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a b s t r a c t
Chromium(VI) pollution has aroused great attention due to its potential toxicity to human health. 
In this article, N-rich dendrimer amines grafted onto graphene oxide through cyanuric chloride 
and diethylenetriamine (GO/CC-DETA) was constructed for chromium(VI) removal from aqueous 
solution. The adsorption studies for optimum conditions, such as molar ratio of DETA to CC, pH, 
contact time, and temperature, were proceeded in batch mode. Kinetic and thermodynamic study 
of adsorption were also explored, where the Langmuir isotherm and pseudo-second-order kinetics 
fitted the best, and the obtained monolayer adsorption capacity could reach 295.9 mg g–1. The main 
adsorption mechanism of GO/CC-DETA toward Cr(VI) was proved to be electrostatic interac-
tion. Practical desorption–regeneration results showed that the adsorption capacity could remain 
relatively stable after several times of usage.
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1. Introduction

With the further urbanization of society in recent few 
decades, plenty of chromium-containing wastes have been 
left behind due to the relocation of many industrial manu-
factures, such as electroplating, chromium salt production, 
and printing and dyeing. These have caused serious Cr(VI) 
pollution in groundwater. Chromium is a potentially toxic 
heavy metal without any essential metabolic function in 
plants and is easily retained in the root tissues [1,2], so it can 
accumulate in crops, and extend health risks to humans via 
food chain. In fact, the concentration of chromium uptake 
by Cr-polluted edible plants can exceed the maximum per-
missible limits and cause numerous harms to our body 
[3]. Moreover, chromium is categorized as No. 1 carcino-
gen according to the International Agency for Research on 
Cancer and the National Toxicology Program [4]. Both direct 
and indirect chromium intake from chromium-containing 

groundwater has intensified the severity of environmental 
and health problem.

Actually, unlike other toxic heavy metal cations, 
chromium, with two main states of trivalent and hexavalent, 
mainly exists as more hypertoxic and negative chromates. 
Techniques reported for chromium metals removal include 
ions exchange [5,6], adsorption [7,8], chemical precipitation 
[8,9], membrane filtration [9,10], electrodialysis [11], pho-
tocatalysis [12], etc. Almost all methods have merits and 
limitations, such as high cost, limited application and seri-
ous secondary pollution generation. However, adsorption is 
proved to be a relatively economic and effective method for 
hexavalent chromium removal from wastewater.

Many researchers have delved into adsorbents with 
high adsorption property, low cost, renewable performance, 
and ease of access for practical application. Numerous 
materials have been employed, including activated carbon 
[10,11], zeolite [13], biomaterials [14–16], kaolinite [17,18], 
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manganese oxide [19], resins [20], metal organic frame 
material [21,22], etc. Graphene oxide (GO) is an up-to-the- 
moment and two-dimensional inorganic carbon nanomate-
rial developed in last few decades. It owns high surface area 
and rich functional groups on the surface. Whereas Cr(VI) 
exists in the form of negative acid ions (Cr2O7

2–, CrO4
2– and 

HCrO4
–), thus novel GO-based materials with positive charge 

and high affinity for anions should be explored. Nitrogen-
containing compounds are prone to protonation under acidic 
conditions and have strong electrostatic attraction to metal 
anions. Based on previous works, aminated graphene oxide 
has shown great adsorption capacity toward hexavalent 
chromium [23–25]. Diethylenetriamine (DETA) is an organic 
polyamine molecule, and has been applied in hexavalent 
chromium removal from wastewater, such as diethylenetri-
amine grafted glycidyl methacrylate based copolymers [26], 
diethylenetriamine modified magnetic chitosan [27], dieth-
ylenetriamine-assisted synthesis of amino-rich hydrothermal 
carbon-coated electrospun polyacrylonitrile fiber, etc. [28].

In this study, diethylenetriamine was chosen in col-
laboration with cross linker cyanogen chloride to prepare 
N-rich dendrimer amine grafted graphene oxide materials 
for achieving higher adsorption capacity for Cr(VI). Fourier 
transform infrared spectroscopy (FTIR), Raman spectra 
(Raman), X-ray photoelectron spectroscopy (XPS), field 
emission scanning electron microscope (FE-SEM), high- 
resolution transmission electron microscope (HR-TEM) were 
used to characterize the prepared GO/CC-DETA and analyze 
the adsorption mechanism. Simultaneously, a synergistic 
action of cyanuric chloride (CC) and diethylenetriamine 
(DETA) was discussed in detail. The influences of molar 
ratio, pH, contact time, temperature and cycle number of 
the adsorption process were studied. The as-prepared com-
posite (GO/CC-DETA) showed good adsorption capacity 
toward Cr(VI).

2. Experimental

2.1. Reagents

Natural flaky graphite (100 mesh, purity > 95%) was pur-
chased from Shenzhen Nanotech Port Co. Ltd. (Guangdong, 
China). Hydrochloric acid (HCl, 37 wt.%) and sulfuric 
acid (H2SO4, 98%) were obtained from Chengdu Cologne 
Chemicals Co. Ltd. (Chengdu, China), and hydrogen peroxide 
(H2O2, 30 wt.%) and phosphoric acid (H3PO4, 98%) were from 

National Group Chemical Reagent Co. Ltd. (Shanghai, China). 
Potassium permanganate (KMnO4) was purchased from Xir-
ong Science Co. (Shantou, Guangdong, China), sodium hyd-
roxide was obtained from Beijing Chemical Factory Ltd. 
(Beijing, China). Diethylenetriamine (DETA) was obtained 
from Tianjin Fuchen Chemical Reagent Technologies Co. Ltd. 
(Tianjing, China). Cyanuric chloride (CC) was purchased from 
Aladdin Industrial Corporation (Shanghai, China). Metal salt 
K2Cr2O7 was used as source for Cr(VI). All chemicals were of 
analytical grade and used as received without any further 
treatment. Ultra-pure water was produced using a Milli-Q 
water purification system (Millipore, Milford, MA).

2.2. Synthesis of N-rich dendrimer aminated graphene oxide 
(GO/CC-DETA)

2.2.1. Preparation of graphene oxide aqueous dispersion

A nitration mixture of phosphoric acid (4 mL) and sulfuric 
acid (36 mL) was prepared ahead, and in cold storage. To a 
mixture of potassium permanganate (1.5 g) and crystalline 
flake graphite (0.3 g), the preparation solution was dropwise 
added along the side in an ice-water bath. After stirring for 
12 h under 50°C, the oxidizing reaction was finished, and 
ice cubes were used to dilute the solution and potassium 
permanganate residue was reduced by hydrogen peroxide. 
Subsequently, the yellow graphene oxide aqueous dispersion 
was purified through multiple pickling and ultrapure water 
washing.

2.2.2. Decoration of N-rich dendrimer amines onto 
graphene oxide

First, required cyanuric chloride (CC) was dissolved 
in DMF (1 mL), and the solution was added in 2.5 mL of 
diethylenetriamine (DETA). After ultrasonic treatment for 
2 h and refrigerated overnight, N-rich dendrimer amines 
were obtained. Then, it was mixed with 5 mL of graphene 
oxide aqueous dispersion (5 mg mL–1) and diluted to 20 mL. 
After ultrasonic treatment for 30 min, the mixture was trans-
ferred to a Teflon-lined stainless-steel autoclave for hydro-
thermal reaction at 120°C for 4 h. Then washed thoroughly 
with ultra-pure water and dried by freeze-drying, N-rich 
dendrimer aminated graphene oxide (GO/CC-DETA) was 
obtained. The schematic illustration of fabrication process 
and formation mechanism of GO/CC-DETA nanocomposites 
is presented in Fig. 1.

O
OH

O

OH
O

COOH
COOH

O

OH

COOH
HOOC

OH

H

N

N
N

N N
H

N H
H

HN N
H

HH N N
H

N H
HH

DMF
N

N

N

ClCl

Cl
H N N

H
N H
HH

CC

O
OH O

OH
O

COOH COOH
O

OH

COOH

OH

N
N

H
N

N
H

N
H

HN

N
H

H

H

N
N

H

N H
H

H

Ooxidation

graphite GO

self-assembly

GO/CC-DETA
CC-DETA

Hydrothermal
  Reaction

 
Fig. 1. Schematic illustration of fabrication process and formation mechanism of GO/CC-DETA nanocomposites.
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2.3. Characterization of GO/CC-DETA nanocomposites

FTIR spectrometer (PerkinElmer Instruments Co. Ltd., 
USA), Raman spectra (Renishaw micro-Raman system 2000 
spectrometer, London, UK), XPS (ESCALab220i-XL, VG 
Scientific, Waltham, MA, USA), scanning electron micros-
copy (SEM: JEOL, JSM-6360LV, Japan) and HR-TEM (Talos 
F200i for Materials Science) were used for illustrating the 
GO/CC-DETA nanocomposites.

2.4. Batch adsorption experimental procedures

Potassium dichromate was selected as the representative 
of toxic Cr(VI) compound in the wastewater, and Cr(VI)-
containing wastewater (1 g L–1) was prepared and stored 
at room temperature for diluting into a standard series 
concentrations. Adsorption capacity of the GO/CC-DETA 
nanocomposites toward Cr(VI) was measured as follows: a 
certain amount of prepared GO/CC-DETA nanocomposites 
(5 mg) and known initial concentration of Cr(VI)-containing 
standard solution (25 mL) were mixed and shaken for a 
certain time, the residual Cr(VI) in the solution was deter-
mined by inductive coupled plasma atomic emission spec-
trometer (ICP-AES). The adsorption capacity was calculated 
based on the Cr(VI) ions concentration difference before and 
after adsorption, and the formula is as follows:

q
C C
m

Ve
e=

−
×0  (1)

where C0 and Ce (mg L–1) were the initial and residual con-
centrations of Cr(VI), m (mg) was the mass of the adsorbent, 
V (mL) was the volume of the solution, and qe (mg g–1) was 
the adsorption capacity of absorbent toward Cr(VI).

Through altering the initial concentration, pH, oscillation 
temperature and time, the influences of these factors on the 
adsorption of Cr(VI) were studied.

2.5. Desorption and regeneration experiment

Desorption and regeneration experiments were directly 
controlled by the solution pH. Desorption of Cr(VI) was 
performed by applying negative potential on GO/CC-DETA 
in 0.1 mol L–1 NaOH + 0.1 mol L–1 NaCl solution. The Cr-load 
materials were rinsed in the alkaline eluent overnight, and 
the process was repeated for three times. Regeneration of the 
sorption sites needed to stir GO/CC-DETA in 0.1 mol L–1 HCl 
solution, where the process was also repeated for three times.

3. Results and discussion

3.1. Characterization of samples

Fig. 2a shows the FTIR spectra of GO, RGO, GO/DETA, 
GO/CC-DETA, displaying the slight changes triggered by 
grafting N-rich dendrimer amines. It was obvious that the 
broad bands at around 3,425 cm–1 (O–H stretching vibration 
of the carboxylic acids groups), peaks located at 1,626 cm–1 
(aromatic C=C) and the peaks located at 1,149 cm–1 (bending 
vibration in C–H plane, stretching vibration of C–O and vibra-
tion of C–C single bond skeleton) were preferably reserved. 
There were slight increases at 2,842 and 2,949 cm−1 which 

were assignable to asymmetric stretching and symmetric 
stretching modes of CH2 on the DETA chains. With some 
carbonyl moieties converting into amides, the new absorp-
tion peak at 1,560 cm−1 (NH2 in-plane deformation vibration) 
appeared on the FTIR spectra of GO/DETA, GO/CC-DETA, 
and slight peak shifts around 513 and 588 cm–1 (N–H bond 
stretching) were annotated [27–29].

The D band of Raman spectrum of graphene indicates 
the properties of the graphene edge, such as defects, vacan-
cies, etc., and the G band represents the first-order scattering 
E2g vibration mode, mainly used to characterize the sp2 bond 
structure of carbon. The ID/IG is a measure of disordered 
graphite. In general, the larger the ratio of ID/IG, the more 
defects in C atomic crystals. Fig. 3 presents the Raman 
spectra of GO, RGO, GO/DETA, and GO/CC-DETA, where 
the locations at 1,326 (D band) and 1,582 cm–1 (G band) 
remained relatively stable. And the increasing ratio (ID/IG) of 
GO (0.793), RGO (1.196), GO/DETA (1.345), GO/CC-DETA 
(1.380) revealed that higher disorder of graphene layers took 
place during the functionalization process [30].

Survey spectra (Fig. 4a) and N1s (Fig. 4b) of XPS data 
of GO/CC-DETA are presented. The C:O:N ratio of GO/
CC-DETA was 78:8:14. The existence of 13.7% nitrogen atom 
indicated the grafting of N-rich dendrimer amines. N1s peak- 
differentiation-imitating analysis (Fig. 4b) of GO/CC-DETA 
corresponded, respectively, to –CO–NH (398.3 eV), –N–H 
(399.3 eV), C=N– (400.2 eV) groups. The above findings proved 
the existence of N-rich dendrimer amines on GO/CC-DETA.

FE-SEM (Fig. 5) was used to illustrate the effects gener-
ated by the modification on the morphology of materials. 
Fig. 5a indicates that GO nanosheets presented a smooth 
single-layer structure with some curved edges. However, 
carbon nanosheets crimped and draped at an increasing 
extent in sequence of GO (a), RGO (b), GO/DETA (c), GO/
CC-DETA (d) [23].

High-resolution TEM images (Figs. 6a–c) are presented to 
give further information on the morphology. It was obvious 
that the graphene lamellar structure was well preserved. 
Meanwhile, the elemental mapping images (Fig. 6d) of GO/
CC-DETA indicate intuitively the presence of primary amine 
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Fig. 2. FTIR analysis: (a) FTIR spectra of GO, RGO, GO/
DETA, GO/CC-DETA and (b) FTIR spectra of GO/CC-DETA, 
GO/CC-DETACr-loaded, GO/CC-DETAdesorption.
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groups from DETA and elemental distribution analysis of C, 
N, O in the material was a good response to the XPS and FTIR 
analysis. It can be concluded that graphene oxide nanoparti-
cles were successfully functionalized with N-rich dendrimer 
amines.

3.2. Adsorption results

The adsorption capacities of GO, GO/DETA, GO/CC-DETA 
toward Cr(VI) solution of different concentrations are 
displayed in Fig. 7. And the results illustrated GO/CC-DETA 
with N-rich dendrimer amines had the better adsorption 
capacity toward Cr(VI) than those of GO and GO/DETA. 
Fig. 8 shows the effect of the molar ratios of diethylenetri-
amine (DETA) to cyanuric chloride (CC) on the adsorption of 
Cr(VI) by GO/CC-DETA, where the 1:2.5 exhibited the best 
adsorptive performance. And the effects of the pH values 
(Fig. 8), vibration time (Fig. 9) and temperature (Fig. 10) 
were also explored for follow-up mechanism analysis. It was 
found that the adsorption equilibrium was reached in about 
80 min, and acidic and hyperthermal surrounding favored 
the adsorption process.

3.3. Adsorption kinetics

Adsorption kinetics in wastewater treatment is import-
ant as it provides valuable insights into the paths and 
mechanism of adsorption reaction. It is also important to 
predict the rate at which Cr(VI) is removed from aqueous 
solutions for the design of appropriate sorption treatment. 
In addition, the kinetics describe the solute uptake rate which 

600 900 1200 1500 1800

15841330

G band
D band

Raman shift(cm-1)

In
te

ns
ity

(a
.u

.)

 

 

 GO
 RGO
 GO/DETA
 GO/CC-DETA

Fig. 3. Raman spectra of GO, RGO, GO/DETA, and GO/CC-DETA.

415 410 405 400 395 390

(c)

In
te

ns
ity

/a
.u

.

N1s

 

Binding Energy(eV)

 GO/CC-DETA
  GO/CC-DETAdesorption

  GO/CC-DETACr-loaded

405 400 395 390

(b)

-CO-NH-
(398.3eV)

-N-H(399.3eV)

C=N-(400.2eV)

N 1S

In
te

ns
ity

/a
.u

.

Bingding Energy(eV)

 
 
 
 
 
 
 
 
 

 590 585 580 575 570
Binding Energy(eV)

577.2eV

579.3eV
Cr(III)2p3/2

586.9eV
588.4eV

Cr(VI)2p3/2

Cr(VI)2p1/2 Cr(III)2p1/2

Cr2pIn
te

ns
ity

/a
.u

.

 

(d)

300 400 500 600 700 800

In
te

ns
ity

/a
.u

.

Cr2p
O1s

N1s

C1s

 GO/CC-DETAdesorption

 GO/CC-DETACr-loaded

GO/CC-DETA

Binding Energy(eV)

 

 

(a)

Fig. 4. XPS spectra analysis: (a) Survey spectra of XPS data of GO/CC-DETAdesorption, GO/CC-DETACr-loaded, GO/CC-DETA, (b) N1s XPS 
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Fig. 5. SEM images: (a) GO, (b) RGO, (c) GO/DETA, and (d) GO/CC-DETA.

 

Fig. 6. High resolution TEM images (a–c) and elemental mapping images (d) of GO/CC-DETA.
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in turn controls the residence time of sorbate uptake at the 
solid–solution interface [31]. The contacting-time curve can 
obtain the adsorption capacity and equilibrium time, and 
the fitting parameters of models can reveal the main mech-
anism controlling the adsorption process. Here, the kinetic 
adsorption process was pondered to fit five adsorption 
kinetic models in a linear form.

Pseudo-first-order kinetic model is used to describe 
the adsorption rate of soluble substances in a solid– 
liquid system, and the model considers that intraparticle 
mass transfer resistance is a limiting factor for adsorption 
[31–33]. Pseudo-second-order kinetic model is based on 
the assumption that the adsorption rate is controlled by 
the adsorption reaction at the liquid/solid interface in the 
adsorbent [31]. Besides, Elovich equation, a rate equation 
based on adsorption capacity, was employed to distinguish 
whether the Cr(VI) adsorption process in this work was 

chemical adsorption or not [34]. Meanwhile, intraparticle 
diffusion equation was used to analyze the role of diffu-
sion in the control steps of the Cr(VI) adsorption. In order 
to know whether the actual adsorption process conforms 
to the pore diffusion model, Bangham equation was also 
used. And when the kinetics fitted the experimental data in 
a straight line and passed through the origin, it conveyed 
that the adsorption process was controlled by the diffu-
sion. On the contrary, the poor linearity would indicate 
the pore diffusion of adsorbates in adsorbent was not 
the only rate-limiting step in the adsorption separation, 
and membrane diffusion and intra-pore diffusion both 
played important roles in different stages [32]. All model 
abbreviated formulas are as follows:
Pseudo-first-order kinetic equation [35]:

log( ) log
.

q q q
k

te t e− = − 1

2 303
 (2)
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Fig. 7. Adsorption capacities of different materials toward Cr(VI) 
solution with different concentrations.
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Pseudo-second-order kinetic equation [31]:

1 1

2
2q

t t
q k qe t e

= −  (3)

Elovich equation:

q tt = +
1 1
β

αβ
β

(ln ) ln  (4)

Intraparticle diffusion equation:

q k t Ct = +ip
1 2  (5)

Bangham equation:

ln ln lnq k
m

tt b= + 1  (6)

where qe (mg g–1) and qt (mg g–1) refer to the adsorption 
amount at time t and the equilibrium state, respectively, and 
t (min) is the adsorption time; k1 (min–1), k2 (g mg–1 min–1), 
α (g mg–1 min–1), β (g mg–1), kip (mg g–1 min–0.5), C (mg g–1) and 
kb (mg g–1) represent the rate constants of the corresponding 
models. k2 is related to the initial concentration of the solute, 
the pH of the solution, the temperature and the stirring 
conditions. α (g mg–1 min–1) is the initial adsorption rate 
constant and β (g mg–1) is the desorption constant, the cal-
culated qe in pseudo-second-order kinetic equation is in con-
nection with the extent of surface coverage and activation 
energy constant for chemisorption. kip (mg g–1 min–0.5) is the 
diffusion rate constant, and constant C (g mg–1) is associated 
with the influence of boundary layer on adsorption process.

The results of linear fitting and the corresponding kinetic 
parameters of five kinetic models were presented, respec-
tively (Fig. 11; Table 1). As listed in Table 1, generally speak-
ing, the correlation coefficient values (R2) were in a decrease 
order of pseudo-second-order reaction (0.999), Elovich 
model (0.981), Bangham model (0.977), pseudo- first-order 
(0.897), intraparticle diffusion model (0.880). Obviously, 
pseudo-second-order reaction (R2 > 0.999) showed the best 
relevance which stated the adsorption rate was controlled 
by chemical process involving electron sharing or electron 
transfer between adsorbent and adsorbate. Simultaneously, 
Elovich model equation also had a higher value of the cor-
relation coefficient. Since the Elovich equation is a descrip-
tion of the heterogeneous diffusion process controlled by 
the reaction rate and diffusion factor, it indicated that the 
adsorption of Cr(VI) by GO/CC-DETA was a heterogeneous 
diffusion process, not a simple first- order reaction. The 
correlation coefficient of the intraparticle diffusion model 
was smaller. Thus, it was known that internal diffusion was 
not a control step in the adsorption process.

3.4. Adsorption isotherm

To study the adsorption thermodynamic property of 
GO/CC-DETA toward Cr(VI), the experimental data were 
fitted into four isotherms: Langmuir, Freundlich, and 
Temkin and Dubinin–Radushkevich. Langmuir isotherm 

model mainly accounts for single-layer adsorption. Besides, 
its corresponding adsorption process mainly occurs on the 
outer surface and the adsorption sites are limited, indepen-
dent and uniformly distributed [36]. Freundlich isotherm 
model is a modification of the Langmuir isotherm model 
which considers that the adsorption is reversible, not the 
monolayer adsorption in the strict sense, and defines the 
adsorption characteristics for the heterogeneous surface. 
Temkin isotherm explicitly takes adsorbent–adsorbate inter-
action into consideration. It assumes the following: (1) it is 
the interaction force between the adsorbent and the adsorbate 
that causes the adsorption heat of all molecules on the surface 
of the adsorbent to decrease linearly with the coverage and 
(2) The adsorption characteristic is that the binding energy is 
evenly distributed to reach a certain maximum value [37,38]. 
Dubinin–Radushkevich isotherm which is based on the theory 
of micropore filling, considers that the adsorption behavior 
is a micropore filling process, rather than a surface covering 
form described by other models. It could be used to deter-
mine whether the adsorption process is physical or chemical 
adsorption [39]. All model formulas are given as follows:
Langmuir isotherm:

C
q K q

C
q

e

e L m

e

m

= +
1

 (7)

Freundlich isotherm:

ln ln lnq K
n

Ce F e= + 1  (8)

Temkin isotherm:

q RT
b

C RT
b

Ae
T

e
T

T= +ln ln  (9)

Dubinin–Radushkevich isotherm:

ln lnq q Ke s= − adε
2  (10)

ε = +








RT

Ce
ln 1 1  (11)

E
K

=
1
2 ad

 (12)

where C0 and Ce (mg g–1) are, respectively, the initial and 
the equilibrium concentration of Cr(VI) and qe (mg g–1) 
represents the quantity of target element Cr(VI) adsorbed 
at equilibrium. R (8.314 J mol–1 K–1) and T (K), respectively, 
represent the gas constant and absolute temperature.  
qm (mg g–1) is the theoretical maximum monolayer adsorption 
capacity of adsorbent material toward Cr(VI). KL (L mg–1), 
Kf (mg g–1), AT (L mg–1), bT and Kad (mol2 kJ–2) represent the 
rate constants of the corresponding models. KL is a con-
stant associated with the adsorption intensity. qs (mg g–1) 
represents the theoretical isotherm saturation capacity. 
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The constant Kf is an approximate indicator of adsorption 
capacity, while 1/n is a function of the strength of adsorption 
in the adsorption process. E (kJ mol–1) is the adsorption free 
energy, and its value can judge the properties of adsorption: 
ion exchange (8–16 kJ mol–1), physical adsorption (<8 kJ mol–1), 
chemical adsorption (>16, 20~40 kJ mol–1) [40].

Fitting thermodynamic parameters of above models for 
experimental temperature adsorption curve (Fig. 10) are 

listed in Table 2 and their linear fitting results are shown 
in Fig. 12. By comparing and analyzing these parameters, 
some optimal models were presented, such as Langmuir 
isotherm (R2 = 0.9929–0.9966) and Temkin isotherm 
(R2 = 0.9887–0.9970). According to the fitting data from 
Langmuir isotherm, the maximum monolayer coverage 
capacity (qm) was determined to be 257.7–295.9 mg g–1 which 
was close to the practical adsorption equilibrium capacity 
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(qe, 255.9–287.1 mg g–1). This also revealed that it was a mono-
layer adsorption process and no transmigration of adsorbate 
in the plane of the surface. Similarly, relatively well-fitted 
Temkin isotherm (R2 = 0.9887–0.9970) revealed the existence 
of adsorbent–adsorbate interaction.

3.5. Adsorption mechanism analysis

Fig. 13 shows that grafted N-rich dendrimer amines GO/
CC-DETA nanocomposites could be protonated under aque-
ous condition and have strong electrostatic interaction with 
the negatively charged Cr(VI) species, accounting for the 

excellent adsorption property. Besides, the reduction of Cr(VI) 
occurred during the adsorption process and there was com-
plexation interaction between the generated Cr(III) and GO/
CC-DETA. The obvious Cr2p peak in survey spectra of XPS of 
GO/CC-DETACr-loaded (Fig. 4a), its N1s XPS spectra (Fig. 4c) and 
Cr2p XPS spectra (Fig. 4d) proved the adsorption process. 
The binding of Cr(VI) species on the protonated amine chains 
triggered the decrease of binding energy of N1s (Fig. 4c). And 
four peak splits (Fig. 4d) at 588.4, 586.9, 579.3 and 577.2 eV fit-
ted the actual Cr2p peak cure well and the four sub-peaks cor-
responded to Cr(VI)2p1/2, Cr(III)2p1/2, Cr(VI)2p3/2, Cr(III)2p31/2, 
respectively [41]. It proved the reduction of Cr(VI).

Table 2
Isotherm parameters for the adsorption of Cr(VI) onto GO/CC-DETA at different temperatures at pH = 2

Model Parameter Parameter value

25°C 35°C 45°C

Langmuir isotherm qm (mg g–1) 257.7 277.8 295.9
KL (L mg–1) 0.2834 0.3028 0.2596
R2 0.9929 0.9966 0.9951

Freundlich isotherm n 5.216 4.791 4.531
KF (mg g–1) 112.2 115.5 4.791
R2 0.9765 0.9795 0.9850

Temkin isotherm bT 76.70 69.31 65.52
AT (L mg–1) 29.75 21.36 16.08
R2 0.9887 0.9970 0.9942

Dubinin–Radushkevich  
isotherm

Kad (mol2 kJ–2) 2.2 × 10–7 2.0 × 10–7 1.9 × 10–7

qs (mg g–1) 222.8 238.0 246.5
E (kJ mol–1) 1,507 2,236 1,622
R2 0.8461 0.8395 0.8089

Table 1
Kinetic parameters for the adsorption of Cr(VI) onto GO/CC-DETA at room temperature (30°C) and pH = 2

Model Parameter Parameter value

C0 = 60 mg L–1 C0 = 120 mg L–1

Pseudo-first-order qe (mg g–1) 91.45 191.72
k1 (min–1) 0.06568 0.07480
R2 0.9193 0.8972

Pseudo-second-order qe (mg g–1) 221.24 268.82
k2 (g mg–1 min–1) 0.002083 0.001128
R2 0.9997 0.9995

Elovich model α (mg mg–1 min–2) 4.9 × 10–5 3.7 × 10–4

β (g mg–1 min–1) 0.08050 0.04602
R2 0.9823 0.9810

Intraparticle diffusion model kip (mg g–1 min–0.5) 4.183 7.325
C (mg g–1) 176.7 190.7
R2 0.8793 0.8802

Bangham model kb (mg g–1) 163.3 169.9
m 16.03 10.56
R2 0.9798 0.9770
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To further study the adsorption, the morphology of 
GO/CC-DETACr-loaded (Fig. 14) is presented. High-resolution 
TEM images (b,c) and elemental mapping images (a) of GO/
CC-DETACr-loaded stated Cr deposition on the GO/CC-DETA 
and relevant morphology. The initial and residual concen-
trations of total Cr(VI) were evaluated by ICP-AES. By 
measuring the concentration of hexavalent chromium in 
the residual solution after adsorption through ultraviolet 
spectrophotometry, the amount of trivalent chromium in 
the residual solution could be known. The result presented 
the amount of trivalent chromium in the residual solution 
was almost zero. This indicated that the trivalent chromium 
produced by the reduction process was almost adsorbed 
by the material. Due to the protonation easily happening in 
the acid environment, adsorption capacity increased a lot 
as pH decreased. It was consistent with the experimental 
result (Fig. 15).

3.6. Desorption and regeneration study

For the practical application, it was not sufficient with a 
good adsorption capacity only. Thus, further desorption and 
regeneration study was indispensable. Obviously, under-
going five cycles, a clear decrease emerged, and a final sta-
ble adsorption capacity was reached (~160 mg g–1, Fig. 16). 

 

Fig. 13. Schematic representation for adsorption mechanism of 
Cr(VI) ions by GO/CC-DETA.
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The FTIR spectra of GO/CC-DETA, GO/CC-DETACr-loaded, 
GO/CC-DETAdesorption (Fig. 2b) presented that the charac-
teristic absorption bands of special groups changed little, 
where the peaks at 761 cm–1 (Cr–O) and 923 cm–1 (Cr=O) 
from chromium were visible. From the embedded figure 
in Fig. 4a, it was known that part of adsorbed Cr was pre-
served. High-resolution TEM images (Figs. 14b and c) of GO/
CC-DETAdesorption illustrated the residual, where many black 
dots with a diameter of 1–5 nm were discovered. And elemen-
tal mapping images (Fig. 2a) of GO/CC-DETAdesorption assisted 

in presenting the elemental analysis. It was concluded that 
some adsorbed Cr occupied adsorption sites and was hard 
to elute out which explained the loss of adsorption capacity. 
Notwithstanding, the adsorption property of GO/CC-DETA 
deserved recognition and was still valuable.

4. Conclusions

In the present study, N-rich dendrimer amines grafted 
onto graphene oxide (GO/CC-DETA) was successfully devel-
oped for the removal of Cr(VI) ions from aqueous solution. 
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Fig. 14. High-resolution TEM images (b–c) and elemental mapping images (a) of GO/CC-DETACr-loaded.
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The adsorption studies of optimal molar ratio, pH, contact 
time, and temperature were carried out in batch mode, and 
the prepared GO/CC-DETA with a 1:2.5 molar ratio of DETA 
to CC performed the best result at pH = 2. The adsorption 
equilibrium was reached in about 80 min, and hyperthermal 
surrounding favored the adsorption process. Langmuir iso-
therm model and the pseudo-second-order kinetic model 
were found applicable in terms of relatively high regression 
values. The maximum monolayer adsorption capacity of 
the GO/CC-DETA, as obtained from the Langmuir adsorp-
tion isotherm, was found to be 295.9 mg g–1. And the main 
adsorption mechanism of GO/CC-DETA toward Cr(VI) was 
electrostatic interaction. The desorption–regeneration results 
showed that the adsorption capacity could remain relatively 
stable after several times of usage. Thus, GO/CC-DETA 
deserved to be recognized as a promising adsorbent for the 
removal of Cr(VI) ions from aqueous solution.
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