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Abstract 

The commercial production of fruit leathers results in some material that is not to specification. 

Although this product remains edible and contains valuable ingredients such as fruit pulp, sugars 

and acidulates, it is not salable and its disposal is costly. Because these products are typically 

highly colored, recovery of fruit leather for recycling into the product requires colorant removal 

to avoid an unappetizing brownish color from the mixture of colorants.  This research introduces 

a novel approach utilizing ozonation for color removal. The treatment was first applied to pure 

solutions of the commonly used food colorants 2-naphthalenesulfonic acid (Red 40), tartrazine 

(Yellow 5), and erioglaucine (Blue 1). Color removal was measured by UV/Vis spectrometer, 

and a Hunter colorimeter. Byproducts from ozone-based colorant decomposition were identified 

and quantified with SPME-GC-MS. Removal of Yellow 5, Red 40 and Blue 1 was about 65%, 

80% and 90% complete, respectively, with 70 g ozone applied to 1 kg aqueous fruit leather 

suspension solution. Given the known structures of these dyes, a concern with this approach is 

the potential formation of toxic ozonolysis byproducts. In initial work, carbonyl compounds were 

identified as major byproducts. Among these, benzaldehyde, 2-furfural, ethanal and hexanal 

were identified as byproducts of known toxicity at levels sufficient for concern. A head-space 

solid-phase microextraction (HS-SPME) method with on-fiber derivatization using o-(2,3,4,5,6-

pentafluorobenzyl)hydroxylamine hydrochloride (PFBHA) was optimized for detection and 

quantification of carbonyl compounds in ozonated fruit leather suspensions. Ethanal, hexanal, 

furfural and benzaldehyde were quantified with the newly developed method, and detection 

limits were in the range of 0.016 – 0.030 µg/L. For furfural, the ozonolysis byproduct noted in 

the literature as having the highest median lethal dose value, the maximum amount generated 
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was determined to be under the detection limit, 0.016 µg/L of 100% fruit leather 

solution/suspension, while hexanal was the most abundantly generated, at 80.0 ± 22.0 mg/L. A 

conservative risk assessment based on published toxicity information for the main ozonolysis 

products generated in this study suggests the acceptability of ozone-based decolorization in fruit 

leather recycling. A preliminary cost estimate suggests a potential $0.25 million annual profit on 

recycling a 1,000 tons of waste fruit leathers per year. 
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Chapter 1. Introduction 

Fruit leathers are a popular snack food containing fruit pulp, sugars and food-grade 

colorants and are produced at rates of tons per hour in the US. As with any food, the commercial 

production of fruit leathers results in some material that is not to specification. Disposal of this 

material is costly, as it remains edible and contains valuable ingredients such as fruit pulp, sugars 

and acidulates.  Recovery of out of specification fruit leather for product rework (recycling) 

requires colorant removal to avoid an unappetizing brownish color resulting from compositing 

leathers of different colors. The food colorants studied here were Red 40, an acidic and azoic 

synthetic colorant; Yellow 5, an azoic synthetic colorant; and Blue 1, a synthetic colorant.   

Colorant removal is often achieved by oxidation processes (Forgacs et al., 2004).  These could 

include ozonation, or Advanced Oxidation Processes (AOPs) for decolorization, including 

photocatalytic oxidation, electrochemical treatment, or ozonation combined with ultraviolet (UV) 

radiation or ultrasonication. Non-oxidative decolorization methods can be adsorption, 

biodegradation, coagulation and ultrasonic irradiation (Aksu et al., 2008; Fu et al., 2001; Forgacs 

et al., 2004).  

For food-based applications, it is ideal that the implemented decolorization process is free 

of additive residue from decolorization reagents. In the processes of adsorption, electrochemical 

oxidation, biodegradation and coagulation, addition of solid reagents is necessary. Activated 

carbon (charcoal) is the most widely used adsorbent, with high adsorption capacity (Richardson 

et al., 2008), while fly ash, waste red mud, biomass, and clay minerals are substituted as less 

expensive adsorbents (Hamdaoui et al., 2006; Ozsoy et al., 2008a; Vimonses et al., 2009). Non-

viable plant or microbial cells are additional choices as sorbent, which interact with the impurity 
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through adsorption, deposition, and ion-exchange (Ozsoy et al., 2010a; Aksu et al., 2008).  

Electrochemical oxidation uses electrolytes such as sodium chloride (Maljaei et al., 2009) or 

ferrous sulfate (Villanueva-Rodríguez et al., 2009) to enhance conductivity, while a low voltage 

direct current is applied to oxidize colorants. Unsatisfactory decolorizing efficiency has been 

reported for azoic and acid colorants using biodegradation and coagulation processes 

(Richardson et al., 2008), and Yellow 5 and Red 40 are such colorants. Photocatalytic oxidation 

processes produce oxidative radicals, requiring a catalyst such as TiO2 as an additional 

semiconductor phase (Tang et al., 1995a and b; Ao et al., 2007). Oxidative radicals can also be 

generated from ultrasonic irradiation of oxygen and water (Ghodbane et al., 2009), and this 

technique can be applied together with ozonation (Zhang et al., 2006). However, a main 

drawback of the techniques listed above is that they involve addition to the food of reagents or 

additives that subsequently must be removed or recovered, which involves additional processing. 

In contrast, ozone-based decolorization has many potential advantages as a means for processing 

of industrial food materials, as it is highly effective, does not generate solid wastes and is 

residue-free (Ozsoy et al., 2008b; Wu et al., 2008). Additionally, selective ozonation of specific 

compounds is possible, even in the presence of other organic substances (van Leeuwen et al., 

2009a and b). 

Ozone-based decolorization has been studied combined with other techniques such as 

ultrasonic irradiation (Zhang et al., 2006), UV catalysis (Hsing et al., 2007), or membrane 

filtration (Wu et al., 1998). The use of ozone-based oxidative treatment started from early 1900s, 

and has been widely utilized in the food industry (Guzel-Seydim et al., 2004). Ozone-based 

oxidation has previously been shown to be selective and effective enough for colorant 
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degradation (Wu et al., 2008 and Ozsoy et al., 2008b). Combination of ozonation with other 

AOP techniques is expected to result in a higher oxidative potential (Glaze et al., 1982; Koyuncu 

et al., 1996 and Hsing et al., 2007) and lower selectivity in complex systems (Koyuncu et al., 

1996). Ozone is commonly used in wastewater (van Leeuwen et al., 2003a) and water treatment 

(van Leeuwen et al., 2003b).  Considering the equipment costs for the scale needed in this study, 

along with treatment effectiveness and process selectivity, ozonation treatment alone was 

expected to serve as an attractive solution for color removal in this study. However, a major 

concern in this study was the generation of unwanted byproducts from ozonolytic degradation of 

the food colorants used here. Common structural elements of colorants such as Yellow 5, Red 40 

and Blue 1 include azo bonds and benzene rings. Different breakdown mechanisms of these 

groups have been observed in different decolorization processes, with the azo bonds being most 

subject to cleavage (table 1.2). The ring structures can be left intact, opened or mineralized 

during decolorization. Some colorants were found to degrade in the natural environment without 

cleavage of their benzene rings (Colombini et al., 2007; Grosjean et al., 1992; Huang et al., 2009; 

Gosseti et al., 2004, 2005 and 2008). Other dyes, such as morin, a textile dye with a flavone 

backbone, have been shown to break down at ambient oxygen levels, with a reaction catalyzed 

by visible light (Colombini et al., 2007). Grosjean et al. (1992) reported the fading of some 

organic artists’ colorants by atmospheric nitric acid and breakdown of curcumin by ambient 

ozone. The photodegradation of food colorants in beverages has also been reported, notably, 

Blue 1 (Gosseti et al., 2007), azo dye Sunset Yellow FCF (Gosseti et al., 2005 and 2008) and 

Chromotrope FB-E122 (Gosseti et al., 2008). Decolorization of Blue 1 without opening of the 

benzene ring was found to be possible using potassium persulfate (Gosseti et al., 2004), and 
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selective enzymatic cleavage of the azo bond of Methyl Orange was observed in decolorization 

treatments using the bacterium Kocuria rosea (Gosetti et al., 2004). Ring-opening degradations 

were observed with Advanced Oxidation Processes (AOPs), such as UV/TiO2 oxidation of 

anthraquinone dye Acid Blue 40 (Tang et al., 1995), Co
2+

/ peroxymonosulfate oxidation of the 

azo dye Reactive Black B (Huang et al., 2009) and electrochemical oxidation of the azo dye C.I. 

Reactive Yellow 3 (Maljaei et al., 2009). Although the azo dye Acid Orange could not be 

effectively degraded using UV/TiO2 treatment, an ozone dose of 50.7 mg/L∙h
-1

 was found to 

completely mineralize this dye to nitrate and gaseous nitrogen compounds (Hsing et al., 2007). 

Mineralization of Acid Orange 6 was also possible using a Co
2+

/peroxymonosulfate 

decolorization system (Chen et al., 2007). Processes capable of mineralization are of special 

interest, as they are expected to generate byproducts having the lowest toxicities. For example, 

some of the degradation products reported for mineralization of dyes are small molecules that do 

not contain benzene rings, or that have a lower degree of unsaturation, another parameter 

associated with lower toxicity. Previous studies have reported mineralization of colorants using 

ozone-based oxidation (Hsing et al., 2007), indicating the promise of this approach for 

decolorization of food dyes with minimal generation of unwanted byproducts.  
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Table 1.1. Dye decolorization processes reported in the literature.  

Technique Colorant Reagent Reference 

Adsorption  Methylene Blue Activated carbon Karaca et al., 

2008 

Blue 1, Red 40 and Yellow 5 Activated carbon Ozsoy et al., 

2010b 

Methylene Blue Cedar sawdust 

and crushed brick 

Hamdaoui et al., 

2006 

Biosorption  Gryfalan Black RL metal-

complex dye 

Rhizopus arrhizus 

and Aspergillus niger 

Aksu et al., 2008  

Cu
2+

 ions Dried R. microsporus 

 

Ozsoy et al., 

2008a 

Methylene Blue 

Orange II 

Bacterial biomass Van Leeuwen et 

al. 2009 a & b 

Biodegradation  Methyl Orange  Kocuria rosea Hamdaoui et al., 

2006 

Electrochemical 

oxidation 

Reactive Yellow 3 Graphite and NaCl Maljaei et al., 

2009 

Acid Yellow 36 Boron-doped 

diamond and ferrous 

sulfate 

Villanueva-

Rodríguez et al., 

2009 
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Table 1.1. continued.  

Photocatalytic  Direct Blue 87, Reactive Red 

120, Basic Yellow 15, Acid 

Blue 40 and Direct Blue 160 

UV/TiO2 Tang et al., 

1995a 

Acid Blue 80 UV-Vis/TiO2 Ao et al., 2007 

Acid Blue 40 UV/TiO2 Tang et al., 

1995b 

Ultrasonic  Acid Blue 25 Carbon tetrachloride Ghodbane et al., 

2009 

Ozonation  C.I. Reactive Blue 15 Ozone  Wu et al., 2008 

Blue 1, Red 40 and Yellow 5 Ozone (compared 

with adsorption and 

coagulation) 

Ozsoy et al., 

2008b 

Blue 1, Red 40 and Yellow 5 Ozone  This study 
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Table 1.2. Colorant degradation products reported from various decolorization processes.  

Colorant Reagent Degradation Reference 

Morin Ambient oxygen, light Ring intact Colombini 

et al., 2007 

Alizarin, Alizarin crimson, 

Pararosaniline base, Basic 

fuchsin, Acridone, 

Quinacridone Red, Indigo, 

Thioindigo violet, Curcumin  

Ambient nitric acid Ring intact Grosjean et 

al., 1992 

Curcumin  Ambient ozone Ring intact Grosjean et 

al., 1998 

Blue 1 Light  Ring intact Gosseti et 

al., 2007 

Sunset Yellow FCF Light  Ring intact Gosseti et 

al., 2005 

and 2008 

Chromotrope FB-E122 Light  Ring intact Gosseti et 

al., 2008 

Blue 1 Potassium persulfate  Ring intact Gosseti et 

al., 2004 

Methyl Orange Kocuria rosea Ring intact Parshetti et 

al., 2010 
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Table 1.2. continued.  

Acid Blue 40 UV/TiO2 Ring opened Tang et al., 

1995 

Reactive Black B Co
2+

/peroxymonosulfate Ring opened Huang et 

al., 2009 

C.I. Reactive Yellow 3 Electrochemical oxidation  Ring opened Maljaei et 

al., 2009 

Acid Orange 6 Ozone  Mineralization Hsing et 

al., 2007 

Acid Orange 6 Co
2+

/peroxymonosulfate Mineralization Chen et al., 

2007 

Blue 1, Red 40 and Yellow 5 Ozone  Mineralization This study 

 

In the present study, carbonyl compounds were identified as major byproducts from 

ozone-based decolorization during fruit leather recycling. Among the detected carbonyl 

compounds, ethanal (acetaldehyde), 2-furfural and benzaldehyde are of concern according to 

published toxicity data, while hexanal, a compound used in foods as a flavorant (used at 0.005 – 

4 ppm to impart a fruit flavor), was found at a high level following ozonation, along with ethanal, 

which also has food uses as a flavor adjuvant. In other ozonolysis applications such as treatment 

of paper pulp and water, carbonyl compounds have also been found as major byproducts (Le 

Lacheur et al., 1993). Carbonyl compounds are common in the environment, and may be 

generated via various processes, including oxidative disinfection of drinking water (Bao et al., 
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1998), incomplete combustion of fossil fuels, the burning of wood (Beránek et al., 2008) and 

ambient photochemical processes (Satsumabayashi et al., 1995). As with many compounds 

found in the environment, toxicity can arise during metabolism. Inside the human body, carbonyl 

groups can either be oxidized to a carboxyl group or reduced to a hydroxyl group, with oxidation 

being both dominant and irreversible (Sladek et al., 1989). Another metabolic pathway involves 

interaction between the carbonyl group and thiol or amine groups, which can lead to covalent 

crosslinking between DNA and proteins (DNA-protein, protein-protein, DNA-DNA) (Chaw et 

al., 1980; Feldman et al., 1978; Ma et al., 1988). These reactions may ultimately result in 

mutation and tumor formation, as studies on laboratory animals have shown (Cancho et al., 

2001).  

Carbonyl compounds are also reactive outside of the body, and must be derivatized for 

sampling (Le Lacheur et al., 1993).  For example, Ortiz et al. used an annular denuder coated 

with o-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine hydrochloride (PFBHA) for collection of 

biofunctional carbonyl compounds from ambient air (Ortiz et al., 2006). The captured aldehydes 

were then extracted using acetonitrile/CH2Cl2 for instrumental analysis. Solid phase extraction 

has also been coupled with PFBHA derivatization for the extraction of carbonyls from wine 

(Culleré et al. 2004). In a study on carbonyls from engine exhaust, 2,4-dinitrophenyl-hydrazine 

(DNPH) was used as the derivatization reagent coated onto silica gel cartridges (Pang et al., 

2008).  

A drawback of the methods described above is that they require laborious pre-analytical 

sample preparation. In contrast, solid phase microextraction (SPME) is a technique developed in 

recent years that integrates both sampling and sample preparation steps (Pawliszyn et al., 1997). 
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The technique has been successively applied for analysis of carbonyls in combination with 

PFBHA derivatization (Bao et al., 1998; Deng et al., 2004; Koziel et al., 2001). In the present 

study, SPME was found to be both sensitive and selective, in addition to being less labor 

intensive. In our ozonation process, ozone was generated at a constant known rate, with 

ozonation time being the only independent variable. Different ozonation times were expected to 

influence the generation of byproducts. We used SPME-GC-MS both with and without 

derivatization for the study of byproducts from the ozonolytic breakdown of food colorants. 

Overall, we sought to test decolorization efficiency with UV/Vis spectrometer and Hunter 

colorimeter, to semi-quantitatively analyze non-carbonyls with non-derivatization SPME, to 

develop an on-fiber derivatization SPME method for the carbonyls with highest concern (ethanal, 

hexanal, 2-furfural and benzaldehyde), to use SPME methods to acquire byproduct generation 

profiles as a function of different ozonation times, and to use these time-product profiles to 

identify an effective decolorization regime resulting in minimal generation of undesirable 

byproducts. 
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Chapter 2. Experimental 

2.1. Ozone treatment system 

The ozonation system was set up according to figure 2.1.1 and 2.1.2. The 99.999% purity air in 

the air cylinder was the oxygen supplier for the TOG C2B corona discharge ozone generator 

(Triogen, Craigton, Glasgow, UK). Air was introduced into the ozone generator at a constant 

flow rate. The flow rate was measured by a GFC 37 mass flow controller (Aalborg, Orangeburg, 

New York, USA). Ozone was generated from air cylinder-delivered oxygen via corona discharge. 

A capillary grade hydrocarbon and moisture trap (Restek, Bellefonte, PA, USA) was connected 

to the air cylinder to reduce nitric acid formation from the corona discharge during ozone 

production. Under a constant airflow rate, the dosage of ozone generated is a direct function of 

time. Specific ozone doses were reached by controlling the ozonation time. Although parameters 

such as temperature and pH value in the system are known to influence the mass transfer of 

ozone and subsequent decolorization efficiency (Wu et al., 2001), costs associated with 

adjustment of these parameters in the real industrial process are another concern. Simple mass 

transfer enhancement may be achieved through the generation of microbubbles (Chu et al., 2007). 

In the present study, ozone was introduced to the bottom of a reactor vessel containing 200 mL 

of sample suspension (Figures 2.1.1 and 2.1.2). Ozone microbubbles were generated using a 

sintered glass sparger, while pH and temperature were not adjusted.   
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Figure 2.1.1. Schematic of the ozonation system used in this study 

 

 

Figure 2.1.2. Photo of the ozonation system used in this study 
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2.2. Quantification of ozone dosage  

Ozone dosage was calculated using a chemical titration method. A constant ozone dose was 

supplied by the corona discharge ozone generator, which used compressed air as the oxygen 

supply. Ozone/air gas was introduced at a constant flow rate through a glass tube from top to the 

bottom with a sintered glass sparger, and passed through 200 mL 2% potassium iodide solution 

in a vessel. After ozonation, dye solution was transferred to a 500 mL conical beaker, and 10 mL 

2 M sulfuric acid solution was added and mixed into the solution (adapted from Clesceri et al., 

Standard methods for the examination of water and wastewater, 1998). This solution was left at 

room temperature in dark for 3 hours to release iodine from iodate as byproduct. The solution 

was then titrated with 0.05 M sodium thiosulfate. As yellow color almost disappeared, 2 mL 1% 

starch indicator was added, turning the solution blue. This titration process was repeated until the 

blue color was no longer formed.  

In the ozone capturing process, iodate was generated from ozonation of iodine:  

 

Iodide oxidation reaction 

4∙O3 + 10∙I
-
 → H2O2 + 5∙I2 + 4∙H2O + 3∙O2 

 

Side reactions 

3∙O3 + I
-
 → 3∙O2 + IO3

-
 

5∙O3 + I2 + H2O → 5∙O2 + 2∙IO3
-
 + 2∙H

+
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To reduce all iodate to ozone to iodine for titration, sulfuric acid was added to the ozonated KI 

solution:  

 

Iodine release reaction 

IO3
-
 + 5∙I

-
 + 6∙H

+
 → 3∙I2 + 3∙H2O 

 

After 3 hours of reaction in dark, iodate from iodide ozonation side reaction was found to be 

reduced thoroughly. A deeper orange color was observed after dropwise addition of sulfuric acid 

and storage.Ozone dose was calculated according to the summarized reactions as follows:  

 

Total reaction 

O3 + 2∙I
-
 + H2O → I2 + O2 + 2∙OH

-
 

I2+2∙S2O3
2-

 → 2∙I
-
 + S4O6

2-
 

 

The calculation of ozone dose was as following:  

Dozone = A × N × 24/T 

Where: 

Dozone = ozone dose, mg/min; 

A = the amount of Na2S2O3, mL; 

N = the normality of Na2S2O3, mol/L; 

T = ozonation time, min; 

24 = ozone molecular mass (48) divided by the ratio of Na2S2O3 to ozone as reactants, g∙mol
-1

. 
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2.3. Objective measurement of color removal 

Objective color measurement was carried out with a SpectraMax Plus 384 UV/Vis spectrometer 

(Molecular Devices, Sunnyvale, CA, USA) and Hunter colorimeter (HunterLab, Reston, Virginia, 

USA). The UV/Vis spectrometer measures absorbance of light in a sample at a specified 

wavelength. Content of a colorant in solution can be determined by measuring its absorbance at 

its maximum absorbance wavelength, which is characteristic of each dye. The spectrometer was 

calibrated using distilled water as a blank prior to taking measurements. Aqueous solutions of 

indvidual colorants were transferred to individual cuvettes for measurement. For 

spectrophotometric measurements of fruit leather solution/suspension, the sample was 

centrifuged and filtered with a 2 µm filter paper (Whatman, Maidstone, Kent, UK) to remove 

colloidal particles before being transferred to a cuvette. Absorbance of each sample at its 

maximum absorbability wavelength was recorded as Amax.   

The Hunter colorimeter was used to measure the color fruit leather solution/suspension 

without cleaning the sample. The color is expressed in the Hunter L,a,b Color Space, where L is 

on the lightness axis, 0 is black and 100 is white; a is on the red-green axis, positive is red and 

negative is green; b is on the blue-yellow axis, positive is yellow and negative is blue 

(Chutintrasri et al., 2007). The instrument was firstly calibrated with black and white reference 

tiles (L = 91.8; a = -0.8; b = 0.1). A plastic sample dish was filled to the top with sample 

solution/suspension so that an identical depth was achieved for each measurement. The dish was 

covered with a plastic dish cover and the measurement made. The three-color coordinates were 

recorded and total color difference, ∆E, was calculated based on the equation:  

http://en.wikipedia.org/wiki/Maidstone
http://en.wikipedia.org/wiki/Kent
http://en.wikipedia.org/wiki/United_Kingdom
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∆E = [{L0 – L)
2
 + (a0 - a)

 2
 + (b0 – b)

 2
]
1/2 

 

where L0, a0 and b0 represent the readings from untreated fruit leather solution/suspension, and L, 

a and b represent those from sample treated with specific ozone dose. 

 

2.4. Screening and identification of ozonolysis byproducts 

Identification of byproducts was performed by a GC-MS analysis following direct immersion 

(DI) SPME with a 50/30 μm DVB/CAR/PDMS fiber, and on-fiber derivatization SPME with a 

65 μm PDMS/DVB fiber. All SPME fibers and holders were purchased from Supelco 

(Bellefonte, PA, USA). The GC-MS system was Agilent 6890N GC system coupled with Agilent 

5975C VL MSD. Colorant aqueous solution was used as the model system for identification of 

byproducts from colorant decomposition. The DI-SPME was performed by immersing a 50/30 

μm DVB/CAR/PDMS fiber into a 30 mL treated/untreated colorant solution in a 40 mL vial for 

30 min at room temperature with 800 rpm stirring. The fruit leather solution/suspension samples 

were also analyzed by headspace (HS)-SPME, and the trend of aliphatic acid content against 

ozone dose was monitored. A 50/30 μm DVB/CAR/PDMS fiber was exposed to the headspace 

of 10 mL sample in a 40 mL vial for 60 min at room temperature, with 800 rpm stirring.  

Sample extracted by the 50/30 μm DVB/CAR/PDMS fiber was analyzed by a 60 m polar BP-21 

column in GC-MS. Injector was at 250 °C. The oven temperature started from 40 °C initially, 

holding 5 min and then raise to 220 °C at 4.5 °C/min, followed by a 5 min hold. Helium was 

used as the carrier gas at a flow rate of 1.7 mL/min. The mass-to-charge ratio (m/z) range was set 
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between 29 and 280. Spectra were collected at 6 scans/s and electron multiplier voltage was set 

to 1500 V. The screening and identification results were the basis to select target compounds.  

 

2.5. Quantitative analysis of carbonyls present in pure dye or ozonated fruit leather 

solution/suspension 

2.5.1. Response Factor Calculation 

The evaluation of extraction efficiency requires transferring the response of each chemical in the 

GC-MS system to its mass extracted by on-fiber derivatization in SPME. Dividing the peak area 

count of a carbonyl at known amount by its mass gives the response factor of the specific 

chemical.  

 

Response factor = peak area count of oxime (isomers)/mass (ng) of injected derivatized carbonyl  

 

To obtain carbonyl derivatives for response factor calculation, a specific amount of carbonyl 

compound was spiked to PFBHA methanol solution for reaction. The molar concentration of 

PFBHA solution was 10 times higher than that of the carbonyl compound to ensure a 

quantitative reaction, and the reaction was carried out in the dark at room temperature for at least 

2 h (Bao et al., 1998). After derivatization, the solution was quantitatively introduced into the 

GC-MS system by direct injection. The response factor of each carbonyl compound was obtained 

from dividing the peak area count of the derivative by the injection mass of the chemical.  

 

2.5.2. PFBHA Doping of SPME Fiber 
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In application with SPME, DNPH and hydroxymethyl piperidine (HMP) were found to generate 

a number of byproduct peaks, while PFBHA was found to be the ideal derivatization reagent for 

SPME analysis (Martos et al., 1998). For direct derivatization, at least 30 min of derivatization 

reaction is required in a diluted system (Bao et al., 1998; Beránek et al. 2008; Saison et al., 2009). 

In the present study, an on-fiber derivatization method was used (Beránek et al., 2008; Deng et 

al., 2004; Koziel et al., 2001). In this process, the derivatization reagent is first doped onto the 

SPME fiber, and then the fiber coated with PFBHA is exposed to the headspace of the sample 

solution to react with carbonyl compounds.  A 65 μm PDMS/DVB (poly-

dimethylsiloxane/divinylbenzene) fiber was selected because it was found to retain a large 

amount of PFBHA after exposing to the ambient air (Martos et al., 1998). During both the 

doping and derivatization procedures, a 1 cm Teflon-coated stir bar was placed in the sample 

stirring at 800 rpm, and the vial was placed in a water bath set to a specific temperature (40, 60 

or 80 ˚C, depending on the experiment). For PFBHA doping, a PDMS/DVB fiber was exposed to 

the headspace of 1 mL PFBHA aqueous solution for 15 min. Immediately after doping with 

PFBHA, the SPME fiber was introduced into the headspace of a sample solution, because 

immersing a PFBHA coated PDMS/DVB fiber into the sample solution was found to dissolve 

the PFBHA coating (Beránek et al., 2008). Headspace extraction was performed for a specific 

time. The doping procedure and on-fiber derivatization were both performed in the same thermal 

water bath at the same temperature.   

Different PFBHA dopant solution concentrations, on-fiber derivatization times and 

sampling temperatures were tested. Derivatization efficiencies were evaluated according to the 

GC-MS response of carbonyl derivatives to determine the optimum SPME conditions.   
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2.5.3. GC-MS Condition for Carbonyl Analysis 

Following on-fiber derivatization, the SPME fiber was introduced to the injection port of the GC 

instrument for thermal desorption. An Agilent 6890N GC system was equipped with Agilent 

5975C VL MSD. Samples were analyzed in a 60 m × 0.32 mm × 0.25 µm SGE BP-21 column. 

The GC injection port temperature was 250 ˚C. The oven temperature was raised from 120 ˚C to 

180 ˚C at a 4.5 ˚C/min ramp, and then ramped to 220 ˚C at 15 ˚C/min, holding for 3 min. Helium 

was the carrier gas, and the flow rate was 1.7 mL/min. The scanning range of the MS detector 

was m/z = 33 to 352. Temperatures of the MS source and MS quadrupole were 230 ˚C and 150 

˚C respectively. A selective ion monitoring (SIM) mode (table 2.5.1) was run simultaneously in 

total scanning mode for quantification.  

 

Table 2.5.1. Selected scanning ions in the SIM 

Carbonyl (-PFBHA 

Derivative) 

Significant Ions  Carbonyl (-PFBHA 

Derivative) 

Significant Ions 

Ethanal 181 209 239 Octanal 181 239 323 

Propanal 181 195 223 236 Acetone 181 223 253 

Butanal  181 239 267 2-Heptanone 181 253 

Pentanal  181 239 281 2-Furfural 181 248 291 

Hexanal 114 181 239 295 Benzaldehyde 181 271 301 

Note: Quantification ions are in bold.  
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2.5.4. Validation of the Method 

Calibration curves of ethanal, hexanal, 2-furfural, and benzaldehyde were generated, and the 

gradient concentrations were in the range of 2 – 50 ng/mL, 20 – 8000 ng/mL, 0.04 – 0.8 ng/L, 

and 0.1 – 1.5 ng/mL respectively, corresponding to the chemical contents in the real sample. For 

limit of detection (LOD), and limit of quantification (LOQ) determinations, 0.1 µg/L spiked 

aqueous solutions were analyzed in 7 replicates. According to the US EPA, LOD = standard 

deviation of replicate analyses × Student’s t-value for the 99% confidence level with n-1 degree 

of freedom, and LOQ = standard deviation of replicate analyses × 10 (US EPA, 1998). 
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Chapter 3. Results and Discussion 

3.1. Ozone Generator Calibration 

A considerable enhancement of linearity and precision of the iodometric titration for ozone 

quantification was observed with a 3 h iodine release procedure (table 3.1.1). The 3-h iodine 

release procedure was included in the following ozone quantification procedures. With a 500 

mL/min air supply, knob setting at 1 (the lowest corona discharge frequency) was found to 

provide the required ozone generation level.  The knob was set at 1 in the following 

measurement and treatment procedures. Ozone generator calibration curves were generated with 

air supply at 500 mL/min, and 800 mL/min (table 3.1.1).  

 

Table 3.1.1. Optimization of iodometric titration for ozone quantification 

Air Supply 

(mL/min) 

Calibration 

Curve 

Release Iodine 

for 3 h 

R
2
 RSD (%) 

Average Intra-day Inter-day 

500 Dozone = 3.898·T  No 0.490 7.88 12.8 (n=4) N/A 

500 Dozone = 4.522·T Yes 0.988 2.94 4.74 (n=6) 4.50 (n=9) 

800 Dozone = 6.644·T Yes 0.999 0.37 0.52 (n=3) N/A 

Note: The calibration curves were all forced to the intercept = 0. The knob setting was 1. In the equation, Dozone is in 

mg/L of air flow, and T is in min. N/A: the value was not calculated.  
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3.2. Color Removal Efficiency 

3.2.1. Colorant Solution as Model Sample 

Working with pure aqueous solutions of each dye, decolorization curves were obtained by 

plotting logA against the delivered ozone dosage. A pseudo first order colorant decomposition 

reaction was observed for each colorant (figure 3.2.2), which agrees with results from previous 

studies on ozone-based decolorization (Wu et al., 2001 and 2008). Among the three colorants 

studied, Blue 1 was found the most rapidly decomposed, followed by Red 40, then Yellow 5.  

Blue 1 

Yellow 5 

Red 40 

Figure 3.2.1. Chemical structures of the food colorants (structures were drawn with ChemDraw).   
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Figure 3.2.2. Color removal efficiency for different colorants. Each 200 mL aqueous solution of 

individual colorant was treated with 11.3 mg/L·min
-1

 of ozone.  

 

3.2.2. Waste Fruit Leather Solution/Suspension  

Increasing ozone doses, led to increased color removal. A pseudo-first order colorant degradation 

reaction was also observed in ozone treatment of the mixed colored fruit leathers (figure 3.2.3). 

However, a significant decrease of degradation speed was observed in the real sample 

solution/suspension vs. the simpler model system (table 3.2.1). The suspended pulp ingredients 

and other ingredient background from the fruit leather products could reduce ozonation 

efficiency, either via physical or chemical means. According to the L value obtained with the 

Hunter colorimeter, an increased lightness was observed against ozone dose increase (figure 

3.2.4), which resulted from removal of total colorant amount. Unlike results from the UV/Vis 

measurement, the Hunter colorimeter readings did not indicate a specific degradation pattern of 
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colorants. The random curves obtained from the Hunter colorimeter might be the result of mixed 

colorants and differences in their degradation kinetics.            

 

 

Figure 3.2.3. Efficiency of ozone decolorization for colorants present in fruit leather 

solution/suspension. Ozone at 26.6 mg/L·min was introduced into a 200 mL 100% fruit leather 

solution/suspension sample with 800 mL/min air flow.   
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Table 3.2.1. Decolorization efficiencies of Yellow 5, Red 40 and Blue 1.   

Sample Colorant Equation R
2
 Average 

RSD/% 

Colorant aqueous 

solution  

Yellow 5 log A = -4.953·Dozone + 0.848 0.983 3.47 

Red 40 log A = -9.407·Dozone + 1.010 0.944 22.7 

Blue 1 log A = -22.33·Dozone + 0.769 0.986 6.41 

100% Fruit leather 

solution/suspension 

Yellow 5 log A = -0.006·Dozone + 0.650 0.912 6.39 

Red 40 log A = -0.010·Dozone + 0.236 0.951 13.6 

Blue 1 log A = -0.013·Dozone + 0.170 0.964 38.7 

Note: In the equation, Dozone is ozone dose, and in g/L of sample, and A is the light absorbance of 

the colorant at its maximum absorptivity wavelength.  

 

     

Figure 3.2.4. Hunter colorimeter measurements.  
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3.3. Byproduct Screening  

According to previous studies, the N=N and C-N bonds are subject to oxidation, and tend to 

break down (Gosseti et al., 2005, 2007 and 2008; Ozsoy et al., 2008b). Natural light, or ambient 

nitric acid and ambient ozone were found to be oxidative enough to degrade colorants into 

smaller molecules (Gosseti et al., 2005, 2007 and 2008; Grosjean et al., 1988 and 1992). 

However, carbonyl compounds were not identified as colorant degradation products in previous 

studies.  

In this study, ozonated samples were submitted to SPME-GC-MS analysis to identify byproducts, 

and to determine the target compounds to monitor. Carbonyl compounds were identified as 

major byproducts (table 3.3.1). For a more thorough identification of carbonyls, derivatization 

SPME with PFBHA was performed. Generation of chemicals with low molecular weight in this 

study might be caused by high oxidative potential of ozone at high concentration when 

introduced into the sample solution.  

No nitrogen-containing products were detected, which could result from mineralization of these 

colorants. These results agree with an earlier study on ozone treatment of Acid Orange 6 (Hsing 

et al., 2007). The high oxidation potential of ozone is expected to induce open-ring and 

mineralization reactions. The detection of carbonyl compounds as major products suggests ring-

opening reaction mechanisms. Regarding carbonyl compounds analysis, on-fiber derivatization 

SPME was compared with a SPME method without derivatization. We found that a considerable 

enhancement of selectivity and sensitivity of SPME was achieved through use of on-fiber 

derivatization (Figure 3.3.1). The method was selected in the following study to quantify 

carbonyl compounds as major and potentially toxic byproducts.  
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Figure 3.3.1. Comparison of on-fiber derivatization SPME and non-derivatization SPME. 1. 

trans/cis ethanal-PFBHA oxime; 2. trans/cis hexanal-PFBHA oxime; 3. trans/cis octanal-

PFBHA oxime; 4. hexanal; 5. octanal. 
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Table 3.3.1. Byproduct chemicals identified in ozonated colorant aqueous solutions.  

Compound 

LD50-rat-oral 

(mg/kg) 
b
 

Detected or not 

Blue Red Yellow Green 

Ethanal  661  Yes Yes Yes Yes 

Propanal  1,600  Yes Yes Yes Yes 

Butanal  5,890 Yes Yes Yes Yes 

Pentanal  4,581  Yes Yes Yes Yes 

Hexanal  4,890 Yes Yes Yes Yes 

Heptanal  14,000 Yes Yes Yes Yes 

Octanal  5,630 Yes Yes Yes Yes 

Nonanal  5,000 Yes Yes Yes Yes 

Decanal  23,000 Yes Yes Yes Yes 

Acetone  5,800  Yes Yes Yes Yes 

Butanone  2,737  Yes Yes Yes Yes 

2-Pentanone 1,600 Yes Yes Yes Yes 

2-Heptanone 1,670 Yes Yes Yes Yes 

6-Methyl-2-heptanone N/A No Yes Yes No 

Furfural 65 Yes Yes Yes Yes 

Benzaldehyde  1,300 Yes Yes Yes Yes 

Furan 300 Yes Yes Yes Yes 

Acetic acid 3,310 Yes Yes Yes Yes 
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Table. 3.3.1. continued.  

2-Butenoic acid 400 No No Yes No 

Benzoic acid
a
 1,700 Yes Yes Yes Yes 

2-Ethyl-1-hexanol 3,730 Yes Yes Yes Yes 

1-Dodecanol 1,800 Yes Yes Yes No 

Furfuryl alcohol
a
 177 Yes Yes Yes Yes 

Phenol
a
 410 Yes Yes Yes Yes 

1-Tetradecanol 5,000 No Yes Yes No 

Tetradecanol 5,000 No No Yes No 

Ethoxy-1-dodecanol N/A No No Yes No 

Diethyl phthalate 8,600 No Yes Yes No 

Note: Chemicals were identified in the chromatograms generated from DI-SPME-GC-MS, and on-fiber 

derivatization SPME-GC-MS analysis.  

a
 The chemical was also identified in the untreated commercial food colorant aqueous solution.  

b
 The LD50 values were acquired from Material Safety Data Sheets. 

 

3.4. Development of On-fiber Derivatization SPME-GC-MS Method 

In the process of on-fiber derivatization, the actual extraction phase is the derivatization reagent 

doped onto the SPME fiber. Mass transport of the chemicals from the liquid phase to the 

headspace, and the kinetics of the derivatization reaction both influence the uptake of carbonyls. 

Derivatization-time profiles of on-fiber derivatization were generated based on different PFBHA 

doping concentrations (0.5, 3.75 and 17 mg/mL). The concentration of each carbonyl compound 

in the standard solution was about 5 ng/mL. An increase of equilibrium time was observed with 
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increased PFBHA doping concentration. Equilibrium times were 15, 30 and 60 min, respectively, 

with PFBHA solution at 0.5, 3.75 and 17 mg/mL. Within the equilibrium time, no obvious 

variation of the uptake rate for carbonyls was observed. However, longer equilibrium time 

allows higher recovery with longer extraction time (figure 3.4.2). To achieve higher uptake rate, 

the highest dopant solution concentration at 17 mg/mL was selected. Doping time of PFBHA 

onto the fiber was 15 min.  

 

 

Figure 3.4.1. Chromatogram of on-fiber derivatization SPME of ozonated fruit leather 

solution/suspension. 1. Ethanal, 2. Propanal, 3. Butanal, 4. Pentanal, 5. Hexanal, 6. Heptanal, 7. 

Octanal, 8. Nonanal, 9. Decanal. 

Note: Two isomeric oximes (trans/cis) were formed for each aldehyde (except for acetone with a symmetric 

structure). Peak areas of both isomers were summed up for quantification.  
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Table 3.4.1. Validation of on-fiber derivatization with 17 mg/mL PFBHA  

Chemical log Pow 

Response Factor 

(peak area 

count/mass (ng))
 

Extraction-time 

Linearity (R
2
) 

 

Average RSD (%) 

5 – 60 

min 

2 – 20  

s 

 5 – 60 

min 

2 – 20  

s 

5  

s 

Ethanal 0.63 86,606 0.932 0.932  12.7 10.2 14.4 

Propanal 0.83 60,185 0.942 ND  13.7 ND ND 

Butanal 0.88 341,983 0.930 0.969  11.1 8.94 10.4 

Pentanal -0.16 73.405 0.973 ND  24.6 ND ND 

Hexanal 2.33 64,194 0.973 0.957  12.3 15.9 7.90 

Octanal 3.03 31,414 0.941 0.930  10.5 24.4 17.7 

Acetone -0.24 112,134 0.968 0.562  8.64 8.43 4.19 

2-Heptanone 1.98 125,294 0.988 0.825  10.8 25.0 17.3 

2-Furfural 0.41 100,814 0.874 0.963 
a 

 29.1 14.3 1.61 

Benzaldehyde 1.48 130,920 0.776 0.999 
a
  17.1 14.4 9.34 

Note: Response factor = peak area count/carbonyl injection mass (ng). ND: not detected.  

a
 Linearity was calculated within 2 – 10 s of extraction.  
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Figure 3.4.3. Time-profile of derivatization time from 2 – 20 s.  

 

With PFBHA at 17 mg/mL, extraction of aliphatic aldehydes (ethanal, propanal, butanal, 

pentanal, hexanal, and octanal), and aliphatic ketones (acetone, and heptanone) increased linearly 

against time with R
2
 > 0.93. An exception was observed with 2-furfural, whose derivative 

decreased within 5 min derivatization. The log Pow value of 2-furfural suggests a medium 

diffusion effect among other carbonyls (table 3.4.1). It is expected that the displacement resulted 

from higher reaction kinetics of other competing carbonyls. Shorter on-fiber derivatization time 

was tested. The concentration of ethanal was about 2 µg/mL, while each other chemical was at 

about 5 ng/mL. The displacement of 2-furfural was avoided within 10 s derivatization – long 

before the equilibrium or saturation. The prevention of the displacement of 2-furfural 
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significantly decreased inaccuracy from average RSD = 29.1% to 14.3%. Five seconds was used 

for on-fiber derivatization with RSD = 1.61%. Recovery decreased with a shorter derivatization 

time (figure 3.4.2 and 3.4.3), while the accuracies on 2-furfural and benzaldehyde were enhanced.     

 

Figure 3.4.5 and 3.4.6 show the effects of temperature on the uptake efficiency of carbonyls. The 

fiber was doped with 17 mg/mL PFBHA at the same temperature, 40, 60 or 80 ˚C, as in the 

derivatization procedure. The concentration of each carbonyl compound in the standard solution 

was about 5 ng/mL for the 30min extraction test. For the 10 s extraction test, ethanal was at 2 

µg/mL, while other chemicals were at 5 ng/mL. Highest recovery of most compounds was 

obtained at 60 ˚C. In the study to follow, PFBHA doping and on-fiber derivatization were 

performed at 60 ˚C.  

 

 

Figure 3.4.5. Effects of temperature on 10 s on-fiber derivatization efficiency  
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Figure 3.4.6. Effects of temperature on 30 min on-fiber derivatization efficiency  

 

Optimum analysis conditions were established to be: PFBHA dopant concentration at 17 mg/mL, 

doping time for 15 min, derivatization time for 10 s, and doping and derivatization temperature 

at 60 ̊C. Based on the developed extraction method, quality parameters such as linearity, 

detection limit, and precision were determined (Table 3.4.2). Calibration curves of ethanal, 

hexanal, 2-furfural and benzaldehyde were generated by plotting quantification ion peak areas 

against the corresponding carbonyl compound concentration in the standard sample. 

Three options are typically available to perform derivatization with SPME: derivatization in GC 

injection port, direct derivatization in sample matrix and derivatization in SPME fiber coating. 

Derivatization in the GC injector calls for injection of derivatization reagent in the injector 

before thermal desorption of SPME fiber, and derivatization was the sampling procedure 

afterwards. In this study, SPME failed to uptake ethanal before derivatization, and this method 

was not considered. With direct derivatization in a sample matrix, higher sensitivity was usually 
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reported in previous studies on aldehyde analysis (table 3.4.3). However, longer derivatization 

times - up to several hours, were needed in a diluted system. On-fiber derivatization SPME was 

proven to be a rapid sampling method for carbonyl compounds in this study. Sensitivity at ppb 

levels was achieved with a very short derivatization time (table 3.4.2), compared with direct 

derivatization.  

Table 3.4.2. Linearity and sensitivity of the new on-fiber derivatization SPME-GC-MS method.  

Compound Calibration Curve R
2
 LOD 

(µg/L) 

Ethanal y = 1.2×10
3
x + 70324 0.9831 0.030  

Hexanal y = 9.2×10
2
x + 29024 0.9959 0.029 

2-Furfural y = 3.7×10
4
x + 35313 0.9579 0.016 

Benzaldehyde y = 4.1×10
4
x + 38523 0.9874 0.016 
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Table 3.4.3. Studies of carbonyl compounds derivatization with SPME.   

Study Matrix Analysis 

Method 

Derivatization 

Method 

Chemical LOD/ 

ppb(v) 

Bao et al., 

1998 

Water SPME-

GC/ECD 

Direct 

derivatization-

liquid SPME 

Formaldehyde 0.015  

Ethanal 0.02  

Hexanal  0.035  

Benzaldehyde  0.008  

Aldehydes, dialdehydes and ketones  0.006–0.2  

Direct 

derivatization-

head space-SPME 

Formaldehyde 0.02  

Ethanal 0.03  

Hexanal 0.025  

Benzaldehyde 0.990  

Aldehydes, dialdehydes and ketones 0.006–0.2  

 

 

 

 

 

 

 

 

 

 

 



38 

 

 

 

Table. 3.4.3. continued.  

Beránek et 

al. 2008 

Water SPME-GC-MS Direct 

derivatization-

head space-SPME 

Formaldehyde 108  

2-Furfural 1.6  

Ethanal 11  

Benzaldehyde 0.5  

Hexanal 0.7  

Alkanals, alkenals, dialdehydes and 

phenyl aldehydes, etc. 

0.5–53  

Direct 

derivatization-

liquid SPME 

Formaldehyde 55  

Ethanal 1.0  

Hexanal 0.5  

Benzaldehyde 0.6  

2-Furfural 0.5  

Alkanals, alkenals, dialdehydes and 

phenyl aldehydes, etc. 

0.1–4.4  

On-fiber 

derivatization 

Formaldehyde 53  

Ethanal 3.7  

Benzaldehyde 2.3  

2-Furfural 35  

Hexanal 0.7  

Alkanals, alkenals, dialdehydes and 

phenyl aldehydes, etc. 

0.1–55  
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Table. 3.4.3. continued.  

Saison  et 

al., 20090 

Beer SPME-GC-MS Direct 

derivatization-

head space-SPME 

Hexanal 0.010  

Benzaldehyde 0.010  

2-Furfural 0.66  

Alkanals, alkenals, ketones, phenyl 

aldehydes, furan derivatives and 

dicarbonyls, etc. 

0.003–310  

On-fiber 

derivatization 

Hexanal 0.028  

Benzaldehyde 0.078  

2-Furfural 6.0  

Alkanals, alkenals, ketones, phenyl 

aldehydes, furan derivatives and 

dicarbonyls, etc. 

0.004–

20,000  

Bianchi et 

al., 2007 

Fish SPME-GC-MS On-fiber 

derivatization 

Formaldehyde 17 

Deng et al., 

2004 

Human 

blood 

SPME-GC-MS On-fiber 

derivatization 

Ethanal 0.44×10
-4

 

Hexanal 6.0×10
-4

 

Alkanals 0.44×10
-4

–

6.0×10
-4

 

Iglesias et 

al., 2010 

Fish SPME-GC-MS On-fiber 

derivatization 

Ethanal 1.6  

Hexanal 1.6  

Alkanals, alkenals, dialkenals, 

furfural and benzaldehyde, etc.  

0.42–1.8  

Koziel et 

al., 2007 

Ambient air SPME-GC-MS On-fiber 

derivatization 

Formaldehyde 1.0  
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Table. 3.4.3. continued.  

Martos et 

al., 1998 

Ambient air SPME-GC-MS On-fiber 

derivatization 

Formaldehyde 4.6 

Stashenko 

et al., 2006 

Air SPME-

GC/ECD 

On-fiber 

derivatization 

Ethanal 6.06×10
-5

 

Hexanal 3.84×10
-5

 

Alkanals  0.59×10
-5

–

4.59×10
-5

 

Trenholm 

et al., 2008 

wastewater SPME-GC-MS On-fiber 

derivatization 

Formaldehyde 3.7  

Tsai et al., 

2003 

Water SPME-GC-MS On-fiber 

derivatization 

Formaldehyde 0.22  

Alkanals  0.12–0.34  

Schmarr et 

al., 2008 

Alcohol and 

grape seed 

oil 

2D-GC-MS On-fiber 

derivatization 

Alkanals, (E)-2-alkenals, and (E,E)-

2,4-alkadienals 

N/A 

This study Ozonated 

water 

SPME-GC-MS On-fiber 

derivatization 

Ethanal 0.030  

Hexanal 0.029  

Benzaldehyde 0.016  

2-Furfural 0.016  

Lin et al., 

2008 

Tobacco 

smoke 

GC-µFID Direct 

derivatization-

head space-SPME 

Ethanal 47740 

Cancho et 

al., 2001 

Water SPME-GC-MS Direct 

derivatization-

head space-SPME 

Ethanal 0.04  

Alkanals and dialdehydes  0.04–0.4  
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Table. 3.4.3. continued.  

Le Lacheur 

et al., 1993 

Ozonated 

paper pulp 

and water 

Smog 

chamber-GC-

MS 

Direct 

derivatization-

LLE  

Alkanals, dialdehydes, ketones and 

unsaturated ketones, etc.  

N/A 

Culleré et 

al., 2004 

Wine SPE-GC-MS PFBHA imbedded 

in SPE cartridge 

3-Methylbutanal, E-2-hexenal, E-2-

heptenal, E-2-octenal and 

phenylacetaldehyde 

0.12–0.70  

Ortiz et al., 

2006 

Atmospheric 

air 

GC-MS PFBHA coated 

annular denuder 

Glyoxal, methylglyoxal, 

glycolaldehyde and hydroxyacetone 

N/A 

Pang et al., 

2008 

Engine 

exhaust 

HPLC-DAD-

MS 

DNPH-coated 

silica gel 

cartridges 

Alkanals, acrolein, acetone, and 

phenyl aldehydes, etc. 

N/A 

Tsai et al., 

2006 

Atmospheric 

air  

Diffusive 

sampler-

SPME-GC-MS 

On-fiber 

derivatization 

2-Furfural  N/A 

 

3.5. Real Sample Analysis 

Based on the on-fiber derivatization-SPME-GC-MS analysis results, a carbonyl generation-dose 

of ozone profile was obtained. Generation of all carbonyls reached at a peak value at the same 

ozone dosage. A decrease was observed following the highest generation, to which either 

vaporization or oxidation of carbonyl compounds, or both could be contributive. The increase in 

aliphatic acids suggest oxidation was also a contributing factor (figure 3.5.2). The maximum 

generation is listed in table 3.5.1.  
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Figure 3.5.1. Carbonyl generation-ozone dose profile. Ozone was introduced at a rate of 26.6 

mg/L·min
-1

 into a 200 mL 100% fruit leather solution/suspension. The sample was submitted to 

on-fiber derivatization SPME-GC-MS analysis.  
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Figure 3.5.2. Aliphatic acid generation-ozone dose profile. Ozone at 26.6 mg/L·min
-1

 was 

introduced into a 200 mL 100% fruit leather solution/suspension. The sample was submitted to 

HS-SPME-GC-MS analysis.  

 

Because the intent of our work was to safely decolorize out of specification fruit leather 

so that it could be recycled and reworked back into salable product, a primary risk assessment of 

the major carbonyl byproducts of fruit leather ozonation was performed (table 3.5.1). Our 

serving of commercial product weights ~10 g) of fruit leather every day in average and that 1 kg 

fruit leather can be recycled from 1 L of decolorized 100% fruit leather solution/suspension. 

Next, by taking the highest level generated (Cmax) for each chemical as its concentration in 

recycled solution/suspension, we calculate that for ozone-recycled fruit leather, the concentration 

(Cfl) equals to Cmax/(1 kg of fruit leather/L of solution/suspension). Therefore, an adult weighing 

70 kg (154 lbs), consuming 10 g fruit leather each day would have an intake of 10 g × Cfl/70 kg 

body weight per day of byproduct chemical. Calculated intake results for each major carbonyl 
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compound are shown in table 3.5.1. These results show that intake of these compounds is below 

the Oral Reference Dose (RfD) value, an estimate of daily exposure that doesn’t result in 

appreciable risk to humans during a lifetime. The rest of the byproducts are of very low 

concentration. According the Hodge and Sterner Scale (Chen et al., 2006), these chemicals are 

practically non-toxic. Moreover, it is worth of noticing that some carbonyl compounds are 

important in fruit flavors, such as ethanal, octanal and decanal were found contributive to citrus 

flavors (Fennema et al., 1996).  

 

Table 3.5.1. Quantification results of major carbonyl byproducts of concern. 

Compound Calibration Curve LOD 

(µg/L) 

Cmax (mg/L) Intake 

(mg/kg·day
-1

) 

Oral RfD 

(mg/kg·day
-1

) 

Ethanal y = 1.2×10
3
x + 70324 0.030 0.644 ± 0.188 (9.2 ± 2.7) × 10

-5
 0.04

a
 

Hexanal y = 9.2×10
2
x + 29024 0.029 80.0 ± 22.0 0.011 ± 0.003  

2-Furaldehyde* y = 3.7×10
4
x + 35313 0.016 < 1.6 × 10

-5
 < 2.29 × 10

-9
  

Benzaldehyde y = 4.1×10
4
x + 38523 . 0.016 < 1.6 × 10

-5
 < 2.29 × 10

-9
 0.1

b
 

Note: Conservative assumptions were made to estimate intake values.  

a
 Til et al., 1988 

b
 Kluwe et al., 1983     

* 5-nitro-,4-(3-(diethylamino)propyl)semicarbazone,  

or 5-Nitro-2-furaldehyde 4-(3-(diethylamino)propyl)semicarbazone  

or 1-(5-Nitro-2-furfurylidine)-3-N,N-diethylpropylaminourea hydrochloride  

 

3.6. Cost and Profit Estimation 
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Major costs for this recycling system include installation of transportation pathways, storage and 

treatment containers, electricity and labor for equipment operation, and facility maintenance. The 

initial installation is expected to cost $100k – 150k, or $15k – 22k per year over ten years of 

usage. The maintenance of such a system costs $4k – 6k per year (Ozsoy et al., 2008b). For 100% 

fruit leather solution/suspension, sufficient color removal in laboratory scale requires 70 g 

ozone/L solution. This equals 70 g ozone/1,000 g fruit leather. Therefore, recycling of 1,000 tons 

fruit leather per year would require 140 tons ozone. Cost per unit of ozone is estimated to be 

$0.09/kWh × 12 kWh/kg ozone (Ozsoy et al., 2008b), or about $150 per ton. Other 

complementary systems such as transportation and drying are expected to add $50 per ton, with a 

total operational expense of $200/ton. The estimates above transfer to a $50K – 60K of capital 

investment per year, or $50 – $60 per ton of fruit leather. With an estimated value of recycled 

fruit leather of $500/ton and if 1,000 tons are recycled annually, this process could potentially 

result in a $0.25 million profit per year, not including the savings on costs associated with 

traditional methods for waste fruit leather disposal. 
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Chapter 4. Conclusions 

An ozone-based decolorization method was proven to be an effective, additive-free 

approach for removing colorants in fruit leather products. With selectivity based on the 

absorptivity of different colorants, UV/Vis spectrometry was proven to be an appropriate 

technique in the measurement of mixed colorants. The measurement results demonstrated that 

colorant degradation in this system was pseudo-first order.  

Mineralization and ring-opening reactions were observed in the ozone decomposition of 

food colorants Blue 1, Red 40 and Yellow 5. Carbonyl compounds were identified as major 

byproducts from the decomposition. On-fiber derivatization SPME coupled with GC-MS was 

proven to be an ideal analytical method for the quantification of byproducts with high concern in 

this case study. The LOD values of the developed method were in the range of 0.016 to 0.030 

ppb; linearity for 2-furfural was the lowest with R
2
 = 0.9579 in the range of 0.04 – 0.8 ng/L; 

hexanal was analyzed in a linear range of 20 – 8000 ng/L, with the highest R
2
 = 0.9959. The high 

sensitivity of on-fiber derivatization SPME also allows application in carbonyl compound 

analysis in different situations. Waste fruit leather before and after ozone-based decolorization 

process was analyzed for the determination of carbonyl content. Benzaldehyde and 2-furfural 

were generated below LOD, 0.016 µg/L of 100% fruit leather solution/suspension, while hexanal 

was the most abundantly generated, and the maximum generation was 80.0 ± 22.0 mg/L. A 

conservative risk assessment was performed based on quantification results and toxicity 

information of the chemicals, the results of which suggest the acceptability of ozone-based 

decolorization in fruit leather recycling from a safety standpoint. The cost for installation and 

operation of ozone-based decolorization equipment was estimated against the value of 
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recycled/reclaimed materials, and an annual profit of $0.25 million is expected, not including 

savings from traditional costs associated with disposal of product. 
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