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Abstract

To address the safety risks associated with long-term storage of tritium containing measurement waste liquid, this study em-
ployed commercial absorbents N910 and N960 for its absorption treatment, and systematically investigated the effects of
liquid to solid ratio, temperature, and absorption time on the absorption performance. The results indicated that the opti-
mal liquid to solid ratio for N910 absorbing scintillation cocktail was 1.5:1, and for N960 absorbing water and ethylene gly-
col, both were 2:1. Under room temperature conditions, all systems achieved relatively high absorption capacities. The ab-
sorption equilibrium times for N910 absorbing scintillation cocktail, and N960 absorbing water and ethylene glycol, were all
approximately 20 min, with equilibrium absorption capacities of 1.48, 1.99, and 2.00 g'g”, respectively. The pseudo second
order kinetic model could well describe the above absorption processes, indicating that all absorption processes were domi-
nated by chemisorption. Based on the optimal liquid to solid ratios for each component, the suitable mixing mass ratio of
N960 to N910 was determined to be 5.25:1, and the optimal liquid to solid ratio for the mixed absorbent treating simulated
tritium containing measurement waste liquid was 1.5:1, at which the waste liquid could be completely absorbed. This study

provides a feasible technical solution for the safe and efficient treatment of tritium containing measurement waste liquid.
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1. Introduction

The operation, maintenance, and decommissioning of nuclear facilities, as well as environmental monitoring, radioactive exper-
iments, and the utilization of nuclear technology, all generate a certain amount of radioactive organic waste liquid [1-4]. Com-
pared with radioactive wastewater, its generation volume is usually relatively small. However, due to the long-term lack of eco-
nomical, efficient, and safe treatment technologies, this type of waste liquid is mostly managed through temporary storage in
practice, leading to a continuous increase in cumulative storage capacity, which has become one of the important bottlenecks
constraining waste minimization and environmental safety in the nuclear industry. More critically, radioactive organic waste
liquids generally possess flammability and high volatility, and during long-term storage, there exist safety risks such as leakage
and explosion [5-7]. Therefore, the development of reliable treatment technologies suitable for radioactive organic waste

liquids is of urgent engineering demand and practical safety significance.

For the treatment of radioactive organic waste liquids, the methods currently reported domestically and internationally mainly
include incineration [8, 9], wet oxidation [10, 11], cement solidification [12, 13], and absorption methods [14]. Among them, al-
though incineration and wet oxidation can achieve relatively high volume reduction ratios, they both require the construction
of dedicated treatment facilities, and the equipment is prone to severe corrosion under high-temperature or strong oxidizing en-
vironments, resulting in high operation and maintenance costs. Cement solidification, though relatively simple in operation,
faces challenges such as hydration inhibition, poor compatibility, and unsatisfactory leaching performance when treating com-
plex organic waste liquids. In contrast, the absorption method, with its advantages of simple process flow, stable physicochemi-
cal properties of the absorbed solidified forms, and convenience for subsequent transportation and disposal, is generally consid-

ered one of the more economical and effective technical routes for the treatment of radioactive organic waste liquids [15, 16].

Tritium-containing measurement waste liquid is a typical and representative special component of radioactive organic waste
liquids, mainly derived from the waste liquid generated during the determination of 3H concentration by liquid scintillation
counting (LSC). Its basic composition includes scintillation cocktail, ethylene glycol, and a small amount of residual water. This
type of waste liquid possesses both the radioactive and organic solvent hazard characteristics, and the risks associated with
long-term storage are particularly prominent. To this end, based on a systematic investigation of the properties of existing ab-
sorbent materials, this study intends to select two absorbents, N910 and N960, which exhibit excellent engineering perfor-
mance, to systematically investigate the effects of key process parameters such as liquid-to-solid ratio, temperature, and absorp-
tion time on the absorption efficiency and the quality of the solidified form, taking into account the actual material characteris-
tics of tritium-containing measurement waste liquid. The aim is to provide experimental basis and theoretical guidance for the

safe treatment of tritium-containing measurement waste liquid.

2. Materials and Methods

2.1 Main Experimental Materials and Equipment

The main reagents used in this study and their sources are as follows: two commercial absorbents, N910 and N960, were
purchased from Nochar Inc. (USA); the scintillation cocktail (ULTIMAGOLD, Cat. No. 6013326) was purchased from
PerkinElmer Inc. (USA); ethylene glycol (analytical grade) was purchased from Xilong Chemical Co., Ltd. (China). Deionized

water with a conductivity of less than 5 uS¥cm-1 was used throughout the experiments.

The main experimental equipment included: a precision electronic balance (Model AL204, Mettler Toledo Instruments (Shang-
hai) Co., Ltd., China); a benchtop high speed centrifuge (Model H/T16MM, Hunan Hexi Instrument Equipment Co., Ltd., Chi-
na); and an electric blast drying oven (Model DHG 9025A, Shanghai Boxin Instrument Equipment Factory, China).
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2.2 Material Characterization Methods
(1) Scanning Electron Microscopy (SEM)

The surface morphologies of N910 and N960 were observed using a TESCAN MIRA3 scanning electron microscope (TES-
CAN, Czech Republic) at an accelerating voltage of 5 kV.

(2) Fourier Transform Infrared Spectroscopy (FT-IR)

Infrared spectra of N910 and N960 were recorded on a Nicolet iS50 Fourier transform infrared spectrometer (Thermo Fisher
Scientific, USA). The samples were prepared using the KBr pellet method, and the spectra were collected in the wavenumber

range of 4004000 cm ™ with a resolution of 0.5 cm™.
(3) Thermogravimetry-Differential Scanning Calorimetry (TG-DSC)

The thermal decomposition behavior and thermal effects of N910 and N960 were analyzed using a Netzsch STA 449F3 synchro-
nous thermal analyzer (NETZSCH, Germany). The measurements were carried out under a high-purity argon atmosphere,

with the temperature program set to rise from room temperature to 800 °C at a heating rate of 10 °C.min"".

2.3 Experimental Methods for Absorption Performance

To systematically evaluate the absorption performance of the two absorbents (N910 and N960) toward tritium-containing mea-
surement waste liquid and its components, this study investigated the effects of liquid-to-solid ratio, temperature, and absorp-
tion time on the absorption performance, and on this basis, conducted absorption kinetic analysis and absorption experiments
of the mixed absorbent for simulated tritium-containing measurement waste liquid. All absorption experiments were carried
out in glass tubes with filter screens, and the centrifugation conditions were uniformly set at a rotational speed of 2,500 r.min "

for 2 min.
(1) Effect of liquid-to-solid ratio on absorption performance

Under room temperature conditions, 2.0 g of absorbent (N910 or N960) was accurately weighed and placed into a glass tube
with a filter screen, and different masses of the absorption object were added. After absorption for 30 min, the glass tube was
placed in a centrifuge for solid-liquid separation, and the absorption capacity (q) and unabsorbed amount (q’) were calculated

according to the following equations

The absorption capacity was calculated as

m

where q is the absorption capacity (g.g"); m is the mass of the absorbent before absorption (g); and m1 is the mass of the absor-

bent after absorption (g).

The unabsorbed amount was calculated as:

g = my-(my-m ) )
m

where q' is the unabsorbed amount (g.g"); and m2 is the mass of the absorption object added (g).

(2) Effect of temperature on absorption performance
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2.0 g of absorbent was accurately weighed and placed into a glass tube with a filter screen, and the absorption object was added
at a fixed liquid-to-solid ratio. Absorption was conducted at constant temperatures of 25 °C, 30 °C, 40 °C, 50 °C, and 60 °C for
30 min. After absorption, solid-liquid separation was performed under the above centrifugation conditions, and the absorption

capacity was determined by weighing.
(3) Effect of time on absorption performance

Under room temperature conditions, 2.0 g of absorbent was accurately weighed and placed into a glass tube with a filter screen,
and the absorption object was added at a fixed liquid-to-solid ratio. After absorption for 1, 5, 10, 20, and 30 min, respectively,
solid-liquid separation was performed under the above centrifugation conditions, and the absorption capacity at each time

point was determined by weighing.
(4) Absorption kinetic analysis

To gain a deeper understanding of the absorption behavior and rate-controlling mechanism of the absorbents, the pseudo-se-
cond-order kinetic model was employed to fit the kinetic processes of N910 absorbing scintillation cocktail, and N960 absorb-

ing water and ethylene glycol. The linear form of the pseudo-second-order kinetic equation is as follows [17]:

! 1 !
— =t 3)

g, kg q,

where qe is the equilibrium absorption capacity (g.g™” qt is the absorption capacity at time t (g.g"); and k, is the pseudo-se-

cond-order rate constant (g.g ‘min").

(5) Absorption performance of the mixed absorbent of N910 and N960 for simulated tritium-containing measurement waste

liquid

The simulated tritium-containing measurement waste liquid was prepared by mixing ethylene glycol, scintillation cocktail, and
deionized water at a volume ratio of 6:1:1. According to the physicochemical properties of the components, ethylene glycol and
water are polar solvents and are preferably absorbed by hydrophilic absorbents, while the scintillation cocktail is a hydrophobic
organic phase and is preferably absorbed by lipophilic absorbents. Therefore, in this study, the lipophilic absorbent N910 and
the hydrophilic absorbent N960 were mixed at a certain ratio to achieve synergistic absorption of the multi-components in the

simulated waste liquid.

Under room temperature conditions, 2.0 g of the mixed absorbent (total mass of N910 and N960) was accurately weighed and
placed into a glass tube with a filter screen, and different volumes of the simulated tritium-containing measurement waste
liquid were added. After absorption for 30 min, solid-liquid separation was performed under the above centrifugation condi-

tions, and the absorption capacity and unabsorbed amount were determined by weighing.

3 Results and Analysis

3.1 Characterization of Materials
(1) SEM analysis

(Figure 1 and Figure 2) present the SEM images of N910 and N960 at different magnifications, respectively.
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Figure 1. SEM images of N910 on different scales
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Figure 2. SEM images of N960 on different scales

As shown in Fig. 1, N910 exhibits a typical porous network skeleton structure with abundant pore structures. This three-dimen-
sional interconnected porous configuration facilitates the rapid entry of absorption objects (liquid organic compounds and wa-
ter) into the absorbent interior through capillary effects, thereby promoting the mass transfer efficiency of the absorption pro-
cess [18, 19]. In contrast, Fig. 2 reveals that the surface of N960 is relatively dense and smooth, with an overall porosity signifi-
cantly lower than that of N910. However, several micro cracks and irregular folds can be observed on its surface. These cracks
may originate from shrinkage stresses during material preparation [20] and can serve as initial intrusion channels for liquid
molecules during the absorption process, contributing to an enhanced absorption rate. In summary, both the well-developed

pores of N910 and the surface crack structures of N960 provide favorable physical foundations for the absorption process.
(2) FT-IR analysis

(Figure 3) Shows the Fourier transform infrared spectra of N910 and N960 in the range of 400-4000 cm.
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Fig. 3 FT-IE spectrum of N910 and N9&0
Figure 3. FT-IR spectrum of N910 and N960

As can be seen from (Figure 3), for N910, eight major absorption peaks are present in the spectrum. Among them, the absorp-

tion bands at 2918 cm™ and 2851 cm™' can be assigned to the asymmetric and symmetric stretching vibrations of saturated
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alkane C-H bonds, indicating the presence of methylene structural units in the molecular chain. The absorption bands at 1462
cm™ and 754 cm™ correspond to the C=C stretching vibration of the benzene ring skeleton and the out-of-plane bending vibra-
tion of benzene ring substituents, respectively, suggesting the possible existence of ortho-disubstituted or mono-substituted
benzene structures. The absorption band at 1027 cm™ can be attributed to the in-plane bending vibration of C-H in alkenes or
the in-plane deformation vibration of C-H on the benzene ring. The absorption band at 697 cm-1 further confirms the pres-
ence of mono-substituted benzene rings. Based on the above peak assignments, the molecular structure of N910 contains inde-

pendent benzene ring units connected by hydrocarbon chains, exhibiting typical aromatic polymer characteristics.

For N960, six major absorption peaks are observed in the spectrum. The absorption band at 2928 cm-1 is attributed to the C-H
stretching vibration of alkanes. The absorption band at 1655 cm-1 can be assigned to the amide I band (C=O stretching vibra-
tion) or the C=C stretching vibration of aromatic rings. The absorption band at 1550 cm-1 can be attributed to the amide II
band (coupled N-H bending and C-N stretching vibrations) or the characteristic absorption of aromatic amines/imines. The
absorption band at 1119 ¢cm-1 can be assigned to the asymmetric stretching vibration of C-O-C (aryl ethers) or the C-N
stretching vibration of aliphatic amines. A comprehensive analysis indicates that the chemical structure of N960 likely belongs
to aromatic/aliphatic polymer materials containing amide or amine groups, with polar functional group characteristics, which

provides a molecular-level explanation for its hydrophilic absorption behavior.
(3) TG-DSC analysis

(Figure 4 and Figure 5) present the TG-DSC synchronous thermal analysis curves of N910 and N960, respectively, measured

under an argon atmosphere at a heating rate of 10 °C.min-1.
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Figure 4. TG-DSC spectrum of N910 (a) and N960 (b)

As shown in (Figure 4a), N910 exhibits no significant mass loss in the range from room temperature to 420 °C, indicating excel-
lent thermal stability within this temperature range. When the temperature rises to 420.1 °C, an obvious exothermic peak ap-
pears on the DSC curve, accompanied by a sharp decrease in the TG curve, indicating that N910 undergoes a drastic thermal de-
composition reaction at this temperature. The mass loss mainly occurs between 420.1 °C and 450 °C, after which the TG curve
levels off, and the final residual mass is approximately 2.9% of the initial mass, which is presumed to be amorphous carbon or

carbonized products formed during thermal decomposition.

As shown in (Figure 4b), the thermal decomposition behavior of N960 is significantly different from that of N910. A slow cont-
inuous mass loss begins near 60 °C, and the cumulative mass loss reaches approximately 83.3% at about 253 °C; this stage is at-
tributed to the desorption of moisture adsorbed from the environment and the volatilization of residual solvents. After 253 °C,
the mass loss rate accelerates markedly, due to the thermal cracking reaction of the polymer main chain. After 408 °C, the mass
loss rate slows down again, and the final residual mass is approximately 49.6% of the initial mass. It should be noted that the
TG curve of N960 does not exhibit a steep mass-loss step as seen for N910, indicating that its thermal decomposition is a multi-

-step and relatively mild process, which may involve the progressive detachment of side groups accompanied by main-chain
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scission. This thermal behavior characteristic is related to the thermal instability of polar side groups (such as amide or amine
groups) present in the molecular structure of N960, which can undergo elimination or cleavage reactions at relatively lower

temperatures [21-23].

3.2 Absorption Performance of N910 for Scintillation Cocktail
(1) Effect of liquid-to-solid ratio on the absorption performance of N910 for scintillation cocktail

(Figure 5) presents the variation of absorption capacity and unabsorbed amount of N910 for scintillation cocktail with liquid--
to-solid ratio increasing from 1:1 to 4:1 under room temperature conditions.
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Figure 5. Effect of liquid/solid ratio on absorption of scintillation cocktail by N910

As shown in (Figure 5), with increasing liquid-to-solid ratio, the absorption capacity of N910 for scintillation cocktail exhibits a
trend of rapid initial increase followed by leveling off. When the liquid-to-solid ratio increases from 1:1 to 1.5:1, the absorption
capacity increases significantly, indicating that the effective adsorption sites on the absorbent surface have not yet been fully oc-
cupied, allowing liquid molecules to fully enter the internal pores of the absorbent. When the liquid-to-solid ratio exceeds 1.5:1,
the increase in absorption capacity slows down and gradually reaches saturation at a liquid-to-solid ratio of 3:1, suggesting that
the absorption capacity of the absorbent approaches its limit. Meanwhile, the unabsorbed amount shows a two-stage variation
with increasing liquid-to-solid ratio: when the liquid-to-solid ratio is below 1.5:1, the increase in unabsorbed amount is relative-
ly small; however, when the liquid-to-solid ratio exceeds 1.5:1, the unabsorbed amount increases sharply, indicating that exces-
sive scintillation cocktail has exceeded the treatment capacity of the absorbent, and a large amount of free liquid begins to ap-
pear in the system. Considering both absorption efficiency and economic viability, the optimal liquid-to-solid ratio was deter-
mined to be 1.5:1. This ratio ensures complete absorption of the scintillation cocktail while maximizing the utilization efficien-

cy of the absorbent.
(2) Effect of temperature on the absorption performance of N910 for scintillation cocktail

Under the condition of a fixed liquid-to-solid ratio of 1.5:1, the effect of temperature on the absorption performance of N910

for scintillation cocktail was investigated in the range of 25 °C to 60 °C, and the results are shown in (Figure 6)
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Figure 6. Effect of temperature on absorption of scintillation cocktail by N910

As can be seen from Fig. 6, temperature has a significant effect on the absorption performance of N910. As the temperature in-
creases from 25 °C to 60 °C, the absorption capacity shows a continuous decreasing trend. This phenomenon can be explained
from the following two aspects: on the one hand, the absorption process of N910 for scintillation cocktail is dominated by physi-
cal adsorption or chemisorption, and increasing temperature may weaken the interaction forces (such as van der Waals forces
and hydrogen bonding) between the absorbent and scintillation cocktail molecules, thereby reducing the absorption capacity;
on the other hand, the increase in temperature leads to a decrease in the viscosity of the scintillation cocktail and an intensifica-
tion of molecular thermal motion, which, although favorable for the diffusion of liquid toward the absorbent surface, may also
accelerate the desorption rate of already adsorbed molecules, thus reducing the net absorption capacity [24, 25]. From the per-
spective of engineering application, the storage and treatment of tritium-containing measurement waste liquid are typically con-
ducted under room temperature conditions, and the absorption performance near 25 °C is already sufficient to meet practical

requirements.
(3) Effect of absorption time on the absorption performance of N910 for scintillation cocktail

Under the conditions of a liquid-to-solid ratio of 1.5:1 and room temperature, the effect of absorption time on the absorption

performance of N910 for scintillation cocktail was investigated, and the results are shown in (Figure 7).
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Figure 7. Effect of absorption time on absorption of scintillation cocktail by N910

As shown in (Figure 7), the absorption process of N910 for scintillation cocktail exhibits typical characteristics of a rapid initial
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absorption stage followed by a slow equilibrium stage. In the initial stage of absorption (0-5 min), the absorption capacity in-
creases approximately linearly with time, because at this time the absorbent surface possesses a large number of unoccupied ac-
tive sites, and the concentration gradient of the scintillation cocktail is relatively large, providing a strong mass transfer driving
force. As absorption proceeds, the surface active sites are gradually occupied, and liquid molecules need to diffuse into the deep-
er internal pores of the absorbent, resulting in increased mass transfer resistance and a gradual decrease in the absorption rate.
After approximately 20 min, the absorption capacity essentially stabilizes and reaches the absorption equilibrium state, with an
equilibrium absorption capacity of approximately 1.48 g.g". This result indicates that N910 exhibits a fast absorption rate and
high absorption capacity for scintillation cocktail, which is favorable for rapid treatment requirements in practical engineering

applications.
(4) Absorption kinetics of N910 for scintillation cocktail

To further explore the absorption mechanism and rate-controlling steps of N910 for scintillation cocktail, the pseudo-se-
cond-order kinetic model was employed to fit the experimental data. The absorption capacity data at different time points were

linearly regressed by plotting t/qt against t, and the fitting results are shown in (Figure 8).

v=0208T+0 6711 T{R =0_08085)

by,
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Figure 8. Pseudo-second-order kinetic plot for scintillation cocktail absorption on N910

As shown in (Figure 8), the pseudo-second-order kinetic model exhibits a good fitting effect on the experimental data, with the
linear correlation coefficient R2 approaching unity. The theoretical equilibrium absorption capacity calculated from the slope
of the fitted straight line is 1.49 g.g”', which is in excellent agreement with the experimentally measured equilibrium absorption
capacity (1.48 g.g"), with a relative deviation of less than 1%. This result indicates that the pseudo-second-order kinetic model
can well describe the entire absorption process of N910 for scintillation cocktail, suggesting that the absorption process of N910
for scintillation cocktail is dominated by chemisorption. This mechanistic interpretation is consistent with the characteristics of
the N910 molecular structure containing aromatic rings and polar functional groups, where the organic molecules in the scintil-
lation cocktail may form mt-nt stacking interactions or hydrophobic interactions with these functional groups, thereby achieving

efficient absorption.

3.3 Absorption Performance of N960 for Water

(1) Effect of liquid-to-solid ratio on the absorption performance of N960 for water
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(Figure 9) presents the variation of absorption capacity and unabsorbed amount of N960 for water with liquid-to-solid ratio in-

creasing from 1:1 to 4:1 under room temperature conditions.
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Figure 9. Effect of liquid/solid ratio on absorption of water by N960

As shown in (Figure 9), the absorption capacity of N960 for water exhibits a continuous increasing trend with increasing
liquid-to-solid ratio, and the unabsorbed amount also increases simultaneously. This phenomenon indicates that within the in-
vestigated liquid-to-solid ratio range, the absorption capacity of N960 has not yet reached complete saturation. However, when
the liquid-to-solid ratio exceeds 2:1, the increase in unabsorbed amount becomes significantly larger, indicating that a large
amount of free water remains unabsorbed in the system. From the perspective of practical engineering application, an excessive-
ly high liquid-to-solid ratio not only causes waste of the absorbent but also leaves a large amount of free liquid in the system af-
ter absorption, which is unfavorable for subsequent solidification treatment and disposal. Considering both absorption efficien-

cy and material economy, the optimal liquid-to-solid ratio was determined to be 2:1.
(2) Effect of temperature on the absorption performance of N960 for water

Under the condition of a fixed liquid-to-solid ratio of 2:1, the effect of temperature on the absorption performance of N960 for

water was investigated, and the results are shown in (Figure 10).
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Figure 10. Effect of temperature on absorption of water by N960
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As can be seen from Fig. 10, the absorption capacity of N960 for water shows a continuous decreasing trend with increasing
temperature. This temperature dependence can be explained by the thermodynamic nature of the absorption process. The
molecular structure of N960 is rich in polar functional groups such as amide groups and amine groups, and its combination
with water molecules is mainly achieved through hydrogen bonding. The formation of hydrogen bonds is typically an exother-
mic process, and increasing temperature is unfavorable for the formation and stability of hydrogen bonds, causing the already

bound water molecules to tend to desorb, thereby reducing the equilibrium absorption capacity [26].
(3) Effect of absorption time on the absorption performance of N960 for water

Under the conditions of a liquid-to-solid ratio of 2:1 and room temperature, the effect of absorption time on the absorption per-

formance of N960 for water was investigated, and the results are shown in (Figure 11).

199 | [
>

e

|i|~~—’*_ill

Y Eg"

city

[5 T

Absorption capa

[N

| 94 1 1 1 1 1 1

| ral ]
T ime (min)
Figure 11. Effect of absorption time on absorption of water by N910

As shown in (Figure 11), the absorption process of N960 for water also exhibits typical characteristics of a rapid initial absorp-
tion stage followed by a slow equilibrium stage. In the initial stage of absorption (0-5 min), the absorption capacity increases
rapidly with time, attributed to the rapid combination between the abundant polar sites on the absorbent surface and a large
number of water molecules, as well as the rapid filling of water molecules into the surface cracks and pores of the absorbent
through capillary effects. Subsequently, the absorption rate gradually slows down, entering a slow stage controlled by the diffu-
sion of water molecules into the interior of the absorbent. After approximately 20 min, the absorption capacity stabilizes and

reaches the absorption equilibrium state, with an equilibrium absorption capacity of approximately 1.99 g.g"'.
(4) Absorption kinetics of N960 for water

To quantitatively describe the absorption rate and mechanism of N960 for water, the pseudo-second-order kinetic model was
employed to fit the experimental data. Linear regression was performed by plotting t/qt against t, and the fitting results are

shown in (Figure 12).
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Figure 12. Pseudo-second-order kinetic plot for water absorption on N960

As shown in Fig. 12, the correlation coefficient obtained from the fitting is 1; the equilibrium absorption capacity qe calculated
from the slope of the fitted line is 1.99 g.g™', which is consistent with the experimental value (1.99 g.g"). This indicates that the
pseudo-second-order kinetic equation can well describe the absorption process of N960 for water, suggesting that the absorp-
tion process of N960 for water is dominated by chemisorption. As shown in (Figure 13), the pseudo-second-order kinetic mod-
el exhibits an excellent fitting effect for the absorption of water by N960, with the linear correlation coefficient R *approaching
unity. The theoretical equilibrium absorption capacity calculated from the slope of the fitted line is 1.99 g.g ', which is in com-
plete agreement with the experimental value (1.99 g.g™). This result indicates that the pseudo-second-order kinetic model can
well describe the entire absorption process of N960 for water, demonstrating that the absorption process of N960 for water is
dominated by chemisorption, and the dominant interaction force remains the hydrogen bonding between the polar sites of

amide groups and amine groups on the N960 molecular chain and water molecules.

3.4 Absorption Performance of N960 for Ethylene Glycol

(Figure 13) presents the variation of absorption capacity and unabsorbed amount of N960 for ethylene glycol with liquid-to--

solid ratio increasing from 0.5:1 to 3:1 under room temperature conditions.
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Figure 13. Effect of liquid/solid ratio on absorption of ethylene glycol by N960

As shown in Fig. 13, the absorption capacity of N960 for ethylene glycol exhibits a continuous increasing trend with increasing
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liquid-to-solid ratio, and the unabsorbed amount also increases gradually. When the liquid-to-solid ratio increases from 0.5:1
to 2:1, the increase in absorption capacity is relatively significant, indicating that the active sites of the absorbent are gradually
occupied by ethylene glycol molecules. When the liquid-to-solid ratio exceeds 2:1, the increase in unabsorbed amount acceler-
ates markedly, and the increasing trend of absorption capacity tends to level off, indicating that the dosage of ethylene glycol
has exceeded the carrying capacity of the absorbent, and a large amount of free liquid appears in the system. Considering both
absorption efficiency and material economy, the optimal liquid-to-solid ratio was determined to be 2:1. Under this ratio, the ab-

sorption capacity of N960 for ethylene glycol is fully utilized, while waste caused by excess absorbent is avoided.
(2) Effect of temperature on the absorption performance of N960 for ethylene glycol

Under the condition of a fixed liquid-to-solid ratio of 2:1, the effect of temperature on the absorption performance of N960 for

ethylene glycol was investigated, and the results are shown in (Figure 14).
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Figure 14. Effect of temperature on absorption of ethylene glycol by N960

As shown in Fig. 14, with increasing temperature, the absorption capacity of N960 for ethylene glycol exhibits a trend of slight
initial decrease followed by stabilization. Compared with the absorption behavior of N960 for water, the ethylene glycol system
shows significantly lower temperature sensitivity. Throughout the entire experimental temperature range, the absorption capac-
ity remains within the narrow range of 1.96-2.00 g.g", with a maximum variation of only about 2%. This phenomenon can be
explained from the following two aspects: on the one hand, the ethylene glycol molecule contains two hydroxyl groups (-OH)
and possesses strong polarity, which enables it to form hydrogen bonding with the amide groups and amine groups on the
N960 molecular chain; on the other hand, the molecular size of ethylene glycol is larger and its viscosity is higher, and the rate
of its diffusion into the absorbent interior is affected by temperature in a more complex manner. Although increasing tempera-
ture is favorable for reducing the system viscosity and promoting molecular diffusion, it also weakens the strength of hydrogen
bonding, and the competitive effect of these two factors may result in a relatively small variation of net absorption capacity with
temperature [27]. From the perspective of engineering application, N960 exhibits good temperature adaptability for the absorp-
tion of ethylene glycol, maintaining stable absorption performance at room temperature and under certain elevated tempera-

ture conditions.

(3) Effect of absorption time on the absorption performance of N960 for ethylene glycol
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Under the conditions of a liquid-to-solid ratio of 2:1 and room temperature, the effect of absorption time on the absorption per-

formance of N960 for ethylene glycol was investigated, and the results are shown in (Figure 15).

o f o
a—

Absorption capacity (g-g")

Time (puim})
Figure 15. Effect of absorption time on absorption of ethylene glycol by N960

As shown in Fig. 15, the absorption process of N960 for ethylene glycol exhibits similar stage characteristics to the systems de-
scribed above. In the initial stage of absorption (0-5 min), the absorption capacity increases rapidly with time, attributed to the
rapid combination between the abundant polar active sites on the absorbent surface and ethylene glycol molecules. In the subse-
quent 5-20 min, the absorption rate gradually slows down, mainly controlled by the diffusion of ethylene glycol molecules into
the internal pores of the absorbent and their combination with the deeper active sites. After approximately 20 min, the absorp-
tion capacity essentially stabilizes and reaches the absorption equilibrium state, with an equilibrium absorption capacity of ap-
proximately 2.00 g.g”. It is noteworthy that the equilibrium absorption capacity of N960 for ethylene glycol (2.00 g.g'1) is very
close to that for water (1.99 g.g"), both at approximately 2.00 g.g". This similarity indicates that the absorption capacity of
N960 for polar small molecules mainly depends on the density of its polar functional groups (amide/amine groups), rather than
the specific type of the absorbate molecules. Although the molecular weight of ethylene glycol is larger than that of water, each
of its molecules contains two hydroxyl groups, which can provide two hydrogen bonding sites; therefore, the saturation absorp-

tion capacity per unit mass of absorbent is comparable to that for water.
(4) Absorption kinetics of N960 for ethylene glycol

To quantitatively describe the absorption kinetic characteristics of N960 for ethylene glycol, the pseudo-second-order kinetic
model was employed to fit the experimental data. Linear regression was performed by plotting t/qt against t, and the fitting re-

sults are shown in (Figure 16).
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Figure 16. Pseudo-second-order kinetic plot for ethylene glycol absorption on N960

As shown in (Figure 16), the pseudo-second-order kinetic model exhibits an excellent fitting effect for the absorption of ethy-
lene glycol by N960, with the linear correlation coefficient (R”) approaching unity. The theoretical equilibrium absorption ca-
pacity calculated from the slope of the fitted line is 2.05 g.g', which is basically consistent with the experimental equilibrium ab-
sorption capacity (2.00 g.g"), with a relative deviation of approximately 2.5%, within the allowable range of experimental error.
This result further verifies that the pseudo-second-order kinetic model can well describe the entire absorption process of N960
for ethylene glycol, indicating that the absorption process of N960 for ethylene glycol is dominated by chemisorption. For the
N960-ethylene glycol system, the dominant interaction force is the hydrogen bonding network formed between the polar func-
tional groups (amide groups and amine groups) on the N960 molecular chain and the hydroxyl groups (-OH) of ethylene gly-

col.

3.5 Absorption Performance of N910 and N960 for Simulated Tritium-Containing Measurement Waste

Liquid

The main components of the tritium-containing measurement waste liquid are ethylene glycol, scintillation cocktail, and water,
with a volume ratio of approximately 6:1:1. Among them, the scintillation cocktail is a hydrophobic organic phase and is prefer-
ably absorbed by the lipophilic absorbent N910; ethylene glycol and water are both polar solvents and are preferably absorbed
by the hydrophilic absorbent N960. Therefore, to achieve synergistic absorption of the multi-components in the simulated triti-
um-containing measurement waste liquid, N910 and N960 need to be mixed at a certain ratio. From Sections 3.2 to 3.4, it can
be seen that the optimal liquid-to-solid ratio for N910 absorbing scintillation cocktail is 1.5:1, and the optimal liquid-to-solid ra-
tios for N960 absorbing water and ethylene glycol are both 2:1. Therefore, to effectively absorb the tritium-containing measure-

ment waste liquid, when N960 and N910 are used in combination, the mass ratio should be 5.25:1.

After thoroughly mixing N960 and N910 at a mass ratio of 5.25:1, under room temperature conditions, the absorption perfor-
mance of the mixed absorbent for the simulated tritium-containing measurement waste liquid was investigated at liquid-to--

solid mass ratios of 0.5:1, 0.75:1, 1:1, 1.25:1, 1.5:1, and 2:1, and the results are shown in (Figure 17).
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Figure 17. Absorption performance of simulated liquid waste containing tritium for measurement by N910 and N960

As shown in (Figure 17), with increasing liquid-to-solid ratio, the absorption capacity of the mixed absorbent for the simulated
trititum-containing measurement waste liquid exhibits a continuous increasing trend. When the liquid-to-solid ratio is below
1.5:1, the simulated waste liquid can be completely absorbed, with almost no free liquid remaining in the system, indicating
that the absorption capacity of the mixed absorbent is sufficient to carry the added waste liquid volume. When the liquid-to--
solid ratio exceeds 1.5:1, the unabsorbed amount increases significantly, indicating that the excess simulated waste liquid has ex-
ceeded the maximum absorption capacity of the mixed absorbent, and a large amount of free liquid begins to appear in the sys-
tem, which not only reduces the absorption efficiency but also has adverse effects on subsequent solidification treatment and
disposal. Based on comprehensive consideration, the optimal liquid-to-solid ratio for the mixed absorbent and the simulated tri-
tium-containing measurement waste liquid was determined to be 1.5:1. Under this ratio, the mixed absorbent can achieve com-
plete absorption of the simulated waste liquid while ensuring relatively full utilization of the absorbent. It is worth noting that
the optimal liquid-to-solid ratio of the mixed absorbent (1.5:1) is consistent with that of N910 alone for absorbing scintillation
cocktail, but lower than the optimal liquid-to-solid ratios for N960 alone absorbing water or ethylene glycol (both 2:1). This
may be because, although the scintillation cocktail component absorbed by N910 accounts for the smallest proportion in the si-
mulated waste liquid, it requires the lowest liquid-to-solid ratio, thus becoming the "short plank" factor of the absorption capaci-

ty of the entire mixed system and determining the overall optimal operating condition of the mixed absorbent.

4. Conclusions

In this study, aiming at the safe treatment of tritium containing measurement waste liquid, the absorption performance of com-
mercial absorbents N910 and N960 toward each characteristic component in the waste liquid and toward the simulated tritium

containing measurement waste liquid was systematically investigated. The main conclusions are as follows:

1. The absorption capacities of N910 for scintillation cocktail, and N960 for water and ethylene glycol, all increased with in-
creasing liquid to solid ratio. However, excessively high liquid to solid ratios led to a significant increase in unabsorbed
amounts, resulting in absorbent waste and additional burden for subsequent treatment. On the basis of comprehensive opti-
mization, it was determined that the optimal liquid to solid ratio for N910 absorbing scintillation cocktail is 1.5:1, and the opti-

mal liquid to solid ratios for N960 absorbing water and ethylene glycol are both 2:1.

2. The absorption capacities of N910 for scintillation cocktail and N960 for water both showed a continuous decreasing trend
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with increasing temperature, while the absorption capacity of N960 for ethylene glycol varied only slightly within the experi-
mental temperature range, remaining between 1.96 and 2.00 g.g". Overall, all systems achieved relatively high absorption capac-
ities under room temperature conditions, which is consistent with the ambient temperature conditions for the actual storage

and treatment of tritium containing measurement waste liquid.

3. The absorption capacities of N910 for scintillation cocktail, and N960 for water and ethylene glycol, all exhibited typical char-
acteristics of a rapid initial absorption stage followed by a subsequent slow equilibrium stage with increasing absorption time,
and the equilibrium time was approximately 20 min for all systems. The equilibrium absorption capacities of N910 for scintilla-

tion cocktail, and N960 for water and ethylene glycol, were 1.48 g.g", 1.99 g.g", and 2.00 g.g ', respectively.

4. The pseudo second order kinetic equation could well describe the absorption processes of N910 for scintillation cocktail, and
N960 for water and ethylene glycol. The linear correlation coefficients R2 were all close to unity, and the theoretical equilibri-
um absorption capacities were in excellent agreement with the experimental values. The results indicate that the above absorp-
tion processes are all dominated by chemisorption, and the underlying mechanisms are mainly the hydrophobic/n m interac-
tions between the aromatic skeleton of N910 and scintillation cocktail molecules, as well as the hydrogen bonding between the

polar functional groups (amide/amine groups) of N960 and water/ethylene glycol molecules.

On the basis of the optimal liquid to solid ratios for each component, the suitable mixing mass ratio of N960 to N910 was deter-
mined to be 5.25:1 through theoretical estimation. Under this ratio, the performance evaluation results of the mixed absorbent
for the simulated tritium containing measurement waste liquid indicated that the optimal operating liquid to solid ratio is 1.5:1,
at which the simulated waste liquid can be completely absorbed without free liquid residue. This mixed absorption scheme pro-

vides a feasible technical approach for the safe and efficient treatment of tritium containing measurement waste liquid.
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