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Cellulosic paper is thermolabile and its strength properties tend to 
decrease under high temperature conditions. In this work, the effects of 
aluminum trihydrate filler on the tensile and burst strength of paper 
prepared from bleached wood pulps were investigated. The use of 
aluminum trihydrate maintained the tensile and burst strength of paper 
sheet dried at 200 °C for 4 hours. Thermogravimetric analysis and 
differential scanning calorimetry gave the evidence that the maintainance 
of strength after drying associated with the use of aluminum trihydrate 
filler is possibly due to the increase in degradation temperature and heat 
absorption of cellulosic paper. The results regarding Fourier Transform 
Infrared spectroscopy, and the water retention value (WRV) and 
crystallinity index of fibers indicated the alleviated degradation of fibers 
when aluminum trihydrate was incorporated into the paper matrix. 
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INTRODUCTION 
 

Paper is usually made from plant fibers, which are complex materials composed 
of an orderly arrangement of cells within a cell wall including varying amounts of 
cellulose, hemicellulose, lignin, and extractives (Billa et al. 2000; Bertaud and Holmbom 
2004; Conrad et al. 2003). 

It is well known that the poor thermal stability of paper can be attributed to the 
degradation of celluloses and hemicelluloses of fibers (Sefain and Nada 1984; Odlyha et 
al. 1990). However, in practical applications, the suitability of certain paper grades to 
high temperature conditions is sometimes needed. For example, hot sheets of steel (at the 
temperature from 190 °C to 200 °C) are separated by interleaving paper during the 
production process of stainless steel, and the pattern on leather release paper is 
transferred to artificial or synthetic leather at temperatures from 160 °C to 200 °C, so the 
thermal stability of the paper at 200 °C is a very important parameter (Yang et al. 2007, 
2008). 

Great efforts have been made to improve the thermal stability of thermolabile 
substances, the applications of flame retardants are one of the most effective methods. 
Compounds used as flame retardants are usually divided into five groups based on their 
chemical composition: halogen compounds, phosphorous compounds, inorganic hydroxy 
compounds, nitrogen compounds, metallic oxides, and sulfides (El-Wahab et al. 2010). 
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Although the use of halogen and phosphorous compounds as flame retardants have been 
reported by many researchers (Hergenrother et al. 2005; Toldy et al. 2006; Kandola et al. 
2010), much attention has been paid to the safety of halogen compounds, as they can 
discharge toxic gases along with acidic smoke during combustion (Sen et al. 1991), and 
the use of phosphorous compounds is usually hindered by its exorbitant price and the 
tendency to generate heavy smoke (Yeh et al. 1998). Thus, in recent years, a more 
significant amount of research and development efforts have been invested to the 
applications of inorganic flame retardants, including aluminum trihydrate, magnesium 
hydroxide, bentonite, borate, antimony oxide, stannate, and inorganic silicate, etc. (Xu 
and Deng 2006; Brebu et al. 2007; Du et al. 2009; Hamdani et al. 2009). Aluminum 
trihydrate has experienced increasing consumption owing to its good performances as 
flame retardant, smoke suppression effects, environment-friendliness, and low cost 
(Daimatsu et al. 2007; Wang et al. 2010).  

In the papermaking industry, the use of fillers and the relevant filler engineering 
technologies has recently been a very hot topic (Deng et al. 2010; Dong et al. 2008; 
Hubbe 2004; Koivunen and Paulapuro 2010; Shen et al. 2009a,b,c,d, 2010a,b,c,d,e; Yoon 
and Deng 2006a,b, 2007; Zhao et al. 2005,2008). Significant benefits associated with the 
industry can potentially be achieved through innovations in the wet end use of fillers. As 
reported in the literature, the use of aluminum trihydrate as a filler can confer flame-
retardant properties to cellulosic paper, in addition to its contribution to the optical 
properties (Holik 2006; Ma 2006; Shen et al. 2011). In this work, by applying aluminum 
trihydrate as a filler at the wet end, the effects of filler addition on the tensile and burst 
strength of paper (when exposed to treatment at relatively high temperature of 200 oC for 
4 h) were investigated, and the water retention value and crystallinity index of fiber were 
analyzed. 

 
 

EXPERIMENTAL 
 
Materials  

Northern bleached kraft pulp (NBKP) and bleached Eucalyptus kraft pulp (BEKP) 
were kindly supplied by Tianting Yalun Co. Ltd. (Zhejiang, China). Aluminum trihydrate 
(96% ISO brightness and 1.57 refractive index) was obtained from Martinswerk 
(Germany), and its mean diameter was determined to be 1.8 μm using a Laser Diffraction 
Particle Size Analyzer (MS2000MU, Malvern, Worcestershire, UK). Cationic 
polyacrylamide with the molecular weight of 8 million, substitution degree of 20% and 
positive charge of 1.53 meq/g was provided by Hengfeng Chemical Co.Ltd (Zhejiang, 
China). 

  
Mechanical Refining 
            Softwood fibers are usually considered to be capable of achieving high sheet 
strength, while hardwood fibers can result in uniform sheet formation (Ai and Tschirner 
2010).  In this study, the weight ratio of softwood pulp and hardwood pulp was 85 to 15. 
The mixed pulp was refined to 40 oSR using a Valley Beater (ZQS2-23, SUST, Shanxi, 
China).  



 

PEER-REVIEWED ARTICLE  bioresources.com 
 

 
Chen et al. (2011). “ATH for heat-tolerant paper,” BioResources 6(3), 2399-2410.  2401 

Handsheets Preparation and Testing 
The refined pulp was diluted to 1.2% consistency with distilled water, then 

disintegrated in the standard disintegrator at 20,000 revolutions until all fiber bundles 
were dispersed. Then 400 ppm cationic polyacrylamide was added under stirring at 6000 
revolutions followed by aluminum trihydrate, with the addition levels of aluminum 
trihydrate (at the consistency of 5%) fixed at 1%, 3%, 5%, and 7% (based on oven- dry 
pulp mass) under stirring at 6000 revolutions. Handsheets with target basis weight of 
60g/m2 were prepared using the Model 1600 Ecno-Space Automatic Sheet Former 
System (Réalisations Australes Inc., Canada) according to TAPPI T 205, except that the 
pressure for wet sheet pressing was controlled at 200 kPa, followed by drying at 102°C 
using a Formax 12” Drum Dryer (Thwing-Albert Instrument, USA). The handsheets were 
conditioned under controlled environment (temperature of 23±1oC and relative humidity 
of 50±1 %) before analysis. 

The tensile indices, burst indices, and ash contents of handsheets were determined 
according to the relevant TAPPI Standards. Incidentally, the tensile indices and burst 
indices were also measured for the handsheets having been thermally treated in an oven 
at 200°C for 4 hours. The strength properties (tensile and burst indices) of the paper 
sheets were determined using the L&W CE062 Tensile Strength Tester (Sweden) and 
L&W CE180 Bursting Strength Tester (Sweden). All samples were tested three times, 
with standard deviations of about 5%. 
 
Thermal Gravimetric Analysis 

Thermal gravimetric analysis (TGA) of the handsheets was conducted using a 
NETZSCH TG209 Jupiter Thermal Analysis System (TA Instruments, USA) as follows: 
sample weight about 5mg, heating rate 10 °C min-1 from 40 °C to 600 °C, and flow rate 
of N2 30 mL min-1.  
 
Differential Scanning Calorimetry Analysis 

The Differential scanning calorimetry analysis (DSC) was performed under 
standard conditions with a flow of extra-pure nitrogen using a DSC Q200 differential 
scanning calorimeter (TA Instruments, USA). The operating conditions were: 
temperature range of 0 °C to 350 °C, heating rate of 10 °C min-1, and flow rate of extra 
pure nitrogen of 30 mL min-1.  

 
Measurement of WRV 
           The measurement of WRV was conducted following the centrifugation method 
(Lindström and Söderberg 1986). 1.5 g hansheet samples based on dry weight were 
soaked with deinozied water for 24 h; subsequently disintegrated in standard disintegrator 
with 6000 revolutions. Then the stock was centrifugated at 3,000 g for 15 min and then 
weighed in a pre-weighed weighting bottle, followed by drying in an oven at 105±2 °C 
for 24 h and re-weighing. WRV was calculated based on the following equation, 
 

WRV= 1 2

2

m - m

m
×100%                                                                                           (1) 
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where m1 is the weight of the wet paper mat after centrifugation, and m2 is the weight of 
the dry paper mat (in grams). 
 
Fourier Transform Infrared Spectroscopy Analysis and Determination of 
Crystallinity Index 

 Fourier transform infrared spectroscopy analysis (FTIR) of the handsheets was 
carried out in transmission mode using macro techniques (13mmΦ pellet; ca.1.5mg 
sample with 350mg KBr). The spectra were recorded with a Nexus Vector spectrometer 
made by Thermo Nicolet (Nexus 670, Thermo Nicolet Company, USA) under the 
following specifications: Apodization: triangular; Detector: DTGS/KBr; Regulation: 4 
cm-1;Number of scans: 32. 

Crystallinity index was calculated from the relative intensities of the infrared 
bands (Nelson and O’Connor 1964), 

           N.O′KI=
1372

2900

I

I
 ×100%                                                                                               (2)              

                

                                                                 
                                                                                                            

where I1372 represents the intensity (1372 cm-1) of the band belonging to the CH bending 
vibration, and I2900 is the intensity (2900 cm-1) of the band belonging to the CH and CH2 
bending vibrations. 

 
            

RESULTS AND DISCUSSION 
 
Influence of Aluminum Trihydrate on the Physical Strength of Paper 

The influence of aluminum trihydrate on the strength properties of paper is shown 
in Table 1. With the increase in the amount of aluminum trihydrate (from 1% to 7%), the 
ash content increased; however, the tensile and burst strength of paper without thermal 
treatment at 200 °C was somewhat negatively influenced. When the unfilled handsheets 
were thermally treated at 200 °C for 4 hours, the tensile index and burst index decreased 
from 99.52 N·m/g to 70.81 N·m/g (decreased by about 30%) and from 6.12 kPa·m2/g to 
3.79 kPa·m2/g (decreased by about 40%), respectively. Interestingly, although the use of 
aluminum trihydrate slightly decreased the tensile and burst strength of paper without 
thermal treatment at 200 °C, the strength properties of the filled paper thermally treated at 
200 °C were much superior to those of unfilled paper. Thus, as far as the strength 
properties of paper are taken into consideration, the use of aluminum trihydrate filler can 
contribute to the thermal stability of paper. For example, the use of aluminum trihydrate 
with the amount of 1% improved the tensile strength of thermally treated paper by above 
14%, while the tensile strength of paper without thermal treatment was basically 
unaffected.  
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  Table 1. Influence of ATH on Strength Properties of Paper Sheet  

Handsheet 
Samples 

Amount of Aluminum 
Trihydrate 

(%) 

Ash 
Content 

(%) 

Tensile Index 
(N·m/g) 

Burst Index 
（kPa·m2/g） 

a b a b 

Unfilled 
Handsheets 

0 0.2 99.52 70.81 6.12 3.79 

Filled 
Handsheets 

1 0.7 98.56 81.11 6.01 4.75 
3 1.8 95.41 86.44 5.93 5.16 
5 2.6 92.23 86.79 5.80 5.28 
7 3.0 90.16 85.74 5.61 5.17 

(a): handsheets without thermal treatment; (b): handsheets after exposure to 200 � for 4 h 
 
Thermal Degradation 

The thermogravimetric, DTG, and DSC curves of the unfilled and filled handsheets 
with 5% aluminum trihydrate are shown in Fig. 1. When the temperature was lower than 
350 °C, the weight loss of unfilled handsheets was greater than the filled handsheets. The 
weight loss peak of unfilled handsheets was 330 °C, and the relevant peak of filled 
handsheets was 341 °C. 

 
Fig. 1. Thermogravimetric, DTG, and DSC curves of unfilled and filled handsheets: 
(a): unfilled handsheets; (b): filled handsheets with 5% aluminum trihydrate. 

 
An endothermic peak associated with the loss of absorbed water was observed at 

about 78°C in DSC-a curve (Schmolz et al. 2000), and the enthalpy change (∆H) was 
143.7 J/g.  When aluminum trihydrate was added with the amount of 5%, the temperature 
of the first endothermic peak was shifted to 95°C, and ∆H was increased to 241.2 J/g, 
showed some heat was adsorbed by aluminum trihydrate, and the thermal stability of 
paper was enhanced. Residual lignin in pulp degraded at 270°C induced the endothermic 
peak at this temperature (Martin et al. 2010). The endothermic peak at 310°C of filled 
handsheets was attributed to the decomposition of ATH (Klprogge et al. 2002). On the 
other hand, the endothermic peaks at 335°C for unfilled handsheets and 339°C for filled 
handsheets are due to the dehydration and depolymerization of cellulose, respectively 
(Nada and Hassan 2000). 
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Water Retention Values   
In recent years, extensive attention has been given to the research on irreversible 

changes in cellulose reswelling after drying due to the wide applications of recycled 
fibers in papermaking industry (Nazhad and Paszner 1994; Diniz et al 2004; Brancato et 
al 2007; Hubbe et al 2007). The polymer structure change taking place in lignocellulosic 
materials upon drying or water removal is called ‘hornification’ (Östlund et al. 2010). 
WRV has been used to evaluate the degree of hornification upon drying by measuring the 
change in water sorption behavior (Fernandes et al. 2004). Figure 2 shows the WRVs of 
unfilled and filled handsheets with or without drying treatment. The WRVs of both 
unfilled and filled handsheets without drying treatment were 131.09% and 127.19%, 
respectively. When thermally treated in an oven at 200 °C for 4 hours, the WRV of 
unfilled handsheets decreased to 55.21% (decreased by 57.88%), and the value of filled 
handsheets decreased to 69.89% (decreased by 45.05%), possibly indicating the positive 
role of filler addition in maintaining fiber swelling. The reason for the decreased WRVs 
of handsheets when thermally treated at 200°C is that thermal treatment increases not 
only the rate of evaporation but also molecular mobility (Kato and Cameron 1999), 
resulting in irreversible pore closure in cellulose fibers and the decreased swelling 
capacity (Häggkvist et al. 1998).  

 

 
Fig.2. WRVs of different handsheet samples: (a) unfilled handsheets without drying treatment in 
an oven at 200  oC for 4 hours; (b) unfilled handsheets thermally treated in an oven at 200 oC for 4 
hours; (c) filled with 5% aluminum trihydrate handsheets without drying treatment in an oven at 
200 oC for 4 hours; (d) filled with 5% aluminum trihydrate handsheets thermally treated in an oven 
at 200 oC for 4 hours. 
  
 Functional Group Analysis and Crystallinity Indices 

Figure 3 shows the FTIR spectra of the above mentioned handsheet samples. The 
3400 cm-1 peak was attributed to hydroxide groups (OH) among the fibers (Meireles et 
al., 2007). The peak at 2900 cm-1 indicates the absorption peak of C-H. The strong band 
at 1640 cm-1 might be assigned to the vibration of absorbed water molecules in the non-
crystalline region of cellulose. The bands at 1431, 1374, 1165, 1114, and 1033 cm-1 were 
due to the characteristic bending or stretching vibrations of different groups for lignin and 
cellulose, and the peak at 898 cm-1 might be associated with cellulose P-chains, C-H 
stretching out of plane of aromatic ring (Chen et al. 2010). In spectra c and d, the peak at 
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560 cm-1 represents the characteristic vibration of Al-O groups (Wang et al. 2008). In 
spectrum b, relative intensity of peaks of 1660 and 898 cm-1 to 3400 cm-1 were obviously 
weaker compared with spectrum a, indicating that the glucose unit of the cellulose chain 
was significantly degraded. As this obvious difference was not found in spectra c and d, 
these results showed that the presence of filler particles might alleviate the degradation of 
cellulosic fibers. 

 
Fig. 3. FTIR spectra of different handsheet samples:  (a) unfilled handsheets without drying 
treatment in an oven at 200 oC for 4 hours; (b) unfilled handsheets thermally treated in an oven at 
200 oC for 4 hours; (c) filled with 5% aluminum trihydrate handsheets without drying treatment in 
an oven at 200 oC for 4 hours; (d) filled with 5% aluminum trihydrate handsheets thermally treated 
in an oven at 200 oC for 4 hours.  

     

 
Fig.4. Influence of ATH on crystallinity index of fiber: (a) unfilled handsheets without drying 
treatment in an oven at 200 oC for 4 hours; (b) unfilled handsheets thermally treated in an oven at 
200 oC for 4 hours; (c) filled with 5% aluminum trihydrate handsheets without drying treatment in 
an oven at 200 oC for 4 hours; (d) filled with 5% aluminum trihydrate handsheets thermally treated 
in an oven at 200 oC for 4 hours  
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         The crystallinity index of cellulosic fibers is defined as the weight fraction of 
crystalline cellulose in fibers. The crystallinity indices of different handsheet samples are 
shown in Fig. 4. For both unfilled and filled handsheets, thermal treatment at 200°C for 4 
hours increased the crystallinitity indices (by 11.09% and 7.64%, respectively). It has 
been reported that the cellulose crystallinity of pulps increased after drying (Rebuzzi and 
Evtuguin 2006). While this phenomenon is still not very well understood, one possible 
reason might be associated with co-crystallization: a small fraction of cellulose chains in 
adjacent crystalline domains are induced to be parallel over a sufficient distance, causing 
an increase in crystallinity index (Newman 2004). Another possible reason is that 
amorphous regions in fibers partly crystallize during drying (Karnis 1994). Evidently, the 
increase in crystallinity index means a decrease in amorphous regions as well as in the 
capacity for swelling.                     
 
 
CONCLUSIONS 
 
The above studies can be summarized as follows: 
 
1. The use of aluminum trihydrate filler in papermaking was found to be capable of 
improving the tensile and burst strength of cellulosic paper exposed to treatment at 200 
°C for 4 hours, in comparison to un-filled paper samples.   
2. Thermogravimetric analysis and differential scanning calorimetry indicated that the 
use of aluminum trihydrate filler could possibly result in the increase in degradation 
temperature and heat absorption of cellulosic paper, which might contribute to the 
maintainance of tensile strength at the relatively high temperature conditions, The 
alleviation of degradation was also confirmed by the results from Fourier transform 
infrared spectroscopy, WRV, and the crystallinity index of paper. 
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