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ABSTRACT 

Conversion of cystine to cysteine was carried out in a batch recirculation 
type electrochemical membrane reactor. The reactor was constructed with 
a lead plate as cathode, and platinum as anode. The catholyte was cystine 
in HCl solution, and the anolyte was O-1 N H&SO, solution. The catholyte 
and anolyte were separated by a cation exchange membrane. When the 
electrode distance was O-65 cm, catholyte concentration was 0.4 M 
cystine, the process was operated at .?O”c, 200 mllmin of flow rate and 20 
mAlcm2 of current density, a current efficiency of 91.5% could be 
achieved. After electrochemical reaction was completed, the cysteine 
crystal was obtained by further concentration and crystallization. The 
overall recove y of cysteine c ystal reached 91%. 

INTRODUCTION 

L-Cysteine has many uses in foods and pharmaceutical products for its 
reduction ability of sulfhydryl groups. It can be used for improving the 
nutritional quality of some foods low in sulfur amino acids (Roll, 1982), 
to keep the appearance of meat (Fox et al., 1967), to prohibit the activity 
of trypsin inhibitors in soybean (Friedman et al., 1982), and for use as a 
flavor enhancer (Wilson, 1975) and a precursor of reaction flavors. 

For industrial production of L-cysteine, hair or feather is often used as 
the raw material for preparing t_-cystine by acid hydrolysis. L-Cysteine is 

then obtained by reducing r_-cystine electrochemically. High purity 
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cysteine was claimed to be produced; however, detailed procedures were 
not revealed (Miyasaka, 1976; Takahashi, 1982). 

In this study, a batch recirculation type electrochemical reactor was 
used for reducing cystine to cysteine. The objectives of this investigation 
were to understand the design of the reactor, and the effects of various 
processing parameters, including concentration of reactants, applied 
current density, operating temperature, and the feed flow rate, on the 
performance of this electrochemical process. 

MATERIALS AND METHODS 

Raw material 

Cystine was supplied by Taiwan Amino Acids Co., Chia-I, Taiwan. The 
raw materials for manufacturing cystine were the feathers of chickens 
and ducks. The processing procedures included hydrolysis of the feather 
with concentrated HCl, concentration of the hydrolyzate by evaporation, 
depigmentating by charcoal adsorption, neutralization and crystalliza- 
tion. The purity of the product was higher than 99%. 

Preliminary experiment 

Batch type electrolysis was used for pre-tests. For ease of observation, 
the tank was made of transparent glass with dimensions: 35 cm long, 
21 cm wide and 24 cm deep. The catholyte was 0.1 M cystine solution in 
1-O N HCl, or 0.25 M cystine solution in 1.5 N HCl, and the anolyte was 
1-O N or 1.5 N HCl solution. The cathode was made of lead 
(purity > 99*9%), and the anode was No. 304 stainless steel. The 
membrane separating the anolyte and catholyte was an anion exchange 
membrane (AMV membrane, Asahi Glass, Japan). This membrane has a 
transport number of 0.94, a thickness of O-1 l-0.1 5 mm, an area electri- 
cal resistance of 1.5-3.0 P .crn?, and a bursting strength of 3-5 kg/cm2. 
The apparatus is illustrated in Fig. 1. The operating voltage applied 
during electrolysis was 5 V. 

Experiments with a batch recirculation type electrochemical membrane 
reactor 

The membrane reactor was constructed from an electrodialysis 
membrane stack (Model Bel-2, Berghof Co., (Tiibingen, FRG)). The 
filter press type stack was 90 cm long, 46 cm wide and 49 cm tall. Figure 
2 gives the structure of the reactor. The cation exchange membrane 



Manufacture of cysteine 

(2) 

(5) (6) 

J L/ 

(71 

211 

Fig. 1. Schematic diagram of the apparatus for batch type electrolysis. (1) Transparent 
electrolysis tank, 35 cm x 2 1 cm x 24 cm; (2) anion exchange membrane; (3) anode, No. 

304 stainless steel; (4) cathode, lead; (5) anolyte; (6) catholyte; (7) power source, 5 V. 

(CMY membrane; Asahi Glass) was used to separate the anolyte and 
catholyte. This membrane is a cation exchange membrane having trans- 
port number O-92, thickness 0.13-0.15 mm, area resistance 2-O-3.5 
Q *cm2 and bursting strength of 3-5 kg/cm’. Sheet-flow type spacers were 
installed between the membranes and electrodes. The grooves in the 
spacers controlled the direction of flow, and also determined the gap 
between each membrane. The materials used for constructing the 
cathode included lead plate, stainless steel plate or copper plate. A 
platinum net was used as anode. 

During operation, both electrolytes were recirculated through the 
reactor from the feed tanks. Samples were taken periodically from the 
catholyte stream for monitoring the rate of cysteine formation. The 
operating variables of this study included: 

hOlyk: 0.1 N H2SO4 SOhltiOn 
Catholyte: 0.1-0.4 M cystine solution in 1.0-1.5 HCl 
Operating temperature: 20-60°C 
Flow rate: 50-400 ml/mm 
Current density: 1 O-40 mA/cm2 
Gap between electrodes: 0.35-l-2 cm 

The principal parameter under investigation was operating current 
efficiency (E). The current efficiency was defined as the ratio of the 
actual quantity (moles) of cysteine formation to the theoretical value (M); 
the latter was calculated by: 

M 
Ixt =- 

ZxF 
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Fig. 2. Schematic diagram of batch recirculation type electrochemical membrane 
reactor. (1) Stack; (2) anode; (3) cation exchange membrane; (4) cathode; (5) catholyte; 

(6) anolyte; (7) thermocouple; (8) pH meter; (9) heater and magnetic stirrer. 

where F = Faraday constant, I = electrical current (A), t = processing 

time (s) and 2 = electrical valence. 

Concentration and crystallization 

After the electrochemical process was completed, the catholyte was 
concentrated with a rotary vacuum evaporator (Model Nl, Tokyo 
Rikakikai Co. Ltd, Tokyo, Japan). The concentrate was left overnight for 
cysteine crystallization, and then filtered to obtain crude cysteine 



Manufacture of cysteine 213 

crystals. The crude product was dissolved in a small amount of 5 N HCl 
solution, and left at room temperature for l-2 days to obtain the crystals 
of L-cysteine monohydrochloride. 

Analytical 

Quantitative analysis of cysteine concentration in the solution has often 
been carried by the Ellman procedure (Elhnan, 1959). A more con- 
venient method is to analyze its reducing power by an iodometric 
method (Skoog & West, 1982), the cysteine concentration being then 
determined from a standard curve. Since it was found during preliminary 
experiments that the Elhnan method and the iodometric method gave 
the same result, the iodometric method was used for monitoring the 
changes in cysteine content during electrochemical reaction. 

To confirm the identity of the reaction product, the final crystal was 
also analyzed for its amino acid composition using an amino acid 
analyzer (Model 4150a, LKB Biochem. Co. (Cambridge, UK)). The 
operating conditions for the analysis were: 

Column: Ultropac 11 resin, sodium form (LKB Biochem. Co.) 
Mobile phase: sodium citrate buffer (I, pH 3.2; II, pH 4.25; III, 

pH 6.45) 
Flow rate: 50 ml/h (mobile phase) 

25 ml/h (ninhydrin solution) 
Temperature: 50-80°C 
Detector: spectrophotometer, 570 nm 

The lead content of the sample was analyzed by atomic absorption 
spectrophotometry (Model IL 15 1, aa/ae Spectrometer, Instrumentation 
Lab. Inc., (Laxington, MA, USA)). 

RESULTS AND DISCUSSION 

Preliminary study 

Two phenomena were observed during the preliminary study: 

( 1) Gas formation (bubbling) was found in both the anolyte and 
catholyte chambers. A chlorine odor was also detected during 
processing. It was suspected that the applied current was at too 
high a voltage, thus contributing to gas formation as a side 
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reaction: 

2H,O+ + 2e- - H, + 2H,O (2) 

In addition, the chloride ion in catholyte passed through the anion 
exchange membrane and moved toward the anode during the 
process. Thus, chloride gas was formed in anolyte chamber: 

2Cl- - Cl, + 2e- (3) 

(2) After the electrochemical reaction had proceeded for a certain 
period of time, a white granular precipitate was found in the 
catholyte. Since the chloride ion of the catholyte kept moving 
toward the anolyte chamber, the concentration of hydrochloric 
acid in the catholyte decreased continuously. At a certain point, 
the HCl concentration became too low to dissolve all the cystine 
still remaining in the catholyte, and thus a portion of cystine may 
crystallize out. 

Batch recirculation type electrochemical membrane reactor 

To avoid the chlorine gas formation at the anode, it was decided to use 
sulfuric acid as anolyte. Consequently, a cation exchange membrane was 
installed between the catholyte and anolyte to allow the hydrogen ion to 
pass through. Thus, the reaction at the anode became: 

SOi- + H,O - H,SO, + ;O, + 2e- (4) 

Since the only component which would be depleted was water, it was not 
necessary to supply sulfuric acid to the anolyte during the process. 
Hydrochloric acid was chosen as the catholyte for dissolving cystine. 
The concentration of HCl was not expected to change during the 
process. 

A platinum flow through porous electrode was used as the anode. 
Platinum is a stable material and will not release metal ion during the 
process. Various materials were investigated for their suitability as a 
cathode. The results showed that under fixed operating conditions 
(cystine concentration O-25 M and 0.4 M, applied potential 3 V, 3O”C), a 
lead cathode gave the highest current efficiency (more than 84%) com- 
pared to the current efficiency when using copper or stainless steel as the 
cathode (Fig. 3). 

Based on the above findings and arguments, the operating conditions 
for the reactor (Fig. 2) can be summarized as follows: 

Anolyte: O-1 N H2S04 solution 
Catholyte: cystine in HCl solution 
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Fig. 3. Current efficiency in electrolysis using different metals as cathode (Pb, lead; 
Cu, copper; S.S., stainless steel) under an applied current 3 V and operating temperature 

3OT, flow rate 400 ml/min. 

Cathode: lead plate 
Anode: platinum 
Membrane: cation exchange membrane 

The effect of processing conditions on current efficiency 

The processing conditions which may affect the performance of the 
electrochemical process include the distance between the electrodes, the 
concentration of reactant, the applied current density, the operating 
temperature, and the feed flow rate. Figure 4 gives the effect of electrode 
distance on the current efficiency. It was found that a maximum current 
efficiency could be obtained at an electrode distance around O-65 cm. In 
general, decreasing the electrode distance could lower the potential drop 
during the electrochemical reaction and increase the probability of inter- 
action between reactant and electrode, resulting in an increase of the 
current efficiency. However, when the electrode distance was too small, 
the current efficiency would decrease because of polarization. 

Figure 4 also shows that increasing the concentration of reactant can 
increase the current efficiency. However, the concentration of cystine in 
HCl solution was limited by its solubility. In fact, even when the HCl 



216 T. S. Wang, W. H. Chang, B. H. Chiang 

0 0.25 M CYSTINE 

0 O.&O M C&TINE 

/ 

L 8 12 

DISTANCE mm 

Fig. 4. Effect of electrode distance on current efficiency in electrolysis, operating at an 
applied current 3 V, flow rate 400 ml/min, temperature 30°C. 
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Fig. 5. Effect of current density on current efficiency in electrolysis. The catholyte was 
@4 M cystine in 2.0 N HCl, anolyte was 0.1 N H,SO,, electrode distance 65 mm. Other 

operating conditions were the same as in Fig. 4. 
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concentration reached 5 N, it was still difficult to dissolve enough cystine 
to prepare a O-5 M cystine solution. Therefore, it appeared that O-4 M 
cystine in HCl solution was probably the maximum reactant concentra- 
tion. 

Increasing current density could increase the reaction rate during the 
electrochemical process. However, a high operating current density 
required a high applied potential, which might have induced undesirable 
side reactions and decreased. the current efficiency. In addition, when the 
rate of reaction at the surface of the cathode exceeded the rate of 
reactant diffusion toward the electrode, the current efficiency would also 
decrease. For the cystine-cysteine conversion reaction, it was found that 
the current efficiency decreased as the applied current density increased 
(Fig. 5). At 20 mA/cm2 of current density, the current efficiency could 
still remain at 90%. Considering both the reaction rate and current effi- 
ciency, 20 mA/cmZ might be the proper operating current density for the 
cystine-cysteine electrochemical reduction process. 

Another factor which may affect the performance of the electrochemi- 
cal process is the operating temperature. In general, increasing the 
temperature would increase the collision probability of the reactant, and 
thus increase the reaction rate and current efficiency. However, for the 
electrochemical process, the overvoltage, which is the potential of the 
working electrode using the equilibrium potential of the oxidation/ 
reduction couple as the reference state, could be decreased as the 
operating temperature was increased, thus decreasing the reduction 
ability of the cathode. Possibly due to these counter-effects of tempera- 
ture, the operating temperature did not significantly affect the current 
efficiency during the cystine reduction reaction. Therefore, room 
temperature was recommended for the process. 

Fluid velocity affects the contact time of the reactant with the 
electrode. Since the reaction rate of the reduction process was very high, 
a high flow rate was often necessary to provide enough reactant at the 
surface of the electrode. For the electrochemical reactor used in this 
study, it was found that as long as the flow rate exceeded 200 ml/mm, a 
90% current efficiency could be achieved (Fig. 6). Further increase of 
flow rate had little effect on the current efficiency. 

After concentration and crystallization, the product was examined for 
its lead concentration. The lead content of the raw material (cystine) was 
approximately 13 ppm. The cysteine crystals obtained had an average 
lead content of 15 ppm, indicating slight contamination caused by the 
cathode. The lead can be dissolved by the hydrochloric acid solution. 
However, the dissolution of the lead into the hydrochloric acid solution 
should be minimum when the electrochemical reaction is in process. It 
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was suspected that the most significant dissolution of lead occurred at 
the beginning and the end of the process when the electrochemical reac- 
tion was stopped. Accordingly, the lead contamination might be reduced 
by a planned start-up and shut-off procedure: turn on the power source 
for the electrochemical reaction before starting the circulation of 
catholyte and stop the catholyte circulation before shutting off the power 
source of the electrodes. Using the above procedure for manufacturing 
cysteine crystals, it was found that the lead content of the final product 
was not significantly higher (P > 0.05) than that of the raw material. The 
cysteine crystal obtained was also analyzed by an amino acid analyzer. A 
small amount of cystine was still found in the product (Fig. 7), which 
was probably due to incomplete reduction process, or because part of 
the cysteine was oxidized back to cystine during the subsequent crystalli- 
zation process. Nevertheless, the overall recovery of cysteine crystal 
from cystine could reach 9 1%. 

CONCLUSION 

The major operating factors that affected the reduction of cystine to 
cysteine in a batch recirculation electrochemical reactor were electrode 
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Fig. 6. Effect of flow rate on current efficiency in electrolysis. The operating condi- 
tions were the same as in Fig. 5. the applied current density was 20 mA/cm?. 
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Fig. 7. Profile of amino acids of the cysteine crystal analyzed by amind acid analyzer. 

material, distance between electrodes, concentration of cystine, current 
density, operating temperature and feed flow rate. When a platinum net 
was used as anode, the highest current efficiency was obtained if a lead 
plate was used as cathode, and the electrode distance was 0.65 cm. 
Although an increase in reactant concentration could improve the 
current efficiency, due to limited solubility of cystine, the cystine concen- 
tration could only be increased to O-4 M. Higher current density resulted 
in lower current efficiency. In this investigation, 20 mA/cm’ was found to 
be a suitable operating current density. The electrochemical process 
could be conducted at room temperature. A flow rate of 200 ml/min 
gave the highest current efficiency. The optimum operating conditions as 
mentioned above resulted in 91.5% current efficiency, which seemed to 
meet industrial requirements. 
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