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ABSTRACT
[bookmark: _Hlk130547727][bookmark: _Hlk130831141]The diffusion of nanoparticles in nanofluids in form of pendant drops and levitated droplets is characterized by dynamic light scattering. In combination with a heterodyne detection scheme, particle diffusivity in pendant drops can be determined by this method. The diffusivities therein correspond well to the values measured inside a cuvette. During evaporation, crust formation in the drop can also be identified by the method. Dynamic light scattering experiments for levitated droplets are performed with an ultrasonic acoustic levitator. Again, the dynamics of the particle number density fluctuations inside the droplet can be characterized, but the derivation of particle diffusivities is not yet possible. In both cases, the evolution of the characteristic time reflecting the diffusive process of nanoparticles can be determined until the point of crust formation. In summary, the applicability and limitation of dynamic light scattering for the characterization of diffusion of particles in evaporating drops are identified. 



Keywords: Diffusion, Drying, Dynamic Light Scattering, Levitation, Nanofluid, Pendant Drop




1

1. [bookmark: _Hlk30625478]Introduction
Generation of functional solid structures by drying of nanofluids which represent a colloidal suspension of nanoparticles (NPs) is a key aim in a variety of applications and industries, for example in the production of conductive solid films [1]. Spray drying is a major process to transform solid containing liquids into free-flowing powders. It is widely used in the foods and agrochemical industry [2]. The formulation of porous coating layers on carrier particles is another major process to design specific release rates. For instance, in the works of Rieck et al. [3] and Schmidt et al. [4] on spray fluidized bed layering, it was shown (for solutions and suspensions) that different thermal conditions yield different layer properties. Control over structure formation is required to guarantee tight bounds on product quality, e.g., the conductance of solid thin films, as used for instance in solar cells or OLEDs, depends on the spatial structure generated by the deposited solids after drying [1, 5, 6], as does antimicrobial action of solid films [7]. Control over layer porosity in spray coating is required to design, e.g., the specific release rate of an active pharmaceutical ingredient from a coated tablet into the human body with therapeutic effect and avoiding overdosing. 
Taking spray drying of nanofluids as a specific example in the following, the particle structure is generated from sprayed droplets by the complex interplay of gas-liquid heat and mass transfer with the particulate phase: Heat is provided to the nanofluid by convection, conduction or radiation or a combination thereof, as a result the liquid evaporates. The kinetics of heat and mass transfer influence the transport of the dispersed particulate phase within the remaining liquid. Depending on the speed of drying, different structures are obtained. Fig.1, after Walzel and Furuta [8], shows the different possible outcomes, ranging from small and compact to large and hollow particles. 
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Figure 1. Schematic representation of possible particle morphologies starting from a single spherical droplet (after Walzel and Furuta [8]).

The movement of the NPs within the droplet is influenced by different transport phenomena and particle-particle interactions. Convection due to droplet-internal flow fields, diffusion, aggregation of NPs into larger structures, or breakage into smaller aggregates of NPs can take place. The magnitudes of diffusion, aggregation and breakage are linked to the local concentration field  of the dispersed solid. Whereas diffusion is proportional to the local gradient in concentration, agglomeration and breakage are proportional to the square of the local value of the concentration field where different proportionality factors apply. With increasing solids concentration, simultaneous occurrence of particle transport and interaction is observed. At very low solids concentration, diffusion dominates. Here, the diffusivity of nanoparticles is typically described by the Stokes-Einstein law and aggregation and breakage are unlikely. With shrinking liquid volume, e.g., by evaporation, the solids concentration increases. This induces changes in the viscosity of the nanofluid, changes the diffusivity of NPs and also increases the likelihood of successful aggregation of NPs into aggregates. 
Technical nanofluids are typically polydisperse, e.g., NPs and their aggregates possess a size distribution. This in turn yields a distribution in the properties of the dispersion which culminates in effective properties, e.g., effective diffusivities. Due to the changing liquid volume as a result of evaporation, its value is transient. Elucidation of the dependency of the effective diffusivity on evaporation rate of the liquid depending on gas temperature, polydispersity of the initial nanofluid and solids concentration is a key requirement for particle structure, process, and product design. Moreover, the final structure of the particle product is influenced by the ability of the NPs to diffuse to the center of the droplet. Hence, the formation of dense particles is associated with the domination of diffusion of the NPs over the drying process, whereas hollow particle formation is expected when the evaporation process dominates over the particle diffusion. 
In order to effectively investigate evaporating droplets, contactless and non-invasive characterization methods are necessary. Until now, only a few methods are reported that can be applied for the characterization of the internal or the surface structure of a droplet. For instance, the group of Basu [9-12] intensively investigated the morphological transition in an acoustically levitated nanofluid droplet by droplet imaging. Yarin et al. [13] applied a similar method in measurements on the drying behavior of droplets of aqueous suspensions of glass beads. A static light scattering-based method by Mitic et al. [14], rainbow refractometry by Saengkaew et al. [15] and Li et al. [16] as well as digital in-line holography by Coëtmellec et al. [17] were also presented. The application of the dynamic light scattering (DLS) method for the characterization of levitated droplets of nanofluids was pioneered by Bronk et al. [18]. They demonstrated that the obtained characteristic decay times from the analysis of the intensity correlation function correspond well to the size of the scatterers inside the levitated droplet. In recent studies, both Krieger and Zardini [19] as well as Derkachov et al. [20] applied the DLS method for studying single microdroplets of dispersions of NPs. However, they delivered rather diverse conclusions. In detail, Krieger et al. [19] used DLS to characterize non-spherical micrometer-sized single aerosol particles levitated in a quasi-electrostatic balance. They could show that the recorded correlation functions were influenced by the rotational motion of the droplet and even a qualitative analysis was prohibited. Derkachov et al. [20] concluded in their study that it is possible to find the characteristic times corresponding to the Brownian motion of the dispersed NPs at the initial stage of the evaporation. Later, the drying microdroplet transforms into a non-rigid rotating microaggregate, which masks the Brownian motion of the dispersed NPs. Based on the previous studies, it seems that the DLS method can be applied for the characterization of the diffusive processes of NPs inside a droplet. However, further attention including a deeper exploration of the limits of DLS for this purpose is needed. 
For the bulk of a nanofluid, DLS method has been widely applied to determine particle diffusivities as well as particle size and size distribution over a wide concentration range [21-23]. Recently, several studies make use of DLS to characterize particle diffusion under the confinement of porous media [24-29]. The investigations with porous materials reported in Ref. [28] resemble to a certain extent to those with a droplet of nanofluid. In both cases, the diffusive process of NPs is much more complex compared to that in the bulk of a nanofluid. Furthermore, the diffusion process is difficult to be accessed by DLS or any other scattering-based techniques due to the weak signals from the particles masked by a strong background originating from the scattering at the matrix of the porous material or from the surface of the droplet. 
In this contribution, we applied the DLS method to study the diffusive process in a single pendant drop or a levitated droplet of nanofluids containing spherical silica (SiO2) NPs. In a first step, the particle diffusivity in nanofluids filled in a cuvette was determined. In a second step, to reduce the complexity of the investigations, nanofluids in form of a pendant drop was studied by DLS. The advantage of the pendant drop is given by its larger size and stability compared to a levitated droplet. Different experimental temperatures were investigated to vary the speed of the evaporation process of the pendant drop. In a final step, DLS investigations were extended to levitated droplets with help an ultrasonic acoustic levitator and an optimized experimental setup. The results are discussed in connection with the applicability and limitation of the DLS method for the characterization of diffusive processes of NPs inside an evaporating drop. 

2. Experimental Section
2.1. Ultrasonic acoustic levitator
Due to the fast drying kinetics of droplets consisting of (primary) NPs in spray dryers, the recording of the changes of interested properties in the droplets during the drying process becomes complicated [30]. This limitation can be overcome by studying the evaporation phenomena of a single droplet in a controlled environment. Investigations on a single droplet by suitable techniques also provide access to information about the evolution of e.g., the mass, diameter, and rheology of the drop, the temperature as well as the diffusion coefficients of the NPs [31, 32]. Moreover, the change in the structure of the drop, e.g., curst formation, can be reflected by the physical deformation of the drop during the drying. Single droplet levitated via acoustic levitation offers the possibility to simulate the drying of droplets close to the operation conditions in spray dryers, thus, enabling a better understanding on drying kinetics and particle formation of colloidal droplets. First investigation on a single droplet of a colloidal suspension containing -Al2O3 particles using acoustic levitation was presented by Groenewold et al. [33]. Later, Schiffter et al. reported more in-depth studies on drying kinetics and particle formation in connection with dependence of the final morphology of the particle on the gas-side drying conditions [34, 35]. 
The working principle of acoustic levitation, depicted in Fig.2, is based on the generation of a standing ultrasound field as a result of multiple reflections of a sound wave between a solid reflector (flat or concave) and the ultrasonic radiator. Levitation of liquids or solid samples is only possible if their equivalent diameter is less than half a wavelength l of the standing wave. In this work, an ultrasonic levitator (11-0130911, Tec5 GmbH) operated at a frequency f = 100 kHz was used. The theoretical l is around 3.4 mm in the case of present study, i.e., at temperature T  293 K. Based on our experiments, the levitator allows a stable positioning of a nanofluid droplet with an equivalent diameter of up to 1.43 mm. The stability of the positioned levitated droplet can be optimized by adjusting the distance between the reflector and the radiator with help of a micrometer screw. In addition to the light scattering experiments, the projection or the image of the levitated droplet can also be obtained with a camera to track the evolution of the droplet diameter.
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Figure 2. Schematic of the working principle of the acoustic levitation

2.2. Materials and their characterization
A technical grade silica (SiO2) nanofluid (Köstrosol 9550, Chemiewerk Bad Köstritz GmbH) was used in this work. Particle morphology was obtained by scanning electron microscopy (SEM) (GEMINI 500, Zeiss GmbH). The nanofluid contains at least three different sizes of particles. The number-weighted diameters dP of the particles being (25.4 ± 7.8, 45.8 ± 13.4 and 97.7 ± 10.5) nm were derived from the analysis of at least three corresponding SEM images containing at least 36 particles in the view using ImageJ software [36]. Here, dP is considered to be the hydrodynamic diameter dH of the particle by neglecting any additional contribution from, e.g., the surfactant, to the layer thickness around the particles. The uncertainty of dP or dH was estimated with help of the double standard deviation (k = 2) of the corresponding individual values. 

2.3. Sample preparation and handling
All nanofluids were prepared gravimetrically with a balance (ENTRIS224I-1S, Sartorius) with a precision of 0.1 mg. The nanofluids with lower weight fraction w were diluted from the stock nanofluids by the addition of de-ionized water. The latter was filtered one time with help of a polyvinylidene fluoride (PVDF) syringe filter (Millex-VV, Merck KGaA) with pore size of 100 nm to reduce possible impurities in the de-ionized water. Considering an relative expanded uncertainty (k = 2) of 4 % for the weight fraction of the stock nanofluids, an absolute expanded uncertainty (k = 2) of 1 mg in the weighted mass of the balance, the relative expanded uncertainty in w is between (4 and 20) % and 11 % on average for all prepared nanofluids. The diluted nanofluids did not exhibit any visually observable sedimentation over at least 24 hours. To ensure minimum sedimentation and aggregation in the samples, prior to the DLS measurements, each nanofluid was sonicated for at least 10 mins.
In this work, the prepared nanofluids in different forms were investigated. For simplicity reasons, we denote NFcuvette, NFpendant and NFlevitated to be the nanofluid filled in the cuvette, suspended as a pendant drop and suspended as a levitated droplet, respectively. After sonication, the prepared nanofluid was either filled into a quartz cuvette (111-10-40, Hellma GmbH & Co. KG) using glass pipette, or taken into a plastic syringe. The NFpendant was created with help of a syringe cannula with a blunt tip. For placing the NFlevitated in the ultrasonic acoustic levitator, a cannula with a sharp tip was used as the resulting droplet was much easier to be captured by the nodes of the standing sound wave. For each experiment, the equivalent droplet diameter for NFpendant and NFlevitated was set to (1.9 ± 0.2) mm and (1.4 ± 0.3) mm. For the investigations of NFpendant and NFlevitated, the cuvette was placed in the temperature-controlled cuvette holder as described in Section 2.4. The investigations of NFlevitated were performed at room temperature which was measured to be around 294 K. 

2.4. Method – dynamic light scattering
DLS from the bulk of fluids analyzes the dynamics of statistical fluctuations in temperature or entropy, pressure, and concentration or particle number density in macroscopic thermodynamic equilibrium [37, 38]. The method allows the absolute determination of diffusivities from the analysis of the scattered light caused by these fluctuations by calculating the time-dependent correlation function (CF), also called the second-order correlation function. Taking an ideal bimodal nanofluid and neglecting fluctuations on a molecular level, a general CF takes the form

				(1)
Here, ILO stands for the time-averaged intensity of a reference light that is coherently superimposed to the scattered light. The reference light can be generated in a defined way or be present from further scattering processes [29, 39, 40]. Ii describes the time-averaged intensity of scattered light related to fluctuations in the particle number density of particle species i. The correlation time C,i which is equivalent to the mean lifetime of fluctuations in the particle number density of species i is related to the diffusivity Di by

. 											(2)
In eq. (2), q is the modulus of the scattering vector

,									(3)
where S is the scattering angle and nnanofluid is the refractive index of the nanofluid at the laser wavelength in vacuum 0. Depending on the probing wavelength  = 2/q and the interparticle distance d, either the self-diffusivity of the particle species i (when  < d) or the eigenvalues of the collective diffusion matrix (when  > d) is probed by DLS. For nanofluids with small w, where the interparticle interactions can be neglected, the self-, collective, and the tracer diffusivity D are equal [41-47]. For nanofluids with large w, the abovementioned diffusivities deviate, and their corresponding concentration dependences were reported by Beenakker et al. [48] and Kops-Werkhoven et al. [49]. 
As it is very difficult to extract reliable information from a sum of multiple exponentials, cf. eq. (1), with decay times on the same order of magnitude, the aim of the experimenter is to realize a situation where one or some of the exponentials clearly dominate. Therefore, one has to design the experiment so that either only scattered light from the sample itself is detected by the detector (ILO ≪ Ii, i.e. ILO  0) to realize a homodyne case, or to design the experiment so that the scattered light from the sample with a much stronger coherently superimposed reference light is detected (ILO Ii) to achieve heterodyne case. The latter case is very beneficial and should be pursued if the scattered light intensities are comparatively weak, or the homodyne case relates to larger complexity in its experimental realization or data evaluation. For example, often it is very difficult to ensure a pure homodyne detection scheme, since ILO generated from dust, windows of the sample cell, and even the solvent of the nanofluid cannot be neglected compared to Ii. Assuming that the signals are free of disturbances, a practical heterodyne CF for a bimodal nanofluid takes the form

,							(4)
which is derived from eq. (1) by its normalization with (ILO)2. Here, a is an adjustable parameter which should be close to the ideal value of 1. b1 and b2 are associated with the ratios of the amplitudes of the individual heterodyne contributions of eq. (1) to (ILO)2. C,1 and C,2 are the mean lifetimes of fluctuations in particle number densities of two particle species and are linked to the particle diffusion coefficients D by eq. (2). A simplification is given for bimodal nanofluids in the case that the signal amplitude associated with one particle species is much larger than the other one. Then, the normalized intensity CF can be represented by a single exponential and only one single C can be determined. 

2.5. Experimental Setup
A detailed description of the DLS method related to its experimental realization can be found in our previous work [29, 50]. In the following, only information relevant for the present study will be given. Fig.3 (A) shows the top view of the optical and electronic arrangement of the experimental setup used for the present study. Here, for sample inside a cuvette, e.g., NFcuvette and NFpendant, two different configurations indicated by the dashed boxes are used to optionally analyze the scattered light at a scattering angle S close to 90° (A-1) or in the back-scattering direction close to 180° (A-2). For NFlevitated inside an ultrasonic acoustic levitator, the scattered light is analyzed at a S = 90° (A-3). The pendant drop inside a cuvette, the used ultrasonic acoustic levitator and a levitated droplet are shown in Fig. 3 (B-D). The output laser light from a fiber laser is directed and focused via a set of mirrors (M) and a lens (L) into the sample cell represented by a temperature-controlled holder for a cuvette or onto the levitated drop. The incident laser beam is split by a beam splitter (BS) into a main beam and a reference beam represented by the solid and dashed line. The reference beam with intensity ILO is coherently superimposed to the scattered light with intensity IP, where ILO is much larger than IP. The intensity and polarization of both the main and the reference beam are controlled using combinations of a half-wave plate (/2) and a polarization beam splitter (PBS). For each beam path, the PBS is aligned so that only vertically polarized is transmitted. For the reference light, a neutral density filter (NDF) was also inserted into the beam path to further reduce its intensity. The direction for the detection of the scattered light is defined by two apertures (A) and is indicated by the dotted line in Fig.3 (A-1) and (A-2). For the DLS experiments on NFcuvette or NFpendant inside a cuvette, the alignment of the reference direction and the adjustment of the incident are described in Refs. [29, 50]. For the DLS experiments on NFlevitated, a 2f optical system was constructed for the collection of the scattered light inside the droplet with help of a bi-convex lens (L2) with a focal length f of 62.9 mm. Here, the PBS, the lens L2, the aperture and the fiber coupler are mounted on a XYZ linear stage indicated by the green dashed box in (A-3). This is especially useful to adjust the distance in x-axis between L2 and the levitated droplet to be close to 2f as well as the relative position with respect to the center of the levitated droplet in y- and z-axis without moving the acoustic levitator which destabilizes the droplet. Therefore, for a more precise alignment, only the 90° (A-3) configuration was used. Since a precise superposition of the scattered light and the reference light with a fixed direction is no longer possible, in DLS experiments applied to a levitated droplet, the reference beam was not used in the configuration shown in (A-3). The detection of the scattered light, used correlators and their correlation scheme, as well as the regulation of the temperature of the cuvette holder are detailed in Refs. [29, 50]. For the DLS experiments on NFcuvette, the average temperature of the sample and its stability being (1, 6, and 36) mK are quantified by the mean value and the double standard deviation of the temperature data recorded by the temperature probe inside the cuvette within one measurement series typically lasing 2 h. For the DLS experiments on NFpendant inside the cuvette, the latter value is calculated to be (1, 8 and 10) mK based on data recorded by the same temperature probe which was placed inside an empty cuvette close to the position where the pendant drop would have been placed. The reported T in the figures and Table 1 represent the mean values of the data recorded during one complete measurement series.
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Figure 3. (A) Setup with optical and electronic arrangement for the detection of the scattered light close to a scattering angle of 90° (A-1) or close to 180° (A-2) from sample inside a cuvette or at 90° (A-3) from a levitated droplet inside an ultrasonic acoustic levitator. The green dashed box in (A-3) represents a XYZ linear stage. The solid and dashed lines correspond to the incident laser beam and a reference beam which is coherently superimposed to the scattered light for a heterodyne detection scheme. The direction for the detection of the scattered light is represented by the dotted line. The abbreviations used in the figure are defined in the main text. The pendant drop placed inside a cuvette (B), the used ultrasonic acoustic levitator (C) and a levitated drop (D) are also shown.

2.6. Experimental Procedure and Data Evaluation
For NFcuvette, DLS measurements were performed with different i between (70 and 160)° using two types of correlators to record a total of at least 6 CFs with a run time of at least 10 mins for each CF. For nanofluids with higher concentration w, DLS measurements were performed only at i = (160 and 170)° due to the sample non-transparency. For the NFpendant in a cuvette, DLS measurements were performed at i = 160° since only high concentrated nanofluids were investigated due to their relevance in real applications. Here, multiple CFs with a run time of at least 60 s were recorded with both correlators until the pendant drop was fully evaporated. For the DLS measurements at lower temperature, e.g., at T = 298 K, the run time for each CF was increased to 200 s as the evaporation of the drop was much slower. For the NFlevitated, DLS measurements were performed at i = 90° using both correlators to record multiple CFs, each with a run time of 20 s, until the drop was evaporated. For the acquisition of CFs, a custom-made software for the correlators was used which allows saving multiple individual CFs with desired short integration times automatically [29]. Here, for an individual investigation of a specific NFcuvette with a defined detection scheme, a typical number of CFs is 600 with integration time of 1 s. Thus, the total integration time or total experimental run time is always 10 min. For investigations of a NFpendant or NFlevitated, while the integration time of individual CFs was fixed to be 10 s, the number of CFs varied from 2 to 20 depending on the experimental temperature, thus, the speed of the evaporation. 
From the individual CFs obtained with the same correlator, detection scheme, and thermodynamic state, one average CF with desired run time is calculated using a post-processing algorithm. The average experimental CFs are fitted with an appropriate theoretical model, which is given by either a single exponential or multiple exponentials, using the Levenberg-Marquardt algorithm to find the experimental constants and the dynamics of the fluctuations of interest, i.e., their characteristic lifetimes C. Two typical average CFs obtained using a heterodyne detection scheme for NFcuvette and for NFpendant, both with w = 0.3 are shown in Fig.4. 
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Figure 4. Averaged experimental CFs (square symbols) obtained for the analysis of (A) NFcuvette or (B) NFpendant with w = 0.30 at T = 298 K. The solid and dashed lines indicate the corresponding modes resulting from the fitting procedure of the CFs. Residuals of the measured CFs from their fits show no systematics. 

As shown in Fig.4 (A), for the DLS measurements in NFcuvette, the obtained average CF can be described by two exponentials and an additional term in form of a linear term or a second order polynomial. The additional linear term or second order polynomial counts for disturbances normally observable at large delay times and was added to model the complete CF for an accurate determination of C [29]. For clarity, Fig.4 shows the averaged CFs after subtracting the additional linear term or second order polynomial from the original measured CF. The slow mode having a larger amplitude with a decay time of C,1 should be associated with the NPs with larger diameters, i.e., the 97.7 nm ones. The fast mode with a smaller amplitude and a decay time C,2 should be associated with the other NPs having diameters of around (25 and 46) nm. Due to the small diameter ratio of the latter two particle fractions and the fact that the scattered light intensity of these two particle fractions is much weaker than that of the larger particles, it is not possible to reliably resolve their individual contributions within the fast mode C,2. The interpretation of the fast mode can be confirmed by the observation of a third mode C,3 in the experimental CFs for nanofluids with higher w, e.g. w >0.30. However, the third mode or the resulting diffusivity will not be discussed and displayed in this study as it always associates with large experimental uncertainty. For the DLS measurements in NFpendant, the obtained average CF as shown in Fig.4 (B) can also be described by two exponentials with an additional term as it was the case for that from the NFcuvette. The shown CF was obtained with a run time of 200 s at an evaporation time t, i.e., time since the drop was created, of 400 s. 
According to eqs. (2) and (3), diffusivities D are obtained from the fitted decay time C, scattering angle S, the wavelength in vacuo 0, and the refractive index of the nanofluid nnanofluid. Since the nnanofluid could not be determined with our available Abbe refractometer for nanofluids with high w which are non-transparent, in this work, the nnanofluid values of the investigated nanofluids were interpolated with a linear mixing rule considering the volume fraction of the nanofluid as well as the refractive indices of pure water and pure silica at a given T and 0. The temperature dependence and the wavelength dependence of the refractive index of pure water and pure silica were taken from Refs. [51, 52]. 
For NFcuvette, the reported diffusivities for a given sample and thermodynamic state were determined by averaging the individual results for the diffusivities from all averaged CFs obtained with both correlators in one measurement series, where a weighting scheme based on the inverse relative uncertainties of the individual diffusivity data was applied [53]. For NFpendant, the reported diffusivities and their uncertainties for a given sample, thermodynamic state, and a given evaporation time t were determined by averaging the individual results for the diffusivities from all averaged CFs obtained with both correlators in one measurement series. For both cases, the uncertainty of each individual diffusivity value was given on a 95% confidence level (k = 2) and was determined by error propagation calculations accounting for the statistical uncertainty in the fitting of the CF as well as for the experimental uncertainties in nnanofluid and i.
3. Results and discussion
In this manuscript, only the diffusivity values obtained in the NFcuvette will be listed in the table. The diffusivity results obtained from the DLS measurements in the NFpendant will only be displayed in figures. 
3.1. Particle diffusivity obtained in the nanofluid filled in the cuvette
The experimental diffusion coefficients of SiO2 NPs in NFcuvette with different particle weight fractions w and their corresponding expanded relative uncertainties Ur (k = 2) are summarized in Table 1. Here, the diffusion coefficients are denoted by D1,cuvette and D2,cuvette. Considering all investigated temperatures, Ur(D1,cuvette) ranges from (1.4 to 7.8)% and is 3.8% on average. These values for Ur(D2,cuvette) are (14, 181 and 54)%, respectively. Due to the large uncertainty for D2,cuvette, only D1,cuvette values are plotted in Fig. 5 as a function of w.
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Figure 5. Diffusion coefficient D1,cuvette of SiO2 NPs in the bulk of a nanofluid as a function of w determined by DLS under heterodyne conditions at different T. The error bars of the D1,cuvette values indicate the measurement uncertainties on a confidence level of 95%. 

For all NFcuvette with the exception of the one with w = 0.001, two distinct diffusivities can be found. As mentioned in Section 2.6, the smaller diffusivity D1,cuvette is assigned to the larger particles having a diameter of around 97 nm. The larger diffusivity D2,cuvette is an effective diffusivity related to the particle fractions having diameters of around (25 and 46) nm. 
At T = 298 K, the determined D1.cuvette value remains constant from w = 10-7 to w = 0.101, and then decreases rapidly approaching the stock weight fraction w = 0.497. Here, the measured value is 70% lower than that measured at w = 10-7, which is close to infinite dilution. Considering the applied experimental conditions, the probing wavelength L is around 270 nm. This means for nanofluids with w > 0.05, the diffusivity determined by DLS should resemble the collective diffusivity as the interparticle distance is smaller than the probing wavelength. The concentration dependences of the self-diffusivity D1,self and the collective diffusivity D1,collective are calculated based on the correlations proposed by Beenakker et al. [48] and Kops-Werkhoven et al. [49] and are indicated by the dashed and solid lines in Fig.5. The values of D1,self and D1,collective were calculated using the dH value of 97.7 nm and the dynamic viscosity of water  = 0.89 mPas at T = 298 K [54]. The conversion between the volume fraction as used in Ref. [48] and the weight fraction was performed using the densities of SiO2 and water (2 and 0.997) gcm3 [55, 56]. The shaded area around the dashed line represents the uncertainties of D1,self and D1,collective considering the standard deviation of dH described in Section 2.1. The generally larger value of D1,self or D1,collective compared that of D1,cuvette might be related to a systematic underestimation of the solvent viscosity or the hydrodynamic diameter of the NPs. The differences in D1,self, D1,collective, and D1,cuvette values will not hinder a qualitative comparison of their concentration dependence. As can be seen, the determined D1,cuvette value generally better follows the concentration dependence of the self-diffusivity D1,self rather than that of the collective diffusivity D1,collective. This might be related to more complex interactions present in the nanofluid, which could be caused by polydispersity of the nanofluid or possible surfactants, or this is simply related to particle aggregation at higher particle weight fractions. As it is not the focus of this work to identify the reasons for the observed discrepancy, this issue will not be further discussed. 
Table 1. Experimental particle diffusivities D1 and D2 as well as their relative uncertainties Ur(D1) and Ur(D2) (k = 2) of SiO2 NPs in nanofluid filled in the cuvette
	T/ K
	w
	1012D1 / (m2∙s−1)
	100Ur(D1)
	1012D2 / (m2∙s−1)
	100Ur(D2)

	298
	106
	4.3a
	3
	20
	104

	
	105
	4.3a
	4
	14
	181

	
	104
	4.3a
	3
	14
	180

	
	0.001
	4.5a
	2
	-
	

	
	0.005
	4.2a
	2
	16
	32

	
	0.010
	4.3
	2
	13
	33

	
	0.050
	4.2a
	3
	17
	24

	
	0.101
	4.3a
	7
	21
	35

	
	0.201
	3.5
	2
	11
	19

	
	0.300
	3.0
	5
	10
	25

	
	0.302
	3.0
	5
	15
	28

	
	0.497
	1.4
	5
	5.9
	27

	
	0.497
	1.4
	2
	5.4
	14

	313
	0.201
	5.2
	8
	16
	39

	
	0.300
	4.4a
	12
	16
	56

	
	0.497
	2.0
	10
	8.6
	70

	333
	0.201
	7.8
	8
	24
	41

	
	0.300
	6.3
	12
	19
	51

	
	0.497
	2.7
	13
	9.5
	54


aDLS experiments were performed with a laser operated at 0 = 488 nm
3.2. Particle diffusivity obtained in a pendant drop
The diffusion coefficients of SiO2 NPs in NFpendant with w = 0.300 as a function of the evaporation time t determined from three exemplary DLS experiments at T = (298, 313, 333) K as well as their corresponding expanded relative uncertainties Ur (k = 2) are shown in Fig. 6. Evaporation time refers to the time span since the formation of the pendant drop. Due to the large amount of data, the diffusivity values will not be shown in a table. Here, the diffusion coefficients are denoted by D1,pendant and D2,pendant. 
For all measurements, two diffusivities D1,pendant and D2,pendant can be simultaneously determined, as was the case for the investigations in NFcuvette. D1,pendant and D2,pendant should correspond to D1,cuvette and D2,cuvette. This means that the diffusive processes of NPs inside a nanofluid suspended as a pendant drop can be characterized by the DLS method applying a heterodyne detection scheme. At smaller t, while the diffusivity D1,pendant agrees with that determined in NFcuvette, larger values of D2,pendant compared to those in NFcuvette were determined. Taking the measurements at T = 298 K for example, at the initial stage of evaporation, i.e., t = 400 s, the relative increase in D2,pendant compared to that obtained in NFcuvette is around 60%. This implies that there are further influencing factors on the dynamics of NPs. A sound conclusion cannot be given in this work. However, such behavior on the particle diffusivities might be related to, e.g., the presence of advection either inside [57] or on the surface of the drop [58, 59]. The additional advective flow superimposes with the diffusive process of the NPs, thus, affecting the determined particle diffusivity. 
At T = 298 K, stable signals could still be detected even at t = 7500 s due to the extremely slow evaporation process of the NFpendant inside the cuvette, as confirmed by several DLS experiments repeated for the same NFpendant at this T. The slow evaporation was achieved by bringing the air in the cuvette close to saturation with a thin liquid film at the bottom of the cuvette. Almost saturated conditions were initially generated to determine the effect of droplet morphology on DLS results as compared to measurements in the liquid-filled cuvette. The deviation from saturation conditions is a measure for the driving force of evaporation. This driving force depends on the saturation temperature, that is linked to the saturation vapor pressure of water in air at a given temperature. With increasing gas temperature, the driving force increases. Therefore, to speed up the evaporation of the NFpendant, DLS experiments at higher T were also performed. At higher temperatures, the evaporation of the NFpendant was significantly faster and the time span t in which reliable DLS experiments could be performed is reduced. As shown in Fig.6 (B) for T = 313 K and Fig.6 (C) for T = 333 K, D1,pendant and D2,pendant decrease rapidly with t. Taking the results obtained at T = 313 K as an example, while the D1,pendant always decreases approaching the maximum t of around 3000 s, D2,pendant, however, decreases first then increases. In addition, the associated experimental uncertainty of D2,pendant indicated by the error bars increases dramatically at the final stage of evaporation. Similar observations could also be found for the DLS experiments at T = 333 K. This can be related to the appearance of oscillations in the recorded CFs after t of around 2000 s which is defined here as locking point tlock. It determines the moment when the drying droplet transforms into a wet particle. Whereas drying of the droplet is determined by gas-side conditions alone, drying of the wet particle is also influenced by particle-side heat and mass transfer processes, e.g., heat conduction through the formed, porous crust and vapor diffusion from the interior of the particle towards the solid-gas-interface. Oscillation in the CFs is a clear indication of the formation of particle crust around the NFpendant, indicating the wet particle stage. As a proper fitting of the CFs was not possible in the presence of oscillations, the CFs obtained after tlock were neither analyzed nor discussed in this study. 
[image: ]
Figure 6. Particle diffusivities D1,pendant and D2,pendant of SiO2 NPs in NFpendant with w = 0.300 as a function of the evaporation time t at T = 298 K (A), 313 K (B), and 333 K (C). The error bars of the D1,pendant values represent the measurement uncertainties on a confidence level of 95%. The large error bars of the D2,pendant values are not displayed in the figure for clarity purposes. The dashed-dotted lines indicate a critical value of t at where oscillations appear in the recorded CFs. 

For all the investigated temperatures, D1,pendant and D2,pendant both decrease with the evaporation time t. The reasons for this may be twofold. Firstly, the decrease in D1,pendant and D2,pendant during the evaporation of the NFpendant can be partially related to the concentration dependence of the diffusivities for nanofluids with w approaching the stock value. For example, as can be seen in Fig.5, the relative decreases in the values of D1,cuvette and D2,cuvette from w = 0.300 to those at w = 0.495 are around 55% and 45% at T = 298 K, which corresponds well with the observation in the case of NFpendant, cf. Fig.6 (A). Secondly, it is highly unrealistic to assume that the individual NPs do not aggregate during the evaporation of the pendant drop. Therefore, the determined diffusivities naturally decrease as the diameter of the scatterers, i.e. particle aggregates, inside the NFpendant increases. 
To further identify whether the decrease in the diffusivities during the drying of the drop is purely caused by their concentration dependence or is combined with the influence from particle aggregation or agglomeration, the determined experimental diffusivity D1,pendant values in NFpendant are plotted in Fig.7 as a function of calculated w until the locking point. Here, the calculation of w considers only the evaporation of water and assumes particles do not aggregate. 
[image: ]
Figure 7. Experimental particle diffusivity D1,pendant of SiO2 NPs in NFpendant as a function of the calculated particle weight fraction w until the locking point at T = 298 K (A), 313 K (B), and 333 K (C). Here, the calculation of the particle weight fraction w is described in the main text. 

The calculation of the particle weight fraction w during evaporation is described in the following. At first, the theoretical change of the drop diameter d during evaporation is calculated using a correlation between d and the evaporation time t proposed by Yarin et al. [13]. Here, the initial d is determined to be (1.9 ± 0.2) mm for a NFpendant with w = 0.300. Afterwards, the theoretical change in the volume of the drop as a function of t can be retrieved based on the d. As the mass of the particles inside the drop remain the same during evaporation, therefore, the increase in the particle weight fraction w is solely linked to the decrease in the mass of the water. The latter is converted from the decrease in the volume of the drop using the density of water at corresponding temperatures. 
For the measurements at T = (298, 313, and 333) K, the relative decrease in D1,pendant from the initial w = 0.300 to the highest w is around (34, 52, and 78) %. For the same concentration range, in comparison, the relative decrease in D1,cuvette is around (27, 34, and 62) %. The D1,cuvette value at the corresponding T and the highest w is interpolated by a second polynomial function based on the concentration dependence of D1,cuvette. The larger decrease in the diffusivity in the case of NFpendant compared to the case of NFcuvette clearly indicates that the decrease in D1,pendant and D2,pendant during the drying of the pendant drop can be attributed to the combined influences of the concentration dependence of diffusivity and particle aggregation or agglomeration. 
3.3. Particle diffusivity obtained in a levitated droplet
To explore the applicability of the DLS method for the characterization of diffusive process of NPs in a real free droplet, DLS experiments were performed for the same nanofluids suspended as a levitated droplet with the help of an ultrasonic acoustic levitator using the modified DLS setup as shown in Fig.3 (A-3). 
Three example CFs obtained for the analysis of the NFlevitated with w = 0.01 at different t are shown in Fig.8 (A). Similar to other CFs obtained in NFlevitated, only one exponential related to the 97 nm NPs could be found compared to those obtained in NFcuvette and NFpendant. This is because of the low signal-to-noise (SNR) ratio of the recorded CFs in NFlevitated. The contrast of the CFs decreases with increasing t. Here, the contrast is the intensity ratio between the free NPs or aggregated NPs and other scattering processes, e.g., at the surface of the droplet. This might be related to the increasing scattering intensity of the rather rigid NPs which were enriched at the surface of the droplet prior to the formation of the crust and/or the reducing scattering volume when the droplet evaporates. 
The decay time C determined from the fitting of the CFs, shown in Fig.8 (B), increases with increasing the evaporation time t. The error bars represent the fitting uncertainties (k = 1) of the tC value. From t = 20 s to the end of the evaporation stage, i.e., t = 400 s, the relative increase in C is around 350%. This can again be explained by the combined influences of an increasing diameter of the scatterers as the droplet evaporates and the concentration dependence of the diffusivity at high w.
[image: ]
Figure 8. (A) Averaged experimental CFs (empty symbols) obtained for the analysis of a nanofluid with w = 0.01 suspended as a levitated droplet at room temperature. For the averaged CF, 2 individual CFs with single integration time of 10 s are taken into consideration. The solid lines indicate one exponential resulting from the fitting procedure of the experimental CF. (B) Experimental decay times C (empty squares) determined from the fitting of the experimental CFs as a function of the evaporation time t. The error bars represent the fitting uncertainties (k = 1). The solid and dashed lines indicate the decay times obtained from the analysis of a NFcuvette with w = 0.01 at room temperature applying a homodyne and heterodyne detection scheme. 

As described in Section 2.5, additional defined reference light was not used for the DLS experiments on NFlevitated. However, the resulting detection scheme for those DLS experiments is unclear in the presence of light scattered from the surface of the levitated droplet. Therefore, the decay times C,hom,cuvette and C,het,cuvette obtained from the analysis of a NFcuvette with w = 0.01 at room temperature applying a homodyne and heterodyne detection scheme are also plotted in Fig.7 (B), indicated by the solid and dashed lines. As can be seen, C,het,cuvette is two times larger than C,hom,cuvette, which agrees very well with the theory [60]. In NFlevitated, the decay times C,levitated do not agree with C,het,cuvette and C,hom,cuvette, neither at small nor large t. This suggests that either the resulting detection scheme of the DLS experiments on NFlevitated is neither homodyne nor heterodyne, or the diffusive process of NPs inside NFlevitated is very different than that in NFcuvette if a defined detection scheme could be assumed. Because of the former reason, a reliable determination of the diffusivities was not possible. Therefore, for the DLS investigation on NFlevitated, diffusivities will not be calculated or discussed. Based on the contrast value of the experimental CFs which is proportional to Ii/(Ii+ILO) being smaller than 0.03, the resulting detection scheme should be closer to a heterodyne detection scheme. In this case, it can be concluded that the dynamics of the NPs inside NFlevitated is much faster than that inside NFcuvette at the initial stage of the evaporation. This is most likely caused by strong advection of the NPs and by the increase in the internal temperature as a result of the imposed ultrasonic sound energy. At t around 400 s close to the end stage of the evaporation, C,levitated values are much larger than C,het,cuvette, indicating a much slower dynamics of the scatterers in NFlevitated. Here, the scatterers can be the individual NPs which are densely packed and aggregated NPs. 
After tlock which is typically around 400 s, oscillations will again appear in the obtained experimental CFs and their magnitude increases with further increasing time t. The difference in value of tlock compared with the values obtained in NFpendant at similar temperatures is explained by the change of experimental conditions: I) The surrounding gas volume is much larger than in the cuvette, i.e., gas-side conditions do not significantly change during evaporation and the driving force remains almost constant. II) The gas is not partially saturated, i.e., driving force for evaporation is much larger. III) A certain portion of the energy of the standing pressure wave is dissipated in the droplet, leading to slightly higher droplet temperature than in the pendant drop case. IV) The standing wave induces a small convective flow around the levitating droplet. Convection enhances the kinetics of evaporation, thereby contributing to a faster transition from drying droplet to drying of a wet particle. The appearance of the oscillation in the CFs is again a clear indication of the formation of crust around the droplet. Shortly after reaching tlock, the levitated droplet will dry out completely. 
4. Conclusion
[bookmark: _Hlk130831264][bookmark: _Hlk130831510]The present work demonstrates the characterization of diffusion of nanoparticles in nanofluids suspended as a pendant drop and as a levitated droplet using dynamic light scattering. Corresponding experiments on a nanofluid suspended as a pendant drop were performed at temperatures of 298, 313 and 333 K applying a heterodyne detection scheme. In comparison to investigations of a nanofluid filled in a cuvette, similar diffusivity values can be simultaneously determined during the evaporation process of the pendant drop. Larger values of the diffusivity associated with the smaller nanoparticles in the pendant drop suggest that there are further influencing factors, e.g., advection either inside or on the surface of the drop. During the evaporation of the pendant drop, crust formation and its time of appearance can also be identified by the appearance of oscillations in the recorded correlation functions. Before the crust is formed, the decrease in the determined particle diffusivities during the drying of the drop can be attributed to a combined influence of the concentration dependence of particle diffusivity and particle aggregation or agglomeration. For levitated droplets, it was also demonstrated that the dynamics of the particle number density fluctuations can be characterized. Here, the diffusive process of nanoparticles can be characterized until the crust formation. In summary, the applicability and limitation of dynamic light scattering for the characterization of diffusive processes of nanoparticles inside an evaporating droplet were identified, also reflecting a proof-of-concept for its application under process-relevant condition. In future work, we intend to study the aggregation rate of nanoparticles in addition to the characterization of their diffusion.
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