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Abstract

The inverse freezing fluids are the new field of science, in which the synthesised fluid mixtures freezes at high tem-
perature and liquifies at lower temperature. Recently we observed such a new thermal and thermal-mechanical meta-
material behaviour from the liquid mixtures of citric acid and ethanolamine solution under different conditions. This
new science is still in the basic research stage with no applications so far developed. This is the first paper which gives
a detailed description about the application of such inverse freezing fluids. Here we have opted to study the gamma
radiation shielding of the synthesised inverse freezing fluids (IFF) namely, pure IFF and metals such as, vanadium and
molybdenum doped IFF samples. From the data reported and analysis in this manuscript, it is evident that different
liquids mixtures, especially, IFF’s can be used for gamma radiation shielding with varying temperature. We found better
shielding parameters while taking IFF’s at higher temperature. The effect of temperature has influenced the radiation
absorption and transmittance through the samples. Comparison plots were given for better understanding with which
the molybdenum doped sample shows better shielding than the other two samples. In case of the Co-60 source the
absorption factor is 0.3418, LAC is 1.1396 cm™" and MFP was 0.8774 cm™' for molybdenum doped samples which are
evidently more compared to the vanadium doped samples. To the best of our knowledge this is the first comprehensive
study exploring the temperature dependent gamma attenuation properties of the soft matter which is initially in the
liquid form. Fundamental discovery of such IFF’s are promising research materials, in the context of emerging liquid
phase systems for the radiation shielding applications.

Highlights

e Exploring first ever novel liquid-based (IFF) material for temperature influenced gamma radiation shielding.
e Synthesis, studies and efficiency of metal doped fluid mixtures for shielding applications.
* Investigation of better shielding of molybdenum doped IFF compared to vanadium doped IFF.
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1 Introduction

Given that radioactive materials are increasingly being used in research, agriculture, medicine, and power generation,
radiation protective measures and the management of radioactive and nuclear waste have become global concerns. [1].
The risks that radioactive materials bring to humans, animals, and the environment cannot be overstated. Liquid nuclear
waste is the most difficult type of radioactive waste to manage. Attenuating the high penetration of gamma radiation
from liquid materials is extremely challenging. Therefore, the adoption of tailored liquid phase materials with excellent
radiation shielding capabilities can lead to effective gamma radiation shielding with high linear attenuation coefficients
and radioactive waste management [2, 3]. Thermal evaporation [4], chemical precipitation [5], ion exchange [6], and other
techniques [7] are used in the treatment and disposal of liquid phase nuclear waste [8].

We need alternate materials for radiation shielding because of the inherent drawbacks of the well-known radiation
shielding material “lead (Pb)” [9], which include toxicity (lead poisoning), corrosion, and high liquid permeability in the
case of red mud. Although polymer matrixes have been employed for radiation shielding in certain situations [6-8], it
should be highlighted that these materials are solids and are difficult to get rid of. Some of the polymer-based materials
were also been used as shielding materials [13-17]. In contrast to lead, metals like tungsten, gadolinium, dysprosium,
etc., that were infused into glasses were thought to be non-toxic and benign to the environment [18]. Some other well-
established gamma radiation shielding materials are studied with different methods [19-23]. Further high tempera-
ture radiation studies were also done using cementitious composites containing nano-Ba,0; [24]. Other nano-polymer
mixture composites based shielding materials were also investigated [25]. We need an alternative radiation shielding
materials in liquid phase. Furthermore, different materials can be employed to shield other radiations like alpha, beta,
neutron [26-32] etc.

Inverse freezing fluids are the new kind of thermal metamaterials, which exhibit a reversible phase transformation
while increasing and decreasing temperature. These liquid phase thermal metamaterial mixtures freezes at higher tem-
perature and melts at lower temperature [33]. These kind of IFF solutions are basically sustainable and remains in its
phase in closed environment thus, giving long term stability, easy to store and bio degradable. In this paper, we are
reporting for the first time, a set of fluid mixtures doped with metals such as vanadium and molybdenum, were studied
for radiation shielding properties. This manuscript addresses an original and new research area for the first time, using
inverse freezing fluids (IFFs) doped with metals such as vanadium and molybdenum, potentially flexible, liquid-phase
materials to demonstrate the gamma radiation shielding properties.

1.1 Materials and methods

1.2 Materials

In this current study, the raw materials such as, citric acid amorphous, monoethanolamine, vanadium pentoxide, molyb-
denum trioxide, double distilled water were procured from SD Fine Chemicals Ltd (99.99% purity) and the same were
used for the experiments without any further purification. The gamma radiation sources such from 137Cs (661.6 keV),
0Co (1173.2 keV), 2Na (1275 keV) and '*3Ba (356 keV) procured from Bhaba Atomic Research Centre (BARC, Trombay).

1.3 Synthesis method

The pure sample is prepared by mixing 1gm of amorphous citric acid in 20 ml of double distilled water followed by slow
addition 5 ml of monoethanolamine. Under continuous stirring at 50 rpm, this mixture becomes viscous IFF sample
with pH=13 at ambient temperature and pressure. This sample is named as pure IFF sample and was subjected to dif-
ferent temperatures. This pure IFF sample’s physical properties were observed by increasing its temperature for every
15 °C staring from 30 °C till 90 °C. Similarly, for doped IFF samples, 0.5 gm of vanadium pentoxide was added to the final
mixture of the pure IFF sample and subjected to different temperatures as mentioned above. The observed pH of this
solution was 8 and the solution was left for stirring at 50 rpm for 30 min at ambient temperature and pressure. Same
procedure was followed for molybdenum trioxide doped IFF samples. The pH observed was 9 and the solution was left
for stirring at 50 rpm for 30 min at ambient temperature and pressure. Five set of data points were observed by varying

@ Discover



Discover Applied Sciences (2025) 7:926

| https://doi.org/10.1007/542452-025-07181-0

Research

Fig. 1 lllustration of gamma
ray spectrometer set up
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Fig.2 Refractive indices of pure sample for increasing and decreasing temperatures
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Fig. 4 Refractive indices of molybdenum doped sample for increasing and decreasing temperatures

Table 1 Phase transition

Sample Phase transition point °C
points of the fluids P Hon ol
While increasing While

decreas-
ing

Pure IFF 75 75

V doped IFF 45 85

Mo doped IFF 85 92

the temperature range from 30 to 90 °C by 15 oC interval for each precursor fluid mixture. Further, the synthesised IFF
fluid samples were subjected to analyse the gamma ray shielding properties against the sources '*’Cs (661.6 keV), °°Co
(1173.2 keV), #Na (1275 keV) and '**Ba (356 keV).

2 Experiment and characterization

The straightforward method for the identification of inverse freezing fluids is primarily determined through their refrac-
tive indices at varying temperatures. To confirm the inverse freezing phenomenon, optical characterization of the fluid
mixtures was performed using an Abbe refractometer, a traditional method for measuring refractive index. Gamma ray
absorption studies were conducted using four different sources: '*’Cs (661.6 keV), °°Co (1173.2 keV), 2>Na (1275 keV)
and '*3Ba (356 keV). The shielding performance was assessed by comparing different sample sets with a gamma ray
scintillation spectrometer Nal(Tl) (Modular Minim Based) [TYPE: GR 611 M]. The experiments were conducted without
additional reflecting or shielding materials.

For each measurement, the count rate was recorded over a 300-s interval, and three trials were performed to ensure
accuracy, with the average results reported. There were not much variations in the measurements even after repeating
for several thermal cycles of the prepared samples. The experimental setup, as illustrated in Fig. 1, included a gamma
ray source holder for placing the radiation source at 5 cm, a plastic sample holder (which does not affect gamma ray
transmission) to contain the liquid sample (with a thickness of 3 mm), the detector, and the necessary amplifiers.

The samples were irradiated with gamma photons emitted from sources including ¥’Cs (661.6 keV), °°Co (1173.2 keV),
22Na (1275 keV) and '*3Ba (356 keV) which were procured from the Bhabha Atomic Research Centre (BARC, Trombay). The
analysis involved measuring gamma radiation spectra with a point source to minimize statistical errors [34-36]. Back-
ground counts (l,) were recorded before exposing the samples. The transmitted spectra were then measured over a 300-s
interval to ensure accuracy, with the gamma-ray scintillation detector set to 700 V. Three trials were conducted for each
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sample, and the average count was used for analysis. Upon introducing the sample, intensity counts (lll) were measured.
The thickness of the liquid sample was directly proportional to the thickness of the sample holder, which was 3 mm.

3 Results and discussions
3.1 Optical properties
3.1.1 Refractive index studies

The refractive index of the synthesized samples was analysed using an Abbe refractometer, a traditional method
that confirms the inverse freezing phenomenon of the fluids. Initially, the refractive indices of plain citric acid
solution and ethanolamine were measured at 1.337 [37] and 1.436 [38], respectively, at room temperature. As the
temperature increases, these fluids gain viscosity and density, leading to a corresponding rise in their refractive
indices, as density and refractive index are proportional.

Figure 2 illustrates the refractive indices of the pure sample at both increasing and decreasing temperatures.
Starting at a refractive index of 1.356 at 30 °C, the pure sample’s refractive index increases proportionally with
temperature. Beyond 75 °C, the refractive index rises to 1.415, reaching up to 1.545 at temperatures above 90 °C.
Upon cooling, the refractive index initially at 1.545 decreases to 1.375 at 70 °C and stabilizes around this value
down to 30 °C. This behaviour confirms that the pure sample exhibits inverse freezing characteristics, solidifying at
high temperatures and melting at low temperatures. Following doping with vanadium and molybdenum [39], the
samples were subjected to optical analysis. Similar to the pure sample, these doped samples also demonstrated
the inverse freezing phenomenon, as shown in Figs. 3 and 4.

Table 2 Shielding properties

Tempera- lvalue Transmission Absorption LACu(cm™) HVL(cm) TVL(cm) MFP(cm™)
of pure sample for Cs-137

ture °C factor (I/1o)

30 2514 0.9755 0.01074 0.0358 19.3410 64.2469 27.9091
45 2457 0.9534 0.0207 0.0690 10.0389 33.3473 14.4862
60 2286 0.8870 0.0520 0.1734 3.99514 13.2710 5.7649
75 2097 0.8137 0.0895 0.2983 2.32249 7.7148 3.3513
90 1896 0.7357 0.1332 0.4442 1.55991 5.1817 2.2509

Table 3 Shielding properties

- Tempera- lvalue Transmission Absorption LACp(cm-1) HVL(cm) TVL(cm) MFP(cm™)
of vanadium doped sample

for Cs-137 ture °C factor (I/10)
30 2434 0.9445 0.0247 0.0826 8.3851 27.8536 12.0997
45 2398 0.9305 0.0312 0.1042 6.6495 22.0884 9.5953
60 2237 0.8680 0.0614 0.2048 3.3833 11.2386 4.8821
75 2018 0.7830 0.1061 0.3539 1.9577 6.5032 2.8250
90 1806 0.7008 0.1543 0.5146 1.3465 44728 1.9430

Table 4 Shielding properties

Tempera- lvalue Transmission Absorption LACp(cm™) HVL(cm) TVL(cm) MFP(cm™)
of molybdenum doped

sample for Cs-137 ture °C factor (I/1o)
30 2417 0.9379 0.0278 0.0927 7.4682 24.8080 10.7767
45 2294 0.8901 0.0505 0.1684 41151 13.6695 5.9381
60 2156 0.8366 0.0774 0.2582 2.6837 8.9149 3.8726
75 2009 0.7795 0.1081 0.3604 1.9226 6.3864 2.7743
920 1785 0.6926 0.1594 0.5315 1.3036 4.3304 1.8811
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Table 5 Shielding properties

Tempera- lvalue Transmission Absorption LACH(cm™) HVL(cm) TVL(cm) MFP(cm™)
of pure sample for Na-22 ture °C factor (I/lo)

30 1289 0.9839 0.0070 0.0233 29.6222 98.3987 42.7449

45 1210 0.9236 0.0344 0.1149 6.0285 20.0255 8.6992

60 1186 0.9053 0.0431 0.1439 4.8139 15.991 6.9465

75 1078 0.8229 0.0846 0.2821 2.4559 8.158 3.5438

90 995 0.7595 0.1194 0.3981 1.7405 5.7815 25115
Table 6 Shielding properties Tempera- |value  Transmission Absorption LACu (cm™)  HVL(em) TVL(cm) MFP(cm™)
of vanadium doped sample ture °C factor (I/lo)
for Na-22

30 1209 0.9229 0.0348 0.1161 5.9664 19.8192 8.6095

45 1190 0.9083 0.0417 0.1390 4.9827 16.5514 7.1900

60 1096 0.8366 0.0774 0.2582 2.6839 8.9154 3.8729

75 978 0.7465 0.1269 0.4231 1.6378 5.4406 2.3634

90 895 0.6832 0.1654 0.5514 1.2565 41741 1.8132
Table7 Shielding properties Tempera- Ivalue Transmission Absorption LACH(cm™) HVL(cm) TVL(cm) MFP(cm™)
of molybdenum doped ture °C factor (I/lo)
sample for Na-22

30 1202 0.9175 0.0373 0.1245 5.5637 18.4816 8.02851

45 1110 0.8473 0.0719 0.2398 2.8895 9.5985 4.1696

60 1006 0.7679 0.1146 0.3822 1.8129 6.0223 2.6161

75 975 0.7442 0.1282 0.4275 1.6208 5.3840 2.3388

90 887 0.6770 0.1693 0.5644 1.2276 4.0780 1.7715
Table 8 Shielding properties Tempera- Ivalue Transmission Absorption LACH(cm™) HVL(cm) TVL(cm) MFP(cm™)
of pure sample for Co-60 ture °C factor (I/lo)

30 1573 0.9609 0.0173 0.0577 12.0034 39.8730 17.3210

45 1478 0.9028 0.0443 0.1479 4.6851 15.5630 6.7606

60 1275 0.7788 0.1085 0.3617 1.9154 6.3627 2.7639

75 1167 0.7128 0.1469 0.4899 14144 4.6986 2.0411

90 1087 0.6640 0.1778 0.5927 1.1691 3.8837 1.6871
-cl;?k\’/l:ngad?l?risljj)ngegrg)arﬁrtli:s Tempera- Ivalue Transmission Absorptio LACu(cm™) HVL(cm) TVL(cm) MFP(cm™)
for Co-60 P P ture °C factor (I/10)

30 1498 0.9150 0.0385 0.1284 5.3948 17.9205 7.7847

45 1318 0.8051 0.0941 0.3137 2.2085 7.3364 3.1869

60 1185 0.7238 0.1403 0.4677 1.4815 49212 2.1378

75 967 0.5907 0.2286 0.7620 0.9093 3.0207 13122

90 885 0.5406 0.2671 0.8903 0.7783 2.5854 1.1231

Subsequent to this refractive index analysis, the phase transition points of the fluids were identified and pre-
sented in Table 1. From the table it is evident that the phase transition temperatures of the samples were low while
increasing the temperature and it's notably high while decreasing the temperature. Thus, it could be interpreted
that addition of metals have tuned the optical properties of the samples.
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Table 10 Shielding properties

Tempera- lvalue Transmission Absorption LACH(cm™) HVL(cm) TVL(cm) MFP(cm™)
of molybdenum doped

ture °C factor (I/10)

sample for Co-60
30 1473 0.8998 0.0458 0.1528 45347 15.0634 6.5436
45 1278 0.7806 0.1075 0.3583 1.9336 6.4231 2.7902
60 1105 0.6750 0.1706 0.5689 1.2180 4.0460 1.7576
75 958 0.5852 0.2326 0.7756 0.8934 2.9679 1.2893
90 745 0.4551 0.3418 1.1396 0.6080 2.0199 0.8774

Table 11 Shielding properties

Tempera- Ivalue  Transmission Absorption LACp(cm'1) HVL(cm) TVL(cm) MFP(cm™)
of pure sample for Ba-133

ture °C factor (I/1o)

30 11,643 0.9755 0.0107 0.0358 19.3260 64.1969 27.8874
45 11,373  0.9529 0.0209 0.0698 9.9248 32.9683 14.3215
60 11,056  0.9263 0.0332 0.1107 6.2574 20.7859 9.02951
75 10,046  0.8417 0.0748 0.2494 2.7783 9.2290 4.00912
920 8985 0.7528 0.1233 0.4110 1.6860 5.6007 2.43300

Table 12 Shielding properties

. Tempera- Ivalue  Transmission Absorption LACp(cm™) HVL(cm) TVL(cm) MFP(cm™)
of vanadium doped sample

for Ba-133 ture °C factor (I/lo)
30 11,576  0.9699 0.0132 0.0442 15.6741 52.0661 22,6177
45 11,276  0.9447 0.0246 0.0822 8.4281 27.9965 12.1618
60 10,083  0.8448 0.0732 0.2441 2.8388 9.4302 4.0965
75 9564 0.8013 0.0961 0.3206 2.1615 7.1800 3.1190
920 7756 0.6498 0.1871 0.6239 1.1106 3.6894 1.6026

Table 13 Shielding properties

of molybdenum doped Tempera- Ivalue  Transmission Absorption LACp(cm™) HVL(cm) TVL(cm) MFP(cm™)

ture °C factor (I/lo)

sample for Ba-133
30 11,434  0.9580 0.0186 0.0620 11.1628 37.0807 16.1080
45 11,173 0.9361 0.0286 0.0955 7.2558 24.1025 10.4702
60 9566 0.8015 0.0960 0.3203 2.1635 7.1868 3.1220
75 8237 0.6901 0.1610 0.5368 1.2908 4.2880 1.8627
90 7981 0.6687 0.1747 0.5825 1.1895 3.9515 1.7165

3.2 Radiation shielding property

Radiation shielding materials are typically composed of high atomic number (Z) elements or compounds, which enhance
their capacity to attenuate radiation. But these fluid samples are designed as suspensions or solutions with low atomic
number elements to leverage the dynamic properties of liquids to provide adaptive and uniform shielding coverage.
Unlike traditional solid shields, liquid shields can conform to various geometries, making them particularly suitable for
complex or irregularly shaped environments. The practical implementation of liquid radiation shielding involves careful
consideration of factors such as viscosity, chemical stability, and compatibility with existing systems.

The linear attenuation coefficient (LAC) is a crucial parameter for assessing gamma radiation shielding effectiveness
[40]. While previous studies predominantly focused on variations in density and photon energy for glass materials [41,
42], this paper introduces a novel approach by examining radiation shielding with liquid samples at varying temperatures.
Our findings reveal a significant increase in the LAC with rising temperature, aligning with Beer-Lambert’s law. Among
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the samples tested, the molybdenum-doped liquid exhibited the highest LAC, outperforming both vanadium-doped
and pure liquids. This indicates that higher temperatures enhance the radiation shielding capability. The evaluation of
the LAC (u) was conducted using Beer-Lambert's law, demonstrating that increased temperature contributes to improved
radiation shielding performance,

I = l,exp(—px) Q)

u = In(lp/1) / x (2)

where, | is the attenuated radiation intensity after travelling through the sample medium by thickness x, and p is the
linear attenuation coefficient.

Further the effects of the shielding gamma rays by Half Value Layer (HVL) and Tenth Value Layer (TVL) were also
reported. The thickness with which the absorber reduces the gamma radiation by half and one tenth were said to be
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HVL and TVL, respectively. The HVL and TVL values are obtained from the Egs. 4 and 5, respectively [43, 44]. The mean
distance with which two consecutive photons interact is the Mean Free Path (MPF) and is obtained using Eq. 6. Likewise,
the absorption factor was obtained from the Eq. 7.

Transmission factor =1/

Half Value Layer, HVL = X, ,, =In2/pu

Tenth Value Layer, TVL = X; 1o =In10/u

3)
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Mean Free Path, MFP = u

Absorption factor = —1/lq

(6)

7)

The experiment was successfully conducted and the transmitted intensity, linear attenuation co-efficient, transmis-
sion factor, absorption, half value layer, tenth value layer, mean free path were reported for each sample for each source.
Table 1, 2, 3 provides the data of shielding properties of pure sample, vanadium and molybdenum doped IFF samples
for Cs-137 source. Similarly, Tables 4, 5, 6 provides the data against Na-22 source. Tables 7, 8, 9 for Co-60 and Tables 10,
11, 12, 13 for Ba-133 sources, respectively.
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The radiation attenuation parameters, that is, HVL, TVL and MFP increases with increase in temperature. As shown in the
Figs. 5, 6, 7, 8, the transmitted intensity, transmittance factor, LAC, HVL, TVL, MFP and absorption factor were plotted for various
gamma radiation emitting sources like Cs-137, Na-22, Co-60 and Ba-133. The transmitted intensity, transmittance factor, TVL,
HVL and MFP decreases as the temperature increases. The variation trend of LAC and absorption factor are also plotted, with
which it increases as the temperature of the samples were increased. Comparing all the three variants (pure, vanadium and
molybdenum doped IFF samples) molybdenum doped IFF sample has the maximum values LAC and absorption factor and
least transmitted intensity, transmittance factor, TVL, HVL and MFP.
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Furthermore, the samples show observable variation in the radiation counts which in turn affects the absorption co
efficient, LAC and MFP. For vanadium and molybdenum doped samples for Cs-137 source, the absorption factors are
0.1543 and 0.1594, LAC are 0.5146 cm™' and 0.5315 cm™' and MFP was 1.943 cm™' and 1.8811 cm™". For Na-22 source
the absorption factors are 0.1654 and 0.1693, LAC are 0.5514 cm™' and 0.5644 cm™' and MFP was 1.8132 cm™' and
1.7715 cm™". For Ba-133 source the absorption factors are 0.1871 and 0.1747, LAC are 0.6239 cm™' and 0.5825 cm™'
and MFP was 1.6026 cm™' and 1.7165 cm™". Here the reduction of all these factors could be observed but the differ-
ence seen is little. But for the Co-60 source the difference between these factors the absorption factors are 0.2671
and 0.3418, LAC are 0.8903 cm~' and 1.1396 cm™' and MFP was 1.1231 cm~' and 0.8774 cm™' from vanadium and
molybdenum doped samples are evidently more. Since, these are liquid samples, even a small variation in the factors
should be accounted. Herein, these two doped samples have a better performance for the Co-60 source compared
to all the other sources. Additionally, within these two doped samples the molybdenum doped sample has exhibited
performance compared to the other. This is solely because of the density variation between the molybdenum trioxide
and vanadium pentoxide. The densities of the elements molybdenum and vanadium are ~ 10.22 g/cm3and ~6.11 g/
cm?3. When considered as its oxides, the densities of molybdenum trioxide and vanadium pentoxide are ~4.69 g/
cm? and ~3.36 g/cm?. This becomes the major reason which affects the gamma photons transmission through the
liquids. When the density increases the refractive index also increases, thus better IFF and shielding performance
was obtained from molybdenum doped sample.

Moreover, addition of excess amount of metal part results in no IFF property. Thus, the heated solution never attains
its liquid phase when the temperature is reduced. In short, this will be deleterious for the memory effect of the IFF. In
summary, liquid radiation shielding represents a novel and promising approach to radiation protection, combining
adaptability and advanced material science to address diverse needs across various domains.

4 Conclusion

The synthetic fluid combinations in the emerging scientific field of “inverse freezing fluids” which liquify at lower
temperatures and freeze at higher temperatures. These types of new disciplines are still in the realm of fundamental
sciences, where their practical applications have not yet been investigated and discovered. Ongoing research aims
to optimize these properties to improve performance and safety. Emerging developments in this field suggest that
liquid radiation shields could play a crucial role in future radiation protection technologies, offering a flexible and
effective solution to a range of radiation-related challenges. This work is the first to provide a thorough explanation
of the applications of inverse freezing fluids. In this case, we have chosen to investigate the gamma radiation shield-
ing of the synthesised inverse freezing fluids, specifically for the pure, vanadium-doped, and molybdenum-doped
samples. It is clear from the data presented and analysis that liquid mixtures, in particular inverse freezing fluids,
can be utilized to shield against gamma radiation at different temperatures. The shielding properties improve with
increasing temperature. Temperature has an impact on how much radiation may be absorbed and transmitted
through the samples. Plots of transmitted intensity, transmittance factor, LAC, HVL, TVL, MFP and absorption for all
the three variants are provided for better comparison to know how the molybdenum doped sample exhibits superior
shielding compared to the other two synthesised samples. The Co-60 source the absorption factor is 0.3418, LAC is
1.1396 cm™" and MFP was 0.8774 cm™' for molybdenum doped samples which are evidently more compared to the
vanadium doped samples. In conclusion, this is a novel and relevant approach, particularly for complex geometric
structures where solid shielding becomes impractical in the area of gamma radiation shielding.
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