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An isocratic, reverse phase liquid chromatographic method has been developed for the quantitative

determination of p-xylene oxidation products. The method represents a direct and fast analytical
procedure to determine the assay. Separation is achieved on Waters p-Bondapak C18, 300 mm x

3.9 mm x 10 pm column in a single wavelength 230 nm. The method has been validated with respect to
linearity, limit of quantification, accuracy and robustness. Critical impurity 4-carboxy benzaldehyde
(4-CBA) is found to be within the limit of quantification, 8 ppm, accuracy 97-98%, recovery 98 to 101%
and resolution 1.97 from the closest peak. The sample solution is stable and can be used safely within

48 h. The method is verified by real sample reaction mixture.

Introduction

Oxidation of alkyl aromatics proceeds with stepwise oxidation
via alcohol, ketone or aldehyde and acid, generating a number of
products having different functionalities. This produces products
of a wide range of polarity, which is reflected in their solubility
and UV absorption (A,.4). Analyses of reaction mixtures con-
taining alkyl aromatic oxidation products are therefore difficult.
Gradient mode of elution and diode array detectors to overcome
the variation in solubility and A.., are employed in liquid
chromatography (LC). This method, although time consuming,
is found to be the most fruitful so far reported for analyses of
these reaction mixtures. A diode array detector however restricts
the use of a universal UV detector. Therefore, in order to obtain
fast analysis, direct analysis of the reaction mixture in isocratic
mode at single wavelength is most desirable.

In this study p-xylene oxidation products (PXOX) are chosen
for developing the analytical method. Considering terephthalic
acid is an essential industrial material, this analysis will have
a significant contribution, especially to the polyester industries. An
increasing need for polyesters is keeping the production of purified
terephthalic acid (PTA) always in demand. PTA is produced by
liquid phase oxidation of p-xylene in acetic acid medium at
a temperature of 200 °C and air pressure of 30 atm, using Co, Mn
acetate catalysts in the presence of HBr (Scheme 1).! Conversion of
p-xylene is high but due to vigorous reaction conditions impurity
generation exceeds its permissible level. Another reason for
generation of impurities is likely due to stepwise oxidations
involving several intermediates (Scheme 2). In a typical oxidation
of p-xylene, using cobalt and manganese acetates as catalysts,
terephthalic acid as product and p-toloyl aldehyde, p-toluic acid
and p-carboxy benzaldehyde as impurities are produced.?

Presence of these impurities in terephthalic acid is undesirable,
because they slow down the polymerization process of polyester
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formation from ethylene glycol and PTA. They also impart
coloration in the polymer. This effect is predominantly caused by
p-carboxybenzaldehyde (4-CBA). The concentration of 4-CBA is
therefore critically required to be maintained at level of <20 ppm.
So in-process analysis to know the level of impurities generated is
highly desirable.

A number of techniques are available to analyze PXOX by
means of polarography,?® gas chromatography,* electrophoresis,®
and liquid chromatography.® But these procedures are time
consuming because two independent techniques are employed to
arrive at total analysis. In addition, these methods run in
a gradient elution mode and require analysis at more than one
wavelength (Apax)-

Basically a series of products are generated during oxidation of
p-xylene due to successive oxidations of methyl groups. The UV
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Scheme 2 Stepwise oxidation of p-xylene to terephthalic acid.
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absorption maxima (A,.,) for these oxidative products vary
largely from one to other. So a fixed A,,,x may not cover all the
products present in the reaction mixture. In addition, response of
all components in single analytical tool may not be equal and
therefore may cause problem, especially in case of components of
very low sensitivity. These make more than one method of
analysis or analytical tool to employ for estimation of all the
components in reaction mixture.

The method presented in this paper exceptionally covers all the
possible components of PXOX. So the present study reports the
analysis of Liquid phase oxidation products of p-xylene in an
isocratic mode by RP-LC method at single weave length and
ambient temperature. Mixture of terephthalic acid (1), 4-carboxy
benzaldehyde (2), p-toluic acid (3), p-toloyl aldehyde (4) and
p-xylene (5) is analyzed. Level of quantitation (LOQ) for critical
impurity 4-CBA is 10 ppm. The method may also be suggested to
analyze the samples in periodic time intervals. To the best of our
knowledge this is the first isocratic method that used a single
wavelength for fast and direct analysis of PXOX. Results are
verified by real reaction mixtures for authentication of the above
findings.

Experimental
Reagents and chemicals

Analytical grade terephthalic acid, p-carboxybenzaldehyde,
p-toluic acid, terephthaldehyde and p-xylene were purchased
from Aldrich chemical company (USA). The solvents acetonitrile
and DMSO used in this study were HPLC grade and purchased
from J. T. Baker (USA). Water was purified by Milli-Q water
purification system (Millipore, Billerica, MA). Acetic acid and
tetraecthyl ammonium hydroxide were purchased from Fluka
(Buchs, Switzerland). Real sample mixtures RX-1 and RX-2
were obtained from in-house manufacturing unit as a gift.

Apparatus

The experiments were conducted in Waters HPLC system (model
CM4000), Applied Biosystems Div., Foster City, CA, USA),
equipped with UV-Vis detector (model SM 4000) and Waters
745 B data module integrator. Samples were introduced by
manual injection.

Chromatographic condition

The separation was obtained in Waters p-Bondapak C18
(300 mm x 3.9 mm x 10 um) column while 1 : 1 (v/v) mixture of
acetonitrile and 0.5% aqueous acetic acid solution (w/v) was used
as the mobile phase. Optimum separation was achieved at flow
rate 0.7 mL min~"'. The detection wavelength was fixed at 230 nm.
The developed RP-LC method was validated with respect to
specificity, linearity, accuracy and robustness. pH of mobile
phase was checked and maintained at a range of 4-6. At ambient
temperature, 1 mL sample of 100 ppm (in diluent) was injected
every time with 20 pL injection loop. Mobile phase was filtered
through a 0.45 pm filter paper after degassing through a soni-
cator. The chromatographic runtime was set at 30 min.

The column was conditioned first for 30 min before running
the actual analysis with the mobile phase.

Sample preparation

A 1 : 4 mixture of acetonitrile and 0.53 wt% NEt,OH aqueous
solution was used as diluent for sample preparation.

Standard solutions

The stock solutions of each standard (500 ppm) material were
prepared by dissolving appropriate amounts in the diluent.
A working solution of 100 ppm was prepared from above stock
solutions. The solutions for components 1, 2, 3, 4 and 5 are
labeled as Ay, A, Az, A4 and As. Similarly solution B, of mixture
1, 2, 3, 4 and 5, prepared at 100 ppm concentration for related
substance study from a stock solution of 500 ppm.

System suitability

System suitability of the method was checked for the parameters
retention time (R;), resolution (Rs) asymmetry factor (4yf) and
theoretical plate number (N) of the peak. RSD values based upon
5 injections were considered. Rt was obtained from the instru-
ment at which the respective peaks eluted. Rs of adjacent peak
was calculated by using formula Rs = 2(7, — T\)/(W, + W>).
T; and T, are the retention time of two peaks and W, and W, are
the base width of two peaks. A of peak was determined by using
the formula A¢ (asymmetry factor) — Bioovn (right width at 100% heighl)/
A100%h (left width at 100% height)- 1N Was calculated by using formula
N = 5.55 (R/ W), Wy is width at half height.

Method validation

Precision of the method was checked by injecting five times, six
different concentrations (10, 20, 40, 60, 80 and 100 ppm) of each
solution 4, to 4s. RSDs of respective peak area and retention
time were considered for precision of the method.

Limit of detection (LOD) and limit of quantitation (LOQ)
levels were evaluated from injections of a series of dilute solu-
tions (A; to As) of known concentrations till signal-to-noise
ratios reach 3 : 1 and 10 : 1 for LOD and LOQ respectively.”

The linearity range (RLn) was tested at six different concen-
tration levels (5 ppm, 10 ppm, 25 ppm, 55 ppm, 75 ppm and
110 ppm) for the solution A,, consisting of critical impurity
4-CBA. For solutions Ay, Az and A4 concentrations were fixed at
10 ppm, 20 ppm, 50 ppm, 75 ppm, 100 ppm and 120 ppm. Each
solution was injected in duplicate and mean area was considered.
Peak area obtained for each component was plotted against
respective concentrations and performed least-squares linear
regression (R?) analysis. Closeness of regression value to 1
represents extent of proportionality of peak area and amount of
component. Regression and Y intercept obtained accordingly.
For solution A5 the linearity range (R ,) was tested 50, 75, 100,
120, 150, 200 ppm in similar manner.

The accuracy was checked in triplicate for solution B in three
concentrations levels i.e. 50 ppm, 75 ppm and 100 ppm. Mean
area obtained for each component in each concentration was
compared with respect to the concentrations in linearity plot.
The value reported as % accuracy (%Ac) of actual concentration
against concentrations obtained from linearity plot.

Recovery of the method was examined by adding three
different concentrations 50 ppm, 75 ppm and 100 ppm of 1, 2 and
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3 to respective solutions A; to Az of 100 ppm. The final
concentration of each solution was estimated from the area
increase in each injection using linearity plot. The actual
concentration increase versus what was obtained from the plot is
reported as % recovery (% Rc). Each solution was injected in
duplicate and the mean area was considered.

Purposeful variation of resolutions (Rs), retention time (Ry)
and plate number (N) upon changing method parameters was
carried using solution B to study robustness. Thus flow of +10%
analyte concentration and mobile phase ratio (4 : B) of 45:55
and 55 : 45 were varied with respect to original values.

Solution stability and mobile phase stability

Solution B was kept in a tightly capped container and left for 48 h
at 27-28 °C at ambient condition in the laboratory away from
direct sunlight. Retention time, resolution, asymmetry factor,
and peak area was examined. A comparative study on the above
parameters every 6 h was conducted.

Analysis of real sample reaction mixtures

Sample RX-1 and RX-2 were received as two samples of real
sample reaction mixtures. 100 ppm of RX-1 was repeated as
described above in diluent and analysed in the aforesaid chro-
matographic condition. Sample RX-2 was similarly analysed.
Estimation of critical impurity, 2, was determined by an external
standard method.

Results and discussion

The main purpose of the present study was to develop a robust
chromatographic method for the single step analysis of p-xylene
oxidation products. Separation was achieved on a Waters
u-Bondapak C18, 300 mm x 3.9 mm x 10 um column, by using
1 : 1 mixture of acetonitrile and 0.5% aqueous acetic acid solu-
tion as mobile phase. System suitability results were given in
Table 1 on basis of retention time (R;), resolution (Rs), asym-
metry factor (4g) and number of theoretical plates (N). R; is
considered as the characteristic time it takes for respective ana-
lyte to pass through the system under set conditions. Repeated
injections show consistency in the retention time. The minimum
value of Rs, determines the ability of the column to separate
chromatographic peaks at a given condition, is observed to be
1.97, between 1 and 2. Ag, the factor describing the deviation
from being perfectly symmetrical peak of value 1, defines the
shape of chromatographic peak. 4y of the peaks was found to be
very close to 1 indicating the symmetrical nature of the peaks.

Table 1 System suitability test results”

Analyte R Rs Ar N

Terephthalic acid (1) 4.47 1 1000
4-Carboxybenzaldehyde (2) 5.58 1.97 1.04 2597
p-Toluic acid (3) 7.32 3.32 1.01 2304
p-Toloyl aldehyde (4) 9.99 4.7 0.99 5771
p-Xylene (5) 21.01 15.72 1 9823
“ R, = Retention time; Rs = Resolution; 4y = Asymmetry factor;

N = Number of theoretical plate.
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Fig. 1 HPLC chromatogram of standard mixture of terephthalic acid
(1), 4-carboxy benzaldehyde (2), p-toluic acid (3), p-toloyl aldehyde (4)
and p-xylene (5) as p-xylene oxidation reaction mixture. Inset shows
blank run. Concentration of each component is kept at 100 ppm.

Table 1 also represents the high efficiency of the column at given
conditions, signified by N, the number of hypothetical zones in
which mobile and stationary phases are in equilibrium with each
other.

Thus at the given chromatographic conditions all the
components (1 to 5) are well separated with high efficiency of the
symmetrical peaks (Fig. 1).

Individual solutions, as described in the experimental, of the
components were made instead of their mixture, to avoid any
possible reactions that may occur among the components, which
were unfamiliar to us at the beginning. Moreover, initially, the
relative response of each component was unknown to us. So be
the analysis was begun with individual solutions only.

Method validation

The method was validated based upon precision, linearity,
recovery, accuracy and robustness studies.”

Precision studies on retention time and area obtained by
repeated injections of 1-5 show a relative standard deviation
(RSD) value within 2, indicating good precision of the method.

The limit of detection (LOD) and the limit of quantitation
(LOQ) of analytes 1-5 are within the required limit of specifi-
cation (20ppm).

Linearity of the method is observed in the concentrations
5 ppm, 10 ppm, 25 ppm, 55 ppm, 75 ppm and 110 ppm for critical
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Fig. 2 Linearity plot of 2 in concentration range 5 ppm to 110 ppm
following a linear equation Y = 1615.6 X + 8695.2.

impurity 4-CBA, 2. A plot of concentration versus area shows
a linear relationship with regression (R?) 0.9967. The plot also
provides the linearity range of concentrations 10 to 110 ppm
(Fig. 2) for 4-CBA. This helped us to fix the concentrations of
linearity (10 ppm, 20 ppm, 50 ppm, 75 ppm, 100 ppm and
120 ppm) to be tested for the rest of the components 1, 3,4 and 5.
Regression (R?) values, generated from the straight line obtained
by plotting concentration versus area, in all components are
greater than 0.99, indicating direct proportionality of concen-
tration to the amount of analyte. One representative plot for 2 is
shown in Fig. 2.

Accuracies shown in Table 2 for all components are within +
3%. Recovery of all components in three different concentrations
were found within the range of 98.0 to 101.0. Such high accuracy
signifies that the method can be used for in-process testing.

Robustness is considered as a measure of the method to be
capable of tolerating deliberate variations in parameters. It can
partly be assured by good system suitability specifications. It is
found that the parameters in specified range of variations do not
affect the analysis adversely. Rs remains ~1.8 (between 1 and 2),
asymmetry factor of all the peaks is less than 1.2. Little variation
in retention time is observed during change of flow and mobile
phase ratio, but remains within +15%.

Solution stability and mobile phase stability

Stability studies illustrate the deformation of chemical compo-
sition over time in the sample solution prepared. This helps to
have an idea between sample collection and actual time when
analyzing. Area obtained under terephthalic acid over time

Table 2 Validation parameters of the analysis”

remains within the RSD value of 0.5%, showing virtually no
change. Related substances are also found merely unchanged.
Absence of any extra peak dictates that all the chemicals are
compatible with each other and no detectable reactions occurred
generating a substance that gets separated in present chromato-
graphic conditions.

Real sample analysis

Fig. 3 represents the chromatogram of two real samples
[(a) RX-1, (b) RX-2], LOQ of standard mixture [(c) RX-LOQ)]
and a blank solution [(d) Blank]. It can be seen that all the peaks
shown in Fig. 3 (a), (b) and (c) are different from the blank. Also,

)|
)l

Fig. 3 HPLC chromatogram of (a) real sample mixture (RX-1), (b) real
sample mixture (RX-2), (c) standard sample at LOQ and (d) blank. RT
represents retention time. 1, 2, 3, 4, and 5 represents the analytes
terephthalic acid, 4-carboxy benzaldehyde, p-toluic acid, p-toloyl
aldehyde and p-xylene respectively. 4-CBA concentration is found to be
276 ppm in RX-1 and 254 ppm in RX-2.

Analyte: RT
1:4.47
2:5.50
3:7.32
4:9.99
5:21.01

Absorbance (mAU)

Time (min)

R/%
Analyte Ry./ppm R? LOD/%, wiv, x 10° LOQ/%,wiv, x 10* Acl% 50/ppm 75/ppm 100/ppm
1 10-100 0.998 4 8 98.7 99.0 98.8 99.0
2 10-100 0.996 5 1 98.2 101.5 99.5 99.6
3 10-100 0.996 4 6 97.7 101.0 100.3 101.0
4 10-100 0.997 6 2 96.9 — — —
5 50-100 0.996 2 5 97.3 — — —

“ Column Waters p-Bondapak C18 (300 mm x 3.9 mm x 10 um), Mobile phase 1 : 1 (v/v) mixture of acetonitrile and 0.5% (w/v) aqueous acetic acid

solution, flow rate 0.7 mL min™!

, detection wavelength 230 nm. pH of mobile phase in range of 4-6, temperature ambient, sample injected 1 mL of

100 ppm (in diluent), injection volume 20 pL, chromatographic runtime was set at 30 min.
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the analyses of real samples are replica of the standard one
(Fig. 1) with similar retention time of the respective components.
Analysis at LOQ in Fig. 3 (c) represents the measurable peaks
that are visibly distinguishable from blank.

RX-1 is generated as per normal Mid Century (MC) oxidation
process involving Co(OAc), and Mn(OAc), as catalysts, 200 °C
temperature and 30 atm oxygen (O,) pressure in acetic acid
medium using HBr as promoter. On the other hand, RX-2 was
generated at the higher temperature of 250 °C. It is revealed from
Fig. 3 (a) and (b) that a rise in temperature lowers the 4-CBA
concentration by promoting it to complete oxidation, but this
may generate impurities as an extra peak appears at RT 14.2 min.
This extra peak is also observed when high oxygen pressure is
employed. HBr, as very reactive promoter, makes intermediates
or transition states more prone to generate impurities in vigorous
conditions. So the method presented here may also respond if
any variation occurred in the manufacturing process.

4-CBA concentrations, 276 ppm and 254 ppm, were deter-
mined by the present method in both the samples that show close
comparison with the values, 280 ppm and 255 ppm, obtained
from the external method already practiced for sample RX-1 and
RX-2 respectively.

Based on the previous discussion and the results presented
(in Fig. 1 and 3) the method may be useful for analysis at peri-
odical time intervals. Nevertheless, due to the high efficiency of
the method, it may also be applicable to determining the OXOX
components in polyester formation processes, provided the
polymer is separated from rest.

Conclusions

The isocratic, single wavelength check RP-LC method developed
for the assay and related substance determination of p-Xylene
oxidation products are precise, accurate and specific. The
method is validated by precision, linearity, recovery, accuracy
and robustness studies. The solution prepared is found to be
stable for 48 h. This method can also be used for routine analysis.
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