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Abstract

Aqueous dyes are important source of water pollution. In this work, a nanocom-
posite MgO/graphene oxide (MgO/GO) was prepared with a simple solvothermal
method. The as-prepared MgO/GO was characterized and employed as a poten-
tial adsorbent to remove aqueous Congo red (CR). The interaction mechanism
between MgO/GO and CR was clarified. The adsorption of CR (initial concentration
700 mg L™!) onto MgO/GO (dosage 1000 mg L") equilibrated in 10 min, adsorp-
tion percent and adsorption quantity were 97.84% and 684.85 mg g™, respectively.
Compared with other adsorbents, MgO/GO was superior in adsorption efficiency
due to the fast adsorption kinetics. Moreover, MgO/GO exhibited good adaptability
to the fluctuations of environmental factors including CR initial concentration and
coexisting electrolyte. The adsorption fits well with the Freundlich model and PSO
model; chemical adsorption was the rate-controlling step. Both GO and MgO in
MgO/GO contributed to CR adsorption. GO adsorbed CR via an electrostatic attrac-
tion and face-to-face m—= interaction, MgO adsorbed CR via weak van der Waals
force. Owing to the advantages as facile preparation, high adsorption efficiency, and
good environmental adaptability, MgO/GO may be a promising adsorbent for aque-
ous dyes.
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Introduction

With the rapid development of the modern industry, environmental pollution is
becoming increasingly serious. Among water pollutants, organic dyestuff repre-
sents a significant proportion because of its extensive use in textile, cosmetics,
food, pharmaceutical, printing, and dyeing industries [1]. Firstly, dyes spoil the
esthetics of water, causing visual pollution. Secondly, dyes impede the transmis-
sion of sunlight, impacting the activities of the aquatic biota. Thirdly, aqueous
dyes enter the human body via food chain to bring health problems. Congo red
(CR) is an important representative of organic dyes that widely used in the tex-
tile industries. Congo red (CR) is non-degradable and carcinogenic [2], whose
removal from effluent is highly concerned.

Numerous technologies including adsorption [3, 4], coagulation [5], photo-
catalytic degradation [6—-8], and membrane treatment [9] have been employed to
treat dye pollution. Among these technologies, adsorption represents a promis-
ing one due to its low cost, flexible operation, and high efficiency. Conventional
adsorbents such as activated carbon, silica gel, and resin generally suffer from
drawbacks such as low capacity, slow kinetics, and inadequate reusability. To
overcome these drawbacks, extensive research efforts have been made to develop
high-performance adsorbents based on nanostructure.

Graphene oxide (GO) is a carbonaceous material derived from graphite oxi-
dization. The oxidation process introduces abundant oxygenous groups such as
carboxyl, hydroxy, carbonyl, and epoxy. These groups are accommodated on the
high specific surface area of GO to serve as anchoring sites for various water con-
taminants [10-13].

Nanosized metal oxides have been widely investigated in research areas such as
adsorption and catalysis [14]. A most attractive one is magnesium oxide (MgO),
since it is cheap, stable, non-toxic [15], and easy to prepare. However, nanopar-
ticles tend to aggregate due to high surface energy, leading to the weakening of
the adsorption efficiency. Substrate material such as GO can efficiently inhibit
the aggregation of nanoparticles. Therefore, a nanocomposite based on MgO/GO
framework is anticipated to make the best use of the two components.

Xu et al. [16] synthesized magnesium oxide (MgO) with a flower morphol-
ogy and MgO-graphene oxide (GO) composite with MgO diameter of 500 nm.
Adsorption tests indicate that the MgO-GO composite prepared with 0.5 wt
% GO showed higher adsorption capacity (237.0 mg g~!) than single MgO
(227.7 mg g'). Electrostatic attraction plays a key interaction mechanism
in adsorption. M. Nagpal et al. [17] synthesized a mesoporous magnesium
oxide—graphene oxide composite using a facile post-immobilization method. The
adsorption performance of the composite toward indigo carmine (IC) and orange
G (OG) was investigated, and the adsorption mechanism was analyzed. Results
show that the maximum adsorption capacities of the composite for IC and OG
were 252.4 and 24.5 mg g~!, respectively, and electrostatic interaction and hydro-
gen bonding contributed as the main adsorption force. Sahoo et al. [18] synthe-
sized MgO-MgFe,0,/GO and MgO-Fe,0; nanocomposites via the hydrothermal
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method. The two nanocomposites were used as efficient adsorbents to remove
aqueous fluoride ions, and the adsorption mechanism was explored. Results indi-
cate that the maximum adsorption capacity of MgO-MgFe,0,/GO for fluoride
ions was 34 mg g~!; the adsorption mechanism involves electrostatic interactions,
anion exchange, and inner-sphere complexation. Sahoo et al. [19] synthesized
nanosized magnesium oxide decorated iron oxide nanorods (Fe,0;—MgO) via a
simple one-step hydrothermal method. The as-synthesized Fe,0;—MgO was used
as an adsorbent to eliminate aqueous Congo red (CR). The maximum adsorption
capacity of 200 mg g~! occurred at pH=4, and the CR attachment on the adsor-
bent surface was due to electrostatic interaction. Hota et al. [20] prepared a Fe;O,
nanoparticle-functionalized GO/g—C;N, nanocomposite using the hydrothermal
method. The as-prepared nanocomposite exhibited maximum adsorption capacity
of 120 mg g~! for toxic tetracycline (TC) antibiotic and 220 mg g~! for methyl-
ene blue (MB) dye, respectively; n—r interaction and hydrogen bonding served as
interaction mechanism.

Despite these remarkable research progresses, two works are still worth doing.
(1) Work at performance level. The adsorption capacity of MgO/GO system can
be further improved via elaborately controlling the material preparation param-
eters. (2) Work at mechanism level. The interaction mechanism between MgO/GO
and organic dyes may be more accurately investigated via comprehensive analyses
on adsorption experiments, adsorption models, and spectroscopic measurements.
Herein, a facile solvothermal method to fabricate MgO/GO nanocomposite was pre-
sented. The as-fabricated composite was characterized and employed as adsorbent to
remove CR from an aqueous solution. The adsorption performance was evaluated,
and the interaction mechanism between MgO/GO and CR was clarified. Results
indicate that the as-fabricated MgO/GO has high adsorption efficiency toward aque-
ous CR. The superior performance and facile preparation may make MgO/GO a
promising adsorbent for aqueous dye.

Experimental
Materials

The reagents used in this work are: natural flake graphite (325 meshes, Qingdao
Meilikun Co. Ltd., China), KMnO, (Tianjin wind ship chemical reagent Co., Ltd.,
China), K,FeO, (AR, Hubei CSW Chemistry Co., Ltd., China), H,SO, (98 wt%,
AR, Beijing chemical works, China), H,0, (30 wt%, AR, Tianjin Huadong reagent
Co, China), and deionized water. The following reagents were purchased from Bei-
jing chemical reagent Co., China: ethylene glycol (EG), Mg(CH;COO),-4H,0, pol-
yvinylpyrrolidone (PVP), Congo red (CR), HCI (37.5 wt%), NaOH. All reagents are
of analytically pure.
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Preparation of MgO/GO

GO was prepared via oxidizing natural flake graphite using the modified Hum-
mers method [21]. MgO/GO was fabricated with a simple solvothermal method as
follows. GO powder (0.1400 g) was put into EG (280 mL) and ultrasonicated for
15 min. Then, Mg(CH;COO0),-4H,0 (2.9961 g) and PVP (2.3241 g) were added
simultaneously into the GO colloidal. The colloidal was then ultrasonicated for
30 min to obtain a homogeneous dispersion. The as-obtained dispersion was trans-
ferred into a Teflon-lined autoclave and subject to solvothermal reaction at 180 °C
for 5 h. Reaction completed and the autoclave was cooled down to room tempera-
ture. The reaction product was taken out and washed with deionized water repeat-
edly. Finally, the washed product was vacuum-dried at 300 °C for 2 h to obtain MgQO/
GO. The fabrication process is illustrated in Scheme 1. The single MgO was fabri-
cated with a similar procedure without the presence of GO.

Characterization methods

The phase species of the sample was identified by X-ray diffraction (XRD; PANa-
lytical, X’Pert PRO, Netherlands). The morphological features of the sample were
observed using transmission electron microscope (TEM; JEOL, JEM-2100, Japan).
The functional groups of the samples were analyzed using Fourier transforma-
tion infrared spectroscopy (FTIR; Bruker, IFS66V, Germany) and ultraviolet—vis-
ible light spectroscopy (UV—Vis; HITACHI, U-3900, Japan). The surface elements
were analyzed using X-ray photoelectron spectroscopy (XPS; Kratos Axis Supra,
England). The mass percent of functional groups and MgO in MgO/GO was evalu-
ated by thermogravimetry—differential thermal analysis (TG-DTA; NETZSCH,
STA449C, Germany). The Barrett-Joyner—Halenda (BJH) pore volume and
Brunauer—Emmett-Teller (BET) specific surface area of the sample were deter-
mined via N, adsorption—desorption measurements conducted under a specific sur-
face and pore size analyzer (Micromeritics, ASAP 2020 V3.04 G, USA). The pH of
the adsorbent hydrosol and adsorbate solution was monitored by a pH meter (pH;
Shanghai Leici Co. Ltd., pHS-3E, China). The zeta potential of the adsorbent hydro-
sol under varying pH was measured by micro-electrophoresis meter (zeta potential;
Shanghai Zhongchen Co. Ltd., JS94H, China).

graphite MgO/GO

®carbon @oxygen ®MgO

Scheme 1 Fabrication process of MgO/GO
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Batch adsorptions

CR solution (20 mL, 150-700 mg L™!) was put into a flask; the solution pH was
adjusted to target value (2-11) using 0.1 M HCl or NaOH. A certain dosage
(300-1000 mg L) of MgO/GO was added into the flask. Then, the flask was shook
in a shaker at a preset temperature (540 °C) to experience a certain contact time
(1-10 min). Finally, MgO/GO was quickly separated via vacuum filtration to obtain
a clear filtrate. The as-separated MgO/GO was washed for FTIR and UV-Vis analy-
ses. The concentration of CR in the filtrate was determined according to the Lambert
beer’s law by recording solution absorbance at the wavelength of 497 nm using ultra-
violet—visible light spectroscopy (UV-Vis; HITACHI, U-3900, Japan). The adsorbent
dosage D (mg L"), adsorption percent R; (%), and adsorption quantity Q, (mg g ) are
determined using Eqgs. (1)—(3):

m
D=—
v (1)
G-G
R, = x 100% )
Co
Qi=m 3)

where i=0, e,  mean the initial, equilibrium, and # moment states, respectively. C;
(mg L") denotes the solution concentration of CR, V (mL) denotes solution vol-
ume, m (g) denotes the mass of MgO/GO. All assays were performed in duplicate,
and the mean values were presented.

The non-equilibrium data C, and Q, with varying time intervals were fit using the
pseudo-first-order (PFO), pseudo-second-order (PSO), intra-particle diffusion, liquid
film diffusion, and Bangham models for kinetic analysis. The equilibrium data C, and
Q, under a certain temperature were fit using the Langmuir, Freundlich, Temkin, and
D-R models for isotherm analysis. The equilibrium data C, and Q, under varying tem-
peratures were fit using Van’t Hoff equation for thermodynamic analysis. The validity
of the fitting results was evaluated by the correlation coefficient (RY.

Cyclic adsorption: The CR-adsorbed MgO/GO was put into 20 mL deionized water,
and the pH was adjusted to 10 (justification for desorption under pH=10: adsorption
reaches its lowest level at pH=10-11, as shown in Fig. 8). Then, the suspension was
shook for 30 min. Finally, the regenerated MgO/GO was separated for the next cycle of
adsorption. Five consecutive cycles were implemented with a same procedure.

Interaction mechanism
The interaction mechanism between MgO/GO and CR was clarified via comprehen-

sive analyses on the batch adsorptions, adsorption isotherms, kinetics, thermody-
namics, and the sample spectra.
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Results and discussion
Characterization of MgO/GO

Figure 1 compares the XRD patterns of MgO, GO, and MgO/GO. In the pattern
of GO, the peak at 13.08° was the (001) reflection of graphene oxide [10]. In the
pattern of MgO/GO, this (001) peak shifted to 10.04°. Meanwhile, a new peak
appeared at 20.38°, which was assigned to the (002) reflection of reduced graphene
oxide (rGO) [11]. For both MgO and MgO/GO, peaks at 37.50°, 42.50°, 59.20°,
72.04°, and 79.02° were assigned to the (111), (200), (220), (311), and (222) reflec-
tions of MgO phase, respectively [15]. The above comparison suggests the success-
ful attachment of MgO on GO and reduction of GO.

Figure 2 shows the TEM image, HRTEM image, and SAED pattern (from left to
right) of MgO/GO. In the TEM image, the angles and lines were either the edges
or the folding lines of the graphene sheets. The flaky dark areas in the TEM image
were the loaded MgO. The HRTEM image exhibited graphene edges and MgO
flakes more clearly. No clear atomic arrays were observed in the HRTEM, implying
that both the phases of graphene and MgO in MgO/GO may be poorly crystallized,
as supported by the diffraction rings in the SAED pattern.

Figure 3 shows the FTIR spectra of GO and MgO/GO. Peaks at 3427 cm™!
and 3415 cm~! in the two spectra were ascribed to the O—H stretching vibration
of the -COOH group [12]. In the FTIR spectrum of MgO/GO, the C=C peak
(1650 cm™") and C-OH peak (1401 cm™!) came from GO [13], while the Mg-OH
peak (1048 cm™!) came from MgO [22]. The appearance of C=C, C-OH, and
Mg-OH peaks confirmed the existence of both GO and MgO in MgO/GO. More-
over, the original peaks of GO encountered some changes after the fabrication
of MgO/GO: (1) The original peaks of C=0 (1740 cm™!), C-O-C (1242 cm™!),
and C-O (1079 cm™!) in GO did not appear in the spectrum of MgO/GO. Non-
appearance of these oxygen-containing groups in MgO/GO implied the reduction
of GO during MgO/GO fabrication, which coincided with the XRD results. (2)
The O-H (3427 cm™!) in MgO/GO blue-shifted as compared to O-H (3415 cm™)

Fig.1 XRD patterns of MgO,
GO, and MgO/GO

Intensity/CPS

20 40 60 80
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Fig.2 TEM images and SAED pattern of MgO/GO

Fig.3 FTIR spectra of GO, ‘ )
MgO/GO, MgO/GO-CR, and %00
CR
: —CR
—— MgO/GO-CR

— MgO/GO

3466¢0-H
C1583&ph
1498
3594C-N
122
118
9-OH4066\s0

Transmittance
I
1

635(C
1458
140C-OH

2
1052

3415
1650,
1048

1401

4000 3000 2000 1000
Wave number/cm”

in GO. This shift suggested that the MgO precursor interacted with the functional
groups of GO such as -COOH to form MgO in situ.

Figure 4a compares the XPS survey spectra of GO and MgO/GO. In the sur-
vey spectrum of MgO/GO, the Mgls peak at 1300-1308 eV further confirmed
the existence of Mg in MgO/GO. The inset under the green arrow shows the
high-resolution Mgls spectrum. Moreover, intensity ratios of Ols to Cls were
1.80, 0.97 for GO, MgO/GO, respectively, which indicated that graphene oxide
was partially reduced during MgO/GO fabrication. To gain more insights into
the reduction details, deconvolution was performed on the Cls peaks of GO and
MgO/GO to get the high-resolution spectra, which are presented in Fig. 4b and
c, respectively. A careful comparison revealed two differences between them: (1)
difference in peak position. Three sub-peaks C=0, C-0O, and C-C of GO were
at 287.20, 286.56, and 284.77 eV, respectively. As for MgO/GO, these peaks
were at 284.98, 284.14, and 283.67 eV, respectively. That is, the Cls peak red-
shifted. Generally, electron gain brings negative valence and decreased electron
binding energy (red shift) for an atom. On the contrary, electron loss brings posi-
tive valence and increased electron binding energy (blue shift) for an atom. GO
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Fig.4 a XPS survey spectra of
GO and MgO/GO (inset under
the cyan arrow: high-resolution
Mgls spectrum of MgO/GO),
b high-resolution C1s spectrum
of GO, ¢ high-resolution Cls
spectrum of MgO/GO. (Color
figure online)
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reduction removed oxygen atoms bonded to carbon atoms, as confirmed by XRD
and FTIR. Since oxygen is more electronegative than carbon, the removal of oxy-
gen atoms made the electron density of carbon atoms increase, leading to Cls red
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Table 1 Orbitals and binding energies of the elements in MgO/GO

Element C (0] Mg
Orbital Cls Ols Mgls
Binding energy/eV 284.77-287.20 528.32-534.78 1300.63-1306.69

Fig.5 TG-DTA curves of

MgO/GO {50

©
o

11.83% 6.02%

(@]
o

110

Weight/%

w
o

Temperature Difference/'C

200 400 600 800
TI'C

shift. (2) Difference in peak shape. The ratios of the sub-peaks C=0, C-O, and
C-C of GO were 26.06, 35.22, and 38.72%, respectively. As for MgO/GO, these
ratios were 25.93, 31.31, and 42.76%, respectively. Clearly, a noticeable decrease
in C-O ratio and increase in C—C ratio occurred. These have two implications:
(1) C-O-related functional groups such as —-COOH interacted with MgO precur-
sor during MgO/GO fabrication. (2) GO was reduced. These conclusions were
consistent with those drawn from XRD and FTIR. The electron orbitals and bind-
ing energies of the elements in MgO/GO confirmed by XPS analysis are listed in
Table 1.

Generally, for graphene-based materials, weight loss at 100-350 °C is ascribed
to the decomposition of the oxygen containing groups, while weight loss at ~ 350
°C is ascribed to the bulk pyrolysis of the carbon skeleton [23]. Figure 5 shows
the TG-DTA curves of MgO/GO, which comprised five distinct stages, as high-
lighted in different background colors. The first stage, T< 100 C, a slight weight
loss of 1.98% and negative DTA value were ascribed to the evaporation of the water
adsorbed on the sample surface. The second stage, 100 ‘C < T<350 C, weight loss
of 11.83% and negative DTA value meant the endothermic decomposition of the
labile oxygen-containing groups. The third stage, 350 ‘C < T<429 “C, weight loss of
6.02% may be ascribed to the decomposition of the more stable oxygen-containing
groups and pyrolysis of some carbon skeleton. The fourth stage, 429 C<T<583 C,
considerable weight loss of 68.41% and sharp DTA values meant the bulk pyrolysis
of the carbon skeleton, which is an exothermic process. The fifth stage, T~ 583 C,
DTA values were nearly zero, the weight percent went stabilized at 11.32%. The
above analyses led us to determine the mass percent of the functional groups and
MgO in MgO/GO as 17.85% and 11.32%, respectively.

Figure 6 compares the N, adsorption—desorption isotherms (a) and pore size
distribution (b) of MgO, GO, and MgO/GO. All the three samples demonstrated
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type V isotherm and type H3 hysteresis loop. These isotherm and hysteresis loop
types commonly appear in either flaky or layered materials [24], which was in
line with the layered graphene and flaky MgO exhibited in Fig. 2. The BET-spe-
cific surface area of MgO/GO was 172.70 m? g~!, which was higher than that of
either GO (163.35 m? g~!) or MgO (8.30 m? g™!). Besides, the average pore size
of MgO, GO, and MgO/GO was 3.9, 3.7, and 2.1 nm, indicating a mesoporous
feature.

pH,,. (point of zero charge) is the pH value under which the surface charge
of the colloidal particles comes to zero. When pH <pH,,., the dominant H* will
be massively adsorbed onto the surface of the colloidal particles to make zeta
potential positive. On the contrary, when pH ~ pH,,, the dominant OH™ will be
massively adsorbed onto the surface of the colloidal particles to make zeta poten-
tial negative. Figure 7 shows the zeta potential of MgO/GO decreased with the
increase in pH as expected and went to zero at the pH of 4, indicating that pH,
of MgO/GO was 4.

e

Fig.6 N, adsorption—desorp- 600
tion isotherms (a) and pore size
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Fig.7 Zeta potential of MgO/ 5
GO hydrosol at varying pH Q.
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Adsorption performance
Effect of pH

pH is a vital factor of adsorption. Figure 8 shows adsorption of CR decreased dra-
matically when pH was increasing in the range of 2—6. With the further increase
in pH, adsorption changed slightly. When pH <4 and ~ 4, MgO/GO has positive
and negative surface charges, respectively. Furthermore, CR is an anionic dye.
When pH < 4, the electrostatic attraction between positive MgO/GO and negative
CR was beneficial to adsorption. Thus, a high adsorption level was observed at
pH=2-3. As pH increased, the surface charge of MgO/GO decreased and went
to zero when pH=4. As a result, the electrostatic attraction between MgO/GO
and CR was weakened, until turned to repulsion when pH exceeded 4. Thus, a
remarkable decrease in adsorption was observed when pH increased from 2 to 6.
As pH=2 is a highly acidic thus corrosive condition, field application of MgO/
GO may be conducted under the pH of 3, a less acidic pH at which the adsorption
performance is still relatively high.

@ Springer



956 T. Guo, C. Bulin

Effect of contact time

Contact time is a critical parameter that associates with the adsorption efficiency.
Generally, adsorption rate is fast at the beginning and slows down with the lapse of
contact time. This phenomenon can be understood from the aspects of adsorbate and
adsorbent. (1) Adsorbate: At the beginning of adsorption, the adsorbate concentra-
tion, as well as the concentration gradient between the solution and adsorbent sur-
face, is high. High concentration gradient enables fast diffusion. With the proceed-
ing of adsorption, the concentration gradient decreases, leading to slowing down of
adsorption. (2) Adsorbent: At the beginning of adsorption, many vacant adsorption
sites on the adsorbent surface provide numerous collision opportunities for adsorb-
ates. With the proceeding of adsorption, many adsorption sites become occupied,
leading to the slow down of adsorption. Figure 9 exhibits the trends as expected.
The adsorption is equilibrated at 10 min; the equilibrium adsorption capacity of
MgO, GO, and MgO/GO was 124.92, 180.84, and 190.96 mg g™, respectively. The
composite MgO/GO outperforms either MgO or GO, suggesting that a synergistic
effect exists between them. The synergistic effect was originated from the interac-
tions between MgO and GO in an atomic level, as confirmed by XRD, FTIR, and
XPS analyses.

Effect of adsorbent dosage

Adsorbent dosage is a key parameter that determines the adsorption cost to a large
extent. Generally, adsorption percent increases, while adsorption quantity decreases
with the increase in adsorbent dosage. As adsorbent dosage increases, the adsorption
sites in per unit volume increase, and the collision opportunities of adsorbates with
adsorption sites increase accordingly, resulting in the increase in the adsorption per-
cent. However, two disadvantages cause the decrease in adsorption quantity. (1) As
adsorbent dosage increases, the dispersion is worsened, and some adsorption sites

100
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s86e 88008 |
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Fig. 9 Effect of contact time on the adsorption of CR by MgO, GO, and MgO/GO (inset: comparison of
the equilibrium adsorption capacity of MgO, GO, and MgO/GO)
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become unavailable. (2) As adsorbent dosage increases, the residue adsorbate con-
centration is consumed to a very low level. Figure 10 exhibits the changing trends of
adsorption parameters with adsorbent dosage as expected. MgO/GO adsorbed ~ 94%
of CR in solution.

Effect of adsorbate initial concentration

A good adaptability to the initial concentration of adsorbate is essential to a poten-
tial adsorbent. Generally, adsorption percent decreases, while adsorption quantity
increases with the increase in adsorbate initial concentration. On the one hand,
as adsorbate initial concentration increases, the concentration gradient of adsorb-
ates between the solution and adsorbent surface increases. The increasing con-
centration gradient facilitates adsorbates to diffuse toward adsorbent, resulting
in the increase in the adsorption quantity. On the other hand, as adsorbate initial
concentration increases, the collision probability between adsorbate and adsorbent
increases, making more and more adsorption sites become occupied to reach a satu-
rated state. As the adsorption sites are reaching saturation, the adsorption percent
decreases. Figure 11 exhibits the changing trends of adsorption parameters with
adsorbate initial concentration as predicted. MgO/GO maintained high adsorption
percent for CR solutions of initial concentration 150-700 mg L~!. Given the CR
initial concentration 700 mg L~!, the adsorption percent and quantity were 97.84%
and 684.85 mg L™, respectively, indicating an excellent adaptability of MgO/GO to
CR initial concentration.

Theoretical explanation of the effect of adsorbent dosage and adsorbate initial
concentration on adsorption parameters

To establish a solid foundation for effecting rules of adsorbent dosage and adsorbate
initial concentration on adsorption parameters, a theoretical explanation is given as
follows. The parameters D, C;, R;, Q; (i=0, e, t) that appeared here have the same
meanings as defined in Sect. 2.4.

From Egs. (1)—(3) in Sect. 2.4, we derive:

Fig. 10 Effect of MgO/GO dos-
age on the adsorption of CR o -9-R, ‘0-0
-Q- -Q 1300
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Fig. 11 Effect of CR initial 99.5
concentration on its adsorption o\o -Q-R ,Q
by MgO/GO N ° ° )
99.0 Q. o -0, 9 1600
) 9
~ (* ) =
* °>8’ 2
o985 9 9 14002
9 N =
o Q. o
g °
98.0 o \0 4200
td ~
9 9
200 400 600
C,/mgsL”
D-Q,
R. = ! 4
t CO ( )
CO ) Ri
Q= &)

From Egs. (4) and (5), we can derive four partial differentials as follows:
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oG,

OR _ 0,
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D

),= ) 9
=3 ©)

Equations (6) and (7) imply when adsorbate initial concentration is kept constant,
adsorption percent and adsorption quantity increase and decrease with the increase
in adsorbent dosage, respectively, as Fig. 10 displays.

Equations (8) and (9) imply when adsorbent dosage is kept constant, adsorption
percent and adsorption quantity decrease and increase with the increase in adsorbate
initial concentration, respectively, as Fig. 11 displays.

Effect of electrolyte

Various electrolytes commonly exist in the real wastewater, which may interfere
with the adsorption conducted on the target contaminant. The overall effect of
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electrolyte on adsorption is based on its effects on adsorbate, adsorbent, and the
adsorption media, the three elements of an adsorption system. (1) Effect on adsorb-
ate. ®Electrolytic ions compete for adsorption sites with ionic adsorbates (adverse
effect). @Electrolytic ions make aqueous adsorbates salt out (adverse effect). (2)
Effect on adsorbent. Electrolytic ions neutralize the surface charge of adsorbent,
bringing two consequences: @The dispersion of adsorbent is worsened (adverse
effect). @The electrostatic interaction of adsorbent with ionic adsorbates is weak-
ened (either adverse or beneficial effect). (3) Effect on adsorption media. The pres-
ence of electrolytic ions improves the electrical conductivity of the aqueous solution.
As a result, the diffusion of ionic adsorbates either toward or backward adsorbent is
facilitated (either adverse or beneficial effect).

In this work, we chose NaCl as an electrolyte representative for an investigation
of the environmental adaptability of MgO/GO from one aspect. Figure 12 shows
adsorption percent and adsorption quantity deceased slightly when NaCl concentra-
tion increased from 0 to 50 mmol L', providing two implications: (1) The decrease
in adsorption suggested that the adverse effects of NaCl on adsorption surpassed the
beneficial ones. (2) The minor effect of NaCl on adsorption implied that CR may
be closely attached onto MgO/GO surface via chemical interaction to form an inner
sphere complex with compact structure [25]. The strong interaction between MgO/
GO and CR made adsorption insensitive to electrolyte. However, more solid evi-
dence is needed to support this speculation.

Cyclic adsorption performance

The reusability of an adsorbent is associated with cost control and also conforms well
with the concept of circular economy. Yet, adsorbents suffer from performance decay
due to increasing cycles. The performance decay is due to both energy loss and mat-
ter loss happened in adsorption—desorption cycles. (1) Energy loss. Adsorption sites
of high affinity can hardly be released, making regeneration incomplete. (2) Matter
loss. Firstly, adsorbent particles of high hydrophilicity can hardly be separated, making
recovery incomplete. Secondly, the adsorbent may be transformed or even decomposed

Fig. 12 Effect of electrolyte on 96
the adsorption of CR by MgO/ O
GO 8:0\ _g_’;e {381
0\0 e
95} N
2 \St 3789
N 8\ o
x’ 8- £
94 ) 9 : g\g o
N 1375
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due to the change of the solution pH during adsorption—desorption cycles. Clearly, mat-
ter loss is associated with adsorbent stability to a higher extent than energy loss.

Figure 13 shows, after three and five consecutive cycles, the adsorption percent was
74.18% and 33.85%, exhibiting fair stability and reusability in three cycles. The change
of the solution pH during adsorption—desorption cycles (adsorption pH=2, desorption
pH=10) may impact MgO/GO stability in three levels: (1) Impact on MgO: Protona-
tion—deprotonation changes the surface charge and crystal structure of MgO. (2) Impact
on GO: Protonation—deprotonation changes the surface charge of GO, whereby changes
the dispersibility of MgO/GO in solution. (3) Impact on MgO-GO interaction: As the
FTIR analysis indicates, the MgO precursor interacted with the functional groups of
GO such as —COOH to form MgO in situ. Consequently, the protonation—deprotona-
tion cycles will definitely weaken the MgO-GO interaction, making the composite less
stable.

Adsorption isotherms

The Langmuir model describes a monolayer adsorption on homogeneous surface sites
with no interactions between adsorbed ions.

Qe = QmaxKLCe/(l + KLCe)

where Q,,,, (mg g~ 1) denotes the monolayer adsorption capacity, K . (L mg~!) is the
Langmuir adsorption constant relating to the adsorption heat. A separation or equi-
librium factor R, is defined as R;= 1/(1+ CyK;). When 0 <R, < 1 favorable adsorp-
tion is indicated, R;> 1 means unfavorable adsorption, R, = 0 means irreversible
adsorption, and R; = 1 means linear adsorption [26].

The equation for linearized form of Langmuir model is:

Ce/Qe = 1/(KLQmax) = Ce/Qmax

100

Cycles

Fig. 13 Cyclic adsorption performance of MgO/GO toward CR
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The Freundlich model is widely used to describe adsorption on heterogeneous
surface with varied adsorption heat.

Qe = KFC;/n

where K and n are the Freundlich constants related to the adsorption capacity and
adsorption intensity, respectively. The n parameter indicates whether the adsorption
is a chemical process (n < 1) or a physical process (n>1) [26].

The equation for linearized form of Freundlich model is:

InQ,=InK,=(1/n)InC,

The Temkin model assumes that the adsorption heat caused by chemical interac-
tions between adsorbent and adsorbate decreases linearly with coverage [27].

0, = (RT/A;)(nB; +1nC,)

where R (8.314 J mol™! K™') is the gas constant, T (K) is the absolute temperature,
A; (J mol™!) is a constant corresponding to the adsorption heat, B, (L g7') is the
equilibrium binding constant relating to the maximum binding energy.

The D-R model is used to identify the nature of an adsorption process via the
value of the mean free energy of adsorption E (KJ mol™!). The adsorption process
is identified as physical adsorption if E<8 kJ mol~! and chemical adsorption if
8<E<16kJ mol™' [28].

InQ, =nQ,, — B &=RTI[1+(1/C)] E=@p*

where Q.. is the theoretical maximum adsorption capacity, € is the Polanyi poten-
tial, # (mol® J=2) is a constant relating to E.

The fitting curves of the isotherm models are shown in Fig. 14; the fitting results
are listed in Table 2. Table 2 presents the Freundlich model yielded R* of 0.9993,
which was significantly higher than that of the other isotherm models. Moreover, the
Freundlich constant n=0.4853. The values of R? and n suggested that Freundlich
model was suitable for describing the adsorption in equilibrium state, and adsorp-
tion is a favorable process classified as chemical adsorption on heterogeneous sur-
face [26]. Herein, surface heterogeneity has three meanings: (1) heterogeneity at the
geometric level, surface roughness, (2) heterogeneity at the phase level. MgO/GO
consists of two different phases, MgO and GO, and (3) heterogeneity at energy level.
Different functional groups such as carboxyl, hydroxy, carbonyl, epoxy have differ-
ent affinities to adsorbate.

Adsorption kinetics

The pseudo-first-order (PFO) model assumes that the occupation rate of adsorption
sites is proportional to the number of unoccupied sites [29].

In(Q,—0,) =InQ, — k;t
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Fig. 14 Fitting curves of the adsorption of CR by MgO/GO based on different isotherm models a Lang-
muir; b Freundlich; ¢ Temkin; d D-R

where k, (min~") is the pseudo-first-order rate constant.

The pseudo-second-order (PSO) model assumes that the occupation rate of
adsorption sites is proportional to the square of unoccupied sites, and chemisorp-
tion is the rate-controlling step [29].

t/0, = [1/k, 0] = (t/0,)

where k, (g mg~! min~") is the pseudo-second-order rate constant.

The intra-particle diffusion model is based on the theory developed by Weber
and Morris [30]. If the fitting curve of Q, versus ¢ is linear, then intra-parti-
cle diffusion is involved in the adsorption process. Moreover, if the linear fitting
curve passes through the origin, then intra-particle diffusion is the only rate-con-
trolling step, if not, then not the only rate-limiting step.

0, = k> +C

where k;; (mg g~! min~%%) is the intra-particle diffusion rate constant, C (mg g~") is
a constant related to the thickness of the boundary layer.
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Table 2 Fitting and calculation results of CR adsorption by MgO/GO
Types Models Parameters R?
Isotherm Langmuir Qua/mg 7! K, /L mg~! Ry 0.9785
917.4312 0.1634 0.0240
Freundlich n K¢ 0.9993
0.4853 8.6249
Temkin A/J mol~! B/Lg™! 0.9779
6.2830 0.3701
D-R Qua/mg 7! E/J mol™! 0.9848
581.8659 339.5665
Kinetics Pseudo-first-order k,/min~! Q/mg g’ 0.9818
0.3995 1.8962
Pseudo-second-order k,/g (mg min)~! Q/mg g™’ 0.9999
0.6838 191.2046
Intra-particle diffusion K,y,/mg/(g min®) Cy/mgg!
2.1586 187.0893
K,4o/mg/(g min®) Cy/mg g7! 0.9425
0.7848 189.0768
K,43/mg/(g min®) Cymg g} 0.9659
0.1957 190.3555
Liquid film diffusion ' 0.9818
0.3995
Bangham o ko 0.9002
0.0037 0.0383
Thermo- Van'tHoff 7/K K® AH/KI mol™"  ASAJK™'mol™"  AG/kJ mol™
dynamics
278.15 31.2528 10.0395 64.7113 —7.9600
283.15 33.7470 —8.2835
288.15 36.3350 —8.6071
293.15  39.0201 —8.9306 0.9999
298.15 41.8363 —9.2542
303.15 44.7167 -9.5777
308.15 47.6998 -9.9013
313.15 50.7705 —10.2249

For the liquid film diffusion model, if the fitting curve of In[1 — (Q,/Q,] versus ¢
is linear and pass through the origin, then liquid film diffusion is the rate-controlling

step [31].

where kg, is the liquid film diffusion rate constant.

In[1 = (Q,/ Q)] = —kyt

The Bangham model suggests pore diffusion mechanism when the R? of the fit-
ting curve is higher than 0.99 [27].
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log{log[C,/Cy — Q, - m)]} = log(Kym/2.303V) + alog?

where m (g) is the mass of adsorbent, V (L) is the volume of the adsorbate solution,
ko and o are constants.

The fitting curves of the kinetic models are shown in Fig. 15; the fitting results
are listed in Table 2. The PSO model yielded R of 0.9999, which was remarkably
higher than that of the other kinetic models. Moreover, the adsorption capacity as
calculated by the PSO model was 191.20 mg g~!, which was in good agreement
with the experimental value 190.96 mg g~!. The high R* and the good agreement
of fitting result with the experimental value indicated the suitability of PSO model
in describing the adsorption in non-equilibrium state. Resultantly, the excellent
fitting of adsorption to the PSO model has two implications: (1) Adsorption was
mainly based on chemical interactions. (2) Chemical adsorption was the rate-con-
trolling step [29]. The fitting curve of the intra-particle diffusion model exhibited
three consecutive stages with declining rates (as highlighted in cyan, green, and yel-
low background colors in Fig. 15c). These three stages were film diffusion, pore
diffusion, and surface reaction [32]. As having the slowest rate, surface reaction was
the rate-controlling step, which coincided with PSO model. Furthermore, the liquid
film diffusion model and the Bangham model did not yield satisfactory R?, imply-
ing that neither liquid film diffusion nor pore diffusion was the rate-controlling step.
Evidently, the fast pore diffusion was owing to the thin morphology that enabled
short diffusion path. Since both film diffusion and pore diffusion were quite fast
(Fig. 15¢), the adsorption rate was controlled solely by surface reaction, resulting in
a fast overall kinetics (Fig. 9).

Adsorption thermodynamics

The thermodynamic functions were evaluated based on the Van’t Hoff equation:

Ink® = ZAG _ ZAH  AS
RT ~ RT ' R

where K® (L g_l) is the adsorption equilibrium constant, AG (KJ mol™!) is the
adsorption free energy change, AH (KJ mol™') is the adsorption enthalpy change,
AS (J K~' mol™") is the adsorption entropy change.

The fitting curve of the Van’t Hoff equation is shown in Fig. 16; the fitting results
are listed in Table 2. The thermodynamic functions were AG <0, AH ~ 0, and AS~
0, which indicated that adsorption was a spontaneous, endothermic, and randomness
increasing process [26, 33]. During adsorption, CR replaces the water molecules on
the MgO/GO surface, leading to the entropy increase in the water molecules and
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Fig. 15 Fitting curves of the adsorption of CR by MgO/GO based on different kinetic models a Pseudo-
first-order, b Pseudo-second-order, ¢ Intra-particle diffusion (The cyan, green, and yellow area indicate
film diffusion, pore diffusion, and surface reaction as the three consecutive stages in typical chemisorp-
tion, respectively). D Liquid film diffusion, e Bangham

entropy decrease of CR. Clearly, the former prevailed over the latter to make AS >
0 [34].

Besides, AG became more negative as the temperature increased. A more
negative AG means an improved thermodynamic spontaneity [26]. Increasing
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Fig. 16 a Equilibrium curves
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temperature enhances the ionization of the functional groups to form more
adsorption sites, resulting in the improvement of the adsorption spontaneity.

Interaction mechanism

The FTIR and UV-Vis spectra of the sample before (MgO/GO) and after (MgO/
GO-CR) adsorption were compared to shed light on the interaction mechanism.
Figure 3 shows, in the FTIR spectrum of MgO/GO-CR, the peak at 1458 cm™!
was ascribed to the vibration of benzene ring [35]. The appearance of benzene
peak confirmed the adsorption of CR onto MgO/GO. Peaks of MgO/GO and
CR suffered from several changes due to adsorption as follows. (1) O—H peak of
MgO/GO. Change of peak position: blue shifted, change of peak intensity: weak-
ened. Generally, formation of hydrogen bond leads to the decrease in the electron
density, thus making FTIR peak red shift. As Fig. 8 reveals, electrostatic attrac-
tion exists between MgO/GO and CR when pH =2, the optimized pH under which
the batch adsorptions were conducted. Yet, O-H peak blue shifted, which implied
that O—H was involved in CR adsorption via electrostatic attraction, rather than
hydrogen bond. (2) C—OH peak of MgO/GO. Peak intensity was weakened. (3)
C=C peak of MgO/GO. Change of peak position: red shifted, change of peak
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intensity: strengthened. These changes implied that MgO/GO and CR acted upon
each other via face-to-face n—r interaction rather than edge-to-face one to form a
bigger conjugated system. (4) Mg—OH peak of MgO/GO. Both the peak position
and intensity changed slightly after adsorption, which implied that MgO may par-
ticipate in CR adsorption via weak van der Waals force. (5) Benzene peaks of CR.
Two benzene peaks at 1498 cm™! and 1583 cm™' became one peak at 1458 cm™!
due to adsorption. This implied n—r interaction between MgO/GO and CR.

For the UV-Vis spectra of aromatic compounds, ®— n* and n— n* peaks
come from the transition of m electrons and lone pair electrons to anti-bonding
orbital ©*, respectively. So, t— n* and n— n* peaks are the signals of nonpo-
lar conjugate carbon atoms and polar functional groups, respectively. Generally,
polarity increase causes ®— nn* red shift and n— n* blue shift. On the contrary,
polarity decrease causes t— n* blue shift and n — n* red shift. Figure 17 shows
the 1 —n* and n— n* peaks of MgO/GO red shifted and blue shifted, respec-
tively, and peaks intensity weakened significantly after CR adsorption. These
changes can be understood as follows: (1) The formation of inner sphere com-
plexes via chemical interaction between MgO/GO and CR (as speculated from
Fig. 12) led to the polarity increase in MgO/GO, as CR is an ionic dye having
high polarity. (2) The change of n — n* peak indicated n—xn interaction between
MgO/GO and CR, which was consistent with FTIR analysis. (3) The change of
n— n* peak indicated electrostatic interaction between MgO/GO and CR, which
also coincided with FTIR analysis.

The above analyses led us to draw a conclusion on the adsorption mecha-
nism: Both GO and MgO participated in CR adsorption. GO adsorbed CR via
electrostatic attraction and face-to-face n—r interaction. MgO adsorbed CR via
weak van der Waals force. This conclusion was in well accordance with those
derived from the batch adsorptions, adsorption isotherms, and adsorption kinet-
ics. The proposed interaction mechanism between MgO/GO and CR is illustrated
in Scheme 2.

Fig. 17 UV-Vis spectra of
MgO/GO and MgO/GO-CR
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Performance evaluation

The adsorption performance of MgO/GO was evaluated by comparing with other
adsorbents in initial concentration (C,), dosage (D), equilibrium time (¢,), and
adsorption capacity (Q,,c), Which are exhibited in Table 3. Clearly, MgO/GO has
shorter equilibrium time and fair adsorption capacity. Therefore, MgO/GO is supe-
rior in adsorption efficiency.

Conclusion

MgO/GO was prepared and used to remove aqueous CR. The adsorption of CR (ini-
tial concentration 700 mg L™!) onto MgO/GO (dosage 1000 mg L") equilibrated in
10 min, adsorption percent and adsorption quantity were 97.84% and 684.85 mg g~!,
respectively. Meanwhile, the adsorption adapted well to the fluctuations of environ-
mental factors including dye concentration and coexisting electrolyte. The adsorp-
tion fits well with the PSO model and Freundlich model; chemical adsorption was
the rate-controlling step. As for interaction mechanism, GO component adsorbed
CR via electrostatic attraction and face-to-face n—r interaction, while MgO compo-
nent adsorbed CR via weak van der Waals force. The advantages of facile prepara-
tion, high adsorption efficiency, and good environmental adaptability may enable
MgO/GO to be a promising adsorbent for aqueous dyes.

Na™
SOy
NH, e )
CR
T
™
SO_;-
Na™
®carbon
@oxygen MgO/GO
®MgO

— electrostatic attraction
— van der Waals force

T-T Interaction

Scheme 2 Proposed interaction mechanism between MgO/GO and CR
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