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Abstract
Diethylene triamine (DETA) reduced graphene oxide aerogel (DRA) was fabricated by self-assembly and freeze-drying 
method. The effects of preparation processes, including reduction temperature and DETA concentration, on the aerogel 
performance were investigated. It can be found that the density of the as-prepared DRA-8 is as low as 11. 15 mg/cm3 when 
the DETA concentration is 16 µL/mL, and the reduction temperature is 95 °C. And the DRA-8 has abundant macro-pores 
between 10 and 100 μm in size. Meanwhile, using azo dyes as adsorbates, the adsorption capacities of DRA-8 under different 
process conditions were examined. The results demonstrate that the pseudo-second-order model and the Langmuir isotherm 
model agree well with the experimental data. At 298 K, the adsorption capacities for methyl orange (MO) and methylene 
blue (MB) are up to 227.24 and 266.82 mg/g, respectively. The thermodynamics analysis presents the adsorption belongs to 
a spontaneous thermodynamic reaction. The adsorption mechanism of DRA-8 for MO and MB was also explained. Mean-
time, DRA-8 can have a high adsorption capacity for MB and MO after multiple cycles. All of these point to the possibility 
of using DRA-8 as a suitable adsorbent material for dye elimination from aqueous environments.
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1  Introduction

  Water pollution caused by organic dyes is currently one of 
the concerned serious environmental issues in many coun-
tries. The global annual production of dyes exceeds 700,000 
tons, and about 10–15% of these dyes will be discharged 
into the aquatic environment [1, 2]. Since the dyes in waste-
water are very difficult to degrade, they will remain in the 
human body and combine with biological cells, thus pos-
ing a severe threat to aquatic organisms and human beings 
[3]. Consequently, it is of great significance and urgency 
to remove dyes from water. Up to now, the dye removal 
methods mainly include adsorption, ion exchange, mem-
brane filtration, electrochemical degradation, photocatalytic 
degradation and biological treatment [4, 5]. Among these 
methods, adsorption has been extensively utilized due to its 
benefits of easy handling, reduced energy consumption, and 
low cost [6]. However, traditional adsorption materials, such 

as activated carbon, silica gel, bentonite, zeolite and diato-
maceous earth, especially powdered adsorbents, are likely 
to cause secondary pollution, and the adsorption capacity 
still needs to be improved. Therefore, developing new high-
efficiency adsorption materials is imminent [7].

As a 2D matter, graphene oxide (GO) has amazing 
application prospects in adsorption thanks to its huge 
specific surface area, plentiful groups and easy modifi-
cation [8, 9]. Meanwhile, since GO is easy to disperse in 
water, it as an adsorbent will be challenging to sediment 
and separate from water following adsorption, thus easily 
causing secondary pollution. To solve this problem, func-
tionalizing GO and assembling it into a three-dimensional 
block aerogel will not only retain its excellent adsorption 
characteristics, but also achieve rapid and efficient sepa-
ration from water after adsorption. Recently, Singh used 
polylysine as a crosslinker and nitrogen dopant to prepare 
a functionalized graphene aerogel. The aerogel shown a 
high adsorption capacity for Cr(VI) [10]. Trinh utilized 
ethylenediamine to reduce GO and obtained the graphene 
aerogel material. With amino modification, its adsorption 
capacities for azo dyes (MB and MO) were 221.74 and 
166.67 mg/g, respectively [11]. Chen used cysteamine 
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to crosslink GO nanosheets by a one-step hydrothermal 
synthesis method to obtain the cross-linked GO aerogel. 
With sulfhydryl and amino modifications, its adsorption 
capacities for MB and MO were 207.8 and 70.2 mg/g, 
respectively [12]. Tang prepared graphene aerogel with 
polyvinyl alcohol as a crosslinking agent. The adsorption 
capacities of the aerogel for MB, MO, malachite green, 
and Rhodamine B were 88 mg/g, 21 mg/g, 352 mg/g, and 
139 mg/g, respectively [13].

However, the above works still have some shortcom-
ings that limit the application of functionalized graphene 
aerogels, such as the reducing agent or cross-linking agent 
is less safe or expensive, and the dye adsorption capacity 
of aerogel products needs to be improved. Although urea 
has been widely used as a low-cost reducing agent, it is 
unstable and lacks available cross-linking effect in the 
preparation of functionalized graphene aerogels. There-
fore, it is crucial to develop a new reducing/cross-linking 
agent to prepare high-performance functionalized gra-
phene aerogel materials.

Herein, we utilized a mild and cheap diethylene tri-
amine (DETA) as a reducing/cross-linking agent to pre-
pare a novel high-performance reduced graphene oxide 
aerogel at a lower temperature. The as-prepared aerogel 
possesses the advantages of low density, plentiful pore 
structure and outstanding adsorption capacity for the 
organic dyes (anionic MO and cationic MB) in water. 
Our work provides a competitive adsorption material to 
solve the growing problem of dye contamination in the 
aquatic environment.

2 � Experimental

2.1 � Materials

Graphite powder (99.5%) was bought from Aladdin Bio-
chemical Technology Co. Ltd. Diethylene triamine (DETA, 
C4H13N3), sodium hydroxide, concentrated hydrochloric acid 
(35%), methylene blue trihydrate (MB, C16H18ClN3S·3H2O) 
and methyl orange (MO, C14H14N3SO3Na) were bought from 
Sinopharm Chemical Reagent Co., Ltd.

2.2 � Preparation of DRA

The GO synthesis process was described in detail in our 
earlier report [14]. DRA was prepared by chemical reduc-
tion at a lower temperature, and the preparation process is 
shown in Fig. 1. Briefly, 25 mL of 4 mg/mL GO suspension 
was mixed with a certain amount of DETA and stirred. Then 
the mixture was moved to a high-pressure Teflon reactor and 
reacted at a specific temperature for 16 h to obtain DETA 
reduced graphene oxide hydrogel (RGH). Next, the RGH 
was immersed in a 25% (V/V) aqueous ethanol solution to 
remove impurities. Finally, the RGH was frozen at − 50 °C 
and less than 10 Pa in a 10 N-50 A lyophilizer (Shuangjia 
Instrument Co. Ltd., China). After 24 h, the sample was 
moved from the freezer to a vacuum chamber for drying for 
48 h to obtain the DRA products. All the above-mentioned 
parameters had been optimized by our early experiments.

In our experiment, the hydrogel samples prepared with 
DETA concentrations of 20 µL/mL and at different reduc-
tion temperatures of 65, 75, 85 and 95 °C were labeled as 

Fig. 1   Preparation process of DRA
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RGH-1, RGH-2, RGH-3, and RGH-4, respectively. The aero-
gel samples prepared at different reduction temperatures of 
65, 75, 85 and 95 °C were sequentially labeled from DRA-1 
to DRA-4. The aerogel samples prepared with different 
DETA concentrations of 4, 8, 12, 16 and 24 µL/mL were 
sequentially labeled from DRA-5 to DRA-9.

2.3 � Characterization

X-ray diffraction (XRD, D8 Advance, Germany) was utilized 
to analyze the samples. The defect characteristics of samples 
were determined using a laser Raman spectrometer (Thermo 
Scientific, Madison, USA). The group compositions of 
samples were observed by Fourier transform infrared spec-
troscopy (FTIR, Nicolet 5700, Thermo Fisher, USA). The 
morphology of sample was determined by scanning elec-
tron microscopy (SEM, Hitachi SU8220, Japan). The Zeta 
potentials of sample were characterized by Zeta potential 
analyzer (Zetasizer Nano, Malvern, UK). Analytical balance 
(ATX224R, SHIMADZU, Japan) and digital caliper were 
used to calculate the weights and dimensions of the materi-
als, respectively. The bulk density was calculated from the 
mass-to-volume ratio of the sample.

2.4 � Dye adsorption

In the adsorption experiments, the influences of temperature 
(298 K, 308 K, and 318 K), adsorption time (15–1200 min), 
starting concentration (50–250 mg/L) and pH value (4–10) 
on the adsorption capacity of DRA were explored. UV–vis-
ible spectrophotometer (UV-1601, Rayleigh Analysis Instru-
ment Company, China) was used to determine the dye con-
centration in the solution. The pH value was altered via 
0.1 M hydrochloric acid and sodium hydroxide. During the 
experiments, 15 mg DRA was immersed into 50 mL of dif-
ferent dye solutions respectively and continuously stirred for 
a period of time with a stirring velocity of 200 r/min.

The following is the equation for the adsorption amount 
(Qt) [15].

Cbefore and Cafter are dye concentrations prior to and fol-
lowing adsorption (mg/L), V is the dye solution volume 
(mL), and m is the adsorbent mass (mg).

The different models were utilized to investigate the 
adsorption kinetics (Eqs. 2–4) [16–18].

(1)Qt =
(

Cbefore − Cafter

)

V∕m

(2)ln
(

Qe − Qt

)

= ln Qe − K1t

(3)t∕Qt = t∕Qe + 1∕
(

K2Q
2

e

)

Qe and Qt are the dye adsorption amount (mg/g) at equi-
librium and time t, respectively. K1 and K2 are pseudo-first-
order constant and pseudo-second-order constant, respec-
tively. Ki (mg/g∙min1/2) and C (mg/g) are intra-particle 
diffusion rate constant and intercept, respectively.

The Langmuir and Freundlich models were utilized in the 
investigation of adsorption isotherms (Eqs. 5 and 6) [17].

Ce is the equilibrium dye concentration (mg/L). Qe and 
Qm are the equilibrium dye adsorption amount (mg/g) and 
the maximum dye adsorption amount (mg/g), respectively. 
KL and KF are the Langmuir and Freundlich constants (L/
mg), respectively. n is an exponential parameter.

To understand the energy changes pertaining to the 
adsorption process, the dye adsorption on DRA was inves-
tigated by the following equations [19].

where C0 and Ce are the starting dye concentration (mg/L) 
and the equilibrium dye concentration (mg/L), respectively. 
V is the dye solution volume (mL), and m is the adsorbent 
mass (mg). T and R are the absolute temperature (K) and 
the gas constant, respectively. K is the thermodynamic 
equilibrium constant. ΔS is the entropy difference, ΔH is 
the enthalpy difference and ΔG is the Gibbs free energy 
difference.

3 � Results and discussion

3.1 � Effect of preparation process

3.1.1 � Effect of reduction temperature

In this experiment, with the concentration of DETA was 
20 µL/mL, RGH was prepared at the reduction temperature 
ranging from 65 to 95 °C. As shown in Fig. 2a, RGH can 
be formed with different reduction temperatures. Espe-
cially, the volume of RGHs becomes remarkably smaller 
when the reduction temperature is above 75  °C. This 

(4)Qt = Kit
1∕2 + C

(5)Ce∕Qe = Ce∕Qm + 1∕QmKL

(6)ln Qe = lnKF +
(

ln Ce

)

∕n

(7)K =
(

C0 − Ce

)

V∕mCe

(8)ln K = ΔS∕R − ΔH∕RT

(9)ΔG = ΔH − TΔS
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phenomenon indicates that the self-assembly and agglom-
eration of the RGH are enhanced with increasing reduction 
temperature. After freeze drying, DRA-1 is too weak and 
broken, while DRA-2, DRA-3, and DRA-4 still keep the 
3D structure (Fig. 2b). It shows that the increase in reduc-
tion temperature is helpful to improving the mechanical 
strength of DRA. Besides, from Table 1, it can be found 
that the density of DRA gets larger slightly with increasing 
reduction temperature. The result can be ascribed to the 
increased reduction temperature resulting in the porous 
structure shrinkage of DRA [20]. It is worth mentioning 

that RGH-4 and DRA-4 have intact structure and higher 
strength compared to other samples. Thus, the effective 
reduction temperature of RGH is 95 °C in the experiment.

3.1.2 � Effect of DETA concentration

To further evaluate the effect of DETA concentration on the 
samples, different RGHs and DRAs were prepared respec-
tively, when the DETA concentration changes from 4 to 24 
µL/mL and the reduction temperature is 95 °C. From Fig. 3; 
Table 1, all RGHs and DRAs possess an intact structure 
and better strength, while the density of DRAs changed 
significantly. Especially, the density of DRA-8 was as low 
as 11.15 mg/cm3 when DETA concentration is 16 µL/mL. 
In this process, at a lower concentration of DETA, DETA 
cannot effectively cross-link the reduced GO nanosheets, so 
these nanosheets will spontaneously aggregate and lead to 
the bulk shrinkage of DRA and a higher density. However, 
more DETA will also lead to an increase in density (as listed 
in Table 1), because DETA will occupy the pores inside the 
aerogel material [21]. The result demonstrates that appro-
priately increasing the DETA concentration can effectively 
prevent the agglomeration of GO sheets and the collapse 
of the 3D porous structure of DRA. DRA-8 is thus given 
the fantastic property of low density. Based on the above-
mentioned outcomes, DRA-8 is chosen for the subsequent 
adsorption study.

Fig. 2   a RGHs prepared at different reduction temperatures, b Corresponding DRAs

Fig. 3   a RGHs prepared with 
different DETA concentrations, 
b Corresponding DRAs

Table 1   Density of different DRAs

Sample Reduction tempera-
ture (°C)

DETA (µL/
mL)

Density (mg/cm3)

DRA-1 65 20 /
DRA-2 75 20 9.81
DRA-3 85 20 10.48
DRA-4 95 20 11.58
DRA-5 95 4 13.24
DRA-6 95 8 12.75
DRA-7 95 12 12.01
DRA-8 95 16 11.15
DRA-9 95 24 12.14
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3.2 � Characterization of DRA‑8

As shown in Fig. 4a, graphite has a high characteristic peak 
at 26.2° with a layer-to-layer distance of 0.34 nm. GO pre-
pared in this study possesses the characteristic peak at 8. 
44° with a layer-to-layer distance of 1.05 nm, indicating that 
graphite has been fully oxidized by the modified Hummers 
method. However, the DRA-8 displays a wide diffraction 
peak at 22.9°, with a layer-to-layer distance of 0.38 nm, indi-
cating that oxygen-containing functional groups of GO are 
almost completely removed due to the chemical reduction 
[22–24].

As shown in Fig. 4b, the D and G peaks at 1344 and 
1590 cm−1 of GO and DRA-8 correspond to the defects and 
the sp2 carbon-carbon bonds, respectively. However, the ID/
IG value of DRA-8 is 1.034, which is higher than 0.867 of 
GO. It demonstrates the introduction of DETA is helpful to 
enrich the defect density in the carbon structure [25].

From Fig. 4c, GO contains several peaks at 3412 cm−1, 
1738 cm−1, 1625 cm−1, 1224 cm−1, and 1057 cm−1, cor-
responding to the O–H, C = O, C = C, C–O, and C–O–C 
groups, respectively. To DRA-8, the peaks at 1738 and 
1057 cm−1 are hardly seen. It indicates that GO has been 
successfully reduced by DETA. This is in agreement with 
the result of the XRD investigation. Meantime, the new 
peaks at 1560 and 1455 cm−1 belong to N–H and C–N in 
amides, respectively [26, 27]. Furthermore, the O–H stretch-
ing vibration of 3440 cm−1 is weakened and the –CH2 of 
DETA molecule appears at 2908 cm−1. All the above infor-
mation indicates that the amidation reaction occurs between 
GO and DETA.

Figure 5a and b display the morphology of DRA-8. It 
shows that the interior of DRA-8 is a three-dimensional 
interconnected porous network, which formed by self-
assembling of reduced GO nanosheets. Meantime, DRA-8 
has abundant macro-pores between 10 and 100 μm in size. 
The main reason for the formation of the porous structure is 

that the massive ice crystals formed inside increase the dis-
tance between the reduced GO nanosheets when RGH is fro-
zen. During vacuum drying, all the ice crystals are detached 
from RGH, leaving a fluffy porous sponge structure [28, 29]. 
More importantly, the continuous porous structure of the 
DRA-8 is favorable for its adsorption capacity for dyes.

As Fig. 5c shows, DRA-8 can support a static load of 
at least 120 g, about 1200 times of its own weight without 
collapsing. Furthermore, after the static load, DRA-8 can 
recover its original shape without deformation. The phe-
nomena reveal DRA-8 has excellent mechanical strength 
and flexibility.

3.3 � Adsorption performance

3.3.1 � Effect of pH

The pH regulates the surface charge characteristics of the 
adsorbent and thus becomes one of the major features influ-
encing its adsorption capability [30].

Given that the relationship between Zeta potentials and 
pH as shown in Fig. 6a, the surface of GO is always nega-
tively charged in the pH range of 2–10, which is beneficial 
to enhance its ability to adsorb cations through electrostatic 
attraction. While the absolute value of Zeta potential of 
DRA-8 is lower than that of GO, and the isoelectric point of 
DRA-8 is located at pH of 3.3. In the reduction process, the 
positively charged amino group of DETA will react with the 
negatively charged epoxy and carboxyl groups of GO, result-
ing in the decrease of the negative charge amount of DRA-8. 
It can also be confirmed by the FTIR result (as shown in 
Fig. 4c). Consequently, the isoelectric point of DRA-8 is 
changed and located at pH of 3.3, and the absolute value of 
the Zeta potential is lower than that of GO. In fact, when the 
pH is below 3.3, the surface of DRA-8 is ready to accept H+ 
and form positively charged, facilitating its interaction with 
anions through electrostatic attraction. On the contrary, the 

Fig. 4   a XRD patterns of graphite, GO and DRA-8, b Raman spectra of GO and DRA-8, c FTIR spectra of GO and DRA-8
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Fig. 5   a and b SEM images and c photographs of the mechanical properties of DRA-8

Fig. 6   a Zeta potentials of GO and DRA-8, b Effect of pH on the MB and MO adsorption capacities of DRA-8
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pH value higher than 3.3 would lead to deprotonating and 
form negatively charged on the DRA-8 surface, making it 
easier to adsorb cations. The results indicate that the as-
prepared DRA-8 has different surface charge characteristics 
from GO after functionalization and reduction with DETA.

Considering the importance of pH, it is crucial to explore 
the effect of pH on dye absorption capacity. To achieve this 
aim, batches of different dye adsorption experiments were 
performed with the pH value changed from 4 to 10. From 
Fig. 6b, the adsorption capacity of anionic MO declines with 
raising pH, whereas the adsorption capacity of cationic MB 
is the opposite. This behavior is primarily due to the electro-
static behavior between DRA-8 and dye. The surface charge 
of DRA-8 is pH-dependent as shown in Fig. 6a, the as-pre-
pared DRA-8 will provide a strong electrostatic attraction 
toward anionic MO and cationic MB, thus guaranteeing the 
different adsorption capacities in acidic and alkaline condi-
tions, respectively. Consequently, DRA-8 has an excellent 

adsorption capacity for MO and MB when pH is 4 and 10, 
respectively.

3.3.2 � Adsorption kinetics analysis

As shown in Fig. 7a, when MO and MB concentrations are 
50 mg/L, the adsorption capacity increases rapidly within 
180 min and the equilibrium of adsorption is attained after 
360 min. When MO and MB concentrations are 100 mg/L, 
the adsorption capacity enhances quickly within 240 min, 
and basically achieves the adsorption equilibrium at 
480 min. A high adsorption rate of MO and MB from 
the solution can be noticed in the initial stage, which is 
attributed to the numerous adsorption sites on the DRA-8 
owing to its superior porous structure [31].

Furthermore, the fitting of different models was done 
to better comprehend the adsorption kinetics mechanism. 
From Fig. 7b and c, and Table 2, the pseudo-second-order 

Fig. 7   a Effect of contact time on the MB and MO adsorption capacity of DRA-8, b Pseudo-first-order model, c Pseudo-second-order model, 
and d Intra-particle diffusion model
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Table 2   Parameters of kinetic 
models of DRA for MB and 
MO adsorption

Dye C0 (mg/L) Pseudo-first-order Pseudo-second-order

K1 Qe (mg/g) R2 K2 Qe (mg/g) R2

MO 50 0.00308 53.511 0.9376 0.000179 128.62 0.99988
100 0.00346 83.623 0.9334 0.000107 191.55 0.99986

MB 50 0.00292 51.255 0.9176 0.000201 138.24 0.99953
100 0.00351 85.432 0.8787 0.000109 223.64 0.99958

Table 3   Parameters of intra-
particle diffusion model for MB 
and MO adsorption

Dye C0(mg/L) Ki1 C1 R2 Ki2 C2 R2 Ki3 C3 R2

MO 50 7.86 10.11 0.9635 2.45 68.10 0.8841 0.74 100.08 0.9078
100 12.40 2.18 0.9999 4.03 94.84 0.9887 0.85 155.48 0.9224

MB 50 5.93 37.27 0.8639 3.35 63.48 0.9542 0.54 116.40 0.8642
100 12.12 23.99 0.9959 5.59 103.39 0.8887 0.69 192.40 0.8908

Fig. 8   Adsorption isotherms for (a) MO and (b) MB, and thermodynamic study of (c) MO and (d) MB adsorption
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model has a higher correlation coefficient (R2 > 0.99) than 
the pseudo-first-order model, suggesting that it is more 
appropriate for MO and MB adsorption on DRA-8.

The fitting results of the intra-particle diffusion model 
are shown in Fig. 7d, and the corresponding adsorption 
rate constants are listed in Table 3. It can be observed 
that the adsorption procedure can be divided into three 
distinct stages. The rapid surface adsorption occurs in the 
first stage, and the second stage involves gradual surface 
adsorption, with Ki2 being less than Ki1. In the third stage, 
the adsorption tends toward equilibrium. The findings con-
firm that the adsorption is a multi-step process and that 
there are other mechanisms besides intra-particle diffusion 
that can regulate the adsorption [32, 33].

3.3.3 � Adsorption isotherms analysis

Adsorption isotherms are employed to investigate adsorp-
tion mechanisms, explore the adsorbent’s surface proper-
ties, and analyze the attraction between its surface and the 
adsorbate. In this work, the adsorption data of MO and 
MB on DRA-8 with different concentrations and tempera-
tures are evaluated using the different isotherm models 
developed by Langmuir and Freundlich, respectively, to 
comprehend the corresponding mechanism. Figure 8a and 
b show the relevant fitted results for MO and MB adsorp-
tion, respectively. Table 4 provides the isotherm constants 
and resulting parameters for the different models. It can be 
seen that RL

2 of Langmuir isotherm model for both MO 
and MB is larger than RF

2 of Freundlich isotherm model, 
revealing that the dye adsorption of DRA-8 better fits this 
model. It manifests that MO and MB adsorption on DRA-8 
is monolayer adsorption [34].

According to the Langmuir isotherm model, at 298, 308, 
and 318 K, the adsorption capacities of DRA-8 for MO are 
as high as 227.24 mg/g, 238.07 mg/g, and 245.44 mg/g, 
respectively. While the adsorption capacities of DRA-8 
for MB are as high as 266.82  mg/g, 278.82  mg/g, and 
286.02 mg/g, respectively. The data are superior to earlier 
studies [11, 30, 35–39].

3.3.4 � Adsorption thermodynamics analysis

To investigate the thermodynamics underlying the MO and 
MB adsorption on DRA-8, the thermodynamic parameters 
were evaluated and displayed in Table  5. According to 
Fig. 8c and d; Table 6, the negative value of ΔG and positive 
ΔS value in the adsorption process at different temperatures, 
revealing the adsorption is a spontaneous thermodynamic 
reaction [40]. In addition, the absolute value of ΔG increases 

with temperature and the positive ΔH value, indicating the 
adsorption is an endothermic process. Hence, a higher tem-
perature is more beneficial to enhance the dye adsorption 
of DRA-8.

3.4 � Adsorption mechanism

As shown in Fig. 9a, the peaks at 1112 and 1025 cm−1 of 
MO/DRA-8 relate to the S = O symmetrical stretching vibra-
tion and the –SO3− symmetrical stretching vibration, respec-
tively, which confirms the successful adsorption of MO on 
DRA-8 [41, 42]. The peaks at 1379, 1320, and 878 cm−1 of 
MB/DRA-8, belonging to the stretching vibration of C–N, 
symmetric deformation vibrations of –CH3, and rocking 
vibration of aromatic rings in MB, which reveal the suc-
cessful adsorption of MB on DRA-8 [43, 44]. The peaks 
of C = C groups in MB/DRA-8 and MO/DRA-8 are shifted 
from 1560 to 1549 and 1541 cm−1, respectively, which is 
attributed to the π electron interaction in the aromatic ring 
as π–π interaction [45].

According to Fig. 6a, DRA-8 has a negative surface 
charge when the pH value exceeds 3.3. As a cationic dye, 
the positive surface charge of MB is beneficial to increase its 
electrostatic attraction with the negatively charged DRA-8. 
Simultaneously, DRA-8 also connects with MB through π-π 
interaction, thereby enhancing its adsorption capacity. While 
for anionic MO, electrostatic repulsion is formed between 
DRA-8 and MO due to its negatively charged surface. As a 
result, the adsorption capacity of the DRA-8 to MO mainly 
depends on the π–π interaction. Figure 9b shows the corre-
sponding mechanism of MO and MB adsorption on DRA-8.

To clearly understand the adsorption capacity advantage 
of the synthesized DRA-8, the adsorption capacity compari-
son of different adsorbents is displayed in Table 6. From 
Table 6, it is evident that the DRA-8 is a more competitive 
adsorbent for the successful elimination of MO and MB 
from dye wastewater.

Table 5   Thermodynamic parameters of adsorption of MO and MB on 
DRA-8

Dye T(K)   ΔG (kJ/mol)   ΔH (kJ/mol)   ΔS (kJ/mol/K)

MO 298 − 3.5091 12.6278 0.0542
308 − 4.1435
318 − 4.5901

MB 298 − 4.5234 20.7447 0.0849
308 − 5.4724
318 − 6.2169
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3.5 � Reusability experiments

In addition to the absorption capacity, the reusability is 
an important index for the practical application of DRA-
8. In this work, to assess the reusability of the DRA-8, it 
was subjected to multiple adsorption-desorption experi-
ments. After each adsorption, DRA-8 containing dye was 
immersed into 0.1 M NaOH (or HCl) solution and washed 
with deionized water until neutral to obtain regenerated 
material. The recovered DRA-8 was then reused in the next 
adsorption cycle. This process was repeated 5 times and the 
results are shown in Fig. 10. It can be observed that DRA-8 
can keep a high adsorption capacity for MB and MO with 
a tiny loss after 5 cycles. The result indicates DRA-8 has 
extraordinary reusability and great application potential 
for dye adsorption.

Table 4   Parameters of different 
isotherm models for MB and 
MO adsorption

Dye T(K) Langmuir Freundlich

KL Qm(mg/g) RL
2 KF n RF

2

MO 298 0.0726 227.24 0.9515 72.78 4.694 0.9489
308 0.0821 238.07 0.9547 82.84 5.046 0.8917
318 0.1027 245.44 0.9639 94.13 5.469 0.9006

MB 298 0.0756 266.82 0.9604 85.41 4.672 0.8725
308 0.0948 278.82 0.9028 99.22 5.070 0.8096
318 0.1210 286.02 0.9002 110.68 5.393 0.8309

Fig. 9   a FTIR spectra of DRA-8 before and after MO and MB adsorption, b Mechanism of MO and MB adsorption of DRA-8

Table 6   Comparison of the adsorption capacities of different adsor-
bents

Dye Adsorbents Adsorption capac-
ity (mg/g)

References

MO CS/GO 38.67 [35]
h-MoS2 41.52 [36]
APSP 143.70 [37]
GA 166.67 [11]
DRA-8 227.24 This work

MB PVA/PCMC/GO 89.29 [30]
GO-MMT/SA 150.66 [38]
CMC/GOCOOH 180.23 [39]
GA 221.74 [11]
DRA-8 266.82 This work



1495Journal of Porous Materials (2023) 30:1485–1497	

1 3

4 � Conclusion

The low-density DRA-8 was effectively synthesized with a 
reduction temperature of 95 °C and a DETA concentration 
of 16 µL/mL. Through the microstructural characterization, 
DRA-8 exhibits a three-dimensional interconnected porous 
network with numerous macropores ranging in size from 
10 to 100 μm. The experimental results show the adsorp-
tion process is suitable with the pseudo-second-order model 
and spontaneous thermodynamic reaction. The adsorp-
tion mechanism reveals that the cationic MB adsorption is 
mainly related to π–π interaction and electrostatic attrac-
tion. Nevertheless, for anionic MO, the adsorption capacity 
mainly depends on π–π interactions. Furthermore, DRA-8 
demonstrates a good regeneration performance for MB and 
MO adsorptions.
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