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Abstract  

In the US, the oil industry produces over 15 billion barrels of wastewater contaminated with crude 

oil microdroplets annually.  Current technologies are unable to remove these microdroplets at 

different pH conditions. Herein, an innovative surface engineered sponge (SEnS) was designed by 

combining surface chemistry, surface charge, roughness, and surface energy. Under all pH 

conditions, the SEnS rapidly adsorbed oil microdroplets with 95-99% removal efficiency 

predominantly by Lifshitz-van der Waals forces. Furthermore, at the best pH value, 92% of the oil 

was adsorbed within 10 min due to synergistic Lifshitz-van der Waals and acid-base (electrostatic 

attractive interactions and hydrogen bond) forces. The adsorbed crude oil was recovered at ambient 

conditions while the cleaned SEnS was reused up to five times for crude oil adsorption. Due to the 

process efficacy, sponge reuse, and oil recovery, this adsorptive-recovery method using SEnS 

demonstrates great potential for the industrial recovery of oil from wastewater.  
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Introduction  

In the US, the oil industry produces over 15 billion barrels of wastewater annually.1 Oil extraction, 

processing, and accidental spills frequently generate crude oil microdroplets (<20 μm). These 

difficult-to-remove microdroplets have adverse effect on the ecosystem.2,3 Cost-effective methods 

for microdroplet recovery, especially at pH conditions commonly seen in oil field wastewater, do 

not currently exist and are essential to minimize environmental impacts. Among physical 

separation methods, adsorption is desirable due to its low cost, energy-efficiency, and wide 

applicability.4 However, traditional nanoporous adsorbents, such as activated carbon, are 

incompatible with micrometer-sized droplets.4-6 

Recently, surface engineered sponges (SEnS) have emerged as promising adsorbents for oil 

microdroplets.7-9 Due to their low cost, ease of fabrication, and high uptake capacity, sponges have 

great potential as industrial-scale sorbents.10 To date, most sponge surfaces have been tailored to 

adsorb surfactant-stabilized pure hydrocarbon emulsions, which exhibit monotonous wetting at 

different pH values.7,8 In contrast, crude oil is a complex mixture of ionic, polar, and non-polar 

components.11,12 As a result, depending on pH, these complex chemical mixtures can exhibit large 

variability in physicochemical properties13,14 leading to a broad range of contact angles at a solid 

surface.9 Furthermore, the fundamental mechanisms governing variation in crude oil wetting 

behaviour with pH, which are important for material design, are not well understood.  

This work develops new sponges that are robust to the variable pH-responsive wetting behaviour 

of crude oil. Desirable sponge surface properties for microdroplets adsorption over broad pH 

conditions were hypothesized. To complement crude oil composition variability, the sponge 

surface is predicted to need organic, acid and base sites for effective oil adsorption (Figure 1a). 

Along with tailored surface chemistry,15-17 the surface charge,17-19 and roughness20-22 may also 

invoke favorable wetting behavior23-26 at the sponge surface (Figure 1b), enabling adsorption of 

oil droplets over a broad pH range. Based on these properties, the crude oil adsorption process 

efficacy can be predicted and validated experimentally.   

Herein, the aforementioned approach was applied to develop SEnS for adsorptive recovery of 

crude oil microdroplets for variable pH conditions. The SEnS consists of an acid-base polyester 
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polyurethane sponge coated with decyl capped nanocrystalline silicon. The surface chemistry, 

surface charge, roughness, and surface energy were characterized using X-ray photoelectron 

spectroscopy, microscopy, electrokinetic analysis, and inverse chromatographic techniques. Based 

on the surface energy and surface charge properties, the microdroplet adsorption efficacy with pH 

was predicted. Experiments showed the SEnS rapidly physisorbed microdroplets at all pH values 

with 95-99% efficiency, predominantly by Lifshitz-van der Waals forces. Furthermore, at the best 

pH value, due to synergistic Lifshitz-van der Waals forces, electrostatic forces, and hydrogen 

bonding, over 92% of the oil was adsorbed within 10 minutes. Subsequently, the adsorbed crude 

oil was recovered at ambient conditions by surface displacement using a solvent. The cleaned 

SEnS was reused five times for microdroplets adsorption. This new framework opens pathways 

for development of innovative SEnS and the evolution of sponge-based adsorption technologies 

to remediate oil field effluents. 
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Figure 1. Approach followed in this work: (a) Problem statement - to compensate for variations 

in crude oil composition, the rational design of the sponge surface chemistry includes acid, base, 

and hydrophobic/oleophilic groups. These heterogeneous chemical groups evoke attractive 

interactions between the sponge and crude oil microdroplets to enable effective wetting and 

adhesion to the sponge surface through adsorptive capture. (b) Our solution - primary surface 

characteristics manipulated to achieve the desired surface energy (ߛௌି) for effective wetting and 

adhesion of the crude oil microdroplets at different pH conditions.  
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Results & Discussion  

Material selection and characterization. In this work, PESPU sponge with pore size of 200-

1100 µm and porosity of ~97% was used as a 3D substrate due to its complementary acid-base 

surface groups and high porosity.9 Facile dip-coating was selected as the technique to functionalize 

the sponge surface with organic groups, to incorporate nanoroughness, and to manipulate the 

surface energy. Among currently available nanomaterials for coating the sponge, silica-based 

nanomaterials are favorable due to their earth abundancy and nontoxicity. Therefore, in this work, 

green nanocrystalline silicon (ncSi) was selected to enable future application in photochemical 

degradation of hydrocarbons in wastewater.  

Recently, research has shown that nanomaterials with spherical asperity shape and size of ~100 

nm are advantageous due to their abrasion resistance,27 slow degradation,28 and higher amount of 

adsorbate attachment.29 Our experiments also showed that both 20 nm and 100 nm ncSi:C10 

exhibit approximately equal rates of crude oil removal (Figure S1). Since, the commercial 100 nm 

ncSi was more cost-effective, this particle size was used to functionalize the sponge.  Therefore, 

functionalized decyl with ncSi at <1 wt% was used to coat the PESPU sponge. The resulting 

composite, referred to as a SEnS, possessed a surface area of 11.12 m2 g-1.  
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Surface chemistry. The presence of acid, base and hydrophobic/oleophilic groups on the SEnS 

surface was verified using X-ray photoelectron spectroscopy (XPS) and inverse gas 

chromatography (IGC). The XPS survey spectrum reveals the presence of C, O, N, Cl, and Si 

(Figure 2a). The measured elemental composition ratios of C/O and C/N were 6.18 and 18.85, 

respectively indicating high concentrations of carbon. This is directly related to desirable 

oleophilic sites. In C 1s spectrum (Figure 2b), the peaks at 285.0, 286.6, and 289.3 eV are 

attributed to C-C or C-H, NH-COO, and COOH, respectively. These features are consistent with 

the structures of polyester and polyurethane which contribute to acid and base sites. The strong C-

C peak relative to other peaks is attributed to the ncSi:C10 deposition. The low intensity of the 

COOH is ascribed to the loose carboxylic groups from esters.30 The high-resolution N 1s spectrum 

of the sample shows two peaks (Figure 2c). The stronger peak of the nitrogen is assigned to 

primary amino groups (399.8 eV), the weaker peak is in the form of protonated or hydrogen-

bonded amine (401 eV).31 In the Si 2p spectrum (Figure 2d), the peak at 100 eV is ascribed to Si 

(0) of the ncSi core, while the peak at 102.5 eV region is ascribed to Si-C and Si surface sub-oxides 

on the ncSi surface.32 The ncSi contributes to hydrophobic sites at the sponge surface.  

The relative Lewis acid and base composition of the SEnS was determined using IGC according 

to Gutmann approach (Figure 2e).33,34 Dichloromethane and ethyl acetate were used as the probe 

molecules to estimate the acid (ܭ) and base (ܭ) numbers. The measurements showed the ܭ 

number (electron acceptor or proton donor) was 0.14 and the ܭ  number (electron donor and proton 

acceptor) was 0.7. Therefore, the SEnS is amphoteric and predominantly Lewis base could be due 

to lower number of carboxylic and higher number of amine groups.18,35,36 In conclusion, the XPS 

and IGC analyses reveal that the SEnS contains acid, base, oleophilic, and hydrophobic sites at the 

surface. These groups enable adsorption of the crude oil microdroplets by complimentary 

heterogeneous chemical groups. 
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Surface charge. The solution pH is another critical factor affecting the material surface charge (ζ 
potential) and adsorption properties. It provides a measure of the magnitude and sign of the charge 

associated with the electrical double layer on the sponge surface.37,38 Figure 2f shows the ζ 
potential of SEnS in 0.001 M KCl solution at different pH conditions. The zeta potential of the 

SEnS was calculated from streaming potential using the Smoluchowski equation (1):  

ߞ =
ܫ݀
݀ .

ߟ
߳߳

.
ܮ
 (1) ܣ

where, ݀݀/ܫ is slope of streaming potential versus differential pressure, ߟ is electrolyte viscosity, 

߳ is dielectric coefficient of electrolyte, ߳ is permittivity, ܮ is length of the streaming channel, and 

 is the cross-section of the streaming channel. As can be seen, the point of zero charge (PZC) of ܣ

the SEnS was found to be at pH 6.3. Below the PZC, the sponge is positively charged and above 

the PZC, it is negatively charged. The positive charge at lower pH values is ascribed to the 

preferential adsorption of H3O+ ions and negative charge at higher pH values is attributed to the 

preferential adsorption of the OH- ions onto the SEnS surface.39  
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Figure 2. SEnS surface characterization: (a) to (d) Using XPS, (a) survey spectra with elemental 

atomic percentages, (b) C 1s, (c) N 1s, and (d) Si 2p spectra. (e) Acid and base profiles obtained 

using IGC. (f) ζ potential versus pH showing the point of zero charge of the SEnS. 
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Multiscale roughness. The micro/nano roughness plays an important role in wetting properties at 

solid surfaces. Figure 3 shows the surface morphological features at the SEnS surface. The field 

emission scanning electron microscopy (FESEM) images show ncSi:C10 aggregates deposited on 

the struts of the sponge surface. Due to pre-existing micro crevices on the struts surface, the 

ncSi:C10 addition forms micro/nano or double roughness profile (Figure 3a to 3d). The 

nanostructures at the SEnS film surfaces were visualized using atomic force microscopy (Figure 

S2). The nanoroughness was in the range of 60-250 nm and were spiky, reflecting the typical shape 

of hydrophobic particles.20 The global surface roughness (Ra value) measured using the optical 

profiler was approximately 51 µm (Figure 3e).  

 

It is well known that the double roughness profile at a solid surface could result in hydrophobicity, 

corrosive resistance, and self-cleaning properties.22 The surface wettability of water and crude oil 

inside the SEnS was observed using in-situ micro computed tomography (micro-CT). In Figure 

3f, the white zones show water draining through the pores which is not adhering to the surface due 

to the hydrophobic nature of the pores. In contrast, the crude oil, shown as the pink zones in Figure 

3g, spontaneously wet the pores due to oleophilic decyl groups. Figure S3 shows the SEnS also 

exhibits good stability against water, 0.1 M hydrochloric acid, and 0.1 M sodium hydroxide. 

Therefore, the SEnS could be expected to perform well in a harsh pH environment. The SEnS has 

also exhibited good self-cleaning properties (Figure S4). 
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Figure 3. Influence of ncSi:C10 coating on the SEnS surface roughness: (a) to (d) FESEM 

micrographs at different magnifications. (e) Optical profile of the SEnS showing overall surface 

roughness. (f) and (g) Visualization of hydrophobic-oleophilic properties of the SEnS using in-situ 

micro-CT. Wetting behavior (f) with water and (g) with crude oil.   
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Critical surface energy. The SEnS surface physicochemical features were modified using 

ncSi:C10 to achieve critical or total surface energy to maximize crude oil micro droplet wetting 

and adsorption. The IGC technique was used to measure the total (ߛௌି), dispersion (ߛௐ), and 

acid-base (ߛ) contributions to the surface energies of the SEnS. Due to the heterogeneous 

physicochemical surface features of the sponge, the conventional techniques, such as sessile drop 

analysis is not suitable for this application. Alternatively, IGC has the capability to characterize 

heterogeneous samples.34 Based on Lewis acid and base theory, ߛௌି was calculated as, 

ௌିߛ = ௐߛ +   (2)ߛ

The Dorris-Gray method was used to measure ߛௌିusing n-alkanes as the probe molecules,40  while 

the ߛ was obtained using Good-van Oss-Chaudhury (GvOC) method, as given by (3)41: 

ߛ = ௌߛ)
ାߛௌ

ି)
ଵ
ଶ + ௌߛ)

ାߛ
ି)

ଵ
ଶ  (3) 

where, ߛௌ
ାand ߛௌ

ି are acid and base surface energies determined using mono-polar solvents, 

dichloromethane and ethyl acetate for the solid and the liquid.  

The ߛௌି, ߛௐ, and ߛ of the SEnS measured at various surface coverages (fractional monolayer 

coverage) are shown in Figure 4a. As can be seen, the surface energy slightly changes with 

coverage, and it contains different levels of energy sites. Both ߛௐ (ranges between 17 to 19 mJ 

m-2) and ߛ (ranges between 47 to 52 mJ m-2) decrease with the increasing surface coverage. The 

highest energy occurs close to zero surface coverage because the highest adsorption energy sites 

are easily populated by the incoming probe molecules. Also, the surface energies are almost 

constant at higher surface coverage. ߛௌି, of the SEnS is in the range of 64 to 71 mJ m-2. 
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Prediction of droplets adhesion based on surface energetics. According to the Baier curve, the 

low surface tension organic liquids bind in different ways depending on the total surface energy 

  values between 10 to 20 mJ m-2, the wetting between the twoߛ At low surface energy .(ௌିߛ)

materials is weak to moderate. At higher values between 40 to 75 mJ m-2, the wetting between two 

materials is strong.24,26 As shown in Figure 4a, for this material, the major component of total 

surface energy (ߛௌି) comes from dispersion interactions (ߛௐ), which falls under the region of 

strong adsorbate adhesion.  The high dispersion surface energy is due to the omnipresent physical 

Lifshitz-van der Waals forces. The higher contribution as well as omnipresence of Lifshitz-van 

der Waals forces enables effective adsorption of crude oil droplets onto SEnS across all pH 

conditions.42,43 

Meanwhile, the minor component of total surface energy comes from the acid-base component 

  can also beߛ which falls under weak to moderate adsorbate adhesion. This pH-dependant (ߛ)

exploited for favorable oil droplet adhesion. This acid-base binding occurs by the electrostatic 

opposite charge interactions and the charge mediated hydrogen bonding.41,44 These 

complementary forces will exist when the pH is between the PZC of the sponge and IEP of the 

crude oil, as shown in Figure 4b.  
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Figure 4. (a) and (b) Hypothesized adsorption mechanisms, (c) and (d) experimental evidence, 

and (e) theoretical model. (a) SEnS surface energy profile showing total surface energy, dispersive 

component, and acid-base components. (b) Prediction of best pH range for high probability of 

crude oil microdroplet adhesion. (c) Influence of pH on oil removal efficiency (at acid, neutral, 

base, and best pH values).  (d) Influence of pH on crude oil uptake. (e) Pseudo-second order kinetic 

model of the adsorption of crude oil at different pH values. The microscope image (inset) shows 

the oil droplets deposition on the pore surface. 
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Crude oil adsorption with solution pH and kinetics. The crude oil is a mixture of acid, base, 

and organic components. The acid and base composition of the oil was measured as 0.6 and 0.9 

mg KOH/g. These results indicate that the oil is a stronger base. The isoelectric point (IEP) of the 

oil microdroplets was previously reported as pH 4.9, indicating that the oil microdroplets were 

positively charged below pH 4.9 and negatively charged above this pH by ionization of interfacial 

acid-base groups.  

The adsorption experiments were performed using crude oil-in-water emulsions with a droplet size 

below 10 μm.9 Based on surface charge characterization, the best adsorption occur at pH 5.6. As 

such, this pH is compared with a more acidic condition (3.6), neutral (pH 7.0), and more basic 

condition (pH 9.6). The resulting adsorption of crude oil microdroplets onto SEnS, as shown in 

Figure 4c, was quantified using total organic carbon (TOC) removal. Due to favorable surface 

energetics, at all pH values, the SEnS is able to adsorb 95-99% of crude oil in less than 180 mins. 

However, as expected based on the previous surface charge characterization, there was variation 

in the speed of oil removal according to emulsion pH. The SEnS showed fastest oil removal at best 

pH of 5.6 (over 92% removal in 10 min). At neutral pH 7, the removal was moderate with 99% 

removal in 60 min. However, at both extreme acid (pH 3.6) and extreme base (pH 9.6) conditions, 

the removal was the slowest (~95% removal in 180 min).  

The effect of pH on the temporal removal efficiency can be further understood from the zero charge 

points of the SEnS and crude oil microdroplets.9 As shown in Figure 4b, the zero charge points of 

the SEnS and crude oil occur at pH 6.3 and 4.9, respectively. Therefore, at pH 5.6, a positive 

charge exists on the SEnS and a negative charge exists on the oil microdroplet surfaces. Therefore, 

within this region, fastest adsorption of oil microdroplets onto SEnS is expected due to opposite 

charge attraction in conjunction with Lifshitz-van der Waals forces. The moderate removal speed 

at pH 7 is attributed to the Lifshitz-van der Waals forces as the charge on the materials surface is 

almost zero. On the other hand, at extreme acid and base conditions, the removal is predominantly 

due to Lifshitz-van der Waals forces as well, however the acid-acid or base-base repulsive 

interactions might have slowed the adsorption process.  
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Adsorption kinetics. The experimental kinetics of crude oil uptakes onto the SEnS are shown in 

Figure 4d. The same kinetic model was used to predict the theoretical oil uptake and adsorption 

mechanisms at all pH values (Figure 4e). Here the kinetics are described for the example of neutral 

pH. The adsorption occurs in two steps, an initial rapid exponential increase (60 min) followed by 

a slower linear rate (60 to 180 min). The initial rapid adsorption of oil microdroplets is attributed 

to physisorption onto the larger concentration of adsorption sites on the SEnS surface. The later 

slow adsorption step is attributed to the lower number of vacant adsorption sites, and hindered 

pore diffusion by the initially deposited oil film (inset in Figure 4e).45 The kinetic adsorption of 

the crude oil onto the SEnS was described using a pseudo-second-order kinetic model,46 

ݐ
ܳ௧

=  
1

݇ଶܳ
ଶ +

ݐ
ܳ

 (4) 

where ܳ and ܳ௧  represents the amount adsorbed crude oil on the SEnS (mg g-1) at equilibrium 

and time t (min), and ݇2 is the adsorption rate constant (g mg-1 min). The ݐ/ܳ௧  versus ݐ plot, shown 

in Figure 4e, demonstrates that the second-order model adequately describes the adsorption 

phenomenon with an R2 correlation coefficient in the range of 0.998 to 1.000 for all pH values. 

The kinetic model described the crude oil adsorption onto the SEnS with a theoretical maximum 

uptake ( ௧ܳ) of 1111 mg g-1, which agrees well with the experimental oil mass uptake (ܳ) of 1047 

mg g-1 with ݇ଶ = 2.38x10-4 g mg-1 min. The predicted and experimental values at other pH values 

are listed in Table S1.  
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Adsorbed oil recovery and SEnS reuse. Compared to traditional adsorbents, the SEnS offers 

benefits in terms of material reusability and adsorbed crude oil recovery at ambient conditions. 

The regeneration of the traditional adsorbents requires costly methods, such as high temperature, 

microwave irradiation or ultrasound due to clogging of the nanometer pores.47,48 In this current 

work, due to the very large pore sizes (200 to 1100 µm), the SEnS does not suffer from pore 

clogging, enabling adsorbed oil recovery at ambient conditions.  

The minimum work required to break the binding between the adsorbed oil droplets and the sponge 

surface, and hence recover the oil, can be determined from work of adhesion. According to Fowkes 

equation, the thermodynamic work of adhesion between the crude oil microdroplets and the SEnS 

is estimated as 58 to 66 mJ m-2 using: 

ܹௗ௦ = (ିߛௌିߛ)2
ଵ
ଶ (5) 

where, the crude oil interfacial tension with water (ߛି), measured using axisymmetric drop shape 

analysis (ADSA) method, is ~14 mJ m-2.9  Since the binding between the droplets and the sponge 

is high, the adsorbed crude oil recovery by the established method of mechanical compression was 

not effective.9 Therefore, surface chemical displacement principles49 were applied to regenerate 

the SEnS and rapidly recover adhered crude oil film by using a solvent at ambient conditions. This 

method has the benefits of energy-efficiency and practical implementation. The prerequisites of 

the cleaning solvent, based on the proposed regeneration mechanism (Figure 5), include i) high 

solubility with crude oil to enable dissolution of the adhered crude oil film (Figure 5a and 5b), ii) 

lower surface tension than the crude oil to enable the preferential adsorption of the solvent onto 

the sponge surface (Figure 5c), and iii) high vapor pressure to allow ease of residual solvent 

evaporation from the sponge surface for eventual reuse (Figure 5d). Furthermore, the crude oil 

and solvent can be separated at low temperatures by distillation.  

Based on the composition analysis (Table S2), the crude oil is enriched with a high concentration 

of insoluble resins, which readily dissolve in pentane or heptane.50 In addition to high solubility, 

pentane offers an appreciably lower surface tension (15 mJ m-2) than the crude oil (24 mJ m-2) and 

high vapor pressure (53 kPa at 18.5 °C). Therefore, pentane was selected as the cleansing solvent. 

The regenerated SEnS was reused to adsorb crude oil microdroplets using a fresh batch of model 

emulsions for 5 cycles at a pH value of 7.0 with over 99% efficiency (Figure 5e). Furthermore, 
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after 5 adsorption-regeneration cycles, the crude oil and solvent mixture were rapidly separated 

using a distillation column at 60 °C, above the pentane boiling temperature (Figure 5f).  

 

 

Figure 5. Crude oil recovery and SEnS reuse: (a) to (d) Adsorbed crude oil film displacement 

mechanism using pentane. (a) Solvent drops contact the oil film. (b) Solvents starting to displace 

the oil film. (c) Solvent spreading showing the oil displacement and mixture of solvent and oil 

collection. (d) Subsequently, due to the high vapor pressure, the residual solvent evaporates from 

the solid surface at ambient conditions. Upon evaporation of the solvent, solid surface will be clean 

and ready for reuse. (e) Oil removal efficacy versus the number of adsorption cycles for the 

regenerated sponge at pH 7.0. (f) Adsorbed crude oil and solvent separated using low temperature 

distillation.  
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Conclusions  

Crude oil is a complex mixture of acid, base, and oleophilic components. In emulsions, the crude 

oil-water interfacial chemical groups (acid and base) alter the wetting behaviour according to the 

surrounding water pH. To date, no SEnS was developed to be applicable for a wide range of pH 

levels to enable effective recovery of crude oil microdroplets.  

This work develops a new framework to enable engineering of advanced functional sponges for 

rapid crude oil microdroplet adsorption. To complement crude oil composition variations, 

innovative SEnS were designed with heterogeneous chemical groups (acid, based, and organic 

groups), surface charge, and micro/nano roughness through application of ncSi-decyl nanocoating. 

The SEnS surface physicochemical properties were characterized using inverse gas 

chromatography, XPS, and AFM tools. These property changes lowered the sponge surface energy 

to the range Baier’s surface energy levels required for adhesion of low surface tension organic 

liquids. Based on surface energetics, it was expected that significant oil adsorption would be 

achieved at all pH values. Furthermore, based on surface charge properties, it was expected that 

the best pH value for maximum oil adsorption would be at 5.6.  

Due to the favorable surface energy, the SEnS could effectively adsorb crude oil microdroplets at 

all pH values with 95-99% efficiency. The desired surface energy was achieved using 

nanomaterials at less than 1 wt%, resulting in a low-cost nanocomposite. Furthermore, based on 

surface charge property of the materials, the predicted best pH for maximum crude oil adsorption 

was experimentally validated. In addition, to improve economic value, new oil recovery and 

sponge reuse protocols were developed. Based on surface chemical principles, the strongly 

adhered crude oil was recovered from SEnS surface by a solvent wash. The cleaned SEnS was 

reused multiple times for oil adsorption from emulsions. The crude oil was also recovered from 

the mixture by distillation. In conclusion, this framework develops reusable sponges for effective 

recovery of crude oil microdroplets from water at broad pH values, enabling new, scalable, 

nanocomposite-based adsorbents. This work can enable sponge-based water technologies with the 

potential to revolutionize the remediation of oil field effluents and generate value from the 

wastewater.  
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Methods  

Materials. Texas raw crude was used for all oil-in-water emulsions. The raw and emulsified 

properties of the crude oil are described elsewhere.9 The polyester polyurethane sponge was 

purchased from a local vendor. The sponge films for AFM were prepared by pressing the sponge 

in a compression mold at 160 °C. For the sponge surface coating, commercially available ncSi was 

purchased from Alfa Aesar (crystalline, APS ≈100 nm, 99%, Plasma Synthesized) and 1-decene 

(98%) was purchased from Sigma-Aldrich. All of the chemicals used in the adsorption experiments 

were ≥99% concentration and purchased from Sigma Aldrich.  

Crude oil characterization. To determine the crude oil saturated, aromatic, resin and asphaltene 

(SARA) composition, the asphaltenes are isolated by mixing the sample with pentane at a ratio of 

1:40. This solution was ultrasonically agitated for at least 30 minutes at room temperature followed 

by centrifugation and decanting to isolate the asphaltenes.  After solvent evaporation of the 

remaining maltene fraction, an Agilent 1100 Series HPLC is used to separate the maltene fraction 

into saturated, aromatic, and polar (resin) fractions (SAR) by methods consistent with ASTM 

D7419, but extended to include the resin fraction. An Evaporative Light Scattering Detector 

(ELSD) is used to quantify the SAR fractions from the HPLC. SAR fractions are collected for 

further analysis by an automated sample collector. The SAR compositional data are combined with 

the asphaltene content (from the precipitation) to calculate the complete SARA composition. The 

collected fractions are used in any further analyses such as biomarker and isotopic analysis. The 

SARA analysis plot and fractional distribution are included in the Supporting Information (Table 

S2).  

The interfacial tension of the crude oil-water was measured using the axisymmetric drop shape 

analysis (ADSA) method following the procedure described elsewhere.51 The change in oil drop 

shape was monitored for 60 minutes. For adsorption studies, model crude oil-in-water emulsions 

were prepared using Texas raw crude. The model emulsions were developed with a total organic 

carbon concentration of ∼8,000 mg L-1. The crude oil was mixed with deionized water in a high-

speed bender at 22,000 rpm for 30 mins. The characterization of the emulsions was reported 

elsewhere.9  
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Materials synthesis and coating. The decyl chain was covalently bonded onto the commercial 

plasma synthesized ncSi by hydrosilylation reaction.52,53 The Si-H combined with hydrofluoride 

(HF) etching was reacted with 1-decene to yield decyl-capped ncSi (ncSi:C10).54-56 For a typical 

batch synthesis, 0.2 g of ncSi was dispersed in 10 mL of anhydrous ethanol using magnetic stirr ing 

and sonication. The solution was mixed with 20 mL of hydrofluoric acid solution (48 wt. % in 

H2O) and stirred to remove any surface oxide of the silicon nanocrystals. The ncSi was extracted 

by washing with 1-decene and the dissolved air was removed using vacuum. The reaction vessel 

was purged with nitrogen gas and heated up to 170 °C for over 20 hours, to let 1-decene chemically 

react to the surface of ncSi, yielding surface-modified ncSi. The ncSi:C10 was collected by 

centrifugation (see transmission electron microscopy or TEM images in Figure S5 and BET plot 

in Figure S6). The TEM images also show the organic corona of the ncSi:C10. In Figure S7, the 

infrared (IR) spectrum of ncSi:C10 confirmed successful surface capping of the ncSi with decyl 

group, exhibiting the strong CHx stretching mode at ~2900 cm-1.  

The ncSi:C10 was coated onto the sponge by facile dip coating method using hexane dispersion 

of ncSi:C10 (0.4-0.5 mg mL-1). The redundant dispersion was drained off by gravity and the 

residual hexane was removed under vacuum. To verify the ncSi:C10 deposition inside the SEnS, 

the internal sections were visualized under Nikon A1 confocal microscope (Figure S8). The 

images show, the PESPU substrate (green) pore is nicely deposited with ncSi:C10 (brown) on both 

sides. Experimentally, the lowest amount of ncSi:C10 required for the rapid oil adsorption was 

determined as < 1 wt.% relative to sponge weight.  

Sponge characterization. The BET surface area of the SEnS was characterized using IGC-SEA 

(Surface Measurement Systems, Alperton, U.K.)  The octane vapor and the BET method was 

applied to calculate the surface area. The octane was selected for the measurement since the large 

molecule size of octane prevents its diffusion into the polyurethane matrix, which will produce a 

reliable surface area. The surface microstructures on the sponge surface were observed by optical 

profiler (Bruker Contour K), FESEM (FESEM, JEOL JSM6610-LV SEM), and AFM (Bruker 

Bioscope Catalyst).57,58 The acidity and basicity of the sponge were determined as Gutmann acid 

and base numbers using IGC.  

The fluid wettability inside the porous media was imaged using X-ray micro-CT (ZEISS Xradia 

VersaXRM-500 X-ray micro-CT) scanner. High resolution 3D images showed the fluid inside the 
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sponge. Prior to measurements, the sponge samples were cleaned with flowing air. Either crude 

oil or water was injected into clean and dry samples of size 2x2x2 mm3 to displace air. The fluids 

were allowed to reach equilibrium before acquiring 2 μm/voxel scans to characterize in situ 

wettability. The contact angles at the sponge surface in air with water, crude oil, 0.1 M NaOH, and 

0.1 M HCl were measured according to the sessile drop method. XPS (ThermoFisher Scientific, 

E. Grinstead, U.K.) measurements were performed with monochromatic Al Kα X-ray radiation 

and hemispherical electron energy analysis. The spectra were corrected as per C 1s line at 285 eV 

and Avantage v.5.926 software was used for curve fitting. The surface charge property of the 

sponge was measured using SurPASS3 Electrokinetic Analyzer (Anton Paar GmbH, Graz). 

Oil adsorption experiments. These adsorption experiments were conducted in batch using model 

crude oil-water emulsions at different pH values. Table S2 shows the properties of bulk fluids and 

emulsions used for the adsorption experiments. The desired pH of the emulsions was adjusted with 

0.05 M HCl and 0.05 M NaOH. SEnS samples of ∼0.8 g were immersed into 100 mL emulsion, 

at an initial oil concentration of ∼8,000 mg L−1 and a range of pH values (3.6, 5.6, 7.0 and 9.6). 

The experiments were conducted with the emulsion at 40 °C and stirred at 500 rpm for a period of 

3 h. To determine the oil adsorption efficiency, at predetermined intervals, solution samples were 

drawn and analyzed using a total organic carbon analyzer (Shimadzu, TOC-VCPN). The 

adsorption capacity of the sponge was evaluated using,   

ݍ =
ܥ) − ܸ(ܥ

݉  (6) 

where ܥ and ܥ represent the initial and instantaneous oil concentrations (mg L−1), ܸ is the 

volume of the emulsion (ܮ), and ݉ is the mass of the adsorbent (g). The oil removal efficiency 

was evaluated using, 

%ߟ =  
ܥ) − (ܥ

ܥ
 ܺ 100 (7) 

For the regeneration and material reuse experiments, the used SEnS was washed using pentane to 

regenerate after each cycle. The cleaned sponge was reused for adsorption experiments with fresh 

batch of oil-water emulsion following the protocol described above. To recover the crude oil from 
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the oil and solvent mixture, the mixture was heated to 60 °C, above the boiling point of the pentane 

in a distillation setup.  
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Figure S1. Variation in crude oil removal efficiency due to nanomaterial particle size. The SEnS 

coated with 100 nm exhibited a higher rate of removal than the 20 nm at less than 1 wt% of ncSi. 
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Figure S2. AFM micrographs at different resolutions: (a) nano wrinkles at the surface (1x1 µm). 

(b) ncSi spherical shape (5x5 µm). (c) long-range structures represent the typical shape of 

hydrophobicity.1  

 
 

 
 

Figure S3. SEnS contact angle with (a) water, (b) 0.1 M HCl, and (c) 0.1 M NaOH showing good 

hydrophobicity and stability against acid and base liquids. 

 

 

 
 

Figure S4. Self-cleaning property of the SEnS. The water droplets effectively rolled off the SEnS 

surface at an inclination of approximately 40 degrees.  
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Figure S5. TEM images of nanocrystalline silicon capped with decyl groups. The particles have 

variable sizes, with an average around 100 nm. Despite the appearance, the ncSi particles are not 

agglomerated, they are simply stacked together. The grouped size of the particles was between 500 

and 600 nm. A thin organic corona on the silicon particles can be observed, in good agreement 

with the IR spectrum showing the hydrocarbon capping. 
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Figure S6. BET plot, generated using N2 gas, used to determine the surface area of the ncSi. The 

measurements show that the ncSi possessed surface area of 30.7 m2/g. 

 
 

 
 
Figure S7. IR spectra of the ncSi:C10 showing decyl is effectively capped on the ncSi. 
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Figure S8. Confocal images of the sponge (a) before nanocoating (b) after nanocoating. 
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Supporting Tables 
 
Table S1. Predicted theoretical oil uptake and rate constant  
 

Condition 
(pH) 

Theoretical uptake,  
 (mg/g) ࢚ࡽ

Rate constant, 
  (g mg-1 min)

  ࡾ
value 

Experimental uptake,     
 (mg/g) ࢋࡽ

3.6 1111 2.38E-04 0.998 1113 
5.6 1111 1.16E-02 0.999 1107 
7.0 1111 2.38E-04 0.998 1052 
9.6 1000 2.44E-04 0.999 950 

 

 
Table S2. Crude oil and emulsion properties 
 

Property Value 

Composition  

  Saturates 62.95% 

  Aromatics 37.05% 

  Resins 8.7% 

  Asphaltenes 1.19% 

Base number 0.9 mg KOH/g 

Acid number 0.6 mg KOH/g 

Droplet size2 <10 Pm 

Polydispersity Index (PDI) a0.5 

Isoelectric point (IEP)2 pH 4.9 

Interfacial tension at 40 qC a14.75 mJ m-2 
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