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Executive summary 

In this project, nanostructured gas selective membranes for intra-ruminal capsules, as well as for 

protecting any field gas sensing measurement systems, were successfully developed. These membranes 

incorporated nanomaterials including multiwall carbon nanotubes (MWCNT), graphene nanosheets, 

molybdenum disulphide (MoS2) nanosheets and silver (Ag) nanoparticles as the nanofillers into porous 

polymeric metrics. Their morphological and structural properties were comprehensively investigated and 

they were tuned to adjust their permeation properties towards important enteric gases for carbon farming 

including methane (CH4), carbon dioxide (CO2) hydrogen (H2) and hydrogen disulphide (H2S). 

Additionally, we successfully demonstrated that the addition of catalytic nanomaterials such as Ag could 

efficiently slow microbial growth on the surface of membranes and increase their longevity in the rumen 

environment. Altogether, our developed nanocomposite membranes proved to be ideal candidates for 

improving the measurement accuracy and extending the operation life of intra-ruminal capsules in the 

harsh rumen environment. We also fully investigated membranes in rumen liquid both ex situ and in situ 

using which we were able to associate the type and number of microbial consortia to CH4production.It is 

envisaged that these ex situ and in situ gas measurement systems with their embedded membranes, 

developed in this project, will be further expanded for ruminants, and also be utilised for human 

healthcare and medical sectors. We are now pursuing commercialisation pathways, which 

shouldpotentially help in mitigating CH4 effect in farming sectors.  
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1. Background 

Reducing methane emissions is a major priority in the “Carbon Farming Futures - Filling the Research 

Gap” program. The first step in addressing methane emission from ruminants is to develop an accurate, 

selective and reliable procedure for measurement of the gas, especially in animals under normal grazing 

conditions. This project is designed to develop membranes for an intra-ruminal capsule used to measure 

changes over time in the concentrations of gases released from the stomach of animals.  The 

membranes developed need rapid permeability to methane, carbon dioxide and hydrogen, while 

restricting the permeability of hydrogen sulphide which can corrode the gas sensing devices within the 

capsule.   Colonisation of the capsule membranes with microorganisms within the rumen may also alter 

their permeability to gases.  Thus, a second objective of the project is to use bioinformatic analysis of the 

microbial community adhering to the membranes and within the rumen to allow real-time assessment of 

the activity and diversity of those microbial communities. Microbes adhering to the membranes may alter 

their functionality while identifying microbial types within the rumen may assist identifying those 

responsible for producing a quantified level of methane. 

Carbon farming requirements for reducing methane emissions are specific to the measurement condition 

and environment. The commercial methane gas sensing systems currently available suffer from low 

measurement range for rumen gas constituent measurements, lack of compatibility with rumen 

environment and/or are expensive. The project is also identifying and using cheap, small gas measuring 

devices that can be held within the intra-ruminal capsule.  A digital microchip and appropriate software 

has been developed in a collaborating project to allow information from these gas measuring devices to 

be recorded remotely from the animal.  

It is also imperative that the microbial community associated with methanogenesis is sampled at the time 

of measurement to enable the methane production levels to be directly linked to the microbial community. 

Through the use of metagenomics and subsequent bioinformatic analyses for the first time the microbial 

community can be directly linked to methane production. This project addresses such requirements by 

developing selective and sensitive polymeric/nanomaterial composite membranes to methane gas and 

coupling this with metagenomic analysis of the microbial community. This low cost and reliable sensor 

coupled to metagenomic analysis will allow successful assessment and eventually management of the 

target gas species. 

Methane gas mitigation requires the coupling of in situ (e.g. inside the rumen) and ex situ (e.g. in the field) 

methane measurement and microbial analyses. No commercial methane gas sensor has been 

customised for optimum continuous sensing of the gas released from the rumen of animals.In this project, 

low cost polymeric/nanomaterial composite membranes, which are based on MWCNT, graphene 

nanosheets, MoS2 nanosheets and Ag nanoparticles, were successfully developed to tackle the 

challenges of sensing systems in order to (1) the selectivity to specific gases in the methane gas 

measurement environment and (2) the diffusion rates of specific gases, and (3) allow simultaneous 

sampling for microbial analyses. 

 

2. Methodology  

2.1. Development of nanocomposite membranes 

2.1.1  MWCNT-PDMS nanocomposite membranes 

PDMS (Sylgard 184, Dow Corning Corporation) and MWCNT with outer diameter of 20–40 nm and length 

of 10–30 µm (Cheap Tubes, Inc.) were utilised. Beside pure PDMS membrane, three different MWCNT-

PDMS nanocomposite membranes were prepared with MWCNT weight percentages including 1%, 5%, 

and 10%. First, MWCNT’s were dispersed in toluene, to facilitate effective and uniform dispersion of 

MWCNT within the PDMS viscous matrix. The suspension was added to PDMS followed by vigorous 

manual mixing. The mixture was then again sonicated in an ultrasonic bath for more than 10 min before 

being mechanically stirred for 1 h at elevated temperatures to evaporate the toluene solvent. Allowing the 
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mixture to cool to room temperature, PDMS curing agent was added at a weight ratio of 1:1 to PDMS pre-

polymer. The mixture was stirred for 10 min before drop casting and levelling on petri dishes with 

dimensions of 100 mm diameter and 15 mm depth. These petri dishes were placed in vacuum oven for 1 

h at 70 °C to degas and allowed to cure at room temperature for a period of 2 days. The resultant 

membranes had similar thicknesses of approximately 120 µm.  

 

2.1.2  Graphene-PDMS nanocomposite membranes  

Nanocomposite membranes were fabricated using PDMS and a proprietary cross-linker (Sylgard 184, 

Dow Corning Corporation) to provide the base polymer. Non-functionalized graphene flakes (70160-

100ML, Cheap Tubes Inc.), was added as the filler to make the nanocomposites. A reference PDMS 

membrane was made as well as multiple weight ratios of graphene-PDMS nanocomposites which 

included: 0.125 wt%; 0.25 wt%; 0.5 wt%; and a 1 wt%. The exfoliation of the graphene flakes occurred in 

20 mL of p-xylene using an ultrasonic bath for 1 h. This allowed time for the π-π interaction of the 

aromatic ring in the solvent and in the carbon matrix to facilitate maximum dispersion of the flakes in 

solution. The mixture was then added to 20 g of the PDMS oligomer and stirred before being returned to 

the ultrasonic bath for 30 min.  

This mixture was then mechanically stirred at 100 rpm on a hotplate at 120 °C for approximately 1 h to 

allow for the evaporation of the majority of the solvent. After cooling to room temperature the proprietary 

crosslinking agent was added and thoroughly mixed in. All membranes were prepared utilizing a 10% 

weight ratio of base PDMS to the crosslinker. The solution was degassed for 30 min before being spun 

onto a silicon wafer and crosslinked at 75 °C. The membranes were then carefully peeled from the wafer. 

The membrane thickness lies within 120 ± 4 µm range. This thickness was found to be unaffected by the 

quantity of graphene added.  

 

2.1.3  MoS2-PDMS nanocomposite membranes 

One gram of MoS2 powders (99% purity, Sigma Aldrich) was added to 0.5 mL of solvent: N-

methylpyrrolidinone (NMP, 99% anhydrous, Sigma Aldrich) or 0.25 mL H2O and 0.25 mL ethanol solution, 

in a mortar and ground for 30 min. The mixture was then dispersed into 10 mL of the appropriate solvent 

(NMP or H2O/ethanol solution). The slurry was then probe-sonicated (Ultrasonic Processor GEX500) for 

120 min at 125 W sonication power and finally centrifuged for 45 min at 4000 rpm. The supernatant 

containing 2D MoS2 nanoflakes was collected.  

Nanocomposite membranes were fabricated using PDMS and a proprietary cross-linker (Sylgard 184, 

Dow Corning Corporation) to provide the base polymer. A reference PDMS membrane was made as well 

as two weight ratios of the two solvent exfoliated MoS2 flakes. The supernatant containing the MoS2 was 

dried in a vacuum oven for 72 h to remove the solvent. Para-xylene, was then added to the dried flakes 

and the mixture was then probe-sonicated for another 90 minutes. The suspension was then added to 

20 g and 40 g of the PDMS oligomer to create the two separate concentrations. This mixture was then 

mechanically stirred at 100 rpm on a hotplate at 120 °C for approximately 1 h to allow for the evaporation 

of the majority of the solvent. After cooling to room temperature the proprietary crosslinking agent was 

added and thoroughly mixed in. All membranes were prepared utilizing a 10 wt.% ratio of base PDMS to 

the crosslinker. The solution was degassed for 30 minutes before being spun onto a porous PAN support 

and cured at 75C. This method was chosen as it has been shown to maximize the gas permeability in 

pristine PDMS.
24

 The membranes were then used for permeation measurements as well as structural and 

spectroscopic characterization. The membrane thickness, as determined using SEM imaging, lies within 

the 20 ± 3 µm range.  
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2.1.4 Ag-PDMS nanocomposite membranes 

The polymeric nanocomposite membranes were fabricated utilizing PDMS (Sylgard 184, Dow corning 

corporation) and Ag nanopowder (Sigma-Aldrich Pty Ltd., 99.5% trace metal basis containing 

polyvinylpyrrolidone (PVP) as dispersant) with a particle size of less than 100 nm. An unfilled PDMS 

membrane and four different Ag-PDMS nanocomposite membranes with Ag nanoparticle weight 

percentages of 0.125%, 0.25%, 0.5% and 1%, were synthesized. Membranes with concentrations above 

1% Ag could not be synthesized due to the heavy agglomeration of Ag particles in the process. The 

solvent p-xylene was added to the viscous PDMS elastomer to facilitate the distribution and achieving 

homogenous dispersion of Ag nanoparticles within the polymer matrix. The mixture was mechanically 

stirred for 20 min before sonication using a Cole-Parmer 500-W ultrasonic homogenizers for 1 h. After 

that the Ag-PDMS nanocomposite was precipitated in a methanol bath, while magnetically stirred to 

prevent the agglomeration of the nanoparticles. Next, the PDMS crosslinking agent was mixed into the 

nanocomposite with a ratio of 10:1 (base:crosslinking agent) and allowed to degas in a vacuum for 

30 min. Finally, the composite mixture was spin-coated onto optically polished silicon wafers and placed 

in a 75 °C oven to crosslink for 40 min. The produced membranes had the thickness of 135±15 µm. 

 

2.2. Characterization of nanocomposite membranes 

2.2.1  Morphological characterization 

Before being dispersed in PDMS, the dimensions of nanofillers were investigated using transmission 

electron microscopy (TEM), atomic force microscopy (AFM) and dynamic light scattering (DLS) system. In 

particular, A JEOL 2100 TEM was used with a lacey formvar/carbon grid for determining the quality of the 

graphene and dimensions of Ag nanoparticles. A Bruker D3100 AFM was used to determine the 

distribution graphene thickness operated in tapping mode. 200 flakes were assessed to obtain the 

distribution of graphene thickness. An ALV fast DLS particle sizing spectrometer was employedto 

understand the graphene lateral dimension and size distribution. 

Membrane morphological characterizations were conducted using Scanning electron microscopy (SEM). 

FEI Nova NanoSEM imaging was utilized to evaluate the cross-sectional thickness of the membranes as 

well as the distribution of nanofillers into the PDMS matrix. AFM was also used to determine the nanofiller 

distribution after dispersion into the PDMS matrix using a Bruker D3100 in tapping mode on the surface 

of the material. 200 samples were assessed on the surface to obtain the distribution.  

 

2.2.2  Structural characterization 

A Thermo Nicolet 6700 spectrophotometer was used for recording the fourier transfer infrared 

spectroscopy (FTIR) of the PDMS and nanocomposites. Micro-Raman characterization of the samples 

was performed using a Renishaw Raman spectrometer at a wavelength of 514 nm. X-ray diffraction 

(XRD) data were collected on a D8 Advance Bruker AXS X-ray diffractometer with GADDS (General Area 

Detector Diffraction System). X-ray photoelectron spectroscopy (XPS) was performed using a Thermo 

Scientific K-alpha instrument with an Al K source. Water contact angle measurements were performed 

using a KSV 101 system. The height of each drop was confirmed using a CCD camera prior to each 

measurement to ensure consistency in the drop volume. Drop volumes of approximately 8 μL were 

employed. 

Solvent swelling measurements were carried out using pre weighed dry membranes of various weight 

concentrations of nanofillers and the PDMS membranes. The membranes were totally immersed in pure 

toluene until equilibrium swelling was reached. The membranes were then pat dried and immediately 

weighed. This was carried out four times for each membrane to ensure repeatability.  

Tensile testing was carried out using an Instron 4467 Universal testing machine fitted with a 100N load 

cell. Bluehill software was used to control the tensile test and to calculate the various tensile properties 
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reported. The testing speed was set to 10mm per minute. The tests were performed using ASTM D638 

as a guide. Tensile test specimens used were not in accordance with the requirements of the standard, 

but were a close approximation to a type IV specimen. As it was not possible to attach an extensometer 

to the specimens and as a result the modulus figure reported were calculated using the movement of the 

crosshead as the extension measurement. This results in a lower a than actual tensile modulus figure. 

Density measurements were performed using a density determination kit employing the hydrostatic 

weighing method. For the determination of density of the membranes, ethanol was used as the auxiliary 

liquid. The theoretical densities of the composite membranes are determined based on simple 

consideration of the relevant densities: 

𝑚𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒

𝜌𝑡ℎ𝑒𝑜𝑟𝑦
=
𝑚𝑛𝑎𝑛𝑜𝑓𝑖𝑙𝑙𝑒𝑟

𝜌𝑛𝑎𝑛𝑜𝑓𝑖𝑙𝑙𝑒𝑟
+
𝑚𝑃𝐷𝑀𝑆

𝜌𝑃𝐷𝑀𝑆

 (1) 

where m is the mass of the relevant species, 𝜌𝑛𝑎𝑛𝑜𝑓𝑖𝑙𝑙𝑒𝑟 is taken as that of graphite (2.267 g/cm
3
) or Ag 

(10.49 g/cm
3
) and 𝜌𝑃𝐷𝑀𝑆 is 1.033 g/cm

3
. The additional fractional free volume (FFV) and thus the total 

FFV could then be determined by a comparison between the theoretical and the experimentally 

determined densities: 

𝑇𝑜𝑡𝑎𝑙𝐹𝐹𝑉 = 𝐹𝐹𝑉𝑃𝐷𝑀𝑆 +

1

𝜌𝑒𝑥𝑝
−

1

𝜌𝑡ℎ𝑒𝑜𝑟𝑦

1

𝜌𝑡ℎ𝑒𝑜𝑟𝑦

 

 

(2) 

Positron annihilation lifetime spectroscopy (PALS) was performed using a positron source of 30 µCi NaCl 

sealed in a Mylar film at room temperature. Free standing samples were stacked to 4 mm thick bundles 

with the positron source placed in the middle. A minimum of 5 measurements each with 1×10
6
 integrated 

counts per measurement were made using an automated EG&G Ortec fast-fast coincidence system with 

a timing resolution of 260 ps. The data was analysed using LT (version 9.0) using a source correction of 

1.740 ns and 3.014%. The data was fitted to 3 components including a para-positronium component, 

fixed at 125 ps, a free positron annihilation component, ~400 ps and the ortho-positronium (o-Ps) 

component. The o-Ps component’s intensity and the lifetime were employed to determine the relative 

number of free volume elements and the average size of the free volume elements within the sample 

respectively. The Tao-Eldrup Equation was used for calculating the average size of the free volume 

elements.
 

The surface properties of the nanocomposite membranes were also investigated by measuring their 

hydrophobicities. Water contact angle measurements were performed using a KSV 101 system. The 

height of each drop was confirmed using a CCD camera prior to each measurement to ensure 

consistency in the drop volume. Drop volumes of approximately 8 μL were employed. 

For Ag-PDMS nanocomposite membranes, there were two extra characterization methods to be utilized 

for evaluating their antimicrobial properties:  

Catalysis:The catalytic ability of the Ag nanoparticles embedded within the PDMS films were performed 

by studying the model reaction involving metal-induced reduction of ferricyanide by thiosulfate ions. The 

catalysis experiments were performed by immersing equally sized Ag-PDMS films in an aqueous solution 

(10 mL) containing 0.1 M thiosulphate and 1 mM potassium ferricyanide. The reaction was held at 20 ± 

2 °C with continuous stirring at 200 rpm.  The conversion of ferricyanide to ferrocyanide was analysed by 

UV-vis absorbance spectroscopy (Cary 50 Bio spectrophotometer) in a cell of 1 cm path length by taking 

aliquots from the reaction. 

Ag
+
 Ion Leaching: Leaching of Ag

+
 ions from Ag-PDMS was determined by immersing the films in 

deionized water (pH 6.2) for 1 month at room temperature, and analysing the supernatant using an 

inductively coupled plasma optical emission spectrometer (ICP-OES, PerkinElmer Optima 4300 DV). 
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2.2.3 Gas permeation studies of nanocomposite membranes 

A series of experiments were conducted to assess the gas permeability of the membranes. A constant 

pressure variable volume (CPVV) system (Fig. 1a) was used to measure the permeability of CH4, N2,Ar 

and CO2 (99.99%, Core Gas Australia) through the PDMS and nanofillers-PDMS nanocomposite 

membranes. The membranes for testing were mounted within a permeation cell with a constant pressure 

on the upstream boundary, while the downstream side was kept at the atmospheric pressure. The 

pressures tested to ensure repeatability were of 200, 300 and 400 kPa. Both sides of the permeation cell 

were purged with the penetrant gas prior to each experiment. To maintain a constant temperature the 

permeation cell was housed in an environmental chamber with all measurements conducted at 37 °C. 

The membranes’ permeability was measured in the following order: CH4, N2, Ar, CO2. The flow rate was 

acquired every ten seconds for two minutes once a steady-state was achieved and the values were 

averaged and converted into permeability values given in Barrer (1 Barrer = 

1×10
−10

.cm
3
.(STP).cm/cm

2
.s.cmHg). 

As the CPVV apparatus is only suitable for pure gas permeability measurements, a modified setup (Fig. 

1b) was employed to evaluate the removal efficiency of the H2S mixed gas through the Ag-PDMS 

nanocomposite membranes. The chamber held the membranes to be evaluated against a commercial 

H2S electrochemical sensor (EC4-100-H2S, e2v technologies). The H2S mixed gas flow was controlled 

using a mass flow controller (MKS Instruments, Inc, USA) with a constant pressure maintained in the 

chamber via a back pressure regulator to 120.68 kPa and an atmospheric pressure (100 kPa) at the 

permeate side of the membrane. All measurements were housed and conducted in an environmental 

chamber with a temperature of 37 °C. For the initial experiment, nanocomposite membranes were 

exposed to H2S gas for 3 h. The corresponding sensor response curves, including the sensor lag time, 

were analysed to reveal the H2S gas permeation kinetic through the membranes. After the first run, the 

exposed membranes were then purged with N2 gas for 24 h to ensure the complete desorption of H2S 

gas molecules. Subsequently, the membraneswere re-exposed to H2S gas for 70 h to confirm the 

establishment of equilibrium between the nanocomposite membranes and H2S gas molecules.  

 

 

Figure 1. (a) Schematic of the constant pressure variable volume (CPVV) single gas permeation 

apparatus (not to scale). (b) Schematic of the H2S mixed gas sensing (not to scale). 

 

Similar experimental setup was also applied to the gas permeation measurements of MWCNT-PDMS and 

MoS2-PDMS nanocomposite membranes towards mixed gas in zero air balance (with humidity < 5%R.H.). 

For MWCNT-PDMS nanocomposites, the CH4 and H2 gas sensors utilized in the system were 

commercially available from Figaro Japan Inc (TGS2611). For MoS2-PDMS nanocomposites, a 

commercial electrochemical NO2 (EC4-250-NO, e2v technologies) sensor was used. 
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2.3. In vitromicrobialstudies on the surface of nanocomposite membranes  

Culturing Procedure: Luria-Bertani (LB) broth powder (US Biological) (100 mL) was prepared as 

instructed and sterilized by autoclaving at 121°C for 40 min. An aliquot (10 mL) of the LB broth was 

decanted and used to culture a stock solution of E. coli (ATCC strain, Sigma Aldrich), where the culture 

was incubated for 12h at 37 °C with rotation and stored at 4 °C. The pristine PDMS and the 

nanocomposites with varying Ag concentrations of 0.125, 0.25, 0.5 and 1 wt% were repeated 4 times, 

first sterilised using UV light, for 30 mins on each side in a glass Petri dish. Each membrane was then 

transferred into a vial containing 5 mL of LB broth to give 20 vials with membranes and 4 vials without, as 

a control. Each vial was then seeded with 0.5 µL of the stock E. coli solution and incubated with rotation 

at 37 °C for 5 h.   

Measurement Procedure: UV-vis (600 nm) was performed on 4 mL aliquots of the broth after incubation 

on a Varian Cary 50 Bio UV-Vis Spectrophotometer. Quantitative fluorescence microscopy was 

performed on the pristine PDMS (control), 0.25 and 1 wt% nanocomposites. Two fluorescent dyes were 

used in combination: SYTO9 (Invitrogen AG, Basel, Switzerland), and PI (Invitrogen). Stock solutions 

from the LIVE/DEAD BacLight kit (Invitrogen) were prepared as instructed by the manufacturer. Samples 

were incubated in the dark at room temperature for 25 min before analysis. Cell counts and area 

coverage were calculated using ImageJ software. 

 

2.4. In vivomicrobialstudieson the surface of nanocomposite membranes 

All experiments involving ruminants were undertaken within the procedure outlined and approved by the 

CSIRO FD McMaster Laboratory Chiswick Animal Ethics Committee. The control PDMS and the Ag-

PDMS nanocomposites that were synthesized were cut into 2 × 2 cm squares. Twenty squares of each 

type of material, PDMS control, 0.125 wt% 0.25 wt% Ag-PDMS, 0.5 wt% Ag-PDMS and 1 wt% Ag-PDMS 

nanocomposites, were made and labeled. 

One of each Ag concentration square was placed into a nylon mesh bag, measuring 10 × 24 cm, and 

each sewn into place using a 6 pound KATO fishing braid and superfine needle to keep them separated 

during the experiment and prevent occlusion of the surface area to the rumen fluid. Once all 20 bags 

were finished (80 membranes in total), 4 bags were selected at random and tied together.Each group of 

bags was bound together with 0.8mm fishing line, with a 200g brass weight attached to approximately 20 

cm length of line. There were 5 groups of 4 bags created in total, each weighted, tied together and placed 

into the rumen of a fistulated 3 year old Jersey steer. Each group of bags was retrieved from the steer at 

successive time intervals. The first was removed 4, 7, 14, 21 and 28 days. The steer grazed on native 

pasture throughout the experiment, plus ~500 g of lucerne pellets during retrieval of each bag. 

Once a randomly selected group of 4 bags was removed from the steer the PDMS and nanocomposite 

material was rinsed before each being cut into two. Half of each square was placed into jars, one 

containing glutaraldehyde for electron microscopy studies and the other into a phosphate buffered saline 

(PBS) solution for DGGE and PCR analysis. The glutaraldehyde jars were stored at room temperature 

while the PBS Jars were stored in a freezer at -20 °C. 

Electron Microscopy: Once removed from the glutaraldehyde, each square went through a series of 

ethanol rinses slowly increasing the concentration of ethanol up to 100%. The samples were then dried in 

a critical point dryer before being coated with a thin layer of gold (2.5 nm). An FEI Nova NanoSEM was 

employed to evaluate the morphologies and relative surface growth on the control PDMS and 

nanocomposite materials.  

DNA Extraction and Purification: DNA was extracted from duplicate control (pristine PDMS, 0 wt% Ag 

nanoparticle content) and test membranes (0.125 wt%, 0.25 wt%, 0.5 wt% and 1wt% Ag nanoparticle 

content) retrieved from the rumen of fistulated animals over 28 days using a phenol-chloroform-isoamyl 

alcohol bead beating method. Each membrane was added to a 2 mL Eppendorf tube which contained 0.5 

mL of Tris equilibrated phenol-chloroform-isoamyl alcohol (24:24:1), 0.5 mL of sterile phosphate buffer 

(100 mM, pH 8) and 0.5 g of sterile glass beads (150-212 µm; Sigma-Aldrich, Castle Hill, NSW, Australia). 
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The mixture was then subjected to bead beating using a mini-bead beater K9, (Biospec, USA) for 30 s 

twice, stored on ice in-between the bead beating sessions before being centrifuged at 10,000 × g for 10 

min. The aqueous layer was then aseptically removed into a fresh sterile Eppendorf tube and an equal 

volume of phenol-chloroform-isoamyl alcohol added to it, followed by a quick vortex and centrifuging at 

10,000 × g for 10 min. This process was repeated twice to obtain the crude DNA of microorganisms. The 

crude DNA was purified using GENECLEAN
R
 Turbo kit (MP Biomedicals, USA). Three hundred 

microliters of crude DNA was added to a sterile Eppendorf tube to which 5 × volume of Gnomic Turbo 

solution was added. The mixture was vortexed for 5 s after which 600 µL of this mixture was added to 

GENECLEAN filter and centrifuged at 10,000 × g for 5 s and the flow through discarded. The remaining 

manufacturer protocol was then followed. 

PCR and Denaturing Gradient Gel Electrophoresis (DGGE): Universal eubacterial primers 341FGC and 

518R were used for PCR assay of purified DNA obtained from control and Ag nanoparticle impregnated 

membranes. The thermocycling program used was: 1 cycle at 95 
o
C for 5 min, 30 cycles of 95 

o
C for 30 s, 

55 
o
C for 30 s and 72 

o
C for 60 s and a final extension at 72 

o
C for 10 min. PCR amplicons were analysed 

on a Universal Mutation Detection System D-Code apparatus (BioRad, CA, USA) with a 9% acrylamide 

gel. The denaturing gradient used was 40-60% and the DGGE gel was run for 20 h at 60 V and at 60 
o
C. 

The DGGE gels were Ag stained, scanned and saved as TIFF files. For ease of analysis, cumulative 

DGGE gels were prepared and loaded with an equal mixture of duplicate samples per DGGE lane. 

Statistical Analysis: All measurements were repeated four times (n=4) with all errors shown in this study 

are given in standard deviations. The digitized images were analysed with TL 120 D advance analysis 

package (Totallab, U.K.) for similarity relationships and diversity values. The relatedness of the microbial 

community on the control and Ag nanoparticle impregnated membranes was expressed as similarity 

clusters using the unweighted paired group method with mathematical averages (UPGMA). The microbial 

community diversity of the membrane samples was evaluated with Shannon Weaver diversity (H′) index 

using the equation: 

   (3) 

where pi is the proportion of the community that is made of species i (intensity of the band i/total intensity 

of all bands in the lane) and ln pi is the natural log of pi. Principal component analyses were carried out on 

the matrix data obtained from DGGE profiles using SPSS version 21 software.  

 

2.5. Associate the micro-organisms to the gas constituents of the environment  

Rumen liquor samples are the starting materials and collected from a fistulated cow in a farm (DPI 

Victoria – provided by Dr. Peter Moat). As soon as collected, the rumen liquor samples are stored in 

vacuum flasks surrounded by dry ice for transportation. When arrived at the analysis facility at RMIT 

University, the samples are stored at 80 ºC to maintain the integrity of microbial colonizers. Upon gas 

measurement experiments, the defrosted samples are mixed with the oxygen-free Menke buffer at the 

volume ratio of 1:2 to provide the necessary nutrition for the microbial colonizers. Our Menke buffer 

consists of 13.2 g CaCl2·2H2O, 10.0 g MnCl2·4H2O, 1.0 g CoCl2·6H2O, 8.0 g FeCl3·6H2O and made up to 

100 ml of H2O. The liquid mixture is then quickly placed into a sealed headspace vial at the sample-to-

volume ratio of 1:25 at an incubation temperature of 40 ºC to simulate the rumen environment. The ratio 

is optimised to avoid the situations of either too much gas production to saturate the gas sensor response 

or small gas production that is below the detection limit of the gas sensors. In order to simulate the rumen 

environment for the microbial culture, oxygen-free environment was needed and produced by flushing the 

vial with nitrogen gas. Eventually, a non-dispersive infrared (NDIR) sensor that is capable to measure the 

CH4 and CO2 gas concentration ranging from 0-100 vol% was placed into the headspace of the vial to 

perform the real-time measurements. A 0.25%wt Ag/PDMS membrane was placed in front of the sensor. 

It should be noted that the pressure inside the vial is kept constantly at 1 psi to exclude the pressure 

effect interference with the sensor. 

ii ppH ln 



B.CCH.6220 Final Report - Development of gas selective membranes for intra-ruminal capsules 

Page 12 of 78 

DNA was extracted from rumen samples using MoBio UltraClean Fecal DNA isolation kit according to the 

manufacturer’s description. Briefly, 300 µl of a selected rumen sample was added to a dry bead tube 

followed by the addition of 550 µl of Bead solution to the mixture in the 2 mL dry bead tube. Solutions S1 

(60 µl) was added to this tube and the tube was briefly vortexed to mix the content. Solution IRS (Inhibitor 

Removal Solution) (200 µl) was added to the mixture which was then subject to two rounds of bead 

beading (30 s × 2). The rest of the protocol, as described by the manufacturer, was then followed. 

Universal Eubacterial primers 341FGC and 518R were used for PCR assays of purified DNA obtained 

from rumen samples. The thermocycling program used was: 1 cycle at 95 
o
C for 5 min, 30 cycles of 95 

o
C 

for 30 s, 55 
o
C for 30 s and 72 

o
C for 60 s and a final extension at 72 

o
C for 10 min. PCR assays for 

methanogens were carried out via a nested PCR reaction. The initial PCR was carried out with Met 86F 

and Met1340R primers after which a second round of PCR (nested) was carried out with primer pair 

0357FGC and 0691R. 

Quantitative PCR assays were carried out on Rotor-Gene Q qPCR equipment. The total population of 

methanogens was quantified in rumen samples by using primer pair UniMet1-F and UniMet1-R. qPCR 

was performed using SYBR green chemistry with KAPA SYBR FAST one-step qRT-PCR kit with 

appropriate standards and selected rumen samples. Each qPCR reaction contained; KAPA SYBR® 

FAST qPCR Kit Master Mix (10 μL), RNase-free sterile water (8.2 μL), Forward primer (0.4 μL, 

10 pmol/μL), Reverse primer (0.4 μL, 10 pmol/μL) and DNA template (1 μL). The following program was 

used; 1 cycle at 95 
o
C for 10 min, 40 cycles of 95 

o
C for 30 s, 60 

o
C for 30 s and 72 

o
C for 60 s with signal 

acquisition at 80 
o
C for 10 s and a final extension at 72 

o
C for 5 min. For melting curve detection, the 

temperature was increased every 5 s by 0.3 
o
C from 50 

o
C to 95 

o
C. Standard curves were constructed 

from a serial dilution of DNA from a methanogenic bacteria and population of methanogens expressed as 

gene copy numbers ml
-1

.  

Replicate PCR amplicons were analysed on a Universal Mutation Detection System D-Code apparatus 

(BioRad, CA, USA) with a 9% acrylamide gel. The denaturing gradient used was 45-60% and the DGGE 

gel was run for 20 h at 60 V and at 60 
o
C. The DGGE gels were silver stained, scanned and saved as 

TIFF files.  

The digitized images were analysed with TL 120 D advance analysis package (Totallab, U.K.) for 

similarity relationships. The relatedness of the microbial communities (in total bacteria and methanogens 

community profiles) was expressed as similarity clusters using the unweighted paired group method with 

mathematical averages (UPGMA).  

 

3. Results  

3.1 Characteristics of nanocomposite membranes 

3.1.1  MWCNT-PDMS nanocomposite membranes 

The nanocomposite MWCNT/PDMS membranes were characterized using SEM, vibrational 

spectroscopy techniques and XPS to determine their properties at different CNT concentrations.In order 

to examine the dispersion of MWCNT throughout the polymer and the morphology of the composites, 

SEM was used. To prevent charging of the nanocomposites under the microscope, the 1% sample was 

coated with platinum and all of the other samples images were captured at relatively low beam voltages. 

Fig. 2 shows the SEM images of the fabricated MWCNT/PDMS composites. It was observed that particle 

dispersion was reasonably homogenous for all samples. However, some MWCNT dense areas bundles 

were still present in the membranes. Visually as the concentration of MWCNT increases in the membrane, 

its structure transformed further to a composite structure. No exceptional morphological behaviour was 

observed after the addition of MWCNT particles at different concentrations. 
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Figure 2. Cross sectional SEM images of MWCNT/PDMS nanocomposite membranes of different 

concentrations, showing the bundle distributions for MWCNT weight concentrations of: (a) 1%; (b) 5%; 

and (c) 10%. 

 

Fig. 3 illustrates the FTIR spectra of pristine PDMS and MWCNT/PDMS composites of different 

concentrations. The peaks between 1400–1420 cm
−1

 and between 1240–1280 cm
−1

 correspond to –CH3 

deformation vibration in PDMS. The Si–O–Si stretching multi-component peaks for PDMS are observed 

in the range between 930 to 1200 cm
−1

. The significant difference between pure PDMS and 

MWCNT/PDMS composite FTIR spectra is observed at 905 cm
−1

 for which the peak becomes sharper 

and gains a notably lower intensity as the concentration of MWCNT increase in PDMS. This could be due 

to the formation of Si–C bond. It has been previously reported that Si–C bands and Si(CH3)2 rocking 

peaks appear in the region of 825–865 cm
−1

 and 785–815  cm
−1

, respectively, which are also seen in our 

FTIR spectra for composites. The peaks that appear between 2100–2200 cm
-1 

is due to the formation of 

SiH bond in the matrix. The symmetric and asymmetric peaks that appear at 2906 cm
-1

 and 2950–2970 

cm
-1

 are due to the –CH3 stretching in ≡Si–CH3. 

 

 

Figure 3. FTIR spectra for the pure PDMS and MWCNT-PDMS nanocomposite membranes. 

 

The pure PDMS membrane Raman spectrum presented in Fig. 4 (continuous line), contains the typical 

PDMS peaks, concurring with the spectra presented in previous works 
30

. It comprises of a Si–O–Si 

symmetric peak at 488 cm
−1

 and at 607 cm
−1

 appears the Si–CH3 symmetric rocking peak. The Si–C 

symmetric stretching appears at 708 cm
−1

 and CH3 asymmetric rocking appears at 787 cm
−1

. At 862 and 

1262 cm
−1

, CH3 symmetric rocking and symmetric bending are seen, respectively. Following the 
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dispersion of MWCNT' within the MMM, we observe that the Si–CH3 symmetric rocking band shift peak 

decreases as the concentration of MWCNT increases. 

 

 

Figure 4. Micro-Raman spectra for pure PDMS and three different MWCNT concentrations in MWCNT-

PDMS nanocomposite membranes. 

 

MWCNT's Raman spectra have been thoroughly studied, and have band assignments that are well 

established. The Raman spectra of the MWCNT-PDMS nanocomposites show the first order carbon 

bands as the D band (disorder band) at around 1330 cm
-1

 and a wide G band (TM-tangential mode or 

graphite band) at around 1605 cm
-1

. The two bands can be clearly seen in Fig. 4 with the D band showing 

the disorder in the graphitic structure of MWCNT. The wide peak observed in the G band can be 

explained by the disentanglement of the MWCNT and subsequent dispersion in the PDMS matrix as an 

outcome of polymer infiltration into the MWCNT bundles. The intensity ratio of D and G bands has been 

shown to be a strong indicator of the structural arrangement. The intensity ratios of D band to the G band 

(ID//IG) in the composites ranged from 1% to 10% increased from 1.59 to 1.72, respectively, showing the 

reduction in the order as the amount of MWCNT increases.  

Figs. 5a and d show the C(1s) XPS spectra of the PDMS membrane and the PDMS+1% MWCNT 

composite, respectively. Curve fitting reveals a singular peak centred around a binding energy of 

approximately 284 eV, which corresponds to CC, C=C, and CH bonds. It is important to note that the 

CSi bond also lies within this peak at 283.8 eV. The C(1s) peak within the pure PDMS membrane 

resulted in 44% of the overall binding energy, while in the nanocomposite membrane was responsible for 

48% of all binding energy. This was expected with the addition of the MWCNT within the polymer matrix. 

The O(1s) spectrum of the PDMS and the 1% MWCNT-PDMS composite presented in Fig. 5(b) and (e) 

show a singular peak fitted to approximately 532 eV that match up to those found in past studies.   

It was also important to examine the Si(2p) XPS spectrum for the pure PDMS and the PDMS 

nanocomposite as shown in Fig. 5c and f, respectively, to assess the type of bonds that Si atoms 

establish. The deconvolution of the Si(2p) spectrum results in two  peaks, one occurring at 102 eV (peak 

A in Fig. 5c and f) ,which can be attributed to Si-O bonds within PDMS and the other at and 103.7 eV 

(peak B in Fig. 5c and f), which corresponds to silicon bonding to three oxygen atoms, which compares to 

those found in earlier reports. The figures show a clear reduction in the occurrence of the higher binding 

energy peak within the nanocomposite, when compared to the pure PDMS spectrum. This suggests that 

the reduction in quantity of silicon to three oxygen bonds is in response to this increase in the number of 

SiC bonds occurring with the addition of MWCNT. 
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Fig. 5. XPS analysis results: (a)-(c) show C, O, and Si peaks for the pure PDMS, respectively. (d)-(f) 

show C, O, and Si peaks for the 1% MWCNT-PDMS, respectively. 

 

The gas selectivity and permeability of the composite membranes were inspected at several 

concentrations of CH4 and H2 in ambient air, pumped through the mass flow controller setup that was 

presented in Section 4.2.3. The sensor’s resistance was sampled every 10 s during the gas exposure. In 

order to evaluate the cross-talk and gas permeability for the composites, several gas streams of varying 

concentrations of H2 and CH4 mixtures in ambient air were pumped into the chamber via the mass flow 

controller. First, H2 gas streams were pumped with concentrations of 0.5% and 1.0% in ambient air, and 

to facilitate sensor recovery ambient air was pumped following the two gas cycles. Afterwards, the 

chamber was filled with streams of 0.5% and 1.0% CH4 (also in ambient air), similarly followed by ambient 

air after gas cycles for sensor recovery. Finally, to examine the behaviour of the sensor and the 

membrane in mixed gas environment, the mass flow controlled pumped a mixture of 0.5% H2 and 0.5% 

CH4 into the chamber.   

Due to the different permeability of the gas species through the membranes exposure times were varied. 

For the relatively fast gas permeability of H2,the exposure time was 10 min with a 25 min ambient air 

recovery in between exposures. CH4 gas diffusion was relatively slower, and required a longer exposure 

time of 20 min and 40 min ambient air recovery between exposures. 

As the chamber was filled with these gases, the concentrations of the analyte gases that permeated 

through the different membranes were measured by the commercial sensor. Utilizing the different 

MWCNT/PDMS membranes in conjunction with the commercial sensor, when exposed to the different 

concentrations of gas species, the relative normalized permeability ratios for the various composite 

membranes for different gas species were obtained and demonstrated in Fig. 6. In this graph, all 

measurements were acquired at room temperature as mentioned previously. The dynamic response of 

sensing system at different concentrations of gases, used to extract the data presented in Fig. 6, is 

presented as Fig. 7. 

As can be seen in Fig. 6, for different wt% MWCNT/PDMS composites, the response magnitudes and 

their trends were fairly similar upon exposure to both 0.5% and 1.0% H2. The permeation of H2 through 

the membranes decreased as the concentration of MWCNT increased within the polymer matrix. The 

permeation of the 0.5% H2 in ambient air dropped by around 21%, 60%, and 77% through the 1%, 5%, 

and 10% MWCNT-PDMS composites, respectively. In addition, the permeation of the 1.0% H2 decreased 

by approximately 11%, 53%, and 57% through the 1%, 5%, and 10% MWCNT/PDMS composites, 

respectively.  
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Figure 6. Normalized relative permeability of MWCNT-PDMS membranes to various concentrations of 

CH4 and H2 in ambient air. 

 

 

Figure 7. Dynamic response of the sensor-membrane system upon exposure to different gas 

concentrations and mixtures. 

 

Conversely, embedding MWCNT in PDMS considerably attenuated the permeability of the membranes to 

CH4. As the concentration of MWCNT increased beyond 1% within the composite material, the 

membrane almost completely blocked CH4 diffusion, while allowing the passage of H2. For the 0.5% CH4 

in ambient air the permeation was attenuated by 96% through 1% MWCNT-PDMS composite and was 

almost completely blocked at 5% and 10% MWCNT-PDMS composites. The permeation through the 1% 

MWCNT/PDMS composite of 1% CH4 dropped by 77% and by around 99% through the 5% and 10% 

MWCNT/PDMS composites.  

It is important to consider that CH4 molecules are much larger and heavier than H2 molecules, and as a 

result their permeations through the membranes take longer. Consequently, CH4 molecules spend longer 

time in the membranes, and hence, have a higher chance to interact with the content of the membranes. 

Additionally, their larger size also increases their chance of interaction with the surroundings. This means 

that the change in the polymerization and increase in the filler concentration, affect them more 

significantly than H2 molecules. It is fascinating to observe that even H2 molecules permeation experience 

a decrease at higher concentrations of MWCNT. Moreover, it would be interesting to report the 

concentration of MWCNT at which a complete blockage of H2 molecules permeation would occur. 

However, it is actually not possible to increase the MWCNT concentration in the MWCNT-PDMS 

membrane composite further than 10% due to the dominance of MWCNT over the PDMS part of the 
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membrane which cannot be made continuous anymore. As a result, the membrane will have sub-micron 

or micro-pores that allow the passage of all gases indiscriminately.          

As revealed from our FTIR analysis (Fig. 3), the intensity of the peak observed at 905 cm
−1

 decreased as 

the concentration of MWCNT increased in the composite, which corresponds to the formation of SiC 

bond. Moreover, with the increase of MWCNT in PDMS, the Si(CH3)2 rocking peaks appear to decrease 

due to the breaking of Si-CH3 which lead to an increase in the intensity of SiH peaks. This suggests that 

these bonds play a significant role in blocking CH4 through the composite membranes. Similarly, micro-

Raman spectra (Fig. 4), demonstrates the decrease of the SiCH3 symmetric rocking band as the 

concentration of MWCNT increases which agrees with the results obtained from FTIR. Additionally, the 

XPS analysis shows a decrease in the number of silicon to three oxygen bonds occurring, allowing the 

increased formation of the SiC bonds.  

We have seen a similar behaviour in the Raman and FTIR spectra of the composites after increasing the 

concentration of carbon black (CB) fillers. However, there is a striking difference between the behaviour 

of MWCNT-PDMS and CB-PDMS membranes. CB-PDMS membranes showed blocking of CH4 only at 6% 

of CB but the membranes with the higher concentration of CB could not block CH4. This was associated 

to the decrease in the number of non-polymerized Si−O and Si−CH3 bonds. Interestingly, the 

concentration of these bonds increased at higher concentrations of CB in the membranes.  

We see the same trend for MWCNT-PDMS composites at low concentration of MWCNT, a decrease in 

the number of SiCH3 and SiO bonds and increase in the number of Si−C bonds. However, for MWCNT 

composites, increasing the MWCNT concentration above 1% also enhance the blocking of CH4 even 

further. This is in agreement with characterization outcomes which confirm that the prevalence of Si−C 

bonds remain high, even at high concentrations of MWCNT. The most significant difference between CB 

and MWCNT is the large surface area of MWCNT. While at high concentrations of CB the polymerization 

of the PDMS onto the surface of carbon was reduced, the same trend was not seen for MWCNTs 

composites due to the fact that MWCNT have much smaller dimensions, much higher surface activity, 

and better dispersion in the polymer matrix. These observations confirm our initial hypothesis predicting 

better performance of MWCNT as a filler for gas separation membranes. 

 

3.1.2. Graphene-PDMS nanocomposite membranes 

To understand the properties of the graphene flakes, as well as their morphology (Fig. 8), DLS, AFM and 

TEM were performed on the flakes after the exfoliation process but before being added into the 

nanocomposite. AFM revealed the thickness distribution of the graphene flakes, with the majority of 

flakes containing less than 10 layers (less than 4 nm). To understand the distribution of the flake 

dimensions, DLS was performed. This revealed that the lateral dimensions of the majority of flakes lie 

within 0.1 to 4 µm. This results in an average aspect ratio of 110 for the graphene flakes used in the 

composite membranes. TEM was used for assessing the morphology of the graphene flakes after the 

exfoliation process. 
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Figure 8. (a) AFM image of graphene flakes. (b) Corresponding height profile of graphene flake along the 

green line. (c) Distribution of graphene flake thickness taken from the analysis of 100 flakes with the AFM. 

(d) Distribution of graphene flake lateral dimensions obtained from the DLS. (e) and (f) TEM image of 

typical graphene sheets. 

 

To understand and evaluate the alterations that graphene is providing to the nanocomposite different 

characterization techniques were employed with an emphasis on studying the physiochemical properties 

that relate directly to gas permeation. Graphene-PDMS composite membranes with the graphene 

concentration of 0.125 wt%, 0.25 wt%, 0.5 wt% and 1 wt% graphene were synthesized.  Due to the 

formation of interconnected interfacial voids above  

1 wt% graphene loading (which will be described later) thus creating defects within the membrane. This 

allows gas species to pass freely and hence providing no selectivity, rendering the membranes ineffective. 

A very important factor in dictating gas molecule permeation through rubbery polymers like PDMS is the 

FFV. This can fundamentally change the diffusion of the gas molecules through the membranes. To 

understand the impact that the addition of graphene has on FFV, both density measurements and PALS 

were carried out. The polymer density is commonly associated with FFV and it is known that PALS can 

be used to determine the average size of the free volume elements, and the concentration, or relative 

number of free volume elements in the sample. 

The density of the various weight concentrations of graphene composite membranes are shown in Fig. 9a. 

It can be seen that adding graphene reduces the density of all of the composite membranes, relative to 

that of the predicted theoretical calculations. The lowest density for all of the different membranes is 

found at 0.25 wt% graphene in PDMS. This data can be used for assessing the additional free volume 

that possibly results from the weak interaction between the graphene flakes and the polymer (Fig. 9b). 

Such increases in FFV are well known and are often referred to as the ‘sieve in a cage’ phenomenon. 
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The PALS data for different membranes are presented in Figs. 9c and d. As can be seen from Fig. 9c, the 

o-Ps lifetime (τ3) parameter does not show any significant difference in the size of the free volume 

elements, revealing the average pore diameter to be approximately 0.8 nm, with all variance between the 

different nanocomposites lying within the range of uncertainty. With the addition of graphene into the 

polymeric matrix, the intensity parameter (I3) (Fig. 9d) nevertheless does demonstrate an initial decrease 

in the number of free volume elements (0.125 and 0.25 wt%). This number then increases with increasing 

graphene concentration (0.5 and 1 wt%). While the calculations from the density measurements show an 

increase in FFV in the nanocomposites, the PALS intensity parameter reveals only a minor decrease in 

free volume elements within the range of detection. As a result, there must be a formation of voids that lie 

outside the detection limit of PALS (approximately 20 nm).  

 

 

Figure 9. Density andFFV study of the membranes. The effect of various weight amounts of graphene on 

(a) the density, relative to that calculated from simple mixing of the respective components (b) the 

resulting total FFV based on density measurements (c) PALS  o-Ps lifetime (τ3) parameters (d) PALS  o-

Ps intensity (I3) parameters of the composite membranes. (e) Example SEM image of the 0.25 wt% 

nanocomposite membrane showing the formation of nano- to meso-sized voids around the flakes and 

that the polymer does not efficiently make strong bonds with the surface of the flakes. 

 

To investigate the formation of voids greater than 20 nm in dimension, SEM was employed. The 

membranes were prepared for SEM observations using liquid nitrogen fracturing to give an accurate 

representation of the morphology of the cross-sections and a 20 Å thick coating of platinum was 

employed to prevent charging of the non-conductive membranes. An important observation to make from 

the example SEM image in Fig. 9e is what happens at the interface between the graphene and the PDMS. 

It can be seen that there is a creation of a void present at this interface. These nano- to meso-sized voids 

occur in the range of 25 to 250 nm, which are outside the detection limit of PALS and can be the reason 

for the discrepancy between the calculated FFV from density measurements and the PALS data. Another 

major observation from the SEM images is that the PDMS does not make strong bonds with the surface 

of the flakes during the polymerization process, reinforcing the lack of interaction between the materials 
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that is driving the formation of these voids. Such an effect is likely due to graphene’s surface energy and 

intrinsic low wettability of individual flakes. 

From example SEM images in Figs. 10a-d it can be seen that the best graphene flake dispersion is 

attained at 0.25 wt% graphene-PDMS (Fig. 10b). It appears that with the addition of graphene beyond 

this concentration, an increased agglomeration is found with multiple flakes forming bundles. Another key 

aspect to gain from the sample SEM images is understanding the orientation of the flakes within the 

membranes, which can greatly affect the diffusion path and therefore the permeation of the gas 

molecules. From Fig. 10b, it can be seen that the majority of flakes lie close to perpendicular to the 

diffusion path (parallel to the membrane’s surface) for 0.25 wt% graphene-PDMS samples (highlighted by 

the dotted lines). However, such an effect is not seen for other concentrations (Figs. 10c, d). 

 

 

Figure 10. Cross-sectional SEM images of (a) pristine PDMS (b) 0.25 wt% graphene-PDMS (c) 0.5 wt% 

graphene-PDMS and (d) 1 wt% graphene-PDMS nanocomposite (e) Graphene flake size distribution, as 

a function of the artifacts seen on the surface, based from AFM analysis of membrane surface. 

 

AFM at the surface of the membranes gives insight into the surface roughness and therefore relative 

surface artifact size distribution on the membranes (Fig. 10e). With the graphene samples being prepared 

using the same method before adding into the polymer, it can be assumed that any increase in the size of 
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surface artifacts is due to agglomeration of flakes. At 0.25 wt% the majority of surface artifacts’ 

dimensions lie below 300 nm and increasing the graphene loading causes agglomerates to form larger 

artifacts where at 0.5 wt% the majority lie between 400 and 800 nm.  

Equilibrium swelling measurements of the composite membranes was investigated and compared to a 

pristine PDMS reference to evaluate any changes in crosslinking density. The solvent uptake, or mass 

swelling degree (MSD), is presented in Fig. 11a. An increase in the chain length between the cross-links 

reduces the elastic resistance to the swelling stress and therefore increases the degree of swelling. The 

pristine PDMS complies with other studies for PDMS. It can be seen that all of the composites have a 

higher degree of swelling than that of pristine PDMS. Even with the addition of 1 wt% of graphene an 

increase in swelling of approximately 10% is observed, with the 0.25 wt% graphene to PDMS showing 

the lowest crosslinking density with a maximum chain length between crosslinks within the polymer. This 

minimum crosslinking density could represent an optimal dispersion of graphene flakes, allowing 

maximum interaction with the PDMS matrix and interfering with the normal crosslinking structure of the 

polymeric matrix. 

 

 

Figure 11. The effect of various weight amounts of graphene on the nanocomposites. (a) Crosslinking 

density study of the nanocomposites based on MSD. (b) Maximum tensile strength of the nanocomposite 

membranes. (c) Raman spectra of pristine PDMS and 0.125 wt% graphene-PDMS composite 

membranes. Inset: (d) comparison of the second order SiO bond and (e) comparison of the G band. 

 

The decrease of crosslinking density, shown in the MSD results, is also confirmed through tensile 

strength measurements (Fig. 11b). The reduction in elastic resistance and tensile strength are seen with 

the same trend as the swelling measurements, with most variance lying within the range of uncertainty. 

The graphene flakes affect the polymerization process, inhibiting the crosslinking bonds created and 

therefore producing a looser polymeric matrix with less tensile strength. 
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An investigation into the different bonds formed by the pristine PDMS and nanocomposite membranes 

was undertaken using micro-Raman spectroscopy. All membranes contained similar PDMS peaks 

regardless of the concentration of graphene added, with all the peaks in agreement with typical 

signatures reported in previous work. The composite materials however, also show the addition of Raman 

shift peaks representative of graphene. These include a clear G band and a 2D band that is almost non 

distinguishable in our samples. These peaks have been widely studied and occur at approximately 1570 

and 2700 cm
−1

,respectively. The whole Raman spectra for the pristine PDMS and the 0.125 wt% 

graphene-PDMS membranes are shown in Fig. 11c. 

Two major changes to the overall spectra of the composite materials are observed with the addition of 

graphene into the PDMS matrix. The first and most obvious is the addition of the sharp and distinctive 

graphene associated G graphitic band shown in Fig. 11e. This peak is formed from the fundamental 

resonance of the sp
2
 carbon hybridization, which is not present in PDMS, and increases as the amount of 

graphene within the polymeric matrix is increased. However, the addition of graphene also has an 

influence on the alteration of the polymeric matrix, which can be seen when studying the second order 

Si–O peak occurring at approximately 1090 cm
-1

(Fig. 11d). This weak, broad peak that occurs in pristine 

PDMS reduces in intensity as the amount of graphene in the polymer increases, vanishing at 1 wt% of 

graphene in PDMS. This represents a reduction in rigidity of the Si–O bond and probably the formation of 

irregular chains and decreased crosslinking density, which establishes the backbone of the PDMS 

polymer chain. No apparent change is seen for the first order Si–O bond peak at 488 cm
-1

, which hints at 

the fact that the number of these bonds has not been reduced. FTIR, XRD and XPS were also employed 

to assess the bonding characteristics within the PDMS and nanocomposite membranes.  

The FTIR spectra for the graphene-PDMS nanocomposites and the reference membranes (Fig. 12) 

comply with those typically reported for PDMS. It has been previously reported that Si–H bonds, which is 

located at 910 cm
−1

 and Si(CH3)2 rocking peaks appear in the region of and 785–815  cm
−1

. The Si–O–Si 

stretching multi-component peaks for PDMS is observed in the range between 930 to 1200 cm
−1

.The 

peaks between 1400–1420 cm
−1

 and between 1240–1280 cm
−1

 corresponds to –CH3 deformation 

vibration in PDMS.  

 

 

Figure 12. FTIR spectra of pristine PDMS and the graphene-PDMS nanocomposite membranes. 

 

XRD was utilized to understand the changes in the polymeric structure of PDMS as a function of the 

concentration of graphene impregnated within the nanocomposite membranes (Fig.13). XRD data shows 

that graphene loading affected three key diffraction features of pristine PDMS film, observed at 7.1°, 
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8.5° and 14.1 2 that correspond to a d-spacing of 14.45, 12.07 and 7.29 Å, respectively. These d-

spacing’s may be considered as large, medium and small chain spacing’s, respectively, within the PDMS 

matrix. The change in the size of these polymeric structures can be directly associated with the changes 

in the structure of the polymer chains due to graphene impregnation. 

It is evident that even with the smallest amount of graphene loading in PDMS, the distribution of the chain 

spacing shifts remarkably. In particular the average chain spacing in the PDMS polymer appears to shift 

from 7.3 Å in the pristine polymer to 7.8 Å at 0.125 wt% graphene and 8.1 Å at 1 wt% graphene, 

suggesting that the PDMS crosslinks formed in the presence of the graphene flakes are extended, 

relative to the pristine polymer. A further interesting change is also observed for the large spacing of 

14.45 Å, where at 0.25 wt% graphene-PDMS there is no occurrence of this spacing. This is likely due to 

an increased dispersion where there are fewer larger agglomerates that are able to produce this larger 

spacing and therefore alter the polymer chain stacking.  

 

 

Figure 13. XRD patterns for PDMS and graphene-PDMS nanocomposites with x axis converted from 

2 to d spacing using Braggs law. 

 

The pure gas permeation rates of the pristine PDMS and composite graphene-PDMS membranes were 

investigated under exposure to CO2, N2, Ar and CH4 (99.99%) using the CPVV experimental setup 

described in the methodology section.  
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Figure 14. Change in permeability for each gas species with respect to the change graphene 

concentration.  

 

As can be seen in both Table 1 and Fig. 14, the permeation of all gas species significantly increases with 

the addition of graphene as a filler to the PDMS matrix. The permeability of the pristine PDMS membrane 

are similar and correspond to the permeability found in the literature. 

 

Table 1. Gas separation performance of PDMS membranes with different graphene concentrations. 

 Percentage weight of graphene in the composite membrane 

Penetrant PDMS 0.125 

wt% 

0.25 wt% 0.5 wt% 1 wt% 

 

Permeability 

(Barrer) 

CH4 850 ± 20 930 ± 15 1120 ± 18 1070 ± 17 920 ± 19 

N2 380 ± 15 400 ± 18 610 ± 12 550 ± 14 400 ± 22 

Ar 710 ± 17 830 ± 19 1030 ± 16 910 ± 17 840 ± 20 

CO2 3020 ± 16 3450 ± 21 3790 ± 12 4460 ± 18 3360 ± 18 

 

Selectivity 

CO2/N2 7.9 ± 0.37 8.6 ± 0.46 6.2 ± 0.14 8.1 ± 0.24 8.4 ± 0.53 

CO2/CH4 3.6 ± 0.10 3.7 ± 0.08 3.4 ± 0.06 4.2 ± 0.08 3.7 ± 0.10 

 

A maximum permeability for Ar, N2 and CH4 was found at 0.25 wt%graphene loading, providing a greatly 

enhanced flux of over 60% in the case of N2 for the composite membranes. A maximum permeability for 

Ar, N2 and CH4 was found at 0.25 wt%graphene loading, providing a greatly enhanced flux of over 60% in 

the case of N2 for the composite membranes. However, at this condition, there is some minor loss of 

selectivity, consistent with the Robeson trend of falling selectivity when permeability increases. 

Interestingly for CO2, while the 0.25 wt% graphene-PDMS membrane showed an increase in permeation, 
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it was the 0.5 wt% membrane that provided the greatest flux. This difference in the behavior of CO2, with 

greater permeation at 0.5 wt%, whilst the other gas species maximum permeation occurs at 0.25 wt%, 

may be ascribed to the high affinity of graphene towards CO2. Importantly, this increase in permeability at 

0.5 wt% is achieved with no loss of CO2/N2 selectivity. It appears that CO2/CH4 selectivity increase 

slightly rising from 3.6 for pristine PDMS to 4.2 for the 0.5 wt% composite. In general, it can be seen that 

most of the changes in selectivity lie within the error range, revealing that the increase in permeability has 

come without major loss in selectivity.  This is an important factor in the application of these membranes 

for gas separation. 

Gas permeation through a rubbery polymer is dictated by the solution-diffusion mechanism. This 

mechanism comprises three steps: (1) adsorption at the upstream boundary, (2) diffusion through the 

membrane and (3) desorption on the downstream boundary. The increase in permeation for all gases is 

due to the change in diffusion of the gas molecules through the composite material. When referring back 

to the solution-diffusion model for gas permeation, the kinetic diameter of the penetrant and the FFV have 

direct effects on the diffusion coefficient. Ar, N2, CO2 and CH4 kinetic diameters are 3.4, 3.64, 3.3 and 3.8 

Å, respectively. The diffusion of gas molecules through the membranes depends on the molecules’ ability 

to undertake diffusive jumps within the polymer, the smaller the molecule or the larger the free volume, 

the more rapid these diffusive jumps will occur. These diffusive jumps take place when the polymer 

chains dynamically form temporary voids, large enough to accommodate the penetrant, only in the 

immediate area of the gas molecule. A change in diffusivity and therefore permeation in a rubbery 

polymer is often attributed to an increase in FFV.
 

The presence of graphene in the PDMS matrix has the ability to create permanent voids at these 

interfaces facilitating diffusion, where the distance between the oligomers and the graphene flakes is 

different than the distance between the oligomers themselves under normal crosslinking conditions. 

Therefore the introduction of graphene into the PDMS matrix increases the amount of free volume within 

the polymer and thus giving rise to an increase in permeation.  

The gas permeation mechanisms through the graphene-PDMS nanocomposite membranes differ from 

other carbon nanomaterial composites previously reported. In reality, the surface energies of other forms 

of carbon are very different from those of graphene with no dangling bonds. Carbon fillers, other than 

graphene, have been used for making permeable composite membranes, generally they have been 

shown to reduce permeability. 

Carbon black has been generally shown to reduce the gas permeability. While nanocomposites 

containing CNT’s have been demonstrated to either decrease or increase the permeation base on the 

type of gas species, the surface treatment used and also the orientation of the CNTs in the composite. In 

many of these reports the increase in permeation has been ascribed to a tunneling effect and the 

reduction in permeation to a sieving effect bestowed upon by the added CNTs. However, most of these 

works have ignored the possible effect of the interfacial voids formation. The lack of interaction between 

the graphene flakes, which was presented in our work, and PDMS has not been reported in CNT-PDMS 

composite materials. 

Three dimensional (3D) carbon nanoparticle fillers, such as buckyballs, have been shown to increase 

FFV within the composite membrane thus increasing gas permeation through the composite. However, 

such increases has only been seen in functionalized buckyballs, which are well distributed within the 

polymer matrix and disrupting the polymer chains by making bonds with them. This is the opposite of 

what we presented in this work. 

There are just a few studies of graphene loaded composites in regard to gas permeation. However they 

have only reported decreases in gas permeation, this is most likely due to the relatively large quantity of 

graphene used in their studies, causing a greater increase in the diffusion path length from the non-

permeable graphene flakes. With most studies choosing to functionalize the graphene flakes to maximize 

interaction and compatibility between the base polymer and the flakes, therefore not allowing the 

formation of any interfacial void. 

There are several reports on the incorporation of functionalized graphene flakes into PDMS at different 

aspect ratios and various concentrations of the flakes. For example, Adamson et.al. and Ozbas et. al. 
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demonstrated a decrease in the overall gas permeation of the graphene-PDMS nanoscomposites at high 

concentrations of functionalized graphene flakes and also showed that a larger aspect ratio (aspect ratio 

of 1000 in comparison to 400 at the same concentration of 1 wt%) resulted in a decrease of ~20% in gas 

permeation. At 1 wt% of functionalized graphene loading they observed a ~50% reduction in gas 

permeation compared to pristine PDMS. The outcomes however, are in contrast with the increase in the 

gas permeability of our non-functionalized graphene-PDMS nanocomposites presented in this work. 

Some studies of PDMS and PDMS nanocomposite membranes have also reported an increase in gas 

permeability, although moderate. An ideal crosslinking temperature was found to increase the FFV in the 

polymeric matrix and therefore enhancing the permeation of all gas species tested against. Silicatite 

particles have also been shown to enhance CO2’s permeation through PDMS, increasing the permeability 

from the base 3000 to 3835 Barrer. However, the permeability of all other gases tested was found to 

decrease due to a molecular sieving effect. Of these membranes none show an ability to improve gas 

permeation to the degree demonstrated in this study. 

For describing the permeation performance of the composite membranes two competing factors should 

be considered. The introduction of extra FFV, through interfacial voids, drives an increase in permeability. 

In contrast, gas transport across the added impermeable graphene flakes is harder, which naturally 

increases the diffusion path length for the gas molecules (Fig. 15a). This interfacial void created between 

the polymer and the graphene is similar to that was found by Cong et. al. where it was observed that gas 

permeation through poly(2,6-diphenyl- 1,4-phenylene oxide) (BPPOdp) increased when silica 

nanoparticles were dispersed through the polymer. This increase in permeation was attributed to the 

introduction of what they referred to as a nanogap. Where, the interaction between the nano-filler and the 

polymer caused the introduction of permanent voids at the filler-polymer interface, thus increasing FFV 

and permeability.  

 

 

Figure 15. (a)A schematic of the diffusion paths for PDMS and graphene-PDMS nanocomposites of 

thickness l. The total path length for pristine PDMS membrane is l. In the graphene-PDMS 

nanocomposite membrane, the diffusion path through PDMS (Dα) shown in red and diffusion path through 

the interfacial void (Dβ) shown in green, where, ∑ Dα < l but ∑ Dα+Dβ > l. (b) A schematic depicting the 

difference between passive surface and bulk diffusion of the gas molecules in pristine PDMS and 

graphene-PDMS nanocomposite membranes. 
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The 2D planar morphology of the graphene with its intrinsically high specific surface area results in an 

alteration of the polymeric matrix. As shown in the Raman spectra (Fig. 11d) a decrease in the second 

order vibration of the Si–O bonds due to the reduction in crosslinking density, resulting in a more relaxed 

polymeric matrix as shown with tensile strength (Fig. 11b) and swelling tests (Fig. 11a) as well as 

increasing the FFV through the formation of nano- and meso-sized voids (Figs. 9b and e). The change in 

polymeric matrix acts to alter the oligomer chains in relation to the graphene flakes changing the regular 

crosslinking structure within PDMS. The PALS intensity data (Fig. 9d) therefore strengthens the case that 

higher graphene content is not as well dispersed within the PDMS matrix due to agglomeration resulting 

in less inhibition with the PDMS crosslinking therefore improved mechanical properties (increased tensile 

strength and reduced swelling). 

The maximum formation of these voids was found to occur at 0.25 wt% graphene-PDMS which was 

ascribed to an increased dispersion of graphene flakes found at this concentration. This could effectively 

increase the number of interfaces between the graphene and PDMS where at concentrations higher than 

0.25 wt% the graphene flakes start to agglomerate and therefore reducing the number of interfaces. The 

introduction of additional interfaces after the graphene loading can directly impact upon the gas 

permeability by producing nano- to meso-sized along the surface of the flakes, facilitating the gas 

transport. The total gas molecules diffusion path length increases by adding graphene flakes. However, 

as these molecules spend most of their time in the interfacial voids, their diffusion rate is much higher, 

which results in a higher permeability than the pristine PDMS. The maintaining selectivity with the 

increase in permeability implies the interfacial voids do not create an interconnected pore through the 

membrane and thus remain defect free.  

When implementing the membranes into a commercial gas sensing system, the performance of the 

graphene membranes in comparison with PDMS and no membrane present is shown in Figs. 16a and b. 

As can be seen, the sensor response for the graphene-PDMS nanocomposite membrane is almost the 

same as that of not having a membrane present at all. There is a slight attenuation and a delay of 

approximately 20 seconds. However, when comparing it to the PDMS reference membrane the 

composite material offers a far superior performance with less attenuation and a far quicker response. 

This effectively means the membranes are almost transparent to gas molecules and can offer effective 

solutions when monitoring gases while keeping the sensor isolated from the surrounding environmental 

contaminants. Interestingly, the Barrer number for CO2 permeation (Table 1) reveals an increase of 50% 

but in the sensing experimental setup, the results show a response that appears greater than this number. 

It is important to consider that the measurements to obtain the Barrer number were performed using a 

high, fixed pressure difference across the membranes. However, the sensor measurements are 

conducted with negligible pressure difference across the membranes. As a result, an effective passive 

gas diffusion that is not necessarily driven by pressure is the reason for the enhanced performance of the 

membranes for sensing applications. It is known that such passive diffusion follows Ficks second law of 

diffusion, where near the surface the diffusion of gas molecules occurs more facile and can be 

approximated using:   

𝐶(𝑥, 𝑡) = Cs (1 −
2

√𝜋
erf (

𝑥

2√𝐷𝑡
)) 

(4) 

where C is the concentration at distance x from the surface at time t, Cs is the fixed concentration of gas 

molecules at the surface, D is the diffusion constant and erf is the error function. This approximation is 

only valid near the surface boundary while the diffusion far from the surface, in the bulk, reduces to a 

constant rate. By producing voids using the graphene flakes, more of this surface effect is produced and 

the passive surface diffusion, which has a much higher rate, according to the Fick’s second law becomes 

the dominant effect of the gas molecule diffusion. While in only PDMS membranes the constant rate 

which is equal to that one obtained by the Barrer measurements dominate the system (Fig. 15b). 

To evaluate the membranes’ capability for effective phase separation, CO2 was dissolved into DI water 

with the membranes placed in between the liquid and the sensor directly at the sensor head. As can be 

seen from comparing Figs. 16c and d as well as Table 2, the addition of graphene into the PDMS matrix 
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has made the membrane more hydrophobic. PDMS itself is known as a hydrophobic material and so is 

graphene. 

Through this added hydrophobicity and increased gas permeability, the graphene nanocomposites act as 

a high throughput phase separating membranes, as can be clearly seen in Fig. 16e. This allows for 

efficient transfer of gas molecules, while stopping the liquid from permeating. 

 

 

Figure 16. Applications of nanocomposite membranes.Sensor reading for (a) CH4 and (b) CO2 

permeation. (c) Water droplets contact angle for PDMS. (d) Water droplets contact angle for 0.5 wt% 

graphene-PDMS. (e) Sensor reading for dissolved CO2 in deionized water (DI), phase separation through 

PDMS and 0.5 wt% graphene-PDMS.  

 

Table 2. Water contact angles for pristine PDMS and the graphene-PDMS nanocomposite membranes. 

Material Contact Angle (°) 

PDMS 102 

0.125 wt% graphene-PDMS 118 

0.25 wt% graphene-PDMS 116 

0.5 wt% graphene-PDMS 115 

1 wt% graphene-PDMS 115 

 

3.1.3 MoS2-PDMS nanocomposite membranes 

2D MoS2 flakes were prepared from MoS2 bulk powder using a grinding-assist liquid phase exfoliation 

technique with the composites synthesized via in situ polymerization method using N-Methyl-2-

pyrrolidone (NMP) and ethanol/water (EtOH/H2O) solution.For the MoS2 flakes exfoliated in NMP the 

average lateral dimensions are approximately 53 nm and the average thickness ranges below 3 layers 

and for the flakes exfoliated in EtOH/H2O the average lateral dimensions are approximately 55 nm and 

the average thickness ranges below 4 layers (Fig. 17). High-resolution transmission electron microscopy 
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(HRTEM) shown in Fig.18a reveals the crystal structure with a lattice spacing of 0.27 nm assigned to the 

(100) plane.  

 

 

Figure 17.(a) Distribution of MoS2 nanoflakes exfoliated in NMP based on DLS assessment. (b) 

Distribution of MoS2 nanoflakes exfoliated in NMP thickness taken from the analysis of 100 flakes using 

AFM. (c)  Distribution of MoS2 nanoflakes exfoliated in EtOH/H2O using DLS. (b) Distribution of MoS2 

nanoflakes exfoliated in EtOH/H2O thickness taken from the analysis of 100 flakes using AFM. 

 

Raman spectroscopy is also utilized to further investigate the crystal structure and thickness of the 2D 

MoS2 flakes. From Fig. 18b, two distinguished Raman shift peaks can be found at ∼381 and ∼408 cm
-1

 

for the MoS2 bulk powder, corresponding to in-plane (E
1

2g) and vertical plane (A1g) vibrations of Mo‒S 

bonds in MoS2, respectively. By normalizing both the Raman spectra taken from the bulk powder and 

flakes with the E
1
2g mode, it is found that the 2D flakes have a smaller Raman shift difference between 

E
1
2g and A1g modes (Δ = ∼20 cm

-1
 ) in comparison with Δ = ∼27 cm

-1
 from their bulk counterpart. Using 

information provided by Li et. al., the Raman spectra indicate that the thicknesses of 2D MoS2 flakes lie in 

between one to two layers thick where this is also supported through AFM (Fig.17).  

The UV-Vis absorbance spectra from the composite materials were used to analyze yield and 

concentration of distributed MoS2 within the composite material (Fig.18d). The concentration of the 

membranes using the absorbance measurements as described by O’Neill et.al., found that the MoS2-

PDMS composites where the flakes were exfoliated in NMP were approximately 0.011 and 0.021 wt% 

and the composites where the flakes were exfoliated in an ethanol and water solution were 0.0051 and 

0.01 wt.% for the low and high concentrations respectively. Revealing that the low concentration of MoS2 

exfoliated in NMP shows almost the same as the high concentration of MoS2 exfoliated in ethanol water 

solution. The peak at 490 nm is characteristic of PDMS where the MoS2 absorbance peaks are not 

present due to the small concentrations within the composites. However the enhancement of this peak in 

the composites is due to the presence of 2D MoS2. The inherent PDMS bonds are not affected by the low 

concentrations of MoS2 added within the composite where only Van der Walls forces are present between 

the oligomers and flakes themselves based on FTIR assessments and Raman of the composites (Figs.19 

and 20).  
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Figure 18. MoS2 flake morphology and dispersion within the nanocomposite membranes. (a) TEM image 

of MoS2 flake. (b) The Raman spectra of(x) MoS2 exfoliated in NMP (y) MoS2 exfoliated in EtOH/H2O (z) 

Bulk MoS2 (c) Images of the polymer composites and (d) The effect of various solvents used for 

exfoliation of MoS2 on the UV-Vis spectra of the nanocomposites showing relative loading concentration 

of the different membranes. (i) MoS2 exfoliated in NMP high concentration (ii) MoS2 exfoliated in NMP low 

concentration (iii) MoS2 exfoliated in EtOH/H2O high concentration (iv) MoS2 exfoliated in EtOH/H2O low 

concentration (v) Pristine PDMS (e) SEM image of MoS2 dispersion and morphology in PDMS exfoliated 

in NMP(f) SEM image of MoS2 dispersion and morphology in PDMS exfoliated in EtOH/H2O.  

 

 

Figure 19. FTIR spectra comparing pristine PDMS with the MoS2-PDMS nanocomposites 
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Figure 20. Raman spectra of (i) 2D MoS2-PDMS with 2D MoS2 exfoliated in NMP (ii) 2D MoS2-PDMS 

with 2D MoS2 exfoliated in EtOH/H2O (iii) pristine PDMS  

 

The pure gas permeation rates of the pristine PDMS and composite MoS2-PDMS membranes were 

investigated under exposure to CO2, N2, and CH4 (99.99%) using the CPVV experimental setup.  

As can be seen in and Fig. 21, the permeability of the pristine PDMS membrane is similar and 

correspond to the permeability found by Merkel et al. that also used a CPVV experimental set up. A key 

aspect of these results shows that the addition of MoS2 at these low concentrations has had no significant 

penalty to the permeation of CH4 and N2. However, permeation of CO2 is significantly decreased with the 

addition of MoS2 into the PDMS matrix with permeability being inversely but proportional to concentration. 

While the concentration of MoS2 flakes within the MoS2-PDMS composite membranes did not affect the 

permeation of CH4 or N2 it did significantly decrease the permeation of CO2 gas molecules due to its 

calculated higher adsorption energy to single layer MoS2. 
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Figure 21. (a) Pure gas permeation results for composites with the MoS2 exfoliated in NMP.(b) NO2 

permeation: PDMS vs NMP exfoliated MoS2 nanocomposites (c) NO2 permeation: PDMS vs Ethanol and 

water exfoliated MoS2 nanocomposites (d) NO2 permeation: PDMS vs similar concentrations of MoS2 

exfoliated in different solvents, where: i-PDMS membrane; ii-MoS2-PDMS (exf. NMP low concentration); 

iii-MoS2-PDMS (exf. NMP high concentration); iv-MoS2-PDMS (exf. EtOH/H2O low concentration); v-

MoS2-PDMS (exf. EtOH/H2O high concentration) (d) MoS2 resistance before, during and after NO2 

exposure.  

 

The experimental method shown by Nour et al. for H2S separation was employed for the NO2 separation 

experiments. As seen in the dynamic responses of the NO2 sensor shown in Figs. 21b-d there was a 

major effect on the NO2 gas permeation through the addition of 2D MoS2 flakes. The change in NO2 

permeation kinetics through analysis of response curves can be divided into two phases. The first phase 

represented by the delay in the sensor response curve reflects the gas molecules solubility and often 

referred to as the time lag method.  Pristine PDMS shows a much faster NO2 sensor response with a 

delay of less than 100 s compared to approximately 400 s for the lower concentration composite 

membranes. This indicates a decreasing NO2 solubility for the nanocomposite membranes. It was noticed 

that as the concentration of MoS2 flakes increased, the sensor delay was prolonged, which indicates an 

increase in the NO2 solubility. 

In the second phase, the gradient of the sensor response gives an indication of NO2 gas molecules 

diffusivity through the composite membranes. It can be seen that the NO2 molecules permeation kinetics, 

at this stage, were strongly dependent on the MoS2 concentration in the membrane, in which higher MoS2 

concentrations resulted in lower diffusion. At the highest concentration of MoS2 the permeation of NO2 
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gas molecules is almost totally stopped. Although it has been shown that NMP residue is retained on the 

surface of the flakes after exfoliation if the drying process does not exceed 200 °C, this is also visible in 

the Raman spectrum shown in Fig.20. However, it appears that NO2 adsorption is not affected by NMP 

present on the flake surface and therefor diffusion is not dependent on the exfoliation solvent (Fig. 22d). 

Since higher adsorption energy gives rise to a strong binding between adsorbate and the host, we can 

see stronger interaction between NO2, CO2 and MoS2 monolayer compared to N2 or CH4. This is 

especially true when van der Waals interactions between the weakly bonded gas adsorption system is 

considered. However, there have been no thorough experimental studies regarding the adsorption of gas 

molecules on MoS2 monolayers, thus all the adsorption energies are based on first principle calculations. 

 

Ead = EGas+MoS2 ‒ EMoS2 ‒ EGas     (5) 

 

Zhao et. al. calculated the highest adsorption energy to MoS2 was held by NO2 (Equation 5) in 

correspondence with our results. This strong adsorption energy is apparent in Fig.18e, during exposure to 

NO2 the gas molecule act as an electron acceptor from the MoS2 causing the resistance of the flake to 

increase, however after exposure there is no sign of recovery indicating the NO2 gas molecules are still 

present adsorbed to the surface. 

It is suggested that the NO2 gas molecules adsorbed (as schematically shown in Fig. 22a) on the surface 

of the MoS2 act as p-type dopants (electron acceptors). Theoretically this should cause an increase in the 

photoluminescence (PL) intensity, however, as seen in Figs 22b and c, PL quenching is observed after 

NO2 adsorption. This could possibly be related to the effects seen by nonuniform doping profiles due to 

the induced defects during the exfoliation process of the flakes that may play a role in suppressing 

exciton formation and/or its radiative recombination. It is interesting to see that the intensity decreases by 

over 60% for the composite containing MoS2 exfoliated in EtOH/H2O while the quenching of PL intensity 

only occurs by 35% for composites containing MoS2 exfoliated in NMP. This is most likely associated with 

the residual NMP on the surface of the surface as previously discussed. The same experiment was run 

exposing the composites to ‘dry air’ as a control where a minor decrease in PL intensity is seen, 

approximately 15% (Fig.23).  

Remarkably, at a relatively low loading concentration of 0.021 wt.%  the MoS2-PDMS composite 

membrane was able to completely block NO2 gas permeation due to strong adsorption energy as 

depicted in Fig.22a. The PL results suggest that these composite membranes could be implemented into 

a device capable of not only separating NO2 from gas streams but also monitoring the concentration of 

NO2 if combined with a PL unit, offering dual functionality. 
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Figure 22. (a) NO2 gas adsorption and orientationonto 2D MoS2 flakes.  (b) PL spectra of PDMS and 

composites exfoliated in EtOH/H2O before NO2 exposure (B.E.) and after NO2 exposure (A.E.) (c) PL 

spectra of composites exfoliated in NMP before NO2 exposure (B.E.) and after NO2 exposure (A.E.) 

 

 

Figure 23. Photoluminescence spectra of: (a) MoS2-PDMS composites before and after exposure to ‘zero 

air’ and (b) MoS2-PDMS composites before and after exposure to NO2. 
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3.1.4 Ag-PDMS nanocomposite membranes 

The rubbery membranes were frozen in liquid nitrogen and then fractured to obtain acceptable cross 

sectional surfaces for SEM. Samples were then coated with a thin platinum layer of ~3 nm thickness to 

reduce charging effect. Fig. 24 shows a SEM image of the Ag-PDMS nanocomposite, which 

demonstrates the presence of dispersed nanoparticles embedded into PDMS. 

 

 

Figure 24. Cross-sectional SEM images of: (a) an Ag-PDMS nanocomposite membrane showing the 

dispersion of the embedded Ag nanoparticles at 0.25% concentration. (b) The agglomeration of Ag 

nanoparticles when their concentration in the PDMS matrix increases beyond 0.25%. Large islands of 

nanoparticles are formed in a 1% Ag-PDMS nanocomposite membrane which is shown as an example.  

 

The TEM image of the pristine Ag in Fig. 25a shows the nanoparticles in the range suggested by the 

provider and confirms that their sizes are less than 100 nm. A very thin amorphous layer surrounding the 

Ag nanoparticle seen in the HRTEM image (Fig. 25b) can be identified as the PVP coating, similarly 

observed by other researchers. The selected area electron diffraction (SAED) pattern of the cubic phase 

of Ag can correspond to the planes (1 1 1), (2 0 0) and (2 2 0) (Fig. 25c).  This was carried out based on 

calculations of the lattice spacings for the Ag nanoparticle, which is presented in Fig. 25d.  
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Figure25. (a) The TEM image of pristine Ag nanoparticles. (b) The HRTEM image of one pristine Ag 

nanoparticle. (c) The SAED pattern of pristine Ag nanoparticles. (d) The HRTEM image from the region 

enclosed in (b). 

 

SEM and AFM of the membranes demonstrate that the best dispersions were obtained for 0.125 and 

0.25 wt% Ag-PDMS nanocomposite with some agglomerations were seen for higher concentrations of Ag 

(Fig. 26). In addition, the sonication time during the membrane fabrication process was found to be 

independent to the dispersion quality of Ag within the PDMS solution (Fig. 27). This was also seen when 

looking at the surface hydrophobicity of the nanocomposites, where no observable change was detected 

with the addition Ag nanoparticles (Table 3). As a result, the change in hydrophobicity does not play a 

significant role in the adherence of bacteria to the surface of the control or nanocomposites. 
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Figure 26. Particle size distribution of (a) 0.125 wt% Ag-PDMS, (b) 0.25 wt% Ag-PDMS, (c) 0.5 wt% Ag-

PDMS and (d) 1 wt% Ag-PDMS based from AFM analysis of material surface. 

 

Table 3. Water droplet contact angle of pristine PDMS and Ag-PDMS nanocomposites 

Material Contact Angle (°) 

PDMS 114.2 ± 2.6 

0.125 wt% Ag-PDMS 113.3 ± 3.5 

0.25 wt% Ag-PDMS 112.7 ± 4.2 

0.5 wt% Ag-PDMS 112.3 ± 1.4 

1 wt% Ag-PDMS 113.3 ± 2.1 

a 

b 

c 

d 
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Figure 27.The effect of sonication time on particle dispersion based from AFM analysis of Ag-PDMS 

nanocomposite membrane surface. 

 

Fig. 28 shows the FTIR spectra of pure PDMS and the Ag-PDMS nanocomposites membranes. Unfilled 

PDMS peaks comply with the typical reported values. The Si–C bands and Si(CH3)2 rocking peaks, 

respectively, are present in  the regions of 825–865 and 785–815 cm
−1

. Peaks that appear at 910 cm
−1

 

are assigned to the Si–H bonds. The multi-component Si–O–Si stretching peaks are located between 930 

to 1200 cm
−1

. The notable difference between unfilled PDMS and different Ag/PDMS nanocomposites 

spectra is apparent at 1414 and 1450 cm
-1

, which can be ascribed to C=O and C–C ring stretching bonds, 

respectively. Both peaks become more prominent as the concentration of Ag nanoparticles increases in 

the composite membranes (insert in Fig. 28). These bonds’ intensity changes can be associated with the 

increase of the dispersant PVP coating. 
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Figure 28. FTIR spectra for the unfilled PDMS and Ag-PDMS nanocomposite membranes. 

 

Micro-Raman spectra of unfilled PDMS and different concentrations Ag-PDMS nanocomposites are 

presented in Fig. 29. Typical signature peaks of PDMS published in previous studies are in agreement 

with the obtained spectra. The spectra include a symmetric Si–O–Si peak around 488 cm
−1

. The Si–CH3 

symmetric rocking peak appears at 615 cm
−1

. At 707 cm
−1

, the Si–C symmetric stretching appears. The 

peaks of the symmetric bending, symmetric and asymmetric rocking of –CH3 appear at 787, 856 and 

1257 cm
−1

, respectively. The Si–CH3 symmetric and asymmetric stretching bands appear at 2902 and 

2964 cm
−1

. The major change in spectra of nanocomposites with different Ag concentrations appear in 

the C–C stretching at 1567 cm
−1

, in which intensities enhance as the concentration of Ag nanoparticles 

increases in the composite membranes. This can be attributed to the dispersant PVP coating, which is in 

agreement with the obtained FTIR results in this section. 
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Figure 29. Micro-Raman spectra for unfilled PDMS and four different Ag concentrations in PDMS. 

 

Before assessing the gas permeability through nanocomposite membranes, it is important to characterize 

their FFVs upon the addition of Ag nanoparticles, which can fundamentally change the diffusion of the 

gas molecules through the membranes. To understand this impact, density measurements were carried 

out as the polymer density is commonly associated with FFV. The density of the various weight 

concentrations of Ag composite catalytic membranes are shown in Fig. 30a. It can be seen that adding 

Ag nanoparticles up to 0.25% slightly reduces the density of the composite membrane relative to that of 

the predicted theoretical calculations. However, further increasing of Ag concentration does not reduce 

the density of membranes. This might be due to the agglomeration effect of Ag nanoparticles that starts 

to take place at higher concentrations (Fig.26). These density measurement results can be used for 

assessing the additional FFV that possibly caused by the weak interaction between the Ag nanoparticles 

and the base polymer (Fig. 30b). Such a weak interaction can be evident by the reduction of the ability to 

create crosslinks at the interface between Ag nanoparticles and PDMS. Equilibrium swelling 

measurements of the composite catalytic membranes was hence investigated and compared to an 

unfilled PDMS to evaluate any changes in overall crosslinking density. From Fig. 30c, it can be seen that 

all of the composites have a higher degree of swelling than that of unfilled PDMS reference even through 

these enhancements are within 10% of this reference value, indicating a slight reduction of the overall 

crosslinking densities of membranes upon the introduction of Ag nanoparticles, which is consistent with 

the FFV measurements.  
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Figure 30. The effect of Ag nanoparticles concentration on (a) the density and (b) the FFV of Ag-PDMS 

nanocomposite membranes. (c) Swelling extent for nanocomposite membranes made of different 

concentrations of Ag nanoparticles. 

 

Single gas tests using CPVV apparatus were carried out in order to reveal the effects of Ag nanoparticles 

in the nanocomposite membranes on pure CH4 and CO2 gas permeation properties. The permeability 

measurements of the PDMS and Ag-PDMS nanocomposite membranes are presented in Table 4.  

As observed in Table 4, the variations of CH4 gas permeability through the nanocomposite membranes 

and unfilled PDMS are within the measurement error (± 5%) which indicates that Ag nanoparticles have 

little effect on CH4 gas permeation. However, there is an obvious reduction in the permeability of CO2 in 

comparison to unfilled PDMS, which reaches a minimum at 0.25% Ag, although there is a slight increase 

in FFV as the concentration of Ag increases within the PDMS matrix (Fig. 30). CO2 permeation changes 

could partly ascribed to the nanocomposite tortuosity, which increases the diffusion path length for gas 
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molecules after adding the Ag nanoparticles. Nevertheless, a similar effect on the permeation reduction 

was not observed for CH4gas, suggesting tortuosity may not be the dominant effect in this case. Another 

possibility could be the interaction between the adsorbed CO2 and O2 on the surface of Ag nanoparticles, 

for which the Ag nanoparticles act as the catalyst. However, as the CO2 permeation measurements are 

conducted in the environment in the absence of O2, such a catalytic reaction could be inefficient. 

Alternatively, it is possible that Ag nanoparticles form reversible π-complexation with CO2 gas molecules, 

which may contribute to the decrease of its permeability.  

 

Table 4. The permeability (Barrer) of unfilled PDMS membrane and nanocomposite membranes 

Penetrant PDMS 0.125%Ag 0.25%Ag 0.5%Ag 1%Ag 

CH4 950 910 1000 950 920 

CO2 3130 2980 2330 2420 2600 

 

The measurements for investigating the effect of Ag nanocomposite membranes on H2S gas molecule 

removal was conducted with concentrations in the orders of tens of ppm. Such H2S concentrations were 

chosen as they represent the magnitudes found in many real-life and industrial processes, some of which 

are presented in the introduction. The experiments were conducted with the setup explained in Fig. 1b 

with the system is exposed to 56 ppm H2S gas in N2 mixture. 

 

 

Figure31. (a) Normalized H2S sensor dynamic responses after 3 h tests for composite membranes of 

different Ag concentrations; (b) Normalized values for the same responses after 3 h. 
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While the concentration of Ag nanoparticles within the Ag/PDMS composite membranes does not affect 

the permeation of CH4 and moderately decreased the permeation of CO2 gas molecules, it is found that 

there is a more significant effect on the H2S gas. The dynamic responses of the H2S sensor are shown in 

Fig. 31a and the normalized values for the same responses after 3 h are presented in Fig. 31b for 

comparison. The dynamic response can be divided into three phases, indicating the change in H2S 

permeation kinetics through the composite membranes at different stages. The first phase is represented 

by the initial delay in the sensor response curve reflects the membranes solubility of H2S gas molecules. 

For the unfilled PDMS membrane, the initial delay time is less than 10 s, indicating the intrinsic H2S 

solubility of the membrane. As the concentration of Ag nanoparticles increased, this initial delay time was 

prolonged and eventually reach more than 400 s when the concentration of Ag reaching 1% (Fig. 32a), 

suggesting an increase in the H2S solubility of membranes upon the addition of Ag nanoparticles. This 

phenomenon can be ascribed to the enhancement of available adsorption sites of Ag nanoparticles for 

H2S gas molecules, therefore allowing more H2S gas molecules to be soluble in the membrane.   

 

 

Figure 32. Sensor response (a) lags (b) rise times after the exposure to H2S. 

 

Interestingly for the membranes after the exposure of H2S for a long time, this lead delay has dramatically 

decreased to ~100 s, revealing that a non-reversible reaction has occurred during the first exposure (Fig. 

33a). Upon the adsorption of H2S gas molecules onto surface of Ag nanoparticles, exposed parts of Ag 

nanoparticles undergo a chemical reaction transforming into very small amount of Ag2S (evidence is 

presented in a later section).The Ag2S acts as a protective material and prevents H2S gas to further 

interact with Ag, resulting in the formation of a stable nanocompound made of Ag and Ag2S 

(demonstrated as Ag/Ag2S). The proposed interaction phase is illustrated in Fig. 34.  
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Figure 33. H2S dynamic responses of the 1% Ag-PDMS membrane: (a) Comparison of the sensor lag 

time between the first and second runs; (b) After 70 h H2S exposure test. The inset is the zoom-in figure 

of the H2S sensor response curve for the first 200 s, indicating the sensor lag time during the second run 

of H2S gas exposure. 

 

 

 

Figure34. Illustration of the proposed sensor response phases after the exposure to H2S gas molecules. 

 

After the delay phase, the H2S sensor starts to show a near typical first order response. This second 

phase represents the competition between the diffusion of H2S gas molecules through the composite 

membranes, and the catalytic decomposition of H2S. In the presence of an internal potential in the 

interface of Ag/Ag2S (the potential across the Schottky barrier), it is suggested a small amount of Ag
+
 ions 

(or Ag atoms) are diffused to the surface of Ag2S, catalyzing the decomposition of surface adsorbed H2S 

molecules. In particular, the adsorbed H2S molecules are first dissociated into H
+
 and SH ions. Then the 

SH ions are further decomposed into H
+
 and S

2 ions, which will eventually form H2 gas molecules and 

adsorbed sulfur atoms. As a result, the increase of the nanoparticles (i.e. Ag/Ag2S catalytic 

nanocompound) concentration enhances the catalytic decomposition effect of H2S gas molecules, 

requiring longer time to reach the equilibrium state. This can be evident by Fig. 30b, in which the H2S 

sensor against the unfilled PDMS membrane showed a relatively smaller time of 270 s to reach 90% of its 

saturation value when compared to the 5150 s for that of 1% Ag/PDMS composite membrane. It should 
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also be considered that the alteration of the gas molecule diffusivity by the nanocatalysts could play a 

significant role on slow permeation kinetics of H2S gas molecules as a function of the concentration of 

nanocatalysts, where the diffusion path length for gas molecules is increased after the addition of 

nanocatalysts due to the induced tortuosity between base polymer and nanocatalysts. 

In the third and final phase for the H2S gas permeation kinetics, the response of H2S gas sensor reached 

its saturation values (Figs. 31a and 32b). As can be seen, the composite membrane with 0.125% Ag only 

removes a small portion of H2S gas molecules, allowing 95% of the gas to permeate in reference to the 

unfilled PDMS membrane. The increase of Ag nanoparticle concentration in the composite membrane 

results in a further reduction in the amount of permeated H2S and it finally catalytically decomposes more 

than 60% of H2S gas molecules when the Ag concentration reaches 1% even after the continuous H2S 

gas exposure for more than 70 h (Fig. 33b). 

A series of characterizations using XRD, XPS, FTIR, Raman spectroscopy and TEM-EDS analysis were 

conducted to confirm the assumption of the Ag/Ag2S catalytic nanocompound formation in the composite 

membranes and the reaction stages that were presented in Fig. 34. XRD and XPS were not shown for 

the Ag/PDMS composite membranes as no Ag signal could be detected due to very low concentrations of 

the nanoparticles. Instead Ag nanoparticles were directly exposed to H2S in order to investigate the 

interactions taking place. The XRD patterns, shown in Fig. 35a, represent the pristine Ag nanoparticles 

before and after the exposure to H2S gas for 24 h. The pristine Ag is found to have a mixed cubic (FCC) 

and hexagonal (Silver-4H) structure. After the H2S gas exposure, the XRD pattern revealed that the FCC 

Ag is still dominant, with a small amount of acanthine Ag2S (monoclinic Ag2S). The crystal structure of the 

Ag2S can also be identified as possibly argentite (BCC Ag2S) due to the presence of the corresponding 

XRD features. The intensities of Ag2S peaks are weak, demonstrating that even after 24 h of exposure 

the Ag2S amount is still relatively small in comparison to the bulk of the Ag nanoparticles. The HRTEM 

imaging was also conducted on the 24 h exposed samples. However, the SAED patterns of the 

nanoparticles after H2S exposure were inconclusive in proving the existence of Ag2S (Fig. 36) 

 

Figure35. (a) XRD for Ag nanoparticles before and after H2S gas exposure. XPS analysis results: (b) 

Ag3d scan of pristine and H2S gas exposed Ag nanoparticles; (c) S2p scan showing sculpture content on 

Ag nanoparticles before and after H2S gas exposure. (d) Micro-Raman spectra for Ag/PDMS 

nanocomposite membrane before and after H2S gas exposure. 
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Figure36. (a) The HRTEM image of Ag nanoparticles after H2S exposure. (b) The corresponding SAED 

pattern of Ag nanoparticles after H2S exposure. 

 

XPS studies shown in Figs. 35b and c, also provides a strong evidence to support the formation of an 

Ag/Ag2S catalytic nanocompound as well as the presence of sulfur traces after the decomposition of H2S. 

From Fig. 35b there is no obvious difference between the peaks binding energies of Ag3d
5/2 

and Ag3d
3/2 

before and after the H2S gas exposure as the amount of Ag2S is much smaller in comparison with the 

metallic Ag.  However, a pronounced board peak with a binding energy of in the range of 160 to 164 eV 

appear after the exposure to H2S, confirming the existence of the Ag2S as well as adsorbed sulfur atoms.  

While there was no distinguishing difference on the FTIR spectra of the Ag/PDMS composite membrane 

before and after the H2S gas exposure (Fig. 37), Raman spectroscopy was able to be used for discerning 

the elemental change of the composite membranes under the influence of H2S gas. This is due to the Ag 

nanoparticles surface enhanced Raman spectroscopy (SERS) effect that enhances the signals obtained. 

According to Fig. 28d, in addition to the typical PDMS peaks, a strong Ag lattice vibrational mode can be 

observed at 106 cm
-1

 for the Ag/PDMS composite membrane before any H2S exposure. Furthermore, 

multi component peaks appear in the region between 1100 and 1600 cm
-1

, which can be ascribed to the 

PVP dispersing agent of the Ag nanoparticles. In addition, the peak at 230 cm
-1

 can be assigned to the 

Ag-O stretching mode, suggesting that there is a small amount of Ag2O inherently formed on the surface 

of Ag nanoparticles in the presence of an oxygenated environment. Interestingly, after the H2S exposure, 

all aforementioned Raman peaks are weakened and a shoulder appears at 180 cm
-1

, which can be 

assigned to Ag−S−Ag stretching mode. These changes confirm the formation of Ag2S on the surface of 

Ag nanoparticles, which are embedded within the membranes. This also results in the reduction of the Ag 

SERS effect that is seen as the decrease of peaks in the 1100 to 1600 cm
-1

 region. 
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Figure 37. FTIR spectra for Ag-PDMS nanocomposite catalytic membranes before and after H2S gas 

exposure. 

 

Assessing the leaching of Ag
+
 ions from the Ag-PDMS nanocomposite membranes can give an indication 

of their relative antimicrobial properties as they are known to be responsible for reducing microbial 

colonization. Fig. 38a shows the release of Ag
+
 ions from the different nanocomposite materials. As can 

be seen, the 0.25 wt% Ag-PDMS releases the highest concentration of Ag
+
 ions from the material and 

leaches approximately 60% more Ag
+
 ions than the 1 wt% nanocomposite containing four times more Ag 

nanoparticles within the polymeric matrix. To understand the source of leaching difference, FFV within the 

polymeric matrices were assessed. A change in density (Fig. 38b) as a function of the Ag concentration in 

the nanocomposites was employed for evaluating the FFV within the polymer. As can be seen in Fig. 38b 

the 0.25 wt% Ag-PDMS has the lowest density. The lowest relative density and therefore highest relative 

FFV allowing for more efficient transportation of Ag
+
 ions through the polymer matrix at this concentration.  

It is known that for incorporated nanoparticles without any significant surface modification, a relatively 

high modification of FFV is an indication of better nanoparticle dispersion where the larger agglomeration 

of particles causes a lower surface to volume ratio resulting in fewer voids to be formed between the 

polymer chain and particle. The case is also applicable here that for Ag nanoparticle concentrations 

above 0.25 wt% agglomeration occurs. AFM analysis reveals larger particle agglomeration occurs with a 

shift in median surface artefact size from 200 nm for 0.25 wt% to over 600 nm for 1 wt%. More 

agglomeration means a less relaxed and homogenously porous polymeric matrix, inhibiting ionic release 

from the nanoparticle cores through the polymeric matrix and into the surrounding environment.  
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Figure 38.(a) Leached Ag
+
 ion concentration after one month and (b) change in density from different 

concentrations of Ag-PDMS nanocomposites.(c) Catalysis reaction data of 0.125 wt% Ag-PDMS. (d) 

Catalysis reaction data of 0.25 wt% Ag-PDMS. (e) Catalysis reaction data of 0.5 wt% Ag-PDMS (F) 

Catalysis reaction data of 1 wt% Ag-PDMS. (g) Catalysis reaction Ln plots showing rate kinetics in 

presence of different Ag-PDMS nanocomposites.  

 

Evaluation of the catalytic activities of different concentrations of Ag loading within the polymer matrix 

highlights two separate time frames of interest (Figs. 38c-g). The first lies at the steady state value in the 

linear range between 60 and 160 min where 0.125 and 0.25 wt% Ag-PDMS shows the highest reaction 

rate, whereas after this time the 0.5 and 1 wt%  show a sudden increase in reaction rate. This suggests 

that 0.125 and 0.25 wt% Ag-PDMS nanocomposite, more Ag nanoparticles are initially accessible to the 

reaction solution due to their uniform distribution within the matrix and the better porosity of the composite, 

allowing the reaction to occur at a steady rate. This steady rate is maintained over longer time periods, 

most likely due to a sustained Ag leaching profile. Conversely, in higher Ag-loaded nanocomposites 

reaction rates were initially lower than that in 0.25 wt% Ag-PDMS nanocomposite, followed by a notable 

sharp increase in catalytic activity after 160 min. This suggests that in 0.5 and 1 wt%, Ag nanoparticles 

are originally present as inaccessible clustered aggregates leading to lower activity initially, however once 

these clusters start to become more accessible they are able to react strongly to the penetrate. The 
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overall initial lower reaction rate of the 1 wt% Ag-PDMS compared to the 0.5 wt% Ag-PDMS further 

affirms the influence of nanoparticle clustering on reaction rates. The increased dispersion coupled with 

an increase in Ag
+
 ion leaching from the 0.125 and 0.25 wt% Ag-PDMS causes this major difference in 

activity between them and the higher concentrations of Ag-PDMS nanocomposites. 

 

3.2 In vitro microbial growth on the surface of nanocomposite membranes 

Amongfour types of developed nanocomposite membranes, the excellent H2S gas removal efficiency of 

Ag-PDMS membranes would favourably protect the sensors from the harsh rumen environment. More 

importantly, their outstanding CO2 and CH4 gas permeation properties were maintained after the addition 

of Ag nanofillers. Therefore, the following microbial studies would only focus on Ag-PDMS 

nanocomposite membranes.   

In order to assess the antibacterial properties of the Ag-PDMS nanocomposites, as a combination of both 

catalytic and ion leaching activities, an in vitro bacterial growth test was carried out. This was done to 

evaluate cell adherence and viability on the surface of the nanocomposite materials. A fluorescence 

assay was utilized to quantify cell adherence and assess cell viability. As can be seen from both Fig. 39 

and Table 4 the addition of Ag into the polymeric matrix reduced cell adherence to the surface of the 

material, with four to five times the number of cells found on the surface of the control PDMS compared to 

the surface of the nanocomposite. The well-known Ag bactericidal effect appears to have a substantial 

adverse effect on the viability of the cells that have attached to the surface, with the addition of Ag 

reducing the ratio of live to dead cells from 6.2 for the control PDMS to 1.1 for the 0.25 wt%. It is also 

interesting to note that the 0.25 wt% Ag-PDMS nanocomposite (Fig. 39b) shows a higher percentage of 

dead cells to live cells than the 1 wt% Ag-PDMS (Fig. 39c). 

 

Table 4. Quantitative fluorescence study of the surface of the nanocomposites.  

Material Live cell surface 

area coverage (%) 

Dead cell surface 

area coverage (%) 

Live/dead cell count 

PDMS 22.5 ± 2.1 1 ± 0.6 6.2 

0.25 wt% 2.1 ± 0.2 3.2 ± 0.3 1.1 

1 wt% 2.4 ± 0.1 2.3 ± 0.2 1.8 

 

UV-Vis was performed on the media used in the growth tests to understand any inhibiting factors for 

proliferation and growth within the medium surrounding the material (Fig. 39d). The addition of Ag in the 

nanocomposites has reduced the overall growth of E. coli from the surrounding medium by approximately 

60% for the 0.25 wt%, implying that the inhibiting effect of Ag not only influences those in direct contact 

with the surface of the material but all cells within close proximity. We see that at 0.125 wt% the 

surrounding media in the in vitro tests shows no difference in growth rate to the control stock containing 

no material. This indicates that the minimal inhibition concentration must lie in the range of 0.125 to 0.25 

wt% for the composite. 
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Figure 39.Fluorescent images of bacterial surface growth with live cells (green) and dead cells (red) on 

the surface of: (a) PDMS; (b) 0.25 wt% Ag-PDMS; (c) 1 wt% Ag-PDMS. (d) UV-Vis absorbance 

measurements of E. coli growth in broth containing the different concentration of Ag-PDMS 

nanocomposites.  

 

3.3 In vivo microbial growth and diversity investigation on the surface of 
nanocomposite membranes 

The effects of different wt% concentrations of Ag nanoparticle impregnation on the microbial communities 

growing on the surface of the intra-ruminal materials were assessed over 28 days with a SEM study and 

denaturing gradient gel electrophoresis (DGGE) analysis. The SEM images shown in Fig. 40 were taken 

to evaluate the relative surface coverage as well as colony morphology for the different wt% 

concentrations of Ag impregnation. The images shown are representative of the average coverage seen 

in the many images taken. Any Ag nanoparticle impregnation has visually reduced the surface coverage 

and the size of the microbial colonies, with the images of the control PDMS showing much larger colonies 

than the others. The images suggest an inhibition of the microbial growth rate and therefor the size of 

colonies that were formed. Total surface coverage is achieved by the microbial growth on the reference 

PDMS after 21 days (Fig. 40g). When comparing surface coverage and colony size of microorganisms on 

membranes with Ag nanoparticles, a substantial difference can be seen between the two concentrations 

shown. The 0.25 wt% Ag-PDMS shows far less microbial surface coverage than the material that 

contains four times more Ag implying an optimal loading of Ag in the PDMS matrix that allows for the 

maximum antimicrobial effect.  
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Figure 40.SEM images of microbial surface growth from in vivo study: (a) PDMS at 4 days; (b) 0.25 wt% 

Ag-PDMS at 4 days; (c) 1 wt% Ag-PDMS at 4 days; (d) PDMS at 14 days; (e) 0.25 wt% Ag-PDMS at 14 

days; (f) 1 wt% Ag-PDMS at 14 days; (g) PDMS at 21 days; (h) 0.25 wt% Ag-PDMS at 21 days and (i) 1 

wt% Ag-PDMS at 21 days      

 

A cumulative DGGE gel was prepared and analysed to assess the overall effects on the bacterial 

community growing on these membranes. Fig. 41a suggests that the bacterial community growing on the 

membranes with 0.25 wt% Ag nanoparticles impregnation were more similar to one another (65-77% 

similarity) than the bacterial groups on the control PDMS without Ag nanoparticles (0%) or those with 

higher Ag nanoparticle concentration (~50% similarity). Day 7 to Day 28 bacterial communities on 0.25 wt% 

Ag nanoparticle impregnated nanocomposite also formed largely different clusters compared to the 

control PDMS and 1 wt% Ag-PDMS. Principal component analysis (PCA) of the data also validated this 

trend showing two distinct groups. Group 1 consisted of 0.25 wt% Ag nanoparticles samples while group 

2 consists of all other samples (Fig. 41b) 
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Figure 41. (a) UPGMA dendrogram derived from cumulative DGGE profiles of Ag nanoparticle 

impregnated PDMS membranes retrieved from the rumen of fistulated steer over 28 days. 0, 0.125, 0.25, 

0.5 and 1 wt% refer to the level of Ag nanoparticle impregnation while D refers to day. Scale is indicative 

of similarity levels; (b) Principal component analysis of microbial communities on Ag nanoparticle 

impregnated PDMS membranes retrieved from the rumen of fistulated steer over 28 days. T0.125, T0.25, 

T0.50 and T1.00 refer to 0.125, 0.25, 0.50 and 1 wt% Ag nanoparticles impregnation respectively while D 

refers to day. C refers to controls of pristine PDMS. 

 

The differences between PDMS membranes with 0 wt% and 0.25 wt% Ag nanoparticles were further 

investigated by using DGGE to compare the community profiles of these respective materials. The 

UPGMA dendrogram generated from these profiles showed that two distinct clusters were formed. These 

clusters were based on the presence or absence of Ag nanoparticles (Fig. 42a). The difference between 

the controls and nanocomposites with 0.25 wt% Ag nanoparticle impregnation was further validated with 

PCA plots (Fig. 42b) which also showed two distinct groups based on presence and absence of Ag 

nanoparticles. DGGE-based Shannon Weaver bacterial community diversity analysis indicated that the 

presence of 0.25 wt% Ag nanoparticles caused a reduction in bacterial diversity compared to the control 
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over 28 days (Table 5). At each time point, the bacterial community diversity (H′) in membranes with Ag 

nanoparticles was lower than the diversity on the control PDMS membranes. For example, on Day 7 and 

Day 28, the H′ for control samples (without Ag nanoparticles) were 3.05 and 3.01 compared to 2.43 and 

2.70 for samples with 0.25 wt% of Ag nanoparticles (Table 5). 

 

 

Figure 42. (a) UPGMA dendrogram derived from cumulative DGGE profiles of Ag nanoparticle 

impregnated PDMS membranes retrieved from the rumen of fistulated steer over 28 days. 0, and 0.25 wt% 

refer to the level of Ag nanoparticle impregnation while D refers to day. Scale is indicative of similarity 

levels; (b) Principal component analysis of microbial communities on Ag nanoparticle impregnated PDMS 

membranes retrieved from the rumen of fistulated steer over 28 days. T refers to 0.25 wt% Ag 

nanoparticles impregnation while D refers to day. C refers to controls of pristine PDMS. 
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Table 5. The effects of Ag concentration on bacterial community diversity on nanocomposite membranes 

placed in the rumen of a fistulated steer for up to 28 days.  

Time (days) 0 wt% Ag (H′) 0.25 wt% Ag (H′) 

0 0 0 

7 3.05 ± 0.11 2.85 ± 0.10 

14 2.90 ± 0.35 2.52 ± 0.13 

21 2.92 ± 0.26 2.89 ± 0.18 

28 3.01 ± 0.13 2.70 ± 0.07 

 

The Ag-PDMS nanocomposite material has shown very interesting antibacterial properties with Ag 

nanoparticle loading within the PDMS matrix, appearing to have reduced the amount of bacteria that 

adheres to the surface by ten-fold (Fig. 39) and has decreased the diversity of bacteria growing on the 

material (Table 5). Interestingly, the 0.25 wt% Ag-PDMS nanocomposite showed the least surface 

coverage or fewest bacterial colonies. This can be ascribed to the maximum concentration of Ag
+
 ions 

leaching (Fig. 38a) from the nanocomposite which not only affects cells in contact with the surface but 

those within the surrounding media as well (Fig. 39d). The greatest performance at 0.25 wt% is due to an 

optimal loading of Ag nanoparticles where dispersion is at a maximum. Higher concentrations of Ag 

loading resulted in agglomeration of nanoparticles, reducing the number of active particles within the 

polymer matrix, which could interact with the outside environment. This effect of difference in nanoparticle 

dispersion with loading concentrations was also validated through the catalysis data (Fig. 38f).  

Earlier work has focused on surface modification of antimicrobial materials by adding metallic silver 

coatings. However, in vivo studies of such coatings demonstrated limited success that was associated of 

low activity of the coatings in the release of silver ions due to rapid oxidation.  More recently, it has been 

shown through in vivostudies of patients with ventilator-associated pneumonia that Ag-coated 

endotracheal tubes reduced the rate of mortality from 36 % to 14%.  Catheters containing Ag were also 

found to significantly reduce the incidence of asymptomatic bacteriuria in hospitalized adults and may be 

more beneficial than antibiotic-coated catheters when used > 1 week.  In another study, based on the 

guinea pig model ear, pressure equalization (PE) silicone tubes with and without impregnated Ag 

revealed that all the tubes except the Ag-loaded silicone tube demonstrated dense inflammatory film 

adhesion after 10 days. 

This concentration of 0.25 wt% Ag-PDMS nanocomposite possesses an enhanced in vivo antimicrobial 

property which at low Ag concentrations is of potential interest to many medical, agricultural and 

purification technologies and applications. With such low concentrations of Ag impregnation showing 

efficient antimicrobial properties, these nanocomposites can have many benefits in regards to production 

costs and reducing any potential toxic effects from high quantities of Ag. Care must be taken when 

considering increasing the quantity of Ag within these materials for health and environmental risks 

associated with Ag toxicity.  
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3.4 Associate the micro-organisms to the gas constituents of the environment 
using the systems that incorporate the membranes 

3.4.1. Ex situ measurements of gas produced from the rumen 

Fig.43 shows the CH4 and CO2 gas concentrations produced by the rumen liquor for the period of over 60 

hours. It is observed that it takes approximately 12 h for the rumen microflora to start producing CO2 gas, 

which is an important food source for methanogens to be converted, together with the H2 gas, into CH4 

gas. Interestingly, a significant level of CH4 gas started to be observed at the 24 h incubation time, 

suggesting that the growth of methanogens in the liquor reaches a concentration that ample CH4 gas was 

released. 

In order to evaluate the effect of the defrosting time on the quality of the rumen liquor, CH4 and CO2 gas 

concentration measurements were performed for the rumen liquor samples deforested for 2 and 24 hours, 

respectively. From Fig. 44, it is seen that there is a delay of 2 and 4 hours for CO2 and CH4 gas 

productions, for the 2 and 24 h defrosted samples, respectively. This indicates the importance of the 

defrosting time on the gas production kinetics.  

 

 

Figure 43. CH4 and CO2 gas concentrations produced by the rumen liquor samples in Menke buffer 

incubated at 40 ºC for the period of 60 h. 
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Figure 44. CH4 and CO2 gas concentration measurements produced by the rumen liquor samples 

defrosted for (a) 2 and (b) 24 h. 

 

3.4.2. Associate the type of micro-organisms to the ex situ produced gas constituents  

Microbial changes associated with the produced gas constituents are investigated over the 48 hour 

period of incubation under similar experimental conditions as in Section 5.4.1. Two microbial groups 

(bacteria and archaea (methanogens)) are targeted because of their roles in methane generation. Rumen 

bacteria are important because they are involved in the production of H2 and CO2 gas molecules in the 

rumen, being used by rumen methanogens for CH4 production. 

Community fingerprinting analyses showed substantial changes in the population of methanogens and 

total bacteria at 12 h of incubation (60% and 58% similarity between 0 and 12 h communities for 

methanogens and bacteria respectively) (Figs. 45 and 46). However, between 12 and 48 h there are 

minor changes in the microbial population suggesting that the microbial population is largely stable after 

12 h (75% to 80% similarities). Analysis of the total population of methanogens shows an increase in their 

population from ~200,000 gene copies ml
-1

 at 0 h to 1554134 gene copies ml
-1

 by 48 h (Fig. 47). This is a 

six-fold increase in the population of methanogens over 48 h. This increase in number of methanogens 

can be associated with increased methane production after 24 h.  
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As CO2 gas is a common fermentation by-product gas of different microbiota in the rumen, the correlation 

between types of micro-organisms and the CO2 gas production cannot be extracted from this study. 

Identification of some of the bands detected on the community profile of rumen methanogens over 48 h 

showed that they largely belonged to the genus Methanobrevibacter sp, M. ruminantium and 

Methanosarcina sp. These groups are commonly found in bovine rumen and are believed to have a 

strong presence in our case for CH4 production. 

 

 

Figure 45. Community profiles of methanogens over a 48 h experimental period. StockRF refers to the 

original population in the rumen fluid. 0 h, 12 h, 24 h and 48 h RF refer to sampling periods in hours while 

letters A, B and C represent replicate samples. 
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Figure 46. Community profiles of rumen bacteria over a 48 h experimental period. RF Stock refers to the 

original population in the rumen fluid. Batch 0 h, 12 h, 24 h and 48 h RF refer to sampling periods in 

hours while letters A, B and C represent replicate samples. 

 

 

Figure 47. Quantitative PCR assay of population of methanogens over a 48 h experimental period. N 

(Sample number) =3. 
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The main members of methanogens include genus Methanobrevibacter sp, M. ruminantium and 

Methanosarcina sp. By comparing with Figure 43 at the similar time scale, the number of methanogens 

has a proportional relationship to the produced CH4 gas concentration. 

 

3.4.3. In situ measurements of gas produced from the rumen 

The in situ measurements of gas produced from the rumen were carried out by placing gas capsules 

accommodating IR CH4/CO2 dual gas sensors in a fistulated cow. The membranes utilized here were 

0.25%wt Ag/PDMS nanocomposite membranes with the same characteristics to those utilized during the 

ex situ gas measurements (Section 5.4.1). The assembly of the gas capsules and the detailed 

measurements were carried out by CSIRO colleagues in Armidale. The cow is fed once a day. The in situ 

CH4 and CO2 gas measurements for the period of 14 days (336 h) were obtained for several fistulated 

animals by Dr. Chris McSweeney and his group. The degradation of the sensor response after 10 days 

can be largely due to the drained battery. For the first 4 days (96 h), there are four complete CH4 and CO2 

gas production cycles in which their production kinetics are very similar to those of ex situ gas 

measurements. Details and figures are presented in the associated project by Dr. Chris McSweeney and 

his group. The CO2 gas is observed to be always produced first and then is utilized as the food source for 

methanogens to produce CH4 gas. 

 

3.4.4. Methanogens associated with CH4 gas production in the rumen (in situ) 

As demonstrated in Section 5.4.3, the produced CH4 gas concentration had been associated to the 

number of methanogens (mainly genus Methanobrevibacter sp, M. ruminantium and Methanosarcina sp) 

for ex situ gas measurement of rumen liquor samples. Therefore in this section, only the identification of 

the specific types of methanogens during in situ gas measurements was carried out. 

Methanogens were identified by Next Generation Sequencing (NGS) using MiSeq on illumina platform. 

DNA was extracted and purified from rumen samples. The 16S rRNA gene V4 variable region PCR 

primers Met86F and Met448R with barcode on the forward primer were used in a 30 cycle PCR using the 

HotStarTaq Plus Master Mix Kit (Qiagen, USA).  After amplification, PCR products are checked in 2% 

agarose gel to determine the success of amplification and the relative intensity of bands. Multiple 

samples are pooled together (e.g., 100 samples) in equal proportions based on their molecular weight 

and DNA concentrations. Pooled samples are purified using calibrated Ampure XP beads. Then the 

pooled and purified PCR product is used to prepare DNA library by following Illumina TruSeq DNA library 

preparation protocol. Sequencing was performed at MR DNA (www.mrdnalab.com, Shallowater, TX, USA) 

on a MiSeq following the manufacturer’s guidelines. Sequence data were processed using a proprietary 

analysis pipeline (MR DNA, Shallowater, TX, USA).  In summary, sequences were depleted of barcodes 

then sequences <150bp removed, sequences with ambiguous base calls removed.  Sequences were 

denoised, OTUs generated and chimeras removed.  Operational taxonomic units (OTUs) were defined by 

clustering at 3% divergence (97% similarity).  Final OTUs were taxonomically classified using BLASTn 

against a curated GreenGenes database (DeSantis et al 2006). Amplicons were used for NGS based 

analyses. According to Table 4, it is found that the methanogenic community associated with in situ CH4 

gas production are dominated by methanogens putatively identified as Methanobrevibacter spp followed 

by Methanomicrobium spp. 

 

 

 

 

 

http://www.mrdnalab.com/
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Table 6. Methanogenic species identification in percentage during in situ gas measurements 

methanosarcina spp. 0.0043448

methanobrevibacter spp. 83.943054

methanimicrococcus spp. 0.043448

methanobrevibacter gottschalkii 0.0695169

methanomicrobium spp. 14.84909

methanosphaera spp. 0.7139961

methanobacteriaceae spp. 0.3765496
 

 

4. Discussion  
 

This project achieved all its milestones in producing nanostructured membranes and assessing them. It 

was demonstrated that incorporating nanomaterials allowed the permeation tuning for different gas 

species while keeping the surface of membranes clean for a long time. This helped in establishing both in 

vivo and in vitro gas sensing systems for more accurate performance and longer lifetime. 

The outcomes of this project are significance for the Australian agriculture and farming industries as 

measuring farming gas species are instrumental in assessing the productivity and greenhouse emission, 

which help in finding solutions to meet the industry obligations and the policies governing the industries. 

The key findings of the project and the implications and limitations of those findings are as presented as 

follows: 

The outcomes of this project provide significant input for the development of the gas capsules that can be 

potentially use in farming sectors and also assessing human’s state of health. We showed that the 

membranes can efficiently help in obtaining information regarding the concentrations of the fermentation 

gases inside the rumen or gastrointestinal tract. The information appears as the concentration of three 

important gas species for metabolic activities of the microorganisms of the rumen (or gastrointestinal tract, 

which includes H2, CH4 and CO2. CH4 is a potent enteric greenhouse gas and its measurement is a 

preclude to its mitigation. 

The incorporation of nanomaterials into membranes were shown to be important due to the following 

aspects : (1) They can block selected harmful gas species such as H2S that naturally reduce the lifetime 

of sensors by corroding their components; (2) They can tune the permeation of gas towards the desired 

gas species  and hence more accurate sensing with the transducers can be obtained and (3) The anti-

bacterial functionality of the nanomaterials can keep the surface of the membranes clean to allow the 

accurate and consistent passage of the gasses through the membranes for a longer period. 

In capsules, by incorporating membranes, the more accurate operation provide correct profiles of gas 

concentrations and CH4/CO2 or H2/CH4 ratios which are used for farming productivity assessments (gas 

production, production efficiency, greenhouse gas information and animals’ state of health). While directly 

the gas production could not be measured it could be estimated through algorithms that provide the 

relation between the gas production and the relative pressure and size of the animals. The membranes 

were able to directly improve and impact the in vitro measurements. 

We also presented a full investigation on the profile of the membranes both ex situ and in situ, in rumen 

liquid environment, and associated the type and number of microbial consortia to CH4 production. 

A patent was lodged based on the outcomes of this project and so far 6 journal papers were produced 

(three fully accepted and three under final stages of the review process). 
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5. Future research needs 

More work should be done regarding the test of the capsules with their incorporated membranes. It is 

envisaged that the commercialisation path is facilitated through introducing the human capsules for 

human diagnostics and assessing the state of health. Exposure to a much larger human market will allow 

the rapid expansion of the capsule system and its future commercialisation. The capsules then at much 

lower costs can be fed back to the farming industries. The same can also be true for in vitro 

measurements, that can be tested for human medical investigations to become more widespread and 

then return to Agriculture sectors. 

The human market will present an enormous opportunity and that can potentially attract many industrial 

partners to be involved in the commercialisation processes. At the moment, several overseas companies 

including Sunsclinic (China), Pharmbio (Korea) and Otsuka Pharmaceuticals (USA/Japan) have engaged 

with us for human trials and large scale device production. We intend to apply for a GrantReady fund to 

support the establishment of an Australian company that can partner with these overseas investors. The 

successful commercialisation of the gas measurement systems, with their incorporated nanocomposite 

membranes, will significantly reduce the individual unit cost and generate significant revenue, which will 

eventually be critical to large scale implementation of similar systems in Australian farms and the 

outcomes will be fed back into Australian agriculture research and industry divisions.  
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7. APPENDICES 
 

7.1 Suggestion for the correction of responses using the ruminant capsules 

 

The intra-ruminal measurements constantly show the accumulative concentration of gas species 

(CH4+CO2) as over 100% which is practically impossible. CH4 concentration showed a decrease when 

the feed was introduced. This is against the previous reports of any chamber measurements that always 

demonstrate an increase. 

Three issues were identified. One was the calibration effect and the other two issues originated from the 

fact that the production value and concentration measured by sensors were two different entities. The 

difference affected the deciphering of the measured values in terms of pressure and volume effects: 

1- Sensor calibration problems: A set of experiments were conducted to assess whether they not 

correctly calibrated for the condition when both gas species of CH4 and CO2 were present. The 

problem was identified as the calibration curve incorrectness. At 50% CH4 and 50% CO2 the 

system showed 115% concentration response. As such, the calibration curve needed an 

adjustment. 

 

2- Pressure effect: in a constant volume chamber we increased both CO2 and CH4 production rate 

to simulate a feeding event. N2 gas was the ambient gas and we kept a steady production of N2 

to limit variables. We always kept the production rate of CO2, 10 times that of CH4 and increased 

the production of these two gas species stepwise. The sensor measurements showed decrease 

in the concentration of CH4 present in the chamber. We present the following actual 

measurement to show the effect of 110% change in pressure. If consider simulating a cow’s 

rumen volume as 100 L, after 4 hours it accommodates 110 L if we only take into consideration 

the pressure increase. In this case, CO2 shows 20% increase from 40% to 60% which accounts 

for (40 L to 60% of 110L = 66 L) = 26 L increase. While CH4 shows 10% decrease from 30% to 

20% (30 L to 20% of 110L = 22 L) = 8 L decrease which is still a decrease in CH4 magnitude. 

Although the CH4 reduction effect has been ameliorated. This means that at least a third effect, in 

addition to sensor calibration effect and pressure, should play a role as well. 

 

3- Effect of the released gas: average domestic cow rumen volume is approximately 185L and 

varies in the range of 150-200L. Normally the volume is divided to gas, new hay mostly dry and 

day before hay mostly wet. Average domestic sheep rumen volume is approximately 30L vary in 

the range of 20-40 L, with the same mechanism. It is suggested that the gas volume can be as 

small as 15% of the rumen just after the feed. An example is presented and simulated to show 

the effect. For a simulated cow rumen with 185 L rumen volume, we assumed that the gas 

volume, immediately after feeding, is no more than 15% (28 L) of the total volume. If we assume 

that non-gas materials are decreased by 12% during the digestion process (density of organic 

materials is approximated as 1 kg/L), then we can conclude the gas volume increased by 60% 

(i.e. from 28L to 45 L and assume a near linear increase). 11.2 L to 60% of 45 L at 110% 

pressure is 30 L = increase by 18.8 L, CH4 shows 10% decrease from 30% to 20% 8.5 L to 20% 

of 45 L at 110% pressure = 10 L) = increase by 1.5 L. This is an increase in the concentration of 

both gas species. Considering a 10% increase in pressure. Altogether, CO2 shows 20% increase. 

A minimum of 15% increase in the gas volume in 4 hours is needed to assure that the 

concentration of the CH4 is increased by calculations within the volume of the rumen.  

Considering the constant gas evacuation in the digestion process, the production is always positive. The 

above three effects were included in a computer written program that can be fed into intra-ruminal 

measurements.  
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7.2 The effect of oxygen on the recovery kinetics of the H2 gas sensor  

 

 

Figure A4.The difference of the recovery kinetics of the H2 gas sensor in the presence of N2 (Blue line) 

and air (Red line). The H2 gas sensor response was not fully recovered in N2 environment as the oxygen 

molecules were crucial in the recovery process. 
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