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Photo-induced Yellowing of Mg(OH).-based Peroxide
Bleached Deinked Pulp

Na Yun,*** and Beihai He ®¢

The effects of ultraviolet (UV) irradiation on the changes in color and
chemical structure of the surfaces of unbleached, Pnaon-, and Pwmg(oH)2-
bleached deinked pulp (DIP) were studied by attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectroscopy. The analysis of color
changes in pulp surfaces during the photo yellowing was performed by
measuring the brightness loss, post color (PC) number, and CIELAB
parameters (L*, a* b* and AE*). The results showed that the pulp
brightness loss, PC number, and chromatic aberration had a linear
relationship with b*. During the UV irradiation, the pulp brightness loss, PC
number, and chromatic aberration (AE*) increased quickly, and then the
changes slowed down. After being irradiated with UV for 360 min, the band
intensity of the pulps at 1729 cm increased distinctively and a new band
at 1674 cm? appeared. This indicated that p-quinone groups were
produced during the irradiation process, thus resulting in paper yellowing.
The band intensity at 1674 cm™ of Pwgony2-bleached pulp was lower than
that of Pnaon-bleached pulp, which indicated that the brightness stability of
Pwmg(on)2 pulp was better than that of Pnaox pulp.
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INTRODUCTION

Color reversion is caused by the effects of the storage environment, including
temperature, relative humidity, UV irradiation, etc. This process can be divided into two
categories: heat-reduced yellowing and light-reduced yellowing. The use of mechanical
pulps in a number of applications is restricted due to their rapid loss of brightness upon
exposure to light. Similarly, deinked pulps, which contain mechanical pulps, exhibit the
same problem. Lignin is known to be responsible for yellowing. Over the last several
decades, the color reversion of mechanical pulps has been studied by many researchers
(Kimura et al. 1994; Leary 1994; Miller et al. 2003; Zou 2004; Pandey 2005; Rosu et al.
2010), but the underlying mechanism of photo yellowing has yet to be discovered.
Moreover, the studies on the yellowing of deinked pulp, especially on the comparison of
Mg(OH)2-based with NaOH-based hydrogen peroxide bleached pulp, were much fewer
(Savoye et al. 2011). Leduc et al. (2010) determined the surface lignin concentration of
softwood thermo-mechanical pulp (TMP), hardwood chemi-thermo-mechanical pulp
(CTMP), and deinked pulp using the x-ray photoelectron spectroscopy (XPS) technique
and found that the PwmgoH)2-bleached deinked pulp (DIP) had lower surface lignin
concentration than that of the Pnaon-bleached DIP. Therefore, they inferred that the former
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was not as easy as the latter to become yellow. However, this assumption has not been
confirmed by other researchers yet.

In this investigation, UV irradiation was used to accelerate color reversion of the
unbleached, Pnaon-bleached, and Pmg(oH)y2-bleached deinked pulp. The brightness loss, post
color (PC) number, and CIELAB parameters (L*, a*, b*, and AE*) were measured to
explore the yellowing properties of these pulps and paper. The changes in chemical
structure of the surfaces of these pulps were also studied by attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectroscopy.

EXPERIMENTAL

Materials

The deinked pulp was obtained from the Guangzhou Paper Mill located in
Guangzhou, Guangdong Province, China. The brightness value of the unbleached DIP was
47.2% 1S0O. Other chemicals used in bleaching and analyses were of analytical grade and
supplied by the Guangzhou Chemical Reagent Factory, Guangzhou, China. Magnesium
hydroxide powder was used in this experiment, containing Mg(OH)2 98%, Fe 31.5 ppm,
Mn 1.7 ppm, and Cu less than 1 ppm; the median size (D50) was 10.62 um and the size
distribution (D10 through D90) was from 5.60 um to 24.59 um. Chemical dosing of the
additive was calculated on an oven dry (0.d.) pulp mass basis.

Methods
Hydrogen peroxide bleaching

Hydrogen peroxide bleaching experiments were conducted in heat-sealed plastic
bags. Before the bleaching liquor was added, the pulp slurry was pre-heated to 80 °C. To
make the bleaching liquor for peroxide bleaching, the chemicals were mixed in a beaker in
the following order: distilled water, sodium silicate, ethylene diamine tetraacetic acid
(EDTA), and NaOH or Mg(OH)2. Then hydrogen peroxide was added directly to the pulp
after other chemicals were added and mixed thoroughly. The plastic bag was then sealed
and fully immersed in a pre-heated thermostatically controlled water bath for the desired
retention time. The pulp was mixed every 15 min for the duration of the experiment. The
experimental conditions for hydrogen peroxide bleaching were as follows: an H202 dose
of 3.00%, 0.50% EDTA, 2.00% Na2SiOs, a temperature of 80 °C, reaction time 120 min,
and 10% pulp consistency; for Pnaon bleaching the NaOH dose was 2.00% and for PmgoH)2
bleaching the Mg(OH)2 dose was 1.45% (Yun and He 2013). After the required retention
time, the pulp slurry was washed thoroughly with distilled water for further analysis.

Formation of handsheets

Pulps were transformed to handsheets following the TAPPI T205 sp-02 standard
(2002) in a sheet former (RK3AKWT, Frank-PTI, Laakirchen, Austria). Then these
handsheets were put into standard conditioning and testing atmospheres, according to the
TAPPI T402 sp-03 standard (2003), for further analysis.

UV light-induced yellowing measurement

The UV light-induced yellowing experiments were conducted in a photo-aging
accelerator. The wave length was set to 340 nm, at 50 °C, 50% relative humidity, 0.85
W/m? incident light intensity, and the size of each paper sample was 110 mm x 80 mm.
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The paper samples were removed after the desired time, and they were stored in darkness
for 30 min for further optical analysis.

Optical analysis

The brightness was measured according to the TAPPI T452 om-02 standard (2002)
using a brightness apparatus (Elrepho 070, L&W, Kista, Sweden). The brightness loss was
calculated according to Eq. 1 (Fang et al. 2000),

Brightness Loss = (Brightnesspefore photo aging —Brightnessafter photo aging) X 100 Q)

PC number analysis

The post color number was often used to evaluate the yellowing degree of paper:
the higher the PC number, the higher the degree of yellowing. The PC number was
calculated with Egs. 2 and 3 (Fang et al. 2000; McGarry et al. 2002),

PC Number = [(k / S)before photo aging — (k / S)after photo aging] x 100 (2)
K/S:(I_Roo)Z/ZRoo (3)

where k is the light absorption coefficient, s is the light scattering coefficient, and R is the
ISO-brightness (%) under R457.

Chromatic aberration analysis

The photo yellowing was measured by the CIE L*a*b* method. The lightness (L*),
redness (a*), and yellowness (b*) values were recorded. The overall chromatic change
(AE*) was calculated by Eq. 4 (Miller et al. 2003; Pandey 2005),

AE* = [(|_*2 - |_*1)2 + (a*2 - a*1)2 + (b*z _ b*1)2]1/2 (4)

where 1 denotes the values before UV light exposure, 2 denotes the values after UV light
exposure, L* represents the gray value that varies between 0 (black) and 100 (white),
positive values of (a*2- a*1) describe a red shift, negative values of (a*2- a*1) describe a
green shift, positive values of (b*2 - b*1) describe a yellow shift, and negative values of
(b*2 - b*1) describe a blue shift.

ATR-FTIR analysis

The infrared spectra of the handsheets were recorded on a FT-IR spectrophotometer
(Vector 33, Bruker, Billerica, MA, USA). The spectra were measured in ATR mode at 4
cm resolution and wavenumber scale 4000 cm™ to 400 cm™.,

RESULTS AND DISCUSSION

Evaluation Indicators of Photo Yellowing of Deinked Pulps

The photo yellowing of deinked pulps was evaluated by brightness loss, PC humber,
and overall chromatic change (AE*). According to the CIELAB system, the positive and
negative values of b* represent yellow and blue, respectively. The greater the positive
values of b*, the more yellow the samples. To understand the relationships between
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brightness loss, PC number, AE*, and photo yellowing of deinked pulps, the relationships
between brightness loss, PC number, AE*, and b* of the unbleached, Pnaon-, and Pmgor)2-
bleached pulps were studied, and the curving fits are shown in Figs. 1 through 3. The results
showed that the brightness loss, PC number, and AE* had a linear relationship with b*, as
the correlation coefficient r was larger than 0.99. Thus, the brightness loss, PC number,
and AE* could be used to evaluate the photo yellowing degree of the unbleached, the Pnaon-
bleached, and the Pwmg(on)2-bleached DIP.
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Fig. 2. Curving fit of PC number vs. b*
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Effect of Irradiation Time on Brightness Loss, PC number, and Chromatic
Aberration

In this investigation, with the extension of irradiation time, the changes of
brightness loss, PC number, and AE* were studied. The set irradiation times were as
follows: 0 min, 5 min, 10 min, 15 min, 20 min, 25 min, 30 min, 60 min, 90 min, 120 min,
180 min, 240 min, 300 min, and 360 min. The changes in brightness loss, PC number, and
AE* of the unbleached, Pnaon- bleached, and Pmgon)2-bleached handsheets with increased
irradiation time are shown in Figs. 4 through 6.
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Fig. 4. Pulp brightness loss vs. time
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As shown, with the increase in irradiation time, the brightness loss, PC number, and
AE* also increased. When the irradiation time was 30 min, the brightness loss of the
unbleached, Pnaon-bleached, and Pmgon)2-bleached pulps was 2.2% 1SO, 4.6% 1SO, and
4.0% 1SO, respectively. During the following 150 min the brightness loss was almost the
same as that of the first 30 min, and during the last 180 min the brightness loss was less
than that of the first 30 min. This was the same for the PC number and AE*. When the
irradiation time was 30 min, the PC number and AE* of the unbleached, Pnaon-bleached,
and Pmg(on)2-bleached pulps were 4.0, 6.1, 5.2, and 0.6, 2.7, 2.4, respectively. Moreover,
the changes in the first 30 min of the PC number and AE* were the greatest, which indicated
that it was an accelerated yellowing stage. With increased irradiation time, the changes of
brightness loss, PC number, and AE* slowed down, which indicated that it was a slow
yellowing stage. When the irradiation time was 360 min, the brightness loss, PC number,
and AE* of the unbleached, Pnaon-bleached, and Pmgon)2-bleached pulps were 6.8% ISO,
11.7% 1SO, 11.3% IS0, 14.5, 19.0, 18.1, and 5.0, 8.2, 8.1, respectively. These data also
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indicated that the brightness stability of Pmgon)2-bleached pulp was better than that of
Pnaon-bleached pulp.

ATR-FTIR Analysis
Spectra analysis before and after bleaching

The IR spectra of the unbleached pulp are shown in Fig. 7, and the assignment of
bands inthe ATR-FTIR spectra s listed in Table 1 (Kimura et al. 1994; Kimura et al. 1995;
Pandey 1999; Tshabalala et al. 2005; Rosu et al. 2010).

Table 1. Assignment of Bands in ATR-FTIR Spectra of Pulp

Wavenumber

(cm™)

Band Assignment

3348 to 3331

O-H stretching vibration

2928 to 2924

C-H stretching vibration in methyl and methylene groups

2897 to 2872

C-H stretching vibration in methyl and methylene groups

1734 to 1725

C=0 stretching vibration (non-conjugated)

1645 to 1655

Conjugated C=0 stretching vibration

1640 to 1641

Water H-O-H bending vibration, conjugated carbonyl group

1605 to 1600

Aromatic ring stretching vibration

1510 to 1505

Aromatic ring stretching vibration

1430 to 1425

C-H deformation vibration (asymmetrical)

1372 to 1366

C-H deformation vibration (symmetrical)

1337 to 1336

C-H deformation vibration

1316 to 1315

Carbohydrates O-H bending vibration, CH2 vibrations

1280 to 1276

C-O of guaiacyl unit in lignin

1242 to 1238

Stretching vibration of C-O-C in lignin structure

1160 to 1157

Carbohydrates C-O-C asymmetrical stretching vibration

1030 to 1028

Carbohydrates C-O symmetrical stretching vibration

901 to 896

C1-H deformation vibration, glucose ring stretching

As shown in Fig. 7, a key aspect of the IR spectra of a piece of paper was a strong
hydrogen bonded O-H stretching band in 3700 cm™ to 3000 cm™ and a prominent C-H
stretching band in 3000 cm™ to 2800 cm*; and there are many sharp and discrete bands in
the fingerprint region in 1750 cm™ to 1000 cm™. These bands were mainly from the
presence of lignin and carbohydrates (cellulose and hemicellulose) (Pandey 1999).

Figure 8 shows the changes of the IR spectra of unbleached pulp after it was
bleached using NaOH-based and Mg(OH)2-based hydrogen peroxide. After the deinked
pulp was bleached, the intensity of the band at 1733 cm™ assigned to non-conjugated C=0
stretching decreased; the intensity of the band at 1655 cm™ assigned to conjugated C=0
stretching also decreased and was shifted down to 1641 cm™®; both of which indicated that
peroxide bleaching could deconstruct both non-conjugated and conjugated carbonyl groups.
At the same time, the band at 1238 cm™ assigned to the C-O-C in lignin structure vanished
after bleaching, which indicated that peroxide bleaching could break the ether bond in the
lignin structure.
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As shown in Fig. 8, the shape of the IR spectra of the Pnaon- and Pwvg(on)2-bleached
pulps was similar. However, according to the intensity of the bands related to lignin (1600
cm?, 1505 cm), the Pmgory2-bleached pulp was lower than Pnaor-bleached pulp, which
indicated that the surface lignin concentration of Pmg(on)2-bleached pulp was lower than
that of Pnaon-bleached pulp. The intensity of the bands related to carbohydrates, located at
1372 cm, 1316 cm™, and 1029 cm™ in Pmgon)2-bleached pulp, was higher than that of
Pnaon-bleached pulp, which indicated that the degradation of carbohydrates caused by
Pmgon)2 bleaching was less than that caused by Pnaon bleaching.
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Spectra analysis before and after irradiation

The IR spectra of the unbleached, Pnaon-bleached and Pmg(on)2-bleached pulps after
UV irradiation for 360 min are shown in Fig. 9. Some researchers (Leary 1980; Lebo et al.
1990; Gellerstedt and Zhang 1992; Argyropoulos et al. 1995; Agarwal 1998) believed that
the color changes were mostly caused by the conjugated double bond, carbonyl groups,
and quinones, while other researchers believed it was p-quinones but not a-carbonyl or
aromatic conjugated ethylenic bonds that caused photo yellowing of pulps (Agarwal and
McSweeny 1997; Agarwal 1998). Thus, to reveal the photo yellowing mechanism of the
deinked pulp, the existence and changes of functional groups in lignin before and after UV
irradiation were investigated in this study.

The previous studies showed that the bands at 1600 cm™ and 1505 cm™ assigned to
the aromatic ring stretching vibration were caused by lignin (Owen and Thomas 1989); the
band at 1729 cm™ was caused by a carbonyl stretching vibration (Hergert 1971; Owen and
Thomas 1989); and the band at 1674 cm™ was assigned to p-quinones (Agarwal 1998). As
for the bands at 1600 cm™ and 1505 cm?, the latter could better reflect the changes of lignin
(Marton and Sparks 1967). The IR spectra of the unbleached, Pnaon-bleached, and Pmgon)2-
bleached pulps before and after 360 min of UV irradiation are shown in Figs. 8 and 9.
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Fig. 9. IR spectra of three pulps after UV irradiation for 360 min

After 360 min of UV irradiation, the intensity of these pulps in the IR spectra
changed drastically. The band near 1505 cm™ decreased quickly and even disappeared,
which indicated that the aromatic rings in the lignin were degraded; and this observation
has been verified by other researchers (Kimura et al. 1992, 1995). The intensity of the band
at 1655 cm™ in the unbleached pulp and at 1641 cm™ in the bleached pulps that were
assigned to the conjugated carbonyl stretching vibration decreased. Meanwhile the
intensity of the band around 1729 cm™ assigned to non-conjugated carbonyl stretching
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increased, and a new band around 1674 cm™ assigned to p-quinones appeared, which
indicated that the lignin or hemicelluloses on the pulp surface was photooxidized, and the
new bands had a relationship with photo-yellowing. This finding was in accordance with
Agarwal and McSweeny’s research (1997), as they discovered that the IR spectra of photo-
yellowed TMP had new bands at 1727 cm™ and 1673 cm™. The scheme of the formation
of the band at 1727 cm™ is as follows: upon UV light exposure, the hydroguinone in the
pulp is converted first to a semi-quinone radical, then to a quinone. The quinone absorbs
UV light to produce a triplet quinone or a di-radical one. In the presence of hydrogen
provided by alcohol from carbohydrates or lignin, the semi-quinone radical and hydroxyl
radicals are produced; and the hydroxyl radical reacts with a quinone to generate a keto
group. The formation of the latter functionality can account for the IR band at 1727 cm™
in the photo-yellowed pulps (Agarwal 1998).

As shown in Fig. 9, the IR spectra of Pnaon- and Pmgon)2-bleached pulps after UV
irradiation for 360 min were compared. The authors found that the intensity of the band at
1727 cm™ and 1673 cm™ of Pnaon-bleached pulp was stronger than that of Pwmg(oH)2-
bleached pulp, which indicated that the non-conjugated carbonyl and p-quinone on Pnaok-
bleached pulp surface was more than that on Pmg(on)2-bleached pulp’s surface. As during
peroxide bleaching, lignin reacted with hydrogen peroxide and HOO" was produced, and
the hydroquinone and quinone were formed due to HOO". Less HOO" was produced in
Pmgony2 bleaching than that in Pnaon bleaching (Yun and He 2013). Therefore, Pmg(oH)2
bleaching produced less hydroquinone and quinone than that of Pnaon bleaching (Gierer et
al. 1994). Furthermore, Pmgon)2 bleaching produced less oxygen and hydroxyl radicals
than that of Pnaon bleaching, which meant that less new quinones had been produced
(Agnemo and Gellerstedt 1979). Before UV irradiation, the band at 1673 cm™ assigned to
p-quinone was too weak to be detected (Agarwal 1998). After 360 min irradiation,
compared with Pnaon-bleached pulp, less p-quinone was produced in the Pmg(on)2-bleached
pulp due to lower amounts of hydroquinone and p-quinone. This was in accordance with
the result that the PC number of PmgoH)2-bleached pulp was less than that of Pnaow-
bleached pulp.

CONCLUSIONS

1. The brightness loss, PC number, and overall chromatic change had a linear relationship
with b*, and could be used to evaluate the photo yellowing degree of the unbleached
and bleached DIP.

2. With the increase in UV irradiation time, the brightness loss, PC number, and overall
chromatic change at first increased quickly, and then slowed down. After UV
irradiation for 360 min, the brightness loss of Pnaon- and Pmgow)2-bleached pulps was
11.7% 1SO and 11.3% ISO; the PC number was 19.0 and 18.1; and the overall
chromatic change was 8.2 and 8.1, respectively.

3. After UV irradiation for 360 min, the band intensity at 1729 cm™ increased distinctively,
and a new band at 1674 cm™ appeared. This indicated that p-quinone groups were
produced during the irradiation process, thus resulting in paper yellowing. The band
intensity at 1674 cm of Pmg(or)2-bleached pulp was lower than that of Pnao-bleached
pulp, which indicated that the brightness stability of Pmgon)2 pulp was better than that
of Pnaow pulp.

Yun and He (2017). “Photo-induced yellowing of DIP,” BioResources 12(3), 5236-5248. 5245



PEER-REVIEWED ARTICLE b | oresources.com

ACKNOWLEDGMENTS

This work was supported by the Research Award Fund for Outstanding Young
Teachers in Higher Education Institutions of the Guangdong Province (YQ2014179) and
State Key Laboratory of Pulp and Paper Engineering (201739).

REFERENCES CITED

Agarwal, U. P, and McSweeny, J. D. (1997). “Photoyellowing of thermomechanical
pulps: Looking beyond a-carbonyl and ethylenic groups as the initiating structures,”
Journal of Wood Chemistry and Technology 17(1-2), 1-26. DOI:
10.1080/02773819708003115

Agarwal, U. P. (1998). “Assignment of the photoyellowing-related 1675 cm™ Raman/IR
band to p-quinones and its implications to the mechanism of color reversion in
mechanical pulps,” Journal of Wood Chemistry and Technology 18(4), 381-402. DOI:
10.1080/02773819809349587

Agnemo, R., and Gellerstedt, G. (1979). “The reactions of lignin with alkaline hydrogen
peroxide. Part I1. Factors influencing the decomposition of phenolic structures,” Acta
Chemica Scandinavica, Series B- Organic Chemistry & Biochemistry 33(5), 337-342.
DOI: 10.3891/acta.chem.scand.33b-0337

Argyropoulos, D. S., Heitner, C., and Schmidt, J. A. (1995). “Observation of quinonoid
groups during the light-induced yellowing of softwood mechanical pulp,” Research
on Chemical Intermediates 21(3-5), 263-274. DOI: 10.1007/bf03052257

Fang, G., Castellan, A., and Shen, Z. (2000). “Brightness stabilizing effect of UV-
absorbers and radical trapper on poplar APMP pulps,” Chemistry and Industry of
Forest Products 20(1), 33-40.

Gellerstedt, G., and Zhang, L. (1992). “Formation and reactions of leucochromophoric
structures in high yield pulping,” Journal of Wood Chemistry and Technology 12(4),
387-412. DOI: 10.1080/02773819208545788

Gierer, J., Yang, E., and Reitberger, T. (1994). “On the significance of the superoxide
radical (O2 /HO2) in oxidative delignification, studied with 4-t-butylsyringol and 4-t-
butylguaiacol. Part I. The mechanism of aromatic ring opening,” Holzforschung
48(5), 405-414. DOI: 10.1515/hfsg.1994.48.5.405

Hergert, H. L. (1971). Infrared Spectra, Wiley, New York, NY, USA.

Kimura, F., Kimura, T., and Gray, D. G. (1992). “FT-IR study of UV-irradiated
stoneground wood pulp,” Holzforschung 46(6), 529-532. DOI:
10.1515/hfsg.1992.46.6.529

Kimura, F., Kimura, T., and Gray, D. G. (1994). “FT-IR study of the effect of irradiation
wavelength on the colour reversion of thermomechanical pulps,” Holzforschung
48(4), 343-348. DOI: 10.1515/hfsg.1994.48.4.343

Kimura, F., Kimura, T., and Gray, D. G. (1995). “A kinetic analysis of the changes in
infra-red spectra of mechanical pulps during irradiation,” Holzforschung 49(2), 173-
178. DOI: 10.1515/hfsg.1995.49.2.173

Yun and He (2017). “Photo-induced yellowing of DIP,” BioResources 12(3), 5236-5248. 5246



PEER-REVIEWED ARTICLE b | oresources.com

Leary, G. J. (1994). “Recent progress in understanding and inhibiting the light-induced
yellowing of mechanical pulps,” Journal of Pulp and Paper Science 20(6), J154-
J160.

Leary, G. J. (1980). “Quinone methides and the structure of lignin,” Wood Science and
Technology 14(1), 21-34. DOI: 10.1007/bf00353460

Lebo, S. E., Lonsky, W. F., McDonough, T. J., and Medvecz, P. J. (1990). “The
occurrence and light-induced formation of ortho-quinonoid lignin structures in white
spruce refiner mechanical pulp,” Journal of Pulp and Paper Science 16(5), J139-
J143.

Leduc, C., Martel, J., and Daneault, C. (2010). “Efficiency and effluent characteristics
from Mg(OH)2-based peroxide bleaching of high-yield pulps and deinked pulp,”
Cellulose Chemistry & Technology 44(7-8), 271-276.

Marton, J., and Sparks, H. E. (1967). “Determination of lignin in pulp and paper by
infrared multiple internal reflectance,” Tappi 50(7), 363-367.

McGarry, P., Heitner, C., Schmidt, J., Rodenhiser, A., Manley, R. S., Cunkle, G., and
Thompson, T. (2002). “A dramatic solvent effect on high-yield pulp yellowing
inhibition for a benzophenone-based ultraviolet absorber,” Journal of Photochemistry
and Photobiology A- Chemistry 151(1), 145-155. DOI: 10.1016/s1010-
6030(02)00029-1

Miiller, U., Ratzsch, M., Schwanninger, M., Steiner, M., and Z&bl, H. (2003). “Yellowing
and IR-changes of spruce wood as result of UV-irradiation,” Journal of
Photochemistry and Photobiology B- Biology 69(2), 97-105. DOI: 10.1016/s1011-
1344(02)00412-8

Owen, N. L., and Thomas, D. W. (1989) “Infrared studies of "hard" and "soft" woods,”
Applied Spectroscopy 43(3), 451-455. DOI: 10.1366/0003702894202760

Pandey, K. K. (1999). “A study of chemical structure of soft and hardwood and wood
polymers by FTIR spectroscopy,” Journal of Applied Polymer Science 71(12), 1969-
1975. DOI: 10.1002/(sici)1097-4628(19990321)71:12<1969::aid-app6>3.3.c0;2-4

Pandey, K. K. (2005). “Study of the effect of photo-irradiation on the surface chemistry
of wood,” Polymer Degradation and Stability 90(1), 9-20. DOI:
10.1016/j.polymdegradstab.2005.02.009

Rosu, D., Teaca, C., Bodirlau, R., and Rosu, L. (2010). “FTIR and color change of the
modified wood as a result of artificial light irradiation,” Journal of Photochemistry
and Photobiology B- Biology 99(3), 144-149. DOI: 10.1016/j.jphotobiol.2010.03.010

Savoye, L., Petit-Conil, M., and Meyer, V. (2011). “Mechanisms of TMP peroxide
bleaching using Mg-based alkalis,” Holzforschung 65(6), 797-803. DOI:
10.1515/hf.2011.109

TAPPI T205 sp-02 (2002). “Forming handsheets for physical tests of pulp,” TAPPI
Press, Atlanta, GA.

TAPPI T402 sp-03 (2003). “Standard conditioning and testing atmospheres for paper,
board, pulp handsheets, and related products,” TAPPI Press, Atlanta, GA.

TAPPI T452 om-02 (2002). “Brightness of pulp, paper, and paperboard (directional
reflectance at 457 nm),” TAPPI Press, Atlanta, GA.

Yun and He (2017). “Photo-induced yellowing of DIP,” BioResources 12(3), 5236-5248. 5247



PEER-REVIEWED ARTICLE b | oresources.com

Yun, N., and He, B. (2013). “Mg(OH)2-based hydrogen peroxide bleaching of deinked
pulp,” BioResources 8(3), 4609-4618. DOI: 10.15376/biores.8.3.4609-4618

Zou, X. (2004). “During storage and shipping, nitrogen oxides can cause rapid yellowing
and degradation of pulp and paper products,” Pulp & Paper Canada 105(3), 51-54.

Avrticle submitted: February 7, 2017; Peer review completed: April 15, 2017; Revised
version received: April 21, 2017; Accepted: May 27, 2017; Published: June 6, 2017.
DOI: 10.15376/biores.12.3.5236-5248

Yun and He (2017). “Photo-induced yellowing of DIP,” BioResources 12(3), 5236-5248. 5248



