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Abstract 

Graphene-based composite aerogel doped with other low-cost materials can reduce the cost and promote the use 
in water treatment. This work prepared ball-milled biochar/reduced graphene oxide aerogel (BC/rGA) using GO and 
low-cost ball-milled biochar (BC) in a certain proportion with the freeze-thawing technique and sol–gel method, and 
applied BC/rGA on the Cr(VI) removal from aquatic environments. The characterization results showed that aero-
gel had a honeycomb briquette three-dimension (3D) and mesoporous structure with interconnected pores, and 
proved the preparation progress of aerogel in principle. Compared with GO, rGA and BC/rGA had better adsorption 
performance with 3D structure and well-developed pores, and BC/rGA with the mixture ratio of BC and GO of 1:4 
was more appropriate. The adsorption kinetics data of rGA and BC/rGA(1:4) were fitting well with the pseudo-second-
order model (R2 > 0.951), and the isotherm adsorption results were fitting the Langmuir model well (R2 > 0.974). The 
results demonstrated that the adsorption process was monolayer and endothermic adsorption involving chemisorp-
tion. Additionally, the adsorption capacities of rGA and BC/rGA(1:4) at solution pH 2 were 3.71 and 3.89 times greater 
than those at solution pH 8, respectively. High background ion strength and low temperature slightly inhibited the 
adsorption of Cr(VI) by both rGA and BC/rGA(1:4). The adsorption mechanisms of Cr(VI) on rGA and BC/rGA(1:4) were 
electrostatic interaction, reduction and ion exchange. The use of BC/rGA could reduce the cost and promote the 
green reuse of agricultural waste. Overall, BC/rGA could be used as a promising green adsorbent alternative for the 
feasible treatment of heavy metal contaminated water.

Highlights 

•	 Ball-milled biochar/reduced graphene oxide aerogel (BC/rGA) could reduce the cost and cumbersome prepara-
tion steps of aerogel.

•	 BC/rGA had a honeycomb briquette three-dimension (3D) structure with interconnected pores and could 
directly be separated from solution.

•	 BC/rGA had 2.23 times of Cr(VI) adsorption capacity higher than GO and the adsorption was obviously affected 
by solution pH.

Keywords:  Graphene aerogel, Ball-milled biochar, Heavy metal, Adsorption mechanism

*Correspondence:  yanliliu2013@163.com; chengliang_li11@163.com

National Engineering Research Center for Efficient Utilization of Soil 
and Fertilizer Resources, College of Resources and Environment, Shandong 
Agricultural University, Tai’An 271018, China

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1007/s42773-022-00191-w&domain=pdf
http://orcid.org/0000-0002-8116-2372


Page 2 of 17Che et al. Biochar            (2022) 4:65 

Graphical Abstract

1  Introduction
Chromium (Cr) is a common heavy metal ion with high 
toxicity and causes serious negative impacts on human 
health when the concentration exceeds the standard 
limits (Joseph et  al. 2019; Shaheen et  al. 2022; Zhitko-
vich 2011). The permissible limit of total Cr analyzed by 
World Health Organization (WHO) is 0.05 mg L−1, and 
the limit from Environmental Protection Agency (EPA) 
is 0.1 mg L−1 (Liu et al. 2019; Wang et al. 2017c). How-
ever, Cr-contaminated water is still discharged into nat-
ural environment every year, even under the treatment. 
Many industrial processes have generated  Cr-con-
taminated water including electroplating, leather tan-
ning, nuclear power plant and etc. (Wang et  al. 2015). 
Because Cr(VI)  takes on the great toxicity, which has 
teratogenicity, mutagenicity and carcinogenicity (Mo 
et al. 2019), the removal/reduce of Cr(VI) from contam-
inated water has been studied (Behnajady and Bimegh-
dar 2014; Tang et al. 2021) and is still considered to be 
of urgency. Adsorption has shown superior to other 
methods in contaminated water treatment due to its low 
cost, low energy and high efficiency, including Cr(VI) 
removing/reducing (Li et al. 2017; Yu et al. 2020).

 Aerogels are considered to be one of ideal adsorbents 
for contaminated water treatment with low density and 
abundant functional groups (Mei et  al. 2020), which 
have a porous solid network and can be separated 
directly and recovered easily compared with powder 
adsorbents (Hasanpour and Hatami 2020). Graphene 
oxide (GO) has been regarded as one of the innovative 
materials for the synthesis of aerogels due to its chemi-
cal stability and abundant functional groups (Korkmaz 
and Kariper 2020; Wei et  al. 2020), and the research 
of graphene aerogels has dramatically increased since 
the first report in 2009 (Korkmaz and Kariper 2020), 
including the synthesis, modification and applica-
tion (Wang et al. 2020). So far, graphene aerogels have 
been fabricated via various methods including chemi-
cal vapor deposition, template mediated assembly, 3D 
printing, hydrothermal process, and freeze-casting 
strategy (Additional file  1: Table  S1). However, some 
of these methods are complicated, and  reducing rea-
gent are highly toxic, strongly corrosive and explosive, 
even the volume contraction of the prepared aerogel is 
serious (Lee and Park 2020; Shang et  al. 2020). In the 
last decades, reduced graphene oxide aerogel (rGA) has 
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been widely used in energy storage (Serrapede et  al. 
2019), sensors (Li and Wang 2020), catalysts (Zhao 
et al. 2019) and so on. Although rGA has excellent pore 
structure and large surface area (Wei et al. 2020) which 
are in favor of adsorption, rGA has not widely applied 
in removing heavy metals from contaminated water in 
treatment plant with the high cost and complex prep-
aration steps. A large number of studies have been 
devoted to the preparation of graphene-based com-
posite aerogel by adding other materials on the basis of 
preserving the advantages of GO in recent years, and 
the common additive materials are chitosan (Wang 
et  al. 2021),  polymers (Wang et  al. 2017b; Ye et  al. 
2017), carbon nanotubes (Wang et al. 2017a), minerals 
(Zhang et al. 2018), biochar (Wei et al. 2020), and etc. 
Along this line, a preparation method with simple pro-
cedure, no secondary contamination and low cost addi-
tive materials should be selected for the preparation of 
graphene-based composite aerogel.

Biochar is a kind of carbon-rich solid material with 
ample micropore structure (Sakhiya et  al. 2020), which 
is obtained from the pyrolysis or hydrothermal carboni-
zation of raw biomass under oxygen-limited or  oxygen-
free conditions (Kołtowski et  al. 2017), and has carbon 
sequestration function to mitigate climate change (Li 
et al. 2018; Liu et al. 2013) and indirectly supports waste 
management (Qiu et al. 2022). Biochar can be produced 
from various agricultural and industrial wastes (Dai et al. 
2021; Liu et  al. 2020; Pradhan et  al. 2020), and the use 
of biochar will promote the reuse of resources and be in 
line with the direction of sustainable development. Thus, 
biochar could be regarded as a sustainable, carbon–neu-
tral material (Yuan et al. 2019). Because of the features of 
low cost, large specific surface area (SSA), abundant 
oxygen-containing functional groups and redox proper-
ties (Hu et al. 2020; Leng et al. 2021; Pradhan et al. 2020), 
biochar has played an important role in the adsorption 
of heavy metals (Gupta et al. 2020; Shaheen et al. 2022), 
including Pb (Xiong et  al. 2021), Sb (Chen et  al. 2022), 
Cr (Zou et al. 2021), Cu (Xiao et al. 2020), Cd (Liu et al. 
2021a, b) and so on. However, as a powder adsorbent, 
the application of BC or BC-based composites inevita-
bly  releases particles into water and the general separa-
tion method from solution is filtration or centrifugation, 
by which it is difficult to separate and recycle biochar 
from the solution and might cause further biological 
toxicity and energy loss (Liang et al. 2021; Lu et al. 2020; 
Zhang et al. 2019).

Based on all the above studies, this study hypothesized 
that ball-milled biochar/reduced graphene oxide aerogel 
(BC/rGA) could comprehensively utilize the advantages 
of GO and BC (obtained from cotton stalk) to overcome 
the shortcomings of  single-component materials. This 

work will provide a simple and environmentally-friendly 
approach for preparing BC/rGA with different mass pro-
portion of BC and rGO, comparatively analyze the char-
acterization and adsorption capacity, and investigate the 
adsorption behavior of Cr(VI) on BC/rGA under differ-
ent environmental conditions (solution pH, temperature, 
and ionic strength of background solution). This method 
could avoid the expensive raw materials and cumbersome 
steps of prior methods, such as solvent exchange and 
supercritical drying. The ultimate goal is to promote the 
utilization of waste resources and develop the application 
of GO based aerogel in environmental pollution control.

2 � Materials and methods
2.1 � Materials and chemicals
Raw graphite was purchased from Qingdao Nanshu Rui-
ying Graphite Co. Ltd. (Shandong, China). Cotton stalk 
was collected from farmland (Shandong, China). Poly 
vinyl alcohol (PVA) (with the degree of polymerization 
of 1700 and the alcoholysis degree of 98–99%) was pur-
chased from Aladdin Industrial Corporation (Shanghai, 
China).

All the other  chemicals and reagents used (including 
acetic acid, sulfuric acid, sodium hydrate, etc.) were  of 
analytical grade without further purification  and were 
purchased from Kaitong Chemical Reagent Co. Ltd. 
(Tianjin, China).

2.2 � Adsorbent preparation
2.2.1 � Preparation of GO and BC
GO was prepared from graphite according to a modi-
fied Hummer’s method (Yang et  al. 2015; Liu et  al. 
2021a, b) and BC was prepared from cotton stalk (Shan-
dong, China). The cotton stalk was repeatedly washed 
with deionized water to remove  impurities and dried at 
80 °C in an oven. Then the dry cotton stalk was sieved 
to 2 mm particles by a grinder. After that, the porcelain 
boats with cotton stalk powder were put in a tube furnace 
and heated to 500 °C at a heating rate of 15 oC min-1 for 
2 h under the flow of nitrogen. The obtained biochar and 
steel ball were placed in an agate tank and ball milled at 
the speed of 300 rpm for 6 h using the planetary ball mill-
ing machine (Focucy, F-P2000, China).

2.2.2 � Preparation of rGA and BC/rGA
The details of reagent preparation are shown in the Addi-
tional file  1 (SI.  1) and the aerogels were prepared on 
the basis of the preliminary test (Additional file 1: SI. 2). 
Firstly, 60 mL 5 mg L−1 GO and BC/GO (the mass ratio 
of BC to GO was 1:10, 1:4, and 1:2, respectively) solu-
tion was prepared, respectively. Then, 3 mL 100 mg L−1 
PVA solution and 10 mL glutaraldehyde mixed solution 
were put into the GO or BC/GO solution under stirring. 
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The mixture was poured into  a container and had five 
cycles of freezing–thawing. After that, the sample was 
immersed into L-ascorbic acid solution for 12 h at 80 °C 
to reduce the GO and then washed by 75% alcohol solu-
tion to removal the residual reagents. Finally, the samples 
were  freeze-dried at −  50 °C for 48  h, and the aerogels 
were obtained (Additional file  1: Fig. S3) which were 
named rGA, BC/rGA(1:10), BC/rGA(1:4),  and BC/rGA(1:2), 
respectively. On account of the poor mechanical stability, 
BC/rGA(1:2) was easy to be broken, so it was not suitable 
for subsequent adsorption experiments.

2.3 � Characterization methods
The morphology of tested materials was observed on a 
scanning electron microscope (SEM) (SU8020, Hitachi 
Limited, Japan) and Transmission Electron Microscope 
(TEM) (FEI Tecnai G2 F30, FEI, USA). The structure and 
composition analyses were conducted using N2 adsorp-
tion–desorption isothermal test (ASAP 2460, micromer-
itics, USA) with Barrett–Joyner–Halender (BJH) method, 
Raman Spectrometer (Renishaw inVia, Renishaw, UK), 
X-ray diffractometer (XRD) (D8 Advance, Bruker, Ger-
many), Fourier transform infrared (FTIR) (Nicolet 6700, 
Thermo Fisher Scientific, USA) and X-ray photoelectron 
spectroscope (XPS) (Thermo Escalab 250 Xi, Thermo 
Fisher Scientific, USA).

2.4 � Experiments for the adsorption of Cr(VI)
Batch adsorption experiments were conducted to inves-
tigate the adsorption mechanism of Cr(VI) on GO, rGA 
and BC/rGA, and the effect of environmental factors on 
Cr(VI) adsorption. 500  mg L−1 Cr(VI) solution (pH 2.0) 
was prepared by dissolving K2Cr2O7 in 0.01  M NaCl 
solution (pH 2.0), and the solution was diluted to the 
appropriate concentration using background electrolyte. 
All the batch adsorption experiments were conducted 
in triplicate with the adsorbent dose of 1 g L−1, and the 
mixed solution  was shaken  in a constant temperature 
oscillating machine at 150  rpm. After the adsorption, 
solid–liquid separation was achieved by filtrating with 
membrane for GO and directly taking out for aerogels, 
respectively (Additional file  1: Fig. S4). The Cr(VI) con-
centration of solution was detected by atomic absorption 
spectrophotometer (PinA Acle 900F, PerkinElmer Inc, 
USA).

The adsorption kinetics of GO, rGA and BC/rGA for 
Cr(VI)  were studied by immersing 10  mg GO or aero-
gels into 10 mL 50 mg L−1 Cr(VI) solution (pH 2.0) and 
the data  were collected at specific  times (0, 10, 20, 30, 
45, 60, 120, 240, 360, 480, 600, 720  min) at room tem-
perature (298 K). Adsorption isotherm parameters were 
determined by performing experiments at 298 K (shaking 
time was 12 h), and using Cr(VI) solutions with different 

initial concentrations (10, 20, 40, 50, 60, 80, 100 mg L−1, 
pH =2.0). After  the adsorption  experiment with 50  mg 
L−1 Cr(VI) at pH 2.0 reached equilibrium, aerogels were 
put into 0.1  M H2SO4 solution and shaken for 12  h at 
150  rpm and room temperature. And then the aerogels 
were washed with DI water several times until the pH 
value of effluent was nearly 7. The aerogels were used for 
the next cyclic adsorption after drying. Effects of solution 
pH, background electrolyte and temperature on Cr(VI) 
adsorption process were  investigated under the same 
conditions (initial Cr(VI) solution concentration was 
50 mg L−1, and shaking time was 12 h). The pH value of 
solutions was set to 2.0, 4.0, 6.0, 8.0 and 10.0 with a back-
ground electrolyte of 0.01  M NaCl at 298  K. The back-
ground electrolyte was divided into ion type (0.01  M 
NaCl, 0.01 M CaCl2) and ion intensity (0.01 M, 0.05 M, 
0.1 M, 0.15 M, 0.2 M) with with a PH of 2.0 and a tem-
perature of 298 K. The temperature was set to 288, 298 
and 303 K for the adsorption isotherm experiments.

2.5 � Data analysis
The adsorption capacity calculation formula, adsorption 
kinetics fitting models, adsorption isotherm fitting mod-
els and thermodynamic parameters  are listed in Addi-
tional file 1: SI. 4. Additionally, the models were analyzed 
using Origin 2021, and the average data and standard 
deviations were also reported. Error bars were used to 
represent standard deviations of multiple determinations.

3 � Results and discussion
3.1 � Characterization and formation of BC/rGA
As shown in the SEM images (Fig. 1), both rGA and BC/
rGA had a 3D structure, which was similar to honeycomb 
briquette with well-developed pores. In addition, it could 
be clearly observed that there were interconnected pores 
on the surface of rGA, indicating that ions could con-
tinuously diffuse into the structure, which would greatly 
promote the adsorption process. But compared with 
rGA (Fig. 1a), the structural integrity of BC/rGA deterio-
rated and had partial collapse (Fig. 1b1), so that the BC/
rGA had larger surface area and smaller pores (Addi-
tional file 1: Fig. S5, Table S2). The average pore diameter 
of rGA and BC/rGA was 8.26 and 6.96 nm, respectively. 
Therefore, it could conclude that rGA and BC/rGA had 
mesoporous structures (Kaneko 1994). In addition, the 
surface of rGA was smooth, while the surface of BC/rGA 
was rough. Obviously, the presence of biochar can be 
observed in Fig. 1b3 and c, which is similar to the results 
in the study of Wei et al. (2020), indicating the prepara-
tion of BC/rGA was successful.

FTIR spectra and XRD patterns are presented in 
Fig. 2. FTIR spectra (Fig. 2a) showed that BC, GO, rGA 
and BC/rGA had similar peaks, such as O–H stretching 
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Fig. 1  SEM images with different magnification of rGA (a1–a3) and BC/rGA (b1–b3), and TEM images with different magnification of BC/rGA (c1–c3)

Fig. 2  The FTIR spectra (a) and XRD patterns (b) of different adsorbents
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vibration bands around 3450  cm−1. BC spectrum had 
three peaks at 3451, 1628 and 1108  cm−1, which repre-
sented O–H stretching vibration, aromatic C=C and –
COOH (Ahmed et al. 2016; Fan et al. 2018). For the GO 
spectrum, the peaks at 3431, 1722, 1625, 1402, 1222 and 
1051  cm−1 represented O–H stretching vibration, C=O 
stretching vibration from carboxylic groups, the carbon 
ring vibration of non-oxidized parts of GO (C=C), and 
the  asymmetric bending of C–H, C–O–C or C–O–H 
group and C–O group (Peng et al. 2015; Wei et al. 2020; 
White et  al. 2018), respectively. In addition, the PVA 
spectrum had peaks at around 3421, 2919, 1738, 1639, 
1442, 1260 and 1095 cm−1. The FTIR spectra of aerogels 
were similar to GO and had some characteristic func-
tional groups of GO, BC and PVA at the same time, while 
some functional groups were reduced and some peaks 
appeared. The intramolecular or intermolecular H bonds 
could enforce the inter-attraction between Cr(VI) and 
adsorbent which existed in the molecular foot (Wang 
et  al. 2019). Compared with GO, the O–H stretching 
vibration peak intensity of aerogels decreased, and the 
bands between 1250 and 1050 cm−1 widened and shifted, 
indicating that the ether bonds were formed by the reac-
tion between GO, PVA and aldehyde group in glutaral-
dehyde mixed solution (Ye et al. 2017; Hong et al. 2015). 
The peak intensity and wavenumber of C=O stretching 
vibration from carboxylic groups of GO, rGA and BC/
rGA were changed. In addition, the bands at around 
2900 and 1380 cm−1 (black rectangle in Fig. 2a) appeared 
because of the resonance between GO and PVA (Ye et al. 
2017; Liu et  al. 2021a, b). With the addition of biochar, 
the peak intensity of BC/rGA in O–H stretching vibra-
tion peak decreased, and the peak intensity decreased 
with the increase of biochar proportion (Additional file 1: 
Fig S6). However, the band intensity between 1000 and 
1500 cm−1 was much larger than that of rGA, which indi-
cated that ether bonds increased (Hong et al. 2015). This 
result might be due to the involvement of biochar in the 
acetal reaction.

 The XRD patterns (Fig. 2b) showed that BC, GO and 
PVA had diffraction peak at 26.61°, 9.17° and 19.32°, 
respectively. The degree of peaks presented that GO had 
much larger interplanar spacing (0.96  nm) than that of 
pristine graphite (0.34 nm) (the calculations were shown 
in Additional file 1: SI. 5) because of the presence of oxy-
gen groups on the surface of GO (Saleh et al. 2018; Zhang 
et  al. 2015). However, the obvious typical diffraction 
peaks of GO and PVA disappeared in the XRD patterns 
of rGA and BC/rGA, indicating that the GO sheets were 
reduced and separated with the amorphous structure 
of PVA attached to the sheets (Bao et al. 2011). It could 
be found from the XRD pattern of rGA that there was a 

wide peak at 2θ = 20.92° of rGA, implying that the layer 
spacing was 0.42 nm. The result also illustrated that the 
content of some oxygen groups decreased in the prepara-
tion process (Fadillah et al. 2019), which was consistent 
with the result of FTIR spectra. Compared with rGA, the 
characteristic peak (2θ = 19.40°) of BC/rGA shifted to the 
left and the layer spacing (0.46 nm) increased, which was 
attributed to the hydrogen bond between rGA and BC/
rGA (Wei et al. 2020).

Raman spectra of aerogels (Additional file  1: Fig. S7) 
had D-band (around 1340  cm−1) and G-band (around 
1580  cm−1). As it was well known, D-band represented 
the degree of disordered carbon or defect, which was 
mainly related to the vibration of carbon atoms with dan-
gling bonds in the disordered carbon structure. G-band 
was almost attributed to the E2g phonon mode of vibra-
tion of sp2 C atoms in the 2D hexagonal lattice of a 
graphite cluster and could reflect the plane vibration of 
sp2 carbon (Qu et al. 2013; Su et al. 2020; Sun et al. 2017). 
In this study, the value of ID/IG was 0.8483 and 0.8503, 
respectively, indicating that there was no significant dif-
ference between the degree of graphitization of two 
tested adsorbents. The elemental composition of rGA 
and BC/rGA was analyzed by XPS, and the XPS spectra 
of C 1s and O 1s are shown in Additional file 1: Fig. S8. In 
the C 1s spectra, both rGA and BC/rGA had four peaks 
representing functional groups of C–C/C=C, C–O–C, 
C–O, C=O (Liao et  al. 2018; Liu et  al. 2021a, b; Singh 
et  al. 2017), respectively. However, the proportion of 
C–O–C in BC/rGA was significantly higher than that of 
rGA, probably because BC also participated in the reac-
tion to produce more ether groups. And the results were 
consistent with the results of FTIR.

The formation progress of BC/rGA is illustrated in the 
Fig.  3. After ball milling, biochar changed shape from 
plate to smaller granular, and increased SSA (from 14.02 
to 351.58 m2  g−1) and the amounts of surface functional 
groups (Additional file 1: Fig. S9), and it would take longer 
to sink in water (Additional file  1: Fig. S10). GO had a 
flake structure (Additional file  1: Fig. S11) and could be 
evenly dispersed in water for longer time than graphite 
(Additional file  1: Fig. S12). All these were conducive to 
manufacture BC/rGA. Under ultrasound and agitation, 
GO and BC were uniformly dispersed in the solution. 
The addition of glutaraldehyde mixed solution created 
acidic conditions. At this time, glutaraldehyde acted as 
an effective crosslinker to promote the effective connec-
tion of GO, PVA and BC through condensation reaction 
(Hong et al. 2015; Ye et al. 2017). GO sheets formed pores 
of various sizes, and the circled part in red in Fig. 3 pre-
sents the connection. The solution would fill the holes to 



Page 7 of 17Che et al. Biochar            (2022) 4:65 	

ensure that the connections between the GO would not 
break, and the pore structure of aerogel was basically 
formed. According to the previous study, the ice crystals 
could break through original network and eject graphene 
sheets into other ice crystals in the process of repeated 
freezing and thawing (Yang et al. 2015). Finally, the pores 
were connected to each other, which could promote the 
flow of solution, and the SEM images provided the direct 
evidence (Fig. 1). Due to the developed pore structure, the 
density of aerogels was small and the order of density was 
BC/rGA(1:4) > BC/rGA(1:2) > BC/rGA(1:10) > rGA (Additional 
file 1: Fig. S13). The addition of L-ascorbic acid reduced 
GO to rGO, and made the structure more stable. Freeze-
drying method could ensure the integrity of the structure, 
and resulted in no change in the diameter of the aerogel 
before (d1) and after freeze-drying (d2), indicating the 
aerogel did not shrink and deform any more (Chen et al. 
2011; Shang et al. 2020; Ye et al. 2017).

3.2 � Adsorption comparison
3.2.1 � Adsorption kinetics of Cr(VI)
The adsorption equilibrium time of Cr(VI) on GO, rGA, 
BC/rGA(1:10) and BC/rGA(1:4) was about 8  h, and the 
equilibrium adsorption capacity (qe) was 8.53, 28.18, 
18.52 and 18.87  mg  g−1, respectively. The fitting results 
by pseudo-first-order and pseudo-second-order models 
(Table  1) showed that the adsorption rate and theoreti-
cal equilibrium adsorption capacity (Qe) of aerogel were 
higher than those of GO. The 3D structure provided 
larger surface area and more adsorption sites for Cr(VI) 
adsorption (Hiew et al. 2018; Korkmaz and Kariper 2020; 
Zhang et  al. 2018). Additionally, rGA showed the best 
adsorption performance, which might be because rGA 
had better structure than other adsorbents and more 
functional groups for adsorption. Compared with other 
graphene oxide composites (Neolaka et  al. 2020, 2021), 
aerogels still had better adsorption capacity.

Fig. 3  Schematic of synthesis progress of BC/rGA

Table 1  Adsorption kinetic parameters of Cr(VI) on GO and aerogels

Adsorbents Pseudo-first-order model Pseudo-second-order model

Qe1 (mg g−1) K1 (min−1) R2
1 Qe2 (mg g−1) K2 (g mg−1 min−1) R2

2

GO 6.99 0.0089 0.955 8.90 2.04*10–3 0.970

rGA 22.25 0.0327 0.890 26.95 2.61*10–3 0.951

BC/rGA(1:10) 14.91 0.0284 0.914 17.99 3.19*10–3 0.962

BC/rGA(1:4) 15.36 0.0110 0.956 19.43 1.10*10–3 0.974
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In addition, the pseudo-second-order model had higher 
correlation coefficient (R2 = 0.970, 0.951, 0.962, 0.974), 
and the calculated adsorption capacity (8.90, 26.95, 17.99 
and 19.43 mg  g−1) was closer to the experimental value 
(8.53, 28.18, 18.52 and 18.87 mg  g−1) for GO, rGA, BC/
rGA(1:10) and BC/rGA(1:4), which indicated that chem-
isorption also took part in this adsorption process (Chen 
et  al. 2011). Based on the model assumptions, chemical 
adsorption might limit the rate involving valence forces 
through sharing or exchange of electrons between Cr(VI) 
and adsorbents (GO, rGA and BC/rGA) (Liang et  al. 
2018; Li et al. 2020; Mo et al. 2019; Pang et al. 2011).

In order to further clarify the Cr(VI) adsorption process 
and adsorption kinetics, the inter-particle diffusion model 
and Boyd model were adopted. Figure 4 shows the intra-
particle diffusion of GO, rGA and BC/rGA, which was 
divided into three parts. The fitting parameters are listed in 
Additional file 1: Table S3 and showed that the intercepts 
of each part were not zero, indicating that intraparticle dif-
fusion was not the only rate control step in the adsorption 
process (Li et  al. 2020). The first section represented the 
movement of Cr(VI) ions from the solution to the surface 
of the adsorbents and was referred to liquid film diffu-
sion. This section had the largest slope, which was due to 
the large concentration gradient at the beginning (Behna-
jady and Bimeghdar 2014; Wang et  al. 2021). In the sec-
ond stage of the model, Cr(VI) ions moved towards the 
adsorption sites and were adsorbed. This process was cor-
responded to an intra particle diffusion process, which 
was obviously slower than liquid film diffusion, indicating 
that the adsorption rate was mainly controlled by internal 
diffusion process (Hu et al. 2011). And then, the adsorp-
tion finally reached the equilibrium. In addition, the Boyd 
model results are shown in Fig. 4. The results showed that 
Bt and t had a good linear relationship, but the line did not 
pass through the origin, which further proved that liquid 
film diffusion was also one of the rate command steps in 
the adsorption progress (Li et al. 2020).

In summary, the adsorption process of Cr(VI) on aero-
gel was a multi-step process, and the adsorption rate was 
affected by a variety of mechanisms, mainly depending 
on the pore diffusion and chemisorption process. Com-
pared with other adsorbents (Additional file 1: Table S4), 
rGA and BC/rGA had better adsorption capacity and 
could be directly separated from solution using tweezer, 
not by filtration or centrifugation.

3.2.2 � Adsorption isotherms of Cr(VI)
The adsorption capacity of different adsorbents for 
Cr(VI) at different concentrations following the order 
of rGA > BC/rGA(1:4) > BC/rGA(1:10). When the ini-
tial concentration of Cr(VI) solution was 100  mg L−1, 
the adsorption capacity of rGA, BC/rGA(1:4) and BC/
rGA(1:10) was 3.38, 1.29, and 2.23 times higher than 
that of GO, respectively. In the setting concentra-
tion range, the adsorption of Cr(VI) on the four adsor-
bents increased with the increasing concentration. This 
was because under the high concentration, Cr(VI) ions 
were more likely to collide with the adsorbent, and the 
adsorption capacity increased accordingly (Hasanpour 
and Hatami 2020). The adsorption capacity of rGA, BC/
rGA(1:4), BC/rGA(1:10) and GO increased 3.81, 2.96, 6.08 
and 1.55 times with the initial concentration of Cr (VI) 
increasing from 10 mg L−1 to 100 mg L−1. However, due 
to the limited adsorption sites, the increase intensity 
of adsorption capacity gradually decreased, especially 
the GO. When the initial concentration of Cr(VI) solu-
tion was 10 mg L−1, the qe of rGA, BC/rGA(1:4) and GO 
was 6.75, 3.41 and 2.93  mg  g−1, respectively. The cycle 
adsorption experiment was carried out on the adsorbent 
(Additional file 1: Fig. S14). In the fifth cycle of adsorp-
tion, the adsorption capacity of Cr(VI) by rGA decreased 
by 45% and that of BC/rGA(1:4) decreased by 39%. In each 
of the three previous adsorption processes, the differ-
ence between rGA and BC/rGA(1:4) adsorption capac-
ity was similar. When the recycling of adsorbents was 

Fig. 4  Adsorption kinetic fitting of Cr(VI) on GO and aerogels: pseudo-first order-model and pseudo-second-order model (a), intra-particle diffusion 
model (b) and Boyd model (c)
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not considered, 0.75 g rGA (0.283 g GO) and 1.47 g BC/
rGA(1:4) (0.276 g GO and 0.069 g BC) and 1.71 g GO were 
required to treat a litre Cr(VI) solution from 10 mg L−1 
to 5  mg L−1 (the first adsorption capacity was taken as 
the parameter). Notably, the density of rGA and BC/rGA 
and the weight of PVA should also be considered in the 
calculation of the results. The difference of adsorption 
capacity between rGA and BC/rGA(1:4) became smaller, 
and the fifth adsorption capacity of the two adsorbents 
in fifth cycle was close to each other, which could bet-
ter illustrate the economy of BC/rGA(1:4). Therefore, BC/
rGA(1:4) could not only save the cost of solid–liquid sepa-
ration, but also reduce the use of GO to reduce the adsor-
bent cost.

Adsorption isotherm models were used to further 
understand the adsorption behaviors and mechanisms 
involved in interaction between Cr(VI) and adsorbents. 
Isothermal adsorption fitting curves of GO, rGA and BC/
rGA at room temperature are shown in Fig.  5, and rel-
evant parameters of fitting results are listed in Table  2. 
The results showed that the constant N values of the Fre-
undlich model for the four adsorbents were in the range 
of 2–10, indicating that the adsorption reaction was easy 
(Wang et  al. 2014, 2021; Xu et  al. 2015). In addition, 
Langmuir model (R2> 0.974) fitted the data better than 

Freundlich model (R2> 0.946), implying that the adsorp-
tion of Cr(VI) on the adsorbent was dominated by mon-
olayer adsorption (Wang et  al. 2021) and homogeneous 
adsorption (Guo et al. 2018).

Comparing the adsorption kinetics and isothermal 
adsorption of the four adsorbents, aerogels had faster 
adsorption rate and larger adsorption capacity than 
GO, which indicated that the 3D structure of aerogel 
could ensure excellent adsorption performance. And 
BC/rGA(1:4) had higher adsorption capacity than BC/
rGA(1:10), where the ratio of BC to GO was 1:4 as the 
preparation scheme of BC/rGA. In addition, the model 
fitting results showed that the adsorption progresses 
of Cr(VI) on those four adsorbents were dominated by 
monolayer adsorption involving chemisorption, and the 
adsorption rate was controlled by the pore diffusion and 
chemisorption process.

3.3 � Effect of environmental factors on Cr(VI) adsorption
3.3.1 � Effect of solution pH on Cr(VI) adsorption
Obviously, solution pH had a great effect on Cr(VI) 
adsorption within the range of pH 2–8, and the adsorp-
tion capacity was negatively correlated with solution pH 
value (Fig. 6). The adsorption capacity reached the maxi-
mum at pH 2, and the adsorption capacity at pH 8 was 
only 25.68% and 26.98% of that at pH 2 for rGA and BC/
rGA(1:4), respectively. The results indicated that the solu-
tion pH value played a vital role on the adsorption capac-
ity of Cr(VI), which was consistent with the previous 
studies (Rajapaksha et al. 2018; Su et al. 2020; Zhou et al. 
2016).

The effect of solution pH value on adsorption mainly 
included the alteration of the adsorbent surface proper-
ties and valence states of heavy metals (Guo et al. 2018; 
Wang et al. 2021). The different properties of the adsor-
bent surface could consequently affect the electrostatic 
interaction between the adsorbent and heavy metals 
(Mukherjee et al. 2011; Wang et al. 2021). According to 
previous studies (Liang et al. 2018; Wang et al. 2014), the 
main forms of Cr(VI) were HCrO4

− and Cr2O7
2− and the 

surfaces of rGA and BC/rGA(1:4) were positively charged 
at pH 2 (Additional file 1: Fig. S15). The adsorbate could 
be adsorbed by electrostatic attraction. In addition, the 

Fig. 5  Adsorption isotherm fitting of Cr(VI) on GO and aerogels

Table 2  Adsorption isotherm parameters of Cr(VI) adsorption on GO and aerogels

Adsorbents Freundlich Langmuir

N KF (mg(1–1/n) L1/ng−1) R2 Qm (mg g−1) KL (L mg−1) R2

GO 3.18 1.84 0.984 45.38 0.04 0.984

rGA 2.50 6.64 0.970 51.40 0.04 0.999

BC-rGA(1:10) 2.38 2.64 0.966 32.71 0.06 0.974

BC-rGA(1:4) 2.44 5.36 0.946 39.97 0.02 0.988
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high concentration of H+ in the vicinity of adsorbents 
could increase the electrostatic attraction between H+ 
and HCrO4

− to promote the adsorption process (Dubey 
et  al. 2015). And the protonation of surface functional 
groups could effectively adsorb Cr(VI) at pH 2 (Xu et al. 
2015; Yang et al. 2018). Therefore, the adsorption capac-
ity remained a high level at pH 2. The surfaces of rGA 
and BC/rGA(1:4) were electronegative when pH value was 
greater than 2, and the electronegativity increased with 
the increasing solution pH value. Moreover, the decrease 
of adsorption capacity might be related to the reduced 
degree of the protonation or the deprotonation of rGA 
and BC/rGA(1:4) (Dong et  al. 2016; Guo et  al. 2018; Lu 
et  al. 2017). Then, the electrostatic repulsion between 
adsorbents and Cr(VI) anions increased, and the adsorp-
tion capacity eventually decreased.

It could be seen from Fig. 6 that the solution pH value 
changed before and after adsorption. In the solution with 
low PH value (pH < 4), equilibrium pH value was greater 
than the initial pH value. This was because that H+ was 
consumed in the solution, partly for Cr(VI) reduction 
(Eqs. 1, 2) and partly for protonation of surface functional 
groups (Guo et al. 2018; Singh et al. 2017; Xu et al. 2015). 
In the solution with high PH value (pH > 4), equilibrium 
pH value was less than the initial pH value. Cr(III) ions 
could convert to Cr(OH)3 by combining with OH− (Chen 
et al. 2015), and the functional groups on the adsorbent 
surface could hydrolyze to produce H+, which resulted in 
a decrease in the pH value of solution.

(1)HCrO
−

4
+ 7H

+
+ 3e

−
→ Cr

3+
+ 4H2O

3.3.2 � Effect of background ion strength on Cr(VI) adsorption
The adsorption capacity of Cr(VI) on rGA and BA/
rGA(1:4) could also be affected by the background ion 
strength, and the effect trends were similar (Fig.  7). In 
this work, the adsorption process of Cr(VI) was almost 
unaffected  at a concentration of 10  mg L−1, while the 
adsorption capacity of Cr(VI) on rGA and BA/rGA(1:4) 
decreased with the increasing ionic strength at a high 
Cr(VI) concentration (50 mg L−1). When the background 

(2)Cr2O
2−

7
+ 14H

+
+ 6e

−
→ 2Cr

3+
+ 7H2O

Fig. 6  Effect of the solution pH on Cr(VI) adsorption

Fig. 7  Effect of background ion strength on Cr(VI) adsorption
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ion strength increased from 0.001 mol L−1 to 0.2 mol L−1, 
the Cr(VI) removal amount decreased by 12.16% (rGA) 
and 16.19% (BC/rGA(1:4)).

The effect of ionic strength on the adsorption of Cr(VI) 
using rGA and BA/rGA(1:4) was investigated at pH 2. 
There were two competitive relationships in the solution, 
the competition between Na+ and Cr(III), and the com-
petition between Cl− and HCrO4

− or Cr2O7
2−. When 

the concentration of Cr(VI) was low, the adsorption sites 
were relatively enough, and the adsorption processes of 
rGA and BA/rGA(1:4) were slightly affected. In the high 
Cr(VI) concentration solution, the increasing back-
ground ion strength enhanced the competition, and the 
adsorption capacity decreased accordingly.

3.3.3 � Effect of temperature on Cr(VI) adsorption 
and adsorption thermodynamics

In this work, the equilibrium adsorption capacity of rGA 
and BC/rGA(1:4) slightly increased with the increasing 
temperature, which might be due to the increased dif-
fusion of Cr(VI) ions in the solution (Mukherjee et  al. 
2011). Figure  8 shows the isothermal adsorption plots 
of rGA and BC/rGA(1:4) at three temperatures (288  K, 
298  K, 303  K), and the relevant fitting parameters are 
presented in Additional file 1: Table S5. For rGA and BC/
rGA(1:4), the R2 of Langmuir model was higher than that 
of Freundlich model at three temperatures, which was 
consistent with the previous isothermal results (Table 2).

In order to further explain the variation of adsorp-
tion capacity, thermodynamic parameters were also 
calculated. And the related equations and parameters 
are given in Additional file  1: SI.7. The results showed 

that ΔG became more negative with rising temperature, 
indicating that the adsorption process was spontaneous 
(Saleh et al. 2018; Singh et al. 2017; Wang et al. 2014) and 
the degree of spontaneity increased with the increase of 
temperature (Huang et  al. 2018). The positive value ΔH 
reflected that the adsorption was endothermic reaction, 
which was consistent with the research results in litera-
ture (Liang et  al. 2018; White et  al. 2018). The ΔS was 
also positive value, indicating that the disorder degree 
of solid/liquid interface increased during the adsorption 
of Cr(VI) (Hu et  al. 2011; Liang et  al. 2018; Singh et  al. 
2017).

3.4 � Adsorption mechanism
In the XPS spectra of rGA and BC/rGA before and after 
adsorption (Fig. 9a), Cr 2p appeared after the adsorption, 
indicating that the aerogel successfully adsorbed chro-
mium. And two characteristic peaks of Cr 2p3/2 and Cr 
2p1/2 could be observed in the Cr 2p spectra (Fig.  9b). 
In the Cr 2p spectrum of rGA (rGA-Cr), the two char-
acteristic peaks could be divided into four peaks, which 
represented Cr(III) at 577.72 and 587.46 eV, and Cr(VI) 
at 582.66 and 592.01  eV (Luo et  al. 2021; Wang et  al. 
2021; Wei et  al. 2020). The Cr 2p spectrum of BC/rGA 
(BC/rGA-Cr) was similar that of rGA-Cr, and had Cr(III) 
peaks (at 577.20 and 586.36  eV) and Cr(VI) peaks (at 
577.20 and 586.36  eV). The results showed that Cr(III) 
existed on the adsorbents after the adsorption, and there 
were two main reasons for the appearance of Cr(III). On 
the one hand, Cr(VI) had higher redox(oxidation/reduc-
tion) potential value under standard conditions, and 
Cr(VI) could be reduced to Cr(III) (Tran et al. 2017; Vo 

Fig. 8  Effect of temperature on Cr(VI) adsorption
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et  al. 2019). The carbon–carbon bond of the graphene 
ring was broken, and the adsorbed Cr(VI) was reduced 
to Cr(III) by the π electrons (Wang et al. 2017b; Wei et al. 
2020), and then Cr(III) was adsorbed. On the other hand, 
Cr(III) obtained by the reduction of Cr(VI) in low pH 
value environment (Eqs.  1, 2) was directly adsorbed on 
rGA and BA/rGA (Li et  al. 2017; Liang et  al. 2018; Wei 
et  al. 2020). Cr(III) was one of the less toxic species, so 
the reduction could be regarded as a major strategy to 
reduce the adverse environmental effects of chromium 
(Li et al. 2021; Qiu et al. 2022; Su et al. 2021). With the 
solution pH value increasing, Cr(III) could be adsorbed 
by electrostatic action on the adsorbent surface (Fig. 7). 
In addition, Cr(III) could also be adsorbed by ion 
exchange (Eqs. 3, 4) or coordination reactions (Guo et al. 
2018; Huang et  al. 2018; Mei et  al. 2020) by functional 
groups in the adsorbent surface.

The positions and contents of different functional 
groups had changed in the spectra of C 1s and O 1s of 

(3)R-COOH + Cr
3+

→ R-COO-

(

Cr
3+

)

+H
+

(4)R-OH + Cr
3+

→ R-O- Cr
3+

+H
+

rGA and BC/rGA after the adsorption (Fig.  10, Addi-
tional file 1: Figs. S8, S16). The C=O binding energies of 
rGA and BC/rGA were 288.77 eV and 288.89 eV before 
adsorption and increased to 288.96  eV and 289.01  eV 
after the adsorption, respectively. This indicated that 
functional groups were involved in chemical reactions 
during the adsorption and acted electron donors for 
the reduction of Cr(VI) to be Cr(III) (Yang et  al. 2018). 
The binding energy of O 1s moved to the higher bind-
ing energy direction, which was similar to the study of 
Cr(VI) removal by chitosan aerogel (Wang et  al. 2021), 
which implied that the O element might be involved in 
the oxidation mechanism caused by Cr(VI) (Huang et al. 
2018; Mei et al. 2020). Moreover, the reduction of Cr(VI) 
to Cr(III) is also suggested by Fig. 10 and Additional file 1: 
Fig. S8. With the oxidation of C–C, the ratio of C–O, 
C=O and O–C=O peaks inversely increased. In addition, 
the surfaces of rGA and BC/rGA were positively charged 
at low pH value (Additional file 1: Fig. S15) and surface 
functional groups could also be protonated (–COOH2

+, 
–OH2

+) (Liao et al. 2018; Xu et al. 2015; Yang et al. 2018) 
to adsorb Cr(VI) by electrostatic interaction.

In summary, the adsorption mechanisms of Cr(VI) on 
rGA and BC/rGA mainly included three reactions in this 
work (Fig. 11). The reduction reaction of Cr(VI) to Cr(III), 
the electrostatic adsorption between Cr(VI), Cr(III) and 

Fig. 9  XPS spectra of rGA and BC/rGA before and after adsorption (a) and Cr 2p (b1, b2)
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Fig. 10  C 1s spectra of rGA and BC/rGA before and after adsorption

Fig. 11  The adsorption mechanism of Cr(VI) on rGA and BC/rGA
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surface functional groups, and the ion exchange between 
Cr(III) and cations on functional groups. The results were 
consistent with the confirmed conclusion in previous 
studies (Liang et  al. 2021; Lu et  al. 2022; Su et  al. 2020) 
that the interaction between adsorbents and inorganic 
pollutants was generally attributed to ion exchange, sur-
face complexation, (co)precipitation, etc.

4 � Conclusion and prospect
In this study, BC/rGA with a stable  3D structure and 
well-developed pores was successfully prepared with the 
freeze-thawing technique and sol–gel method by mix-
ing BC and GO in a certain proportion and  using PVA 
as an effective binder, which could be directly removed 
from the solution to achieve solid–liquid separation. 
BC/rGA had a similar structure and some characteristic 
functional groups of GO, BC and PVA at the same time, 
which made the adsorption capacity of binary compos-
ites aerogel three times that of GO.

Although the adsorption was affected by solution pH, 
electrolyte ion strength and temperature, BC/rGA was 
regarded as a green and economical adsorbent, espe-
cially when the blending ratio of BC and GO was 1:4. 
Generally, ball-milled biochar was a great option of addi-
tive material for the graphene-based composite aerogel 
preparation, and BC/rGA could be used as a promising 
green adsorbent for water treatment, not only used to 
remove heavy metals from solution. At the same time, 
the application of BC/rGA could not only save the cost 
of solid–liquid separation and reduce the use of GO, 
but also promote the effective utilization of agricultural 
waste and reduce the environmental pressure. Future 
research should focus on BC/rGA modification to pro-
mote performance optimization, the application in 
other contaminant removal and the preparation of aero-
gel with lower cost and better performance, which will 
be beneficial to efficiently achieve contaminated water 
treatment.
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