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Abstract  High spinning speed 
1
H magic-angle spinning 

nuclear magnetic resonance (
1
H MAS NMR) was used to 

detect surface hydroxyl groups of diatomite, which include 

isolated hydroxyl groups and hydrogen-bonded hydroxyl 

groups, and water adsorbed on diatomite surface that in-

clude pore water and hydrogen-bonded water. The corre-

sponding proton chemical shifts of above species are ca. 2.0, 

6.0 7.1, 4.9 and 3.0 respectively. Accompanied by thermal 

treatment temperature ascending, the pore water and hy-

drogen-bonded water are desorbed successively. As a result, 

the relative intensities of the peaks assigned to protons of 

isolated hydroxyl groups and hydrogen-bonded hydroxyl 

groups increase gradually and reach their maxima at 1000 .

After 1100  calcination, the hydroxyl groups that classified 

to strongly hydrogen-bonded ones and the isolated hydroxyl 

groups condense basically. But some weakly hydro-

gen-bonded hydroxyl groups may still persist in the micro-

pores. 
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 Diatomite is natural amorphous silica engendered by 

deposition of diatom skeleton. It is formed by closest 

packing of hydrous SiO2 spheres and is classified as 

opal-A mineralogically. Diatomite possesses abundant 

pores that consist of pores in diatom shell and nanomi-

cropores between SiO2 spheres. For its high porosity with 

strong adsorbability and its excellent thermal resistance, 

diatomite are used for filter-aids, catalytic support, ad-

sorbent and functional filler
[1]

.

 High temperature calcintion is a key step to produce 

diatomite filter-aids and catalytic support. Accordingly, 

previous studies were focused on the high temperature 

phase transformation of diatom shell in which amorphous 

silica crystallized from disorderly opal to orderly -cris-

tobalite
[2 4]

. Nevertheless, much attention has been paid to 

the applications of diatomite in the field of novel absor-

bent and functional support recently, as a result more and 

and more researches are developed to study the interface 

reaction related to diatomite and adsorbed species
[1, 5 7]

.

In interface reactions, such as surface absorption, catalysis, 

surface coordination, etc., surface hydroxyl groups play 

essential roles
[8]

. Consequently, developing researches on 

surface hydroxyl species of diatomite and on their trans-

formation under thermal treatment conditions are the base 

of interface reaction research, and it will have deep sig-

nificance for improving the application of diatomite.  

 IR spectrometry is a useful measure to study surface 

hydroxyl groups. However, it is difficult to distinguish 

different surface hydroxyl species of diatomite because 

the O-H vibration frequency (ca. 3745 cm
1
) of surface 

isolated hydroxyl groups and H-bonded hydroxyl groups 

are analogical. On the other hand, diatomite prefers to 

adsorb water for its high porosity, thereby in IR spectra 

the peak of strongly H-bonded hydroxyl groups is over-

lapped by the broad peak (with middle wavenumber at ca. 

3500 cm
1
) that assigned to the adsorbed water and then is 

difficult to be discerned
[9]

. In this study, by high spinning 

speed (11kHz) 
1
H MAS NMR, high-resolution spectrum 

was obtained to explore the changes of hydroxyl species 

on diatomite surface under different thermal treatment 

conditions. 

1  Materials and methods  

 Diatomite sample was collected from Puchang de-

posit in Haikang County of Guangdong Province, China. 

After being washed, t was separated by sedimentation 

and dried at 100 , then ground to less than 40 m by 

hand. The micromorphology of sample was observed un-

der a Hitachi S-3500N Scanning Electron Microscopy 

(SEM). The results showed that most of diatoms belong to 

the Pinnularia species with a diameter ranging from 10 to 

20 m. The intrusive mercury method was used to meas-

ure a pore structure, and a macropore structure with a di-

ameter ranging from 50 to 100 nm and a micropore struc-

ture with a diameter of 10 20 nm was found in the sam-

ple.  

 The XRD analysis revealed that the sample had a 

typical opal structure. There were no quartz peaks detect-

able in the spectrum, but some weak peaks attributed to 

kaolinite were observed. Chemical analysis showed that 

its main composition included SiO2 (82.95%) (wt.), loss 

(7.93%), Al2O3 (5.75%) and Fe2O3 (1.41%). The content 

of Al2O3 is appreciably higher than normal because of the 

presence of kaolinite in sample. 

 The phase transformation from amorphous silica to 

-cristobalite was proved at 1150 by previous studies
[3]

.

Thereupon we chose the thermal treatment temperature 

ranging from 200  to 1100 to study the hydroxyl 

group changes on diatomite surface. A ceramic pot with 

about 500 mg diatomite was placed in a programmed 

temperature-controlled muffle oven for thermal treatment. 

The temperature rising speed was 5 min and the con-
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stant time of certain thermal treatment temperature was 60 

min. After thermal treatment, the sample was transferred 

into a weighing bottle and sealed quickly, and then were 

kept in the desiccator. 

 The 
1
H MAS-NMR spectra were recorded on a Var-

ian Unity pulse-300 spectrometer with Larmor frequency 

of 299.951 MHz at room temperature. High pure nitrogen 

gas was introduced as both driving gas and bearing gas to 

obtain 11 kHz (unless specially noted hereafter) magic- 

angle spinning speed. The detector was purged by nitro-

gen gas and the rotor was dried under vacuum condition 

to eliminate proton background peaks of water. The pow-

dered sample was packed into an outer diameter 5 mm 

Si3N4 rotor. A 5 s excitation pulse with 20 flip angle 

and 2s’ recycle delay was used to accumulate ca. 600 

scans. The chemical shift of proton was referenced to 

tetramethylsilane (TMS). 

2  Results 

 Fig. 1 shows 
1
H MAS NMR spectra of diatomite 

samples under different thermal treatment conditions. 

Spectrum 1 and spectrum 2 were taken respectively with 

spinning speed of 7 and 11 kHz after samples exposed in 

air with relative humidity of about 60% for 10 h. In both 

spectra there are a strong sharp peak at 4.9 and a rela-

tively weak peak at 7.1 (fig. 1, spectra 1 and 2). The 

latter is weaker in spectrum 1 than in spectrum 2. In the 

spectrum of sample calcined at 200 (fig. 1, spectrum 3), 

Fig. 1.  
1
H MAS NMR spectra of hydroxyl groups on diatomite surface 

under thermal treatment conditions. 1, Sample exposed in air for 10 h, 7 

kHz MAS speed; 2, same as in 1, 11 kHz MAS speed;  3, calcined at 

200 for 60 min; 4, calcined at 400  for 60 min; 5, calcined at 650

for 60 min; 6, calcined at 900  for 60 min; 7, calcined at 1000  for 

60 min; 8, calcined at 1100  for 60 min.

the  4.9 peak shifts to  3.8 and the  7.1 peak shifts to 

6.9 accompanied by intensity increasing. When caclina-

tion temperature is up to 400  (fig. 1, spectrum 4), the 

intensity of peak at  6.8 continues to increase and the 

3.8 peak shifts to 3.5. Besides, there appears a rela-

tively weak shoulder peak at  2.2. In the spectrum of 

sample calcined at 650  (fig. 1, spectrum 5), the  6.8 

peak shifts to  6.6 and becomes stronger slightly. Mean-

while, the 3.5 peak shifts to 3.0 accompanied by in-

tensity decreasing. The 2.2 peak shifts to lower shield-

ing appreciably with intensity ascending obviously. As 

caclination temperature is up to 900 , the 3.0 peak 

disappears and the  6.6 peak shifts to 6.3 accompanied 

by intensity heightening (fig. 1, spectrum 6), and it pre-

sents as a very wide peak. The intensity of this peak keeps 

on increasing after 1000 calcination (fig. 1, spectrum 

7), but the intensity of 2.0 peak is not changed basically. 

In the spectrum of sample calcined at 1100  (fig. 1, 

spectrum 8), the  6.2 peak shifts to 6.0 with its intensity 

decreasing. The 2.0 peak shifts to  1.9, and still can be 

discerned though its intensity is weakened drastically.  

3  Discussion 

 In terms of previous research on synthetical amor-

phous silica (Cab-O-Sil, silica gel, etc.), surface hydroxyl 

groups of silica have been classified according to their 

coordination (single and geminal silanols were bonded to 

a
3
Q(OH) or 

2
Q(2OH) silicon, respectively) and whether 

they are hydrogen-bonded or not (isolated and H-bonded 

hydroxyl groups). And the H-bonded hydroxyl groups can 

be further divided by the strength of hydrogen bond
[10 15]

.

Water adsorbed on the surface consists of pore water that 

resulted from capillarity effect and water that bonded to 

surface hydroxyl groups with hydrogen bond. 

 Although the proton chemical shifts of those hy-

droxyl groups vary with species of silica, they show some 

rules as a whole. The proton chemical shift  of isolated 

hydroxyl groups is sharp and is located at ca. 2.0 generally. 

Because of the formation of hydrogen bond, the proton 

chemical shift of hydrogen-bonded hydroxyl groups 

moves to lower shielding that ranges from 3 to 8 rela-

tively to that of isolated silanols, and presents as a wide 

peak. The geminal hydroxyl groups are very limited in 

quantity and prefer to form hydrogen bonds with each 

other, thus in the spectra of 
1
H MAS NMR their proton 

chemical shift is difficult to be distinguished from that of 

hydrogen-bonded hydroxyl groups. The 
1
H-

29
Si CP/MAS 

NMR, however, can distinguish geminal hydroxyl 

groups
[16]

. The position of proton chemical shift  of pore 

water is at about 5.0 with settled relatively. The proton 

chemical shift of water hydrogen-bonded to surface hy-

droxyl groups is within the range from 3.0 to  3.5. 

 The sharp peak at  4.9 is assigned to water adsorbed 

to surface (fig. 1, spectrum 2), which consists of both 

H-bonded water and pore water, and the latter is the pri-
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mary component. Nevertheless, there is only a single peak 

in the corresponding spectrum because there occurs the 

rapid proton exchange between protons of the two water 

species
[15]

. It is likely that the sample has high water con-

tent and then the quick and random movements of water 

molecules average the 
1
H-

1
H dipolar interactions to some 

extent and make the peak sharp. In accordance with pre-

vious research on amorphous silica
[13,15]

, the weak wide 

peak at  7.1 was attributed to H-bonded hydroxyl groups. 

Between H-bonded hydroxyl groups there exist intense 

dipolar interactions that are hard to be completely elimi-

nated by MAS. Furthermore, these H-bonded hydroxyl 

groups are various: they include outer surface hydroxyl 

groups, inner surface hydroxyl groups and interparticle 

ones, etc. As a result, the peak is wide and its position 

varies with the species of silica in a relatively large scale 

( 3.0 8.0). So far, the fine 
1
H MAS NMR spectra of 

H-bonded hydroxyl groups are still difficult to be obtained. 

Our MAS experimental results (fig. 1, spectra 1 and 2) 

show that the intensity of 7.1 wide peak with 11 kHz 

spinning speed is stronger than that with 7 kHz spinning 

speed evidently. Those results suggest that high-speed 

magic-angle spinning may be a useful way to eliminate 

the line-broadening effect resulting from 
1
H-

1
H dipolar 

interactions between the protons of H-bonded hydroxyl 

groups. There are no peaks of isolated hydroxyl groups at 

ca. 2.0 (fig. 1, spectrum 2), which indicates that isolated 

hydroxyl groups are hydrogen-bonded to water molecules 

basically at that time. In this aspect, diatomite is analo-

gous to silica gel but not to fumed silica Cab-O-Sil, on 

whose surface there exist “true” isolated hydroxyl groups 

inaccessible to water
[10]

.

 After 200  calcination, the  4.9 sharp peak moves 

to 3.8 and becomes wider. The result indicates that most 

of pore water is desorbed at 200 and it is consistent 

with the results of wide-line NMR and thermal analy-   

sis
[17]

. The 3.8 chemical shift results from the proton 

exchange between the hydrogen-bonded water whose 

proton chemical shift is at 3.0 3.5 and the small quantity 

of remaining pore water whose proton chemical shift is at 

ca. 5.0. When the treatment temperature goes up, adsorbed 

water is desorbed continuously and this peak gradually 

shifts to 3.0, which is the proton chemical shift position 

of H-bonded water (fig. 1, spectra 3 5). After 900

calcination, it disappears, indicating that adsorbed water 

was desorbed exhaustively and the critical temperature of 

dehydration is within the range from   650  to 900 .

 In the spectrum of sample calcined at 400 , there is 

a distinct shoulder peak at 2.2, actually it appeared as 

the sample was calcined at 200 , but at that time the 

peak is so weak that it is almost invisible. The peak can be 

assigned to isolated hydroxyl groups. After 200 calci-

nation, a small quantity of H-bonded water is desorbed 

and as a result this peak emerges. Accompanied by 

H-bonded water desorbed continuously, the amount of 

isolated hydroxyl groups increase and its peak intensity 

enhances gradually. Because the dipolar interactions be-

tween protons of isolated hydroxyl groups are relatively 

weak, they are prone to be averaged by magic-angle spin-

ning and therefore the peak is sharp. When the tempera-

ture is up to 900 , the intensity of this peak reaches its 

maximum. That identifies with the thorough dehydration 

of H-bonded water. The peak intensity gets unchanged as 

the temperature rises to 1000 but decreases drastically 

after 1100 . This indicates that isolated hydroxyl groups 

are condensed and dehydrated on large scale.  

 Accompanied by thermal treatment temperature ris-

ing from 200 to 1000 , the  7.1 wide peak that was 

assigned to protons of hydrogen-bonded hydroxyl groups 

moves to  6.2 and its intensity increases gradually (fig. 1, 

spectra 3 7). The shift of peak reflects the property dif-

ference of different-strength H-bonded hydroxyl groups 

under thermal treatment conditions. Analogous to silica 

gel and fumed silica studied previously, the proton 

chemical shift of hydrogen-bonded hydroxyl groups of 

diatomite varies with the strength of hydrogen bond, the 

stronger the hydrogen bond is, the more intense the proton 

chemical shift moves to lower shielding
[13]

. Under thermal 

treatment conditions, strongly H-bonded hydroxyl groups 

are easier to condense than the weakly H-bonded ones. By 

this reason, the  7.1 wide peak moving to higher shield-

ing indicates that the condensation of strongly H-bonded 

hydroxyl groups takes place first at about 200 . And the 

peak intensity of H-bonded hydroxyl groups gets more 

and more intense along with dehydration of them. Fur-

thermore, some originally non-H-bonded hydroxyl groups 

bond to each other after they were desorbed the hydro-

gen-bonded water. As a result, the content of H-bonded 

hydroxyl groups ascends and the intensity of peak be-

comes stronger. After 1000  calcination, the  6.3 peak 

just slightly shifts to  6.2, that indicates condensation of 

strongly hydrogen-bonded hydroxyl groups finished by 

and large. However, the peak of weakly hydrogen-bonded 

hydroxyl groups becomes more intense slightly. It shows 

that their quantities continue to rise and most of them are 

not condensed. As the temperature reaches 1100 , the  

6.2 peak moves to  6.0 with intensity descending (fig. 1, 

spectrum 8). It may be the result of condensation of con-

siderable but not all weakly hydrogen-bonded hydroxyl 

groups. As for silica with micropores (that is to say, pores 

with a diameter ranging from several to tens nanometer) 

structure, Bogdan
[14] 

considered that the H-bonded hy-

droxyl groups that exist on the inner wall of micropores 

arranged closer and hence preferred to form H-bonded 

hydroxyl groups. Generally, the condensation tempera-

tures of them are relatively high and thus these H-bonded 

hydroxyl groups were attributed to weakly hydro-

gen-bonded hydroxyl groups. Because the sample studied 

in this work bear micropores with a diameter ranging from 

10 to 20 nm, it can be deduced that most of the remaining 
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weakly hydrogen-bonded hydroxyl groups exist in these 

micropores. 

 Moreover, it is necessary to note that the proton peak 

of structural silanols of kaolinite composition does not 

appear in the 
1
H MAS NMR spectra. It may be because 

the content of kaolinite is so low that its proton peak is 

hard to be discerned in the spectra. 

4  Conclusions 

 The results of 
1
H MAS NMR research show that 

proton chemical shifts of isolated hydroxyl groups, hy-

drogen-bonded hydroxyl groups and pore water, hydro-

gen-bonded water are at ca. 2.0, 6.0 7.1, 4.9 and 3.0

3.5 respectively. Along with thermal treatment tempera-

ture rising, pore water and hydrogen-bonded water are 

described successively, as a result the intensities of peaks 

attributed to protons of isolated hydroxyl groups and 

H-bonded hydroxyl groups increase and reach their 

maximum at 1000 . After 1100  calculation, the 

strongly hydrogen-bonded hydroxyl groups are condensed 

and dehydrated thoroughly and so are most of isolated 

hydroxyl groups, but weakly H-bonded hydroxyl groups 

that exist in micropores are not condensed completely 

under that condition.   
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