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bstract

Riboflavin-sensitized phototransformation of 2,4,6-trinitrotoluene (TNT) under natural sunlight was investigated with reverse-phase high per-
ormance liquid chromatography/mass spectrometry (HPLC/MS) and gas chromatography/mass spectrometry (GC/MS). The effect of different
pectral region of sunlight on TNT phototransformation in the absence or presence of riboflavin was also investigated by using optical filters with
ut-off at 400 or 455 nm. The concentration of riboflavin in the phototransformation of TNT was optimized. Concentration of riboflavin and TNT
as 1.0 and 50 �M, respectively. The rates of phototransformation of TNT under natural sunlight in the presence or absence of riboflavin were

onformed to initial pseudo-first-order rate equation. The photolysis half life of TNT in the presence of riboflavin was 21.87 min, compared to

9 min in the absence of riboflavin under natural sunlight. Two major phototransformation products of TNT, 3,5-dinitroaniline (3,5-DNA) and
,3,5-trinitrobenzene (1,3,5-TNB), were detected in the samples in the presence of riboflavin receiving irradiation at full wavelength or wavelength
400 nm. The results indicate that riboflavin mediates TNT sensitized-phototransfomation under natural sunlight or near-UV–vis light.
2006 Elsevier B.V. All rights reserved.
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. Introduction

2,4,6-Trinitrotoluene (TNT) is a nitroaromatic compound
nd the most widely used military explosive. Contamination
f soils by TNT, generated as waste from the munitions and
efense industries, is a significant worldwide environmental
roblem. Many of the explosive compounds are mutagenic
nd toxic and have the tendency to persist in the environment
1,2]. There have been several attempts to degrade TNT via
hototransformation [3,4]. Exposure of TNT under sunlight or
ear-UV irradiation in soil and water was reported to proceed
ia a variety of transformation pathways [5–7]. Studies of
NT photodegradation pathway under specified experimental
onditions will help predicting the photochemical fate of TNT

nder known environmental conditions. Riboflavin is a natural
hotosensitizer secreted by phytoplanktons [8]. Riboflavin was
ound to facilitate TNT phototransformation in a freshwater
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nvironment and selected TNT phototransformation products
ere identified [9,10]. Recently, the effect of riboflavin on the
hototransformation of benzo[a]pyrene under natural sunlight
nd UVA irradiation was reported, and the major products
n the photolysis of benzo[a]pyrene were identified [11]. In
ddition, the kinetics and mechanism of the riboflavin-promoted
hotochemical degradation with visible light of the herbicide
orflurazon was studied with time-resolved and stationary tech-
iques [12]. However, TNT phototransformation in the absence
r presence of riboflavin under different spectral range was not
nvestigated.

The aim of the present work was to investigate the contri-
ution of different spectral region of sunlight to TNT photo-
ransformation in the absence or presence of riboflavin. Two
ptical filters, cut-off at 400 and 455 nm, were used. Photo-
ransformation of TNT in an aqueous solution with riboflavin as
he photosensitizer was conducted. The influence of riboflavin

oncentration and light spectral quality was investigated. In
ddition, selected phototransformation products of TNT were
dentified to compare the phototransformation pathway under
ifferent spectral conditions.

mailto:hwang@jsums.edu
dx.doi.org/10.1016/j.jhazmat.2006.09.020
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. Materials and methods

.1. Chemicals

2,4,6-Trinitrotoluene (TNT), 2-amino-4,6-dinitrotoluene (2-
DNT), 4-amino-2,6-dinitrotoluene (4-ADNT), 1,3,5-Trinitr-
benzene (1,3,5-TNB), and 2,4,6-trinitrobenzoic acid (2,4,
-TNBA) were purchased from Chemservice (West Chester,
SA). Riboflavin, lumichrome, lumiflavin, 3,5-dinitroaniline

3,5-DNA), and 2,4-dinitrotoluene (2,4-DNT) were purchased
rom Sigma Chemical Co. (Milwaukee, Wisconsin). TNT Stock
olutions were prepared in acetonitrile at the concentration of
mM and stored at 4 ◦C when unused. All solvents were of
PLC grade and other chemicals were of analytical reagent
rade.

.2. Phototransformation of TNT

Phototransformation of TNT (50 �М) with the photosensi-
izer riboflavin in distilled water solution at the final concen-
ration of 1 �M was carried out in 150 mL quartz flasks (GM
ssociates, Inc., Oakland, CA). The reaction solutions were

omposed of a certain amounts TNT in acetonitrile stock solu-
ion. The mixed solution was prepared for incubating in tripli-
ate, including dark control, TNT only, and TNT with riboflavin.
he flasks were filled with 25 mL solution and irradiated under
atural sunlight outdoors between 10 a.m. and 2 p.m. in May and
une. The intensity of sunlight irradiation was measured with a
esearch radiometer with UVA or visible light detectors (PMA
100, Solar Light Co., Philadelphia, PA). The average UVA
ntensity was 4.561 mW/cm2 (0.287 J/cm2 min) and average
isible photonic intensity was 150.4 W/m2 (9.044 kJ/m2 min)
uring the irradiation period. To investigate the contribution
f different spectral region of sunlight to TNT photolysis, two
ut-off optical filters at 400 and 455 nm (Andover Corp., Salem,
H) were used. This is to ensure only visible light was absorbed
y the relevant treated samples. The concentration of TNT in
he reaction solution was detected by HPLC with a photodiode
rray detector. All the results, which are reported in this paper,
ere analyzed in triplicate flasks for each measurement. In the
rocess of irradiation, all quartz flasks were capped with silicon
toppers. Dark control samples, flasks being wrapped in alu-
inum foil, were used for contrasting in the phototransformation

xperiments.

.3. HPLC analysis

.3.1. Apparatus
HPLC analyses were carried out on a Waters system equipped

ith two model 515 quaternary pumps, a 717 plus autosampler
nd a 996 photodiode array detector operating at 254 nm (Waters
orporation, Milford, MA). The Empower pro software was
tilized for instrument control, data acquisition, and analysis.
250 mm × 4.6 mm SUPELCO reversed phase Discovery C18
Supelco, Bellefonte, PA) column with 5 �m particle size, and
RP-C18 guard column were used for the separation of chem-

cal species. The injection volume was 10 �L each time with
utosampler temperature set at 15 ◦C.

T
t
a
o
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.3.2. Gradient
Two mobile phases were utilized to establish the gradient

ystem. The organic mobile phase was HPLC-grade acetoni-
rile. The aqueous mobile phase was distilled water. The flow
ate of the mobile phase was 1.0 mL min−1. The mobile phase
nitially consisted of 90% aqueous phase and 10% acetonitrile.
he gradient was changed to 100% acetonitrile at 15 min, and
eld constant for 5 min. The solvent ratio was returned to the ini-
ial condition for 3 min and held for an additional 2 min before
njection of the next sample. The total run time of each sample
as 25 min.

.4. Gas chromatograph/mass spectrometry (GC/MS)
nalysis

The analysis was also performed with a Hewlett-Packard
Palo Alto, CA, USA) HP 5890 series II gas chromatography
oupled to a HP 5972 series mass selective detector via a heated
ransfer capillary line (300 ◦C). Samples were separated on a
0 m × 0.25 mm i.d. DB-5 MS fused-silica capillary column
ith film thickness of 0.25 �m. The oven temperature program
as as follows: 50 ◦C for 2 min, from 50 to 100 ◦C at a rate of
5 ◦C/min, from 100 to 290 ◦C at a rate of 10 ◦C/min, and kept
t 290 ◦C for 5 min. The injector temperature was 250 ◦C. The
ass spectrometer was operated in the full-scan mode, scanning

rom 50 to 550 m/z at a rate of 1.53 scans/s.

.5. HPLC/mass spectrometry (HPLC/MS) analysis

HPLC/MS analyses were carried out on a Waters system
quipped with two model 515 quaternary pumps, a 717 plus
utosampler and EMD 1000 mass spectrometer of Waters Corp.
Milford, MA) to confirm the identity of major degradation prod-
cts of photolysis. A 150 mm × 2.1 mm reversed phase Nova-
ak C18 (Waters, Milford, MA) column with 4 �m particle
ize, and a RP-C18 guard column were used for the separa-
ion of chemical species. The injection volume was 10 �L each
ime with autosampler temperature set at 15 ◦C. The concen-
rated photolysis sample (natural sunlight, 240 min) was infused
irectly into the mass detector with full scan APCI negative
ode. Operation parameters of mass spectrometry have been

ptimized for the best sensitivity: corona 20 �A, cone volt-
ge 15 V, source extractor voltages 4 V, RF lens voltages 0.4 V,
ource temperature 150 ◦C, desolvation temperature 200 ◦C,
esolvation gas flow 300 L/h. Sample solution was introduced
hrough continuous infusion by means of a syringe pump.

.6. Measurement of TNT concentration and identification
f TNT phototransformation products

Performance assessment was based on calibration standards
f authentic compounds and multipoint standard calibration
urves, in the linear range of 1–500 �mol L−1, with a r2 = 0.999.

NT and its phototransformation products were separated, quan-

ified and identified by HPLC. Generally, the samples were
nalyzed immediately after irradiation for different time peri-
ds.
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[11]. Therefore, we speculate that photolysis enhancement by
riboflavin was mainly mediated through type-I photoreaction
and photosensitization was further carried out by its photoprod-
ucts.
X. Yang et al. / Journal of Hazar

In order to identify the products of TNT phototransformation,
he sample solution was concentrated with a rotary evaporator
Bűchi Waterbath B-480 and Bűchi Rotavapor R-114) at 40 ◦C.
he extracted samples were dissolved in 1 mL acetonitrile solu-

ion and subjected to HPLC, HPLC/MS and GC/MS analyses by
omparison of both retention time and spectrum with authentic
ompounds.

. Results and discussion

.1. Effect of concentration of riboflavin on TNT
hototransformation

The effect of different concentrations of riboflavin, 0, 0.1, 1,
0, 25, 50, 100 �M on TNT phototransformation was examined.
he results indicated that 1 �Мof riboflavin could adequately
ccelerate TNT phototransformation; therefore, in the process
f subsequent irradiations 1 �M riboflavin was taken as the opti-
um concentration for TNT phototransformation. TNT was

hotolyzed in solution with a half life of about 39 min in the
bsence of riboflavin under natural sunlight; however, in the
resence of riboflavin, the rate of phototransformation of TNT
as enhanced significantly (Table 1). Fig. 1 shows that photo-

ransformation of TNT under natural sunlight in the presence or
bsence of riboflavin was conformed to initial pseudo-first-order
ate equation with r2 = 0.9843 and 0.9889, respectively. Initial
seudo-first-order rate constants and the half lives were calcu-
ated based on linear regression of ln (C0/Ct) versus time, where

0 is initial TNT concentration and Ct is TNT concentration at
ime t.

In the presence of riboflavin, the irradiation process of
NT under natural sunlight involved phototransformation
f both TNT and riboflavin. The literature reported that
iboflavin was easily photolyzed [13]. It was firstly trans-
ormed into an intermediate compound named 7,8-dimethyl-10-
formylmethyl)isoalloxzaine(formylmethylflavin), and further
ydrolyzed to lumichrome and lumiflavin, with lumichrome
egarded as the major product. In the process of identifying TNT
hototransformation products, lumichrome indeed was detected
n the mixture of the intermediates.

The mechanism of riboflavin photosensitized reactions is an
ctive area of recent researches and the photolysis enhance-

ent is suggested to result from redox reactions, in which free

adicals and singlet oxygen may be involved [12,14]. It is gener-
lly believed that photo-excited riboflavin sensitizes oxidation
redominantly by a type-I photoreaction, i.e., by direct one-

able 1
nitial pseudo-first-order rate constants and half life of TNT under natural sun-
ight without and with riboflavin

iboflavin concentration
�mol L−1)

Natural sunlight

Rate constant (s−1) Half life (s)

3.0E−4 ± 0.3E−4 2340
5.4E−4 ± 0.7E−4 1312

ate constant: mean ± S.D. (n = 3).
F
s

ig. 1. Photolysis of TNT without or with riboflavin in distilled water under
atural sunlight. Concentration of TNT and riboflavin were 50 and 1 �M, respec-
ively. Transformation equation in the absence and presence of riboflavin was
n C = 3.86 − 0.019t and 3.62 − 0.026t, respectively.

lectron or hydrogen transfer [15,16]. Furthermore, two major
hotoproducts of riboflavin, i.e. lumichrome and lumiflavin,
ere demonstrated to further sensitize phototransformation of

hemicals such as benzo[a]pyrene after riboflavin was degraded
ig. 2. Photolysis of TNT with riboflavin as the photosensitizer under natural
unlight, with 400 or 455 nm optical filter.
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ig. 3. HPLC chromatograms of phototransformation samples of TNT: (a) direc
c) photolysis with 400 nm optical filter, (d) riboflavin photosensitized transfor
,5-dinitroaniline; compound III: riboflavin; compound IV: lumichrome.

.2. Effect of spectral range of irradiation

In order to investigate the effect of natural sunlight at differ-
nt spectral range on the process of TNT phototransformation,
hototransformation of TNT was performed under optically fil-
ered irradiation at cut-off wavelength 400 or 455 nm. Fig. 2
hows that phototransformation of TNT under natural light in
he presence of riboflavin was significantly faster than that with
ut-off 400 or 455 nm filter. Phototransformation of TNT under
atural sunlight in the presence or absence of riboflavin was
onformed to initial pseudo-first-order rate equation. By com-
arison, TNT riboflavin-sensitized phototransformation under
rradiation with cut-off 400 or 455 nm filter yields r2 = 0.8974

nd 0.4405, respectively. Analysis of the chromatograms indi-
ates that most of the added TNT in the process of phototransfor-
ation under natural sunlight was completely transformed into

ntermediate products. Selected products of TNT phototransfor-

p
t
s
f

olysis of TNT by natural sunlight, (b) riboflavin photosensitized transformation,
n with 400 nm optical filter. Compound I: 1,3,5-trinitrobenzene; compound II:

ation with cut-off 400 nm filter were detected. Nevertheless, no
NT phototransformation product was detected in the samples

reated with cut-off 455 nm filter. It was reported that sunlight
eaching the earth surface is composed of 91% visible, 8.7%
VA (320–400 nm), and 0.3% UVB (280–320 nm) [17]. There-

ore, realistically solar irradiation on the earth surface consists
f UVA and visible lights. Since the UV–vis absorption spectra
f riboflavin have major bands at 224.9, 268.8, 359.2, 442.1 nm,
espectively [11], the results match with the expectation that
iboflavin-sensitized reaction occurs in the range of near-visible
V and visible light. When the cut-off 400 nm filter was used,

ll of light of wavelength shorter than 400 nm was blocked.
herefore, only the visible light was passed and promoted the

hotosensitized reaction of riboflavin. Since cut-off 455 nm fil-
er can block all UV light and the visible light of wavelength
horter than 455 nm, the photosensitized of riboflavin ceases to
unction in this study.
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Fig. 4. Identification spectrum of the concentrated sample of TNT in the pres-
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its breakdown products, Photochemistry of environmental aquatic systems,
nce of riboflavin being irradiated under natural sunlight for 240 min (APCI
egative ion) by HPLC/MS.

.3. Identification of TNT phototransformation products

The phototransformation products of TNT under different
ight wavelength and exposure time were analyzed with HPLC
ith a photodiode array detector, GC/MS and HPLC/MS. The

ransformation samples of different treatment groups, i.e. dark
ontrols, irradiations under natural sunlight in the absence or
resence of riboflavin, and irradiation under natural sunlight
ith cut-off 400 or 455 nm filter were concentrated with a rotary

vaporator under vacuum to dryness and redissolved in acetoni-
rile. In the presence of riboflavin, after 120 min irradiation under
atural sunlight and using cut-off 400 nm filter, the samples con-
ained two product peaks at 12.00 and 12.95 min, which corre-
pond to 3,5-dinitroaniline (3,5-DNA) and 1,3,5-trinitrobenzene
1,3,5-TNB), respectively (Fig. 3). These two compounds were
lso identified by GC/MS (data not shown). In addition, after
20 min irradiation using cut-off 455 nm filter, there was no other
eaks besides TNT appearing in the chromatogram. The same
esult of the identification of phototransformation products was
bserved from the HPLC/MS spectrum (Fig. 4).

TNT solution was quickly turned to pink in the absence of
iboflavin under natural sunlight. Numerous organic compounds
uch as 1,3,5-trinitrobenzene, 2,4,6-trinitrobenzaldehyde were
eported to be present in aqueous solutions as the result of
hototransformation process [18]. In the present work, only
,3,5-TNB could be found in the HPLC chromatogram of
he irradiated samples in the absence of riboflavin under
atural sunlight and using cut-off 400 nm filter. However, both
,3,5-TNB and 3,5-DNA were detected as photoproducts of
NT in the irradiated samples in the presence of riboflavin

Fig. 3). Therefore, it is likely that TNT phototransformation
ndergoes different pathways in the presence or absence of
iboflavin. The cytotoxicity of phototransformation products of
NT including 3,5-dinitroaniline, 2-amino-4,6-dinitrotoluene,
-amino-2,6-dinitrotoluene on freshwater microbial assem-
lages was determined in our previous research [19]. It has been
ound that TNT was more phototoxic than its photoproducts
nd photosensitized transformation decreased TNT cytotoxicity
o microbial assemblages in natural water. For example,

fter exposure to 3,5-dinitroaniline, the viability count of
eterotrophic bacterial assemblages was enhanced by 148.7%
nd these phototransformation products were speculated to
Materials 143 (2007) 271–276 275

ecome growth substrates for beacterial assemblages in natural
ater.
This study showed that 1,3,5-TNB was the only product

f TNT phototransformation when riboflavin was absent. This
s in agreement with a previous report of TNT photolysis in
reshwater environment [10]. In that report, two unidentified
ntermediates were found in the fresh river water sample when
iboflavin was present and they disappeared after 60 min. In our
tudy with nanopure water, 1,3,5-TNB and 3,5-DNA were iden-
ified after 120 min, indicating that TNT phototransformation
roducts were more stable in nanopure water than that in the
resh river water. The results also suggest that TNT phototrans-
ormation may undergo different pathways in the nanopure water
nd fresh river water in the presence of riboflavin.

. Conclusion

1,3,5-TNB and 3,5-DNA, the two major TNT phototransfo-
ation products were identified in the samples in the presence

f riboflavin receiving irradiation at full wavelength or wave-
ength >400 nm. The results confirm that riboflavin mediates
NT sensitized-phototransfomation under natural sunlight or
ear-UV–vis light. Therefore, riboflavin sensitized photolysis
an be a practical technique for TNT remediation in the field. The
esults also suggest that TNT phototransformation may undergo
ifferent pathways in the nanopure water and fresh river water
n the presence of riboflavin.
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