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ABSTRACT 

A dry two-step plasma process is introduced for the fabrication of particulate surfaces showing 

negative charges over a wide range of pH. Plasma polymerized thiophene (PPT) was initially 

deposited onto silica particles using an inductively coupled plasma polymerization reactor fitted with 

a rotating barrel. Sulfur-functionalized particles were further chemically modified through an 

oxidative air or water plasma treatment. Wide ranges of plasma specific energies (0.06 – 2.4 kJ.cm
-3

) 

and treatment times (5 – 60 minutes) were employed to manipulate the surface chemistry, 

hydrophobicity and surface charge of the silica particles. Surface chemistry of the modified silica 

particles was studied using X-ray photoelectron spectroscopy (XPS) and time of flight secondary ion 

mass spectroscopy (ToF-SIMS). Changes in hydrophobicity and surface charge of the modified 

particles were quantified via Washburn capillary rise measurements and electrokinetic analysis, 

respectively. Plasma treatment of PPT coated particles resulted in homogenous formation of –SOx(H) 

functionalities such as sulfonate (SO3
-), sulfonic acid (SO3H) and sulfate (SO4

2-) on surfaces. Such 

changes in surface chemistry significantly decreased the zeta potential and isoelectric point of the 

particles as well as their degree of hydrophobicity. In comparison to air plasma, water plasma was 

found to be a better candidate for the treatment of PPT coated particles as it produced surfaces with 

lower zeta potentials and isoelectric points. Our introduced solvent-free approach is applicable for the 

modification of almost any other particles regardless of their shape and surface chemistry. Such 

surface engineered particles could be utilized as protein detectors/adsorbents, solid-state catalysts and 

heavy metal removal agents. 

 

Key words: plasma treatment, plasma polymerization, surface charge, thiophene, zeta potential 
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1. INTRODUCTION 

Particulate surfaces functionalized with oxidized sulfur groups [–SOx(H)], e.g. sulfonate (SO3
-), 

sulfonic acid (SO3H) and sulfate (SO4
2-

), are widely applied as catalysts,
1
 protein detectors,

2
 

chromatographic packing materials3 and adsorbent agents for water purification.4 Sulfonate- and/or 

sulfonic acid-functionalised microspheres have been extensively reported in the literature as 

favourable protein detectors and adsorbents.
2, 5, 6

 In aqueous solutions, –SOx(H)-functionalized 

particles are highly negatively charged over a wide pH range.7 Such modified particles have therefore 

been increasingly applied as electrostatic adsorbents for the removal of cationic contaminants, e.g. 

heavy metals,
8
 ammonium compounds

9
 and organic dyes

10
. Silica particles are often employed as low-

cost substrates for –SOx(H) functionalities due to their physico-chemical stability, commercial 

availability and appropriate surface chemistry.
11

  

Oxidised sulfur-functionalized silica particles are conventionally produced through wet-chemistry 

processes. Two wet-chemistry routes, based on silane chemistry, are typically utilised to introduce 

oxygen-sulfur moieties onto the surface of silica particles: (i) thiol functionalization of silica particles 

followed by an oxidation step with hydrogen peroxide;
3, 8, 12, 13

 and (ii) amine functionalization of 

silica particles followed by surface-initiated free radical polymerization.14 Such routes however result 

in relatively low densities of –SOx(H) functionalities in addition to their uneven distribution on the 

surface.3 Furthermore, wet-chemistry routes are time consuming, complex and environmentally 

destructive due to their high rate of waste production.11, 15 Such methods are also highly substrate-

dependent and are therefore restricted to the modification of surfaces with high densities of silanol 

groups (Si-OH). A pre-cleaning step is thus essential for the removal of surface contamination, which 

further increases the solvent consumption of the process.14      

Plasma polymerization is a simple, rapid and solvent-free process,
16

 without the issues associated with 

wet-chemistry methods. The plasma polymerization process is substrate-independent and capable of 

depositing conformal ultra-thin functionalized polymer films onto a variety of substrates with diverse 

surface chemistries, shapes and geometries.
17, 18

 In this completely dry method, no pre-cleaning step of 
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the substrate is required and virtually no waste is produced.19 In a typical plasma polymerization 

process, a precursor liquid monomer is initially converted to vapour under low pressures, and is then 

electrically excited into the plasma state. The excited gas consists of active species such as neutrals, 

electrons, ions and radicals. The recombination of monomer fragments form a nano-thin layer of 

plasma polymer onto any surface exposed to plasma.20 In a plasma treatment process, the substrate is 

physico-chemically modified via a non-polymer forming interaction with an excited gas.
21

 In both 

plasma polymerization and plasma treatment processes, the surface chemistry and thus also the 

surface charge and hydrophobicity/hydrophilicity of modified substrates are strongly influenced by 

the plasma process parameters. The most crucial parameters in these processes are plasma input 

power (W), monomer/treatment gas flow rate (F) and polymerization/treatment time (t).22 Specific 

plasma energy, described as input power to flow rate ratio (W/F), denotes the available energy per 

unit volume of the monomer/treatment gas.
23

 The W/F parameter significantly influences the chemical 

composition of the modified surface, whereas plasma polymerization/treatment time mainly governs 

the thickness of the polymerized/modified layer.
24

 

Functionalized plasma polymer films containing hydrocarbons (–CxHy),
23

 amine (–NH2)
25

 or 

carboxylic acid (–COOH)26 functional groups are easily obtained via a single-step plasma 

polymerization of a precursor monomer. The direct deposition of –SOx(H)-functionalized plasma 

polymer films however is not feasible at ambient temperature due to the low volatility of –SOx(H)-

containing monomers, thus hindering the evaporation of the monomer into the plasma chamber.27 

Such an issue has resulted in limited research carried out on the fabrication of –SOx(H)-functionalized 

plasma polymers. Only a few completely dry plasma-assisted approaches have previously been 

attempted to deposit –SOx(H)-containing films.27-29 In these studies, conducted on planar surfaces, 

sulfur dioxide (SO2) has been utilised either for copolymerization
28

 or post-polymerization
27

 

treatments. These methods are however still environmentally questionable due to the high toxicity of 

SO2.
30 We have recently reported a more efficient and greener approach for the development of 

oxidised sulfur-containing planar surfaces through a combination of plasma polymerization and an 

oxidative air/oxygen plasma treatment.31 The plasma polymerization/treatment of particulate surfaces 

Page 4 of 32RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



5 

 

is however more complicated than planar surfaces, and thus has not been widely investigated in the 

literature. As a result of large surface area, the partial exposure of particulate surfaces to plasma 

causes technological challenges in achieving homogeneously functionalized surfaces. To address this 

issue, specific designs of plasma polymerization/treatment systems are required. Fluidized bed,32, 33 

particle injection,34 and rotating35 reactors have been previously employed for the modification of 

particles. Our previous investigations have shown effective deposition of hydrocarbon
36, 37

 and 

amine20, 38 functionalized plasma polymer films onto silica particles using a rotating plasma reactor. 

In this investigation, –SOx(H)-functionalized particulate surfaces were produced through a two-step 

plasma process as schematically illustrated in Figure 1. Plasma polymerized thiophene (PPT) films 

were initially deposited onto silica particles which were subsequently –SOx(H)-functionalized via 

either air or water plasma treatments. The success of our introduced method in the modification of 

silica particles surface chemistry has been demonstrated through X-ray photoelectron spectroscopy 

(XPS) and time of flight secondary ion mass spectroscopy (ToF-SIMS) analyses. Washburn capillary 

rise measurements and electro kinetic analysis were also implemented to examine the hydrophobicity 

and surface charge of particles, respectively. These two characteristics of particles are critically 

important in practical applications and need to be optimized through manipulating the surface 

chemistry.
7, 39

 It has been demonstrated that plasma polymerization of thiophene followed by an 

air/water oxidative plasma treatment, undertaken in a rotating reactor, is an effective green approach 

for the fabrication of –SOx(H)-functionalized particles showing negative charges over a wide range of 

pH. 
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Figure 1. Schematic illustration of the development of –SOx(H) functionalities on silica particles 

through a two-step plasma process. 

 

2. EXPERIMENTAL 

2.1. Materials 

Crystalline silica particles with a size range of 200 – 300 µm and liquid monomer thiophene (C4H4S) 

(purity > 99%) were purchased from Sigma Aldrich (Castle Hill, Australia) and used as received.  

 

 

Page 6 of 32RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



7 

 

2.2. Plasma polymerization 

Plasma polymerization of thiophene onto silica particles and plasma treatment of PPT coated particles 

were conducted employing a custom-built reactor, schematically described previously.
37

 The radio 

frequency (RF) inductively coupled reactor operated with a 13.56 MHz RF generator and a matching 

network (Coxial Power Systems Ltd.). The reactor was fitted with a rotating chamber and a paddling 

strip to ensure homogenous modification of particles. A base pressure of approximately 7 × 10
−3

 mbar 

was achieved using a rotary vacuum pump after 50 g of silica particles were loaded into the chamber. 

The liquid monomer thiophene and Milli-Q water were degassed through at least three freeze-thaw 

cycles, while the chamber was under vacuum. The flow rates of thiophene, water vapour and air were 

controlled using a needle valve. For each batch of samples, thiophene was initially deposited onto 

silica particles at an optimum specific energy of 0.08 kJ.cm
-3

 (plasma power = 8 W, thiophene flow 

rate = 6 sccm) for 30 minutes to ensure the deposition of a sufficiently thick PPT film. Air and water 

plasma treatment processes were conducted on PPT coated silica particles directly after the 

deposition, without removal from the chamber. Energy dependent samples were prepared using 

plasma powers of 2 – 80 W and air or water vapour flow rates of 1 – 10 sccm (standard cubic 

centimetre) to produce W/F ratios of 0.06 to 2.4 kJ.cm-3, while a treatment time of 5 minutes was kept 

constant. Time-variable samples were produced by varying plasma treatment times from 2 to 60 

minutes, as the optimum W/F ratio of 0.3 kJ.cm-3 was kept unchanged. A constant rotation speed of 

14 rpm was applied for all the polymerization/treatment experiments.  

 

 

2.3. X-ray photoelectron spectroscopy 

XPS analysis was carried out using a SPECS SAGE instrument equipped with a hemispherical 

analyser (Phoibos 150) and a MCD9 electron detector. The take-off angle was 90o in respect to the 

sample surface, while a non-monochromatic radiation source (MgKα, hv = 1253.6 eV) was operating 

at 200 W (10 kV, 20 mA). The survey spectra (0 – 1000 eV) of samples were acquired with a pass 
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energy of 30 eV and a resolution of 0.5 eV. The high resolution S 2p spectra (0.1 eV) were collected 

at a pass energy of 20 eV. All the binding energies were calibrated according to the binding energy of 

aliphatic carbon (285.0 eV) to neutralize the effect of surface charge. Samples were mounted on 1 cm 

circular pieces of carbon tape, while the circular analysis area was 3 mm in diameter. Quantifications 

of surface atomic concentrations and curve fittings of S 2p high resolution spectra were conducted 

using CasaXPS. A linear background, Gaussian (70%) − Lorentzian (30%) line shape and equal full-

width at half-maximum (FWHM) were applied. All measurements were carried out no later than a day 

after deposition or treatment processes. 

 

2.4. Time of flight secondary ion mass spectroscopy 

ToF-SIMS data were obtained using a PHI TRIFT V nanoTOF instrument (Physical Electronics Inc., 

Chanhassen, MN, USA). The 
79+

Au pulsed liquid metal primary ion gun (LMIG) was operating at 30 

kV under the base pressure of 5 × 10-6 Pa or lower. “Unbunched” Au1 instrumental configurations 

were employed to obtain images with optimized spatial resolution. Dual charge neutralization was 

yielded by an electron flood gun and 10 eV Ar+ ions. Collection of a representative data set was 

ensured by recording secondary ions from at least 6 areas of 400 × 400 µm per samples. Spectra 

analyses and processing of ion map distribution images were undertaken by WincadenceN software 

(Physical Electronics Inc., Chanhassen, MN, USA).   

 

2.5. Washburn capillary rise measurements 

The degree of hydrophobicity of untreated and treated samples was evaluated via Washburn capillary 

rise method.40 The employed instrument consisted of a dynamic contact angle meter (DCAT21, 

Dataphysics) and a Wilhelmy balance, controlled by SCAT software. Before running each 

measurement, the Washburn tube (6 cm long, 8 mm in diameter) was ultrasonicated in acetone and 

hexane, rinsed with water and dried for 1 hour at 100 oC. The tube was packed with 4 g of particles. 
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While the packed tube was in close contact with water, the mass of adsorbed water into the bed of 

particles was measured as a function of time. Weight square (m2) values of penetrated water were 

plotted against time (t), providing the water contact angle (WCA) of particles according to the 

Washburn equation:40 

m2=
Cρ2γLV cos θ

µ
 t       (1) 

Where ρ, µ and γLV are the density, viscosity and surface tension of the probe liquid, respectively. The 

capillary constant (C), which mainly depends on the porosity of the packed bed, was defined using n-

hexane as a total wetting liquid. 

 

2.6. Electrokinetic analysis 

Zeta potentials of untreated and treated PPT coated particles were measured using an Anton Paar 

Electro Kinetic Analyser equipped with a remote titration device. A powder cell (1 cm in diameter 

and 1 cm long) was packed with particles and placed in the middle of a cylindrical cell with Ag/AgCl 

electrodes. The pH of 1 × 10-3 M KCl solution was adjusted to approximately 10 using 0.1 M KOH 

and was then utilised as electrolyte. The pH of the electrolyte was lowered by approximately 0.5 unit 

steps as appropriate volumes of 0.1 M HCl were injected into the electrolyte container by the remote 

titration device. Zeta potential measurements were taken at each pH value while the electrolyte was 

pumped into the cell from right to left and left to right. The measurements were repeated for three 

times, producing 6 values for each data point. The values were averaged and reported as the zeta 

potential at a specific pH.  
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3. RESULTS AND DISCUSSION  

3.1. Deposition of PPT films onto silica particles 

–SOx(H) functionalization of silica particles was carried out through two steps: (i) plasma 

polymerization of thiophene onto silica particles and (ii) oxidative plasma treatment of sulfur-

functionalized silica particles. Our preliminary studies showed that plasma specific energy of 0.08 

kJ.cm-3 and deposition time of 30 minutes produced optimized PPT coatings onto silica particles, 

where the maximum density of sulfur-containing functionalities was achieved. Figure 2 shows the 

XPS survey spectra of uncoated and PPT coated silica particles. The silica particles showed silicon 

and oxygen signals with atomic concentrations of 29.2% and 54.6%, respectively. Silica particles 

were applied as substrates without any pre-cleaning process and thus showed 16.2% of adventitious 

carbon on the surface. It is observed that by the deposition of a PPT film, a sulfur (S 2p) peak with an 

atomic concentration of 18% emerges at the binding energy (BE) of ~ 164 eV, while no silicon 

signals contribute to the spectra. A significant increase in the carbon atomic concentration from 

16.2% to 75.2% and a significant decrease of oxygen atomic concentration from 54.6% to 6.8% is 

also observed upon plasma polymerization of PPT film onto silica particles. The atomic 

concentrations of sulfur and carbon increase as plasma polymer films from the thiophene monomer 

are deposited onto the particles. The decrease of oxygen concentration and the absence of a silicon 

peak denote the presence of a sufficiently thick PPT layer onto silica particles which has obscured the 

underlying substrate signals. The sampling depth of XPS analysis using MgKα source and take-off 

angle of 90o is 8 – 10 nm.20 It can be therefore estimated that the deposited PPT layer is at least 8 nm 

thick. Although no oxygen is present in the chemical structure of thiophene (C4H4S), it still 

contributes for approximately 7% in the XPS survey spectra of PPT coated particles. The detected 

oxygen cannot result from the silica substrates as no silicon is observed in the spectra, demonstrating 

that the substrate is completely obscured by the PPT film. The oxygen can however originate from 

three possible sources: post-deposition oxidation, air or water contamination in the plasma chamber, 

and/or highly oxygenated substrate.41-43  
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Figure 2. XPS survey spectra of (a) uncoated and (b) PPT coated silica particles. (Plasma specific 

energy = 0.08 kJ.cm
-3

, polymerization time = 30 minutes) 

ToF-SIMS is a highly surface sensitive spectroscopy technique (analysis depth = 1 – 2 nm) providing 

valuable information on the molecular structure of a surface.44 Spatial distribution maps of functional 

groups can also be obtained via this technique. Such distribution maps are of particular interest in 

surface engineering of particulate surfaces as they reveal the homogeneity of modified particles. The 

normalised negative SIMS counts of uncoated and PPT coated silica particles are shown in Figure 3a. 

As observed, plasma polymerization of thiophene results in a decrease of OH
- 
and Si

-
 counts and an 

increase in CH- and sulfur-containing species (S-, SH-, SO- and SO3
-). The changes in surface 

chemistry were expected due to the deposition of thiophene which adds carbon and sulfur containing 

species on the surface, and masks the oxygen and silicon signals originating from the silica surface. It 

is also observed that sulfur-oxygen species do not significantly contribute to the overall counts, while 

sulfur atoms in a neutral environment (S- and SH-) are predominant. The distribution maps of SH- 

counts for uncoated and PPT coated silica particles are displayed in Figure 3b. From these images, 

not only the high density of SH− counts is clearly observed, but also their homogeneous distribution 

on the surface is apparent. These results further validate the XPS data (Figure 2) and confirm the 

successful deposition of sulfur-rich films onto silica particles.   
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Figure 3. (a) Average normalized -SIMS counts from ToF-SIMS for uncoated and PPT coated silica 

particles (95% confidence intervals, N ≥ 6), (b) SH- ion distribution maps from ToF-SIMS for 

uncoated and PPT coated silica particles. (Plasma specific energy = 0.08 kJ.cm-3, polymerization time 

= 30 minutes) 

3.2. Oxidation of PPT coated silica particles through air/water plasma 

3.2.1. Influence of plasma specific energy 

For the development of –SOx(H) functionalities onto particulate surfaces, PPT coated particles were 

treated via air and water plasmas. In our recent study conducted on the modification of PPT coated 

planar surfaces, it was observed that both air and oxygen plasmas result in a substantial increase of 

sulfur-oxygen moieties on the surface. Oxygen plasma however showed a significantly higher etching 

rate in comparison to air plasma.
31

 To minimize the rate of etching and achieving a milder oxidation 

process, water plasma was applied instead of oxygen plasma and its oxidation/etching behaviour was 

compared with air plasma. Plasma oxidation of polymer surfaces is however always accompanied by 

a degree of ablation process.
27

 The predominance of one of these two processes can be controlled 

through carefully adjusting the processing parameters such as plasma input power and flow rate of the 

oxidative gas. Plasma input power (W) to gas flow rate (F) ratio (W/F), also referred to as the plasma 
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specific energy,45 represents the available energy per unit volume of the oxidative gas. To study the 

influence of this parameter in air/water plasma treatment of PPT coated particles, the W/F ratio was 

varied from 0.06 to 2.4 kJ.cm
-3

, while the treatment time of 5 minutes was kept constant. The changes 

of surface chemistry as a function of plasma treatment W/F ratio are plotted in Figure 4. The sulfur 

atomic concentration significantly reduces upon either air or water plasma treatment, while increasing 

the plasma specific energy up to approximately 0.75 kJ.cm
-3

 increases the atomic concentration of 

oxygen. The increase in oxygen atomic concentration from 7.0% for untreated PPT coated particle to 

~17% for particles treated at W/F = 0.3 kJ.cm-3, with either air or water plasma, suggests the 

successful incorporation of oxygen atoms in the structure of PPT coatings. The formation of oxygen-

containing groups is mainly governed by the generation of O and OH radicals in air and water plasma, 

respectively.
16, 46

 Such radicals are highly reactive and participate in the oxidation of sulfur-containing 

functionalities through an activation/oxidation mechanism. According to this theory, large 

concentrations of surface-bond radicals are initially generated on the surface of PPT coated particles 

as a result of surface bombardment. The generated unstable sites further react with oxygen-containing 

species present in the plasma environment, and produce stable oxygen-containing moieties.47, 48 As the 

W/F ratio increases, more energy per unit volume of air or water vapour becomes available in the 

plasma state; therefore more reactive radicals are regenerated, resulting in a higher rate of surface 

oxidation. The plasma treatment of PPT coated particles at relatively high W/F ratios of greater than 

1.2 kJ.cm-3 however results in a noticeable decrease of oxygen and increase of sulfur atomic 

concentrations. The oxygen atomic concentration, for example, decreases from its maximum value of 

19.3% at W/F = 0.45 kJ.cm-3 to 13.9% at W/F = 2.4 kJ.cm-3 for air plasma treated samples. According 

to these changes in surface chemistry, it may be assumed that the oxidation rate of PPT coated 

particles reduces at high specific energies, where the PPT layer is ablated off the surface before the 

formation of sulfur-oxygen moieties.  

To further elucidate the oxidation/ablation theory, the changes in the atomic concentration of silicon 

should be taken into account. As discussed in section 3.1, no silicon is observed for untreated PPT 

coated particles, indicating film thicknesses of at least 8 nm. For particles treated with air and water 
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plasmas at W/F ratios less than 0.45 and 1.2 kJ.cm-3 respectively, still no contribution of silicon is 

observed; whereas upon undertaking plasma treatments at greater specific energies, silicon signals are 

detected. The contribution of silicon in XPS survey spectra indicates that the thickness of PPT 

coatings is reduced to less than 8 nm, the sampling depth of XPS. Such variations in silicon atomic 

concentration versus W/F ratio implies that the ablation process is not significant at low specific 

energies, whereas it becomes more pronounced at higher W/F values. The ablation processes is 

directly related to the kinetic energy of ions and radicals attacking the surface.49 It can be therefore 

suggested that at higher W/F ratios, where more energy is available per unit volume of air or water 

vapour, the PPT layer is ablated at higher rates due to the presence of ions and radicals with higher 

kinetic energies. For the water plasma treated samples, silicon signals start to contribute in XPS data 

at a lower specific energy value (W/F =0.45 kJ.cm
-3

) in comparison to the air plasma treated samples 

(W/F = 1.2 kJ.cm
-3

). Such a marked difference can be attributed to the superior ablation potential of 

water plasma compared to air plasma, resulting from the higher concentration of reactive OH radicals 

in the plasma environment.
16

 According to the changes of surface chemistry, it can be concluded that 

the oxidation process is prevalent at lower W/F ratios, whereas at higher specific energies the ablation 

process becomes predominant.  

The air plasma treatment of PPT coated particles at W/F ratios greater than 0.06 kJ.cm
-3

 yields 

incorporation of nitrogen atoms into the PPT layer, reaching a maximum of 3.6% at W/F = 1.8 kJ.cm-

3. The incorporation of nitrogen atoms within the PPT layer is however less significant than that of 

oxygen atoms. This behaviour can be correlated to the significantly smaller dissociation energy of O2 

(498 kJ·mol−1) compared to N2 (945 kJ·mol−1).50 Such a difference in binding energy results in fewer 

numbers of electrons that, at a constant W/F ratio, obtain sufficient energies to split nitrogen bonds. A 

high number of intact N2 molecules are therefore pumped out of the plasma chamber without any 

interaction with the PPT layer. The absence of nitrogen atoms in the surface chemistry of PPT coated 

particles treated at very low W/F ratio of 0.06 kJ.cm-3 further supports this theory. As observed from 

Figure 4, the increase in oxygen atomic concentration is also accompanied by a slight decrease in 

carbon. The decrease of carbon atomic concentration is however more significant for air plasma 
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treated samples compared to water plasma. The lower atomic concentrations of carbon observed for 

air plasma treated samples appear to be associated with the contribution of nitrogen atoms to the 

overall surface chemistry, thus lowering the relative contribution of carbon atoms.  According to these 

results, it is suggested that relatively low specific energies in a range of 0.15 to 0.3 kJ.cm
-3

 yield the 

most efficient oxidation of PPT coated particles, where the maximum concentration of oxygen atoms 

is achieved on the surface and the influence of the ablation process is minimal. 

  

 

Figure 4. XPS survey elemental compositions of PPT coated silica particles treated with air/water 

plasma as a function of plasma specific energy. (Plasma treatment time = 5 minutes) 

3.2.2. Influence of plasma treatment time 

Plasma treatments conducted at low plasma specific energies yielded maximum incorporation of 

oxygen atoms into the treated PPT layers. Plasma treatment time however also plays an important role 

in tuning the surface properties of PPT coated particles by controlling the depth of the modified layer. 

To evaluate the influence of plasma treatment time on the surface properties of the PPT coated 

particles, air and water plasma treatments were conducted for durations of 5 to 60 minutes at a 

constant W/F ratio of 0.15 kJ.cm
-3

. While plasma specific energies of 0.15 and 0.3 kJ.cm
-3

 resulted in 
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maximum oxidation of PPT films, the W/F ratio of 0.15 kJ.cm-3 was applied for time-dependent 

studies to minimize the influence of ablation process. The XPS elemental compositions of PPT coated 

particles treated with air/water plasma are plotted as a function of treatment time and shown in Figure 

5. Upon treatment of PPT coated particles via either air or water plasma, the atomic concentration of 

oxygen increased, while that of sulfur and carbon decreased. These changes are accompanied by a 

slight increase of nitrogen for air plasma and a significant increase of silicon atomic concentration for 

both air and oxygen plasmas. These changes in surface chemistry are once again associated with the 

oxidation and ablation processes. As more oxygen atoms are incorporated into the structure of PPT 

layer, the atomic concentrations of carbon and sulfur decrease due to their less contribution to the 

overall spectra. The atomic concentration of oxygen increased from 7% for the untreated PPT coated 

particles to 19.0% and 20.2% for the samples treated for 10 minutes with air and oxygen plasma, 

respectively. Such an increase in oxygen atomic concentration suggests significant incorporation of 

oxygen atoms into the PPT layer. From Figure 5 it is also evident that by increasing the plasma 

treatment time over 10 and 20 minutes, for air and water plasma respectively, the silicon signals begin 

contributing to the surface chemistry, indicating film thicknesses of less than 8 nm. It can be therefore 

suggested that the oxygen signals for these samples originate from both the modified PPT layer and 

the silica substrate beneath. The increase of silicon atomic concentrations with plasma treatment time 

indicates a continuing reduction of the PPT layer thickness due to the previously discussed ablation 

process. The ablation of PPT layers is also likely to take place at shorter treatment times, but it cannot 

be determined via XPS as the thicknesses are greater than the sampling depth of this technique. For 

treatment times of 45 and 60 minutes, the observed silicon and oxygen atomic concentrations are 

significantly higher for water plasma compared to air plasma, whereas that of sulfur and carbon are 

markedly lower. Such behaviour indicates a higher contribution of the silica substrates to the overall 

XPS signals, which agrees with the higher ablation rate of water plasma in comparison to air as 

observed for energy-dependent samples. 
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Figure 5. XPS survey elemental compositions of PPT coated silica particles treated with air/water 

plasma as a function of plasma treatment time. (Plasma specific energy = 0.15 kJ.cm
-3

) 

To evaluate the development of –SOx(H)-containing moieties onto the silica particles, the S 2p high 

resolution spectra of PPT coated particles treated for different times are curve fitted and displayed in 

Figure 6. The S 2p peak exhibits a doublet structure resulting from the spin-orbit coupling of S 2p1/2 

and S 2p3/2 with a splitting binding energy (BE) of 1.2 eV.51 The photoionization cross-section of S 

2p1/2 is half of S 2p3/2 and therefore the area ratio of S 2p1/2 to S 2p3/2 was set to 50%.
27

 According to 

the literature,
27, 52, 53

 S 2p high resolution spectra may consist of sulfur-containing groups in neutral 

environments (S-H, S-C and S-S), oxidised sulfur groups at low oxidation states (S-O and SO2) and 

oxidised sulfur groups at high oxidation states (SO3H, SO3
-
, and SO4

2-
). The binding energies 

associated with these three categories of sulfur-containing moieties are 163 – 165, 165 – 167 and 165 

– 167 eV, respectively. The sulfur-oxygen moieties cannot however be separately distinguished in 

curve fitting studies as the differences of their binding energies are too discreet.
52, 54

 The S 2p 

spectrum of untreated PPT coated particles predominately consists of sulfur-containing groups in a 

neutral environment (BE = 163 – 165 eV). By increasing the air/water plasma treatment time, the 

evolution of sulfur-oxygen groups at higher binding energies (> 166 eV) is apparent. In order to 

quantify the formation of –SOx(H) functionalities onto the surface of PPT coated particles, atomic 
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concentrations of different sulfur-containing moieties are determined from peak fitted spectra and are 

listed in Table 1. By increasing the plasma treatment time for both air and water plasmas, the atomic 

concentrations of sulfur atoms in the neutral state (S-H, S-S, S-C) decrease and that of oxidized sulfur 

groups increase. Approximately 40% and 49% of sulfur atoms present on the surface of PPT coated 

particles are oxidized into oxygen-containing moieties after 60 minutes of treatment via air and water 

plasma, respectively. Water and air plasma treatments result in approximately equal concentrations of 

SO3
-, SO3H and SO4

2- functionalities up to a treatment time of 30 minutes. By further increasing the 

treatment time, relatively higher concentrations of these functionalities are observed for water plasma 

treated samples compared to air plasma. Such a difference can be attributed to a greater influence of 

underlying oxygen signals on the surface chemistry, resulting from the higher ablation rate of water 

plasma, and therefore thinner PPT films concealing the substrate. From Table 1, it is also observed 

that the concentrations of SO/SO2 groups do not significantly change against plasma treatment time; 

whereas that of sulfur groups at high oxidation states, such as sulfonic acid (SO3H), sulfonate (SO3
-) 

and sulfate (SO4
2-

), significantly increase. The lower concentration of SO and SO2 functionalities in 

comparison to SO3
-, SO3H and SO4

2- groups can be attributed to the lower stability of partially 

oxidized groups, resulting in their further oxidation to more stable states. Air plasma treatment of PPT 

coated particles produced significantly lower concentrations of –SOx(H) functionalities than was 

observed for planar surfaces in our recent study.31 The greater surface area of particulate surfaces in 

comparison to planar surfaces appears to be responsible for the lower concentration of sulfur-oxygen 

moieties achieved on silica particles. Higher surface areas result in lower exposure of deposited 

sulfur-containing groups to oxidative plasma, thus also decreasing the rate of activation/oxidation 

mechanism. S 2p high resolution curve fitting results, which are in agreement with the rise of oxygen 

atomic concentrations as a function of plasma treatment time (Figure 5), indicate that the neutral 

sulfur moieties are successfully oxidised into high oxidation states during the oxidative plasma 

treatment. 
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Figure 6. XPS S 2p curve fitted spectra of PPT coated silica particles treated with air/water plasma as 

a function of treatment time. (Plasma specific energy = 0.15 kJ.cm
-3

) 
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Table 1. XPS atomic concentrations of curve fitted S 2p components for PPT coated silica particles 

treated with air/water plasma. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Oxidation 

time 

[min.] 

XPS atomic concentration of 

Sulfur-containing moieties 

[%]   

S-H, S-C 

 S-S 

SO,SO2 

SO3
-, 

SO3H 

 SO4
2-

 

 PPT 

0 92.9 5.6 1.5 

 Air plasma 

2 84.5 6.4 9.1 

5 77.5 5.7 16.8 

10 72.4 5.8 21.8 

20 68.8 6.6 24.6 

30 69.6 4.7 25.7 

45 62.6 6.9 30.5 

60 52.5 8.4 39.1 

 Water plasma 

2 86 6.3 7.7 

5 79.9 5.5 14.6 

10 73.3 5.7 21 

20 74.9 3 22.1 

30 67.6 4.9 27.5 

45 59.5 4.1 36.4 

60 43.8 5 51.2 
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The sulfur-oxygen moieties obtained on the surface of treated particles were further identified via 

ToF-SIMS analysis. The normalised negative SIMS counts of untreated and treated PPT coated 

particles are shown in Figure 7. Both air and water plasma treatments of PPT coated particles result 

in a decrease in thiol and sulfur counts and an increase in oxygen and all the oxygen-sulfur counts 

such as sulfonate, sulfonic acid and sulfate. Such data, which identify the individual sulfur-containing 

groups, are of particular importance as these groups could not be separately identified through XPS 

analysis. The maximum increase of –SOx(H) functionalities is observed for the initial treatment times 

of 2 and 10 minutes for air and water plasma treated samples, respectively. Such behaviour is once 

again attributed to the higher oxidation rate of water plasma compared to air plasma. These results 

however appear to be inconsistent with XPS data which showed continuous changes of surface 

chemistry within the whole range of treatment times. Such a discrepancy is associated with the 

distinctly higher surface sensitivity of ToF-SIMS (sampling depth = 1 – 2 nm) compared to that of 

XPS (sampling depth = 8 – 10 nm).20, 44 From Figure 7, it is also observed that no noticeable silicon 

counts were collected for the samples treated for shorter than 60 and 30 minutes with air and water 

plasmas, respectively. The high number of Si- counts collected for samples treated for 60 minutes, 

which is also accompanied by a noticeable decrease of sulfur-containing counts, implies PPT 

thicknesses of less than 2 nm. This behaviour, consistent with XPS results, is once again explained by 

the ablation of PPT films which occurred during such a prolonged plasma treatment process. The 

ToF-SIMS data indicate the successful  formation of –SOx(H) functionalities onto the surface of silica 

particles and further validate the results obtained from XPS survey spectra (Figure 5) and S 2p high 

resolution curve fitting studies (Figure 7 and Table 1). 
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Figure 7. Average normalized negative SIMS counts from ToF-SIMS for PPT coated silica particles 

treated with (a) air and (b) water plasmas. (95% confidence intervals, N ≥ 6; plasma specific energy = 

0.15 kJ.cm
-3

) 

Sulfur-oxygen functional groups need to be evenly distributed onto particulate surfaces for their 

efficient performance in practical applications such as water purification and protein adsorption. The 

effectiveness of our introduced approach in the development of homogenously distributed –SOx(H) 

functional groups onto silica particles was evaluated via ToF-SIMS imaging. The sum of SO3
-
, SO3H

-
 

and SO4H
- ions distribution maps for different air and water plasma treatment times are shown in 

Figure 8. The increase of SOx(H)
-
 counts upon air or water plasma treatment of PPT particles is 

apparent in these images. It is also observed that SOx(H) functionalities are homogeneously generated 

onto the silica particles even for a treatment time of as low as 2 minutes. The continuous increase of –
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SOx(H) functionalities as a function of treatment time observed from XPS data could potentially result 

from the increase of the depth of the modified layer and/or the lateral increase of modified areas. The 

later phenomenon is valid if only –SOx(H) functionalities are generated in a patchy-like manner onto 

the surfaces. The observed homogeneous distribution of SOx(H)- counts onto silica particles however 

proves that the increase of XPS sulfur-oxygen functionalities versus treatment time is mainly due to 

the increase of the depth of the modified layer. The comparison of SOx(H)
-
 ion distribution maps of 

treated samples for 60 minutes to those treated for 10 minutes highlights the significant decrease of 

SOx(H)- density associated with the ablation process. According to the findings of surface chemistry 

analyses, it can be concluded that our developed two-step plasma polymerization/treatment process is 

a promising dry approach for the development of SOx(H)-functionalized particulate surfaces.   
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Figure 8. Sum of SO3
-
, SO3H

-
 and SO4H

-
 ions distribution maps from ToF-SIMS for PPT coated 

silica particles treated with air and water plasma. Scale bar = 100 µm. (Plasma specific energy = 0.15 

kJ.cm-3) 
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3.3. Surface hydrophobicity of –SOx(H)-functionalized silica particles 

The hydrophobicity of functionalized particles plays a key role in solid-liquid interactions involved in 

practical applications such as adsorption/detection of proteins and removal of cationic pollutants. 

More hydrophobic particles show lower affinity for polar molecules and also demonstrate lower 

dispersion/higher aggregation in polar media.16, 37, 39 The hydrophobicity of untreated and treated PPT 

coated particles was determined by Washburn capillary rise experiments, which assessed the sorption 

kinetics of water into the packed bed of particles. The mass of adsorbed water into the packed bed of 

PPT coated particles treated with air/water plasma are plotted as a function of time after contact and 

shown in Figure 9. It is apparent that virtually no water was adsorbed into the bed of PPT coated 

particles, indicating a water contact angle (WCA) of greater than 90o. The slight increase in the mass 

of adsorbed water for untreated PPT coated particles, in comparison to the empty tube, is attributed to 

the adsorption of water into the paper filter placed at the bottom of the Washburn cell. Such a highly 

hydrophobic character is attributed to the presence of non-polar hydrocarbon (-CxHy) functionalities23 

and thiol (-SH) groups
55

 in the structure of untreated PPT layers. It is observed that upon only 5 

minutes of air/water plasma treatment, the adsorption rate of water increases; giving WCAs of 81.4
o
 

and 84.8o for air and water plasma, respectively. The decrease of WCA, i.e. the increase in surface 

hydrophilicity, is explained by the formation of polar oxygen-containing functionalities such as 

sulfonate and sulfonic acid groups, as suggested by XPS and ToF-SIMS results. Samples treated for 

10 minutes with air and water plasma show WCAs as low as 37.3o and 31.8o, respectively. The 

WCA’s of treated particles remained virtually unchanged by further increasing the plasma treatment 

time. Such a significant increase of surface hydrophilicity observed in just 10 minutes of plasma 

treatment is attributed to the high surface sensitivity of water contact angle measurement which only 

interacts with the top most 0.5 nm of a surface.
19, 56

 The observed hydrophilic character of these 

samples denotes surfaces sufficiently functionalized by polar groups. These results are consistent with 

surface chemistry findings and further corroborate the formation of oxygen-containing groups 

including oxidised sulfur functionalities on the surface of PPT coated silica particles.  
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Figure 9. Mass of adsorbed water into the packed bed of PPT coated particles treated with air/water 

plasma as a function of time after contact. (Plasma specific energy = 0.15 kJ.cm-3) 

 

3.3. Zeta potential of –SOx(H)-functionalized silica particles 

The surface charge of modified PPT coated particles is of particular importance for adsorption 

applications such as heavy metal removal.
57

 It is ideally required that particles applied for such 

applications show the highest negative charge density over the greatest pH range.
7
 The surface charge 

is typically evaluated by the magnitude of zeta potential which refers to the electrical potential at the 

shear plane.58, 59 Zeta potential measurements are strongly pH-dependent as the dissociation of 

functional groups strongly varies with pH.
59

 To evaluate the influence of air/water plasma treatment 

on the electrokinetic behaviour of silica particles, the zeta potential measurements were conducted 

over a pH range of 3 - 10 at a constant ionic strength. The zeta potential changes of untreated and 

air/water plasma treated PPT coated particles are plotted as a function of pH and shown in Figure 10. 

Increasing the pH value decreases the zeta potentials of particles for all samples. The zeta potential of 

PPT coated particles is zero at pH = 4.3, which is identified as the isoelectric point (IEP).
60

 At pH 

values greater than IEP, the surfaces possess a net negative charge; while at pH values less than IEP, 

surfaces carry a net positive charge. The zeta potential of PPT coated particles over pH values greater 

than 4.3 is due to the deprotonation of acidic sulfur-containing groups such as thiol (RSH � RS
-
 + 
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H+).7 The positive zeta potentials observed at pH values smaller than 4.3 suggest the protonation of 

sulfur-containing groups. 

 It is observed that water plasma treatment of PPT coated particles significantly reduces the zeta 

potential and IEP. The most positive zeta potential of -34.8 mV (at pH = 10) for untreated PPT coated 

particles decreases to -66.7 mV (at pH = 10) for PPT coated particles treated with water plasma for 5 

minutes. Such a significant decrease in zeta potential is accompanied by a noticeable decrease of IEP 

from 4.3 to below 3.5. These changes are due to the dissociation of introduced strong acidic groups 

such as SO3H (SO3H + H2O � SO3
-
 + H3O

+
) and presence of negatively charged moieties such as 

sulfonate (SO3
-
) and sulfate (SO4

2-
), as evident by XPS and ToF-SIMS results. Sulfate groups, for 

example, are always fully deprotonated in aqueous conditions.61 The decrease of zeta potential by the 

increase of pH is attributed to the higher rate of deprotonation reactions at higher pH values.  

From Figure 10, it is also observed that PPT coated particles treated for 5 minutes with air plasma 

exhibit significantly lower zeta potentials, in comparison to particles treated with water plasma for the 

same duration. The IEP of air plasma treated sample is also recorded at the significantly higher pH 

value of 3.6 compared to that of water plasma treated sample (IEP < 3.5). A maximum zeta potential 

difference of approximately 25 mV is observed for these two samples at pH ≈ 9. These changes 

appear to be linked to the incorporation of nitrogen atoms to the surface, as shown by XPS data 

(Figure 5). According to this data, air plasma treated particles contain approximately 2% of nitrogen 

which may play a considerable role in reducing the negative zeta potential of particles. The influence 

of nitrogen-containing species on the zeta potential results from their lower affinity in deprotonation 

at high pH values in comparison to sulfur-containing moieties.
7
 The protonation of these species at 

low pH values produces positively charged groups, such as NH3
+, which evidently reduce the negative 

zeta potential.
20

 By increasing the treatment time to 60 minutes, zeta potentials and IEP increase for 

both air and water plasma. Such changes were expected due to the influence of the ablation process, 

resulting in lower concentration of –SOx(H) functionalities on the surface. The electrokinetic analysis 

results confirm that plasma polymerization of thiophene followed by air/water plasma treatment 

results in highly negatively charged –SOx(H)-functionalized particulate surfaces. It can also be 
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concluded that water plasma treatment of PPT coated particles is preferred over air plasma treatment, 

as it produces surfaces with lower zeta potentials and IEPs.  

 

Figure 10. Zeta potential of PPT coated particles treated with air/water plasma as a function of pH. 

(Plasma specific energy = 0.15 kJ.cm
-3

) 

 

4. CONCLUSIONS 

A completely dry method has been introduced for the development of oxidized sulfur-terminated 

particulate surfaces. Particulate surfaces were successfully developed via plasma polymerization of 

thiophene followed by air/water plasma treatment process. Oxidative plasma treatments of PPT coated 

silica particles resulted in significant changes of surface chemistry which consequently influenced the 

zeta potential and hydrophobicity of modified particles. XPS and ToF-SIMS results confirmed the 

formation of oxidised sulfur functional groups, such as sulfonate, sulfonic acid and sulfate on the 

surface of silica particles. Such functionalities resulted in a significant decrease in zeta potential and a 

noticeable shift of the isoelectric point to lower pH values. The significant incorporation of oxygen 

atoms onto the surface of PPT coated silica particles was further validated by Washburn capillary rise 

data, which demonstrated a substantial improvement of surface hydrophilicity. Plasma treatments 

conducted at low plasma specific energies of 0.15 to 0.3 kJ.cm-3 resulted in the maximum 

incorporation of oxygen atoms, where the influence of the ablation process was minimal. Water 
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plasma was found to be more efficient than air plasma for the treatment of PPT coated particles.  Air 

plasma treated samples demonstrated lower negative zeta potentials and higher isoelectric points due 

to the presence of nitrogen-containing species on the surface. The greater surface area of silica 

particles compared to that of planar substrates resulted in relatively lower concentrations of –SOx(H) 

functionalities achieved on surfaces. Our introduced approach is greener, faster and simpler in 

comparison to previously reported wet-chemistry methods. This novel substrate-independent 

approach is applicable for the functionalization of almost any other particulate materials regardless of 

their shape and surface chemistry. The developed –SOx(H)-functionalized particles could be applied 

in a wide range of applications such as biodiesel synthesis and water purification. 
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