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Benzene Controversy In Soft DrinksBenzene Controversy In Soft Drinks

Environmental Protection Agency (EPA) claims Environmental Protection Agency (EPA) claims 
benzene is generated in certain soft drinks well benzene is generated in certain soft drinks well 
over the legal limit for drinking? (> 5 ppb)over the legal limit for drinking? (> 5 ppb)
Food and Drug Administration (FDA) denies the Food and Drug Administration (FDA) denies the 
claimclaim



BenzeneBenzene

Constituent of crude oilConstituent of crude oil
�� Additive of gasolineAdditive of gasoline

�� Industrial solventIndustrial solvent

�� Component of cigarette smokeComponent of cigarette smoke

TeratogenTeratogen
�� A substance that cause developmental A substance that cause developmental 

malformations (birth defects)malformations (birth defects)

CarcinogenCarcinogen
�� A substance that actually causes cancerA substance that actually causes cancer



Are We Really Consuming Are We Really Consuming 
Benzene?Benzene?

If benzene production in soft drinks is If benzene production in soft drinks is 
really occurring than:really occurring than:

�� How would it be happening?How would it be happening?

�� Has it ever been studied?Has it ever been studied?

�� How would I go about studying it?How would I go about studying it?
Test a variety of soft drinksTest a variety of soft drinks

Control the environment of soft drinksControl the environment of soft drinks

Simulate favorable Simulate favorable ““soft drinksoft drink”” conditionsconditions



Journal of Agricultural and Food Journal of Agricultural and Food 
Chemistry (May 1993)Chemistry (May 1993)

LalitaLalita K. Gardner and Glen D. LawrenceK. Gardner and Glen D. Lawrence
�� Suggested that Benzene is produced from Suggested that Benzene is produced from 

DecarboxylationDecarboxylation of Benzoic Acid in the of Benzoic Acid in the 
Presence of Ascorbic Acid (vitamin C) and a Presence of Ascorbic Acid (vitamin C) and a 
Transition Metal CatalystTransition Metal Catalyst

Where:Where:
�� Ascorbic Acid is commonly added as a fortifier Ascorbic Acid is commonly added as a fortifier 

or antioxidant (reducing agent) to beveragesor antioxidant (reducing agent) to beverages
�� Sodium Benzoate is a common preservativeSodium Benzoate is a common preservative

+



Gardner and Lawrence Gardner and Lawrence 
continuedcontinued ……

Transition metals, e.g. Transition metals, e.g. Cu(IICu(II) and ) and Fe(IIIFe(III) can ) can 
catalyze the onecatalyze the one--electron reduction of Oelectron reduction of O22 by by 
ascorbic acid to produce Hascorbic acid to produce H22OO22 in situin situ

Proposed that a hydroxyl radical, generated by Proposed that a hydroxyl radical, generated by 
the metalthe metal--catalyzed reduction of Ocatalyzed reduction of O22 and Hand H22OO2 2 by by 
ascorbic acid, can attack benzoic acid to ascorbic acid, can attack benzoic acid to 
produce benzene under conditions prevalent in produce benzene under conditions prevalent in 
many beveragesmany beverages

Cu2+ + H2Asc          Cu + + HAsc

Cu+ + O2 Cu2+ + O2
-

2O2
- + 2H+              O2 + H2O2

Cu+ + H2O2 Cu2+ + OH- + OH.



Gardner and Lawrence Gardner and Lawrence 
ExperimentsExperiments

Tested Benzene Production Dependence onTested Benzene Production Dependence on
�� Ascorbic acid concentrationAscorbic acid concentration
�� Transition metal catalyst conc. (Transition metal catalyst conc. (Cu(IICu(II) or ) or Fe(IIFe(II))))
�� Presence of Presence of DesferioxamineDesferioxamine = (EDTA)= (EDTA)
�� Hydrogen peroxide concentrationHydrogen peroxide concentration
�� pHpH



ResultsResults

Ascorbic
Acid

H2O2
pH



Problems with G and L ExperimentProblems with G and L Experiment

Work was not very quantitativeWork was not very quantitative
No conclusions were actually made regarding No conclusions were actually made regarding 
the mechanism involved in the generation of the mechanism involved in the generation of 
benzenebenzene
Proposed mechanism was in presence of OProposed mechanism was in presence of O22

Methodology was not preciseMethodology was not precise
Several questions left unanswered about the Several questions left unanswered about the 
conditions which this takes placeconditions which this takes place

�� e.g. Why does benzene production peak, but then tail e.g. Why does benzene production peak, but then tail 
off as Ascorbic acid concentration increases?off as Ascorbic acid concentration increases?

�� e.g. Why did the e.g. Why did the Fe(IIFe(II) have no effect on benzene ) have no effect on benzene 
production but production but Cu(IICu(II) did?) did?

�� e.g. Why did they find that EDTA actually increased e.g. Why did they find that EDTA actually increased 
benzene productionbenzene production



My ResearchMy Research

Simulated soft drink conditions Simulated soft drink conditions 
�� 8.0 8.0 mMmM ascorbic acidascorbic acid

�� 6.25 6.25 mMmM sodium benzoatesodium benzoate

�� Slightly acidic, aqueous environmentSlightly acidic, aqueous environment

Used UV/VIS SpectrometerUsed UV/VIS Spectrometer
�� Time dependent studies in light Time dependent studies in light 

�� HH22OO22 catalyzed studiescatalyzed studies

�� Transition Metal StudiesTransition Metal Studies



UV/VIS Spectrometer 
Theory



Beer-Lambert Law:

[ ]XlA e=

Applies for one wavelength l .

Applies for one absorbing species X.



( ) ( ) [ ]XlA lel =

B-L can be rewritten to apply to a series of wavelengths.

Now e(l) contains the spectrum of species X.

A and e can either be continuous functions of l or vectors
containing discrete values.



( ) ( )[ ]XA lel =

The path length l can be folded into e(l) .



A = X[ ]´ E

For multiple absorbing species Xi whose concentrations 
can be time-dependent:

Matrix: dimension given by 
number of time points Nt x 
number of wavelength values Nl

Matrix: dimension given by 
number of time points Nt x 
number of absorbing species Ni

Matrix: dimension given by 
number of absorbing species Ni x 
number of wavelength values Nl



A = X[ ]´ E

VSUY ´´=

Singular Value Decomposition

Model of original 
spectrum, Nl x Nt

Concentration 
eigenvectors, Nt x Ni

Vector of weights, Ni

Spectroscopic 
eigenvectors, Ni x Nl

Data set is partitioned into 
spectroscopic and noise 
components.

Decomposition can be model-free or based on a kinetic or equilibrium model.



Benzene DetectionBenzene Detection

UV/VIS SpectrumUV/VIS Spectrum

Saturated aqueous benzene solutionSaturated aqueous benzene solution

Distinct fingerDistinct finger--like structure (However ppb = 2 like structure (However ppb = 2 uMuM))



UV/VIS Spectrum of ReagentsUV/VIS Spectrum of Reagents
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Time Dependent StudiesTime Dependent Studies

New Simulation vs. Simulation 1 (9 weeks)New Simulation vs. Simulation 1 (9 weeks)

Qualitative Results: Color turned YellowQualitative Results: Color turned Yellow

Evidence reaction is taking place without HEvidence reaction is taking place without H22OO2 2 catalyzedcatalyzed

No added transition metals presentNo added transition metals present

What is actually occurring?What is actually occurring?



Fenton MechanismFenton Mechanism

FentonFenton’’s Reagents (1875)s Reagents (1875)
�� FeFe2+ 2+ + H+ H22OO22

W.C. Bray and M.H. W.C. Bray and M.H. GorinGorin (1932)(1932)
�� FeFe2+ 2+ + H+ H22OO22 FeOFeO2+ 2+ + H+ H22OO

F. Haber and J. Weiss (1934)F. Haber and J. Weiss (1934)
�� FeFe2+ 2+ + H+ H22OO22 FeFe3+ 3+ + OH+ OH-- + OH+ OH..

Also PhotoAlso Photo--Fenton Reaction can occur, possibly Fenton Reaction can occur, possibly 
explaining the Timeexplaining the Time--dependent studiesdependent studies



Kinetic StudiesKinetic Studies

Used UV/Vis SpectrometerUsed UV/Vis Spectrometer

Measured Reactants (ascorbic acid, Measured Reactants (ascorbic acid, 
benzoate) disappearance to product benzoate) disappearance to product 
generation vs. timegeneration vs. time

Simulations were performed with a Simulations were performed with a 
variable factorvariable factor

Scans were performed in 30 second Scans were performed in 30 second 
intervalsintervals



Kinetics ScanKinetics Scan
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absorption spectra of two species cross each other

Ascorbic acid and benzoate
H2O2 Catalyzed



Isosbestic or not isosbestic?
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33--D SPECFITD SPECFIT
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Are TransitionAre Transition --Metals Present?Metals Present?

Added 0.25 Added 0.25 mMmM
EDTA to simulationEDTA to simulation

All other conditions All other conditions 
remained the sameremained the same

2 2 mLmL Aliquot was Aliquot was 
taken for Kinetics taken for Kinetics 
StudiesStudies

Time Dependant Time Dependant 
Study: 6 weeksStudy: 6 weeks



EDTA EDTA ““ Chelating AgentChelating Agent ””



EDTAEDTA’’ss Effects on Reactant Effects on Reactant 
DepletionDepletion
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EDTA SPECFITEDTA SPECFIT
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EvidenceEvidence

Transition metals, likely FeTransition metals, likely Fe2+2+ or Feor Fe3+3+, are , are 
directly involved in this mechanismdirectly involved in this mechanism

The disappearance of reactants can be The disappearance of reactants can be 
slowed by the slowed by the chelationchelation of of cationscations

However,However,

No FeNo Fe2+ 2+ or or FeFe3+ 3+ was added so only was added so only 
extremely low concentrations are present extremely low concentrations are present 
and needed for reaction to occurand needed for reaction to occur



Effect of FeEffect of Fe 3+3+ ConcentrationConcentration

Reactant disappearance not affectedReactant disappearance not affected
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Effect of FeEffect of Fe 2+ 2+ ConcentrationConcentration

Reactants disappear within 10 minutesReactants disappear within 10 minutes
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FeFe2+ 2+ SPECFITSPECFIT
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Reactants             ProductReactants             Product
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Factor analysis – spectroscopic eigenvalues
For the model-free factor analysis, this only works well if the 
reaction goes to completion, as in this instance.



Zero Order Reaction?Zero Order Reaction?
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Additional FeAdditional Fe 2+2+ StudiesStudies

W a ve len g th  ( nm )

A
bs

o
rb

an
ce

2 0 0 2 5 0 3 0 0 3 5 0 4 0 0

0 .2 5

0 .7 5

1 .2 5

1 .7 5

2 .2 5

Rate of Reactant Depletion Increases as FeRate of Reactant Depletion Increases as Fe2+2+ IncreasedIncreased

20 uMol Fe 2+



20 20 uMoluMol FeFe2+2+ SPECFITSPECFIT

Very Strange Results?Very Strange Results?
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Mechanistic HypothesisMechanistic Hypothesis

HaberHaber--Weiss Mechanism does take placeWeiss Mechanism does take place
�� FeFe2+ 2+ + H+ H22OO22 FeFe3+ 3+ + OH+ OH-- + OH+ OH..

But Reaction is dependent upon Ascorbic Acid But Reaction is dependent upon Ascorbic Acid 
concentration because it acts as a reducing concentration because it acts as a reducing 
agent on Feagent on Fe3+3+ to fuel a to fuel a ““chain reactionchain reaction””

�� HH22Asc + FeAsc + Fe3+                    3+                    FeFe2+ 2+ + + HAscHAsc..

Reaction continues until all ascorbic acid is goneReaction continues until all ascorbic acid is gone

Reaction can only occur in acidic environmentReaction can only occur in acidic environment

Light and heat can generate HLight and heat can generate H22OO22 in situin situ



ConclusionConclusion

We have observed a reaction where sodium benzoate We have observed a reaction where sodium benzoate 
and ascorbic acid are consumed simultaneously.and ascorbic acid are consumed simultaneously.
Transition metals in low oxidation states (FeTransition metals in low oxidation states (Fe2+2+) ) 
accelerate the reaction while high oxidation states (Feaccelerate the reaction while high oxidation states (Fe3+3+) ) 
seem to have no effect seem to have no effect 
This suggests chemistry similar to FentonThis suggests chemistry similar to Fenton’’s reagents reagent
The acidic pH and presence of these compounds in soft The acidic pH and presence of these compounds in soft 
drinks and other particular beverages creates a drinks and other particular beverages creates a 
favorable conditions for reaction observedfavorable conditions for reaction observed
Soft drinks with high ascorbic acid concentrations that Soft drinks with high ascorbic acid concentrations that 
are subjected to intense light and heat will be most are subjected to intense light and heat will be most 
susceptiblesusceptible



Future AspirationsFuture Aspirations

Determine a rate constant for this reactionDetermine a rate constant for this reaction
Gather more data using variable concentrations of Gather more data using variable concentrations of 
FeFe2+2+

Determine effects of FeDetermine effects of Fe2+2+ on reaction in the on reaction in the 
absence of ascorbic acidabsence of ascorbic acid
Develop a method for ridding standard reaction of Develop a method for ridding standard reaction of 
FeFe2+2+

Determine what kind of water Beverage Companies Determine what kind of water Beverage Companies 
use (e.g. distilled, filtered, city water)use (e.g. distilled, filtered, city water)
Compare carbonated and Oxygenated Compare carbonated and Oxygenated 
EnvironmentsEnvironments
Direct Detection of Products (HPLC, GCMS)Direct Detection of Products (HPLC, GCMS)
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