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Abstract 

By using pre-deposition of ferrocene catalyst, prior to carbon nanotube (CNT) 

synthesis at 850oC, using acetylene as the carbon source and argon as an inert 

process gas, vertically aligned carbon nanotubes with diameters ranging from 20 

nm to 50 nm formed a densely packed film ranging from 20-50 μm thick. Yeast 

cells were then adsorbed on the resultant vertically aligned carbon nanotube film 

by immobilization. The carbon nanotube film was found to degrade the resultant 

biofilm in fermentation broth due to hydrodynamic forces and mechanical wear. 

The yeast cells that were in contact with the carbon nanotube film showed 

morphological changes due to the strong interactions between the carbon nanotubes 

and the walls of the cells, but continued to divide and grow. Thus, since the carbon 

nanotubes did support cell growth and the cells were adhered strongly to the surface 

of the CNTs, a film of CNTs could be used as an anti-fouling agent to protect the 

surface of stainless steel from microbiologically induced corrosion (MIC) in pipe 

carrying petroleum products, waste water treatment, biomedical scaffolds and other 

situations where stainless pipes are used in fluid transport. 

 

Keywords: Chemical Vapour Deposition, Carbon Nanotubes, Stainless Steel, 

Biofouling, antifouling 

 

1. Introduction 

Biofouling can be defined as the deposition and adsorption of microbes, such as 

cells on solid surfaces, which could result into microbiologically induced corrosion 



2 
 

(MIC) in stainless pipe or pipelines. MIC in turn may be described as the 

deterioration of a metal by corrosion processes occurring due to metabolic activity 

of biological cells. MIC commonly seen in chemical, power, pulp and paper 

industry, ship engines, Oil and Gas pipelines, refineries, nuclear power plants, etc. 

MIC can occur as a consequence of either anaerobic or aerobic respiration. For 

instance, the sulphate (SO-) reducing bacteria are the most destructive 

microorganisms in the petroleum production environment, whereby sulphate is 

reduced to sulphide ions, which promote formation of sulphide films on metal 

surfaces and corrode them. This is seen as a major problem in handling large 

volumes of deaerated water from underground reservoirs, because these waters are 

rich in nutrients and can become very sour with H2S if infected by SO- reducing 

bacteria. The surface-biofilm microenvironment plays an important role in MIC, 

hence most preventative measures, such as the use of biocides, focus on the 

prevention of the biofilm formation on the surface. However biocides have a 

detrimental effect on the environment, and some micro-organisms have adapted and 

become resistant to biocides (Cloete et al. 1992). To mitigate the disadvantageous 

effects of biocides recent research has developed coatings and films to prevent 

biofouling such as polymer brush coatings (Yang et al. 2014) and Carbon nanotubes 

(Upadhyayula & Gadhamshetty. 2010)  

 

As a result, this research work was carried out in fermentation broth environment 

by Iyuke & co-workers (Higginson 2010) aimed to produce carbon nanotubes 

(CNTs) by chemical vapour deposition of CNTs (Iijima, S., & others. 1991)) on 

stainless steel surfaces as an antifouling agent for biofilms.  

The formation of CNT film on stainless steel has been accomplished in various 

ways. The CNTs can be formed externally and deposited on the steel or the 

nanotubes can be formed directly on the surface of the wire. Electrophoretic 

deposition provides a method whereby a horizontally aligned film of CNT is 

deposited on an electrode (Cho et al., 2009). The film formed is very dense and less 

than 1 µm thick. The pores in the film are however too small to provide an increased 

surface area for yeast cell fouling due to the dense packing of nanotubes required 
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for film formation. It has been reported that synthesis of CNTs over stainless steel 

mesh increases the surface area from 0.01m2/g to over 40 m2/g (Gao et al. 2008), 

however increase in surface area for cell immobilization otherwise known as 

fouling is limited due to the small pore size.  

 

Much research has been performed recently into the formation of CNT films on 

stainless steel through CVD processes. External formation and deposition on 

stainless steel requires an external catalyst source and is similar to nanotube 

deposition on other media (Lee et al. 2009). The pores in the surface are too small 

to allow the entry of yeast cells between the nanotubes. A more attractive option is 

the direct growth of carbon nanotubes onto the stainless steel substrate. This can 

either be achieved through deposition of catalyst particles on the surface (Abad, et 

al., 2008; Karwa et al. 2006; Gao et al. 2008; Yuan et al. 2001) or, due to the iron 

content of the steel, through surface preparation and use of the steel itself as the 

catalyst source (Van der Wal & Hall, 2003; Martínez-Hansen, et al., 2009; Park et 

al., 2003; Baddour, et al., 2009; Masarapu & Wei, 2007). The stainless steel requires 

pre-treatment prior to nanotube synthesis in order to break down the oxide layer on 

the surface of the steel as the carbon source cannot diffuse through the oxide layer 

to reach the catalyst metals, mainly iron, underneath (Van der Wal & Hall, 2003).  

 

Production of nanotubes on a stainless steel surface without any surface pre-

treatment results in very poor surface coverage. As the oxide layer is fully intact 

during synthesis carbon-catalyst interaction is limited. Some active sites are 

exposed by the formation of carbides on the stainless steel surface due to reactions 

between the metals, especially chromium with the carbon present in the steel. The 

formation of carbide crystals at the grain boundaries causes the oxide layer to crack 

allowing the carbon source access to catalyst sites, however due to the random 

nature of the metallic grain structure this results in highly non-uniform fibres to be 

formed and poor surface coverage (Lee et al. 2009; Van der Wal & Hall,  2003). 
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The surface pre-treatment can be performed in various ways. Oxidation (Van der 

Wal & Hall, 2003), reduction (Lee et al. 2009; Park et al. 2003; Kaewsai et al. 

2009), acid etching (Lee et al. 2009; Baddour, et al., 2009; Masarapu & Wei, 2007) 

or a combination of measures. Oxidation increases the thickness of the oxide layer 

resulting in cracks forming, allowing the carbon source access to the catalyst metals 

in a similar manner to carbide formation but with greater success. Oxidation can be 

performed by heating, burning, laser oxidation or through “pickling” with nitric 

acid. If oxidation occurs rapidly, for example though burning large cracks will form 

and pieces of the surface will flake off. If the thickening is gradual however, the 

oxide will remain attached to the surface of the metal, modifying the grain structure 

of the surface and provide many active sites for carbon nanotube growth.  

 

Reduction is performed using a reducing agent such as H2 gas to reduce the oxide 

layer to the constituent metals, which can then interact with the carbon source. If 

reduction is performed without prior thickening of the oxide layer the steel surface 

will maintain its original grain structure and hence the nanotubes formed will be 

highly non uniform (Van der Wal & Hall, 2003; Kaewsai et al. 2009; Park & Lee, 

2006). Thickening the oxide layer will result in a modified grain structure and once 

reduced will provide for production of uniform nanotubes over a large proportion 

of the steel surface  

 

The surface can also be modified through the use of strong acids such as HCl and 

H2SO4 that will react with the surface of the steel. The use of strong acids not only 

changes the structure of the steel but also the distribution of the constituent metals 

(Masarapu & Wei, 2007). The use of strong acids leaches chromium from the 

surface of the metal increasing the relative amount of iron on the surface. The 

removal of chromium from the surface of the stainless steel has a dual purpose as 

the lower chromium concentration prevents the oxide layer from reforming to its 

original thickness as well as increasing the presence of the major catalyst source, 
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iron, on the surface. Hence acid preparation of the surface provides for excellent 

uniformity and surface coverage 

 

The long range (5-100 nm) forces applicable to cell immobilization are described 

as being an electrostatic force governed by the surface charge of the cells and van 

der Waals forces. These forces are often modelled using the Derjaguin-Landau-

Verwey-Overbeek (DLVO) theory (Loosdrecht, et al, 1989). This models the 

overall forces to be additive between an attractive van der Waals force and a 

repulsive electrostatic force. Unfortunately there is currently no model to describe 

an attractive electrostatic force. The DLVO predicts an energy barrier that could 

prevent the cell from gaining access to the surface. If the energy barrier is greater 

than the energy of the cells adhesion will be prevented, if however the energy of 

the cells is large enough to cross the energy barrier the cells may be able to adhere 

to the surface (Br'anyik et al. 2004). The strength of the energy barrier decreases 

with increasing electrolyte concentration hence many researchers have found that 

in fermentation conditions, where the ionic strength is greater than 10 nM, the 

energy barrier is negligible. Once the cells reach the surface of the carrier hydration 

forces become important short range forces allowing cells to adhere to the surface.  

The stages in cell fouling can be described as follows (Klein & Ziehr, 1990): 

1) Cells are transported from the medium to the surface of the carrier 

2) Cells become attached to the surface, this phase of attachment is reversible 

and is governed by the forces applied to the cells 

3) Synthesis of biopolymers is performed by the cells, which anchors the cells 

to the surface, biofilm formation. 

In yeast cells biopolymers are produced during cell flocculation, hence cells that 

have flocculated or starved of nourishment have been found to attach more readily 

to the surface of carriers (Bekers, et al., 1999). 

 



6 
 

Br'anyik et al. 2004 state the interactions between yeast cells and a carrier take 

differing forms. The forces mentioned above lead to cell-carrier attachment 

whereby cells attach to the surface of the carrier. Cell-carrier fouling occurs when 

cells enter sheltered cavities in the surface of the carrier. This has a dual effect of 

increasing the available surface area for cell attachment and protecting the cells 

from shear forces that would otherwise cause the cells to detach from the carrier 

surface. Cell-cell attachment occurs when a cell that is attached to the surface comes 

into contact with a free cell. The free cell can attach to the immobilized cell using 

biopolymers, this is especially common in the case of cell carrier fouling where the 

close contact between cells and lack of shear forces increases the interaction 

between cells. 

 

2 Experimental methods 

The carbon nanotubes were produced through the swirled floating catalyst chemical 

vapour deposition method described by Afolabi, et al. 2007. The reactor is 

composed of a 5 cm inner diameter quartz reactor, 100 cm in length placed 

vertically in a furnace where the temperature is set via the control unit. Gasses are 

fed into the reactor via a vaporization chamber at the bottom of the reactor which 

is heated by a heating plate. The temperature of the heating plate is set at 350oC. 

The flowrate of the gasses entering the reactor are controlled and measured by Cole-

Parmer n082-03 rotameters using a glass float. The calibration charts for the 

rotameters can be found in Appendix A. Gasses exit the system through pipes at the 

top of the reactor. 

 

The direct synthesis of nanotubes without the addition of an external catalyst was 

performed by placing five 10 cm lengths of 0.9 mm diameter type 304 stainless 

steel wire 50 cm from the bottom of the reactor supported by quartz wool. The 

reactor was then sealed and flushed with argon at a flowrate of 647.3 cm3/min for 

15 minutes to remove the oxygen from the system. The furnace was then heated to 
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the desired reaction temperature, after which the synthesis gasses were added and 

allowed to react for 15 minutes. The reaction conditions used are as follows 

1) No wire pre-treatment. Furnace at 600oC, synthesis gas: acetylene 260.9 

cm3/min, argon 572.9 cm3/min 

2) No wire pre-treatment. Furnace at 850oC, synthesis gas: acetylene 260.9 

cm3/min, argon 572.9 cm3/min 

3) No wire pre-treatment. Furnace at 950oC, synthesis gas: acetylene 260.9 

cm3/min and argon 572.9 cm3/min 

4) Oxide layer reduction at 800oC using Hydrogen 807.8 cm3/min and argon 

455.6 cm3/min, Furnace at 950oC, synthesis gas: acetylene 260.9 cm3/min, 

argon 455.6 cm3/min and hydrogen 905.6 cm3/min 

The final method that was used in an attempt to synthesise carbon nanotubes on 

stainless steel without the addition of an external catalyst was based on the method 

of Baddour et al (Baddour, et al., 2009). The wires were first acid etched for 10 min 

in a 15% solution of hydrochloric acid. The wires were then rinsed using distilled 

water and allowed to dry. The wires were then placed in the reactor, as in the 

previous experiments, 50 cm from the bottom of the reactor supported by quartz 

wool. The reactor was then sealed and purged using argon at a flowrate of 647.3 

cm3/min for 15 min. the furnace was then heated to 850oC and left for 30 min. The 

reactor was the allowed to cool to 700oC where the synthesis gases were added; 

argon 647.3 cm3/min and acetylene at 169.8 cm3/min. 

The reactor was then flushed with argon and allowed to cool. The wires were 

removed once the reactor had cooled to room temperature and stored in a sealed 

container. 

 

Production of carbon nanotubes using an external catalyst source required the 

addition of ferrocene to the system. In this case five 10 cm lengths of type 304 

stainless steel wire were placed 25 cm from the bottom of the reactor supported by 

quartz wool. 5 g of ferrocene powder was also placed on the quartz wool support. 

The reactor was then flushed with argon at a flowrate of 647.3 cm3/min for 15 
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minutes. The furnace was then heated to 850oC. For catalyst pre-deposition, argon 

was then passed through the reactor at a flowrate of 647.3 cm3/min for 10 minutes. 

The synthesis gasses were then added to the system in the following conditions. 

1. Furnace at 850oC, no catalyst pre-deposition, synthesis gas: acetylene at 

406.3 cm3/min 

2. Furnace at 850oC, catalyst pre-deposition, synthesis gas: none 

3. Furnace at 850oC, catalyst pre-deposition, synthesis gas: acetylene at 406.3 

cm3/min, argon at 332.1 cm3/min 

The reactor was then flushed with argon of and allowed to cool. The wires were 

removed once the reactor had cooled to room temperature and stored in a sealed 

container. 

 

2.1 Fouling of CNT coated stainless steel by yeast cells  

Yeast cell fouling was carried out by immersing 10 cm lengths of wire in actively 

fermenting medium of yeast cells and malt extract. The wort was produced by 

mixing 120 g of dried malt extract in 1000 ml of distilled water which was then 

autoclaved at 121oC for 15 min. the autoclaved extract mixture was then cooled and 

filtered using a Millipore aseptic filter housing and Whatman cellulose nitrate 

sterile membrane filters. The filter pore size was 0.45 µm which removed 

particulate matter from the extract mixture. The pH of the solution was then 

adjusted to approximately 4.2 using phosphoric acid. 170 ml of the filtered extract 

was then placed in 250 ml conical flasks, which were stopped with cotton wool and 

covered by aluminium foil, and placed in a rotary shaker at 23oC and 100 rpm for 

4 hours to reach the desired temperature. 

 

Dried Brewing yeast, Saccharomyces cerevisiae (Fermentis, S23) was used as the 

yeast for the immobilization experiments. The dried yeast was first rehydrated by 

mixing 2 g of dried yeast with 20 ml of distilled water in a 25 ml conical flask. The 

flask was then placed in a rotary shaker at 23oC and 100 rpm for 4 hours. The yeast 

was then inoculated by transferring the yeast slurry from the 25 ml conical flask to 
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the 250 ml conical flasks using a mechanical pipette. The experiments performed 

were as follows: 4 ml of slurry and CNT coated wire, 2 ml of slurry and CNT coated 

wire, 1 ml of slurry and CNT coated wire, 1ml of slurry and uncoated wire. All 

equipment used in the immobilization experiments was autoclaved at 121oC for 15 

min prior to use. 

 

Samples were collected from the flasks at intervals by removing 10 ml of the 

medium using a mechanical pipette. The samples were then tested for pH, 

absorbance and 5 ml of each sample was filtered using a Millipore aseptic filter 

housing and Whatman cellulose nitrate sterile membrane filters, pore size 0.45 µm, 

and frozen for analysis by high performance liquid chromatography. Samples of the 

wire were obtained by removing the wires from the medium using forceps and 

cutting off a 1 cm section from the end of the wire. The wire was then rinsed by 

dipping into distilled water and dried in an oven at 80oC for 40 min, the wires were 

then placed in sterilized sample jars until microscopic analysis was performed. 

 

2.2 Washing and corrosion tests 

 

The washing of wire samples was performed in 500ml beakers, filled with 300ml 

of distilled water and placed in a rotary shaker at 100 rpm for 4 hours. This time 

was chosen as it was the time taken for the air bubbles surrounding the wires to 

dissipate. The wire samples were then removed from the water and dried in an 

oven at 75oC for 4 hours.  

 

Immersion tests were performed to test the corrosion resistance of the various 

wire samples. To test the oxidation resistance a 2 cm lengths of wire were placed 

in 250ml conical flask with 100ml of distilled water. After 24 hours the wire 

samples were removed and dried in an oven at 75oC for 4 hours. The wire samples 
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were then visually inspected for signs of iron oxide, which presented as orange-

red deposits on the surface of the samples. The resistance of wire samples to acidic 

corrosion was tested by placing 2 cm lengths of wire in 150ml of a 38% solution of 

sulphuric acid. The 38% solution of H2SO4 was produced by mixing 50ml of 72% 

H2SO4 with 100ml of distilled water. The solution was then placed in 250ml conical 

flasks with a sample of wire. After 24 hours the wires were rinsed with distilled 

water and dried in an oven at 75oC for 4 hours. The mass of each wire sample was 

measured before and after the corrosion test to determine the mass that was lost 

due to corrosion. 

 

2.3 Analytical methods 

Microscopic analyses were carried out using a JEOL 100S electron microscope. 

Samples were mounted onto aluminium stages using graphite paste and were 

observed in the microscope. No coating was required due to the presence of 

conductive materials on the surface of the samples. High magnification scanning 

electron microscope images were taken using a FEI Quanta 400F Environmental 

Scanning Electron Microscope (ESEM). The samples were coated using gold-

palladium shading to increase the conductivity when viewing yeast cells. 

 

3 Results and Discussion 

Figure 1 A shows the surface of the stainless steel wire prior to any reaction or 

treatment. Striation can clearly be seen on the surface of the wire and are remnants 

of the production process. Aside from the parallel striation it can be seen that there 

are no horizontal cracks in the surface of the wire. 
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The initial attempts to produce a carbon nanotube film without the addition of an 

external catalyst were performed by using process gas composed of acetylene at 

260.9 cm3/min and argon at 572.9 cm3/min at various temperatures. Figure 2 B 

shows the surface of a wire that had been heated to 600oC and exposed to the 

process gas for 15 minutes. The surface shows no growth of carbon filaments 

however the surface shows horizontal cracks in addition to the striations that could 

be seen in the plain wire surface. With the reaction at 600oC there is some deposition 

of amorphous carbon onto the surface of the wire, as illustrated in Figure 3 A. 

 

Using the same process gas at 850oC for 15 min produced large filaments, with a 

diameter greater than 1 µm, on the surface of the stainless steel. The surface 

coverage of filaments was negligible and the majority of the surface was coated 

with amorphous carbon, as shown by Figure 3 B and C. 

 

Figure 1: SEM images of stainless steel wire samples (A): Wire surface prior to any treatment, (B): 

Wire after carbon nanotube synthesis reaction at 600oC without the addition of an external catalyst 

A B 

3700X 22KV WD 39 10μm 2500X 22KV WD 14 10μm 
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Performing carbon nanotube synthesis on stainless steel at 950oC caused severe 

damage to the surface of the wire, shown in Figure 2 D and Figure 3 A, B, C and 

D. The addition of hydrogen to the process gas did not reduce the damage to the 

surface of the wire, however the deposition of carbon nanoballs in addition to the 

deposition of amorphous carbon that was also visible in the wires exposed to 

process gas without hydrogen. This is consistent with the findings of Van der Wal  

& Hall, 2003, whereby the addition of hydrogen reduces the formation of 

amorphous carbon deposits. In the absence of a suitable catalyst this results in the 

formation of carbon nanoballs rather than nanotubes. 

Figure 2: Stainless steel wire after carbon nanotube synthesis without the addition of an external catalyst 

at (A): 600oC, (B): 850oC showing filamentous carbon growth, (C): 850oC showing defects in carbon filament, 

(D): 950oC showing damage to surface 

A B 

C 

D 

3700X 22KV WD 39 10μm 750X 18KV WD 14 10μm 

6000X 18KV WD 11 1μm 1700X 15KV WD 39 10μm 
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The final method used to produce a nanotube film without the use of an external 

catalyst involved three stages. The steel was prepared initially through etching with 

15% hydrochloric acid. The acid did not drastically alter the surface of the steel 

however, as shown in Figure 4 A, augmented the surface striations caused by the 

production process. The synthesis of nanotubes involved a two stage heating 

process. The wires were heated to 850oC to break down the oxide layer of the wires. 

The wires were then cooled to 700oC and exposed to process gas of argon at 647.3 

cm3/min and acetylene at 169.8 cm3/min. This method did not result in any 

nanotube growth, with only amorphous carbon deposits on the surface as can be 

seen in Figure 4 B. 

Figure 3: Stainless steel wire after carbon nanotube synthesis without the addition of an external catalyst 

at A: 950oC, (B): 950oC after 24 hour immersion in distilled water, (C): 950oC with the addition of hydrogen, 

(D): 950oC with the addition of hydrogen showing granular deposits on wire surface 

A B 

C D 

6000X 15KV WD 11 1μm 1700X 15KV WD 11 10μm 

1300X 15KV WD 11 10μm 2000X 15KV WD 11 10μm 
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The overall lack of nanotube production when using synthesis without the addition 

of an external catalyst can be explained by the lack of active catalyst sites for 

nanotube formation. This is mainly due to the presence of the chromium rich oxide 

layer, however treatment with sulphuric acid and reduction using hydrogen should 

have exposed active catalyst sites for nanotube growth. Catalyst sites are 

deactivated by the deposition of amorphous carbon (Van der Wal & Hall, 2003). 

Amorphous carbon deposits were found on all wires after the synthesis reaction 

with the exception of the reaction at 600oC. Carbon deposits deactivate the catalyst 

sites and prevent the formation of nanotubes. In the absence of an external catalyst 

the steel surface is the only site where nanotube synthesis can occur. The wires only 

supply a surface area of 2.8 cm2 in a reactor volume of 1.96 dm3. The residence 

times of the synthesis gas were greater than 30 seconds in all cases, meaning that 

the autocatalytic pyrolysis of acetylene would occur, causing the amorphous carbon 

deposits that were visible in all cases where no external catalyst was used. 

 

 

 

Figure 4: Stainless steel wire; (A): after reaction with 15% HCL for 15 min, (B): after synthesis at 700oC 

A B 

3700X 15KV WD 11 10μm 13000X 15KV WD 11 1μm 
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3.1 Production of a carbon nanotubes on stainless steel through the 

addition of an external catalyst 

Carbon nanotubes were produced via chemical vapour deposition through the 

pyrolisis of acetylene using 5 g of ferrocene catalyst powder at 850oC. The nanotube 

synthesis was performed without pre-deposition of the catalyst on the stainless steel 

wires and using pure acetylene, at a flowrate of 406.3 cm3/min. This production 

method was found to produce nanotubes of highly variable size and many 

impurities such as nanoballs and non-tubular carbon structures (NTCs). Figure 5 A 

shows SEM analysis of carbon deposits produced through this process. Carbon 

nanotubes are visible on the surface of the film however there are many NTCs that 

were deposited on the surface. After the wires were washed in distilled water the 

impurities and loose nanotubes were mostly removed leaving a horizontally aligned 

film of nanotubes, as shown by Figure 5 B and C. The horizontal alignment and 

random arrangement of the film indicates that the nanotubes were formed on 

floating catalyst particles and then deposited onto the surface of the stainless steel. 

Figure 5 D shows the film flaking off from the surface of the stainless steel after 3 

cycles of washing in distilled water and drying at 100oC, the exposed surface shows 

only minimal damage in comparison to the direct synthesis reactions performed at 

950oC. 

 

The nanotube synthesis process was modified by the addition of a catalyst pre-

deposition step using argon carrier gas at 647.3 cm3/min for 10 min at 850oC. The 

nanotube synthesis then proceeded using acetylene at a flowrate of 406.3 cm3/min 

with argon carrier gas at a flowrate 332.1 cm3/min. The gas mixture was fed into 

the reactor for 15 min, after which the reactor was purged using argon gas at a 

flowrate of 647.3cm3/min for a further 15 min. The reaction produced large carbon 

filaments ranging from 100 to 1500 nm as shown in Figure 6 A, as well as nanotubes 

and nanotube bundles as shown in Figure 6 B, C and D. The filaments were 

deposited on a nanotube film which is shown in Figure 6 D. the nanotubes form 

bundles due to the large, attractive van der Waals forces that occur between the 

smaller nanotubes (Zhu et al. 2004) that can arrange themselves in parallel 
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arrangement. The larger nanotubes are less flexible and do not form parallel 

arrangements as readily.  

 

Film surface 

Figure 5: Carbonaceous film formed using pure acetylene process gas and ferrocene catalyst at 850oC 

without catalyst pre-deposition, (A) impurities in the film prior to washing, (B) horizontally aligned nanotube 

film exposed through washing, (C) magnified image of nanotube film, (D) degradation of the film 

A 
B 

C D 

3700X 22KV WD 39 1μm 
3700X 22KV WD 39 10μm 

13000X 22KV WD 44 1μm 800X 10KV WD 37 10μm 

Wire surface 

Film surface 

Horizontally 

aligned film 

Amorphous 

impurities 
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Washing the wires for 4 hours with distilled water removed the majority of the 

filaments and nanotube bundles, leaving the nanotube film mostly intact. Figure 7 

A shows the nanotube film after washing, showing the presence of voids in the film 

that were not present prior to the washing procedure. The surface of the stainless 

steel can be seen in the void and is undamaged by the nanotube synthesis reaction. 

The film is formed from a densely packed layer of vertically aligned nanotubes and 

is approximately 20 µm thick, although the thickness of the film varied between 10 

µm and 50 µm. as shown in Figure 7 B. The cause of the nanotube growth 

perpendicular to the surface of the wire as opposed to the parallel deposition seen 

Figure 6: Carbonaceous film formed using pure acetylene process gas and ferrocene catalyst at 850oC with 

catalyst pre-deposition, (A) nano-fibres on the film surface prior to washing, (B) nanotubes, approximately 

100nm in diameter, on the film surface, (C) nanotube bundle on film surface, (D) nanotube bundle showing 

film surface 

A B 

C D 
Nanotube bundle 

Nanotube bundle 

Nanotubes 

Nanofibre 

Film surface 

1000X 15KV WD 13 10μm 10000X 15KV WD 13 1μm 

1200X 15KV WD 13 10μm 3000X 15KV WD 13 10μm 
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when nanotube synthesis was performed without catalyst pre-deposition is that 

during the catalyst pre-deposition stage the ferrocene catalyst is converted to the 

gaseous phase at 350oC in the vaporiser and conveyed to the reactor by the argon 

gas. At 850oC the ferrocene was decomposed to form iron particles that were 

deposited onto the surface of the wires which served as catalyst sites once the 

process gas was introduced into the reactor. In the case of synthesis without catalyst 

pre-deposition the ferrocene gas was conveyed from the reactor by the carbon 

containing process gas, thus as the ferrocene decomposed to form iron particles the 

particles immediately acted as the catalyst for the nanotube synthesis reaction and 

were deposited onto the surface of the wire once the nanotube was formed.  

The vertically aligned nanotube film could act as a good carrier for cell 

immobilization as the film increases the surface area of the stainless steel wire 

through the formation of voids and fissures on the surface of the film as shown in 

Figure 8 A, this greatly increases the number of sites for cell immobilization and 

hence increases the maximum possible loading of cells on the nanotube film. Figure 

3.8 A shows that some filaments remained on the surface of the film although the 

majority of the impurities were removed through washing with distilled water for 4 

hours. The vertically aligned film is composed of nanotubes that range from 20 nm 

to 60 nm in diameter 

Figure 7: Carbonaceous film formed using acetylene and argon process gas and ferrocene catalyst at 

850oC with catalyst pre-deposition, (A) surface of nanotube film after washing with distilled water, (B) cross-

sectional view of nanotube film after washing with distilled water 

B A 
Film surface 

Wire surface 

Film surface 

200X 10KV WD 14 100μm 3000X 10KV WD 14 10μm 

Wire surface 
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3.2 Corrosion testing 

The results of the corrosion testing are shown in Tables 1 and 2. Table 1 shows that 

the majority of the samples did not show signs of oxidation when immersed in 

distilled water for 24 hours, the exceptions being the stainless steel wires exposed 

to direct synthesis at 950oC and the wires exposed to pre-deposition of catalyst 

without nanotube synthesis. The wires exposed to pre-deposition of catalyst 

followed by nanotube synthesis did not show any signs of oxidation.  

The wires exposed to pre-deposition of catalyst without subsequent nanotube 

synthesis showed visible signs of oxidation after immersion in distilled water 

however no other samples exposed to 850oC showed any signs of oxidation. This 

shows that the oxidation is due to the deposition of iron particles rather than damage 

to the wire. The lack of visible oxidation on the wires after nanotube synthesis 

shows that the catalyst particles are encapsulated by the carbon nanotubes 

preventing oxidation. 

 

Figure 8: Carbonaceous film formed using acetylene and argon process gas and ferrocene catalyst at 

850oC with catalyst pre-deposition, (A) high magnification image of film showing nanotubes and fibres, (B) 

cross-sectional view of nanotube film after washing with distilled water 

A B 
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The wires exposed to nanotube synthesis at 950oC showed damage to the surface 

as shown in Figure 2 D and Figure 3. The deposits shown in Figure 3 B correspond 

with the oxidation that was visible after 24 hour immersion in distilled water. As 

there was no addition of any metallic substance to the reactor in these cases the 

oxidation was caused from the sensitisation of the stainless steel. The high carbon 

concentration and high temperatures led to carbon diffusion into the steel, which 

reacted with the chromium in the surface of the steel to form carbides. This led to 

destruction of the oxide layer leading to the damage seen in the micrographs and 

the oxidation seen after immersion in distilled water. 

Table 1: Results of tests performed on wire samples immersed in distilled water 

for 24 hours 

Sample Catalyst 

Reactor 

Temp 

(oC) 

Synthesis 

gasses 

Formation of 

carbon filaments 

Visible oxidation after 

24 hr. immersion in 

distilled water 

1 none 600 acetylene no No 

2 none 850 acetylene Some filaments No 

3 none 950 acetylene none Yes 

4 none 950 
Acetylene, 

hydrogen 
none Yes 

5 Ferrocene 850 acetylene 
Horizontally 

aligned film 
No 

6 
Ferrocene, pre-

deposition 
850 none none Yes 

7 
Ferrocene, pre-

deposition 
850 

Acetylene, 

argon 

Vertically aligned 

film 
no 

 

Table 3.2: weight loss due to immersion in 38% sulphuric acid for 24 hours 

Wire sample 
CNT 

coating 

Mass Before 

(mg) 

Mass After 

(mg) 

Mass 

lost (mg) 

Plain wire No 129 126 3 

Direct synthesis at 600oC No 150 143 7 

Direct synthesis at 850oC No 135 126 9 

Direct synthesis at 950oC without H2 No 163 160 3 

Direct synthesis at 950oC with H2 No 155 151 4 

Catalytic growth at 850oC Yes 140 140 0 

Catalyst pre-deposition at 850oC Yes 135 134 1 
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The results of the sulphuric acid immersion tests, shown in Table 2, show that the 

samples without a coating of carbon nanotubes had significant mass loss. The 

samples that have a nanotube coating showed no significant mass loss over the 24 

hour period. The equipment used to measure the mass of the wires is accurate to 

within 1 mg, hence a change in mass of more than 2 mg can be seen as significant. 

The total mass loss in the samples without the nanotube coating cannot however be 

assumed to be only corroded metal since the corrosion of the wire resulted in the 

carbon coating flaking off due to gas evolution on the surface on the metal during 

corrosion. In the case of the wires exposed to direct synthesis this coating is in the 

form of amorphous carbon, which is removed by acid treatment (Yu, et al., 2008). 

Since carbon nanotubes are not removed by acid treatment, the presence of the 

nanotube film provided protection from acidic corrosion for the 24 hour period. 

However the coating can be removed by hydrodynamic forces, as shown in Figure 

5 D, which would result in the loss of protection from acidic corrosion. 

 

3.3 Immobilization of yeast cells on carbon nanotubes 

The validity of using stainless steel coated with carbon nanotubes, produced 

through catalytic synthesis of carbon nanotubes were used as an immobilized cell 

carrier was examined by placing the coated wires in an actively fermenting medium 

containing a high concentration of free suspended yeast cells. 

 

While the majority of the carbon nanotube film did not show any yeast cell 

immobilization, some yeast cells were found to adhere to the surface of both the 

nanotube film and the plain stainless steel, as shown in Figure 9 A and B. The yeast 

cells did however accumulate in some voids that were present in the film. Figure 9 

C and D show cells that have accumulated in a void, however interactions between 

the cells and the nanotubes cannot be determined. Figure 9 C does show however 

that while there are many cells in the void, the surface of the nanotube film 

surrounding the void is devoid of cells. This seems to indicate that carbon nanotubes 

do not actively attract yeast cells as the cells in the void have accumulated due to 

the shelter from sheer forces that is provided by the vertically aligned nanotube 

A 
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film. Figure 9 D shows that the interactions between the cells are very strong and 

that some of the cells deeper in the void have become elongated. Figure 10 A shows 

a cross sectional view of the vertically aligned carbon nanotube film showing no 

immobilized cells despite the sheltered area. Further examination of the surface of 

the film clearly showed the dense layer of carbon nanotubes, without any yeast cells 

present, as shown in Figure 10 B. The film shows that while the surface area has 

increased due to the presence of nanotubes as stated by Gao et al (Gao et al. 2008) 

the spaces between the nanotubes are far too small to allow penetration of cells. 

Hence the effective surface area for cell immobilization has not increased due to 

the presence of the nanotube film. This can be clearly seen in the yeast cells on the 

surface of the nanotube film shown in Figure 10 C and D. The high magnification 

Figure 9: Yeast cell fouling on stainless steel (A) CNT coated wire 2.7 hours after inoculation initial yeast 

concentration 1.94 g/l, (B) stainless steel without coating 39.5 hours after inoculation initial yeast 

concentration 0.57 g/l, (C) yeast cells accumulating in void 28.8 hours after inoculation initial yeast 

concentration 1.94 g/l, (D) magnified view of yeast cells in void 

B 

D C 

A Film surface 

Yeast cell 

Film surface 

Yeast cells in 

void 

Yeast cell 

wire surface 

5000X 10KV WD 14 1μm 4000X 10KV WD 13 1μm 

6000X 10KV WD 14 1μm 1000X 10KV WD 14 10μm 
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images of the yeast cells on the surface of the nanotube film show the interaction 

between the cells and the nanotubes that comprise the film. The nanotubes appear 

to be flexible and attach strongly to the cell wall of the yeast cells in a manner 

similar to that reported by Akasaka & Watari (2009). As the nanotubes that form 

the film are less than 50 nm in diameter, they retain the flexibility to wrap around 

the cell, providing for very strong attachment. The pores in the surface of the film 

may also indicate why so few cells attached to the film. The pores reduce the surface 

area in contact with the cells during the initial attachment, hence reducing the force 

Figure 10: Carbon nanotube film after fermentation with initial yeast concentration 0.51 g/l: (A) large area 

of film with no yeast cells 9.7 hours after inoculation, (B) surface of CNT film 9.7 hours after inoculation, (C) 

& (D) yeast cells immobilized on CNTs 22.1 hours after inoculation 

A B 

D C Yeast cell 

Yeast cell 
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holding the cell on the surface, hence most cells are washed out before adhesion 

can occur as found by Ju et al (2010).  

 

By comparison Figures 11 A and B show portions of the film that have been coated 

by a polymer layer preventing interactions between the cells and the nanotubes. In 

this case interactions between the cells and the surface do not seem to be very 

Figure 11: Immobilized yeast cell colonies after 22.1 hour fermentation initial yeast concentration 0.51 g/l 

(A) & (B) yeast immobilized on deposits, (C) & (D) yeast cells immobilized on CNTs 

C D 

B A Deposits on 

film 

Yeast cells 

Deposits on 

film 

Yeast cells 

Yeast cells 

Bud-scar 

Yeast cells 
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strong; however the cell-cell interactions seem to be very strong. The strength of 

cell-cell interactions can also be seen on the cells shown in Figures 11 C and D. In 

this case the cells are exposed to the nanotubes and the morphology of the cells has 

been completely changed by the presence of the nanotubes. The difference between 

the yeast cells shown in Figures 10 C and D and the cells in Figures 11 C and D is 

that the cells shown in Figures 11 C and D have obviously been attached to the 

nanotubes for a much longer time period as the cells have divided numerous times, 

leading to the formation of the cluster of cells seen on the nanotube film. The 

division of the cells also indicates that while the morphology of the cells has been 

radically altered due to the carbon nanotubes, the cells are still alive and 

multiplying. The change in morphology caused by the carbon nanotubes can be 

seen in Figures 12 A, B and C. The cells in the void, not attached to the carbon 

nanotubes retained a semi-ovoid shape, with minimal deformation. The cells that 

show contact with the carbon nanotubes became deformed, as they have been 

stretched by the forces exerted by the nanotubes. The cells also show evidence of 

cell division, and bud scars can be clearly seen on some of the highly deformed 

cells, indicating that the deformation of the cells does not necessarily mean that the 

cells have been killed. 

 

Figures 12 A, B and C show cells that have been immobilized in a void in the film, 

hence both the shelter from shear forces and the interaction between the nanotubes 

and the cells leads to cell adhesion. In this case it can be seen that the cells that are 

not directly connected to the nanotubes, and are not deformed, benefit from the 

shelter from shear forces; however the strength of the cell-cell adhesion would 

probably prevent removal of the non-attached cells from the surface of the film. It 

is likely however that the presence of the void allows for the initial attachment of 

the cells leading to the strong adhesion seen in the micrographs. Most of the voids 

in the carbon nanotube film did not contain any cells however, as can be seen in 

Figure 12 D. The Figure shows cells immobilized on the surface of the film next to 

void containing no cells. The formation of cell agglomerations in the voids is 

dependent on the initial cell entry into the void from the bulk solution, which is 
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entirely random. Once the cells enter a void they can become attached to the walls 

of the void as shown in Figure 12 A or the cells can attach to other yeast cells as 

shown in Figure 9 D. 

 

While the majority of the deformed yeast cells showed signs of division and growth 

some cells were obviously dead, as shown in Figure 13 A. The cell in the 

Figure 12: Yeast cells immobilized on CNTs, 22.1 hours after inoculation initial yeast concentration 0.51 

g/l  (A) yeast cells immobilized in void, (B) & (C) magnified view of yeast cells in void, D yeast cells 

immobilized on the film surface 

C D 

B A Yeast cells 

Yeast cells 

Yeast cells 

Yeast cells 
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micrograph has been damaged severely and the cell contents can be seen to have 

spilled out of the cell onto the carbon nanotube film. While this does not confirm 

the cytotoxicity of carbon nanotubes it does show that dead cells are retained by the 

film rather than being released. This does not allow for a reasonable biocatalyst 

material as the retention of dead cells would cause difficulties in regeneration of the 

biocatalyst. Further practical problems with using the carbon nanotube coated 

stainless steel wires as a biocatalyst support is the degradation of the film over time. 

Figure 13 B shows the break-down of the film with the pieces lying on the surface 

of the wire. The stability of the film is a very important aspect in terms of using a 

biocatalyst in food and beverage applications, as any break-down of the catalyst 

will result in the contamination of the product. The numerous voids that were found 

in the film also reflect the fragility of the film. 

 

4 Conclusions  

The results showed that the most effective method to produce a carbon nanotube 

film on stainless steel, for the purpose of antifouling by cell immobilization was the 

use of catalyst pre-deposition, followed by nanotube synthesis using acetylene with 

argon as a carrier gas at 850oC. The film was found to comprise two distinct layers. 

Figure 13: Carbon nanotube film 22.1 hours after inoculation initial yeast concentration 0.51 g/l (A) dead 

yeast cell, (B) broken film 

A B Dead yeast 

cell 
Broken film 

Yeast cell 
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The top layer was comprised of nanotube bundles and large carbon filaments, which 

were deposited on top of a layer of vertically aligned nanotubes formed 

perpendicular to the surface of the stainless steel. It was found that the nanotube 

bundles and large filaments were removed by washing in distilled water, while the 

vertically aligned nanotubes remained as a stable film, and some voids and fissures 

were formed in the film due to the washing process. The film is adequate for use in 

cell immobilization due to the stability in liquid media as well as the increased 

surface area that the film provides. The film was shown to be stable in distilled 

water for 4 hours; however exposure to various stresses such as shear forces and 

handling during fermentation experiments lead to the degradation of the film, which 

leads to the conclusion that a carbon nanotube film produced via the method 

described earlier will remove biofilm from stainless steel surfaces.  

 

Acknowledgements 

The authors wish to thank the National Research Foundation (NRF) of South Africa 

and Wits University for the financial support they provided for the research and 

bursary.  We also show our appreciation for the roles played by the Nigerian 

Content Development Board (NCDMB) in writing and putting this article together.  

 

References 

Abad, M.; S; Berenguer-Murcia, A.; Golovko, V.; Cantoro, M.; Wheatley, A.; Fern; 

Johnson, B.; Robertson, J. Catalytic growth of carbon nanotubes on stainless 

steel: Characterization and frictional properties. Diamond and Related Materials 

2008, 17 (11), 1853-1857. 

Afolabi, A. S., Abdulkareem, A. S., & Iyuke, S. E. (2007). Synthesis of carbon 

nanotubes and nanoballs by swirled floating catalyst chemical vapour 

deposition methof. Journal of Experimental Nanoscience, 2, 269-277. 

Akasaka, T., & Watari, F. (2009). Capture of bacteria by flexible carbon 

nanotubes. Acta Biomaterialia, 5, 607-612. 



29 
 

Baddour, C., Fadlallah, F., Nasuhoglu, D., Mitra, R., Vandsburger, L., & Meunier, 

J. (2009). A simple thermal CVD method for carbon nanotube synthesis 

on stainless steel 304 without the addition of an external catalyst. Carbon, 

47(1), 313-318. 

Bai, F., Anderson, W., & Moo-Young, M. (2008). Ethanol fermentation 

technologies from sugar and starch feedstocks. Biotechnology advances, 

26(1), 89-105. 

Bai, S., Yang, Q., Chen, H., & Bai, J. (2003). Influence of ferrocene/benzene 

mole ratio on the synthesis of carbon nanostructures. Chemical Physics 

Letters, 376, 83-89. 

Bekers, M., Ventina, E., Karsakevich, A., Vina, I., Rapoport, A., Upite, D., . . . 

Linde, R. (1999). Attachment of yeast to modified stainless steel wire 

spheres, growth of cells and ethanol production. Process Biochemistry, 

35(5), 523-530. 

Br'anyik, T., Vicente, A., Oliveira, R., & Teixeira, J. (2004). Physicochemical 

surface properties of brewing yeast influencing their immobilization onto 

spent grains in a continuous reactor. Biotechnology and bioengineering, 

88(1), 84-93. 

Cho, J., Konopka, K., Rozniatowski, K., Garc{\'\i}a-Lecina, E., Shaffer, M., & 

Boccaccini, A. (2009). Characterisation of carbon nanotube films 

deposited by electrophoretic deposition. Carbon, 47(1), 58-67. 

Cloete T., Brözel V. & Holy A. (1992) Practical aspects of biofouling control in 

industrial water systems. International Biodeteriation and Biodegradation, 

29 299-341   

Gao, L., Kiwi-Minsker, L., & Renken, A. (2008). Growth of carbon nanotubes 

and microfibers over stainless steel mesh by cracking of methane. Surface 

and Coatings Technology, 202(13), 3029-3042. 

Higginson, J.A. (2010) Feasibility of beer brewing using nano-biocatalyst 

synthesised from yeast cells and carbon nanotubes. MSc Dissertation, 

Wits University, 1-53. 

 

Iijima, S., & others. (1991). Helical microtubules of graphitic carbon. nature, 

354(6348), 56-58. 



30 
 

Kaewsai, D., Singjai, P., Watcharapasorn, A., & Niranartlumpong, P. (2009). 

Growth of CNTs on Stainless Steel Particles. Journal of Microscopy 

Society of Thailand, 23(1), 123-126. 

Karwa, M., Iqbal, Z., & Mitra, S. (2006). Scaled-up self-assembly of carbon 

nanotubes inside long stainless steel tubing. Carbon, 44(7), 1235-1242. 

Klein, J., & Ziehr, H. (1990). Immobilization of microbial cells by adsorption. 

Journal of biotechnology, 16(1-2), 1-15. 

Lee, Y. T., Kim, N. S., Park, J., Han, J. B., Choi, Y. S., Ryu, H., & Lee, H. J. 

(2003). Temperature dependent growth of carbon nanotubes by pyrolysis 

of ferrocene and acetylene in the range between 700 and 1000 C. 

Chemical Physics Letters, 372, 853-859. 

Lee, Y., Lee, C., & Lim, D. (2009). The electrical and corrosion properties of 

carbon nanotube coated 304 stainless steel/polymer composite as PEM 

fuel cell bipolar plates. International Journal of Hydrogen Energy, 34(24), 

9781-9787. 

Loosdrecht, M. v., Lyklema, J., Norde, W., & Zehnder, A. (1989). Bacterial 

adhesion: a physicochemical approach. Microbial Ecology, 17(1), 1-15. 

Martínez-Hansen, V., Latorre, N., Royo, C., Romeo, E., García-Bordejé, E., & 

Monzón, A. (2009). Development of aligned carbon nanotubes layers over 

stainless steel mesh monoliths. Catalysis Today, 147(Supplement 1), S71 - 

S75. 

Masarapu, C., & Wei, B. (2007). Direct growth of aligned multiwalled carbon 

nanotubes on treated stainless steel substrates. Langmuir, 23(17), 9046-

9049. 

Park, D., Kim, Y., & Lee, J. (2003). Pretreatment of stainless steel substrate 

surface for the growth of carbon nanotubes by PECVD. Journal of 

Materials Science, 38(24), 4933-4939. 

Park, S., & Lee, D. (2006). Development of CNT-metal-filters by direct growth of 

carbon nanotubes. Current Applied Physics, 6, e182--e186. 

Reddy, V. L., Reddy, K. H., Reddy, P. L., & Reddy, V. O. (2008). Wine 

production by novel yeast biocatalyst prepared by immobilization on 

watermelon (Citrullus vulgaris) rind pieces and characterization of volatile 

compounds. Process Biochemistry, 43, 748-752. 



31 
 

Sanogu, F.; Javaherdashti, R. & Aksiiz, N. (1997). Corrosion of a drilling pipe 

steel in an environment containing sulphate-reducing bacteria. Int. J. Pres. 

Ves. & Piping 73, 127-131. 

Upadhyayula, V. & Gadhamshetty, V. (2010)_ Appreciating the role of carbon 

nanotube composites in preventing biofouling and promoting biofilms on 

material surfaces in environmental engineering: a review. Biotechnology 

advances. 28. 802-816 

Van der Wal, R., & Hall, L. (2003). Carbon nanotube synthesis upon stainless 

steel meshes. Carbon, 41(4), 659-672. 

Van der Wal, R., Ticich, T., & Curtis, V. (2000). Diffusion flame synthesis of 

single walled carbon nanotubes. Chemical Physics Letters, 323, 217-223. 

Yang W., Neoh K., Kang E., Teo S. & Rittschof D. (2014) Polymer brush coating 

for combatting marine biofouling. Progress in polymer science 39. 1017-

1042. 

Yu, J., Yue, J., Zhong, J., Zhang, X., & Tan, T. (2010). Immobilization of 

Saccharomyces cerevisiae to modified bagasse for ethanol production. 

Renewable energy, 35, 1130-1134. 

Yu, J., Zhang, X., & Tan, T. (2007). A novel immobilization method of 

Saccharomyces cerevisiae to sorghum bagasse for ethanol production. 

Journal of biotechnology, 129(3), 415-420. 

Yu, X., Lin, B., Gong, B., Jin, J., Wang, R., & Wei, K. (2008). Effect of nitric 

acid treatment on carbon nanotubes (CNTs)-cordierite monoliths 

supported by ruthenium catalysts for ammonia synthesis. Catalysis Letters, 

124, 168-173. 

Yuan, L., Saito, K., Hu, W., & Chen, Z. (2001). Ethylene flame synthesis of well-

aligned multi-walled carbon nanotubes. Chemical physics letters, 346(1-

2), 23-28. 

Zhu, C., Xie, Z., & Guo, K. (2004). Formation of close packed multi-walled 

carbon nanotube bundles. Diamond and Related Materials, 13, 180-183. 

 


