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Abstract: This study demonstrates the application of FT-IR spectroscopy for investigating the remediation of pink water
with the low cost adsorbent pine bark. The removal of 2,4,6-trinitrotoluene (TNT) from pink water by adsorption to pine
bark was accompanied by a reduction in intensities of peaks at 1544 and 1347 cm™ in the spectra of acetonitrile extracts of
the pine bark. Hierarchial cluster analysis differentiated samples with high (30-180 mg/L) and low (0-4 mg/L) TNT
concentrations, demonstrating the potential of this approach as a quick screening method for the control of the removal of
TNT from pink water. The amount of lignin in pine bark was inversely proportional to the size of the pine bark particles,
while the concentration of phenolic hydroxyl groups increases with increasing size of pine bark particles. FT-IR spectra
showed that as well as TNT, pine bark can also adsorb nitramine explosives such as RDX and HMX.
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INTRODUCTION

Pine bark, a timber industry residue, has been success-
fully used as a low-cost adsorbent for removing heavy metals
from landfill leachates [1], pink water [2] and stormwater
[3]. This adsorbent has also been studied for the removal of
organic pollutants such as PAHSs [4], bisphenol [5], estradiol
(E2) [6] and lindane [7] and 2,4,6-trinitrotoluene (TNT) [8]
from contaminated water. Nehrenheim et al. [2] showed that
pine bark can effectively remove TNT from pink water, a
wastewater generated during the process of demilitarization
of explosives at army ammunition plants.

The most frequently used method for the treatment of
pink water in Sweden today is adsorption on activated
carbon, which as well as being costly, creates sludge that
must be incinerated off-site [2]. Our previous research [8]
showed that biotransformation of TNT in the presence of
pine bark has potential as a possible substitute for
conventional granular activated carbon treatment of pink
water. However, additional research is needed to evaluate the
economic feasibility of pine bark for the treatment of pink
water, its affinity toward compounds other than TNT
constituents and the necessity of pine bark pre-treatment to
enable higher treatment efficiency and safety. Lignin is
anticipated to be the main contributor to adsorption by the
pine bark [9]. Acidic leachates of pine bark, caused by
desorption of water-soluble phenolic acids, are toxic to some
aquatic organisms [10, 11]. Increasing the lignin content and
reducing the amount of phenolic acids in pine bark will thus
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positively affect both the treatment efficiency and ecotoxi-
cological safety of the adsorbent.

Numerous laboratory and on-site studies and analysis are
needed to address the research questions raised by these
issues. Therefore there is a need for low cost and
environmentally sound analytical tools. Fourier transform
infrared (FT-IR) spectroscopy is a time saving method that
requires a relatively small amount of sample and no sample
pre-treatment, and information about all components is
gained simultaneously. The FT-IR spectrum can be used for
both qualitative and quantitative analyses of chemical
components and is thus highly informative for analysis of
multicomponent samples. FT-IR spectroscopy is thus a well-
regarded analytical method for evaluation, monitoring and
analysis of various biotechnological processes [12-15].

The main objective of this study is to investigate how
low-cost FT-IR spectroscopy can partially replace expensive
high-performance liquid chromatography (HPLC) in
studying pink water remediation by pine bark. The two
specific aims are to establish how the amount of lignin and
phenol groups in pine bark changes depending on the particle
size, and to investigate what explosives other than TNT are
removed from pink water by pine bark.

MATERIALS AND METHODS

TNT-contaminated industrial sludge was collected from
the treatment plant at the demilitarisation factory Nammo
Vingakersverken AB (Vingéker, Sweden, 59°60'N, 16°56'E)
directly before the activated carbon batch adsorption step.
The sludge was transported to the laboratory as a 1:5 mix
with water for safety reasons. Because of the high solid
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particle content, the solution was decanted and the water
phase, subsequently referred to as pink water, was filtered
(Vacuum Filtration System, 0.22 um, VWR, USA) before
the batch experiment. Pine bark, provided by Zugol AB
(Falun, Sweden), was used as received or sieved to obtain <
1 mm, < 0.045 mm and < 0.025 mm fractions. EPA 8330
Mix A high-performance liquid chromatography (HPLC)
standards containing 100pg/mL of 2,4,6-trinitrotoluene
(TNT), 2-amino-4,6-dinitrotoluene  (2-ADNT), 1,3,5-
trinitrobenzene, hexogen (RDX), octogen (HMX), 1,3-
dinitrobenzene and 2,4-dinitrotoluene in acetonitrile (ACN)
were purchased from AccuStandard (New Haven, CT, USA).

Isolation and Culture Conditions of Inocula

A mixed culture was collected from a municipal
wastewater treatment plant in mid-Sweden (59°60'N,
16°56'E). Two cultures were enriched for three weeks with
glucose (0.2% wi/v) in an anaerobic jar on a horizontal shaker
at 130 rpm and 28 °C. The first culture, subsequently
referred to as Inl, co-metabolised TNT (0.4 mM), while the
second culture, referred to as In2, co-metabolised the
previously described TNT-contaminated industrial sludge
mixed with water (1.5 - 2.0% v/v). The cultures were
transferred weekly into fresh mineral salt medium M9* [8]
containing glucose and TNT in the case of Inl and glucose
and sludge particles in the case of In2.

Batch Experiment Setup

100 mL crimp-top serum bottles were filled with 70 mL
of pink water and amended with 0.2% wi/v glucose solution
and 1.75 g pine bark according to the experimental setup
shown in Table 1. Anaerobic conditions were initiated by
purging the headspace of the bottles with nitrogen. Media (as
defined in Table 1) were then inoculated through the septum
with liquid cultures (2.0% v/v) of inocula Inl and In2. As
Inl and In2 were expected to have quite similar effect in
treated batches, Inl was not tested in the presence of pine
bark due to experimental space and technical conditions
limitations. The bottles were incubated on a horizontal
shaker at 130 rpm and 28°C. One of each replicate was taken
as a sample on Day 7 and a second was taken on Day 14.

Table 1. Batch experiment treatments. (Abbreviations: PW -
pink water; Inl, In2 — inocula; Glu - glucose; PB -

pine bark).
Batch Contents
C PW + PB
D PW + Glu + PB
E PW +In2 + PB
F PW + Inl1 + Glu + PB
G PW + In2 + Glu + PB

Pine Bark Affinity Toward Explosives Other Than TNT

At the end of the experiment pine bark from batch C was
extracted with acetonitrile (see section Sampling). FT-IR
spectra of the ACN extracts of batch C, mixA and TNT
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HPLC standard were recorded and the average spectra from
two replicates were analyzed.

Comparative Analysis of Different Pine Bark Fractions

0.7 g of each pine bark fraction, i.e. unsieved pine bark, <
1.000, < 0.045 and < 0.025 mm, was weighed into eppendorf
tubes to which 800 pL of ACN was then added. The pine
bark constituents were extracted for 4 hours by horizontal
shaking at 1000 rpm at room temperature. After
centrifugation the supernatants were transferred to new
eppendorf tubes and stored at -20 °C until further analysis.
Each sample was run in duplicate.

Sampling

Samples for HPLC and Fourier transform infrared (FT-
IR) spectroscopy were taken from both liquid and solid
phases (pine bark) throughout the experiment. Liquid phase
(i.e. supernatant) sampling was performed by piercing the
septum with a hollow needle and withdrawing approximately
1 mL of medium after mixing all the components and briefly
shaking by hand at the beginning of the experiment (Day 0),
and subsequently on Day 1, Day 3, Day 7 and Day 14.

In order to obtain extracts of pine bark (EPB), samples of
the solid phase were taken on Day 0, Day 7 and Day 14. For
sampling, one of the each triplicate was centrifuged at 5,000
rpm and 4 °C for 10 minutes. The supernatant was removed
and 0.5 g (wet weight) of the pine bark from each sample
was mixed with 800 pL of ACN. TNT and metabolites were
extracted from pine bark by horizontal shaking for 3h at
room temperature. All supernatant and EPB samples were
stored at -20 °C for further analyses.

FT-IR Spectroscopy

FT-IR absorption spectra were recorded on a VERTEX
70 coupled with the HTS-XT microplate reader extension
(Bruker Optik GmbH, Ettlingen, Germany). Samples were
dried on a 384 well silicon plate at T<50 °C. Transmission
spectra were collected between 4000-600 cm™ and displayed
as absorbance spectra. Spectra were acquired at a resolution
of 4 cm™, and 64 spectra were coadded. Each spectrum was
baseline corrected by the rubber band method and CO, bands
were excluded. Only spectra fitting within the absorption
limits between 0.25 and 0.80 (where the concentration of a
component is proportional to the intensity of the absorption
band) were used for data analyses. Measurements for each
analytical sample were performed at least in triplicate. Data
were processed using OPUS 6.5 software. The second
derivative spectra were evaluated and Wards algorithm was
used for Hierarchial cluster analysis (HCA).

HPLC Analysis

For detection and confirmation of TNT and its
metabolites, HPLC was performed with the Agilent Series
1100 LC/MSD Trap XCT LC-MS system equipped with an
in-line degasser, a binary pump, an autosampler and a
column thermostat (Agilent Technologies, Santa-Clara, CA,
USA). A photodiode array detector (A 254 nm) and ESI-MS
were used for detection. Chemstation (Rev.A.10.02) and
LCMSD Trap Control (Version 5.2) software were used for
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data acquisition and analysis. Nitroaromatics quantification
was performed based on eight known concentrations of
external standards of 2,4,6-trinitrotoluene (TNT), 4-amino-
2,6-dinitrotoluene (4-ADNT), 2-amino-4,6-dinitrotoluene (2-
ADNT), 2,4-diamino-6-nitrotoluene (2,4-DANT), and 2,6-
diamino-4-nitrotoluene (2,6-DANT) (AccuStandard, New
Haven, CT, USA). Nitroaromatics were separated on a
Synergi Hydro-RP 80 A column (4.60 mm x 250 mm, 4 pm;
polar endcapped stationary phase) (Phenomenex) with a 4.0
mm X 2.0 mm guard cartridge, polar endcapped C18
(Phenomenex) using a water-methanol mixture (70:30 v/v)
and a flow rate of 0.8 mL/min.

RESULTS AND DISCUSSION

1. Analysis of Supernatants and the Extracts of Pine
Bark (EPB) by FT-IR Spectroscopy and HPLC

As TNT was the main subject of this study, the analysis
of recorded FT-IR spectra was specifically focused on the
absorption regions corresponding to nitro groups, i.e. 1359-
1328 cm™ assigned to the symmetric stretch of the para-hitro
group (4-NO,) and 1562-1535 cm™ assigned to the
asymmetric stretch of the ortho-nitro group (2,6-NO,) [16,
17]. Spectra of supernatants and EPB show obvious
qualitative differences in the absorption regions of the nitro
groups (-NO,): absorption peaks at 1544 cm™ and 1347 cm™
in the EPB spectra are pronounced whereas they are scarcely
detectable in the spectra of supernatants due to the broadness
of the band (Fig. 1). The raw spectra of the supernatants
were therefore not suitable for analysis of nitroaromatics by
FT-IR. The broadness of the nitro group absorption band in
supernatant spectra may be due to the complexity of the pink
water matrix. In addition, as well as pink water, the
supernatants contain dissolved substances such as glucose,
pine bark components, and extracellular compounds from the
inoculum. Besides TNT, pink water may also contain
varying concentrations of other explosives such as RDX,
HMX, 2,4- and 2,6-DNT, tetryl, 1,3-DNB, 1,3,5-TNB, and
nitrobenzene [18].

Removal of TNT from pink water by pine bark could be
seen clearly through the decrease in peak intensities at 1544
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and 1347 cm™ in the EPB spectra as the experiment
progressed (Fig. 2). Unlike in spectra from Day 7 samples of
batches C and D, the nitroaromatics peaks were not detected
in spectra from the Day 7 samples of batches E, F and G.
The only Day 14 sample that produced a (low intensity) peak
at 1347 cm™ was from batch C. These results were in
complete agreement with the HPLC analysis, which are
shown in Table 2. Thus, raw spectra of EPB can be used as a
screening method for the overall removal of nitro group-
containing substances from pink water using pine bark.

In our study the amino group-containing TNT
metabolites, such as ADNTs and DANTS, could not be
analysed by FT-IR spectroscopy because the 3400-3500 cm™
region that is assigned to the vibrations of N—H bonds in
amino groups [19, 20] overlaps with the 3000 — 3600 cm™
spectral region attributable to the vibrations of O-H groups
[21].

2. Second Derivative Spectra Analysis of Supernatants
and EPB

Since absorption bands in FT-IR spectrum are a
superposition of all bond vibrations at specific frequencies,
the second derivative is used to differentiate the absorption
peaks of specific vibrations. The second derivative spectral
analysis is used for qualitative and quantitative analysis,
especially of multicomponent samples [22, 23]. This
approach was used for analysis of supernatants and EPB.

The second derivative spectra of supernatants did not
show any absorption peaks of particular interest. However,
the second derivative spectra of EPB samples showed a
distinctive decrease in peak intensities at 1544 and 1347 cm™
and were thus used for semi-quantitative analysis.

3. Semi-quantitative Analysis of EPB by the 2" Derivative
Spectra

3.1. Hierarchial Cluster Analysis

Hierarchial cluster analysis (HCA) allows differentiation
of spectra by particular absorption bands, bonds or
substance. In this study the HCA of EPB was performed in

1544
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Fig. (1). FT-IR spectra of supernatant and EPB of batch C (pink water + pine bark) on Day 0. Red=supernatant and blue=EPB.
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Fig. (2). FT-IR spectra of the EPB from batches C, D, E, F and G. Blue=Day 0, red=Day 7 and black=Day 14.

Table2. TNT, ADNTs and DANTSs concentration in EPB and TNT concentration in supernatants, determined by HPLC.

Batch TNT in EPB, mg/L TNT in supernatant, mg/L ADNTSs in EPB, mg/L DANTSs in EPB, mg/L
C Day0 160 128+11 0 0
C Day7 30 8.0+09 19 n.d.
C Dayl4 4 n.d. 32 n.d.
D Day0 164 169+1.1 0 0
D Day7 62 70+04 8 n.d.
D Dayl14 nd.” n.d. 10 6
E Day0 175 11.7+0.6 0 0

E Day7 n.d. 15+08 17 n.d.
E Dayl4 n.d. n.d. 11 3

F Day0 179 12.0+0.7 0 0

F Day7 n.d. n.d. 17 n.d.
F Dayl14 n.d. n.d. 8 7

G Day0 162 13.1+1.0 0 0

G Day7 n.d. n.d. 4 10
G Dayl4 n.d. n.d. 2 5

Where: C: PW + PB; D: PW + Glu + PB; E: PW + In2 + PB; F: PW + Inl + Glu + PB; G: PW + In2 + Glu + PB

*n.d.: not detected

two spectral regions assigned to nitro groups: 1356-1336 cm- samples from batches C and D; and 2) Day 7 samples from
1 (para-nitro group (4-NO2) symmetric stretch) and 1559- batches E, F and G and Day 14 samples from all batches
1534 cm-1 (ortho-nitro group (2,6-NO2) asymmetric stretch) (Fig. 3).

[16, 17]. The 2™ derivative spectra of EPB formed two sub-

clusters: 1) Day 0 samples from all batches and Day 7
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These results correlated with the HPLC data (Table 2)
and showed that HCA was able to discriminate between
spectra from samples with higher and lower TNT
concentrations.. The correlation between HCA and HPLC
data indicate that this approach can serve as a quick
screening method for the detection of TNT in pink water.

3.2. Comparative Analysis of FT-IR Spectroscopy and
HPLC Data

We applied the approach suggested by Torabi et al. [23],
making use of selected peaks of the second derivative spectra
for quantification of particular compounds to establish the
linear relationship between the total nitroaromatics, i.e. the
sum of the concentrations of TNT and/or its metabolites (4-
ADNT/2-ADNT; 2,4-DANT/2,6-DANT) determined by
HPLC, and the integrated areas of each of the two
characteristic nitro group regions (1356-1336 and 1559-1534
cm™). The corresponding correlation coefficients between
HPLC and FT-IR were relatively high R?=0.987 and
R*=0.977 for the 1356-1336 cm™ and 1559-1534 cm™
regions respectively (Table 3), which indicates that this
approach is suitable for monitoring the degradation of TNT
and its metabolites. Furthermore, the region at 1356-1336
cm™ appeared to relate to TNT and not the metabolites,
because in the raw spectra of batch C Day 14, a small peak,
which corresponds to 4 mg/L of TNT determined by HPLC
(Table 2), was observed at 1347 cm™, i.e. in the 1356-1336
cm™ region. This could be explained by absorption of the
asymmetric —NO, modes dominated by the N-O stretch
components, while the symmetric -NO, modes additionally
contain the major C-N stretching components which
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respectively stretch between the benzene ring and nitro
groups [24].

In the second derivative spectra the intensities of peaks in
the 1356-1336 cm™ region remained constant throughout the
experiment, but the 1559-1534 cm™ region shifted and split
into two peaks with minimums at 1551 and 1538 cm™ in Day
7 and Day 14 samples (Fig. 3). The peak at 1551 cm™
originated from the pine bark, as demonstrated by the
spectrum of the pine bark control extract. Nevertheless, a
linear relationship was established with correlation
coefficient R?=0.912 between the integrated area in the
1543-1534 cm™ region, which is ascribed to the 1538 cm™
peak, and ADNT concentration as determined by HPLC
(Table 4). Since the peak at 1538 cm™ overlaps with the
TNT peak at 1544 cm™, only those batches in which TNT
and the metabolites do not occur simultaneously could be
used for this comparative analysis. HPLC analysis showed
that these batches were E, F and G (Table 2).

4. The affinity of Pine Bark Towards Explosives Other
Than TNT

As well as TNT, pink water may also contain varying
levels of RDX and HMX, depending on the particular
formulation being handled. According to the report by
Hinshaw et al. (1987), the nitrobodies of greatest concern in
pink water collected from an lowa army ammunition plant
were TNT (100 mg/L), RDX (30 mg/L), HMX (30 mg/L)
and 2,4-DNT (1 mg/L). In order to determine whether pine
bark adsorbs explosives other than TNT, FT-IR spectra were
analyzed to identify absorption bands common to MixA and
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Fig. (3). Second derivative FT-IR spectra of batch E and HCA of all EPB samples (vector normalized at regions 1559-1534 and 1356-1336
cm®). Marked are the integrated regions of the TNT characteristic nitro groups (1356-1336 and 1559-1534 cm™). Blue=Day 0, red=Day 7

and black=Day 14.
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Table3. Values of the integrated area of characteristic nitro group absorption bands at 1356-1336 and 1559-1534 cm™ in the
second derivative FT-IR spectra and the corresponding sum of the concentrations of total nitroaromatics determined by
HPLC.
Batch Value of integrated area 1356-1336 cm™ | Value of integrated area 1559-1534 cm™ Total nitroaromati(;rs];elz_termined by HPLC,
C Day0 0.019 0.031 160.00
C Day7 0.007 0.010 49.28
C Dayl4 0.003 0.005 36.83
D Day0 0.019 0.031 164.15
D Day7 0.009 0.010 69.90
D Dayl4 0.002 0.002 15.26
E Day0 0.019 0.030 175.28
E Day7 0.002 0.004 16.82
E Dayl4 0.001 0.002 14.52
F Day0 0.020 0.033 179.30
F Day7 0.004 0.004 16.49
F Dayl4 0.002 0.002 15.00
G Day0 0.019 0.031 162.00
G Day7 0.001 0.001 13.74
G Dayl4 0.001 0.001 7.10
Where: C: PW + PB; D: PW + Glu + PB; E: PW + In2 + PB; F: PW + Inl + Glu + PB; G: PW + In2 + Glu + PB

Table 4.

Integrated area values of IR absorption bands 1543-1534 and 1556-1544 cm™ of the second derivative spectra and

concentrations of ADNTs and DANTS determined by HPLC.

Batch value of integrated area 1543-1534 cm™ value of integrated area 1556-1544 cm™ ADNT, mg/L
E Day7 0.004 0.002 16.82
E Dayl4 0.002 0.002 1141
F Day7 0.004 0.002 16.49
F Dayl14 0.002 0.002 7.80
G Day7 0.001 0.003 381
G Dayl4 0.001 0.002 1.90
Where: E: PW + In2 + PB; F: PW + In1 + Glu + PB; G: PW + In2 + Glu + PB

EPB (Fig. 4). All three spectra, i.e. the spectra of TNT and
MixA HPLC standards and the representative spectra of EPB
from batch C Dayl4, showed common absorption bands
around 1600, 1545 and 1345 cm™. The spectra of TNT and
MixA were obviously different but showed two strong
common absorption bands at 1545 cm™ and 1350 — 1346
cm™. Thus there was only one common absorption band in
the spectra of Mix A and EPB, in the region 1250-1300 cm™.
The absorption maximums were at 1272 cm™ in the EPB
spectrum and 1268 cm™ in the Mix A spectrum. The bands
in the region 1250-1300 cm™ are assigned to vibrations of N-

NO,, NO, C-H, (C-N) of primary aromatic amine and esters
of aromatic acids [24-26]. As most common nitramine
explosives, such as RDX, HMX and tetryl, are characterised
with all these vibrations, the spectra indicate that the pink
water contains nitramine explosives, and that these are
adsorbed by the pine bark.

5. FT-IR Spectral Analysis of the Acetonitrile Extracts of
Pine Bark Fractions

FT-IR spectra of ACN extracts of four pine bark fractions
with different particle sizes were analyzed to evaluate the
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Fig.(4). FT-IR spectra of TNT and MixA HPLC standards and EPB (Bach C, pink water + pine bark particle size 0.045).
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Fig. (5). FT-IR spectra of the can extracts of four pine bark fractions: unsieved pine bark (green), < 1 mm (black), < 0.045 mm (blue), and <

0.025 mm (red).

dependence of lignin and phenol groups content on the
particle size. The main absorption bands had maximums at
2924 cm™ and 2852 cm™ (symmetric and assymmetric
vibrations of CH,, CHj groups) and 1721 cm™ (uncoupled
carbonyl groups in ketones and carboxyl groups), at 1660-
1405 cm™ from lignin, at 900-1100 cm™ from cellulose, and
a peak at 1364 cm™ which is assigned to the phenolic
hydroxyl groups [27-31] (Fig. 5). The profile of spectra in
the lignin absorption region 1660-1405 cm™ was similar in
all pine bark fraction extracts, indicating that the extracted
lignin did not vary qualitatively.

The profile of spectra in the lignin absorption region
1660-1405 cm-* was similar in all pine bark fraction extracts,
indicating that the extracted lignin did not vary qualitatively.

HCA of the second derivative spectra clustered the size-
sorted pine bark samples along two branches. One branch of
cluster groups was populated by the ACN extracts of
unsieved pine bark and the < Imm fraction, whereas the
other branch contained the extracts of fine-grained
adsorbent, i.e. < 0.045 and < 0.025 mm (Fig. 6).

The lignin band intensities in raw and second derivative
spectra increased with decreasing particle size, meaning pine
bark extracts with smaller particle size had higher lignin
content. Reducing particle diameter is also known to increase
the adsorption capacity of an adsorbent due to the increase in
the surface area per unit weight [32, 33].
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Fig. (6). The dendrogram of HCA of the acetonitrile extracts of four pine bark fractions: unsieved pine bark, < 1.000, < 0.045 and < 0.025

mm in the absorption region assigned to lignin (1660-1405 cm™)

In the second derivative spectra the absorption peak at
1375 cm'™, which is assigned to phenolic hydroxyl groups,
was highest in spectra of unsieved pine bark. The intensity of
this peak was halved in the spectra of fine-grained pine bark
extracts. Thus, the concentration of phenolic hydroxyl
groups remaining in the pine bark increases with increasing
size of pine bark particles.

CONCLUSION

The study showed that FT-IR spectroscopy applied to the
analysis of acetonitrile extracts of pine bark is a useful tool
for investigating, optimising and monitoring of pink water
remediation by adsorption to pine bark. FT-IR spectra of
pine bark extracts showed that as well as TNT, pink water
collected at the demilitarisation factory Nammo
Vingakersverken AB also contained one or more nitramine
explosives, such as RDX, HMX and tetryl, which were
adsorbed by the pine bark. The highest lignin and lowest
phenol group content was detected in the pine bark fraction
with the smallest particle size of the four tested, which
indicates that sieving of pine bark is needed as a pre-
treatment method in order to increase the removal efficiency
and ecological safety of the adsorbent.

FT-IR spectrocopy could not be used for the analysis of
nitroaromatics directly in pink water because the peaks of
interest overlap with other components of the
multicomponent mixture under study.

Good correlation between HPLC and FT-IR spectroscopy
analysis of pine bark acetonitrile extracts show that FT-IR
analysis can serve as a quick, green and cheap screening
method for the analysis of TNT and nitramine explosives
removal from pink water. Overall, FT-IR spectroscopy can
serve both to complement and partially substitute HPLC as
an analytical tool for studying and monitoring the removal of

nitroaromatics from pink water, thus significantly reducing
costs and ensuring environmental soundness of the chemical
analysis.
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