of membranes for separating products, reactants and CaBr'2 in the
glucose paired synthesis was also investigated. Pressure driven membrane‘
separation schemes such as reverse osmosis (RO) and ultrafiltratién (UF) are
attractive because of the potential savings in operating costs (energy), as
compared to traditional industrial separation processes such as distillation.
In a RO separation process CaBr, would be rejected by the membrane. Since
organic alcohols can easily pass through most RO membranes [61], it was
thought that the rejection.of sorbitol would be low. An ultrafiltration mem-
brane rejects organic constituents based on molecular weight; hence CaBr

2

would pass through the membrane while glucose and sorbitol would be rejected.

All of the membrane separation experiments were performed on a radial
flow, flat plate reverse osmosis test cell using a 2 inch diameter membrane.
Two RO membranes {(an asymmetric cellulose di-triacetate (50/50) blended mem-
brane manufactured by Envirogenics Corporation, El1 Monte, California and an
asymmetric cellulose acetate membrane manufaétured by Hydranautics Corpora-
tion, San Diego, California) and two UF membranes (Amicon Corporation's Diaflo
type YCO05 membrane with a molecular weight rejection cutoff of 500, and type
YM2 membrane with a molecular weight rejection cutéff of 1000). Thé feed
solution in the membrane experiments consisted of 0.4 M glucose, 0.1 M CaBr2

and 0.4 M sorbitol. Steady state downstream product compositions were deter=

mined by HPLC.

The results of the membrane separation experiments are listed in Table
6.7. The product flow rates for all of the membranes tested are low due to

the high osmotic pressure of the feed solution. The maximum applied pressure

75



9L

. Table 6.7
Results of the Membrane Separation Experiments
Temperature = 25°C ,
Feed Composition: 0.1 M CaBr_, 0.4 M Glucose and 0.4 M Sorbitol

2)
Memprane Type Applied Pressure Product Flow Rate Product Stream Composition (M)
(psig) . (m&/hr) ~ CaBr, Glucose Sorbitol
Envirogenics CA 780-790 22.8 0.0016 0.0036 0.0029
Hydranautics CA 770 20.0 0.0061 0.0162 0.0129
Amicon YCO05 52 1.5 0.084 0.359 0.299

Amicon YM2 75-80 18 0.0992 0.389 0.331




for the UF membranes, as recommended‘by the manufacturer, is only 85 psig.
Higher flow rates for both the UF and RO membranes could be achieved by stag-
ing a series of membrane modules in a continuous counter current network. The
critical factér. however, in determining the feasibility of performing a mem-
brane separation is the relative difference in rejection of CaBr-2 and sorbi=-
tol. The Envirogenics and Hydranéutics membranes reject betweeh 94 and 99% of
the CaBré’ sorbitol and gluéose, as indicated by the low product stream cons
centrations in Table 6.7. Clearly, these mémbranes would be of no uée in a
separation scheme. The two Amicon ultrafiltration membranes feject very ;ite
tle CéBPZ (16% for YCO5 and 1% for YM2) however, the rejections of glucose
(10% for YCO5 and 2% for YM2) and in particular sorbitol (25% for YCO5 and 17%
for YMé) are too low for these membranes to be of any practical use in.a

separation process.

1t cén be éonéluded f}bm the results of the membrané-and ethanol separa-
tion experiments that it may be possible to separate CaBr, from glucose and
sorbitol}by first drying the product mixture then extracting CaBr2 with
ethanol at 25°C. Further experimentation is required to: a) determine the
effect of calcium gluconate on the CaBrz/sopbitol separation and b) develop a

method of separating glucose from sorbitol.

6.4 Economic Anélysis

A precise in=depth economic énalysis of the eléctrochemical cells and
separation equibhenﬁvand'opérating costé for the industria; synthesis of sor=
bitol and calcium'gluconate cannot_bejpgrforméd until the additional separa~
tions expériments, listed above in Section 6.3 are carried out. A preliminary

cost analysis for the paired syntheses, however, has been undertaken.
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The economic analysis was begun by determiningvthe costs of electrochem-

iéally synthesizing'calcium gluconate and sorbitol in two separate processes.

Based on the following data of Fink and Summers [28] a 2.2x10% 1b calcium -

] gluconate/year plant was designed.

Con&ersion of glucose to gluconic acid
Current efficiency |

Feéd concentration of glucose

Cell voltage |

Cell current density

95%
9%
0.8 M
S.O‘V

17 mA/crﬁ2

i

The overall design consists of a bank of electrochemical cells (flat plate

\

anode and cathode with 1765 £t2 of graphite anode surface area), a plate'and

frame filter press for removing calcium gluconate followed by a reverse

osmosis unit for removing excess water from the CaBr2 supporting electrolyte.

The cost estimates for this process are as follows:

o

Electrochemical cell costs [2]
based on 7 year straight line depreciation

Filter and RO units [63-65], based
on 7 year straight line depreciation

Raw material costs (glucose and CaBr,) [44]
Electrochemical cell energy requirements
(0.886 kW-hr/1b calcium gluconate at
$0.07/KkW-hr)

Estimatéd total cost/lb‘

Current selling price of calcium gluconate [44]
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cost/1lb calcium gluconate

$0.172

$0.007

$0.284
$0.062 .

4]

$0.525

$1.80/1b



It should be noted that the cost of the electrochemical cells represents ca.
96% of the total unit operation equipment cost for the calcium gluconate pro-

cess.

The initial design calculations for a 1.6x106 1b sorbitol/year plant,
based on the Atlas Powder Company's electrochemical process [19] were also

performed. The data used for the design of the electrochemical cells are: .

Glucose feed concentration . 1.8 M
Supporting electrolyte Nazsou
Conversion of glucose to sorbitol 89%
Current éfficiency | 90%
Cathode matefial o Pb(Hg).
Cell voitagev | | 20V

Cell current density’ 40 mA/cm®

The total cathode surface area is 731 ft2 and the electrochemical power con-
sumption is 3 kWshr/1b ($0.21/1b based on $0.07/kW=hr). The capital equipment
cost of the electrochemical cells is $1.31 million or $0.117/1b sorbitol

(based on a 7 year straight line depreciation).

After exiting the electrochemical cells, the catholyte is pumped into a
vacuum kettle and heated to remove water. The remaining organic/Nazsou resi~-
due is then digested with hot ethanol to dissolve sorbitol and glucose. The
undissolved Na,S0, is separated from the hot solution by filtration. Alcohol
is evaporated from the filtrate and the resulting sorbitol/glucose syrup is
decolorized and purified by treatment with activated carbon. The costs of the

vacuum kettle, alcohol distillation unit and the two filters were estimated to
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be $421,000 [63,65]. - Total cost estimates for the sorbitol process are:

~
|

cost/1b sorbitol

Electrochemical cell cost [62] $0.117
(7 year straight line depreciation)

Separation equipment costs $0.038
(7 year straight line depreciation)

Raw material costs (glucose) ' . $0.265
Electrochemical cell energy requirements $0.210
Sepération equipmegt energy requirements $0.389

(based on $2.40/10° BTU)

Estimated total cost/lb | $0.993
Current selling price of sorbitol [44] $0.72r0;7u/1b

As in the calcium gluconate process, the cost of the electrochemical cells is

by far the primary capital cost expenditure. Unlike the gluconate process,

tions dominate the production cost of sorbitol. From the above analysis, the
electrochemical production of sorbitol with a sacrificial anode reaction can~

not be justified on economic grounds.

In evaluating the economic feasibility of the paired synthesis, as com=
pared to the separate electrochemic#l processes for broducing sorbitol and
calcium gluconate, it is important to note that: a) at the preéent time, the
only by-product formed in the paired synthesis is H2 (at the cathode). There
ére no organic by-product species in solution which need to be removed from
the final products, and b) the separation scheme envisioned for the paired
synthesié, based on preliminary experiments discussed in Section 6.3, is very
similar to that used in the separate sorbitol and calcium gluconate processes,

i.e., precipitation of calcium gluconate and an absolute ethanol extraction
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for separating sorbitol and CaBr,, These arguments would indicate that the
economics of the paired synthesis are favorable. To quan?ify this conclusion,
a preliminary design and éost estimate‘of the undivided electrochemical flow
cells (graphite anode and RaneyAnickéi cathode) and separation equipment for

the paired synthesis of sorbitol and calcium gluconate was made.

The analysis is bésed on producing 2.2x106 1lbs calcium gluconate/year at
100% current efficiency with no anodic by~product formation. In the paired
synthesis_1.5x106 1bs of sorbitol will also be produced (80% current effi-
ciency and quantitatiQe yields). Thus for every 1b of calcium gluconate syns
thesized at the anoqe, 0.68 1b of sorbitol will be simuitaneously produced at
thé cathode. From the 500 mA laboratory flow cell»expefiment (Table 6.5), the
anodic current density and cell voltage are estiméted to be 0.819 mA/cm2 and

4.0 VvV, respectively. The cost of the electrochemical packed bed flow cells is

‘based on the size of the anode compartment because the surface area/volume for

the graphite chips is much less than that for the Raney nickel. ' The total
anode surface area required to produce 2;2x106 1lbs calcium gluconate/year is
2.93x10" rt2. Using a 1972 packed bed cell cost of $26.40 per £t of anode
area [66] and an 8%/year inflation rate, the total cost of the electrochemical
paired synthesis flow cells is $1.95x106f The associated separation equipment
for the paired synthesis is assumed to be similar to that used in the separate
gluconate and sorbitol processes. The separation scheme is envisioned to be
as follows: the aqueous supporting electrolyte/organic products mixture,
after exiting the electrochemical cells, enters a spray dryer where all of the
water is removed. Theé dry powder mixture is mixed with absolute ethanol to
dissolve CaBr,, The undissclved calcium glﬁconate and sorbitol solids are

filtered out of the ethanol solution, then washed with small amounts of water
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to extract sorbitol (the solubilify of sorbitol in water is much greater than
that for calcium gluconate). The CaBP2/ethanol filtrate enters an evaporator

where ethanol is removed; and the CaBr'2 is recycled back to the electrochemi=~

cal cells. The toﬁal costs (équipment, raw materials and energy) for the
paired synthesis process per 1'1b of calcium gluconate and 0.68 1b sorbitol
formed are:

t : . :
cost of producing 1 1lb calcium
gluconate and 0.68 1b sorbitol

Electrochemical cell costs : ' $0.127
(7 year straight line depreciation)

Separation equipment costs $0.024
(7 year straight line depreciation)

Raw material costs . ' $0.430
(glucose and CaCO3)

Energy costs ‘ $0.032
Electrochemical cells (0.451 kW<hr/1lb :
calcium gluconate at $0.07/kW=hr)

Separation equipment ($2.140/106 BTU) $0.283
Total costs ' $0.896
Current selling price of 1 1b calcium : _ $2.29

gluconate.and 0.68 1b sorbitol.

- The cost of producing calcium gluconate and sorbitol in separate elec-
trochemical processes has been estimated to be $0.525/1b calcium gluconate and
'$0.675/0.68 1b sorbitol, respectively, for a total cost of $1.20. In com-
parison, a cost estimate of the pair synthesis of 1.00 1b calcium gluconate
and 0.68 1b sorbitol is $0.896. Thus, our preliminary cost analysis indicates
that the paired synthesis of calcium gluconate and sorbitol may indeéd be an .

economically viable process.
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