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Abstract: The main hurdle for the estimation of the purity of 1,3,5-triamino-2,4,6-
trinitrobenzene (TATB) is its insolubility in most of the known organic solvents.
In the conventional method, TATB is digested with steam in a modified Kjeldahl
digester and the ammonia evolved is estimated quantitatively. To do away with
this cumbersome method, a simple, rapid HPLC technique using a reverse phase
C-18 column has been established for quantitative determination of the purity of
TATB. A sharp and symmetrical peak with a retention time of 2.92 min at 355 nm
is obtained for pure TATB when the flow rate is 2.0 mL/min. The linearity of the
detector response has been studied with sample concentrations ranging from 10 to
50 mg/L. The method addresses two important issues of sample preparation and
the precision of measurement. Unlike the previously reported HPLC techniques
which mainly aimed at the detection of TATB, the present work is a validated
account of a quantitative estimation of purity. Regular production batch samples
have been assayed by this method and the results are compared with those obtained
from the conventional analysis. The HPLC method is convenient and reliable for
quality control of the product at the plant level.
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1 Introduction

1,3,5-Triamino-2,4,6-trinitrobenzene (TATB) has become important since it is
regarded as the industry standard [1] for insensitive high explosives (IHE). TATB
has attractive properties such as high thermal stability, extreme insensitivity
towards external stimuli, high density and its explosive performance is better
than that of trinitrotoluene (TNT). On account of this remarkable combination
of properties, TATB has received a great deal of attention in recent years. TATB
can be combined with a plastic binder to produce a plastic-bonded explosive
(PBX) composition, which is heat-resistant and highly insensitive [2-6]. It is
insoluble in organic solvents and has a melting point above 400 °C. These
characteristics favour its use in military applications. Breslow et al. [7] and
Nasielski-Hinkens et al. [8] have reported non-military applications of TATB.
For rocket propellants, it is desirable to have a low pressure exponent (between
0.2 and 0.5) of the burning rate. Bhattacharya and co-workers [9] have recently
reported a novel application of TATB as a pressure exponent suppressant.
TATB was first reported in the chemical literature by Jackson and Wing
[10] in 1888, and subsequently various synthetic routes were reported [11-14].
However, the synthesis using 1,3,5-trichlorobenzene (sym-TCB) has been
adopted for pilot-plant scale production worldwide [15, 16]. HEMRL has also
set up a pilot plant for the production of TATB on the kilogram-scale [17, 18].
The reaction scheme adopted for our pilot plant is shown below (Figures 1 and 2):

cl cl Cl cl
O,N NO, No, Cl NO,
Oleum/HNO4
150°C/3.5 h + +
cl cl cl cl cl cl Cl cl
NO, NO, NO,
TCB TCTNB TCDNB T,CDNB
Figure 1. Nitration of sym-TCB.
Cl NH,
O2N NO, O,N NO,
Toluene/ NH
125°C/ 7h + NH,4CI
Cl Cl H,N NH,
NO
2 NO, Ammonium Chloride
TCTNB TATB

Figure 2. Amination of TCTNB.
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The main impurities associated with TATB depend on its synthetic route.
During the nitration of TCB, two by-products, namely 1,3,5-trichloro-2,4-
dinitrobenzene (TCDNB) and 1,2,3,5-tetrachloro-4,6-dinitrobenzene (T4,CDNB),
are formed along with the main product, 1,3,5-trichloro-2,4,6-trinitrobenzene
(TCTNB) [19, 20].

The crude product from sym-TCB nitration, TCTNB is filtered off, washed
with water, dried and then dissolved in toluene before being subjected to the
amination reaction under pressure. That the impurities in TCTNB, namely
TCDNB and T,CDNB, remain unreacted during the amination process was
confirmed by the gas chromatographic analysis of the toluene effluent and also
from the analysis of the residue after recovery of the toluene. The only by-product
of the amination reaction is ammonium chloride.

The main hurdle for estimating the purity of TATB is its insolubility in most
of the known organic solvents. Walter Selig [21] studied in detail the solubility of
TATB in various solvents. The insolubility of TATB causes difficulty in sample
preparation for analytical techniques [22, 23]. Its insolubility is related to the
strong intra- and inter-molecular hydrogen bonds (between the nitro and amino
groups) present in the molecular packing of the crystal lattice [24].

1.1 Determination of the chloride content

Chloride impurities in TATB are harmful as the decomposition of ammonium
chloride produces hydrogen chloride and ammonia, which react with the
weapon components [25]. The contamination of TATB by ammonium chloride
is of considerable interest. Methods reported for the chloride estimation are
based either on the decomposition of TATB crystals in presence of alkali or on
combustion of a sample in a Parr bomb calorimeter [26]. Mehilal and co-workers
[27] have reported a method based on conventional analysis for the determination
of the chloride content in TATB.

1.2 Determination of the purity by conventional methods

Rigdon [28] estimated the purity of TATB by the determination of the total
amino and nitro functional groups. At HEMRL, the purity is determined by
conventional analysis using the amino group estimation method. This method
is described below.

The total amino functional group estimation was carried out for the
determination of the assay of regular production batch samples [29] using
a modified Kjeldahl apparatus designed in-house. Accurately weighed TATB
(0.1 gto 0.11 g) was transferred to a 500 mL two-neck round-bottomed flask.
DMSO-water (1:1, 20 mL) was added to disperse the sample. 0.1N H,SO4
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(40 mL) was accurately transferred to a 250 mL conical flask using a burette
and the volume was made up to 100 mL by adding water. The apparatus was
then assembled as shown in Figure 3. Water was boiled in the steam generator.
When steam generation had stabilised, the tubing was connected to the steam
distillation assembly as shown in the figure. 40% aqueous NaOH (15 mL) was
added slowly to the round-bottomed flask using a dropping funnel. Some NaOH
solution (1-2 mL) was kept in the dropping funnel to act as a seal. TATB was
thus converted to 1,3,5-trihydroxy-2,4,6-trinitrobenzene (trinitrophloroglucinol,
THTNB) with quantitative evolution of three equivalents/moles of NH; gas,
which was collected in the H,SO, solution. The reaction scheme is shown in
Figure 4. The distillation was continued for 45 min in order to collect 75-100 mL
of condensate. Care was taken to avoid any bubbling out of the steam/ammonia
through the solution. After the distillation, the condenser and receiver were
washed carefully and the washings were collected in the H,SO, solution. This
solution was then titrated with 0.1N NaOH using methyl red indicator. A blank
determination was carried out following the entire procedure without TATB.
The escape of ammonia gas affects the accuracy and precision of this method.
Equation 1 was used for the calculation of the purity by this method.

Steam

~ Cold water out

Cold water in

Steam Generator Dilute HpSO4

Figure 3. Experimental arrangement for the assay of TATB by the total amino
group estimation method.

Copyright © 2016 Institute of Industrial Organic Chemistry, Poland



A Validated Reverse Phase HPLC Technique for the Determination of TATB... 645

NH, OH

OoN NO, O,N NO,
NaOH + T
3 NH,4

HoN NH, Steam HO OH

NO, NO,

TATB THTNB Ammonia
Figure 4. Conversion of TATB to THTNB.
. (Vz*V])XNX M x 100
o =
Purity of TATB (%) W 1000 (1)

V, —blank reading of 0.1N NaOH titre,

V, —sample readingof 0.1N NaOH titre,

N —normality of NaOH,

M — molecular weight of TATB,

W — weight of sample,

n -3 (number of amino groups present in TATB).

The main drawback of this method is the time required for testing. It has
been observed that only one test is possible per day which makes it unsuitable for
qualification of regular production batches. The outcome of this test is dependent
on the analyst and hence not robust. This method also lacks accuracy due to
positive interference from ammonium chloride.

1.3 Motivation for the development of an HPLC method for the
assay of TATB

Schaffer [30] reported the assay of TATB by HPLC using DMF as the sample
solvent. He later reported the analysis of water and soil for the detection of TATB
[31]. Kayser [32] reported the analysis of a synthetic mixture of 14 explosive
materials including TATB. He used DMSO as the sample solvent. Later Bellamy
et al. [14] quantified the impurities in TATB by HPLC. The TATB they used was
synthesised from 1,3,5-trimethoxy-2,4,6-trinitrobenzene and contained impurities
which are not present in the TATB obtained from sym-TCB. Dressen ef al. [33]
presented a pilot plant synthesis from a novel process with phloroglucinol as
the starting material, and reported an assay by HPLC without any details. This
synthesis, again, was not from sym-TCB and the purity estimation was not
validated. Similarly Yu et al. [34] presented an HPLC analysis for microwave
irradiated TATB without any details of the method. Table 1 presents a summary
of the reported methods for the assay of TATB.

Copyright © 2016 Institute of Industrial Organic Chemistry, Poland
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From Table 1, it is clear that different methods for the assay of TATB by
HPLC have been reported during the last thirty years or more. However, details
of the sample preparation, calibration, instrumental precision, validation of the
technique with the limits of quantification were not clearly brought out. In none
of the reports was the accuracy of the assay by HPLC determined by comparing
the results obtained from a different analytical method. It has been reported that
TATB obtained from the pilot plant via the sym-TCB route of preparation yields
the purest product [29] and this is evident from the DSC exotherm data. Impure
TATB [29, 30], with a low DSC exotherm (<350 °C), has no bearing on the
material under evaluation in the present context. It is therefore the validation of
the technique, concentration of the sample and the accuracy of the method that
still remain the real issues and not the separation of impurities from a synthetic
mixture [31, 33] as reported previously. Silva and Mattos [15] have therefore
concluded that chromatography is not practicable for TATB analysis.

2 Experimental

2.1 Reagents

HPLC grade methanol, water and DMSO were obtained from Merck, India.
EDTA dipotassium salt dihydrate GR grade and citric acid anhydrous were also
procured from Merck, India. The TATB used for the analyses was synthesised in
the laboratory and the standard sample was prepared by repeated recrystallisation
from DMSO. The pre-processing of TATB is detailed below.

2.2 Pre-processing of TATB

Production-grade TATB was obtained from HEMRL, Pune, pilot plant. The

production grade TATB was separated from its impurities in four steps as follows:

1. Firstly, the as-synthesised product was digested in hot water at 90 °C for 2 h
in a sealed reactor, in order to dissolve the ammonium chloride by-product.

2. The TATB was then filtered off and washed, with cold water several times

and finally with hot water.

It was then washed with toluene to separate the organic impurities.

4. Finally it was washed with acetone and dried in an oven until the moisture

content met the specification [29].

After the purification, TATB and its precursor 1,3,5-trichloro-2,4,6-
trinitrobenzene (TCTNB) were extracted in methanol. While TCTNB dissolves
completely in methanol, TATB is not soluble. Both the TCTNB and the
TATB production batch sample were analysed by high performance thin layer

W
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chromatography (HPTLC) with the following conditions:
(i) HPTLC plate size: 20.0x10.0 cm

(i1) Material: HPTLC plates silica gel 60F 254

(ii1) Spray gas: inert gas

(iv) Sample solvent: methanol

(v) Dosage speed: 150 puL/s

(vi) Predosage volume: 0.2 uLL

(vii) Syringe size: 100 pL

(viii) Application position, Y: 8.0 mm

(ix) Band length: 8.0 mm.

A chromatogram of track 1 (TCTNB) scanned at 254 nm is shown in
Figure 5, and shows two compounds. The two peaks correspond to TCTNB and
T,CDNB. Quantitative data is given in Table 2. It is seen from the analysis that
the TCTNB component at R 0.52 constitutes 86.46% of the mixture.

Figure 5. Chromatogram of crude TCTNB scanned at 254 nm.

Table 2.  Quantitative data for the TCTNB sample
Start | Start | Max. | Max. End End

A4

aq_“? position | height | position | height %ZT position | height (AA%% ?(Z]a
Rf) [(AU) | R | (AU) Rf) | (AU)

1] 042 3.3 0.52 ]700.0 [80.17| 0.56 | 75.9 |26737.6|86.46

2] 056 | 779 | 0.59 |173.2]19.83] 0.63 43 |4187.1 |13.54

Copyright © 2016 Institute of Industrial Organic Chemistry, Poland
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A chromatogram of production-grade TATB is shown in Figure 6. Here
no peaks are observed and hence no impurity is detected by HPTLC. From the
chromatogram, it is also clear that no TATB was dissolved in the methanol, and
was not detected within the instrumental limits of detection.

150 Track 3, ID

(@)=

B Ry

Figure 6. Chromatogram of TATB scanned at 254 nm
NOTE: NO PEAK FOUND

2.3 Procedure

The TATB was further purified by repeated re-crystallisation using HPLC grade
dimethyl sulphoxide (DMSO). The recrystallised TATB was dissolved in DMSO
and the UV spectrum was recorded as shown in Figure 7. TATB shows UV
absorption at Au. 355 nm. Thus an HPLC method using a UV detector was
found suitable for its assay.

Pure TATB (6 mg) was accurately weighed and dissolved in HPLC grade
DMSO (100 mL), followed by ultrasonication for 10 min. The resulting
concentration of this stock solution was 60 mg/L. Several aliquots of the stock
solution were pipetted into 20 mL volumetric flasks and the volume was made
up to the mark in each flask with DMSO, so as to prepare 10, 20, 30, 40 and
50 mg/L dilutions. The resultant solutions were filtered using a syringe filter
(0.45 um) before injection.

Copyright © 2016 Institute of Industrial Organic Chemistry, Poland
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Figure 7. UV spectrum of TATB.

2.4 Instrumentation

The chromatographic separation was conducted on a Dionex Ultimate-3000
Intelligent HPLC system consisting of LPG-3400A pump, WPS-3000 auto
sampler, TCC-3000 column compartment, Photodiode Array (PDA) 3000 detector,
Chromeleon 6.80 chromatography management system. A pBondapak™ C18
reverse phase column (3.9x300 mm C18 cartridge 10 pm, 125 A) was used as
the stationary phase, as used in Ref. [14]. The elution was carried out using
methanol/EDTA buffer (0.1 mM EDTA dipotassium salt and 20 mM citric acid
in water, pH 2.3) (50:50 v/v). The detailed analytical conditions are shown in
Table 3 and a typical HPLC chromatogram of TATB is shown in Figure 8.

Table 3. HPLC analytical conditions

Column uBondapak™, 3.9x300 mm C18 cartridge, 10 um, 125 A
Mobile phase Methanol/EDTA buffer (50:50 v/v)

Flow rate 2 mL/min

Injection volume |20 uL

Detection Absorbance at 355 nm

Column 30 °C

temperature

Run time 10 min

Copyright © 2016 Institute of Industrial Organic Chemistry, Poland
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Figure 8. HPLC chromatogram of TATB.

2.5 Calibration

The calibration curve was generated with four concentrations (10, 20, 30 and
40 mg/L) and the analysis was repeated seven times for each dilution. Before
injecting the solutions, the column was equilibrated for at least 30 min with the
mobile phase flowing through the system. Evaluation of the peak was done by
the PDA detector at 355 nm and the peak areas were recorded for all solutions.
The linearity was evaluated by linear regression of the data. The correlation
graph was constructed by plotting the peak area obtained at the wavelength of
detection versus the concentrations of the TATB solutions. The calibration curve
is shown in Figure 9.

TATB External UV_VIS 4

45'O_Area [mAU*min] $/

mg/L
0.0 12.5 25.0 45.0

Figure 9. Calibration curve of TATB.

Copyright © 2016 Institute of Industrial Organic Chemistry, Poland
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It was observed that the response is linear up to 40 mg/L. The results showed
an excellent correlation between the peak area and the concentration of TATB,
with a linear regression coefficient (R?) of 0.998.

Attempts were also made to inject a higher concentration of TATB
(>40 mg/L) solution into the HPLC system under identical conditions, but it
was observed that the response became disturbed with successive injections and
a standard deviation of 10% or more was recorded. This clearly indicates that
the response is linear only up to a concentration of 40 mg/L.

3 Results and Discussion

3.1 Estimation of TATB purity

HPLC conditions were maintained as for the optimised conditions. TATB was
run in the mobile phase composition of 50% methanol and 50% EDTA buffer
(0.1 mM EDTA dipotassium salt and 20 mM citric acid in water, pH 2.3) with
the C-18 column (uBondapak, 10 u 125 A, 3.9x300 mm). This gave a sharp and
symmetrical peak with a retention time of 2.92 min, with detection at 355 nm,
when the flow rate was 2.0 mL/min.

The Match Factor expresses the similarity of two curves. A peak purity
match factor can be expressed for both the UV spectra. The match factor for UV
spectra (UV match factor) refers to the correlation between the spectrum at the
peak maximum and the spectra on the leading and trailing edges. Ideally, none of
the spectra between peak start and peak end should deviate from the spectrum at
the peak maximum. In which case they correspond to 100% correlation; that is,
the match value is 1000. The match factor for TATB HPLC analysis is shown in
Figure 10. The match values were 991.69 (99.17%) at peak start, 1000 (100%) at
2.93 min and 989.00 (98.9%) at peak end. This demonstrated that the peak was pure
and the peak represented TATB only, and that there was no co-elution of impurities.

g [ATE 111218 824 [maditiad by emadmin] w4 [ TATB 100% st2:92 min

WA/L354S *

mAU TATE B0% at 286 min: 601.60]
TATE -60% at 3.00 min: 980.00)

353.1

S TATE. 2022

200.1

Figure 10. Peak purity and match factor.
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3.2 Validation of the technique

The limit of detection (LOD) and the limit of quantification of the proposed
method were determined by injecting gradually lower dilutions of the TATB
standard solution into the same apparatus. The lowest concentration of the
sample that gave a detectable response (LOD) was 0.06 pg/mL. The lowest
concentration for a quantifiable response (LOQ) was 0.2 ug/mL.

3.3 Comparative studies

To compare the assay values obtained from the HPLC method and the
conventional method, four production batches were identified for study. The
material was prepared in the HEMRL pilot plant and samples were withdrawn
after preprocessing the crude TATB. The material was tested for its moisture
content, chloride content and DSC exotherm, as per the specification document
[29]. The chloride content estimation has been described in the previous section.
The test results of the four production batches are presented in Table 4. Itis again
seen from the data that the DSC exotherm for all of the batches is above 380 °C
and proves that the TATB obtained from the pilot plant was pure.

Table 4.  Analysis report for the TATB production batches

Sample ID Moisture content DSC exotherm, | Chloride impurity
[%] peak max [°C] [%]
A 0.08 385.15 0.65
B 0.13 383.31 0.39
C 0.13 386.6 0.57
D 0.18 385.73 0.45

All four batches were analysed for assay by the conventional method
described in an earlier section, and were analysed in triplicate. The reported
purity values were compared for reproducibility.

Subsequently, samples from the same four production batches were tested
for assay by HPLC at ACEM, Nasik. From the production grade batches of
TATB, samples were prepared at various strengths in DMSO. 20 pL of each
sample solution was injected into the HPLC seven times and the responses were
recorded. The standard deviation and standard error were calculated as given
in Table 5. The standard TATB was labelled as 100% pure, while the purity of
the production grade TATB was determined by HPLC.

Table 5 also presents the purity of TATB determined by different methods
in the two laboratories.

From Table 5, it is evident that the comparisons of the purity results for the

Copyright © 2016 Institute of Industrial Organic Chemistry, Poland
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production batches by the two different techniques at the two laboratories are
satisfactory. We feel that the accuracy of the HPLC method justifies its use for
qualification of production batches of TATB.

Table 5.  Purity analysis by different methods

Purity by HPLC analysis
tional .
Sample ID conven . Purity | Standard | RSD | Standard
(KJelda}[{Q) ]analym [%] |deviation| [%] error
A 98.27 98.48 0.095 0.096 0.043
B 98.35 98.33 0.042 0.042 0.019
C 98.26 98.53 0.034 0.035 0.015
D 98.60 98.55 0.015 0.012 0.006

3.4 Method precision

The method precision was determined by the analysis of four batches from the pilot
plant. The analyses were performed with six replicates. As shown in Table 5, the
RSDs of the production batch analyses ranged from 0.012% to 0.096%.

4 Conclusions

In the present study, the assay of TATB has been quantitatively estimated by
a method based on reverse phase HPLC. The method is simple, stable, fast and
offers good resolution within a short analysis time. The method records a linear
response up to a concentration of 40 mg/L with DMSO as the solvent for sample
preparation. The lowest concentration for a quantifiable response is 0.2 pg/mL
while the lowest concentration for a detectable response is 0.06 pg/mL. The
HPLC method was found to be accurate when the results were compared with
a conventional technique. Several production batches have been assayed. The
method of analysis scores over the conventional procedure in terms of accuracy
and the time required for the estimation. The validated HPLC method for TATB
assay is suitable for qualification of pilot plant batches of TATB.
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