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INTRODUCTION

In the manufacture of recycled paper, paper sludge (the re-
maining solid residue) is discharged as an industrial waste. The 
amount of sludge increases annually as paper use and recycling 
increase. Over 3 million tons of sludge are discharged per year 
in Japan, and approximately 8 million and 2 million tons in the 
United States and the United Kingdom, respectively (Barton et 
al. 1991; Tebbutt 1995; Ishimoto et al. 2000). The sludge consists 
of organic Þ bers (e.g., cellulose, hemicellulose, lignin) and clay 
and clay-sized minerals (e.g., kaolinite, calcite, talc), which are 
used as paper-coating agents for ensuring smooth, white paper 
surfaces. The sludge is incinerated, which removes the ß ammable 
organic constitutents and produces the so-called paper-sludge ash 
with an associated 70% volume reduction for ease of disposal. 
Non-ß ammable materials, which mainly originate from the 
minerals added to paper, remain after incineration and account 
for the remaining 30% of the paper-sludge ash. The ash has been 
used in cement Þ llers, artiÞ cial aggregates, and other minor 
applications (Pera and Amrouz 1998; Singh and Garg 1999; 
Kikuchi 2001); however, the major portion of what is generated 
by the industry is disposed of in landÞ lls. The shortage of landÞ ll 
sites, especially in Japan, and stricter environmental regulations, 
provide an impetus to Þ nd a use for the remaining portion of the 
ash instead of discarding it into landÞ lls.

One possible alternative is to convert paper-sludge ash into 
industrially useful minerals, such as zeolites, tobermorite, etc. 
(Henmi 1989; Ishimoto et al. 2000; Mun and Ahn 2001; Cole-
man and Brassington 2003; Wajima et al. 2004). Due to their 
speciÞ c properties, zeolites and tobermorite have the potential 
for environmental applications as adsorbents and ion-exchange 
materials (Barrer 1978; Komarneri et al. 1982). Thus, converting 
the ash into useful minerals eliminates the disposal problem by 
transforming a waste into a commodity.

The conversion of paper-sludge ash into useful mineral 
products in large part depends on the chemistry of the raw ash. 
In the past, clay minerals such as kaolinite were used for paper 
Þ ller, but recently calcite increasingly has replaced kaolinite as 
a Þ ller. As a result, incinerated ash has a higher Ca content, in 
the form of anorthite (CaAl2Si2O8) and gehlenite (Ca2Al2SiO7). 
Furthermore, the decreasing use of silicate minerals as paper 
Þ llers has resulted in a lower concentration of Si in the ash. 
Correspondingly, the Si/Ca ratio has decreased.

Paper-sludge ash with high-Si and low-Ca concentrations 
is similar to another waste material, coal ß y ash. The dominant 
minerals in both of these ash types are quartz (SiO2) and mullite 
(Al4Si2O10). Many studies on the conversion of coal ß y ash to 
industrially useful minerals have been published (Henmi 1989; 
Catalfamo et al. 1994; Shigemoto et al. 1993; Lin and His 1995; 
Park and Choi 1995; Berkgaut and Shinger 1996; Poole et al. 
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ABSTRACT

Zeolites were synthesized from paper-sludge ash in different alkali solutions. The ash used in this 
study has a high-Ca content and a low abundance of Si, in part due to the presence of calcite that is 
used as a paper Þ ller. The major minerals present in the ash are gehlenite (Ca2Al2SiO7) and anorthite 
(CaAl2Si2O8). Three kinds of alkali solutions (NaOH, KOH, and LiOH) at four different concentra-
tions (1, 2, 3, and 4 M) were reacted with paper-sludge ash at 90 °C for 24 h. Powder X-ray diffraction 
showed that hydroxysodalite (Na6Al6Si6O24·8H2O) and zeolite Linde F (KAlSiO4·1.5H2O) had formed 
in NaOH and KOH solutions, respectively, and that anorthite had dissolved in these alkaline solu-
tions, whereas gehlenite had remained unaffected. In the LiOH solution, both anorthite and gehlenite 
dissolved, and various minerals, including Li-ABW zeolite (Li4Al6Si6O16·4H2O), hydrocalumite 
[Ca2Al(OH)6(Cl, OH)·3H2O], tobermorite [Ca5Si6O16(OH)2·4H2O], katoite [Ca3Al2(SiO4)(OH)8], and 
portlandite [Ca(OH)2] formed. The products of mineral synthesis from paper-sludge ash by reaction 
in alkaline solutions strongly depend on the speciÞ c alkali present.
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