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In order to improve the whiteness of fly ash, the particles were coated by 
in-situ precipitation of calcium carbonate. After different mass ratios of 
calcium oxide to fly ash were mixed into water, a certain amount of carbon 
dioxide was bubbled into the mixture to form a precipitated calcium 
carbonate deposit on the surface of fly ash. With the help of scanning 
electron microscopy (SEM), the process and the coating mechanism of 
the unmodified and modified fly ash were studied. The results showed that 
when a 1:1 mass ratio of calcium oxide to fly ash was implemented, the 
whiteness of fly ash was increased from 30.3 (the original fly ash) to 74.0 
(the modified fly ash). After appropriately controlling for the rate of carbon 
dioxide, the whiteness was improved to meet the standard for filler in the 
papermaking industry, and also great advantages in paper physical 
strength were demonstrated. 
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INTRODUCTION 
 

Fly ash has properties of good porosity, low density, large specific surface area, 

good light resistance performance, and high bond strength characteristics. The main 

ingredients of fly ash are similar to those of kaolin, which is a common filler used in 

papermaking. The particle size of fly ash is sufficient to meet the industry requirements for 

fillers. In addition, fly ash decreases the cost of papermaking significantly (Xu et al. 2010; 

Lindon and Sear 2001; Zhao et al. 2008). Therefore, it seems logical that fly ash should be 

gradually applied to the papermaking industry in large quantities. However, the effects of 

fly ash on the optical properties of paper need to be addressed. 

Several studies have compared fly ash with kaolin clay. These studies found that 

the mechanical strength properties of paper filled with fly ash were superior to those of 

paper filled with kaolin clay, although the brightness decreased as the percentage of fly ash 

filler increased (Fahmy and Mobarak 2008; Sinha 2008). This trend concerning the 

brightness has limited the further application of fly ash in papermaking.  

In a recent study, the whiteness of fly ash was enhanced by using nonferrous 

carbon-efficient separation technology. The calcium carbonate prepared by fly ash was 

found capable of improving the whiteness values to some extent, but the fly ash contained 

a small quantity of nonferrous metal ions that had a negative impact on the whiteness of 

the filled paper (Zhang et al. 2011). In another study, a novel fly ash based on calcium 

silicate, which is a byproduct of aluminum extraction from fly ash, was considered as a 

potential filler in paper (Zhang et al. 2013). The whiteness of fly ash would be able to be 

indirectly increased by this process. However, the technological process of aluminum 

extraction from fly ash is costly and has strict requirements. Moreover, the use of calcium 
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silicate as a filler would reduce the lifespan of the paper machine by increasing wear. It 

had been reported that composite fly ash, which has a rough surface and high whiteness, 

had been successfully prepared using a procedure based on a chemical sedimentation 

principle in the Ca(OH)2-H2O-CO2 system (Yang et al. 2006; Nanri et al. 2008). However, 

in the early stage of the cladding, much of the process had proved expensive. What is 

particularly worth mentioning was that their samples contained an unusually high iron 

content and a small amount of carbon, which did not match the profile of the common fly 

ash produced by a general thermal power plant. 

In the present study, the whiteness of fly ash was improved significantly when 

precipitated  calcium carbonate crystals were precipitated onto the fly ash surface, which 

enabled it to meet the standards for value-added applications of filler in papermaking. 

 

 

EXPERIMENTAL 
 
Materials 

Fly ash was supplied by Guangzhou Paper Co., Ltd. (China). Bleached eucalyptus 

pulp, with a drainage degree of 32 °SR, was supplied by Henan Tianbang Co., Ltd. (China). 

Calcium oxide, carbon dioxide, precipitated calcium carbonate (PCC) and polyethylene 

glycol (PEG) were all provided by Tianjin Kemiou Chemical Reagent Co., Ltd. (China). 

The pH tester was purchased from Shanghai Sanxin Instrument Factory (China). 

 

Methods 
Preparing different sizes of fly ash 

Different sizes of fly ash particles were obtained from a BSJ-200 oscillating sieving 

machine (Yongda Ltd., Xinxiang, Henan, China) using mesh sizes of 200, 250, 300, 325, 

400, 500, and 800.  

 
Modified fly ash preparation 

Calcium oxide (10%) was added to 50.4 mL of ultrapure water in a 250-mL tri-

neck round-bottom flask and allowed to disperse. The flask was heated in a water bath to 

80 °C and stirred at 400 rpm for 1 h. Fly ash (10%) and 63.4 mL of ultrapure water were 

added to the mixture and stirred at 400 rpm for 10min and then added PEG(0.1%) to the  

tri-neck round-bottom flask for another 20 min. Finally, when the temperature of the water 

bath had dropped below to 25 degrees, carbon dioxide was bubbled into the water. When 

the pH of the solution was 7, the experiment was considered complete. 

 

Scanning electron microscopy (SEM) observations of filler 

Dried samples of fly ash and modified fly ash were mounted on aluminum stubs 

with tape and sputter-coated with a gold alloy. Samples were observed using an EVO 18 

Special Edition scanning electron microscope (Carl Zeiss, Germany) operating at an 

accelerating voltage of 10.0 kV. 

 

Modified fly ash preparation and determination of its properties (whiteness) 

The fly ash coated with  precipitated calcium carbonate was dried at 105 °C for 2 h 

with a heat oven (JC202, Congyuan Chemistry Instruments Ltd., Guangzhou, China). After 

it had cooled down to room temperature and had been left to stand, the ISO 11475 

whiteness of the fly ash was measured using an optical tester (MTCRO-TB-IC, USA). 
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Paper preparation and determination of paper properties 

The bleached eucalyptus pulp was diluted to 0.3% in tap water, and various 

concentrations (%) of modified fly ash (based on slurry) were added during the process of 

handsheet formulation. The mixture was dispersed by a GBJ-A fiber standard dissociator 

(Zhongyuan Chemistry Instruments Ltd., Guangzhou, China), and 0.05% cationic 

polyacrylamide (CPAM) (based on dry pulp) was added as a retention aid. The handsheets 

were formed using a Rapid-Köthen Sheet former (RK3-KWTjul, PTI Ltd., Austria) at a 

basic weight of approximately 72 g/m2. 

 

Ash content measurement 

The papers filled with modified fly ash were incinerated at 575 °C for 6 h with a 

SX muffler oven. The ash content was calculated using the following equation (Eq. 1), 
 

𝑅% =  
𝑎

𝑏
× 100        (1) 

 

where R is the ash content, a is the weight of ash, and b is the weight of dried paper. 

 

Characterization of paper 

Handsheets were placed in an ISO constant temperature and humidity chamber for 

24 h (23 ± 1 °C, 50 ± 2% RH). The tensile and burst strength of the papers were measured 

using an L&W CE062 tensile testing apparatus and an L&W CE180 burst testing 

apparatus, respectively. 

 

 

RESULTS AND DISCUSSION 
 

Relationship between Fly Ash Particle Size and Mesh Screen 
Table 1 shows the relationship between fly ash particle size and the mesh screens. 

 

Table 1. Particle Size Distribution of Fly Ash  
Number Mesh screen Size (μm) Retention rate (%) Average (μm) 

A 

B 

C 

D 

E 

F 

G 

200 

250 

300 

325 

400 

500 

800 

74.1 

61.1 

54.0 

43.1 

35.2 

29.9 

18.6 

1.2 

20.9 

9.3 

41.6 

23.0 

1.4 

2.6 

74.1 

67.6 

57.6 

48.6 

39.2 

32.6 

24.3 

Note: The average particle size of fly ash was approximately 40 um. 
 

As Table 1 shows, the particle sizes of the fly ash were mainly concentrated 

between about 35 μm and 61 μm. The largest particle size was 43.1 μm, followed by the 

particle size of 35.2 μm. Fly ash of particle sizes greater than 50 μm was judged not to be 

suitable for use as filler (Puurtinen 2004; Fan et al. 2014), and fly ash particles with a size 

of 29.9 μm were too rare. In order to ensure the consistency of particle size (inconsistent 

particle size would easily wear upon a paper machine) and increase the utilization rate of 
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fly ash, fly ash with particle sizes of 35.2 μm and 43.1 μm were selected to be used as the 

filler in the experiment. 

 

SEM Observations of Modified Fly Ash 
An SEM image of unmodified fly ash is shown in Fig. 1a, while an SEM image of 

fly ash clad by precipitated calcium carbonate is shown in Fig. 1b. Figure 1a shows that 

the surface of the unmodified fly ash was porous, rough, and irregular. From the second 

SEM image, precipitated calcium carbonate coated the fly ash so tightly that the inner core 

of the fly ash could hardly be seen.  
 

   
 

Fig. 1. SEM images of (a) unmodified fly ash and (b) fly ash modified by precipitated calcium 
carbonate 

 
Whiteness of the Modified Fly ash  

Calcium oxide and fly ash were mixed into the water in different mass ratios, and 

a certain amount of carbon dioxide was bubbled into the mixture to form the precipitated 

calcium carbonate deposited on the surface of the fly ash. The whiteness of the composite 

is shown in Fig. 2. 

 
Fig. 2. The whiteness of different mass ratios of fly ash to calcium oxide (F denotes fly ash; C 
denotes calcium oxide) 

8 µm a 8 µm 
b 
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As Fig. 2 shows, the whiteness of modified fly ash was enhanced when the mass 

ratio of calcium oxide to fly ash was increased. The whiteness value of unmodified fly ash 

was 30.3 ISO, while that of the isolated precipitated calcium carbonate was 93.0 ISO. 

When the F/C was in the range of 1:0 to 2:1, the whiteness value increased the most rapidly. 

This was probably because the precipitated calcium carbonate had good coverage, high 

brightness, and fine particle size (Subramanian et al. 2007; Koivunen and Paulapuro 2010; 

Chen et al. 2011). Particles of smaller sizes were relatively more easily adsorbed onto the 

surfaces of the larger particles (Tang et al. 2003; Ibrahim et al. 2009). This indicated that 

the particle size of the precipitated calcium carbonate played an important role in cladding 

the fly ash. As can be seen in Fig. 2, when the mass ratio of fly ash and calcium oxide had 

reached 2:3, the whiteness value of the modified fly ash surpassed 80 ISO, which represents 

the common minimum requirement for fillers used in papermaking. From Fig. 3 (a) and 

(b), it can be found that the color of modified fly ash changed from dark to white compared 

with the unmodified one. As the whiteness of modified fly ash could reach more than 80 

ISO which means it could meet the whiteness requirement of filler, it could be used directly 

in printing paper, let alone use in brown, grey, and other dark-colored papers and boards. 

What is worth noting is that the cost of fly ash and calcium oxide are extremely low, and 

using this mixture as filler in papermaking could greatly reduce costs. 

 

    
 
Fig. 3. Images of (a) unmodified fly ash and (b) modified fly ash 

 

Effects of the Modified Fly Ash on Paper Strength Properties 
The strength properties (tensile and burst indices) of the handsheets made using 

modified fly ash (when the mass ratio of fly ash to calcium oxide was 1:1), unmodified fly 

ash, and precipitated calcium carbonate (PCC) at concentrations between 15% and 45% 

are evaluated below.  
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Fig. 4. Tensile index as a function of ash content in paper containing fly ash and PCC 

 

 

5 10 15 20 25 30

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0
 Unmodified fly ash

 Modified fly ash

 PCC

B
u

rs
t 
in

d
e

x
(m

N
·m

2
/g

)

Ash content(%)  
Fig. 5. Burst index as a function of ash content in paper containing fly ash and PCC 
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As can be seen in Figs.4 and 5, the tensile strength and burst strength of the tested 

papers were reduced when the ash content was increased. It was clear that the strength 

index (tensile index and burst index) of the paper filled with modified fly ash was higher 

than that of the paper filled with unmodified fly ash or with PCC. At the same ash content, 

the tensile index of paper filled with modified fly ash was at least 70% higher than that of 

PCC-filled paper, and the burst index of paper filled with modified fly ash was at least 60% 

higher than that of PCC-filled paper. From a different perspective, when the tensile index 

was about 50 N∙m/g, the ash content of PCC-filled paper was only 11%, while the ash 

content of the paper filled with unmodified fly ash reached 27%, and the paper filled with 

modified fly ash reached 30%. At the same time, when the ash content was 5%, the burst 

index of the paper filled with modified fly ash was about 3.6 N·m2/g, whereas, when the 

ash content was 25%, the burst index of paper filled with modified fly ash was about 3.6 

mN·m2/g. This indicated that modified fly ash might offer great advantages in terms of its 

paper strength properties. 

 

 

CONCLUSIONS 

1. Using precipitated calcium carbonate as a coating for fly ash improved the whiteness 

value of fly ash to a certain extent. 

2. The mass ratio of fly ash to calcium oxide played an important role in enhancing the 

optical properties of fly ash.  

3. When the mass ratio of fly ash and calcium oxide reached 2:3, the whiteness value of 

modified fly ash surpassed 80 ISO, thus meeting the common minimum requirement 

for fillers used in papermaking. 

4. Because the cost of fly ash and calcium oxide are extremely low, using this mixture as 

filler in papermaking would greatly reduce the production costs. 

5. Modified fly ash demonstrated great advantages in terms of paper strength properties. 
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