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ABSTRACT
Purpose Surface area and surface energy of pharmaceutical powders are affected by milling and may influence formulation, performance and handling. This study aims to decouple the contribution of surface area and surface energy, and to quantify each of these factors, on cohesion.
Methods Mefenamic acid was processed by cryogenic milling. Surface energy heterogeneity was determined using a Surface Energy Analyser (SEA) and cohesion measured using a uniaxial compression test. To decouple the surface area and surface energy contributions, milled mefenamic acid was “normalised” by silanisation with methyl groups, confirmed using X-ray Photoelectron Spectroscopy.
Results Both dispersive and acid-base surface energy was found to increase with increasing milling time. Cohesion was also found to increase with increasing milling time. Silanised mefenamic acid possessed a homogenous surface with a surface energy of 33.1±1.4 mJ/m2, for all milled samples. The cohesion for silanised mefenamic acid was greatly reduced, and the difference in the cohesion can be attributed solely to the increase in surface area. For mefenamic acid, the contribution from surface energy and surface area on cohesion was quantified to be 57% and 43% respectively.
Conclusions Here, we report an approach for decoupling and quantifying the contribution from surface area and surface energy on powder cohesion. 
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INTRODUCTION
Bulk cohesionCohesion of powders is reported to be dependent on intrinsic properties (e.g., surface functional end groups, surface energy, elastic module and plasticity) (1, 2) and particle properties (e.g., particle size, size distributions, shape and surface roughness) (3-7). Particle properties also depend on the powder processing conditions, e.g., type of processing operation, processing temperature, processing and storage RH (8-10). Out of the listed parameters, current literature extensively report on the effect of surface area/particle size and particle shape on bulk cohesioncohesion of powders (1, 4, 5, 7, 11). Farley and Valentin reported an empirical correlation between bulk cohesioncohesion of powders and volume/surface mean particle diameter using inorganic materials. Cohesion was found to increase with decreasing particle size and increasing surface area (12).  Since then, many authors have evaluated the effect of particle size on cohesion and powder flow properties for pharmaceutical powders.  The basic assumption for most of these studies is, particles possess isotropic surface energetics and so contribution from surface energy or particle shape was not taken into account. 

Heng et al. investigated anisotropic surface properties of various pharmaceutical materials. Facet-specific surface energy of a range of crystalline active pharmaceutical ingredients and excipients was correlated to the facet specific functional end groups (13-16). Milling of pharmaceutical materials is one of the most common top-down approaches to achieve a target particle size for active pharmaceutical ingredients. Different particle size reduction routes may result in changes in particle surface properties.Milling of pharmaceutical materials is one of the most common top-down approaches to achieve a target particle size for active pharmaceutical ingredients though may result in a change in surface properties. Milling of paracetamol resulted in an increase in the dispersive component of the surface energy, and was attributed to the breakage of particles along the weakest attachment energy planes thus exposing high energy facets (17). On the other hand, Ho et al. reported that upon milling dispersive component of surface energy of milled D-mannitol particles was found to decrease with decreasing particle size. The decreasing trend in dispersive component of surface energy was explained by needle shaped crystals breaking through the geometrically weakest plane exposing hydrophilic crystal facets which have lower dispersive component of surface energy (18). Thielmann et al. investigated the surface energetics of untreated, milled and re-crystallised lactose, using infinite and finite dilution inverse gas chromatography. They reported an upward shift in the energy distributions (dispersive as well as specific surface energy components) of milled materials compared to untreated or recrystallised lactose. Increase in the dispersive surface energy was attributed to the amorphous content (19). Das and Stewart have employed finite dilution inverse gas chromatography to observe effect of processing on surface energy of pharmaceutical materials.  For indomethacin, dispersive surface energy was found to increase after micronisation, whereas acid-base surface energy was observed to decrease (20). These studies suggest that milling can result in powders with heterogeneous surface energetics, which can be due to the generation of new surfaces exposing different crystal facets varying in facet specific surface energy and/or due to the generation of amorphous content, as a result of processing route and parameters.   

Considering the impact of processing on powder surface energy heterogeneity and the anisotropicity in surface property of organic crystalline material, it is essential to take into account contribution from surface energy in addition to surface area and particle shape on cohesion of pharmaceutical powders.  This study aims to decouple the contribution from surface area and surface energy on the cohesion of milled pharmaceutical materials.  

The effect of milling time on the surface energetics and surface area was studied for mefenamic acid and cohesion was measured for cryogenically milled material with different milling cycles (n=1, 3, …, 12).  Cohesion values obtained for milled mefenamic acid can be attributed to the combined effect of surface energy and surface area. Surfaces of milled mefenamic acid were silanised to obtain homogenous surface energetics. Post silanisation, cohesion of milled mefenamic acid was attributed to surface area contribution only. 






MATERIALS AND METHODS

Materials
Mefenamic acid (2-(2, 3-dimethylphenyl) aminobenzoic acid) (99.0%, Sigma Aldrich, Dorset, UK), methanol (>99.5%, VWR BDH Prolabo, Lutterworth, UK), cyclohexane (>99.0%, VWR BDH Prolabo, Lutterworth, UK) and dichlorodimethylsilane (>99.5%, Sigma Aldrich, Dorset, UK) were used as received. 

Methods
Bulk Crystallisation of Mefenamic Acid
Mefenamic acid crystals used for this study were crystallised from a supersaturated solution of mefenamic acid in methanol, prepared at 50 oC. The saturated solution of mefenamic acid at 50 oC was then cooled to 4 oC, in a single step cooling profile. The mefenamic acid crystals were collected after 24 hours and filtered using general-purpose laboratory filter paper (Whatman, UK) and dried under ambient conditions for 24 hours. Dried crystals were stored in a glass container at ambient conditions and used for further characterisation or processing.

Cryogenic Milling of Mefenamic Acid Crystals 
A Retsch Cryo Mill (Retsch Technology GmbH, Haan, Germany) was used for cryogenic milling of mefenamic crystals. 1 g of recrystallised mefenamic acid was charged in a 50 mL grinding jar containing one grinding ball of 25 mm diameter. In a typical set up, the grinding jar is constantly cooled during the pre-cooling, milling and intermediate cooling steps with liquid nitrogen. In the pre-cooling step, the mill was cooled down to the temperature of -70 oC using a liquid nitrogen flow through the mill jacket.  Milling was performed at a vibrational frequency of 25 Hz for 10 s. Intermediate cooling between two consecutive milling cycles was performed at a vibrational frequency of 5 Hz for 40 s. Each milling cycle is defined as the milling step and the intermediate cooling step. The effect of milling time on particle size reduction and surface energy was studied by varying the number of milling cycles (n=1, 3, …, 12).  Post milling, samples were collected and stored in the glass vials for further characterisation and processing.

Silanisation of Milled Mefenamic Acid
Recrystallised mefenamic acid crystals and milled mefenamic acid powders were silanised using a protocol reported in the literature (21). For milled mefenamic acid, powders were silanised after milling.  In a typical process, 500 mg of mefenamic acid powder was added to a 50 mL 5% (v/v) solution of dichlorodimethylsilane in cyclohexane. The mixture was refluxed at 80 oC for 24 hours. Then, the reaction mixture is allowed to cool down to room temperature and filtered using general-purpose laboratory filter paper (Whatman, UK) followed by drying in a vacuum oven at 80 oC for 4 hours. Post silanisation, the silanised mefenamic acid powders were stored in a glass vial at ambient conditions.

Surface Energy Analysis
Surface Energy Analyser (SEA, Surface Measurement Systems Ltd., London, UK) was used for surface energy heterogeneity characterisation. Mefenamic acid powders were packed in pre-silanised iGC columns (4 mm (internal diameter) × 300 mm (height)) (Surface Measurement Systems Ltd., London, UK). The powder bed was contained with silanised glass wool at both ends to avoid powder bed movement. Approximately 300 mg of processed mefenamic acid material was packed into each column.  The columns were conditioned using the SEA equipment for 2 hours at 30oC with helium purge at 10 sccm (standard cubic centimeters per minute). Following the pre-treatment, pulse injection measurements were performed at 30 oC.  Methane was used to determine the column dead time. Helium at a flow rate of 10 sccm was used as a carrier gas for all injections on the columns packed with milled mefenamic acid. For silanised milled mefenamic acid samples, a helium flow rate of 3 sccm was used. A series of dispersive n-alkane probes (hexane, heptane, octane, nonane and decane) at a range of concentrations was injected in order to achieve target surface coverages (n/nm) ranging from 0.7% to 10%. Net retention volumes were calculated via a peak maximum analysis using the commonly applied Schultz method (22). Mono-polar probes (dichloromethane and ethyl acetate) were injected at the same concentrations to determine non-dispersive interactions. The surface energy due to the non-dispersive interactions was calculated using the vOCG method reported in the literature (23, 24). Surface energy (dispersive and non-dispersive) as a function of surface coverage was calculated using the Cirrus Plus - SEA data analysis software (Surface Measurement Systems Ltd., London, UK). 

Dispersive and acid-base surface energy calculations using iGC measurements are discussed widely in the literature. Fowkes suggested that the surface energy can be expressed as a summation of components, and a geometric mean for the dispersive component interaction (25). The non-dispersive interaction can be determined by semi-empirical models, such as those proposed by Owens-Wendt (26). More recently, specific interactions are determined by Lewis acid-base interactions as proposed by van Oss et al. (23). An excellent review of these theories can be found in elsewhere (27).  

The dispersive component of the surface energy, using inverse gas chromatography, is typically determined by employing either, Schultz or Doris and Gray approach (22, 28). Both the methods are widely accepted, reported to give similar results (29). Acid-base components are determined using monopolar acid-base probes, as detailed by Das et al. (24). 

For polar probes, van Oss et al. used water with  +: - equal to unity (23), resulting in a “basicity catastrophe” phenomena. Della Volpe and Siboni proposed a different ratio suggesting water as acidic rather than amphoteric (30). Despite differing in absolute values, the acidity/basicity order is similar for both approaches (31). For IGC, the + or - values for the monopolar probes requires further validation, and the acid-base surface energy values for the solid surface only offers a description of the relative acid-base nature (27, 32). Principles of the techniques and a review of current literature including theory, can be found elsewhere (32).

 Surface Area Analysis
Approximately 300 mg of milled mefenamic acid/silanised milled mefenamic acid were conditioned under a helium purge at 40 oC for at least 12 hours.  Post-conditioning, the sample mass was measured and used for surface area measurements. A fully automated Micromeritics Tristar 3000 (Micromeritics Instruments Corporation, Norcross, USA) system was used for the measurement of nitrogen isotherms at -195.8 oC. The surface area was calculated using the BET model based on the linear region of the nitrogen adsorption isotherm (from p/po = 0.05 to 0.3) using the Micromeritics Analysis Software (Micromeritics Instruments Corporation, Norcross, USA).

Particle Size and Shape Analysis
The Morphologi G3s particle characterisation system (Malvern Instruments Ltd., Malvern, UK) equipped with a dry powder dispersion unit was used for particle shape and size analysis.  Milled mefenamic acid particles were dispersed in octane and a dilute suspension was dispersed on glass coverslips. Octane was allowed to evaporate at ambient conditions. Particle imaging was conducted using 20x lenses with vertical z-stacking enabled, to obtain information of the three dimensionality of the sample. The raw data was filtered using the Morphologi analysis software (version 8.0, Malvern Instruments Ltd., Malvern, UK) to remove partially imaged or overlapping particles on a sample by sample basis using a combination of convexity, solidity and particle width filters. The morphological filters used in this study and their applications are described in detail elsewhere by Gamble et al. (33). 

X-ray Photoelectron Spectroscopy Analysis
XPS spectra were obtained for silanised and unsilanised cryogenically milled mefenamic acid samples using a Thermo VG Scientific Sigma Probe X-ray Photoelectron Spectrometer (Thermo VG Scientific Inc., East Grinstead, U.K.). In this study, a twin anode AlKα X-ray source with an energy of hv = 1486.6 eV was used at 15 kV × 20 mA (300 W). All survey spectra were collected at pass energy of 100 eV, whereas all high resolution spectra were collected at a pass energy of 20 eV. After removal of the non-linear (Shirley) background, high resolution spectra were used for the quantification of the functional end groups present on the surface. The peak fitting function used is a Lorentzian–Gaussian (30% L/G) mix product function. The high resolution data was fitted using the Thermo Avantage software (version 5.904, Thermo VG Scientific Inc., East Grinstead, U. K.).  

Polymorph Identification
A PANalytical X’Pert Pro MPD (PANalytical B.V., Almelo, the Netherlands) powder X-ray diffractometer was used for collecting X-ray diffraction spectra for silanised and un-silanised mefenamic acid. All diffraction spectra were obtained using CuK radiation (1.541 Å) with a Nickel filter, a fixed 10mm mask, a soller slit of 0.04 rad, an antiscatter slit of 1/2o and a divergence slit of 1/4o.   Measurements were obtained over the angular range from 5-60o 2θ at the 0.08o 2θ step size and time per step of 35 s.  

Scanning Electron Microscopy
A TM-1000 (Hitachi High-Technologies Europe GmbH, Krefeld, Germany) table top scanning electron microscope was used for acquiring SEM images. Samples were mounted on the carbon adhesive discs (10 mm), gold coated using a sputter coater at 50 mA for 4 min. SEM images were acquired at an acceleration voltage of 15 kV. 

Differential Scanning Calorimetry
Thermograms of the samples were obtained using a TA Q2000 differential scanning calorimeter (TA Instruments, New Castle, DE, USA), connected to the Platinum software. 5-10 mg of samples were loaded in the aluminium pans, which were hermitically sealed using the TA supplied crimping tool.  Thermal behaviours of the samples were studied under nitrogen purge at a heating rate of 10 oC min-1, over a temperature range from 20 oC to 250 oC. Thermograms were analysed using the Universal Analysis software supplied as a part of Advantage Software v5.5.3 (TA Instruments, New Castle, DE, USA).  

Uniaxial Compression Test
Powder cohesion is the tendency of like particles adhering to each other. Powder cohesion was measured using the uniaxial compression test. Cylindrical compacts were prepared using a 5 mm evacuable pellet die (Specac Ltd., Slough, UK) at a minimum of three different consolidation loads using the SMS texture analyser TA.XT2i (Stable Micro Systems Ltd., Godalming, UK). The compacts varied in height depending on the bulk density of the material.  However, an L/D ratio of at least 2:1 was maintained for the compacts. Unconfined yield stresses of the compacts were measured using a 36 mm diameter cylindrical aluminium probe and a 5 kg load cell operated in a displacement compression modes with a test speed of 0.02 mms-1. Each yield stress measurement was repeated three times and was plotted as a function of consolidation stress (X-axis). Cohesion and the angle of friction are determined from the intercept and gradient, respectively, of this plot of yield stress versus consolidation stress. Details of the theoretical principles of this test method can be found elsewhere (34, 35).


RESULTS AND DISCUSSION

Effect of Processing of Mefenamic Acid on Cohesion
[bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK22]To investigate the effect of milling on the surface energy, mefenamic acid crystals obtained from supersaturated solution of mefenamic acid in methanol were milled at cryogenic conditions. The milling time was increased by increasing the milling cycles. Each milling cycle contains two steps, milling and intermediate cooling. Figure 1 shows the dispersive surface energy (d) at three different fractional surface coverages (isosteres) from the surface energy heterogeneity profile of mefenamic acid crystals milled for different numbers of cycles. Figure 1 suggests that the surface energy heterogeneity increases post milling, i.e. d for mefenamic acid recrystallised from methanol, before milling, ranges from 50.3 mJ/m2 to 46.6 mJ/m2 with varying fractional surface coverage (n/nm) from 0.7% to 10% and after one milling cycle d for mefenamic acid powder varies from 54.6 mJ/m2 to 43.3 mJ/m2.  

[bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK8] Surface energy heterogeneity profiles (both d and AB) were found to be in ascending order with increasing milling cycles (Figures 1 and 2). Typical variation in the values of d and AB measured using inverse gas chromatography is ±1 mJ/m2. It is widely reported in the literature that significant amount of energy involved with the milling operation can result in various degree of disorder in the form of crystals defects to the generation of amorphous regions (36-38). Amorphous solid is a solid that lacks long-range molecular order observed in the crystals and hence, any surface disordered caused by the high intensity milling was treated as an amorphous phase. The amorphous content generated during milling can be a function of many different factors including size distribution of un-milled material, milling temperature, time and intensity (39). While this study involves cryogenic milling, which is reported to prevent the generation of amorphous content during milling, it is argued that the intensity of milling and prolonged milling times allow the formation of amorphous content (40). Elamin et al. reported that upon milling, the first evidence of the amorphous content can be found on the surface of crystalline particle and further increases in milling intensity or milling time may then result in generation of bulk amorphous content (38, 41). Considering the experimental evidence provided by Elamin et al. (41), it is postulated that the low amount of amorphous content generated in the current study may be limited to the surface.

Figure 3 shows scanning electron microscopy images of mefenamic acid crystals obtained from methanol and milled at cryogenic temperatures at different milling cycles (n=1, 3, …,9).  It is noticeable from Figure 3 (a-i) to (e-i) that particle size reduces with increasing milling cycles from n=1 to n=9.  SEM images at 6000 magnification were taken to visualise the effect of milling on the surface disorder or presence of fine particles (<1-2 μm) (which is postulated to be amorphous) on the particulate surface (Figure 3 (a-ii) to (e-ii)). Figures 3 (a-i) and (a-ii) show the un-milled mefenamic acid crystals obtained from methanol.  It can be observed from Figure 3 (a-ii) that the crystal surface is very flat and has no disorder or negligible presence of very small particles (<1-2 μm). As milling cycle increases, an increase of very small particles (<1-2 μm) on the crystalline particulate surface can be observed from the Figure 3 (b-ii) to (e-ii). Furthermore, SEM images obtained after milling cycle-9 (Figure 3 (e-ii)) suggested that crystalline particles are found to be covered with very small particles (<1 μm) agreeing with the initial hypothesis of surface saturation of amorphous particles Although SEM resolution may not be high enough to clearly show surface defects by milling, qualitatively SEM images demonstrate the changes in the particulate surface texture.

Impact of milling was postulated to result in generation of amorphous content on the particulate surface which was experimentally investigated using differential scanning calorimetry.To further substantiate the hypothesis with experimental evidence, differential scanning calorimetry was used to investigate the presence of amorphous content as a result of milling. Figure 4 shows the change in specific heat of transition (ΔCp), which is directly proportional to the amount of amorphous content present in the sample, (42) as a function of milling cycles. The secondary axis of Figure 4 shows the dispersive component of the surface energy as a function of milling cycles. It is evident from Figure 4 that with increasing milling cycles, the amount of amorphous content detected in the milled sample increases as well.

Crystalline state has regular arrangement of its constituent molecules into fixed and rigid pattern known as lattice (43). It is well known that when crystalline particles are subjected to processing, the molecular order of crystalline material, particularly at the particle surface, is disrupted resulting in an amorphous phase. The amorphous form is a molecularly disordered form and hence is at a higher energy state. Considering this higher energy state of the amorphous form, it has been suggested that the amorphous forms possess higher surface energy compared to crystalline forms (44, 45). From the discussion and experimental evidences provided in this study, the amount of surface amorphous content increases with increasing milling cycles, resulting in an increase in the surface energy.  

The unconfined yield stress as a function of consolidation stress for mefenamic acid milled at different milling cycles (n=1, 3, …, 12) is shown in Figure 5. The calculated cohesion and angle of internal friction values are shown in Table 1, suggesting that cohesion also increases with increasing milling cycles. This can be attributed to changes in three particle properties due to milling; particle size/surface area, particle shape, and surface energy. Particle size and shape analysis using Morphologi G3s revealed that the mean arithmetic (number weighted) aspect ratio, calculated by dividing the width by the length, of particles post milling does not change as a function of milling cycles and remains similar for all milling cycles. However, the particle size reduces and surface area increases from 2 m2g-1 to 10 m2g-1 as milling cycle increases from 1 to 12. Increase in cohesion of milled mefenamic acid particles with increasing milling cycle can be attributed to the combined effect of surface area and surface energy.  Furthermore, it can be observed from Figure 5 that un-processed (un-milled) mefenamic acid crystals obtained from methanol has very low yield stress compared to cryo milled mefenamic acid. Surface area for un-processed (un-milled) mefenamic acid was an order of magnitude lower compared to that of cryo milled mefenamic acid after cycle-1. Very low surface area is postulated to be the cause of lower yield stress and lower cohesion for un-processed mefenamic acid.

Isolating the Effect of Surface Energy and Surface Area on Cohesion
Surfaces of silanised mefenamic acid were characterised using X-ray Photoelectron Spectroscopy, which confirms the presence of silane layer with methyl functional end group on the surface (Figures 6 and 7).  Figure 6(a) shows high resolution XPS survey spectra before and after silanisation. Peak detected approximately at 102 eV in the XPS spectrum of silanised mefenamic acid, was assigned to Si2p. This peak was absent in the XPS spectrum of unsilanised mefenamic acid. Two different peaks centred at 102.05 eV and 102.85 eV can be fitted in the deconvoluted Si2p high resolution spectrum (Figure 76(ab)).  The 102.05 eV peak can be assigned to Si-C, whereas the peak at 102.85 eV can be assigned to Si-O (46, 47). Presence of Si-O, suggests that Si is covalently bonded to the hydroxyl groups present on the mefenamic acid surface. As dichlorodimethylsilane ((Cl)2-Si-(CH3)2) is used as the silanisation agent, an equal area ratio of both the peaks Si-O and Si-C can be expected, to suggest that the silanisation is effective. Three different peaks centred at 531.99 eV, 532.57 eV and 533.64 eV can be fitted in high resolution spectrum of O1s which can be assigned to O-Si, O=C and OH-C (Figure 76(bc)) (46, 47). The presence of O-Si detected in the high resolution O1s spectrum points to the presence of the silane layer.  Reduction in the proportion of area ratio of OH-C, unaltered area proportions of O=C and detection of peak with O-Si functionality post silanisation suggests surface is silanised. Findings of O1s spectrum are complementary to findings of Si2p. Furthermore, the analysis of C1s high resolution spectrum can be used to complement the findings of Si2p and O1s high resolution spectra, however considering molecular structure of mefenamic acid presence of C-O, C-C (aromatic), C-C, C-N, C=O can be observed in C1s spectrum. Additional detection of C-Si, post silanisation, can provide confirmation of silanisation from C1s spectra.  C-C (aromatic) and C-Si has very close binding energies (284.7 eV for C-C(aromatic) and 284.3 eV for C-Si) and C-C(aromatic) has significantly higher presence in the spectra, considering that C-Si can only occur at the outer most molecular layer on the surface, it is very difficult to quantify presence of silane layer from C1s spectrum.

X-ray diffraction spectra were obtained before and after silanisation for mefenamic acid crystals milled at cryogenic milling temperature for one milling cycle to confirm that no polymorphic transformation has occurred during silanisation (Figure 87). The X-ray diffraction spectra of silanised and un-silanised mefenamic acid were compared with the mefenamic acid polymorphic form-I powder diffraction spectra published in the literature (48). Both silanised and unsilanised mefenamic acid powders were identified to be the polymorphic form-I.  


Effect of Surface Area on Cohesion
d heterogeneity profiles for silanised and unsilanised cryo-milled mefenamic acid samples are shown in Figure 98. Surface energy was found to decrease with increasing fractional surface coverage for milled mefenamic acid samples. Such behaviour is not visible for the corresponding silanised samples, suggesting that the surface was energetically homogenous. For milling cycle-12, d distributions displayed in Figure 98, show that d varied from 63.3 mJ/m2 at 0.7% surface coverage to 48.9 mJ/m2 at 10% surface coverage. For all silanised samples, d remains relatively constant (33.1±1.4 mJ/m2).  As a result of silanisation, the surface energy of the milled mefenamic acid material is found to be homogeneous and represents the coverage of particulate surface coverage with methyl functional end groups, which is in good agreement with the surface energy values published for the silanised surfaces with methyl functional end groups (16). Considering the homogeneous surface energy of post silanisation milled mefenamic acid, the only variable affecting powder cohesion is the surface area.  

Figure 10 9 shows unconfined yield stress measurements for silanised mefenamic acid. Comparing the sample prepared with a particular milling cycle/time and at a particular consolidation load, the yield stress is significantly lower for the silanised- mefenamic acid powders (Figure 109) compared to the unsilanised powders (Figure 5). The lower yield stress may be attributed to the reduction in the surface energy. Considering the thermodynamic work of cohesion, lower the surface energy lower the work of cohesion.  

It can be observed from the Table 1 that cohesion values for silanised mefenamic acid powders is lower compared to the unsilanised powders, however with increasing milling cycle/ time cohesion values  increase for unsilanised and silanised powders. Increase in the cohesion with increasing milling cycle for silanised samples can be attributed to the increase in surface area, as the surface energy for all silanised samples are similar and homogeneous.  

Figure 11 10 shows a linear correlation between cryo milled mefenamic acid, which increases in surface area and surface energy, and powder cohesion. Post-milling silanisation of mefenamic acid further revealed the specific contribution of surface area to powder cohesion, which is minimal as discussed above. The contribution of surface energy can therefore be isolated by considering the surface area component of cohesion (silanised cryo milled mefenamic acid) as a ratio of the total cohesion (original cryo milled mefenamic acid). This is done by converging the ratio of gradients of best-fit lines of silanised and unsilanised cryo milled mefenamic acid, as well as that of the y-intercept of two best-fit lines to the same value, then dividing the gradient of silanised cryo milled mefenamic acid line by the gradient of original cryo milled mefenamic acid line. The remainder would be part of the surface energy contribution. For cryo milled mefenamic acid, the contribution from surface energy on cohesion was found to be ~57%, whereas contribution from surface area was quantified to be ~43%.

For the model system studied, the surface chemistry and surface area of the system apparently make approximately 57% and 43% contributions to the cohesion i.e. when surface chemistry is eliminated as a factor in cohesion, the remaining cohesion can readily be predicted from the surface area of the system.  Such behaviour can be system specific as surface area and surface energy can be affected by the intrinsic properties of the material as well as processing parameters and observations made herein above can be different for each system and experimental conditions. However, the method reported in this study can be used to establish the contribution from surface area and surface energy on cohesion of pharmaceutical powders. Decoupling of the surface area and surface energy contribution will provide important information on which surface properties to control for controlling cohesion. Further, understanding on role of particle processing methods on surface properties enable particle engineering with desired surface properties to control cohesion, i.e. the engineering of particle shapes, either by selecting processing solvents or by crystallisation conditions, will lead to particles with desired surface properties and ultimately improved powder handling.

CONCLUSIONS
This study demonstrates the effect of cryo-milling on the surface energy of mefenamic acid.  Dispersive and acid base components of the surface energy were found to increase with increasing number of milling cycles, which was attributed to surface amorphisation of mefenamic crystals. Powder cohesion was also found to increase with increasing milling time due to the increase in surface energy as well as surface area. An approach to decouple the contribution of surface area and surface energy by silanisation of powders is presented. Surface energy of powders was “normalised” by silanisation and hence, cohesion of silanised powders can only be attributed to the contribution from surface area.  For mefenamic acid, the contribution of surface area and surface energy to cohesion is found to 43% and 57% respectively. The decoupling approach presented in this study provides insight into the role of particle surface properties on powder cohesion.
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ABBREVIATIONS
BET	Brunauer, Emmett, Teller model for calculating surface area from gas adsorption isotherms
iGC	Inverse gas chromatography
RH 	Relative humidity
SEA	Surface area analyser
SEM	Scanning electron microscopy
vOCG	van Oss, Chaudhury, Good method for calculation of acid-base surface energy
XPS	X-ray photoelectron spectroscopy
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Table I	Effect of silanisation on cohesion of mefenamic acid crystals obtained from methanol and milled at cryogenic temperature

	Mefenamic acid crystals obtained from methanol
	Cryogenic Milling (Unsilanised)
	Cryogenic Milling (Silanised)

	
	Cohesion (kPa)
	Angle of Internal Friction (o)
	Cohesion (kPa)
	Angle of Internal Friction (o)

	Un-processed 
	0.65 
	0.4 
	0.25
	0.2

	Milled-Cycle-1 
	18.65 
	3.4 
	10.27 
	1.3 

	Milled-Cycle-3 
	31.14 
	3.4 
	12.63
	1.5 

	Milled-Cycle-6 
	42.30 
	3.9 
	17.80 
	1.6 

	Milled-Cycle-9 
	45.79 
	3.9 
	19.88 
	1.8 

	Milled-Cycle-12 
	44.97 
	4.0 
	20.01 
	1.9 
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Figure 2	Acid-base surface energyγAB at three different fractional surface coverages (n/nm) for mefenamic acid crystals milled at cryogenic temperature.
Figure 3  	SEM Scanning Electron Microscopy (SEM) images of mefenamic acid (a) crystallised from methanol, (b) after cryogenic milling cycle-1, (c) after cryogenic milling cycle-3, (d) after cryogenic milling cycle-6, and (e) after cryogenic milling cycle-9.  (Low resolution images are presented in (x-i) and that of high resolution in (x-ii)).
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Figure 7	XPS high resolution (a) Si2p (b) O1s spectra for silanised mefenamic acid.

Figure 87	Powder X-ray diffraction patterns of milled mefenamic acid powders before and after silanisation, compared with powder X-ray diffraction patterns reported for form-I mefenamic acid.
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Figure 1110	Correlation of cohesion, measured using uni-axial compression test, as a function of surface area for silanised and unsilanised cryo milled mefenamic acid.
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Figure 1	Dispersive surface energyγd at three different fractional surface coverages (n/nm) for mefenamic acid crystals milled at cryogenic temperature. 
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Figure 2	Acid-base surface energyγAB at three different fractional surface coverages (n/nm) for mefenamic acid crystals milled at cryogenic temperature.
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Figure 3	Scanning Electron Microscopy SEM images of mefenamic acid (a) crystallised from methanol, (b) after cryogenic milling cycle-1, (c) after cryogenic milling cycle-3, (d) after cryogenic milling cycle-6, and (e) after cryogenic milling cycle-9.  (Low resolution images are presented in (x-i) and that of high resolution in (x-ii)).
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Figure 4		 Effect of milling time on Cp and dspecific heat of transition and dispersive surface energy of mefenamic acid.





Figure 5	 Unconfined yield stress measured using uni-axial compression test for mefenamic acid crystals obtained from methanol and milled at cryogenic temperatures (surface area values in m2/g are shown in the bracket).
Figure 5	 Unconfined yield stress measured using uni-axial compression test for mefenamic acid crystals obtained from methanol and milled at cryogenic temperatures.
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Figure 6	X-ray Photoelectron Spectroscopy spectra for mefenamic acid (a) survey spectra before and after silanisation, high resolution (b) Si2p and (c) O1s spectra for silanised mefenamic acid.
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Figure 6	XPS survey spectrum for mefenamic acid before and after silanisation. 
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Figure 7	XPS high resolution (a) Si2p (b) O1s spectra for silanised mefenamic acid.
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Figure 87	 Powder X-ray diffraction patterns of milled mefenamic acid powders before and after silanisation, compared with powder X-ray diffraction patterns reported for form-I mefenamic acid.







Figure 98	 Effect of silanisation on dispersive component of surface energy of mefenamic acid milled at cryogenic temperatures.






Figure 109	 Effect of silanisation on unconfined yield strength of mefenamic acid milled at cryogenic temperatures.
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Figure 1110	Correlation of cohesion, measured using uni-axial compression test, as a function of surface area for silanised and unsilanised cryo milled mefenamic acid.
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Counts (a.u.)

Silanised MA - Si2p Spectra	110.9	110.7	110.5	110.3	110.1	109.9	109.7	109.5	109.3	109.1	108.9	108.7	108.5	108.3	108.1	107.9	107.7	107.5	107.3	107.1	106.9	106.7	106.5	106.3	106.1	105.9	105.7	105.5	105.3	105.1	104.9	104.7	104.5	104.3	104.1	103.9	103.7	103.5	103.3	103.1	102.9	102.7	102.5	102.3	102.1	101.9	101.7	101.5	101.3	101.1	100.9	100.7	100.5	100.3	100.1	99.9	99.7	99.5	99.3	99.1	98.9	98.7	98.5	98.3	98.1	97.9	97.7	97.5	97.3	97.1	96.9	96.7	96.5	96.3	96.1	95.9	51.9769	48.5824	40.3497	40.1274	39.0138	32.3554	39.85169999999992	42.36920000000001	44.1266	37.3213	52.46910000000001	27.1244	34.4371	37.6442	28.84549999999988	50.8838	40.8325	51.4001	36.6338	38.2173	30.5611	31.1245	50.8785	41.78590000000001	40.2935000000002	42.61270000000001	32.1124	46.40940000000001	41.3841	39.29070000000017	44.6381000000002	38.8631	34.7342	75.31060000000002	72.8183	87.10559999999998	112.536	174.829	164.662	227.241	277.307	310.882	360.308	355.7169999999982	305.515	323.26	206.323	128.9520000000007	95.04860000000002	54.4048	41.4859	46.1109	39.07910000000001	38.8615	35.994	40.1794	39.0773	50.42820000000001	37.3213	48.64270000000001	40.8522	46.3242	46.76980000000001	33.627	41.4404	45.1255000000002	46.59780000000001	42.17330000000001	63.8705	51.63870000000016	37.2	24.5291	32.57850000000001	45.20390000000001	44.8832	44.70180000000001	Si-C	104.7	104.5	104.3	104.1	103.9	103.7	103.5	103.3	103.1	102.9	102.7	102.5	102.3	102.1	101.9	101.7	101.5	101.3	101.1	100.9	100.7	100.5	100.3	100.1	39.4118	39.4077	39.4017	39.39590000000001	39.4012	39.4841	39.9492	41.8243	47.97250000000001	64.5599	100.813	162.233	235.113	279.4949999999985	261.4709999999985	195.484	125.227	77.33579999999998	52.8917	42.9176	39.56390000000001	38.62200000000016	38.39890000000001	38.3536	Si-O	104.7	104.5	104.3	104.1	103.9	103.7	103.5	103.3	103.1	102.9	102.7	102.5	102.3	102.1	101.9	101.7	101.5	101.3	101.1	100.9	100.7	100.5	100.3	100.1	40.33510000000001	42.0185	46.1242	55.13310000000001	72.7843	103.269	148.608	204.194	255.544	282.346	271.6550000000003	228.757	172.557	121.308	83.9583	60.8881	48.42910000000001	42.4425	39.8624	38.8578	38.5032	38.3902	38.3571	38.3475	Background	104.7	104.5	104.3	104.1	103.9	103.7	103.5	103.3	103.1	102.9	102.7	102.5	102.3	102.1	101.9	101.7	101.5	101.3	101.1	100.9	100.7	100.5	100.3	100.1	39.4118	39.4077	39.4013	39.3924	39.3776	39.35169999999992	39.3187	39.27350000000001	39.21310000000001	39.13690000000001	39.0461	38.94	38.8276	38.7116	38.6038	38.5144	38.44560000000001	38.3967	38.3702	38.3563	38.3496	38.3474	38.3462	38.345	Envelope	110.9	110.7	110.5	110.3	110.1	109.9	109.7	109.5	109.3	109.1	108.9	108.7	108.5	108.3	108.1	107.9	107.7	107.5	107.3	107.1	106.9	106.7	106.5	106.3	106.1	105.9	105.7	105.5	105.3	105.1	104.9	104.7	104.5	104.3	104.1	103.9	103.7	103.5	103.3	103.1	102.9	102.7	102.5	102.3	102.1	101.9	101.7	101.5	101.3	101.1	100.9	100.7	100.5	100.3	100.1	99.9	99.7	99.5	99.3	99.1	98.9	98.7	98.5	98.3	98.1	97.9	97.7	97.5	97.3	97.1	96.9	96.7	96.5	96.3	96.1	95.9	51.9769	48.5824	40.3497	40.1274	39.0138	32.3554	39.85169999999992	42.36920000000001	44.1266	37.3213	52.46910000000001	27.1244	34.4371	37.6442	28.84549999999988	50.8838	40.8325	51.4001	36.6338	38.2173	30.5611	31.1245	50.8785	41.78590000000001	40.29360000000001	42.613	32.1137	46.4151	41.4075	39.3781	44.9356	40.33510000000001	42.0185	46.12470000000001	55.13670000000001	72.8079	103.401	149.238	206.745	264.3039999999995	307.769	333.4209999999986	352.05	368.8419999999996	362.0919999999982	306.825	217.8570000000007	135.21	81.3817	54.3839	43.419	39.7174	38.6648	38.4098	38.3561	40.1811	39.0775	50.42820000000001	37.3213	48.64270000000001	40.8522	46.3242	46.76980000000001	33.627	41.4404	45.1255000000002	46.59780000000001	42.17330000000001	63.8705	51.63870000000016	37.2	24.5291	32.57850000000001	45.20390000000001	44.8832	44.70180000000001	Binding Energy (eV)
Counts (a.u.)

Silanised MA - O1s Spectra	540.9	540.7	540.5	540.3	540.1	539.9	539.7	539.5	539.3	539.1	538.9	538.7	538.5	538.3	538.1	537.9	537.7	537.5	537.3	537.1	536.9	536.7	536.5	536.3	536.1	535.9	535.7	535.5	535.3	535.1	534.9	534.7	534.5	534.3	534.1	533.9	533.7	533.5	533.3	533.1	532.9	532.7	532.5	532.3	532.1	531.9	531.7	531.5	531.3	531.1	530.9	530.7	530.5	530.3	530.1	529.9	529.7	529.5	529.3	529.1	528.9	528.7	528.5	528.3	528.1	527.9	527.7	527.5	527.3	527.1	526.9	526.7	526.5	526.3	526.1	525.9	814.0579999999974	735.0119999999994	789.6519999999994	735.398	778.508	780.498	748.126	729.6980000000005	691.092	824.8289999999994	782.1980000000005	782.9669999999974	830.98	793.9329999999974	775.571	734.324	754.268	769.5790000000005	802.253	759.9379999999974	771.0669999999974	836.1519999999994	782.033	856.3109999999979	822.9369999999974	804.3499999999979	775.481	846.9669999999974	847.8649999999974	966.8339999999994	1073.92	1229.56	1355.15	1600.8	1845.99	2013.44	2288.84	2503.850000000002	2570.350000000002	2866.65	3028.74	3304.04	3259.96	3144.74	2670.8	2187.36	1774.85	1353.26	1049.49	876.872	854.226	707.5679999999974	743.3609999999974	631.5609999999979	631.7080000000005	604.875	719.109	657.5	695.039	681.112	659.2750000000005	658.2040000000005	637.9419999999974	617.384	669.0649999999994	669.734	677.494	654.8309999999979	630.54	649.904	651.023	632.2840000000035	679.159	650.3219999999974	675.0509999999994	601.47	O-Si	535.7	535.5	535.3	535.1	534.9	534.7	534.5	534.3	534.1	533.9	533.7	533.5	533.3	533.1	532.9	532.7	532.5	532.3	532.1	531.9	531.7	531.5	531.3	531.1	530.9	530.7	530.5	530.3	530.1	529.9	808.9329999999974	808.7940000000005	808.4519999999974	807.8669999999961	806.768	805.095	802.585	799.1369999999994	794.8329999999974	789.984	785.6469999999994	784.664	792.2030000000005	816.974	870.3449999999979	961.639	1086.98	1218.0	1302.99	1296.55	1196.87	1047.87	902.64	792.2780000000035	722.2840000000035	683.725	664.9419999999974	656.736	653.5319999999994	652.3659999999974	O=C	535.7	535.5	535.3	535.1	534.9	534.7	534.5	534.3	534.1	533.9	533.7	533.5	533.3	533.1	532.9	532.7	532.5	532.3	532.1	531.9	531.7	531.5	531.3	531.1	530.9	530.7	530.5	530.3	530.1	529.9	808.9419999999974	808.8309999999979	808.5890000000005	808.3349999999979	808.245	809.4059999999994	814.22	828.1800000000005	861.8079999999974	932.408	1064.04	1282.22	1598.63	1988.27	2370.75	2623.74	2643.46	2416.66	2030.5	1610.99	1252.93	994.701	831.2519999999994	738.415	690.596	667.9619999999974	658.096	654.101	652.626	652.087	OH-C	535.7	535.5	535.3	535.1	534.9	534.7	534.5	534.3	534.1	533.9	533.7	533.5	533.3	533.1	532.9	532.7	532.5	532.3	532.1	531.9	531.7	531.5	531.3	531.1	530.9	530.7	530.5	530.3	530.1	529.9	823.029	838.3249999999994	866.8	916.4529999999974	996.705	1116.37	1278.34	1473.19	1673.64	1836.07	1914.38	1882.05	1746.77	1546.15	1327.55	1128.7	968.9669999999974	852.2930000000035	773.0369999999979	722.303	691.3599999999974	673.384	663.314	657.7790000000035	654.903	653.3679999999936	652.5780000000005	652.172	652.0019999999994	651.9	Background	535.7	535.5	535.3	535.1	534.9	534.7	534.5	534.3	534.1	533.9	533.7	533.5	533.3	533.1	532.9	532.7	532.5	532.3	532.1	531.9	531.7	531.5	531.3	531.1	530.9	530.7	530.5	530.3	530.1	529.9	808.9329999999974	808.7940000000005	808.4519999999974	807.8659999999974	806.766	805.0890000000005	802.5559999999994	799.021	794.4109999999994	788.587	781.4399999999994	773.1669999999979	763.7030000000005	753.049	741.1990000000005	728.4369999999974	714.9640000000001	701.64	689.1930000000005	678.399	669.692	663.2940000000005	658.879	655.9379999999974	654.182	653.101	652.485	652.141	651.992	651.8969999999994	Envelope	540.9	540.7	540.5	540.3	540.1	539.9	539.7	539.5	539.3	539.1	538.9	538.7	538.5	538.3	538.1	537.9	537.7	537.5	537.3	537.1	536.9	536.7	536.5	536.3	536.1	535.9	535.7	535.5	535.3	535.1	534.9	534.7	534.5	534.3	534.1	533.9	533.7	533.5	533.3	533.1	532.9	532.7	532.5	532.3	532.1	531.9	531.7	531.5	531.3	531.1	530.9	530.7	530.5	530.3	530.1	529.9	529.7	529.5	529.3	529.1	528.9	528.7	528.5	528.3	528.1	527.9	527.7	527.5	527.3	527.1	526.9	526.7	526.5	526.3	526.1	525.9	814.0579999999974	735.0119999999994	789.6519999999994	735.398	778.508	780.498	748.126	729.6980000000005	691.092	824.8289999999994	782.1980000000005	782.9669999999974	830.98	793.9329999999974	775.571	734.324	754.269	769.581	802.258	759.9539999999994	771.117	836.2990000000005	782.444	857.396	825.639	810.7030000000005	823.039	838.3619999999963	866.9379999999974	916.9219999999979	998.1850000000005	1120.69	1290.03	1502.46	1741.46	1981.29	2201.18	2402.6	2610.2	2845.3	3086.25	3257.21	3269.48	3083.67	2728.15	2273.05	1801.77	1389.36	1079.45	876.596	759.4209999999994	698.8539999999994	670.646	658.727	654.1750000000005	652.5579999999974	719.292	657.5459999999994	695.049	681.114	659.2750000000005	658.2040000000005	637.9419999999974	617.384	669.0649999999994	669.734	677.494	654.8309999999979	630.54	649.904	651.023	632.2840000000035	679.159	650.3219999999974	675.0509999999994	601.47	Binding Energy (eV)
Counts (a.u.)
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Counts (a.u.)

Silanised MA - Si2p Spectra	110.9	110.7	110.5	110.3	110.1	109.9	109.7	109.5	109.3	109.1	108.9	108.7	108.5	108.3	108.1	107.9	107.7	107.5	107.3	107.1	106.9	106.7	106.5	106.3	106.1	105.9	105.7	105.5	105.3	105.1	104.9	104.7	104.5	104.3	104.1	103.9	103.7	103.5	103.3	103.1	102.9	102.7	102.5	102.3	102.1	101.9	101.7	101.5	101.3	101.1	100.9	100.7	100.5	100.3	100.1	99.9	99.7	99.5	99.3	99.1	98.9	98.7	98.5	98.3	98.1	97.9	97.7	97.5	97.3	97.1	96.9	96.7	96.5	96.3	96.1	95.9	51.9769	48.5824	40.3497	40.1274	39.0138	32.3554	39.85169999999992	42.36920000000001	44.1266	37.3213	52.46910000000001	27.1244	34.4371	37.6442	28.84549999999988	50.8838	40.8325	51.4001	36.6338	38.2173	30.5611	31.1245	50.8785	41.78590000000001	40.2935000000002	42.61270000000001	32.1124	46.40940000000001	41.3841	39.29070000000017	44.6381000000002	38.8631	34.7342	75.31060000000002	72.8183	87.10559999999998	112.536	174.829	164.662	227.241	277.307	310.882	360.308	355.7169999999982	305.515	323.26	206.323	128.9520000000007	95.04860000000002	54.4048	41.4859	46.1109	39.07910000000001	38.8615	35.994	40.1794	39.0773	50.42820000000001	37.3213	48.64270000000001	40.8522	46.3242	46.76980000000001	33.627	41.4404	45.1255000000002	46.59780000000001	42.17330000000001	63.8705	51.63870000000016	37.2	24.5291	32.57850000000001	45.20390000000001	44.8832	44.70180000000001	Si-C	104.7	104.5	104.3	104.1	103.9	103.7	103.5	103.3	103.1	102.9	102.7	102.5	102.3	102.1	101.9	101.7	101.5	101.3	101.1	100.9	100.7	100.5	100.3	100.1	39.4118	39.4077	39.4017	39.39590000000001	39.4012	39.4841	39.9492	41.8243	47.97250000000001	64.5599	100.813	162.233	235.113	279.4949999999985	261.4709999999985	195.484	125.227	77.33579999999998	52.8917	42.9176	39.56390000000001	38.62200000000016	38.39890000000001	38.3536	Si-O	104.7	104.5	104.3	104.1	103.9	103.7	103.5	103.3	103.1	102.9	102.7	102.5	102.3	102.1	101.9	101.7	101.5	101.3	101.1	100.9	100.7	100.5	100.3	100.1	40.33510000000001	42.0185	46.1242	55.13310000000001	72.7843	103.269	148.608	204.194	255.544	282.346	271.6550000000003	228.757	172.557	121.308	83.9583	60.8881	48.42910000000001	42.4425	39.8624	38.8578	38.5032	38.3902	38.3571	38.3475	Background	104.7	104.5	104.3	104.1	103.9	103.7	103.5	103.3	103.1	102.9	102.7	102.5	102.3	102.1	101.9	101.7	101.5	101.3	101.1	100.9	100.7	100.5	100.3	100.1	39.4118	39.4077	39.4013	39.3924	39.3776	39.35169999999992	39.3187	39.27350000000001	39.21310000000001	39.13690000000001	39.0461	38.94	38.8276	38.7116	38.6038	38.5144	38.44560000000001	38.3967	38.3702	38.3563	38.3496	38.3474	38.3462	38.345	Envelope	110.9	110.7	110.5	110.3	110.1	109.9	109.7	109.5	109.3	109.1	108.9	108.7	108.5	108.3	108.1	107.9	107.7	107.5	107.3	107.1	106.9	106.7	106.5	106.3	106.1	105.9	105.7	105.5	105.3	105.1	104.9	104.7	104.5	104.3	104.1	103.9	103.7	103.5	103.3	103.1	102.9	102.7	102.5	102.3	102.1	101.9	101.7	101.5	101.3	101.1	100.9	100.7	100.5	100.3	100.1	99.9	99.7	99.5	99.3	99.1	98.9	98.7	98.5	98.3	98.1	97.9	97.7	97.5	97.3	97.1	96.9	96.7	96.5	96.3	96.1	95.9	51.9769	48.5824	40.3497	40.1274	39.0138	32.3554	39.85169999999992	42.36920000000001	44.1266	37.3213	52.46910000000001	27.1244	34.4371	37.6442	28.84549999999988	50.8838	40.8325	51.4001	36.6338	38.2173	30.5611	31.1245	50.8785	41.78590000000001	40.29360000000001	42.613	32.1137	46.4151	41.4075	39.3781	44.9356	40.33510000000001	42.0185	46.12470000000001	55.13670000000001	72.8079	103.401	149.238	206.745	264.3039999999995	307.769	333.4209999999986	352.05	368.8419999999996	362.0919999999982	306.825	217.8570000000007	135.21	81.3817	54.3839	43.419	39.7174	38.6648	38.4098	38.3561	40.1811	39.0775	50.42820000000001	37.3213	48.64270000000001	40.8522	46.3242	46.76980000000001	33.627	41.4404	45.1255000000002	46.59780000000001	42.17330000000001	63.8705	51.63870000000016	37.2	24.5291	32.57850000000001	45.20390000000001	44.8832	44.70180000000001	Binding Energy (eV)
Counts (a.u.)

Silanised MA - O1s Spectra	540.9	540.7	540.5	540.3	540.1	539.9	539.7	539.5	539.3	539.1	538.9	538.7	538.5	538.3	538.1	537.9	537.7	537.5	537.3	537.1	536.9	536.7	536.5	536.3	536.1	535.9	535.7	535.5	535.3	535.1	534.9	534.7	534.5	534.3	534.1	533.9	533.7	533.5	533.3	533.1	532.9	532.7	532.5	532.3	532.1	531.9	531.7	531.5	531.3	531.1	530.9	530.7	530.5	530.3	530.1	529.9	529.7	529.5	529.3	529.1	528.9	528.7	528.5	528.3	528.1	527.9	527.7	527.5	527.3	527.1	526.9	526.7	526.5	526.3	526.1	525.9	814.0579999999974	735.0119999999994	789.6519999999994	735.398	778.508	780.498	748.126	729.6980000000005	691.092	824.8289999999994	782.1980000000005	782.9669999999974	830.98	793.9329999999974	775.571	734.324	754.268	769.5790000000005	802.253	759.9379999999974	771.0669999999974	836.1519999999994	782.033	856.3109999999979	822.9369999999974	804.3499999999979	775.481	846.9669999999974	847.8649999999974	966.8339999999994	1073.92	1229.56	1355.15	1600.8	1845.99	2013.44	2288.84	2503.850000000002	2570.350000000002	2866.65	3028.74	3304.04	3259.96	3144.74	2670.8	2187.36	1774.85	1353.26	1049.49	876.872	854.226	707.5679999999974	743.3609999999974	631.5609999999979	631.7080000000005	604.875	719.109	657.5	695.039	681.112	659.2750000000005	658.2040000000005	637.9419999999974	617.384	669.0649999999994	669.734	677.494	654.8309999999979	630.54	649.904	651.023	632.2840000000035	679.159	650.3219999999974	675.0509999999994	601.47	O-Si	535.7	535.5	535.3	535.1	534.9	534.7	534.5	534.3	534.1	533.9	533.7	533.5	533.3	533.1	532.9	532.7	532.5	532.3	532.1	531.9	531.7	531.5	531.3	531.1	530.9	530.7	530.5	530.3	530.1	529.9	808.9329999999974	808.7940000000005	808.4519999999974	807.8669999999968	806.768	805.095	802.585	799.1369999999994	794.8329999999974	789.984	785.6469999999994	784.664	792.2030000000005	816.974	870.3449999999979	961.639	1086.98	1218.0	1302.99	1296.55	1196.87	1047.87	902.64	792.2780000000035	722.2840000000035	683.725	664.9419999999974	656.736	653.5319999999994	652.3659999999974	O=C	535.7	535.5	535.3	535.1	534.9	534.7	534.5	534.3	534.1	533.9	533.7	533.5	533.3	533.1	532.9	532.7	532.5	532.3	532.1	531.9	531.7	531.5	531.3	531.1	530.9	530.7	530.5	530.3	530.1	529.9	808.9419999999974	808.8309999999979	808.5890000000005	808.3349999999979	808.245	809.4059999999994	814.22	828.1800000000005	861.8079999999974	932.408	1064.04	1282.22	1598.63	1988.27	2370.75	2623.74	2643.46	2416.66	2030.5	1610.99	1252.93	994.701	831.2519999999994	738.415	690.596	667.9619999999974	658.096	654.101	652.626	652.087	OH-C	535.7	535.5	535.3	535.1	534.9	534.7	534.5	534.3	534.1	533.9	533.7	533.5	533.3	533.1	532.9	532.7	532.5	532.3	532.1	531.9	531.7	531.5	531.3	531.1	530.9	530.7	530.5	530.3	530.1	529.9	823.029	838.3249999999994	866.8	916.4529999999974	996.705	1116.37	1278.34	1473.19	1673.64	1836.07	1914.38	1882.05	1746.77	1546.15	1327.55	1128.7	968.9669999999974	852.2930000000035	773.0369999999979	722.303	691.3599999999974	673.384	663.314	657.7790000000035	654.903	653.3679999999946	652.5780000000005	652.172	652.0019999999994	651.9	Background	535.7	535.5	535.3	535.1	534.9	534.7	534.5	534.3	534.1	533.9	533.7	533.5	533.3	533.1	532.9	532.7	532.5	532.3	532.1	531.9	531.7	531.5	531.3	531.1	530.9	530.7	530.5	530.3	530.1	529.9	808.9329999999974	808.7940000000005	808.4519999999974	807.8659999999974	806.766	805.0890000000005	802.5559999999994	799.021	794.4109999999994	788.587	781.4399999999994	773.1669999999979	763.7030000000005	753.049	741.1990000000005	728.4369999999974	714.9640000000001	701.64	689.1930000000005	678.399	669.692	663.2940000000005	658.879	655.9379999999974	654.182	653.101	652.485	652.141	651.992	651.8969999999994	Envelope	540.9	540.7	540.5	540.3	540.1	539.9	539.7	539.5	539.3	539.1	538.9	538.7	538.5	538.3	538.1	537.9	537.7	537.5	537.3	537.1	536.9	536.7	536.5	536.3	536.1	535.9	535.7	535.5	535.3	535.1	534.9	534.7	534.5	534.3	534.1	533.9	533.7	533.5	533.3	533.1	532.9	532.7	532.5	532.3	532.1	531.9	531.7	531.5	531.3	531.1	530.9	530.7	530.5	530.3	530.1	529.9	529.7	529.5	529.3	529.1	528.9	528.7	528.5	528.3	528.1	527.9	527.7	527.5	527.3	527.1	526.9	526.7	526.5	526.3	526.1	525.9	814.0579999999974	735.0119999999994	789.6519999999994	735.398	778.508	780.498	748.126	729.6980000000005	691.092	824.8289999999994	782.1980000000005	782.9669999999974	830.98	793.9329999999974	775.571	734.324	754.269	769.581	802.258	759.9539999999994	771.117	836.2990000000005	782.444	857.396	825.639	810.7030000000005	823.039	838.3619999999969	866.9379999999974	916.9219999999979	998.1850000000005	1120.69	1290.03	1502.46	1741.46	1981.29	2201.18	2402.6	2610.2	2845.3	3086.25	3257.21	3269.48	3083.67	2728.15	2273.05	1801.77	1389.36	1079.45	876.596	759.4209999999994	698.8539999999994	670.646	658.727	654.1750000000005	652.5579999999974	719.292	657.5459999999994	695.049	681.114	659.2750000000005	658.2040000000005	637.9419999999974	617.384	669.0649999999994	669.734	677.494	654.8309999999979	630.54	649.904	651.023	632.2840000000035	679.159	650.3219999999974	675.0509999999994	601.47	Binding Energy (eV)
Counts (a.u.)
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Linear Intensity (a.u.)



MA-Un-Processed	0.00700000000000001	0.01	0.02	0.03	0.04	0.05	0.06	0.07	0.08	0.09	0.1	50.34	49.66000000000001	49.03	48.46666666666592	47.93	47.83000000000001	47.20333333333336	46.61666666666584	46.59666666666595	46.5566666666657	46.37	MA-Cryo Milled-Cycle-1	0.00700000000000001	0.01	0.02	0.03	0.04	0.05	0.06	0.07	0.08	0.09	0.1	54.64	53.27	50.16000000000001	47.85	46.4	45.28	44.78	44.1	43.34	42.11	40.67	MA-Cryo Milled-Cycle-3	0.00700000000000001	0.01	0.02	0.03	0.04	0.05	0.06	0.07	0.08	0.09	0.1	55.29000000000001	54.38	51.97	49.99	48.94	48.02	47.32	46.66000000000001	46.2	46.41	43.63	MA-Cryo Milled-Cycle-6	0.00700000000000001	0.01	0.02	0.03	0.04	0.05	0.06	0.07	0.08	0.09	0.1	58.87	57.66000000000001	55.6	54.03	52.3	51.74	51.32	50.78	49.97	48.8	47.58	MA-Cryo Milled-Cycle-9	0.00700000000000001	0.01	0.02	0.03	0.04	0.05	0.06	0.07	0.08	0.09	0.1	63.93	63.0	60.38	56.64	55.96	55.25	54.28	52.88	51.57	49.82	47.99	MA-Cryo Milled-Cycle-12	0.00700000000000001	0.01	0.02	0.03	0.04	0.05	0.06	0.07	0.08	0.09	0.1	63.28	60.99	58.19000000000001	57.42	56.35	53.02	52.24	51.04	50.33	49.62000000000001	48.85	MA-Cryo Milled-Cycle-1-Silanised	0.00700000000000001	0.01	0.02	0.03	0.04	0.05	0.06	0.07	0.08	0.09	0.1	32.65	32.80000000000001	32.72000000000001	32.59	32.34	31.93999999999999	31.87	31.84	31.8	31.69	31.58	MA-Cryo Milled-Cycle-3-Silanised	0.00700000000000001	0.01	0.02	0.03	0.04	0.05	0.06	0.07	0.08	0.09	0.1	33.31	33.57	33.46	33.74	32.51	32.74	32.79000000000001	32.75	32.79000000000001	32.82	32.9	MA-Cryo Milled-Cycle-6-Silanised	0.00700000000000001	0.01	0.02	0.03	0.04	0.05	0.06	0.07	0.08	0.09	0.1	35.42	36.38	35.09	35.09	34.56	35.19000000000001	35.51	34.85	34.62000000000001	34.5	34.43	MA-Cryo Milled-Cycle-9-Silanised	0.00700000000000001	0.01	0.02	0.03	0.04	0.05	0.06	0.07	0.08	0.09	0.1	33.36	33.24	33.13	32.97	32.36	32.4	32.35	31.86	30.65000000000003	29.58	28.62	MA-Cryo Milled-Cycle-12-Silanised	0.00700000000000001	0.01	0.02	0.03	0.04	0.05	0.06	0.07	0.08	0.09	0.1	34.23000000000001	33.98	33.61	33.21	32.99	33.05	33.12000000000001	32.91	32.84	32.61	32.91	Fractional surface Coverage (n/nm) (-)

Dispersive Surface Energy (γd) (mJ/m2)



MA-Un-Processed-Silanised	1530.61	2040.82	2551.02	6.18	8.99	10.3	MA-Cryo Milled-Cycle-1-Silanised	2.04	2.04	5.609999999999998	2.04	2.04	5.609999999999998	510.2	1020.41	2040.82	19.98999999999986	37.2	56.65	MA-Cryo Milled-Cycle-3-Silanised	1.02	2.04	2.55	1.02	2.04	2.55	510.2	1020.41	2040.82	24.11000000000003	40.72000000000001	63.68	MA-Cryo Milled-Cycle-6-Silanised	2.55	3.57	5.1	2.55	3.57	5.1	510.2	1020.41	2040.82	31.85	48.04	76.13	MA-Cryo Milled-Cycle-9-Silanised	510.2	1020.41	2040.82	35.84	52.11	84.04	MA-Cryo Milled-Cycle-12-Silanised	2.55	5.609999999999998	4.08	2.55	5.609999999999998	4.08	510.2	1020.41	2040.82	35.63	54.36	85.62	Cosolidation Stress (kPa)
Unconfined Yield Stress (kPa)


MA-Cryo Milled-Unsilanised	2.14	4.859999999999998	8.81	9.26	8.74	18.65	31.14	42.3	45.79000000000001	44.97	MA-Cryo Milled-Silanised	2.14	4.859999999999998	8.81	9.26	8.74	10.27	12.63	17.8	19.88	20.01000000000001	Specific Surface Area (m2/g)
Cohesion (kPa)
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