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The use of catalysed exchange of deuterium (D) between 
hydrogen (H) gas and liquid water using the bithermal 
hydrogen water (BHW) process is a promising and 
environment-friendly approach for the production of 
heavy water. However, the use of this approach is  
limited by the lack of a suitable catalyst that has good 
activity at high operating pressures required for prac-
tical applications. We report the development of  
hydrophobic platinum-doped carbon aerogel (PtCA) 
catalyst which shows good catalytic activity for H/D 
isotope exchange reactions at operating pressures up 
to 20 bar. 
 
Keywords: Carbon dioxide activation, hydrogen isotope 
separation, hydrophobic catalyst, platinum-doped carbon 
aerogel. 
 
CATALYSED exchange of deuterium (D) between hydro-
gen (H) gas and liquid water (liquid phase catalytic ex-
change (LPCE) reaction) using bi-thermal hydrogen 
water (BHW) process is receiving considerable attention 
for heavy water production1. This is because it is more 
energy-efficient and environment-friendly compared to 
the existing ‘girder sulphide’ and ‘ammonia–hydrogen’ 
processes. The catalysed exchange involves two steps – 
first, deuterium exchange between hydrogen gas and  
water vapour at the catalytic site and subsequently equili-
bration of deuterated water vapour with liquid water at 
gas–liquid interface, which results in the transfer of deu-
terium from gas to liquid phase. Success of the process 
requires simultaneous presence of H2 gas and water  
vapour at the catalytic site and easy accessibility of liquid 
water to water vapour involved in isotopic exchange reac-
tion. However, because the solubility of H2 gas in water 
is poor, if the catalytic site is covered with liquid water, 
the exchange of deuterium between hydrogen gas and  
water vapour is highly impeded2. Therefore, a primary 
requirement for the LPCE process is that the catalyst 
should allow access of gaseous reactants to the catalytic 
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Figure 1. SEM image of catalyst with PTFE film at (a) M : 25,000; (b) M : 100,000 and (c) SEM image of perfluoroalkoxyalkanes coating at 
M : 100,000. 
 

 
Table 1. Textural properties of carbon aerogels 

   Maxima of  
  Mesopore pare size  
 Total surface surface distribution  
Material area (m2/g) area (m2/g) (nm) 
 

Carbon aerogel  698 289 8.6 
CO2-activated carbon  1647 547 7 
 aerogel  

 
 
site, and should have a hydrophobic surface so that water 
does not cover the catalytic sites3. Further, for a high 
throughput for the LPCE process, it is desirable that the 
catalyst should remain active at high pressure so that  
water remains in the liquid phase at high temperature 
(130°C) of operation4. 
 Since the first patent published by Stevens for hydro-
phobic catalyst in 1972, several efforts have been made 
for the development of wet-proof catalyst using different 
support materials (activated carbon, silica, nickel foam, 
etc.)5,6, active metals (Pt, Ru, Rh, Ti, Cr, etc.)7,8 and 
binders (polytetraflouroethylene (PTFE), emulsion coat-
ing, PTFE extrudes/thin films, styrenedivinylbenzene  
copolymer (SDBC) granules/coatings and silicone resins)9. 
However, these show good activity only up to atmos-
pheric pressure and rapidly lose activity as the pressure is 
increased above atmospheric pressure. This has limited 
the use of the LPCE process for relatively low-throughput 
applications like removal of tritium from heavy water of 
the moderator used in pressurized heavy water reactor 
operation10. 
 The reduction in catalyst activity at higher pressure is 
believed to arise due to ingression of water at such pres-
sure through pores in the fibrous network or mesh struc-
ture of the commonly used hydrophobic binders like 
PTFE and SDBC. Indeed, the studies carried out by Mal-
hotra et al.11 showed how the size and distribution of pore 
in binder contribute to the loss of activity at higher pres-
sure. To address this issue, we have explored different  
approaches like high-pressure melting of PTFE film, PTFE 
overcoat, coating of other binders like polyvinylidenedi-
fluoride (PVDF), perfluoroalkoxyalkanes (PFA), etc. to 

control the porosity of the film. These studies have led us 
to the successful development of hydrophobic platinum-
doped carbon aerogel (PtCA) catalyst that shows good 
catalytic activity even up to 20 bar. 
 In our earlier studies we had mixed PtCA powder syn-
thesized by in situ sol–gel polymerization method with 
colloidal PTFE solution and coated on Dixon rings to  
obtain the hydrophobic catalyst12. This catalyst showed 
good catalytic activity for hydrogen isotope exchange in 
atmospheric pressure conditions. However, the catalytic 
activity was observed to decrease rapidly as the operating 
pressure was increased above atmospheric pressure.  
Although attempts to control the porosity of the film by 
use of high-pressure melting of PTFE film did not suc-
ceed, coating of another hydrophobic binder PFA on 
PtCA/PTFE catalyst led to retention of activity at higher 
pressure. Figure 1 shows the SEM images (Carl Zeiss 
Sigma FESEM) of PTFE and PFA hydrophobic films 
coated on Dixon rings. Figure 1 a shows fibrous/mesh 
structure with small opening of the order of 400–500 nm 
in PTFE film. Further magnified image of these films 
(Figure 1 b) shows cracks in them, which may be due to 
the low viscosity of PTFE in molten state. In contrast, the 
catalyst having a coating of PFA on PTFE film (Figure 
1 c) shows a continuous void-free surface morphology 
and the average pore diameter is of the order of 10–
12 nm. This may be because of the lower viscosity and 
melt flowable property of PFA. 
 However, with additional coating of PFA over PTFE 
film, the catalytic activity measured in terms of column 
efficiency of the isotopic exchange at 35°C and atmos-
pheric pressure reduced from ~ 30% to ~10%. 
 An improvement in the activity of the catalyst can be 
achieved by improving the surface area of the catalyst 
and dispersion of Pt in it. With this objective we carried 
out CO2 activation at high temperature (~900°C) of car-
bon aerogel (CA) prepared using the method described in 
our earlier work13. Table 1 summarizes the textural prop-
erties of carbon aerogel and CO2-activated carbon aerogel 
(ACA) determined using surface area analyser (Micro-
meritics, ASAP2020). CO2 activation increases total sur-
face area and mesopore surface area. 
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 For loading Pt in CA, hexachloroplatinic acid was dis-
solved in ethylene glycol and then impregnated on carbon 
aerogel by microwave-assisted polyol process, which is 
known to be an efficient method for dispersion of Pt na-
noparticles in carbon support14. Figure 2 shows TEM im-
ages (Philips, CM200) of the Pt-impregnated CA and 
ACA powder. On CO2-activated carbon aerogel (Figure 
2 a), well-dispersed platinum with average cluster size 
2.4 nm can be seen. In contrast, a very broad particle size 
 
 

 
 

Figure 2. (a) TEM image of Pt on (a) CO2-activated carbon aerogel 
(ACA) and (b) carbon aerogel. 

 
 

 
 

Figure 3. Raman spectra of CA and ACA. 

distribution with average platinum cluster size of 5.2 nm 
is obtained for carbon aerogel without activation (Figure 
2 b). 
 CO2 activation of carbon aerogel not only leads to an 
increase in the surface area, but also to an increase in  
defects sites. Evidence for the latter was provided by the 
observed increase in the intensity of the 1348 cm–1  
D band of the Raman spectra of ACA (Figure 3). These 
factors may contribute to the observation of better Pt dis-
persion in ACA15. 
 Figure 4 shows the XRD powder diffraction (Rigaku) 
spectra of both the samples. The very broad peak for Pt 
ACA is indicative of smaller Pt particle size. The average 
size of the Pt particles determined by Scherer formula 
based on Pt(111) peak was 1.8 nm for Pt ACA as against 
4.2 nm for CA without activation. 
 Chemisorption of hydrogen on Pt surfaces was also 
carried out as it provides the most reliable data concern-
ing true concentrations of active Pt surface sites on sup-
ported catalyst compared to those estimated from particle 
size measured by TEM and XRD. The chemisorption  
results using hydrogen gas show Pt dispersion of 17.6% 
for CA and 36% for ACA; the estimates for Pt particle 
size using dispersion values were 6.3 and 3.1 nm respec-
tively. All these measurements confirm that better disper-
sion of platinum is achieved in CO2-activated carbon 
aerogel. 
 Performance of the catalyst prepared using PFA binder 
on PTFE/PtACA was tested for H/D exchange reactions 
in a high-pressure–high-temperature testing column. Deu-
terated water (~700 ppm HDO) was fed at the top of the 
column and natural hydrogen gas (~50 ppm HD) was fed 
from the bottom. Isotope exchange takes place between 
water and gas which are flowing in counter current man-
ner in the reaction column. The catalytic performance was  
 
 

 
 

Figure 4. XRD spectra of Pt on CO2-activated CA and Pt on CA. 
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Figure 5. a, Column efficiency at different values of temperature and 
H2 gas flow. b, Column efficiency at different values of pressure. 
 
 
evaluated using the column efficiency of the isotopic  
exchange column (η) expressed as 
 
 η = (yt – yb)/(ye – yb), 
 
where yb is the HD concentration in the hydrogen gas at 
the bottom, yt the HD concentration in the hydrogen gas 
on the top of the column and ye is the HD equilibrium 
concentration in the hydrogen gas at the outlet16. The col-
umn efficiencies were measured at temperatures varying 
from 35°C to 70°C and for varying gas flows and pres-
sures. The results are shown in Figure 5 a. At atmospheric 
pressure and H2 flow rate of 2 lpm, efficiencies of 60%  
at 35°C and 95% at 70°C were obtained. These values 
compare favourably with previous reports where at 70°C 
under similar gas flow conditions, efficiencies varying 
from 75% to 85% have been reported8,17. The increase in 
exchange efficiency with increase in temperature is  
expected because the increase in water vapour pressure at 
higher temperature helps H/D catalytic reaction between 
water vapour and H2 gas. The catalyst was tested for val-
ues above the atmospheric pressure up to 20 bar at 70°C. 
Figure 5 b shows the measured catalytic activity as a 

function of pressure. Efficiency can be seen to reduce 
from 95% at atmospheric pressure to 21% at 20 bar. After 
operation at pressure of 20 bar, when the same catalyst 
was again tested at atmospheric pressure, no degradation 
in the activity was observed. These results suggest that 
high pressure operation does not lead to loss of hydro-
phobicity and that the observed decrease in efficiency on 
increasing the pressure is due to decrease in wt.% water 
vapour content with increase in pressure. 
 To conclude, we have demonstrated that an appropriate 
coating of PFA on PTFE /PtCA-coated catalyst leads to a 
continuous void-free structure, which helps achieve good 
catalytic activity for the LPCE process even up to 20 bar. 
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In 3D gravity modelling, a right rectangular paral-
lelepiped with either constant density or variable den-
sity functions in spatial and spectral domains enjoys 
wide popularity. However, better unit models are 
needed to meet the large variety of geological scenar-
ios. Here, we present an analytical expression for the 
gravity effect of a vertical pyramid model with depth- 
wise linear density variation. Initially, we validate our 
analytic expression against the gravity effect of a right 
rectangular parallelepiped and provide two synthetic 
examples and a case study for illustrating the effec-
tiveness of our pyramid model in gravity modelling. 
The included case study of Los Angeles basin, Califor-
nia, USA, demonstrates the comparative advantages of 
our pyramid model over the conventional right rec-
tangular vertical prism model. Thus, our pyramid 

model could be quiet effective as a building block for 
evaluating the gravity effect of an arbitrarily-shaped 
3D or 2.5D source(s). 
 
Keywords: Gravitational attraction, linear density varia-
tion, right rectangular, parallelepiped model, vertical 
pyramid model. 
 
THE evaluation of theoretical gravity response of 3D  
targets is an involved process requiring considerable 
theoretical and computational efforts. Several authors 
have addressed this problem in both spatial1–4 and spec-
tral domains5,6. The polygonal lamina model4, the right 
rectangular prism model with constant density contrast1,3, 
and the right rectangular prism model with parabolic den-
sity variation depth-wise2 have enjoyed wide popularity. 
However, for real geological applications, one needs  
better 3D unit models. 
 Starostenko7 has proposed an inhomogeneous vertical 
pyramid model with flat top and bottom and sloping sides 
possessing a linear density variation depth-wise. How-
ever, he was unable to derive a complete analytical  
expression for its gravity effect. 
 Here, we derive the complete gravity expression for the 
same pyramid model and illustrate its effectiveness 
through two synthetic examples after customary valida-
tion check of our forward problem solution. 
 Consider an isolated regular pyramid model 
ABCDEFGH with flat top ABCD and bottom surface, 
EFGH (Figure 1 a). The gravity effect of such a model at 
any arbitrary point (x, y, z) in free space7 is given by 
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where σ is constant density (g/cm3), k the linear coeffi-
cient (g/cm3/km), γ the universal gravitational constant, 
h1 and h2 are the depth of the top and bottom surfaces of 
pyramid respectively, and ζ refers to depth below h1. 
A(ξ1, η1, h1), B(ξ1, η2, h1), C(ξ2, η2, h1), D(ξ2, η1, h1), 
E(ξ3, η3, h2), F(ξ3, η4, h2), G(ξ4, η4, h2) and  H(ξ3, η3,h2) 
are the corners of the pyramid (Figure 1 a). By changing 


