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A B S T R A C T

Patients undergoing high-dose radioiodine ablation (RAI) therapy in Nuclear Medicine Depart-
ment need to be isolated in a special designed ward for a few days. Large amount of clinical 
radioactive wastewater from patient body is produced during high-activity RAI therapy. The 
radioactive wastewater needs to store in a delay tank until the radioactivity decayed below 
acceptable limit before being discharged and indirectly limit the patient admission and treatment. 
This study is to propose an alternative antibacterial adsorbent for I-131 extraction from clinical 
radioactive wastewater at the nuclear medicine department using graphene oxide silver (GOAg) 
and bamboo activated carbon (BAC). The synthesised adsorbents and their sediments (filtered 
sample) were analysed using field emission scanning electron microscopy (FESEM) for morpho-
logical analysis and analysed using X-ray photoelectron spectroscopy (XPS), Fourier transform 
infrared (FTIR) and X-ray diffraction (XRD). XPS spectra for C 1s adsorbents show intensity peaks 
at 284.45 eV (C=C) and 285.3 eV (C–C) for GOAg and its sediments, and 284.35 eV (C–C), 
287.00 eV (C=O), and 290.07 eV (π–π* transitions) for BAC and its sediments. FTIR spectra reveal 
various functional groups of adsorbents: C=C (1637.50772 cm− 1), C=O (1340.48041 cm− 1), and 
C–O–C (1031.88060 cm− 1) for GOAg and its sediments, and C=C (1635.57897 cm− 1), C–C 
(1257.54421 cm− 1), and C–O (1188.10925 cm− 1) for BAC and its sediments. XRD patterns exhibit 
peaks at 2θ = 27.82◦, 29.39◦, 32.24◦, and 46.22◦, which can be attributed to the (002) diffraction 
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plane, (220) crystallographic plane, (111) plane of Ag2O, and (200) crystallographic plane, 
respectively, for GOAg and its sediments. Meanwhile, the peaks at 2θ = 26.56◦ and 42.41◦, which 
correspond to (002) and (100) planes, respectively, for BAC and its sediments. The d-spacing and 
the crystallinity index of each adsorbent were also determined. The estimation of the remaining 
β− particles during the adsorption of I-131 was carried out using PHITS. The finding of this study 
is beneficial for alternative radionuclide extractions technique from clinical radioactive waste-
water in nuclear medicine.

1. Introduction

Nuclear medicine involved both diagnostic and therapeutic services for cancer patients through the aid of radiopharmaceuticals 
that administered into patient’s body either orally or intravenously [1]. Radioiodine ablation therapy (RAI) is one of the common 
clinical treatments that widely practiced in treating thyroid cancer using I-131 radionuclide due to its non-invasive techniques and 
high successful rate. Patients undergoing high-dose RAI therapy need to be isolated in a specially designed ward at the nuclear 
medicine department [1]. The radioactive waste from the patient’s body (urine and faeces) will go through a sewage system with a 
specially designed delay tank and will be stored to reduce the activity of clinical radioactive wastewater at a certain level, until the 
radioactivity decayed below the legally established acceptable limit (<1.2 μCi/L) before being discharged into the public sewer [2,3]. 
This is known as the delay and decay method. This method indirectly limits the number of patient admissions due to limited volume 
size and periodical clearance. This conditions longer the patient appointment queue and might be affected the emergency cases 
especially for small nuclear medicine facilities. Alternatively, this situation can be solved using concentrate and contained method, by 
applying antibacterial adsorbents to extract I-131 radionuclide from clinical radioactive wastewater. Previous study used Graphene 
Oxide to adsorb the radioactive materials in clinical radioactive wastewater, but usually focus on its absorbability and not concern 
about antibacterial aspects and molecular structural changes [4–6]. In this study, we conduct a series of experiments using Graphene 
Silver Oxide (GOAg) and bamboo activated carbon (BAC) as prominent synthetic and natural antibacterial adsorbents for I-131 
radionuclide extraction. This study aims to obtain the information on the composition and morphological changes of GOAg and BAC 
after the adsorption of radioactive clinical wastewater at molecular level of binding energies and functional groups interactions.

Bamboo activated carbon has unique properties, such as highly porous carbonaceous material, with a high internal surface area and 
various functional groups. These properties result in BAC with high adsorption affinity and a faster adsorption rate for heavy metal ions 
[7]. Furthermore, BAC has natural antibacterial properties, which are in lignin, and these properties are important for waste-
water/contaminated area cleaning [8]. Graphene oxide (GO) has various unique properties, such as physical stability, chemical sta-
bility, high specific surface area, electron mobility, and heat transfer [9]. Graphene oxide contains numerous oxygen functional groups 
that constitute a significant number of binding sites for Ag+. Positively charged Ag+ in an aqueous solution can be easily captured by 
negatively charged GO due to electrostatic interaction, which further promotes the antibacterial activity of GOAg [10]. The synthesis 
of GOAg hybrid material as a synthetic adsorbent can potentially contribute to the health sector, particularly in improving antibac-
terial performance and radionuclide removal. Our findings highlighted the potential innovation of radionuclide extractions based on 
synthetic and natural adsorbent for nuclear wastewater management in nuclear medicine.

2. Materials and methods

The experiment was carried out at the Nuclear Medicine, Radiotherapy, & Oncology Department, Hospital Universiti Sains 
Malaysia (HUSM) and Medical Radiation Laboratory, School of Health Sciences, Universiti Sains Malaysia.

2.1. Synthesis of graphene oxide silver

Graphene oxide was prepared using simplified Hummers’ method [11]. Briefly, 3 g of graphite powder was mixed with 320 mL of 
sulphuric acid solution and 80 mL of phosphoric acid solution (4:1 ratio), followed by slow addition of 18 g of potassium permanganate 
powder. The mixture was stirred for three days using a magnetic stirrer before being poured onto 500 mL of ice cubes along with 27 mL 
of hydrogen peroxide (H2O2) solution. Then, the mixture was centrifuged at 10,000 rpm, washed three times with hydrochloric acid 
(HCl), followed by washing with distilled water until pH 5 was achieved. After that, 20 mM of silver nitrate (AgNO3) solution was 
prepared by the simple dilution method, where 50 mL of distilled water was added to 0.2 g of AgNO3 and stirred gently using a glass 
rod. Next, the synthesis of GOAg was carried out. Briefly, a few drops of ammonia (20 wt%) were added slowly into 20 mM of AgNO3 
solution and stirred vigorously until a clear solution was observed. Using five beakers with 3 mL of silver-ammonia solution, each 
beaker was mixed with 1 mL of synthesised aqueous GO earlier (3:1 vol ratio) and then homogenised for 10 min at 10,000 rpm to 
ensure the homogeneity of each mixture. The reaction mixture was microwave-irradiated for 30 s and then washed with distilled water 
(centrifuged at 9500 RCF for 15 min) until a pH of 7.46 was reached.

2.2. Synthesis of bamboo activated carbon

The BAC was prepared by the chemical activation method. First, 5 g of Bambusa vulgaris powder dried earlier was impregnated 
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again overnight with 5 g of potassium hydroxide (KOH) pellets and diluted by the simple dilution method. Then, the sample was 
carbonised in a furnace for 2 h at a carbonisation temperature of 500 ◦C and cooled for another 2 h. This technique is to prevent 
unintended reaction due to rapid cooling that leads to damage physical properties of the activated carbon [12]. The sample was 
washed with HCl and distilled water and then centrifuged at 10,000 rpm for 10 min until pH 6–7 was achieved to ensure that the 
sample was free from the base medium, followed by drying in a hot air oven for 12 h at 100 ◦C.

2.3. Adsorbent concentration determination and preparation

A plain filter paper was weighed using an electronic beam balance before 1 mL of absorbent was added to the filter paper and 
weighed. The initial concentration of 3.3 mg/mL of GOAg and 1.25 mg/mL of BAC was determined using the following equation (1) [1,
13]: 

Weight of 1 mL adsorbent = (WeightAdsorbent+filter paper) – WeightFilter paper                                                                                      

Fig. 1. Preparation of 1.0, 2.0, 3.0, 4.0 and 5.0 mg/mL concentrations of adsorbents using syringe.

Table 1 
Ratio of concentration of GOAg.

Concentration of GOAg (mg/mL) Volume of GOAg (mL) Volume of Saline (mL) Volume of GOAg after Dilution (mg/mL)

1.0 1.0 3.30 4.30
3.0 1.0 1.10 2.10
5.0 1.0 0.66 1.66

Table 2 
Ratio of concentration of BAC.

Concentration of BAC (mg/mL) Volume of BAC (mL) Volume of Saline (mL) Volume of BAC after Dilution (mg/mL)

1.0 2.0 2.50 4.50
3.0 2.0 0.83 2.83
5.0 2.0 0.50 2.50
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Adsorbent concentration
(mg

mL

)
=

Weight Adsorbent
1 mL Adsorbent

(Eq. 1) 

Various concentrations of adsorbents were prepared by diluting adsorbents with saline, as shown in Fig. 1. Tables 1 and 2 details 
the formulation of the adsorbents used, where the mixtures were calculated using Eq. (2) [5,6]: 

M1V1 = M2V2                                                                                                                                                                    (Eq. 2)

Where M1 is the initial concentration of adsorbent (mg/mL), V1 is the initial volume of adsorbent (mL), M2 is the concentration of 
adsorbent after dilution (mg/mL), and V2 is the volume of adsorbent after dilution (mL).

2.4. Radioactive clinical wastewater adsorption

Five bags of radioactive clinical wastewater samples with 10 mL each were obtained from a delay tank at the Nuclear Medicine, 
Radiotherapy, & Oncology Department, HUSM on the first day of RAI therapy. All samples were stored in a lead container before being 
transported to the hot laboratory. Two samples were mixed with 3.0 mg/mL of GOAg and BAC, respectively, in the hot laboratory 
behind the L-block radiation shield. All the samples were left for 30 min in the lead container to allow initial reactions prior to filtering. 
Then, each mixture was filtered using a membrane filter to obtain absorption sediment. During this experiment, the background 
exposure rate (mSv/h) of the delay tank room and laboratory was measured using a Geiger-Muller survey meter and an electronic 
pocket dosimeter for radiation safety purposes.

2.5. Morphology and characterisation

In this analysis, 3.3 mg/mL of GOAg, 1.25 mg/mL of BAC, I-131:GOAg, and I-131:BAC sediments were dropped on indium tin oxide 

Fig. 2. FESEM images of (a) 3.3 mg/mL GOAg morphology; (b) Coated I-131:GOAg sediment; (c) Agglomerated coated sediment with GOAg and (d) 
Close-up coated sediments morphology interfaces attraction with stacking agglomerated structures.
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glass substrate and left for a few days. All samples were characterised using field emission scanning electron microscopy (FESEM) to 
determine the morphological changes after adsorption at the SEM Laboratory, School of Health Sciences, Universiti Sains Malaysia. 
Each sample was coated with gold using a Leica EM-SCD005 tabletop sputter coater for 60 s at 25 mA prior to scanning with FESEM.

These samples were also analysed using Fourier transform infrared (FTIR), X-ray photoelectron spectroscopy (XPS), and X-ray 
diffraction (XRD) to identify the presence and appearance of chemical bonds for investigating the binding energy at the atomic level 
and analysing the crystallinity of pure adsorbents and sediments after adsorption of I-131 clinical wastewater.

2.6. PHITS simulation

PHITS simulation was performed to estimate the remaining beta particles during the adsorption of I-131. Three samples of 
radioactive clinical wastewater were mixed with GOAg and BAC at different concentrations (1.0, 3.0, and 5.0 mg/mL) and filtered 
using a membrane filter. The radioactivity of the residues from the filter paper and sediments after filtration was obtained using a dose 
calibrator over a function of time (A0 of 131I and its radioactive decay series [A0/4 (day 4), A0/2 (day 8), A03/4 (day 12), and total 
decay (day 16)]). The estimation of the remaining beta particles during the adsorption of I-131 was performed using PHITS simulation 
based on Eq. (3) [1,5,6]. 

A = A0.e− λt                                                                                                                                                                        (Eq. 3)

A = Radionuclide activity.
A0 = Initial radionuclide activity.
λ = Decay constant
t = Decay time.

Fig. 3. FESEM images of (a) Cracks and contaminants of BAC structures on the coated substrate (b) 1.25 mg/mL BAC with small pores (c) Stacking 
and crack BAC layers with trapped sediments (d) I-131:BAC with large pores and sediment at 10000x magnifications.
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The factors of adsorbent concentration and radionuclide combination were selected to investigate and validate the process pa-
rameters affecting the adsorption capability of the prepared adsorbent materials. Two independent variables involving three con-
centrations of adsorbents and their initial radioactivity of clinical wastewater (Bq) were investigated.

3. Results and discussion

3.1. Surface morphology of adsorbents and sediments

Fig. 2 (a) shows many uneven spots of silver (Ag) spherical nanoparticles that are randomly anchored on GO. Furthermore, Ag 
nanoparticles are not only evenly distributed on the surface of GO nanosheets but also inside the network [14]. This morphology was 
clearly demonstrated in Fig. 2 (c) with enhance magnification. This result is in line with XRD analysis, indicating the face-centred 
crystal (FCC) pattern of Ag and suggesting that Ag is intercalated on the surface of GO nanosheets. Fig. 2 (b) exhibits the surface 
morphological changes of GOAg after adsorption of I-131 wastewater. The surface morphology of the GOAg structure is depicted as the 
image’s background layer, coating the radionuclide and forming an agglomerated structure in as shown in Fig. 2 (b) and 2 (d). The 
agglomerated structure suggests that I-131 was strongly trapped together with other elements in the clinical wastewater sample. This 
agglomerated structure is attracted by GOAg, implying that there may be an interaction between I-131 and the GOAg surface through 
surface complexation, as there are abundant functional groups on the GOAg surface, such as hydroxyl, carboxyl, and epoxy groups.

Meanwhile, the well-developed porous structure of various shapes and sizes was clearly visible on the synthesised BAC surface, 
which might be macropores, mesopores, or micropores, as shown in Fig. 3 (a) and 3 (b) distinctly demonstrates an incomplete porous 
surface containing broken scratches of the porous surface’s edge, which may be due to trituration [15]. Bamboo activated carbon has 
relatively large pores suitable for large molecule adsorption as shown in Figures (b) and (d) [16]. Furthermore, well-developed pores 
resulted in a large surface area of the synthesised BAC [17]. Comparatively, the longitudinal section of the synthesised BAC in Fig. 3(b) 
was loaded with contaminants, which are I-131 and other elements in the wastewater sample resulting from the adsorption process. 
This proves the success of the activation process as the synthesised BAC efficiently trapped the I-131 wastewater [18]. Moreover, it can 
be observed in Fig. 3(c) that there were cracks on some of the porous structures on the transverse section of BAC, which may be due to 
the clogging of I-131 wastewater during adsorption.

Fig. 4. Survey XPS spectra of (a) GOAg shows the normal peaks for common elements existed with 3d Ag element; (b) GOAg:I-131 shows molecular 
interactions occurred between GOAg, I-131 and some foreign elements in the radionuclide waste water, where three new photoelectron peaks has 
been detected.

Fig. 5. O 1s core-level spectra of (a) GOAg and (b) GOAg:I-131 is almost same at 529.15 eV indicates no electron sharing between oxygen atoms and 
atoms in I-131 wastewater during adsorption.
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3.2. XPS analysis of adsorbents and sediments

The survey spectrum of GOAg is dominated by three photoelectron peaks that correspond to electrons originating in the 1s orbitals 
of carbon and oxygen, as well as electrons originating in the 3d orbitals of the Ag atom as shown in Fig. 4 (a). However, the survey 
spectrum of GOAg:I-131 shows three new photoelectron peaks of Cl 2p, N 1s, and Na 1s as shown in Fig. 4 (b). It can be deduced that 
GOAg as shown by XPS spectra in Fig. 5 (a) interacts with other elements in I-131 clinical wastewater. The core-level XPS spectra of O 
1s show a peak centred at 529.65 eV as shown in Fig. 5 (b), and no new peak was observed after adsorption. This indicates that there is 
no electron sharing between oxygen atoms and atoms in I-131 wastewater during adsorption. However, the O 1s peak decreased to 
529.15 eV, which may be due to ion exchange between oxygen functional groups and I-131 clinical wastewater [19]. In addition, the 
core-level XPS spectra for C 1s is shown in Fig. 6 (a) for GOAg before and after adsorption. There are three conjunct peaks that can be 
deconvoluted into different components with binding energies of 284.45 eV due to C = C and 285.35 eV due to C – C or C – H [13]. By 
comparing the two spectra, it can be observed that the peak intensity of C = C and C – C slightly shifted to the right after the adsorption 
of I-131 clinical wastewater. Meanwhile, the Ag 3d XPS core-level spectra of GOAg is shown in Fig. 6 (b) with peaks at 364.15 eV and 
370.05 eV due to Ag 3d3/2 and Ag 3d5/2, respectively. This suggests that Ag on the GO nanosheets exists in metallic form and was 
successfully loaded onto the GO nanosheets [20].

The survey spectrum of BAC demonstrates two photoelectron peaks of C 1s and O 1s as shown in 7 (a). On the other hand, the survey 
spectrum of BAC:I-131 shows three new photoelectron peaks of Cl 2p, N 1s, and Na 1s. It can be deduced that BAC interacts with other 
elements in I-131 clinical wastewater. High-resolution XPS spectra of C 1s excitation revealed a complex envelope indicating distinct 
carbon species at the surface of BAC. In Fig. 7 (b), the core-level XPS spectra of C 1s of BAC were resolved into four individual 
component peaks that represent C – C (284.35 eV), C=O (287.00 eV), and shake-up satellite peaks induced by π–π* transitions in 

Fig. 6. (a) C 1s core-level spectra of GOAg and GOAg:I-131 before and after adsorption (b) Ag 3d core-level spectra existed on GOAg at 364.15 eV 
and 370.05 eV.

Fig. 7. (a) Survey XPS spectra of BAC and BAC:I-131, where three new photoelectron peaks existed in BAC:I-131; (b) C 1s core-level spectra of BAC 
and BAC:I-131 was shifted to the right for π–π* transitions at 287 eV (BAC:I-131) and 290 eV (BAC).

R. Sunaiwi et al.                                                                                                                                                                                                       Heliyon 10 (2024) e38682 

7 



aromatic rings (290.07 eV) [21,22]. The intensity peaks of C–C and C=O shifted to the right while π–π* transitions shifted to the left 
after the adsorption of I-131 clinical wastewater. In Fig. 8 (a), the core-level XPS spectra of O 1s show two peaks centred at binding 
energies of 531.0 eV and 532.65 eV, which can be assigned to C=O and C–O for BAC, respectively [23]. Thus, it can be deduced that the 
functional groups introduced onto the surface of BAC are mainly hydroxyl, carbonyl, and carboxyl groups. Meanwhile, for BAC:I-131, 
the C=O and C–O was cantered at 528 eV and 530 eV as shown in Fig. 8 (b).

3.3. FTIR analysis of adsorbents and sediments

Fig. 9 (a) represents the IR spectra of GOAg and GOAg:I-131. The FTIR spectra ranging from 200 cm− 1 to 2000 cm− 1 revealed a 
strong peak for functional groups at 1637.50772 cm− 1, which corresponds to carboxylic (C=C) stretching due to the functionalisation 
process that takes place through the strong bonding of GO functional groups and Ag+ ions [24]. The peaks at 1340.48041 cm− 1 and 
1031.88060 cm− 1 can be ascribed to carbonyl groups (C=O) and vibration of epoxy groups (C–O–C), respectively [25,26]. At peaks 
between 630.70085 cm− 1 and 975.94689 cm− 1, the presence of the peak at 871.79445 cm− 1 is due to the stretching vibration of epoxy 
groups. After the adsorption of I-131 clinical wastewater, the peaks observed in the FTIR spectra of the GOAg:I-131 sediment can be 
seen in relation to GOAg, although each peak shifted slightly. This can be related to the intercalation of I-131 clinical wastewater 
within GOAg nanosheets.

Chemical bond availability and appearance changes on the surface of synthesised BAC as adsorbent under KOH activation and BAC: 
I-131 are shown in Fig. 9 (b). The spectra show a number of absorption peaks, which indicate the potential functional groups present on 
the BAC surface that may be responsible for the removal of I-131 from the aqueous solution. The highest peak at 1635.57897 cm− 1 

corresponds to the presence of the stretching vibrations of skeletal C=C in aromatic compounds [27]. The second peak at 1257.54421 

Fig. 8. (a) O 1s core-level spectra of BAC for C = O at 531.0 eV and C – O at 532.65 eV; (b) O 1s core-level spectra of BAC:I-131 for C = O at 528 eV 
and C – O at 530 eV.

Fig. 9. FTIR spectra before and after adsorption of I-131 wastewater of (a) GOAg and GOAg:I-131; (b) BAC and BAC:I-131.
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cm− 1 is attributed to C–C stretching. These peaks may significantly decrease, most likely due to polysaccharide loss during pyrolysis 
[7]. Meanwhile, the third peak observed at 1188.10925 cm− 1 can be assigned to C–O stretching, such as alcohols, ethers, acids, and 
esters. Other weak peaks were also observed, ranging from 634.55835 cm− 1 to 871.79445 cm− 1, which are associated with C–H and 
O–H group’s out-of-plane bending mode [17]. Compared with BAC, most of the wavenumber peaks in the FTIR spectra of BAC:I-131 
sediment shifted slightly towards the lower wavenumber, which may be due to the diffusion of I-131 clinical wastewater within BAC.

3.4. XRD analysis of adsorbents and sediments

Fig. 10 (a) presents the XRD pattern of synthesised GOAg before and after the adsorption of I-131 clinical wastewater. The XRD 
pattern of GOAg exhibits peaks at 2θ = 27.82◦, 29.39◦, 32.24◦, and 46.22◦ with d-spacings of 3.20 Å, 3.04 Å, 2.78 Å, and 1.96 Å, 
respectively. These peaks slightly shifted to the previously reported literature but are still in the accepted range. The intense diffraction 
peak at 2θ = 27.85◦ is attributed to the (002) diffraction plane [28]. The diffraction peaks at 2θ = 29.40◦ and 46.22◦ can be assigned to 
(220) and (200) crystallographic planes, respectively, which were indexed based on the Ag FCC structure [29,30]. The peak at 2θ =
32.24◦ corresponds to the (111) plane of Ag2O [31]. The crystalline nature of Ag was demonstrated on the XRD pattern of GOAg. The 
XRD pattern of GOAg:I-131 exhibits almost the same peaks present in GOAg, but there is a minor shift in the peak intensity towards 
lower 2θ values. This can be deduced from the intercalation of I-131 clinical wastewater within GOAg nanosheets. In addition, the 
crystallinity index (CrI) of GOAg increased from 37.43 % to 40.66 % after the adsorption of I-131 clinical wastewater.

Fig. 10 (b) shows the XRD pattern of the prepared BAC before and after the adsorption of I-131 clinical wastewater. The BAC has 
broad peaks centred at 2θ = 26.56◦ and weak peaks centred at 2θ = 43.58◦ with d-spacings of 3.35 Å and 2.08 Å, respectively. These 
two peaks correspond to the hexagonal graphite structure of small crystallites [32]. The peak centred at 2θ = 26.56◦ can be assigned to 

Fig. 10. XRD patterns of (a) GOAg and GOAg:I-131 shows the crystal structures on some plane at 2θ. GOAg:I-131 shows high crystallinity compared 
to GOAg after adsorption interactions; (b) BAC and BAC:I-131 shows amorphous structures, where the crystallinity was decreased after adsorption 
interaction (BAC:I-131).

Fig. 11. Side view of β− particle fluence of GOAg:I-131 sediment at (a) 1.0 mg/mL, (b) 3.0 mg/mL, and (c) 5.0 mg/mL in the dose calibrator.
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the (002) plane and demonstrates aromatic carbon ring stacking along the c-axis. Meanwhile, the peak centred at 2θ = 42.41◦ is due to 
diffraction along the (100) plane. The XRD pattern of BAC mainly consists of amorphous phases, which are in accordance with pre-
viously reported literature [33–35]. Moreover, it also has a sharp peak, affirming the formation of certain crystalline graphite 
structures [36]. The XRD pattern of BAC:I-131 has the same peaks present in BAC, but there is a small shift in the peak intensity 
towards lower 2θ values. This may be explained by the intercalation of I-131 clinical wastewater within BAC. The crystallinity of BAC 
decreased from 68.37 % to 58.69 % after adsorption of I-131 clinical wastewater.

3.5. PHITS simulation of β− particles during adsorption

The fluence of β− particles is a result of the decay of beta-particle-emitting radionuclides in I-131 wastewater. Based on Fig. 11 (a), 
the sediment at 1.0 mg/mL shows more fluence of β− particles than GOAg:I-131 sediment at 3.0 (Fig. 11 (b)) and 5.0 mg/mL (Fig. 11 
(c)). This condition is confirmed with energy distribution comparison of β− particles as shown in Fig. 12(a and b and c). However, the 
β− particle fluence became less significant as the concentration of GOAg increased. This indicates that a high concentration of GOAg is 
more efficient in reducing the radioactivity of I-131 clinical wastewater as active interactions occur at the initial stage of high 
radioactivity due to the energetic ion interaction between iodine and GOAg at the molecular level. In addition, GOAg is composed of a 
variety of surface moieties, giving GOAg the ability to easily coagulate with anions in I-131 radionuclide wastewater and to form strong 
surface complexes via chemisorption during agglomeration.

Fig. 13 shows the simulation on the side view of β− particle fluence in the dose calibrator of BAC:I-131 sediment with different 
concentrations. The β− particle fluence became less significant as the concentration of BAC increased, indicating that a high con-
centration of BAC is more efficient in the adsorption of I-131 clinical wastewater. This is due to the presence of various functional 
groups on the BAC surface that actively trap the radionuclide molecules at high concentrations. In contrast, the β− particle fluence of 
the sediment at 1.0 mg/mL as shown in Fig. 13 (a) is more significant compared to the BAC:I-131 sediment at 3.0 and 5.0 mg/mL, as 
shown in Fig. 13 (b) and 13 (c), respectively. This can be deduced that the functional groups and elemental compositions of BAC are 
able to reduce the radioactivity of I-131 in clinical wastewater by accelerating decay. This is proved by comparing the energy dis-
tribution of β− particles detection using dose calibrator for BAC:I-131 sediments at 1.0 mg/mL, 3.0 mg/mL and 5.0 mg/mL as shown in 
Fig. 14 (a) and 14 (b) and 14 (c), respectively.

Fig. 12. Energy distribution of β− particles of GOAg:I-131 sediment at (a) 1.0 mg/mL, (b) 3.0 mg/mL, and (c) 5.0 mg/mL in the dose calibrator.

Fig. 13. Side view of β− particle fluence of BAC:I-131 sediment at (a) 1.0 mg/mL, (b) 3.0 mg/mL, and (c) 5.0 mg/mL in the dose calibrator.
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4. Conclusions

In this study, GOAg and BAC primarily demonstrated their capability to isolate I-131 clinical wastewater. The active interaction 
between I-131 clinical wastewater and oxygen-containing groups within carbon-based adsorbents is clearly shown by the shifted peaks 
observed in the XPS and FTIR spectra. The crystallinity index for GOAg increased but decreased for BAC after adsorption of I-131 
clinical wastewater due to natural structures of synthetic and natural carbon-based materials. Simulation of β− particles using PHITS 
shows that the elemental composition of adsorbent at any concentration can reduce the radioactivity of I-131 in clinical wastewater. 
The finding shows GOAg has high potential as alternative antibacterial radionuclide adsorbent for future clinical radioactive waste-
water management in nuclear medicine.
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