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1. Current and Potential Selected Nanomaterials for Water Treatments

1.1 Carbon Nanostructures

The reactive carbon atoms can form direct covalent bonds with other carbons elements 

through different hybridization states (sp, sp2, sp3) that result in wide range of carbon 

nanostructures such as 0D fullerene, 1D CNT and CNF, 2D GFM and 3D carbon 

superstructures.1 Due to their different sizes and crystallinity, the properties of carbon 

nanostructures are completely different;2 suggesting their potential applications in wastewater 

treatment would be varied significantly. Based on size variations (from bulk to nano state), 

the carbon nanostructures would have different surface energies3; which ultimately determine 

their stiffness and adhesion energy. An understanding of these energies is critical in terms of 

knowing the aggregation and dispersibility of the carbon nanostructures in water. However, 

efficacious hybrid NMs-based technology (e.g., carbon aerogels, thin films, etc.) for water 

purification can be build up by merging 0D, 1D, and 2D carbon nanostructures. CNTs are 

found popular in wastewater treatment than the other carbon nanostructures may be because 

of their well-defined pore structures and surface functionality that facilitate specific surface 

reactions. 

1.1.1 Fullerene 

Fullerenes commonly known as buckyballs are classified as an intermediate between 

long spherical organic molecule and sp2 and sp3 hybridized nanoallotrope. Initially observed 

in 1985 as the predicted C60 molecule consisting of 60 carbon atoms.4, 5  Subsequently C20, 

C70, C80, C94 and similar structures have been discovered, but C60 has been the most 

extensively studied to date. Fullerene is synthesized via Kratschmer-Huffman AD6 and 

chemical synthesis methods.7 Fullerene carbon atoms arrange in 12 pentagonal (perfect 

structure) and 20 hexagons to build a truncated icosahedra (spherical) structure, i.e., a 

fullerene (C60) consisting of 20 + 2n carbon atoms will have n hexagons. The external 

diameter of a fullerene molecule is 0.71 nm.2 Fullerenes are chemically stable and can be 

easily functionalized by wet chemical agents. Fullerene is photocatalytically active in solar 

spectrum, but may not be beneficial for adsorption due to low SSA (5 m2/g)8. BCC-research 

proclaims that the fullerene market would exceed US $4.7 billion by 2016, but most of its will 

be used in energy sector.9 The price of C60 was US $0.33/kg in 201010 which is currently 

about US $4536/kg11 with the high cost due to complicated purification strategies (e.g., C60 

needs to be isolated from other fullerene molecules). In order to use fullerene for bulk water 

treatment; the cost of the material should not exceed US $45/kg. 
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1.1.2 Carbon Nanotube

CNT is one of the quintessential and fascinating NMs of the 21st century. Although 

initially a fortuitous discovery,12 Iijima (1991)13 later atomically defined the material. Among 

CNT synthesis methods, chemical vapor deposition (CVD) is more popular than arc discharge 

(AD) and laser ablation (LA) for CNT production because of its low cost, simple set-up that 

utilizes cheap catalysts (Fe, Ni, Co etc.) and carbon sources (coal, charcoal, asphalt etc.).14 

CNT is composed of a hexagonal array of sp2 carbon atoms (graphite sheet) rolled to in a 

cylindrical tube-like shape with one end initially capped by a fullerene-like tip that is easily 

oxidatively opened.15 CNT can be categorized as either single-walled carbon nanotube 

(SWCNT) consisting of a single graphene sheet16 where 1/3 are metallic and 2/3 are 

semiconductive depending on chirality. On the other hand, multi-walled carbon nanotube 

(MWCNT) composed of 3 or more concentric multiple graphite sheets where all are 

conductive.13 The CNT length can be in µm range, and the SWCNT diameter (0.2-2.0 nm) 

and the MWCNT diameter (2-100 nm). CNT have superior properties such as high 

mechanical (elasticity:   1 TPa and tensile strength: 50-500 GPa), thermal stability (>700oC), 

and electrical conductivity (3000-3500 W m-1 K-1).17-19 In regard to water treatment, CNT 

have been used as adsorbents, photo- and biocatalysts supports, antimicrobial surface, 

membranes, and sensors.20, 21 Commercial CNT potential can be estimated from its market 

production value of US $37 million (SWCNT) and US $630 million (MWCNT) and is 

expected to reach US $1.1 billion by 2016.22 Nearly 750 metric tons of CNT were utilized 

over the past few years for energy and environmental applications and continues to increase.23 

Current prices of SWCNT and MWCNT are US $25-300 and US $0.10-25/g, respectively.24 

While MWCNT may not have some of the superior SWCNT individual properties, the 

significant cost reduction would more than compensate for performance reduction while still 

providing an enhanced material. It has been calculated that average costs of SWCNT is US 

$1.26 and 2.2/g for organic and inorganic pollutants removal, respectively. On the contrary, 

MWCNT will decrease cost to US $0.22 and 0.57/g for organic and inorganic pollutant 

removal, respectively.24 Here it is important to note that since there is no actual cost per mass 

of pollutant removed has been reported, Adeleye et al.24 measured some rough cost using a 

snowball-type approach by taking information from existing studies. Cost was determined 

using the cost to treat a volume of wastewater with a given engineered NMs-based technology 

relative to the typical influent concentration for a given pollutant. The cost of NMs for 

pollutant removal that we mention below has been determined from Adeleye et al.24 in order 

to show a rough idea of their commercial feasibility, but one should not forget that cost of 
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such technology depends on their reusability, pollutants concentration, types, wastewater 

matrix etc.

1.1.3 Carbon Nanofiber

CNF is a sp2-based carbon allotrope consisting of noncontinuous graphite fiber. CNF 

synthesized by using catalytic CVD and catalytic-plasma-enhanced CVD methods.25 

Alternatively, electrospinning is a common method to produce continuous CNF26, 27due to 

simple methodology.45 CNF have an average diameter of 50-200 nm and an aspect ratio ≥ 

100. CNF graphene layer geometry can be categorized into platelet, herringbone/fishbone and 

ribbon, or tubular perpendicular alignment, tilted and parallel to the fiber axis, respectively 

(Fig. S1 (a, b and c)). Alternative CNF family members are stacked-cup/cone-stacked and 

cone-helix consisting of truncated cones with helix architectures resulting large hollow cores 

(Fig. S1 (d)).25 

Fig. S1. Examples of CNF: (a) platelet, (b) ribbon and (c) herringbone. Structural difference 

between the (d) CNF and (e) CNT. Panels a, b and c reprinted with permission from ref.2 

Copyright 2014 American Chemical Society; and panels d and e reprinted with permission 

from ref.28 Copyright 2005 American Institute of Physics.

CNF cone-helix lack of hollow core which is viewed as a main difference from CNT. If α = 0, 

a continuous CNT structure will be restored (Fig. S1 (e)). CNF with cone and tilted-graphene 
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sheet motifs can be characterized when α > 0. Thence the angle determines the 

physicochemical properties of CNF. In general, CNF has almost similar physicochemical 

properties such as high mechanical, electrical, and thermal properties to CNT. CNF has been 

studied in detail as an adsorbent for water pollutants, it uses for catalysis, separation, and 

advanced redox has yet to be widely studied. Pyrograf Products Inc. reports nearly 70,000 

pounds of CNF have been produced in recent years with the market price ranging from US 

$200 to 1000/kg.29     

1.1.4 Graphene Family Members

Pristine graphene (PG) is single atom thick sp2 hybridized carbon in a 2D honeycomb 

lattice and is the fundamental building block of graphite. Boehm et al.30 first experimentally 

identified PG in 1962, and a complete characterization was eventually completed by 

Novoselov et al.31 in 2004. PG is synthesized by exfoliation of graphite in presence of specific 

organic solvents under ultrasonications.32 Based on the number of layers presence, PG 

classifies as single, a few- (2-5), multi- (2-10) graphene monolayer. Graphene layers >10, but 

<100 nm in thickness or lateral dimensions constitute a graphite nanoplate/sheet. Two 

alternative GFM are graphene oxide (GO) and reduced GO (rGO) synthesized by the 

oxidative exfoliation of graphite33-36 and reduction of the GO, respectively.36-38 Graphene 

quantum dot (GQD) is a recently identified GFM.39 GFM have physicochemical properties, 

e.g., (Young’s modulus: 1 TPa, intrinsic strength: 130 GPa, electronic mobility:  2.5×105 cm2 

V−1s−1 and thermal conductivity: >3000 WmK−1).40 GFMs have been examined as adsorbents, 

photo- and biocatalysts supports, membranes, antimicrobial materials and sensors. Several 

market research services suggest future GFM market prices of US $126 million (Lux 

research), US $1 billion (Graphenea), and US $390 (IDTechEx’s) by 2020, 2022, and 2024, 

respectively.41 Current GFM prices range from US $2.50 to 1000/g. About 1 mg of organic 

pollutants removal from aqueous solution will cost US $1.77 and US $5.23 using GO and 

rGO, respectively;24 suggesting a high expensive option than the CNT and CNF. 

 

1.2 Metal and Metal Oxide Nanoparticles

Noble metal42 and metal oxide43-45 NPs have large surface area, but much lesser than 

the carbon nanostructures; and can be easily functionalized with chemical groups to increase 

affinity for target pollutants to be removed. In the bulk state, most of the metal particles have 

shown low reactivity. Decreasing the metals size at nanoscale helps to expose more surface 

reactive atoms and the functional groups which have been located at distal places will come-

up closer for enhanced chemical reactivity. But because of their high reactivity, the NP 
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undergoes self-oxidation processes and become extremely unstable. Therefore, they have 

been widely studied as a component of nanocomposites rather than isolated counterpart. 

1.2.1 Nanoscale Zero-Valent Iron

Nanoscale zero-valent iron (nZVI) can be synthesized using top down methods (e.g., 

abrasion, grinding, milling, and lithography) and bottom up approaches (e.g., chemical 

reduction, ultrasound, and electrochemistry).46 It has zero valent metallic iron core surrounded 

by iron oxide surface layer. Most of the synthesized nZVI has diameter in the range of 10-100 

nm, which can be controlled via synthesis method selected. nZVI is widely used as a building 

block permeable reactive barriers for in-situ ground water remediation, particularly; 

perchlorates, arsenic (As) and chlorinated hydrocarbons.47 NANOFER 25S is a commercial 

nZVI-based technology, which shows a high reactivity with a large scale of pollutants and 

very low degree of agglomeration. Worldwide >50 nZVI pilot projects48 have been 

implemented suggesting that nZVI is effective for environmental clean-up (adsorption, 

degradation, and precipitation) because of its reactivity, abundance, and low cost (US 

$3.75/kg ARS Technologies Inc., New Jersey, USA). It costs only US $0.00077/mg of As 

removal from water. 

1.2.2 Nano Silver 

Pristine Ag NP is a crystalline form of metal Ag (0) particle having at least one 

dimension in between 1 and 100 nm. They are obtained by wet chemistry, ion implantation 

and biogenic processes.49 Ag NP produced with a number of morphologies such as spherical, 

rod, prismatic, and cubic with the size and shape controlling reactivity. For example, 

decreasing Ag NP size increases antibacterial activity50 because of greater SSA and Ag 

toxicity as function of Ag+ dissolution. Ag NP are high thermal and electrical conductive, and 

surface enhanced Raman scattering (SERS) making them versatile for  application field.49 Ag 

can be used as either individual NP for water disinfection or it has potential to work as a 

component of other nanocomposites used for adsorption, catalysis, separation, and sensors. 

The commercial price of Ag NP is US $ <10/g, and a cartridge having 120 g of Ag NP-based 

antimicrobial composite can provide 3700 L of drinking water for a 5 member family. An 

expense for this has been calculated only US $2 for media replacement, sediment pre-filter, 

plastic assembly, and cartridge packing.24 It has been used in household water filter for a 

longer period of time.51
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1.2.3 Nano Titanium Dioxide

Titanium dioxide (TiO2) is a well-known transition metal oxide semiconductor. 

Nanoscale TiO2 can be provided in a number of morphologies such as NP, nanotubes, and 

nanorods. Based on their synthetic method (e.g., sol-gel, hydrothermal, solvothermal etc.) and 

conditions, one can scrutinize size-dependent properties such as surface reactivity, 

mechanical, optical, and electrical characteristics that are a function of surface and bulk 

crystallinity. TiO2 NP exists as three major polymorphs e.g., rutile, anatase, and brookite, that 

all have octahedral coordination. Rutile is more thermodynamically stable than anatase and 

brookite. Anatase is photo-active in the solar spectrum, and thus has been studied widely for 

water treatment. TiO2 abundance and stability promote industrial use, e.g., paints, papers, 

pigments, antimicrobial coatings, and environmental application.52 The US alone (Altair and 

DuPont)53 produced 1.5 Mt bulk TiO2. Realizing this market demand, only the US produces 1 

Mt bulk TiO2 in 2016 where nearly 10% being TiO2 NP and within 10 years >90% is 

projected to be nano. Current price of TiO2 NP ranges from 0.03 to 1.21 USD, and the 

treatment cost is between US $0.50 and 1.0/g of water pollutants removal using engineered 

TiO2.24 Graver Technologies and DOW international companies commercialized MetSorb and 

ADSORBSIA™, respectively which utilize TiO2 NP as convenient and cost effective options 

for removing As from drinking water. In addition, some commercial TiO2 photocatalysts e.g., 

Nippon Aerosil P-25,54 Kronos,55 Tayca TKP101, TKP102, and Evonik P25 are available in 

the market. Since photocatalysts are not degraded in the production of oxidizing radicals, their 

recrudescence and reusability would be a possible chance for their wide applications in water 

treatment. 

1.2.4 Nano Iron Oxide

Iron oxide NP is produced in the forms of magnetite (Fe3O4) and its oxidized form 

maghemite (γ-Fe2O3) and both forms are magnetic. They can be synthesized by co-

precipitation, thermal decomposition, microemulsion, and flame pyrolysis.56 Ferrite displays 

superparamagnetic behavior when their sizes <128 nm,56 and shows magnetic behavior 

(saturation, Ms: 90 emu/g)57 when an external magnetic field is applied. Iron oxide NPs have 

been widely used as supports for other NPs and polymers to magnetically recover adsorbents 

and catalysts in both lab and field experiments. The price of Fe3O4 NP was US $0.44/g in 

2010, and is currently significantly reduced at bulk levels.10 ArsenXnp (SolmeteX Inc., 

Philadelphia, PA, USA)58 is a commercially available magnetic NPs based adsorbent for As 

removal and can be easily regenerated. In summary, a magnetic NP has all essential properties 

which should be present to be an ideal NP for wastewater treatment. For example, it has 
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surface at which contaminants attached, a shell that provides stability and protects from 

oxidation and a core that facilitates their recovery. 

1.2.5 Nano Silicon Dioxide

Silicon dioxide (SiO2) is naturally abundant and convenient NP (5-25 nm) for water 

treatment. SiO2 is produced by sol-gel process, reverse microemulsion, and flame synthesis.59 

SiO2 NP having diameter (<5 nm) will have greatly increased surface silanol groups (≡Si-

OH),60 which can be used to graft of foreign organofunctional groups or anchor metal ions to 

the surface (≡Si-OH) groups. The low production cost, high accessibility, non-toxicity, and 

environmental safety have resulted in  SiO2 NP being used in a number of water treatment 

sectors such as adsorptions, catalysis and membranes. SiO2 NP market was US $1.62 billion 

in 2014 due to its usage in a variety of commercial products.61 The cost of SiO2 NP for water 

treatment is difficult to estimate, since SiO2 NP are commonly used as composite materials. In 

summary, because of its diverse availability and specificity, SiO2 NP can be implemented in 

continious manner and target specific pollutant removal, respectively.

1.2.6 Nano Zinc Oxide

Nanoscale zinc oxide (ZnO) have typical diameters of 20-45 nm and can be produced 

in a range of morphologies e.g., nanoflowers, nanorods, nanowires, tetrapods, NPs, and 

spheres, by a number of methods such as hydrothermal, sol-gel, CVD, laser ablation, 

ultrasound, and anodization.62 ZnO has a tetrahedral crystal structure with a hexagonal unit 

cell appears as noncentro-symmetric structure.63 ZnO NPs are transparent and have a high 

electron mobility, and ambient luminescence. Water purification have evaluated the use of 

ZnO NPs as adsorbent, photocatalyst, and disinfectant. Current global market demand of ZnO 

NP is 30,000 t/year.64 US-Research International Inc. determines an average cost of pure ZnO 

NP (80-200 nm) is US $0.46/g which can be used as a less expensive alternative to Ag NP for 

water disinfection, if the efficiency of both are same in actions. Therefore, if highly reactive 

ZnO NP able to be used at appropriate environment espicially antimicrobial and 

photocatalysis will become one of the most promising wastewater treatment technologies due 

to its flexible and manifold implementation and easy scalability.

1.2.7 Nano Aluminum Oxide

Aluminum oxide (Al2O3) NP typically consists of α, γ, δ, and θ phases among which α 

is thermodynamically stable and can be synthesized by sol-gel, hydrothermal, ball milling, 

pyrolysis, and laser ablation.65 Al2O3 NP has been widely used because of its enhanced 
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properties, e.g., high stability and hardness, electrically insulating and transparent. Al2O3 NP 

is popular in the fields of adsorption, catalysis, antimicrobial as well as additive to ceramic 

and polymer membranes. Current commercial price of Al2O3 NP (<50 nm) is US $3.7/g, 

which is relatively expensive as compared to other NPs (e.g., nZVI, TiO2) for water treatment. 

Nevertheless, α-Al2O3 has been commercially used as a component of ceramic composite 

membrane. NanoCeram® (Argonide Corporation, Sanford, FL, USA) is a filter media 

fabricated using Al2O3 nanofibers and cellulose and effective adsorptions of organic dirt, 

bacteria, viruses, and proteins. To conclude, compared with many NPs, Al2O3 would be a first 

priority NP for scientists for developing wastewater treatment technology especially catalysis 

and membrane where stability is a major concern. 

1.2.8 Nano Ceramic 

Ceramic NPs are composed of inorganics such as hydroxyapatite, zirconia (ZrO2) and 

others66 that are sythesized by sol-gel, sintering, and laser ablation. Bulk cerramic is brittle 

and break upon impact, whereas cermaic NP is a very light, strong, flexible, durable, extremly 

heat, and chemically stable.67 Ceramic NPs have been widely studied for membrane 

separation, however, ceramic membranes cost 5-10 times higher than classical polymer 

membranes,68 which may be offset by incraesed recyclability of the highly stable ceramic 

membrane. Commercial ceramic membranes are CeraMem® and Membralox® which have 

been used as point-of-use (POU) devices for water purification. Therefore, ceramic based 

wastewater treatment technology would have high separation characteristics and long working 

life even in harsh wastewater effluents. 

1.2.9 Nano Zeolite

Zeolites are naturally abundant aluminosilicate minerals with nanometer scale (0.3-1 

nm) 3D open crystalline structures. The channels and cavities of zeolite crystals are made by 

tetrahedrally coordinated oxy-anions such as SiO4 and/or AlO4. The overall zeolite charge 

depends on the extent of 3+/5+ doping. Pure SiO2 without any defects is neutral, whereas 

negative charges appear by replacement of some Si4+ atoms by Al3+. Although zeolite can 

adsorb heavy metal pollutants, zeolite based ceramic membrane has caught considerable 

attention for water desalination. Estimated global zeolite consumption is 2 Tg/year driving 

synthetic zeolites production (e.g., zeolite-A produced by Linde Corporation).69 Mitsui 

Engineering & Shipbuilding commercializes NaA type zeolite membrane70 for fractionation 

of azeotropes (e.g., isopropanol/water, acetonitrile/water and methylethylketone/water) cannot 

be completely separated by distillation. Therefore, dosing of zeolite into wastewater treatment 
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technology can substantially improve characteristics and quality of treated water by saving on 

energy and chemical agents.

1.2.10  Other Inorganic Nanoparticles 

Numerous other NPs have been examined for water purification technology, such as 

gold (Au), magnesium oxide (MgO), copper oxide (CuO), manganese oxide (MnO2), cerium 

oxide (CeO2), ZrO2, and others.71 Similar to the predominant NPs, they have been used either 

alone or as component of various composites for adsorption, catalysis, and disinfection 

processes. Au NP is relatively expensive (US $400/g, US Research NM Inc.), but has 

physicochemical attributes and optoelectronic properties for chemical and biological senors72 

and catalysis.73 MgO is a low cost NP for inorganic metal ion adsorption and as an 

antimicrobial agent.71 CuO is often used for ground water remediation (mainly As)74 and has 

antimicrobial activity. MnO2 has long been used as a disinfectant75 as well as advanced 

oxidation processes (AOP)76. CeO2 has the potential for inorganic metal removal either as 

individually or associated with ZrO2 and MnO2.71 ISOLUX® Media patented ZrO2-basted 

technology for inorganic metal pollutants removal.77 Therefore, these inorganic NPs have 

reputation for the production of high quality water through either sigle method or multiple 

processes where they have hosted water pollutants. 

1.3 Organic Nano Polymers

A wide range of polymers, e.g., homopolymer, copolymer and terpolymers used for 

wastewater treatment since 1950s. Consequently, significant advances of wastewater 

treatment using nano polymers have been noticed. Nano dendrimer and nano cellulose are 

commonly studied nano polymers for adsorption process, whereas polymeric protein e.g., 

aquaporin (AQP) is popular for separation technology. In addition, polymer nanocomposite 

where NPs doped onto polymer or copolymer matrix have substantially been studied for 

multi-pollutants wastewater treatment.

1.3.1 Nano Dendrimer

Dendrimers are a soft and highly branched macromolecular NM. Vögtle and co-

workers78  first synthesized dendrimers for trapping smaller molecules in 1978, and are now 

produced via convergent and divergent grafting methods.79 A dendrimer has three distinct 

regions (Fig. S2): a) central hydrophobic core, b) interior cells or voids, and c) external 

branches coated with a specific functional group such as hydroxyl, epoxy, epoxide, or amine. 

The size of polymer depends on number and length of the branches attached to the core. The 
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branching units are anchored in a layer-by-layer (LBL) fashion called ‘generation’ (G). By 

controlling  the assembly process, one can tune dendrimer size, rigidity, hydrophobicity, and 

hydrophilicity, void, volume and with stimuli response change in solvent polarity, pH, and 

temperature.80 Dendrimers are mostly used for specific pollutant adsorption where the 

functional group is targeted toward a specific pollutant. The company Starpharma marketed 

poly (esteramine), poly-amidoamine (PAMAM), polypropyleneimine and poly-L-lysine as 

Priostar®, Starburst®, Astramol® and Polylysine, respectively for both lab experimental and 

field applications.81-84 In summary, dendrimers can be engineered with optimized potency that 

might bring a new platform for controlled water pollutants removal.  

Fig. S2. General structure showing components of a dendrimer. Reprinted with permission 

from ref.85 Copyright 2015 Molecular Diversity Preservation International.

1.3.2 Nano cellulose 

Nano cellulose is produced in several forms such as cellulose nanocrystals, 

nanofibrillated cellulose (NFC), and bacterial nano cellulose with all having a fiber 

morphology that is several µm long and have a diameter between 1 and 100 nm. Nano 

cellulose is produced by acid and enzymatic catalysis, mechanical hydrolysis, and 2,2,6,6-

tetramethylpiperidinyl-1-oxyl (TEMPO)-mediated oxidation.86 The conversion of cellulose to 

nano cellulose is important because of increasing SSA and generation of chemically reactive 

sites or functionalities. Nano cellulose has good mechanical strength (Young's modulus in the 

range 100–130 GPa)87 and controlled water solubility. Nano cellulose is a novel biomaterial 

for water purification, but its utilization in others e.g., papers, cosmetics and medical products 

(market value of US $47 million in 2014 and projected to approach US $278 million in 

2019);88 reflecting its possibility for commercial water treatment technology. 
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1.3.3 Biopolymer 

Aquaporins (AQPs) are a group of cell membrane spanning proteins that specifically 

and actively transport water molecules across the cell membrane. The name “aquaporin” was 

given by Agre et al.89 who were awarded Nobel Prize in 1993 for discovering the class of 

proteins. AQP1 was the first discovered and now AQPs 0-12 have been identified in human 

and mammalian cells.90 Microbes such as e.g., bacteria, yeast and archaea as well as plants 

have also been reported to contain AQPs although different than mammalian. A single AQP is 

roughly 120 kDa and consists of homotetramer structure. AQP have been utilized as a pore 

channel for desalination membranes. Aquaporin A/S (Copenhagen, Denmark) is the first 

commercial company who launched Aquaporin Inside™ membrane. In addition, very 

recently, more than 25 patents have been filed on AQPs-based membrane systems.91

2. Asdorption 

Fig. S3. Schematic representation of the adsorption forces.

Fig. S4. Structural representation of 
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four predicted major adsorption sites of CNTs in a bundle. Close-ended CNTs: adsorption 

takes place PG > ES > IC, whereas open-ended CNTs: adsorption proceeds IS of open-ended 

CNT walls > forms 1D chains in the PG > filling of the remaining axial sites of IC > 

completion of a quasi-hexagonal monolayer on the ES.

Fig. S5. Mechanism of actions of pollutants adsorption into NPs.

2.1 Isotherms

Figure S6 shows a few adsorption isotherms of turquoise blue QG reactive dye 

adsorption. Among all the isotherm models (e.g., Langmuir,92 Freundlich,93 Halsey,94 

Brunauer–Emmett–Teller (BET),95 Henderson,96 Smith,97 Elovich,98 and Lagergren99), the 

Langmuir, BET and Freundlich are the most widely used to describe adsorption data. The 

Langmuir model (equation 1) assumes monolayer adsorption and that all sorption sites have 

the same binding energy. However, the model does not take into account multilayer 

adsorption or lateral sorbate-sorbate surface interactions.

𝑞 =  
𝑞𝑚.𝐾1.𝐶

1 + 𝐾1.𝐶
                                                      (1)

where q, adsorbent concentration (μg/kg); qm, maximum sorption capacity (μg/kg); K, 

Langmuir affinity constant (L/mol) and Cw, aqueous concentration (mol/L).

The Freundlich isotherm (equation 2) also assumes monolayer adsorption, but that is for 

multiple sorption sites with different binding energies.  
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𝑞𝑒 =  𝐾𝐹𝐶𝑒
1/𝑛                                                      (2)

where qe, the amount of adsorbate adsorbed per gram of the adsorbent at equilibrium (mg/g); 

KF, Freundlich isotherm constant (mg/g) related to adsorption capacity; Ce, the equilibrium 

concentration of adsorbate (mg/L);  n, Freundlich exponent (unit less) related to adsorption 

intensity. 

1/n values indicate the isotherm would be (1/n = 0), favorable (0 <1/n < 1), or unfavorable 

(1/n>1). For instance, the value of 1/n <1.0 for As(III) and As(V) adsorption on MWCNT-

ZrO2 adsorbent surface indicates a favorable  adsorption process.100 However, Freundlich 

isotherm is imperical thus physically meaningless giving minimal mechanistic insight. To 

determine the kinetics of the mass transfer and chemical reaction that control the rate of the 

sorption process, the pseudo-first and second order kinetic models as described in equations 3 

and 4, respectively,101 yield insight. 

𝑞𝑡 =  𝑞𝑒(1 ‒
1

𝑒
𝑘

1𝑡)                                              (3)

          

𝑞𝑡 =  
𝑡

1

𝑘2𝑞2
𝑒

+  
𝑡

𝑞𝑒

                                                         (4)

where qt, the adsorbate mass adsorbed by a certain adsorbent mass at time t (mg/g); qe, the 

equilibrium adsorption amount (mg/g); k1, the pseudo-first-order rate constant (1/min) and k2, 
the pseudo-second-order rate constant (g/mg min-1).
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Fig. S6. Schematic representation of a typical batch adsorption of isotherm models. Reprinted 

with permission from ref.102 Copyright 2010 SciElo. the Langmuir, Freundlich, Radke-

Prausnitz, and Redlich-Peterson isotherm models were fit to the equilibrium data on turquoise 

blue QG reactive dye adsorption. Among them the Radke-Prausnitz model best represented 

the equilibrium data for the dye, with coefficients of determination in the range of 0.93 to 

0.99102.  

2.2 Reusability of Adsorbents

Rao et al.103 designed a magnetic MIP using Fe3O4 grafted MWCNT, 4-tert-octylphenol, 4-

vinyl pyridine, and tetra-ethylorthosilicate as magnetic support, dummy template, functional 

monomer, and cross-linker, respectively (Fig. S7 (Aa)). The magnetic dummy MIP (mag-

DMIPs) was highly selective to 4-nonylphenol, and the MAC was 52.4 mg/g after 20 min 

contact time. Although the Ms decreases from 40.69 (MWCNT-Fe3O4) to 26.52 emu/g (mag-

DMIP) because of imprinting polymer, it is still sufficient to separate the adsorbent from 

solution within 1 min as shown in Fig. S7 (Ab). In order to reusable the mag-DMIP, several 

washing agents, such as methanol/water, chloroform/water, and acetonitrile/water were 

evaluated with the methanol/water recovering most of the 4-nonylphenol sorbed to the mag-

DMIPs. Electrostatic self-assembly can be used to bind positively charged calcium carbonate 

(CaCO3) to negatively charged CNT, forming a core-shell structure (Fig. S7 (B)). Increasing 

adsorption capacity towards 2-naphthol 222 (mg/kg) (Freundlich) and enabling reusability 

(>90% after four-cycle uses). Assaying an aromatic sorption capacity indicates affinity 

follows the order of 2-naphthol > naphthalene > 4-chlorophenol.104 Greater affinity of 2-

naphthol is because of its greater hydrophobicity and larger aromatic ring than 4-chlorophenol 

to the CNT surfaces on the composites. The classical batch sorption experiments, sorbents 

such as CNT are used as a suspension in a fluiding bed making it difficult to retain the 

sorbent. One solution is to immobilize the CNT on the membrane or filter to prevent release 

to the environment. For example, a granular CNT-Al2O3 composite105 is porous and 

mechanically stable, thus could be used in a practical column sorption application. Wei et 

al.106 prepared a granular CNT/Al2O3 adsorbent using a hydrothermal calcination process and 

evaluated potential for removal of pharmaceutical wastewater pollutants such as diclofenac 

sodium (DS) and carbamazepine (CBZ) as displayed in Fig. S7 (C). Granular CNT/Al2O3 had 

similar adsorption capacity to powder CNT attributed to minimal interference from Al2O3, 

e.g.,  a CNT/Al2O3 reduced CNT agglomeration increasing the SSA from CNT (76) to 

CNT/Al2O3 (237 m2/g) resulting in a Langmuir CNT/Al2O3 MAC of DS (40) and CBZ (60 
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μmol/L). In order to regenerate the CNT/Al2O3, thermal treatment (400oC) was applied to 

combust the adsorbed DS and CBZ with removal efficiencies of regenerated CNT/Al2O3 

>60% for both DS and CBZ after ten-cycles. Yang et al.107 prepared a hollow microsphere 

using LBL assemblages of sacrificial polystyrene sulfonate (PSS), polycation chitosan 

(PCHI), and functionalized MWCNT as templates (Fig. S7 (D)). The negatively charged 

CNT-COO- binded NH3
+ of PCHI, such that CNT uniformly wrapped the template surface. 

PCHI creating a colloid sphere with a large SSA. Few challenges exist for implementing such 

microspheres for pollutants adsorption. Since the faces of MWCNTs layer (Fig. S7 (D)) were 

exposed to external milieu of solvents; surface adsorption would be a prominent force rather 

than internal diffusions depending on spacing between the CNT layers which would call early 

equilibrium reaction kinetics.

Fig. S7. Recollectable strategies of different CNT adsorbents for water purifications: (A) 

mag-DMIPs, (B) CNT-based core-shell, (C) granular CNT/Al2O3 hybrid, (D) chitosan/CNT 

LBL assembly, (E) CNPs and (F) CNT/CTAB oil/water interface. Panel A reprinted with 
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permission from ref103 Copyright 2014 Elsevier. Panel B reprinted with permission from 

ref.104 American Chemical Society 2015. Panel C reprinted with permission from ref.106 

Copyright 2013 Elsevier. Panel D reprinted with permission from ref.107 Copyright 2012 

American Chemical Society. Panel E reprinted with permission from ref.108 Copyright 2012 

American Chemical Society. Panel F reprinted with permission from ref.109 Copyright 2015 

Elsevier. Herein a4-tert-octylphenol, b4-vinyl pyridine, ctetra- ethylorthosilicate, dmagnetic 

dummy molecularly imprinted polymers, epolystyrene sulfonate, fchitosan, gfunctionalized 

MWCNT, hlayered double hydroxide, ilayered double oxide, jcarbon nanotube ponytails.

Recently, Wang et al.110 prepared a highly reusable CNT ponytail (CNP) by a 3-step 

process (Fig. S7 (E)). First, Al, Mg, and Co ions were co-precipitated with OH- and CO3
2- 

ions to form a layered double hydroxide (LDH) disc. Second, dehydration and decarbonation 

of LDH was performed to form layered double oxide (LDO) and CoO. At last, CoO was 

reduced to Co by H2, and CVD was used to grow CNT the nanometer-thin mineral discs. 

Diameter, pore sizes and SSA of synthesized CNT were 4-7, 2-100 nm, and 365±10 m2/g, 

respectively. The length of CNP was 100 μM and achieved maximum CNT mass and volume 

fractions. The CNP MB adsorption capacity 150±9 mg/g, (Langmuir) and Escherichia coli (E. 

coli) was 2.3±0.2 × 109 CFU/g (Langmuir). CNP were separated from solution using three 

methods: a) sedimentation, b) external magnet, and c) membrane filtration. Sedimentation is 

very common in both large and small-scale. According to Fig. S7 (Ea), CNP (35 mg/L) settles 

from the solution and becomes clear within 60 min (colored in green) as compared with free 

CNT (colored in red). The precipitation followed the following sedimentation model equation 

5: 

𝑋 = 𝑋0𝑒
‒ (𝑣

ℎ)𝑡
                                                                       (5)

where X, changes of carbon concentration on time; v, the terminal settling velocity and h, the 

height of the suspension 1.2±0.1 cm. 

As shown in Fig. S7 E(a), critical time shift from I to II is displayed by quantitative analyses 

of changes of X. In regime I, both the CNP and CNT precipitate similarly where X > 15 mg/L, 

whereas decreasing X is noticed in regime II because of faster CNP precipitation than the free 

CNT. CNP can also be separated by applying an external magnetic field due to the presence 

of CoO NP in LDO with an Ms of 1.8 emu/g, which is sufficient to separate >95% of the CNP 

in <5 min (square) faster than sedimentation (circles) (Fig. S7 (Eb)). Finally, vacuum 
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filtration of 50 mL solution of CNP through 0.8 μm membrane (green) requires less time as 

compared with CNT (red) (Fig. S7 (Ec)). These results suggest that CNP would be energy and 

cost efficient adsorbent than the CNT alone. However, since CNP contains highly toxic Co 

may not be acceptable for water treatment.

Another separation process is to partition CNT at an oil/water (o/w) interface after 

adsorption as shown in Fig. S7 (F). Cetyltrimethylammonium bromide (CTAB) is used as a 

CNT surfactant  such that the CNT composite coagulates at the (o/w) interface.109 The 

composite has a Pb(II) MAC of 259 mg/g at pH 10.5. After adsorption, immiscible 

cyclohexane added to generate 2 phases attracting all the aqueous phase CNT-Pb(II) through 

shaking followed by settling. The CNT aggregation allows for easy and recycling. 

Fig. S8 displays some most attractive Fe3O4-based reusable nanocomposites that have 

recently been used for water purification. First, Wang et al.111 used sol-gel process to coat β-

CD on Fe3O4 which adsorbed the polychlorinated biphenyls (PCBs)-28 and 52 (Fig. S8 (a)). 

The hydrophilic surface and hydrophobic cavity of β-CD were responsible to trap the water 

pollutants with specific sizes.112 Fe3O4@β-CD showed higher adsorption capacity of PCB-28 

(40.01 mmol/kg) than the PCB-52 (30.32 mmol/kg). Low adsorption of PCB-52 was because 

of the presence of Cl atoms in phenyl rings which created different steric hindrance effects 

during adsorption. Although Ms was decreased from 62.13 (Fe3O4) to 37.57 emu/g 

(Fe3O4@β-CD), it was sufficient to recollect the nanocomposite within 30 sec. Second, in 

order to adsorb the malachite green, RhB, Hg(II), and Ag(I); polyhedral oligomeric 

silsesquioxane (POSS) bound with a dithiol organic chain on Fe3O4 (Fe3O4@POSS-SH) has 

been studied (Fig. S8 (b)).113 Fe3O4@POSS-SH has shown SSA of 224.20 m2/g that helps to 

adsorb 100 and 96% of malachite green and RhB, respectively. On the other hand, the thiol 

group (-SH) and the POSS sulfur and oxygen atoms have contributed in adsorption of Hg(II) 

(98.5) and  Ag(I) (99.5%) into Fe3O4@POSS-SH. The recovered Fe3O4@POSS-SH (Ms: 

14.29 emu/g) could retain at least 92% of adsorption efficiency after 5-cycle uses, suggesting 

a good reusability of the nanocomposite. Third, poly(m-phenylenediamine) (PmPD) has been 

used to coat Fe3O4 (Fe3O4@PmPD), which increases the Redlich−Peterson MAC of Cr(VI) 

from 46.79 (Fe3O4) to 246.09 mg/g (Fe3O4@PmPD) (Fig. S8 (c)).114 The Cr(VI) removal 

efficiency of Fe3O4@PmPD has found higher than the HA coated Fe3O4.115 Although the 

adsorption, and reduction of Cr(VI) to Cr(III) have occurred simultaneously in both studies, 

any chances of increasing the Cr adsorption capacity might be due to the nature and functional 

groups of polymer used. Washing agent, e.g., NaOH is used to clean Fe3O4@PmPD after 
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adsorption and could be recollectable (Ms: 73 emu/g) which retained 70% of the Cr 

adsorption capacity after 6-cycle uses.  

Fig. S8. Fabrications of Fe3O4-based reusable nanocomposites and their adsorptive 

mechanisms: (a) Fe3O4@β-CD, (b) Fe3O4-POSS-SH, (c) Fe3O4@PmPD, and (d) Fe3O4-

EDTA. Panel (a) reprinted with permission from ref.111 Copyright 2015 Elsevier. Panel (b) 

reprinted with permission from ref.113 Copyright 2013 American Chemical Society. Panel (c) 

reprinted with permission from ref.114 Copyright 2015 American Chemical Society. Panel (d) 

reprinted with permission from ref.116 Copyright 2015 Elsevier Here aβ-cyclodextrin, 
bpolychlorinated biphenyls, cpolyhedral oligomeric silsesquioxane, dm-phenylenediamine, e3-

aminopropyltriethoxysilane and  fethylenediaminetetraacetic acid.

At last, EDTA is a popular metal chelating agent that has been used to coat Fe3O4 (Fig. S8 

(d)). The Fe3O4-EDTA showed Langmuir MAC of Cd(II) 79.4 mg/g and Freundlich MAC of 

Pb(II) 100 mg/g.116 The nanocomposite could be easily recollectable (Ms: 52.8 emu/g) and 

nearly 80% of removal efficiency could be maintained after 5-cycle uses. The results can also 

be comparable with thiosalicylhydrazide modified Fe3O4 for metal adsorptions where 
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Langmuir MAC follows the trend of 188.7 Pb(II) > 107.5 Cd(II) > 76.9 Cu(I) > 51.3 Zn(II) > 

27.7 mg/g.117  

2.3 Factors Controlling Adsorption

Fig. S9. Relationship between BET surface area of CNT and MAC of (a) organic and (b) 

inorganic water pollutants. Data collected  from refs. (a)118-130 and refs. (b).131-138
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Fig. S10. Selective adsorption of MV and MO into GO-CNT-PPD at pH 7 and 3, 

respectively. Reprinted with permission from ref.139 Copyright 2014 American Chemical 

Society.

3 Catalysis

3.1 Photocatalysis

Fig. S11. Band-gaps of some photocatalytic semiconductors. Normal hydrogen electrode 

(NHE) used as a reference.140 

Table S1:  Photochemistry reactions involved in the photocatalysis with the presence of a 

semiconductor and organic pollutant (RH).

Reactions Description

Photoexcitation: semiconductor + hv → e- + 

h+

Charge-carrier trapping of e- : e-
CB → e-

TR

Here e-
CB  means the surface trapped valence 

band electron and  e-
TR represents conduction-

band hole 

Charge-carrier trapping of h+  : h+
VB → h+

TR

Upon irradiation of semiconductor (e.g., 

TiO2) with light energy equivalent to or 

greater than its band gap energy (anatase, 

~3.2 eV), the electron is excited from VB to 

the CB. The photonic excitation leaves 

behind an empty unfilled VB, and thus 

generates the e- and h+

e -h+ recombination : e-
TR + h+

VB(h+
TR) → e-

CB 
+

 

heat 

In the absence of electron scavengers, the 

photoexcited e- recombines with the VB h+ in 

nanoseconds with simultaneous dissipation 
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of heat energy. Hence, the presence of e-  

scavengers is vital for prolonging the 

recombination and successful functioning of 

photocatalysis

Oxidation of hydroxyls: (OH- )ads + h+ → 
oOHads

Photoexcited e-  scavenging : (O2)ads + e- → O2

Generally, the h+ reacts with the adsorbed 

surface OH- groups on the semiconductor 

particle to produce surface adsorbed radical 
oOHads.

Protonation of superoxides : O2
.- + oOH → 

HOOo

Co-scavenging of e- : HOOo + e- → HO2
-

Formation of H2O2: HOO- + H+ → H2O2

This O2
o- radical can be further protonated to 

form the HO2
o and subsequently H2O2

Photodegradation by oOH : RH + oOH → Ro + 

H2O

Direct photoholes: RH + h+ → Ro → 

Intermediate(s)/Final Degradation Products

Photogenerated h+ and the formed reactive 

oxygen species (e.g., oOH) can participate in 

the degradation of organic pollutants

        TiO2/hv

RH   →   intermediactes → CO2 + H2O + 

inorganic ions

Organic compounds are degraded to their 

corresponding intermediates and further 

mineralized to CO2, H2O and inorganic ions 

(from heteroatoms
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Fig. S12. Mechanisms of the organic-ligand modified TiO2 for MB degradation under VL 

irradiation.

Fig. S13. Summary of photocatalytic ozonations reaction principles. Reprinted with 

permission from ref.141 Copyright 2015 Elsevier.   

3.2 CWAO
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Fig. S14. Simplified reaction pathway for phenol (C)WAO.

3.2.1 CWAO Isotherms

 In order to describe the reaction kinetics of (C)WAO, most of the authors have used 

either the power law142 or Langmuir-Hinshelwood-Hougen-Watson (LHHW).143 Although the 

two models can reasonably explain the reactions of homogenous catalyst, supplementations of 

different catalysts (e.g., heterogeneous CWAO) follow different reaction orders, which appeal 

to develop a novel or improved kinetic models (M1-M4) as revealed by Table S2. All the 

models (M1-M4) fit-well with the experimental data of pure phenol degradation, which has 

been confirmed from their average absolute relative errors (AARE): 15.7 (M1),  9.7 (M2), 8.9 

(M3), and 10.3% (M4);144 they can be tested for other organic wastewater pollutants 

degradations.

Table S2. Useful Kinetic Models for Heterogeneous CWAO Reactions

model equation comment refs

M1 rH = k1 [A]p [O2]q

(where rH, heterogeneous combinations 

and  k1, the surface reaction rate constant)

 an empirical power-law 

kinetic model

 useful for homogeneous or 

heterogeneous reactions 

depending on catalyst 

concentration

142, 144

M2
𝑟𝐻 =  

𝑘1𝐾𝐴𝐾𝑂2 [𝐴][𝑂2]

(1 + 𝐾𝐴[𝐴] +  𝐾𝑂2
[𝑂2])2

(KA and KO2, the pollutant and O2 

adsorption equilibrium constants on 

catalyst surface, respectively)

 M2 is based on LHHW 

model

 LHHW describes the 

equilibrium adsorption of 

pollutant and O2 into 

different types of active 

sites, whereas M2 

143-145
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represents single-site 

mechanism and 

irreversible reaction 

between them

M3
𝑟𝐻 =  

𝑘1𝐾𝐴𝐾𝑂2
0.5[𝐴][𝑂2]0.5]

(1 + 𝐾𝐴[𝐴] + 𝐾𝑂2
0.5[𝑂2]0.5)2

  M3 is quite similar to M2 

in terms of same active 

site reaction of pollutant 

and O2 molecule, but O2 

molecule undergoes 

dissociation 

 surface reaction occurs 

between the adsorbed 

pollutant and O2

144

M4
𝑟𝐻 =  

𝑘1𝐾𝐴𝐾𝑂2
0.5[𝐴][𝑂2]0.5]

(1 + 𝐾𝐴[𝐴]) + (1 + 𝐾𝑂2
0.5[𝑂2]0.5)

 suitable for reaction when 

the dissociated O2 and 

pollutant adsorb into 

distinctly different active 

sites of the catalyst 

144, 146

However, the quality of M1-M4 has been compromised to describe the reactions of 

CWAO of real wastewater pollutants. Some models have been improved using variables e.g., 

TOC and COD. Li et al.147 developed a triangular model called general lumped kinetic model 

(GLKM) for non-catalytic WAO of acetic acid (Fig. S15 (a)). Since the GLKM model has 

found unsuitable to express heterogeneous CWAO, Belkacemi et al.148  further improved the 

performance of GLKM model based on LHHW called extended lumped kinetic model 

(ELKM) (Fig. S15 (b)), which could be used to describe the reaction orders of multiple 

wastewater pollutants degradation. The main difference between these two models is GLKM 

could not express the adsorption/desorption of reactants/product as compared with ELKM.
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Fig. S15. (a) Reaction orders of GLKM: Lump A, parent compounds and unstable 

intermediates except acetic acid; Lump B, the refractory intermediates and acetic acid; and 

Lump C, the end products; (b) Reaction orders of ELKM: Lump A, the parent aqueous 

compounds adsorbed into catalyst surface; Lump B, the surface reactions of the adsorbed 

intermediate; and Lump C, the end 

product. Here K and its subscripts 

represent the kinetic rate constant.  

Fig. S16. (a) Mechanism of radical (HO2
o) formation in CWAO by H2SO4/HNO3 

functionalized MWCNT, and (b) efficiency of phenol removal. Reprinted with permission 

from ref.149 Copyright 2007 Elsevier.

3.3 Biocatalysis
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Fig. S17. Selected nanocareers for enzymes immobilization: (a) CNF/CNT favors side-by-

side attachments of two enzymes, (b) silica with nanoporous surface architectures is suitable 

not only to immobilize the enzymes, but also other cofactors and/or biomolecules: i) TEM 

image of dendrimer like nanoporous silica, (c) ship in a bottle (SB) model: i) to confine 

enzymes inside the cage and ii) TEM image of SB topology,  (d) gate keeper enzyme 

immobilization for superior substrate diffusion: ii) optical micrograph of nanocages, and (e) 

protein immobilized onto nanoflower: ii-iii) SEM images of  Cu3(PO4)2.3H2O nanoflowers. 

Panel (a) reprinted with permission from ref.150 Copyright 2014 Royal Society. Panel (b) 

reprinted with permission from ref.151 Copyright 2013 Wiley-VCH. Panel (c) reprinted with 

permission from ref.152 Copyright 2005 Wiley-VCH. Panel (d) reprinted with permission from 

ref.153 Copyright 2013 Royal Society of Chemistry. Panel (e) reprinted with permission from 

ref.154 Copyright 2012 Nature. 
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Fig. S18. Effects of (a) pH and (b) temperature on 3,4-POD activities. Reprinted with 

permission from ref.155  Copyright 2016 Nature.

4 Membrane and Filtration
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Fig. S19. Illustration of fabrication procedures of TiO2-GO-PSf composite membrane (top) 

with their reaction scheme (down). Reprinted with permission from ref.156 Copyright 2014 

Elsevier.

Fig. S20. 

Secondary growth method to prepare ceramic supported zeolite membrane fabrication. 

Reprinted with permission from ref.157 Copyright 2013 Elsevier.
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Fig. S21. Schematic illustration of (A) block copolymer, and (B) effects of charge density on 

the block copolymer phase nanostructures: (a) 2.5% charge, (b) 5.3% charge and (c) 17.0% 

charge. Panel (A) reprinted with permission from  ref.158 Copyright 2011 Nature. Panel (B) 

reprinted with permission from ref.159 Copyright 2014 Nature.

Fig. S22. Illustration of three methods for NP coating onto ceramic membrane: (a) 

electrophoretic deposition: charged TiO2 deposits onto alumina, (b) 3-

aminopropytriethoxysilane (APTES) molecule as a linker between the Ag NP and the ceramic 

support, and (c) organic binder (e.g., phytic acid) for doping the Fe2O3 NP on ceramic 

membrane surface using LBL apprach. Reprinted with permission from ref.160 Copyright 2010 

Elsevier. 
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