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ARTICLE INFO ABSTRACT
Keywords: The tendency of ibuprofen to sublimate can undermine content uniformity and cause caking during storage,
Ibuprofen sublimation resulting in significant economic losses. While previous studies have predominantly investigated typical evap-

Particle morphology
Crystallisation solvents
Surface energy

Thermal analysis (TGA, DVS)
Pharmaceutical stability

oration under vacuum, the solvent-mediated relationship between crystal structure, sublimation kinetics and
thermodynamics under practical conditions remains unclear. This study aimed to determine how crystallisation
solvent governs ibuprofen sublimation under ambient pressure and sub-melting temperatures, independent of
particle size, by linking crystal structure and morphology to sublimation behaviour. Ibuprofen was recrystallised
from hexane, acetonitrile, ethanol and methanol, with composition and structure verified using FTIR and PXRD.
SEM and particle size analysis quantified morphology and surface area, while sublimation kinetics were
measured by TGA and DVS under storage-relevant conditions and subsequently enthalpy of sublimation and
change in vapour pressure by temperature were estimated. It was found that polar-solvent crystals have higher
surface energy and faster sublimation, while non-polar-solvent crystals were more stable and slower sublimation.
The obtained enthalpy of sublimation was lower for polar-solvent samples and estimated change in vapour
pressure by temperature aligned with literature trends. Overall, crystallisation solvent is a critical determinant of
ibuprofen sublimation under storage-relevant conditions, influencing plane orientation, crystallinity and
morphology. Polar solvents promote faster dissolution and potentially enhanced therapeutic performance but
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increase sublimation risk, whereas non-polar solvents improve storage stability at the expense of dissolution rate.
These findings provide practical guidance for optimising solvent selection to balance pharmaceutical perfor-
mance, stability and manufacturing efficiency.

1. Introduction

Ibuprofen is a widely used nonsteroidal anti-inflammatory drug
(NSAID) indicated for the treatment of inflammation, pain and fever [1].
Given its ubiquitous use, global production of ibuprofen powder exceeds
5000 metric tons per year, approximately 10 % of global active phar-
maceutical ingredient (API) demand [2]. The physical characteristics of
pharmaceutical powders such as thermal stability, polymorphic form,
flowability, compressibility, dissolution behaviour and particle size and
shape play crucial roles in manufacturing and processing. These prop-
erties directly influence medicine production processes such as the
tableting, by significantly affecting dosage uniformity and the conse-
quent therapeutic efficacy [3]. Powder flowability, agglomeration, and
uneven component distribution can lead to segregation and lump for-
mation, hindering flow and dosing and causing variability in tablet
weight and content uniformity [4]. Understanding and controlling these
parameters are essential for the handling and manufacturability of
pharmaceutical powders.

Ibuprofen is a white crystalline powder with the molecular formula
C13H1802, a molecular weight of 206.27 g/mol and a melting point of
75-77 °C [5]. The molecule contains a chiral carbon at the a-position
adjacent to the carboxyl group. Commercial ibuprofen is typically the
racemate, RS-(+)-ibuprofen, comprising the enantiomers S-
(+)-ibuprofen and R-(—)-ibuprofen. The pure S-enantiomer exhibits
higher pharmacological efficacy than the racemate [6]; it also has a
significantly lower melting point, greater solubility, a higher dissolution
rate and a different crystal structure [7].

The thermal properties of ibuprofen were first documented in 1990.
Differential scanning calorimetry (DSC) showed that both the degree of
crystallinity and the crystallisation solvent influence the material’s
melting point [8]. Standard melting-point measurements further
demonstrated that ibuprofen crystallised from media such as glycerine,
diethylene glycol, propylene glycol and polyethylene glycol (PEG) 3000
or 4000 exhibits melting-point variation attributable to differences in
crystal habit [9]. Romero et al. proposed that the stereochemical
configuration of ibuprofen affects its crystal structure and physical
properties; specifically, (+)-ibuprofen displayed a lower melting point
than the racemate [10,11]. Consistent with these observations, Dwivedi
et al. reported that the (+) and (—) isomers melt at 46-54 °C, markedly
below the racemate’s 76-78 °C [12].

Lerdkanchanaporn and Dollimore [13] evaluated the thermal sta-
bility of ibuprofen under isothermal conditions. They reported that
ibuprofen volatilises between its melting and boiling points, with a
surface-controlled evaporation process. The evaporation activation en-
ergy (E,) was estimated at ~81.8-87.0 kJ/mol which is approximately
double the enthalpy of vaporisation (AH_vap) predicted via Trouton’s
rule. This discrepancy suggests that ibuprofen forms dimers in the liquid
state that dissociate into monomers in the vapour phase.

Xu et al. [14] addressed gaps in existing data by using adiabatic
calorimetry to obtain precise heat-capacity measurements, identify
phase transitions and derive thermodynamic functions, thereby clari-
fying the thermal properties and evaporation kinetics of ibuprofen. They
reported a melting point of 74.87 °C and an evaporation activation en-
ergy of 80.3 + 1.4 kJ/mol. Evaporation begins at approximately
186.85 °C, with the maximum rate observed at 254.85 °C. The process
follows zero-order kinetics, as evidenced by linear mass-loss rates, which
is consistent with previous studies. The high activation energy helps
explain ibuprofen’s stability under typical storage conditions, while also
highlighting risks at elevated temperatures.

Later, Tita et al. [15,16] examined the thermal degradation and

stability of ibuprofen under both non-isothermal and isothermal con-
ditions, using methodologies that adhered to modern standards (ICTAC
protocol, 2000) to address limitations of earlier single-rate studies. DSC
confirmed a melting point consistent with literature values (75-78 °C),
with complete melting at ~79 °C. Although increasing heating rates
shifted thermal curves to higher temperatures, the melting process itself
was largely unaffected. Melting was followed by decomposition, with
subsequent evaporation of volatile products. Decomposition occurred
between 180 and 300 °C, with a peak temperature (T_max) of ~282 °C,
ending in complete mass loss and proceeded as a single, well-defined
step. B. Tita et al. further analysed the kinetic parameters of ibupro-
fen’s thermal decomposition and established a first-order mechanism,
determining E,, reaction order (n), and pre-exponential factor (A). Ki-
netic parameters derived under isothermal and non-isothermal condi-
tions were consistent.

Sublimation is a fundamental thermodynamic phase transition in
which a solid converts directly to a gas without passing through the
liquid state. The process is governed by temperature and pressure and
typically occurs below a substance’s triple point (the unique condition at
which solid, liquid, and gas phases coexist). Sublimation is generally
endothermic, requiring sufficient energy to overcome intermolecular
forces within the solid lattice. The enthalpy of sublimation is the energy
required to transform one mole of a substance directly from the solid to
the gaseous phase at constant temperature and pressure. Sublimation
can be quantified by various methods with different considerations.
Vapour-pressure techniques (Knudsen/torsion effusion, transpiration)
provide equilibrium pressures and, via Clausius—Clapeyron relation,
robust sublimation enthalpy can be determined. This is excellent for
moderately volatile, thermally stable solids but they require true equi-
librium and leak-free setups [17,18]. Calorimetry (DSC, isothermal
calorimetry) measures heat flow directly and yields sublimation
enthalpy without absolute pressures, but can conflict sublimation with
concurrent processes (softening, polymorphic transitions) unless base-
lines and reference are rigorously controlled [19]. Mass-loss approaches,
such as thermogravimetric analysis (TGA), quartz crystal microbalance
(QCM) and temperature-programmed desorption, offer sensitive rates
and kinetics but may be transport-limited and often need calibration to
relate rates to absolute vapour pressures [20]. Molecular-beam and
mass-spectrometric effusion add species selectivity, resolving stoichi-
ometry and decomposition products, at the cost of more complex
instrumentation [21]. In practice, vapour-pressure/effusion methods
are preferred for equilibrium sublimation enthalpy; calorimetry offers a
direct energetic cross-check; and TGA/QCM methods are ideal for
studying rate laws, activation energies and materials where surfaces,
morphology or impurities strongly modulate sublimation. Careful con-
trol of temperature gradients, surface area and sample history (poly-
morph, crystal size, residual solvent) is critical across all methods to
avoid kinetic artefacts masked as thermodynamics.

Freeze-drying (lyophilisation) during primary drying is controlled by
coupled processes(heat and mass transfer) as the sublimation front
moves through the porous cake and vapour escapes to the chamber.
Classical, conduction-limited models with constant properties often
under-predict drying rates and overlook practical constraints. Chaur-
asiya et al. instead used conduction-convection models that resolve
vapour flow and evolving thermal behaviour, giving more accurate
process-kinetics predictions and a robust sublimation-limit curve that
defines a safe operating window [22-25,26]. The work shows that gas-
phase convection and temperature-dependent transport properties can
substantially speed up lyophilisation when combined with targeted in-
ternal heating, provided pressure limits are respected. Conversely, a
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higher vapour heat capacity introduces thermal inertia that slows the
sublimation front, while increased permeability within the samples at
higher temperatures eases vapour removal and shifts mass-transfer
resistance. Boundary heat losses and vial-edge effects further modulate
drying rates.

The vapour pressure of ibuprofen was first reported by Ertel et al.
[27] using the Knudsen effusion method to derive the enthalpy of sub-
limation for the racemate. Later, Perlovich et al. [28] employed the
transpiration method to measure the vapour pressures of S-ibuprofen
and the racemate and to calculate their sublimation enthalpies. The
racemate exhibits a higher enthalpy of sublimation (115.8 kJ/mol) than
the S-enantiomer (107.4 kJ/mol), indicating stronger intermolecular
interactions and greater solid-state stability consistent with more effi-
cient packing and hydrogen-bonding symmetry. Entropy plays only a
minor role in the sublimation process as the process was mainly (62 %)
enthalpy-driven for both forms. However, there is a small difference of 5
(kJ/mol) in the sublimation enthalpy for the racemate compound from
both studies. Bellec and Guillemin [29] exploited the difference in
vapour pressures between S-ibuprofen and the racemate to purify
enantiomerically enriched samples. Sublimation was performed at
35-45 °C under reduced pressure (0.1 mbar) for ~16 h, during which the
mass change was ~5-10 mg (x~0.5-1 %). Starting from a solid with a low
initial enantiomeric excess (ee) of ~10 %, sublimation yielded a subli-
mate with an ee near 85 %. These results indicate that sublimation can
be an efficient method for isolating a high-purity single enantiomer
when carried out at sub-melting temperatures and reduced pressure.

More recently Lin et al. [30], took advantage of ibuprofen’s tendency
to sublime under mild conditions prepare ibuprofen-nicotinamide coc-
rystals via vapour-phase crystallisation. Ibuprofen was sublimed at 65 °C
under low pressure (10 Pa). The study identified 65 °C as the optimal
sublimation temperature: powder X-ray diffraction (PXRD) and Fourier-
transform infrared spectroscopy (FTIR) showed that above this tem-
perature the ibuprofen crystal lattice begins to disrupt and substantially
higher temperatures risk thermal decomposition. Accordingly, a subli-
mation temperature of 65 °C provides efficient vapour production
without compromising crystal integrity. By contrast, unintended subli-
mation in large-scale powder manufacturing can cause a myriad of
quality issues and significant economic losses by introducing variability
into the process. Temperature and pressure strongly influence subli-
mation kinetics. When these parameters are not tightly controlled at
scale, variable sublimation rates can arise, leading to batch-to-batch
variability and potential quality defects [31].

As ibuprofen has low melting point (=75 °C) its more susceptibility
to sublimation under thermal-stress environment (e.g. in hot-melt
extrusion) meaning even minor sublimation at elevated temperatures
reduces yield making it a critical economic concern in large-scale pro-
duction [32]. The design of equipment is also important because large-
scale systems may struggle to maintain a uniform control over pressure
and temperature, exacerbating the sublimation risks compared to lab-
scale setups [33].

Sublimation can also alter the physicochemical properties of an API,
including dissolution rate, flowability, and compressibility. These
properties are critical for consistent drug performance and manufac-
turability. For example, sublimation-induced changes in particle size
and density can impair powder flow during tablet manufacture, leading
to process inconsistency and making batch-to-batch uniformity difficult
to maintain [31,34,35]. The main issue caused by sublimation is the
unintended loss of the active ingredient, resulting in reduced potency
and potential non-compliance with dosage specifications. To mitigate
this, formulations may incorporate substances such as glycol, glycerol,
or copovidone to suppress sublimation and preserve the API within the
solid preparation [36]. Ertel et al. [27] reported that the vapour pressure
of ibuprofen is sufficiently high that powder stored in glass vials at 40 °C
developed turbidity on the inner surface of the glass, consistent with
sublimation. Practically, sublimation behaviour across a wide temper-
ature range is of pharmaceutical interest for both physical and chemical
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stability, given the different temperatures used during drying and
storage.

TGA and dynamic vapour sorption (DVS) are commonly used
analytical techniques to evaluate material behaviour under different
conditions and physicochemical differences between crystal forms
[37,38,39,40]. TGA is used to measure the mass change of a sample as it
is heated or cooled under controlled conditions, thereby providing
insight into thermal stability and composition.Giickel et al. [41]
measured sublimation rates of pesticides at ambient pressure by
isothermal thermogravimetry, exploiting a linear relationship between
log (sublimation rate) and log (vapour pressure) at a given temperature.
Under isothermal conditions, the rate of mass loss due to vaporisation
should be constant if both processes are zero-order. Subsequent studies
have likewise used TGA to estimate vapour pressure and to investigate
solid-state thermal degradation of pharmaceutical compounds, often
observing linear mass-loss profiles characteristic of sublimation
[42,43,44,45]. More recently Ruz et al. [46], used isothermal TGA to
determine the enthalpy of sublimation and vapour pressure of 2-(2-
nitrovinyl)furan (G-0), demonstrating the technique’s effectiveness for
extracting thermodynamic properties. In another study, the thermal
decomposition and sublimation behaviour of TATB were investigated
using a combined TGA/DSC instrument. The effects of confinement,
starting mass and heating rate on TATB’s thermal behaviour were
examined, providing valuable insight into the kinetics of sublimation
and decomposition [47].

By contrast, DVS is primarily designed to assess vapour sorption in
materials (e.g. pharmaceuticals, foods and polymers). The vapour con-
centration around a sample is controlled, and the corresponding mass
change is recorded. This approach can detect subtle transitions, such as
amorphous-to-crystalline conversion [48]. However, DVS can also be
utilised to probe the influence of moisture on sublimation behaviour, as
the literature on the effect of humidity on sublimation kinetics in
pharmaceutical solids remains sparse.

Crystallisation is used to engineer ibuprofen particles to achieve
desirable physicochemical and biopharmaceutical properties and to
improve manufacturing and handling behaviour [49,50]. This is typi-
cally accomplished by adjusting key process parameters during crys-
tallisation, which directly influence particle size, morphology, and
polymorphism. Among these parameters, solvent selection plays a crit-
ical role because it governs crystal nucleation, growth kinetics, and
polymorphic outcome. Variations in these factors can lead to significant
differences in solid-state properties that are critical for product
handling, production efficiency, and therapeutic performance
[9,51,52].

Although numerous studies have examined ibuprofen’s thermal
properties, decomposition kinetics, enthalpy of sublimation and the ef-
fects of crystallisation on pharmaceutical performance, the role of par-
ticle morphology and the influence of crystallisation-solvent polarity on
ibuprofen’s sublimation behaviour at sub-melting temperatures remains
unexplored. The aim of this study is to quantify the sublimation rate of
ibuprofen at ambient pressure and at temperatures below its melting
point, replicating real-world storage and handling conditions. Ibuprofen
samples recrystallised from four different solvents were characterised
for crystallinity (PXRD), molecular structure (FTIR), particle size (opti-
cal microscopy), morphology (scanning electron microscopy) and sub-
limation rate (TGA and DVS) under ambient conditions.

2. Experimental

Grade 50 racemic (RS) ibuprofen powder was obtained from BASF
(UK). Organic solvents used for recrystallisation included hexane (Hex)
and acetonitrile (MeCN) (both >99 %; Sigma-Aldrich, UK), and ethanol
(EtOH) and methanol (MeOH) (both >99.8 %; VWR Chemicals, UK).

A cooling recrystallisation method was used. For each solvent, 54 g
of ibuprofen powder was placed in a 100 mL AutoMATE reactor vessel
(H.E.L. Group, UK) and 25 mL of the chosen solvent was added. The
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mixture was then heated to the minimum temperature required to
achieve complete dissolution. For the polar solvents (MeOH and EtOH),
a reactor temperature of 50 °C was sufficient to obtain a homogeneous
solution. For the less polar solvents (MeCN and Hex), the temperature
was increased to 60 °C to overcome lower solubility and ensure full
dissolution [50,53]. Once a clear solution was obtained, the mixture was
cooled at 1 °C/min to 36 °C and the reactor was seeded with 1 % of the
starting material. The solution was then held at 36 °C for 30 min to
promote nucleation, followed by further cooling to 0 °C over 120 min.
The resulting slurry was stirred at 0 °C for an additional 120 min to
ensure complete crystallisation. The slurry was filtered through a
general-purpose laboratory Biichner funnel (VWR Chemicals, UK) with
Grade 1 filter paper (Whatman, UK). The isolated white solid was dried
in a vacuum oven at 40 °C for 24 h. (See Fig. 1 for Schematic workflow)

Following drying, each recrystallised batch was examined by atten-
uated total reflectance-Fourier-transform infrared (ATR-FTIR) spec-
troscopy to confirm molecular structure and sample purity. A Thermo
Fisher Scientific IS 10 instrument equipped with a diamond crystal and a
Smart iTR ATR module was used. Each spectrum was acquired as the
average of 32 interferograms after the samples were subjected to
~10,000 psi using a high-pressure clamp. Qualitative analysis was
performed over 600-4000 cm™!, with background absorption sub-
tracted from the sample spectra.

A series of 200-mm diameter stainless-steel sieves (Endecotts Ltd.,
UK) with aperture sizes ranging from 53 pm to 450 pm was used to
isolate each batch into separate sample sieve cut. A maximum of 20 g of
powder was used to ensure adequate agitation and particle reorientation
without clogging the sieve and to reproducible separations. Sieving was
conducted using a sieve shaker (EML, Haver & Boecker, Germany),
operating at an amplitude of 1.3 mm for a duration of 120 min. To
prevent particle breakage, parameters were selected in line with sieve-
analysis guide by (Retsch GmbH, Germany) and preliminary tests
following DIN 66165 standard, which deems sieving complete when
mass change is <0.1 % over one minute. An amplitude of 1.3 mm was
employed to achieve statistical resonance where particles optimally
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reorient and pass through the mesh with each lift by synchronising
throw time with the sieve-bottom vibration period.

To qualitatively evaluate particle size, shape, and surface topog-
raphy, scanning electron microscopy (SEM) was performed using a
Hitachi FlexSEM 1000 II instrument. The SEM operated at 3 kV with a
working distance of ~5 mm. Samples were first mounted on carbon-
adhesive tabs affixed to metal pin stubs, then sputter-coated with a ~
5 nm silver layer using a K575X Emitech Quorum sputter coater to
reduce charging during imaging.

An Empyrean diffractometer (Malvern Panalytical Ltd., UK) was
used to collect powder diffraction patterns. A standard Empyrean
powder holder was used in Bragg-Brentano geometry. The X-ray source
operated at 45 kV and 40 mA to generate Cu Ka radiation (A = 0.154
nm). Scans were performed over 20 = 4-40° with a step size of 0.0167°.
For each sample, the area under the curve (AUC) for the (011) and (100)
reflections was computed and expressed as a fraction of the total inte-
grated intensity across all PXRD peaks. The AUC ratio (011):(100) was
also calculated to compare the relative contributions of these facets.

Particles from each sieve fraction for both as-received ibuprofen and
solvent-recrystallised samples were characterised using a Morphologi
G3-S (Malvern Instruments Ltd., UK). Particle-size distribution (PSD),
shape and projected area were measured. A dry powder volume of 7
mm® was dispersed via the instrument’s sample-dispersion unit using
nitrogen at 1 bar with a 20-millisecond injection. The dispersed sample
was allowed to settle for 60 s on the G3 glass stage, after which a 5x
objective (measurement range 6.5-420 pm) was used for image capture.
The Morphologi G3 software was used to analyse particle metrics, with
circle-equivalent diameter (CE diameter) reported for size and aspect
ratio for shape.

To estimate the surface area of the particles, the CE diameter d was
used to calculate the surface area and volume of a sphere for each par-
ticle captured by the G3 instrument during every run. A total of 45 runs
were conducted across 15 different batches. The specific surface area A
was then calculated according to eq. 1. Where p is the density of
ibuprofen, which is 1.03 g/cm?®.

Recrystallisation

Acetonitrile Ethanol Methanol

Particle characterisation

TGA

40C° 0%RH 50mL
50C° 0%RH 50mL
50C° 0%RH 100mL
60C° 0%RH 50mL

Enthalpy calculation and validation

Fig. 1. Schematic illustrating the workflow from solvent selection and crystallisation to the resulting particle morphology followed by the sublimation parame-

ters assessed.
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The specific surface area is defined as the total surface area of all
particles (in cm?) divided by the total volume of all particles (in cm®).
Since the mass of each sample differs, the surface area per unit mass
(ecm?/g) was calculated by dividing the surface area per unit volume
(cm™ ) by the absolute density of ibuprofen (1.03 g/cm3).

s = A_S (€))
pV  pd

The rate of sublimation of ibuprofen powder was measured by TGA,
leveraging the instrument’s capability to continuously record sample
mass under a precisely controlled temperature programme. Approxi-
mately 10 mg of powder was placed in a 100 pL platinum pan and loaded
into a Discovery TGA 5500 (TA Instruments, USA). The temperature was
ramped at 20 °C per minute to the target temperature. Three targets
were investigated: 40, 50, and 60 °C. An isothermal hold of 320 min was
maintained once the set temperature was reached. A constant nitrogen
purge of 50 mL/min was used throughout. The effect of purge flow on
sublimation rate was also assessed at 50 °C by increasing the flow to 100
mL/min.

DVS was used in two modes. First, a single relative-humidity (RH)
cycle was applied, increasing humidity in 10 % RH steps up to 90 % RH
and then returning to 0 % RH at 25 °C. An equilibrium criterion of 0.002
% (dm/dt) per step was used. Nitrogen at 400 sccm served as the carrier
gas. This test assessed the hygroscopicity of ibuprofen. Second, the effect
of humidity on sublimation rate at different temperatures was investi-
gated. Experiments were conducted at 40, 50, and 60 °C, each at 50 %
RH. Humid conditions were generated by mixing dry and water-
saturated nitrogen, with a total flow of 400 sccm. The ultrabalance
was calibrated whenever conditions changed by allowing the chamber
to equilibrate to the target setpoint and following the instrument’s
calibration wizard. After calibration, ~50 mg of powder was loaded into
a 10 mm stainless-steel pan and analysed on a DVS Endeavour (Surface
Measurement Systems Ltd., UK). The instrument’s ultrabalance has a
resolution of 0.01 pg and noise <0.3 pg, and can run up to five samples
in parallel.

3. Results and discussion
3.1. FTIR and XRD

Ensuring a high degree of purity and structural integrity in ibuprofen
is essential for reliable sublimation studies, so that any measured mass
loss can be attributed to ibuprofen rather than impurities. FTIR spec-
troscopy of all solvent-recrystallised batches produced spectra identical
to the commercial stock, indicating no chemical alteration (Supple-
mentary Information, Fig. S1). XRD patterns revealed solvent-dependent
differences in peak intensities and lattice parameters, reflecting varia-
tions in crystallite size, morphology and preferred orientation (Supple-
mentary Information, Fig. $2). Specifically, recrystallisation from polar
solvents (MeOH, EtOH) yielded well-defined, highly crystalline material
with pronounced plane alignment, whereas non-polar (Hex) and semi-
polar (MeCN) solvents produced more aggregated particles of reduced
crystallinity and selective plane development. Crucially, across all sol-
vent systems, the crystalline form, chemical purity and overall structural
integrity of ibuprofen were preserved.

3.2. Scanning electron microscopy

SEM micrographs of the stock ibuprofen at 500, 400, and 100 pm are
shown in Fig. 2a. The images reveal irregularly shaped crystals with
pronounced heterogeneity in both size and morphology. Many crystals
are elongated, prismatic, and uneven features likely arising from the use
of a non-polar solvent during manufacture (hexane, per the manufac-
turer’s specification) and from mechanical breakage during shipping
and handling. Such elongated habit is typical of crystallisation from non-
polar solvents like Hex. This lack of uniformity is characteristic of the
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unprocessed, as-received material.

Fig. 2b shows SEM micrographs of ibuprofen recrystallised from Hex.
The particles are predominantly elongated, as expected when Hexpro-
motes growth along specific crystallographic axes, yielding a charac-
teristic needle-like morphology. Many particles display high aspect
ratios, consistent with anisotropic crystal growth. Compared with the as-
received stock (also crystallised from Hex), the images indicate incon-
sistent outcomes, suggesting batch-to-batch variation. The sample does
not exhibit the smoothness and uniformity typically associated with
well-recrystallised material; instead, surfaces appear fragmented and
coarse, which may indicate incomplete recrystallisation or suboptimal
growth conditions.

SEM micrographs of the MeCN-recrystallised sample (Fig. 2c) show
small, cuboid-like crystals with some clustering. Particle surfaces appear
non-uniform, with satellite fragments attached to the primary crystals.
In contrast, EtOH-recrystallised ibuprofen (Fig. 2d) exhibits block-like,
aggregated crystals. Larger crystals tend to adhere to one another,
whereas the stock material is more unevenly dispersed. The presence of
smaller crystals in the form of agglomeration might be due to varying
nucleation and growth during recrystallisation influenced by EtOH.

Fig. 2e shows SEM images of MeOH-recrystallised ibuprofen, which
display clear morphological differences from the stock material: crystals
are more block-like with distinct facets. A slight elongation is present,
but the dominant habit remains cuboid-like. MeOH appears to promote
growth inhibition along specific crystallographic directions, yielding a
more equant morphology that favours flowability, packing, and batch-
to-batch reproducibility, superior to the as-received powder for
handling purposes. Mechanistically, MeOH may stabilise certain crystal
faces via hydrogen-bonding interactions with the carboxyl (COOH)
group, moderating solute-solvent interactions during growth.

3.3. G3 Morphologi

Volume-based particle parameters obtained using the G3
morphology method are summarised in Table 1. The equivalent circular
diameter and the aspect ratio (the ratio of the shortest to the longest
dimension) are key descriptors of particle size and shape. Elongated,
needle-like particles have low aspect ratios, whereas near-circular par-
ticles have high aspect ratios (approaching 1).

Although the measured CE Dsq values decrease as the sieve aperture
decreases, there is a consistent discrepancy between Dsg and the sieve-
size ranges used during sieving. In many cases, the measured D5y un-
derestimates the mean sieve aperture because sieves preferentially
retain larger particles while fines pass through, skewing the retained
fraction toward smaller sizes. For example: Hex_100-140, mean sieve
aperture = 120 pm, Dsgp = 64 pm (A = —56 pm); MeCN_75-90, mean
sieve aperture = 82.5 pm, D5 = 80 pm (A = —2.5 pm). This discrepancy
is sample-dependent: coarser, more blocky material such as
Hex_100-140 (aspect ratio = 0.50) exhibits a larger negative A, whereas
more rounded/near-spherical particles such as MeCN_75-90 (aspect
ratio = 0.60) show a A close to zero. Here, A is defined as D5y — mean
sieve aperture (negative values indicate Dsp < aperture).

The aspect ratio appears to play a big role as samples with higher
aspect ratios (more round particles) exhibit a closer match between Dsg
and the mean sieve aperture e.g. MeCN samples (AR ~ 0.60-0.61) with
difference between (Dso— mean sieve aperture) spanning —2.5 to +7 pm.
In contrast, Stock samples (AR ~ 0.41-0.43) span —44.5 to —8.5 pm.
This pattern supports the interpretation that rounded particles orient
more uniformly during sieving, thereby yielding Dso values nearer the
mean aperture, whereas plate-like or elongated particles skew the
retained fraction toward finer sizes.

For most samples, the measured D+o lies below the nominal minimum
sieve aperture, while Dgy lies near or slightly above the nominal
maximum aperture. This reflects that sieving mechanically excludes
most oversize particles but can retain some fines via interlocking/
bridging; shape effects, agglomeration, and aperture tolerances can also
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Fig. 2. SEM comparison of recrystallised ibuprofen from different solvents. a) Stock as received b) Hexane c) Acetonitrile d) Ethanol e) Methanol.

Table 1

Volume based particle parameters captured using the G3 morphology.
Batch sieve cut  CE Diameter Do CE Diameter Dsq CE Diameter Dgg Aspect Ratio Aspect Ratio Aspect Ratio Span  Surface area cm?/

(pm) (pm) (pm) Do Dso Dgo mg

Stock_90-106 62 126 174 0.30 0.43 0.62 0.89 0.57
Stock_75-90 51 96 141 0.28 0.41 0.63 0.94 0.72
Stock_53-63 46 78 107 0.28 0.42 0.66 0.78 0.85
Hex_200-280 35 289 370 0.38 0.66 0.87 1.16 0.63
Hex_100-140 26 64 159 0.30 0.50 0.78 2.06 1.14
Hex_45-100 27 60 107 0.28 0.46 0.73 1.35 1.21
EtOH_200_280 95 256 355 0.42 0.63 0.82 1.01 0.32
EtOH_75-140 88 145 200 0.37 0.54 0.76 0.78 0.45
EtOH_45-75 59 88 116 0.35 0.52 0.76 0.65 0.72
MeCN_90-106 39 107 154 0.39 0.61 0.84 1.08 0.80
MeCN_75-90 38 80 118 0.38 0.60 0.83 1.01 0.93
MeCN_53-63 37 62 81 0.37 0.60 0.83 0.72 1.06
Meth_300-425 221 389 507 0.42 0.61 0.84 0.74 0.19
Meth_140-300 186 310 413 0.40 0.57 0.80 0.73 0.20
Meth_140 86 156 231 0.36 0.55 0.79 0.93 0.44




A. Alshukri et al.

shift Dgy marginally above the nominal maximum. For example,
Stock_90-106 shows Amin = D10 — (min aperture) = —28 pm and Amax =
Dso — (max aperture) = +68 pm. Similarly, Meth_300-425 shows Amin =
—79 pm and Amax = +82 pm.

In both cases, Dio falls substantially below the minimum sieve
aperture, indicating fines carryover beneath the nominal cutlikely due to
agglomeration, particle orientation, or bridging. Conversely, Dso often
exceeds the maximum sieve aperture, implying that coarse particles can
reorient and pass through interstitial gaps or exploit mesh tolerances.

Elongated, needle-like particles (low aspect ratio, AR) tend to deviate
further from nominal sieve bounds. For example, Stock_90-106 (AR =
0.43) shows Amin = D10 — (min aperture) = —28 pm and Amax = Deo —
(max aperture) = +68 um. By contrast, more rounded particles such as
EtOH_45-75 (AR = 0.52) exhibit smaller offsets: Amin = D10 — (min
aperture) = +14 pm (min = 45 pm; D1o = 59 pm) and Amax = Deo — (max
aperture) = +41 pm (max = 75 pm; Deo = 116 pm). Thus, lower AR
generally correlates with larger departures both below and above the
sieve-aperture limits.

These discrepancies arise because the G3 method determines particle
size from the projected area, converting it to an equivalent circular
diameter, whereas sieve analysis depends on the probability that a
particle will adopt a pass-through orientation relative to a fixed aper-
ture. In short, G3 yields an orientation-agnostic equivalent diameter,
while sieving is intrinsically orientation-dependent.

The span, representing the width of the particle-size distribution,
tends to decrease with finer sieve cuts. For example, in the EtOH series
the span drops from ~1.013 for the 200-280 pm cut to 0.650 for the
45-75 pm cut. Differences between solvents are also evident: the Hex
fractions show relatively high span values (up to 2.058 for the 100-140
pm cut), indicating a broader size distribution in that range. By contrast,
the MeOH fractions are narrower in the coarser cuts (spans ~0.73-0.74)
but broaden for the finest cut (0.929 for Meth_140). These trends likely
reflect differences in crystallisation kinetics and agglomeration behav-
iour arising from solvent-solute interactions (e.g. polarity, supersatu-
ration, and evaporation rate). Larger sieve windows inherently capture a
broader range of particle sizes, while solvent properties influence
nucleation and growth and thus the uniformity of particle formation.

The aspect ratio at Dso provides an index of median particle shape,
with lower values indicating more elongated particles. In the Stock se-
ries, the Dso aspect ratio is relatively constant (~0.42) across sieve cuts.
This consistency likely reflects that the Stock ibuprofen is a commercial-
grade material manufactured to tight specifications with a narrow size
distribution, often undergoing post-recrystallisation processing to
ensure uniformity and tabletability. In contrast, the Hex series shows a
higher aspect ratio in the coarser fraction (0.659 for Hex_200-280) that
declines to ~0.461 in the finest fraction (Hex_45-100). EtOH and MeOH
display a similar downward trend, indicating that larger, coarser parti-
cles tend to be more circular (higher aspect ratios), whereas finer par-
ticles are more elongated or irregular. The greater variability and lack of
consistent aspect ratios in these batches likely stem from lab-scale,
small-batch recrystallisation, which affords less control over supersat-
uration, cooling, and mixing histories; combined with the absence of
post-recrystallisation conditioning, this leads to broader and less uni-
form particle-shape distributions. Overall, as solvent polarity increases,
particle morphology shifts from elongated, needle-like forms to more
rectangular, prism-like crystals. This trend is widely reported in the
crystallisation literature on ibuprofen, linking solvent choice to crystal
habit, surface properties and downstream powder behaviour.
[54,55,50,53]. Differences across solvents likely arise from their influ-
ence on crystal-growth dynamics. Specifically, interactions between
solvent molecules and the functional groups exposed on particular
crystal faces (facets). Crystal morphology is governed by the relative
growth rates of these faces; changes in habit reflect shifts in the pro-
portions of expressed faces. For ibuprofen, the dominant faces are (100),
(011), and (002): the (100) face is largely nonpolar, presenting aliphatic
chains, whereas (011) and (002) are polar, exposing carboxylic acid
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groups. Solvent-solute interactions (e.g. polarity and hydrogen
bonding) modulate surface attachment and dissolution kinetics, thereby
altering relative face growth rates [54,56]. As a result, different faces are
stabilized or expressed to varying extents, producing the observed var-
iations in crystal morphology.

Across all samples, aspect ratio increases from Dio to Deo. For
example, in Stock_90-106 the aspect ratio progresses from 0.3009 (D+o)
to 0.4298 (Dso) and 0.621 (Dso). This indicates that the smallest particles
(D10) are more elongated, whereas the largest particles (Dso) are more
equant/rounded. The consistent Dio < Dso < Dso trend across solvent
batches suggests that, within any given sieve fraction, smaller particles
are less uniform in shape. Coarser particles tend to be more circular
(higher aspect ratios), likely because they experience less mechanical
attrition and fewer solvent-induced morphological changes, whereas
finer particles are more susceptible to breakage or surface erosion,
yielding more elongated or irregular shapes (lower aspect ratios).

Videc et al., [57] showed that smaller particles (lower D+o) produced
under high agitation or elevated supersaturation exhibit slightly reduced
roundness. They attributed this to intensified collision forces and the
generation of fines, which disrupt particle morphology. Conversely,
larger particles preserved their roundness under optimised crystal-
lisation conditions i.e. balanced supersaturation and controlled hydro-
dynamics. The authors emphasized that abrasive forces (shear and
particle—particle impacts), which scale with agitation velocity, promote
surface abrasion particularly in small agglomerates, thereby lowering
roundness. Taken together, these observations align with the present
aspect-ratio trends: recrystallisation-induced variations likely arise from
a combination of differential breakage and processing-induced shape
modification that varies with particle size. This highlight the tight
coupling between process parameters and particle characteristics in
crystallisation systems.

As expected, smaller particles yield higher specific surface area.
However, absolute surface-area values differ across solvents. Because
sieve fractions vary by solvent batch, direct comparisons are appropriate
only between the MeCN and Stock samples, which share identical sieve
cuts. Comparing matched fractions reveals a clear trend: for each sieve
cut, MeCN samples exhibit higher specific surface area than the corre-
sponding Stock sample. For the broadest fraction (90-106 pm), surface
area increases from 0.57 to 0.80 cmz/mg (=40 %). The mid-size fraction
(75-90 pm) increases from 0.72 to 0.93 cmz/mg (~29 %) and the finest
fraction (53-63 pm) from 0.85 to 1.06 cmz/mg (~25 %). These sys-
tematic increases in surface area coincide with modest reductions in CE
D10, Dso, and Deo after recrystallisation in MeCN: each percentile diam-
eter shifts downward by roughly 10-30 pm, naturally increasing surface
per unit mass. Span values, however, do not change uniformly between
batches: Stock spans range from 0.78 to 0.94, whereas MeCN spans
range from 0.72 to 1.08. Notably, MeCN_90-106 shows an increased
span (1.08), indicating a broader size distribution despite its higher
surface area. In contrast, MeCN_53-63 is slightly narrower than
Stock_53-63 (0.72 vs 0.78), yet still displays higher surface area.
Together, these observations imply that surface morphology (e.g.
increased roughness or porosity) contributes alongside modest size
reduction to the observed surface-area enhancement.

Aspect-ratio data further support this conclusion: across D1o, Dso, and
Dso, MeCN-processed particles are rounder (AR = 0.37-0.61) than the
more plate/needle-like Stock particles (AR ~ 0.28-0.63). Ordinarily,
higher aspect ratio (more spherical) particles would reduce specific
surface area relative to elongated shapes, yet the opposite is observed.
This implies that the surface-area gains in the MeCN batches are driven
not solely by shape, but by a combination of finer sizing and altered
surface texture e.g. roughened crystal faces or increased micro-porosity
induced by the solvent environment during recrystallisation. Differences
across solvents are consistent with their effects on nucleation and
growth: solvents that favour rapid nucleation tend to produce smaller,
more irregular particles with higher specific surface area, whereas
conditions that promote slower growth and/or greater agglomeration
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yield larger, smoother particles with lower surface area.

3.4. DVS at variable humidity percentage

The Stock ibuprofen was first analysed by DVS. In DVS, the vapour
concentration around a sample is systematically varied while the
resulting mass change is recorded, yielding adsorption-desorption
behaviour under defined conditions. Both organic and water vapour
sorption can be studied with real-time partial-pressure control. Here,
water vapour was used to track mass changes in Stock samples under
isothermal and stepped-RH conditions.

The first DVS experiment was performed at 25 °C on the as-received
Stock powder (prior to sieving) using a single RH cycle. Relative hu-
midity was increased in 10 % steps from 0 % to 90 % and then decreased
in 10 % steps back to 0 %. At each step, RH was held until mas equi-
librium, defined as a mass-change rate (dm/dt) < 0.002 % min~'. This
criterion follows common practice in the literature and aligns with user
guidelines from two major DVS manufacturers [58], ensuring steady-
state conditions before advancing to the next step. A nitrogen carrier
gas (=400 sccm) maintained stable RH and minimised external inter-
ference. Real-time mass and RH measurements were used to construct
the adsorption/desorption isotherm (Fig. 3), where the red trace denotes
mass (mg) and the blue trace the RH profile.

The data show well-defined adsorption and desorption phases, with
only a small mass increase despite the large RH excursion. During
adsorption (0 to 90 % RH), the sample gained ~0.047 % of its initial
mass, consistent with the hydrophobic nature of ibuprofen and indica-
tive of surface adsorption rather than bulk absorption. Upon desorption
(90 to 0 % RH), the mass returned to baseline, closely mirroring the
adsorption path. This reversibility suggests weak, physical binding of
water with no evidence of hydrate formation or permanent structural
change across the RH range tested.

The negligible mass change reflects ibuprofen’s intrinsic hydropho-
bicity, few polar functional groups and a predominantly non-polar ar-
omatic ring [59]. This result agrees with prior reports of minimal
moisture uptake even at high RH (e.g. < 0.035 % at RH > 80 %) [37].
Such limited water sorption supports robust powder handling and
formulation by reducing moisture-induced degradation, preserving
crystallinity and promoting dose uniformity [60].

3.5. DVS at fixed humidity percentage

A second DVS experiment was conducted on the as-received Stock
powder (prior to sieving) under isothermal-isohumidity conditions of
50 °C and 50 % RH. Fig. 4 shows the percentage of initial mass
remaining versus time (x-axis: time; y-axis: % mass remaining). The data
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Fig. 3. DVS profiles for stock ibuprofen measured at 25 °C over varying relative
humidity levels (%RH).
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Fig. 4. DVS profile of isothermal conditions of Stock Ibuprofen at constant
50 °C temperature and 50 % humidity.

exhibit an essentially linear decline over 150 h. A linear fit (dotted red
line) gives a slope of —0.0053 % h™! with R? = 0.9976, indicating
uniform mass loss over time (~0.80 % total over 150 h).

The mass loss observed under fixed 50 °C/50 % RH, but not in the
stepped-RH test at 25 °C, is attributed to (i) the much longer measure-
ment window (150 h vs 300 min), which resolves slow processes, and (ii)
the higher temperature, which provides sufficient thermal energy for
surface molecules to overcome lattice binding and sublimate. At 50 %
RH, limited water adsorption offers little hindrance to volatilisation, so
sublimation proceeds more readily; lower ambient humidity further
facilitates escape of molecules into the vapour phase, accelerating mass
loss [61,62]. Consistent with sublimation principles, elevated tempera-
ture and modest humidity increase molecular kinetic energy and favour
volatilisation [28].

3.6. Sublimation rate

To investigate the sublimation behaviour further, the rate of mass
loss for stock as received ibuprofen powder and the four recrystallised
batches were tested in TGA at three different temperatures (40 °C, 50 °C,
and 60 °C) with near zero RH (constant flow nitrogen), and DVS at
constant 50 % RH and temperature levels (40 °C, 50 °C, and 60 °C).
Results for all sieve cuts and batches, for both TGA and DVS, are shown
in Fig. 5.

The mass-loss rate increases with temperature in both TGA (40, 50,
60 °C; nitrogen, ~0 % RH) and DVS (50 % RH), reflecting the rise in
vapour pressure at elevated temperature and the resulting larger driving
force for mass transfer. Accordingly, the addition of thermal energy
accelerates sublimation, offering insight into the thermal stability and
sublimation kinetics of ibuprofen. The strong temperature dependence is
consistent with Arrhenius-type behaviour. At any given temperature,
TGA yields higher mass loss than DVS. TGA largely isolates thermal
effects by minimising moisture interactions, whereas DVS captures the
influence of ambient humidity and thus better represents storage-
relevant conditions. This comparison helps discriminate purely ther-
mal contributions from moisture-affected mechanisms, which are dis-
cussed later in this section.

DVS data at 40, 50, and 60 °C under a constant 50 % RH indicate that
temperature is the dominant driver of mass-loss rate even in humid
conditions. For example, for Stock (Dso = 77.91 pm), the DVS rate at
60 °C/50 % RH is 62 % lower than the TGA rate at 60 °C/0 % RH. By
contrast, increasing temperature from 40 to 60 °C raises the mass-loss
rate by 175 % in TGA (0 % RH) and by 172 % in DVS (50 % RH).
Table 2 summarises (i) the percent differences in mass-loss rate between
TGA (0 % RH) and DVS (50 % RH) at fixed temperatures (40, 50, 60 °C),
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Fig. 5. Average sublimation rates of solvent-recrystallised ibuprofen sieve fractions measured by TGA and DVS at 40 °C, 50 °C, and 60 °C. Error bars represent the

standard deviation across three replicate measurements for each sample (n = 3).

and (ii) the temperature-induced changes from 40 to 60 °C within each
technique. Together, these comparisons highlight humidity sensitivity at
fixed temperature and strong thermal sensitivity under both dry and
humid conditions.

One explanation for the difference in a dry atmosphere (0 % RH) is
that the driving force for sublimation is higher, resulting in faster mass
loss. Under a 50 % RH, the ambient moisture partially saturates the
vapour phase, thereby reducing the net driving force for mass removal.
It is also possible for the moisture in the humid conditions to form a
protective barrier onto the particles inhibiting the sublimation process.
An example of this is the MeOH recrystallised sample MeOH D5 156 pm
displaying a 15 % reduction in mass-loss rate when conditions are

changed from TGA 50 °C 0 %RH to DVS 50 °C 50 %RH. The presence of
water molecules may stabilise the ibuprofen molecules by forming
hydrogen bond interactions with the OH groups at the surface which
reduces the mass-loss rates compared to dry conditions. Another
explanation is the difference in volume of the sample chamber for both
instruments. TGA has a chamber sample volume of 20 mL whereas DVS
has chamber with volume of 99.15 mL. The larger DVS chamber volume
increases the time required for sublimated ibuprofen molecules to
saturate the gas phase delaying the establishment of equilibrium be-
tween the solid particles and their vapour. The increased vapour phase
residence time in the DVS due to larger chamber volume slows the
equilibration in DVS, which diminishes the driving force for sublimation
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Table 2

Illustrates the % change in mass-loss rate at 40, 50, and 60 °C when moving from
TGA (0 % RH) to DVS (50 % RH). And the % change in TGA-measured rate from
40 °C to 60 °C at 0 % RH and 3- the % change in DVS-measured rate from 40 °C
to 60 °C at 50 % RH.

Batch Mass- Mass- Mass- TGA DVS Mass-
sieve loss rate loss rate loss rate Mass- Mass- loss rate
cut % % % loss rate  lossrate %
change change change % % change
(TGA (TGA (TGA change change (flow
40C° 0 50C° 0 60C° 0 (40C° to  (40C°to  rate 50
%RH to %RH to %RH to 60C°) 60C°) mL to
DVS DVS DVS 100 mL
40C° 50 50C° 50 60C° 50 @ TGA
%RH) %RH) %RH) 50C° 0
%RH)
Stock —46.2 —70.4 —66.1 176.5 171.2 11.4
Dso
126
Stock —45.4 —66.7 -70.0 178.2 172.0 16.7
Dso
96 pm
Stock —-52.2 —-61.9 —-62.0 175.1 172.5 20.1
Dso
78 pm
Hex Dsq —62.1 —64.5 -52.9 176.3 178.4 17.2
289
pm
Hex Dsg —84.5 —55.7 -78.1 171.3 173.3 26.9
64 pm
Hex Dsq —56.9 —54.9 —66.0 175.2 172.8 26.5
60 pm
EtOH —44.7 —-21.2 —58.6 170.8 166.5 23.2
Dso
256
pm
EtOH —42.2 -23.0 —67.0 170.9 162.8 24.8
Dso
145
pm
EtOH —41.7 —28.1 —65.9 170.4 162.4 27.6
Dso
88 pm
MeCN —66.5 —47.3 —54.1 169.1 172.8 18.6
Dso
106
pm
MeCN —61.5 —41.6 —45.2 170.2 174.7 23.8
Dso
80 pm
MeCN —66.8 —35.3 —51.0 171.9 176.1 38.4
Dso
62 pm
MeOH —49.4 -22.1 -57.8 170.3 167.7 26.2
Dso
389
pm
MeOH —48.6 —20.4 —59.7 170.9 167.5 28.9
Dso
310
pm
MeOH —47.6 —15.5 —64.8 170.4 164.8 32.6
Dso
156
pm
Average —-54.4 —-41.9 —61.3 172.5 170.4 24.2

and thus lowers the net mass-loss rate relative to TGA. In contrast, the
much smaller TGA chamber volume permits faster residence time and
rapid vapour saturation and more efficient mass transfer. Consequently,
the delayed vapour build up in DVS consistently suppresses the ther-
modynamic impetus for molecules to escape the crystal lattice ac-
counting for the lower mass-loss rates observed across all samples under
identical temperature conditions. This distinction highlights the impact
of chamber geometry on the kinetics of sublimation processes in TGA
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and DVS analyses. Although DVS conditions lead to lower overall mass-
loss rates compared to TGA (0 % RH), the temperature dependence
persists therefore reinforcing the conclusion that the sublimation of
ibuprofen is inherently temperature driven regardless of ambient
moisture conditions.

Another factor to consider is the effect of gas flow in the system on
the rate of ibuprofen mass loss. When comparing the mass-loss rates
obtained from TGA data at 50 °C under 50 mL/min vs 100 mL/min flow
of nitrogen. The higher flow rate resulted in an average increase of 22.4
% in the mass-loss rate across all samples. Stock Dso 126 pm showed the
smallest increase of ~ 11 % where as MeCN D5 62 pm sample exhibited
the largest increase of ~38 %. Table 2 shows the percentage increase for
all the samples examined. Increasing the gas flow likely reduces the
boundary layer resistance around the particles. This facilitates more
rapid removal of the volatile species. Although the increase is modest, it
indicates that the sublimation kinetics are at least partly mass transfer
controlled.

Analyses across all batches and temperature levels suggest that as the
Ds( decreases (i.e. finer powders) the rate of mass loss is accelerated
(Fig. 5). Smaller particle sizes imply a higher surface area-to-volume
ratio. This geometric effect enhances the rate at which material is
removed by sublimation. Hex sample with a very large Dso (289 pm)
exhibits much lower mass-loss rate compared to its finer counterparts
(Dsp 64-60 pm). For example, at 40 °C TGA the Hex Dsp 289 pm sample
shows a reduction of 74.7 % and 80.8 % in mass lose rate when
compared to the mass-loss rate of the samples Hex D5 64 pm and 60 pm
respectively. A similar trend is observed for EtOH sample, as the Dsg
decreases from 256 pm to 88 pm, the TGA 40 °C mass-loss rate increases
by 139 %. Both MeCN and MeOH batches show the same trend: mass-
loss rate increases as Dso decreases, consistent with the higher surface-
area-to-mass ratio of finer particles. At comparable Dso values, abso-
lute rates for MeCN are modestly higher than for MeOH. This difference
likely reflects solvent-dependent crystal habit and surface characteris-
tics (e.g. roughness/porosity and the distribution of polar faces) estab-
lished during recrystallisation, rather than any EtOH-induced polarity
effect.

Because sublimation is largely surface-controlled, particle geometry
dominates: coarser particles, with lower surface area per unit mass,
naturally exhibit lower absolute mass-loss rates. Normalising the rate by
surface area removes this geometric contribution, allowing differences
in sublimation kinetics to be attributed to intrinsic material properties or
process factors (e.g. the recrystallisation solvent). To explore these ef-
fects, the surface-area normalisation should be applied so that non-
geometric influences on mass loss can be assessed more directly.

If after normalisation all particles behaved in a “perfectly” surface-
controlled manner (with no additional size-dependent geometric ef-
fects), one would expect the normalised rates from all the samples to
converge to a similar value regardless of particle size. The set of graphs
(Fig. 6) displays the rate of mass loss (DVA and TGA) for each sample
after correction for size using the calculated surface area of the particles
in the samples. As previously mentioned before normalisation, the rates
of mass loss increase with decreasing particle size, largely because of the
increased surface area available for mass transfer. After normalising for
surface area, the rates of mass loss across the different samples sizes
became more comparable, suggesting that geometric surface area play
primary role in affecting the sublimation rate. As shown in Fig. 6, once
mass-loss rates are normalised by surface area, the residual size effect is
modest: most samples still show a slight increase in the area-normalised
rate with decreasing particle size, but the differences are far smaller than
in the unnormalised data. This indicates that the apparent size depen-
dence is largely geometric (surface area—driven), with only a minor re-
sidual contribution. The remaining size dependence likely reflects non-
geometric factors such as differences in surface chemistry, roughness/
porosity and the relative exposure of crystal facets. For example, in the
MeCN series at TGA 60 °C, comparing Dso = 62 pm vs 107 pm shows a
41.8 % difference in absolute mass-loss rate that shrinks to 14.5 % after
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Fig. 6. Surface-area-normalised sublimation rates of solvent-recrystallised ibuprofen sieve fractions measured by TGA and DVS at 40 °C, 50 °C, and 60 °C.

surface-area normalisation. In the Hex series at TGA 40 °C, the Dso =
289 pm vs 60 pm comparison drops from 73.9 % (absolute) to 12.8 %
(normalised). For EtOH at TGA 60 °C, the difference between Dso = 88
pm and 256 pm falls from 80.8 % (absolute) to 5.6 % (normalised).
These reductions indicate that the apparent size dependence is domi-
nated by geometry (surface area per unit mass). Residual differences
among the finer fractions suggest additional, non-geometric contribu-
tors e.g. morphology, surface chemistry/facet exposure or trace residual
solvent. In the EtOH series, even though normalised values converge
more closely than in Hex, slight discrepancies persist, consistent with
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solvent history influencing crystal habit and surface functional-group
presentation and thereby modulating sublimation kinetics.

As discussed above, surface-area normalisation removes most of the
geometric contribution to sublimation. Nevertheless, residual differ-
ences remain where smaller particles still show greater mass-loss rates
than larger ones, particularly in the Hex and MeCN series implicating
surface chemistry and facet exposure. Facet-specific interactions are
critical for ibuprofen. Among the dominant faces, the (100) face is
largely non-polar, presenting outward-oriented aliphatic chains. This
hydrophobic surface inhibits interactions with water and other polar
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(100) face

(011) face

Fig. 7. Molecular packing of ibuprofen on the (100) and (011) facets. Relative to (100), the (011) face shows a more open arrangement and fewer hydrogen-bonding

interactions, which is consistent with lower lattice stability.

species; moreover, because the carboxylic acid groups point inward,
they form an intra-lattice hydrogen-bond network (Fig. 7) that
strengthens the crystal. By contrast, the (011) face is polar, exposing
carboxylic acid groups at the surface. Its hydrophilic character promotes
interaction with ambient moisture and polar molecules, while the
inward-oriented aliphatic chains rely primarily on weaker van der Waals
contacts within the lattice. Thus, residual size dependence after nor-
malisation likely reflects shifts in the proportion and accessibility of
these faces, with finer fractions presenting more polar, less strongly
bound surface area and therefore higher area-normalised mass-loss
rates.

The (100):(011) facet-area ratio (reported as “100:011”") was calcu-
lated for each batch and size fraction. A lower ratio indicates relatively
less non-polar (100) surface and a greater fraction of polar (011) surface.
This trend helps explain the residual differences in area-normalised
mass-loss rates: particles with lower (100):(011) ratios i.e. fewer hy-
drophobic (100) faces and more hydrophilic, carboxyl-terminated (011)
faces exhibit higher mass-loss rates. The pattern is consistent across
batches. (See Fig. 8).

In the experimental data, as particle size decreases both the nor-
malised mass-loss rate (after accounting for the effect of surface area)
and the (100):(011) ratio decrease (See Table 3). For example, in the
Stock batch of particles, the (100):(011) ratio reduces from approxi-
mately 0.77 for the Dsg 126 pm particles to about 0.536 for the Dsg 78
pm. Similar pattern is seen across all particle sizes and solvents. This
indicates that smaller particles are relatively enriched in polar (011)
facets. Due to the ibuprofen molecules orientation in the (011) facets
more van der Waals interactions will occur within the lattice resulting in
weaker crystal facet bonds relative to particles that contain mainly (100)
facets. Hence particles with greater amount of (011) facets will have

Table 3
Ratio of the two principal crystal facets in ibuprofen particles
across all samples.

Batch & Particle Size (100):(011) Ratio

Stock Dsg 126. pm 0.77
Stock Dsp 96 pm 0.722
Stock Dsg 78. pm 0.536
Hex D5 289 pm 0.713
Hex Dsg 64 pm 0.705
Hex Dsp 60 pm 0.618
EtOH D5 256 pm 0.896
EtOH D5 145 pm 0.846
EtOH Dso 88 pm 0.803
MeCN Dsp 106 pm 0.678
MeCN D5 80 pm 0.598
MeCN Ds 62 pm 0.573
MeOH Ds, 389 pm 0.927
MeOH Dsq 310 pm 0.905
MeOH Ds; 156 pm 0.86

increased rate of mass loss and sublimation as the tendency of ibuprofen
molecules to escape the crystal is greater (higher vapour pressure) as a
result of increased kinetic energy from elevated temperature environ-
ment. Direct surface-specific measurements (e.g. atomic force micro-
scopy) would provide stronger evidence for the proposed facet-
dependent sublimation. In future work, we will perform atomic force
microscop (AFM) to quantify facet topography, roughness and step
density across facets.

When designing crystallisation processes or optimising
manufacturing method it is important to consider not only the particle
size (and hence the surface area) but also the surface chemistry. By

Mass-loss rare vs (100):(011) Ratio @ TGA 50C° 0%RH
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Fig. 8. Relationship between the mass-loss rate measured by TGA at 50 °C and 0 % RH and the change in the ratio of the two dominant ibuprofen crystal facets.
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controlling the crystallographic orientation during crystallisation
through solvent optimisation (which in turn affects the (100):(011)
ratio), one can tailor the sublimation kinetics and hence particle
behaviour. For instance, particles with a high (100):(011) ratio is ex-
pected to have lower sublimation rate and loss less mass over time
during storage, even when surface area is controlled. The combination of
high surface area and a surface enriched in polar (011) facets works
synergistically to promote rapid mass loss. This insight helps explain
why, even after normalisation for surface area, a subtle but consistent
differences in mass-loss rates are observed among different batches. As
both the physical (surface area) and chemical (facet composition) at-
tributes of the particles must be considered to fully understand the
behaviour of ibuprofen and optimise its manufacturing processes.

3.7. Effect of solvent on sublimation rate

To understand the sole influence of solvents on the mass-loss rate and
consequently the impact of solvent choice on sublimation behaviour of
ibuprofen, the average mass loss of the three particle sieve cuts from
each solvent was calculated after normalising for the effect of surface
area. Under TGA conditions (0 % RH), polar solvents (EtOHand MeOH)
consistently exhibit the highest mass-loss rates across all conditions
(temperatures and gas flow rates) (Fig. 9). For example, at 60 °C with 50
mL/min gas flow, EtOH and MeOH display an increase of 51.2 % and
50.1 % in mass-loss rates respectively when compared to stock sample.
But when compared to non-polar solvent Hex a rise of 33.2 % and 32.1 %
is seen respectively. On the other hand, comparing Hex with the stock
sample a moderate increase of 18.8 % in mass-loss rate. Whereas MeCN
(semi-polar solvent) consistently produces intermediate mass-loss rates
of only 32.1 % greater than the stock sample falling between the results
for Hex and those for EtOH or MeOH.

The observed differences can be attributed to the surface charac-
teristics caused by the solvents during recrystallisation. EtOH and MeOH
being polar solvents they increase the surface energy of ibuprofen par-
ticles. This occurs as more polar functional groups such as COOH are
exposed on the surfaces of ibuprofen particles. At the same time the
number of hydrogen bonds occurring internally within the crystal lattice
decrease and more van der Waals interactions occur between alkyl
functional groups. This results in weaker intermolecular interactions
and fewer strong intermolecular interactions and thus weakening the
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overall structure of the crystal and making it easier for molecules to
escape the crystal lattice under thermal stress. The opposite occurs for
non-polar solvent recrystallised particles where low surface energy oc-
curs due to alky functional groups being exposed on the surface and
carboxyl group being internally located causing a series of hydrogen
bonds that increases the strength of the crystal lattice.

The standard deviation values for EtOH and MeOH are relatively low
(0.000003 and 0.000002 respectively at 40 °C TGA) suggesting consis-
tent behaviour across samples likely due to homogeneous crystal growth
with minimised defects and uniform surface modification throughout
the particles. In contrast, MeCN produces moderate mass-loss rates with
higher variability (standard deviation of 0.000022 at 50 °C TGA). This is
due to its semi-polar nature that enables partial polar group exposure
combined with the occurrence of rougher surfaces with fine particles
attached to the main crystals (Fig. 2). These fine particles exhibit higher
sublimation rates before the main crystals start to degrade. Mas loss
from this solvent batch likely initiates from the loosely bound fine
particles which sublimate rapidly before the main crystals degrade thus
introducing variability in mass-loss rates due to inconsistent distribution
of these particles. This is confirmed by examining the size distribution of
the samples (Table 1). Hex and MeCN have the broadest size distribution
than other samples (2-3 times for Hex and 1.2-1.7 times larger for
MeCN) suggesting the presence of fine particles which increases the
variability in the mass-loss rates. Similarly, Hex also resulted in elevated
standard deviations (0.000039 at 60 °C DVS) and MeCN (0.000049 at
60 °C DVS) but with lowest overall sublimation rates (Hex 0.000723 vs
MeCN 0.000828 mg/h/cm? at 60 °C TGA) likely due to rough surfaces,
minimal polar groups exposure and reduced surface energy. This cor-
roborates the hypothesis of heterogeneous surface structures and
irregular fine particle attachment leading to variable sublimation
behaviour.

The effect of the gas flow rate is evident in TGA data at 50 °C where
increasing nitrogen flow from 50 to 100 mL/min elevates the mass-loss
rates for all solvents with polar solvents again showing the largest ab-
solute increases (EtOH increased by 25.4 %). The relative ranking of
mass-loss rates remains unchanged reinforcing the notion that the sol-
vent effect is robust across variations in experimental conditions. The
increase is mass loss occurs because removal of sublimated molecules is
enhanced due to faster flow of nitrogen accelerating the kinetic process.
Hex and MeCN exhibit smaller increases (Hex increased by 23.8 %)

Effect of solvent on mass loss - TGA
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Fig. 9. Surface-area-normalised mean sublimation rates measured by TGA for each recrystallisation solvent.
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consistent with their reliance on fine particle sublimation which may be
less sensitive to gas flow due to the finite quantity of these particles.

Under DVS conditions with 50 % RH a similar solvent dependent
trend is seen but the mass-loss rates are universally lower than as pre-
viously discussed. Fig. 10 illustrates again that the mass-loss rates for
EtOH and MeOH to be highest across all temperatures ~2-3 times
greater than Hex (60 °C DVS), with MeOH slightly outpacing EtOH at
60 °C (by 2.1 %). MeCN results in an intermediate mass-loss rate while
Hex consistently exhibits the lowest rates. The standard deviation values
under DVS conditions remain low for EtOH and MeOH reinforcing their
consistent behaviour whereas MeCN and Hex show slightly higher
variability particularly at elevated temperatures.

To isolate the effect of humidity on solvent polarity during recrys-
tallisation, mass-loss rates for Stock (Dso = 96 pm) and MeOH (Dso = 310
pm) were measured by DVS at 50 °C under 0 %, 50 %, and 90 % RH. The
Stock sample consistently exhibited lower mass-loss rates than the
MeOH sample, and both batches showed decreasing rates with
increasing RH.

For the Stock sample, the rate of mass loss at 50 % RH was ~47 %
lower than at 0 % RH and a further ~16 % reduction was observed at 90
% RH. The MeOH sample exhibited a ~ 39 % decrease when RH
increased from 0 % to 50 % RH and an additional ~24 % decrease at 90
% RH (Table 4). This humidity dependence arises because adsorbed
water molecules compete with the sublimating ibuprofen molecules at
the particle surface. At higher RH, a quasi-liquid water layer forms,
effectively “blocking” sites for mass loss and reducing the net mass flux.
Such competitive adsorption phenomena are documented in porous
solids and powders undergoing DVS [63].

Across all humidity conditions, the MeOH sample exhibited
approximately three-fold higher mass-loss rates than the Stock sample.
The primary factor contributing to these observations is treatment with
polar solvents such as MeOH alters the surface chemistry of ibuprofen
particles by exposing polar functional groups thereby increasing surface
polarity. These newly introduced groups promote stronger hydrogen
bonding interactions between water molecules and the exposed car-
boxylic acidmoieties on the drug surface. As a result, the crystal lattice
becomes destabilised and the activation energy for sublimation is low-
ered leading to an enhanced mass-loss rate.

Despite substantial differences in absolute mass-loss rates, both
samples exhibit remarkably similar relative declines in sublimation rate
with increasing RH thus confirming that a common water layer
competition mechanism governing the behaviour. While the magnitude
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Table 4
Comparison of mass-loss rates for polar versus non-polar ibuprofen batches
during DVS at 50 °C, shown as a function of increasing relative humidity.

DVS 50 °C 0 % RH
(x107° mg/h/cm?)

DVS 50 °C 50 % RH
(x107° mg/h/cm?)

DVS 50 °C 90 % RH
(x107° mg/h/cm?)

Batch sieve
cut

Stock Dsg 1.71 1.06 0.90
96 pm

MeOH D5, 5.26 3.51 2.76
310 pm

of the rate at any given RH reflects each sample’s unique processing
history such as differences in surface chemistry, the RH dependence it-
self appears to be controlled by the physicochemical properties of the
adsorbed water layers shared by both materials.

This insight has important ramifications for solvent selection in the
commercial crystallisation of ibuprofen. Polar solvents such as EtOH and
MeOH tend to yield particles of higher surface energy and correspond-
ingly faster sublimation rates, characteristics that favour rapid dissolu-
tion but also promote irreversible interparticle cohesion (caking) during
storage. Such caking undermines long-term powder stability and flow-
ability, often requiring energy-intensive milling or sieving steps that
introduce defects and broad size distributions thereby compromising
product quality and increasing manufacturing costs. By contrast, non-
polar solvents (e.g. Hex) and semi-polar solvents (e.g. MeCN) produce
particles with lower surface energy and slower mass loss, offering su-
perior storage stability and reduced clumping but at the expense of
slower dissolution kinetics an undesirable trade-off for fast-acting an-
algesics like ibuprofen.

3.8. Enthalpy of sublimation

Sublimation enthalpy is a key macroscopic thermodynamic property
that reflects the strength of intermolecular interactions in the solid state
[64]. The enthalpy of ibuprofen sublimation was determined using the
rate of mass loss under isothermal TGA at 40, 50 and 60 °C temperature
profiles.

The Eyring equation (Eq. 2) is derived from transition state theory
(activated complex theory), which provides a framework to understand
chemical reaction rates. It relates the rate constant (k) of a reaction to
the temperature and the activation energy. Transition state theory as-
sumes that for a reaction to occur the reactants must first pass through a
high-energy transition state (the activated complex) before forming

Effect of solvent on mass loss - DVS
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Fig. 11. Isothermal TGA of ibuprofen stock (D50 = 78 pm) showing near-linear mass-loss behaviour at 40-60 °C under a 50 mL/min nitrogen purge.

products [65,66]. The linear nature of the mass loss curves (Fig. 11)
implies that the zero-order kinetics was followed over most of the sub-
limation time. Therefore, the linear form of the Eyring equation can be
used to calculate the enthalpy of sublimation for all batches tested due to
temperature dependence of sublimation kinetics [67,45]. Where T is the
temperature, AH the enthalpy of sublimation, k the sublimation rate, AS
the entropy of sublimation and rate R the molar gas constant.

()

The plot of In(k/T) versus 1/T gives a straight line with slope from
which the enthalpy of sublimation can be derived and an intercept from
which the entropy of sublimation is obtained. The Eyring equation was
fitted to the data shown in Fig. 12. The sublimation enthalpy (AH) of
ibuprofen was calculated from the slope of a linear regression line and
Table 5 shows the results for all batches.A correlation was observed
between the enthalpy of sublimation and the TGA mass-loss rate (See
Fig. 13.)

The calculated sublimation enthalpy values across the various sam-
ples revealed two distinct clusters. Samples prepared using non-polar
solvents (Stock and Hex) generally align more closely with the
recently reported literature value of 115.7 kJ/mol by Emel’yanenko
et al. [68]. Whereby the stock Dsg 126 pm sample with AH (114.88 kJ/
mol) nearly matching the literature value. However, the stock sample

AH AS

et @
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o
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R*=0.9994

1000/T (k)

Fig. 12. Eyring plot (In k/T versus 1000/T) for the sublimation process of stock
ibuprofen (D50 = 126 pm), with the linear fit used to estimate sublima-
tion enthalpy.
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Table 5
Enthalpy of sublimation for all ibuprofen batches, with regression parameters
derived from mass-loss-time curves.

Batch Enthalpy of sublimation (AH) Determination Coefficient
kJ/mol (R2)

Stock Dsg 126 114.89 0.9994
pm

Stock Dsg 96 pm 121.13 0.9999

Stock Dsg 78 pm 117.68 0.9988

Hex D5 289 pm 117.11 0.9997

Hex Dsg 64 pm 108.09 0.9907

Hex D5 60 pm 115.03 0.9970

EtOH Dsg 256 107.31 0.9910
pm

EtOH D5 145 107.49 0.9988
pm

EtOH D5 88 pm 106.64 0.9914

MeCN Ds 106 104.75 0.9988
pm

MeCN Ds; 80 106.33 0.9985
pm

MeCN D5, 62 109.16 0.9989
pm

MeOH D5, 389 106.47 0.9986
pm

MeOH Ds, 310 107.49 0.9985
pm

MeOH D5 156 106.68 0.9985
pm

D5 96 pm with AH (121.13 kJ/mol) is much closer to the reported value
by Ertel et al. [27]. The Hex samples (108.09-117.11 kJ/mol) further
reflect the non-polar solvent-specific trend, as the largest sieve cut of the
Hex batch (Dsp 289 pm and AH 117.11 kJ/mol) approaches the more
recent reported literature value. While the Hex D5 64 pm sample (AH
108.09 kJ/mol) deviates significantly, possibly due to non-uniform
crystal packing due to the wide particle size distribution previously
discussed.

In contrast, polar solvent-derived batches (EtOH, MeOH and MeCN)
consistently yielded lower enthalpies (104.75-109.16 kJ/mol) signifi-
cantly below the reported literature values for the sublimation of race-
mate ibuprofen. However, these values are much closer to the
sublimation enthalpy of the pure ibuprofen enantiomer with a value of
108.5 kJ/mol as reported by Emel’yanenko et al. [68]. The paper by
Maxwell and Chickos, [69] used gas chromatography method to esti-
mate sublimation enthalpies of the racemate and enantiomer and re-
ported the values 128.9 and 122.7 kJ/mol respectively. The high AH
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Enthalpy vs mass-loss rate (TGA 50C° 0%RH)
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Fig. 13. Correlation between the enthalpy of sublimation and the TGA mass-loss rate determined at 50 °C and 0 % relative humidity.

values reported are due to methodological limitations of chromatog-
raphy technique, flawed assumptions about enantiomer/racemate
behaviour (assumed the vaporisation enthalpy of the racemate and
enantiomer are identical) and uncertainties in adjustment of fusion en-
thalpies. Whereas the paper by Emel’yanenko et al. [68] used direct
experimental methods (transpiration and Knudsen effusion) to measure
sublimation enthalpy without relying on reference compounds or fusion
adjustments. This method is less prone to systematic errors and align
closely with theoretical predictions.

As the values of the enthalpy of sublimation are dependent on the
experimental methods used for measurement, it is therefore more useful
to compare values obtained from the same methods against each other.
This study focuses on comparing the enthalpy values derived from polar
and non-polar solvent recrystallised ibuprofen batches using isothermal
TGA technique. A possible explanation for the reduction in sublimation
enthalpies between the polar and non-polar samples is the weaker
intermolecular interactions that occur due to the presence of more polar
crystal facets. This results in less internal hydrogen bonding within the
crystal, which contribute to an overall weaker particles causing the
observed differences in sublimation enthalpy.

The MeCN batches exhibit a slight enthalpy increase with decreasing
particle size (Dsp 62 pm: 109.16 kJ/mol vs Dso 107 pm: 104.75 kJ/mol),
suggesting that with increased surface area causes greater number of
facets being exposed on the surfaces further enhancing the effect of facet
specific molecular interactions to the overall contribution to crystal
integrity. Nevertheless, solvent-driven polar facets dominate as seen in
EtOH and MeOH batches where minimal particle-size dependence and
seen providing enthalpy of sublimation values near 107 kJ/mol.

The absence of a clear particle-size trend across most solvent groups
suggests that solvent effect on facets type and crystal integrity are pri-
mary determinants of enthalpy, overshadowing particle size effects. For
instance, while smaller particles theoretically exhibit higher surface
energy, the influence of solvent in polar batches likely mitigates this
contribution. These findings highlight the critical role of crystallisation
conditions particularly solvent choice in modulating sublimation
thermodynamics.

The Clausius-Clapeyron equation (Eq. 3) is a fundamental equation
in thermodynamics that describes the relationship between the enthalpy
of sublimation, vapour pressure of a substance and its temperature. It
can be derived from the principles of thermodynamics, specifically from
the first law of thermodynamics and the concept of phase transitions
[70,71].

P, AH/1 1
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Where AH the enthalpy of sublimation, R is the universal gas con-
stant and Pyand P are the vapour pressures at temperatures Tyand T, in
kelvin respectively.

Existing studies typically determine vapour pressure directly (e.g. by
the transpiration method) and then infer sublimation rates (e.g. using
Eq. 2). In contrast, we measured the sublimation rate directly and used
these data to calculate the enthalpy of sublimation (using Eq. 2).
Applying the Clausius-Clapeyron relation, we then estimated the vapour
pressure of ibuprofen particles to compare these estimates with litera-
ture values. Using our experimentally derived enthalpy of sublimation
value (AH 114.88 kJ/mol), the Clausius-Clapeyron equation predicts
that the vapour pressure at 60 °C is 14.13 times that at 40 ° C. This aligns
closely with values reported by Perlovich et al. [28] using the transpi-
ration method, where they reported a vapour pressures of 0.0166 Pa at
40 °C and 0.239 Pa at 60 °C corresponding to a 14.39 fold difference.
The close agreement between our estimated vapour pressures and the
experimental values reported validates the consistency of our sublima-
tion enthalpy with literature findings, highlighting that measuring the
sublimation rate and using these data to estimate vapour pressure is a
reliable method. Notably, the minor discrepancy (14.13 vs. 14.39) likely
arises from rounding or slight variations in temperature calibration, as
highlighted by Emel’yanenko et al. [68] which reconciled prior in-
consistencies in ibuprofen’s thermodynamic data through combined
experimental and quantum-chemical approaches. Future work will
incorporate reference standards to make the experimental setup suitable
for measuring absolute vapour pressure. Additional measurements will
also be acquired to develop an empirical model that more accurately
predicts vapour pressure and sublimation behaviour over a wider tem-
perature range.

Overall, the enthalpy of sublimation of ibuprofen is highly sensitive
to experimental methodology, complicating direct comparisons across
studies. To isolate the influence of solvent choice during crystallisation
on the sublimation behaviour of ibuprofen particles below their melting
point, normalised sublimation rates (adjusted for surface-area varia-
tions) offer a robust analytical framework. This approach circumvents
the inherent variability in enthalpy-based comparisons, mitigates con-
founding methodological factors and enables precise evaluation of how
solvent choice affects the physicochemical properties governing subli-
mation kinetics under sub-melting conditions. By focusing on rate-based
analysis, this method provides a clearer, more reliable assessment of
solvent-dependent sublimation dynamics.

Collectively, the results identify solvent selection during crystal-
lisation as a practical and effective parameter to control sublimation. By
modulating crystal habit and surface chemistry through solvents that
favour expression of the (100) facets, it is possible to consistently reduce
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mass loss during thermal handling. Targeting a higher (100):(011) facet
ratio therefore provides a direct route to limit sublimation-driven mass
loss and enhance solid-state stability.

Low-polarity solvents such as Hex, have been shown to preferentially
promote growth of the (100) facets, resulting in more stable crystal
habits with reduced surface energy. Consequently, crystals formed in
such environments exhibit lower mass loss due to sublimation, reduced
intra-batch variability and greater reproducibility in downstream pro-
cessing. The improved control over particle morphology translates into
more consistent and efficient batch production, supporting both process
robustness and product uniformity.

Furthermore, the same facet-engineering principles can be applied to
limit batch-to-batch variation, as even minor shifts in solvent or process
conditions can alter the relative exposure of key facets and hence surface
chemistry that directly influence sublimation behaviour and powder
performance. Selecting solvent systems and process parameters that
deliver low-sublimation, facet-stabilized particles enhances surface
stability, flowability and compressibility without necessitating addi-
tional unit operations, thus improving manufacturing efficiency and
reducing production costs.

Practically, we recommend a concise solvent-screening workflow:
for each candidate solvent, generate a consistent particle size fraction,
quantify facet expression and measure sublimation under representative
environmental conditions. Prioritise solvent—process combinations that
yield the lowest mass-loss profile and transfer these optimised condi-
tions into scale-up with controls that preserve the desired crystal habits.
This solvent-guided crystallisation strategy offers a clear, scalable path
to minimise yield loss, tighten batch variability and enhance storage
stability.

4. Conclusion

The sublimation behaviour and thermal stability of racemic
ibuprofen are shown to be strongly influenced by solvent choice during
crystallisation. By systematically varying solvent polarity and environ-
mental conditions, this study establishes a clear link between crystal
morphology, surface energetics and sublimation kinetics, offering
practical insights for controlling sublimation during pharmaceutical
processing and storage.

Key findings from this work are summarised below:

e Solvent polarity dictates morphology and kinetics: Recrystalli-
sation from polar solvents (EtOH, MeOH) yielded more uniform parti-
cles with higher-energy surfaces and faster sublimation, while hexane
produced irregular, elongated crystals with slower sublimation and su-
perior long-term stability.

e Size and environment effects: Smaller particles sublimed faster
(surface-area driven) and humidity suppressed mass loss (DVS at 50 %
RH < TGA in dry N at 40-60 °C).

e Structural and chemical integrity: PXRD and FTIR confirmed
retained crystallinity and chemical identity across batches; SEM and
Morphologi G3 resolved solvent-dependent morphology and size
distributions.

e Thermodynamic trends: Enthalpies of sublimation varied with
solvent history and followed literature trends; polar-derived batches
showed lower values, approaching those of the pure enantiomer. Nor-
malising sublimation rates by surface area enabled solvent-specific ef-
fects to be decoupled from particle size.

e Manufacturing relevance: The framework links solvent-
controlled morphology and surface energy to measured sublimation
under dry and humid conditions, offering a practical solvent-screening
approach to minimise sublimation, reduce batch variability and yield
loss (e.g. during hot-melt extrusion) and preserve powder attributes
critical for tableting and API potency.

Future work will focus on refining predictive control over sublima-
tion through several directions. Absolute vapour pressure calibration
will be achieved using reference standards, and the dataset will be
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expanded by varying pressure, solute concentration, and temperature to
enable a more reliable empirical model spanning solvent class and
environmental conditions. Additional experiments will include direct
measurements of the sublimation front, employing custom-designed
cells with optical access and/or in situ imaging approaches to visualise
and quantify front propagation in real time. Furthermore, AFM will be
applied to correlate facet-level surface properties and roughness with
sublimation kinetics and scalability studies will assess long-term sta-
bility under industrial crystallisation and storage conditions. Collec-
tively, these efforts will culminate in a validated, predictive framework
that translates solvent choice into precise sublimation control,
improving yield, quality and consistency in pharmaceutical
manufacturing.
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