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Abstract

Iodine (I2) in the form of iodide ions (I−) is an essential chemical element in the human body. 

Iodine is a nonmetal that belongs to the VIIA group (halogens) in the periodic table. Over the 

last couple of centuries, the exponential growth of human society triggered by industrialization 

coincided with the use of iodine in a wide variety of applications, including chemical and 

biological processes. However, through these processes, the excess amount of iodine eventually 

ends up contaminating soil, underground water, and freshwater sources, which results in adverse 

effects. It enters the food chain and interferes with biological processes with serious physiological 

consequences in all living organisms, including humans. Existing removal techniques utilize 

different materials such as metal–organic frameworks, layered double hydroxides, ion-exchange 

resins, silver, polymers, bismuth, carbon, soil, MXenes, and magnetic-based materials. From our 

literature survey, it was clear that absorption techniques are the most frequently experimented 
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with. In this Review, we have summarized current advancements in the removal of iodine and 

iodide from human-made contaminated aqueous waste.

Graphical Abstract

1. INTRODUCTION

Iodine is the 53rd element in the periodic table. However, the molecular form (I2) is not 

found in nature, whereas iodide is the anion of iodine (I−) that can pair with cations of 

metallic elements such as calcium, sodium, potassium, etc. to form salts that are commonly 

found in nature or can be produced synthetically. These iodide salts can be found in 

seaweed and mineral deposits, to name some potential sources of iodine.1 Bernard Courtois 

discovered iodine in 1811 through a fortuitous accident during the period of the Napoleonic 

wars. At the time, the French army needed large amounts of potassium nitrate or saltpeter 

(KNO3) for making gunpowder, which was sourced from the ashes of seaweed. During the 

process of making KNO3, Courtois added an excess amount of sulfuric acid to the reaction 

mixture, which led to the formation of purple cloud-like vapors that later on condensed 

into lustrous crystals. Two years later in 1813, Joseph Gay-Lussac named these crystals 

iodine, a word derived from the Greek word iodes, meaning “violet-colored”.1 Since then, 

applications of iodine have expanded beyond gunpowder manufacturing as a byproduct 

in the form of iodide salts that have found utility in a variety of applications such as 

photographic chemicals, disinfectants, inks, dyes, catalysts, feed supplements, polarizing 

filters for liquid crystal displays (LCDs), and radiotherapy, among many others (Figure 1). 

Although these miscellaneous uses are beneficial to our society,2–4 they do produce large 
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quantities of iodine waste,5–7 some even radioactive,8 that spread around the globe, causing 

environmental disasters. Therefore, in a quest to mitigate these environmental effects, 

several research groups have put in significant efforts to tackle this issue by exploring 

different chemical/physical approaches through development of new materials to remove 

iodine from our environment.9

More specifically, the reported studies have focused on developing different 

strategies and materials for iodine removal, such as nanoparticles,10 membrane filters 

(reverse osmosis,11–14 nanofiltration,11,13–17 ion exchange,18,19 and electrodialysis20), 

electrochemical techniques,21,22 absorption techniques (layered double hydroxides,23–28 

modified activated carbon,27,29–31 silver impregnated activated carbon,32,33 silver-doped 

carbon aerogels,34–37 ion exchange resins,38,39 soils,40–42 and composites43), and 

oxidants.44

There are 37 known isotopes of iodine (108I to 144I), and all isotopes decay except 127I, 

which is a stable isotope of iodine that is used in the applications listed below. In chemistry, 
127I is primarily used in oxidation reactions,45 while in medicine, KI (127I) is used as a 

supplement to protect against radioactive iodine. Radioactive isotopes of iodine, 123I and 
125I, are used as nuclear imaging tracers to evaluate the physiological function of the 

thyroid glands, whereas, 131I (half-life of 8 days) is used for the treatment of thyroid 

cancer or other physiological conditions of the thyroid glands (e.g., hyperthyroidism).46 

The use of this artificial radioisotope (131I) has saved many lives, including my brother’s 

(MVZ Alfredo Bugarin Cervantes). He was treated with radioactive 131I for his thyroid 

condition (hyperthyroidism). Two weeks after his treatment, he drove through the United 

States–Mexico border, where nuclear radiation alarms sounded halfway into the Rio Grande 

bridge. His truck was stopped and surrounded by armed border patrol officers, and after 

interrogation, he was released. For us, it was an incredible experience to determine the 

sensitivity of those alarms that were able to detect such trace amounts of radioactive isotopes 

and secure our borders. The radioactive and stable isotopes of iodine are widespread in 

our environment, including soil and freshwater sources, and the production of iodine waste 

is inevitable, thus making it imperative to develop cost-effective and efficient technologies 

for the removal of iodine from the environment. Recently, Asmussen et al. documented 

developments of iodine wasteform production.47 They described current efforts to develop 

materials capable of the capture, recovery conversion, and disposal of iodine. They also 

mentioned the highly toxic radioiodine, which is an inevitable waste byproduct from nuclear 

fission released during standard operation of nuclear power plants or by accidents such 

as the Fukushima and Chernobyl disasters.48 Besides people working in nuclear power 

plants that might be exposed to radioiodine emission, iodine ions can also come from 

other sources such as chemical plants, pharmaceutical industries, food processing, high-tech 

industries, and hospitals. Wastewater polluted with iodine causes contamination of potable 

and groundwater,49 which will increase the risk of thyroid cancer.50 Typically, exposure to 

iodine could present short-term effects such as (1) irritation, skin burns, and eyes damage; 

(2) fumes that might harshly irritate both nose and throat; and (3) headache, metallic taste, 

nausea, vomiting, diarrhea, and abdominal pain. Longer exposure or higher doses will cause 

chronic health effects including cancers and reproductive hazards, among others.50
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In this review, we have organized and summarized the most up-to-date technologies and 

strategies developed for the removal of iodine from the environment and their potential 

extrapolation to the removal of radioactive iodine isotopes.

2. REMOVAL OF RADIOACTIVE IODINE

2.1. Metal–Organic Framework-Based Materials.

In recent times, the porous metal–organic framework (MOF) has emerged as a promising 

class of materials for the extraction of I2 from gases and liquids. Xu et al. used {[Zn3(DL-

lac)2(pybz)2]·2.5DMF}n (lac-Zn), a porous zinc-based polycrystalline, double-walled MOF, 

for removal of radioactive I2 from cyclohexane. In these MOFs, the presence of confined 

nanochannels that are lined with a π-electron wall and high pore volume resulted in 

maximum adsorption of I2 of about 755 mg/g with an initial efficiency of 92.98%. 

Interestingly, this efficiency fell down to 78.21% within 216 min of adsorption. Mechanistic 

insight involving Raman characterization revealed the formation of I3
− during the iodine 

capture.51 A recyclable cross-linked chitosan-MOF composite (Figure 2a) demonstrated an 

I2 removal capacity of 399.68 mg/g at room temperature from wastewater. This chitosan 

MOF demonstrated high chemical and thermal stability with better performance under acidic 

conditions. The mechanism indicated that chitosan allowed for increased I2 adsorption 

through charge–charge (–NH3
+…I−) interactions between sugar and I2. The authors also 

proposed an alternative mechanism in which the iodine adsorption happens through the 

formation of host–guest complexes.52 A nanocomposite material, poly(vinylidene fluoride)

(PVDF)/zeolite-based MOF (ZIF-8), was able to reach a maximum adsorption capacity of 

73.33 mg/g with an I2 removal efficiency of 73% after 180 min (Figure 2b). This composite 

material was pH-sensitive with a working range of pH 5 to 12 and maintained high I2 

removal efficiency for up to 5 cycles.53 On the other hand, nanoflakes of multilayered 

zeolitic imidazolate frameworks-L (ZIF-L) deposited on a microporous silicon carbide 

membrane exhibited 100% and 96% removal efficiency for I2 from cyclohexane. The high 

efficiency of ZIF-L was attributed to its hierarchical structure and 6-membered windows in 

the cagelike structure (Figure 2c).54 A hybrid material of Cu2O nanoparticles encapsulated 

with MOF-TMU-17-NH2 exhibited an I2 adsorption of 567 mg/g after 22 h at room 

temperature in liquid and vapor phases. The I2 removal occurred through chemisorption, 

and the composite material exhibited 98% recyclability after 4 cycles.55 A PVDF composite 

material containing 70 wt % zirconium-based MOF was synthesized by a phase inversion 

method and displayed a maximum I2 adsorption capacity of 1.42 g/g at 80 °C, which 

increased at 120 °C. This MOF had a high readsorption capacity of up to 0.99 g/g in the 

third cycle.56 A low-cost, dense, porous, natural basswood structure doped with zeolitic 

imidazolate MOF (ZIF-8) demonstrated I2 adsorption capacities of 1.07 and 1.09 g/g from 

cyclohexane and N2 stream, respectively. The porous vertical channel-like structure of 

the wood provided ideal conditions for the circulation of gas and solvent containing I2. 

Although the ZIF-8/wood composite was 30 min slower to attain adsorption equilibrium 

compared to ZIF-8 alone, it displayed significantly better adsorption capacity and kinetics.57 

A 3D MOF ({[Mn2(oxdz)2(tpbn)(H2O)2]· 2C2H5OH}n) containing flexible and angular 

carboxylic acid-based dual linkers and a flexible bis(tridentate) ligand displayed 100% 

reversible sorption of I2 with an uptake capacity of 1100 ± 50 mg/g. The high adsorption 
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capacity is attributed to the large pore volume and interaction of I2 with the π-system of the 

polarized oxadiazole moiety in the MOF. Mechanistic insights through simulations revealed 

that the incoming iodine interacted with the highly polarized electron-rich π-system of the 

oxadiazole moieties of the MOF.58 Zhang et al. reported an open metal-sulfide-based MOF 

((NH4)2(Sn3S7)) with I2 sorption capacities of 2.12 and 6.12 g/g under dynamic and static 

conditions, respectively. A detailed mechanistic insight revealed that the MOF captured 

I2 through chemical as well as physical adsorption of I2. The porous framework of the 

MOF allowed for molecular diffusion that resulted in physical adsorption and a soft–soft 

interaction between S2− and I2. This led to the formation of S8 and I−. Furthermore, the 

NH4
+ in the channels physically adsorbed I3

− through electrostatic and hydrogen bonding 

interaction. As the adsorption progressed, Sn4+ reacted with I− to form SnI4, leading to 

unprecedented adsorption capacity of the MOF.59 Wang et al. synthesized a thermally stable, 

highly porous, 3D covalent organic framework (COF) with inherent diamond topology 

knotted by adamantane units for I2 capture. This COF with an 8-fold interwoven skeleton 

and 1D nanochannels lined with π-conjugated pore walls achieved exceptional I2 sorption 

capacity of 2300 mg/g with an uptake capacity of 66 wt % under harsh conditions.60 

Interestingly, the adsorption and desorption cycles of I2 caused structural changes in the 

COF that allowed for a high recyclability of up to 80% of the original capacity. Song et al. 

successfully tested an imine-based COF for I2 extraction with high I2 sorption capacities of 

up to 5.82 and 0.99 g/g in vapor and solution phases, respectively. It was interesting to find 

out that in addition to the high pore volume of this COF, the imine and the benzene moieties 

in the pore walls acted as binding sites for I3
−.61 A 3D mesoporous coordination polymer 

(Ni3(BTC)2·12H2O) was synthesized by using ultrasound irradiation to remove I2 from a 

gas stream. The ultrasound irradiation and sequential dipping steps in the synthesis process 

allowed for well-directed growth of porous organic polymer (POP)62 particles leading to 

controlled adsorption and desorption of I2.63

2.2. Silver-Based Adsorbents.

A column covered with silver foil (Goodfellow, 0.020 ± 0.003 mm, purity = 99.9%) on 

the inner surface was used to adsorb radioactive I2 that was produced by a MYRRHA 

reactor, a lead–bismuth eutectic cooled proton accelerator driven system. The silver material 

effectively adsorbed I2 evaporated from the eutectic mixture at all tested conditions.64 

A silver-functionalized silica aerogel (AgAero) was tested for the safe sequestration of 

radioactive iodine from nuclear waste streams and subsurface environments. The AgAero 

exhibited selective, rapid, and complete removal of I2 from deionized water, which was 

better than Hanford Site Waste Treatment Plant samples containing 5 to 10 ppm of I2. The 

AgAero was able to remove all halides but preferentially removed I2 over Br2 and Cl2.65 

The silver-exchange mordenite materials were studied for their I2 adsorption, regeneration, 

and recycling abilities. The X-ray fluorescence data confirmed the formation of AgI within 

the mordenite channels in addition to surface AgI nanoparticles following I2 exposure.66 

A silver-doped apatite Pb10(VO4)6I2 was evaluated for the removal of radioactive I2 from 

waste streams. The I2 uptake of the silver apatite was 9.0 wt % with a loading efficiency 

of 94.62%.67 Kim et al. used Ag-coated spherical alumina particles for I2 extraction from 

alkaline solutions. This composite material was very robust with I2 removal and recovery 

efficiencies of 99.7% and 62%, respectively.68
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2.3. Porous Organic Polymer-Based Materials.

Porous organic polymers (POPs) have emerged as a promising avenue for the extraction of 

I2 from gaseous and liquid phases. Pan et al. developed a nitrogen- and sulfur-rich POP 

via a catalyst-free hydrothermal process that displayed an excellent reversible I2 uptake 

capacity of 326 wt % for volatile I2 at 78 °C and ambient temperature. Interestingly, this 

POP was able to release 78.3% of the adsorbed I2 in methanol through a controlled release 

process. The POP displayed excellent recyclability (5 cycles), which was attributed to its 

high physicochemical stability.69 Changani et al. reported a highly recyclable polydopamine/

polypropylene membrane for I2 extraction. The material was tested in static and dynamic 

conditions with extraction capacities of 245 and 206 mg/g, respectively. The study revealed 

the formation of I3
− during the process, which interacted with the phenolic group of the 

dopamine and resulted in extraction of I2 from the liquid phase (Figure 3).70

A pillar[5]arene-based microporous polymer with high nitrogen content had I2 removal 

efficiencies of 222.5 wt % and 80% in solvent and vapor phases, respectively. The 

adsorption mechanism revealed the formation of I3
− and I5

− during the process, and I2 

uptake and sorption remained constant for up to 5 cycles.71 Yu et al. synthesized a series of 

bisindole[3]arene (BID[3]) macrocycles with high iodine capture capacity ranging between 

4.49 and 5.12 g/g. It was noted that these BID[3]s adsorbed 2.41 to 2.81 iodine molecules 

per indole unit, thus indicating that the iodine was adsorbed on the interior and exterior 

surfaces of the macrocycle. The FTIR analysis indicated disappearance/weakening of the C–

N stretch upon iodine uptake, thus indicating the crucial role of indole in iodine capture.72 

A hyper-cross-linked, nitrogen-rich triazine- and pyrrole-based POP developed by Li et al., 

with a nitrogen content of 8.04 wt % and a surface area of 222.8 m2/g, demonstrated an I2 

uptake capacity of 257 wt %. The high performance of this POP is attributed to the presence 

of an extended π-electron environment within the structure.73

2.4. Carbon-Based Materials.

A hollow carbon-based supported polyhedron nanoparticle adsorbent material synthesized 

by a wet impregnation method demonstrated an I2 removal capacity of 40 mg/g. This 

material performed best at 10% carbon loading at 20 °C.74 A commercially available 

activated carbon (KAD coal) with an average grain size of 2.25 mm had an I2 adsorption 

capacity of 1.03 g/g for an I2 solution with a concentration of 1 g/L. This material was 

robust, easy to recycle, and maintained high sorption capacity for up to 8 cycles.75 Yilmaz 

et al. used a single-walled carbon nanotube (SWNT) which performed I2 removal with 

an efficiency of 22.60% and an adsorption capacity of 1.356 mg/g. This performance was 

attributed to the large surface area and high adhesive strength of the SWNT after interaction 

with 131I.76 The removal percentage for 131I follows the following order: SWNT (22.60%) > 

graphene oxide (18.01%) > –COOH-functionalized SWNT (15.28%) > graphene (14.63%) 

(Table 1).

2.5. Bismuth-Based Adsorbents.

Alsalbokh et al. investigated the extraction of I2 from aqueous solutions 

using aminosilane-grafted mesoporous alumina (γ-Al2O3) in which they employed 

three types of aminosilanes.77 But the mesoporous alumina containing 3-(N,N-
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dimethylaminopropyl)trimethoxysilane (Al-DMAPS) showed the highest performance at 50 

°C after 24 h with a 95% I2 removal efficiency and an adsorption capacity of 241 mg/g 

(Table 2). The Al-DMAPS had 2.3–10.3% leaching of I2 during the first 12 h and 30.4% 

after 24 h, indicating that this material is ideal for quick removal of I2. Alsalbokh et al. 

investigated a series of aminosilane-grafted bismuth alumina (Bix/Al2O3) adsorbents for I2 

adsorption.78 The study revealed the dependency of I2 adsorption on the type and amount 

of amine used in the process, with Bi15/Al-DMAPS exhibiting adsorption capacities of 

215.7 mg/g (30 wt % DMAPS) and 251.5 mg/g (60 wt % DMAPS). The Bi15/Al-DMAPS 

exhibited no signs of leaching even after 24 h, while Bi15/Al2O3 leached 11% of I2 after 

8 h. Yang et al. developed bismuth-based poly(vinyl alcohol) (PVA) adsorbents with an 

I2 removal capacity of 468 mg/g from off-gas stream.79 This capacity is 1.9-fold higher 

than that of the commercial silver-exchanged zeolite (AgX). Their follow-up work on 

bismuth-embedded SBA-15 mesopores silica functionalized with thiol groups (Bi-SBA-15-

SH) effectively captured I2 with the highest capacity of 540 mg/g.80 The leaching test 

revealed a nominal loss of 0.29% I2, indicating long-term storage and disposal capabilities 

of Bi-SBA-15-SH. Bismuth-mordenite (Bix@ modernite) developed by Al-Mamoori and 

co-workers demonstrated an adsorption capacity of 538 mg/g for I2 with a 2.5-fold 

enhancement relative to the bare zeolite and significantly better than Ag@modernite under 

harsh conditions.81 Leaching studies revealed that at 25 °C, approximately 36% of the I2 

was released after 24 h, indicating a limitation as far as permanent geological disposal of I2 

is concerned.

2.6. MXene-Based Materials.

The 2D-layered MXene-PDA-Ag2Ox hybrid material synthesized by using a combination 

of mussel-inspired chemistry and the deposition of Ag2Ox nanoparticles (Figure 4a) had an 

I2 adsorption capacity of 80 mg/g with 80% efficiency at pH 5. This efficiency dropped by 

50% after 5 cycles of adsorption and desorption. Moreover, the performance of the material 

also reduced by 50% in the presence of CO3
2− and Cl− due to anionic interference.82 Sha 

et al. reported MXene-based bismuth oxide (MXene-PDA-Bi6O7) composites with an I2 

adsorption capacity of 64.65 mg/g.83 This material functioned at pH 5 with no significant 

change in performance after 5 cycles of adsorption and desorption. A modified ionic-liquid-

functionalized MXene synthesized by using a combination of mussel-inspired chemistry and 

Michael addition reaction had a high adsorption capacity of about 694.4 mg/g and a removal 

efficiency of 90% (Figure 4b).84 The cyclic adsorption–desorption study indicated a loss 

in performance after each cycle. They also performed another study on I2 adsorption using 

polyionic liquid (PIL)-functionalized MXene (MXene-PIL) absorbent.85 The MXene-PIL 

made by a microwave-assisted, multicomponent in situ reaction between polyionic liquid 

(PIL) and MXene had an adsorption capacity of 170 mg/g.

2.7. Column-Based Materials.

Hakimi Sakuma et al. extracted 125I from an aqueous solution of NaI by using a chemical 

and column-based method and monitored it by using 125I γ-ray analysis.86 The coagulation–

flocculation and pH experiments in the chemical method that used alum and Praestol 

exhibited the highest decontamination factor (DF) value of 2 at a pH range of 5–6, whereas 

the use of ferric chloride and Praestol resulted in a DF value of 4.8 in a pH range of 
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6–7. The column method conducted using soil and kaolin clay materials had a DF value 

of 3.2, indicating that the chemical method using ferric chloride and Praestol is the best 

method to remove 125I ions from acid systems. Decamp et al. used a silver-doped CL and 

XAD-4 resin mixed-bed column for the removal and retention of 131I from radioactive 

waste.87 It was found that 1 grade CL resin was ideal for the 131I extraction with retention 

yields of up to 88 ± 5%. Nandanwar et al. reported carbon nanopolyhedrons supported on 

Engleharld Titanosilicate-10 (C@eTs-10) as a sorbent for I2 and Kr from off-gas stream 

using a continuous flow adsorption column system.88 The sorbent containing 10 wt % 

C@ETS-10 had maximum sorption capacities of sorbent for I2 and Kr of 57.77 and 0.2933 

mg/g at 20 °C, respectively, thus making it an ideal candidate for I2 and Kr capture from an 

off-gas stream using a continuous flow adsorption column.

2.8. Magnetic-Based Materials.

Madrakian et al. extracted I2 from water samples using silica-coated magnetic nanoparticles 

coated with imidazole pendants (im-SCMNPs) (Figure 5).89 The im-SCMNPs exhibited 

98% removal efficiency and an adsorption capacity of 140 mg/g at pH 7 with a max loading 

of only 50 mg of im-SCMNPs. Attallah et al. tested three derivatives of synthetic hematite: 

fibers (SH1), granular nanohematite (SH2), and nanoparticles (SH3) for the removal of 131I 

from aqueous solutions.90 It was found that the SH1 had the highest removal efficiency 

(90%) and an absorption capacity of 26.74 mg/g of iodine for systems under the following 

conditions: pH 1, V/m 0.1 L/g, for 30 min at 25 °C, and an initial concentration of 300 ppm.

2.9. Layered Double Hydroxides.

Although most of the reported approaches focus on the removal of I− from gas streams, it 

is imperative to also give credit to layered double hydroxides (LDHs) as important sorbent 

materials.91 In this regard, Fetter et al. used various sol–gel and precipitated hydrotalcites 

for the sorption of 131I− from aqueous solutions.92 The materials were tested at two thermal 

treatments: dried at 343 K and calcinated at 500 K during 2 h. The sorption data for 

calcinated hydrotalcites showed better I− affinity than that of the dried samples. This could 

be due to removal of considerable amounts of CO3
2−, NO3

−, and Cl− ions upon calcination 

that left open anionic sites of I− sorption. Curtius et al. used Mg-Al-Cl-LDH hydrotalcite 

adsorbent prepared by following the coprecipitation method developed by Weiss and Toth 

for I− sorption.93,94 They reported 50% adsorption capacity for I− by Mg-Al-Cl-LDH in 

the following conditions: initial concentration of 4.25 × 10−5 mol/L in water, at 25 °C, 

and pH 8.5 after equilibrium that was achieved after 2 days. The addition of a 0.01 M 

MgCl2 solution significantly reduced the I− adsorption capacity to 30% and no sorption 

at 0.1 M MgCl2 due to the competing anion effect from Cl−. Kentjono et al. studied the 

utility of LDHs (Mg-Al(NO3)LDH) for the extraction of boron and I2 from wastewater at a 

polarizer manufacturing facility in Taiwan.95 Although the Mg-Al(NO3)LDH had a nominal 

I2 uptake capacity of 10.1 mg/g, it was more effective for boron removal. Theiss et al. used 

Zn6Al2(OH)16(CO3)·4H2O (3:1 Zn/Al) LDH sorbent for the removal of 127I2 and 127I− from 

water.96 A gram of Zn/Al LDH extracted 99.5% of I2 but removed only 36.8% of I−. Thus, 

this indicates that Zn/Al LDH is more efficient for the removal of I2. Overall, three portions 

of 3 g of Zn/Al LDH were needed to completely remove all species of iodine.
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2.10. Ion-Exchange Resins.

Yu et al. used an in-house setup of anion-exchange resin (Figure 6) for the removal of I2 

from crude salt water (obtained from a chlor-alkali plant), which was used for caustic soda 

production.97 The salt water used contained 1.7 mg/L of iodine. The adsorption rate for 

all iodine species in pure water was much higher than in salt water due to the lack of a 

competitive anion effect. The sequence of adsorption capacity in pure water was I− > I3
− > 

I2 > IO3
−, while in salt water it was I2 > I3

− > I− > IO3
−. The adsorption of I3

−, I−, and IO3
− 

was based on the anion-exchange mechanism, whereas the I2 adsorption involved reaction 

of I2 with Cl− to form ClI2
−. The scale-up experiment was able to reduce the concentration 

of iodine to up to 0.2 mg/L after 20 days of uninterrupted, continuous operation. Its actual 

exchange capacity was determined to be 1.75 mmol/g.

2.11. Other Materials.

Chen and co-workers studied I2 removal by ionic liquid (IL) 1-butyl-3-methylimidazolium 

acetate [BMIM][Ac] from cyclohexane (containing 0.2644 and 0.3840 g/L of I2) and 

monitored it with 1D and 2D correlation UV–vis spectroscopy.98 They quantified and 

discriminated between certain features of the IL involved in the extraction process such as 

the halogen bonds and the induced force interaction, resulting in I2 sorption. It was noted 

that the halogen bonds contributed about 100–91% to I2 sorption in the time range of 140–

590 min, while the induced force contributed only 0–9% during the same time period, thus 

indicating that in [BMIM][Ac] the I2 extraction primarily occurs through the halogen bonds. 

Another comprehensive study involving a series of ILs found that the halogen bond played 

a critical role in I2 extraction.99 Interestingly, this work revealed that cations were mere 

spectators in the process, whereas halogen containing ILs bound I2 tightly, thus explaining 

their higher extraction efficiencies as a result of halogen bonding.

DeSilva et al. reported a simple method to enhance the p-type semiconducting properties of 

CuI by removal of an excess amount of I2 while using thiocyanate (SCN) as a dopant.100 

The excess I2 was removed by simple digestion of CuI in acetonitrile as free I2 reacted with 

Cu to form CuI. Ali et al. tested a self-priming venturi scrubber for the I2 removal efficiency 

under submerged and nonsubmerged conditions. The submerged conditions indicated the 

highest efficiency of 99.9 ± 0.1%, which was higher than the nonsubmerged conditions.101 

Later on, Gulhane et al. studied the I2 removal efficiency in a self-priming venturi scrubber 

under submerged conditions using different pH solutions as a scrubbing liquid.102 The 

maximum iodine removal efficiency of 66.62% was achieved in solutions at pH 10. Zhou 

et al. studied the performance of I− vapor adsorption in a self-priming venturi scrubber and 

reported that the absorption efficiency increases remained around 99% by adjusting the flow 

rate of an aqueous solution.103 Bal and collaborators designed, developed, and fabricated 

a laboratory-scale venturi scrubber for the removal of I2 in a filtered containment venting 

system (Figure 7).104 The I2 removal experiments were conducted using KI solution and 

compared with water as a scrubbing liquid. The I2 removal efficiency with normal water was 

70.13%, while the use of KI solution increased it to 82.32%, due to the fact that I2 reacted 

with KI to form a more water-soluble potassium triiodide (KI3).
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3. REMOVAL OF RADIOACTIVE IODIDE

Iodide contamination produced as a byproduct of nuclear fission poses a serious 

environmental concern to the health of current and future generations. This is primarily 

due to high mobility, long half-life (t1/2) of 1.7 × 107 years, and high solubility of I− in 

water as an anion, 129I, can easily bioaccumulate and concentrate in the thyroid, resulting 

in cancers.50 This makes it imperative to reduce the levels of iodine in the environment 

through environmental policies and advancements in technology. In the following section, 

we discuss several methods and techniques for removal of iodide from aqueous media. The 

performance of these methods in terms of amount (mg) of I− or I2 adsorbed per gram of 

material (adsorption capacity (mg/g)) and removal efficiency (%) has been highlighted in 

Table 3.

3.1. Carbon and Metal-Doped Materials.

In one of the very initial studies on I− extraction, Yang and co-workers used a microporous 

activated carbon fiber (ACF) material with a surface area of 1660 m2/g as an efficient 

sorbent material for the removal of I− from water, acetic acid, methanol, and ethanol-based 

solutions. The ACF was effective under static and dynamic conditions with an extraction 

capacity of 350 mg/g and was easily regenerated by He flushing at 200 °C, thus promoting 

easy recycle and reuse.107 A similar study by Rong et al. used a mesoporous, hierarchical 

Al2O3 carbon fiber for the removal of I− from water with a 92.3% extraction efficiency 

(Figure 9a).108 Meanwhile, Qian and co-workers used a porous carbon sphere (PCS) derived 

from the carbonization of poly(vinylidene chloride) with unique surface morphology and 

pore size (0.8–1.2 nm) for the removal of I−. The ideal length-to-diameter ratio (L/D) of 

the pore structure in PCS allowed for an elevation in the linear velocity of the flow of 

acetic acid and an increase in acceleration, thus promoting diffusion of I− into the inner 

structure of PCS.109 Previously, Ikari et al. used natural organic material (NOM)-based 

activated carbon (AC) to reveal the influence of factors like chlorination and presence of 

Br− on the residual concentration of I− in water. Cl2 allowed for the formation of HOI 

that reacted with NOM to form absorbable iodine, whereas the presence of Br− resulted in 

the formation of HOBr, which converted HOI to water-soluble IO3
− anion, thus impeding 

I− extraction.110 A hydrothermally synthesized, amine-doped carbon aerogel exhibited a 

maximum I− adsorption capacity of 0.1079 g/g. This material had a consistent adsorption 

behavior at 318 K and functioned optimally at low pH.111 A carbon-doped, silica-based 

aerogel displayed an excellent I− adsorption capacity of 2.5 mmol/g at low pH (1.5). 

The material followed a Langmuir adsorption isotherm model, which is indicative of the 

adsorption of I− in the form of a monolayer. The high capacity of this material was attributed 

to the continuous 3D porous morphology within the sheetlike structure.112 Mushtaq et al. 

fabricated a hybrid nanocomposite membrane composed of gold nanoparticles and cellulose 

acetate membranes with an I− removal efficiency of 99.88% in a continuous, aqueous, and 

single filtration process.113 This material was highly recyclable, took less than a minute 

to remove I−, and maintained high efficiency and selectivity in the presence of a high 

concentration of competitive anions (i.e., PO4
−, Cl−, and OH−).
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Sánchez-Polo and co-workers used silver-activated carbon aerogel for the removal of Br− 

and I− from drinking water. The carbonization and activation of the aerogel led to an 

increase in porosity and number of binding sites for Ag adsorption that enhanced the 

capacity for halide removal from water.114 The Ag-Ag2O-coated carbon sphere composite 

material synthesized by Yu et al. performed optimally at pH 2.1 with an adsorption capacity 

of 374.91 mg/g. This composite material exhibited high selectivity in the presence of 

competitive anions with an exception of CO3
− and was easily regenerated by ozonolysis for 

use in the next cycle (Figure 8a).115 The CuO2/Cu-doped activated carbon synthesized by 

Zhang and co-workers displayed >90% removal efficiency within 90 min for the removal of 

I− from wastewater in a two-stage adsorption process.116 Han and co-workers synthesized 

bismuth-functionalized graphene oxide (Bi-GO) to remove I− and IO3
− from an aqueous 

system.117 The Bi-GO exhibited superior kinetics and selectivity over a commercial silver-

exchanged zeolite with removal efficiencies of ≥95% for I− and IO3
−.

3.2. Metal-Doped Polymeric Resins.

Nabipoor Hassankiadeh et al. tested Ag-doped cationic resins for methyl iodide extraction 

from acetic acid under varying temperature and flow rate conditions. The Ag content in 

the resin is linearly correlated to iodide extraction; the better performance of Ag/Amberlyst 

15 is attributed to the higher surface area and pore volume in the resin.118 The study on 

silica-based, quaternized poly(4-vinylpyridine) ion-exchange resin by Ye et al. indicated that 

the resin worked best with solutions at pH 6 with an I− concentration of 0.1 mmol/L (Figure 

9b).119 Sarri et al. studied high and low molecular weight polyethylenimine-epichlorohydrin 

resins, which were tested for I− extraction from aqueous systems. The high molecular 

weight resin exhibited adsorption capacities of up to 638.8 and 603.3 mg/g at pH 3 

and 7, respectively, whereas the low molecular weight resin had capacities of 552.4 

and 507.5 mg/g, respectively. The performances of these polymer resins decreased by 

50% and 80% in the presence of Cl− and SO4
− anions, respectively.120 Baimenov et 

al. developed hydrophilic, polymer-based, Ag-doped cryogels: coallylamine-methacrylic 

acid-DMAA-BisAAm (AAC) and coallylamine-2-acrylamido-2-methyl-1-propanesulfonic 

acid-DMAA-BisAAm (SAC). These cryogels acted as a scaffolding to house Ag-NPs with 

AAC and SAC exhibiting maximum loading capacities for I− adsorption of 326 and 247 

mg/g, respectively.121

3.3. Metal Nanoparticle-Based Materials.

Zia et al. used a Ag/Fe3O4 nanocomposite which displayed an adsorption capacity of 847 

mg/g for I2 removal from aqueous media. This material exhibited high I− selectivity in 

the presence of competitive ions (Cl−, Br−, and PO4
−), good recyclability, and a removal 

efficiency of approximately 94% after 7 cycles.122 Rosenberg et al. reported the removal of 
131I from soil by chemical treatment in the presence and absence of I− carrier, H2O2, and 

AgNO3.105 The quantification of the I− removal was performed using gamma spectroscopic 

analysis, which showed that 45 ± 1% of I2 was removed using AgNO3 and carrier, although 

a lower performance of 17 ± 1% was achieved using H2O2 and HNO3 reagents. Mu et al. 

used layered sodium niobate nanofibers with anchored Ag2O nanocrystals (Ag2O-SNF) to 

remove radioactive I− and Sr2+.106 The presence of Ag2O on the nanofiber resulted in the 

formation of AgI and led to a high adsorption capacity (296 mg/g) with the removal of more 
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than 97% of the I− anions from aqueous solution. The material displayed high performance 

in basic condition but can be used in acidic and neutral conditions as well. Mao et al. 

conducted a comparative study between Ag-, Cu-, and AgCu-doped Cu2O nanoparticles and 

found that AgCu-doped Cu2O nanoparticles (NPs) displayed excellent selectivity for I− and 

worked well under various harsh conditions such as pH, presence of competitive anions, and 

seawater.123 Their subsequent work on Cu-doped Cu2O nanoparticles indicated sensitivity 

toward the presence of a competitive anion and exhibited a linear relationship between the 

amount of Cu content in the NPs and the capacity to remove I− from aqueous solution 

(Figure 9c).124 Jang et al. showed that the modified magnetic NPs coated with cationic 

surfactants, hexadecyltrimethylammonium, exhibited an adsorbent capacity of 322.42 mg/g. 

These NPs exhibited a maximum efficiency of 93.81% for solutions at pH 3.9, a temperature 

of 43 °C, and an initial I− concentration of 113.8 mg/L with over 80% selectivity in the 

presence of competitive anions.125

3.4. Metal-Doped Hierarchical and Layered Materials.

Synthetic Ag-zeolite nanocomposites showed an efficiency of 94.85% for I− removal from 

aqueous solutions via the formation of stable AgI in the material. The competing anions 

had a negligible effect on the performance of Ag-zeolite with a maximum capacity for 

I− of up to 20.44 mg/g.126 A similar study on natural zeolite decorated with Ag2O and 

Ag0 nanoparticles demonstrated an I− removal capacity of 132 mg/g through the formation 

of AgI (Figure 9d). The I− removal was higher than expected based on the Ag content. 

Postadsorption characterization of this zeolite indicated the formation of negatively charged 

AgI colloids that accounted for removal of an excess amount of I−. The study indicated 

complete removal of I− by zeolite composites at the 100 min mark for solutions containing 

200 ppm of I−.127 Zhao et al. synthesized a silver-doped, water-soluble metal–organic 

framework (MOF) MIL-101(Cr)-SO3Ag by reacting AgNO3 with MOF MIL-101(Cr)SO3H 

for the removal of I− from aqueous systems. The uniform formation of –SO3
− (from 

–SO3H), which has a high affinity for Ag(I), led to uniform distribution of Ag in the 

MOF. The Ag–MOF had significantly smaller surface area and pore size compared to the 

undoped MOF, but it displayed higher I− adsorption capacity (244.2 mg/g) compared to 

the undoped MOF (94.1 mg/g). This higher sorption is due to the formation of AgI, as 

evident from PXRD and zeta potential measurements.128 Liu et al. reported flowerlike 

micro/nanostructure bismuth oxide Bi2O2.33 for the removal of I−.48 The mesoporous 

structure of Bi2O2.33 led to high adsorption values of 284.9 mg/g (I−) and 228.8 mg/g (IO3
−) 

with low leaching efficiencies of 2.3% (I−) and 0.8% (IO3
−), respectively. The material is 

highly selective for I−, but the adsorption efficiency lowered to 60% in seawater due to 

competition from the CO3
2− and Cl− ions. Zhang et al. synthesized hierarchically porous 

bismuth oxide/layered double hydroxide (Bi2O3/LDH) composites by using a combination 

of a biological template method, in situ growth, and deposition techniques to study the 

I2 removal from aqueous solutions.129 The I− absorption studies revealed that for a 30 

mg dosage of Bi2O3/LDH composites, the I− removal efficiency was 94%. Interestingly, 

I2 absorption dropped to 15.13% and 20.49% in the presence of CO3
−2 and F− ions, 

respectively.
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Liang et al. used a Mg/Al (4:1)-based calcined layered double hydroxide (CLDH) to extract 

I− from wastewater. It was noted that this CLDH displayed the highest uptake capacity 

of 96 mg/g for I−, which was attributed to the large size of I− that was suitable for a 

lower charge density of CLDH.130 Ma et al. developed nanocomposites of Mg/Al layered 

double hydroxide (MgAl-LDH) intercalated with polysulfide (Sx
−) groups. The control 

experiment revealed that the reducing property of polysulfide helped the conversion of I2 

to I3
− while simultaneously oxidizing to S8 promoted the chemisorption of I2. Furthermore, 

it was observed that the MgAl-LDH physically adsorbed I2, leading to high adsorption 

capacity despite its low BET surface area. The material displayed adsorption capacities from 

1.32 to 1.52 g/g and a maximum adsorption of 152 wt %.131 A similar study of calcined 

core–shell Fe3O4@Mg/Al LDH indicated that a 4:1 Mg/Al ratio efficiently elutes I− from 

aqueous solutions with a capacity of 105.04 mg/g. This improved capacity was attributed 

to the maximum spacing between the hydroxide layers. Furthermore, the LDH performed 

with >80% efficiency for up to 4 cycles.132 Theiss et al. used Zn–Al (3:1) LDH for I2/I− 

removal. This LDH exhibited an efficiency of 36.8% for the removal of I−. The regeneration 

of the LDH after the first cycle was difficult, indicating that this material has a potential 

for long-term storage of I−,133 although it is worth noting that the LDH efficiency for the 

removal of I2 is about 99.5%. Zang et al. used Bi2O3-decorated mesoporous silica for I− 

removal from aqueous solutions (Figure 8b). The high surface area of mesoporous Bi2O3 

in the hexagonally packed silica channels allowed for removal of up to 2.87 mmol/g (229.6 

mg/g) of I−. The mesoporous Bi2O3-based silica was able to selectively remove I− in the 

presence of NO3
− and Cl−.134 Sha et al. used MXene-polydopamine (PDA)-Bi6O7-based 

nanocomposites that exhibited an I− adsorption capacity of 64.65 mg/g at equilibrium. The 

nanocomposite displayed pH sensitivity with an optimal performance at pH 5. The recycle 

experiment data revealed a decrease in the adsorption efficiency (<20%) in the third and 

higher cycles.135 Liu et al. used CuCl to precipitate I− from aqueous solutions. The results 

indicated an optimal removal efficiency of 95.8% at a dosage of I− between 5 and 40 mg/L 

and a reaction time of 15 min. The presence of HCO3
− reduced the efficiency of I− removal 

to 76.0%.136

As depicted in Figure 10, the most used materials for the removal of I2/I− ions have 

been LDHs, followed by carbon-based materials and MOFs. Unfortunately, it is somehow 

difficult to really assess the advantages/disadvantages of each category. This is mainly due 

to their differences in composition, durability, stability, recyclability, efficiency, adsorption 

capabilities, and of course standardization protocols.47 However, LDHs and carbon-based 

materials are relatively easy to prepare. Although MOFs act as better I2/I− ion sensors, 

they are impractical for use in industrial-scale processes because they are usually prepared 

as powders. Furthermore, POPs have shown higher iodine capacities when compared with 

MOFs and other adsorbents.62

4. CONCLUSION AND OUTLOOK

The contamination of the water environment with toxic inorganic and organic contaminants 

is a serious issue across the globe. Hence, the purification of water resources is of critical 

importance to improving or reaching sustainable ecosystems. Furthermore, it is necessary to 

develop environmentally friendly and highly effective procedures for the removal of toxic 
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and hazardous chemicals from water bodies. For many years, toxic heavy metals and ions 

such as I2/I− have been discharged by various industrial activities into water bodies, which 

causes many health issues for living organisms. Hence, it is essential to control the iodine 

concentration in water and the environment. However, a complete picture of the iodine 

removal methods from the water environment has not been drawn yet. Therefore, the present 

Review discussed miscellaneous methods reported in the literature for the removal of I2/I− 

ions from water.

For the selection of the best method for I2/I− ion removal, we should consider many key 

factors, including operation cost, ion concentration, materials used and cost, environmental 

impact, pH, removal efficiency, and disposal of the used materials. The reviewed methods 

can be classified into three broad categories: adsorption, membranes, and electrochemical 

techniques. Those three broad methods utilize materials. For instance, different adsorbents 

have been used (e.g., silver-based, carbon-based, bismuth-based, MXene-based, polymers-

based, magnetic-based, and MOFs). For membranes, the most used techniques are nano- 

and microfiltration, reverse osmosis, and electrodialysis), while electrolysis and deionization 

are the preferred electrochemical techniques. From all the techniques, adsorption is one of 

the most promising methods used for the removal of I2/I− ions due to its straightforward 

operation, high removal rate, low cost, and scalability. However, their reusability is still 

challenging. Another disadvantage of adsorption techniques is the low ion selectivity, 

whereas membrane techniques are more efficient in doing this, albeit at highest cost.

In summary, I2/I− ion removal by adsorption and membrane approaches are the most 

practical techniques reported in the literature as seen by the number of publications. 

However, there are still a few challenging questions/issues that need further research such 

as the following: (A) How can the methods be scaled up? (B) Is it possible to implement 

continuous flow approaches? (C) Could those methods work equally at low or high ions’ 

concentration? (D) Can the mass-to-mass adsorption and rate versus material used be 

standardized? (E) Are those reported methods I2/I− ion-selective? (F) What about metal 

leakage? (G) Is material regeneration possible, especially for the membrane approaches? 

(H) An assessment of energy consumption and environmental impact for all processes 

(from material preparation to recovery and disposal) must be completed. Therefore, future 

technologies should focus on sustainable and eco-friendly materials that can be produced 

at low cost, while maintaining excellent adsorption/desorption cycles for easy regeneration. 

It is also imperative that further studies include actual wastewater rather than lab-made 

solutions when investigating iodine/iodide removal. Finally, we expect this Review will 

inspire the scientific community to design and develop other smart, sustainable, and 

functional materials for the removal of I2/I− ions from the environment.
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Figure 1. 
Notable iodine containing compounds and their applications.
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Figure 2. 
SEM images of (a) cross-linked chitosan MOF, (b) PVDF/ZIF-8 nanocomposite, and (c) 

ZIF-L@SiC. Reprinted with permission from refs 52, 53, and 54. Copyright 2020 Elsevier, 

2020 Elsevier, and 2021 Elsevier, respectively.
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Figure 3. 
Scheme depicting the mechanism of iodine removal via the polypropylene/polydopamine 

membrane. Reprinted with permission from ref 70. Copyright 2020 Elsevier.
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Figure 4. 
(a) Scheme illustrating surface modification of delaminated MXene with silver oxide. 

Reprinted with permission from ref 82. Copyright 2020 Elsevier. (b) Scheme representing 

preparation of MXene-PDA-IL from MXene through the combination of mussel-inspired 

chemistry and Michael addition reaction. Reprinted with permission from ref 84. Copyright 

2021 Elsevier.
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Figure 5. 
Reaction scheme illustrating the modification of magnetic nanoparticles with imidazole 

(im-SCMNPs). Reprinted with permission from Madrakian, T.; Afkhami, A.; Zolfigol, M. 

A.; Ahmadi, M.; Koukabi, N. Nano-Micro Lett. 2012, 4, 57–63. Copyright 2012 Springer. 

Licensed under CC-BY-4.0, https://creativecommons.org/licenses/by/4.0/.
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Figure 6. 
Purification system used in this work for the removal of iodine from salt water: (a) 

adsorption system and (b) control system. Reprinted with permission from ref 97. Copyright 

2019 Elsevier.
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Figure 7. 
Picture of the experimental setup of a venturi scrubber using a filtered containment venting 

system. Reprinted with permission from ref 104. Copyright 2018 Elsevier.
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Figure 8. 
Scheme depicting the synthesis of materials used for iodide extraction: (a) Ag-Ag2O-coated 

carbon sphere composite material and (b) Bi2O3-decorated mesoporous silica. Reprinted 

with permission from refs 115 and 134. Copyright 2018 Elsevier and 2017 Elsevier, 

respectively.
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Figure 9. 
(a) Hierarchical Al2O3 carbon fiber, (b) silica-based polymeric ion-exchange resin, (c) 

bimetallic AgCu/Cu2O nanoparticles, and (d) Ag-zeolite nanocomposite. Reproduced with 

permission from refs 108, 119, and 124. Copyright 2017 Elsevier, 2019 Elsevier, and 

2017 Elsevier, respectively. Reprinted with permission from Inglezakis, V. J.; Satayeva, 

A.; Yagofarova, A.; Tauanov, Z.; Meiramkulova, K.; Farrando-Pérez, J.; Bear, J. C. 

Nanomaterials 2020, 10, 1156. Copyright 2020 Multidisciplinary Digital Publishing 

Institute. Licensed under CC-BY-4.0, https://creativecommons.org/licenses/by/4.0/.
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Figure 10. 
Different categories of adsorbents with the number of appearances (articles) given in this 

Review.
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Table 1.

Iodine Adsorption Capacities and Removal Efficiencies of Various Materials

Material Adsorption capacity (mg/g) Removal efficiency (%) Ref

{[Zn3(DL-lac)2(pybz)2]·2.5DMF}n (lac-Zn)  755   92.98 51

Epichloridine-2-aminoterephthalic acid-chitosan    399.68 – 52

PVDF/ZIF-8   73.33   73 53

ZIF-L – 100 54

Cu2O/TMU-17-NH2  567 – 55

Zirconium-based MOFs 1.42 – 56

Zeolitic imidazolate loaded in porous natural basswood 1.09 – 57

{[Mn2(oxdz)2(tpbn)(H2O)2]·2C2H5OH} n, with a heterocyclic dicarboxylate 
linker (H2oxdz:(4,4′-(1,3,4-oxadiazole-2,5-diyl)dibenzoic acid))

   1.1 100 58

COF-DL229 2300   66 60

Tfp-COFs 5820    99.9 61

Ni3(BTC)2·12H2O (NiBTC)   160 – 63

AgAero  88 – 65

Pb10(VO4)6I2 –    94.62 67

Ag-Alumina –  99 68

DTO-BTT-THO   326 – 69

PP/PDA membrane   245  75 70

PAN-FPP5   700  70 71

2,4,6-Triphenyl-1,3,5-triazine-pyrrole –      8.04 73

Supported hollow carbon nanostructured polyhedron adsorbent material  40 74

KAD coal 1030 – 75

Single-walled carbon nanotubes (SWNTs)      1.356     22.60 76

Graphene oxide      1.081     18.01 76

–COOH-functionalized SWNT      0.917     15.28 76

Graphene      0.878     14.63 76
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Table 2.

Iodine Adsorption Capacities and Removal Efficiencies of Various Materials

Adsorbent material Adsorption capacity (mg/g) Removal efficiency (%) Ref

Al-DMAPS 241 95 77

Al-APS 124 51 77

Al-MAPS 223 87 77

Bi15/Al-DMAPS  251.5 – 78

PVA 468 – 79

Bi-SBA-15-SH 540 – 80

Bi5@modernite 538 – 81

MXene-PDA-Ag2Ox   80 80 82

MXene-PDA-Bi6O7   64.65 – 83

MXene-PDA-IL  694.4 90 84

MXene-PIL 170 – 85

Mixed-bed column – 88 ± 5 87

C@ETS-10   57.77 – 88

im-SCMNPs   140.84 98 89

SH1 nanofibers     26.74 90 90

Mg-Al-Cl-LDH 500 – 93

Mg-Al (NO3) LDH    10.1 – 95

Zn/Al LDH – 99.5 (I2), 36.8 (I−) 96

Ionic liquids  80 98–99 99

Submerged self-priming venturi scrubber – 99.9 ± 0.1 101

Self-priming venturi scrubber – 66.62 102

Self-priming venturi scrubber – 99 103

Venturi scrubber – 82.32 104

Soil treated with AgNO3 – 45 ± 1 105

Soil treated with H2O2 and HNO3 – 17 ± 1 105

Ag2O-SNF 296 97 106
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Table 3.

Iodide Adsorption Capacities and Removal Efficiencies of Various Materials

Material Adsorption capacity (mg/g) Removal efficiency (%) Ref

Activated carbon fiber 350 90 107

Al2O3 activated carbon – 92.3 108

Poly(vinylidene) chloride carbon sphere – 70 109

Activated carbon – 90 110

Carbon aerogel chemically modified with tri(octyl-decyl) amine  107.9 – 111

(3-Glycidyloxypropyl) trimethoxysilane carbon-based aerogel  317 – 112

Au-CAM membrane – 99.88 113

Ag-carbon aerogels – – 114

Ag-Ag2O carbon sphere   374. 91 – 115

Cu2O/Cu carbon sphere – 90 116

Bi-GO   230 ≥95 117

Ag/Amberlyst 15 – 99 (CH3I) 118

Si-poly(4-vinylpyridine)   149 96 119

polyethylenimine-epichlorohydrin   649 – 120

Ag°/Ag2O cryogels   326 – 121

Ag/Fe3O4   847 – 122

AgCu/Cu2O   65.2 85.1 123

Cu/Cu2O   25 – 124

Magnetic NPs-montmorillonite   322.42 93.81 125

Ag-NP zeolite     20.44 94.85 126

Ag-natural zeolite    132 95 127

Ag-MOF    242 – 128

Bi2O2.33    284.9 – 48

Bi2O3/LDH    101.9 94 129

Mg/Al-CLDH  376 – 130

Fe3O4@Mg/Al-LDH  105 80 132

Zn/Al-LDH – 36.8 133

SBA-15-Bi2O3  364 91 134

MXene-PDS-Bi6O7     64.65 – 135

CuCl – 95.8 136
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