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A study on quantitative deter mination of
fluorescent brightening agent contained in paper
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Graduate School of Agricultural and Life Sciences, The University of Tokyo

ABSTRACT

It is prohibited under the Food Sanitation Law to add fluorescent brightening agent
(FBA) to paperboard for food packaging. However, a certain amount of FBA inevitably
comes to be mixed in paperboard produced mainly from recycled pulp. For adequate
decomposition or removal, quantitative determination of FBA was investigated. Logarithm
of the fluorescence intensity measured by fluorescence spectrophotometer was almost
proportional to the logarithm of the concentration in the range between 10 ppb and 10 ppm.
Filter paper was dyed at pH 3 with FBA extracted at pH 9 from arecycled pulp.
Fluorescence images of the dyed filter paper were acquired with a CCD camera. The
logarithmic gray level of the images and the logarithmic concentration of the FBA solutions
showed a linear relationship. With regard to FBA removal, although akaline treatment up
to pH 13.0 did not remove much of it, hypochlorite at 1 ppm was found to lower
fluorescence intensity from 1000 ppb to approximately 1ppb as a corresponding FBA
concentration. In the method of extracting FBA with superfluid CO, followed by
quantitative determination by high performance liquid chromatography, FBA was extracted
almost completely in the alkaline condition in which water and organic base were added to
superfluid CO, as modifiers.
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TR U728 e AAKIEIRZ O b O % A=, BEEERE N Ok S ik1E. 10 pl
ZEELL 045 umBOA LT Z7 07 4 VETAHAE L THHICHPLCIZIEA LT,
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BN S T-NBENFE W EIEE X2\, BIEET VA VI X D EEHE AR O
BREZDFITIRND, RHEHE SRR X RN R @ o 7o, HER R b iRBIC L Dl
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TIT AR VBRI EWE I L D 0L EBNARETH - 7=,
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Table 1 Conditions for extracting fluorescent brightening agent from dyed filter paper with superfluid CO,

SFE condition
1 2 3 4 5

Superfluid CO; flow rate, mL/min 3.0 3.0 3.0 3.0 3.0
Modifier

Organic TFA (trifluoroacetic acid) conc., % 0.1 0.1 0.1 - -

acid/base DEA (diethylamine) conc., % - - - 0.1 0.1

ot foiiod s m m

Solvent H,O/Methanol ratio 0/100 50/50 50/50 0/200  50/50

Flow rate, mL/min 1.0 1.0 1.0 1.0 1.0
Temperature, °C 40 80 120 80 120
Pressure, MPa 30.0 30.0 30.0 30.0 30.0

* The specimen used for extraction in condition 1 was used again in condition 2.
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Table 2 Effect on elimination of fluorescent brightening agent
(FBA) by akali treatment

pH at alkali Gray level Estimated concentration
treatment (0-255) of FBA (ppb)
6.8(deionized water) 255 1190
115 251 1170
13.0 247 1140
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Table 3 HPL C-estimated amount of fluorescent brightening agent
(FBA) extracted with superfluid CO,

SFE condition Total peak area, mVs  Extracted FBA, %
1 12861 0.1
2 4446816 24.4
3 5257016/2 14.4
4 595667 3.3
5 17858567 97.9
Standard for reference 1824742 (20

11
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SO;Na SO;Na Y

Fig. 1 Fluorescent brightener with a stilbene moiety
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400 7

Excitation wavelength, nm

220

220 . 600
Emission wavelength, nm

Fig. 2 Fluorescence intensity of 100 ppb of
stilbene brightener at varied excitation
and emission wavelengths
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Fig. 3 Fluorescence image of fluorescent
brightener—stained filter paper
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Logarithmic conc. of FBA, log(ppb)

Fig. 4 Gray level of UV-excited image of filter
paper dyed with fluorescent brightening
agent (FBA) —on both logarithmic scales
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2.5

225

175

Logarithmic gray level
N

15 ' '

0 2 4 6
Dyeing pH

Fig. 5 Effect of pH during dyeing filter
paper with FBA solution on its
estimated concentration
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100 |

FBA conc., ppb

'—\
o
T

10 100 1000
Sodium hypochlorite conc., ppb

Fig. 6 Effect of sodium hypochlorite on removal of
Fluorescent brightening agent (FBA)
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Fluorescence detector output, mV
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600
Condition 5
500 [
400
300
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| S | W

0 5 10 15

Retention time, min

Fig. 7 Chromatogram of optical brightener extracted with supercritical carbon
dioxide measured by high performance liquid chromatography (HPLC)
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FoSCBEE

B AEE IO B A 2 B S ER S H ORI 2 Z L 328k ESh T
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A study on quantitative deter mination of
fluorescent brightening agent contained in paper

Maiko Kaji, Toshiharu Enomae and Akira Isogai
Graduate School of Agricultural and Life Sciences, The University of Tokyo

1. Introduction

Paper has been used as a packaging material for a long time. As it is recyclable and
bio-degradable, it is predicted that paper will be more widely used for packaging.
Paperboard for packaging contains a large amount of recycled pulp. What recycled pulp is
produced from and how it is distributed are usually unknown. There is risk in which toxic
compounds may contaminate it. Though paperboard israrely in direct contact with food, the
contact may accidentally happen in shops or at consumer’s houses.

Food in general is imported into Japan, and its volume is increasing According to data
by Ministry of Finance, the imported weight of food that belongs to the group 20
(vegetables, nuts and part of vegetables processed) increased by 43 percent in 8 years from
1998 to 2006. That of the group 21 (other processed food) increased by 62%. At exporting
countries, food may contact paperboard that contains poisonous compounds, and then is
exported AsBSE and bird flue are attracting concerns with regard to safety and science of
food, it is necessary that paperboard is free from health risk in its use. Though data claiming
that fluorescent brightening agents (abbreviated as FBA) are not poisonous to human® were
published, there still remains some doubt of causing cancers because of its chemical
structure close to di-amino-stilbene that is very cancerous. As long as FBA is synthesized,
the risk of causing health problems by its contamination to food through contact and
carryover is not completely denied. From this standpoint, it may be required to remove or
decompose FBA in recycling processes. As there is no method available at the moment,
study to find the way of its removal and decomposition will be required in the future.

Food Sanitation Law prohibits adding fluorescent dyes when containers are produced. If a
small amount of them is used, intentionally or not, it is difficult to identify them. Therefore,
enforcing the prohibition is not an easy job. As FBA emits fluorescence by ultraviolet light
even at the concentration of 10 ppb, and can be visually observed, it islikely to be the target
of the prohibition. The method to test the presence of FBA is specified by Food Sanitation
Law. FBA in a paper sample is extracted in an alkaline condition. Then gauze is immersed
and dyed in that extracted solution under an acidic condition, and is visually inspected
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under ultraviolet light. The method is not quantitative, and may induce too severe restriction
because of its easiness of test.

The paper industry is working to use more recycled pulp as its target. It is very common
that recycled pulp made from printing paper that contains much FBA is used for making
paperboard. Too severe restriction against FBA contamination may completely disrupt the
recycling system. Miyagawa® and Jikibara® studied the case, and advised to modify the
testing method. The advice was taken into the law. The case where paper is laminated with
polyolefin film to prevent its direct contact with food has changed to be out of the
regulation, just asin foreign countries.

The notice “Detective method of fluorescent materials in equipment and packaging
materials’ announced by Food Safety Department, Medicine and Food Division, Ministry
of Health labor and Welfare, in January, 2004, defines conditions where the method is
applied. According to it, package of which surface does not have direct contact with food
and which is hygienically clean is not subjected to thetest. When fluorescence emission is
not strong enough to be observed, it has to be confirmed by its producer whether
fluorescent dyes are used or not. The pH range used to dye gauze with extracted FBA
solution has to be narrow enough from 3 to 3.5. There are standard photos for reference to
be compared with at visua inspection. These revisions help to make the analysis more
accurate and objective, and are very advantageous to the paper industry.

Even though the detective method is modified to be objective, it is considered to be
necessary to study once again whether FBA is poisonous or not. There is still some
vagueness in measuring fluorescence emission intensity by visually comparing them with
the standard photo reference. Therefore, quantitative methods are definitely needed. There
was a method using fluorescence spectrophotometer of simple design as a practical
quantitative way. Pulp slurry of about 0.5 % consistency was exposed to the light whose
wavelength was from ultraviolet to 465 nm generated from blue light emission diode. The
reflection light whose wavelength was above 515 nm was collected by fluorescence
spectrophotometer. There was a high correlation between FBA concentration and
fluorescence intensity in the range where FBA concentration was from zero to 2500 ppb?.

So, we investigated the possibility of these and other quantitative methods.

2. Experiment
2.1 Fluorescent brightening agent (FBA)

Kayaphor NV liquid by Nippon kayaku Colors was used as a sample, asit has a stilbene
structure and iswidely used in the Japanese paper industry. This FBA has a structure
shown in Fig.1. Its double bond in the center can be either cis- or trans-form. Only trans-
form can emit fluorescent light. Trans- formis easily converted to cis- form by heat and
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ultraviolet light. In cis- form, two benzene ringsin a stilbene structure can not be coplanar
each other by steric hindrance. Once transformed to cis-, FBA's affinity to celluloseis
reduced. It also changes the absorption spectrum, and quits the adsorption at around 350 nm
which is necessary for fluorescence emission, and results in the loss of brightening power®.
Sulfonate function group can be replaceable at X and Y of its structural formula, and di-,
tetra- and hexa- substituted compounds can exist. Usually, tetra-FBA is a mixture of them at
theratio of 3:6:1. FBA was delivered to us at 27 % solids. We assumed FBA of that solid
content as the base of 1, and it was diluted with deionized water. The concentration of

diluted FBA was expressed as a volume ratio like ppm and ppb.

2.2 Paper samples
2.2.1 Standard filter paper sample dyed with FBA

100 ml of the solution of FBA of 2.1 was adjusted to pH 3 with dilute hydrochloric acid.
Filter paper (Qualitative No.2 by Advantec) whose size was 20 mm x 60 mm was immersed
in the FBA solution at 60 ‘C for 30minutes. After being dyed with FBA, the filter paper
was air dried.

2.2.2 Pulp sample and extraction of FBA

The pulp sample was recycled pulp made from fine paper by Mitsubishi Paper Mills. It
contained newly-added FBA besides that originating from fine paper used. 2.0 g of the pulp
(as B.D.) was subjected to extraction with 100 ml of dilute ammonia solution of which pH
was9at 60 C for 10 min. It was filtered through awire. The filtrate was adjusted to
severa levels of pH in the range from 7.0 to 5.0 to determine the effect of pH at dying with
FBA. Filter paper was immersed in the solution for 30 minutes at aroom temperature to
dye it with the extracted FBA.

2.2.3 Study on conditions of removing FBA
Two methods were attempted to remove FBA. One was to use hypochlorite

which is already well known for decomposing FBA5 6. The other was to use
alkaline solution of high concentration. Sodium hydroxide solution was added to 80 ml
of pulp slurry of which consistency was 3 % in such away that its final volume was 100 ml
and the final pH was 11.5 and 13.0, respectively. The pulp slurries were kept still for 20
minute at 60 “C. A reference was prepared with the same procedure, using deionized water
instead of sodium hydroxide. The slurry was filtered and the residue (pulp) was well
washed, of which handsheets were prepared. Then, FBA was extracted from the handsheets
at pH 9, and filter paper was dyed with the extract at pH 3.

In the hypochlorite treatment, sodium hypochlorite solution was added to 80 ml of pulp
slurry to make its concentration 0, 25, 50, 100 and 1000 ppb, respectively. Subsequent
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procedures following on were the same with those in the extraction with sodium hydroxide.
Filter paper dyed was used for photographing its fluorescence image.

2.3 Quantitative methods
All the quantitative methods listed in the following chart were taken into considerations.

— Paper Fluorescence by ultraviolet —————Color meter
Paper — (Spectroreflectometer)

— Reflection fluorescence image analysis

—— Fluorescence spectrophotometer

— Pyrolytic component analysis —— Pyrolysis Gas chromatography
— Extract by alkali
— Light absorption/emission analysis ——Fluorescence spectrophotometer
— Chromatography High speed liquid chromatography
— lon chromatography
| Extract by superfluid —Reverse phase chromatography
CO2
- Dying gauze or filter
paper under acidic — Visual inspection of dyed filter paper
condition

From them, two methods were applicable quantitatively. One was fluorescent
spectrophotometer (F-2500 by Hitachi Co.) and the other was fluorescence imager
(Multilmager Fluro-S by Bio-Rad Laboratories). In the former method, a quartz cell that
was filled with solution was lighted from the front, and its fluorescent radiation was
measured at an angle of 90 degrees. In the latter case, only ultraviolet light was applied and
the reflection image in the visible light band was photographed by CCD camera. A
specimen was located on a glass stage in a black chamber. The distance from a specimen to
lenswas 0.75 m. f value (iris) was 22. Ultraviolet light was applied for 20 seconds. A color
filter ahead of CCD was not used. The mode of illumination was Epi:UV that meant
applying ultraviolet light from above.

Two normal fluorescent tubes of near UV light (black light) were arranged in parallel on
both sides. If lights were located too far from the specimen, error in UV intensity might be
larger. However, the equipment is designed to permit to set exposure time and number of
repetition in average calculation to any levels. The resolution of brightness of the CCD
sensor was as high as 16 bit (85536 grades). In practice, the brightness of fluorescent image
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was resolved to 256 levels.

2.4 Extraction by superfluid carbon dioxide

It is well known that carbon dioxide in a supercritical state dissolve dyes, and there are
reports on the mechanism of the dissolution and the effect of temperature and pressure on
the dissolution 9. The technology is used to dye synthetic fiber ', cotton fiber * and
protein fiber *? without any waste effluent.

2.4.1 Conditions of extraction

Superfluid carbon dioxide can extract some part of FBA. We studied to increase the
extraction by selecting modifiers (co-solvents and additives) which helped the solubility of
FBA. lon pairs used as modifiers ** **® were used in this paper.

FBA referred-to in 2.1 was also used. 200 uL of its 1% solution was absorbed by filter
paper of which diameter was 70 mm. After air dried, the filter paper was cut into strips of 5
mm width, taking into account of uneven absorption. A half of them were used for
extraction. In the condition 3, the whole paper was used.

The extraction by superfluid carbon dioxide (abbreviated as SFE extraction) was carried
out in five conditions in Table 1. Water/methanol co-solvent and modifiers such as acid or
base were passed together with superfluid carbon dioxide. A vessel for solid extraction was
used and the volume was 10 mL. The extraction time was 60 minutesin all cases.

2.4.2 Measurement by high performance liquid chromatography (HPLC)

The extract by SFE was dissolved with water to 100 ml. If all FBA was extracted, the
concentration would be 10 ppm. As a reference for qualitative measurement, FBA solution
of 1 ppm was prepared. 10 pL of the solution was taken out, filtered through 0.45 um
membrane filter and injected into the HPLC. The column was CrestPak C18S (4.6 mm in
inside diameter and 150 mm in length), and the fluorescence detector was FP-2020, both
manufactured by JASCO Corp. The measurement condition was as follows. the kind of
eluent, its concentration and column temperature were potassium di-hydro
phosphate/acetonitrile (72/22), 50 mM and 40°C, respectively. Regarding the fluorescence
spectrophotometer, the excitation and detection wavelengths were 326 nm and 435 nm,
respectively.

3. Result and discussion
3.1 Measurement by fluorescence spectrophotometer.

Fig.2 is the fluorescence spectrum of FBA solution measured by fluorescence
spectrophotometer. Selecting excitation wavelength at an interval of 5nm in a certain range,
and measuring emitted fluorescence intensity (including normal scattered light) at the same
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interval on every selected excitation wavelength, a three dimensional chart was obtained.
Theridge of high intensity in the zone, where the wavelength of excitation was equal to that
of emitted light, represented the intensity of scattered light (Rayleigh scattering). One ridge
below that of small height was by Raman scattering. A ridge extending with alow gradient
from the center of EM axis was for the secondary light whose wavelength was twice the
illumination wavelength. Fluorescence by FBA appeared a little right from the center of the
two peaks. The ratio between the wavelength of excitation and that of emission was
275/430 and 330/430, respectively.

The presence of the two peaks suggested that there were di- and tetra- substituted
compounds. We, however, have not studied yet in detail. Fig.2 was for the solution of 10
ppb. These two peaks always appeared with solutions ranging from 10 ppb to 10 ppm.
Linearity was found between the logarithm of fluorescence and the concentration in the
wide range covering the third power of ten. But, the accuracy was not enough, and has to be
investigated further.

3.2 Quantitative measurement by fluorescence image

Fig. 3 shows fluorescence images of the standard filter paper samples dyed. Droplet
patterns seen on the samples were caused by water droplets dewed inside the CCD, and
were indifferent from characters of the samples. When we calculated the average gray level
of a sample, pixels which did not belong to droplets were taken into the calculation. The
sample which was dyed by FBA solution of higher concentration gave definitely higher
intensity. The blank in Fig.3 was a reference filter paper. Fig. 4 shows the relationship
between the brightness of the sample and the FBA concentration used to dyeit. The vertical
axis is for the brightness from zero to 255, and the horizontal axisis for the concentration
from 1 ppb to 100 ppm. They are in alogarithmic scale. Though the linearity was observed,
it was not enough for quantitative measurement. But, the regresson was used as a
calibration line for estimating concentrations in the following discussion.

The effect of pH in dyeing was depicted in Fig. 5, using the brightness of fluorescence
images. When the brightnessis visually inspected, its |ogarithmic value which corresponds
toitsoptical intensity fits to human sense more than its light intensity and brightness itself.
So, logarithmic values were used in Fig. 5. The highest emission was observed at a dyeing
pH of 2.3. At this pH, sulfonate groups were supposed to be less ionized and combined with
hydroxyl groups of cellulose of filter paper to form strong hydrogen bonding. At lower pH
than that, no further increase was observed. At higher pH than 3, the dyed amount was
gradually decreased, and was not stable. This result was in good agreement with that by
Jikibara?.

Whether FBA could be removed by a treatment of high alkaline solution was examined,
and theresult isin Table 2. Residual FBA concentration was cal cul ated based on the
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relation of Fig. 4. When a pulp was treated with alkaline solution of pH 13, FBA was not
always removed completely due to strong bonding to pulp surfaces by hydrogen bonding or
intermolecular force. There was a sample from which FBA was extractable at pH 9 after
preceding extraction at pH 13. When one pulp sample was subjected to extraction
repeatedly at pH 9, almost the same amount of FBA was extracted at every extraction.
Therefore, it seems that only a part of FBA was extracted at pH 9. Judging from these facts,
it was suggested that even the treatment by alkaline solution at pH 13 removed only some
part of FBA. The gray level for the pH 6.8 extraction as a reference was saturated at 255. Its
real fluorescence emission was supposed to be more than that. It was obvious that the
treatment at neutral pH was less extractive than the treatment in alkaline pH.

FBA is decomposed by sodium hypochlorite. The effect of hypochlorite concentration on
the decomposition was examined, and the result is shown in Fig.6. Hypochlorite solution of
1 ppm reduced FBA concentration down to 1 ppb. The FBA concentration which is alowed
to food packaging materialsisless than 1 ppb and the concentration in this condition agreed
to thislevel. It is not clear which part of the chemical formula of FBA was oxidized. It has
not been also known yet whether losing fluorescence means that FBA is converted to
noN-poi sonous structures.

3.3 Extraction by superfluid carbon dioxide and quantitative measurement by HPLC

FBA was extracted in a condition specified as No.5 in Table 1 by superfluid carbon
dioxide, and was analyzed with HPLC. Fig. 7 is its chromatogram. A peak at a retention
time of 8.8 min with the a height of 280 mV, asmall peak at 9.7 min with a height of 30 mV
and a large peak at 12.9 min with a height of 580 mV were supposed to be characteristic to
FBA. As FBA was a mixture of substituted products depending on numbers of sulfonate
group such as di-, tetra- and hexa- compounds and their ratio was 3:6:1, the peaks
corresponded to di- , tetra- and hexa- in the order from the short retention time. In general,
the larger is a molecular compound, in the shorter retention time it elutes. But, in this case,
the difference in ion intensity among the compounds interacted with the column more
effectively, and they eluted out in the reverse order. The condition of extraction did not
affect the retention time of each peak and the ratios among the intensities of those peaks.

We assumed that the extracted amount was proportional to the total summed area of these
three peaks. The total area of a reference sample that was FBA solution was taken as a
ference. Comparing the area of the extracted with that of the reference, we could calculate
FBA extracted amount in each condition. The result was in Table 3. In Conditions 1 and 4,
where the solvent did not contain water, little FBA was extracted. When the solvent was a
mixture of water and methanol, the addition of either of the organic acids to the solvent did
not increase the extracted amount. This fact suggested that an ion in an ionized form might
hinder the extraction. On the other hand, the addition of either of the organic bases to the
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solvent worked effectively and the extraction ratio was 97.9 %. It was found that alkaline
solutions were aso effective for the extraction even when a main solvent was super fluid.
We could not make clear comment on the effect of ion pair, as only one addition level was
tested. Addition of ion pair of a higher concentration also tended to reduce the extracted
amount, if the temperature difference ignored.

4. Conclusions

Fluorescence spectrophotometer and fluorescence image analysis were investigated as a
quantitative method for FBA measurement. They could be quantitative to some extent,
but the accuracy was not high sufficiently. Alkaline solutions of high concentrations did not
remove much FBA effectively. Hypochlorite could decompose FBA very effectively.
Extraction by superfluid carbon dioxide was studied along with quantitative analysis using
HPL C and a fluorescence image detector. With the addition of water and the organic base to
superfluid, which made the solvent alkaline, amost all FBA was extracted from filter paper
samples. HPLC could separate the substituted compounds of FBA dependent on the number
of sulfonate groups, and permits the quantitative analysis.
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