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The goal of this study was to develop an eco-friendly removal technology 
for fluorescent whitening agents (FWAs) using enzymes suitable for each 
type of FWA. Internally treated paper with internal FWA (D-FWA) and 
surface-sized paper with surface-sizing FWA (T-FWA) were made as 
model papers in a laboratory. The enzymatic treatments were applied to 
the stock prepared using these model papers by disintegration. Cellulase 
and (alpha-) amylase treatments were performed at 50 °C under the 
conditions of pH 3 to 4 and pH 7 to 8, respectively. After disintegration and 
enzymatic treatments, handsheets were made, and the fluorescence 
index and FWA reduction of these handsheets were determined for 
evaluating FWA removal during recycling. Because D-FWA gets strongly 
attached to cellulosic fibers, it could not be easily separated from the 
internally treated paper by disintegration. Up to 8.1% of D-FWA was 
removed by enzymatic treatment with high-activity cellulase. Amylase 
could not separate D-FWA from cellulosic fibers. In the case of T-FWA, ca. 
41% was separated by disintegration, and an additional 24% was 
detached from surface-sized papers by high-activity amylase treatment. 
Therefore, cellulase was effective in removing internal FWA (D-FWA), and 
amylase was required for removing surface-sizing FWA (T-FWA) during 
recycling. 
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INTRODUCTION 
 

In the paper industry, many types of dyes are used to improve the appearance of 

paper and to satisfy the demands of consumers (Shadkami et al. 2011; Lee et al. 2012; 

Zhao et al. 2020).  Among these dyes, fluorescent whitening agents (FWAs) are used for 

producing paper with high whiteness. With the increase in demand for such paper among 

Korean consumers, the amount of FWA used has increased steadily.  

Recycled paper is an extremely important resource in the Korean paper industry. 

Many types of recycled papers are used for producing other types of paper, such as 

packaging papers, newsprint, and tissues (Dainelli 2008; Presas and Pesonen 2013). 

Among these recycled papers, high-whiteness paper is the most important resource. 

However, the amount of recycled white paper is limited because it contains FWAs, which 

can be a problem according to the laws (Jiang et al. 2015). In addition, many consumers 

have considered FWAs to be toxic, despite the lack of clear evidence for this assessment 

(Kim et al. 2017). Considering that the pulp self-sufficiency rate of the Korean paper 

industry is lower than in other countries (Jeong 2016), it is necessary to develop a 

technology capable of effectively controlling FWAs in the recycling process in order to 

maximize the amount of high-whiteness paper. 

Some technologies for removing or quenching FWAs from recycled white papers 
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have been reported. For example, the use of a strong oxidizing agent (Lakowicz and Weber 

1973) and ozone treatment (Buschmann 2018) were suggested to break down FWAs during 

recycling as these treatments can destroy or change the molecular structure of FWAs. 

However, the utilization of oxidizing agents has been limited due to the regulations that 

restrict discharge of chlorinated waste (Pauksta 1995) and the ozone treatment is 

impractical in an actual mill. This is because ozone treatment can corrode machines and 

consume a large amount of energy for temperature control and cooling (Lee 2009). 

Moreover, some dyes are resistant to ozone and require high ozone doses (Crini and 

Lichtfouse 2018). Therefore, there is a need for an eco-friendly and viable technology for 

controlling FWAs during recycling. 

In a previous study, a technique for controlling FWAs using enzymes was proposed 

(Lee et al. 2008). Commercial enzymes were applied to evaluate the separation of FWAs 

from commercial fine paper, and the possibility of enzyme application was suggested. 

However, the possibility of applying specific enzymes according to the type of FWA was 

not explored. For realizing an effective eco-friendly FWA control technology using 

enzymes during recycling, it is necessary to select a suitable enzyme for each type of FWA 

because the materials to which FWAs bind and their distribution within the paper are 

different according to the type of FWAs.  

In this study, FWAs were classified into two groups, namely, internal FWA (disulfo 

FWA; D-FWA) and surface-sizing FWA (tetrasulfo FWA; T-FWA) (Perng et al. 2015; 

Kim et al. 2017). Two types of model papers were prepared—internally treated paper with 

D-FWA and surface-sized paper with T-FWA. Considering the functionality of 

commercial enzymes, cellulase and alpha-amylase (amylase) were used for the enzymatic 

treatment of each type of paper during recycling. The fluorescence index of the handsheets 

and fluorescence emission of stock supernatant were measured to calculate FWA reduction 

and to determine FWA removal from model papers after disintegration and enzymatic 

treatment. Using this information, the enzyme suitable for removing the given type of FWA 

was identified. 

 
EXPERIMENTAL  
 
Materials 
 D-FWA and T-FWA were purchased from Kyung-In Synthetic Corporation (Seoul, 

Republic of Korea). Bleached softwood kraft pulp (Sw-BKP) and bleached hardwood kraft 

pulp (Hw-BKP), which were supplied by Moorim Paper (Jinju, Republic of Korea), were 

used to make handsheets dyed with D-FWA. Never-sized fine paper with a grammage of 

95 g/m2 was used as the base paper for surface sizing with T-FWA and oxidized starch 

supplied by Dasesang Co. Ltd. (Seoul, Republic of Korea). Two types of cellulases and 

two types of amylases, supplied by Novozymes A/S (Copenhagen, Denmark), were used 

to remove FWAs from the model papers. Table 1 lists the specifications of each enzyme.  
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Table 1. Specifications of Commercial Enzymes Used in this Study 

Enzyme Cellulase 1 Cellulase 2 Amylase 1 Amylase 2 

Declared enzyme Cellulase Amylase 

Commercial name 
Cellusoft 
25000L 

Novozyme 
50199 

Aquazym 
240L 

Aquazym 
480L 

Declared activity* 25,000 BPU/g 
1,000 

BHU-2/g 
240 KNU/g 480 KNU/g 

Operational range of pH 4.5 - 6.5 4.5 - 6.0 5.5 - 8.0 4.5 - 7.5 

Operational range of 
temperature 

50 ℃-75 ℃ 40 ℃-60 ℃ 20 ℃ - 65℃ 40 ℃ - 80 ℃ 

* Activity given by the suppliers’ data sheets (BPU: One protease unit, BHU-2: A biomass 
hydrolysis unit, KNU: One kilo novo alpha-amylase unit) 

 
 
Methods 
Preparation of FWA solutions and handsheets containing D-FWA 

D-FWA and T-FWA were dissolved in distilled water with vigorous mixing to 

prepare 0.1% solutions. Hw-BKP and Sw-BKP were beaten to 450 ± 5 mL (Canadian 

Standard Freeness; CSF) using a laboratory Hollander beater (Daeil Machinery Co. Ltd, 

Daejeon, Republic of Korea). The pulp samples were mixed in a ratio of 8:2 

(HwBKP:SwBKP). The mixed pulp slurry was then diluted to a 0.5% consistency for 

preparing the handsheets. Handsheets with a grammage of 100 ± 5 g/m2 were produced 

according to TAPPI T205 sp-06 (2006) after adding 1.0% of D-FWA on oven-dried fibers 

to the pulp slurry and mixing for 2 min at 600 rpm. The handsheets were wet-pressed at 

345 kPa for 5 min using a laboratory wet press (Model 326, Wintree Corporation, Osaka, 

Japan) and then dried at 120 °C using a cylinder dryer (Daeil Machinery Co. Ltd, Daejeon, 

South Korea). The prepared handsheets were conditioned at 23 °C and 50% RH and then 

used for the experiments. 

 

Surface sizing of base paper with a starch solution including T-FWA  

 The starch solution was prepared and surface sizing was performed as described 

previously (Kim et al. 2017; Lee et al. 2015). The starch solution (concentration: 10%) was 

prepared by cooking oxidized starch at 90 °C to 95 °C for 30 min. After the temperature of 

the starch solution was set to 50 °C, 10% T-FWA of oven-dried starch was added, and the 

resulting solution was mixed for 30 min. The surface-sizing process was performed using 

a rod coater (HT-BC-ST, Hantech, Daejeon, Korea). The top side of a never-sized paper 

was surface sized, and the paper was dried in an air dryer for 150 s. To prevent curling of 

the surface-sized paper, it was passed through a cylinder dryer twice at 120 °C. After the 

top side of the base paper was surface sized, the bottom side of the paper was subjected to 

the same treatment. The final pickup weight was controlled at 2.0 to 2.5 g/m2 for each side. 

Before measuring the optical properties, the surface-sized paper was conditioned at 23 °C 

and 50% relative humidity. Figure 1 shows the flow diagram of the preparation of model 

papers containing FWAs (Lee et al. 2015).  
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Fig. 1. Preparation of model papers dyed with (a) D-FWA and (b) T-FWA 

 

Evaluation of FWA reduction from model papers using enzymes 

 The disintegration of model papers dyed with FWAs was carried out at a 

consistency of 2% level using a laboratory disintegrator (Daeil Machinery Co., Ltd.); 

subsequently, the pH of the stock was adjusted differently as shown in Table 2 according 

to the enzyme specifications. Thereafter, 0.5, 1.0, or 1.5 % w/w enzymes of oven-dried 

fibers were added into the stock. After the addition of enzymes, the stock was stirred at 600 

rpm and 50 °C for 30 min. After enzyme treatment for 30 min, handsheets with a grammage 

of 100 ± 5 g/m2 were produced, wet-pressed at 345 kPa for 5 min, and dried at 120 °C in a 

laboratory wet press and a cylinder dryer. The handsheets were conditioned at 23 °C and 

50% RH; then, the fluorescence index was measured. The fluorescence index was 

determined from the International Commission on Illumination (CIE) whiteness 

measurements under a D65 illuminant. The supernatant of the stock was also obtained by 

filtering through a Büchner funnel after enzyme treatment. The fluorescence emission of 

the supernatant was measured to identify the removed FWAs using a fluorophotometer 

(Luminescence spectrophotometer, PerkinElmer, Waltham, USA). The excitation and 

emission wavelengths were 370 nm and 440 nm, respectively. 

 

Table 2. Conditions of Enzyme Treatments 

 

 

Enzyme Cellulase 1 Cellulase 2 Amylase 1 Amylase 2 

pH 3-4 3-4 7-8 7-8 

Addition level  0.5 / 1.0 / 1.5 % on oven-dried fibers 
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Fig. 2. Flow diagram of the evaluation of enzymatic removal of FWAs from model papers 

 

 The FWA reduction from model papers dyed with FWAs was calculated as an 

indicator that represents the FWA detachment from the paper by using the fluorescence 

indices before and after enzymatic treatments (Lee et al. 2019). 

      
where FIbefore is the initial fluorescence index of the model paper (CIE whiteness under D65 

illumination before disintegration and any enzymatic treatment), and FIafter is the fluorescence index 

of the handsheet (CIE whiteness under D65 illumination after disintegration and specified levels of 

enzymatic treatment). 

 

RESULTS AND DISCUSSION 
 
FWA Removal from Two Model Papers Using Cellulase 

Cellulase has tremendous potential for application in the pulp and paper industry. 

Commercial cellulase can be utilized for improving the pulp yield, fiber properties, paper 

recycling, and energy efficiency and for reducing process and environmental problems 

(Lee et al. 1982; Rahikainen et al. 2019). In this study, the applicability of cellulase to 

remove two types of FWAs from model papers was evaluated. Figure 3 shows the 

fluorescence index and FWA reduction of the handsheets made from internally treated 

paper after disintegration and cellulase treatment. Here, control indicates the internally 

treated model paper with 1% D-FWA. The initial fluorescence index of the internally 

treated paper was about 51% and that of the handsheet after disintegration was about 50%. 

As increasing amounts of cellulase were added, the fluorescence index of the handsheets 

decreased linearly. A comparison of the two types of cellulases showed that for the same 

amount of cellulase added, cellulase 1 with higher activity resulted in a lower fluorescence 

index of the handsheets. FWA reduction increased as a function of the addition of cellulase, 

and the maximum FWA reduction was 8.1% for 1.5% cellulase 1 and 2.6% for 1.5% 

cellulase 2, respectively. There was little difference between the fluorescence indices of 

the internally treated paper and handsheet after disintegration, implying that D-FWA did 

not easily separate from the internally treated paper by mechanical action alone. Such 

findings are consistent with Rahikainen et al. (2019), who reported that FWA becomes 

strongly attached to cellulosic fibers. Figure 4 shows the fluorescence emission of the 

supernatant after disintegration and cellulase treatment.  

 

(1) 
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Fig. 3. Fluorescence index (a) and FWA reduction (b) of the handsheet made from internally 
treated paper with D-FWA after disintegration and cellulase treatment (where control indicates the 
internally treated model paper with 1% D-FWA) 
 

 
 

Fig. 4. Fluorescence emission of the supernatant from the internally treated paper with D-FWA 
after disintegration and cellulose treatment 
 

As more cellulase was added, the fluorescence emission of the supernatant 

increased because the detached D-FWA from the cellulosic fiber was dissolved in the 

supernatant, and the amount of D-FWA in the supernatant increased as a function of 

cellulase addition. Thus, the fluorescence emission result agreed with the FWA reduction 

results. Based on these data, cellulase can attack the fiber surface and separate a portion of 

the fiber surface such as fines or fibrils, thereby removing the D-FWA adsorbed on the 

fiber surface, as shown in Fig. 5. 
 

 

 
 

Fig. 5. Mechanism of D-FWA detachment from cellulosic fiber using cellulase 
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Fig. 6. Fluorescence index (a) and FWA reduction (b) of the handsheet made from the surface-
sized paper with T-FWA after disintegration and cellulase treatment (where control indicates the 
surface-sized paper with 10% T-FWA) 
  

Figure 6 shows the changes in the fluorescence index and the FWA reduction of 

the handsheet made from surface-sized paper with the addition of 10% T-FWA. Here, 

control indicates the surface-sized paper with 10% T-FWA. The initial fluorescence index 

of the surface-sized paper was about 49%, and the fluorescence index of the handsheet 

decreased to 28% only after disintegration, indicating that disintegration led to 41% FWA 

reduction. This is because a large amount of starch and T-FWA was detached from the 

surface-sized paper owing to shear force and dissolved into the aqueous phase (Shi et al. 

2012; Lee et al. 2019). However, there was no further FWA reduction when cellulase 

treatment was performed after disintegration. This is because cellulase does not 

significantly affect starch dissociation and no chemical bonds are formed between T-FWA 

and cellulosic fibers (Walker and Hope 1963; Jayasekara and Ratnayake 2018; Lee et al. 

2019). Figure 7 shows the fluorescence emission of the supernatant from surface-sized 

paper with T-FWA after disintegration and cellulase treatment. The initial fluorescence 

emission of the supernatant after disintegration was approximately 9, which is higher than 

that of the supernatant prepared with internally treated paper. The higher fluorescence 

emission indicates that T-FWA was separated from the surface-sized paper. However, 

cellulase treatment did not change the fluorescence emission of the supernatant, which is 

in agreement with the results of FWA reduction. Therefore, cellulase is an effective enzyme 

to control the removal of internal FWA (i.e., D-FWA) from recycled white papers. 
 

 
 

Fig. 7. Fluorescence emission of the supernatant from the surface-sized paper with T-FWA after 
disintegration and cellulase treatment 
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FWA Removal from Two Model Papers using Amylase 
Amylase is an important enzyme used in various industries and plays a major role 

in pulp and paper industry. Amylase is utilized to alter the molecular weight and viscosity 

of starch, which is used for surface sizing and coating of papers (Saini et al. 2017). In this 

study, the applicability of amylase to remove FWAs was evaluated.   

Figure 8 shows the fluorescence index and FWA reduction of the handsheets made 

from internally treated paper with 1% D-FWA after disintegration and amylase treatment. 

The difference between the initial fluorescence index of the internal treated paper and that 

of the handsheet after disintegration was not significant. This result is similar to previous 

experimental results. Although the amylase treatment was performed, a decrease in the 

fluorescence index was not confirmed, and FWA reduction did not increase as a function 

of amylase addition.  

 

 
 

Fig. 8. Fluorescence index (a) and FWA reduction (b) of the handsheets from internally treated 
paper with D-FWA after disintegration and amylase treatment (where control indicates the 
internally treated model paper with 1% D-FWA) 
 

Figure 9 shows the fluorescence emission of the supernatant from the internally 

treated paper with D-FWA after disintegration and amylase treatment. Amylase treatment 

did not change the fluorescence emission of the supernatant, which followed the same trend 

as that of the handsheet. Therefore, amylase is not effective for removing internal FWAs 

in the recycling process. 
 

 
 

Fig. 9. Fluorescence emission of the supernatant from the internally treated paper with D-FWA 
after disintegration and amylase treatment 
 

Figure 10 shows the fluorescence index and FWA reduction of the handsheet made 

from the surface-sized paper with T-FWA after disintegration and amylase treatment. 

There was a decrease of about 41% in the fluorescence index of the handsheet after 
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disintegration, indicating that starch and T-FWA can separate more easily than D-FWA 

from the surface-sized paper by application of mechanical force. This result agrees with 

the previous experimental results. As the amylase treatment progressed after disintegration, 

the fluorescence index of the handsheet decreased, and the maximum FWA reduction was 

65% for 1.5% amylase 2. For the same percentage of amylase added, amylase 2 showed 

higher FWA reduction owing to its higher enzyme activity. The fluorescence emission of 

the supernatant increased linearly with amylase addition as shown in Fig. 11, because the 

amount of detached T-FWA in the supernatant increased. The fluorescence emission of the 

supernatant supported the T-FWA reduction by amylase treatment.  

 

 
 

Fig. 10. Fluorescence index (a) and FWA reduction (b) of the handsheet made from the surface-
sized paper with T-FWA after disintegration and amylase treatment (where control indicates the 
surface-sized paper with 10% T-FWA) 

 

 
 

Fig. 11. Fluorescence emission of the supernatant of the stock prepared from the surface-sized 
paper after disintegration and amylase treatment 

 

Figure 12 shows the mechanism of T-FWA detachment from recycled white papers 

using amylase. Alpha-amylase detaches the surface-sizing starch from the recycled white 

paper by degrading the a-D-1,4 glucosidic linkage of starch (Liu 2015; Glen 2018). T-FWA 

is present on the paper surface with starch and does not form hydrogen bonds with 

cellulosic fibers. Hence, T-FWA is extracted from the recycled white paper with degraded 

starch. Therefore, amylase is an effective enzyme to remove surface-sizing FWA (i.e., T-

FWA) from recycled white papers. 
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Fig. 12.  Mechanism of T-FWA detachment from recycled white paper using amylase 

 

 

CONCLUSIONS 
 

1. Disulfonated fluorescence whitening agent (D-FWA) did not easily separate from 

internally treated paper when subjected to a disintegration process alone because it was 

strongly attached to the cellulosic fibers. Up to 8.1% of D-FWA was removed when 

the disintegration was preceded by enzymatic treatment with cellulase at relatively high 

activity. However, amylase could not separate D-FWA from the cellulosic fibers. 

Therefore, cellulase was found to have a low level of effectiveness for removing 

internal FWA (D-FWA).  

2. A disintegration process separated about 41% of T-FWA, and up to 23% of T-FWA 

was additionally detached from surface-sized papers by enzymatic treatment with 

amylase at relatively high activity levels. Therefore, alpha-amylase is required to 

separate surface-sizing FWA (T-FWA) from recycled white papers.  
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