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 1 

Abstract 2 

The heterogeneous interactions of gas molecules on solid particles are crucial in many areas of 3 

science, engineering and technology.  Such interactions play a crucial role in atmospheric chemistry 4 

and in heterogeneous catalysis, a key technology in the energy and chemical industries. Investigating 5 

heterogeneous interactions upon single levitated particles can provide significant insight into these 6 

important processes.  Various methodologies exist for levitating micron sized particles including: 7 

optical, electrical and acoustic techniques.  Prior to this study, the optical levitation of solid micron 8 

scale particles has proved difficult to achieve over timescales relevant to the above applications.  9 

 10 

In this work, a new vertically configured counter propagating dual beam optical trap was optimized to 11 

levitate a range of solid particles in air.  Silica (SiO2), α-alumina (Al2O3), titania (TiO2) and 12 

polystyrene were stably trapped with a high trapping efficiency (Q = 0.42).  The longest stable 13 

trapping experiment was conducted continuously for 24 hours, and there are no obvious constraints on 14 

trapping time beyond this period.  Therefore, the methodology described in this paper should be of 15 

major benefit to various research communities.  The strength of the new technique is demonstrated by 16 

the simultaneous levitation and spectroscopic interrogation of silica particles by Raman spectroscopy.  17 

In particular, the adsorption of water upon silica was investigated under controlled relative humidity 18 
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environments.  Furthermore, the collision and coagulation behaviour of silica particles with 1 

microdroplets of sulphuric acid was followed using both optical imaging and Raman spectroscopy.  2 
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1 Introduction 1 

The adsorption of molecules onto solid particle surfaces plays an important role in many fields of 2 

science, technology and engineering.  For example it is of key significance in atmospheric chemistry, 3 

heterogeneous catalysis, surface science and sensor development.  4 

 5 

In the atmosphere, mineral dust aerosol is the most abundant aerosol type by mass over global land 6 

surfaces
1
.  It is formed by wind erosion of desert regions which cover approximately one third of the 7 

global land surface.  Individual mineral dust aerosol is typically micron sized and as an ensemble it 8 

provides a large surface area for heterogeneous reactions.  These reactions are important for 9 

controlling the tropospheric concentrations of trace gases such as N2O5, H2O2  and HO2 
2–4

.   In 10 

addition to naturally occurring sources of solid minerals, it has recently been proposed that the 11 

injection of mineral aerosols into the stratosphere could be used as a solar radiation management 12 

geoengineering scheme
2,5

, and one of the motivations of this work was the lack of methodologies to 13 

study the reactivity of these particle types.   14 

 15 

Elsewhere, catalytic processes underpin the energy and manufacturing industries; the interaction of 16 

reactants with solid catalysts is a key step in the production of fuels, polymers, drugs and other 17 

chemicals. In all of these fields metal-oxides play a crucial role. Silica (SiO2), alumina (Al2O3) and 18 

titania (TiO2) are major components of naturally occurring mineral dust aerosol, and are also common 19 

support-materials in heterogeneous catalysis, in addition to having catalytic properties in their own 20 

right
6,7

.  21 

 22 

Single particle levitation techniques allow for the investigation of adsorbate-adsorbent (gas-solid 23 

surface) interactions.  Various levitation techniques are possible which rely on either optical forces 24 

(e.g. King et al.)
8
, electrodynamic forces (e.g. Pope et al.)

9
, or acoustic forces (e.g. Priego-Capote)

10
 25 

to offset the effects of gravity. Each technique has distinct advantages and disadvantages as reviewed 26 

by Krieger, Marcolli and Reid
11

.  For solid particles, the use of an electrodynamic balance (EDB) and 27 

acoustic traps are typically more convenient because these traps place little constraint on particle 28 

shape, whereas optical traps require a degree of spherical symmetry
12

.  It should be noted that optical 29 

trapping within liquid media has allowed for the manipulation of a variety of non-spherical particle 30 

shapes including cylinders, spheroids, wire and propeller shapes
13–17

.  However, all of these shapes 31 

contain some symmetry through which the optical trap can function.  Within aerosol systems (solid or 32 

liquid in gas), the low density of the surrounding gas media produces little damping
18

, thereby 33 

increasing experimental difficulty, and hence the majority of studies into the optical trapping of 34 

aerosols involve levitating perfect spheres.  Exceptions include the trapping of spherical droplets 35 

which are then physically or chemically processed to form imperfect spheres, for example Taji et al. 36 
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studied supercooled spherical droplets which formed ice crystals
19

.  The major disadvantage of the 1 

electrodynamic balance approach however is the requirement of the particles to be charged which can 2 

lead to perturbations in particle microphysics and chemistry (e.g. Nielsen et al.)
20

 .  Acoustic traps 3 

typically require larger particle sizes compared to optical and electrodynamic traps, and can be 4 

unstable due to acoustic streaming
21

.  When optical levitation can be utilized it offers excellent 5 

prospects for simultaneous trapping and spectroscopic interrogation (e.g. Ward et al.)
8
 because both 6 

the trapping and spectroscopy light sources can be directed through the same optics thus ensuring 7 

optimal alignment.  8 

 9 

Since the first experimental demonstration of optical forces by Ashkin, levitation techniques have 10 

become popular
22–24

 and in particular optical tweezers have attracted much attention.
8,25,26

 Most optical 11 

trapping of aerosol particles has been performed on particles that are liquid
27

 or amorphous in state.
28

  12 

However, there have been several previous studies investigating the optical levitation of solid 13 

particles. Arita et al. manipulated birefringent particles within optical tweezers reporting data 14 

accumulated over a timescale of seconds
29

.  Summers et al.
30

 demonstrated the trapping of solid silica 15 

particles on the order of minutes using optical tweezers.  In a study by Hoffman et al.
31

 the maximum 16 

levitation time was dependent upon the composition of the particles. Elsewhere, Omori et al.
25

 trapped 17 

particles for more than 30 minutes. The most detailed studies are from Li et al.
32–34

 where a horizontal 18 

counter-propagating dual-beam (CPDB) trap was used to follow Brownian motion of silica beads 19 

trapped for many hours.  Whilst previous studies have demonstrated the trapping of solid particles 20 

over various timescales, no previous studies have integrated the trapping of solid microspheres with 21 

spectroscopic techniques to probe the heterogeneous chemistry of these important systems. 22 

 23 

The concept of using CPDB traps dates from the earliest studies of laser tweezers
23

 and has been 24 

refined
35

 by using low numerical aperture (NA) objective lenses to improve the focussing 25 

characteristics and alignment accuracy of the laser beams thus increasing optical trapping efficiency.  26 

As detailed by Kraikivski et al., the efficient optical trapping of spherical particles, in liquid water, 27 

using counter-propagating laser beams is achieved when the particle radius and the beam waist of the 28 

focussed laser beam are of similar size
36

. Fulfilling this condition generates the maximum radiation 29 

pressure from each of the focussed laser beams for a given laser power. The stability of counter-30 

propagating traps for small particles is reported to require a small and positive separation between the 31 

foci of the two counter propagating beams.  As an example, stable trapping of a 4 µm diameter 32 

polystyrene bead in water was achieved with a focal separation of 6  3 µm 
36

. 33 

 34 

In this paper we describe an experimental strategy with which to form a robust optical levitation trap 35 

for solid micron sized solid particles.  The approach does not require feedback control and hence can 36 

be set up in a relatively straight forward manner.  The stable trapping of SiO2, Al2O3, TiO2 and 37 
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polystyrene (which also has applications as a catalyst support
37

) microsphere particles is 1 

demonstrated. We combine this optical trapping with Raman spectroscopy; a combination which 2 

allows the determination of chemical and physical characteristics on a single-particle basis.
38

 The 3 

strength of the technique for studying solid particles is shown through observations, via Raman 4 

spectroscopy, of the adsorption of water on silica particles and the coagulation of sulphuric acid 5 

droplets with silica particles.  6 

 7 
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2 Experimental 1 

 2 

2.1 Sample preparation 3 

Solid particles were delivered to a small trapping cell, of aluminium construction, with approximate 4 

dimensions 10×2×1 cm.  Windows made from borosilicate cover slips allowed the passage of the laser 5 

beams through the cell (see Figure 1a).  The particles were generated using an atomizer (Topas 6 

Aerosol Generator ATM 220) filled with a 2.5 % w/w suspension of the solid particles in water.  7 

Nitrogen (N2) was used as the carrier gas, at a flow rate of 10 ml min
-1

, and was generated from the 8 

boil-off from a liquid nitrogen tank. The gas flow into and out of the trapping cell is via two parallel 9 

ports attached to the same face of the cell.  This generates slow flow conditions at the position of the 10 

trapped particle, thereby reducing the external forces on the particle. All measurements were 11 

performed at ambient temperature (293 K).   12 

 13 

The following solid particles were used in the trapping experiments: silica (Whitehouse Scientific, 14 

MSS002, nominal diameter = 2 µm), α-alumina (Corpuscular Inc., C-ALU-2.0 #130214-10, nominal 15 

diameter = 2 µm), amorphous titania (Corpuscular Inc., C-TIO-2.0 #220214-10, nominal diameter 16 

=2 µm) and polystyrene (Interfacial Dynamics, Latex Particles #S37500, nominal diameter = 2 µm).  17 

The absolute size distribution of the solid particles was measured using scanning electron microscopy 18 

(FEG Digital Scanning Microscope, 1530 VP Gemini LEO, which was equipped with an EDAX 19 

detector, EDS Sapphire) as shown in Figure 2. The samples were fixed with double-sided conductive 20 

adhesive on cups of 5 mm diameter (Agar Scientific). The software program Image J (version 1.47) 21 

was used for image processing and analysis. The measured particles have a narrow size distribution, 22 

with average particle diameter and standard deviation provided in Table 1. 23 

 24 

For the relative humidity (RH) dependent measurements, the RH of the cell was controlled by varying 25 

the ratio of dry and water saturated N2 gas flows that were combined and passed into the cell as shown 26 

in Figure 1(a).  The water saturated N2 gas flow was generated by flowing dry N2 through a water 27 

bubbler.  The cell RH was measured using a Sensirion SHT-75 RH sensor, placed at the entrance of 28 

the trapping cell, with a stated accuracy of ±1.8%. For the sulphuric acid coagulation experiments, an 29 

ultrasonic nebuliser (Schill Mobil Aerosonic 3060) containing 2M sulphuric acid solution (VWR, 30 

technical grade) generated a sulphuric acid mist with droplet sizes in the approximate range: 1 – 7 µm.  31 

 32 

   33 
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2.2 Counter-propagating dual-beam optical trap 1 

A simplified representation of the optical system is shown in Figure 1(b). The particles were trapped 2 

using an Nd:Yag laser (Ventus, Laser Quantum) operating at 1064 nm.  The typical laser beam 3 

powers required for stable trapping were 15 mW through the top objective and 10 mW through the 4 

lower objective. The asymmetric power balance was required to force the particle into the optical 5 

focus plane of the lower objective thereby allowing focused images to be acquired.  The Nd:Yag 6 

beam is passed through a beam splitter (Oz Optics) to obtain two seperate fibre-coupled beams. Both 7 

beams are then expanded and collimated so that they slightly overfill the back apertures of the 8 

objective lenses. Dichroic mirrors (CVI Melles Griot) reflect the laser beams but allow transmission 9 

of illumination light and the Raman signals. The LED illumination (Comar Optics) is filtered to 10 

prevent interference with the Raman signal. The trapped particle is imaged from two directions: first 11 

using the trapping objective lenses as a conventional microscope with the top objective acting as a 12 

condenser. The second image is a horizontal view from the side of the sample holder and is taken with 13 

a Mitutoyo Plan Apo ×20 long working distance objective.  14 

 15 

As none of the investigated particles possess significant absorbance coefficients at the trapping laser 16 

wavelength (1064 nm)
39–46

, we expect negligible heating of the particle due to absorbance of the 17 

trapping laser beams.    18 

 19 

To achieve stable trapping, for extended periods of time, the waist of the focused laser beam is made 20 

comparable to the particle radius as described previously in the liquid phase work of Kraikivski et 21 

al.
36

.  In the present study the particle radii are typically 1.0 µm and the calculated beam waist from 22 

the Mitutoyo ×50 objective (NA 0.42) is 1.4 µm, the focal separation, between the foci of the two 23 

counter propagating beams, was typically 10  1 microns for the majority of particles studied. The 24 

separation was controlled using a differential micrometer for z-axis movement of the upper objective 25 

lens. Separation was determined using the image of the laser focal spot of the lower objective lens as a 26 

reference. Imaging the focal spot enabled x, y and z alignment of the focussed beams. The optical 27 

configuration described in this paper, resulted in a robust 3-dimensional trap which requires no further 28 

control systems, such as force feedback
47

, to retain the particle in air. 29 

 30 

2.2 Raman spectroscopy setup 31 

A 514.5 nm Ar-ion laser (Innova 300C, Coherent) was focused on the particle to generate Raman 32 

scattered light. The 514.5 nm laser used for Raman excitation was used at typical powers of ~9 mW.  33 

It should be noted that Hunt et al.
48

 demonstrated that low 514.5 nm laser powers (<16 mW) did not 34 

cause significant temperature changes within a single-beam gradient trapped sulphuric acid droplet. 35 

The molar absorption coefficient of sulphuric acid
49,50

 is greater than that of all the particles 36 
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investigated, at 514.5 nm, and hence we expect no significant heating effect to be present in the 1 

approach used in this study
51

.  The Ar-ion passes through beam expansion optics before combination 2 

with the 1064 nm laser beam using a dichroic mirror.  The backscattered Raman signal from the 3 

trapped micro-particle is collimated by the objective lens and passes back along the same optical 4 

pathway. The signal is transmitted through a dichroic Razor Edge mirror (Semrock) and through a 5 

514.5 nm edge filter (Semrock) to remove Rayleigh scattering. The light is finally focused on a 6 

spectrograph (SpectraPro 2500i, 1200 groove blazed at 500 nm) and imaged onto a CCD camera 7 

(Princeton Instruments, Spec10).  Raman signals were collected with integration times of ~60 s. 8 

Wavelength calibration was achieved by recording the Raman spectrum of bulk toluene (Sigma 9 

Aldrich Spectrophotometric grade) which is well characterised
52–55

.   10 
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3 Results and Discussion  1 

First, we demonstrate the ability of the CPDB to stably trap solid particles over long time periods, of 2 

up to one day.  Then using this technique we characterise the Raman signal observed from SiO2, TiO2, 3 

Al2O3 and polystyrene microspheres.  Finally we report two in-depth spectroscopic studies upon 4 

levitated SiO2 particles: (i)the absorption of water vapour; and (ii) the coagulation with sulphuric acid 5 

mist particles.  6 

3.1 Stable trapping of solid particles 7 

Stable trapping of TiO2, SiO2, Al2O3 and polystyrene particles was routinely achieved using the 8 

CPDB trap for extended periods of time.  The longest time period that a particle (SiO2 particle in a dry 9 

air environment) was trapped for was 24 hours, after which time the particle was deliberately 10 

dislodged.  We are confident that the technique described in this paper places no constraints on 11 

trapping time, for the particle compositions investigated. 12 

 13 

The efficiency of the optical trap was evaluated by measuring the minimum laser power required to 14 

keep the particle in the trap.  From this, the vertical efficiency of the trap can be calculated.  The 15 

trapping efficiency Q is defined by the expression Q = Fc/nP, where F is the force exerted on the 16 

particle, P is the power of the laser beam, n is the refractive index of the surrounding medium, and c is 17 

the speed of light in free space.
56

 The maximum value of Q is 1 and indicates a completely efficient 18 

trap with respect to using all the available momentum from the laser radiation.  The force exerted on 19 

the particle is calculated by taking the difference between the gravitational and the radiation power P1 20 

(the upward beam) and P2 (the downward beam) as shown in Equation E1: 21 

 22 

    
       

 
 

 

 
                E1 23 

 24 

where r is the radius of the particle, g is the gravitational force and ρ  is the density of the particle.  25 

 26 

In our measurements to determine the minimum laser power required for trapping in air both the laser 27 

powers and focal separation were systematically varied. The minimum laser powers were recorded 28 

when the focal separation was of 1  1 micron separation. Thus, the configuration we use differs as 29 

compared to the majority of other set-ups, including the work of Kraikivski et al.
36

,  in that the 30 

optimum focal separation of the counter-propagating trap (1 m) is of similar dimension to the beam 31 

waist (1.4 m) and particle size (1.0 m).   For α-alumina particles (as a representative example) a 32 

minimum upward beam of 0.60 ± 0.01 mW and a downward beam of 0.50 ± 0.01 mW were sufficient 33 

to trap a particle (ρ= 3720 kg m
-3

) of 2.2  ± 0.02 µm diameter. Using Equation E1, a trapping 34 
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efficiency of 0.42 ± 0.02 is obtained.  This value compares to the reported values of 0.2 by Summers 1 

et al.
57

 and 0.01 by Omori et al.,
25

 both of which were measured for silica particles.  2 

 3 

It should be noted that trapping stability is not the same thing as trapping efficiency. In our optical set 4 

up the optimum trapping efficiency was achieved at a focal separation of ~1 μm. However, the 5 

alignment of the focussed laser beams was difficult to maintain over long periods due to constraints of 6 

the laboratory environment. The best long term stability was realised with a focal separation of ~10 7 

μm. At this separation small changes in alignment were found not to be critical to particle trapping.  8 

 9 

3.2 Raman Signatures of the pure particles 10 

The Raman spectra of the four investigated particles (SiO2, TiO2, -Al2O3 and polystyrene) within the 11 

optical trap are shown in Figure 3.  The spectra shown are background subtracted, the background 12 

being acquired under identical conditions in the absence of a trapped particle.  No other processing of 13 

the data was carried out. 14 

 15 

The Raman spectrum of a trapped SiO2 particle, as shown in Figure 3(a), exhibits peaks at 390, 490, 16 

795, 972 and 1460 cm
-1

 assigned to Si–O–Si bonds
39,40

.  The band at 1460 cm
-1

 is associated with   17 

Si-O stretching vibrations. The bands at 795 and 972 cm
-1

 are attributed to the symmetric stretching of 18 

Si–O–Si, while the bands at 390 and 490 cm
-1

 are associated with oxygen atom bending in the   19 

Si–O–Si vibration.  Amorphous TiO2 (Figure 3(b)) exhibits bands at 484 and 680 cm
-1

 assigned to 20 

Ti-O bonds and, while the bands at 317 and 250 cm
-1

 are assigned to O-O interactions
41,42

. 21 

Additionally, the spectrum also shows sharp peaks at 153 and 639 cm
-1

 which are known to be 22 

characteristic of the anatase phase of TiO2
41,42

. This indicates the presence of some crystalline material 23 

in the sample which suggests that the amorphous titania contains a proportion of anatase structure
43

. 24 

Figure 3(c) shows the Raman spectrum of trapped -Al2O3. A broad peak at 420 cm
-1

 is observed 25 

along with smaller peaks at 585, 796 and 976 cm
-1

. The first three peaks correspond to Al-O-Al 26 

vibrations
44

, while the latter peak corresponds to Al-OH vibrational modes, indicative of the presence 27 

of hydroxyl groups on the alumina surface which could be due to water present in our system.
45

 28 

Finally, the spectrum of trapped polystyrene is shown in Figure 3(d) with peaks at 2839 and 2901 cm
-1

 29 

from the methylene stretches. The in and out-of-plane C-H bends of the aromatic ring give rise to the 30 

intense peaks at 1002 and 1030 cm
-1

. The aromatic ring breathing modes appear at 1555 cm
-1

 while 31 

the peak at 3069 cm
-1

 corresponds to aromatic C-H stretches. This is consistent with previous reported 32 

Raman spectra of this material.
46

 33 

3.3 Relative humidity dependent adsorption of water onto silica particles 34 

Individual SiO2 particles were trapped, as described in section 3.1, and exposed to a humidified 35 

nitrogen flow as described in section 2.1. The flow ratio of dry and H2O-saturated nitrogen was 36 
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adjusted to achieve a range of RH between 40 – 80 %. Water is an important adsorbate in many 1 

industrial applications, and within the troposphere the RH varies widely. Increasing the relative 2 

humidity inside the trapping chamber, from an initial value of ~43 % to a maximum of ~75 % was 3 

found to increase the Raman peak intensities associated with the trapped SiO2 particle at 640 and 4 

1805 cm
-1

, as shown in Figure 4(a). The integration of the peak at 1805 cm
-1

 is shown in Figure 4(b) 5 

as a function of RH.  6 

 7 

The broadness of the Raman band centred at 1805 cm
-1

 indicates other contributions to the known 8 

peak of H-O-H bending vibration which is usually centred at 1600 cm
-1

. In fact, (Si)O–H vibrational 9 

modes of differing hydrogen-bond strength are known to appear around 1800 cm
-1

. These bands 10 

increase in intensity at higher RH due to interactions of water with the hydrophilic SiO2 surface
40,58

. 11 

The surface silica network of such a highly hydrated solid surface gives rise to peaks that differ from 12 

peaks of bulk silica
39,59–61

. This hypothesis is supported by an increase in the intensity of the peak at 13 

640 cm
-1

, i.e. the Si-O-Si symmetric stretch.
 
Those results provide a clear indication of the changes 14 

occurring on the particle surface as a result of exposure to and adsorption of H2O.  These changes in 15 

particle composition are likely to affect particle reactivity with trace gas species.   16 

 17 

3.4 Coagulation of silica particles with sulphuric acid particles 18 

Sulphuric acid is a key component of atmospheric aerosols. For example stratospheric ozone 19 

chemistry is strongly influenced by the presence of sulphuric acid particles which provide a surface 20 

for the chlorine activation responsible for ozone depletion events
62

. The partitioning of sulphuric acid 21 

aerosol into sulphate and bisulphate ions, and hence the overall particle composition, depends upon 22 

the relative humidity and temperature of the environment local to the particle.  Partitioning and 23 

composition are also likely to be dependent on the interaction of the sulphate with the other aerosol 24 

constituents such as mineral species. Within industrial applications, the interaction of sulphuric acid 25 

and metal oxides plays an important role in many catalytic processes where sulphuric acid is a reactant 26 

or acts as a sulphonating agent, for example in the preparation of sulphated zirconia or silica 27 

catalysts
63,64

.  28 

 29 

The interaction of sulphuric acid droplets with trapped SiO2 particles has been investigated as a 30 

function of exposure time.  The size of the trapped SiO2 particles are observed to incrementally 31 

increase as they are exposed to, and coagulate with, sulphuric acid mist droplets.  This is exemplified 32 

in Figure 5 which shows an initially pure SiO2 particle, with an initial diameter of 2.3 µm; grow in 33 

diameter as sulphuric acid droplets coagulate with it, to a final size of 4.1 µm after 7 minutes. The 34 

images were obtained on the CCD camera and analysed using the Image J program.  This data clearly 35 
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demonstrates the ability to retain a solid particle, within an optical trap, over extended time periods 1 

whilst colliding, and coalescing the particle with liquid-droplets (in this case sulphuric acid).  2 

 3 

Raman spectroscopy is ideally suited to provide evidence and quantification of the ionic speciation of 4 

sulphuric acid between sulphate (SO4
2-

) and bisulphate (HSO4
-
) ions (as shown in reaction R1)

49,65
. 5 

 6 

    
          

         R1 7 

 8 

The vibrational modes of the sulphate ion (SO4
2-

) and the bisulphate ion (HSO4
-
) are well 9 

characterised in the literature.
49,50

 The presence of SO4
2-

 gives rise to peaks at 1120, 980, 610 and 10 

450 cm
-1

, while HSO4
-
 yields peaks at 1192, 1110, 1047, 885, 592 and 425 cm

-1
.  In most cases the 11 

sulphate and bisulphate ion peaks overlap and hence it is necessary to deconvolute the respective 12 

contributions from each ion.
48

 The exceptions are the bands at 979 (SO4
2-

), and 1042 cm
-1

 (HSO4
-
). 13 

These peaks can therefore be considered as unambiguous references for those ions.
65

 The speciation 14 

of sulphuric acid, into sulphate and bisulphate ions, and the equilibrium between the different species 15 

is highly dependent upon the pH of the particle.  Consequently it is dependent upon the water content 16 

of the droplet which is thermodynamically controlled by the relative humidity.
36

   17 

 18 

Raman spectroscopy is utilized to interrogate the SiO2-H2SO4 system.  In particular we investigate the 19 

speciation of sulphuric acid upon the surface of SiO2 particles.  Figure 6(a) shows the Raman spectra 20 

of a pure sulphuric acid droplet and a pure SiO2 particle, both recorded within the optical trap.  Within 21 

the sulphuric acid system peaks are clearly identifiable at: 430, 594, 902, 979, 1042 and 1192 cm
-1

.  22 

 23 

To conduct a fully quantitative analysis of the relative concentrations of the sulphate and bisulphate 24 

species from the integrated band intensities, I, it is necessary to obtain the molal scattering coefficient, 25 

J.
67

  Within this study the molal scattering coefficients were not determined due to time constraints, 26 

instead a calibration factor, f, defined as the ratio of the integrated area of the sulphate ion peak (at 27 

979 cm
-1

) to that of the bisulphate ion peak (at 1042 cm
-1

) is used to obtain relative concentration 28 

values.  A calibration point is obtained from the band intensities obtained from a trapped sulphuric 29 

acid droplet that was caught immediately after nebulization from a 2 M stock solution (as shown in 30 

Figure 6a).
67

 The 2 M calibration point was repeated twice and the ratio of the peak areas was found 31 

to be constant within 1 statistical error. It is assumed that the sulphate partitioning within this droplet 32 

is the same as the 2 M stock solution which is well characterised.  33 

 34 

Figure 6(b) provides consecutive Raman spectra of the trapped SiO2 particle, as a function of time, 35 

before, during and after exposure to a burst of sulphuric acid mist droplets. Sulphate and bisulphate 36 

ion peaks at 428, 596, 902, 988 and 1042 cm
-1

 are first observed after ~9 minutes, coincident with the 37 
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onset of sulphuric acid flow. The sulphuric acid nebuliser injection time only lasted for approximately 1 

50 s. However this burst results in a continual presence of sulphuric acid droplets within the trapping 2 

cell for several minutes due to the slow flow conditions.  The exposure of the trapped SiO2 particle to 3 

sulphuric acid droplets leads to a continuous increase in the intensity of the sulphate bands. A blue 4 

shift of the sulphate ion peak at 988 cm
-1

 is observed, compared to the 978 cm
-1

 of the pure droplets 5 

(see Figure 6a).  This is likely explained by a change in the sulphate vibrational frequency due to 6 

additional absorbate-absorbent interactions not present in the bulk liquid state.
68

  Conversely, no blue 7 

shift is observed for the bisulphate ion peak at 1042 cm
-1

.  8 

 9 

The variation in the total concentration of the sum of sulphate and bisulphate ions, quantified by 10 

adding the concentrations of the sulphate to the concentration of the bisulphate using the area of their 11 

respective peaks and the calibration factor, is shown Figure 7.  The degree of dissociation, α, of the 12 

bisulphate ion can be calculated via equation E2, and the temporal variation of α is also shown in 13 

Figure 7.  It should be noted again that both the concentration and the degree of dissociation are only 14 

approximate because the molal scattering coefficients are not known.    15 

 16 

  
    

   

    
         

  
        E2 17 

 18 

It can be observed that the total concentration of all three sulphate species increases linearly from 9 19 

minutes when sulphuric acid droplets are introduced into the trapping cell until the measurement ends 20 

at 18 minutes.  In contrast the degree of dissociation increases for only the first 5 minutes of sulphuric 21 

acid exposure and then stabilizes at a value of ~0.2. The degree of dissociation is dependent on both 22 

the relative humidity and the temperature, therefore the changes in dissociation observed in Figure 7 23 

are likely due to variations in RH within the environmental cell. The RH within the environmental 24 

chamber during nebulisation will be high since the water vapour activity would be approximately 25 

equal to the water activity of the 2M sulphuric acid.  This corresponds to a relative humidity of ~90%, 26 

as predicted by the E-AIM model
69

.  Subsequent to nebulisation, the chamber RH will slowly 27 

decrease.  An increase in the degree of dissociation of sulphuric acid is predicted as the RH decreases 28 

from ~90% to ~80%; below ~80% the degree of dissociation reduces with RH
69,65,49

.  The ability to 29 

observe the chemical composition of a particle will allow future work to track detailed reaction 30 

kinetics on a single particle level.  31 
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4 Conclusions 1 

This study provides a methodology for trapping micron sized solid spherical particles over an 2 

extended time period.  Trapping times have only been demonstrated to an upper limit of 24 hours, but 3 

there is no apparent reason why longer times could not be achieved if desired.  High trap stability is 4 

achieved using a counter propagating beam optical trap with a measured Q-factor of 0.42. This stable 5 

particle levitation can then be combined with Raman spectroscopy to quantitatively study adsorbate-6 

adsorbent interactions on an individual particle basis. This study represents the first application of this 7 

technique to a range of solid oxide particles, as well as polystyrene microspheres, and we have 8 

demonstrated the significant potential of this approach in fields as diverse as atmospheric science and 9 

catalysis. Specifically we have shown the technique can be used for: materials characterisation, water 10 

adsorption measurement, surface hydroxylation detection and the characterisation of the partitioning 11 

of sulphuric acid, into its sulphate and bisulphate ions, upon interaction with mineral surfaces. This 12 

study therefore shows the feasibility and advantages of following heterogeneous reactions on a single-13 

particle scale using optical traps and Raman spectroscopy in a variety of scientific and engineering 14 

applications.  15 
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Table 1: Mean diameter and standard deviation obtained from the SEM images (Figure 2).  Image 1 
processing achieved with Image J software. 2 

 3 

Particle Composition Diameter / µm Standard Deviation / µm 

Silica 1.7 0.3 

Titania 2.1 0.4 

α-Alumina 2.2 0.2 

Polystyrene 2.1 0.1 

 4 
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Figures 1 

Figure 1. Experimental Setup. Diagram (a) Schematic diagram of the overall experimental apparatus 2 

including: particle generation, humidity control, and trapping cell.  Diagram (b) Schematic diagram of 3 

the optical setup of the counter-propagating dual-beam optical trap combined with Raman 4 

spectroscopy.  The Mitutoyo ×50 objective lenses are mounted vertically.  DM = dichroic mirror, L-5 

50 = 50 mm focal length lens, BS = beam splitter. 6 

 7 
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 1 

 2 

 3 

Figure 2: Scanning electron microscope (SEM) images of (a) silica, (b) titania, (c) α-alumina and (d) 4 
polystyrene microspheres which were used in the optical trapping experiments. SEM measurements 5 
performed using a FEG Digital Scanning Microscope equipped with an EDAX detector. 6 

 7 

 8 
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Figure 3: Raman spectra of trapped particles: (a) silica, (b) titania, (c) α-alumina and (d) polystyrene.  1 
Each spectra has the background substracted. Background spectra are acquired without the particle 2 
present but with all other conditions identical.  The trapping laser power was 15 mW from the top 3 
objective and 10 mW from the lower objective.  Raman laser power was 9 mW for spectra (a)-(c) and 4 
6 mW for spectrum (d). 5 

 6 
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Figure 4: (a) Raman spectra of trapped silica particles under different relative humidity conditions.  1 
The trapping cell temperature was 293.5±0.1 K.  Note the growth of the peaks centred at 640 and 2 
1805 cm

-1
 as a function of the relative humidity. (b) Average peak area of the peak centred at 1805 3 

cm
-1

.  The error bars represent the integration error.  Trapping laser power was 15 mW from the top 4 
objective and 10 mW from the lower objective. The Raman laser power was 6 mW. 5 

 6 
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Figure 5: Increase in trapped particle diameter as the initially trapped silica particle collides and 1 
coagulates with sulphuric acid microdroplets.  The particle diameter is determined by the optical 2 
imaging camera and the images are processed using Image J software. 3 

 4 

 5 

 6 

 7 
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Figure 6: Panel A: Raman spectra of trapped a pure sulphuric acid droplet (black line) and a pure 1 
silica particle (blue line).  Panel B: evolution of Raman spectra of a levitated silica particle in a flow 2 
of sulphuric acid microdroplets.  Note the ever present silica peak at ~500 cm

-1
, and the onset of 3 

sulphuric acid spectral features at ~7 minutes.  The trapping power was 15 mW from the top objective 4 
and 10 mW from the lower objective. Raman laser power was 27 mW. 5 

 6 

 7 

 8 
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Figure 7: The relative concentration and degree of dissociation of sulphuric acid on an optically 1 

levitated silica sphere in a flow of sulphuric acid microdroplets as a function of time.  Left hand axis 2 

and blue circles provide the relative concentration of sulphuric acid (sulphate plus bisulphate ions).  3 

Right hand axis and black squares provide the degree of dissociation of the bisulphate ion (α see 4 

equation E2). The trapping power was 15 mW from the top objective and 10 mW from the lower 5 

objective. Raman laser power was 27 mW. 6 

 7 

 8 

 9 
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