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INTRODUCI'ION 
It is well known that hydrogen bonding plays an importard mle to keep the maaomolecular shuclre 

of cod'" Several attanpts have been made to estimate the amount and the Sh-ength of hydrogen bonding in 
coal. H o w ,  m definae wethds have been preserded for the estimation One of the difficulties 
encountered for the estimation is the distniufion of hydrogen bonding, and another pmblems associated with 
the estimafion is the effed of adsorbed water. F.T.i.r. is believed to be a most pow& and convenient 
method to edmate the hydrogen bondmg.6" The water problem can not be completely overcome when 
the KBr pellet method wasused, aithoughthe method is said to be suitable to q w t h i v e  studies9 Fuller 
and Smyrl" s h d  that the irrsihr diffuse reflectance i.r. Fourier transform @RUT) technique with neaf 
undiluted, coal samples can be well utilized to bace the in-& reactions such as oxidation, dehydration, etc. 
Paint= et d.' clarified the amiidon of hydrogen bonded absorphon bands ranging 60m 2800 to 3600 ad. 
It is known that the absorption wave number of hydrogen bonded OH stretching vibration shifts from hat of 
6ee OH by Avm and that the Avm value increases with the increase ofthe stmgth of hydrogen bondmg. 

In liquid phase hydmgen-bonded adduct formation readions between phenolic OH groups and various 
bases (B) have been examined in 

where AH (< 0) is the enthalpy change of the radon, and -Lw is regarded as the strength of hydmgen 
bonding in general. Av, (X) for this d o n  is the wave number W m c e  between the 6ee OH in Ph- 
OH and the hydrogen bonded OH in Ph-OH-.B. Through separate measu~anents of AH [kT/mol] and 
Av, [an-'] for many phenol-base combinations a linear reMonship was found to hold between them by 
many investigators. The relationship obtained by Drag0 et al.", for example, is given by 
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PMlH + B + Ph-OH-B ; AH (1) 

-AH=0.067A~,+2.64 (2) 
For solid-gas interabions, Kiselev16 found that a linear relationship between the heat of adsorpt~on, 

AQa FJ/mol], and the Av,[mi'] for a hydroxylated silica surface and Mlious vapors including steam. It 

W-bY 
AQa= 0.064 Av, - 1.16 (3) 

These works clarified that the OH wave number shift caused by the formation of hydrogen b o n k  is well 
related to the enthalpy change ofthe hydrogen bondmg formaton However, neither the dishibution nor the 
amount of hydrogen bonding were not taken into acccunt in these works. 

Recently Miura and his ~ ~ o r k e r s ' ~  have premed a method to estimate the skngth distribution of 
hydrogen bonding (HBD) in coal by use of F.T.i.r. and DSC. The method was devdoped by c o m b i i  
and extendmg the works of Drag0 et OL , Painter et d, and Kieslev. They found the foUowing -AH w. A v, 
relationship for water 6ee coals: 

In their analysis, howevm, F.T.i.r. measurements were performed using the KBr pellet technique, and hence 
the water effect might not be completely eliminated. Furthatnore, the absorption coefficients for different 
hydrogen bonded OH were assumed to be same as the first appmxinwion The latter -on a6'ects 
the amount of hydrogen bonding but does nd aJ€& the -AH w. Avm relationship given by eq 4. 

To overcome these weak points in the former anaJysis, an in-silu diffuse retlectance F.T.i.r. @RET) 
technique was employed for the measurement of specha, and the change in absoeon d c i e n t s  was taken 
into account in this papa. The improved method was applied to estimate the change of hydrogen bonding 
during the heating ofthe Argonne premium coals 6om 30 to 290 "C. 

ANALYSIS METHOD 
The method to obtain the HBD was originauy presented in a previous work'' TIE method was 

improved in this papa by taking into acccunt the change in absorption coefficients for different hydrogen 

1. Divide F.T.i.r.'spmm ranSing from 2200 to3700 cm-l into several hydrogen bonded peaks by a anve 
fittmg method as schematically given in Fig. l(a). The Ciamian distribution was assumed for each 
absotption band in this w o k  Three peaks associated with m d c  and aliphatic CH stretch vibrations 
are easily eliminated 60m the spectrum. 

! 

-M = O.O69Av, (4) 

bonded OH groups. The procedure to obtain the HBD by the impmvd method is summarized as follows: 

2. Estimate the amount of OH for the j-th & (n,& by the Beer law as follows: 

 OH ) j  = a j A j  (5) 
whm.4, and aj are respechvely the integral intensity and the absorption coefficient of the j-th peak In 
thjs analysis aj was assumed to be representeed by the equation presented by Detoni et al."for the 
hydrogen bonded NH groups 

a. = a 0  
' 1+0.0141(A 
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where ab is the absorption coe5cient of the stretch vibdon of the f?ee OH Then the amount ofthe OH 
W n d W  to the j-th peak, (I+,& is given by 

(7) 

(8) 

a 0  

I+O.O14lfA y,H)j 
( b H  j = 

3. ~~ethesmgthofj-thhydrogenbonding, (-w,byeq. 3 BS 

4. (I+,& Vs (-q relationship gives the distn'butlon of the strength of hydrogen bonding as shown 

( - A4)j = 0.069 (AVOH), 

schematically in Fig. I(c). 

Tablel. Ultimate- and owgm distribution of 8 Aqonne premium coals used [wt%] 
-=b-IdafI O ~ ~ m I d a f l  

c n N qa) ~SCOOH SOH SC=OSEIIXZ 

72.9 4.8 12 20.1 3.81 9.16 l.% 2.28 
333 7.68 0.74 2.56 
0.23 5.86 0.93 0.57 

w y o d a k ~  m@m) 75.0 5.4 1.1 21.0 

B U Q m y o n O  80.7 5.8 1.4 13.5 023 522 0.63 3.68 
--%Zk!.m(sr) 826 5.3 1.6 9.8 0.20 2.70 0.18 2.67 
-Prr?) 83.2 5.3 1.6 8.8 0.16 4.32 0.18 2.08 
~~0 85.5 4.7 1.6 7.5 0.14 l.% 0.44 0.36 
-(POO 91.1 4.4 1.3 2.5 0.05 0.98 032 024 

llhKii%(lL) 77.7 5.0 1.4 13.5 

EXPERIMENTAL 
Chk "nlpla Eight AIgOMe premium coals were used aS samples. The ultimate analyses 2nd the 
amount of OH and COOH oxygen" are given in Table 1. Coal samples -200 mesh were further ground for 
1 minute in a mortarjust before measurement. 
Appmabrs andpmahnz Au the IR spectra wae  measured at 4 cm'l m M o n  on a E O L  m- 
WINSPEC50 F.T.i.r. spechorneta with a microscope stage. A Mertler 84HFT hot stage, shown 
schematically in Fig. 2, was attached to the microscope stage for the irrsitu measurement. A mirror, which 
is believed not to absorb waier, was used as a background. About 0.5 mg of neat coal samples were leveled 
and pressedon the mirror by hand using a spatula. It is essential to make a llat scrrface for obtaining good 
and rqmduciile specha The coal samples were equilibrated at 30 OC in a flowing nitrogen stream Then 
they were heated at the rate of 5 Wmin up to 300 "C dunng which nitrogen was cordinually supplied at the 
rate of 100 dmin to prevent any possible leakage of air into the chamber and to keep the stabii  of the 
tatlperature. A BaF, disc was put on the pin hole 60m where the light passes though The light sou~ce was 
a heated Ni-Cr wire and the detector was MCT (merauy cadmiumtdhrium). F.T.i.r. s p m m  was 
collecteded by aquisiion of 100 scans at every 20 "C of intenal. 

RESULTS AND DISCUSSION 
Change OfW with heniing. Figure 3 shows the irrsilu F.T.i.r. spectra ranging 60m 2ux)to 3650 mi' 
for four coals meawed at every 20 "C. One ofthe problems encountered by many indgaton in using irr 
sihr F.T.i.r. was the spectra quality at high tanpmbms due to change in refractive index. Very beautiful 
and reproducible specha could be obtained by use of the proposed measurement technique for all the coals in 
this work Very flat base. hes were obtained at all the tempemrq and the spectra for POC w t x  almost 
same above 70 "C. This suggesred that the spectra were not al€ected by the hating Separate expainen& 
were paformeed using kaolinite to check the change of spectra with increasing tempemme up to 350°C. The 
mirror backgrounds at 30°C and at corresponding temperama w6e used respectively to get the F.T.i.r. 
spedm The spectra do not change with the bac- at differaa tmpatum. Then all the spectra 
shown in this wok were obtained using the background at 30°C. This made the Mi% measurement 
convenienf fast and reliable. 

To get accurate information of hydrogen bonded OH groups, it is essential to ensure that the attifact 
does not exist during experiments andor during the dataprocesSing afteracperimetrtS. It is easily checked 
by !racing the change in the aliphatic and aromatic C-H bands. Because the C-H bond is hard to 
decompose or to form below 300'C, we can easily know whether some artifact exists or not h m  the 
variation of the 2890 and 2930 mi' bands (the absorption of aliphatic C-H bond), and 3050 ad band (the 
absorption of aromatic C-H bond). It was found that these intensiies were not affected by the temperature 
up to 300°C. Therefore, all the cllanges in the OH specha w e r e d y  what happened in coal during the 
heating, Now, significant changes in the OH spectra were judged to OCQLT for ND and WY coals, whereas 
very Me change wasjudge to OCCUT for PllT and Poc coals during the heating for the four coals given in 
Fig. 2. 
Change in m g I h  -don  OfOHaso&&dwith hvcbogen bondngs AU the spectra measured for 
the eight coals were analyzed by the procedure given above to &mate the change in HBD through the 
heating. Figure 4 shows the resvlt of peak division and the HBD distributions obtained for ND as an 
example. The spectra ranging 6om 2200 to 3650 mi' were divided into 9 peaks by a QIIv6fitting method. 
The peak assignments were detamined as follows by referring to the work of Painter et d7: six hydrogem 
bonded bands (HBI at 3516 mi'; OH-X, HB2 at 3400 mil; OH-OH, HB3 at 3280 ail; O H a h a ,  HB4 at 
3 150 mil; cyclic OH-Ow HB5 at 2940 mi'; OH-N, and HB6 at 2650 mil; COOHCOOH) and three C-H 
bands (3050,2993, and 2920 mi'). In a d d  peak No 6te OH band was deteded for all the coals. 
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division the peak positions were slightly changed, depending on the sample by refiming to the second 
derivative of each specbum The bands for the C-H bonds did not change during the heating, then they 
were easily separated fiom the hydrogen bonded bands. The amount of OH and the smngth of each 
hydrogen bo* wtre calculated &om each peak intensity, A,, and OH wavenumber shift, Avm with 
the aid of eqs 7 and 8, where the total OH value given in Table 1 was& as the value at 150 OC to estimate 
a, in eq 7. The strength disbibutions of hydmgen bonding thus estimated, (4, vs. (-AH) relationships, 
for ND are shown in the right of Fig. 4. It is clearly shown that the amount ofweakly hydrogen bonded OH 
preferentially decream with the increase oftemperrmae. 
QumrM0b;e ~JU@& of change in hyhgen bondng mUing the heabirg. The changes of the amounts of 
the six hydrogen bonded OH with increasing temperame are shown for four coals in Fig. 5.  As is scpected 
60m the spectra shown in Fig. 4, the amounts of HB1 to Hi34 decrease sigruficantly with increasing 
tempratme for ND and WY, whereas all the hydrogen bondings do not change with increasing temperature 
for POC. The decrease in the total amount of OH with increasing temperrrmre is related to the formation of 
H20. It is ndewotthy that only the distribution changes without affecting the total amount of OH for PITI 
above 230 "C. This means that stronger hydmgen bonding HB5, shifted to weaker hydrogen bondings, 
HB 1 and HB2, above 230 "C. 

To examine the change in the hydrogen bonding in more detail, total enthalpy for the formation of al l  
OH associated hydrogen bondmgs, (- % (< O), at each tempemre was cala~hed by 

(-m)btal =C(nOH)j(-mH)j wkl (9) 
j 

Utiliijng (- % and the total amount of OH groups (no&, the average sh-ength of hydrogen bonding (- 
AH)- can alsobecalculated by 

j 

The (- % values and the (- AH)= values are shown in Fig. 5 and Fig. 6, rqa ive ly .  (- % 
decreases with the increase of temperahrre due to the changes in the hydrogen bonding. When the number 
of total OH groups does not change, the decrease in (- & is due to the rearrangement of hydrogen 
bondings. When H20 is prod~ced during the heat treatment, the number of OH p u p s  decreases by the 

two mechanisms, and consequently (- % decreases. The first mechanism is the desorption of adsorbed 
water and the othm is the formation of H20 by the decomposition of two OH groups. For ND and W, 
both (- & and (%A decreased with increasing temperrbure, indicting that the change in (- % is 
brought about by the formation of watm On the other hand, for Pm above 230 "C, only the (- AH)w 
value decreased without affecting the value of (n&)& This indicates that the reanangemart of hydrogen 
bonding oc~v~eed at above 230 "C as stated above. This rearrangement may be associated with the glass 
transition as deteded by DSC by 

The changes in the average hydrogen bonding str- (- AH)- in Fig. 6 are also informative. The 
(-A& values are around 20 to 24 kJhol-OH and kept h o s t  constant during the hating for ND, W, UT 
and L. The (- AH)= value for PITI is around 23 kJ/mol-OH below 230 OC, but it decreases to 20 kJ/mol- 
OH above 230 "C, indicating that the glass transition ocameed between 230 to 270 "C. For high rank coals 
of UF and POC, the (- AH)= values are 28 to 30 !d/mol-Ow which are. larger than for the othm coals by 4 to 
8 kJ/tnol-OH The (- AH)= value for UF also decreased to 23.7 kJ/mol-OH above 230 'C, again indicating 
the ocumnce of the glass tmnsition. The (- AH)w values estimated here are rather close to the values 
reported as the strength of hydrogen bonding in the literat~ue.'~~ A little bit larger (- AH)rn values for UF and 
POC are assodated with the relahe abundance of OH-N hydrogen bondmg in these coals. It was clearly 
shown that the glass tmnsition behavior can be detedeed fiom the change in (- value for higher rank 
coals. 

What we would like to stress here is that the value of a, is not required to calculate (- AH)= as can be 
found fiom eqs 7, 8, and 10, which means that only F.T.i.r. spectra m-ents are enough to obtain (- 
AH)= This is a great meit of the proposed analysis method. Then the acanacy of the (- AH)m values are 
well expected. 
rnTimi&n 6etween adFmbed wafer ond d e c o m p o s e d  water: It has been ratha d8ia1t1 to distinguish 
the chemisohd water and the water fonned by decomposition readion, which made it d8icuit to define the 
dried state of coal. In this analysis we could estimate the changes in the amount of OH, (6, and the 
enthalpy related to hydrogen bonding, (- & as shown in Fig. 5. Then we can estimate the change in 
the enthalpy related to hydrogen b o n k  with the formation of wata by using the values of (- % and 

investigaton.20*2' 

(b& as 

FT/mol-H20] (11) d( - Aw,dd (m)H20 = 
d(nOH)tdd 

where 2 in the rhs. was included to account for the fact that one H20 molecule contains two OH p u p s .  
The magnitude of (% thus estimated is well w e d  to be dependent on the mechanism of water 

I 

I 
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fo-on. Then the (a,, values calculated by eq 11 with the aid of eqs. 7,8, and 9 are shown aga~& 
temperature in Fg.7. The values obtained for an Australian brown coal (Motwell, MW) and a lignin are 
also included in the figure for comparison The (% vs. tanpadhlre relatiomhips were so close each 
0th and there was a distinct jump at about 140 T: the (% d u e s  below 140 "C were close to or 
Slightly m d e r  than the heat of vaporization of water, AHydpI whereas the (% values above 140 "C were 
SiSnifidy h e r  than A?& These re.u~Its %est that the water deteded below 140 "C is the 
chemisorbed water and that formed above 140 "C is the water formed by some decomposition readion. 
Thus the HBD estimated by the proposed method is found to be utilized to dstinpish the type of WdtB 

formed. Finauy we would like to stress that the value of a, or the value of (q,& 
is not required to obtain (h as was the case to calculate (- A&, Only F.T.i.r. spectm measuTematts 
are enough to obtain (% This is a great mait of the proposed method and it simplifies the procedure 
toobtain(&. 

CONCLUSION 
Insitu F.T.i.r. measuranents were performeed for the Argonne premium coals to estimate the change in 

hydrogen bonding through heat txatmnt. Neat, undiluted, coal samples were placed in a spedauy 
designed cell and they were heated fbm mom temperahue up to 300 O C  in an inat atmosphere. F.T.i.r. 
specba were collected in every 20 O C  using the diffuse reflectance in6ared Fourier transform (J3Ra) 
technique and the spectra rangins fiom 2200 to 3650 m-' were divided into 6 hydrogen bonded OH peaks 
and other peaks. The stmgth distnidon of hydrogen bonding (HBD) at each tempahre was well 
estimated through the analysis of the divided peaks by the propses method By ldilizing the HBD the 
changes in enthalpies assodated with the desorption of WET, the glass transitoq and the decompsition of 
OH groups were well estimated Only F.T.i.r. spectra measuTements were found to be mugh to obtain 
such enthalpies. This greatly simplif~ed the calculation procedure and increased the ac~llilcy of the 
enthalpies. The validity of the proposed in situ F.T.i.r. measurement method and the analysis method for 
obtauung HBD was well clarified. 
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Figure 1 procedure to obtain HBD fbm the spectraranging fiom 2200 to 3650 m-'. 
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Figure 2 Schematic of a moddied Metler 84HPT hot stage 
usedformvtuFTir v 

FW 4 Typical examples ofpeak division of spxm 
andthe€mDsestimated(NDooal). 

140 160 180 ZW 220 240 260 280 
Temperature rq 

Figure6 C h a n g e o f ( - Q w i t h i n a  
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