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Abstract: 14 

Both multi-walled carbon nanotubes (MWCNTs) and metal or metal oxides have demonstrated 15 

virus removal efficacy in drinking water applications. In this study, MWCNTs were coated with 16 

copper(I) oxide (Cu2O) using three distinct synthesis procedures (copper ion attachment, copper 17 

hydroxide precipitation, and [Cu(NH3)4]
2+ complex attachment) and virus removal efficacy (us-18 

ing MS2 bacteriophages) was evaluated. All synthesis procedures resulted in the presence of 19 

adsorbed, nanosized Cu2O particles on the MWCNTs, shown using X-ray diffraction. Further, 20 

transmission electron microscopy confirmed uniform copper(I) oxide distribution along the 21 

MWCNTs for all three materials. Virus removal efficacy was assessed for all three synthesised 22 

composites both before and after material conditioning (filtering for at least 24 h/ 280 mL/h), 23 

and accounting for additional MS2 inactivation in the permeate due to continued copper inac-24 
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tivation from dissolved/desorbed copper in permeate (time-control). Material conditioning in-25 

fluenced virus removal, with the first litres of water containing higher concentrations of copper 26 

than the sixth litres of water, suggesting excess or non-bonded copper species dissolve from 27 

filters. Higher copper dissolution was observed for water at pH 5 than at pH 7, which decreased 28 

with time. Copper dissolution most likely caused an associated decrease in copper adsorbed to 29 

MWCNTs in the filters, which may explain the observed lower MS2 removal efficacy after 30 

conditioning. Additionally, the time-control study (immediately after filtration as compared to 31 

two hours after filtration) highlighted continued MS2 inactivation in the permeate over time. 32 

The obtained results indicate that the synthesis procedure influences virus removal efficacy for 33 

MWCNTs coated with copper oxides and that virus removal is likely due to not only virus 34 

electrostatic adsorption to the coated MWCNTs, but also through antiviral properties of copper 35 

which continues to act in the permeate. In conclusion, it is highly important to revise the meth-36 

ods of testing filter materials for virus removal, as well as procedure for virus concentration 37 

evaluation. 38 

Keywords: virus removal, MS2, MWCNT, copper(I) oxide, conditioning, copper dissolution  39 
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1. Introduction 40 

An estimated 29% of the global population currently lacks access to safely managed drinking 41 

water services (UNICEF and WHO, 2019). Unsafe drinking water contributes to the spread of 42 

waterborne illnesses, including diarrheal diseases, which are responsible for an estimated 43 

700’000 child deaths per year (Fischer Walker et al., 2013; Liu et al., 2015). In this context, 44 

sustainable, low cost, effective, and decentralised water treatment technologies could help to 45 

improve water quality globally. In well operated and equipped decentralised systems, bacteria 46 

and protozoa removal is readily achievable, but virus removal is difficult remaining a major 47 

challenge (Gibson et al., 2011). The physical removal of viruses is complicated due to their 48 

size. Granulated Activated Carbon (GAC) is largely ineffective and filtration requires mem-49 

branes with sufficiently small pore sizes (i.e., nanofiltration or reverse osmosis) (Altintas et al., 50 

2015; Gall et al., 2015; Shimabuku et al., 2017). Disinfectants (i.e., UV light, chlorine, chlora-51 

mines) are common, however, they are inhibited by high costs of operation and maintenance, 52 

reliance on a supply chain and end user preferences (Crider et al., 2018; Lantagne and Clasen, 53 

2013). More specifically, the use of chemical oxidants or UV requires additional consumables, 54 

access to which may be restricted in remote areas, generates disinfection by-products and is not 55 

always efficient for virus removal (Sirikanchana et al., 2008; WHO, 2017). Therefore, there is 56 

a need for new, low cost, low maintenance, sustainable technologies capable of improved virus 57 

removal without the necessity of additional consumables at the household scale (e.g., meeting 58 

the US Environmental Protection Agency standards for drinking water of 4 Log10 Removal 59 

Value (LRV)) (Peter-Varbanets et al., 2009; Rahaman et al., 2012; United States Environmental 60 

Protection Agency, n.d.).  61 

It should be noted that the manufacturing of carbon nanotubes (CNTs) becoming to be 62 

"greener", while retaining process efficiency, mitigating environmental impact and the produc-63 

tion of side-products (Trompeta et al., 2016). Production costs are also decreasing. The price 64 
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per gram in the year 2000 was $150 and decreased to $50 in 2010 (Wood, 2018). Nowadays, it 65 

is possible to buy carbon nanotubes even for a few dollars per gram. Furthermore, copper (ma-66 

terial used for CNTs modification) exists in abundance and is relatively cheap in comparison to 67 

other metals, such as silver. In this context, carbon nanotubes are a promising filter material, 68 

due to their high surface area and sorption capacity (Elsehly et al., 2018; Ong et al., 2010; 69 

Sarkar et al., 2018). Moreover, their needle-like shapes form entangled layers, decreasing ef-70 

fective membrane pore size and potentially increases virus retention without impairing filter 71 

flux (Brady-Estévez et al., 2010). Several prior studies have shown that filters prepared with 72 

CNTs effectively remove MS2 bacteriophages, a commonly used surrogate for enteric viruses. 73 

For example, Brady-Estévez et al. (2010) showed that polyvinylidene fluoride (PVDF) mem-74 

branes (5 µm) coated with a 2 mm MWCNTs layer reached between 5 and 8 LRV, depending 75 

on the filtration conditions (Brady-Estévez et al., 2010).  76 

One challenge of using MWCNTs for virus filtration, however, is virus retention. Although 77 

Rahaman et al. (2012) presented sufficient virus removal, 104 Plaque Forming Units (PFU/mL) 78 

of MS2 subsequently desorbed from the filter, showing that pristine MWCNTs are not enough 79 

to ensure virus-free water production (Rahaman et al., 2012). Functionalising MWCNTs might 80 

improve their antiviral properties. MWCNT functionalisation with metals and metal oxides is 81 

well known, finding applications, such as catalysts gas sensors and supercapacitors (Guo and 82 

Li, 2005; Mallakpour and Khadem, 2016; Qin et al., 2000; Rajarao et al., 2014; Satishkumar et 83 

al., 2000; Wang et al., 2005; Wani et al., 2016). In the context of virus removal, functionalisa-84 

tion with antimicrobial silver, copper and copper oxides would provide an additional virus re-85 

moval mechanism. For example, ceramic filters impregnated with colloidal silver or silver na-86 

noparticles are often used to treat drinking water to effectively remove bacteria (though virus 87 

removal remains low) (Ngoc Dung et al., 2019; Oyanedel-Craver and Smith, 2008; Salsali et 88 

al., 2011; Van der Laan et al., 2014). However, a filter with MWCNTs functionalised with 89 

silver showed complete removal of poliovirus, norovirus, and coxsackie virus (Kim et al., 90 
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2016). Nevertheless, the benefits of copper relative to silver include greater virus removal effi-91 

cacy and reduced costs, which make it more suitable for virus filter development for drinking 92 

water treatment (Dankovich and Smith, 2014). In the case of copper, the guideline limit con-93 

centration in drinking water set by World Health Organization (WHO) is equal to 2 mg/L, 94 

whereas for silver 0.1 mg/L (WHO, 2004a, 2004b).  95 

Németh et al. (2019) demonstrated that Cu2O-MWCNTs filters are promising for virus removal 96 

in drinking water (Németh et al., 2019). Up to 4 LRV was registered after the filtration of MS2 97 

by Cu2O-MWCNTs filters at pH between 5.0 and 9.0. However, Nemeth et al. (2019) did not 98 

measure copper concentration in the permeate after filtration. This parameter is crucial to eval-99 

uate the stability of the material (defined here by minimized copper dissolution) and safety of 100 

the water produced (Oyanedel-Craver and Smith, 2008; Rao et al., 2016). Related to estimates 101 

of copper dissolution, the antiviral properties of copper may contribute to continued virus inac-102 

tivation in the permeate. Notably, the relative roles of virus removal through the filter (i.e., 103 

adsorption, size exclusion) and virucidal activity of dissolved metals is rarely considered (Van 104 

der Laan et al., 2014). For example, Dankovich and Smith (2014) demonstrated that CuO-na-105 

noparticle (NP) purifiers performed well in terms of virus removal and that the measured copper 106 

concentration in the permeate was lower than the WHO guideline value of <2 mg/L (300 µg/L) 107 

(Dankovich and Smith, 2014). Nonetheless, no further tests were performed to evaluate the 108 

effect of copper concentration on virus removal in the permeate. Armstrong et al. (2017) 109 

demonstrated that there was a 1.8 LRV reduction of MS2 within 6 h in presence of 2 mg/L of 110 

CuCl2, which led to the conclusion that time control of virus removal analysis after virus filtra-111 

tion is crucial (Armstrong et al., 2017).  112 

Based on the above-mentioned considerations, the aim of the presented work was to (i) develop 113 

Cu2O/ MWCNTs composites as a filter material and compare three distinct synthesis routes; 114 

(ii) evaluate the material stability (defined here as copper dissolution) after conditioning, (iii) 115 
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test virus removal performance of the developed materials accounting for continued inactiva-116 

tion of virus in permeate, (iv) evaluate copper concentration in filtrate, (v) examine continued 117 

virus inactivation in permeate ("time control") to (vi) discuss possible mechanisms responsible 118 

for the virus inactivation/ removal by tested material. To do so, composites were prepared by 119 

copper ion attachment, copper hydroxide precipitation and copper complex attachment. More-120 

over, to distinguish this work from Németh et al (2019), we evaluated three different synthesis 121 

routes (Németh et al., 2019). This allowed to obtain filter materials with a more homogeneous 122 

distribution of Cu2O particles on MWCNTs surface, providing more active sites and better ac-123 

cess of MS2 bacteriophages to copper(I) oxide particles. The size, metal oxidation state and 124 

morphology of the Cu2O particles, as well as the stability and efficiency of the filters were 125 

analysed. The performance of as-prepared filters in terms of MS2 bacteriophages removal was 126 

evaluated before and after 24 h (flow through of 6 litres) of filter conditioning at pH 5 and 7. 127 

Additionally, the concentration of MS2 in the permeate was tested with time control (checked 128 

directly after permeate collection t=0 h, and after two hours t=2 h), followed by copper concen-129 

tration evaluation in the filtrate to determine the copper dissolution effect on virus removal. 130 

Filter material was tested at pH 5-7, due to the importance of this pH range on filter material 131 

stability and possible Cu2O dissolution. This is supported by the increased solubility of Cu2O 132 

at low pH, which may impact MS2 inactivation (Vargas et al., 2017; Z. Wang et al., 2013). The 133 

pH of natural waters often exceeds 7, so further testing at higher pH would be required prior to 134 

implementation. 135 

2. Materials and methods 136 

2.1. Materials and reagents for Cu2O/ MWCNTs synthesis 137 

MWCNTs were purchased from Cheap Tubes (outer diameter 10-30 nm, length 10-30 µm, pu-138 

rity> 95 wt. %), copper (II) acetate monohydrate purity≥ 99.0% (Cu[CH3COO]2×H2O) and am-139 

monium hydroxide 25% (NH4OH) from Merck. Water purified via MicroPure UV System, 140 
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Thermo Scientific (purity 18.2 MΩ), was used for rinsing the MWCNTs, the syntheses of the 141 

composites, as well as preparing media for the DAL method. 142 

 143 

2.2. Composites synthesis procedures 144 

Copper(I) oxide/ MWCNTs composites were synthesised via three methods: copper ion attach-145 

ment (route 1), copper hydroxide precipitation (route 2) and [Cu(NH3)4]
2+ complex attachment 146 

(route 3). Copper(I) oxide was chosen due to the lower solubility in comparison to copper(II) 147 

oxide at the whole pH range (Domagala et al., 2019a; Palmer and Bénézeth, 2008). In all cases, 148 

functionalised MWCNTs were used to make the composites.  149 

2.2.1. MWCNTs functionalisation 150 

MWCNTs functionalisation was done by means of a two-step process, according to our previ-151 

ous work (Domagala et al., 2019b). First, MWCNTs (0.01 g/mL) were immersed in 10% HCl 152 

at room temperature for 2 h under constant stirring (300 rpm). Then, the MWCNTs suspension 153 

was filtered and rinsed with water until the permeate reached pH 7. The collected MWCNTs 154 

were subsequently added to 65% HNO3 (0.01 g/mL) and sonicated for 45 min in a sonication 155 

bath filled with ice (DT106, Bandelin Electronics). The suspension was then heated at 120 °C 156 

for 4 h under reflux conditions, cooled to room temperature, and washed with water again until 157 

pH 7 was reached. Finally, the functionalised MWCNTs were dried overnight in an oven at 158 

120 °C (FD-115, Binderat). 159 

2.2.2. Cu2+ ion attachment (composite 1) 160 

Copper acetate hydrate was dissolved in water (0.285 M) and the resulting solution was added 161 

to a suspension of functionalised MWCNTs in water (0.2 g/100 mL water, sonicated 10 min in 162 

a sonication bath). The addition was carried out under constant stirring (300 rpm) for 2 h. Next, 163 

the suspension was filtered (PVDF 0.1 µm, 47 mm, Hawach Scientific) and the solid product 164 
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was dried overnight in an oven at 120 °C. A calcination process was performed under N2 at-165 

mosphere at 300 °C for 2 h in a tube furnace (GHC 120900, Carbolite Gero GmbH & Co. KG) 166 

to obtain Cu2O. Figure 1 shows a scheme of the synthesis procedure. 167 

 168 

Figure 1. Scheme of the copper ion attachment synthesis (route 1). 169 

 170 

2.2.3. Copper hydroxide precipitation (composite 2)  171 

The precursor solution of copper acetate and the dispersion of functionalised MWCNTs were 172 

prepared following the same procedure as for the first method. Once both were mixed, an am-173 

monium hydroxide solution was gradually added in a stoichiometric (2 mol NH4OH) ratio to 174 

precipitate the Cu(OH)2. The system was left for 2 h under continuous stirring (300 rpm). The 175 

obtained suspension was filtered, and the solid product was dried in an oven overnight at 176 

120 °C. Finally, thermal treatment was performed in a tube furnace for 2 h under N2 atmosphere 177 

at 300 °C to obtain Cu2O. 178 

2.2.4. Complex ion attachment synthesis (composite 3).  179 

The method for copper hydroxide precipitation (composite 2) was followed with the notable 180 

difference that instead of a stoichiometric ratio, an excess (4 mol NH4OH) OH/Cu ratio was 181 
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added to the suspension of functionalised MWCNTs in copper acetate hydrate solution to form 182 

the [Cu(NH3)4]
2+ complex (Figure 2). Figure 2 shows a scheme of the synthesis procedures. 183 

 184 

Figure 2. Scheme of the copper hydroxide precipitation (route 2) and complex attachment 185 

(route 3) synthesis procedures. 186 

 187 

2.3. Composites characterisation 188 

The crystalline phases of the composites were determined by means of an X-ray diffraction 189 

(XRD) (PANalytical X’Pert PROh–2h, PANalytical) scan system equipped with a Johansson 190 

monochromator (Cu Ka1 radiation, 1.5406 Å) and an X’Celerator linear detector. Crystallite 191 

sizes (S) were determined using the Scherrer equation (Patterson, 1939) (Eq. 1). 192 

𝑆 =
kλ

βcosΘ
     (Eq. 1) 193 

where: k – shape factor (0.9), λ – X-ray wavelength (0.15406 nm), β – full width at half-maxi-194 

mum intensity (radians), and θ – Bragg angle (degrees). 195 

Transmission electron microscopy (TEM, JEOL, JEM-2200FS) was used to analyse the size 196 

and morphology of the synthesised composites. The specific surface areas (SSA) of the as-197 

prepared composites were determined from a 5-point N2 adsorption isotherm obtained from 198 
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Brunauer-Emmett-Teller (BET) measurements using a Beckman-Coulter SA3100 instrument. 199 

Powder samples were dried for 2 h at 180 °C in synthetic air prior to analysis.  200 

2.4. Filter preparationTo prepare the filters, 20 mg of the as-received MWCNTs or syn-201 

thesised material were suspended in 20 mL of 95 % ethanol then sonicated for 202 

5 minutes in a sonication bath. The suspension was uniformly deposited on a glass fibre 203 

filter (0.4 µm, 47 mm, Macherey-Nagel) using vacuum filtration and placed in a plastic 204 

filter holder (to support the glass fibre filter). The obtained filter loading was 205 

1.15 mg/cm2. 206 

 207 

2.5. Media preparation and bacteria/ virus growth  208 

The bacteriophages MS2 and its Escherichia coli (E. coli) host were purchased from the Ger-209 

man Collection of Microorganisms and Cell Cultures (DSMZ 13767 and 5695, respectively).  210 

MS2 bacteriophages were propagated with E. coli as a host, then purified and concentrated 211 

according to the DSMZ protocol (DSMZ, 2019). Briefly, MS2 were revitalised with E. coli 212 

solution obtaining the first stock of MS2. Subsequently, it was amplified by adding the first 213 

MS2 stock into the solution of E. coli. The obtained second stock was centrifuged, and then the 214 

supernatant was filtered through a 0.22 µm PES filter unit. The filtrate was collected in an au-215 

toclaved glass bottle. The last purification step consisted in filtrating the low molecular weight 216 

molecules out of the virus stock solution to increase the concentration with Amicon filters 217 

0.22 µm (Merck). 218 

The streptomycin solution (AppliChem), broth (tryptone soya broth, Merck), virus dilution 219 

buffer (sodium dihydrogen phosphate dihydrate (Merck), sodium chloride (VWR)), hard agar 220 

(1.5% Agar) and soft agar (0.7% Agar) (bacteriological agar, Merck) were prepared according 221 

to the Double Agar Layer (DAL) protocol (EPA, 2001). 222 

 223 
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2.6. Determination of MS2 concentration  224 

Virus concentration was quantified using the DAL method (EPA, 2001) and was measured as 225 

a number of plaque forming unit (PFU) per mL. 100 µL of filtration permeate containing MS2 226 

was mixed with 200 µL E. coli suspension and 5 mL of molten soft agar, which was then poured 227 

onto a solidified hard agar plate and incubated overnight at 37 °C.  228 

 229 

2.7. Copper release test  230 

After day 1 of the MS2 removal test, the as-prepared filters were rinsed with 0.01 M NaCl 231 

solution prepared with water and adjusted to pH 5 or 7 (consistent with the experimental pH) 232 

for 24 h at the same flux (160 L/m2·h). Permeate samples were regularly collected and the con-233 

centration of copper released during filtration was investigated via inductively coupled plasma-234 

mass spectrometry (ICP-MS 7500 CE, Agilent).  235 

 236 

2.8. Virus removal experiment 237 

The virus removal study was performed by passing the MS2 bacteriophages solution (250 mL) 238 

through the as-prepared filters at a constant flux (160 L/m2·h) using a peristaltic pump. The 239 

virus solution was prepared by dilution of 250 µL of virus stock (1011 PFU/mL) in 250 mL of 240 

the virus dilution buffer (VDB), obtaining a final MS2 concentration of 108 PFU/mL. Filter 241 

permeate samples were collected and the virus concentration was determined using the DAL 242 

method. Plating was done directly after permeate collection (t=0 h), and after two hours (t=2 h) 243 

(time control) to evaluate if additional removal of virus during storage of the permeate occurred. 244 

The MS2 removal was quantified for water at both pH 5 and pH 7 and was repeated after the 245 

filter had been conditioned for 24 hours (~6 litres of water had been filtered) to test virus per-246 

formance after conditioning. All experiments were performed in duplicate. MS2 log10 removal 247 

(LRV) was calculated using the following formula: 248 



12 

 

𝐿𝑅𝑉 = 𝑙𝑜𝑔10(
𝐼𝑖

𝐼𝑓
)      (Eq. 2) 249 

where: Ii - the initial MS2 concentration (PFU/mL) and If - the MS2 concentration in filtrate 250 

(PFU/mL). 251 

Negative and positive controls were performed alongside each experiment, where expected re-252 

sults were obtained. No effect of filter permeate on the DAL assay was observed. 253 

 254 

3. Results and discussion 255 

3.1. Composites synthesis and characterisation  256 

Figure 3 shows a schematic view of the interaction between the Cu species with the MWCNTs 257 

in the first step of the three different syntheses performed to fabricate the Cu2O/ MWCNTs 258 

composites. For the copper ion attachment synthesis (route 1), due to electrostatic interactions, 259 

copper ions attach to the functional groups (-COOH, -CHO or –CO) formed on MWCNTs sur-260 

face during the functionalisation step (J. Wang et al., 2013). Additionally, Cu2+ ions could also 261 

be adsorbed directly onto the MWCNTs surface due to opposite charges (Salam et al., 2011).  262 

In the case of the precipitation synthesis, an addition of stoichiometric amounts of ammonia 263 

(route 2) resulted in the formation of copper(II) hydroxide precipitates (Eq. 3), which led to the 264 

formation of a composite with a higher ratio of copper species/MWCNTs in comparison with 265 

the other two syntheses routes.  266 

In the complex attachment (route 3), the excess of ammonia led to the formation of the tetraam-267 

minediaqua copper(II) complex (Eq. 4) that reacts with the carboxylic groups of functionalised 268 

MWCNTs, leading to the amide intermediate product MWCNTs-CONH-Cu(NH3)3
2+ (Wang et 269 

al., 2009).  270 

[𝐶𝑢(𝐻2𝑂)6](𝑎𝑞)
2+ +  2𝑁𝐻3(𝑎𝑞) → 𝐶𝑢(𝑂𝐻)2(𝑠)

+ 2𝑁𝐻4 (𝑎𝑞)
+    (Eq. 3) 271 

[𝐶𝑢(𝐻2𝑂)6](𝑎𝑞)
2+ +  4𝑁𝐻3(𝑎𝑞) → [𝐶𝑢(𝑁𝐻3)4(𝐻2𝑂)2](𝑎𝑞)

2+ +  4𝐻2𝑂  (Eq. 4) 272 
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 273 

Figure 3. Scheme of the interactions of copper species with the MWCNTs during the first step 274 

of the synthesis. 275 

The final composites formed after calcination were analysed by means of XRD in order to 276 

confirm Cu2O-NPs presence in the composites. For all three synthesis routes, Cu2O was ob-277 

tained as a product of the synthesis, with traces of CuO in composites 1 and 2, as shown by 278 

XRD diffractograms (Figure 4). This result is in line with the synthesis design to improve virus 279 

removal, as Cu2O has higher antiviral activity and lower solubility than CuO (Domagala et al., 280 

2019a; Palmer and Bénézeth, 2008). In order to estimate the proportion between the Cu2O and 281 

MWCNTs, the intensity ratio between the Cu2O (ICu2O) and C (IC) peaks (ICu2O/IC ratio) was 282 

calculated, obtaining 2.3, 49.1 and 1.5 for composite 1, composite 2 and composite 3, respec-283 

tively (Table 1). The average Cu2O crystallite sizes (calculated using the Scherrer equation) 284 

were similar (Table 1). Assuming that the amount of C is the same in all cases and that the 285 

calculated crystal sizes are similar, the changes in ICu2O/IC ratio are attributable to changes in 286 

Cu2O mass. If so, composite 2 likely has the highest ICu2O/IC ratio because in the precipitation 287 

synthesis all the copper precipitated as Cu(OH)2. The smaller difference in ICu2O/IC ratio be-288 

tween composite 1 and composite 3 as the first step of the synthesis (Figure 3) is the limiting 289 

factor for the obtained Cu2O amount in the composite. Furthermore, the free ions (Cu2+) interact 290 
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with functional groups and MWCNTs surfaces with less steric and reaction limitations than in 291 

the case of the formation of the amide group between the amine complex and the MWCNTs 292 

carboxylic groups (Wang et al., 2009).  293 

Table 1. ICu2O/IC ratio, crystallite size, interval of nanoparticle (NP) diameter and SSA of the 294 

three synthesised composites. 295 

Composite ICu2O/IC ratio Crystallite size 

(nm) 

NP diameter  

(nm) 

Measured SSA 

(m2/g) 

1 2.3 40 12-55 207 

2 49.1 36 5-85 65 

3 1.5 36 8-60 215 

 296 

 297 

Figure 4. XRD diffractograms of obtained composites after calcination (Si peak comes from 298 

the sample holder). 299 
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TEM images of the final composites (after thermal treatment) show spherical Cu2O nanoparti-300 

cles attached to the MWCNTs (Figure 5). The NP diameters are 5-85 nm, with range varying 301 

by composite (Table 1). For composites 1 and 3, the single NPs appear uniformly distributed 302 

along the carbon nanotubes, whereas for composite 2, cuprous oxide nanoparticles agglomer-303 

ated. This agglomeration is likely attributable to the high Cu2O:MWCNTs ratio, resulting from 304 

the precipitation reaction.  305 

     306 

Figure 5. TEM images of obtained a) composite 1; b) composite 2; c) composite 3. 307 

The high specific surface areas of the composites (Table 1) are in line with the SSA of 308 

MWCNTs, as pristine MWCNTs SSA is equal to116 m2/g. SSA further increases during func-309 

tionalisation up to 265 m2/g, caused by the incorporation of functional groups and tube short-310 

ening (Domagala et al., 2019b). The measured values for composites follow the same trend 311 

observed in XRD patterns, i.e. the higher the intensity measured with XRD, the higher the Cu2O 312 

amount, and the lower the SSA.  313 

 314 

3.2. Copper dissolution tests 315 

Copper dissolution was monitored during 24 h at pH 5 and 7 to evaluate the potential release/ 316 

dissolution of copper in the permeate to evaluate the stability of the synthesised composites. 317 

This test was essential to understand the long-term viability of the material in terms of virus 318 

removal.  319 
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Figure 6 shows the copper release experiment results at pH 5 (Figure 6a) and pH 7 (Figure 6b). 320 

Figure 6a, shows a dynamic behaviour of the copper concentration in the permeate as a function 321 

of the filtered volume for the three composites at pH 5. The concentration of copper released in 322 

the permeate for composites 1 and 3 gradually decreases from initial concentrations of 200-323 

400 µg/L down to <35 µg/L after the filtration of around 6 L, as shown on Figure 6a. This trend 324 

is also visible in cumulative copper mass (Figure 6c), showing permeate mass stabilised at 325 

around 1000 and 800 µg for composite 1 and composite 3, respectively. In contrast, the copper 326 

release from composite 2, depicted in Figure 6a does not decrease until the last litre filtered , a 327 

trend also apparent in the cumulative mass of copper loss, which was nearly twice the value 328 

than for composite 1 and composite 3 (Figure 6c). The high dissolution may be attributable to 329 

the mass of Cu2O-NPs, which is much higher in composite 2 than in the others (Table 1 and 330 

Figure 6c). Moreover, for this composite the interactions between the Cu2O-NPs and MWCNTs 331 

are expected to be weaker than in case of composite 1, therefore increasing the dissolution 332 

probability of Cu2O-NPs. However, for the three composites, copper concentration in the per-333 

meate was nevertheless lower than the limit guided by the WHO for drinking water (<2 mg/L) 334 

(WHO, 2004a), and so are viable materials for filters that produce drinking water.  335 

Our study further shows the stability of the composite being affected by pH, with clear increases 336 

in dissolution at pH 5 relative to pH 7 (Figure 6). This can be explained by the higher solubility 337 

of Cu2O-NPs at acidic pH (4-5) as compared to neutral pH (~7) (Vargas et al., 2017; Z. Wang 338 

et al., 2013). As shown in Figure 6b, the copper concentration in the permeate of the three 339 

composites was six to seven times lower for the first flush (first few millilitres) of water filtered 340 

at pH 7 relative to the first flush at pH 5 (Figure 6a and Figure 6b). In the first flush, the copper 341 

detected in the permeate is expected to be Cu2O-NPs, although it is not possible to exclude the 342 

presence of dissolved copper. For the three composites at pH 7, copper release dynamic was 343 

dependent on the volume filtered, with a concentration increase during the first litres of filtrated 344 

water. Over 24 hours, (approximately 6 L of filtered water), the copper mass dissolved in the 345 
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permeate reached a plateau for the three composites. Conditioning filters prior to application 346 

may therefore help rinse out excess Cu2O-NPs, stabilising the filters. Interestingly, copper loss 347 

trend and maximum values were similar for composite 2 and composite 3 (Figure 6d), since 348 

both composites reached a plateau of 325 µg after filtering 6 L through the filters. For both 349 

synthesis routes, i.e. copper hydroxide precipitation and complex ion attachment, the condition-350 

ing step results in the same copper mass loss. On the contrary, composite 1 copper mass loss 351 

reached a maximum of 225 µg. Knowing that copper dissolution is mainly occurring at pH 5, 352 

one possible explanation concerning this behaviour difference might be that Cu2O-NPs inter-353 

actions with MWCNTs are weaker in the case of copper hydroxide precipitation and complex 354 

ion attachment syntheses routes, in comparison with the copper ion attachment one. Correlating 355 

this fact with the proposed mechanisms shown in Figure 3, for composite 1 the direct adsorption 356 

of the Cu2+ on the MWCNTs surface (route 1) could lead to stronger interactions between the 357 

resulting Cu2O-NPs and MWCNTs, since Cu2O-NPs nucleate directly on the surface of the 358 

MWCNTs. In the case of route 2, Cu2O-NPs were produced in excess in comparison with the 359 

MWCNTs. Therefore, the excess amount of Cu2O-NPs are expected to be removed during the 360 

rinsing of composite 2 filter. Furthermore, the interactions between Cu2O-NPs are expected to 361 

be weaker than for composite 1, increasing the release probability of Cu2O-NPs in composite 2 362 

filter permeate. For composite 2, NPs detachment may occur during as in the case of aliquot 363 

number 5 (Fig. 6c). Concerning route 3, the attached complexes are bonded via the amide 364 

group, which can decompose during the thermal treatment, decreasing the interaction between 365 

Cu2O-NPs and MWCNTs and facilitating the NPs detachment. This might explain the higher 366 

stability of composite 1 in comparison with composite 2 and composite 3. However, all compo-367 

sites are potentially suitable in application of drinking water production, as the detected copper 368 

concentrations were 100 times below the copper limit established by the WHO. 369 
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 370 

3 371 

Figure 6. Copper dissolution test results at pH 5 (a and c) and pH 7 (b and d) of the three dif-372 

ferent composites. 373 

 374 

3.3. Virus removal experiments 375 

MS2 bacteriophages removal tests were performed for the first time prior to (day 1) and second 376 

time (day 2) after conditioning filters with water at pH 5 and 7 for 24 hours (Figure 7). MS2 377 

were quantified directly after collecting the permeate (t=0 h) and again after the permeate was 378 

stored for 2 h at room temperature (t=2 h) - for "time control". This approach was established 379 

to evaluate the effect of copper dissolution on the performance of the filters.  380 

To attest the improvement of virus removal due to MWCNTs modification with copper(I) oxide 381 

in comparison with pristine MWCNTs, MS2 solution was first filtered through a pristine 382 

MWCNTs filter. The virus removal was equal to 0.1 LRV and it remained unaffected after 2 h 383 
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at both pHs. This value was lower than expected, as Brady-Estévez et al. obtained up to 8 LRV 384 

with MWCNTs filters, depending on the filtration conditions (Brady-Estévez et al., 2010). The 385 

difference between our study and Brady-Estévez et al. might be due to (i) use of different types 386 

of MWCNTs, (ii) different filtration conditions (amount of material, flux, pressure, water com-387 

position, virus-CNT contact time) and/or (iii) different filter preparation. Commercially avail-388 

able multi-walled carbon nanotubes vary greatly not only between manufacturers, but also 389 

within production batches. MWCNTs differ in physical properties e.g. length, thickness, aspect-390 

ratio, chemical composition, purity level, contamination content and homogeneity (Poulsen et 391 

al., 2016, 2015). These differences lead to inequalities in material biological affects and tox-392 

icity. This major difference highlights two important points: (i) pristine MWCNTs may not be 393 

a relevant adsorbent for pollutants, and (ii) MS2 removal in our study is not expected to be a 394 

consequence of the MWCNTs alone, but rather of the attached copper(I) oxide NPs or dissolved 395 

copper. Nevertheless, in our study, the role of MWCNT was mainly to act as a network/ struc-396 

ture to support copper(I) oxide nanoparticles, the primary virucide under investigation. 397 

Figure 7a shows the virus removal for the three composites as well as the copper concentrations 398 

measured in the permeate after virus filtration at pH 5. The subset of tests performed on day 1 399 

at t=0 h theoretically reveal virus removal due to adsorption on the filter surface, for example 400 

due to MS2 electrostatic adsorption onto Cu2O (Michen et al., 2013; Németh et al., 2019; 401 

Szekeres et al., 2018; Thurman and Gerba, 1989a). The filter material is positively charged, 402 

because Cu2O is introduced onto MWCNTs surface during the synthesis process. Cu2O pro-403 

vides positive surface charge within the tested pH range (5, 7), while the isoelectric point (IEP) 404 

is in the range of 8-11 (Jing et al., 2014), leading to the conclusion that IEP of the composites 405 

is also positive. The IEP of MS2 is equal to 4 (Michen and Graule, 2010; Reszka et al., 2006), 406 

suggesting that adsorption is possible in our studied conditions (water pH of 5 or 7). The log10 407 

removal was equal to 2.6, 6.1, 2.3 for the composites 1, 2, and 3, respectively, suggesting sur-408 

face adsorption of MS2. Those values were higher than the removal observed for the pristine 409 
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MWCNTs filter, confirming that Cu2O-NPs composites increased virus removal. However, in 410 

the t=2 h tests, the LRV increased to 5.0, >7.0 and 5.0 for composites 1, 2 and 3, respectively. 411 

This implies several potential virus removal mechanisms; removal at the filter surface (e.g., by 412 

electrostatic adsorption) and continued virus inactivation in the permeate (e.g., due to copper 413 

and Cu2O-NPs dissolution) (Babich et al., 1980; Thurman and Gerba, 1989b). Armstrong et al. 414 

have observed an additional 1.8 LRV of MS2 bacteriophage in permeate stored for 6 hours 415 

containing copper concentration 7-10 times lower than in this study (Armstrong et al., 2017). 416 

The increase in LRV during permeate storage highlights the need for a time control to separate 417 

out LRV attributable to removal by the filter from removal due to virucidal properties of metals 418 

in the permeate. Storing permeate prior to virus testing may lead to overestimates of filter per-419 

formance.  420 

Virus removal at pH 5 was tested once more on day 2, after the filter was rinsed for 24 h. Again, 421 

copper dissolution effect on virus removal was observed. After the conditioning step, composite 422 

2 still exhibited a LRV higher than 4 and an associated permeate copper concentration of 423 

2.226 mg/L. This is in accordance with copper dissolution results that showed continued copper 424 

dissolution from composite 2 after 24 h conditioning. However, two statements can be made 425 

for composite 1 and composite 3. At day 2, t=0 h, both composites showed lower MS2 LRV 426 

and lower copper concentrations in the permeate than at day 1, t=0 h. This might be explained 427 

by two mechanisms; (i) the conditioning step washed out Cu2O-NPs from filter surfaces, low-428 

ering the adsorption capacity of composites 1 and 3 and/or (ii) at least part of the virus removal 429 

is due to the direct effect of dissolved copper even at t=0 h. Second, composites 2 and 3 exhib-430 

ited almost unchanged MS2 removal after two hours storage (6.8 to 6.8 and 0.8 to 1.0 LRV, 431 

respectively), while the LRV of composite 1 increased from 1.0 to 5.0, despite low copper con-432 

centration in the permeate (0.001 mg/L). This may indicate that other factors, apart from copper 433 

concentration in the permeate, lead to increased virus removal. Amongst these factors, NPs 434 

properties difference due to the different synthesis routes might also play a major role in virus 435 



21 

 

removal (Xiong et al., 2017). The ICP-MS protocol used in this study cannot differentiate be-436 

tween copper forms in the permeate, so further tests would be required to identify potential 437 

causes of the increased MS2 removal. However, it is possible to apply single-particle ICP-MS, 438 

which differentiates between dissolved metal ions and nanoparticles (Álvarez-Fernández 439 

García et al., 2020). 440 

 441 

Figure 7. MS2 removal test results for composite 1, composite 2 and composite 3 at a) pH 5 442 

and b) pH 7, and the associated copper concentrations detected in the permeate.  443 

Figure 7b shows the results from the experiment performed at pH 7. Interestingly, at day 1 444 

t=0 h, MS2 LRV was around 0.2-1.3 for the three composites. This is similar to the LRV ob-445 

served with pristine MWCNTs and much lower than the LRV observed at pH 5. Apparent virus 446 

removal by electrostatic adsorption was therefore low for all composites. This is also in accord-447 

ance with the results from Figure 7a, showing a lower removal at t=0 h when copper concen-448 

tration in the permeate was lower. MS2 LRV at t=0 h is mainly explained by the immediate 449 

effect of dissolving copper, while the removal by adsorption onto the filter surface is limited.  450 

pH 7 experiments show once again that virus removal tests for filters should account for addi-451 

tional virus inactivation in the permeate. At pH 7, LRV increased for day 1 t=2 h relative to 452 

t=0 h. This was surprising given that the permeate copper concentrations were low. Indeed, the 453 

MS2 LRV increased by 0.9, 3.8 and 0.9 LRV for composites 1, 2 and 3, respectively, while the 454 
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associated copper concentrations were equal to 0.196, 0.301 and 0.225 mg/L. Low copper con-455 

centrations in the permeate are associated with lower MS2 LRV at t=2 h for composite 1. Inter-456 

estingly, for composite 1 and composite 2 LRV increase by 3.5 and 2.3 was observed at day 2 457 

t=2 h, despite a copper concentration of 1 µg/L in the permeate. Notably, copper concentration 458 

in the permeate was not predictive of LRV values, so including time-controlled virus removal 459 

tests should be required to assess filter efficacy.  460 

The continued inactivation of virus in the permeate suggests copper may be virucidal in low 461 

concentrations. Although a previous work has suggested virucidal effects at concentrations of 462 

300 µg/L (Dankovich and Smith, 2014), virucidal activity was observed here at lower concen-463 

trations. The physicochemical properties of the Cu2O-NPs and/or interactions with MWCNTs 464 

may influence inactivation of viruses. For example, composite 2, has a higher ratio of Cu2O-465 

NPs/ MWCNTs, which facilitates/increases the probability of Cu2O-NPs dissolution (in addi-466 

tion to the dissolution effect). We observed not only the immediate (t=0 h) virus inactivation 467 

due to high copper(I) oxide content but also an increase in LRV after two hours due to the 468 

above-mentioned Cu2O-NPs dissolution.  469 

Overall, the study results suggest that the developed composites are not sufficient to provide 470 

safe drinking water through filtration (physical removal and/or adsorption processes) alone. 471 

However, the composites provide a mechanism for virus removal through combined filtration 472 

and post-filtration virus inactivation during storage. Therefore, the developed filters may be 473 

sufficient for applications in combined treatment of filtration and post-filtration storage due to 474 

continued/ increased virus inactivation in the permeate with time, where water is stored prior 475 

to use. Importantly, the findings and the experimental procedure presented here clearly high-476 

light the necessity to establish a procedure for (i) conditioning a filter material (for material 477 

stabilisation), (ii) proper evaluation of virus removal capacity that takes into account continued 478 
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virus inactivation in the permeate, and (iii) evaluation of the impact of the metal dissolution 479 

before using the suggested filter materials in real applications.  480 

 481 

4. Conclusions 482 

In this study, (nano-)Cu2O/ MWCNTs composites were synthesised using three different syn-483 

theses routes: (1) copper ion attachment, (2) copper hydroxide precipitation and (3) 484 

[Cu(NH3)4]
2+ complex attachment syntheses. All three filters exhibited measurable copper dis-485 

solution (likely due to excess and/or non-bonded/weakly bonded copper particle removal, low 486 

pH influence) during water filtration, even after conditioning the filters by rinsing for 24 h. 487 

Filtered water at a lower pH (5 relative to 7) had higher copper concentrations in the permeate. 488 

Copper concentrations decreased in the permeate over time, suggesting that it may be beneficial 489 

to rinse the filters to remove excess unbound copper (conditioning) to reach material stability. 490 

Additional virus removal was observed in the permeate when it was stored for two hours prior 491 

to virus testing. This phenomenon was observed in all three synthesised composites at both 492 

pH 5 and 7, which confirms that the electrostatic adsorption of the MS2 onto the filter is not the 493 

only mechanism involved in virus removal. Increased virus removal may be due to presence of 494 

copper (e.g., Cu2O nanoparticles) in the permeate. However, there was no direct correlation 495 

between the copper concentration in the filtrate and the virus removal capacity. Therefore, ef-496 

ficiency of filter virus removal must account for continued virus removal in the permeate when 497 

virucidal compounds are incorporated into filter material. It is important to evaluate permeate 498 

composition and control the time of sample analysis, as both parameters strongly influence 499 

virus inactivation rate. Such steps can lead to improved evaluation of the responsible mecha-500 

nisms behind the virus inactivation/ removal by the tested material. 501 

 502 
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