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Preferential salt deposition and spreading influence both natural processes and industrial applications. 
This study examines salt deposition patterns in evaporating sessile drops and within capillary menisci 
above a brine pool. Temperature- and concentration-dependent surface tension induces Marangoni 
flow, which transports high-concentration liquid to the cooler side of the droplet where nuclei form and 
grow. Substrates with mixed thermal diffusivities and externally imposed thermal gradients can alter 
salt deposition patterns by controlling the direction of Marangoni flow. When connected to a brine 
pool, salt deposition creates a salt coating that can spread on vertical substrates. Spreading begins 
when crystals remain confined against the substrate: small crystals nucleating higher in the transition 
zone of capillary menisci have a higher likelihood of staying in place due to larger capillary forces. Salt 
spreading on a vertical substrate can be halted by imposing a downward thermal gradient to reverse 
the Marangoni flow direction within the capillary menisci or by engineering the surface roughness 
to reduce wettability. Horizontally roughened surfaces impede salt spreading; vertically roughened 
surfaces see the formation of stable crystals within short induction times, followed by rapid spreading 
as corner flow facilitates solution transport along interconnected roughness and through the porous 
salt coating.
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There is preferential evaporation near the contact line between a wetting sessile droplet and a substrate1–3. The 
replenishment of evaporated water towards the contact line induces an outward radial flow within the droplet; 
then, in the presence of dissolved salts, preferential salt deposition takes place around the droplet edge (“coffee-
ring effect”4–7).

Preferential deposition affects industrial and scientific applications, such as inkjet printing8,9, surface 
coating10,11, drug screening12, bio-material analysis13, and crystal fouling in microdevices and heat 
exchangers14–17. Attempts to suppress or reverse preferential deposition have involved the use of surfactants18,19, 
colloidal particles5,20,21, local changes in temperature22, controlled relative humidity23, and altered substrate 
wettability24.

Fluid flow and replenishment are driven by capillarity and the surface tension gradient created by non-
uniform evaporation and ensuing changes in temperature or concentration (Marangoni effect25,26). Flow can be 
either radially inward and trigger internal precipitation, or radially outward to form a ring-like salt pattern17,27–29. 
Therefore, controlling Marangoni flow can allow us to manipulate the salt deposition pattern.

Furthermore, the precipitated salts can gradually expand and spread on substrates if the front remains in 
contact with a reservoir. This phenomenon often called “salt creeping”30 is herein termed “salt spreading” to 
distinguish it from mechanical creep under sustained stress. While previous studies have explored underlying 
brine transport and deposition processes30–33, the initiation and inhibition of salt spreading on solid surfaces 
remain unclear34.

This study explores the underlying mechanisms for Marangoni flow within sessile drops, its effect on salt 
precipitation, the initiation and conditions for salt spreading, and potential control strategies to counteract 
preferential salt deposition and spreading.
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Experimental studies
Sessile drops: hybrid substrates and thermal gradients
We prepared a 5.5 mol/L sodium chloride NaCl solution (Note the saturation concentration of NaCl is 6.1 mol/L 
at room temperature and pressure). We then placed 30 μL sessile drops on selected substrates using a pipette 
(89079-968, VWR Signature).

We controlled the substrate temperature gradient using active and passive methods. The active method 
imposed a thermal gradient by sitting one end of glass slides on a hot plate (Z645060, IKA RCT basic Ikamag—
local temperatures measured using bonded thermocouples. See Supporting Information: experimental setup in 
Figure S1, and temperature data in Figure S2). The passive method involved hybrid substrates prepared with two 
surfaces of different thermal diffusivities (Fig. 1): a glass plate (microscope slides, Fisher Scientific Co., thermal 
diffusivity DT = 3.4 × 10−7 m2/s) and an aluminum plate (DT = 9.7 × 10−5 m2/s). To avoid differences in roughness 
and wettability, the two sections were coated with a thin layer of polytetrafluoroethylene (0.075 mm, Nexus 
Industries), and sessile drops were centered at the juncture of the glass and aluminum sections. Both active and 
passive tests were run at constant room temperature and relative humidity (T = 22  °C and RH = 56%). Time lapse 
photography recorded the evolution of evaporation and salt precipitation (Leica DMS300 microscope).

Figure 2a shows selected photographs of the sessile saline drop resting on the hybrid substrate: the salt crystal 
nucleates on the low thermal diffusivity glass plate (see Movie S1 in Supporting Information). Figure 2b shows 
the evaporation of a sessile saline drop on the glass slide subjected to a thermal gradient of 4.2 °C/cm: the salt 
crystal forms and deposits on the cooler side of the substrate (Movie S2 in Supporting Information). Duplicate 
tests systemically confirm the repeatability of these observations (Figure S3 in Supporting Information).

Salt spreading on glass rods
Glass rods (Fisherbrand™) were partially immersed in an open beaker filled with saturated NaCl solution and 
held in a vertical position to examine the evolution of salt spreading. In some cases, we added a heat source at 
the top to cause a downward thermal gradient along the rod (setup see Figure S4 in Supporting Information).

Figure 3 shows sequential images of salt spreading on a smooth glass rod without an imposed thermal gradient. 
Initially, salt crystals form within the wetting meniscus and fall into the bulk solution during evaporation (see 
time lapse video Movie S3 in Supporting Information). Crystal formation-and-falling continues until a crystal 
adheres to the glass rod; then, salt precipitation begins to spread along the glass rod. We repeated each test three 
times and obtained similar results: the incubation time t until the first crystal remains attached to the unheated 
smooth glass rod surface is 655 min < t < 945 min and increases to 1404 min < t < 2928 min for top-end heated 
glass rod.

Analyses and discussion
The effect of thermal gradients on salt deposition patterns
The evaporation rate of a sessile drop depends on the local vapor pressure surrounding the drop, and it is 
influenced by factors such as temperature (Clapeyron effect), curvature of the liquid–vapor interface (Kelvin 
effect), and intermolecular forces between the liquid film and the substrate near the contact line35 (model in 
Deegan et al.1). Experimental and numerical results confirm a higher evaporation rate near the contact line in 
wetting fluids2,3,36,37.

Evaporation is endothermic, the water temperature decreases near the contact line, and affects the surface 
tension γ [mN/m] along the drop surface38,39:

Fig. 1.  A sessile drop on a hybrid substrate: passive thermal gradient. Endothermic evaporation results in 
a temperature drop on the left side due to the low thermal diffusivity of glass. Squares indicate potential 
precipitates.
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Fig. 3.  Salt spreading on a smooth glass rod at room temperature. (a) Initial state. (b) Crystals precipitate 
and fall into the bulk solution. (c) Eventually, a crystal remains trapped in the upper part of the meniscus and 
grows. (d) Salt spreading on the glass surface. See time lapse video Movie S3 in Supporting Information.

 

Fig. 2.  Evolution of a brine drop: evaporation and salt precipitation. (a) PTFE coated hybrid substrate made 
of glass and aluminum. (b) Homogeneous glass substrate with an imposed thermal gradient of 4.2  °C/cm. 
Salt precipitation starts on the cooler left side in both cases. The contact angle between brine and the PTFE 
substrate is ~ 110°. See time lapse Movies S1 and S2 in Supporting Information.
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where temperature is in T [K]. Note that the evaporation enthalpy of water is 44.2 kJ/mol at 20  °C40, whereas 
the enthalpy of crystallization for NaCl is -3.9  kJ/mol41. For a 30 µL drop of a 5.5  mol/L NaCl solution, 
approximately 74  J of energy is absorbed during water evaporation compared to only 0.64  J released during 
NaCl crystallization. Consequently, the temperature gradient created by evaporating drops on hybrid substrates 
(Fig. 1) is predominantly governed by water evaporation and the heat compensation provided by substrates with 
different thermal diffusivities (glass: DT = 3.4 × 10⁻7 m2/s; aluminum: DT = 9.7 × 10⁻5 m2/s).

Meanwhile, the salt concentration S [g/kg] in the liquid near the gas–liquid interface increases during 
evaporation and affects surface tension too39:

	 Salinity effect γsw = γw

[
1 + 3.766 × 10−4S + 2.347 × 10−6S · T

]
� (2)

Consequently, fluid flows from the low surface tension on the hotter side, to the high surface tension on the 
cooler and saltier side.

Evaporation-induced changes in temperature and concentration explain salt deposition on the cooler 
glass side of the hybrid substrate (Fig. 2): the high thermal diffusivity on the aluminum side preserves room 
temperature while the low thermal diffusivity glass side experiences a temperature drop (Fig. 1). Substrates with 
an actively imposed thermal gradient experience a similar sequence of events and salt crystals form and deposit 
on the cooler side of the substrate (Fig. 2b and Movie S2 in Supporting Information).

Internal flow during evaporation
We used a suspension of polystyrene latex particles (polystyrene plain, PS010UM, Magsphere, specific gravity 
Gs = 1.05, mean diameter d = 20 μm, mass particles/mass water = 0.5%) to confirm internal flow and preferential 
particle accumulation within a drop resting on a substrate with an imposed thermal gradient (8.2  °C/cm). 
Initially, latex particles were homogenously dispersed within the drop; as evaporation progressed, latex particles 
migrated towards the cooler side (Movie S4 in Supporting Information).

To gain internal information, we modelled two sessile saline drops (d = 5 mm) sitting on a glass substrate 
with two different thermal gradients, 4.2  °C/cm and 8.2  °C/cm (COMSOL Multiphysics—Navier–Stokes—
Model details and parameters in Supporting Information). Results shown in Fig. 4 confirm that the temperature 
gradient along the drop surface drives a rotational flow field inside the drop. The maximum flow velocity is at 
the hot end and reaches 30 mm/s under the 4.2  °C/cm thermal gradient, and 80 mm/s for 8.2  °C/cm (reported 
values range from 0.01 mm/s to 110 mm/s42–44).

The significance of Marangoni convection
Internal fluid flow reflects the interplay between interfacial tension, viscous drag and heat diffusion. The 
capillary number Ca compares the resisting viscous drag and the driving surface tension gradient, while the 
Marangoni number Ma compares the rates of capillary convection and the dissipative effects (thermal diffusion 
and viscosity):

	
Ca = µV

γ
� (3)

	
Ma = ∆γL

µDT
� (4)

In terms of the dynamic viscosity μ [kg m−1 s−1], the characteristic flow velocity V [m/s], surface tension γ [N/m], 
and the characteristic length along the surface tension gradient L [m].

Fig. 4.  Marangoni convection in sessile drops with thermal gradient—numerical simulation results. Two 
imposed thermal gradients: (a) 4.2 °C/cm and (b) 8.2 °C/cm. Arrows: velocity vectors; contours: isothermal. 
Drop diameter d = 5 mm.
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For example, consider a d = 5 mm diameter saline drop sitting on a substrate with a thermal gradient of 4.2  
°C/cm so that the contact line temperature is Tcool = 37.2 °C on the cooler side and Twarm = 39.3 °C on the warmer 
side; the resulting surface tension difference is Δγ = 0. 33 mN/m (Eq. 1). The large Marangoni number Ma = 19,000 
and the small capillary number Ca = 0.0007 (L = π × d/2 = 7.8 mm, DT = 1.58 × 10–7 m2/s and μ = 0.878 × 10–3 kg 
m−1 s−1) confirm the dominance of Marangoni convection near the liquid–air interface.

Salt spreading initiation: precipitate attachment
Crystallization on partially immersed vertical rods always initiates within the upward wetting meniscus (Fig. 3). 
There are three regions in the meniscus45 (Fig. 5a: (1) the upper thin film region where glass strongly attracts the 
water molecules and evaporation is minimal, (2) the transition region where capillary forces dominate, and (3) 
the bulk fluid region where the curvature is nearly constant and gravity forces dominate. Evaporation is most 
pronounced in the transition region (see model in Panchamgam et al.36, see also Plawsky et al.46 and Nguyen et 
al.47). In agreement with the sessile drop analyses, non-uniform evaporation induces temperature, concentration 
and surface tension gradients, leading to upward Marangoni flow and a locally high concentration that promotes 
salt crystallization near the meniscus upper region (Fig.  5b). Once a crystal adheres to the glass rod, pores 
between crystals and the substrate act as capillary conduits for salt solution transport and facilitate salt spreading 
on the glass rods30–32 (see formation of porous salt crusts in Dai et al.48).

Experimental observations show that the attachment of salt crystals onto the solid substrate is a precondition 
for the initiation of salt spreading. NaCl precipitates into cubic crystals under quiescent conditions49. The 
photograph in Fig. 6a shows a vertical view of a cubic salt crystal resting on a flat vertical substrate. Figures 6b 
and 6c identify the forces involved: the buoyant self-weight W, the effective force N normal to the wall, the 
shear resistance F, the force caused by the capillary suction U  = l2Δu = l2ρw⋅g·hc,and the perimetral force P ~ 3 l·γ 
created by the surface tension itself γ. The perimetral force P exceeds the force U  for small crystals l < 1 mm (for 
a capillary rise hc≈2 cm). The frictional shear resistance F = μf ·N depends on the friction coefficient μf between 
the crystal and the glass substrate which can range from μf = 0.1 to 0.750,51. It follows from this analysis that small 
crystals that nucleate higher in the transition zone benefit from the higher capillary force U  + P pressing them 
against the substrate and have a higher probability of remaining in place to initiate salt spreading.

Preventing salt spreading
Results with the top-heated smooth glass rod confirmed that reversing the Marangoni flow direction within the 
meniscus prevents nuclei formation and salt spreading (Fig. 5c). It is also known that surface roughness affects 
wettability52–55. In fact, anisotropic surface roughness renders different contact angles in orthogonal directions 
as observed with a sessile drop (Fig. 7a). Then, how does roughness affect salt spreading?

We polished glass rods with #400 emery paper either horizontally along the circumferential direction, or 
vertically along the longitudinal direction (CarbiMet Plain #400—Buehler Ltd. Note: while the grit size is ~ 40 μm, 
the prevalent inter-groove distance observed on the glass substrates is ~ 100  μm). There were pronounced 
differences in induction times: vertically polished rods = 80-to-144 min, smooth glass rods = 655-to-945 min, 
horizontally polished rods = 1383-to-2673  min. Furthermore, Fig.  7b shows significant salt spreading on the 
vertically roughened glass rod but no salt spreading on the horizontally roughened rod (Note: for visualization 
purposes, Fig. 7 and the Movie S5 show the two rods immersed in the same brine pool and with the same 
starting time. The reported induction times were measured using rods inserted in separate pools to avoid any 
potential interference). Vertically aligned roughness grooves reduce the apparent contact angle (Fig. 7a), increase 

Fig. 5.  Capillary meniscus. (a) Various regions and evaporative heat flux profile (after Plawsky et al.45). (b) 
Non-heated rod: Marangoni flow and precipitation. (c) Top heated rod: counter Marangoni flow. Sketched 
crystals suggest preferential precipitation.
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capillary rise, facilitate corner flow, and promote faster evaporation away from the brine pool. As a result, vertical 
roughness enhances salt spreading56–58.

Conclusions
This study explored salt deposition patterns in evaporating sessile drops and within the capillary meniscus above 
a brine pool. Furthermore, we engineered substrates with different thermal diffusivities and anisotropic surface 
roughness, and imposed thermal gradients to affect deposition. Salient results follow.

Marangoni flow transports liquids from regions with high temperature and low surface tension to regions 
with low temperature and high surface tension. The formation of a localized high concentration zone on the 
cooler side of the drop facilitates nuclei formation and crystal growth, increases surface tension further, and 
enhances Marangoni flow. Therefore, salt precipitation during the evaporation of sessile saline drops can be 
biased by engineered hybrid substrates with distinct thermal diffusivities or by imposing a thermal gradient on 
the substrate.

Marangoni flow triggered by evaporative cooling and increased concentration can sustain salt spreading 
on capillary menisci. Spreading starts when precipitated crystals remain against the substrate surface. Small 
crystals that nucleate higher in the transition zone of capillary menisci have a greater probability of remaining 
in place due to the larger capillary force that confines them against vertical substrates. The evolving salt layer 
is porous and provides capillary conduits for salt solution transport needed to sustain further salt precipitation 
and spreading. Corner flow facilitates solution transport, thus, spreading preferentially advances in the direction 
of interconnected roughness. Salt spreading can be prevented by imposing a downward thermal gradient or 
engineering the surface roughness to hinder wettability.

The insights gained from this study hold promise for controlling salt deposition patterns and spreading on 
solid substrates, with potential applications in various engineering and industrial contexts.

Fig. 6.  Crystal attachment on a a vertical glass surface. (a) Vertical view of a precipitated crystal against a 
vertical substrate. (b) Horizontal cross section. (c) Vertical cross section.
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