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ABSTRACT

KINETICS STUDIES AND ANALYTICAL APPLICATIONS OF THE REACTION
BETWEEN AROMATIC ALDEHYDES AND o-DIANISIDINE

By

Mayda I. Lopez Nieves

Initial-rate kinetics studies were performed to investigate the
mechanism "of Schiff base formation between aromatic aldehydes and
o-dianisidine in ethanol as solvent. The studies were conducted at
40°C using acetic acid and stannic chloride as catalysts. The evidence
supports a three-path mechanism in going from reactants to products.
Two paths are catalyzed by acetic acid and the other by st@nic
chloride. In the acetic acid catalyzed paths, it is propose that the
first step involves the reaction of the aldehyde with a solvated proton
(i.e., specific acid catalysis). Depending on the acidity of the
-ediin, free or monoprotonated o-dianisidine attacks the carbonyl carbon
to form a carbinolamine intermediate which then dehydrates to form the
product. In the stamnic chloride catalyzed path, it is propose that the
aldehyde is first complexed to stannic chloride. The complexed aldehyde
is then attacked by a 2:1 o-dianisidine stannic chloride complex to form
a carbinolamine which continues to react to form the product. The rate

law derived from the proposed mechanism is in agreement with the



experimental data and observations. The analytical implications of the
kinetics studies are discussed.

The reaction between o-dianisidine and aromatic aldehydes using
stannic chloride as catalyst was automated by adapting it to an air-
segmented continuous-flow analysis system. Figures of merit of the
method (e.g., sensitivity, limits of detection, and accuracy) for 13
aromatic aldehydes are reported. Selectivity studies performed indi-
cated that aromatic aldehydes exhibit about 400 times more response than
ketones towards the o-dianisidine reagent and about 180 times wmore
response than aliphatic aldehydes. Water was found to be a major
interferent, causing as much as a 78X decrease in the signal at
concentrations of water as low as 85. The analytical method was applied

to the determination of furfural in a real sample.
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CHAPTER 1

INTRODUCTION

A. Project Overview

The main goal of this research was to study the reaction of alde-
hydes with o—-dianisidine in order to develop a new analytical method for

the determination of aromatic aldehydes.

H;“a“. .“:gz ' @gﬁ{:‘_ﬂ B:N“C?écn-@} +Hp0 (1.1)

o—dianisidine aldehyde 1:1 adduct

The possibility of forming either the 1:1 adduct shown above or a
2:1 aldehyde to o—dianisidine adduct was investigated by NMR, mass
spectrometry and UV-visible absorption spectrophotometry. These experi-
ments are described in Chapter II.

An understanding of the equilibria and kinetics of a reaction to
be used in quantitative determinations allows the chemist to choose the
most appropiate conditions. In Chapter III, the kinetics of the
reaction of o—dianisidine with a representative aldehyde were studied

prior to the development of the analytical method.
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For many wet chemical analyses, automated methods are preferable
to manual methods. In Chapter IV, the analytical reaction between
aromatic aldehydes and o-dianisidine was automated by adapting it to an
air-segmented continuous-flow analysis system. The method developed was
then applied to the determination of aromatic aldehydes in practical
samples.

Finally, possible applications of the o—dianisidine—aldehyde

reaction in HPIC post-column derivatizatic;n is explored in Chapter V.

B. History of o-Dianisidine in Aldehyde Detection

Aroiatic aldehydes are present in trace amounts in the air, in
waste waters and in foods!. Some aldehydes are carcinogens, while
others are used to enrich the flavor or aroma of commercially processed
foods. In other cases, the decomposition of certain foods can be moni-
tored by determining the amount of a particular aldehyde being prodnced
or consumed. Therefore, trace.analysis of aromatic aldehyde is required
to protect our health and our environment.

In 1937, Wasicky and Frehden? reported that the Feigl spot test
for ildehydes" was very sensitive (0.05-200 ug). The test was based on
the formation of colored Schiff bases upon reaction of mainly aromatic
aldehydes with o-dianisidine in the presence of concentrated acetic
acid. The colors obtained and the detection limits (non photometric)
were tabulated for 34 aldehydes2. Ketones were reported not to
interfere generally. Neverthel.ess, o-dianisidine has not been used to

any great extent for the quantitative colorimetric determination of



aldehydes. The reasons quoted for its neglect and for the preference
for other methods are:
i) The color was reported to be unstable and the reaction
unsuitable for quantitative uset.
ii) Positive results were obtained with some ketones but the
sensitivity was 10 to 100 times less than for aldehydesS.

In the above two cases, details of the o—-dianisidine reagent
preparation and the conditions for the an;lysis were not given.

Attaway et al.® used o-dianisidine for the determination of
unsaturated aldehydes in aqueous citrus essences. However, selectivity
tests of . the o-dianisidine reagent were not reported nor were the
reasons given for using another reagent to determine saturated alde-
hydes. The conditions used for the determination were 4X acetic acid
and at least 40X water (exact amount not specified).

Other reported applications of o—dianisidine in connection with
aldehyde determinations are its use in GC reactors. In an aldehyde
reactor, o-dianisidine reacts with (or absorbs) the aldehydes present in
a sample causing all aldehyde peaks to be eliminated from the chroma-
togram. These o-dianisidine reactors have been placed at the injection
port of a GC column7:8, at the end of a GC column®:'10, and as a dual

channel GC post-column microreactor!!.

C. Other Methods for Aromatic Aldehyde Determination

The majority of the work in the determination of aromatic
aldehydes has been done in the fields of UV-visible absorption spectro-

photometry?. The colorimetric methods used for aromatic aldehyde



4

determinations are listed in Table 1-1. Comparison between the methods
is difficult because, for most of them, the detection limits, dynamic
ranges and reproducibilities were not reported. By 1looking at
Table 1-1, it can be inferred that the only colorimetric method specific
for aromatic aldehyde determination is the diphenylamine method. The
two most common interferents with most of the other methods are
aliphatic aldehydes and ketones. The use of the diphenylﬁnine method
in automated aromatic aldehyde deternim;tion is precluded by the long
reaction time required (30-60 minutes) and the high temperatures (65-
75°C) used in this method.

Very few fluorimetric methods have been developed for the
determination of aromatic aldehydes (Table 1-2). All of the reported
fluorimetric methods have very low detection limits = 10-7 M; however,
none of them is suitable for developing an automated method due to the
long reaction times and high temperatures required, and/or the use of
concentrated acids or bases.

Despite the fact that a large number of aromatic aldehydes exhibit
fairly intense phosphorescence, phosphorimetry has been used less often
than direct spectrophotometric analysis, colorimetry or fluorimetry.

The most important arguments for using o-dianisidine for aromatic
aldehyde determination are the silplici{:y and selectivity of the method.
These become important considerations in the analysis of a complex
material such as polluted water, foods, or pharmaceuticals where the
presence of substances like ketones could interfere with direct spectro-

photometric analysis or with indirect colorimetric methods.
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CHAPTER II

CHARACTERIZATION OF THE PRODUCT FORMED

A. Statement of the Problem

The first problem encountered in this research was that o-dianisi-
dine has two reactive sites. In principle, two products can be formed

as shown in Figure 2-1.

Gy Octly ‘5’ catalyst

w00 o=

PRODUCT

cnso 0CH

l!zl3 =CB—© 1:1 Adduct

@— CB=N3=CB—© 21 Adduct

Figure 2-1. Possible products from the reaction of o-dianisidine and
aldehydes

These two products will hereafter be referred to as the 1:1 and
2:1 adducts accordingly. Attempts to isolate the product formed using

silica gel column chromatography were unsuccessful due to decomposition

7
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and rearrangement of the product on the column. For the same reasons,
thin layer chromatography (TILC) was not useful.

The synthesis of the 2:1 adduct as well as its purification was
easily accomplished. To form the 2:1 adduct, o-dianisidine was mixed
with an excess of the aldehyde in the presence of 4% acetic acid using
ethanol as solvent. Purification of the 2:1 adduct consisted of several
washes with warm ethanol to eliminate the acetic acid and the excess
aldehyde. Synthesis of the 1l:1 adduct was also easy. However, its
purification from the excess o-dianisidine, which was necessary in order
to form the 1:1 adduct preferentially over the 2:1 adduct, was not
possible. -

The elucidation of which product was formed in the reaction of an
aromatic aldehyde with a 30-fold molar excess of o-dianisidine was
attempted in three different ways: mass spectral, NMR, and molar ratio

studies.

B. Mass Spectral Studies

The instrument used for the mass spectral studies was an EI-CI-
Finnigan Mass Spectrometer. First, an electron-impact (EI) mass
spectrum (70 eV) of the reaction mixture of salicylaldehyde and o-diani-
sidine at a 2% acetic acid concentration was taken after removing the
solvent in wvacuo. This mass spectrum (Figure 2-2) showed a peak at
m/e 340, which corresponds to the 1:1 adduct. No peak was found at
m/e 452, which corresponds to the 2:1 adduct. . The 2:1 adduct between
salicylaldehyde and o—-dianisidine was easily synthesized by mixing

excess aldehyde with o—dianisidine. The identity and purity were
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Figure 2-2.

solvent.
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Electron-impact mass spectrum of the reaction between
salicylaldehyde and o-dianisidine in 2X acetic acid after removal of

S424
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established by NMR, melting point, and thin layer chromatography. An EI
mass spectrum of this pure compound (Figure 2-3) showed both the 348 and
452 m/e peaks. The 452 m/e parent ion was very prominent.

Questions regarding the stability of the molecular ion of the 2:1
adduct in EI mass spectrometry prompted the use of chemical ionization
(CI) mass spectrometry. Here, the reaction mixture made from
2,4—dichlorob9nzaldehyde and o-dianisidine was divided iﬁ two equal
parts. To one of the aliquots, enough 2;1 adduct of the 2,4-dichloro-
benzaldehyde was added as to make its concentration equal to that of the
expected product, the 1l:1 adduct. After removing the solvent from both
samples, CI mass spectra were taken. The mass spectrum of the reaction
mixture containing the 2:1 adduct showed the molecular ions for both
adducts. The peaks corresponding to the 1l:1 adduct were about two times
more intense than those corresponding to the 2:1 adduct. The mass
spectrum of the reaction mixture without the 2:1 adduct showed only the
molecular ion for the 1:1 adduct. This evidence strongly supports the
exclusive formation of the 1:1 adduct when an excess of o-dianisidine is

reacted with an aromatic aldehyde.

C. NMR Studies

Another approach to the problem of elucidating the structure of
the product formed when an aldehyde is reacted with an excess of the
o-dianisidine, was taking nuclear magnetic resonance spectra of the
reaction mixture. The spectroieter used was a 250 MHz Bruker WM-250
instrument. The aldehyde chosen for these studies was 2,4-dichloro-

benzaldehyde. The o-dianisidine was used in at least a 30-fold molar
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excess. The solvent used was dried absolute ethanol and the catalysts
were acetic acid and stannic chloride. The reaction was run in a large-
scale vessel and thermostatted for 3 hours at 40°C. After the reaction
period, the solvent was evaporated on a rotary evaporator and the
residue was tiried further in vacuo. Then the NMR spectrum of the
product formed was taken using chloroform-d as solvent.

In Figure 2-4, the spectrum on the right is an expansion of the
7.5 to 9.5 ppm region of the above dry reaction mixture. The spectrum
on the left corresponds to a mixture that contains o-dianisidine, the
1:1 and 2:1 adducts. The NMR proton signal for the azomethine group,
Ha, appears as a singlet peak at 8.939 8 units. The normal range for
the azomethine proton as reported in the literature3® is from 8.37 to
9.37 8 units for imines formed from aromatic amines and aromatic alde-
hydes. In these compounds the hydrogen labeled b, which is located in
the ortho position of the aldehyde benzene, gives a doublet in the NMR
spectrum. The chemical shifts corresponding to the doublet of the 2:1
adduct are at a lower magnetic field than those .of the 1:1 adduct. The
equivalent peaks in the NMR spectrum of the reaction mixture appear at a
lower magnetic field than those of either adduct. Figure 2-5 shows much
better the position of these peaks in the spectrum.

The left column in Figure 2-5 indicates the number of spectra used
in the determination of the chemical shift range and in the calculation
of the confidence interval for the chemical shift of each peak. For
each compound listed, the upper chemical shift range corresponds to the
experimental range while the lower range corresponds to the 95%
confidence range for the chemical shift.
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1:] and 2:] adducts REACTION MIXTURE

| J% ,/J

l"11111l"'11111‘1111‘111]

7.5

_'_‘lj“‘lll“l"|'lﬁl'1[""']

9.5 9.8 8.s PFH 7.8 7. ;Pg

nz(:nlcn;p—m 1.1 Adduct
:zcn.—u@m 21 Mduct

Figure 2-4. Top right: expansion of the 7.5 to.9.5 ppm region of the
NMR spectrum of the reaction mixture between 2,4-dichlorobenzaldehyde
and o-dianisidine. Top left: expansion of the 7.0 to 9.5 ppm region of
the NMR spectrum of a mixture containing the 1:1 and 2:1 adducts of
2,4-dichlorobenzaldehyde and o-dianisidine. Bottom: structures of the
two adducts.
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Although the chemical shifts of the reaction mixture are closer to
those of the 1:1 than to those of the 2:1 adduct, we cannot conclude
based on these NMR results that the adduct being ,formed is the 1:1
adduct, especially in light of the next experiment performed.

In another experiment, after mixing all the reactants, the
reaction mixture was divided into two equal parts. After adding to one
half the pure 2:1 adduct, both solutions were thermostatted for 3 hours
at 40°C. After the reaction period, the solvent was evaporated on a
rotary evaporator and the samples dried further in wvacuo. The NMR
spectrum of the reaction mixture containing the added 2:1 adduct was
expected to show two sets of double peaks corresponding to the 1:1 and
2:1 adducts if only the 1:1 adduct is formed under the reaction
conditions. The NMR spectra of the reaction mixture alone was expected
to show only one set of double peaks as in Figure 2-4. The NMR spectrum
of the reaction mixture containing the 2:1 adduct showed only one set of
double peaks at the same chemical shift as the reaction mixture without
the 2:1 adduct, point marked as R in Figure 2-5. Therefore, we are
probably seeing in the NMR of the reaction mixture an equilibrium
between free (1l:1 or 2:1) adduct and complexed adduct. The complexing
agent is probably stannic chloride, since the 2:1 adduct in acetic acid
has a chemical shift at a higher magnetic field (marked as A in Figure
2-5) than that of the reaction mixture alone. Tin (IV) complexes with
Schiff bases are not new in the literaturet0-42, A low temperature NMR
spectrum of the reaction mixture was taken at -13°C to study the
possible formation of a stannic chloride complexed adduct. The low
temperature NMR showed the peak appearing at the exact position as the

free 1:1 adduct (marked as L in Figure 2-5). In the same spectrum two
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much smaller sets of double peaks appeared at higher magnetic field,
probably accounting for the resolved signal of the complexed adduct.

The NMR experiments performed are not conclusive in deciding which
of the two adducts is formed. The NMR experiments only suggest the

formation of the 1l:1 adduct, some of it complexed to stannic chloride.

D. Molar Ratio Studies

The molar ratio method of Yoe and Jones?3 was also employed to
determine whether the 1l:1 or 2:1 adduct is formed during the reaction.
This involves plotting the absorbance versus increasing molar ratio of
o-dianisidine to aldehyde as shown in Figure 2-6.

In this method, if the product is very little dissociated, the
graph is a straight line from the origin to the point of the actual
molar ratio of the species in the product and then the absorbance shows
a sudden plateau parallel to the abscissa (curve A). With less stable
products or products of low formation constant, the plot is a smooth
curve, but the linear portions may be extrapolated to the point of
intersection to give the molar ratio of the species in the product
(curve B). This method resembles a spectrophotometric titration¢¢
except that a different sample is analyzed for every absorbance reading
and that the total volume is always the same.

Figure 2-7 is a composite of the results of the molar ratio expe-
riment when 2,4-dichlorobenzaldehyde was reacted with o-dianisidine. If
the 1:1 adduct is the product formed, a plateau should be seen starting
at a molar ratio of 1, but if the 2:1 adduct is the preferred product

the plateau should start at a molar ratio of 0.5. At first glance it
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Absorbance

| Product mole ratio

A

Molar Ratio

Figure 2-6. Yoe and Jones’ Molar Ratio Plot.

Absorbance

1 2 75 200
[o-Dianisidine]

[Aldehyde]

Figure 2-7. Composite molar ratio plot for the reaction between
2,4-dichlorobenzaldehyde and o-dianisidine.
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can be seen that the curve does not look like that predicted by theory.
There is an inflection point at a molar ratio of o-dianisidine to alde-
hyde of 2, indicating that either of the two products can be formed.
The products 4epends on the ratio of reactants.

From chemical intuition it is expected that at high aldehyde
concentration the 2:1 adduct is the preferred product. At high
o—-dianisidine concentration the 1:1 adduct should be preferred. The
molar ratio study itself is not conclusive in deciding which of the two
products is formed in the analytical reaction where the molar ratio is
usually 30 to 1 o-dianisidine to aldehyde.

The molar absorptivity determined for the 2:1 adduct of
2,4-dichlorobenzaldehyde at 380 mm is 2.68 X 10¢ Mlcm~!. The molar
absorptivity of the 1l:1 adduct has not yet been determined because a
pure sample of this compound is not available. An alternative route
used to calculate the molar absorptivity of the 1l:1 adduct is to assume
that under very high o-dianisidine concentration the only product formed
quantitatively is the 1:1 adduct. 1In a preliminary experiment, a molar
ratio of at least 200:1 o-dianisidine to aldehyde was required for the
absorbance of a fixed amount of the aldehyde to plateau. Therefore, the
molar absorptivity of the 1l:1 adduct was taken to be equal to the slope
of a graph of absorbance versus concentration of 2,4-dichlorobenzal-
dehyde where the amount of o-dianisidine at each concentration of the
aldehyde was always in a 400:1 molar ratio. In this manner, a molar
absorptivity of 1.34 X 10¢* Mlcm! was assigned to the 1l:1 adduct
between o—dianiuidine and 2,4-dichlorobenzaldehyde (at a wavelength of
380 nm). The absorbance of the 2:1 adduct exactly doubles that of the
1:1 adduct. This is an interesting ﬁct because both adducts also seem



19

to have the same absorption spectrum in the visible region. This
implies that the chromophore in both compounds is probably the same, as

shown in Figure 2-8.

caao 0CH, -a
OO+~ 1 e

Lep chromophore

al CHA( OCBS a
m—@-cnznuzcn@—m 2:1 Adduct

chromophore -

po=---

— chromog:ore

—

Figure 2-8. Chromophore in the 1:1 and 2:1 adducts of 2,4-dichloro-
benzaldehyde and o-dianisidine

If this is the case, then regardless of which adduct is formed in
the reaction mixture the quantitative determination of aldehydes with
this reagent should not be affected as long as the aldehyde reacts to
the same extent in saiple and standards. In other words, no matter
which adduct is formed, the absorbance per aldehyde that reacted will be
the same. It is highly probable that the actual structure of the
chromophore does not involve any of the o-dianisidine benzene rings
since NMR and IR spectra studies of aromatic azomethines4S suégest that
the molecular structure of this type of compounds is not planar (i.e.,
the benzene ring of the amine part is distorted from the plane of the

trans-benzalamino skeieton). Consequently, conjugation will only be
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possible between the azomethine group and the benzene ring of the

aldehyde.

E. Conclusions

Molar ratio studies suggest the formation of the 1:1 adduct in
preference over the 2:1 adduct as the concentration of o-dianisidine is
increased relative to that of the aldehyde. A low temperature NMR
spectrum suggests the formation of the 1l:1 adduct, some of it complexed
to stannic chloride. The most significant evidence in favor of the 1:1
adduct comes from the mass spectral studies in which detection of the
molecular ion due to 1:1 adduct is possible while detection of the
molecular ion for the 2:1 adduct is only possible when it is added on

purpose to the reaction mixture.



CHAPTER III

KINETICS STUDIES

A. Chapter Overview

In this chapter, studies on the kinetics of the reaction of an
aromatic aldehyde with o-dianisidine are presented. First, the accepted
mechanism of Schiff base formation in water as solvent is presented to
serve as a basis for later comparison. Next, a few comments are given
on the choice of conditions for the kinetics experiments (i.e. solvent,
aldehyde, catalyst and temperature). After the experimental section and
the results, the rate law obtained is presented followed by a discussion
of the proposed mechanism. Finally, the analytical implications of the

kinetics studies are discussed.

B. Mechanism of Schiff Base Formation in Water

Addition of primary amines to carbonyl groups (in water as
solvent) has been studied extensively4€-50, particularly by Jencks and
Sayer. Aldehydes react with primary amines to form a Schiff base as

shown in the simplified equilibrium reaction below.

(3.1)
+ R-NE, +—> C. + B

21
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slow pH<4
fut b4 OH
c=0 + RNE, + HA 3— ¢ Yy
2 N
NH R
+2
L _ fast N
Cy + A — S+ m
/ “NER NER
+2
fast pH<4
\ /OH + W slow pH>4 c-+’n P s nzo
D 7 bt ~
/N R
N, 1 - fast S
St o+ A —— (=N + H
fast R

Figure 3-1. Mechanism for Schiff base formation in water.

In water as solvent, the proposed mechanism is as shown in
Figufe 3-1. The initial attack of the amine at the carbonyl carbon to
form the carbinolamine*8-4% can occur via specific or general acid
catalysis depending on the basicity of the amine and the strength of the
acidic catalyst. To apply the steady-state approximation a simplified
mechanism is often employed. In the simplified mechanism, the addition
of amines to aldehydes is propésed to occur in two generalized steps:
(1) formation of the carbinolamine intermediate; (2) subsequent

dehydration of the carbinolamine intermediate to form the imine.
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k
1 |
STEP 1 Sc=0 + MR % RNE-C-0H fast equlibriom
-1
STEP 2 ! Eo -
RVE-C-0F  + BA _2 ,>C=N-R + BO + A slow

When examining the rate of the forward reaction the reverse of
Step 2 is neglected because it is assuned that the reverse of Step2 is
not occurring to any great extent initially. This mechanism involves an
intermediate species that does not appear in the overall stoichiometric
equation, .RNH—(:!—OH. The steady-state approximation assumes that the
rate of formation of this reaction intermediate essentially equals its
rate of destruction so as to keep it at a steady—-state concentration.

The overall rate is given by Step 2 as:
I _
nte = k, [RNH-(I:-OH] [Ha] (3.2)

'
To find [RNH—?—OB], the concentration time derivative for this interme-
\
diate is set equal to zero. Since RNH—?—OH is formed by Step 1 and

consumed by Steps -1 and 2, one gets:

d[RNE-C-08]
dt

= ky[0=0] (VB3] - k_,[R%-C-08] - k [R0E-G-06] 1] =0 (5.9

& [Se=0] [NEE] -
k_ . kz (Ha]

(3.4)

[m-é-on] -
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Substituting in the rate expression:

nte= %25 [>c=0] [NE,R] [Ea]

(3.5)
k +k_[HA
IR AL

At high acid concentration, kz[HA] >> k-1, and the rate equation

reduces to:

rate = kl[:C=0] [NH,R] (3.6)

Therefore, Step 1, the amine attack, is rate determining at low pH. At
low acid concentration, k-1 >> kz2[HA], and the rate expression reduces
to:
w»,
k,k, [Cc=0] [NH}] [Ba]

(3.7)
k-l

In this latter case, the dehydration of the carbinolamine addition
product is rate determining at low acid concentrations.

In conclusion, in Schiff base formation using water as solvent,
either the addition step or the elimination step may be rate determining
depending on the pH.

The objective of this research was to study the reaction of
o-dianisidine with a representative aldehyde prior to the development of
an analytical method for the determination of aromatic aldehydes.
Experimental conditions were chosen close to those that on preliminary
experiments were found to be optimum for this reaction. Therefore, the

kinetics studies that follow are not exhaustive.
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C. Preliminary Considerations

In this section a few comments are given on the choice of reagents

and experimental conditions.

l. Solvent Choice

As was stated before, aldehydes react with primary amines to form
a Schiff base liberating water in the process. Therefore, to enhance
product formation, water in the system must be absent. Also, most
aldehydes are insoluble or only slightly soluble in water.

Initially, the performance of the reaction was tested in several
solvents:'dinethyl sulfoxide, dimethyl formamide, hexane, and ethanol.
Absolute ethanol was the solvent chosen not only because of the higher
product formation obtained when using it, but also because its low cost
and non toxicity. Another advantage is that most aldehydes are readily
soluble in ethanol. |

It was found that the presence of even small amounts of water will
decrease the amount of product formed for most aldehydes. Exceptions to
the above were salicylaldehyde, p—chlorosalicylaldehyde, and p—dimethyl-
aninbbenzaldehyde in which a slight increase in product formation was

observed when small amounts of water were added to the system.

2. Aldehyde Choice

Preliminary studies were performed to select an aromatic aldehyde
which could be considered representative. _Absorbance versus time
measurements were made at different temperaturés and catalyst concen—
trations. The instrument used for these preliminary studies was a

modular single-beam spectrophotometer equipped with a temperature-
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controlled cell compartment, a tungsten lamp, and 1 cm glass cell (CGA
McPherson, Acton, MA). Of the 14 aromatic and «, f-unsaturated aldehydes
studied, 2,4-dichlorobenzaldehyde was chosen as the model compound.
This aldehyde was found to exhibit an intermediate reactivity with
o—dianisidine and also showed the same response pattern toward changes
in the concentration of the acids employed as catalyst as did most of

the other aldehydes.

3. Temperature Choice

Graphs similar to the one shown in Figure 3-2 for 2,4-dichloro-
benzaldehyde were constructed for the other aldehydes. From these
preliminary studies it was found that the rate of the reaction increased
as the temperature was increased. Nevertheless, an upper limit to the
increase in temperature was set at 40°C to prevent problems with fast
solvent vaporization. Also, fluctuations in the room temperature should
affect less the reproducibility of volume measurements if the experi-
ments are conducted at temperatures close to room temperature than at

much higher temperatures.

4. Catalyst Choice

The catalysts studied were zinc chloride, stannic chloride, and
stannous chloride. These Lewis acids were tested in the presence and in
the absence of acetic acid. Of the three Lewis acids tested, stannic
and stannous chloride gave the faster rates. Stannic chloride was the
catalyst chosen due to the slightly higher rate and to the expected
better stability of the stannic chloride solutionsS!.

When stannic chloride and acetic acid were used simultaneously as

catalysts, there was an interaction which seemed to be useful in
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0 4 8 12 16 20
Time (min)
Figure 3-2. Acid and temperature effects in the reaction between

2,4-dichlorobenzaldehyde and o-dianisidine.

Experimental conditions:

a) 40°C, 0.1% acetic acid, and 3.00 X 10-¢ M stannic chloride;

b) 25°C, 0.1% acetic acid, and 3.00 X 10-4 M stannic chloride;

c) 30°C, 6X acetic acid; d) 40°C, 8% acetic acid; e) 20°C, 6% acetic
acid; f) 20°C, 10X acetic acid.
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obtaining higher product formation at shorter reaction times and in
reaching equilibrium much faster (Figure 3-3).

The stannic chloride and acetic acid concentrations chosen were
based on previous absorbance versus time experiments. For example, the
concentration of stannic chloride was varied over a wide range at a
constant concentration of acetic acid to establish working limits for
the concentration of this reagent. The desirable upper limit was the
one that gave maximum initial rate with .little or no decomposition of
the reaction products. The lower limit was that concentration of
stannic chloride which still had some effect on the rate of the
reaction. -

The effect of increasing concentrations of acetic acid upon the
stability of the product formed was also studied. The concentration of
the acetic acid was changed by two orders of magnitude (between 5 X 10-3
to 0.5 M). Over this concentration range no decomposition of product
was seen. The main effect of the acetic acid was to shift the
equilibrium position towards reactants (Figure 3-3). At higher concen-
trations of acetic acid, the product decomposes slowly. The shift of
the equilibrium towards reactants with increasing acid concentration is
also observed in Schiff base formation in water52. It can be attributed
to the reversibility of all the steps ot; the reaction causing hydrolysis
of product as the concentration of acid increases.

The catalytic behavior of acetic acid in Schiff base formation was
known from the literature2:3:.6.52, To test whether stamnic chloride is
also a true catalyst or a reagent, long reactic;n time experiments were

performed encompassing a wide range of stannic chloride concentrations.
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Figure 3-3. Effect of acetic acid concentration on the reaction between
2,4-dichlorobenzaldehyde and o-dianisidine. The o-dianisidine concen-
tration was 4.00 X 10-3 M, while the stannic chloride concentration was
2.25 X 10-4 M and that of the aldehyde was 6.00 X 10-5 M. The concen-
trations of acetic acid were: a) 7.0 X 10 -3 M, b) 9.0 X 10-2 M, and c)
4.0 X 10-1 M,
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If stannic chloride were a reagent and not a catalyst, the
expected behavior would be a dramatic increase in the equilibrium
absorbance due to the formation of more products as the concentration of
stannic chloride is increased. This was not the case (Figure 3-4). At
all three concentrations the amount of product formed at equilibrium was
essentially the same, except for a slight decrease in product formation
as the concentration of stannic chloride was increased. Therefore, it
can be concluded that stannic chloride i; a catalyst, not a reagent.
The slight decrease in product formation at high stannic chloride
concentrations is believed to arise from some decomposition side
reaction. . As is shown later, stannic chloride is not recovered in its
original form; hence, it is probably better to apply the term activator

than catalyst.

5. Determination of pH in Ethanol

Ethanol has a smaller autoprotolysis constant than water (pKerou =
19.1, pkw = 14.0). Consequently, substances dissolved in ethanol are
stronger acids and bases than in water. The apparent pH obtained with
glass electrodes in nonaqueous solvents can not be directly related to
the éoncentration of solvated hydrogen ions in the mediumS3.54. In
other words, two solutions in mixed solvent media of different
composition may have the same nominal "pH", but behave in a totally
different manner in acid-base reactions. Consequently, it is not a
trivial task to perform kinetics experiments in which the actual
activity of solvated H* in fhe system is measured. Instead, an
approximation is made by assuming that the dissociation of acetic acid

is very small relative to its analytical concentration, [HAc]lo. The
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value of Ka for acetic acid55 in ethanol is 5.92 X 10-1! at 25°C and in
the absence of electrolytes. This approach also assumes that [H*] from
solvent is negligible, so that [H*] = [Ac~]. The autoprotolysis

constant for ethanol, pKerton, is 19.1.

For Hic =2 H+ + Ac

Lo B[]

. if [H*] is small, then
([Brc] - [8])

: [ B4
[He],

@Y= '/T.mo (3.8)

In these kinetics studies, the concentration of the solvated H* in
ethanol was approximated to be proportional to the square root of the

acetic acid concentration.



33

D. Experimental

1. Reagents

a. Ethyl Alcohol

Commercial absolute ethanol was dried using 3A molecular sieves
(Davison Chemical, Baltimore, MD). After at least one week, the ethanol
was decanted from the molecular sieves and filtered through a 0.40 ;m

pore filter (Millipore, Bedford, MA).
b. o-Dianisidine

This reagent was obtained commercially under the name 3,3’-dime-
thoxybenzidine (Eastman Kodak Co., Rochester, NY). The tan-colored
o-dianisidine was recrystallized four to five times from ethanol using
50- to 200~ mesh activated coconut charcoal as decolorizing agent
(Fisher, Livonia, MI). The final product was vacuum dried and stored in
a desiccator away from light exposure. The net yield was around 38% of
white to off-white crystals. The pure crystals are stable for more than
six months if all the solvent is removed before storage. On the other

hand, solutions of o-dianisidine needed to be made fresh daily.

c. Stannic Chloride

Anhydrous stannic chloride was obtained commercially in self-
sealing bottles (Aldrich, Milwaukee, WI). Syringe techniques were used
to prepare stock solutions of stannic chloride from the commercial
sealed bottle. A 100 =ml volhetric flask with a serum stopper was
weighed on the analytical balance after being flushed with dry nitrogen.

Then, 7.00 ml of stannic chloride was taken from the commercial sealed
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bottle using a syringe and injected into the volumetric flask. After
weighing again the volumetric flask, ethanol was injected until the
volume of liquid reached the mark. Molarity calculations were based on
the weight of stannic chloride obtained not on the volume used.
Nitrogen gas was used' to replace the volume of stannic chloride taken
from the original bottle. Subsequent dilutions of this stock stannic

chloride solution (~ 0.600 M) were made in the open air.

d. Acetic Acid
Glacial acetic acid (EM Science, Gibbstown, NJ) was purified by
fractional distillation. Only the fraction boiling at 118°C was used

when prepéring stock solutions.

2. Procedure

No previous knowledge of the rate law for this particular reaction
was available. The method of initial rates was employed to determine an
experimental rate law. By using initial rate measurements we hoped to
avoid complications with product decomposition observed when high
concentrations of stannic chloride are used. The order with respect to
a particular reagent was determined in the presence of both catalysts
(acetic acid and stannic chloride) and in the presence of each catalyst
separately. ‘

The molar ratio of o-dianisidine to aldehyde was never lower than
10:1. This is a necessary precaution to ensure formation of the 1l:1
adduct in preference to the 2:1 aldehyde:o—diapisidine adduct, and also
to enhance product formation. As the reader may recall from the molar
ratio study, there exists an apparent equilibrium which favors product

formation as the amount of o-dianisidine is increased.
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The general procedure for the kinetics experiments was as follows.
The required volume of each solution was added into the 1.0 cm quartz
cell using micropipettes. The o-dianisidine solution was added first,
followed by the aldehyde solution and mixing. After thermostatting the
cell for 5.0 minutes, a 0.50 ml sample of the catalysts mixture was
added with a 1.0 ml syringe.

Kinetic data (absorbance at 380 nmm versus time) were acquired
every second with an IBM compatible personal computer (Bentley T, Round
Rock, TX) interfaced to the thermostatted, modular, single-beam Heath
spectrophotometer. The interfacing program (named ABS-SEC), initially
developed by Dr. Peter D. Wentzell was modified to use an IBM data
acquisition board (Mendelson Electroﬁics Co. Inc., Dayton, OH). After
data acquisition, the initial rate was calculated for each run by
dividing the initial slope of the absorbance versus time plot by the
molar absorptivity of the colored product, in our case, the 1:1
o-dianisidine adduct of 2,4-dichlorobenzaldehyde. The initial slope for
each run was determined using a graphical slope-calculating program
(named ROCAIC) written in Quick BASIC by Dr. P. D. Wentzell. For each
set of conditionms, thé initial rate measurements were always made in
triplicate.

Temperature was maintained at 40.0 * 0.2°C by circulating water
from a constant temperature bath around the cell in the sample
compartment. All solutions were kept at 40°C for at least fifteen

minutes prior to use.
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3. Determination of Reaction Orders

Reaction orders were evaluated by carrying out experiments in
which the concentrations of all but one of the reagents were kept
constant. The reaction order was determined from the slope of the plot
of the logarithm of the initial rate against the logarithm of the
concentration of the reagent varied. In some cases, linear plots were
not obtained throughout the concentration ranges used.. This is
sometimes due to changes in reaction or;ders, as for acetic acid and
o-dianisidine. In other cases, decomposition of an intermediate or the
product as the concentration of a particular reagent is increased could
also be the cause, as was the case for stannic chloride. Any proposed
rate law should account for the observed effect of orders for every
reagent besides giving a good fit to all the experimental data over wide
ranges of concentration.

In the case of stannic chloride, it was not possible to use a-wide
concentration range. As the concentration of this reagent was increased
a side reaction which caused decomposition of the product or of an

intermediate became more evident.

4. Curve Fitting

A general-purpose curve-fitting program was used to test the
agreeement of the experimental data with the predictions of a variety of
possible rate laws. This program, known as KINFIT, was developed by Dye
and Nicely®®¢. KINFIT is a FORTRAN program to fit equations to data
using the least—squares approéch-"". If the relative variances are
specified for the dependent and independent variables, the program will

give the best fit by weighting each data point according to its relative
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error. KINFIT also provides the user with a listing of the standard
error in the parameters and the extent of coupling between them.

A single rate law was found which gave a reasonable fit for all
the conditions studied in the kinetic experiments. 1In all the log-log
plots that follow, the error bars represent the experimental points plus
or minus one standard deviation (calculated from three determinations).
The solid line represents the fit of the best rate law obtained to the
particular set of experimental points as calculated in the KINFIT global

fit of all the data points to that particular rate law.

E. Results

In this section, the dependence of the initial rate on the concen-
trations of the reagents is described followed by the presentation of

the best empirical rate law.

l. Dependence on Aldehyde Concentration

The dependence of the initial rate of the reaction on the concen-
tration of 2,4-dichlorobenzaldehyde using stannic chloride as catalyst,
acetic acid as catalyst, or a mixture of stannic chloride and acetic
acid as catalyst is shown in Figures 3-5, 3-6, and 3-7, respectively.
The concentration of the aldehyde was varied from 6.31 X 10-€¢ M to
3.98 X 10-¢ M. The concentration of the o-dianisidine was 6.31 X 10-3 M
in all three cases. The calculated order from the log-log plots of rate
versus the aldehyde concentration was found to be 0.93 % 0.06 for
stannic chloride catalysis, 0.87 * 0.03 for acetic acid catalysis, and
0.86 £ 0.05 for a mixture of both catalysts. The order with respect to

the aldehyde was taken to be 1.0 'in the KINFIT curve fitting.
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2. Dependence on Stannic Chloride Concentration

Figures 3-8 and 3-9 show the dependence of the initial rate of the
reaction on the concentration of stannic chloride in the absence and in
the presence of 1.00 X 1002 M acetic acid respectively. The con-
centration of stannic chloride was varied from 1.00 X 10-¢ M to
2.51 X 102 M in both cases. At concentrations below 1.59 X 10-5 M in
stannic chloride, the reaction rate becomes immeasurably slow (Figure
3-9). At these low concentrations of stannic chloride, when acetic acid
is present, the reaction that occurs is due to the acetic acid only
(Figure 3-9). The effect of the stannic chloride at these very low
concentrations of acetic acid is to cause decomposition of product or an
intermediate formed by the acetic acid catalyzed reaction. The order
with respect to stannic chloride at low concentrations was found to be
1.8 £ 0.6 in both cases. At higher concentrations the log-log plot
begins to curve, and the reaction order goes even to negative values at
concentrations of stannic chloride higher than 2.50 X 10-3 M. This
suggests the occurrence of a decomposition side reaction as the
concentration of stannic chloride is increased. When the KINFIT program
was used to fit the data, four stannic chloride dependent terms were
found in the rate law (page 56). One term appeared in the acetic acid
catalyzed pathway, accounting for the decomposition observed at low
stannic chloride concentration, in the presence of acetic acid. Two
terms in the stannic chloride catalyzed pathway, one in the numerator,
and the other in the denominator, both account for a forward reaction.

The fourth term appeared also in the denominator of the stannic chloride
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pathway; it accounts for the decomposition observed at high stannic

chloride concentrations.

3. Dependence on o-Dianisidine Concentration

The dependence of the initial rate of the reaction on the con-
centration of o-dianisidine in the presence of acetic acid and/or
stannic chloride is shown in Figures 3-10 to 3-13. The concentration of
o-dianisidine was varied from 6.31 X 10-¢ M to 0.0126 M. The lower
limit of the concentration range was set by the requirement that the
o~dianisidine to aldehyde ratios were greater than 10:1. The upper
limit was set by the solubility of o-dianisidine in ethanol. The
o-dianisidine in the stock solution began to precipitate at concen—-
trations higher than 0.03 M.

Figures 3-10 and 3-11 show log-log plots of initial rate versus
the o-dianisidine concentration at acetic acid concentrations of
0.01768 M and 0.562 M, respectively. At concentrations of o—dianisidine
lower then 3.16 X 10-3 M, the slope of the log~log plot was found to be
0.73 * 0.1 for Figure 3-10, and 0.86 * 0.06 for Figure 3-11. Both
orders decreased to lower values as the o-dianisidine concentration
increased.

The rate law obtained using the KINFIT program contains two terms
in the acetic acid catalyzed pathway. Both of the terms involve
o—dianisidine with an order of 1.0 in the numerator, but one of them has
an o-dianisidine term in the denominator. As the concentration of
acetic acid increases the term involving o-dianisidine only in the
numerator becomes increasingly important. Hence, the order with respect

to o-dianisidine increases as the acetic acid concentration increases.
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Plots of log initial rate versus log o-dianisidine concentration
are shown for stannic chloride catalysis (Figure 3-12), and for stannic
chloride and acetic acid catalysis (Figure 3-13). The order with
respect to o-dianisidine was found to be 1.7 * 0.2 in the absence of
acetic acid and 1.3 * 0.3 in its presence. Again, both orders decrease
to lower values as the o-dianisidine concentration increases.

The order of 1.3 for o-dianisidine when the -ixfure of the
catalysts was employed suggests a simultﬁneous formation of product via
two paths. The acetic acid catalyzed path is first order with respect
to o-dianisidine, while the stannic chloride catalyzed path is second
order.

The data used for the o-dianisidine log-log plots (Figures 3-10
through 3-13) are less precise than the data obtained for varying other
reagent’s concentration. These larger standard deviations account for
the poorer fit of these data to the rate law. Because of the poorer
precision, KINFIT weights the o-dianisidine data less heavily than data

from the variation of other reagents.

4. Dependence on Acid Concentration

' The concentration of the solvated H* in ethanol was approximated
to be proportional to the square root of the acetic acid concentration
(Equation 3.8). The dependence of the initial rate on the solvated H*
concentration is affected by the concentration of o—-dianisidine. At low
o-dianisidine concentration (6.39 X 10-4¢ M) as in Figure 3-14, the
reaction order with respect to.H+ was found to be 1.46 % 0.05 (dashed

line). As the concentration of o-dianisidine is increased to
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6.31 X103 M, 1.50 X 102 M, and 0.0240 M (Figures 3-15 to 3-17
respectively), a gradual break in the initial rate profile of the log-
log plots begins to appear as shown by the dashed line in Figure 3-17.
This suggests a change in order with respect to H* as the concentration
of o-dianisidine increases. In Figure 3-17, the orders were 1.14 at
concentrations of acetic acid between 1.00 X 10-2 M and 5.62 X 10-2 M,
and 2.00 at concentrations between 1.78 X 10-2 M and 1.78 M. At low
concentrations of o-dianisidine (Figur; 3-14), a mixed order is
observed.

The rate law obtained using the KINFIT program contains two terms
in the acetic acid catalyzed portion which account for the experimen-
tally determined orders for the H* rate dependence.

Figure 3-18 shows the dependence of the initial rate of the
reaction on the concentration of H*, but with stannic chloride also
present. At low concentrations of acetic acid, the order with respect
to H* is essentially zero. This indicates that the reaction is
catalyzed primarily by stannic chloride in preference over acetic acid.
Once the concentration of acetic acid is larger than 0.178 M, the effect
of acetic acid as a catalyst begins to be observed. Stannic chloride is
a better catalyst than acetic acid because much smaller concentrations
of stannic chloride are needed to effect the same response as with

acetic acid.

5. Experimental Rate Law
A global fit of all the experimental ﬁoints to a variety of
possible rate laws was undertaken using the KINFITS® curve fitting

program. To guide the search for the best experimental rate law, the
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known mechanisms for Schiff base formation in water were used along with
the experimental orders found. To derive rate expressions from the
mechanisms, letters were used to represent the species involved as
follows: A = 2,4-dichlorobenzaldehyde, B = o~dianisidine, H* = solvated
hydrogen ion, and S = stannic chloride. About 450 rate laws were

tested, of which the one below gave the best fit.

Rate = [A]| Par{1) [B] [n+]2 . Par(2) [B] [8*) . Par(¢) [SP [B]

(3.9)
{ + Par(3) [B] + Par({7) [s]  Par(8) + Pa(5) [s]° [B] + [5] (8] °

Par(bl) to Par(7) are parameters that represent products of rate
constants or ratios of rate constants. The statistical figures of merit
for the experimental rate law as calculated by the KINFIT program are
listed in Table 3-1. A proper estimate of the reliability of the
proposed rate law should use the standard deviation of the paralo;ters
rather than the correlation coefficient. Regardless of the possible
correlations among the parameters for the equation that was used, the
particular part;-eter is reliable to an extent given by the estimate of
the standard deviation. By inspection of Table 3.1, we can see that the
standard deviations for parameters one through six are small in
comparison to the actual value for the parameters. The parameter with
the largest standard deviation is parameter seven. Parameter seven
accounts for the decomposition in the acetic acid pathway caused by
stannic chloride as observed in. Figure 3-9. Only five data points were
used to characterize this portion of the curve and one of them has a

very high standard deviation. Consequently, the reliability of
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parameter seven as calculated by KINFIT was less than for the other
parameters for which more precise data were used.

The fit of the experimental rate law to the actua} experimental
data points is acceptable considering that a simultaneous global fit of
all the experimental data points to a single equation was performed.
The experimental values plus or minus one standard deviation is roughly
equal to a 68X confidence interval.

Once the proposed mechanism is presented, the parameters in the
rate law will be replaced by the corresponding rate and/or equilibrium

constants.

Table 3-1. Figures of merit of the experimental rate law.

Parameter Value Std. Dev. Mul. Corr. Coef.
1 0.344 0.018 0.72
2 0.604 0.074 0.95
3 24.1 4.8 0.95
4 22.5 1.3 0.97
5 14.7 1.4 0.95
6 2.14 X 10-° 2.5 X 1010 0.83
7 9.76 X 108 3.1 X 10% 0.55
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F. Discussion

In this section a mechanism is proposed for the reaction between
o-dianisidine and aromatic aldehydes based on the experimental rate law

obtained and the mechanism for Schiff base formation in water.

1. Proposed Mechanism

Useful working rules for deriving a mechanism from the stoichio-
metric equation and the empirical rate law can be found in the paper by
Edwards, Greene, and Ross®8; and in chapter five of Espenson’s book5%°.
Of the very few mechanisms that can be written to agree with the empi-
rical raté law, only one was chemically plausible. In this proposed
mechanism, there are three distinct paths. Two paths are catalyzed by
acetic acid, the other by stannic chloride. For the sake of clarity,
the mechanism for each path will be presented separately. In each
mechanism, letters are used to represent the species involved: ‘A =
2,4-dichlorobenzaldehyde, B = o-dianisidine, S = stannic chloride, and

H* = solvated hydrogen ion.

a. Acetic acid path at low acetic acid concentrations

The mechanism described next will be the preferred path at low
acetic acid concentrations or when the éoncentration of o-dianisidine is
large relative to that of the acid. At small concentrations of acetic
acid, Step 1 is relatively slow . Therefore, the steady-state approach
can be used to find an expression for the concgntration of intermediate
A*H. Since initial rates were determined, the reverse of Step 2 was

neglected.
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AH + 8§ _4, decomposition

=k [A] [B*] -k, [A*B] - k,[a* B] [B]- k, [s* B} [5] = 0

k, [A] [8¢]
5¢QM+HN

{3.10)

(3.11)

Since all of the steps following Step 2 are rapid, the rate of

product formation is given by the rate of Step 2 (with the back reaction

negligible).

- d[product)

=k, (4" ] [B]
dt

(3.12)

After substitution of the concentration of intermediate A*H in

Equation 3.12,

experimental rate law is obtained;

the same rate expression as the midle term in the



where:

k k, (4] (B+] [B]
k_+ ky[B] + k [5]

(3.13)

Par (2) =£Lk=.
ky

Par (3) =_::2T

k
Par (7) =_d__
k,

Another possible mechanism that satisfies the rate expression for

the reaction path at low acetic acid concentration predicts that the [B]

term in the denominator accounts for pf‘oduct decomposition as shown

below:

Pre-Equilibria:

STEP {

STEP 2

Post-Equilibria:

Side Reactions:

+
v +8F T— @
+ .
i+ 3 T—

$4 — %
AHB <«— HAB

R fast
HAB Product + 820 2

AHB++B—> BH + A + B

+
AHB + § — decomposition
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This mechanism was disregarded because of the following reasons:

i) Decomposition by base should involve the stronger base pre-
sent, acetate not o-dianisidine.

ii) In this mechanism AHB* is the steady-state intermediate.
Therefore, the rate expression should reflect the effect of
proton removal from AHB* aided also by o~dianisidine. This
would involve the appearance of a [B]2 term in the numera-
tor, which is not observed. |

iii) If proton loss from intermediate AHB* is so fast as to not
to require base catalysis, then proton addition to form the
H20* leaving group should be observed. Rate—-determining
addition of a proton requires the appearance of an [H'] term
in the denominator of the rate expression. In water as the
solvent, the rate-determining addition of a proton is
observed (page 22). In ethanol as the solvent, rate-
determining addition of a proton was not observed.

iv) If proton removal and addition are very fast, theq carbon-
oxygen bond cleavage during the dehydration of the carbinol-
amine intermediate must be rate determining. Anhydrous
ethanol is depleted of water molecules and is less viscous
than water. Contrary to- this mechanism’s predictions,

carbon-oxygen bond cleavage should be easier than in water.

b. Acetic acid path at high acetic acid concentrations
At high acetic acid concentrations, Step 1 in the previous
mechanism is rapid. Consequently, there is a fast and large production

of intermediate A*H in a pre-equilibrium step. At this high concen-
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tration of acetic acid most of the o-dianisidine should also be
protonated. Therefore, a plausible mechanism is that the A*H
intermediate is attacked by protonated o-dianisidine rather than by
neutral o-dianisidine giving rise to a different path for product

formation. The mechanism for this new path is presented next.

Pre-Equilibria: L +g —e g p = NH
K o [a][g*]
B+ — #n ¢ = BH
B (8] [B*]
Rate Determining Step: e+ Bl = amte B
k"
-1
Post~Equilibria: sBT = Product + BO + B fust

The protonated species A*H and B*H originate in equilibria prior
to the rate-determining step. After substituting for the concentration
of A'H and B*H in the rate expression in terms of the concentration of
the initial reactants, Equation 3.15 is obtained. Equation 3.15 agrees
with the first term in the experi..entai rate law. In the experimental

rate law Par(l) stands for k"2Kan Ksu.

d [product)
dt

rate =

=k [1'8] [8'8] (3.14)

nte= kX K (1] 5] (1% (3.15)
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In a separate set of experiments, the existence of o-dianisidine
as a free, a mono, and/or a diprotonated species was investigated.
These experiments consisted of pH titrations of o-dianisidine versus
standardized glacial acetic acid in anhydrous ethanol and versus
standardized HCl, also in anhydrous ethanol. 1In the region for the
expected addition of the first proton, a buffer region was observed at a
"pH" of about 3.05. A sudden decrease in the pH reading during the HCl
titration corresponding to the addition of the second proton to
o—~dianisidine was observed at a "pH" of 1.00. The titration of the same
amount of o-dianisidine against acetic acid ony showed a gradual
decrease in pH. At a concentration of acetic acid equal to 1.77 M, the
highest used in the kinetics experiments, a "pH" of 4.36 was observed.
These results support the existence of only free and monoprotonated
o-dianisidine during the kinetic experiments when acetic acid is the
catalyst.

Two parallel paths have been proposed when acetic acid is the
catalyst. The total rate in the presence of acetic acid is given by the

summation of the two rate expressions derived before.

k_[a] [8Y) [B
rate = & l“l.[A][B][H']z+ 5 1B (3.16)
k-l + kz[n] + kd [s]

At low acetic acid concentrations, the order with respect to
o-dianisidine is expected to decrease from first to zero as the
concentration of o-dianisidine is increased. At high acetic acid

concentrations, a first order with respect to o-dianisidine should be
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observed, but decreasing less readily to lower values as the concen-
tration of o-dianisidine is increased. This kind of behavior was indeed
observed in Figures 3.10 and 3.11. The order with respect to o-dianisi-
dine increased from 0.73 to 0.86 as the concentration of acetic acid was
increased from 0.0178 M to 0.562 M. In both cases, a decrease in the
order with respect to o-dianisidine was observed as its concentration
was increased. This decrease was much legs at the higher concentration
of acetic acid due to the gradual shift from ome reaction path to the
other as the concentration of the free o-dianisidine increased.

At low o-dianisidine concentrations, a mixed order was found with
respect to H* (Figure 3.14). At high concentrations of o—-dianisidine,
the order with respect to hydrogen ions was found to increase from first
to second. At low concentrations of o-dianisidine, a larger proportion
of the o-dianisidine will be protonated since the various concentrations
of acetic acid used were kept the same for all the H* order determi-
nations. At these low concentrations of o~dianisidine, the competition
for the protonated aldehyde by the free and protonated o-dianisidine is
expected to be greater, giving rise to a mixed order for H* (i.e., the
reaction will proceed by both paths simultaneously). As the concen-
tration of o-dianisidine is increaseq, more free o—-dianisidine is
available to react via the preferred path (i.e., attack of the neutral
o—dianisidine on the protonated aldehyde) giving rise to a first order
effect with respect to H* at low acetic acid concentrations. As the
concentration of acetic acid is increased,. less of the neutral
o—dianisidine will be available. The only ;ath possible for the
reaction to occur is by attack of the protonated amine on the protonated

aldehyde, giving rise to second order effect with respect to H*.



c. Stannic chloride catalyzed path

The exact formula for the active stannic chloride species was not
investigated. From the literature, it is known that stannic chloride
rapidly forms stable coordination complexes upon mixing with ethanol,
acetic acid, amines, and carbonyl compounds®0-63, The most usual
stoichiometry of these compounds is L2SnCle, but the presence of 1l:1
ligand to stannic chloride complexes has also been demonstrated in
solution®3. The Sn (IV) in stannic chloride is coordinatively unsa—
turated, but is enabled to attain its stable coordination of six by
formation of two coordination bonds using vacant 5d atomic orbitals. In
L2SnCle, fhe bonding is assumed to be sp3d?, which leads to an
octahedral arrangement of hybrid orbitals around the central atom.

The kinetics experiments using stannic chloride as catalyst
suggest the presence of both 1:2 and 2:1 stannic chloride/o—dianisidine
co-piexes. Expressions for the concentration of these species in fer-s
of the starting reagents were derived assuming equilibrium reactions
leading to their formation. In the S2B complex, coordination stability
can still be achieved via a possible bidentate complex formation due to
the broxility of a methoxy group to the amino group in each of the
o—-dianisidine benzene rings®4.

Aminostannanes of the form -%%—ﬁ- cannot generally be prepared by
direct aminolysis of stannic chloridesS. Therefore, the following

possible structures for the active species are proposed:

32
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Application of the steady-state approximation to the AS interme-
diate results in the expressions for the AS concentration and the rate

law shown below (the back reaction in Step 2 is neglected here).

s) = Tlata (3.17)
K * k'd [szB] + k'z [s8,) .
k' [A] [S] [SB
rate = dproduct] % b W) (3.18)

& k_; + Ky [S,8] + Ky [SB, ]

Upon substitution of the stannic chloride/o-dianisidine species in terms

of the starting reagents, the rate expression becomes:

' 212
rate = 24 et M (3.19)

) 2
K +E K _K_[SPEl+ kX K[ [B]%

This rate expression is identical to the stannic chloride catalyzed term

in the experimental rate law, where:
Par (4) = K,

khl!m

Pr ()= 71
2
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This mechanism is consistent with the observation that an increase
in the stannic chloride concentration increases the decomposition side
reaction, by presumably increasing the production of SzB. On the other
hand, it was observed that an increase in the o-dianisidine
concentration decreased the decomposition side reaction as shown in
Figure 3-19. Larger concentrations of o-dianisidine should favor the
equilibrium reaction leading to the formation of SB2 at the expense of
the formation of S2B. The formation of .SzB may occur initially, upon
mixing of the reagents, and during the course of the reaction as SB and
S are released in Steps 2 and 3, respectively.

For S2B to be able to decompose product which has already been
formed, all steps in this reaction path must be reversible. If any of
the steps is not reversible, the decomposition of the product can still
occur via the reverse of the mechanism proposed for the formation of the
1:1 adduct at low acetic acid concentrations®6:67, In either case, some
time will elapse before the effect of the newly formed Sz2B species in
the rate and equilibrium is observed.

A wore descriptive chemical mechanism for the stannic chloride
catalyzed path is presented in Figure 3-20. The rapid steps following
the rate-determining step are speculative. They are based on the known
mechanism for Schiff base formation in 'water, and are added merely for
the purpose of completeness.

The net stoichiometric equation derived from this mechanism is:
A+ 25+ 2B e product + H20 + S + SB (3.20)

The stoichiometric equation points to the necessity of using a

large excess of o-dianisidine to enhance the formation of the SB2
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Figure 3-19. Effect of o-dianisidine in decreasing the decomposition
side reaction. The acetic acid concentration was 6.00 X 10-2 M, while
the stannic chloride concentration was 2.74 X 10-¢ M, and that of the
2,4-dichlorobenzaldehyde was 5.00 X 10-5 M. The o-dianisidine concen-
trations were: a) 1.00 X 10-3 M, b) 1.41 X 10-3 M, c) 2.24 X 10-3 M,
and d) 6.31 X 10-3 M.
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species over that of the S2B species. As inferred from the
stoichiometric equation, the minimum concentration of o-dianisidine
should be set to not less than two times the concentration of the
stannic chloride plus the concentration of the aldehyde present,
[Blain = 2[S] + [A].

In the stannic chloride catalyzed path, hydrogen ions are needed
for Step 4 to occur. In the absence of acetic acid aﬁd at short
reaction times, the required hydrogen -ions probably come from the
solvolysis reaction of stannic chloride in ethanol®0:62, as shown in

Equation 3.21.
Sndlq + 2 CHsCH2HOH ——» SnCl30CH2CHs .HOCH2CHs + HC1 (3.21)

At long reaction times, Step 6 will provide the protons needed for
Step 4 to occur. The presence of hydrogen ions in the absence of acetic
acid suggests the possibility of the reaction proceeding simultaneously
via a mechanism analogous to the one proposed for low acetic acid
concentrations.

In the two paths catalyzed by acetic acid, the rapid steps
following the rate-determining step can also be speculated to occur as
shown in Figures 3-21 and 3-22. Both of the mechanisms proposed are
consistent with the stoichiometric equation for Schiff base formation in

water (Equation 3.1).
2. Proposed Theoretical Rate Law

Once reasonable mechanisms were proposed ‘for the three paths by
which o-dianisidine and 2,4-dichlorobenzaldehyde react to form products,

the parameters in the experimental rate law were replaced by the corres-
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Figure 3-21. Proposed chemical mechanism for the reaction between
aromatic aldehydes and o-dianisidine at low acetic acid concentrations.
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ponding rate and equilibrium constants. The concentration terms were
replaced by the formulas of the starting reagents according to their
initial assigmments: [A] = 2,4-dichlorobenzaldehyde = [C7H40Clz2],
[B] = o-dianisidine = [Ci«HisN202], [S] = stannic chloride = ([SnCl¢],
and [H*] = Kal/2 [C2H40]1/2.

Bates d[product]

= [GRpa, ] | ¥ K K K IGHIIIC B, 30
dt

kex " 680" e g 0,
k +k [ 4limnzqz]u [SnCl ]

g kK K st g ol

AR S [s“mj [, B g0 + Ky K g Ko IS0 lcxflfzogz

+

(3.22)

Although the rate law seems to be quite complicated, the mecha-
nisms for the three paths are very similar to one another and to the

mechanism of Schiff base formation in water as is discussed in the next

section.

3. Co.par.lson with the Mechanism for Scbsz Base Formation
in Water

The mechanisms proposed for the acetic acid and stannic chloride

catalyzed formation of Schiff bases in ethanol are very similar to that
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for specific acid catalysis in water. Because only one of the two amino
groups in o-dianisidine is protonated in ethanol, an increase in rate is
still observed at considerably high acetic acid concentrations. In
water, the carbinolamine formation is proposed to be hindered due to the
protonation of the amine. These results are not contradictory. The
small basicity of o-dianisidine, and the smaller dissociation constant
of the ethanol relative to water are two reasons for the requirement of
an initial protonation of the aldehyde prior to the amine attack.

In general, the proposed mechanisms for all three paths are very
similar. The first step involves the reaction of the aldehyde with the
catalyst, - either H* or stannic chloride, followed by the formation of
the protonated carbinolamine and a subsequent dehydration to vforl the

product after loss of the final proton.

G. Analytical Implications

As was stated earlier, the purpose of performing kinetics studies
on the o-dianisidine/aldehyde reaction was to gain some insight into the
mechanism by which the reaction occurs. This should allow selection of
the .-o-t appropiate conditions for the determination of aromatic alde-
hydes. The suggestions that follow are of value whether a kinetic-based
procedure or, as in our case, an equilibrium-based method is used.
First, the choice of reagent concentrations is discussed followed by a

section on the choice of experimental conditions.

l. Reagent Concentrations
Of the two catalysts studied, stannic chloride is a better

catalyst than acetic acid. With stannic chloride, the reaction attains
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equilibrium in a shorter time, even though the stannic chloride concen—
tration is three orders of magnitude less than that required with acetic
acid.

The concentration of stannic chloride which results in fast
reaction rates, but at which decomposition is not yet a problem, is in
the range of 4.0 X 10-¢ to 1.6 X 103 M at concentrations of o-diani-
sidine of about 6.3 X 103 M. To increase the rate further, a higher
concentration of stannic chloride might be used, but an adjustment in
the o-dianisidine concentration must be made to avoid the decomposition
side reaction.

The o-dianisidine concentration should be as high as its solubi-
lity permits. A high o-dianisidine concentration not only increases the
rate of the reaction, but also increases product formation. Hence, a
larger amount of product formation is obtained for the same amount of
aldehyde which increases the sensitivity of the method. A high
o—dianisidine concentration is also helpful in decreasing the amount of
decomposition observed at high concentrations of stannic chloride. As
predicted by the stoichiometric equation, the o-dianisidine
concentration should not be less than two times that of the stamnic
chloride plus that of the aldehyde to favor formation of the SBz complex
in preference over the S2B complex. The verification of this prediction
is possible in Figures 3-8, 3-9, and 4-2, where the decomposition of
product begins to be observed at concentration of stannic chloride
higher than 2.50 X 103 M- for a 6.31 X 10-3 M concentration
of o-dianisidine. At the same time, the. concentration of the

o-dianisidine relative to that of the aldehyde should never be less
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than 10:1, to favor the formation of the 1:1 aldehyde to o—dianisidine
adduct in preference to the 2:1 adduct.

In the mechanism for the reaction path catalyzed by stannic
chloride, pre—equilibria involving the formation of coordination com-
plexes between o-dianisidine and stannic chloride were proposed. Mixing
these two reagents in advance could, in principle, shorten the reaction
time needed to attain equilibrium by a few seconds when t;sing a

continuous-flow analysis system.

2. Experimental Conditions

The first choice of experimental conditions is to decide which
temperature to use. Although the effect of temperature was not
rigorously studied in these kinetics experiments, it was observed that
increasing the temperature increased the rate at which the reaction
occurred. Therefore, temperatures above room temperature are recom—
mended when implementing this reaction as an analytical procedure.
Temperatures in the 30 to 50 °C range should be tested during optimi-
zation experiments.

A second concern deals with the possible interference of water in
the method. All three proposed mechanisms form water as by-product. It
has been documented in the literature, and observed during these
kinetics studies, that the presence of water decreases product
formation. Precautions that can be taken to remove the water
interference include drying the ethanol, as in our case with molecular
sieves, or using the standard addition method when analyzing samples

containing water.



CHAPTER IV

THE ANALYTICAL METHOD

A. Chapter Overview

In this chapter, automation of an analytical method based on the
reaction between o—dianisidine and aromatic aldehydes using only stannic
chloride as catalyst is discussed. The method has been adapted to an
air-segmented continuous-flow analysis system. First, the principles of
continuous-flow analysis are presented, followed by a discussion of the
effect of theory and hardware limitations on automation. Next, optimi-
zation of the experimental conditions for the reaction by the Modified
Simplex method is described. To assess the usefulness of the method,
the analytical figures of merit for thirteen aromatic aldehydes were
determined; also, selectivity and interference studies were performed.
Finally, the analytical method is applied to the determination of

furfural in a practical sample.

B. Principles of ASCFA

Air-segmented continuous-flow analysis, ASCFA, was invented by
Leonard Skeggs®8:6° in the early 1950’s and was developed commercially
in 1957 by the Technicon Corporation under the trade name AutoAnalyzer.

In ASCFA the sample and reagents are proportionally aspirated in

an air-segmented flowing stream. Reaction takes place within the stream

78
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and the product is detected sometime later as the segmented stream flows

through the sample cell (bubble-through flowcell) of a recording photo-

meter. A schematic diagram of an ASCFA system is presented in
Figure 4-1.
Bubble Gate
Reagent OMh—s | to waste
Sample Coil Detector
Air
Pump

Figure 4-1. Diagram of an Air-Segmented Continuous-Flow Analysis
System. Stream path is denoted by — and the electrical signal by ——.

The removal of the air segments for the purpose of spectroscopic
detection is done electronically by means of a "bubble gate”. With a
"bubble gate", the periodic fluctuations of the detector signal as air
and liquid segments pass through the flowcell are used to synchronize
data acquisition and storage. The flowcell volume is such that it can
be totally filled with 1liquid between bubbles. The bubble gate
electronics detects this condition and triggers data acquisition.

For many wet chemical analyses, an automated method is to be
preferred to existing manual methods due to an increase in sample

throughput, an improvement in precision, a decrease in the amount of
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reagentq consumed, and an increase in safety when handling toxic or
dangerous materials. For example, o—dianisidine is suspected to be a
carcinogen.

Due to the existence of a number of reviews on CFA70-74, the
discussion that follows focuses on the principles and hardware limi-
tations that affect the automation of the analytical method based on the
o-dianisidine reaction with aromatic aldehydes. The related technique,
flow injection analysis (FIA) is not discussed here at all’S.

The desire to automate the analytical procedure placed several
constraints on the actual development of the method. In air-segmented
continuous-flow analysis, after the sample and reagents are mixed, they
must remain in the reaction coil for a sufficient period of time for the
reaction to proceed to an appreciable extent prior to detection.
Dispersion can occur in the mixing devices during the addition of the
reagents and in the reaction coil. In an analytical method dispersion
decreases the the sensitivity of the method. Therefore, dispersion
should be minimized in order to obtain lower detection limits.
Dispersion effects in ASCFA systems are discussed in more detail in the

next section.

C. Dispersion in ASCFA Systems

Dispersion in ASCFA arises from two distinct processes. The first
is the longitudinal dispersion that occurs in unsegmented zones of the
system (i.e., sampling tubes). | The presence of -air segments effectively
reduces longitudinal dispersion in the manifold due to the break down of

the parabolic flow profile characteristic of laminar flow. Also, the
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air segments enhance mixing within each liquid segment due to the
toroidal (bolus) flow that occurs in each of the liquid segments.

The second mode of dispersion is called axial dispersion and
occurs in the air-segmented analytical stream. Axial dispersion is due
to the stagnant liquid film that wets the walls of the manifold tubes
allowing mass transfer between the liquid segments. In order to obtain
hydraulic stability when using segmented streams, the manifold tubes
must be fabricated from wettable materials. Therefore, axial dispersion
cannot be eliminated. However, in principle it can be reduced tc;
acceptable levels by proper system design.

In 1976, Snyder’® derived an equation for dispersion as a function
of those experimental variables of direct interest in the design of
ASCFA systems (Equation 4.1). The basic assumptions of the model are:
1) air segment volumes are the minimun required to totally oclude a tube
of a given diameter (»~ 0.92 di3); 2) the flow system is perfectly
wetted; 3) the dispersion is completely determined by the reaction
tubing (i.e., contributions to dispersion from other system components
are ignored); 4) the reaction tubing is in the form of a coil; and 5)

air-bubbles do not change in size after introduction into the system.

] 3 5/8 13 3 \5/8 2/3
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In Equation 4.1, e is the standard deviation of the peak
expressed in seconds, d¢ is the internal diameter of the manifold tube

in cm, F is the liquid flow rate in ml s-2, n is the air-segmentation
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frequency in Hz, t is the residence time of the sample in the flow
system in seconds, n is the viscosity of the liquid in poise, v is the
surface tension of the liquid in dyne cm !, and D‘a is an empirical
diffusion coefficient (cm? s-!) that pertains only to diffusion in
coiled tubes. In this model, the cumulative individual Poisson disper—
sion of each sample segment is approximated to a Gaussian distribution;
and dispersion is approximated to be equal to the square root of the
displacement of the 50% maximum concentration point in the dispersed
semple profile from the leading edge of the sample zone.

Snyder’s dispersion model was used in the design of the ASCFA
system for the reaction between o-dianisidine and aldehydes in order to
minimize overall dispersion by optimizing the following key variables:
manifold tube internal diameter (dt), air-segmentation frequency (mn),
and flow rate (F). Previous models?7-80 by other authors do not relate
axial dispersion to relevant experimental variables.

Before presenting how Snyder’s model was used to design the ASCFA
system, it is necessary to describe the different components that were

used in implementing the modular ASCFA system.

D. Instrumentation

The four main components of the modular ASCFA system used in this
research are: the pump, the light source, the detector, and the bubble
gate. The detector and the bubble gate were constructed by Dr. C. J.
Patton73:81, The pump was ébtained from commercial sources, but

modified to reduce pump pulsations. A brief description of each of the
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system components is given, followed by a discussion of the limitations

that each component imposed in the actual design of the ASCFA system.

1. The Pump

The Model 1IP-12 variable speed, 12 channel peristaltic pump
(Brinkmann Instruments, Westbury, NY) used for all work reported here
was modified by Patton’3. He replaced the standard roller assembly
(8 rollers) with one containing 16 rollers in order to reduce pump
pulsations. To minimize pump pulsations further, air segments were
added in phase with the pulsations as suggested by Habig et al82, This
procedure reduces the air-segmentation frequency, n, to a narrow range
of values that are determined by the pump speed and the number of pump
rollers. The digital speed-control setting for this pump allows 00 to
99 linear control settings, which translates to an air-segmentation
frequency range of 0.5 to 3.5 air bubbles per second. Consequently, in
the design of the ASCFA system, the lower limit in the air-segmentation
frequency, n ain = 0.5 bubbles s-1, is imposed by the particular pump
used while the upper limit, n max, depends on the flowcell volume and

the total flow rate of reagents through the manifold.

2. The Detector

As was stated before, the detector was designed by Dr. C.J. Patton
as part of his doctoral research at MSU. For a full description of the
operation and design of this detector, the reader is referred to
Patton’s thesis’3. Components of this detector of direct relevance to
the design of an ASCFA system for the o-dianisidine/aldehyde reaction

are the interference filter and the flowcell used.
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Wavelength selection (380 nm) was accomplished with 1.27 cm dia-
meter, narrow bandwidth (= 8 nm), three—cavity, interference filter
(# 15-10060, Ditric Optics, Hudson, MA).

A flowcell with sapphire windows, a 1.0 cm pathlength and an
internal diameter of 0.05 cm was obtained commercially (PN 178-13724-02,
Technicon Instruments, Tarrytown, NY). The use of this flowcell, with a
volume of approximately 2 pl, further restricted the air segmentation
frequency. At any flow rate, F, the upl;er limit for the segmentation
frequency, n max, can be calculated by dividing the flow rate by the
liquid segment volume, Vs. The liquid segment was set at about 4 ul
(twice the volume of the flowcell). Calculated values for n =max and
n min in conjunction with Snyder’s dispersion model were used in the
design of an ASCFAS manifold in which dispersion was reduced to the

theoretical minimum.

3. The Light Source

Instead of the miniature tungsten-halogen lamp normally used with
the modular ASCFAS, a conventional size tungsten lamp (12 V, auto bulb)
housed in a Model EU-701-50 Heath Light Source was used. This was
nec&sm to obtain enough radiant power at the 380 nm wavelength chosen
for the analysis. With this light source, a 5.0 V signal was obtained

for a 100% Transmittance reading.

4. The Bubble Gate

The signal from the detector is directed into a "bubble gate"
circuit which serves to remove the effect of th.e air segments electro-
nically. This method causes less longitudinal dispersion than physi-

cally debubbling the stream just before the flowcell. This "bubble
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gate" was also constructed by Patton’73:81 as part of his doctoral
research at MSU.

Besides the use of bubble-through flowcells, longitudinal disper-
sion can also be minimized with pecked sampling. Pecked sampling refers
to the introduction of air segments between samples in the sampling
tube. By reducing longitudinal dispersion in these two ways, the actual
dispersion in the final ASCFA system can approach the theoretical limit

predicted by Snyder’s model.

E. Design of the ASCFAS Manifold

The.design of the ASCFAS manifold was approached using Snyder’s
theoretical model of dispersion (Equation 4.1). In Snyder’s model some
of the variables (n, v, D’a, and t) were fixed by the particular
chemistry and experimental requirements of the o—dianisidine/aldghyde
reaction itself. The other variables (di, F, and n), are the ones
actually optimized using Snyder’s model. The theoretical optimization
of these variables was done at two different temperatures, 20°C and
40°C.

| Dispersion increases for more viscous reaction mixtures and for
longer reaction times. For long reaction times (longer than one minute)
elevated temperatures can be used in order to increase the reaction rate
and to decrease the viscosity of the reaction mixture. Since high
concentrations of acid result in viscous solutions the method to be
developed should use low acid éoncentratiom. .Low acid concentrations
also reduce the viscosity differences between the solutions that need to

be mixed and thus improve mixing efficiency.
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In air-segmented continuous-flow, it is not feasible to use
temperatures significantly above room temperature because of the
possible change in air bubble size once the bubble "pops" into the hot
stream. Another problem in using elevated temperatures is the large
vapor pressure of ethanol, especially at temperatures above 40°C. The
increase in solvent vapor pressure with temperature can further increase
the bubble size. An increase in bubble size leads to an increase in
flow rate, which in turn causes a small increase in dispersion. In
order to prevent these effects, an upper limit to the temperature was
set at 50°C; for convenience the lower limit was set at room temperature
(about 20°C).

In order to improve precision,‘ the reaction should be at equili-
brium before entering the flowcell. Figure 4-2 is a plot of the
absorbance versus reaction time for the reaction between 2,4-dichloro-
benzaldehyde (6.00 X 10-* M) and o-dianisidine (6.31 X 103 M) at
_ different concentrations of the stannic chloride catalyst. The reaction
was essentially at equilibrium after 5.0 min of reaction time when using
1.59 X 10-3 M stannic chloride as the catalyst. Consequently, the
sample residence time fo be use in Snyder’s model was chosen to be 5.0
min.

Tables 4~1 and 4-2 show the results obtained for the optimization
of dt, F, and n using Snyder’s model at 20°C and 40°C respectively. In
Table 4-1 (at 20°C), minimum axial dispersion (é¢ =~ 2.48 s) was pre-
dicted when d¢ = 0.1 cm for a value of n = 1.0 and for F = 0.30 ml
min-1, At 40°C (Table 4-2), minimum dispersion (¢ =~ 1.91 s) was
predicted when dt m'again 0.1 cm, but for values of n in the range 1.0
to 2.0 s~1 and for F in the 0.30 to 0.60 ml min-! range.
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Figure 4-2. Effect of stannic chloride concentration on the reaction
time. The 2,4-dichlorobenzaldehyde concentration was 6.00 X 10-5 M,

while the o-dianisidine concentration was 6.31 X 10-3 M and those of

stannic chloride were: a) 2.51 X10-¢ M, b) 3.98 X 10-¢ M,

c) 6.31 X104 M, d) 1.00 X103 M, e) 1.59 X 10-3 M, and

f) 2.51 X 10-3 M.
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Overall, better results for the o-dianisidine/aldehyde reaction
are expected at 40°C than at 20°C, because of the decrease in dispersion
at 40°C and an increase in the rate of the reaction. Also, the visco-
sity and surface tension of the solutions are lower at the higher
temperature. The reduction in the surface tension should increase the
wettability of the manifold tubing, which in turn should aid in
preserving the air-segmentation frequency pattern. The reduction of the
viscosity is beneficial in the proper mixing of samples and reagents,
which should enhance the response and reproducibility of the method.

At 40°C, it was found that there is a range of flow rates (0.30 to
0.60 m1 min-1) which could be used to design an ASCFA system in which
dispersion is at its theoretical minimum for a five minute reaction
time. Although the choice of the higher flow rate is advantageous due
to the reduction of the dispersion caused by poor mixing, a flow rate of
0.40 ml min-! was used to calculate the length of the reaction coil
needed to ensu;e complete reaction. The reason for using this flow rate
was to allow for possible flow rate changes when the experimental
optimization of the ASCFAS variables was done using the Simplex method
of optimization. At a 0.40 ml min-! flow rate, and for a reaction time
of five minutes, the calculated best dimensions for the reaction coil

were found to be 0.10 cm ID X 2.55 m in length.

F. Simplex Optimization

Optimization is usually performed by adjusting one at a time the

various factors that control the response to be optimized. If, however,
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the parameters interact with one another, it has been shown that
univariate optimization can fail to locate the true optimume3.

Another approach to optimization, which was used in this research,
is the Modified Simplex method®3-85., In this method, all controlling
factors are adjusted and the measured response is compared to previous
responses at different values of each factor. The objective of the
Simplex method is to identify, and to simultaneously follow the trends
in the values for the different controliing factors that lead to an
increase in the response of the system. In the Simplex terminology, a
set of values for the controlling factors that give rise to a particular
response is called a vertex. In an application with n controlling
factors, n + 1 vertices are needed to create an n dimensional geometric
figure called a simplex. The use of these geometric figures helps to
visualize and guide the movement of the Simplex method towards the
optimum. A simplex of two controlling factors is a triangle, of three
factors is a tetrahedron, etc.

The movement of the simplex towards the region of optimum response
is guided by a set of rules; only the basic rules are presented here.
First, after the evaluation of the response at each vertex in the
initial simplex, the vertex with the worst response is eliminated.
Second, a new vertex is evaluated at a position that corresponds to the
geometric opposite of the undesirable vertex. Third, if the new vertex
gives the lowest response, then the second to lowest response in the old
simplex is discarded, and a new -vertex is selected opposite to the just
discarded vertex. Fourth, expansions in the stei: size for locating the

new vertex can be used as needed to allow rapid approach to the optimum.
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Once near the optimum, contractions in the step size are useful in order
to locate the exact optimum.

The Modified Simplex method makes use of a few other rules®® that
are not presented above. However, the four rules mentioned are enough
for the reader to follow the four vertex simplex used in this work. The
three factors optimized using the Simplex method are: the flow rate, the

temperature and the stannic chloride concentration.

G. Experimental

1. Apparatus

A schematic of the modular ASCFA system employed in this work is
shown in Figure 4-3. The main components of the ASCFA system are the
peristaltic pump, the filter photometer (detector), and the electronic
bubble gate. The description of each of these components was given

before in pages 83 to 84.

Computer
Bubble
Nominal
Flow Rate Gate
(ml/min)
. 0.10
Air Thermostatted
Delay Coil Voltmeter
Dianisidine/ o | tecto
o-Dianisidine
Stannic Chloride 0. m ?5&0 nI;)
Aldehyd 2.00
e 010 " !
to waste
Pump b

Figure 4-3. Modular Air Segmented Continuous-Flow System used in the
determination of aromatic aldehydes. Stream flow path is denoted by —
and the electrical signal by —.
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All manifold coils were constructed using 0.10 cm ID X 0.17 cm OD
Teflon tubing (#N-06417-41, Cole Parmer, Chicago, IL). The reaction
coil was wrapped around a glass rod (0.5 in diameter) which was mounted
in a water-tight Plexiglass jacket so that it could be thermostatted by
means of circulating water from a water bath. The sample and reagents
were added via 90° Plexiglass tees. Fisherbrand solvent flexible pump
tubes (Fisher, Livonia, MI) were used instead of the standard
polyethylene pump tubes because ethanol quickly hardens and renders
useless the latter.

A Quick Basic program (Microsoft, Bellevue, WA) developed by
Dr. Peter D. Wentzell, was modified to acquire, process and store data
using an IBM data acquisition board (Mendelson Electronics Co. Inc.,
Dayton, OH) and an IBM-compatible personal computer (Bentley T, Round
Rock, TX). The modified program was named 5VASCF. With this program
the absorbance of four liquid segments were averaged as one data point

every two seconds.

2. Procedure

All solutions were filtered using Millex 0.5 ym filters (No. SLSR
025 NS, Millipore Corp., Bedford, MA) prior to being aspirated into the
manifold. This filtration prevents blockage of pump tubes and/or the
flowcell due to particulate matter. Filtering also reduces detector
noise. Three intersample air segments (IAS) were introduced at the
start of each sample and wash interval by repetitive withdrawal and
insertion of the sample tube in the particular solution (i.e.,
"pecking"). This provides a partial barrier to intersample mixing by

longitudinal diffusion in the sampling tube. The sampling and wash
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times were 90 s and 30 s, respectively. Air segmentation was carried
out using the dual pump tube method described by Habig, et al®2,

The use of high temperatures for the reaction coil can, in prin-
ciple, cause a problem concerning the possible change in air bubble size
once it is introduced into the manifold. To diminish the change in air
bubble size due to vaporization of solvent, the air was pre—-equilibrated
with ethanol at the selected temperature before aspiration into the
manifold. This proved to be unnecessary since air bubble size change
came mainly from expansion due to change in temperature rather than from
change in solvent vapor pressure.

The filter photometer was operated in a single-beam mode because
of relatively low light intensities at 380 nm. Therefore, the baseline
was corrected, if needed, just prior to every sample reading to
compensate for drift due to instability of the electronic circuits and
of the light source. Baseline drift was about 1 to 2X per hour after a

warming period of one hour.

3. Samples and Reagents

The stannic chloride and o-dianisidine solutions were prepared as
described in Chapter III.

All aldehydes were of commercial origin. Solid ﬁldehydes were
recrystallized from ethanol and then vacuum dried. Melting points were
determined in order to check identity and purity. Liquid aldehydes were
distilled under nitrogen to prevent air oxidation.

All chemicals for the interference and selectivity studies (e.g.,
ketones, aliphatic aldehydes, and acetals) were also of commercial

origin. These, too, were recryltgllized or distilled prior to use.
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Working standards were prepared by dilution of stock solutions

using anhydrous ethanol as solvent.

4. Determination of Furfural in Creme de Menthe

Furfural was determined in Creme de Menthe by direct UV spectro-
photometry at its wavelength of maximum absorbance (277 mm)8¢. These
results were compared with those obtained by the ASCF o-dianisidine
derivatization method. The liquor was first steam distilled to separate
the furfural from other components present in the sample. Three sets of
standards were prepared: one in which the standard addition technique
was used prior to the steam distillation, a second set where standard
additions were carried out after the steam distillation, and a third set
where the standard additions were pe-rfor-ed after an ether extraction of

the steam—distilled sample.

a. Standard addition prior to the steam distillation

To 20.00 ml1 of Creme de Menthe in 25.0 ml volumetric flasks were
added either 0.00, 1.00, 2.00 or 4.00 ml of 1.14 X 102 M solution of
furfural and 0.600, 0.800 or 1.00 ml of 1.14 X 10-3 M solution of
furfural. After diluting with ethanol, the samples were steam distilled
separately. About 200 ml of the distil}ate were collected in 250.0 ml
volumetric flasks which were cooled using ice baths. Once the
distillates were at room temperature, the volume of liquid in the
volumetric flasks was set to the mark with distilled water. Direct UV
detection at 277 nm was used for analyzing these samples using water as
the reference. The furfural content in Creme de. Menthe was found to be

6.0 £ 0.5 mg/1.
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b. Standard addition after the steam distillation

To test the effectiveness of the steam distillation, the sample to
which no furfural was added prior to the steam distillation was subjec-
ted to standard addition afterwards. To 20.00 ml of this aqueous sample
in 25.0 ml volumetric flasks were added either 0.00, 0.050, 0.100,
0.200, 0.500, 0.800 or 1.00 ml of 1.14 X 103 M furfural solution.
After diluting with distilled water, the samples were analyzed using
direct UV absorbance detection at 277 nm. | The furfural content in Creme

de Menthe was found to be 5.9 * 0.3 mg/1.

c. Ether extraction after steam distillation

A 25-.00 m]l sample of Creme de Menthe was steam distilled. About
200 m1 of distillate were collected. All the distillate was extracted
with nine 20 ml portions of ethyl ether. The extractions were collected
in a 200.0 ml1 volumetric flask and diluted with additional ether. After
drying overnight with magnesium sulfate, the ethereal solution was
filtered by gravity using a coarse-porosity fritted disc funnel.
Exactly 175.0 ml of the ethereal solution was concentrated in a rotary
evaporator. The residue left was quantitatively transferred to a 50.0
ml vélunetric flask using anhydrous ethanol. Six samples were prepared
by standard addition of 0.00, 0.300, 0.600, 1.00, 1.30, or 1.60 ml of a
1.14 X 103 M furfural solution to 8.00 ml of the above ethanolic
solution in 10.0 ml volumetric flasks. After filtering the samples
through 0.45 ym Millex HV filters, the samples were analyzed using the
o-dianisidine ASCFA method. Tﬁe amount of furfural in Creme de Menthe
was found to be 2.0 * 0.1 mg/1. After dilution of 4.00 ml of each of

the above samples into 10.0 ml volumetric flasks with ethanol, they were
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also analyzed by direct UV absorbance detection at 277 nm using ethanol
as the reference. The amount of furfural was found to be 2.0 * 0.5

mg/1.

H. Results

In this section the o-dianisidine reaction is adapted to an ASCFS.
The analytical figures of merit for 13 aromatic aldehydes are

determined. Also selectivity and interference studies are reported.

l. Optimization

The . optimization of the colorimetric method to obtain maximum
response for a representative aldehyde was carried out using the Simplex
method. The parameters chosen for optimization were the photometric
response (i.e., absorbance), flow system dispersion and the system
signal noise. The three variables monitored were: temperature, flow
rate, and the stannic chloride concentration.

The use of the Simplex method for this optimization is a necessity
because the previously mentioned variables interact with one another. A
univariate approach might have led to erroneous conclusions concerning
the optimum values for these variables. Boundary limits to these
variables and fixed values for other vax;iables were established based on
a general knowledge of the system. For instance, the o~-dianisidine
concentration was fixed at the maximum that could be dissolved at room
temperature and which avoided precipitation in the tubing (0.100 g/20 ml
ethanol = 0.0204 M). The upper limit of the s.tannic chloride concen-
tration (1.00 X 10-2 M) was established by the decomposition observed at

higher concentrations, while the lower limit (3.00 X 10-3 M), was the
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minimum concentration of stannic chloride needed to observe an
appreciable reaction. The temperature of the reaction coil was varied
between 20 to 50°C to avoid problems of instability in the system due to
excessive solvent vapor pressure at higher temperatures.

The pump speed control setting was varied over the range 28 to 70,
which corresponds to flow rates of 0.25 to 0.63 ml min-! (at room
temperature). A regular bubble pattern was only attainable at pump
speed settings of 50 and above. At .these high pump speed settings,
dispersion was a problem when using a 2.55 m long manifold tube. With a
2.00 m long manifold tube less dispersion was observed, but the response
of the system was about 10X lower due to incomplete reaction.
Dispersion in a 3.00 m long mani-fold tube was high at all speed
settings, but the noise level was the lowest. To reduce dispersion and
noise, the o—-dianisidine was mixed in a 3:2 ratio (V/V) with the stannic
chloride solution to be tested. This mixture was then dispensed using a
single pump tube (0.23 ml/min nominal flow rate). This arrangement
eliminated one addition tee from the ASCFAS manifold. Finally, the
aldehyde chosen as the model compound for the ASCFAS optimization was
2,4-dichlorobenzaldehyde at a 2.00 X 10-¢ M concentration.

The results of the Simplex optimization using a 2.00 m long mani-
fold tube are summarized in Table 4-3. A scale from 0 to 3 (none to
high) was used to describe the observed noise and dispersion in the
system. The precision of the absorbance readings was * 0.005 AU. The
largest absorbance value of 0.62 was -easured_ for vertex 12. Vertex 12
also showed low levels of noise and dispenién as did vertices 11 and
13. These last two vertices share variables in common with vertex 12.

The optimum set of conditions for the ASCFA system were selected to be
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those of vertex 12. These conditions were consider a safe choice
because at 45°C a variation of 2-3°C in temperature will not cause de-
composition at concentration of stannic chloride equal to 7.0 X 10-3 M.

The experimental flow rate for vertex 12 excluding air is 0.86 ml
min-1. The residence time of the sample from the point of aspiration to
detection is about 135 seconds; and the air-segmentation frequency is
2.2 871,

Once the sample and reagents are aspirated into the manifold,
their concentration is diluted proportionally to the size of the pump
tube used to aspirate them. The calculated net concentration for the
sample and the two reagents during the optimization experiments for
vertex 12 are: [aldehyde] = 5.97 X 10-®* M, [stannic chloride] =
1.67 X 103 M, and [o-dianisidine] = 7.32 X 10-3 M. The optimum
concentration of stannic chloride was found to be roughly one fourth of
that used for o-dianisidine.

Another parameter that was studied was the sampling time. Figure
4-4 shows the effect of sampling time on the response signal for a
1.37 X 10-¢ M sample of furfural. The signal reaches a maximum value
and shows a plateau for sampling times of 90 and 60 s. At smaller
sampling times, the aldehyde begins to show a little less response and
no flat portion of the signal is obtained due to dispersion. At a
sampling time of 15 s, the signal looks like the ones obtained in a flow
injection system and the response is reduced to 93X of the maximum
obtained at sampling times of 60 or 90 s. At a feasible wash time of
16 s, sampling rates of 34, 48, 60, 80, and 120 samples per hour can be
achieved with high reproducibility of the response signal at sampling

times of 90, 60, 45, 30, and 15 s, respectively.
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Figure 4-4. Effect of sampling time on the response signal during the
determination of furfural using the o-dianisidine reagent. The furfural
concentration was 1.37 X 104 M, while the stannic chloride concen-
tration was 7.00 X 10-3 M and that of o-dianisidine was 0.0204 M.
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In the analytical method, a sampling time of 90 s was used to
prepare calibration curves in order to assess the true sensitivity of
the method. During the selectivity and interference studies, a sampling
time of 60 s was used instead. The wash time was 30 s in both cases.
In a real world application of the o—-dianisidine method, where sample
throughput could be the major concern rather than lower detection

limits, a sampling and wash time of 15 s are recommended.

2. The Analytical Method

Once the ASCFA system was optimized, calibration curves for 13
aromatic aldehydes were constructed to assess the usefulness of the
o-dianisidine method. The figures of merit of o-dianisidine as a rea-—
gent for aromatic aldehyde detection are presented in Table 4-4. For
each aldehyde, seven standards were prepared and four determinations
were made for each standard as shown in Figure 4-5 for 2,4-dichloro-
benzaldehyde. Next, weighted 1linear regression of. the standard
concentrations versus the absorbances obtained were performed using the
KINFIT program. KINFIT calculated the slope, intercept and the errors
of these two parameters for each calibration curve. As an example,
Figure 4-6 shows the experimental points plus or minus one standard
deviation and the weighted calibration curve (solid line) obtained for
2,4-dichlorobenzaldehyde.

The accuracy of the method for the determination of each aldehyde
in an ideal sample (a standard of the particular aldehyde) was obtained
by making eight absorbance measurements of a standard whose absorbance
was around 0.50 AU. Column eight in Table 4-4 reports the relative

standard deviation for the experimental absorbance measurements of the
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Figure 4-5. ASCFA of standards of 2,4-dichlorobenzaldehyde using the
o-dianisidine reagent.



105

Absorbance

0.0 v
0.0000

0.0001 0.0002 0.0003
2,4-Dichlorobenzaldehyde (M)

Figure 4-6. Weighted linear regression analysis for the determination
of standards of 2,4-dichlorobenzaldehyde using the o-dianisidine
reagent. The error bars represent the experimental points t one
standard deviation.
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"ideal sample” and column nine reports the "ideal accuracy" of the
method (i.e., error relative to the expected value according to the
calibration curve).

The sensitivity of the o-dianisidine—-aldehyde reaction was calcu-
lated for each aldehyde in units of 1 mol-! cm~!. The sensitivity was
taken as the slope of the absorbance versus molar concentration plot.
The reaction does not go to completion. Therefore, the sensitivity
reported is not equal to the molar absorptivity of the particular adduct
formed. The sensitivity calculated in this way is independent of the
spectrophotometer used and can be used to compare this method with other
spectrophotometric methods for aldehyde determination. The limits of
detection and the 1linear dynamic range depend upon the particular
instrument used, hence are poorer indexes for comparison between
methods.

The limit of detection for each aldehyde was calculated as the
concentration of the aldehyde that exhibited an absorbance equal to
twice the standard deviation of the baseline noise. This is equivalent
to using a reagent blank.

Due to constraints in the design of the bubble gate, absorbances
higher than 1.0 cannot be measured in this system. At higher absor-
bances, the corresponding voltage is too low to trigger the gating
electronics reliably. The upper limit of the linear dynamic range for
most aldehydes was taken as either the highest concentration that
exhibited linearity or the highest concentration tested that showed an

absorbance of less than 1.0.
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3. Selectivity Studies

The selectivity of the method was tested by reacting several
ketones and aliphatic aldehydes under the same conditions used for the
aromatic aldehyde determinations. The results obtained are presented
in Table 4-5. In general, aliphatic and aromatic ketones showed the
least response towards o—dianisidine. The average sensitivity for
ketones was 7.1 1 mol-! cm-!, about 400 times less than for aromatic
aldehydes. Aliphatic aldehydes exhibit an average sensitivity of
15.6 1 mol-! cm~!, about 184 times less than aromatic aldehydes. Only
two «, f-unsaturated aldehydes ( trams 2-butenal and tiglaldehyde) and one
a, f~unsaturated ketone (trans chalcone) were studied, although their
responses were quite different from one another, some geﬁeralizatious
can be made with regard to their sensitivity towards the o-dianisidine
reagent. Apparently, «, f-unsaturated carbonyl compounds show an
appreciable response with the o-dianisidine reagent and are possible
spectral interferences in any intended application of this method.

Ketones as well as aliphatic aldehydes would be expected to react
with o-dianisidine to the same extent as do aromatic aldehydes. The low
response of these compounds with o-dianisidine arises from the position
of the absorption band of their adducts, which is located in the
ultraviolet region. Hence, these compounds react but do not show a
spectral interference. However, a possible interference of ketones and
aliphatic aldehydes arises because these compounds will consume some of
the o—dianisidine which is required to react with the intended aromatic
aldehyde. This will pose a problem if external standards are used,
because the reaction equilibrium will favor more product formation in

the standards than in the sample. This nonspectral interference can
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Table 4.5 Selectivity studies of the o-dianisidine reaction

Compound Sensitivity
(1 mol-1cm?)

Acetone 8.77
2-Butanone 2.74
4-Methyl-2-pentanone 0.462
Cyclohexanone 32.7
Cycloheptanone 3.53
Acetophenone 0.71
pMethylacetophenone 0.70
Benzophenone 7.07
trans Chalcone 92.6
Acetaldehyde 15.4
n-Butanal 10.4
2-Methylpentanal 22.6
2-Ethylhexanal 24.8
n-Heptanal 8.84
n-Decanal 11.9
trans 2-Butenal 753
Tiglaldehyde 38.0
Malonaldehyde 16.1

bis-(dimethylacetal)
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be corrected if the standard addition method of analysis is used. Blank

interferences can also be eliminated in this way.

4. Interference Studies

To investigate further the usefulness of the o-dianisidine reagent
for the determination of aromatic aldehydes, the effect of concomitants
on the signal intensity was investigated, The aldehyde chosen for the
interference studies was furfural in a 1.86 X 10-4 M concentration. The
sampling and wash time were 60 and 30 s, respectively. All other
experimental conditions were set to their optimum values as determined
from the optimization experiments.

The .first interferent studied was water. Since water is a
product, it should show depressing effect on the analyte signal due to
its displacement of the equilibrium towards reactants. Figure 4-7 shows
the effect as the concentration of water is increased in the reaction
medium. Indeed, a dramatic decrease in response is observed as the
percent of water is increased. The maximum change in the equilibrium
position occurs at concentrations of water below 5X%. Above 8% the
response ceases to decrease, but the signal becomes more and more
errat-ic. These results indicate to the necessity of using the most
anhydrous conditions possible for the - determination. But far more
important, they suggest the use of the standard addition method to
correct for water interference in the analysis.

The presence of large amounts of water in strong acid medium
probably were the reason thﬁt this reaction has not been use&

successfully befored:5.
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Figure 4-7. Water interference in the determination of furfural using
the o—-dianisidine reagent. The furfural concentration was 1.37 X 10-¢ M
The stannic chloride concentration was 7.00 X 10-3 M and that of
o-dianisidine was 0.0204 M.
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The interference of carboxylic acids was also studied. The
catalytic effect of acetic acid was examined during the kinetics
experiments. In the analytical method, little or no effect was expected
to be observed if the reaction was already at equilibrium when the
sample reached the detector. The two carboxylic acids used to test this
interference were acetic acid and benzoic acid at concentrations of 608
and 589 mg/1, respectively. Acetic acid caused a 3.0X% increase in the
signal, while benzoic acid gave a 1.8% im;rease. These results indicate
that the reaction is not at equilibrium when the sample reaches the
detector. If carboxylic acids are suspected to be a concomitant in the
matrix, their interference can be overcome by increasing the residence
time of the sample in the reaction coil. A compromise between reaction
coil length and dispersion must then be made. If this compromise is not
possible, the reaction coil should be carefully thermostatted to improve
precision. Another approach to this problem is the use of the stardard
addition method to effect the same increase of the signal in both sample
and standards.

The possible implementation of the o—dianisidine method as an HPLC
post-column detector reaction prompted the test of hexane interference
in the o-dianisidine/aldehyde reaction. Five ethanolic samples of the
aldehyde were prepared in which the héxane content was 0, 10, 20 and
40X%. Upon analysis, no net effect of hexane on the signal was observed,
but as the concentration of hexane was increased the baseline was
observed to drift up somewhat. - The cause of the drift could be either
deposition of solid particulates on the cell wi;xdows or changes in the
solution density. As the composition and density of the solution

changes, it brings about a change in refractive index, which in turn
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alters the absorbance. The lack of precipitation in the waste container
and the flat top shape of the signals regardless of hexane concentration
are indicative that the drift of the baseline is probably due to changes
in the solution density rather than to precipitate formation.

An aldehyde sample contaihing 0.30x Brij 35 was also tested.
Brij 35 is a surfactant used in aqueous ASCFA systems to improve the
reproducibility of the bubble pattern. No improvement in the bubble
pattern was observed in this system witix ethanol as the solvent. In
turn, a 3.2X decrease in the signal was observed.

The selection of furfural as the model aldehyde on which to do the
interference studies was not without fore thought. Furfural was also
selected as the target analyte when applying the o—dianisidine method to

real samples.

5. Application to a Real Sample

The performance of the o-dianisidine ASCFA method for the déter—
mination of furfural in Creme de Menthe was compared with direct UV
absorbance detection8®. The liquor was steam distilled to separate the
furfural from other components present in the sample. The standard
addition technique was used to compensate for possible interferences.
Three sets of standards were prepared as described on pages 95 to 96:
one in which the standard addition technique was used prior to the steam
distillation, a second set where the standard addition was carried out
after the steam distillation, and a third one where the standard

addition was performed after an ether extraction of the steam distilled

sample.
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In the direct spectrophotometric method the absorbances were
measured at a wavelength of 277 nm on a Hitachi 200-Perkin-Elmer
Spectrophotometer. A slit width of 1.00 nm and the fast response mode
were used. In the ASCF analysis method the reaction coil was
thermostatted at 45°C; sampling and wash time were 60 and 30 s,
respectively. The o—-dianisidine and SnCle reagents were »prepared as
described previously and their concentrations were set to the optimum
values as determined from the optilizatiol; experiments.

The results of the determination are summarized in Table 4-6. The
lower furfural content in the ether extracted samples could be due to a
low efficiency of the ether extraction or to a selective separation of
furfural from any other components present that also may absorb at
277 om.

Table 4-6. Determination of Furfural in Creme de Menthe

Standard Addition: Detection Mode mg Furfural/l

Before steam distillation uv 6.0 £ 0.5
After steam distillation uv 5.9 £0.3
. After ether extraction of uv 2.0 £ 0.5

a steam distilled sample

After ether extraction of o-dianisidine 2.0 £0.1
a steam distilled sample

To test the percentage recovery of furfural during the ether
extraction, a 20.00 ml sample of Creme de Menthe was spiked with
furfural as to contain 11.0 mg/1 of added furfur'al. The sample was then
steam distilled and extracted with ether as described in the

experimental section. The standard addition method was used to analyze
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the sample via direct UV absorbance detection using ethanol as the
reference. Upon analysis, the expected furfural content was 13.0 * 0.5
mg/l (2.0 + 11.0 mg/l added). The amount of furfural found was 14.2 +
0.8 mg/l. From this result the ether extraction efficiency is
calculated to be = 100%. Also, the absorption spectrum of an ether—
extracted Creme de Menthe sample resembles more the spectrum of a pure
furfural sample than does the spectrum of a steam—distilled Creme de
Menthe sample. Therefore, the low furfural content in the ether
extracted sample is probably due to a more selective separation of
furfural from another éo-ponent present that is absorbing also at 277
nm.

The o-dianisidine method has proved to be consistent with results
from direct UV absorbance detection. Full advantage of the method would
be realized when used in conjunction with a separation technique such as
HPLC, where direct UV absorbance detection will not differentiate

between aromatic aldehydes and ketones or aliphatic aldehydes.

I. Conclusions

Direct spectrophotometric determination of aromatic aldehydes in
the ultraviolet region is about 5§ to 10 times more sensitive method than
derivatization with o-dianisidine. Other reported colorimetric methods
for carbonyl groups are in general, also more sensitive than the
o-dianisidine method. The o-dianisidine method, on the other hand, is
automated, simple in instrumentation, and much more rapid than any of
the colorimetric or fluorimetric methods reported in the literature.

The most important argument, however, for using o-dianisidine for the
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determination of aromatic aldehydes is the expected selectivity of the
reaction. Selectivity becomes important in the analysis of complex
matrices such as foods and waste waters, where trace amounts of
substances like ketones and aliphatic aldehydes could interfere with
direct spectrophotometric detection or with other colorimetric and
fluorimetric methods.

In the o—-dianisidine method developed here, a single set of
experimental conditions for all aromatic aldehydes was selected.
Therefore, it was necessary to compromise the sensitivity for some of
the aldehydes in favor of a practical optimum for as many aromatic
aldehydes as possible. For a particular application, better detection
limits can probably be obtained if the reaction is optimized for the
aldehyde of interest in terms of the choice of temperature, wavelength

and concentration of the catalyst.



CHAPTER V

FUTURE PROSPECTS

A. Overview

Initially, it was thought that the method studied here could be
used for colorimetric differential analysis of aldehydes since a wide
range of colors for many aldehydes were reported by Wasicky and
Frehden?. Indeed, several different colors were observed when using a
100% acetic acid medium; but at low acetic acid concentrations or when
using stannic chloride as catalyst, this is not the case. Neverthe-
less, the reaction was found to be very selective, which brings about
the possibility of using the o-dianisidine method in a post-column
reaction detection system for HPIC. 1In this chapter, a brief intro-'
duction to post-column derivatization in connection with aldehyde
determinations is followed by a presentation of the feasibility of using
the o-dianisidine method for post-column aromatic aldehyde determi-
nation. Finally, a few other future applications and fundamental

studies are suggested for the o-dianisidine-aldehyde reaction.

B. Derivatization in HPLC

High-performance liquid chromatography, HPLC, is used frequently
in the separation of a wide range of compounds within the same

class87-89, ° The most common detectors for HPLC are ultraviolet,

116 -
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absorbance, visible absorbance, electrochemical, refractive index and
fluorimetric detectors. To increase the sensitivity or specificity of
photometric detectors in HPLC, pre-column or post-column derivatization
can be applied82-95, 1In pre-column derivatization, the sample undergoes
a chemica;l reaction prior to separation on the column. In post-column
derivatization, the column effluent is combined with a particular
reagent to effect a desired reaction prior to detection. In any case,
the detectability of the desired coml;ound is enhanced by forming
derivatives which are more easily detected and/or possess different
spectral characteristics. The advantages and disadvantages of both
modes of operation have been summarized by Frei and Lawrence89-91.9S,

It is generally accepted that in post-column derivatization the
reaction does not have to go to completion or to give well-defined deri-
vatives. The most important aspect is the reproducibility of the
system. A disadvantage of post—column derivatization in HPLC is that of
possible non—-compatibility between the optimal chromatographic eluent
and the reaction requirements. Despite this disadvantage, numerous
reports on post—-column derivatization have been published, as evidenced
by three books treating HPLC derivatization89:93.94, and the many
references therein.

Although numerous reagents have been reported for aldehyde pre-
column derivatization, the reaction most widely used for this purpose is
the formation of the 2,4-dinitrophenylhydrazones of carbonyl compounds.
The HPLC separation of the 2,4-dinitrophenylhydrazones derivatives using
reversed-phase columns gives better resolution .than when using adsorp-

tion or normal-phase columns. Detection limits are obtained in the
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nanogram range with UV absorbance detectors and in the picogram range
with electrochemical detectors®é-98,

So far, only two post-column reactions for aldehydes have been
reported. Gandelman and Birks®® proposed the photoreduction-
fluorescence detection for aliphatic aldehydes, alcohols and ethers
using anthraquinone-2,6-disulfonate disodium salt. Krull, et al.100,
achieved the reduction of three aromatic aldehydes to the corresponding
alcohol using a solid-phase borohydride réein reactor. This reactor can
be configured either for pre- or post-column operations using both
normal- and reversed-phase HPLC columns.

Of the two methods reported for post-column determination of
aldehydes, the method by Gandelman and Birks is not specific enough to
be of great value for aromatic aldehyde determinations. The method by
Krull, et al. sometimes lacks chromatographic resolution between the
initial aldehyde and the corresponding alcohol product. Therefore; the
characterization of peaks in mixtures of aldehydes should be more

difficult than by the proposed o-dianisidine reagent.

C. The Proposed Method

The three most important criteria that this reaction has to ful-
fill in order to be adapted as an HPLC post-column detection reaction
are:

i) the reaction time has to be short (< 20 minutes)
ii) the reaction must ﬁe reproducible, and
iii) the solvent has to be compatible with the solvent used for

HPLC elution.
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The success obtained in automating the reaction of o-dianisidine
with aromatic aldehydes should be considered as preliminary results
showing the feasibility of the use of o-dianisidine as an HPLC post-
column reagent. In the automated method, the reaction time has been
decreased to 135 seconds by increasing the temperature to 45°C and using
stannic chloride as the catalyst instead of acetic acid. The reprodu-
cibility of the reaction is good (average RSD = 0.71%) and the accuracy
expected to be within the 1.0 or 2.0 X error range. The method is rapid
and simple. Other advantages are that the reaction is run in ethanol
which permits solution of most aldehydes, and that it requires lower
acid concentration than most of the usual colorimetric or fluorimetric
procedures used for aldehyde determination.

Since it was found that water must be absent from the reaction
medium in order to obtain a good response for the majority of the
aromatic aldehydes tested, bonded normal-phase liquid chromatography
should be employed for the aldehyde separation. In bonded normal-phase
chromatography, the commonly employed mobile phases are non-polar
solvents (like hexane, heptane, and isoctane) plus small amounts of
medium polarity solvents (like methylene chloride, tetrahydrofuran,
chloroform, ethanol, methanol, or ethyl. acetate). Ethanol, the solvent
of choice for the o-dianisidine derivatization, is miscible with all the
above mentioned solvents. Therefore, little difficulty with solvent
incompatibility is expected. The possibility of using hexane was
demonstrated during the interference studies. It is then possible that,
by the combination of two different techniqu;s, HPIC and ASCFA, an

analytical system can be achieved in which aromatic aldehydes and some
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a, f~unsaturated carbonyl compounds can be quantitatively determined from
complex mixtures.

An advantage of using the o-dianisidine post-column reaction is
the possibility of using different detection modes simultaneously. For
example, to detect with a UV absorbance detector immediately after the
column and with the colorimetric detector after derivatization.

Finally, the expected improvement in selectivity using o-diani-
sidine as a post-column reaction should compensate for the decrease in
detectability when compared to direct UV absorbance detection of

aldehydes.

D. ASCF Kinetics Determinations

Aromatic aldehydes have different reactivities towards the
o—dianisidine reagent. Therefore, kinetics-based determinations of
aromatic aldehydes by reaction with o-dianisidine are possible via
conventional methods!©?! (initial rate, fixed time, two rate methods,
etc.) using a variety of detection systems to monitor the progress of
the reaction with time (spectrophotometers, stopped flow analyzers,
etc.’. It is also conceivable to perform kinetics determinations using
air-segmented continuous-flow analyzers. In this approach, after
sufficient time has elapsed for mixing, a segment of the analytical
stream is stopped within the flowcell by turning off the pump. Because
of the presence of bubbles the integrity of the analytical stream is
preserved. Consequently, the progress of the o—aianisidine reaction can
be monitored continuously over the desired time interval. This approach

might seem to be somewhat cumbersome but there are some advantages to
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it: small volume of samples and reagents will be required and multiple

repetitions of experiments are possible with very little extra effort.

E. Other Studies

There is still room for improvements in the o-dianisidine method
for aromatic aldehyde determination. For example, studies should be
conducted to. test the possibility of automating also the aldehyde
extraction from aqueous matrices using the same continuous-flow system
used to effect the derivatization. Studies in which air is replaced by
nitrogen as the segmentation gas should be conducted to increase the
sensitivity of the method by preventing the oxidation of aldehydes to
carboxylic acids in the reaction coil. Finally, the search for a better

catalyst should be continued.
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