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Abstract

The wide application of polysaccharide-based aerogel is limited by its hydrophilicity. To solve this
problem, sodium alginate/ sodium carboxymethyl cellulose (SA/CMC) with silica nanoparticles and
methyl trimethoxysilane as hydrophobic modifiers was prepared in this study. The sodium alginate (SA)
and sodium carboxymethyl cellulose (CMC) were selected because of their low cost and easy of
combination with the other two materials. After the silane reagent modification, Ca*" crosslinking,
surface plasma treatment, thermochemical vapor deposition and freeze-drying methods, the aerogel get
density of 0.080 g/cm?®, high porosity of 94%, three-dimensional porous structure with great
adsorbed ability. This superhydrophobic SA/CMC aerogel exhibits excellent water stability, appropriate
compressive strength and good adsorption capacity of cationic dye methylene blue (MB). And the
adsorption process is analyzed by adsorption kinetics. Meanwhile, this aerogel gets great absorbency and
efficiency towards varieties of organic solvents, which gives it great potential of being used in the field

of oil-water separation, textile dye wastewater treatment, etc. Moreover, this aerogel is expected to be
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recycled after washing.
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Introduction

With the development of the industrialization, organic water pollution (e.g., textile dye wastewater

treatment, oil spill, etc) is becoming more and more serious, which caused serious problem to the

ecological environment (Lee et al. 2017). Thus, developing novel materials for removing the organic

pollutants out of water effectively is of great urgent. And aerogels showed great potential under this

circumstances (Zhang et al. 2020). Aerogel is a sort of porous and light-weight materials widely used in

the field of catalysis (Niu et al. 2020), adsorption and environmental clean-up (Zhang et al. 2017, Matias

et al. 2015, Perdigoto et al. 2012, Guan et al. 2020, Adebajo et al. 2003), acoustic transducers (Long et

al. 2021), energy storage devices (Long et al. 2008), thermal isolation (Zheng et al. 2020), flame retardant

(Chen et al. 2016), chemical sensors (Plata et al. 2004), and biomedical and pharmaceutical applications

(Smirnova et al. 2004, Ulker & Erkey 2014, Yan et al. 2020). Up to our knowledge, the potential

application of the aerogel is strongly relied on the materials and microstructure. The microstructure can

be controlled during the preparation process, including the sol-gel transition (gelation), network

perfection (aging) and gel-aerogel transition (drying) (Zuo et al. 2015). The starting precursors, operating

and provision requirements are the decisive factor in a sol-gel reaction of wet chemical synthesis

approach to prepare aerogels. Moreover, the generation of the 3D porous network is the most determinant

aspect of aerogel fabrication (Maleki 2016, Estella et al. 2007). Although the biodegradable

polysaccharide-based aerogels showed great promise in the area of oil-water separation, they are

extremely fragile and easy to collapse in water due to the hydrophilicity property of the materials (Fu &
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Guo 2022, Alvarez-Lorenzo et al. 2013, Reches & Gazit 2003, Autissier et al. 2010, Benbettaieb et al.

2016). Therefore, the polysaccharide aerogel without hydrophobic modification, as adsorbent or catalyst,

will seriously affect the adsorption effect or catalytic efficiency. It has practical significance to extend

and promote the application of the eco-friendly polysaccharide aerogel by changing its hydrophilicity.

Alginate and cellulose, both natural polysaccharide that have shown great potential as the most

important biocompatible and eco-friendly polymers in nature, which are rich in resources. The

evaporation of absorbed water molecules often causes the structure of aerogel to collapse. There are

limited its application due to poor mechanical properties and excellent hydrophilicity in the dye

adsorption, oil-water separation and recyclability. On the one hand, sodium alginate (SA) can form a 3D

network with a unique “egg-box” structure upon ionic crosslinking with divalent cations such as calcium,

because the cations cause the G-units on neighboring polysaccharide chains to interact, corresponding to

the gels stack that form the structure of the cross-linking network (Jing et al. 2022, Gao et al. 2021, Jeong

et al. 2010). Meantime, cellulose derivative aerogels can be prepared by derivatization of cellulose and

chemical crosslinking of crosslinking agent (Tan et al. 2001). Sodium carboxymethyl cellulose (CMC),

as a solubility polysaccharide with biocompatibility and biodegradation, is a common derivates formed

by the carboxymethylation of the hydroxyl group of cellulose (Lin et al. 2016). CMC can facilely and

quickly cross linked with metal ions (such as Ca®*, Mg?*, AI** and Fe**) in non-toxic and eco-friendly

reaction environment (Lin et al. 2016, Nie et al. 2004, Li et al. 2013, Nadagouda & Varma 2007). On the

other hand, the bionic superhydrophobic materials, as a recent research hotspot, are mainly constructed

according to the superhydrophobic lotus surface and typical “rose petal” effect in nature (Li et al. 2017).

The constructed fabric surfaces with microtemplates for patterning, which are based on the morphology

of particles coated on the textile fibre and exhibit an anti-wetting property. Moreover, the
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superhydrophobic surfaces generally needs the introduction of surface roughness. The hydrophobic

interface with hierarchical cellular structure can be achieved by constructing rough micro and nano

texturing or introducing low surface energy substances (Li et al. 2017, Wang & Jiang 2007). Hereby, the

efficient way of superhydrophobic polysaccharide-based aerogel via silane reagent modification is the

most common preparation (Feng et al. 2015). Besides, plasma processing is a kind of modification

method with fast etching speed, high uniformity and low pollution in the processing method of

microscopic rough structure (Tsougeni et al. 2007). Moreover, the vapour deposition of hydrophobic

silanes on sponge-like ultra-porous nanocellulose aerogels can separate the mixed oil and water liquids

(Cervin et al. 2012). Xiao et al. developed a superhydrophobic and superelastic graphene oxide/nanofiber

aerogel (GNA) after chemical modification and crosslinking via vapor deposition of

hexadecyltrimethoxysilane to quickly separate oil-in-water emulsions with an extremely high flux (Xiao

etal. 2018). Yang et al. fabricated a robust and superhydrophobic sodium alginate/graphene oxide/silicon

oxide aerogel (SA/GO/SiO,-M) by calcium ion cross-linking self-assembly and chemical vapor

deposition, which possesses high efficiency in the separation of surfactant-stabilized water-in-oil

emulsions with excellent reusability (Yang et al. 2021).

Herein, a superhydrophobic SA/CMC aerogel with silica nanoparticles was fabricated via silane

reagent modification, Ca?* crosslinking, surface plasma treatment, thermochemical vapor deposition and

freeze-drying methods. The aerogel is explored the adsorption performance and oil-water separation

performance for cationic dye methylene blue (MB) and organic solvents. The effect of multi-step process

on hydrophobicity was studied in detail through the characterization of selective wettability,

adsorbability of various organic solvents, and oil-water separation capability. Meanwhile, the adsorption

process of cationic dye MB on the superhydrophobic SA/CMC aerogel was analyzed by the adsorption
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kinetics analysis. This study shows that the superhydrophobic SA/CMC aerogel are a promising material

in treating wastewater pollution from different fields.

2. Materials and methods

2.1 Materials

Sodium carboxymethyl cellulose (CMC, viscosity: 20 g/L solution, 300—800 mPa - s) and sodium

alginate (SA, viscosity: 10 g/L solution, 20°C, > 0.02 Pa - s) were obtained from Sinopharm Chemical

Reagent Co., Ltd. (China). Silica (SiO2) nanoparticles with diameter 15 £ 5 nm and the purity of 99.8

wt% was supplied by Shanghai Macklin Biochemical Co., Ltd. (China). Trimethoxymethylsilane

(MTMS, purity > 98 wt%), calcium chloride anhydrous (CaCl,), hexane, anhydrous ethanol (AE) and

other chemical reagents were also purchased from Sinopharm Chemical Reagent Co., Ltd. (China).

Deionized water (DW) used in the experiments was obtained using an ULUPURE pure water/water

system.

2.2 Preparation of the superhydrophobic SA/CMC aerogel

In our present study, we prepared the superhydrophobic SA/CMC aerogel via silane reagent

modification, Ca?* crosslinking, surface plasma treatment, thermochemical vapor deposition and freeze-

drying methods. SA and CMC were dissolved into 2.0 wt % with optimal stock solutions volume ratios

of SA/CMC (m/m) of 1/1 proceeding 2 h at 850 rpm under the condition of agitation at 30 °C. By the

way, the freeze-dried sample obtained at this time was distinguished as the SA/CMC aerogel. Briefly, a

certain amount of silica nanoparticles (m(SA): m(CMC): m(Si0,) =10:10:1) was added to the mixture

and stirred at 850 rpm for 1 h, and 10 % of the volume fraction of MTMS was also added into the mixture

and stirred at 850 rpm for 1 h. Then, the evenly dispersed mixture was sonicated for 30 min before

freezing at -80 °C to remove large trapped air bubbles. After freeze-drying, the resulting aerogel was
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immersed into impregnation solution (m (CaClz): m (AE): m (DW) = 2:80:20) for 12 h, and washed with

an excess amount of DW and freeze-dried again. The obtained aerogel was surface modified by low-

temperature plasma treatment in a condition of argon atmosphere for 10 min. Afterward, the aerogel was

obtained in the simple reaction device of cup in cup with MTMS at 80 °C for 4 h. This device of cup in

cup is mainly to prevent direct contact between aerogel sample and MTMS liquid. After fully reaction,

the aerogel was placed in a vacuum drying oven with low pressure to remove the unreacted MTMS.

Finally, the superhydrophobic SA/CMC aerogel was obtained (Scheme 1, Support Information S1).

Silan; réagnt
modification

Lyophilization
processing

Ca** crosslinking

—— Surface plasma treatment

Superbydrophobic Thermochemical - »
SA/CMC aerogel vapor deposition
&~ sa V™ owe S0, W urvs M Gt

Scheme 1. Schematic illustration the treatment and possible hydrophobic modification mechanism of the

superhydrophobic SA/CMC aerogel.

2.3 Physicochemical Characterizations of the superhydrophobic SA/CMC aerogel

The surface morphologies of samples were captured by scanning electron microscope (SEM

SU1510, JPN). The molecular and crystallographic structures of samples were investigated by FT-IR

spectrophotometer (Nicoletis10, USA) using KBr disk method in the range of 4,000-500 cm’!. The
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crystal-lographic structures of samples were characterized by X-ray diffraction diffractometer (XRD D2
PHASER, GER) with a CuKa radiation (k = 0.15405 nm) with a scanning rate of 2 min™! at 40 kV and
40 mA. The un-treated linen fabric (s0) was also analyzed for comparison.
Measurement for the physical properties of the superhydrophobic SA/CMC aerogel

The thermal stabilities of samples were determined by thermo-gravimetric analyzer (TGA, Q500,
USA) with a heating rate of 10 °C min-1 under N2 environment from 40 C to 800 °C as the test
temperature range. Stress-strain curves were obtained by Universal Mechanical Materials Tester with
loading speed of 10 mm-min! and 80 % of strain is the test end point. Each sample was tested three times
to get the average value.
2.4 Density and porosity

The diameter and thickness of samples (circular shape) were measured separately. The density was
calculated using the formula (1).

p=7 (1

where m and V are the weight and volume of samples, respectively.

The liquid displacement method was used to determine the porosity of samples. The samples (cube,
1 cmx1 cmx1 cm) were put into anhydrous ethanol (AE) to reach a saturation point. All tested samples
were gently blotted with filter paper to remove the excess AE and to get the immediately weighed (W).

The porosity was calculated using the formula (2).

(W-Wp)

paV

P (%) = x 100% 2)
where Wy and W are the weight of samples before and after being immersed in AE, respectively; V is

the sample volume before immersion and p, is the density of alcohol.

2.5 Measurement of water stability for the superhydrophobic SA/CMC aerogel
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The water contact angles (WCAs) were measured at room temperature and ambient relative

humidity using a DSA25 contact angle analyzer connected to drop shape analysis software. The water

contact angles for each sample were measured more than five times on the SA/CMC aerogel and the

superhydrophobic SA/CMC aerogel. The water stability of the prepared aerogel in the water was also

investigated (Support Information S2).

2.6 Dye adsorption performance test

Methylene blue trihydrate (CisHisCIN3S-3H,0) (Kannan & Sundaram 2001) was dissolved in

various concentrations (0.6 mg/L 0.8 mg/L. 1.0 mg/L 2.0 mg/L 4.0 mg/L), which were used as MB

standard solutions of the concentration required by the experiment. DW was used as control group and

measurement baseline. Then the standard concentration gradient of MB solution of samples was

determined spectrophotometrically at 664 nm following the Bouguer-Beer-Lambert Law (Mayerhofer et

al. 2020). The concentration of residual dye in different MB solution was measured after equal-weight

samples reached the adsorption equilibrium in 50 mL centrifuge tube at 200 rpm. The removal percentage

and adsorption value of MB were calculated using the formula (3)(4)(5).

R, (%) = % x 100% 3)
—Ce)VgxN
Q, = % 4)
Co—C¢)V4XN
Qt — ( 0 t) dX (5)

mo

where Re (%), Q. and Q; (mg/g) are dye removal percentage, dye adsorption capacity at equilibrium and

t moment, respectively; Co. C. and C; (mg/L) are the dye concentration at initial, equilibrium and t

moment, respectively; Vg (L) is the volume of the dye solution; my (g) is the initial mass of the aerogel;

N is dilution ratio.

2.7 The adsorption kinetics of the superhydrophobic SA/CMC aerogel
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The pseudo-second-order model and intra-particle diffusion can be used to explore the adsorption
rate and behavior of pollutants on aerogel for studying its adsorption kinetics (Vimonses et al. 2009, Ho
& McKay 1999). The pseudo-second-order model can be used to judge the adsorption properties of
aerogel, which were calculated using the formula (6).

t 1 t

o me o ®
Where Qe, Q: (mg-g™!) are the adsorption capacity at equilibrium and t moment, respectively. K, (mg-g-
'-min™!) is the pseudo-second-order model rate constant and t (min) is adsorption time.

The adsorption rate of adsorbents on porous material is usually controlled by the transfer rate at the
solid-liquid interface or inside the particle. The intra-particle diffusion within the particle is often used
to evaluate the diffusion mechanism of the adsorption process, which were calculated using the formula
.

Qi = Kiat /2 + Ciq (7

Where Kig (mg-g''min""?) is diffusion rate constant of the intra-particle diffusion. The larger the
diffusion rate constant is, the easier the adsorbent diffuses inside the adsorbent. Ciq is a constant involving
the boundary molecular layer including thickness and boundary layer. A linear line with slope Kiq and
intercept Ciq can be obtained by drawing t'"> and Q;. The adsorption process is controlled by a single rate
of intra-particle diffusion if the line passes through the origin. Otherwise, the adsorption process is
controlled by both intra-particle and interfacial diffusion (Kannan & Sundaram 2001).
2.8 Adsorption performance test of simulated organic pollutants

In order to test the adsorption performance of the superhydrophobic SA/CMC aerogel on organic

pollutants, such as hexane, chloroform, oil pumping, AE, toluene and paraffin liquid were selected as the

adsorbent of organic solvents. And the adsorption capacity and adsorption rate of prepared aerogel were
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measured respectively to evaluate the adsorption performance of the prepared aerogel. Samples of the

same weight were put into 35 mL of various organic solvents to reach adsorption equilibrium at room

temperature, then removed from various organic solvents. All tested samples needed gently blotted with

filter paper to remove the excess various organic solvents and got the immediately weighed. Each sample

was tested three times to get the average value. The adsorption performance was calculated using the

formula (8)(9).
) _ Mms—mg
Oll/org - my (8)
. _ P ms—mg
le/or.g - po“/org X mo (9)

where Moiyorg (g/g) is mass adsorption capacity ratio; Voiyers (cm*/cm?) is the volume adsorption capacity
ratio; ms and my (g) are the weight of samples before and after being immersed in various organic solvents;
p and poitore (g/cm?) are the density of aerogel and various organic solvents, respectively.
2.9 Oil-water separation experiment

Hexane and chloroform were selected as two kinds of oils and organic solvents with opposite density
compared with water. Chloroform (pchioroform > Pwater) and hexane (Phexane < Pwater) Were dyed red with sudan
red G and DW blue with methylene blue. The oil-water separation performance of the superhydrophobic
SA/CMC aerogel (circular shape, diameter: 15 mm + 0.1mm, thickness: 3 mm % 0.lmm) was
quantitatively characterized by filtration with 10 mL syringe. Chloroform, hexane and DW were mixed
at a 1:1 volume ratio to form 4 mL oil-water mixture, which poured into the 10 mL syringe
containing aerogel. Meanwhile, the glass bottle was placed under the syringe hole as a liquid collection
device to conduct oil-water separation test and observe the effect. The separation efficiency is
characterized by the volume ratio or mass ratio of the liquid collected before and after separation. The

separation efficiency is calculated by measuring the mass of the liquid before and after separation using
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the formula (10):

n(%) = % x 100% (10)
where 1 (%) is the separation efficiency; m, and my, (g) are the mass of oil before and after filtration,
respectively.

The oil-water separation flow rate of aerogel can be expressed by the fluid flux of aerogel (F), which
is an important index to measure the oil-water separation performance of aerogel and can be obtained by
the following formula (11):

F= % x At (11)

Where F is the fluid flux of aerogel; V (mm?®) is the volume of filtrate collected after separation
experiment through aerogel; A (mm?) is the effective filtration area of separation experiment; A t (s) is
the time required for the whole oil-water separation experiment to pass through the aerogel.
3 Results and Discussion
3.1. Characterization of the superhydrophobic SA/CMC aerogel

The morphology is a vital feature for various samples. Fig.1 shows the microstructure of the
SA/CMC aerogel and the superhydrophobic SA/CMC aerogel. The surface of the SA/CMC aerogel is
smooth and flat, and the pore structure is not obvious and irregular with small cracks locally. After
hydrophobic modification, the morphological changes of the superhydrophobic SA/CMC aerogel are
obviously observed. The porous structure presents an increasingly pronounced pore in size of 20 um with

rough surface.
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Fig. 1. Scanning electron microscope (SEM) images of (a, b) the SA/CMC aerogel and its high

magnification, (¢, d) the superhydrophobic SA/CMC aerogel and its high magnification.

The FIIR spectra of the SA/CMC aerogel and the superhydrophobic SA/CMC aerogel are compared

in Fig. 2. The bands of SA at 1600 cm™ are attributed to asymmetric stretching vibrations of COO- (Jiao

et al. 2016). The absorption peaks at 1600 cm™' and 2920 cm™! are found in all spectra, which are mainly

ascribed to the carbonyl group (C=0), and the C-H bond on the molecular chain of SA and CMC,

respectively. The characteristic peaks at 3350 cm™! in all spectra are ascribed to O-H on SA and CMC.

The superhydrophobic SA/CMC aerogel showed several new absorption peaks at 1269 and 768 cm™!

appeared due to Si-O and Si-O-Si bonds in silicane, respectively. The characteristic peaks at 2980 cm’!

corresponded to the vibrations of CH3 bond (Robb et al. 2002) (Zhou et al. 2018, Zhou et al. 2015). In

addition, C-O stretching vibration absorption peaks at 1100—1000 cm™! are slightly strengthened, which

is probably due to the coincidence of Si-O-Si absorption peaks. These indicate that MTMS successfully

modified the superhydrophobic SA/CMC aerogel and formed covalent bond with hydroxyl group

through dehydration condensation.
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Fig. 2. FT-IR spectra of the SA/CMC aerogel and the superhydrophobic SA/CMC aerogel.

The crystalline structures of the SA/CMC aerogel and the superhydrophobic SA/CMC aerogel were
determined by X-ray diffraction patterns. Obviously, Fig. 3 exhibits the SA/CMC aerogel has the higher
crystallinity than the superhydrophobic SA/CMC aerogel. There are two distinct characteristic diffraction
peaks at 20 =10.2° and 26 =21.5° in the SA/CMC aerogel, while there is not obvious diffraction peak in
the superhydrophobic SA/CMC aerogel. The main reason is that the adding of SiO, nanoparticles and
trimethoxymethylsilane and subsequent hydrophobic modification disrupt the arrangement of polymer
crystals and form irregular and amorphous regions leading to the low crystallinity of superhydrophobic
SA/CMC aerogel (Abhari et al. 2017). It ensured the uniform mixing of them and prevented the
crystallization behavior of the SA/CMC aerogel. Thus the amorphous composite superhydrophobic

SA/CMC aerogel formed (Chang et al. 2009).
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Fig. 3. X-ray diffraction pattern of the SA/CMC aerogel and the superhydrophobic SA/CMC aerogel.

3.2 The thermal stability of the superhydrophobic SA/CMC aerogel

The thermo-stabilities of the SA/CMC aerogel and the superhydrophobic SA/CMC aerogel were

evaluated by the thermogravimetry analysis (TGA) and differential thermogravimetry (DTG). As shown

in Fig. 4, the two kinds of aerogels exhibit four steps of active weight loss with elevating temperature.

The rapid weight loss below 100 °C was attributed to the release of moisture from the aerogels. In the

dehydration stage, the weight loss rate of the SA/CMC aerogel and the superhydrophobic SA/CMC

aerogel reached about 19% and 13 %, respectively. The main reason is that the escape of adsorbed water

on the surface and internal pores of aerogels during evaporation. It is speculated that the reason for the

difference is that the internal and surface structures of the two kinds of aerogels are significantly different

with pore sizes and adsorbed moisture content. On the other hand, the differences in hygroscopicity of

aerogels are reflected the hydrophobic modification can significantly reduce the hygroscopicity of

aerogel. In addition, the initial thermal decomposition temperature of aerogels ranges from 200°C to

350°C. The polysaccharide base polymer network structure begins to depolymerize and the chain
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structure breaks, resulting in a very significant weight loss region of aerogel at this stage (Abhari et al.

2017, Liang & Hirabayashi 1992). The mass loss rates of aerogel and hydrophobic aerogel were as high

as 34% and 12%, respectively, which showed significant differences. Then, the aerogels slowly loses

weight with the increase of temperature from 350°C to 540°C, suggesting that the components in acrogels

are further thermologically decomposed. Moreover, the weight loss rate of the superhydrophobic

SA/CMC aerogel is always smaller than that of the SA/CMC aerogel. In addition, the temperature higher

than 540°C is the carbonization stage of aerogel. With the increase of temperature, the trend of weight

loss rate curve of acrogels shows that polysaccharides and other components are completely thermal

degraded to form carbon oxides, and finally become inorganic components. The initial decomposition

temperature of the superhydrophobic SA/CMC aerogel increased from 250 °C of the SA/CMC aerogel

to 270 °C, and the maximum decomposition temperature also increased from 269 °C of the SA/CMC

aerogel to 326 °C. It indicated that the reduction in crystallinity after hydrophobic modification has little

effect on the increase of the thermal stability of the superhydrophobic SA/CMC aerogel. Besides,

Ca?* crosslinking can form a 3D network with a unique “egg-box” structure upon ionic crosslinking. SA

and CMC produce strong chemical bonds with MTMS and Ca?" leading to a tighter and more solid

structure. Thus, the relatively high thermal stability appeared in superhydrophobic SA/CMC aerogel.
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Fig. 4. Thermogravimetric analysis of the SA/CMC aerogel and the superhydrophobic SA/CMC aerogel

about TGA curves and DTG curves.

3.3. Functionalities of the superhydrophobic SA/CMC aerogel

The porosities of the aerogels are decreasing with the increase of polysaccharide concentration in

Fig 5a. This trend is contrary to the density of the aerogels curve. The porosities of the SA/CMC aerogel

and the superhydrophobic SA/CMC aerogel are 97.64% and 94.16%, respectively. The densities of the

SA/CMC aerogel and the superhydrophobic SA/CMC aerogel are 0.03129 and 0.0794 g/cm?,

respectively. Fig 5b indicating the superhydrophobic SA/CMC aerogel can stand on the top of flower

stamens and dried flower because it's light enough.
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Fig.5. (a) Density and porosity of the SA/CMC aerogel and the superhydrophobic SA/CMC aerogel with

various concentration. Data are mean + SD (n = 3); (b) Optical images indicating the superhydrophobic

SA/CMC aerogel can stand on the top of flower stamens and dried flower.

The perfect skeleton structure of acrogel can enhance its mechanical strength. Moreover, it plays an

important role in the process of oil adsorption and storage and oil-water separation. The compressive

stress-strain curves for the SA/CMC aerogel and the superhydrophobic SA/CMC aerogel are exhibited

in Fig. 6. The aerogels show different curves, indicating that the addition of SiO» nanoparticles and

hydrophobic modification influence the mechanical property of the SA/CMC aerogel. The

superhydrophobic SA/CMC aerogel could be compressed to more than 80% without mechanical failure

due to the flexibility of CMC and SA with Ca* crosslinking. The appropriate compressive stress would
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be beneficial to the integrity maintenance in practical applications (Zhou et al. 2018).
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Fig.6. Compressive stress-strain curves of the SA/CMC aerogel and the superhydrophobic SA/CMC

aerogel with strain of 80%.

The effect of each step in the hydrophobic modification process on the water stability of aerogels is

shown in Support Information S2. Benefiting from the high surface roughness and polysaccharide

matrix with porous structure, the superhydrophobic SA/CMC aerogel shows superhydrophobicity and

superoleophilicity (Zhou et al. 2018). The WCAs for aerogels are exhibited in Fig. 7. As expected, the

superhydrophobic SA/CMC aerogel was hydrophobic with a WCA of 161.5°, which could be ascribed

to adding silica nanoparticles and successful silanizing modification. Fig. 7a exhibits the aerogel could

leave the water droplets standing on its surface, while absorbing the chloroform droplet. As shown in

Fig. 7b and Support Information S3, the water contact angles (WCAs, °) of SA/CMC aerogel with

various concentration are 0°. All the hydrophobic modification steps promoted the hydrophobic

properties of aerogels. A remarkable increase of WCA up to 161.5° was achieved with a series of

hydrophobic modifications, demonstrating the superhydrophobicity of the obtained composite aerogels.
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The hydrophobic properties of aerogels could be improved by increasing the concentration of

polysaccharide and silane reagent in the same proportion. A preliminary hydrophobic modification

process of silanization could be carried out in the sol-gel reaction process to improve the hydrophobicity

of the SA/CMC aerogel. The obtained aerogel with preliminary hydrophobic modification using silane

reagent has more stable structure and better performance after Ca?* crosslinking. Further, surface plasma

treatment prompts the hydroxyl functional groups on SA and CMC on the surface of the aerogel can be

activated and exposed, which is conducive to thermochemical vapor deposition as the subsequent

hydrophobic modification of silanization. Besides, the water droplet would return to its original shape

immediately after leaving the surface of the aerogel. The resultant figures present that the

superhydrophobic and superoleophilic SA/CMC aerogel with good hydrophobicity and low water

adhesion ensured that the oil agent could permeate and move through it, which is good for the oil-water

separation performance.
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Fig.7. (a) Optical images of the process of water contacting the surface of two kinds of aerogels and

water (blue) and chloroform (red) on the surface of them; (b)The water contact angles (WCAs, °) of the

SA/CMC aerogel and the superhydrophobic SA/CMC aerogel with two kinds of polysaccharide

concentrations in different processing stages when the water drops stabilized after falling (0.25 s). Data

are mean + SD (n = 3).
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Methylene blue (MB, Ci6HisCIN3S) is a widely used cationic dye, which can be selected as the

target dye pollutant (Kannan & Sundaram 2001). The superhydrophobic SA/CMC aerogel could be used

to adsorb the MB, and its equilibrium adsorption capacity increases with initial concentration. Support

Information S4 exhibits the correlation between the concentration of MB and its absorbance. As shown

in Fig. 8, under the three different initial concentrations of MB, the equilibrium adsorption capacities of

the superhydrophobic SA/CMC aerogel are 2.19 mg/g, 4.64 mg/g and 7.22 mg/g, and the dye removal

percentage are 71.59 %, 75.79 % and 78.63 %, respectively. The main reason is the electrostatic attraction

as the main force between aerogel and MB.
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Fig.8. Optical images of the superhydrophobic SA/CMC aerogel and MB solution concentration changes

(a) before and (b, ¢) after adsorption. (d) MB removal percentage and equilibrium adsorption capacity

at different initial concentrations of MB.

According to the Fig. 9 and Table 1, it can be seen the R,? is greater than 0.999 that very close to

1, indicating that the experimental data are highly consistent with the curve fitted by the pseudo-second-

order model. The value of Q. is highly close to the Qee obtained from the actual experiment. Above all

can show that the superhydrophobic SA/CMC aerogel of MB adsorption dynamics behavior conforms to
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the pseudo-second-order model. The adsorption rate of MB by the superhydrophobic SA/CMC aerogel

is linearly related to the mass of aerogel and the initial concentration of MB. The adsorption process is

mainly chemical adsorption, which is closely related to the chemical composition of aerogel. The process

of MB adsorption by the superhydrophobic SA/CMC aerogel could also be directly fitted to a continuous

curve with linear relationship by the intra-particle diffusion. The straight line that passes through the

origin and above it, indicating that the kinetic process of MB adsorption by aerogel is affected by both

intra particle diffusion and boundary layer diffusion. As depicted in Fig.9c, the boundary molecular layer

constant Cjq as the intercept of the line is greater than 0, indicating that there is a rapid adsorption process

in the process of MB adsorption, where the slope of the line represents the diffusion rate constant in the

particle (Wu et al. 2009). Moreover, the higher the initial concentration of MB was, the lower the degree

of linear fit of the model became. Therefore, the adsorption process can be further refined into three

stages. The first stage is the surface adsorption stage within 30 min. The adsorption rate is the fastest and

the intra-particle diffusion rate is the largest. The main reason is that the high initial concentration of MB

and the high porosity of aerogel can quickly adsorb a large number of dye molecules in the solution. The

second stage mainly occurred the adsorption rate gradually slows down in the 30-90 min period. The dye

molecules gathered on the outer surface of aerogel would increase with time, and MB would diffuse in

the small pores inside aerogel. The third stage occurs after 90 min of adsorption. There are fewer dye

molecules in the solution. The active adsorption sites on aerogel surface decreased with the decrease of

MB concentration. Therefore, the adsorption rate is the slowest and the diffusion rate in particles is the

smallest at this stage. Finally, the adsorption equilibrium state will be reached.
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Fig.9. The influence of time on adsorption of MB with different initial concentrations by the
superhydrophobic SA/CMC aerogel and the fitting curves of adsorption kinetics (a); fitting curve of

pseudo-second-order model (b); fitting curve of intra-particle diffusion (c).
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Table 1. The adsorption kinetics parameters of the superhydrophobic SA/CMC aerogel for MB solutions

with different initial concentrations

Kinetic model Co (mg/L) K> (g/mg min) Qec2 (Mg/g) R,?
10 0.044649 2.190916 0.99977
Pseudo-second-order 20 0.018212 4.682525 0.99963
30 0.014491 7.293414 0.99959

Kinetic model Co (mg/L) Kiq (mg/g min'?) Ciq (mg/g) R5?
10 0.07662 1.19477 0.9054
Intra-particle diffusion 20 0.19015 2.23771 0.82331
30 0.26109 3.97997 0.76405

The superhydrophobic SA/CMC aerogel is an ideal candidate for the sorption of organic pollutants

due to its high porosity, compressive stability and hydrophobicity. The superhydrophobic SA/CMC

aerogel has a certain weight and volume adsorption capacity for various oils and organic solvents are

6-12 g/g and 65%—-80% in Fig. 10. It exhibits the oil droplet could be absorbed by the aerogel

immediately when it contacted the aerogel surface. The superhydrophobic SA/CMC aerogel

preferentially adsorbs to a layer of oils and organic solvents dyed red in the oil-water mixture, such as

paraffin liquid, chloroform and hexane. In particular, chloroform has the best effect in the selective

competitive adsorption process of the superhydrophobic SA/CMC aerogel in Support Information S5.

Chloroform (pchioroform > Pwater, red) and hexane (Phexane < Pwater, r€d) Were selected as two kinds of oils and

organic solvents with opposite density compared with water (blue). In order to further demonstrate the

absorbing capability of the superhydrophobic SA/CMC aerogel in oil-water separation, various kinds of
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organic solvents (e.g., chloroform and hexane etc.) were tested by a simple device in Fig.11. The oil/water

mixture can be separated by gravity. The organic solvents could slowly permeate the aerogel and the

water is remains on top of the aerogel in the syringe. The separation efficiency of chloroform is 58.27%

and the fluid flux of oil-water separation is 74.66 mm-s. The aerogel will form an oil layer in the lower

layer because it has a certain adsorption effect on the oil, which prevents the further penetration of water

to successfully realize the separation of the oil-water mixture. Moreover, the superhydrophobic SA/CMC

aerogel has a good separation effect on oil-water mixture retaining original structure after adsorption.

However, the separation effect of this filtration method is not good for oil with density less than water

(Fig.11b). The main reason is that the oil contacted with the aerogel can percolate down to be collected

in the bottle. But the oil that has been blocked by the water layer from contacting the aerogel eventually

unable to be filtered by gravity when the oil-water mixture is poured. The superhydrophobic SA/CMC

aerogel after adsorbing organic liquids could be recycled by mechanically squeezing out oils or drying

absorbed samples at above the boiling point, which avoids the pollution and realizes the recyclability of

organic solvents further.
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Fig.10. (a) Mass and (b) volumetric adsorption capacity of the superhydrophobic SA/CMC aerogel for

different oils and organic solvents (Pehioroform=1.484 g/cm?, Poit pumping =0.874 g/cm?, Protuene =0.866 g/cm?,



421  pap=0.7893 g/cm?, Phexane =0.6594 g/cm’).

422

423 Fig.11 (a, b) Schematic diagram of oil-water mixture separation process.

424 Table 2. Separation effect of the superhydrophobic SA/CMC aerogel for chloroform /water mixture

Test my/g my/g V/mm? A/mm? A /s % F
1 2.9832 1.8545 1243.296 176.7146 10.03 62.16 70.57
2 2.9832 1.5304 1026.012 176.7146 12.61 51.30 73.21
3 2.9832 1.8302 1227.005 176.7146 11.55 61.35 80.20
Average 2.9832 1.7384 1165.438 176.7146 11.40 58.27 74.66
425

426 4 Conclusion

427 In this study, the superhydrophobic SA/CMC aerogel was successfully fabricated and demonstrated

428 the feasibility of an effective absorbent for targeting dye methylene blue (MB) and organic pollutants.

429 The advantages of aerogel also include a green preparation environment, and a mild modification method,
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including silane reagent modification, Ca®* crosslinking, surface plasma treatment, thermochemical

vapor deposition and freeze-drying methods. The obtained aerogel represented superior physical features,

including low density, high porosity, mechanical stability, superhydrophobicity, water stability and

stable adsorption capacity for dyes and organic solvents. Furthermore, it is found that the initial MB

concentration significantly affects the absorption capability of the aerogel. The pseudo-second-order

model and intra-particle diffusion are applied to describe and validate the MB absorption behavior of the

aerogel. Moreover, it could separate oil-water mixture without external pressure for various organic

solvents. Consequently, the superhydrophobic SA/CMC aerogel offers a great feasibility for various

applications in the fields of environment remediation, organic solvents purification and removal of

organic liquids from waterbody etc.
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