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Abstract: The influence of iron ions at concentrations of 0.2, 0.5, and 1.0 g/L on optical brighteners of
the groups stilbene and biphenyl in solution and on cotton fabric was investigated. Both groups of
optical brighteners are intended for detergent formulations. The influence of iron ions was studied by
absorption and fluorescence spectra in solution and by whiteness degree, identifying color differences
using CIEL*a*b* coordinates and Ultraviolet Protection Factor (UPF) of cotton fabrics. The obtained
results in solutions and cotton fabrics showed different behavior of optical brighteners stilbene and
biphenyl in the presence of iron. Stilbene compounds with metal ions produced new species capable
of absorbing in the UV-B region of the spectrum. A biphenyl compound in combination with iron
had no effect on the absorption properties. Both optical brighteners were influenced by iron ions in
the sense of fluorescence quenching. The influence of iron ions in single- and two-bath treatments of
cotton fabrics after one cycle on whiteness degree and UPF was negligible.

Keywords: optical brighteners; solutions; iron ions; absorption; fluorescence; cotton fabric; whiteness
degree; Ultraviolet Protection Factor (UPF)

1. Introduction

Optical brighteners (OBs) are special compounds that contain a fluorescent system
instead of a chromophore and are intended for optical and UV protection applications [1].
The basic requirement for these compounds is the ability to absorb electromagnetic radia-
tion (EMR) in the UV spectrum. It is usually associated with the molecules with planar
configuration (e.g., metal complexes), conjugated double bonds, or high resonance stability,
outstanding among them are aromatic compounds with an electron donor group (e.g.,
-NH;) or acidic protons (phenols and anilines) [2]. Optical brighteners absorb maximally
in the near UV, from 340 to 380 nm, and emit in the visible part of the spectrum at 425 to
450 nm [3]. From a chemical point of view, OBs can be derivatives of stilbene, coumarin,
benzoxazole, benzo[b]furan, etc. [4,5].

Cotton, an important biopolymer in the manufacture of woven and knitted fabrics,
cannot provide adequate protection against UV radiation. UV protection of cotton textiles
can be improved by fabric weaving construction parameters and finishes [6—14]. OBs are
known finishing additives that can improve the UV protection of cotton textiles [15-17].
Washing such treated cotton materials with detergents without OBs leads to a loss of optical
and UV protection properties. According to previous studies, UPF reaches the level of
untreated fabric after 10 washing cycles [17,18]. The role of OBs in detergent formulation
for washing cotton fabrics is to improve the optical and UV properties. Previous research
has mainly focused on the optical properties of OBs in detergents but not on the UV

Materials 2021, 14, 4995. https:/ /doi.org/10.3390/ma14174995

https://www.mdpi.com/journal /materials


https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0001-8822-9720
https://orcid.org/0000-0002-6727-8344
https://orcid.org/0000-0003-1900-3036
https://doi.org/10.3390/ma14174995
https://doi.org/10.3390/ma14174995
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ma14174995
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma14174995?type=check_update&version=1

Materials 2021, 14, 4995

20f 14

properties [3,19-21]. OBs in detergents can provide UV protection properties as an added
value of textiles in the washing process [18,22-26]. Stilbene and biphenyl derivatives are
most commonly used as detergent OBs [3,19,20]. Such washing effects can be blocked by
the presence of chlorine and various types of metal ions, depending on their concentration
and composition. They can reduce the absorption and/or quench fluorescence and reduce
whiteness [3,27-30]. The reason Fe ions reduce the fluorescence intensity of the OB is
most likely due to impact of the Fe ion on the electronically excited molecule followed
by a reverse electron-transfer reaction, which leads to the system returning to its original
unexcited state. To the best of our knowledge, the effect of detergent with OBs in the
presence of metal ions on UV protection properties has not been previously researched.

The importance of UV protection of cotton materials when washed with the detergents
containing OBs was the motivation for the present study. There are many studies in which
UV protection of cotton materials has been improved by fabric weaving construction
parameters and finishes. OBs in detergents can also increase the UV protection properties
as an added value of textiles in the washing process. In this study, the basis was to research
the ability of the UV protection of the cotton materials when washed with the detergent
containing optical brighteners (OBs) and in the presence of fluorescence quencher. For that
purpose, in a first step, aqueous solutions of stilbene and biphenyl OBs were analyzed
under the influence of iron ions using absorption and fluorescence spectra. The application
of OBs in the presence and absence of iron ions was carried out on standard cotton fabrics
by single- and two-bath treatments. The optical and protective properties of cotton fabrics
before and after treatments were characterized by whiteness (Wcyg), spectral parameters
(a* and b*), and by Ultraviolet Protection Factor (UPF).

2. Materials and Methods
2.1. Materials

The chemical structures of the OBs with stilbene (S) and biphenyl structures (B)
structures are shown in Table 1.

Table 1. Chemical structure of the fluorescent compounds.

Molecular
Label Name Structural Formula Formula Weight (g/mol)
g

disodium I\/r\lj \|/NH 50 Na NH
4.4'-bis[(4-anylino-6-morpholino- A ‘ Al

5 1.3.5-triazine-2-yl)amino]-stilbene- Y )N\:JN - CaoH3N12085Nay 924.93

2.2'-disulphonate @/ NH S0P NN Lé
B 4.4'-bis(2-sulfostyryl)biphenyl CrgH»,O6S,Nay 518.60

Analytical evaluation of the stilbene and biphenyl OBs in solutions with concentra-
tions of 0.08%, 0.12%, and 0.25% was carried out. Table 2 shows the labeling of OBs with
different concentrations.

The iron standard solution Fe(NOs3); in HNO3 0.5 mol/L 1000 mg/L Fe Certipur®
from Merck served as the source of iron ions. Appropriate aliquots were taken by diluting
the stock solution in distilled water depending on the desired addition of iron ions.

Concentrations of 0.2, 0.5, and 1.0 mg/L of the iron standard solution were added to
the OBs, as shown in Table 3.
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Table 2. Labeling of the optical brighteners solutions.
OBs Derivative wog (%) Label
0.08 5-0.08
Stilbene 0.12 5-0.12
0.25 5-0.25
0.08 B-0.08
Biphenyl 0.12 B-0.12
0.25 B-0.25
Table 3. Labelling of OBs with iron ions.
Label
Y Fe (mg/L) 0 0.2 0.5 1.0
S-0.08 S-0.08_0.2 S-0.08_0.5 S-0.08_1.0
ws (%) 5-0.12 $-0.12_0.2 S-0.12_0.5 5-0.12_1.0
5-0.25 5-0.25_0.2 S-0.25_0.5 5-0.25_1.0
B-0.08 B-0.08_0.2 B-0.08_0.5 B-0.08_1.0
wg (%) B-0.12 B-0.12_0.2 B-0.12.0.5 B-0.12_1.0
B-0.25 B-0.25_0.2 B-0.25_0.5 B-0.25_1.0

The application of OBs was realized by the washing process of a cotton fabric in
plain weave with the surface mass of 175.6 g/m? and the density in warp/weft direction
25/25 yarns/cm. An ECE Color fastness Test Detergent 77 (5 g/L) without OBs in its
composition was used [31].

2.2. Treatments

The treatments of cotton fabrics were carried out in a Linitest apparatus, Original
Hanau as follows:

Single-bath treatment—simultaneous washing of cotton fabrics with 0.2 mg/L,
0.5 mg/L, and 1.0 mg/L iron standard solutions added to ECE reference detergent
(5 g/L) with stilbene and biphenyl OBs (0.08%, 0.12%, and 0.25%) at 60 °C, bath ratio
1:20, duration 30 min.

Two-bath treatment—cotton fabrics were treated with iron ions at concentrations of
0.2,0.5, and 1.0 mg/L (at 60 °C, bath ratio 1:20, duration for 30 min). Samples were rinsed
with water and washed with ECE reference detergent containing stilbene and biphenyl
OBs (0.08%, 0.12%, and 0.25%) at 60 °C, bath ratio 1:20, for 30 min.

Treated cotton samples specially marked with asterisks, * for single-bath treatment and
** for two-bath treatment, were dried under ambient conditions and evaluated objectively
by methods.

2.3. Methods

UV /Vis spectrophotometer Lambda 20, Perkin Elmer, was used under the following
measurement conditions: range from 200 to 500 nm, aperture size 2 nm, and reading-off
range 1 nm for absorption spectra of solutions. Fluorimeter F-7000, Hitachi (Tokyo, Japan),
was used to measure fluorescence intensity in the wavelength range of 300 to 600 nm,
at excitation wavelength of 250 nm, and wavelength scan speed of 240 nm/min.

The spectral characteristics of cotton fabrics before and after treatments were mea-
sured using a Spectraflash SF 600+ CT, Datacolor, remission spectrophotometer in the
measurement range of 360 to 700 nm, with an aperture of 20 mm, standard illumination
D65, and reported as the mean of three individual measurements. The W¢ig was calculated
automatically, according to EN ISO 105-J02 [32]. Transmittance was measured with a UV/V
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is spectrophotometer Varian-Cary 50/Solascreen, using a software package to calculate spe-
cific UPF values using the in vitro method according to AS/NZS 4399:1996 [33,34]. UPF is
an expression indicating the degree of protection against UV radiation and is calculated
automatically from the transmittance T(A), according to the following equation:

400
Y E(A)-e(A)-AA
UPF = — =20 1)
Y E(A)-T(A)-e(A)-AA
A=290

where:
E(A)—relative erythemal spectral effectiveness (W m~2nm™1);
g(A)—solar spectral irradiance;
AA—measured wavelength interval (nm);
T(A)—average spectral transmittance of the specimen (%).

3. Results and Discussion

The effect of iron ions on the optical brighteners in solution was assessed using
absorption and fluorescence spectra (Figures 1-4; Tables 4 and 5).

The application of OBs with iron ions on cotton fabrics was analyzed by whiteness
degree, CIEL*a*b* coordinates, and UPF (Figures 5-9, Table 6).

3.1. Absorption and Fluorescence Curves of Optical Brighteners in a Solution

In Figure 1a,b, the absorbance and fluorescence spectra of stilbene OB are plotted for
three different concentration ranges. The results obtained showed that increased concentration
of optical brightener resulted in higher absorption of UV radiation (5-0.08 < 5-0.12 < 5-0.25),
Figure 1a. The stilbene optical brightener exhibits two absorption peaks, one in the UV-
A (at wavelength 330 nm) region and one in the UV-C (at wavelength 273 nm) region.
The fluorescence maximum of stilbene OB is at 430 nm (Figure 1b).

Figure 2 shows the comparison of the absorption and fluorescence spectra of the
optical brighteners used on stilbenes as a function of the concentration of iron ions.
The absorption spectra of stilbene OB at three concentrations after addition of ferrous
ions show a bathochromic and hypochromic shift. There was a bathochromic shift of the
absorption maximum (Figure 2a; Table 4) to higher wavelengths, i.e., to the UV-A (375 nm)
and UV-B (286 nm) regions, which is particularly evident at higher concentrations of optical
brighteners. The highest hypochromic shift was registered at the concentration of iron ions
0.5 mg/L by the absorption maximum (Figure 2a).

The iron ions and the optical brightener stilbene (Figure 2a; Table 4) generated a
different species compared to the parent compound (at about 360 nm) that absorbs in the
UV-A region, just like a OB. These likely new complexes open up a platform for original
investigative questions.



Materials 2021, 14, 4995 50f 14
—s_0.08 —s_042 —s.025 —s_008 —s_012 —s.025
0.4000 1400 -
0.3500 f\ 1200 Al
0.3000 / \ Z 1000 / \
/ :
g oo / \ - / \
i/ A\ = )
g o100 N ?
w0 |/ 2\ N £ AN\
v LY N~ " j/f AN
n'mm 250 300 3‘50 400 450 500 omo aso 400 450 500 550 600
A, nm A, nm
(a) (b)
Figure 1. Stilbene optical brightener: (a) absorption spectra; (b) fluorescence spectra.
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Figure 2. Stilbene optical brightener with iron ions: (a) absorption spectra; (b) fluorescence spectra.
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Figure 3. Biphenyl optical brightener: (a) absorption spectra; (b) fluorescence spectra.
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Figure 4. Biphenyl optical brightener with iron ions: (a) absorption spectra; (b) fluorescence spectra.
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Table 4. Wavelength values at peak absorption of stilbene optical brightener solution with iron ion,
as dependent upon the UV region of absorption.

Spectrum
Label UV-A (315-400) UV-B (280-315) UV-C (100-280)
Amax

5-0.08 330 - 273
5-0.08_0.2 375 286 -
5.0.08_0.5 375 286 -
5-0.08_1.0 375 286 -

5012 330 - 273
5:0.12_0.2 375 286 -
501205 375 286 -
5:0.12_1.0 375 286 ;

5025 330 - 273
5-0.25 0.2 375 286 -
5025 0.5 375 286 -
5:0.25_1.0 375 286 -

Table 5. Wavelength values at peak absorption of biphenyl optical brightener solution with iron ion,
as dependent upon the UV region of absorption.

Spectrum
Label UV-A (315-400) UV-B (280-315)  UV-C (100-280 nm)
Amax

B-0.08 347 ] 246
B-0.08_0.2 347 - 246
B-0.08_0.5 347 - 246
B-0.08_1.0 347 - 246

B-0.12 347 - 246
B-0.12_0.2 347 - 246
B-0.12_0.5 347 ] 246
B-0.12_1.0 347 - 246

B-0.25 347 - 246
B-0.25_0.2 347 - 246
B-0.25_0.5 347 - 246

B-0.25_1.0 347 - 246
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Figure 5. Whiteness degree (Wcpg) of cotton samples treated in single-bath treatment.
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Figure 6. Whiteness degree (Wcjg) of cotton samples treated in two-bath treatment.
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Figure 7. Spectral coordinates, a* and b*, of cotton fabrics treated in a single-bath and two-bath method.
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Figure 8. UPF of cotton fabrics treated in single-bath treatment.
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Figure 9. UPF of cotton fabrics treated in two-bath treatments.

Table 6. Lightness of cotton fabric samples treated with iron ions.

Cotton Fabrics Treatment Yre (mg/L)
Single-bath 0 0.2 0.5 1.0
S_0.08* 93.23 93.23 93.49 93.31
S_0.12* 93.52 93.42 93.68 93.61
S_0.25* 93.47 93.57 93.75 93.72
B_0.08* 93.06 93.56 93.31 93.41
B_0.12* 93.51 93.66 93.39 93.46
B_0.25% 93.70 93.45 93.64 93.54
Cotton Fabrics Treatment Yre (mg/L)
Two-bath 0 0.2 0.5 1.0
S_0.08** 93.23 93.42 93.28 93.53
S_0.12** 93.52 93.61 93.35 93.70
S_0.25** 93.47 93.67 93.27 93.77
B_0.08** 93.06 93.51 93.59 93.51
B_0.12** 93.51 93.67 93.80 93.70
B_0.25** 93.70 93.78 93.92 93.91
Untreated 93.60 93.60 93.60 93.60

In spite of the fact that the mechanism of fluorescence quenching (or reduction of fluores-
cence intensity) has not been investigated in this paper, it can be seen from the shape of the
fluorescence curve that quenching occurred most probably due to the formation of a complex
between iron ions and OB. This newly formed complex had less pronounced fluorescent proper-
ties, which is manifested in a decrease in fluorescence intensity (Figure 2b). This effect was more
pronounced with lower concentrations of OB, which were still sufficient to form a complex
with iron presented in the solution. On the other hand, the shape of the fluorescence curve in
Figure 2b shows that the lowest concentrations of iron (0.2 mg/L) with a lower concentration
of OB (0.12%) caused the largest decrease in fluorescence intensity, and the shape of the curve
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is identical to the curve of OB but with lower fluorescence intensity. It is possible that further
increasing the concentration of iron, precisely because of its excess, complexes with a different
ratio of Fe:OB were formed, which can be noticed from the slightly changed shape of the curve.
Definitely, in further research, it is necessary to determine the mechanism of this reaction in
order to confirm these effects. Stilbene OBs contain a double bond in their molecular structure,
which can exist in cis and trans isomer. Exposure to sunlight can result in a decrease or loss of
their fluorescence due to cis/trans isomerization [35], with the trans isomer fluorescing strongly
while the cis isomer has no fluorescence. The absorption peaks of the cis isomer are much
stronger. Their fluorescence emission peaks are in the range of 400-650 nm [36].

Since UV-C rays of the sunlight spectrum do not reach the Earth’s surface [32-35],
only UV-A and UV-B components of the sunlight spectrum are important for protective
phenomena. The absorption and fluorescence spectra of biphenyl OB for three different
concentration ranges are shown in Figure 3. The optical brightener biphenyl exhibits two
absorption peaks, one in the UV-A region (at a wavelength of 347 nm) and one in the UV-C
region (at a wavelength of 246 nm), Figure 3a. The peak of the fluorescence maximum of
biphenyl OB is at 430 nm (Figure 3b).

Iron ions at the concentrations used did not affect the absorption characteristics of
biphenyl OB in the UV-A region of the spectrum, confirming its stability in this region,
(Figure 4a and Table 5). Despite the absorption stability of biphenyl OB being comparable
to that of stilbene OB, the iron ion caused a quench in the fluorescence of both derivatives,
Figures 2b and 4b.

3.2. Whiteness Degree and Spectral a* and *b* Coordinates of Cotton Fabric

In the treatment of cotton fabrics, the influence of iron ions on optical effects and UV
protection effects was additionally investigated. The values of whiteness degree for cotton
fabrics treated with single-bath treatment can be seen in Figures 5 and 6.

Whiteness degree increased with an increasing concentration of OBs, as expected.
The influence of iron ions on the whiteness of cotton fabrics depends on OB derivative
and treatments. Their influence in solutions of OBs is observed by fluorescence quenching
(Figures 2b and 4b). This phenomenon can be explained by the fact that iron ions cause
fluorescence quenching, which is more pronounced in solutions than on a textile fabric.
When treated with one bath, the differences in whiteness were less pronounced than when
treated with two-bath treatment. Obviously, metal ions in a single-bath procedure created
complexes with the molecules of stilbene optical brightener and reduced its fluorescence
potential. A dramatic decrease of the whiteness of S_0.25 at 0.5 mg/L Fe and then increase
at 1 mg/L Fe is specific to the two-bath treatment. The reason for the decrease is a specific
and stable interaction of 0.5 mg/L Fe with cotton fabric. The concentration of 1 mg/L Fe
caused less effect because it was adsorbed and desorbed through movement in a Linitest
apparatus. Biphenyl OB is more stable according to the proposed evaluation criteria.

The effect of iron ions added to the fluorescent compounds on washed cotton fabrics
was monitored using the CIEL*a*b* color space lightness in Table 6 and a*b* coordinates,
Figure 7.

The addition of iron ions to OBs in single- and two-bath treatments did not affect the
lightness of cotton fabrics (Table 6). Optical brighteners applied at higher concentrations,
in interacting with iron ions, altered the a* and b* values. The changes were more pro-
nounced in two-bath treatment. The trend was more evident with stilbene OB at the
concentration of 0.25% w/w and 0.5 mg/L iron ions (Figure 7).

Iron ions influenced the negative value of b* coordinate of treated cotton fabric.
This phenomenon can be explained by the formation of complex between iron ions and OB
stilbene type, since the newly formed complex had less pronounced fluorescent properties,
visible as a decrease in fluorescence intensity (Figure 2b). The effect was more pronounced
with lower concentrations of OB. Furthermore, the iron ion solution was slightly pale-
yellow-colored, which is obviously sufficient to alter the fabric hue. Due to the present
yellowish hue of the iron solution, it strongly affected the -b* coordinate at lower OBs con-
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centrations and in two-bath treatment. Namely, the a two-bath treatment, the cotton fabric
was treated with iron ions first, followed by washing in a detergent solution containing OB.
In this case, the iron ions were bound on cotton fabric, so the washing process with a low
amount of OBs was not sufficient to neutralize the fabric chromacity. It was a somewhat
different situation in the case of the single-bath treatment. The impact was less pro-
nounced in a single bath due to the formation of a complex with a different ratio of Fe:OB,
and quenching occurred.

3.3. UPF

The equation for calculating the UPF clearly shows that the UV-C part of the spectrum
(radiation of the wavelengths below 280 nm) is not included, since this radiation does not
reach the earth’s surface. The absorption results (Tables 4 and 5) for the OBs solutions show
that biphenyl and stilbene derivative absorb in the UV-A and UV-C. The addition of iron
ions changes the absorption spectra of stilbene OB. The absorption maximum of UV-C was
shifted to higher wavelengths, to UV-B, Table 4.

Untreated cotton fabrics exhibited a negligible degree of protection (UPF 7.276), mainly
due to their structural properties and prebleaching processing level [7]. According to the
influence of iron ions on stilbene OB in solution, expressed by the complex form, it was
expected that the UPF of treated cotton fabrics would be increased. The UPF results of
cotton fabric after single- and two-bath treatments were only slightly increased despite
differences in absorption and fluorescence. The highest UV protection (UPF 15.923) was
observed on cotton fabric after single-bath treatment with stilbene OB at 0.25% concentra-
tion with the highest concentration of iron ions (1.0 mg/L). Two-bath treatment, especially
at 0.25% w/w, reduced the UPF, which may be attributed to the ion-exchange properties of
cotton cellulose and its reaction with iron ions (Figures 8 and 9).

The impact of iron ions on UPF at single- or two-bath treatments is not easy to analyze
unambiguously. The results presented for the change of shade in cotton fabrics treated with
fluorescent compounds with the presence of metal ions can also have an impact on the UV
protection properties, as fabric chromacity (presence of a color, Figure 7) results in higher
UPF values. In contrast to stilbene OB, two-bath treatment of cotton fabric with biphenyl
OB at higher concentrations of iron ions slightly reduced the UPF value. The equation
used to calculate UPF clearly shows that the UV-C part of the spectrum (radiation of the
wavelengths below 280 nm) is not included, as this radiation does not reach the Earth
surface. Absorption results (Table 5) for the florescent compound solutions show that
biphenyl OB absorbs in this part of the spectrum as well. This fact is directly reflected in
the lower UPF values of the fabric treated with a biphenyl derivative.

4. Conclusions

The influence of iron ions on optical brighteners in a solution and on treated cotton
fabric was studied by analyzing of optical and protective phenomena. Two parameters,
absorption and fluorescence spectra of optical brighteners in a solution, were compared
with three parameters on cotton fabric: whiteness degree, hue changes, and UPFE.

The results obtained showed that iron ions with stilbene as optical brightener produce
a different species that absorbs in the UV-B region compared to the parent compound.
It can be assumed that it is a new complex form between the stilbene optical brighteners
and the iron ions.

In contrast, in the case of the biphenyl optical brightener, the iron ions had no effect
on the absorption characteristics in the UV-A part of the spectrum, confirming its stability
in this region. However, the influence of iron ions is noticeable by an increased absorption
of the biphenyl optical brightener in the UV-C region.

The addition of iron ions in solution reduced the fluorescence intensity of the optical
brighteners stilbene and biphenyl at all applied concentrations. The effect of iron ions on
the absorption spectra of stilbene optical brightener in the form of bathochromic shift to
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the UV-C region, and on the fluorescence spectra of stilbene and biphenyl derivatives in
the forming of fluorescence, quenching was observed.

The values of whiteness degree for cotton fabrics treated with a fluorescent compound
with the addition of iron ions are generally lower in the case of the single-bath treatment.
It has been proved that the metal ions form complex with the molecules of the optical
brightener stilbene during one bath treatment, thereby reducing its potential.

The obtained results proved that the absorption and fluorescence as optical behavior
in the solutions cannot be fully transferred to the optical and protective properties of the
cotton fabrics obtained in single- and two-bath treatments with the detergent containing
optical brighteners. We suggest that the contribution of the detergent partly caused a
dispersive composition in which the influence of iron ions was suppressed.
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