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A B S T R A C T   

Yttria coated graphite crucibles are widely used to handle molten refractory and radioactive metals like uranium 
and plutonium. However, the coated layer suffers damages like cracking and peeling off owing to thermal cycles. 
As a result, removal of the yttria layer from the graphite surface is essential to ensure reuse of the crucible and 
minimization of radioactive waste. The present work investigates intensified dissolution of yttria from the coated 
graphite samples using ultrasound as a non-destructive decontamination technique to recycle the graphite 
substrate. The optimum conditions established for maximum dissolution were 8 M as acid strength, frequency of 
30 kHz, temperature of 45 ◦C and power density of 8 W cm− 2 that resulted in maximum dissolution of 52% in 30 
min. Use of an oxidant H2O2 to the acid, did not yield any improvement in the dissolution kinetics, instead, 
increased oxidation of the graphite substrate was observed, leading to the anomalous weight gain of the graphite 
substrate despite surface erosion. Effect of ultrasound on the dissolution was pronounced, with almost a threefold 
increase compared to dissolution performed under silent conditions. Rates of dissolution of yttria from the 
substrate of different densities and pore size distribution were also studied. The dissolution was slowest from 
graphite of density 1.82 g cm− 3 as the pore size distribution was conducive to accommodate the yttria particles. 
The dissolution in nitric acid followed ash layer diffusion controlled kinetics. The study has demonstrated the 
efficacy of application of ultrasound for accelerated decontamination of graphite substrates.   

1. Introduction 

High-density graphite (HDG) is widely used as crucibles and sub-
strates to handle nuclear materials viz., uranium and plutonium [1–3]. It 
is susceptible to oxidation in atmosphere at temperatures above 500 ◦C, 
but stable at temperatures around 3000 ◦C in high vacuum [4–6]. A 
protective coating on graphite prevents the unwanted chemical inter-
action between molten metal and carbon, and thus ensures high corro-
sion resistance and longer service life at the desired operating 
temperature. The coating also prevents deposition of molten metal on 
the porous surface. Yttria (Y2O3) is widely used as a high temperature 
coating material on the graphite for nuclear applications. Y2O3 provides 
a stable and non-interacting coating on graphite with effective use till 
temperature of 1600 ◦C [7,8]. However, difference in the thermal 
expansion coefficient (TEC) between HDG and Y2O3 causes formation of 

cracks in the top-coat. Residual oxygen diffuses through the cracks and 
oxidizes the carbon. Formation of non-stoichiometric oxide of yttrium 
during prolonged exposure of the coating at a temperature above 
1400 ◦C would release oxygen, which can also enhance the oxidation of 
graphite. This phenomenon of partial oxidation spreads laterally at the 
HDG-Y2O3 interface. The top Y2O3 delaminates locally when two such 
pockets meet [9]. Considering the observed effects over prolonged use, 
removal of residual yttria coating from graphite is typically essential, 
before any reuse can be thought about. The effective stability of coating 
is seen for a few (around 10) thermal cycles at 1500 ◦C. For any reuse of 
the material based on the recoating of the yttria on the graphite crucible 
or substrate, it is important that the previous damaged layer is removed. 
Currently acid leaching is the commonly applied method, though it is 
not efficient process due to slowness and it cannot remove material 
completely from pores. Therefore, developing technique to hasten 
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dissolution, both from the surface and pores is of utmost importance. 
Ultrasound offers a useful process intensification alternative, espe-

cially for the porous substrates, as showed for uranium in our earlier 
work [10]. In the case study with uranium, Physical Vapour Deposition 
(PVD) technique was used to coat the graphite coupons. In the subse-
quent dissolution studies, maximum dissolution of uranium deposits was 
reported at optimum conditions of 1.2 W cm− 2 as the power density and 
33 kHz as the operating frequency. Moreover, the study revealed a two- 
fold increase in dissolution rate due to sonication. During ultrasonic 
treatment, cavity formation takes place in the liquid medium. This acts 
as a high temperature high pressure micro scale reactor, yielding higher 
dissolution rates. Besides, the radical formation in the bubbles in-
tensifies the chemical reactivity. Bursting of the cavitation bubbles on 
the surface of the substrates and inside pores dislodges material 
embedded in them and enhances mass transfer rates by microstreaming 
[11]. In addition to the demonstrated effect for the uranium dissolution, 
ultrasound has also been effectively harnessed for process intensification 
in hydrometallurgical applications for the leaching of ores of copper 
[12], nickel [13], and uranium [14,15]. It is important to note that no 
study reported the application of ultrasound for intensification of 
dissolution of yttria. Earlier studies have reported yttria removal by 
using solvents, for example, alkaline leaching of yttria from eutectic 
superalloy in autoclaves [16] and recovery of yttria from rare earths 
[17]. Dissolution of yttria in autoclaves entails use of high pressures as 
high as 85 atm [16] and temperature as high as 150 ◦C [17]. Such 
extreme process condition is useful in hydrometallurgy. However in the 
case of decontamination processes, use of high pressure and temperature 
will also lead to the disintegration of the substrate (graphite). Therefore, 
the chances of recycling the graphite would be reduced and a lot of 
carbon residue might be generated which would require further pro-
cessing. A low temperature and pressure process is conducive for 
decontamination and the present work attempts to develop such process 
based on the use of ultrasound. 

The novelty of the present work lies in demonstrating the use of ul-
trasound for yttria dissolution from the graphite surface and pores at 
lower temperature and pressure compared to conventional autoclave 
leaching. The work also demonstrates understanding into effect of 
concentration of acid, reaction temperature, operating frequency and 
power density of the ultrasound on the dissolution process and its ki-
netics. Effect of adding oxidant on the kinetics was also studied along 
with the influence of pore size distribution for graphite of different 
densities. The outcome of the work is important as this will not only 
bring down the volume of graphite wastes generated by the nuclear 
installations, but also to bring down the radiological exposures and 
environmental pollution caused by its burning. 

2. Materials and methods 

2.1. Materials and sample preparation 

In order to study the dissolution of yttria in dilute nitric acid, yttria 
slurry (from M/s Indian Rare Earth Limited) was coated on the graphite 
tokens, after degassing them in a vacuum furnace at 1200 ◦C to release 
all trapped gases and hydrocarbons [18]. For Y2O3 coating, a slurry of 
yttria nanoparticles was prepared in aqueous medium using polyacrylic 
acid (PAA with 2000 as molecular weight, Aldrich) and 2 wt% of dry 
weight of Y2O3 at pH of 9.0 in a planetary mill (Fritsch, Germany) 
operated at 120 RPM. Zirconia pot and ball were used for ensuring 
required mixing. The size of the yttria nanoparticles varied between 90 
and 120 Ǻ. Weight ratio of yttria and water in the initial slurry was 
75:25. Subsequently, the slurry was diluted to 50:50 as Y2O3 to water 
weight ratio. This slurry was applied on graphite by paintbrush method. 
The test coupons were heated to 400 ◦C at a heating rate of 60 ◦C h− 1. 
After holding for 30 min, the coupons were heated to 800 ◦C at a heating 
rate of 90 ◦C h− 1. 

The coupons for the leaching test were obtained by depositing a 200 

µm thickness layer of yttria on graphite of density 1.82 g cm− 3. The 
diameter of the tokens is 18 ± 0.5 mm. The initial weight of the uncoated 
graphite token is 4300 ± 40 mg whereas the weight of the yttria deposit 
was 82 ± 0.1 mg. 

In order to test the effect of pore size distribution on the dissolution 
process, graphite of different densities were tested. Mercury porosimetry 
tests (using Thermo Fisher Scientific Mercury Porosimeter – Pascal Se-
ries) were conducted to determine the pore size distribution and specific 
surface areas of the graphite of different densities. The particle size 
distribution of yttria was determined using Mastersizer 2000 (M/s 
Malvern Panalytical). An environmental scanning electron microscope 
(Quanta 200 ESEM, FEI, USA) was also used to characterize the micro-
structure of the graphite substrate before ultrasonic treatment and after 
ultrasonic treatment to study the effect of using ultrasound on erosion. 

2.2. Leach solutions and experimental setup 

The leach solutions of 15 ml volume were prepared with nitric acid 
(HNO3) at different concentrations. Since the work mainly targeted at 
decontamination of yttria coated graphite crucibles that mainly process 
molten uranium and plutonium, nitric acid is considered as the best 
choice for the leachant. Rao et al. confirmed the percolation of liquid 
uranium through microcracks during the peeling off of the yttria top 
coat and hence contaminated crucible may have uranium embedded in 
the yttria layer as well [10]. Yttria is soluble in molten uranium around 
1400 ◦C, as also reported by Condon et al. [21]. 

Ultrasound irradiations at different frequencies as 20 ± 2, 30 ± 3 and 
40 ± 3 kHz were employed using a 1.5 L in-house built ultrasonic 
cleaning bath, having dimensions of height, width and depth as 240 mm 
× 140 mm × 60 mm, respectively. Two transducers (M/s Morgan Matrac 
make) of size 2′′each, were screwed to the base of the tank from the outer 
side. Each beaker, containing the test solution and mounted on a metal 
basket, was dipped in the bath. A schematic of the experimental setup is 
given in Fig. 1. Generally, the acoustic intensity was maintained at 8 W 
cm− 2 in all experiments (except the ones described in Section 3.5 related 
to the variation in the acoustic intensity over the range of 1 and 10 W 
cm− 2). Around 10 mm distance between the bottom of the beaker used 
as reactor and the bottom of the ultrasonic bath was maintained. The 
ultrasonic bath was filled with demineralised water upto a level of 30 
mm to provide a medium for sonication and the temperature was 
measured by digital controller with a PT100 sensor. The bath was placed 
in a fume-hood to route the NOx fumes generated to the surroundings 
after suitable dilution with air. The temperature of the bath was main-
tained at 45 ± 3 ◦C, except in studies related to understanding the effect 
of variation in temperature. The bath is provided with a variable input 
power supply to the two transducers available at the bottom of the ul-
trasonic bath. The total combined power to the two transducers is in the 
range 0 to 100 W as varied using the controller available with the unit. 
The input power was varied over the described range to test the efficacy 
of ultrasound in the dissolution process. The diameter of the two 
transducers mounted on the bottom face is 2.5 cm each and hence the 

Fig. 1. Typical experimental setup for leaching using ultrasonic bath.  

S. Lahiri et al.                                                                                                                                                                                                                                   



Ultrasonics Sonochemistry 73 (2021) 105520

3

acoustic intensity range applied in the present work is 0 to 10 W cm− 2. 

2.3. Analysis of leach liquor samples 

The leachant samples were withdrawn at equal intervals of time. The 
carbon dust was filtered using a 500 µm Whattman paper and the su-
pernatant liquid samples containing dissolved yttrium was analysed for 
the yttrium content in Inductively Coupled Plasma-Optical Emission 
spectrophotometer (ICPOES). The residue obtained in filtration was 
analyzed using Fourier Transform Infrared Spectrometer over the 
wavelength range of 4000 to 500 cm− 1 (M/s Bruker Vertex 70 V) to 
determine the change in the functional groups on the carbon after 
exfoliation. 

2.4. Weighing precision and statistical analysis 

The weight of the graphite sample before and after the experiments 
was measured using the Afcoset HR-250 AZ weighing balance, having 
readability till 0.1 mg. The weighing was done thrice and the average 
value is reported. All the experiments/measurements were carried out as 
duplicates of at least 2 and the average value was reported. In the case of 
a large variation, the experiments were repeated afresh and the average 
value of all the measurements reported. The errors in the measurements 
have been depicted in terms of error bars in the graphical representation 
and the typical variation was in the range of ±2% of the reported 
average values. For the kinetic models, model parameters were fitted 
with non-linear regression using Origin 6.0. The coefficient of deter-
mination (R2) is a measure of goodness of fit for linear models and 
applied in the work to establish the effective fitting of the models. 

3. Results and discussion 

3.1. Analysis of the graphite coupons used 

Extruded graphite from M/s Graphite (India) Limited, having density 
of 1.82 g cm− 3 and 18% porosity, was used as a substrate (except in the 
study relating to variation of pore size distribution, where densities 1.6 
g cm− 3 and 1.92 g cm− 3 were also explored). 

A typical graphite sample, coated with yttria is shown in Fig. 2(a). 
The peeling of yttria coating after a number of thermal cycles is 
demonstrated in Fig. 2(b). It can be clearly seen that the top coat has 
come off due to the difference in the thermal expansion coefficients of 
the coating and substrate. In the case of graphite crucibles processing 
uranium or other refractory metals, such delamination occurs in much 
less thermal cycles [9] and hence the surface needs to be reprocessed. 
The slurry coated graphite tokens were sonochemically treated in acid 
and the leach liquor was taken out for analysis after a certain period. 
Fig. 2(c) shows a leach liquor sample, obtained immediately after son-
ication. On standing for more than 6 h, sedimentation of the suspended 
particles leaves a supernatant at the top, which is then sent for ICPOES 
analysis, after suitable filtration. 

The micrographs of the graphite surface before deposition of the 
coating and after removal of the yttria layer, are given in Fig. 3a-c. The 
surface morphology of the as-received graphite surface, cleaned with 
emery paper, is shown in Fig. 3(a). Fig. 3(b) of the coated graphite 
surface shows a fairly uniform yttria coating. The graphite surface shows 
the presence of macroporous opening (Fig. 3(c)) after the ultrasound 
treatment similar to that observed in the case of uranium leaching [10] 
under similar conditions (30 kHz as frequency and 30 min as the time of 
treatment). However, the degree of pore opening in the case of yttria 
coating was less compared to that of uranium. The molten uranium 

Fig. 2. (a) Slurry coated yttria on a graphite piece, (b) Yttria coating peeling from graphite substrate, (c) Sample containing yttria dissolved in nitric acid 
(immediately after sonication). 
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deposited by physical vapour deposition (PVD) on graphite electrodes 
forms a stronger bond with graphite. This is due to the Van der Waals 
forces, and electrostatic attraction between substrate and coating in 
sputter coating [19]. The uranium deposit diffuses deeper into the pores 
and acid leaching inside these pores leads to further pore opening due to 

removal of uranium to higher extent. The weaker mechanical bond 
formed by slurry coating between the graphite surface and yttria could 
be easily overcome by cavitation. The technique used to coat surface 
plays a role in the extent of leaching and subsequent morphology of the 
substrate, thus different observations are made for the case of uranium 

Fig. 3. SEM micrographs of (a) graphite surface before coating (b) yttria coating (c) graphite surface after yttria recovery at 30 kHz for 30 min.  

Fig. 4. (a) Effect of temperature on the extent of dissolution (using 8 M HNO3 solution under 30 ± 3 kHz ultrasonic field with an acoustic intensity 8 W cm− 2), (b) 
Effect of concentration of acid on the extent of dissolution (under 30 ± 3 kHz ultrasonic field with an acoustic intensity 8 W cm− 2), (c) Effect of operating frequency 
on the extent of dissolution (using 8 M HNO3 solution with an acoustic intensity 8 W cm− 2), (d) Effect of acoustic intensity on the extent of dissolution (using 8 M 
HNO3 solution under 30 ± 3 kHz ultrasonic field). 
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and yttrium demonstrating the importance of the work. 
The Energy Dispersive X-ray (EDX) studies of the yttria coating (after 

heat treatment) showed presence of carbon (2% w/w) as a dispersed 
phase. Formation of yttrium carbide is not anticipated as yttrium oxy-
carbide is formed at 1700 ◦C and subsequently the oxygen is removed to 
form the monocarbide, YC in vacuum at 1900 ◦C. [20] 

3.2. Effect of temperature on the extent of dissolution 

The experiments were performed using 8M HNO3 solution under 30 
± 3 kHz ultrasonic field with an acoustic intensity of 8 W cm− 2 (80 W 
power) applied for 30 min. The varying reaction temperatures were 
selected over the range of 40 ◦C to 60 ◦C. Temperature beyond 60 ◦C was 
not explored in the present work due to the limitations of glued Lead 
Zirconate Titanate (PZT) transducers. 

The effect of temperature on the dissolution of yttrium is illustrated 
in Fig. 4(a). The maximum amount of yttrium that can be dissolved in 
the 15 ml acid solution was 4100 ± 40 ppm, as calculated from the 
weight of the deposit. The results demonstrated in Fig. 4(a) established 
that the dissolution rate increased with an increase in temperature of the 
acid leachant. Quantitatively, the dissolution of yttrium in acid 
increased from 50% (2050 ppm) to 55.4% (2270 ppm) of the total 
weight of the deposit (4100 ± 40 ppm) with an increase in temperature 
of the leachant solution from 40 ◦C to 60 ◦C (as seen in Fig. 4(a)). 
Dissolution % mentioned in the results is the ratio of the amount of 
yttrium dissolved in a particular scenario to the total amount of yttrium 
in the coating expressed as %. A rise in temperature leads to enhanced 
sonolysis of water and acid, decrease in viscosity and surface tension 
along with an increase in the vapour pressure of the solvent (acid). 
Therefore, cavitation bubbles are generated easily at higher tempera-
tures, leading to faster dissolution. Increase in temperature also favors 
the kinetics of reaction leading to higher recovery. Such instances were 
also observed in the case of delignification of newspaper where the 
extent of treatment enhanced from 16% to 44% by increasing the tem-
perature from 40 ◦C to 100 ◦C [22]. Similarly in the case of uranium, the 
dissolution rate changed by 20% over the temperature range of 45 ◦C to 
70 ◦C for treatment of 30 min at 33 kHz frequency in 6 M acid solution 
[10]. 

It is also noted in the current work that temperature is a less sensitive 
parameter as the change in dissolution is only 5% over a change in 
temperature of 20 ◦C. Thermodynamically, due to the exothermic nature 
(ΔH = − ve) of the dissolution reaction, the kinetics of the reaction is 
more spontaneous at higher temperature and hence the rate is expected 
to be higher. However, at higher temperature, a large number of bubbles 
formed in the liquid act as cushion and attenuate the mechanical effect 
of bubble implosion on the graphite surface. Therefore, an operating 
temperature of 45 ◦C may be considered optimum for the dissolution 
process and further parametric studies were carried out at this temper-
ature in this work. 

Around 60 ◦C, the evolution of visible red NOx fumes started as 
observed visually. The NOx fumes get diluted by air in the fume hood 
and are discharged to the atmosphere at concentration levels < 1 ppm. 
The current ACGIH recommendation is for a 3 ppm time weighted 
average (TWA) and a 5 ppm as the short term exposure limit (STEL). The 
work was carried out on small samples having around 82 mg yttria. In 
the case of scale-up, a higher acid concentration and an increased 
dissolution rate will lead to a higher rate of NOx generation. This might 
easily breach the TWA values specified by ACGIH or the threshold values 
set by local regulatory bodies. High flux of NOx was also observed to 
cause pitting on the SS-304 ducts. So, a lower operating temperature as 
compared to the maximum investigated is being recommended as op-
timum considering counteracting phenomena of enhanced dissolution 
and higher pitting/generation of NOx gases. 

3.3. Effect of the HNO3 concentration on the extent of dissolution 

The plots of the extent of dissolution at different concentrations of 
HNO3 under 30 kHz ultrasonic field, are given in Fig. 4(b). Nitric acid is 
a strong oxidizing agent. With 8 M HNO3, the dissolution of 50% was 
obtained in 30 min at 45 ◦C. As the concentration increases, the disso-
lution is favoured based on higher availability of the acid to generate 
radicals that initiate the reaction [10].The increase was gradual between 
6 M and 8 M. It is also interesting to note that a 10% jump in dissolution 
is seen from 8M to 10 M acid concentration. Beyond 10 M, the increase 
in dissolution was around 5% for every 2 M increase in concentration, 
till 16 M. Overall, the trend shows that increase in acid concentration 
from 6 to 16 M is instrumental in almost linearly increasing the extent of 
dissolution by 26%, exactly similar to the trend observed in the case of 
uranium dissolution under similar conditions [10]. It is also important to 
note that significantly higher acid concentration gives rise to problems 
during scale-up. Nitric acid being extremely corrosive, may lead to 
corrosion in the welds of the ultrasonic bath. The corrosive effects are 
further enhanced due to the cavitation and implosion of bubbles which 
will help in propagating the defects. Also, the use of highly concentrated 
nitric acid is accompanied by the generation of NOx gases that has to be 
diluted to a suitable concentration as per the local environment pro-
tection guidelines before disposal. The rate of generation of NOx gases 
will be higher at higher strength of acid and hence it is very important to 
decide on optimum concentration. Pitting of the graphite substrate also 
cannot be ruled out at higher molarities. Based on the obtained results in 
the current work, it can be said that concentration of 8 M is sufficient to 
bring about optimum dissolution based on the thickness of the coat and 
minimum expected negative effects. Therefore, all the subsequent ex-
periments in this work used 8 M acid for parametric study. 

3.4. Effect of operating frequency on the extent of dissolution 

The effect of different operating frequencies as 20 kHz, 30 kHz and 
40 kHz were studied to understand the effect on graphite decontami-
nation. The acoustic intensity maintained for all frequencies of opera-
tion was 8 W cm− 2 (80 W as the net power dissipation). It was observed 
that dissolution at 20 kHz was almost complete (99.8%) in 30 min, 
whereas it was only 52% complete at 30 kHz and 48% complete at 40 
kHz (Fig. 4(c)). Cavitation and subsequent implosion of bubbles on the 
surface on the substrate is more rigorous at lower frequencies compared 
to higher frequencies. At lower frequencies, the bubbles formed are 
larger and they render higher physical effects on the substrate to 
dislodge the contaminants. It can be thus concluded that the physical 
effects of turbulence and acoustic streaming play a major role in dis-
lodging of deposit from the surface leading to enhanced dissolution of 
yttria in acid. Due to the lower physical effect with an increase in 
operating frequency, the extent of dissolution was lower at higher fre-
quencies as 30 kHz and 40 kHz. The controlling mechanism of intensi-
fication is confirmed by the significant decrease in extent of dissolution 
by 50% by changing the operating frequency from 20 to 30 kHz, which is 
far more than observed with the other parameters. However, subse-
quently the extent of dissolution only changed marginally from 51% to 
48% for a frequency change from 30 kHz to 40 kHz. A decrease in 
dissolution rate from 72% at 20 kHz to 51% at 33 kHz and to 36% at 40 
kHz was also reported after 30 min for uranium dissolution [10]. It is 
important to note that though the trends are similar, the actual extent of 
reduction in the extent of dissolution is different directing the impor-
tance of the presented work. 

It was also established in the work that use of 20 kHz frequency gives 
best decontamination but also leads to the erosion of the graphite sur-
face, preventing its recycle. It was hence concluded that 30 kHz is the 
optimum frequency of the dissolution process as the mechanical effects 
of ultrasound is sufficient to bring about decontamination and also 
maintaining the stability of the graphite surface. Therefore, the fre-
quency of 30 kHz was used for the parametric studies in this work. 
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3.5. Effect of acoustic intensity on the extent of dissolution 

An important factor affecting the sonochemical effects is the amount 
of energy entering in the bulk of liquid as well as the area of transducers 
[23]. Bubble dynamics is a stronger function of power dissipation rate 
and hence there is a significant effect on the cavitational intensity 
typically described as the quantification of cavitational effects in terms 
of collapse temperature pulse or the degree of turbulence under the 
given set of operating conditions. It is expected that higher acoustic 
intensity will give higher cavitational intensity and hence favor the 
applications. In the case of reactions at a constant temperature, using too 
high power density, however, will necessitate higher cooling water flow 
requirement and a waste of energy dissipated as heat. Such heat may 
also cause local hotspots near the transducers thereby lowering their life 
as well as decoupling losses. Moreover in industrial reactors or baths, 
higher vibrational amplitude will lead to development of cyclic stress in 
the welds, leading to their failure. The optimum magnitude of power 
dissipation is a function of frequency of irradiation, reactor geometry, 
physicochemical properties of bulk liquid, location and surface area of 
irradiating element and the desired application; overall there is a strong 
need to investigate the effect of acoustic intensity for any application 
confirming the importance of the presented work. 

As shown in Fig. 4(d), the dissolution of yttria was observed to in-
crease monotonously from 40% to 55% as the intensity increased from 1 
to 10 W cm− 2 (100 W) in the 30 kHz frequency cavitation field at 45 ◦C. 
It is important to note that there is no optimum intensity within the 
tested range of power density for giving maximum effects of yttria 
dissolution unlike that observed in the case of uranium [10] confirming 
that the trends depend on the specific application and the range of 
acoustic intensity investigated. In the case of uranium dissolution, 
maxima at 1.2 W cm− 2 for 20 kHz and at 1.5 W/cm2 for 33 kHz were 
observed for a treatment time of 90 min at 70 ◦C with 6 M acid strength 
being used in the work. Typically with an increase in the acoustic in-
tensity, the bubble formation increases leading to higher cavitational 
effects and hence an increase in the dissolution is observed. It is expected 
that for the given reactor geometry, operating temperature and fre-
quency, the shielding effect of the bubbles and decoupling losses are not 
observed in the current work over the range of acoustic intensity 
investigated [17] giving a continuous increase in the dissolution with 
intensity. It is important to note that result may not be generalized and 
best acoustic intensity need to be established for the specific application 
as per method depicted in this work. 

3.6. Effect of adding oxidant to the acid on the extent of dissolution 

An oxidizing agent was added to the leachant acid to test the efficacy 
of dissolution of yttria and oxidation prospects of the substrate. Studies 
investigated the effects of H2O2 concentration on sonochemical re-
actions [24,25] and reports were seen beneficial based on the generation 
of enhanced hydroxyl radicals. It is also observed that there is formation 
of H2O2 during the sonolysis of water [26] though the quantum is not 
significant enough to yield any enhanced oxidation capacity and hence 
it may be important to use external addition of H2O2. The addition of 
0.1 mM and 1 mM hydrogen peroxide as an oxidizing agent was not 
found to make any significant improvement in the dissolution process, as 
per the results shown in Fig. 5. Since yttrium ion has only one oxidation 
state +3, further increase in dissolution rate was not observed. More-
over, the hydroxyl ions generated by the sonolysis of water recombine to 
form H2O2. Based on Le-Chatelier’s principle, the addition of hydrogen 
peroxide disrupts this recombination of hydroxyl free radicals yielding 
scavenging action of H2O2 as also reported by Lim et al. [27]. The hy-
droxyl free radicals that exist in aqueous solution were reported to be 
scavenged by excessive hydrogen peroxide molecules to form much less 
oxidative hydroperoxyl radicals. The presented results in the work 
clearly establish that use of oxidants is not necessarily effective in all the 
cases of ultrasound induced intensification. The role of ultrasound in 

intensifying the extent of dissolution is also clearly demonstrated based 
on the comparison with silent conditions and the detailed mechanistic 
understanding into intensification has been provided in the next section. 

3.7. Comparison of kinetics with and without the use of ultrasound 

Fig. 5 also shows the change of dissolution of yttrium expressed in % 
with time in the presence and in the absence of ultrasound. The com-
parison was done under conditions of 40 ◦C temperature and 8 M HNO3. 
Dissolution at an operating frequency of 30 kHz was compared with 
silent dissolution. The silent dissolution process reaches equilibrium at 
early extent of dissolution as 38%, beyond which no significant increase 
was observed. In the sonicated process conducted at 30 kHz and 8 W 
cm− 2 power density, the extent of dissolution achieved was 60% after 
45 min. The dissolution also showed an increasing trend beyond 45 min 
without any sign of reaching a steady state at 1 h. 

In order to establish the efficacy of ultrasound in the intensification 
of the dissolution process using the kinetic parameters, the data on 
dissolution kinetics was similarly analysed for silent conditions. The rate 
constant of dissolution was found to be 0.066  h− 1 for reaction con-
ducted at 40 ◦C under silent conditions. At the same temperature, the 
rate constant in the presence of ultrasound (30 kHz) was 0.214 h− 1. It 
can be thus clearly established that when ultrasound is applied to the 
system, the rate constant is enhanced by a factor of 3.2, compared to that 
in the silent reaction, which can be attributed to the enhanced turbu-
lence and local hot spots being generated in the system due to the 
cavitating conditions generated by passage of ultrasound under opti-
mum conditions. 

3.8. Weight gain of the graphite substrate after exfoliation 

The decontaminated graphite samples were degassed till 1200 ◦C 
and the final weights were measured. An anomalous increase in the 
weight of the graphite was observed after the decontamination process 
despite the erosion and subsequent sedimentation of the carbon dust. 
The competition between the expected weight reduction due to the 
generation of the carbon dust and the weight increase due to the surface 
oxidation of the graphite played a role. The FTIR spectra (Fig. 6) of the 
decontaminated graphite showed the presence of peaks at 3422, 1720, 
1625, 1390, 1226 cm− 1 due to –OH stretching, C––O stretching, –OH 
bending, and C–OH stretching which were absent in the untreated 
samples [28]. This confirmed the oxidation of the surface into graphite 
oxide leading to weight gain of the graphite substrate despite erosion. 

The addition of H2O2 was found to increase the oxidation of graphite, 

Fig. 5. Effect of adding oxidant to the leaching acid (8 M HNO3 solution on the 
extent of dissolution under 30 ± 3 kHz and comparing dissolution in the 
absence of ultrasound. 
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thereby increasing the erosion rate by exfoliation. Erosion rate in both 
the cases (only nitric acid medium and nitric acid and hydrogen 
peroxide medium) was studied at the same operating frequency 20 kHz, 
where maximum oxidation is expected among the different applied 
frequencies. The increase in weight with the addition of H2O2 to nitric 
acid, as shown in Table 1, is almost ten times the increase in weight in 
only nitric acid medium. 

A possible exfoliation mechanism based on the experimental results 
and published literature [29–32] is proposed. The aqueous solution of 
nitric acid, which contains OH− ions, reacts with H2O2 to form highly 
nucleophilic O2

2− ions [32–34], which can intercalate into graphite 
sheets. In the absence of H2O2, the low-nucleophilicity OH− ions do not 
effectively intercalate and/or have poor interactions with graphite. 
Thus, H2O2 plays a crucial role in the sonochemical exfoliation of 
graphite. 

3.9. Effect of graphite pore size distribution on the kinetics 

The particle sizes of the yttria powder used for coating determine the 
extent to which the pores are accessible. Particle size distribution of the 
yttria powder, shown in Fig. 7(a), typically varied in 0.5–10 µm range. 
The pore size distribution of graphite of three different densities (1.6 g 
cm− 3, 1.82 g cm− 3, 1.92 g cm− 3) is shown in Fig. 7(b). The micrograph 
of graphite of density 1.6 g cm− 3 (Fig. 7(c)) shows widespread defects 
and discontinuities compared to the microstructure of graphite of den-
sities as 1.82 g cm− 3 and 1.92 g cm− 3. The graphite with the highest 
density 1.92 g cm− 3 was almost defect-free, thereby justifying the pore 
size distribution given in Fig. 7(b). 

It was observed that the dissolution kinetics (Fig. 8) is slowest in 
graphite of density 1.82 g cm− 3 while it is the fastest for the density as 
1.92 g cm− 3. This can be explained from the fact that graphite of density 
as 1.82 g cm− 3 has 68% pore volume distributed in pores of diameter 0.5–10 µm range (particle size range of yttria), while graphite of density 

as 1.92 g cm− 3 has a much lower volume fraction (26%) distributed over 
the said range of pores. As is evident from Fig. 7(b) and (c), the pores of 
graphite of density as 1.92 g cm− 3 remains largely inaccessible to the 
yttria powder used for coating. Therefore, the yttria was mainly dis-
solved out from the surface of the surface, rather than the pores. Hence, 
the effect of resistance to diffusion is felt least in this case. On the other 
hand, the diffusion from pores played a significant role in the case of 
graphite of density as 1.82 g cm− 3. 

In the case of graphite of density as 1.6 g cm− 3, the volume of pores 
of size more than 0.5 µm is 51%. However, the decontamination kinetics 
is midway between the graphite of densities as 1.92 g cm− 3 and 1.82 g 
cm− 3. Due to easier access of the cavitation bubbles inside relatively 

Fig. 6. FTIR spectra of fresh graphite and graphite after decontamination in 8 
M HNO3 solution at 30 ± 3 kHz frequency and with an acoustic intensity 8 
W cm− 2. 

Table 1 
Weight gain of graphite substrate and carbon dust generation due to erosion in 
different leachants (at 20 kHz, 45 ◦C).  

Leachant Initial weight of 
graphite (g) 

% Weight gain of 
graphite 

% of C 
dust 

8 M HNO3 1.394 ± 0.04 0.165 ± 0.02 0.23 ±
0.01 

8 M HNO3 + 0.1 mM 
H2O2 

1.368 ± 0.02 1.56 ± 0.03 0.44 ±
0.01 

8 M HNO3 + 1 mM 
H2O2 

1.327 ± 0.03 1.83 ± 0.02 0.53 ±
0.02  

Fig. 7. (a) Particle size distribution of yttria, (b) Pore size distribution of 
graphite of densities 1.6 g cm− 3, 1.82 g cm− 3, 1.92 g cm− 3 (c) Micrographs of 
graphite surface before coating having density (i) 1.6 g cm− 3 (ii) 1.82 g cm− 3 

(iii) 1.92 g cm− 3. 

S. Lahiri et al.                                                                                                                                                                                                                                   



Ultrasonics Sonochemistry 73 (2021) 105520

8

large sized pores, as seen in the corresponding micrograph (Fig. 7(c)), 
leaching rate of yttria from graphite of density as 1.6 g cm− 3 is faster 
than that from graphite of density as 1.82 g cm− 3. The present work is 
very important as it has explained the effect of particle size distribution 
on the dissolution characteristics in the presence of ultrasound. 

4. Modelling of the dissolution kinetics 

In order to scale up the process, it is important to have the kinetic 
data in terms of the controlling mechanism and the rate constant. A 
kinetic study of the dissolution process was carried out based on the 
well-known shrinking core model and all three possible mechanisms as 
film diffusion control, surface reaction control and product layer diffu-
sion control were studied [35] for possible fitting in the current work. 
The shrinking core model assumes that the reaction proceeds at the 
solid–liquid interface which moves into the solid core, which remains 
unreacted. Each of the controlling mechanism based model equation can 
be expressed as shown in Eqs (1–3) [35]: 

x = kFt for film diffusion control (1)  

1 − (1 − x)
1
3 = kSt for surface reaction control (2)  

1 + 2(1 − x) − 3(1 − x)
2
3 = kDt for product layer diffusion control (3)  

where x is the reacted fraction at time t and kF, kS, kD are apparent rate 
constants expressed as in Eqs. (4)–(6): 

kF =
3bkCHNO3

ρ (4)  

kS =
bkMCHNO3

ρr0
(5)  

kD =
2bMDeCHNO3

ρr2
0

(6) 

In Eqs. (4)–(6), b is the stoichiometric coefficient; M is the molecular 
weight of reacted substance; ρ is the density of reacted particle; r0 is the 
initial particle radius; k is the intrinsic rate constant; De is the effective 
diffusivity and CHNO3 is the bulk concentration of HNO3. 

The obtained results for sonication of yttria coated graphite of 
different densities (1.6 g cm− 3, 1.82 g cm− 3, 1.92 g cm− 3) at 30 kHz 
frequency for dissolution in 8 M HNO3 are given in Fig. 8. It was seen 
that the data fitted well with the product layer diffusion control model 
rather than surface reaction control model. Typical regression analysis 

plot for graphite substrate of density 1.82 g cm− 3 is shown in Fig. 9. The 
correlation coefficient is above 0.99 for the product layer diffusion 
control model for substrates of all the three densities of graphite, thereby 
clearly rejecting the other two mechanisms - film diffusion and surface 
reaction, based on lower values of regression coefficient as shown in 
Table 2. The activation energy was also calculated using the Arrhenius 
equation. The Arrhenius plot can be obtained from the values of reaction 
rate constant kD at different temperatures. The average activation en-
ergy for the dissolution of yttria from graphite at 30 kHz was 17.8 kJ/ 
mol for 1.82 g cm− 3, 14.2 kJ/mol for 1.6 g cm− 3 and 13.6 kJ/mol for 
graphite of density 1.92 g cm− 3. Such low activation energy also points 
to a diffusion controlled kinetics. Higher activation energy for graphite 
of density 1.82 g cm− 3 corroborates the slowest rate of dissolution, while 
lower activation energy for graphite of density 1.92 g cm− 3 indicates 
faster kinetics. Similar product layer diffusion control mechanism was 
also observed in the case of uranium-coating dissolution from graphite 
substrate [10]. 

5. Conclusions 

The present work established the understanding into effect of the 
operating parameters on the dissolution of yttria in nitric acid under the 
influence of ultrasound. The analysis of kinetic data showed a threefold 
increase in rate due to the application of ultrasound compared to 
dissolution under silent conditions. The operating frequency of 20 kHz 
was found to decontaminate the graphite surface in 30 min, best as 
compared to other operating frequencies, notwithstanding the erosion of 
the substrate. If the possible reuse of the graphite substrate is given more 
credence, then 30 kHz will be recommeded as the erosion of the sub-
strate is minimum also maintaining the required level of decontamina-
tion. The dissolution rate also increased with increasing acid 
concentration and power intensity continuously over the entire range 
studied in the work. Dissolution was found to be a weak function of 
temperature as the change in yttrium concentration was only 5% over a 
temperature change of 40 ◦C to 60 ◦C. Addition of H2O2 to the acid 
leachant did not add to the dissolution rate. However, it led to higher 
oxidation of the substrate, thereby resulting in a net increase in weight 
despite surface erosion. Kinetic study established that product layer 
diffusion control was largely the prevailing mechanism for dissolution of 
yttria from graphite of all three densities. Overall, the work demon-
strated the intensified decontamination of graphite substrates using ul-
trasound along with elucidating the product layer diffusion control as 
the prevailing kinetic mechanism. 

Fig. 8. Dissolution kinetics of yttria from graphite of densities as 1.6 g cm− 3, 
1.82 g cm− 3, 1.92 g cm− 3. 

Fig. 9. Regression analysis of kinetics using shrinking core model for graphite 
of density 1.82 g cm− 3 (using 8 M HNO3 solution under 30 ± 3 kHz ultrasonic 
field with an acoustic intensity 8 W cm− 2). 
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