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ABSTRACT 

Flow injection analysis (FIA) is characterized by its ease of automation, high 

throughput, simple instrumental requirements, and wide applicability. These unique 

features make FIA a very useful analytical tool in industrial applications. In this 

dissertation, FIA systems, operating both in liquid and gas phase, were used to solve 

some challenging industrial analytical problems. 

At first, multi-channel FIA systems with thermometric, conductivity, and 

photometric detectors were designed to simultaneously determine hydroxide, chloride, 

hypochlorite, and chlorate ions that exist in Chlor-Alkali cell effluents in concentrations 

ranging from sub-millimolar to several molar concentrations. A negative bleaching 

method and a positive absorbance iodiometric method were studied and optimized for 

this purpose. Tlie methods are reliable, simple, fast, and capable of a thi^oughput rate of 

-100 samples per hour. 

A liquid phase FIA system was developed for automated measurement of 

hydroperoxides in oil, fat, and polyol samples. Lipid peroxidation has received much 

attention because of toxicities, bitter tastes, and off flavors produced during lipid 

oxidation. The metliod is based on the oxidation of Fe(II) to Fe(III) by peroxides in 

organic medium, followed by the colorimetric detection of the latter as the thiocyanate 

complex. The system exhibits a wide dynamic range and good linearity (e.g., linear r ,̂ 

0.9943 for 0.1 -120 meq/kg cottonseed oil hydroperoxides) with a good throughput rate 

(up to 60 samples/h). 

Oxidative stability determination of various materials contaimng fats and oils is 

an important process in food, feed, and related industries. It is also a difficult parameter 

to measure. An attractive gas phase FIA method was developed for the stability 



evaluation. In the method, tlie rate of oxygen consumption of samples are measured at 

discrete temperatui'es. For all samples studied, log(oxygen consumption) is linearly 

related to tlie reciprocal of the absolute temperature. This makes it possible to 

extrapolate the temperature-dependent data to predict the stability of the samples at other 

temperatures, e.g., typical ambient storage temperatures, at which the direct 

determination of oxidative stability would be too slow for most samples. Compared with 

existing metliods, not only is the developed method reliable, but also its sample 

throughput rate is an order of magnitude faster. 
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CHAPTER I 

INTRODUCTION OF FLOW INJECTION ANALYSIS 

Flow injection analysis (FIA) was first described by Ruzicka and Hansen as a 

confinuos flow technique in 1975.' It can be defined as "a non-chromatographic flow 

analysis technique for quantitative analysis, performed by reproducibly manipulating 

sample and reagent zones in a flow stream under thermodynamically non-equilibrated 

conditions." During the past 25 years, this technique has been developed considerably 

and has become a routine laboratory technique for sample analysis and on-line sample 

treatment. ' Now, commercially produced equipment is available and the whole 

technology is trusted and appreciated. Some unique characteristics of FIA, such as ease 

of automation, high throughput, and simple instrumental requirements make it a very 

useful and practical analytical tool in industrial applications. 

Components of Flow Injection Analysis 

Figure 1.1 shows a typical single-channel FIA system. A simple FIA system 

consists of a propulsion unit, a sample injection valve, and a flow-through detector. 

Narrow-bore tubing is used for sample and reagent transport. Sometimes a mixing coil is 

needed. 

In practice, the instrumental setup of FIA is very flexible. If the method, for 

instance, requires more than one reagent, additional streams can be merged with the 

carrier stream at suitable points in the manifold. Peristaltic pump, sinusoidal flow pump, 

and gas-pressure reservoir can be used as the propulsion system of FIA. According to the 

practical requirements, a 6-port valve or 8-port valve or 10-port valve or some times two 

linked valves can be used for sample injection. Different detectors can also be selected to 

satisfy different applications. 



In more complex systems, separation scheme processes based on analyte transport 

through membranes, on gas diffusion, solvent extraction or ion exchange, are often 

applied to analyze challenging samples. If the reaction between analytes and reagents is 

too slow to get appropriate signal in a required time, the system can be operated in the 

stopped flow mode or the stream may be heated. 

Basic Principles of Flow Injection Analysis 

In a FIA system, the carrier stream is typically propelled at a constant flow rate 

through the channel by the propulsion system. A highly reproducible volume of a sample 

is injected into the carrier stream, which may contain a reagent, by the valve. The sample 

injected moves through the channel towards and through the detector, dispersing and 

reacting with the reagent on the way into the carrier stream surrounding it. The coil is 

used to aid mixing. When the dispersed sample zone passes the detector, the detector 

produces a transient signal recorded as a peak. The peak height usually related to the 

analyte concentration. Because the sample introduction, dispersion, and the chemical 

reaction condition are highly reproducible in a FIA system, the signals for the same 

sample injected repeatedly are usually highly reproducible. The degree of the dispersion 

is controlled by factors such as flow rate, manifold geometry, tubing length and diameter, 

and viscosity of the carrier stream. The flow rate is controlled by the propulsion system 

and is selected in such a way that a sampling cycle lasts the derived time period (typically 

10 to 120 s). The injected sample volume can be selected to be anywhere between 

several microliters to milliliters, depending on the application and the availability of the 

sample. 

Figure 1.2 is a typical readout from a flow-through detector.^ The peak is often 

described in terms of the dispersion coefficient D, where D is given by Co/Cmax; Co being 
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Figure 1.1. A simple single-channel FIA system. 

Figure 1.2. A typical readout of a FIA system. 



the original concentration of the analyte; Cmax is the concentration of analyte at the peak 

maximum. The dispersion coefficient defined in this way describes the degree of dilution 

of the original sample (e.g., if D=2, the sample solution has been diluted 1:1 with the 

concentration). D is influenced by a few factors such as the sample volume, carrier flow 

rate, traveled distance, and geometrical nature of the flow condition. 

In a single chaimel FIA system, when a sample zone is transported towards a 

detector, the sample zone disperses and reacts with the reagents in the carrier streams. 

The signal in a FIA system at a given time in the carrier stream depends on these two 

processes. Supposing A is the analyte, R is the reagent, and P is the product, the 

chemical reaction can be expressed as 

A + R >P. (1.1) 

In general, the signal obtained at the detector is directly related to the concentration of P 

(Cp). The Cp depends on a few parameters such as chemical reaction rate (k), original 

concentrations of the analyte (CAO) and the reagent (CRO), dispersion coefficient (D), and 

residence time in the FIA system (tR). If reaction (1.1), for example, is a second-order 

reaction (first order each in analyte and reagent) performed with a moderate excess of 

reagent at constant temperature, the relationship of Cp with these parameters can be 

expressed as 

dCp = k[CAo/D(t) - Cp]{[(D(t)-l)/D(t)]CRo- Cp}dt-(Cp/D(t))(aD(t)/a)dt. (1.2) 

A more detailed derivation of this equation has been described by Ruzicka et al.^ From 

D(t), k, and the starting concentrations, equation (1.2) yields the product formation curve 

Cp(t), which has a maximum at the residence time where dCp = 0. This t or the 

corresponding tube length L under a given condition will be short for a fast reaction and 

long for a slow reaction. Directly calculating Cp(t) from equation (1.2) is never an easy 

task, considering the complexity of the equation. Fortunately, the relationship between 



Cp and tR or L (the length of the tube between the valve and the detector) is not difficult 

to be obtained by experiments. 

A typical Cp -1 or Cp - L curve for a single channel FIA system is shown in Figure 

1.3. The maximum of the product P should be at the point at which the rate of product 

formation is equal to the rate of dispersion. If the residence time at maximum is the one 

to be chosen for performing FIA, the system will have maximum sensitivity. In practice, 

an important thing should be noted when using any FIA. FIA methodology was 

developed as a practical tool rather than a body of theoretical principles. In most cases, 

the optimized results can be readily found by the mere application of some empirical 

rules. 

In practice, the FIA system may be programmed to dilute or to preconcentrate the 

analyte so that its concentration falls within the detectable range of the detector. 

Obviously, large dispersion is needed if the sample is too concentrated to be 

accommodated within the applicable range of the detector. An increase in dispersion is 

achieved by decreasing the injected sample volume, increasing the charmel volume, or 

selecting the readout at a point other than the peak maximum. Selecting the readout at 

the tail of the peak in a temporally fixed location is a very effective means of dilution that 

has been shown to be capable of highly reproducible for dilution factors up to 15000. 

For trace analysis, however, enhancement of sensitivity rather than dilution of 

analyte is desirable. This can be achieved by injecting a large sample volume, decreasing 

the chaimel volume, preconcentrating the analyte on a small column between the 

sampling valve and the detector or onto the loop of the sampling valve. With a 

preconcentration technique, each sampling cycle must include two operations: 

preconcentration and elution. Numerous designs have been proposed for such 

proconcentration operations. The simplest involves that a single chaimel FIA system is 



Figure 1.3. A typical Cp - t/L curve for a single FIA system. 



provided with two injection valves. One is used to inject a large volume of the sample 

into the carrier stream and the injected sample containing an ionic analyte of interest is 

propelled through an ion exchange column. The other valve is used to inject an eluent 

such as 1 M HNO3, into the carrier stream. When the reagent passes through the ion 

exchange column, the proconcentrated analyte in the column is eluted into the detector. 

Analyte preconcentration is a powerful technique. Reduced dispersion coefficient D 

values dovm to 0.01 (concentration factor of 100) has been achieved by the technique. " 

Features of Flow Injection Analysis 

FIA systems are capable of high sampling frequency (typically, 30-120/h). This 

is very usefiil to analyze large numbers of samples. The second important characteristic 

of FIA is its easy automation. Automation is necessary for cost, safety, and reliability 

reasons. There are various methodologies for automating the analytical process. FIA in 

particular has evolved dramatically in recent years with the establishment of a host of 

efficient procedures because of its inherent features such as ease of control, simplicity, 

flexibility, and reasonable cost. Reagent consumption of FIA is small (typically, 0.4 -2.0 

mL/min). The reagent consumption can be reduced fiirther by using a reagent injection 

manifold in which a reagent is injected into a flowing sample stream, when the latter is 

plentiful. FIA systems have considerable flexibility. It is not necessary to operate under 

steady state chemical conditions, e.g., it is not necessary for the analytical reaction to be 

completed. This is one of the important reasons that FIA has been widely used. Because 

of its simple design, FIA systems are easy to maintain, and require minimal capital and 

operating costs. These features are well suited for general laboratory analysis and 

industrial process analysis. 



Applications of Flow Injection Analysis 

Species Determined with FIA 

Because FIA systems can interface with many detectors, generally, all analytes 

that can be detected by these detectors can be determined by FIA. Another important 

reason that FIA systems enjoy wide application is the great flexibility of FIA. This stems 

from the large number of options one has to select among the components of a FIA 

system and to put them in various combinations. 

Many different analytes in many different matrices can be analyzed by FIA. 

Species determined by FIA include many organic and inorganic compounds, acids, bases, 

salts, metals, nonmetals, gases, liquids and nonaqueous materials. According to a 

report ' in 1989, there are at least 330 analytes that have been determined by FIA. 

Currently, the number of species determined with FIA has been increased up to about 

2500.'^ 

Areas of Application 

Due to the merits of FIA as described above, the development of FIA application 

has been very fast since its appearance. The application areas include agriculture, 

biotechnology, biochemistry, chemical industry, clinical chemistry, environment, food, 

pharmaceutical industry, process control, and so on.'^ 

FIA has so far been widely applied in research. It is increasingly being accepted 

for industrial analysis. However, FIA has still a lot of unfapped potential. In the present 

work, we have exploited the same. 

In the following chapters, several industrial applications of FIA will be described. 

The simultaneous measurement of OH", CI", OCl", and CIO3" in Chlor-Alkali cell effluents 

and a method of the peroxide value (PV) determination of oil, fat, and polyol samples 

8 



using liquid-phase FIA systems will be introduced and discussed in Chapter II and 

Chapter III, respectively. In Chapter IV and V, the oxidative stability measurement by 

gas-phase FIA systems for liquid and solid lipid samples will be introduced and 

discussed, respectively. These experimental results explain that FIA is a very usefiil, 

effective, and potential tool to solve some challenging analytical problems in industry. 

Some unique features of FIA will be clearly confirmed by these applications. 
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CHAPTER n 

SIMULTANEOUS MEASUREMENT OF HYDROXIDE, 

CHLORIDE, HYPOCHLORITE, AND CHLORATE 

IN CHLOR-ALKALI CELL EFFLUENTS 

Introduction 

Chlor-Alkali industry is one of the largest and oldest sectors of the chemical 

industry. The worldv^de annual capacity for chlorine is 47.3 million tons and U. S. 

capacity is estimated to be 13 million tons.' In the US, the growth of chlorine production 

is 1.7% per year since 1988 to 1997 and 1.5 % per year through 2001.^ About 98% of 

the chlorine production is associated vrith the electrolysis of NaCl, the other 2% 

originates from the closely related process of the electrolysis of KCl in the US.̂  

Sodium hydroxide (NaOH) and sodium chloride (NaCl) are the principal 

components in a Chlor-Alkali cell effluent. Sodium hypochlorite (NaOCl) is formed as 

an impurity due to the undesired reaction of the anodic product chlorine with the cathodic 

product, NaOH. At the elevated temperature of the cell, the majority of the NaOCl 

disproportionates into NaClOs and NaCl. The typical concentration ranges (in g/L) of 

these species in samples from a diaphragm type cell are as follows, with a typical value 

shown in parentheses: NaOH, 80-140 (110); NaCl, 150-250 (190), NaOCl, 0-0.050 

(<0.050), and NaClOs, 0.12-0.48 (0.24)."* A knowledge of the concentration of the 

individual analytes is vital for process control purposes, if an excessive amount of NaOCl 

is present in the NaOH produced, a sacrificial reluctant, e.g., Na2S03, must usually be 

added to reduce the NaOCl. Efforts have been made to model the chloride and chlorate 

content of the NaOH produced in a Chlor-Alkali cell as a function of current density and 

11 



temperature. As yet, the models are necessarily crude and cannot substitute for real 

determinations. 

Consideration of Available Methods 

Measurement of hydroxide concentration can be carried out either by pH 

measurement or by titrimetry. Measurement of pH is rapid but in the present case is 

inapplicable. Because of the extremely high pH of these media, (most glass electrodes 

literally dissolve in such samples over time) there is also high sodium errors, etc. There 

are, of course, numerous other methods for the measurement of pH, including various 

direct and indirect spectroscopic techniques. Nevertheless, small errors in measured pH 

result in large errors in computed hydroxide concentration and this is not an acceptable 

technique in the present application. In contrast, titrimetry is highly accurate and precise 

but time consuming. Even peak width measurement based flow injection analysis 

techniques that allow one to carry out virtual titrations ' are considerably slower than 

their conventional peak height based FIA counterparts. If hydroxide is the major species, 

electrolytic conductivity can be used to determine its concentration. Because of its large 

equivalent conductance, conductometry is an attractive means to measure hydroxide. 

Practical industrial applications of this approach have been proposed in the presence of 
o 

smaller amounts of carbonate or aluminate. 

Analytical methods for chloride and oxychlorine species abound in the literature. 

Classical argentometric methods for chloride, with either titrimetric or potentiometric 

finishes, have largely been superceded by other techniques. The most common method 

for determining chloride is based on a photometric approach that relies on the formation 

of ferric thiocyanate, thiocyanate being liberated from Hg(SCN)2 by chloride; the specific 

adaptation can range from manually carried out spectrophotometry to electroosmotically 

12 



pumped capillary scale FIA.^ Oxychorine species on the other hand, have classically 

been determined by iodometry where the operating pH and the rate of reaction provide 

the selectivity for different species;'^ FL\. adaptation of these principles have been 

developed as well.''"'"* Spectrophotometric procedures, primarily with N,N'-diethyl-p-

phenylenediamine'^ and amperometric titration with phenylarsine oxide'^ are also in wide 

use for the determination of active chlorine compounds. For the simultaneous 

determination of anions, ion chromatography (IC) has been very popular in recent years'^ 

and the determination of halide and oxyhalide anions have been addressed.'^"'^ Virtually 

all of the above citations deal with determinations in the context of drinking water 

analysis. Adaptation of IC methods to Chlor-Alkali cell samples will require 

preneutralization of the samples. While this is possible for the analysis of a few reference 

samples, daily analysis of hundreds of samples by IC on a routine basis is not cost 

effective. One recent paper has reported the determination of small amounts of chlorate 

in a matrix of KCl; the optical properties of KCl crystals are affected by trace chlorate. 

This work utilizes the catalytic effect of chlorate on oxidation of rivanol by vanadyl 

sulfate.^' 

In this study, two methods are proposed for the simultaneous measurement of 

hydroxide, chloride, hypochlorite, and chlorate by FIA systems. In the methods, the 

measurement of hydroxide and chloride is the same but different systems are used to 

measure hypochlorite and chlorate. One system involves a negative absorbance 

bleaching method and another system involves a positive absorbance iodometric method. 

Thermometric methods are generally insensitive and often nonspecific. In the 

present application, however, the neutralization of a concentrated hydroxide solution by 

an added acid is a selective reaction of high enthalpy that can be exploited for hydroxide 

measurement. Similarly, electrical conductance is a bulk property that cannot generally 

13 



be exploited for the specific measurement of one species. In the present case, however, 

conductance of the sample is solely attributable to NaCl and NaOH; the two contribute 

comparably to the overall conductance. If the NaOH content is known, then the chloride 

content can be computed. 

A Negative Absorbance Bleaching Method 

Based on well-characterized chemistry as outlined in the introduction, the 

measurement of hypochlorite and chlorate is simpler. Hypochlorite behaves as an active 

oxidant even in mildly acidic solution whereas both high acidity and high temperatures 

are needed for chlorate to behave as an active oxidant. An approach where the active 

oxidant decolorizes dye can be chosen to measure hypochlorite and chlorate and between 

them according to their difference in reactivity. Such a system also permits an 

inexpensive light emitting diode (LED) based absorbance detector, depending on the 

choice of the dye. The sample is added to an acidic dye solution and the immediate 

decrease in the absorbance is due to hypochlorite. If after heating (and possibly after 

further acidification), the absorbance is measured again, chlorate also contribute to the 

decolorization. This is particularly applicable to the needs of the present situation where 

chlorate is present in much higher amounts than hypochlorite. In an opposite situation, 

there will be relatively large errors in the determination of chlorate. Because the latter 

would be computed from the difference of two large numbers. 

Experimental 

Instrumentation 

The FIA system used is shown in Figure 2.1. A 4-chaimel peristaltic pump 

(Minipuls 2, Gilson) provides all liquid pumping. All connecting tubing is 

polytetrafluoroethylene (PTFE), 0.65 mm in i.d. The flow streams consist of the 
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aspirated sample (250 |iL/min) that is brought in through conductivity detection cell B 

and flows to waste via an electropneumatically actuated injection valve E (Rheodyne, 

type 5701P, 20 îL loop volume). The conductivity cell is composed of a 0.75 mm i.d.x 

150 mm long Teflon (PTFE) tube, at both terminal ends of which a stainless steel tube 

(1.0 mm o.d. x 0. 66 mm i.d., 25 mm long) is forcibly inserted to function as terminal 

electrodes. Conductivity was measured with a model CDM-2 conductivity detector 

(Dionex Corp., Sunnyvale, CA). 

The carrier stream CS is composed of reagent grade NaCl solution (190 g/L) that 

flows at 250 ^iL/min through a temperature detection cell Dl and into valve E. The 

temperature detection cell is an 1/8 in. barbed polypropylene tee (Ark-Plas, Flippin, AR). 

The inlet outlet connection is made with spacer tubes in the horizontal arms of the tee, 

pushed all the way to the center zone. A glass enclosed thermistor (P100BA503M, ca. 50 

KQ @ 20°C, Thermometries, Taunton, MA) is inserted through the tee-arm and epoxied 

in place. Reagent stream Rl is composed of 50 mg/L Methyl Orange (MO) in 4.5 M 

H2SO4, pumped at 680 |^L/min. Stream Rl merges with the carrier stream at a tee 

immediately after the injection valve E and following a very short (30 mm x 0.65 mm i. 

d.) PTFE tube, flows through a second thermometric detection cell D2, identical to Dl. 

Thermistors Dl and D2 constitute two neighboring arms of a Wheatstone's bridge 

circuit (Figure 2.2). The two other arms are composed respectively of a fixed value 50 

KQ, resistor and a 10-tum, lOOKD variable resistor, adjusted initially to have a bridge 

output voltage close to zero, with a well-regulated DC source supplying a bridge 

excitation voltage of 4.0 V dc. 

A knotted mixing coil (300 mm x 0.65 mm i. d.) connects the D2 exit to the 

absorbance detector D3. The optical probe volume of the detector is 10 mm x 1.5 mm 

i.d. (18 fiL) and it uses a green LED emitting with a center wavelength of 555 nm. The 
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0.68 
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H D4 
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w 

Figure 2.1. FIA system for the determination of mixtures containing CI", OH", OCl". and 
CIO3': A, peristaltic pump; B, conductivity detector; CS, carrier stream containing 190 
g/L NaCl solution; Dl and D2, thermistors constituting thermometric detectors; D3 and 
D4, LED based photometric detectors; E, 6-port valve; F, thermometric detector 
electronics; G, a personal computer based data acquisition system; H, heater, 90°C; Rl, 
0.05 g/L methyl orange in 4.5 M H2SO4; R2, 0.56 g/L methyl orange in 8.3 M H2SO4; 
W, waste. 

Figure 2.2. The circuit diagram of the temperature detector: Dl and D2, thermistors; Rl 
and R2, adjustable resisters; F, a DC power source. 
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absorbance of acidic MO has a maximum in the 510-520 nm region, since this work was 

started, very high brightness LED sources that emit with this center wavelength have 

become available. Such sources were not used in this work. Approximately a twofold 

gain in sensitivity is expected in going from a measurement wavelength of 555 to 520 

nm). The LED is referenced by a photodiode placed on its bottom, details and the 

electronic design has been described in tiie literature.^^ 

Reagent stream R2 consists of 560 mg/L MO in 8.3 M H2SO4 and flows at 680 

HL/min. The higher acidity (aided by elevated temperature) causes chlorate to react 

while the added dye content provides the dynamic range necessary for the determination 

of chlorate. The merging of R2 to the principal flow stream is followed by a knotted 

mixing coil (1500 mm x 0.65 mm i.d.) maintained in a 90°C water bath. The absorbance 

is then detected by a second absorbance detector, D4, identical to D3. In principle, it is 

possible to time share the same electronics between D3 and D4 but was not attempted in 

the present work. 

A personal computer (Gateway 2000, P5-75) equipped with a DAS-1601 data 

acquisition board (Keithley/Metrabyte) is used for recording the signals that come from 

the temperature detector and the photometric detectors. The results presented in this 

paper represent at least five replicate injections. 

Reagents and Solutions 

Chemicals were obtained as follows: sodium chlorate, sodium hypochlorite and 

methyl orange (J. T. Baker), sodium chloride, sodium hydroxide and sulfuric acid (EM). 

We found that reagent grade NaOH always contains NaOCl and ultra high purity grade 

NaOH (Aesar) were used in experiments designed to determine low levels of NaOCl. 

17 



The NaOCl solution (5%) was standardized by iodometric titration with 

thiosulfate. Sodium hydroxide stock solution was standardized by volumetric titration 

with potassium acid phthalate, using phenolphthalein as indictor. Mixed standards of CI", 

OH", OCr, and CIO3" were prepared by adding known amounts of OH", CIO3", and OCl" 

stock solutions to volumetric flasks containing known amounts of NaCl solid and then 

diluting to the mark. Such standards were used unmediately following preparation. 

Results and Discussion 

Choice of a Manifold 

In principle, it should be possible to carry out the entire determination scheme 

with a single flow line. When the sample, brought in through a conductivity detector, is 

injected into an acidic carrier containing a dye, the increase in temperature registered on a 

thermometric detector will yield the hydroxide value, the immediate decrease in 

absorbance, above and beyond that produced by the mere dilution caused by the sample 

will yield the hypochlorite concentration and the fiirther decrease in absorbance upon 

heating the flow stream will yield the chlorate and hypochlorite concentration. This 

scheme was found to work, but could not produce results of high enough accuracy and 

precision within the desired range of analyte concentrations. First, if the alkaline sample 

is directly injected into the acid carrier, mixing must occur solely by dispersion. Yet, 

dispersion caimot be too high, else, the sensitivity of the thermometric detection method 

will be taxed. We found that even imder optimized conditions, the mixing reproducibility 

in this single line scheme was poor, resulting in a typical peak height relative standard 

deviation (RSD) of-10%. This results in significant uncertainties in the hydroxide 

concentration measured. Further, if sufficient dye is present in the carrier reagent to 

measure chlorate in the desired range, the bleaching caused by the small amounts of 
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hypochlorite present produces too small a change to be reliably measured. A multi-line 

manifold was therefore adopted. 

Measurement of NaOH 

The scheme of merging an acid stream to the injected sample was thus 

implemented. The neutralization of OH" by H^ is highly exothermic (AHo = - 56 kJ/mol) 

and the thermistors used here respond fast enough to temperature changes (manufacturer 

specified response time 300 ms in the gas phase) to faithfully record the thermal change. 

The devices are deployed here merely with passive components in the detector circuitry; 

a very inexpensive detection method results. 

The mixing time is controlled by the length of coil 1 in Figure 2.1. If the coil is 

too long, the method becomes insensitive due to the loss of heat to the conduit walls. 

Experiments also showed the width of signals also increases with an increase in length of 

coil 1. If the coil length is made shorter, although the sensitivity is high, the 

reproducibility suffers due to incomplete and irreproducible mixing. The optimized 

length for coil 1 was determined to be 3 cm. 

Typical system output for 80-152 g/L NaOH is shown in Figure 2.3. In these 

experiments, NaCl concentration was held constant at 190 g/L. The mean reproducibility 

in the concentration range shown is 1.50% in relative standard deviation with a range of 

0.73-2.3%. Over a greater concentration range of 20 g/L to 150g/L, the detector response 

to NaOH could be expressed as 

Detector signal, mV = 1.665X- 0.6178 (r̂  = 0.9989, n = 35). (2.1) 

In experiments where the NaCl concentration was deliberately varied from 150-250 g/L, 

we found no statistically significant dependence of the thermometric detector on the NaCl 
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Figure 2.3. Typical output from the thermometric detector measuring NaOH. NaCl 
content was held constant at 190 g \'\ 
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concentration. Of course, variations in tiie OCl" and CIO3" content, species that are 

present at much lower levels, have no effect on die response either. 

Measurement of NaCl 

The electrical conductivity of samples is mainly contributed by NaOH and NaCl, 

the contribution of other components is negligible because their concentrations are orders 

of magnitude smaller. The conductance of 30 solutions of respective composition given 

in Table 2.1 (the chosen compositions largely reflect the fact that in real Chlor-alkali 

samples, NaOH is made from NaCl, so the concentration of one is generally negatively 

correlated with the other) were measured at 22 ± 1 °C. The reported data were 

temperature corrected by a thermistor placed in-line to the measurement cell and 

coimected to the detector (which was programmed to assume a positive temperature 

coefficient of conductance of 1.7%/°C). In a plant environment, where temperature 

fluctuations may be greater, it may be necessary to bring in the sample through a 

thermostated conduit. 

At low concentrations, electrical conductivity is proportional to ionic 

concentration: 

Conductance, ^S = Ki EQXi^ (2.2) 

where Cj is the concentration of species i contributing to the conductivity, Xi^ is its 

equivalent conductance at infinite dilution and Ki is a constant of proportionality. 

However, at high ionic concentrations, the applicable equivalent conductance X 

decreases, according to the Kohlrausch relationship: 

Xi = Xi^ -K2VCi. (2.3) 

The simple linear relationship leads to an equation of the type: 
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Table 2.1. Measured versus Predicted Conductance of the Chlor-Alkali Cell Effluent. 

NaOH 

(g 1"̂ ) 

80 
80 
80 
80 
90 
90 
90 
90 
100 
100 
100 
110 
110 
110 
120 
120 
120 
130 
130 
130 
130 
140 
140 
140 
140 
72 
72 
80 
130 
110 

NaCl 

(g y') 

242 
234 
216 
199 
234 
216 
199 
181 
228 
204 
175 
210 
193 
164 
216 
187 
158 
202 
187 
164 
152 
146 
163 
181 
198 
251 
222 
251 
210 
222 

Measured 

Conductance, fxS 

49.6 
50.0 
51.1 
51.8 
50.2 
51.2 
52.3 
52.9 
50.4 
52.0 
53.5 
51.7 
52.7 
54.8 
50.6 
53.0 
55.3 
51.4 
52.5 
54.8 
55.8 
55.9 
54.5 
52.7 
51.4 
49.4 
50.6 
49.0 
50.5 
50.6 

Predicted 

Conductance, \iS 

Eqn. 2.6 

49.7 
50.0 
50.9 
52.0 
50.1 
51.0 
52.1 
53.4 
50.4 
51.8 
54.0 
51.3 
52.5 
54.9 
50.8 
52.8 
55.3 
51.5 
52.5 
54.5 
55.7 
56.0 
54.3 
52.7 
51.5 
49.2 
50.5 
49.3 
51.0 
50.6 

Predicted 

Conductance, ̂ iS 

Eqn. 2.7 

49.4 
50.0 
51.3 
52.5 
49.9 
51.1 
52.3 
53.6 
50.2 
51.9 
53.9 
51.3 
52.6 
54.6 
50.8 
52.9 
54.9 
51.7 
52.8 
54.4 
55.2 
55.6 
54.3 
53.1 
51.9 
48.9 
50.9 
48.8 
51.1 
50.5 

Eqn. 2£: Conductance, îS = 67.3 - 0.0111 [NaOH, g I"'] -0.0702 [NaCl, g 1"̂ ], RMS 
prediction error; 0.67%. 

Eqn. 22: Conductance, ^S = 78.4 + 0.144 [NaOH, g 1"M -0.00984 [NaOH, g YT' 
- 0.328 [NaCl, g f̂ ] + 0.01227 [NaCl, g l"Y , RMS prediction error; 0.43%. 
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Conductivity (̂ is) = a + b[NaOH] + c[NaCl]. (2.4) 

While equation 2.3 leads to: 

Conductivity(ns) = a + b[NaOH] + c[NaOH]*" + d[NaCl] + e[NaOH]'^ (2.5) 

The numerical values of the coefficients and the root mean square (RMS) errors for the 

respective equations are shown in Table 2.1. The maximum prediction error with either 

equation is 1% or less. Thus, the equation can be used to obtain the NaCl concentration 

with reasonable accurac>, if the NaOH concentration is determined. 

Measurement of Hypochlorite and Chlorate 

The dye-acid reagent is added in two stages and in two different compositions 

because of the following reasons. MO is oxidized to colorless products by OCl" and by 

CIO3" at different rates in an acidic medium. The reactions are very dependent on the 

precise conditions of acidity, temperature, and time. If the initial reagent is very strongly 

acid, chlorate will react to a significant extent within a short period even if the reaction 

coil is not deliberately heated (some heat is produced by the neutralization reaction and 

then the bleaching reaction shows dependence on the NaOH content as well). If the 

initial dye content is enough to accommodate the maximum amount of chlorate 

anticipated in the samples, the bleaching caused by the much smaller amount of 

hypochlorite present is relativel) small and the determination of the latter becomes 

insensitive and imprecise. According to experimental results, 0.05 g/L of MO in 4.5 M of 

H2SO4 for the reagent stream I and 0.5 g/L of MO in 8.5 M of H2SO4 are suitable for the 

measurement of hypochlorite and chlorate. 

The signal readout at D3 and D4 is related to the amount of both hypochlorite and 

chlorate. A two-parameter regression equation (plus a constant) is used therefore for the 

data treatment. Independent experiments also showed that the standard surface for the 
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measurement of hypochlorite and chlorate was not "linear." To get better regression 

results by using a finite number of standard solutions, die .concentrations of standard 

solutions were decided so that die standard solutions selected were evenly distributed 

across the concentration range on interest. 

The output of the first absorbance detector, D3, that primarily measures 

hypochlorite, is shown in Figure 2.4. The mean reproducibility for a given sample is 

1.7% in RSD. The numerical data corresponding to Figure 2.4 are shown in Table 2.2. 

The NaOH content of the sample was held constant at 75 g/L in these experiments, 

however otiier experiments have shovm tiiat an NaOH content up to 140 g/L has no 

significant mfluence on the resuhs. Although the detector responds primarily to NaOCl, 

a small dependence on the chlorate content may be expected because it may react to a 

small degree. The data (except for one outlier) were therefore fitted to an equation of the 

type: 

D3 signal, mV = a + b[NaOCl] + c[NaC103]. (2.8) 

As shovm in Table 2.2, such an equation fits the data with an overall RMS 

prediction error of 3%. Incorporation of further terms does not result in a major 

improvement of the fit, but this level of error is acceptable for the present needs. For the 

D4 signal, both hypochlorite (which has already reacted) and the chlorate concentration 

will control the signal. Further, the bleaching by chlorate may be a second order kinetic 

process in chlorate. With a linear equation like eqn. 2.8 above, the RMS error is 

4.2% for the prediction of D4 output in Figure 2.5. A much tighter fit with an RMS error 

of 1.3% is observed when a squared NaCl03 concentration term is incorporated, as in 

eqn. 2.9 : 

D4 signal, mV = a + b[NaOCl] + c[NaCl03] + d[NaC103]l (2.9) 

Details are shown in Table 2.2. 
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Figure 2.4. Typical output from the D3 absorbance detector. See Table 2.2 for sample 
composition. 
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Figure 2.5. Typical output from the D4 absorbance detector. See Table 2.2 for sample 
composition. 
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Table 2.2. Experimental versus Predicted Values of D3 and D4 Signals 

Sample NaOCl NaC103 NaCl D3 Signal, mV D4 Signal, mV 

No. g/L g/L g/L Experimental Predicted Experimental Predicted 

Eqn. 2.8 Eqn. 2.9 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 

18 
19 
20 

0.005 
0.02 
0.04 
0.05 
0.01 
0.03 
0.05 
0.005 
0.02 
0.04 
0.01 
0.03 
0.05 
0.005 
0.02 
0.04 
0.005 

0.01 
0.03 
0.05 

0.12 
0.12 
0.12 
0.12 
0.192 
0.192 
0.192 
0.264 
0.264 
0.264 
0.336 
0.336 
0.336 
0.408 
0.408 
0.408 
0.48 
0.48 
0.48 
0.48 

150 
150 
150 
150 
170 
170 
170 
190 
190 
190 
210 
210 
210 
230 
230 
230 
250 
250 
250 
250 

23.6 
81.6 
162.9 
198.3 
46.1 
129.3 
195.8 
30.4 
96.3 
173.8 
64.2 
141.8 
210.8 
48.4 
112.1 
179.7 
58.5 
77.6 
162.1 
234.1 

23 
81.2 
158.7 
197.5 
49.3 
126.8 
204.4 

Excluded 
94.9 
172.5 
63.1 
140.6 
218.1 
50.6 
108.7 
186.2 
57.4 

76.8 
154.4 
231.9 

91.4 
99.8 
108.5 
116.5 
166.8 
184.2 
184.6 
251.4 
260.8 
263.6 
346.4 
354.6 
368.2 
441.8 
448.7 
466.6 
549.5 
547.6 
567.4 
588.5 

91.5 
99.3 
109.8 
115 
168.7 
179.1 
189.6 
249.6 
257.5 
267.9 
344.7 
355.1 
365.6 
443.5 
451.3 
461.8 
553.9 
556.5 
566.9 
577.3 

All samples contain 75 g/L NaOH. 

Eqn. 2.8: D3 Signal, mV = -7.816 +3876 [NaOCl, g/L] + 95.6 [NaCl03, g/L], RMS 
prediction error 3.0%, does not include 1 point, a statistical outlier. 

Eqn. 2.9: D4 Signal, mV = -15.5 +767 [NaC103, gyT.] + 862 [NaCl03, g/L]^ + 521 
[NaOCl, g/L], RMS prediction error 1.3%. 
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A Positive Absorbance Iodometric Method 

Principles 

For the determination of NaOH and NaCl the same system as that described in the 

previous was used. So, the principles, or experimental results for NaOH and NaCl will 

not be repeated. For NaOCl and NaClOs, colorimetric iodometry was presently used. 

Hypochlorite is an active oxidant in a mildly acid solution: 

OCl" + 2r +2H^ > h + Cr + H2O. (2.10) 

In the presence of excess iodide, the triodide ion (I3"), with maximum absorption at 370 

nm is formed and can be measured by its optical absorption. Although solid state GaN 

based light sources that emit at this wavelength are now inexpensively available,̂ "* the 

absorption is very broad and can be easily measured with sufficient sensitivity with blue 

SiC based LEDs emitting at 436 nm.̂ ^ 

Chlorate behaves as an active oxidant only when the solution is strongly acid and 

the temperature is elevated 

CIO3" + 6r + 6H^ > 3I2 + CI" + 3H2O. (2.11) 

Thus, as in the previous method, a discrimination was possible to achieve by utilizing two 

different temperatures and reaction periods. The absorbance of the flow stream under 

these two sequentially different conditions are thus due to (a) primarily the reaction 

between hypochlorite and iodide and (b) the reaction between chlorate and iodide in 

addition to a. As long as a sufficient signal is achieved, it is really not necessary that the 

latter reaction is complete, since flow injection provides reproducible timing. 

One well known disadvantage of an iodometric method is problems from the 

facile aerobic oxidation of iodide ions in strongly acidic solutions. However, this can be 

avoided if acidic iodide is not stored and the acid is added in situ. 
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Experimental 

The FIA system used is shown in Figure 2.6. The carrier stream CS is composed 

of reagent grade KI solution (28% w/v) that flows at 250 îLmin through a temperature 

detection cell Dl and into valve E. Reagent stream R is composed of 4.5 M H2SO4, 

pumped at 680 |il min. Stream R merges with the carrier stream at a tee immediately 

after the injection \al\e V and following a ver>' short (30 mm x 0.65 mm i. d.) PTFE 

tube, flows through a second thermometric detection cell D2, identical to Dl. 

A knotted mixing coil (380 mm x 0.65 mm i.d.) connects the D2 exit to the 

absorbance detector D3. The optical probe volume of the detector is 10 mm x 1.5 mm 

i.d. (18 ^l) and it uses a SiC type LED emitting with a center wavelength of 435 nm. The 

effluent from D3 is heated to 55°C by a water bath in a knotted mixing coil (950mmx0.65 

mm i. d.). Under the hot condition, iodide is oxidized by chlorate. The absorbance is 

then detected b> a second absorbance detector, D4, identical to D3. The other parts of 

the s> stem are the same as that used in the bleaching method. 

As can be seen, the system in Figure 2.6 involves one less channel and the 

temperature (55 °C) for coil 3 is also much lower compared with the s\̂ stem used in 

bleaching method (Figure 2.1). This makes the system in Figure 2.6 simpler for its 

structure and easier for its operation. 

Results and Discussion 

The appropriate amount of acid (H2SO4) needed to maintain an acidic condition 

for the oxidation of f by OCl" and CIO3' is suppUed by reagent stream R while KI is 

already a part of the carrier stream. The high concentration of KI in the carrier is chosen 

to provide an ̂ proximate match with the high salinit> of the samples, this is necessary to 

avoid the refractive index (Rl) artifacts at the optical detectors D3 and D4. Although it 

29 



o 
• 1—» 

-t-> 

Q B 
U o 

o .B 
"— • 4 — ' 

M to 

(U o 
CI, O 

. . -<—> 
• 00 

o s 
^ - ^ 
a -

O § 

C 
O 
C/3 
V H 

(U 

d 
w 
o 

• 1—1 e 
o 

o 
•4-» o <u 
• 4 — ' 

(U 

o 
•4—> 

s 
o ^ 
S on 

O . . 
: - o 

sn o 

"S ;̂  
c -
o :_ 

(U o 
5=! oo 

X CD 

^ s 
O c3 

• 4 — • c c 
o o 
§ s 

- 4 — ' 

•*-• S on O 
>^ o 

r> r.-̂  ^ 
a rs t in 

•<s o 

o "^ 

> ^ 
• - O 
O « ^ 

o m 

^ > 

CO c 

• —' o 

0^ ^ 

B 
S B 

^ -2 
^ t i 
Q ^̂  
t—I o 

en 23 
,ri W ^ 

o -3 
-t—' r r 
O OH 

s 
o 
o 

30 



was not extensively tested for the present work, Rl effects was found to be vastly reduced 

by a reflective cell design as well.^^ hi addition, the carrier may be composed of a mixed 

reagent containing largely chloride with some iodide, if reagent cost is deemed to be a 

significant factor. Incorporation of the KI in the acid reagent is not practical due to the 

large backgroimd iodine production rate from dissolved and adventitious oxygen. 

The D3 signal is primarily due to hypochlorite, along with a small fraction of the 

chlorate. Figure 2.7 shows the D3 output. The numerical data corresponding to Figure 

2.7 are shovm in Table 2.4. The NaOH and NaCl contents were kept constant in these 

experiments. Independent experiments showed that changes in the NaOH and NaCl 

contents in the normal range of the samples have no significant infiuence on the results. 

The experimental results can be described by the equation: 

D3 signal, mV = a+b[NaOCl]+c[NaOCl]^+d[NaC103j. (2.13) 

As shown in Table 2.4, this equation fits the data with an overall RMS predicted error of 

0.43%, which is much less than the 3.0% RMS error of the bleaching method.^^ The 

biggest relative error between the experimental and the predicted values is -3.2%. 

The D4 signal is controlled by both hypochlorite and chlorate. Figure 2.8 shows 

the D4 output. The numerical data corresponding to Figure 2.8 are shown in Table 2.3. 

These results can be described by the equation: 

D4 signal, mV = a+b[Na0Cl]+c[NaC103]+d[NaCl03]^ (2.14) 

with an overall predicted error of 0.18%, which is also much better than the 1.3% RMS 

error of the previous bleaching method. The biggest relative error between experimental 

data and the predicted values is only 1.6%. 

It was difficult to obtain accurately analyzed samples that would maintain their 

integrity during transit. Nevertheless, the presently reported method is clearly applicable 

to the measurement of the components of interest in a Chlor-Alkali cell effluent. 

31 



> 

E ̂ 
CO 
Q 
4 i « 

(0 

(0 
c 
(0 

240.0—1 

_ 10 min 
1 1 
1 1 

200.0— 

— 

160.0— 
^ 10 
9 

6 8 
120.0 ^ ** 

5 
» ^ 1 ' 

Ml 1 
80.00— 2 1 

40.00 

„o„ iiiuliilllBiPlI 

17 
16 1 

15 IN 
..« 14 13 

12 1 
11 
1 1 

lll]||ll|lllllllliPi 
U.UU 1 1 1 1 ' 1 

Time, min 

Figure 2.7. Typical output from the D3 absorbance detector. See Table 2.4 for sample 
composition. 
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Figure 2.8. Typical output from the D4 absorbance detector measuring chlorate and 
hypochlorite concentration. See Table 2.4 for sample composition. 
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Table 2.3. Experimental versus Predicted Values of D3 and D4 Signals 

Samph 
No. 

ErrorC! 

1 
2 
3 
4 
5 
6 
-̂  

8 
9 
10 
11 
12 
13 
14 
15 
16 
17 

; NaOCl 
gr' 

Vo) 

0.005 
0.005 
0.005 
0.012 
0.012 
0.012 
0.02 
0.02 
0.02 
0.03 
0.03 
0.03 
0.04 
0.04 
0.05 
0.05 

0.05 

NaClOa 
gl"' 

0.12 
0.28 
0.42 
0.2 

0.36 
0.48 
0.12 
0.28 
0.42 
0.2 

0.36 
0.48 
0.28 
0.42 
0.2 

0.36 
0.48 

D3 
Exf)eriinental 

49.4 
71.4 
90.7 
82.1 
98 

115.5 
90.4 
111.9 
130.7 
134 

150.5 
161.1 
170.2 
180.9 
187.7 
209.8 
220.7 

Signal, mV 
Predicted 

Eqn. 2.13 

50.4 
70.9 
88.8 
79.6 
100.1 
115.8 
91.5 
111.8 
129.8 
129.7 
150.1 
165.5 
168.3 
186.2 
186.9 
207.3 

Error(%) 

2.0 
-0.74 
-2.1 
-2.9 
2.2 

-0.0034 
1.2 

0.048 
-0.64 
-3.2 

-0.24 
2.7 
-1.1 
2.9 

-0.41 
-1.2 
0.92 

D4 
Eq>erimental 

264.3 
470.6 
609 

384.1 
560.5 
666.4 
287.2 
494.8 
636.6 
425.6 
600 

711.4 
532.8 
678.2 
463.6 
638 

747.4 

Signal, mV 
Predicted 

Eqn. 2.14 

261 
467 
607 
384 
566 
670 

291.6 
497.1 
637 
420 
601 
705 
537 
677 

459.9 
641 

745.2 

-0.88 
-0.69 
-0.27 
0.12 
0.94 
0.52 
1.5 

0.45 
0.076 
-1.2 
0.24 
-0.82 
0.73 
-0.22 
-0.79 
0.48 
-0.29 

Eqn. 2.13: D3 Signal, mV = 21.6+2683[NaOCl]+2243[NaOCl]"^128[NaCl03j 
Eqn. 2.14: D4 Signal, mV = 66.2+1982*[NaOCl]+1662*[NaC103]-945*[NaC103]-
Concentration units are g 1" . 
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CHAPTER III 

AUTOMATED MEASUREMENT OF 

LIPID HYDROPEROXIDES IN 

OIL, FAT, AND POLYOL SAMPLES 

Introduction 

Unsaturated lipids in oils and fats are oxidized when exposed in air. Lipid 

hydroperoxides (ROOHs) are the primary products for this decomposition. The 

peroxides degrade further to some secondary products such as carboxylic acids, formic 

acids, aldehydes, and ketones. Lipid hydroperoxides have received much attention 

because the formation of lipid hydroperoxides is associated with deleterious changes, 
1 O 

such as bad odor. * The process of lipid peroxidation is believed to be the underlying 

cause of several diseases such as coronary heart disease caused by hypercholesterolemia,^ 

cerebral apoplexy and the general process of aging in living animals.^ In the context of 

foods, the review of kinetics of lipid oxidation by Labuza ^ is dated but still remains the 

most informative. Lipid peroxidation is a major concern in a variety of products; indeed, 

the formulation of antioxidants for incorporation in products ranging from potato chips to 

skin creams is a major area of endeavor.^ 

According to a report, some polyether polyols widely used commercially for 

urethanes and surfactants are prone to oxidation. The mechanism of oxidation has been 

studied in a reference.^ The oxidation is initiated by the formation of a radical on the 

carbon (usually secondary) adjacent to the oxygen. The radical is then trapped by oxygen 

to form an a-alkoxy hydroperoxide (eq. 3.1). Antioxidants such as hindered phenolics 

and secondary aromatic amines can be used to prevent the oxidation. 
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Petroleum products containing unstable hydrocarbon are also liable to form 

peroxides when exposed to air.'° The primary products of these oxidation reactions are 

alkyl hydroperoxide.^ ̂  Even low concentration of peroxides is harmful. For instance, in 

refined distillates, peroxides give rise to formation of gums and sediments. In white 

mineral oil, disagreeable odors are produced. In engine oil, the corrosion of bearings is 

accelerated.̂ ^ 

CH3 CH3 
I I ^ O O H 

\ A A P^ - ^ i ^ \ / ° \ A P^ (3.1) 
CH CH2 O \ CH CH2 O \ 

CH3 CH3 

In summary, peroxides are of importance in diverse application areas. Peroxide 

value (PV) is used often as an important index of quality for related materials. Effective 

and simple analytical procedures to determine the PV will be useful in both industrial and 

research. In this study, the attention is focused on the determination of PV in oil, fat and 

polyol samples. 

Several methods have been developed for the determination of lipid 

hydroperoxides. Iodometric methods have been most commonly used for measuring 

lipid hydroperoxides in oils and fats. The standard method''* is iodometric and involves 

the following steps: 

1. weighing 5.00 g of sample, 

2. dissolving the sample in 30 mL of the acetic acid:chloroform (3:2 v/v), 

3. adding 0.5 mL of saturated KI solution, 

4. incubating for exactly 1 min, 

5. adding 30 mL of distilled water, and 

6. titrating with thiosulfate using a starch indicator. 
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Because of concerns with the use of a halogenated organic solvent, a new version of this 

method utilizes isooctane in lieu of chloroform.'^ The accuracy of this method depends 

on a variety of experimental parameters such as accurate timing and protection of the 

reaction mixture from light and atmospheric oxygen and even the precise degree of 

sturing. In addition, the method is time-consuming and relatively insensitive. Direct 

UV absorbance measurement of the iodine liberated is substantially more sensitive,'^ 

however, there can be potential interference from other UV absorbing species. The 

fundamental problem with this metiiod, is that the kinetics of iodine liberation varies 

greatiy from one peroxide to another.'^ Various catalysts such as silica gel,'^ AlCb,'^ 

and Fe(II), etc., have been used; however, no systematic study has ever been carried out 

to establish that such approaches are effective for reliably measuring different peroxides 

in real samples on an equivalent basis. Several highly sensitive enzymatic methods have 

been reported for the determination of hydroperoxides in biological samples.^'' ̂ ^ On the 

basis of a comparative study of several methods, at least one report claims that the 

enzymatically mediated glutathione coupled oxidation of NADPH is a superior choice 

for abiologic applications as well. The applicability of the enzymatic methods for 

determining lipid hydroperoxides in nonaqueous media (as would be necessitated in 

measuring organic hydroperoxides in oil and fat samples) has never been established. In 

any case, the sophistication and the cost per assay for these methods will generally 

preclude their routine use in the edible oil and fat industry. The same criticism applies 

even more to enzyme coupled chemiluminescence detection for hydroperoxides, 

following high performance liquid chromatographic (HPLC) separation. ' 

More recently, Meguro et al. have reported extensively on the determination of 

hydroperoxides by tiieir reaction with diphenyl-l-pyrenylphosphine (DPP) to form the 

corresponding intensely fluorescent DPP oxide.^^ Applications to a variety of samples 
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have been reported, directly ^̂ ' ̂ ^ or in the postcolumn reaction format after HPLC 

separation. ' A similar reaction of hydroperoxides occur with triphenylphosphine 

(TPP) to form TPP oxide and lipid hydroperoxides have been measured by FT-IR 

spectroscopy by tiiis reaction.̂ "* The fluorometric DPP method is indeed sensitive and 

selective; a version, automated by flow injection, has been reported specifically for use 

with edible oil and fat samples.̂ ^ Nevertheless, diis adaptation is stretched because the 

DPP reaction is slow and therefore not well suited for FIA: 30-50 m of reaction coils 

maintained at 80 °C had to be used, necessitating high pressure pumps. Overall, the 

relatively high cost of equipment and the reagent will be a significant drawback for this 

method to be widely used in the oil and fat mdustry. A colorimetric FIA method, relying 

on a peroxidase enzyme mimic mediated oxidation of a dye substrate by a hydroperoxide, 

has been also reported. This reaction is also slow (requiring 6 min to reach 80% 

completion for t-BuOOH) and it is very unlikely therefore that equivalent responses will 

be obtained from higher homologs within a reasonable period. 

Nouros et al. reported a parallel flow injection (PFI) spectrophotometric method 

for the PV determination in olive oil in 1999. In the PFI system, the oil sample is 

injected into a carrier stream (1.0% (w/V) Nal in «-propanol) and the slug immediately 

merges with a reagent stream (43.2% (v/v) acetic acid in «-propanol). The mixed stream 

is then propelled and pasts the detector to an incubation coil. After the mixture is 

incubated for 5 min, the flow direction is reversed to bring the bolus back through the 

detector. The iodine liberated by lipid peroxides is monitored at 360 nm. All solvents 

used in the method need to be deoxygenated by purging with 99.9% nitrogen because of 

the mterference of oxygen. The others mcorporated 10 incubation coils that are 

alternately used to improve throughput 80 samples/h, a relatively complex control 

system, is needed. Also, sensitivity is relatively low. 
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The determination of oxidants, including hydroperoxides, by oxidizing Fe(II) to 

Fe(III) and measuring the latter colorimetrically as die thiocyanate complex is a very well 

established reaction.̂ "̂̂ ^ It is fiirther known that this reaction is compatible with a 

organic medium like benzene-methanol or chloroform-methanol, that it responds to a 

broad variety of hydroperoxides, including those of unsaturated fatty acids, and is 

generally more attractive than a competitive method involving the oxidation of Fe(II)-o-

Phenanthroline."*̂ ' ̂  

In tills project, an FIA system, based on die oxidation of Fe(II) to Fe(III) by 

peroxides, followed by the colorimetric detection of the later as the thiocyanate complex, 

was studied for the determination of hydroperoxides in oils, fats, and polyols. This is a 

simple, fast, and sensitive method. Applications for the analysis of peroxides in 

cottonseed oil, olive oil, lard, poultry fat, and polyol are demonstrated. 

Experimental Section 

Reagents 

Peanut oil, vegetable oil, com oil, olive oil, cottonseed oil, safflower oil and lard 

were procured from local super markets. Poultry fat and fish oil samples were supplied by 

Novus International (St. Louis, MO). Polyol samples were provided by Dow Chemical. 

To prepare samples of different peroxide value (PV), the oil/fat sample in a beaker was 

heated to 100 °C on a hot plate and air was continuously bubbled through it via a 20 |Lim 

porous frit to form a fine stream of bubbles. Sample aliquots were periodically withdrawn 

and assayed for PV by the standard method.''* The assayed sample was frozen for later 

use in the automated assay method. Prior to analysis by the FIA method, different 

amounts of these standardized oil or fat samples (0-1.5 g, of known PV in meq/kg) were 

taken and dissolved in 1:1 (v/v) /-butanol: methanol and made up to 25-mL. It is to be 
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understood that die term PV in this chapter means the value determined by the iodometric 

standard method, the actual peroxide content of the sample might have been different. 

All chemicals and reagents used were reagent grade or better and used without 

further purification. 

The FIA System Used in the Experiment 

The FI system is shown in Figure 3.1. Pump P is a Minipuls 2 multichannel 

peristaltic pump (Gilson). The carrier stream CS is 1:1 (v/v) 7-butanol: methanol. 

Reagent Rl and R2 respectively consists of 7.7 mM (NH4)2Fe(S04)2 + 45 mM H2SO4, 

and 0.13 M NH4SCN, both in methanol. The flow rates in each chaimel were the same; 

the system was successfully operated at all flow rates between 0.1 and 1.0 mL/min (per 

chaimel). The presented data pertain to a flow rate of 0.26 mL/min, unless otherwise 

studied. Solvent flexible pump tubes (Elkay Systems, Shrewsbury, MA) were used for 

pumping. Valve V is a standard electropneumatically operated 6-port injector (570IP, 

Rheodyne) equipped with a 20 )iL sample loop. The sample S is aspirated by the pump 

through valve V, any excess going to waste W. The reaction/mixing coil RC is a 0.7 mm 

diam x 600 mm polytetrafluoroethylene (PTFE) tube, allowing a reaction time of-36 s at 

the cited flow rates. All other tubings used in the flow system are 0.55-inm dia. PTFE 

tubes. Detector D is a homebuilt flow-through photometric detector,"*^ equipped with a 

light emitting diode (LED) emitting at 555 nm (HBG5566x, Stanley Electric, Tokyo) 

with an output signal linearly related to the absorbance; similar detectors are available 

commercially (Global FIA, Gig Harbor, WA). Mass flow controllers (model FC-280, 

Tylan General, Los Angeles, CA) were used for all air flow measurements. The data 

were acquired by a personal computer (Gateway 2000, P5-75) equipped with a DAS-

1601 data acquisition board (Keithley-Metrabyte, Taunton, MA). 
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Principle of the Method 

Ferrous iron reacts with hydroperoxides in oil or fat samples in butanol-methanol 

media under mildly acidic condition to form ferric iron. Ferric iron then produced can 

form red color tiiiocyanate complexes (A,max«510 nm), which can be determined by its 

visible absorption. The peroxide value (PV) is linearly related to the absorbance value. 

Under flow injection conditions, any oxidation by dissolved oxygen in the reagents 

becomes part of the baseline. Also, the flow system largely excludes air. 

Results and Discussion 

Choice of Detection Wavelength 

The colorimetric method is based on the detection of the red complex formed 

between SCN" and Fê "̂ . With the very large of excess SCN" present in this system, die 

absorbance maximum is at ~510 nm but the absorption band is very broad (FWHM 130 

nm). Ultrabright LEDs are available with emission maximum at 495 nm. These would 

increase the sensitivity by -15% but was not used in this work because detection 

sensitivity was not a problem for any real sample while detection at longer wavelengths 

increases the immunity against indigenous color in the sample (most typically yellow or 

brown). 

Choice of Reaction Medium 

Other solvents such as benzene, hexane, ethanol, and ethanol: 7-butanol mixtures 

were studied as potential reaction media: both as the carrier stream and as the sample 

solvent. The 7-butanol: methanol solvent performed better than any of the above. 

Benzene produced an unstable base line. Hexane and ethanol resulted in much lower 

sensitivity. Further, hydroperoxides do not show any unusual degradation in /-

butanol:methanol. Cottonseed oil samples diluted and stored at room temperature in this 

43 



solvent produced identical analytical signal for at least 96 hours. All samples, especially 

fats that are solid at room temperature, may not dissolve totally in the 7-butanol: 

metiianol solvent. The solubility limit for lard, for example, was found to be ~ 8 mg/mL. 

However, this is not a particular problem, the hydroperoxides themselves are polar and 

readily dissolve in the alcoholic solvent. If die sample is shaken well or heated widi die 

solvent and then allowed to settle, the clear liquid contains the hydroperoxides that have 

been quantitatively extracted and which can be mjected into die FL\ system widiout 

further processing. Because the analysis system is highly sensitive, it is rare that one 

needs to take a large amount of fat̂ oil sample for analysis. 

Reagent Concentrations 

The two basic steps involved m the acid catalyzed oxidation of Fe(n) to Fe(ni) by 

a hydroperoxide is believed to be:"*̂ ' ̂ '̂ ̂ ^ 

ROOH + Fê " + IT > RO • + Fê ^ + H2O (3.2) 

RO • + Fê ^ + H^ > ROH + Fê .̂ (3.3) 

Thesereactions would be facilitated by an increased concentration of Fe . Mohr'ssalt, 

(NH4)2Fe(S04)2, is the most stable among simple ionic Fe(II) salts and is therefore the 

preferred reagent. However, (NH4)2S04 begins to precipitate in our solvent system 

around a concentration of ~8 mM, especially due to the common ion effect from H2SO4. 

This can cause spurious noise in the detector and blockage of system conduits when the 

system is shut down. The recommended concentration of 7.7 mM provides some margin 

of safety. Fê ^ forms a series of thiocyanato complexes Fe(SCN)n̂ "̂"̂  up to n = 4.̂ *̂  The 

absorption intensity increases and the absorption maxima shift to longer wavelengths as n 

increases. To ensure maximum signal intensity and absorption at the longest possible 
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wavelengtii, we used a NH4SCN concentration of 0.13 M; diis concentration is sufficient 

to ensure maxunum absorption."*̂  

System Performance 

Typical system output is shown in Figure 3.2 for lard samples. Similar output 

was observed for all the other samples. Cottonseed oil samples were most extensively 

studied and precision of measurements for replicate samples (n=7) were studied for PV 

ranging from 0.03 to 2.5 meq/L and ranged from 0.67 to 1.4% in relative standard 

deviation (RSD). On the base of die baseline noise, the lunit of detection (S/N=3) was 

computed to be 2 |ieq/L. This means if 1 g of an unknown oil sample is dissolved in 25 

mL of 7-butanol: methanol solvent, the LOD of hydroperoxides in the original sample 

will be 50 |ieq/kg. To put this value in perspective, maximum acceptable hydroperoxide 

concentration in an edible oil/fat sample is generally considered to be 20 meq/kg.̂ ° In 

absolute amounts, the detection limit is 40 peq of hydroperoxide in the injected sample; 

this is very respectable for a colorimetric detection system. The response was also linear 

widi respect to die PV (r̂  = 0.9942). 

The precision for poultry fat samples (original samples were dark brown in color) 

were worse than with cottonseed oil, being 2.8% at 0.2 meq/L and 1.6% at 0.7 meq/L. 

For highly colored samples, a blank measurement is recommended, with the NH4SCN 

reagent being substituted with pure methanol. However, even with this highly colored 

sample, the blank response was quite small (<4.0% of the total analytical signal) in the 

worst case. 

Residence-Time Independence 

Relative to other reported automated methods that require residence times of 

many minutes even with heating,̂ '̂ ̂ ^ the present reaction is completed in seconds at 
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room temperature. It has been suggested ^^ that a minimum reaction time of 15 min be 

allowed for die completion of the reaction when carrying out the ferric thiocyanate 

chemistry in benzene:methanol. The following data will establish that as little as 8 s is 

sufficient for the assay reaction to go to completion in the present system in a 

butanol:methanol medium. The data in Figure 3.3 were generated by changing the pump 

flow rate between 0.2 and 1.0 mL/min. To correct for changes in peak height due to 

changes in dispersion, H2O2 was used as a control and sample peak heights were ratioed 

to that of H2O2 at the same flow rate. For H2O2, the change in peak height due to changes 

in flow induced dispersion across the entire flow rate range studied was less than 20%. It 

was verified in independent direct spectrometric experiments that H2O2 reacts essentially 

instantly. Finally, the ratio value was normalized to unity for the flow rate of 0.5 

mL/min. As the results in Figure 3.3 show, there is no evidence that increased reaction 

time (reciprocally related to flow rate and ranging from 10 to 120 s) results in any 

increase in signal. Similarly, there was no change in the signal when the reaction coil 

was heated to 65 °C in a water bath. All of these indicate the reaction is completed by the 

time the measurement is made. 

Stability of Hydroperoxides of Samples in 
the 1:1 Methanol:Butanol Solvent 

In the experiment, hydroperoxide solutions in volumetric flasks were allowed to 

stand for different time and then the PV of the solutions were measured with the 

proposed method. Table 3.1 shows the results. This result shows the peroxides in the 

solvent can be stable at least over 96 hours. 
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Table 3.1. Experimental Results for the Stability of Samples in Solvent. 
Settled Time 

(h) 

0 
6 
24 
48 
72 
96 

Mean SD. 
The largest error 

Olive Oil 

(peak Height) 

44 
45 
47 
47 
46 
47 

X = 46 
1.26 

•: 3.4% 

Poultry Fat 

(peak height) 

48 
49 
49 
51 
50 
51 

X = 50 
1.21 
4.3% 

How Many Equivalents of Fe are Oxidized per 
Mole of Hydroperoxide? PV as a Lower Limit of 
the Actual Peroxide Content 

The literature contains much confusing and conflicting information as to the 

number of equivalents Fê "̂  oxidized per mole of hydroperoxide."* '̂ '*''' ̂ ^ There is no 

disagreement that this number is exactiy 2 for H2O2. Mihaljevic et al.*^ points out that in 

addition to reactions (3.2) and (3.3), the following reactions can occur: 

RO • + R'H > ROH + R • (3.4) 

Where R'H is the solvent. The alkoxy radical can also react with a second molecule of 

hydroperoxide, generating an alkyl peroxy radical: 

RO • + ROOH > ROH + ROO • (3.5) 

At low concentrations of ROOH, characteristic of an analytical scale, reaction (3.5) 

cannot be very important. A number of other reactions, specific to individual solvents, 

are possible. However, none of these lead to radical amplification or chain propagation 

involving oxidation of Fê "̂  that can account for more than 2 equivalents of Fê ^ being 

produced per mole of ROOH. The only exception to this involves the production of 

alkylperoxy radicals in the presence of oxygen: 
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R'. +O2 >R'00 • (3.6) 

This now provides a means for superstoichiometric oxidation: 

R'OO • + 2Fe^* + 2 i r > RO • + 2Fe^* + H2O. (3.7) 

Whether or not the reaction mechanistically proceeds in this manner, the astute reader 

will quickly discover that there can be no superstoichiometric oxidation unless another 

oxidant, notably molecular oxygen, can be involved. Decomposition of a hydroperoxide 

into an alkoxy radical and a hydroxyl radical is possible: 

ROOH > RO- + OH (3.8) 

But by itself, this does not provide a means of oxidizing more than 2 equiv of Fe^* per 

mole of ROOH. Mihaljevic et al. ^^ reported that the number of equivalents of Fe^' 

produced per mole of hydroperoxide is 3.1 for r-BuOOH, 3.2 for cumene hydroperoxide 

(CHP) and ranges as high as 4.85 for higher hydroperoxides such as that of hnoleic acid. 

In contrast, Petruj et al. "^ reported that this stoichiometric coefficient is indistinguishable 

from 2.0 for r-BuOOH. and is 2.2 for CHP. They further show that this stoichiometric 

factor for CHP increases \\ith increasing cumene content of the CHP and suggest that at 

least part of the reason is that cumene autooxidizes to form CHP during the analysis 

process. 

The data for the response of hydroperoxides of the four different sample types of 

as a fimction of their measured PV is shown in Figure 3.4. Independent results from 

careful manual experiments established that in agreement with all previous literature, 

precisely 2 equivalents of Fe^^ are oxidized by I mol of H2O2. The slopes reported in 

Figure 3.4 are therefore normalized with that for H2O2, set to be 2.0. The response for 

H2O2 and r-BuOOH is indistinguishable within experimental error in agreement with the 

report of Petruj et al. ,'^ and the data for /-BuOOH are therefore not separately shown. 

The results for CHP are significant!} higher and can be due to autoxidation during the 
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measurement as argued by Petruj et al. The results of all the other samples are close to 

this as well, approximately 2.5 times larger than that of H2O2 except for one of the 

poultry-fat samples (Poultry Fat 1) which is more dian 4.5 times larger than that of H2O2. 

It would therefore seem at first sight that the findings of Mihaljevic et al. '*̂  are correct, 

and some types of hydroperoxides oxidize a much higher number of equivalents of Fê "̂  

than others. This is, however, not the whole set of facts because in the present case, as 

well as in those of Petruj et al. ^^ and Mihaljevic et al.,"^^ the comparasion standard is the 

iodometrically determined PV. If the PV value thus determined underestimates the actual 

peroxide content, the Fe^^ oxidation will appear to be superstoichiometric. This may be 

the case. All the Fê "̂  experiments of the Mihaljevic et al.^^ have been performed in 

carefully deoxygenated solvents. We also conducted experiments in which various 

hydroperoxide samples were measured in the FIA system where the samples and the 

reagents were carefiilly deoxygenated. The response was exactly the same with and 

without the deoxygenation step, indicating that oxygen plays no role in oxidizing the Fe 

in these experiments. There is no plausible mechanism by which large 

superstoichiometric factors can be reached under these conditions. 

It is therefore believed that the actual peroxide content is underestimated by the 

standard iodometric method because of at least two separate reasons. The first of these is 

that the iodine liberation with some hydroperoxides is slow and is incomplete under the 

conditions of the measurement. Figure 3.5 presents data that show what happens to the 

apparently determined PV when the standard method is altered by deliberately increasing 

the reaction time for iodine formation from 1 min. It is readily apparent that the 

peroxides in the poultry fat 1 sample are slow to liberate iodine, and the reaction is very 

far from complete when it is terminated at 1 min. Not surprisingly, this sample shows the 

greatest apparent superstoichometric oxidation of Fe . A time dependence, albeit to a 
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much smaller degree, is also apparent for the olive-oil sample. In contrast, the response 

from the cottonseed oil sample is essentially complete by die time it is measured at 1 min; 

it is complete by 3 min. It may seem diat a longer reaction time prescribed for the 

standard method will solve the problem. Indeed a much longer reaction time is 

prescribed in many recommended procedures for the measurement of hydroperoxide 

content. ' Aside from the fact that the liberation of iodine from iodide in an acidic 

medium by adventitious oxygen during an extending period is a much greater problem 

to correct for the liberation of iodine by oxygen. Virtually all real oil and fat samples 

contain some unsaturation and some of the iodine liberated by the iodometric procedure 

than die oxidation of Fê "" to Fe^^ by oxygen,"*^ there is an altogether different issue that is 

not addressed by extending the iodine-liberation time or by performing a blank correction 

is bound to be consumed by these unsaturated sites, thus leading to underestimation of 

the actual peroxide content. Of course, the determination of the extent of imsaturation in 

oil and fat samples by their iodine consumption is the basis of a standard method,^^ and is 

referred to as the iodine-absorption number. 

Doubtless it will require time to displace the empirical iodometric PV method 

even though it cannot and does not produce the correct peroxide content for all samples. 

However, as long as all prospective users find it necessary to relate the values obtamed 

by the present method to iodometric PV, it is possible to calibrate the method presented 

here by the particular sample type (with its PV conventionally measured). A set of 

samples were analyzed using this approach (the samples analyzed were not a part of the 

calibration set) and the results are presented in Table 3.2. The relative errors between the 

standard method and the developed method are in the range of-3.3 to 4.5%. 
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Table 3.2. Results for the Determination of Actual Oils and Fats. 

PV(meq/kg) 
Sample Error% 
^ Proposed Method Stand. Method 

Cottonseed Oil 

Olive Oil 

Lard Fat 

Poultry Fat 

28.4 28.0 1.4 
54.8 52.4 4.5 
44.4 4.36 1.9 
26.9 27.2 -1.0 
2.75 26.8 2.6 
71.1 71.6 -0.7 
1.53 1.48 -3.3 
1.53 1.49 -2.4 

Analysis of Polyol Samples 

The present method was used to analyze the peroxide content of polyol samples. 

A standard method was used to calibrate the PV of the sample. The experimental result 

is shown in Figure 3.6. As can be seen, the PV in the polyol sample is linearly related to 

the signal with a r-square of 0.9989. 

Prototype Instrument 

A prototype instrument that could be commercialized was designed. A 

photogram of this prototype is shown in Figure 3.7. The system is configured as a flow 

injection analyzer as shown in Figure 3.8, which has no basic different in the structure 

from the system used in previous experiments except some small adjustments for the 

requirements of instrumentation setup. 

The butanol-methanol stream, the Fe(II) reagent, and the SCN' reagent are 

pumped from PTFE tubes attached to the back panel by a peristaltic pump located in the 

back-bottom part of the instrument box. The detector effluent is merged at a tee with the 

injector waste and the stream exits line through a waste line on the back panel. The 
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back-bottom part of the instrument box. The detector effluent is merged at a tee with the 

injector waste and the stream exits line through a waste line on the back panel. The 

sample is introduced from the front panel via aspiration by the pump. The sample can be 

introduced manually or automatically. A timer located on the front panel is used to 

control the switching of the valve when the automatic sampling function is selected. 

The detector output is displayed in absorbance units on the instrument display. 

The detector output is also provided on rear output recorder connectors. The base line 

with the pump running and no sample injected can be adjusted to zero with the zero knob. 

The indicating LEDs located at the left of the display on the front panel indicate overflow 

(HI) or underflow (LO) of the signal that are visible from a distance. In normal operation 

neither is lit. 
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Figure 3.7. A picture of the instrument for the determination of PV in fat/oil/polyol 
samples. 
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CHAPTER IV 

OXIDATIVE STABILITY DETERMINATION OF OILS 

AND FATS WITH A GAS PHASE FIA SYSTEM 

Introduction 

Oils and fats undergo oxidative degradation when exposed to air. Determination 

of the oxidative stability of fats and oils is an important process in food and related 

industries. The oxidation of lipid samples mainly involves the oxidation of unsaturated 

fatty acids or their derivatives present in oils and fats. The oxidation of saturated fat is 

generally much slower.' The reactions of unsaturated fatty acids and oxygen to produce 

peroxides display relatively high activation energy.^ This suggests that the direct attack 

of oxygen on unsaturated fatty acids to be improbable. Lipid autoxidations are generally 

believed to involve free radical chain mechanisms. Such a mechanism displays three 

steps: 

(1) initiation 

(2) propagation 

Initiators (RH) > free radicals (R«) 

R. + O2 > R 0 0 . 

ROO. + RH > ROOH + R. 

(3) termination 

R. + R. >R-R 

R. + ROO. >ROOR 

ROO. + ROO. > O2 + ROOR (or alcohol and carbonyl compound). 

(4.1) 

(4.2) 

(4.3) 

(4.4) 

(4.5) 

(4.6) 

The oxidation of lipids thus resuhs in peroxides as the primary oxidation 

products. In most cases, a significant induction period is observed before the onset of the 
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significant production of peroxides. However, even during this period, oxygen is 

consumed in a zero order process.^ The peroxides in tum degrade fiirther to secondary 

products such as aldehydes, ketones and carboxylic acids, most notably formic acid.^ As 

mentioned in Chapter III, the formation of these chemicals leads to a variety of undesired 

results such as rancid odor, loss of nutritional value and toxicity. They also contribute to 

diseases, and accelerate the aging process. 

Many factors affect die stability of oils and fats such as the degree of 

unsaturation, the presence of antioxidants, prooxidants, as well as temperature, and light 

exposure during storage. Different oils and fats may have different stability. Even the 

same types of oils or fats may show different stability. For instance, the type and degree 

of unsaturation in lards from hogs have shown depending on the diet they are fed. 

Consequently, the fat samples exhibit different stabilities.^ The stability also depends on 

the exact source. For instance, the stability of lipids of some fishes derived from skin is 

different from that derived from other tissues.^ 

The Main Methods Designed to Evaluate 
the Stability of Liquid Samples 

The evaluation of oxidative stability is an old and complex topic. Although a lot 

of research has been done, a general applicable and fully satisfactory method in this field 

is yet to emerge. The first of these is to evaluate the induction period observed before 

significant production of peroxides (or products further down the degradation path, e.g., 

carboxylic acids) begins. The induction period is very dependent on the conditions of the 

oxidation experiment and as such, must be carried out according to some set protocol. 

The most commonly used method is called Active Oxygen Method (AOM) promulgated 

by the American Oil Chemists Society,^ largely unchanged in the past five decades. 

Several 20-mL aliquots of fat samples are taken and aerated at 2.33 mL/s at 98 ^C and 
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periodically analyzed for their peroxide content by an iodometric procedure. The time to 

reach a peroxide value (PV) of 100 meq/kg is taken to be an index of die oxidative 

stability. The actual endpomt in mdustrial practice can be as little as 20 meq/kg, 

depending on the type of fat.̂  The method requires a large amount of samples, numerous 

analyses and very careful control of air flow rate throughout the long analytical process. 

A typical AOM determination requires 20-40 h. For some samples that form relatively 

unstable peroxides, an AOM measurement can have little meaning because the peroxides 

can degrade to other products and a PV of 100 meq/Kg may never be reached. The 

induction period can also be monitored by monitoring the consumption of oxygen. In the 

Sylvester test,̂  the sample is heated to 100 °C m a closed vessel and the pressure 

decrease, which is a result of the decline in oxygen concentration due to the oxidation 

reaction, is monitored to determine the induction period. An automated embodiment of 

this is the Oxidograph^ in which the sample is heated in a reaction vessel under 100% 

oxygen and the induction period is detemiined from a sudden pressure decrease. 

Another official method that measures the induction period is the Oil Stability 

Index (OSI) method.'° A stream of purified air is passed through a hot lipid sample, and 

the effluent air is bubbled through deionized water. The conductivity of the water is 

continuously monitored. As the fmal oxidation products, volatile carboxylic acids 

(mostly formic acid), are formed in the oil or fat sample, they are outgassed from the oil 

or fat by flowing air and are collected in the water. This causes the mcrease of the 

conductivity of the water. The onset of the major conductivity rise m the water, obtained 

by tangential extrapolation, is taken to be the index of oxidative stability. The OSI values 

are generally well correlated to the corresponding AOM values if die PV is 100 or 

greater.''' '̂  Compared to the AOM, this method is automated and thus easier to use. 

However, this too is a time-consuming method and suffers from the common problem 
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tiiat large errors can be incurred from small variations in the air flow rate.'^ There is also 

the element of the deeper concem that carboxylic acids are not only fiirther down the 

degradation chain, they are only one of the possible products resulting from the 

decomposition of hydroperoxides. Consequentiy, the OSI is based on an event that 

happens well after the main process of interest and may not even bear a linear 

correspondence with the actual oxidation event of concem. Moreover, several volatile 

acids other than formic acid are known to form in different ratios in different oil/fat 

samples.'^ With formic acid itself, at collection temperatures more than 20 °C, 

significant losses from the collector solution may occur.'^ 

An altemative to monitoring the induction period for significant onset of the 

production of hydroperoxides or carboxylic acids is the monitoring of rate of peroxide 

formation or oxygen consumption under well defined conditions. Versions of the AOM 

that attempt to measure the oxidative stability in a shorter period involves the 

measurement of the PV after 4 or 20 h of aeration. The oxygen consumption method 

involves monitoring the rate of oxygen consumption. Typically, the sample would be 

sealed under air or oxygen and stored at a constant temperature. The oxygen 

concentration in the headspace is monitored by withdrawing small samples through 

multiple sealed septa affixed to the container and analyzed by gas chromatography. 

Several different types of samples have been analyzed.'"*''^ 

The fundamental problem with all of these methods is that lipid stability is 

determined at a fixed temperature (generally far above ambient temperature because it 

takes unacceptably long to make meaningful measurements at room temperature). The 

extrapolation of such data in making decisions about comparative stability of two 

different types of samples under ambient storage conditions makes the tenuous 

assumption that the activation energies for the lipid oxidation of the two samples are the 
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same. Considering that it has been shovm that the rate of lipid oxidation can be 

dependent on whether the sample is ground or whole and whether the lipid is isolated 

from the sample and then examined by itself,'^ the assumption of identical activation 

energy between two altogether different samples is not defensible. 

In this chapter, a new system to determine the stability of oils and fats is 

introduced. An automated stopped-flow gas phase flow injection analysis system using 

an electrochemical oxygen sensor and a programmable temperature reactor is used to 

measure the oxygen consumption of the same sample at various temperatures. The 

temperature dependence of all samples examined to date exhibits Arrhenius behavior 

(log(oxygen consumption) varies linearly with reciprocal temperature), allowing the 

extrapolation of the temperature dependent results to any storage temperature. 

Experimental Section 

Chemicals and Apparatus Used 

All samples used in experiments were obtained from the same source as that in 

Chapter III. These samples are natural products that do not contain antioxidants. Unless 

otherwise stated, a carrier gas containing 0.1 % O2 (balance N2) was used (TRIGAS 

Industrial Gases, Lubbock, TX). Air was used in some experiments and was purified by 

passing through sequential columns packed with activated carbon, silica gel, and soda-

lime. Other concentrations of oxygen were generated by in-line mixing of purified air 

with cylinder nitrogen. Mass flow controllers (model FC-280, Tylan General, Los 

Angeles, CA) were used for all flow measurements. 

All other chemicals and reagents used were reagent grade or better and used 

without further purification. Peroxide values were determined by the standard iodometric 
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18 
procedure. The iodine absorption number (IAN) for all samples was determined 

according to die official mediod.'^ 

Experimental Arrangement 

The gas phase FIA system is shown in Figure 4.1. MFC is a TYLAN mass flow 

controller (model FC-280, Torrance, CA). V is an electropneumatically operated 6-port 

valve (model 7000, Rheodyne, Cotati, CA) which is used to control the residence time of 

air in the oxidation reactor. The oxidation reactor (OR) is composed of a glass tube 

(150x16mm, o.d.) modified with inlet, outlet, and sample injection tubes (45x 4mm, o.d.) 

as shown in Figure 4.2. 

The sample injection tube connects to the injector with Teflon tubing and a plastic 

fitting. The inlet tube and outiet tube connects to the stainless steel tubing (1/16 in. o.d.) 

with high temperature epoxy (RP 4026 Resin, Ciba-Geigy Corporation, MI). The heating 

tape (128x50mm, 50 Watts, Thermolyne, lA) was wrapped around on the oxidation 

reactor and secured with a glass wool thread and connected to a temperature controller 

(CN8500, OMEGA,CT). The cold trap is composed of a 600-mL beaker filled with 

water. A stainless steel coil (1/16 in. o.d.) and a "buffer glass tube" (12x8 mm, o.d.) 

were put in the cold trap. The buffer glass tube was sealed with a mbber stopper and two 

stainless steel tubes were put into it as shown in Figure 4.1. The cold trap between the 

valve and the oxygen sensor prevents evaporated material from going into the oxygen 

sensor. An oxygen sensor (model 2550, Systech Instruments, IL) was used to monitor 

the oxygen concentration before and after the carrier gas reacts with oil/fat samples in the 

oxidation reactor. The data were acquired by a personal computer (Gateway 2000, P-75) 

equipped with a DAS-1601 data acquisition board (Keithley-Metrabyte, Taunton, MA). 

All tubing used in the gas flow system are 1 mm i.d., 1/16 in. o.d. Ni tubes. A homebuilt 
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Figure 4.1. The gas phase FIA system for the determmation of oxidative stability if oils 
and fats. 
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Figure 4.2. A diagram of the oxidation reactor. 
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digital valve sequence programmer was used to control the residence time of the air in the 

oxidation reactor. 

To perform a stability determination, 12 mL of the sample is loaded into the 

reactor, the reactor is flushed by the carrier gas, heated to the intended temperature, and 

then switched to the isolated loop position. The loop is switched back in-line to measure 

the amount of oxygen consumed after a desired interval of time, as programmed by the 

valve timer. After a desired number of replicates (typically three measurements at a 

given temperature), the temperature is increased to the next desired value, and the process 

is repeated. The entire process is repeated for as many temperatures as desired. 

Results and Discussion 

System Output 

A typical output of the present system is shown in Figure 4.3 for cottonseed oil as 

a function of temperature. As the sample is heated to higher temperatures, greater 

amounts of oxygen are consumed and the heights of the negative peaks increase. The 

reproducibility of measurements at each temperature is obviously very good. If long 

reactor residence times are used, oxygen intmsion from the outside through polymeric 

connecting conduits and fittings can have an effect on the results. Silicone oil (that 

cannot be oxidized at our experimental temperatures) is therefore used as a reference 

sample and oxygen consumption computed relative to this control in such cases. 

It should be noted that while Figure 4.3 shows data for triplicate determinations at 

six different temperatures; these data were obtained with the same sample, loaded once 

into the reactor. After the sample is analyzed three times (of course, each determination 

involves flushing out the reactor with new carrier gas), the temperature is increased to the 

next desired value and the process is repeated. Since so little of the sample is actually 
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Figure 4.3. A typical readout of the gas-phase FIA system. Residence time of 
the oil sample in oxidation reactor: 5 min. Oxidation temperature: (1) 70. (2) 80, 
(3) 90, (4) 100, (5) 108, and (6) 120 °C. 
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Figure 4.4. Oxygen-consumption signal as a function of oil sample taken. 
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oxidized during an individual determination (vide infra), it is not necessar> to introduce 

fresh sample aliquots. 

Dependence on Adjustable Parameters 

Sample Volume. Using safflower oil as a sample, different amounts of samples 

were loaded into the oxidation reactor (100 °C, 40 mL/min carrier gas flow, sample 

residence time 9 min). The present system is basically a surface reactor w here only the 

exposed surface is available for oxidation. It is expected diat as die reactor is filled, die 

exposed surface will become nearly constant and hence the ox\ gen consumption signal 

will essentially become constant. This is indeed observed; when the sample volume 

exceeds ~l 1 mL, the signal response is the highest and essentially constant (Figure 4.4). 

Carrier Gas Flow Rate. Figure 4.5 is the experimental results for the effect of 

flow rate of the carrier gas on signal peak height and peak area in the flow rate range of 

10-130 mL/min. Other conditions are the same as in the pre\ious paragraph. Decreasing 

the carrier gas flow increases the sweeping time through the reactor but this variation is 

relatively small compared to the fixed reaction time of 9 min. The second effect is the 

greater dispersion induced by the faster flowing gas stream. The peak areas in units of 

v.s increase linearly with the reciprocal of the flow rate with a negligible y-intercept, 

meaning that if the area data were plotted in terms of V»mL, the area counts will remain 

essentially constant. This suggests that dispersion is the dominant factor in the observed 

change in the signal heights. Lower carrier gas flow rate results in higher peak heights 

but the peaks span a greater width in time. To achie\e a compromise between analysis 

time and sensitivity, we chose 12-mL samples and a 30-mL7min carrier gas flow rate for 

further experiments. 
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Determination of Oxygen Consumed 
at Different Residence Time 

Figure 4.6 shows the relationship between the oxygen consumption and residence 

time of the carrier gas in the oxidation reactor at 125 °C for some oil samples. The 

oxygen detector produces a signal that is linearly related to die amount of oxygen 

consumed. It is readily apparent that the ease with which different oils consume oxygen 

is quite different, fish oil being the most easily oxidized. Liquid phase diftusion is slow, 

and the reaction here takes place only on the surface of the sample. So if the oxidation is 

allowed to proceed to a substantial degree, depletion of both the oxygen m the reactor and 

the depletion of the oxidizable material on the surface of the sample (which must be 

replaced by diffusion) can have an effect on the observed rate. These limitations do not 

apply when the extent of oxidation is limited, i.e., at short reaction times (or at lower 

reaction temperatures). The data in Figure 4.6 show that for reaction times of <10 min 

(except for fish oil) at this temperature, the observed oxygen consumption is essentially 

linear with time. At constant oxygen concentration (as will occur with the oxidation of a 

sample exposed to air), this suggests a zero order oxidation rate, as observed by others. ' 

Determination of Oxygen Consumed 
at Different Temperatures 

The experimental results of oxidative stability measurements for oil and fat 

samples at different temperatures are shown in Figure 4.7 in the form of an Arrhenius 

plot. It is cle2ir that all of the samples exhibit Arrhenius behavior. The corresponding 

numerical data, including the calculated activation energy, are presented in Table 4.1. It 

is immediately apparent that several lines in Figure 4.7 intersect each other. This points 

out the fallacies inherent in determining the oxidation rates at any given temperature 

(e.g., 100 °C) and relying on such results to predict relative stabilities at a different 
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Table 4.1. Linear Regression Parameters for the Oxidation Experiments 
Coefficients of the linear equations Activation 

Samples log(02 consumed) = -1 OOOa/T + b energy 
(a, b (linear r̂  value, n = 15)) (kJ/mol) 

Olive oil 2.38±0.09,7.29±0.25 (0.9939) 45.6±1.8 
Vegetable oil 2.33±0.07,6.37±0.20 (0.9943) 44.5±1.4 
Lard 2.32±0.02,6.87±0.06 (0.9996) 44.4±0.45 
Safflower oil 2.26±0.05,7.01±0.10 (0.9982) 43.3+0.91 
Fish oil 1.97±0.06, 6.79±0.20 (0.9974) 37.6±1.1 
Cottonseed oil 1.85±0.06,5.64±0.15 (0.9966) 36.4±1.2 
Poultry fat 1.88±0.05,5.78±0.10 (0.9966) 36.0±0.90 
Peanut oil 1.76±0.06,5.22±0.15 (0.9967) 33.6±1.1 
Com oil 1.74+0.05, 5.21±0.10 (0.9955) 33.3+0.80 

temperature (e.g., a storage temperature of 30 °C). The present experimental 

arrangement not only permits ready measurement of oxygen consumption at different 

temperatures, the correspondence to Arrhenius behavior makes it possible to extrapolate 

such data to another temperature. Direct measurement of oxidation rates at typical 

storage temperatures will be prohibitively slow for many samples. 

The linear relationship between Log(oxygen consumption) and reciprocal of 

absolute temperature can be explained on the basis of the Arrhenius equation: 

Log k = A + B/T (4.7) 

Where k is the reaction rate constant, T is temperature (K), A and B are constants. 

According to the literature^^ as well as our own experimental resuhs, the rate of 

decline of headspace oxygen content over an edible oil sample shows a characteristic of 

zero-order kinetic equation: 

-d[02] /dt = k (4.8) 

where, t is reaction time, and [O2] is the concentration of oxygen on the headspace of 

samples in the oxidative reactor at time t. From equation (4.8) 
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Log(-d[02]/dt) = Log(k). (4.9) 

Replacing log(k) with equation (4.7) we get 

Log(-d[02]/dt) = A + B/T. (4.10) 

This equation shows diat the oxygen consumption (-d[02]/dt) is linearly related to the 

reciprocal of absolute temperature. The present experimental results completely 

coincidence with the prediction of the theory. 

As pointed out previously, the ability of the experimental system to provide 

meaningfiil data only holds if the overall extent of oxidation is low. Com oil and fish oil 

were selected for experiments over a wide temperature range with a reactor residence 

time of 9 min; the results are shown in Figure 4.8. For com oil, the data generated by the 

instrument corresponds to Arrhenius behavior over the entire temperature range studied, 

up to 175 °C, while for the very rapidly oxidized fish oil the linear range extends only to 

85 °C. In this and other cases, the nonlinearity is a measurement artifact (due primarily to 

the depletion of the oxygen and linearity extends to higher temperatures if the reaction 

time is drastically reduced). 

Activation Energies Determined are 
Independent of Experimental Variables 

It is important to note that the activation energies that are determined from the 

experimental data are independent of adjustable experimental parameters such as reactor 

residence times, oxygen concentration, etc. With residence times of 5, 7 and 9 min in the 

reactor, the activation energies of oxygen consumption for cottonseed oil was 

determined, for example, to be 36.4 ±0.97, 36.4 ±1.3, and 36.4 ±0.89 kJ/mol, 

respectively, indistinguishable within experimental error. Similar results were also 

obtained with poultry fat (mean activation energy from three different residence times 

36.2 ±0.41 kJ/mol). Experiments were conducted for olive oil, safflower oil and poultry 
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fat with 0.1% and 5% oxygen in the carrier gas; widiin experimental error, die activation 

energies were identical for different oxygen content: olive oil: 45.6 ±1.9 and 45.9 ±1.1, 

safflower oil: 43.3 ±0.90 and 43.3 ±0.93, poultry fat: 36.0 ±1.1 and 35.4 ±0.76 kJ/mol at 

0.1% and 5% oxygen, respectively. However, once again, with very easily oxidizable 

fish oil, so much of the sample gets oxidized with 5% oxygen, different results are 

obtained at higher oxygen concentration if other experimental parameters (e.g., reaction 

temperature range and in) are not altered to reduce the extent of oxidation. 

Preference for Low Oxygen Concentration 
in the Carrier Gas 

One of the attractive aspects of the present approach is that multiple temperature 

runs with replicate measurements at each temperature can be conducted with a single 

sample loaded into the reactor only once. This requires that the sample is altered as little 

as possible during the entire process. This can be verified by measuring the PV of the 

sample before and after the measurement sequence. This is indeed observed in a typical 

experimental run. The PV of a cottonseed oil sample changed only by 2% before and 

after the experiments when studied between 75 °C to 115 °C using 0.1 % O2 as a carrier 

gas. This included triplicate measurements at 10 °C intervals for a total of 15 

measurements. Unsaturated linkages are oxidized to peroxides and destroyed during the 

oxidation process. These can be measured by the Iodine Absorption Number, IAN, vide 

infra. The original PV value for this sample was 3.88 meq/kg and was measured to be 

3.96 meq/kg after the experiment. The IAN value was measured to be 81 both before and 

after the experiment (an IAN value of 81 corresponds to over 6 moles of 

unsaturation/Kg). A 2% change in PV is tantamount to an insignificant consumption of 

the unsaturated linkages (< 0.01%) and it is understandable that the IAN value does not 

change. 
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Lipid samples can be relatively viscous. If the surface of the sample gets fully 

oxidized, either dispersion of O2 in to the bulk of the sample or replenishment of the 

surface material from the bulk liquid will become rate limiting. From bodi of the above 

aspects, a relatively low oxygen concentration in the carrier gas is therefore preferred in 

the present surface reactor arrangement. Furthermore, using low oxygen concentration in 

the system improves detector linearity and relative noise levels. The oxygen sensor is a 

galvanic sensor that is consumed with use and with lower oxygen concentration it lasts 

longer. 

Reproducibility 

The reproducibility obtained from the present experimental system is generally 

excellent. The same cottonseed oil sample was studied over 3 days, 24 h apart, over a 

temperature range of 70-120°C. The slope and intercept of the log(02 consumption) vs 

1/T linear plot for all the 45 measurememnts made) exhibited uncertainties of 2.1% and 

2.0% for the slope and the intercept, respectively, with a linear ^ value of 0.9929. This 

reproducibility is typical. 

Oxygen Consumption, IAN, and PV 

Since the oxidation process in oils and fats essentially involves the preferential 

oxidation of unsaturated linkages to form peroxides, the extent of oxygen consumption 

should thus be correlatable with the decrease in IAN and ideally, to the increase in PV 

upon oxidation. Traditional methods like the AOM thus try to correlate the change in PV 

with the ease and extent of oxidation. The problem with such an approach is that 

peroxides themselves are unstable and it is easy to reach erroneous conclusions by 

misinterpreting the results obtained from measuring PV before and after aeration at an 

elevated temperature. During such an experiment, the PV initially increases. Peroxides 
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also decompose in an autocatalytic manner. As such, during the oxidation experiment, 

the PV value reaches a maximum and then remains at a steady state and then finally 

decline as the decomposition processes become dominant over the formation processes. 

The AOM experimental protocol hopes to create a situation where the data points are 

obtained on the ascending portion of the curve where the PV is increasing with time. For 

samples with very unstable peroxides, this may be impossible to achieve. In reality, even 

a complete elucidation of the ascending and descending profiles of the peroxide content 

with time cannot produce the type of information that can be gleaned from the present 

work. However, a direct correlation between the extent practice and the present 

procedure is not possible. The following data illustrate this situation. We oxidized 

several types of oil samples by bubbling air (75 mL/min) for 45 min through 22 mL of 

the oil sample maintained at 160 °C. The PV and IAN of the sample were measured 

before and after the experiment. Relative oxygen consumption of these samples can be 

calculated from the linear equations in Table 4.1. The results are shown in Figure 4.9. 

The decrease in the IAN value shows an excellent linear correlation with the calculated 

oxygen consumption. Whether measured from the calculated oxygen consumption or 

from the decrease in IAN, the stability is in the order peanut oil >vegetable 

oil~cottonseed oil> olive oil~safflower oil»fish oil. 

In contrast, the increase in PV shows no such correlation with the measurement of 

oxygen uptake. Indeed, the PV for the fish oil sample actually decreases after the 

oxidation. Similar experiments were conducted with these oil samples for shorter 

oxidation periods of 4,13 and 25 min. and similar results were obtained in all cases. The 

PV increase for peanut oil was the maximum and that for fish oil was the minimum. 

These results thus suggest that the measured PV increase under these conditions is a 

reflection on the stability of the specific type of hydroperoxide formed as well as on the 
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stability of the oil. This conclusion is supported when the profile of PV as a function of 

time for an experiment involving aeration at an elevated temperature is examined in 

detail for different oils and fats. For example, while the general pattem of ascending and 

descending PV resembles a Gaussian curve, the maximum of the PV curve obtained with 

fish oil reaches only a few meq/kg whereas the maximum for poultry fat under the same 

conditions can reach 250-300 meq/kg. The presently proposed method eliminates these 

confounding issues in the interpretation of PV analyses. 
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CHAPTER V 

OXIDATIVE STABILITY MEASUREMENT FOR 

SOLID SAMPLES CONTAINING LIPIDS 

Introduction 

Solid samples containing fat and oil span a wide variety: from milk powder to 

potato chips to animal feed. The lipids in such samples are gradually oxidized when 

exposed in air. The formation of undesirable products due to such oxidation has been 

discussed in Chapter IV. 

There is no standard method for the direct determination of lipid oxidative 

stability in solid samples. Methods presently used involve multiple steps. Typically, the 

total amount of fat/oil that is present in a solid sample is extracted first. In a typical 

procedure, a mixed organic solvent (petroleum ether:methanol =1:1, v/v) is used to 

extract the fat in solid samples; three sequential extraction are used to ensure quantitative 

extraction. The extract is then washed with deionized water. The washed extract is dried 

in a modestly warm water bath (typ. 40°C). Finally, the oxidative stability of the 

extracted fat is determined by some standard method such as the Active Oxygen Method 

(AOM)' or the Oxidation Stability Index (OSI).̂  The first step needs about 5 hours and a 

typical AOM or OSI determination can require 20-40 h. 

This approach is flawed in numerous ways. It is difficult to select a proper 

polarity of the extraction solvent. If the solvent is not sufficiently polar, the peroxides 

already formed will not be extracted. If it is too polar, the peroxides will be preferentially 

extracted over the fat and the analytical result will be biased. The sample must be 

extracted at room temperature to avoid heating and oxidizing the fat during extraction or 

decomposmg the peroxides already present. This eliminates the use of a Soxhlet 
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extractor. There is no guarantee that diree extractions are sufficient to fiilly extract both 

the fat and the peroxides. Once extraction is complete, the solvent has to be evaporated 

with a rotary evaporator at low temperature, again to avoid heating the fat. Finally, the 

solvent has to be fiilly evaporated to obtain an accurate weight of the fat. 

In reality, extracting the fat from a solid sample may not provide an accurate 

picture of the actual stability at all. The lipid may be preferentially located within the 

interior of the sample matrix and thus be less sensitive to oxidation than extraction and 

subsequent determination may suggest. In addition, a basic problem with the AOM and 

die OSI is that lipid stability is determined at a fixed temperature (98°C). This is far 

above ambient storage temperature because it takes unacceptably long to make 

meaningful measurements at ambient temperatures. The extrapolation of such data in 

making decisions about comparative stability of two different types of samples under 

ambient storage conditions makes the tenuous assumption that the activation energies for 

the lipid oxidation in the two samples are the same. It has been shown that the rate of 

lipid oxidation can be dependent on whether the sample is ground or whole and whether 

the lipid is isolated from the sample and then examined by itself Obviously, the 

assumption of identical activation energy between two altogether different samples 

cannot be generally correct. 

A gas phase FIA system was developed to determine the oxidative stability of 

fat/oil samples and described in Chapter IV."̂  We described there the behavior and 

analysis of liquid samples. In this chapter, we describe the determination of oxidative 

stability of solid samples with a reactor specifically designed for the purpose. With this 

reactor, the oxidative stability analysis for a solid requires only 1-2 g sample, an order to 

two orders of magnitude less than the sample requirement of conventional procedures 

using the traditional extraction procedure. 
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Experimental Section 

The gas phase FIA system is shown in Figure 5.1. Except the reactor, the other 

parts of the system for die measurement of solid lipid samples are the same as that for the 

measurement of liquid samples. The solid oxidation reactor (OR) is shown in Figure 5.2. 

It is composed of a stainless steel hollow cylinder (outer dimensions: 155x33 mm dia., 

inner dimensions: 55x20 mm dia.), an outer cap (o.d., 39 mm; height: 18 mm), and an 

inner cover. An 0-ring seal is used to seal the system. The reactor is provided with 1 

mm i.d. Ni inlet and outlet tubes. Two heating tapes (128x50 mm, 50 W @ 110 V, 

Thermolyne, lA) were secured around OR with glass wool thread. A platinum RTD was 

placed in between the heating tape and the stainless steel exterior of OR and the reactor 

temperature was programmed with a temperature controller (CN8500, Omega 

Engineering, Stamford, CT). The solid sample can be readily put into the reactor from 

the top of the stainless steel hollow cylinder. 

Synthetic solid samples of varying lipid content were prepared by using silica gel 

as the carrier matrix (100-200 mesh, ACS Reagent grade, Fisher). The silica was taken in 

a conical flask and doped uniformly with a known amount of a solution of cottonseed oil 

in petroleum ether. The ether was then allowed to evaporate at room temperature under a 

gently flowing air stream. 

Bone meal samples used in this study were supplied by Novus Intemational (St. 

Charles, MO). One particular sample was sieved to in different particle sizes (dp: 0.25-

0.60, 0.60-0.85, and >0.85 mm, hereinafter referred to as small, medium, and large 

particles). The carrier gas containing 0.1 % O2 (balance N2) was purchased from 

TRIGAS Industrial Gases, (Lubbock, TX). 
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Figure 5.1. The gas phase FIA system for the determination of oxidative stability of solid 
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Figure 5.2. Diagram of the oxidation reactor used for solid fat/oil samples. 
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Procedure 

To determine oxidative stability, 1-2 g. of die solid sample is loaded in the reactor 

from die top. The reactor is tapped or shaken slightly to smooth and level the sample 

surface. The system is run with die following parameters: Carrier gas (0.1% O2, 99.9% 

N2) flow rate 35 cmVmin; reactor flush time to introduce fresh gas 1 min minimum, and 

reactor residence time 5 min. The system is run 20-30 min at die first temperature point 

before any data are acquired. 

Results and Discussion 

Performance and Reproducibility 

Figure 5.3 shows the relationship between log(oxygen consumption) and the 

reciprocal of the absolute temperature for a set of samples as determined by the present 

system. The linear r̂  values and the corresponding AH values are also shown in the 

figure. For all samples studied, the oxygen consumption exhibited Arrhenius behavior as 

shown. 

Three samples were selected to study the reproducibility of the system. For each 

sample, a repeat experiment was done. Figure 5.4 shows the experimental results. It 

would appear that the reproducibility of the system for the oxidative stability 

determination of a solid is very good under the experimental conditions. 

Under our experimental conditions, the amount of the sample taken occupies a 

relatively shallow layer in the reactor (about < 7.5 mm in depth), such that the access of 

the gas to the sample surface is facile. As a result, the extent of oxygen consumption is 

observed to be linearly dependent on the amount of sample taken with a statistically zero 

intercept, as shown in Figure 5.5 (reactor temperature 135 °C, residence time 5 min). 

Note that for our reactor (cross sectional area 3.14 cm^ and total volume for sample plus 
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.3 
gas 16 cm ; we observe diat above a sample amount of ~2 g., die reproducibility 

decreases markedly. This is likely related to the access of the gas in the reactor to the 

entire sample surface. The reaction between the oxygen in die carrier and die lipid in the 

solid sample is a heterogeneous two-phase reaction. If die sample depth is too large or if 

it is loaded in a tight and compacted fashion, the accessibility of the gas to die sample 

surface will vary from run to run and affect the results. This situation is exacerbated 

when the particle size is small and the sample is prone to being packed tightly. When the 

sample amount is small, the sample occupies a relatively thin layer in the reactor, the 

access of the gas to the sample surface is facile and there is no problems due to limited 

access of the oxygen to the entirety of the sample. It is interesting to note that for liquid 

samples loaded into the reactor, the amount of die sample has no effect on the rate of 

oxygen consumption because the available surface for interaction is only the top surface. 

Choice of Oxygen Concentration 

In the previous chapter,"* it was established that the absolute amount of oxygen 

consumed depends on a first order fashion on the oxygen concentration. As such, the 

quality or the nature of the kinetic or thermodynamic data obtained is not dependent on 

the precise value of the oxygen concentration. As long as either the O2 concentration 

used is accurately known, or all experiments are conducted at the same concentration, 

data for different samples can be compared on a common basis. As previously stated, the 

advantages of using a low oxygen concentration are as follows: (a) long lifetime of the 

galvanic sensor, (b) better sensor response linearity, (c) minimum change of sample 

composition due to oxidation, allowing reproducible multi-temperature runs on the same 

sample aliquot. 
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Effect of the Lipid Content of the Sample 

Four silica gel samples containing 3.4%, 6.3%, 9.1%, and 12% of cottonseed oil 

by weight were studied. This is a typical range of minimum lipid content in a variety of 

samples of interest. The oxygen consumption rates were measured at 130°C for a 

residence time of 12 min. The experimental results in Figure 5.6 show that, in the range 

studied, within reasonable limits, the lipid content of the sample has no effect on the 

oxygen consumption (Of course, if the silica is not doped with the oil at all, there is no 

oxygen consumption!). These observations suggest that given some minimum lipid 

content, die rate of oxygen consumption is limited by other factors, rather than the lipid 

content. 

Effect of the Particle Size of Samples 

The chemical reaction between oxygen and the lipids occur on the surface of 

sample particles. The overall reaction rate should therefore be directly related to the total 

surface area of the sample taken. Given the same sample mass, particle size govems the 

available surface area. So, the particle size should be related to the oxidative stability of 

a sample. Figure 5.7 shows the experimental results for four samples, an original 

composite mixture and three sieved fractions derived therefrom. In accordance with 

expectations, the oxygen consumption rate is in the order 0.250-0.600nim>0.600-

0.850inm >0.850nim. The oxygen consumption rate decreases with increasing particle 

size. When samples are extracted and the stability of the extracted lipid removed, any 

influence of particle size is also removed. In actuality, the lipid oxidation rate and 

stability does depend on particle size and the present instrument does indicate that. 

A second set of experiments was conducted with synthetic samples of uniform 

particle size glass beads, in four different size ranges. The lipid content of all the samples 
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Figure 5.6. Oxygen consumption is generally independent of sample lipid content, given 
some minimum lipid content. Data points are means ±SD; n = 6. 
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Figure 5.7. Arrhenius plots for die oxidative stability of some bone meal samples as a 
function of particle size. 
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were held constant at 2.0% by weight oli\ e oil. The oxygen consumption rate was 

measured at UO '̂C and was found to be in die order 0.12-0.16mm>0.25-0.30mm>0.45-

0.50mm>l .0-1.05mm particle diameter. This represents the same pattem as the bone 

meal samples. If we take the mean diameter in each size class to be the geometric mean 

of the range extremities, the oxygen consumption rate is observed to be linearl} related to 

the reciprocal of the mean diameter of the sample particles for both types of samples 

(widi linear r" values of 0.9650 and 0.9567. respecti\ ely, for die glass bead and bone 

meal samples, 86°C data for the bone samples are considered), this is shown in Figure 5.8 

for the glass bead samples. For the same mass taken, this means that the oxygen 

consumption rate is proportional to the total surface area of the sample. 

Oxv gen Consumption and 4-Hour AOM 

In practice, the stability of samples are often detemiined by an abbreviated 

version of the AOM in which the peroxide value is detemiined after 4 h of oxidation 

under the conditions of the traditional AOM. The present method produces a different 

tvpe of information (in two-dimensional data space) than traditional or abbreviated AOM 

procedures and as such, the results cannot be directi> compared. This has been discussed 

in detail in Chapter FV. Howe\ er, since the intent of both methods is to produce some 

measure of oxidative stabiht>% a common basis of comparison may involve the 

comparison of the 4-h PV obtained by the abbreviated AOM with our data, the latter 

being reduced to one dimension, to simply the oxygen consumption at 98°C. For four 

samples, the 4~h PV was detemiined by a certified commercial laborator> and these 

results are shown in Figure 5.9 plotted against the ox\gen consumption predicted for the 

same samples at 98°C fix)m our data, ^liile the correspondence is not perfect the 

general trend is the same. 
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Figure 5.8. A plot of the reciprocal of geometrical mean diameter of sample particles 
against oxygen consumption. Sample weight taken: 2.00 g; reaction temperature: 120 °C; 
residence time: 10 min. Data points are means ±SD; n = 6. 
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Prototype Instniment 

A prototype instrument for the oxidative stability measurement of materials 

containing fats and oils was designed and setup for Novus Intemational, the company that 

sponsored this research. Figure 5.10 is the picture of the prototype instrument. 

Figure 5.11 shows the Oxidative Stability Analyzer schematically. FC is a 

needle valve based flow controller and a rotameter used for controlling and ascertaining 

the flow rate of the carrier gas. Two 3-way electrically driven operated solenoid valves 

(VI, V2) were used to direct the flow of the carrier gas. The status of the valves are 

controlled by a programmable timer (CRS &AZZ, SSAC, Inc.) of 0.1 min time resolution 

located on the back panel of the instrument. 

The sensor output is processed by inverting electronics such that the decreased 

oxygen concentration (relative to the carrier gas concentration) passing through the 

sensor generates a positive going signal. The PTC is a programmable multi-step "Ramp 

and Soak" temperature controller used to program the temperature of the oxidation 

reactor. An auxiliary output on the PTC also allows one to power/initialize the timer. 

Thus, the PTC, by itself and via the timer, ultimately controls the entire instrument 

operation. The intemal electrical connection of the PTC/timer/valve combination is 

shown in Figure 5.12. 

The galvanic oxygen sensor output is, typically in the microample range, 

processed by means of a laboratory-built high input impedance FET-input current-voltage 

converter. 

The oxidation reactor was redesigned. Figure 5.13 shows a stmctural drawing of 

the newly designed oxidation reactor. It is composed of an intemally threaded aluminum 

cylinder, surrounded on the outside by two siliconized heaters (128x50 mm, 50 W @ 110 

V), connected in parallel. The rest of the oxidation reactor is composed of extemally 
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Figure 5.10. A picture of the Arrhenius analyzer buiU in our lab. 
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threaded top and bottom aluminum places that fit into the outer cylinder and seal to each 

other by an O-ring seal. Each piece has tsvo blind wells on the exterior so that a knurled 

pronged cap can be used to hold the bottom piece while a similarly pronged wrench can 

be used to loosen or tighten the top cover. 

The PTC used in the analyzer can simultaneously program temperatures by its 

ramp/soak step functions and can also operate an auxiliary on/off relay that supplies 

power to the timer, which govems the solenoid valves. The PTC has 16 programmable 

intervals plus a standby interval. The time span and the temperature set point for each 

interval is individually adjustable. The programmable auxiliary output is connected to 

the timer such that makes it possible to set up multiple ON/OFF actions in each soak 

interval which corresponds to multiple incubate/flush operations and thus, replicate 

measurements. Since the timer executes the same on/off cycle repetitively and 

indefinitely, there is no instrumental limit on how many replicates can be carried out at 

each temperature. This makes possible a fully automated simple to operate measurement 

instrument. It can be used to analyze both solid and liquid samples. 
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CHAPTER VI 

CONCLUSION 

Measurement of OH'. CI'. OCl'. and ClOj' 

The simultaneous determinations of OH", Cf, OCl", and CIO3" in Chlor-Alkali cell 

effluents are particularly challenging because of the large number of samples (a Chlor-

Alkali plant typically contains batteries of hundreds of individual cells; in larger plants, 

the total number of cells are in thousands) as well as the great disparity of the 

concentrations of the analytes of interest (several molar for NaOH and NaCl, low mM 

levels for NaClOa, and ^iM-mM levels for NaOCl). Simply applying IC, 

photospectrometric, conductive, or thermometric method is difficult to solve this 

industrial challenging problem. 

The present study reports tsvo simple, robust, high throughput FIA methods which 

apply a conductivity detector, two thermometric detectors, and two photometric detectors 

in a FIA system. The FIA system can determine all four analytes of interest from the 

direct injection of a single undiluted sample, of a composition relevant to Chlor-Alkali 

cells. According to the experimental results described in Chapter II, both methods can 

provide analytical results with acceptable error levels. 

The system parameters given in the experimental section reflect the results of 

careful optimization. The carrier streams contain a high concentration of NaCl in the 

bleaching method and a high concentration of KI in the positive absorbance iodometric 

method to provide matrix matching with the injected sample. With a water carrier, 

artifact peaks from refractive index mismatch are generated. In addition, the added salt 

lowers the vapor pressure of water and greatly reduces any bubble formation in the 

elevated temperature solution that flows through the final detector. 
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In die study of die bleaching method, much efforts were expended to explore the 

possibility to use a simpler FIA system for the simultaneous measurement of OH", CI", 

OCl, and CIO3" such as single channel and two-channel FIA systems. But these efforts 

did not succeed. A nested loop injection system^ was also applied in a single channel 

FIA system, widi which a variety of sample introduction means, as detailed in Figure 6.1 

were tried. Experiments showed that none of these systems could produce satisfactory 

results. For die bleaching method, the system in Figure 2.1 has the best performance and 

represents the optimized system. 

Compared to the positive absorbance iodometric method, in the bleaching 

method, more stable reagents are used (all solutions used in the method are stable for at 

least a month without any effect on the analysis process), which is desired in routine 

industrial application. However, for the iodometric method, the instrumental stmcture is 

simpler also according to the predicted RMS errors at the two final detectors for the two 

methods, the iodometric method is slightly more accurate (hypochlorite: 3.0% for the 

bleaching method, 0.43% for the iodometric method; chlorate: 1.3 for the bleaching 

method, 0.18% for the iodimetric method). 

Measurement of PV in Oils, Fats, and Polyols 

The proposed system for the measurement of PV in oils, fats, and polyols has 

several important advantages over attempts to use the ferric thiocyanate chemistry 

manually or over other previously reported automated systems. In a manual version of 

this method, one has to be extraordinarily careful to minimize the undesirable oxidation 

of Fe by atmospheric oxygen; it is the variability of artifact Fe production between 

sample and blank that quickly limits how low a level of peroxides can be determined. 

Either all solvents are carefully deoxygenated^ or the Fe^^ and SCN' regents are mixed 
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togedier immediately before use and then treated with a solid reducing agent that leaves 

no excess in solution, e.g., "active" Ag.^ In contrast, no errors are incurred in the present 

system due to the gradual oxidation of Fê "" to Fe^^. hi the worst case, a sloping and 

increasing baseline will be observed, and when it gets high enough, a fresh batch of 

reagent will be needed (we have observed neither during the course of using the same 

batch of reagents over 4 days); but the oxidized amount is part of the baseline and causes 

no analytical error. For the same reason, batch to batch variation of the exact Fe^^ 

content of reagent Rl has no effect on the accuracy. 

This method also requires no catalysts, heated reactors, high pressure pumps, or 

excessively long reaction coils needed in some existing methods. These characteristics 

make the method very simple in terms of instrumental requirements, cost, and operation. 

Experimental results described above explain that the method exhibits a wide 

dynamic range and good linearity (linear r̂  0.9943 for 0.1-120 meq/kg cottonseed oil 

hydroperoxides). The throughput rate can reach up to 60 samples/h, which is much faster 

than any manual approaches and substantially faster than the fluorometric DPP FIA 

method described in Chapter III. 

The proposed method provides an attractive, automatic, rapid, sensitive, and very 

affordable means for the determination of the tme peroxide content of oil, fat, and polyol 

samples. This fully automated and high throughput instrument has much potential for 

industrial applications. 

In our research, the proposed FIA system was just applied to analyze liquid 

samples. It may be expended to analyze solid samples containing oil and fat. For solid 

samples, the fat and oil in the samples need to be extracted by an extracting solvent. The 

extract, then, is analyzed by the proposed method. Actually, the extraction process for 

the oxidative stability measurement of solid samples mentioned in Chapter V can be used 
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as the extraction process for this purpose. Moreover, the extraction procedures described 

in Chapter V can be significantly sunplified if the extract (lipids extracted + petroleum 

ether:methanol (1 :l,v/v)) can be directiy injected mto the FIA system. In this case, the 

washing and drying steps of the extract described m Chapter V are not necessary. Smce 

lipid solid samples span a wide variety, the study of the applicability for the measurement 

of PV in solid samples will be very attractive and practical. 

For liquid samples, on-line sample dilution can be mcorporated into the system, 

permitting direct injection of the neat sample without any sample preparation. This has 

not been pursued m this work but will be attractive because this will lead to further 

improvement in simplicity. In the direct injection mode, the sample amount injected 

should be small enough so that the injected sample can be dissolved in the organic carrier 

stream before it passes through the detector. Using a pentanol/methanol solution as the 

carrier stream, which has larger solubility for oil and fat than butanol/methanol used at 

present. can be helpful to improve the performance of the system. 

Oxidative Stability Determination of Materials 
Containing Oils and Fats 

A common problem with all previous methods for the oxidative stability 

measurement of samples containing oils and fats is that the stability of the sample is 

determined at a smgle fixed temperature. Although this is generally far above ambient 

storage temperature, such a temperature is used because it takes unacceptably long to 

meaningful measurements at ambient temperatures. The extrapolation of such data m 

making decisions about the relative stability of two different types of samples under 

ambient storage conditions may be full of pitfalls. Our experimental results showed that 

the relative stability of samples is temperature dependent. For liquid samples, a typical 

sample analysis by the most commonly used present methods (AOM and OSI) needs 
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about 20-40 h by qualified personnel. For solid samples, the oxidative stability 

determination needs longer time and more complex operation than that used for liquid 

samples. Another choice for assessing potential stability of lipid samples is oxygen 

consumption methods (OCMs). The oxidation of lipids necessarily involves the 

consumption of oxygen. The AOM and OSI use the formation of peroxides or fiirther 

oxidized products. We suggest that the extent of oxygen consumption is a more 

reasonable parameter for the determination of oxidative stability. In previously reported 

OCMs, samples are generally sealed under air/oxygen and stored at a constant 

temperature. The oxygen concentration in the headspace is monitored periodically by 

withdrawing headspace gas from die container. A typical OCM described by Bunick'* 

and modified by Chen et al.^ keeps the sample in a glass tube at 178°C a certain time or 

stored at room temperature for 280 days with 12-h dark/light cycles. The headspace 

oxygen is then sampled and analyzed by gas chromatography. In this method, if the 

experiment is carried out at 178 °C, as has been pointed out, the extrapolation of such 

results in making decisions about relative stability of different types of samples under 

ambient storage conditions may lead to very incorrect result; if the oxidative stability of 

samples is measured at room temperature, although the result is reasonable to be used to 

evaluate the relative stability of samples under ambient storage conditions, the 

experimental period is too long to be acceptable in practice. 

A sample analysis by the presently proposed method needs only about 2 to 3 h, 

which is at least one order of magnitude less than traditional methods. The instrument 

setup can automatically monitor the rate of oxygen consumption at various temperatures. 

Because log(oxygen consumption) shows linear relationship to the reciprocal of the 

temperature, the results from a few temperatures can be accurately extrapolated to the 

stability under other temperature conditions, including ambient storage conditions. This 
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will be very usefiil in practice. This observed linear relationship is completely in 

accordance with die oxidation process following an Annhenius activation model. In a 

high-temperature (160°C) oxidation experiment widi various oils, the oxygen 

consumption was well-correlated (linear ^ 0.9692) widi the concomitant decrease in 

iodine absorption number (IAN). This is a very important experimental validation of 

fundamental soundness of the method. In contrast, the low correlation between the 

decrease of IAN and APV under the same condition strongly argue against using PV as 

an index of the oxidative stability of materials containing fats and oils, even though this 

has been the practice for last fifty years. 

This system can conveniently analyze both liquid and solid samples without any 

complex manipulation. The experimental results by the instruments showed excellent 

reproducibility and accuracy (for a cottonseed-oil sample studied over 3 days, the slope 

and intercept of the log(02 consumption) vs 1/T linear plot exhibited uncertainties of 2.1 

% and 2.0%, respectively, with a linear r̂  value of 0.9929). With a newly designed 

reactor, the oxidative stability analysis requires only 2-3 g sample for a liquid and 1-2 g 

for a solid, one to two orders of magnitude less than the sample requirement of 

conventional procedures using traditional methods. 

The fully automatic instrumental system makes its operation very easy. The 

experimental system requires no chemicals other than a relatively small flow of an 

inexpensive carrier gas. It can be predicted that the application of this method can 

significantly decrease the cost of sample analysis. 

Except for the oxidative stability measurement of lipid samples, the proposed 

system may be applied for the study of the effectiveness of antioxidants used in oils, fats, 

and fat-containing foods. Antioxidants are commonly added to food products to 

markedly delay or prevent the oxidation of the food. Antioxidants have also been of 

109 



interest to biochemists and health professionals because these may help the body protect 

Itself against damage caused by relative oxygen species and degenerative diseases.^ If 

die oxygen consumption rate of samples is measured by die proposed method in the 

presence and absence of the antioxidants, the effectiveness of the antioxidants added can 

be evaluated by comparing the results. 

Another attractive potential application of the proposed method is the flavor 

quality determination of foods. Flavor is widely recognized as the most important 

characteristic of food products. Lipid oxidation is the dominant mode of deterioration of 

flavor and quality in lipid-containing foods.^ Hydroperoxides of fatty acids produced 

during autoxidation of lipid-containing samples do not have a direct effect upon the 

flavor of foods. Rather, it is the further decomposition products of hydroperoxides that 

are responsible for the characteristic flavors. The flavor intensity of foods is evaluated by 

flavor scores in food science (e.g., 0 = absent, 2 = threshold, 4 = weak, 6 = moderate, 8 = 

strong, 10 = intense). Flavor intensity of foods has been found to be related to some 

oxidative volatiles of the foods and several studies have attempted to relate oxidative 

volatiles to different flavor scores. " For some samples such as dried whole milk, an 

acceptable linear relationship between oxygen consumption rate and flavor scores of 

samples was obtained. Independent experiments by using various bone meal samples 

also showed that the oxygen consumption rate of the off-flavor samples is much greater 

than that of the normal samples. For this type of samples, the flavor quality is directly 

related to their oxygen consumption rate. In this case, the developed system can be 

conveniently used to measure the oxygen consumption rate of samples and the resulting 

data can be used to quantitatively or qualitatively evaluate the flavor intensity. 

In experiments, for determining the flavor quality of this type of samples, we need 

a few "standard samples" whose flavor scores are known and the oxygen consumption of 
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these standard samples can be measured at a fixed temperature by the Arrhenius Analyzer 

in Figure 5.10. A flavor score-oxygen consumption standard curve can be obtained 

according to the resulting data. The flavor scores of unknown samples can be determined 

by dieir oxygen consumption rate from the standard curve. The experimental conditions 

for standard and unknown samples must be the same. In practice, some parameters need 

to be optimized such as the amount of samples used, residence time, temperature of the 

oxidative reactor, and the concentration of oxygen in the carrier gas. Generally, the 

sensitivity of the system will increase with the increase of the residence time, temperature 

and the decrease of the concentration of oxygen. For some solid samples, the 

pretreatment of samples may be needed. For instance, the oxygen consumption rate has 

been confirmed to be related to the particle size of samples. So to evaluate their flavor 

quality by the index of oxygen consumption accurately, the samples should be sieved for 

a particular size range. 

The developed system cannot be used to evaluate the flavor quality if the flavor 

intensity of the sample is not relevant to their oxygen consumption rate. In this case, we 

have to modify the developed system so that it can measure the amount of the oxidative 

volatiles causing off-flavors such as hexanals, alkanals, trans-2,4-dienals, vinyl ketone.'"* 

For this purpose, we may interface the developed system with a gas chromatograph (GC) 

with a flame ionization detector. In this mode, the developed FIA system plays the role 

of an automated sampler and an injector. Obviously, increasing the oxidative reactor 

temperature and the residence time of samples in the oxidative reactor can effectively 

improve the sensitivity of the system. 
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