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The discharged copper ion is recalcitrant and can be accu-
mulated in the environment and living tissues, while a high 
concentrations intake of copper ion in human body will 
cause serious diseases and disorders. At present, the main 
methods to remove toxic metal ions from water are adsorp-
tion, membrane separation, and ions exchange etc. Adsorp-
tion is widely adopted due to its simplicity, low cost and 
effectiveness, and many researchers keep doing their efforts 
to develop the lower cost and more effective adsorbent for 
treating metal ion pollution in aqueous solution [1–3].

Porous materials like active carbon or zeolite have been 
used as adsorbents to adsorb heavy metal ions or other toxic 
chemicals for many years [4–6]. Recently, more and more 
novel porous materials, such as inorganic, polymers, bio-
logical, and carbon-based porous materials, have been stud-
ies to deal with heavy metal ions in aqueous solution [7, 
8]. Among them, carbon-based adsorbents have received 
increasing attention because of their excellent properties 
such as chemical inertness, mechanical stability, homoge-
nous components, low contaminant content and innoxious-
ness [9, 10].

Micropore in the adsorbent can only adsorb small mol-
ecules while mesopore or macropore can transport small 
molecules or adsorb large molecules; and chemical groups 
on the absorbent surface will function as specific sites for 
chemical adsorption of metal ion in solution. So, the sur-
face chemical groups and porous structure of adsorbent 
may decide the transport or adsorption of adsorbate in 
adsorbent, according to the molecule size and chemical 
structure of adsorbate.

In order to prepare an effective carbon absorbent, 
numerous studies have been carried out, such as generat-
ing micropores into the wall of mesopores, modification 
of porous surface. However, it is still a great challenge to 

Abstract A novel carbon aerogel with network pore 
and surface group of hydroxyl was prepared from cellu-
lose colloid, through sol-gel reaction, freeze-drying and 
carbonization. Surfactant like isooctyl alcohol ether phos-
phate was taken as structure inducer in sol-gel reaction, for 
construction of porous network in the prepared samples. 
Characteristic of a specific area about 725.12  m2/g and 
total pore volume about 0.64 cm3/g, the prepared cellulose-
based carbon aerogel of  CCA2, has a maximum capacity 
about 55.25 mg/g for  Cu2+ in neutral aqueous solution. Its 
adsorption equilibrium can be reached within 10 min in an 
aqueous solution of pH7.0 at 25 °C, while desorption of 
 Cu2+ need about 1  h eluted by HCl or  HNO3 solution of 
0.01 M. And regeneration of the carbon aerogel in adsorp-
tion of  Cu2+ can be repeated for five times, remaining 96% 
adsorption capacity. It is also found in adsorption pro-
cess the kinetics nicely follows pseudo-second-order rate 
expression, and the isotherm fits Langmuir model.
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1 Introduction

With rapid development of industries like electroplat-
ing, mining, electrical and electronics production, more 
and more copper ion were discharged into outdoor water, 
which has become a prominent environmental problem. 

 * Jin Li 
 ljnhd@hnu.edu.cn

1 College of Material Science and Engineering, Hunan 
University, Changsha, People’s Republic of China

http://crossmark.crossref.org/dialog/?doi=10.1007/s10934-017-0397-y&domain=pdf


1576 J Porous Mater (2017) 24:1575–1580

1 3

synthesize porous carbons with porous network structure 
and functional groups on the surface [11–13].

Here we developed a novel cellulose-based carbon 
aerogel with network pore and surface group of hydroxyl 
through sol-gel reaction, freeze-drying and carbonization 
process. The prepared sample has an adsorption capability 
of  Cu2+about 55.25  mg/g, implying it may be a potential 
adsorbent for toxic metal ion in water solution.

2  Materials and methods

2.1  Materials

Microcrystalline cellulose (MCC),Sodium hydroxide 
(NaOH, 96%), Urea (CO(NH2)2, 99%) and Copper(II) sul-
fate pentahydrate  (CuSO4·5H2O, 99%) were purchased 
from Sinophrm Chemical Reagent Co., Ltd. Isooctyl alco-
hol ether phosphate (oep-70) was procured from Shang Hai 
Beko Chemical Co., China. All reagents used in the experi-
ment were analytical reagent grade and used as received. 
Deionized water was used for all experiments.

2.2  Preparation of carbon aerogel

In a typical synthesis, NaOH and urea were dissolved into 
deionized water under −12 °C at a mass ratio of 7:12:81, 
which was prepared as a mother solution. 4 g of microcrys-
talline cellulose and 3 g of NaCl were added into 100 ml of 
the prepared mother solution stirring vigorously for 10 min, 
then surfactant of isooctyl alcohol ether phosphate (oep-
70) was added into the mixture at a ratio like 2% (w/v), 
stirred to obtain a homogenous solution. The mixture solu-
tion was subjected to centrifugation at 5000 rpm for 10 min 
under 5 °C; the supernatant was transferred to a beaker 
under 50 °C for sol-gel reaction about 24 h. The solidified 
cellulose jell was washed with deionized water, follow-
ing freeze-dried under −55 °C for 48 h, so that the cellu-
lose aerogels were obtained and denoted as  CAx, where x 
indicates the percent of oep-70 added in sol-gel reaction. 
The prepared  CAx was heated to 600 °C in nitrogen air at 
a heating rate of 2 °C/min and kept at 600 °C about 2 h for 
carbonization; finally carbon aerogels were obtained and 
denoted as  CCAx.

2.3  Characterization of the prepared samples

Thermal stability and carbonization yield of cellulose 
aerogel  (CAx) were determined using thermo-gravimetric 
(TG) analyzers (GA; STA449C; Netzsch, Germany). The 
specific surface area and pore structure parameters of the 
prepared carbon aerogel  (CCAx) were determined from 
the adsorption isotherm of nitrogen at 77 K (Tri-star 3020, 

Micromeritic, USA). The morphology of carbon aerogel 
was observed by scanning electron microscopy (Hitachi 
S4800, Japan). The chemical group on the surface of  CCAx 
was determined by Fourier transform infrared (FTIR) spec-
troscopy (IRAffinity-1, Japan).

The concentration of the  Cu2+ in the aqueous solu-
tion was then analyzed by UV spectrophotometer (Hitachi 
U-3010) according the method in reference [14]. The 
amount of  Cu2+absorbed Qt (mg/g) at time t (min), were 
calculated as follows:

where C0 (mg/l), Ct (mg/l) are  Cu2+ concentrations of the 
solution at the initial and final adsorption, respectively. V 
(ml) is the volume of the solution, and m (g) is the weight 
of the dry  CCAx.

The pH of the tested solution can be adjusted by hydro-
chloric acid with a concentration of 0.01 M.

3  Results and discussion

The optimal temperature for sol-gel reaction of cellulose 
colloid is about 50 °C in our experiment. When reaction 
temperature is lower than 50 °C, the gelation of cellulose 
colloid will be hold up greatly; when reaction temperature 
is higher than 50 °C, it will result the prepared cellulose gel 
with huge capillaries that will become cracks in the pre-
pared cellulose aerogel after freeze-drying. In our experi-
ment, cellulose gelation can be completed within 30 min as 
shown in Fig. 1.

After gelation reaction and freeze-drying, the cellulose 
gel turned to cellulose aerogel as Fig. 2a shown. The cel-
lulose aerogel formed without cracks can turn to a monolith 
of carbon aerogel through carbonization as Fig. 2b shown, 
in which a network pore was remained from its precursor 
cellulose aerogel. But the cracks in cellulose aerogel will 
cause the prepared carbon aerogel collapse and broken dur-
ing the carbonization process.

Thermo-gravimetric analysis of different cellulose aero-
gel prepared in our experiment is shown in Fig.  3. It can 
be seen that the cellulose aerogel prepared without oep-70 
inducing structure, having its pyrolysis reaction in a tem-
perature range from 250 to 380 °C, gives a final carbon 
yield about 7.5%; while the cellulose aerogels prepared 
with oep-70 inducing structure, having their pyrolysis reac-
tions in a temperature range from 250 to 340 °C, give a 
carbon yield range from 15 to 22% which depends on the 
percent of oep-70 in the cellulose sol-gel reaction. Since 
cellulose aerogel with a high degree of polymerization 
will give a higher carbon yield, it may be thought besides 
serving as structure inducer there should be some roles of 
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oep-70 in the sol-gel reaction, such as knitting the assembly 
cellulose molecular into cross-link state and making them 
ultimately polymerize to aerogel with a three-dimensional 
network.

Since oep-70 is adaptive to alkalic solution and has 
a required molecular structure, it was used as structure 
inducer in sol-gel reaction of cellulose colloid, to form a 
network pore in the prepared cellulose aerogel. And the 
porous network in cellulose aerogel can remain into carbon 
areogel after carbonization. It can be seen from Fig. 4a, the 
porous structure is very poor in the carbon aerogel prepared 
from cellulose aerogel without oep-70 inducing the porous 
structure. While a cross-linked pore network is well formed 
in the carbon aerogel prepared from cellulose aerogel that 
was induced by ope-70 at a ratio of 2% as shown in Fig. 4b. 
But, the inner skeleton of carbon aerogel will increase with 
the percent of oep-70; the wall framework becomes thicker 
and pore volume become small when the percent of oep-70 
is over 4%, which can be seen in Fig. 4 (C).

It can be seen in Table 1 that porous structure of the pre-
pared  CCAx is strongly depending on the percent of oep-70. 
 CCA2 has an optimal porous structure for  Cu2+ adsorption 
and gives the highest capacity of 55.24 mg/g in the neutral 
solution. As a contrasted material in our study, active car-
bon with the largest specific surface area about 2729.8 m2/g 
and a majority of micropore, but gives a lower adsorption 

Fig. 1  Cellulose colloid a 
turned to gel state b after sol-gel 
reaction about 30 min

Fig. 2  The cellulose aerogel (a) 
and carbon aerogel (b) formed 
in our experiment

Fig. 3  Thermogravimetric analysis (TGA) curves of the different cel-
lulose aerogels
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capacity of  Cu2+ about 43.28 mg/g in the neutral solution. 
So, it may be concluded  CCA2 has some advantage proper-
ties for adsorption of  Cu2+ in the neutral aqueous solution, 
such as porous structure and surface group.

Adsorption–desorption isotherm of nitrogen on  CCAx 
at 77 K are shown in Fig. 5a(1). It can be seen that sharp 
inflection points are present at a low relative pressure of 
about 0.1, showing the transition from micropore filling 
to multilayer adsorption; then a slow isotherm rise follow-
ing next indicates multilayer adsorption of nitrogen on the 
exposed surface of the fibrous network in carbon aerogels, 
on which unrestricted monolayer-multilayer adsorption 
occurs. A hysteresis loop exhibits relative high pressure, 
indicating the dominance of mesopores and macropores in 
the sample.

From the pore size distribution of  CCAx shown in 
Fig.  5b(1), it can be seen that a mixture of micropore, 
mesopore and macropore is present in  CCA2, which may 
benefit  CCA2 for absorbing metal ion in aqueous solution, 
since adsorption in micropore need to be based on chan-
neling or transitional function of mesopore and macropore.

The adsorption equilibrium of  CCA2 can be achieved 
within 10 min, absorbed 90% of  Cu2+ in the solution. The 
rapid uptake indicated high affinity between  Cu2+ and the 
adsorbent, which may be explained as the interconnected 
porous structure and the chemical groups on the surface 
of  CCA2 facilitate channels and active sites for metal ion 

adsorption. Since carbon aerogel can remain some chemi-
cal group from its precursor [15], the chemical groups 
on  CCAx were determined by the FTIR spectrum, which 
are similar as that of  CCA2 shown in Fig.  6. The peaks 
observed at 1200  cm−1 may be assigned to C–O bond 
stretching, and the peaks around 1600 cm−1 may be char-
acteristics of C=C bond. The broad adsorption peaks from 
3705 to 3125 cm−1 can confirm –OH groups on the sample. 
These residual chemical groups on  CCA2 after carboniza-
tion can increase the net negative charge on the surface, 
and increase the binding potential to cationic ion in the 
solution.

The maximum adsorption capacity of  Cu2+ on  CCA2 
was obtained at pH 7.0, and no adsorption was observed in 
the solution with a pH lower than 3.0, adjusted by hydro-
chloric acid solution with concentration of 0.01  M. This 
indicated the absorbed  Cu2+ on  CCA2 can be completely 
replaced by the protons in solution. So, desorption of cop-
per ions from  CCA2 was achieved by eluting with 0.01 M 
HCl or  HNO3 about 1  h. After five cycles of adsorp-
tion–desorption of  Cu2+ on  CCA2, the maximum adsorp-
tion capacity of  Cu2+ on  CCA2 has slightly reducing about 
4%.

Isotherms can show the relationship between metal 
ion concentration in solution and the amount of metal ion 
adsorbed on the specific sorbent at a constant tempera-
ture. In the present study, the adsorption experimental data 

Fig. 4  SEM images of carbon aerogel prepared from cellulose aerogel induced by oep-70 at different ratios (w/v) in sol-gel reaction: a 0%, b 
2%, c 6%

Table 1  Pore structure 
properties and adsorption 
capacities of the test samples

SBET BET surface area, Vtotal total pore volume, Vmic micropore volume, Da average pore diameter, AC acti-
vated carbon

Samples Oep-70 (%) SBET  (m2/g) Vtotal  (cm3/g) Vmic  (cm3/g) Da (nm) Capacities (mg/g)

CCA0 0 476.9 0.26 0.18 2.16 28.85
CCA1 1 533.4 0.47 0.18 3.55 51.73
CCA2 2 725.1 0.64 0.21 3.53 55.24
CCA4 4 613.5 0.60 0.18 3.80 37.65
CCA6 6 463.5 0.45 0.14 3.76 36.77
AC / 2729.8 1.81 1.76 2.65 43.28
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of  Cu2+ adsorption were analyzed according to Langmuir 
isotherm equation and Freundlich adsorption model [16, 
17]. It was found that Langmuir model fits the experimen-
tal data very well with a correlation coefficient  R2 of 0.97, 
which is much better than that of Freundlich model with 
 R2 of 0.91, as shown in Fig.  7. The adsorption capacity 
calculated values obtained from Langmuir model is about 
59.13 mg/g, which is very close to the experimental data of 
55.24 mg/g. These results indicate  Cu2+ adsorbed on  CCA2 
as a monolayer adsorption.

Adsorption kinetic studies are thoroughly studied due 
to their importance on the investigation of the adsorption 
mechanism. The pseudo-first-order and pseudo-second 
order kinetic models are employed to fit experimental data 
obtained from kinetic experiments [13, 18]. These two 
models can be expressed as Eqs. (2) and (3).

(2)ln(Qe − Qt) = lnQe − k
1
t

(3)
t

Qt

=
1

k
2
Q2

e

+
t

Qe

Fig. 5  Adsorption–desorption isotherms of nitrogen at 77 K (a) and pore size distribution of (b) of different samples: 1:  CCAx; 2: AC

Fig. 6  FTIR spectrum of  CCA2 and AC
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 where Qt (mg/g) is the adsorption capacity at time t (min), 
Qe (mg/g) is the adsorption capacity at adsorption equi-
librium, k1  (min−1) and k2 (g/mg/min) are the kinetics rate 
constants for the pseudo-first-order and pseudo-second-
order models, respectively.

Parameters of these two kinds of model are shown in 
Table 2. It was found that the adsorption capacity at equi-
librium Qe,cal that was calculated from the pseudo-first-
order model is about 7.16 mg/g, deviating from the experi-
mental value Qe of 9.53 mg/g with a correlation coefficient 
 R2 only 0.5552. While Qe,cal calculated from pseudo-sec-
ond-order model is about 8.94 mg/g, which is very close to 
the experimental Qe with  R2 about 0.9984. These data sug-
gest  Cu2+ adsorption on the  CCA2 may be a pseudo-sec-
ond-order kinetic model, which means chemisorption is the 
rate-limiting step in the adsorption of  Cu2+ on the  CCA2.

4  Conclusions

By skills of sol-gel reaction, freeze-drying and carboniza-
tion, a novel carbon aerogel with hydroxyl groups on the 

surface was synthesized as adsorbent for adsorption of 
metal ion in water. The porous network of the prepared car-
bon aerogel was inherited from its mesophase of cellulose 
aerogel, which depends on the surfactant like oep-70 added 
to cellulose colloid as structure inducer in sol-gel reaction. 
The prepared  CCA2 displays good properties for adsorption 
of  Cu2+ in aqueous solution, implying it may have potential 
application in treatment of metal ion pollution in water. The 
strategy in this study also provides a novel pathway for pre-
paring carbon-based adsorbent with specific pore structure 
and functional groups on the surface.
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Table 2  Kinetic models for  Cu2+ adsorption on  CCA2

Model Model parameters R2

Pseudo-first order Qe,cal = 7.16 mg/g 0.5552
k1 = 0.0029 min−1

Pseudo-second order Qe,cal=8.94 mg/g 0.9984
k2 = 0.028 g/mg/min
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