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ABSTRACT

It is a challenge to develop broad-spectrum, high-efficiency, easy-recyclable

adsorbents for the removal of water contaminants. Herein, L-cysteine-reduced

graphene oxide/poly(vinyl alcohol) (CRG/PVA) ultralight aerogels with good

mechanical strength and reusability are prepared via a direct sol–aerogel tran-

sition strategy by freeze drying. At optimized composition, the aerogel shows

high adsorption efficiency toward both cationic and anionic dyes, overcoming

the defect of many traditional adsorbents that usually can only remove one type

of organic dyes. The adsorption is proved to involve in p–p interaction between

CRG and dyes, endowing the aerogel with universality in adsorbing a wide

range of conjugated dyes. Moreover, a remarkable synergetic effect is observed

for removal of two oppositely charged dyes from aqueous system, yielding

exceptionally high total adsorption capacities surpassing all known adsorbents

examined for removing binary dyes. Thus, the CRG/PVA aerogel demonstrates

great potential for usage as reusable, high-efficiency, and broad-spectrum

adsorbent in water treatment.

Introduction

Water contamination as an outgrowth of the rise of

manufacturing industry becomes more and more

conspicuous [1]. Organic dye widely used in textiles,

paper, coatings, and leather is one of the main con-

taminants in water, causing a serious environmental

threat to aquatic and human life [2]. Approximately

over 7 9 105 tonnes per year of dyes is discharged

into the water bodies all over the world [3]. Dyes in

water are mainly cationic and anionic, and both can

cause severe problems to aquatic environment [4].

Various practices have been employed for the treat-

ment of dye-bearing wastewater [5], among which

adsorption proves to be one of the most versatile

methods due to its relatively high efficiency, simple

design, convenient operation, and no secondary

pollution [6, 7]. However, traditional absorbents such

as polymer nanoparticle [8], nanofiber [9], activated

carbon [10], layered double hydroxide [11], clays [12],
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and multi-walled carbon nanotubes [13] suffer from

the limitation of adsorption capacity, efficiency, and

recycling ability [9].

Recently, graphene and its derivatives with theo-

retical specific surface area as large as 2620 m2/g

have been frequently reported as high-capability

absorbents toward organic dyes [2, 14–19]. However,

the trend to aggregate and difficulties in separation

and recycling of two-dimensional graphene adsor-

bents vastly limit the applications [20, 21]. Thus,

three-dimensional graphene-based porous materials

are attracting more and more attention due to their

large specific surface area and good recyclability

[21–24]. For example, graphene oxide (GO) sponge

prepared by centrifugal vacuum evaporation method

is able to remove methylene blue (MB) and methyl

violet with adsorption capacities of 397 and 467 mg/

g, respectively [25]. Polydopamine-functionalized

graphene hydrogels via hydrothermal self-assembly

method is able to remove rhodamine B and p-nitro-

phenol [26]. However, the GO sponge could not keep

stable shape due to the severe hydroscopicity [25],

and the functionalized graphene hydrogels are too

fragile to handle [22]. More seriously, the adsorption

capability is usually not high enough due to sacrifice

of specific surface area resulted from nanosheet self-

assembly and p–p stacking. The introduction of a

polymer acting as both promoter for gelling and

protector from over-aggregation is excepted to solve

these problems [23]. Sui et al. [27] prepared GO/

polyethylenimine porous materials exhibiting high

adsorption capability toward anionic dyes amaranth

and orange. Xu et al. [28] prepared a GO/DNA

hydrogel with impressive environmental stability,

mechanical property, and high adsorption efficiency

for cationic safranine O. Unfortunately, these mate-

rials can only remove one type of dye (anionic or

cationic). Thus, preparation of high-efficiency and

broad-spectrum adsorbents remains still a challenge.

Generally, electrostatic and p–p interactions are

responsible for removal of aromatically structured

ionic dyes by graphene-based adsorbents [25, 29].

However, the electrostatic attraction is adverse for

broad-spectrum adsorption given that it is applica-

tive only to oppositely charged dyes. Thus, the neg-

atively charged GO shows high adsorption capability

toward cationic dyes [25] rather than anionic dyes

[20, 30]. On the other hand, the strong p–p interaction

between aromatically structured dyes and graphene

could endow materials with broad-spectrum

adsorption capability being independent of charges.

Nevertheless, enhancing p–p interaction by improv-

ing structural conjugacy usually brings risks of gra-

phene aggregating and even restacking [31], which

greatly reduces the specific surface area and

adsorption capability of adsorbents. Thus, protecting

graphene from over-stacking is vital in acquiring

high-capability, broad-spectrum adsorptivity.

Preparing broad-spectrum, high-capability, reu-

sable graphene-based adsorbents requires non-

stacked graphene nanosheets to form a perfect net-

work with good mechanical strength and swelling

resistance. We in a previous article reported that L-

cysteine-reduced graphene oxide (CRG) possesses

good conjugate structure and dispersity in aqueous

solution and exhibits high adsorption efficiency

toward anionic, nonionic and cationic dyes [32].

However, an inevitable defect that a centrifugation or

filtration step is necessary to separate the adsorbent

from solution brings much limitation in practical

applications. We herein develop a CRG/poly(vinyl

alcohol) (CRG/PVA) porous aerogel to endow the

material with good mechanical strength and excellent

swell resistance and reusability. PVA is introduced

for stabilizing CRG nanosheets, avoiding stacking

and providing with good elasticity and strength. Due

to the p–p interaction between CRG and dye mole-

cules, the aerogel shows super adsorption capability

toward cationic neutral red (NR), anionic indigo

carmine (IC) and several other dyes, demonstrating

great potential to be used as a broad-spectrum, high-

capability and reusable adsorbent for water

treatment.

Materials and methods

Materials

Graphite (99.8%, average particle size 45 lm) and

L-cysteine were obtained from Alfa (UK). Poly(vinyl

alcohol) (PVA, weight-averaged molecular weight

75,000–79,000, 99% hydrolyzed) was purchased from

Sinopharm Chem. Reagent Co. Ltd., China. Concen-

trated sulfuric acid (H2SO4) and hydrochloric acid

(HCl), phosphorus pentoxide (P2O5), potassium per-

sulfate (K2S2O8), hydrogen peroxide (H2O2, 30%),

potassium permanganate (KMnO4), sodium hydrox-

ide (NaOH), neutral red (NR), indigo carmine (IC),

and other dyestuffs were purchased from Aladdin

5808 J Mater Sci (2017) 52:5807–5821



(China). All the materials were used without

purification.

Preparation of CRG/PVA aerogels

GO prepared from graphite by a modified Hummer’s

method [33] was used to synthesize CRG [32]. In

brief, GO (50 mg) was suspended in deionized water

(100 mL) and L-cysteine (500 mg) was added under

stirring. After reaction for 48 h at room temperature

(*25 �C), the product was centrifuged at 14,000 rpm.

The collected product was washed with 0.1 M NaOH

solution to remove residual L-cysteine, followed by

repeated washing with deionized water until pH of

the supernatant reached 7.0. The PVA solutions were

prepared by stirring PVA solid in deionized water at

90 �C for 3 h until completely dissolved. The CRG/

PVA suspensions were obtained by mixing CRG

suspensions (1%) and PVA solutions (2%) with dif-

ferent ratios and diluting to different initial concen-

trations. Then, the suspensions were frozen at -30 �C
for 12 h and freeze-dried at -50 �C for 48 h to CRG/

PVA aerogels.

Batch adsorption experiments

Batch adsorption experiments were conducted by

adding 5 mg aerogel into 15 mL dye solutions (20 mL

for adsorption of dye mixture). After equilibration

under vibration at 30 �C, the supernatant was ana-

lyzed using UV–Vis absorbance spectra according to

a pre-established calibration curve to determine dye

content. The dye removal efficiency (Er) and equi-

librium adsorption amount (qe) were calculated

according to

Er ¼ 100 1� Ce=C0ð Þ ð1Þ

qe ¼ VðC0 � CeÞ=m ð2Þ

where Ce and C0 are equilibrium and initial dye

concentrations of the solution, respectively, V is vol-

ume of dye solution, and m is weight of aerogel.

Characterization

Atomic force microscope (AFM, Bruker-Dimension

Edge, USA) and scanning electron microscope (SEM,

S4800, Hitachi, Japan) were used to observe the

morphology of nanosheets and aerogels. Thermal

stability of aerogels was evaluated by thermogravi-

metric analyzer (TGA, Q1000, TA, USA) at a heating

rate of 10 �C min-1 under nitrogen. Raman spectra

were collected on a Raman spectrometer (Almega-

Dispersive, Thermo Nicolet, USA) with a 514.5 nm

excitation. UV–Vis absorption spectra were measured

on a UV–Vis spectrophotometer (CARY100, Varian,

USA). X-ray diffraction (XRD) was carried out on a

diffractometer equipped with Cu Ka radiation

(k = 0.154 nm) (Rigaku D/max 2550, Shimadzu,

Japan). Fourier transform infrared (FTIR) spectra

were collected on a spectrometer (Vector 22, Bruker

Optics, USA). Specific surface area was calculated

based on N2 absorption isotherm measured with an

Autosorb-1-c system (Quantachrome, USA).

Results and discussion

Morphology and structure of aerogels

Preparation of aerogels normally involves three steps:

sol–gel transition (gelation), network perfection (ag-

ing), and gel–aerogel transition (drying) [23]. All the

three steps could affect the microstructure, properties

and applications of aerogels. Here we develop a

direct sol–aerogel transition protocol (Scheme 1).

Semi-crystalline PVA that strongly interacts with

nanoparticles via hydrogen bonding [34–37] is chosen

to incorporate with CRG, and the aerogels are

directly made from the fluid suspension, tremen-

dously simplifying the process.

GO can be easily exfoliated into sheets of 1.1 nm in

thickness and more than 10 lm in lateral size

(Fig. 1a), being the typical character of single-layer

GO sheet [38]. After reduction, CRG sheet is still

single-layered, with an average thickness of 0.4 nm

and a width less than 5 lm due to the elimination of

functional groups (Fig. 1b). The effective reduction is

further confirmed by TGA, Raman and UV–Vis

spectra, as shown in Online Resource 1 (Fig. S1). The

large lateral size endows CRG nanosheets with ability

to self-assembly into three-dimensional structure

during freezing drying via p–p stacking [39], while

the residual carboxyl groups at the edge of the

nanosheets make it possible to stably disperse CRG in

PVA aqueous solution [32].

Stable PVA aerogels physically cross-linked by

crystallites or PVA-based composite aerogels can be

prepared by freeze drying from aqueous PVA solu-

tions [36, 40–47]. Figure 1c shows morphology of

PVA aerogels obtained by freeze drying from a
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0.5 wt% solution. However, the pore size of this

aerogel is non-uniform, and the walls of pores are

pretty thick, giving rise to a small specific surface

(6.7 m2/g, Fig. S2a in Online Resource 1). On the

other hand, pure CRG aerogel obtained by the same

method from a 0.25 wt% suspension has a well-de-

fined and interconnected porous network with thin

walls of pore (Fig. 1d). However, self-assembly of

CRG nanosheets vastly reduces the specific surface

area (175.6 m2/g, Fig. S2b in Online Resource 1) of

the porous CRG aerogels. PVA macromolecules

could stabilize CRG in the dispersion via interfacial

hydrogen bonding [37], thus avoiding excessive

aggregation of nanosheets during aerogel formation

and yielding the CRG/PVA aerogel (from 0.25%/

0.5% suspension) with pore size being larger than the

CRG aerogel and more uniform than the PVA aerogel

(Fig. 1e, f). This composite aerogel owns a specific

Figure 1 AFM images of GO (a) and CRG (b) deposited on mica sheet and SEM images of PVA (c), CRG (d), and CRG/PVA (e,

f) aerogels.

Scheme 1 Illustration of the preparation process of the CRG/PVA aerogels.
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surface area of 182.6 m2/g (Fig. S2c in Online

Resource 1), being higher than those of pure CRG and

PVA aerogels. Considering the little mass fraction of

CRG during the aerogel preparation, it is evident that

PVA chains can effectively prevent excessive aggre-

gation of nanosheets and increase the specific surface

area.

The thermal stability of aerogels is investigated, as

shown in Fig. 2a. The CRG aerogel exhibits about 30%

weight loss resulted from removal of the remained

oxygen-containing functional groups [48]. The PVA

aerogel decomposes in two steps, i.e., hydroxyl dehy-

dration (200–350 �C) and carbon chain decomposition

(400–500 �C) [49]. It is interesting that the CRG/PVA

aerogel exhibits thermal decomposition temperatures

higher than that of PVA aerogel. The peak tempera-

ture of derivative thermogravimetric curve corre-

sponding to the maximum weight loss rate is 17.5 �C
higher than the PVA aerogel (Fig. S3 in Online

Resource 1). The significantly improved thermal sta-

bility of the CRG/PVA aerogel might be attributed to

the high chain compactness due to the interaction (i.e.,

hydrogen bonding) between PVA chains and well-

aligned nanosheets [37].

Figure 2b shows XRD spectra of aerogels. The CRG

aerogel exhibits a weak diffraction at 2h = 23.2 �,
corresponding to a d-spacing of 0.39 nm [50]. This

characteristic peak disappears in the CRG/PVA

aerogel, indicating a good exfoliation of CRG

nanosheets [51]. Moreover, the diffraction peak of

crystalline PVA at 2h = 19.5 � becomes weaker and

broader in the CRG/PVA aerogel, which might be

assigned to the PVA/CRG interfacial interactions

that decrease the PVA interchain interaction and

lower crystallinity [52]. The same result is also

reflected by FTIR spectra (Fig. 2c). The peak at

1143 cm-1 in the spectra of PVA is assigned to sym-

metric C–C stretching mode of a portion of chain

where an intramolecular hydrogen bond is formed

between two neighboring -OH groups located on the

same side of the plane of the PVA carbon chain [53].

Its intensity is influenced by the crystalline portion of

the chains. The peak at 1090 cm-1, whose intensity is

constant in all samples, is used as an inner reference.

Figure 2 TGA curves (a),

XRD (b), FTIR (c), and

Raman (d) spectra of CRG

(C0 = 0.25 wt%), PVA

(C0 = 0.5 wt%), and CRG/

PVA (C0 = 0.25 wt%/0.5

wt%) aerogels.
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The intensity of the 1143 cm-1 peak normalized by

that of the 1090 cm-1 peak decreases in the CRG/

PVA aerogel in comparison with the PVA aerogel,

which could be assigned to reduced crystallinity in

the composite aerogel. The interaction between CRG

and PVA was further investigated by Raman spectra,

as shown in Fig. 2d. The CRG aerogel displays a D

band at 1353.5 cm-1 and a G band at 1598.9 cm-1,

attributed to the first-order scattering of E2 g mode

[54] and the reduced size of the in-plane sp2 domains

[55], respectively. After complexation with PVA, the

D and G bands shift to lower wavenumbers and the

intensity ratio of D to G band increases, which is

ascribed to the delocalized p-electrons and increased

disorder of CRG nanosheet interacting with PVA

chains [56]. In brief, the hydrogen bonding between

the residual oxygen-containing groups on CRG

nanosheets and -OH groups on PVA chains results in

the adsorption and immobilization of a portion of

PVA chains, which prevents CRG nanosheets from

stacking and reduces crystallinity of PVA, yielding

the aerogel with considerably large specific surface

area.

Effect of pH on adsorption

The reduction reaction by L-cysteine mainly removes

epoxy/hydroxyl groups, and most of carboxyl

groups at the edge of the nanosheet remain [32, 57].

Thus, pH of solution tremendously affects the surface

charge and adsorption capacity of CRG/PVA aero-

gels toward ionic dyes [4]. The effect of pH on the

adsorption is shown in Fig. 3. NR is positively

charged [58] in aqueous solution at higher pH; thus,

the negatively charged surface of CRG in the CRG/

PVA aerogels due to ionization of residual carboxyl

groups favors the absorption of NR [59] through

electrostatic attraction, resulting in a higher qe. To the

contrary, the repulsion between anionized sulfonyl of

IC and carboxyl group of CRG in the CRG/PVA

aerogels lowers the adsorption capacity of IC. At

lower pH value, the repulsion between CRG and IC is

shielded, yielding a higher qe of IC. In brief, the

CRG/PVA aerogels exhibit high adsorption efficien-

cies for NR and IC at high and low pH values,

respectively. At low pH where the electrostatic

interaction is shielded, the qe values of NR and IC are

comparative to each other, indicating that the

adsorptions of both dyes share the same mechanism

in this case. Taking practical applications into

account, unless declared otherwise in following

experiments, pH values of 7 and 2 are used for NR

and IC solutions, respectively.

Effect of composition on adsorption

PVA chains are able to effectively segregate CRG

nanosheets to avoid over-stacking and provide

mechanical strength, while the adsorption perfor-

mance is mostly rooted in CRG [32]. Therefore, the

concentrations of both PVA and CRG in the disper-

sions are quite important for the formation and

adsorption performance of the resultant aerogels. In

general, lower dispersion concentrations bring lower

aerogels density and higher water absorbency

(Fig. 4a and Fig. S4), except for samples made from

the 0.15%/0.15% (CRG/PVA) and 0.15%/0.30%

(CRG/PVA) dispersions. These two aerogels shrink

during drying (Fig. 4d), giving rise to slightly higher

densities and lower water absorbency. The CRG/

PVA aerogels are ultralight, with densities varying

from 7.3 to 14.4 mg/cm3.

The mass fraction of CRG is another factor deter-

mining the aerogels performance. Given that CRG is

mainly responsible for the adsorption capability,

higher mass fraction of CRG favors the adsorption.

For example, the 0.50%/0.50% and 0.15%/0.15%

aerogels own the highest qe, while the 0.25%/1.0%

one has the lowest (Fig. 4b). However, taking the use

efficiency of CRG (qe per CRG mass, qe/CRG) into

consideration, CRG in the 0.25%/1.0% aerogel exhi-

bits the highest adsorption capability (Fig. 4c). Of

cause, very high fraction of CRG sacrifices the use

efficiency and raises up the cost. It is interesting that,

at the same CRG concentration in the dispersions,

Figure 3 Effects of pH on qe of NR (squares) and IC (circles).
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increasing PVA content facilitates the adsorption

efficiency of CRG, evidencing that PVA could effec-

tively prevent CRG from aggregation. At the same

mass fraction of CRG, the adsorption capabilities of

aerogels prepared from different initial concentra-

tions follow the opposite trend of densities. The

lower density favors the adsorption performance of

aerogels, which might be ascribed to the higher water

absorbency (Fig. S4 in Online Resource 1).

The mechanical properties of aerogels depend on

the composition too (Fig. 4d). Due to introduction of

PVA that brings toughness and strength, most of the

CRG/PVA aerogels can support a 50 g weight with-

out crush, indicating a good mechanical performance

(compression strength above 1.9 MPa). The aerogels

prepared from low-concentration (0.15%/0.15% and

0.15%/0.30%) dispersions are not strong enough to

resist the compression but are pressed into cakes

without breakage. Taking the absorption and

mechanical properties into consideration, the aero-

gels prepared from 0.25%/0.50% (CRG/PVA) dis-

persion is chosen as the best material in the following

investigations.

Adsorption kinetics and isotherms

To detect the adsorption mechanism of NR and IC on

the CRG/PVA aerogel, the adsorption kinetics were

Figure 4 Apparent density (a), qe toward NR and IC at

C0 = 150 mg/L (b), qe per CRG mass (c), and optical images

(d) of aerogels prepared from suspensions with different initial

concentrations of CRG and PVA. Each aerogel is identified in the

form of CRG (wt%)/PVA (wt%), and all graphs share the same

left-to-right order of samples.
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investigated and pseudo-first- and pseudo-second-

order models [60, 61]

qt ¼ qe 1� e�k1t
� �

ð3Þ

qt ¼ qe 1� 1

1þ k2qet

� �
ð4Þ

are used to fit the experimental data (Fig. 5a). Here qe
and qt (mg/g) are amounts of dye molecules adsor-

bed onto adsorbents at equilibrium and at time

t (min), respectively, and k1 (min-1) and k2 (g mg-1

min-1) are rate constants. The fitted kinetics param-

eters are listed in Table S1. It is shown that the

pseudo-second-order model is more applicable to

describe the adsorption process, suggesting an

adsorption dominated by sharing or exchanging

electrons between adsorbent and adsorbate [9, 61],

which is in agreement with most reports about gra-

phene-based absorbents [20].

Figure 5b shows adsorption isotherms of NR and

IC. The data are fitted by Langmuir model [62] and

Freundlich model [63]

qe ¼
qmbCe

1þ bCe

ð5Þ

qe ¼ KC1=n
e ð6Þ

respectively. Here, qm is maximum adsorption

capacity, b is Langmuir constant associated with

binding energy, and K and n are empirical Freundlich

constants representing adsorption capacity and

intensity, respectively. Parameters of isotherm mod-

els are presented in Table S2. The higher correlation

coefficient (R2[ 0.995) of fitting by the Langmuir

model indicates a monolayer coverage adsorption

mechanism. The fitted qm (NR) is 404.4 mg/g, being

higher than that of many other common adsorbents,

such as activated carbon (285.7 mg/g) [64], multi-

walled carbon nanotube (20.5 mg/g) [13], sulfonic

graphene//Fe3O4 (216.8 mg/g) [65], chitosan and

chitin/SiO2 hydrogel (306.1 mg/g) [66], and chitin/

GO composite (165.0 mg/g) [67]. The qm (IC) is esti-

mated as 284.8 mg/g, being higher than that for

many known adsorbents such as nut shell (1.1 mg/g)

[68], maize cob carbon (150.6 mg/g) [69], halloysite

nanotube (54.8 mg/g) [70], polyaniline (99.0 mg/g)

[71], poly(N,N-diethylamino ethyl methacrylate)

hydrogel (100.0 mg/g) [72], and PVA/SiO2 nanofiber

(266.8 mg/g) [73]. The high qm toward NR and IC

indicates that the CRG/PVA aerogel could be used as

an exceptionally high-capability absorbent toward

both cationic and anionic dyes, overcoming the

deficiency of traditional absorbents which usually

can only remove one type of organic dyes, depending

on charge properties. The higher qm of NR than IC is

ascribed to the additional effect of electrostatic

attraction that favors the adsorption of NR. More-

over, the absorption capabilities are superior to many

known absorbents being able to absorb both cationic

and anionic dyes [59, 74–80].

It is worth mentioning that the qm (NR) of pure

CRG aerogel and PVA aerogel is 706.67 mg/g and

87.40 mg/g, respectively, and the corresponding qm
(IC) is 577.59 mg/g and 67.70 mg/g, respectively, as

shown in Fig. S5 and Table S3 and S4. Taking into

account the mass ratio of CRG, the use efficiency of

CRG in the CRG/PVA aerogel is much higher than

the CRG aerogel, revealing that PVA not only brings

mechanical strength and reusability but also enhan-

ces the intrinsic adsorption capability of CRG. This is

crucial for cost cutting and practical applications of

graphene-based adsorbents.

Figure 5 Adsorption kinetics

(a) and isotherms (b) of NR

and IC. The symbols present

measured data, and the curves

are fitted as indicated.
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Synergetic effect in binary dye solution

Considering that several kinds of dyes often coexist

in wastewater in practical applications, the adsorp-

tion properties of adsorbents toward mixed dyes are

of vital importance. The adsorption in IC/NR binary

solutions with different pH and initial dye concen-

trations was investigated. Figure 6 shows UV–Vis

spectra of the solutions [C0(IC) = C0(NR) = 50 mg/L

in A, and C0(IC) = C0(NR) = 150 mg/L in B] before

and after adsorption for 24 h using the CRG/PVA

aerogel. After adsorption, the UV–Vis absorbance of

dyes decreases remarkably and low pH favors the

decoloration of mixed dyes. The qe is demonstrated in

Fig. 6c and d. As shown in Fig. 2, lower pH favors

the adsorption of IC in single dye solution due to the

shielding of electrostatic repulsion. This mechanism

is applicable in the binary dye solution, too. On the

other hand, higher pH no longer promotes the

adsorption of NR in mixed dye solutions, which is

contrary to the case of single dye solution. It seems

that more IC molecules adsorbed on the CRG/PVA

aerogel at pH = 2 can improve the adsorption

capability of NR, pointing to an exceptional syner-

getic effect for NR and IC adsorption. Similar syner-

gistic effects were observed in Congo red/rhodamine

B binary system absorbed by modified yeast [81].

Given that the specific surface area of aerogel is

limited, effective usage of the surface of well-dispersed

CRG is responsible for the dramatically increased

adsorption capability. As illustrated in Scheme 2, if

only a single kind of dye is adsorbed on CRG in the

CRG/PVA aerogel, the dense coverage is inhibited

due to electrostatic repulsion between dye molecules

charged with the same charge. In this case, there is

unoccupied space among adsorbates. When two

oppositely charged dyes coexist, they could be adsor-

bed by alternative and close arrangement to make an

effective use of surface area of CRG nanosheets,

yielding a much high total adsorption capability.

An important manifestation of this synergetic effect

is that the total adsorption capability in mixed dye

solutions ([1000 mg/g) is much higher than that in

single dye solutions (\400 mg/g). The qe removing

mixed dyes is higher than that (\890 mg/g) of most

Figure 6 UV–Vis spectra of NR/IC mixture solutions [a C0(IC) = C0(NR) = 50 mg/L; b C0(IC) = C0(NR) = 150 mg/L] before

(dotted line) and after (solid line) adsorption at pH = 2 and 7, and (c, d) the corresponding qe.
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known absorbents [82–85], making the CRG/PVA

aerogel an advanced adsorbent in water treatment.

Even more noteworthy is that the upper limit of total

adsorption capability of the CRG/PVA aerogel in

mixed dye solutions is not reached at C0 (IC) =

C0(NR) = 150 mg/L. The huge potential of this spe-

cial synergetic effect in practical applications is very

attractive and deserves further investigation in later

work.

Recycle performance

The recycle performance of adsorbents is important

in cost cutting and practical applications. The CRG/

PVA aerogels are extremely stabile in water, being

able to keep their shapes well instead of shrinking or

crushing (Fig. S6 in Online Resource 1). Moreover,

the swollen aerogels can totally recover after com-

pression in water (Online Resource 2) and can be

regenerated by simply freeze drying again, insuring

the feasibility of recycling.

NR and IC solutions of C0 = 30 mg/L were chosen

to conduct the regeneration experiment of the CRG/

PVA aerogels. By washing with alcohol and 0.1M

NaOH solution, respectively, the aerogels after

adsorbing NR and IC can be easily regenerated and

used to adsorb the dyes again. As shown in Fig. 7,

after five cycles, Er(NR) decreases slightly from

almost 100% to ca. 95% and Er(IC) from 86 to 78%.

The slight decrease in adsorption capability is mainly

ascribed to the small mass loss of aerogel during

regeneration. These results indicate that the CRG/

PVA aerogel can be regenerated easily and regarded

as a reusable absorbent. But there still remains a

defect that the regeneration via re-freeze drying is

kind of tedious. Introduction of chemical cross-link-

ing is a facile strategy for further improvement in

dimension and performance stabilities of the aerogel,

which needs further elaboration in future work.

Universality of adsorption performance

As aforementioned, the CRG/PVA aerogels adsorb

both cationic NR and anionic IC mainly through p–p
interaction mechanism. Raman spectrum (Fig. 8) is

used to prove this mechanism. After adsorbing NR

and IC, the G band of CRG in the aerogels shifts from

1595 to 1590 and 1587 cm-1, respectively. In another

word, both NR and IC show an electron-donating

effect and cause softening of the G band [86]. As NR

Scheme 2 Illustration of the adsorption process in single and mixed solutions.

Figure 7 Removal efficiency of NR and IC after repeated

adsorption–desorption cycles at C0 = 30 mg/L.
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and IC carry opposite charges, their similar electron-

donating effects confirm that the major absorption

mechanism is the p–p interactions between CRG

nanosheets and dye molecules [87, 88].

The major role of p–p interaction makes the aerogel

to be applied as a broad-spectrum adsorbent to

remove other organic dyes with aromatic structures.

The adsorption ability of the aerogels toward several

other anionic, nonionic and cationic dyes was inves-

tigated. Figure 9 shows Er of the aerogels toward

anionic dyes acid fuchsin (AF), methyl orange (MO)

and amido black 10B (AB), nonionic dye oil red O

(ORO), and cationic dyes crystal violet (CV), methy-

lene green (MG), and MB. Chemical structures of all

these dyes are shown in Scheme S1 in Online

Resource 1. Absorption was performed at pH = 2 for

anionic dyes and pH = 7 for nonionic and cationic

dyes. Most of the dyes with C0 = 30 mg/L can be

almost completely removed (Er[ 90%) except for

anionic AF and nonionic ORO. The relatively low Er

of AF and ORO is probably due to the distortion of

plane structure resulting from the steric hindrance of

neighboring groups and the rotation of single bonds,

which hinders the coverage and adsorption of dye

molecules on the CRG surface. In another word, the

conjugate plane structure is crucial for adsorption of

dyes by the CRG/PVA aerogels. As almost all dye-

stuffs contain heterocyclic or aromatic structures

[89, 90], the CRG/PVA aerogels can thus be regarded

as a broad-spectrum adsorbent toward a family of

organic pollutants with conjugated plane structures.

Conclusions

The CRG/PVA porous aerogels exhibit good strength,

high capability, and good recycle stability for absorp-

tion of a wide kind of aromatically structured ionic

and nonionic dyes via mainly p–p interaction. The

total adsorption amount ([1000 mg/g) in dye mixture

solutions is even higher than that of single dye solu-

tion due to the synergetic effect between oppositely

charged dyes. The aerogels demonstrate absorption

performance surpassing the most reported adsorbents

and the highest capability toward absorption of mix-

ture dyes, demonstrating the potential to be used as a

kind of high-efficiency, reusable, and broad-spectrum

adsorbents for organic dyes.
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