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Abstract
This paper investigates the influence of the structure, composition, pore size distribution and morphology of three carbon 
materials obtained from the explosion of acetylene gas on the adsorption performance of brilliant green (BG) dye. During 
the process, Rosette like carbon (RLC) is obtained in the detonation reaction gas with small amount of ammonia. It shows 
excellent adsorption properties and high reusability. The adsorption capacity is more than twice of C-nN and C-pN at the 
concentration of BG of 100 mg/L, the maximum monolayer adsorption capacity of 357.32 mg/g, elimination efficiency 
can reach 88.5% after 10 cycles of adsorbing BG, which is the best adsorption performance among the currently reported 
carbon materials. The adsorption equilibrium accords with Langmuir isotherm model and falls into single molecular layer 
absorption. The temperature and pH value selected have little effect on its adsorption capacity. The excellent properties of 
RLC contribute to an ideal substitute to the existing adsorbents of carbon materials.
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1 Introduction

In the previous research, it is found that the carbon materi-
als with oxygen and porous structure demonstrate a good 
adsorption effect on dissolved lithium polysulfide [1]. 

However, the materials are not applicable to the treatment 
of toxic dyes. For example, brilliant green (BG) dye, one of 
the triphenylmethane dyes and commonly used in the paper, 
textile, plastic, rubber and fish farming industries due to its 
antimicrobial properties and brilliant color [2, 3]. After med-
ical validation, excessive BG ingestion can cause coughing, 
shortness of breath, nausea, vomiting and diarrhea. In addi-
tion, in the water environment, the application of BG will 
cause carcinogenesis and gene mutation to aquatic organ-
isms [4–7], so the removal of it from paper and dyestuff 
wastewater is very important for the protection of human 
health and ecological environment [8].

Carbon material is a good choice for adsorption of organic 
compounds. The performance of those adsorbents depends 
on its porosity, surface area and surface chemical group [9]. 
At present, various carbon materials are used in the adsorp-
tion of dye in aqueous, such as graphite oxide nano parti-
cles [10, 11], carbon counter electrodes [12], amorphous 
carbon fibers [13], carbon nanotubes [14], activated carbon 
derived from various biological materials [15–19], biochar 
prepared from plant waste [20], rice husk ash [21], porous 
functional carbon [22], surfactant doped Polyaniline/MWC-
NTs [23],  Fe3O4/sawdust carbon nanocomposites [24], peat 
of Brunei Darussalam [25], and nitrogen doped mesoporous 
carbons [26], para-aminobenzoic acid modified activated 
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carbon [27], etc. Most of these carbon materials have low 
adsorption capacities and less cycle adsorption times [28]. 
Therefore, it is brought to the table to produce a new nano 
scale carbon material with the high specific surface area, 
active group, mesoporous or macro porous to improve the 
BG adsorption capacity and recycling rate.

The electronegativity of oxygen is stronger than that of 
nitrogen. For the adsorption of cationic dyes, it is expected 
that the doped nitrogen can enhance the affinity and adsorp-
tion for dyes. As ammoniation is a common method to 
change the surface and composition of materials, some 
reducing agent ammonia is added to the original gas acet-
ylene and oxygen in the process of detonation, aiming to 
change the original morphology, structure and composi-
tion of carbon materials. Given above, a new highly porous 
rosette like carbon (RLC) nano-adsorbent is synthesized by 
industrial detonation technology using acetylene as carbon 
source and ammonia as reducing agent. The structure char-
acteristics, composition, specific surface area and interac-
tion mechanism of organic molecules BG are analyzed in 
detail based on kinetics balance. The results indicate that 
the adsorbent has excellent adsorptive capacity, desorption 
performance and recycling rate. To the best of our knowl-
edge, RLC shows better removal and recycle rate than that 
reported in any existing literature. Moreover, RLC is used 
for the first time as dye absorption in aqueous solution.

2  Experimental

2.1  Fabrication of RLC materials

RLC is prepared by industrial gas explosion, the volume 
ratio is 10%  NH3, 30%  O2 and 60%  C2H2, they are mixed in a 
sealed gas tank in turn, then ignited to generate a detonation 
wave, carbon and carbon triple bond of the acetylene gas is 
opened, and recomposed to form a carbon material. C-nN 
is the compared sample with 40%  O2 and 60%  C2H2. C-nN 
is post treated under  NH3 gas flow rate of 400 sccm for 4 h 
at 500℃ with a ramp rate of 5 ℃/min, the obtained black 
powders is named C-pN.

2.2  Physicochemical Characterization

SEM and TEM are respectively characterized with Hitachi 
S4800 (Japan) and FEI Tecnai F20 field emission scanning 
transmission electron microscope at 300 keV. Thermal gravi-
metric analysis (TGA) measurement is carried out by the 
heating to 800 ℃at the scan rate of 5 ℃/min under an atmos-
pheric environment. The D8 Advance diffractometer X-ray 
diffraction (Bruker, Gemany) is adopted for the structure 
analysis of C with a Cu Kα radiation. The examination of 
Raman spectra is carried out by the Renishaw inVia Reflex 

Raman Microscope and recorded with a laser operating at 
532 nm. XPS measurements are determined by an Axis Ultra 
DLD X-ray photoelectron spectrometer using monochro-
matic Al Kα (1486.6 eV) radiation. The infrared spectrum 
is tested on Tensor 27 Fourier transform infrared spectrom-
eter (German Bruker). The ASAP2020HD88 nitrogen gas 
sorption system is used for porosity analysis (Micromeritics 
instrument Corp, USA). Light absorption analysis is per-
formed with a double beam TU-1901 UV–visible station 
(Beijing Puxitong Analytical Ltd., China).

2.3  Adsorption performance

About 4 mg RLC adsorbent add into 5 mL of BG aqueous 
solutions with a series of initial concentrations, then agitate 
on water-bath shaker (200 rpm, 25℃) for 8 h. The samples 
are centrifuged after incubation, and 1 mL of supernatants is 
taken to measure the absorbance triplicated under identical 
conditions at 623 nm [29], this is the maximum absorption 
peak of BG. Then calculate the average value. The adsorp-
tion capacity of BG per unit mass of adsorbent adopt the 
following formula (1).

qe (mg/g) is the amount of adsorbent adsorbed at equi-
librium, c

0
 (mg/L) is the initial concentration of adsorbate, 

ce (mg/L) is the concentration of adsorbate at equilibrium, 
V  (mL) is the volume of adsorbate solution, W  (mg) is the 
mass of adsorbent, A

0
 is the initial absorbance of dye solu-

tion without adsorbent, and Ae is the equilibrium absorbance 
with adsorbent.

The remove efficiency ( RE , %) is calculated by the fol-
lowing formula at equilibrium (2).

Four isotherm models (Langmuir, Freundlich, Temkin, 
Langmuir–Freundlich and Redlich-Paterson) are applied to 
fit the adsorption equilibrium respectively, the models equa-
tions [19] are listed in the Table S1.

3  Results and discussions

3.1  Carbon material analysis

In the SEM and TEM images, the morphology of C- nN 
and C-pN is formed by winding the bent ribbon gra-
phene (Fig. 1b, c, e, f) with similar structure and particle 
size of about 50 nm (Fig. 1a, d). This indicates that the 
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post-treatment of ammonia has little effect on the morphol-
ogy of materials. While the size of RLC is slightly smaller, 
about 40 nm, and the particles are more evenly distributed 
(Fig. 1g). The addition of ammonia as the original reac-
tion gas changes the morphology of the material, showing 
rose-flower-like structure, which means more curved lamel-
lar structure exposed with multilayer graphene about 5–15 
layers (Fig. 1h, i). This structure seems to have more contact 
sites with organic macromolecules, which can improve the 
dye adsorption capacity.

It can be seen from the TGA test (Fig. 2a), the thermal 
stability of C-nN is very good at room temperature and until 
700 ℃, and the weight loss begins to increase due to oxida-
tion once the temperature rises higher than 700 ℃. RLC 
materials start to oxidize slowly at 500℃, while C-pN start 
to oxidize at 300 ℃ and above. When the temperature rises 
to 800 degrees Celsius, the remaining amount of C-nN, 
C-pN and RLC materials is 70.8%, 35.5% and 36.3% respec-
tively (Table 1).

The carbon XRD curves (Fig. 2b) of C-nN and C-pN 
materials contain graphene oxide peak at 19°, indicating post 
treatment of ammonia cannot reduce the graphene oxide of 
C-nN material. In general, the peak of graphite appears at 
about 26° corresponding to its (002) plane. The curves of 
C-pN has the strongest graphite peak with the highest degree 
of graphitization, which is consistent with the result of the 
Raman test. Obviously, RLC peak at this position shifts to 
the left, showing a wider peak, which may correspond to 
the amorphous peak of carbon. It means that ammonia, as 
the primary detonation gas, participates in the reaction and 
promotes an amorphous carbon structure being formed. Nor-
mally, the peak corresponding to the (111) face of diamond 
is at 44°, both RLC and C-pN contain weak peaks at this 
position, indicating that the ammonia gas tends to induce the 
crystal form from  sp2 to  sp3 hybrid, especially as an origi-
nal reactive gas. We speculate that some  sp3 hybrid carbon 
atoms may be in the flower center of RLC, and carbon atom 
connection forms at the beginning of detonation process. 

Fig. 1  SEM images (a, d, g) of C-nN, C-pN, RLC respectively; TEM images (BC, EF, HI) of C-nN, C-pN, RLC respectively
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Fig. 2  TGA curves (a), XRD curves (b), Raman spectra (c), XPS spectra (d), FTIR spectrum (e) and BET spectrum (f) of the three carbon mate-
rials
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Subsequent, the bent graphene structure with  sp2 hybrid is 
formed.

The Raman spectrum of carbon nanomaterials usually 
has three main characteristics: D peak, G peak, and 2D peak 
(Fig. 2c). The D peak at around 1335  cm−1 is attributed 
to the structural disorder and defects near the edge of the 
microcrystalline structure, indicating the lattice defects 
inside. The G peak at around 1580  cm−1 represents the  sp2 
vibration mode of the graphene plane, this is a sign of the 
crystallinity of the carbon material, and this means that the 
three carbon materials contain a certain amount of nano-
crystalline. Generally, the ratio of G/D is used to repre-
sent the degree of graphitization of carbon materials. The 
values of G/D are 0.87, 2.52, 1.03 for C-nN, C-pN, RLC, 
respectively. It shows that C-pN has the highest degree of 
graphitization after ammonia post-treatment, and the layer 
structure of graphite is relatively complete. The 2D peak at 
2665  cm−1 is related to the number of graphene layers. On 
the right side of the 2D peak, the spectrum of RLC has a 
tendency of upwarping, indicating that this material has a 
certain absorption in the near-infrared region and may have 
a certain fluorescence effect.

It can be observed from the XPS pattern that all three car-
bon materials contain oxygen atoms on the surface (Fig. 2d). 
At about 400 eV, the N atom 1 s orbital peak is not obvious 
(near 400 eV) and exceeds the error range of XPS test. Per-
haps the amount of nitrogen atoms introduced is too small.

The infrared spectrum curves of the three carbon materi-
als show that they all contain the absorption peak of C–O 
(Fig. 2e), while the peak intensity of RLC is the weakest. 
The absorption peak near 3500  cm−1 cannot be confirmed 
whether it is the absorption peak of the O–H of the carboxyl 
group or the absorption peak of the N–H. It shows that the 
ammonia gas, as a reaction gas, has a strong chemical reduc-
tion effect.

Through the  N2 adsorption desorption figures (Fig. 2f), 
the amount of  N2 adsorbed by RLC is slightly higher than 
that of the other two carbon materials. It shows that ammo-
nia gas as a reaction gas can increase the specific surface 
area. The specific surface area of C-nN, C-pN and RLC are 
141.8, 158.4, and 164.5  m2/g, respectively. Large specific 
surface area can adsorb more BG molecules to improve the 
adsorption capacity of carbon materials.

3.2  Adsorption properties

The adsorption capacity of the three materials on BG is 
tested (Figure S1). RLC adsorption capacity is more than 
twice of C-nN and C-pN at the concentration of BG of 
100 mg/L, showing the porous amorphous carbon materials 
have better adsorption properties for BG. Hence we focus on 
the study of the adsorption properties of RLC hereinafter.

The pH value of solution affects the RLC surface charge 
and ionization degree of BG, which additionally affects the 
adsorption property [30]. When pH value ranges from 3 to 
11, the adsorption capacity and removal efficiency are almost 
unaffected (Fig. 3a). It means the competition between the 
protonation of BG,  H3O+ and  OH− with adsorbate cations 
for adsorption active sites is not obvious, which results in 
little change in the large pH value range.

The initial BG concentration and contact time in the 
adsorption process are evaluated over, three BG solutions 
of different concentrations and at different time intervals. 
The adsorption capacity increases drastically in the begin-
ning stage (Fig. 3b), demonstrating the availability of readily 
accessible sites on RLC surface. Higher initial BG concen-
tration, higher  qt value is obtained, because the high concen-
tration offers significant drive force to conquer the transfer 
resistance between RLC and solution mass. Besides, it is 
obviously observed that the equilibrium time at different 
initial concentrations is basically the same (Fig. 3b), that 
means the time required for BG molecules to reach the sur-
face adsorption site of RLC is consistent. Furthermore, we 
investigate the adsorption capacity of seven different con-
centrations in 30 min of adsorption (Fig. 3c), the amount 
of 300 mg/L basically can reach the saturated adsorption 
concentration with the largest quantity. Generally, high tem-
perature is beneficial for heat and mass transfer, and ulti-
mately affects the amount of molecules adsorbed. However, 
the temperature is not sensitive to this adsorption process 
(Fig. 3d), that means the temperature has little effect on the 
number of adsorbent active sites. It is an advantage in vari-
ous applications.

The interaction between BG and RLC is described by 
adsorption isotherm. Six isotherm models (i.e. linear and 
non-linear Langmuir, Freundlich, Temkin, Langmuir–Fre-
undlich and Redlich-Peterson) are applied to investigate the 
equilibrium property (Table S1). Through comparison, the 

Table 1  Summary the thermal stability results of the three carbon 
materials

Temperature (℃) C-nN C-pN RLC
Mass (%)

30.0 100.1 100.3 100.4

100.0 100.1 100.2 100.5
200.0 100.0 99.8 100.1
300.0 99.8 98.2 99.8
400.0 99.6 96.4 99.2
500.0 99.5 96.2 99.0
600.0 99.4 95.9 98.0
650.0 99.3 95.5 93.9
700.0 98.8 93.2 81.3
750.0 90.2 73.0 61.0
800.0 70.8 35.5 36.3
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correlation coefficient of Freundlich model is less satisfac-
tory  (R2 = 0.693, linear;  R2 = 0.760, non-linear) (Table S2 
and Figure S2), which is not well matched with the experi-
mental data and fails to explain these isotherm data. The 
value of the Redlich-Paterson constant (g = 1.018) is almost 
close to 1, that means the adsorption process is more 
inclined to Langmuir isothermal model (Figure S3). Gener-
ally speaking, the Freundlich isotherm model assumes that 
the adsorption process is multi-layer adsorption. Obviously, 
this model is not suitable for this adsorption process. The 
Langmuir parameter is used to predict the affinity between 
BG and RLC, which is illustrated by the dimensionless sepa-
ration factor  (RL), given by the following equation [31]:

RL: dimensionless separation factor; C0: initial adsorb-
ate concentration (mg/L); b: Langmuir constant (L/mg). 
RL is normally described the difficulty of the adsorption 
process. It is not conducive to adsorption when RL > 1, it 

(3)RL =
1

1 + bC
0

is linear adsorption when RL = 1, it is good for adsorption 
when 0 < RL < 1, or it is reversible adsorption when RL = 0. 
In the concentration range of 100–600 mg/L, the  RL value 
is between 1.01 ×  10–1 and 1.84 ×  10–2 (Figure S4), indi-
cating the system is a favorable adsorption process, which 
has a higher affinity between BG and RLC. As the initial 
concentration of BG increases, the value of  RL gradually 
decreases, indicating high initial concentration is benefi-
cial to the adsorption process. The maximum monolayer 
adsorption capacity of 357.32 mg/g, which is much higher 
than that other carbon materials mentioned in the current 
literatures (Table 2). The high adsorption capacity of 
RLC can be attributed to high specific surface area and 
amorphous structure. Ammonia as the original gas can 
effectively improve the crystal structure, specific surface 
area and carbon skeleton accumulation form of carbon 
materials using detonation process, furtherly improving 
the adsorption capacity on BG dye. It is also worth men-
tioning that the changed surface and structure of as-made 
carbon materials are attained through high-volume manu-
facturing technology.

Fig. 3  Effect of (a) initial solution pH, (b) contact time, (c) initial concentration and (d) contact temperature on adsorption capacity
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3.3  Recycling performance

Desorption studies are used to further explain the mecha-
nism of adsorption and restore the adsorbent. The methanol 
solution is a suitable desorbent for desorbing the BG dye on 
RLC (Figure S5), and desorption rate can reach more than 
95%. The polar solubility of methanol is very well in organic 
solvents, the hydroxyl group of methanol forms hydrogen 
bond with water to increase solubility. This means that 
hydrogen bond interaction is the main control mechanism 
during the desorption process. There should be a weak van 
der Waals force or a weak hydrogen bond between BG and 
RLC. Renewability studies show that RLC can reach 88.5% 
elimination efficiency after 10 cycles of adsorbing BG, this 
is the best recycling performance for BG reported in the 
literature.

Fourier-transform infrared spectra of RLC and BG dye-
loaded RLC are obtained between 4000 and 500  cm−1 (Fig-
ure S6). The broad band at 3346  cm−1 of uncontaminated 
RLC relates to O–H groups, 1636  cm−1 assigns to the skel-
etal vibration of aromatic C=C bonds and the small bands 
between 1100 and 1500  cm−1 ascribe to  COO− anion stretch-
ing. It can be found that some new peaks appear with others 
disappear in the FTIR spectrum of RLC after BG adsorption. 
The bands at 2950–2990  cm−1 are related to the stretch-
ing vibrations of C–H bonds. Loaded BG on RLC is dem-
onstrated by the loss of characteristic O–H groups. Some 
absorption peaks showing in the range of 1000–1800  cm−1 
are caused by the adsorption of dyes on RLC.

4  Conclusion

Our work researched the RLC fabricated from acetylene 
gas detonation method with 10%  NH3 as reducing agent. 
The material was then used to remove BG dye in aqueous. 
RLC had a nearly amorphous rose like structure and oxygen-
ated functional group, which improved the BG adsorption 
capacity tremendously. The adsorption capacity of RLC is 
twice than that of C-nN and C-pN. The maximum monolayer 
adsorption capacity of RLC is 357.32 mg/g, which is much 
better than that of the carbon materials reported at present. 
Moreover, the adsorption of BG by RLC is not sensitive 
to the aqueous pH and temperature, which can be used in 
various conditions. After elution by methanol eluent, the 
adsorption performance of RLC remains excellent, which 
can recycled for more than 10 times. As the original reaction 
gas, ammonia can improve the crystal structure and mor-
phology of carbon materials, and additionally the adsorp-
tion performance for BG. Simple ammonia post-treatment 
process cannot achieve such effect. The structure and com-
position of carbon materials can be further modified through 
optimizing the detonation parameters.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10934- 021- 01067-3.
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