4734 . Agric. Food Chem. 2002, 50, 4734-4742 JOURMNAL O

AGRICULTURAL AND
FOOD CHEMISTRY

Chlorine and Chlorine Dioxide Treatment to Reduce or Remove
EBDCs and ETU Residues in a Solution
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Calcium hypochlorite (Ca(OCI),) and chlorine dioxide (ClO,), common disinfecting and bleaching
chemicals used in the food industry, are potent oxidizing agents. In this paper, the degradation effects
of chlorine dioxide on mancozeb and ethylenethiourea (ETU) residues were investigated in a model
system and compared with those of liquid chlorine, under various conditions such as differing
concentration, pH, reaction time, and temperature. All samples were analyzed for residues by GLC
and HPLC. Rate of mancozeb degradation was dependent on pH, with pH 4.6 being the most effective.
Mancozeb residues decreased 40—100% with chlorine and chlorine dioxide treatments. ETU residue
concentrations in mancozeb solutions were monitored over 60 min. Under controlled conditions, the
ETU residue concentrations increased up to 15 min reaction time and then decreased in all three pH
ranges. Treatment with both chlorine and chlorine dioxide at pH 4.6, yielded no ETU residues at
both 10 and 21 °C. The results show that chlorine dioxide gives excellent degradation effects at
lower concentrations than liquid chlorine.
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INTRODUCTION Chlorination has been used for many years by the food
o ] _industry as a sanitizing and disinfecting agefit Chlorine as
Ethylene bisdithiocarbamates (EBDCs) are important organic godiym, potassium, or calcium hypochlorite has been used for
fungicides that are used in a variety of crofi fpproximately many years by the food industry and public water suppliers as
one-third of all fruits and vegetables in the United States are ., principal sanitizing and disinfecting agent (5). Hypochlo-

trtehatled V\gth dliE.DCS%)' Matncozeb IS a ponrréerl_c comli)lcletx_of rites are powerful disinfectants which are active against a wide
ethylenebisdithiocarbamate manganese and zinc sait. 15 Onespectrum of organisms, and they are nontoxic to humans at low
of the most widely used EBDCs for control of various fungal

. . oncentrations (6). Many organic compounds present in foods
pathogens in fruits and vegetables. EBDCs have been regarde& (6) \any org Po! P o
. : g and water treated with chlorine are subjected to chlorination
as relatively harmless because of their low acute toxicity to

X . reactions. When chlorine is applied onto organic molecules, their
mammals, but there is some concern about ethylenethloureah drophobicit lioohili tre i This in t t
(ETU), a degradation product of EBDCs. It can be formed in . yaropnopIcity of IPOPTIC hAtUTe INCreases. 'is in trn often
EBCDs during manufacture or storage or in food containing increases the toxpty and bioaccumulation of thesg compounds.
EBDC residues during cooking and processing at elevated Therg are potential hefalth hazards connected with the use Qf
temperature and high humidity. ETU is a relatively stable and chlorineé because reaction products that are formed have toxic
very polar metabolite3). Because of the report of its carcino- activity such as mutagenicity, teratogenicity, or carcinogenicity
genic, mutagenic, and goitrogenic effects in laboratory animals, @)
ETU has become a major human health concern among Chlorine dioxide is a gas that is soluble in water. This offers
consumer groups. many advantage over chlorine as a biocide in water systems.
Chlorine reacts with organic materials to form chloroform and
*To whom correspondence should be addressed at 334 G. M. Trout tfihalomethane. In contrast, chlorine dioxide is not a chlorinating
Food Science and Human Nutrition Building, East Lansing, MI, 48824. reagent so no chloroform or other trihalomethanes are formed

Tel: D(gé;?t%i%fgf?bgg’gci(ggzg 2?%’1,4%‘1"%55,{‘“[}?',2;5%?5'1@msu'Ed“' (8). Chlorine dioxide has been used in the public water supply

glnstitutel for Ednvir(]znmentgl Toxicollogy. and food industries. Several reports have addressed the use of
National Food Safety and Toxicology Center. ; PR f i ; :

' Current address: Department of Food Science and Human Nutrition, chlorl_ne dioxide a§ a bacteriocide to reduce bacterial pOpU|at'_onS
University of lllinois at Urbana-Champaign, Urbana, IL. 61801. both in poultry chiller water and on poultry carcasses. Chlorine
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Figure 1. Effect of 50 ppm Ca(OCl), on the degradation of 2 ppm mancozeb at 10 and 21 °C.

dioxide has proved to be an excellent biocide and an effective were protected from light and stored in a refrigerator &4Chlorine
oxidant in drinking water, cooling water, wastewater, and odor- solutions were prepared from calcium hypochlorite (Aldrich). Sodium
control applications. Chlorine dioxide achieved faster kill of thiosulfate, sodium sulfate, potassium iodide, potassium indigo trisul-
microorganisms at lower concentrations than did other chorine- fonate, potassium fluoride, and ammonium chloride were all reagent
based sanitizer®}. It has been reported that pesticides can be grade. All organic solvents used for preparation of stock solution and
removed by chlorine dioxide, particularly aldrin and methoxy- HPLC were distilled-in-glass grade.
chlor. Herbicides such as paraquat and diquat are eliminated Methods. Laboratory studies were conducted in a model system to
within a few minutes at a pH higher than &0). The U.S. determine the effect of (1) calcium hypochlorite at three concentrations
Environmental Protection Agency (EPA) considers chlorine (50, 250, and 500 ppm) and chlorine dioxide at two concentrations (5
dioxide as the first choice of disinfectant to replace liquid and 10 ppm); (2) treatment at three pH levels ( 4.6, 7.0, and 10.7); and
chlorine (11). (3) treatment at two temperatures (D and ambient temperature (21
The objective of this study was to determine the effectiveness °C)).
of different chemical oxidants on degradation of mancozeb and  5queous solutions at pH 4.6 (0.2 M sodium acetate), pH 7.0 (0.2

ETU in aqueous solution using calcium hypochlorite and ; sodium phosphate), and pH 10.7 (0.2 M carbonate/bicarbonate)

chlorine dioxide treatment. were prepared. Degradation of mancozeb was studied over a 30-
min period because the typical water contact time for apples in a

MATERIALS AND METHODS commercial plant is about 305 min and under normal condi-
tions would rarely exceed 30 min. There were three replications per

Materials. Mancozeb standard was obtained from Rohm & Haas
(Philadelphia, PA). ETU standard was obtained from Aldrich Chemical
Co. (Milwaukee, WI). The stock solutions of mancozeb and ETU were  Aqueous Solution Study.For a chlorine source, calcium hypochlo-
prepared in distilled water at concentrations efgfmL. The standards rite stock solution (5000 ppm) was added to each pH solution to bring

treatment.
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Figure 2. Effect of 250 ppm Ca(OCl), on the degradation of 2 ppm mancozeb at 10 and 21 °C.

the final chlorine concentration to 50, 250, or 500 ppm. Each pH to quench the reaction. Stannous chloride (40 mL, 1.5%% M HCI
solution was spiked with the mancozeb stock solution to give a final was added, and the bottles were immediately sealed with a crimped-
concentration of 2 ppm. Total available chlorine was determined using septum. A 50-mL aliquot of a 1 mg/mL thiophene solution was injected
the iodometric method (12). as an internal standard into each bottle, and the bottles were incubated

Chlorine dioxide was generated in the laboratory using the manu- at 70—80°C in a water bath for 15 min. Bottles were removed and
facturer's (S. C. Johnson Professional, Racine, WI) instructions as agitated by hand for 2 min. Bottles were replaced in the water bath
follows. A 100-mL aliquot of the stock 2% Oxine FP solution was Wwith repeated shaking for 1 h. A 100-mL sample was removed with a
added to a 200-mL French square screw-capped bottle. Food gastight syringe from the headspace of each bottle and injected into
grade phosphoric acid ( 25 mL, 75% w/w) was added, the bottle the GC.
was sealed, and the mixture was allowed to generate chlorine diox-
ide for 5 min with a magnetic stirrer to ensure thorough mixing.
After 5 min, the concentrated chlorine dioxide was transferred into 15
L of each pH solution in a closed container to serve as a stock solu-
tion. For 5 or 10 ppm of chlorine dioxide, 2r @ L of stock solu-
tion, respectively, were diluted to 30 L with each pH buffer solu-
tion. The final concentration of chlorine dioxide was determined
using the HACH chlorine colorimeter before and after each sampling
run.

Mancozeb and ETU Residue AnalysesMancozeb residues
were analyzed as carbon disulfide E®y gas-liquid chromato-
graphic headspace analysi$3]. Sample aliquots of 20 mL were Chromatographic Analyses.Mancozeb residues were detected and
transferred at 0, 5, 15, and 30-min intervals into sample bottles. A 0.1 quantified using a Hewlett-Packard Series 11 5890 gas chromatograph
M sodium thiosulfate solution was immediately added to the samples (GC) equipped with a flame photometric detector (FPD) in the sulfur

ETU residues were determined by using a modification of the HPLC
method published by Ahmad et al. (13). A 20-mL portion of sample
was weighed into an Erlenmeyer flask, th@& g of potassium fluoride
and 0.6 g of ammonium chloride were added. This mixture was
extracted 2 times with 50 mL of dichloromethane. The dichloromethane
layer was passed through a bed of 25 g of anhydrous sodium sulfate,
collected in a round-bottom flask, and evaporated to dryness on an
automated Zymark Turbovap evaporator at°4Q The residue was
dissolved in 3 mL of distilled water and 5@ was injected into an
HPLC column between standards.
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Figure 3. Effect of 500 ppm Ca(OCl), on the degradation of 2 ppm mancozeb at 10 and 21 °C.

mode. The GC was equipped with a Supel-Q-Plot fused silica capillary RESULTS AND DISCUSSION

column (30 m longx 0.53 mm i.d.) with a film thickness of 0.2&m

_(Supelco Inc., Bellefontt_a, PA)._T_he oven temperature was programmed |4 the GLC analysis, carbon disulfide appeared as a single
isothermally at 80C, while the injector and detector temperatures were sharp peak at a retention time of 5.1 min. Mancozeb was stable

230 °C and 300°C, respectively. Helium and nitrogen were used as . . .
the GC carrier gas and makeup gas, respectively. Carrier gas flow at pH 7.0 at both 10 and ZC with very little degradation due

through the column was 20 mL/min. Integration was carried out with t0 hydolysis. Between 95 and 99% (1Q) and 95 and 97%

HP Chemstation software interfaced to the GC. (21 °C) residual mancozeb remained after 30 min. Mancozeb
ETU residues were detected and quantified using a liquid chromato- Was relatively less stable at pH 4.6 and 10.7, with about 78 and
graph with a Hypersil BDS ¢ column (250 mmx 4.6 mm, 5zm 80% remaining, respectively after 30 min at ambient temperature

particles), a Hypersil BDS fg guard column (10 mnx 4.6 m, 5-um (Figure 1). This indicates mancozeb is less stable under basic

particles), and a UV detector set at 240 nm. The mobile phase was gnd acidic conditions than at neutral condition.

0.72% butylamine in distilled water at pH 3-3.2. A M-45 Waters

HPLC pump (Waters Associates, Inc., Milford, MA) was used for Degradation of Mancozeb by Calcium Hypochlorite.

solvent delivery at a flow rate of 0.5 mL/min. After the system was Degradation of mancozeb by calcium hypochlorite solution

stabilized, 50-uL samples were injected. was greatest at pH 4.6 and decreased with increasing pH.
Statistical Analysis. All determinations were replicated three times.  The chlorine treatment at pH 10.7 was the least effective at

Means, standard deviations, mean square errors, two factor ANOVA, hainy 10 and 22C. Its degradation was only about 27 and 40%

and correlation and interaction of main effects were calculated using . . .

Sigma Stat computer software 1.0 (Jandel Corp., San Rafael, CA). after 5 m!n at 50 ppm C.a|C|um hypOChlomEIgure 1)- In 50

Appropriate comparisons were made using the Stugkistwman— ppm calcium hypochlorite SO|UIIOItl, mancozeb was complete-

ly degraded at pH 4.6 after 5 mirFigure 1). The 50 ppm

Keuls method for multiple comparisons. A< 0.05 was considered
statistically significant. chlorine treatment at pH 10.7 was the least effective, with
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Figure 4. Effect of 5 ppm CIO; on the degradation of 2 ppm mancozeb at 10 and 21 °C.

degradation only about 20 and 36% after 5 and 30 min, by calcium hypochlorite treatment, however, chorine dioxide
respectively. Lower temperature decreased the degradation ofwas more effective than calcium hypochlorite treatméig-
mancozeb at all pH ranges during the entire sampling period ures 4 and 5). As can be seen ifrigures 6 and 7, when
(Figures 1—3). chlorine dioxide and liquid chlorine were used to degrade

. . . mancozeb residues, the required amount of chlorine dioxide
Treatment with calcium hypochlorite at 250 and 500 ppm 55 |ower than that of liquid chlorine. Maximum degradation

significantly (0 < 0.05) increased the rate of degradation of 4t mancozeb by chlorine dioxide was observed at pH 4.6. In
mancozeb in all three pH treatments and at both temperaturess_nnm chiorine dioxide treatment, between 62 and 78% of
No mancozeb remained after both 250 and 500 ppm calcium mancozeb remained after 5 min at both 10 and®@1Chlor-
hypochlorite treatment at pH 4.6 and ambient temperature afterine dioxide at 10 ppm significantlyp( < 0.05) increased

5 min (Figures 2and3). At pH 10.7, almost 50 and 30% of  the rate of degradation of mancozeb in pH 4.6 at both
mancozeb residues remained after 5 min at 250 and 500 ppmtemperatures. However, there was no significgnt<( 0.05)
calcium hypochlorite, respectively, at ambient temperature. difference in the degradation of mancozeb between 5 and
Again, the most effective treatment was calcium hypochlorite 10 ppm chlorine dioxide at pH 7.0 and 10.7 at both tempera-
at 500 ppm in the pH 4.6 solution, and pH 10.7 was the least tures.

effective treatment. Chlorine in water is hydrolyzed very easily to form hydrogen

Degradation of Mancozeb by Chlorine Dioxide.Chlorine chioride (HC1) and hypochlorous acid (HOCI).

dioxide is a polar gas that readily dissolves in, but does not
react with, water 14). This compound has a larger oxidation

capacity than that of calcium hypochlorite. Degradation of
mancozeb by chlorine dioxide showed a pattern similar to that HOCI= H" + OCI” (pK, = 7.49)

Cl,+ H,0=HOCI+H" + CI”
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Figure 5. Effect of 10 ppm CIO, on the degradation of 2 ppm mancozeb at 10 and 21 °C.

] Table 1. ETU Conversion from Samples Fortified with Mancozeb (After
In water treatment HOCI| and hypochlorite (O¢lco- 15 Min Reaction Time)

exist and their relative concentrations are pH dependent. At

acidic pH, HOCI is the predominant species, representing ___freamen pH EBDC added (ppm) ETU found® (ppb) % conversion”
greater than 90% of the chlorine in solution at 5. How- control 28 29 erxon or
ever, at alkaline pH, OClis the major specieslf). Be- 10.7 20 19.07%0.75 0.95
cause the pkof HOCI and its anion is 7.49, this is only true  50Ppm Ca(0Cl, ‘7‘:8 %8 7_6’3'3&89 038
at basic pH values greater than 7.49. HOCI plays a main 10.7 2.0 9.53 +0.67 0.48
role in bactericidal and disinfecting function. The efficiency ~2%0PPmCaOCh 48 0 N
of HOCI is nearly 80 times as high as that of OCIThe 500 pom Ca(OC! 1% %8 5.2211D0.44 0.26
higher the pH is, the lower the ratio of HOCI and the PP Ca(OCh: 70 20 N.D.
weaker the activity is, and the poorer the disinfection effects 10.7 2.0 8.10£0.72 041
5 ppm CIO; 46 20 N. D,
are (16). 7.0 20 7.60+0.89 038
_ o o _ 10.7 20 9.53 +0.67 0.48
The mechanism of chlorination and oxidation of organic 10ppm ClO, 46 2.0 N. D.
o i 7.0 20 N. D.
compounds by chlorine dioxide are not known. There are two 107 20 590 % 0.44 0.26

inaccuracies here. First of all, as noted above, chlorine dioxide

i§ not Con-Sidered to pe a Ch|0rinatin9_agem- When chlorination  a\eans with the same superscript are not significantly different (p > 0.05).
(introduction of chlorine into an organic compound) does occur Means with standard deviations; n = 3 for all treatment. ® % ETU conversion was
in the presence of chlorine dioxide it is usually because diatomic calculated by (wt. ETUwt. EBDC) x 100. ©N. D. = None detected. This represents
chlorine is present as a contaminant. Second, the generaR value <5ng/g which is the method of detection limit for ETU in solutions.
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Figure 6. Effect of Ca(OCl), on the conversion of 2 ppm mancozeb to ETU at 21 °C.

mechanism of oxidation of organic compounds by chlorine 15 min and then decreased to 5.3 ppb after 60 min. This shows
dioxide is known. Chlorine dioxide is a neutral radical species. that acidic pH is much more effective in reducing the conver-
As such it is a good oxidant and ultimately undergoes a five- sion rate of mancozeb into ETU compared with neutral or
electron reduction to form chloride ion and water. Chlorination alkaline pH ranges. In processing, acidic treatment can be a
in aqueous solutions may occur indirectly through a progressive Preventive method in ETU production. Engst and Schnaak (
reduction of chlorine dioxide, which passes through the HOCI reported that ethylenebisdithiocarbamic acid readily forms ETU
stage (15). under highly alkaline conditions (pH 10.5). As showrFigures
6 and7, conversion of mancozeb to ETU reached a maximum

Conversion of Mancozeb into ETU.In the HPLC analysis,  at 15 min reaction time and then decreased for all three pH

ETU appeared as a peak with a retention time of 10.4 min. The ranges.

degradation of mancozeb to ETU in solution due to hydrolysis,
chlorine, and chlorine dioxide treatment is shownTiable 1
andFigures 6and7. It was found that the rate of decomposition
of mancozeb to ETU was influenced by pH. The total yield of
ETU was decreased when the pH was lowered from 7.0 or 10.7 cONCLUSIONS

to 4.6. At pH 7.0, the initial ETU concentration was 17.3 ppb,

which increased to 21.9 ppb after 15 min and then decreased The objective of this study was to determine the effectiveness
to 12.3 ppb after 60 min. In the case of pH 4.6, the initial ETU  of chlorine and chlorine dioxide treatment on the dissipation of
concentration was 11.9 ppb, which increased to 14.3 ppb aftermancozeb in buffered solution. It is considered that calcium

The rate of degradation of the EBDC to ETU was influenced
by temperature, reaction time, and pH of the system.
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Figure 7. Effect of ClO, on the conversion of 2 ppm mancozeb to ETU at 21 °C.
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