@ Springer

A novel adsorbent of three-dimensional ordered macro/mesoporous
carbon for removal of malachite green dye
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Abstract: Three-dimensional ordered macro/mesoporous carbon (3DOM/m-C) with high specific surface area was
synthesized by colloid crystal template method with chemical activation by KOH and used as the adsorbent for
removing malachite green (MG) in aqueous solution. The microstructures of the adsorbents were characterized by
FESEM, TEM and BET, and the effects of initial dye concentration, contact time, solution pH, and temperature on
adsorption performance were investigated. The results show that the 3DOM/m-C exhibits extremely high adsorption
capacity of 3541.1 mg/g within 2 h, which could be attributed to the novel ordered hierarchical structure with
mesopores on three-dimensional ordered macroporous carbon walls. And the adsorption behavior conforms to the
pseudo-second-order kinetic and Langmuir adsorption isotherm. 3DOM/m-C can be recycled after being desorbed by
absolute ethanol, and still maintains a high capacity of 2762.06 mg/g after 5 cycles.
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aberration, respiratory disease, reproductive system
abnormalities and other adverse conditions.
However, MG is difficult to be degraded under

1 Introduction

Nowadays, the application of dyes in industry
becomes more and more extensive. It was reported
that 10° kinds of commercial dyes have been used
in the world, and the annual output of dyes is over
7x10° t. However, amount of dye residue in
industrial waste water causes severe environment
pollution [1—4]. Malachite green (MG) is a
common synthetic dye, which belongs to the
triphenylmethane dyes, and it is widely used in the
textile industry and agriculture and fishery as
fungicide. MG is harmful to aquatic organisms and
environment, and it affects human health by cancer,

natural conditions. Therefore, it is becoming a
crucial issue to remove MG from industrial waste
water [5—8].

For removing dyes, researchers have
developed several methods including oxidation,
ozonation, electrochemistry, photocatalysis,
filtration, flocculation, microbial degradation and
etc [9—15]. Adsorption is a facile and effective
method for waste water treatment with the
advantages of simple operation, low cost, short time
and high removal rate [16, 17]. Activated carbon
with large pore volume is a good absorbent for
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adsorbing dyes. Nevertheless, some dyes with high
molecular weight often are clogged in the
microporous structure during adsorption process,
resulting in the decrease of the adsorption
efficiency and hindering the development of
activated carbon as adsorbents [18, 19].
Mesoporous carbon with open and mesoporous
structure has the potential for solving these
problems; compared with activated carbon, it not
only has higher transmission efficiency, but also has
much higher adsorption capacity. FUENTES-
QUEZADA et al [20] synthesized hard carbon
powders with hierarchical mesoporous structure
that it possessed the maximum adsorption capacity
of 431 mg/g for methylene blue. TIAN et al [21]
synthesized ordered mesoporous carbon with high
specific surface area and pore volume, of which the
maximum adsorption capacity for malachite green
was 3545 mg/g. LIU et al [22] prepared
mesoporous carbon CMK-5 with ordered structure
of which maximum adsorption capacity values for
acid red and active black were 731.61 mmol/g and
50.95 mmol/g respectively.

Three-dimensional ~ ordered = macroporous
(3DOM) structure possesses abundant connected
pores and high specific surface area, which
facilitates the mass transmission and storage.
3DOM material can be easily prepared by colloid
crystal template, and the pore size can range from
mesopores to macropores by choosing the size of
template. They are widely used in filtration [23],
lithium battery materials [24—30], supercapacitors
[31, 32], photocatalytic materials [33—35] and etc
[36, 37]. In recently, hierarchical structure has
attracted the most attention for adsorbents, due to
the combination of different adjustable pore sizes. It
was believed that hierarchical structure is helpful to
improve molecule transport and prevent pore-
clogging even provide a synergetic effect [20].
Therefore, it will be an excellent strategy to
combine 3DOM with hierarchical structure for
adsorption.

In this work, a novel three-dimensional
ordered macro/mesopores carbon (3DOM/m-C)
adsorbent was presented; the
hierarchical macro/mesopores structure benefits to
the transport and adsorption of dye molecules,
resulting in high adsorption capacity. The
comparison of the two adsorbents of 3DOM/m-C
and 3DOM-C for MG removal was studied, and the

ordered and

effects of initial dye concentration, contact time,
solution pH, and temperature on adsorption
properties were investigated. Moreover, adsorption
kinetics and thermodynamic curves were used to
reveal the adsorption mechanism. The results
obtained in this study are valuable for the new
strategies of designing effective porous adsorbent
for dyes.

2 Experimental

2.1 Materials

Methyl methacrylate (MMA, 99%), phenol
(99%), 2,2-azobisisobutylamidine dihydrochloride
(AIBA), anhydrous ethanol, resorcinol (99%),
sodium carbonate (99%), tetracthylorthosilicate
(TEOS, 99%), sodium hydroxide (99%), potassium
hydroxide (99%), hydrochloric acid (37 wt %), and
malachite green oxalate (CosH27N2Os, My
463.5 g/mol) were purchased from Aladdin and
without further purification before use. The L-lysine
(98 wt%) was purchased from Sigma-Aldrich.
Deionized water resistance was greater than
18 MQ-cm.

2.2 Material preparation

A schematic diagram of the preparation
process to fabricate 3DOM-C and 3DOM/m-C is
shown in Figure 1. Firstly, monodisperse
polymethyl methacrylate (PMMA) microspheres
were prepared by a typical soap-free emulsion
polymerization method [24]. Briefly, 66 g MMA
monomer and 266 mL deionized water were
uniformly mixed in a three-neck flask. Then, 0.25 g
AIBA was added to the above solution at 75 °C.
Monodisperse PMMA  microspheres with a
diameter of about 450 nm were obtained after 2 h
with vigorous strring at 75 °C. The self-assembled
microsphere  templates were fabricated by
evaporation at a designated temperature.

Poly-(resorcinol-fomaldehyde) (RF) was used
as carbon precursor [32]. Typically, 3.3 g resorcinol
and 0.06 g sodium carbonate were dissolved in
4.5 mL formaldehyde solution with strring for
20 min. Porous carbon was synthesized by
infiltrating RF precursor into PMMA templates
until the templates were transparent, which means
that the templates were completely impregnated.
Then the template was aged at 85 °C for 24 h. The
carbonization of aged composites was performed at
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Self-assembly

3DOM/m-C
Figure 1 Synthetic illustration of 3DOM-C and 3DOM/m-C

900 °C for 4 h with a heating rate of 5 °C/min and
the samples were denoted as 3DOM-C. 3DOM-C
was activated by KOH with the weight ratio of
KOH to sample about 4:1, at 800 °C for 1.5 h with
a heating rate of 5 °C/min under N, atmosphere.
The obtained samples were wished with 1 mol/L
HCI solution and deionized water to remove
remaining KOH and it was denoted as 3DOM/m-C.

2.3 Characterization

The morphology of the adsorbents was
observed with a field emission electron microscope
(Hitachi S-4700, Hitachi, Japan, FESEM) at 10 kV,
and transmission electron microscope (Tecnai G2
F30 S-Twin) at an accelerating voltage of 300 kV.
N> adsorption/desorption isotherms of samples were
tested at 77 K using a micromeritics ASAP 2020
analyzer. The samples were outgassed at 473 K for
5 h before measurement. The specific surface area
of samples was calculated by the Brunauer—
Emmett—Teller (BET) equation; total pore volumes
and the pore size distribution were calculated by the
Barrett-Joyner-Halenda (BJH) method. Dye
concentrations before and after adsorption were
characterized by a UV-vis-near-IR scanning
spectrophotometer (model UV-1800, Japan) at
wavelength of 617 nm. A thermogravimetric
analyzer (Netzsch STA449C) was used to determine

Infiltration

-

Activation

-

the weight loss in a N, atmosphere at a heating of
5 °C/min.

2.4 Batch adsorption experiments

MG solution with a concentration of
1000 mg/g was accurately prepared in a 500 mL
flask, and then different concentrations of MG
solution in the adsorption experiment were obtained
by diluting it. All adsorption experiments were
carried out in a 250 mL Erlenmeyer flask and
maintained at 120 r/min in a designated temperature
water bath. Typically, 5 mg of the adsorbent was
added to 100 mL of 10—400 mg/L MG solution with
stirring at a designated temperature for 12 h. Then
the adsorbent and solution were separated by
centrifugation. The concentration of MG in the
solution before and after adsorption was
determined under a UV-vis-near-IR scanning
spectrophotometer at wavelength of 617 nm. The
adsorption amount of MG onto the as-prepared
adsorbents was calculated according to the
following equation:
q, = G =)<V (1)

m

where Cp is the initial concentration of MG (mg/L);
C; is the concentration of MG at contact time ¢
(mg/L); V is the volume of solution (L); m is the
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mass of the adsorbents (g). The removal rate of
adsorbent in MG solution can be calculated by the
following equation:

c, - C

R = © % 100% ()

0
where R is the removal rate of MG from solution;
Cy is the initial concentration of MG (mg/L); C. is
the equilibrium concentration of MG solution
(mg/L).

In order to investigate the pHpzc of
3DOM/m-C, the experiments were carried out at
different pH ranging from 2 to 10 by adjusting with
0.1 mol/L HCI solution and 0.1 mol/L NaOH
solution. 0.1 g 3DOM/m-C was added to 50 mL of
NaCl solution at different pH and the final pH was
detected after magnetic stirring for 24 h.

In order to study the effects of contact time
and initial concentration of solution on MG removal,
the adsorption capacity at different conditions was
recorded. And pH was adjusted with 0.1 mol/L HCI
and 0.1 mol/L NaOH solutions. The experiment
temperature ranged from 20 to 60 °C.

2.5 Regeneration of adsorbents

The 3DOM/m-C (0.1 g) was mixed with 1 L of
400 mg/L MG solution for 24 h to reach
equilibrium, and then the saturated 3DOM/m-C was
collected and dried at 60 °C for 24 h. The adsorbed
saturated 3DOM/m-C was washed with absolute
ethanol. Then, 3DOM/m-C was collected after
washing with absolute ethanol for 2 h until the
ethanol become colorless. The adsorption—
desorption process was repeated five times.

3 Results and discussion

3.1 Adsorbent characterization

Figure 2 shows the thermogravimetric analysis
results of the RF@PMMA wunder nitrogen
atmosphere. The RF@PMMA showed a slight
weight loss in 100—300 °C which is ascribed to
evaporation of low molecular-weight molecules
such as free resorcinol, formaldehyde and water
[36]. The mass loss occurring in 350—450 °C is
attributed to breaking of C—O and C—H bonds in
the RF network as well as the degradation of
PMMA. The little weight loss occurred in
500-950 °C, indicating that only structural changes
took place [37]. Therefore, RF@PMMA can be
carbonized completely at 900 °C for 4 h.
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Figure 2 Thermogravimetric analysis of RFE@PMMA

The as-prepared PMMA microspheres have
uniform size about 500 nm, as shown in Figure 3(a).
After self-assembly of evaporation, these
microspheres were arranged orderly to form a solid
3D template (Figure 3(b)). Figures 3(c) and (d)
exhibit the SEM and TEM images of 3DOM-C, in
which the homogeneous macropores and
interconnected  uniform  windows  distribute
uniformly in the 3D skeleton structure, which are
crucial channels for transmission of substances in
the sorbents. The skeleton structure of 3DOM-C,
which duplicated the ordered structure of colloidal
crystal template, reveals obvious shrinkage
compared with the original microspheres of
templates due to the contraction during calcination.
Such a phenomenon has been reported for 3DOM
materials [34, 38—40]. In addition, the high-
magnification TEM image indicates relatively
smooth structure for macroporous carbon wall of
3DOM-C (Figure 3(d)). The skeleton structure of
3DOM/m-C became rough after activation,
compared with 3DOM-C, as shown in Figures 3(e)
and (f). It is obvious that the 3DOM carbon wall
was severely etched to form numerous mesopores,
which is beneficial for adsorption of MG dye.
Besides, mesopores with the size of about 9 nm can
be observed on the macroporous wall as the circles
in the insert.

The nitrogen adsorption—desorption isotherms
and pore size distribution curves of the porous
carbon adsorbents are shown in Figure 4. It can be
seen that the two samples exhibit a type II curve
with Hs hysteresis loops in the relative pressure
range of 0.8—1.0 as well as a small H, type
hysteresis loop in the relative pressure range of
0.2—0.8. The N, adsorption amounts of 3DOM-C
and 3DOM/m-C increased rapidly at low relative
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Figure 3 SEM images of prepared PMMA microspheres (a), colloidal crystal template of PMMA microspheres (b),
3DOM-C (c¢) and 3DOM/m-C (e), TEM images of 3DOM-C (d) and 3DOM/m-C (f)
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Figure 4 Nitrogen adsorption—desorption isotherms and pore size
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gradually with a small H, type hysteresis loop
attributed to capillary condensation step in the P/P,
range of 0.2—0.8, indicating the presence of
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mesopores of a variety of sizes in the adsorbent [42].

A H; hysteresis loop without any plateau at
P/Py=1.0 accompanying with marked increase of N
adsorption at a P/Py above 0.8 was related to the
existence of macopores [38]. The pore size
distributions also confirmed the existence of
abundant mesopores. And the sharp peak is about
9 nm in the inset of Figure 4(b), implying the
mesopores generated from activation of KOH,
which was consistent with TEM results. Therefore,
there are the numerous mesopores on the walls of
macropores of 3DOM/m-C, leading to the ultra-
high specific surface area of 1414.5 m%g and high
pore capacity of 0.717 cm?/g.

3.2 MG adsorption
3.2.1 Effects of contact time and initial
concentration
The removal effects of the two adsorbents on
MG at different contact times and initial

concentrations were investigated. In Figure 5(a), the
trends of the two curves are very similar; the
amount of adsorption increases rapidly at the early
stage and then it becomes slower and finally
equilibrium. It could be due to sufficient binding
sites on the surface of the adsorbent at the initial
stage of adsorption, which increased chances of
contact between MG molecules and active sites. In
addition, the high MG concentration can provide
high driving force. With the proceeding of
adsorption process, the active sites on the surface
are occupied, and the MG concentration is
decreased, resulting in the slow change of the
adsorption capacity and eventually reaching
equilibrium [43—45]. It can be observed that
3DOM/m-C exhibits the high adsorption capacity
(2927.28 mg/g) and removal efficiency (97.58%) at
the same initial concentration of MG, far exceeding
3DOM-C. It means that hierarchical structure with
mesopores on macroporous walls by activation
makes a significant contribution to the adsorption of
MG. MG molecules can be transported quickly and
efficiently in macropores and then adsorbed in
mesopores on the carbon walls, resulting in the high
and efficiently adsorption for MG dyes. Therefore,
it can be inferred that the adsorption mechanism of
MG on 3DOM/m-C is mesopores-filling. In
Figure 5(b), the adsorption capacity of 3DOM/m-C
increases from 987.0 mg/g to 3541.1 mg/g, and the
removal rate of MG decreases from 98.7% to
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Figure 5 Influence of contact time on adsorption
capacity of two adsorbents in MG solution with initial
concentration of 150 mg/L (a), adsorption capacity of
3DOM/m-C in MG solution with different initial
concentration (50—200 mg/L) (b), removal rates of MG
by 3DOM/m-C and 3DOM/m-C with different initial
concentration (50—200 mg/L)(c)

86.6% (Figure 5(c)). The high initial concentration
provides a higher driving force to enhance mass
transfer, and the sufficient contact of MG with
active site leads to the improvement of adsorption.
With the increase of MG concentration, the limited
adsorption sites are not enough to accommodate the
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rest MG molecules, which is the main reason for
the decrease of removal rate. At low-concentration,
there are excessive adsorption sites on the surface
of adsorbent, which will accelerate the interaction
with MG for decreasing the time of equilibrium.
3.2.2 Effects of pH

The point of zero charge (pHpzc) of the
adsorbent is an important factor for adsorption. The
initial pH of the solution affects MG dye adsorption
significantly by affecting the surface charge of the
adsorbent and the protonation of MG. The surface
charge of adsorbent is positive at pH<pHpzc, and it
is negative at pH>pHpzc. MG is a cationic dye and
it is beneficial to adsorption when the surface
charge of adsorbent is negative. Figure 6(a) shows
pHpzc experimental data for 3DOM/m-C and the
pHezc is 5.9. Figure 6(b) shows the adsorption of
MG by 3DOM/m-C at different initial pH.
3DOM/m-C exhibits poor adsorption performance
when the initial pH is below 4. There are a large
number of protons in solution at low pH. Protons
and MG competed for active sites on the adsorbent,
resulting in the decrease of adsorption performance.
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Figure 6 pHpzc experimental data for 3DOM/m-C (a)
and adsorption of MG by 3DOM/m-C at different initial

pH (b)
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At same time, the surface charge of 3DOM/m-C is
positive at pH below 5.9, which is harmful to
adsorption of MG. When the pH increased from 4
to 7, the surface charge of 3DOM/m-C gradually
changed from positive to negative and the protons
reduced gradually. This leads to the increase of
adsorption capacity. When the pH is above 7,
although the negative surface change is beneficial
to adsorption, the adsorption capacity slightly
decreases due to the combination of MG and —OH,
which is similar to the results of ESRA et al [46].
Therefore, the adsorption amount can reach the
maximum at pH=7. By studying the effect of pH on
adsorption, it can be inferred that the electrostatic
attraction is one of the adsorption mechanisms of
3DOM/m-C for MG.
3.2.3 Effect of adsorption temperature

Temperature is also an important factor for
MG adsorption. The curves of the adsorption
capacity of 3DOM/m-C to MG at different
temperatures are shown in Figure 7. It is obvious
that the amount of MG adsorption increases with
the temperature raising from 20 to 60 °C. At high
temperatures, the MG molecules in the solution are
more active, increasing the chance of contact with
the active site greatly. Moreover, MG molecules are
easier to pass through the grain boundary layer and
internal pores at high temperature. In addition, the
adsorption reaction is an endothermic process,
which is more favorable for adsorption at high
temperature.

3800 /-
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=
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Figure 7 Adsorption of MG by 3DOM/m-C at different
temperatures

3.3 Adsorption Kinetics

The adsorption process can be described by
adsorption kinetics to reveal the possible adsorption
mechanism by using pseudo-first-order kinetic
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models and pseudo-second-order kinetic models
[47, 48]. The pseudo-first-order kinetic model can
be expressed by the following equation:

le(q, - g,)leg, - = 3
Se 74078 75 303

where g. and ¢; (mg/L) are the adsorption capacity
at equilibrium and the adsorption capacity at time ¢,
respectively; ki (min™') is the pseudo-first-order

kinetic  adsorption constant. The pseudo-
second-order kinetic model is expressed as:
1
L + L 4)

4 kg 4

where k» (g'mg '-min") is the pseudo-second-order
rate constant. The initial adsorption rate V; at =0
can be calculated from Eq. (5).

V, = kzqz (5)

The linear fit results for the kinetic models of
the two adsorbents are shown in Figure 8 and
Table 1. It can be observed that the calculated value
of g. does not match the experimental data, and the
value of R? is also lower, which indicates that the
adsorption does not conform to the pseudo-first-
order kinetics. However, the pseudo-second-order
kinetic model is proper; the g. is close to the
experimental value and R’ is high. The initial
adsorption of 3DOM/m-C is higher than that of
3DOM-C, which is main attributed to the higher
BET surface and more active sites. MG can be
quickly transferred to the surface of the adsorbent
due to the presence of macoporous structures, and
the number of binding sites ascribed to mesopores
on carbon walls determines the speed of adsorption.
It indicates the mesopores on macroporous walls

3.5
@) » 3DOM-C

3.0r ¢ 3DOM/m-C

1g[(ge—gy)/(mg-g™M)]
- o
(9] (e} [

=
.
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(%]
T

L ]
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Time/min

after KOH activation promoting the adsorption of
MG. The linear fit results of the kinetic model of
3DOM/m-C in different initial concentrations of
MG solution are shown in Table 2. Similarly,
3DOM/m-C conforms to the pseudo-second-order
kinetic model at various concentrations of MG.
From Table 2, it is found that the V} increases from
183.15 mg/(g-min) to 444.44 mg/(g-min) when MG
concentration increases from 50 mg/L to 200 mg/L.
It illustrates that the high concentration of MG
provides a higher driving force [49].

In order to explain the adsorption mechanism
of MG, the kinetic data were further analyzed by
Weber-Morris diffusion model [50]. The model
equation is as follows:

q, = k"> + C (6)

where kg (mg-g ''min""?) is the internal diffusion
rate constant and C is a constant related to the
boundary thickness. If intra-particle diffusion is the
only control step, the curve passes through the
origin; if it does not pass through the origin, the
adsorption is controlled by the other adsorption
stages [S51]. In Figure 9, there are three-segment
linear regions without pass through the origin for
the two adsorbents. It indicates that there are
several possible models in the adsorption process.
At the initial stage, the MG molecules diffuse onto
the outer surface of the adsorbent at high speed. The
second stage could be attributed to the slow
adsorption of MG molecules that diffuse into the
interior of the particles and the extremely low dye
concentration residual in the solution. And the third
is the equilibrium stage of the MG on the adsorbent
[52, 53].

0.30t® . 3pom-c
¢ 3DOM/m-C

0.25¢
'en L
g 0.20
0
= 015}
E
= 0.10+
S
—~ 0.051 M

O ki
0 40 80 120 160 200
Time/min

Figure 8 Linear fitting of pseudo-first-order kinetic models of 3DOM-C and 3DOM/m-C (a) and pseudo-second-order

kinetic models of 3DOM-C and 3DOM/m-C (b)
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Table 1 Pseudo-first-order dynamics model and pseudo-second-order dynamic model fitting parameters of 3DOM-C
and 3DOM/m-C in MG solution at initial concentration of 150 mg/L

Pseudo-first-order kinetic model

Pseudo-second-order kinetic model

Sample ge/(mg-g™) : - -
ki/min™!  ger/(mg-g™) R? k/(g'mg''min™!)  ge2/(mg-g") R? Vo/(mg-g '*min")
3DOM-C 628.16 0.02506 258.39 0.8963 2.11x107* 653.59 0.9996 90.25
3DOM/m-C 2921.69 0.03118 1408.45 0.9520 3.47x107° 3051.85 0.9998 434.78

Table 2 Pseudo-first-order kinetic model and pseudo-second-order kinetic model fitting parameters of 3DOM/m-C in

MG solution at different initial concentrations (50—200 mg/L)

Pseudo-first-order kinetic model

Pseudo-second-order kinetic model

Co/(mg-L™") go/(mg-g™)

ki/min”! ge1/(mg-g ™) R? ko/(g'mg 'min")  ge2/(mg-g") R? Vo/(mg g '*min™")
50 987.01 0.03844 342.89 0.8334 1.829x107* 1000.77 0.9993 183.15
100 1958.33 0.03673 682.75 0.8493 9.002x1073 2032.19 0.9995 371.75
150 2930.10 0.03118 1408.45 0.9520 4.668x1073 3051.85 0.9998 434.78
200 3541.1 0.03130 1988.29 0.9746 3.223x107° 3713.36 0.9999 444 .44
2000 4000 [ . b
2500 = 3DOM-C
¢ 3DOM/m-C 3000
2> 2000 + z
) e0
36 N
\\E/ 1500 & \é@ 2000
= =
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05/minl?2 C/(mg-L™")

Figure 9 Intra-particle diffusion model of 3DOM-C and
3DOM/m-C

3.4 Adsorption isotherm

The adsorption isotherm describes the
distribution of the adsorbate in the liquid phase and
the solid phase at a certain temperature in
equilibrium. The adsorption isotherms of the two
adsorbents are shown in Figure 10. The Langmuir
isotherm model assumes that the adsorption process
is a uniform single-layer adsorption [54]. The
model equation can be expressed as:

¢ _ 1 .G -

qe qm kL qm

where ¢. (mg/g) is the equilibrium concentration of
the solid phase adsorbate; C. (mg/L) is the
concentration of the adsorbate in the liquid phase at
equilibrium; k. (L/mg) is the equilibrium adsorption
constant; ¢m (mg/g) is the maximum adsorption
amount of the solid phase after complete monolayer

Figure 10 Adsorption isotherms of 3DOM-C and
3DOM/m-C

adsorption.
Another important adsorption parameter Ry
can be calculated by the following formula [55]:

1

R = —— 8
L 1+ kC, ®)

where ki is the Langmuir equilibrium adsorption
constant; Co is the initial solubility of the adsorbate
solution; Ry is the dimensionless parameter. When
Ri>1, it indicates that adsorption is not favorable.
When 0<R; <1, it indicates that the adsorption is
favorable. When R =0, it means that the adsorption
is irreversible.

The Freundlich adsorption isotherm describes
the multi-layer adsorption of a non-homogeneous
phase surface [56], which can be expressed as:

Ing, = ! InC, +Ink; )
n
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where kr (mg/g) and n are adsorption capacity and
strength, respectively. The experimental data fitting
results of the two models are shown in Figure 11
and Table 3. According to the value of R* the
Langmuir model is more suitable than the
to describe the isotherm
adsorption lines of the two adsorbents, and the
theoretical capacity of the two
adsorbents calculated by the Langmuir model is
close to the experimental data. It indicates that the

Freundlich model

maximum

adsorption of MG on the adsorbent is uniform
single layer adsorption [54]. In addition, the Ry of
the two adsorbents proved to be advantageous for
adsorption. The adsorbents prepared in this paper,
especially 3DOM/m-C, have an ultra-high MG
adsorption capacity, far exceeding the adsorbents
reported in other related literatures [44, 57—65].
This is due to the excellent hierarchical macro/
mesoporous  structure of 3DOM/m-C. The
macroporous carbon wall is used as a skeleton to
promote the rapid diffusion of MG to the surface of
3DOM/m-C, and the hierarchical structure with
abundant mesopores on the carbon wall by KOH
activation enables higher specific surface area and
larger pore volume, resulting in the ultra-high MG
adsorption. The adsorption of MG by 3DOM/m-C
and other adsorbents reported is summarized in
Table 4. It is clear that the prepared 3DOM/m-C
adsorbent is a promising adsorbent.

(@) X

= 3DOM-C
¢ 3DOM/m-C

-1 0 1 2 3 4 5 6
In[Ce/(mg-L™h)]

(Ce/qe)/(g'l—'_l)

3.5 Thermodynamic parameters for MG
removal by adsorbents
The thermodynamic parameters, including the
enthalpy (AH), entropy (AS), and Gibbs free energy)
(AG) are studied for evaluating the effects of
temperature. The calculating equation is as follows:

AS AH

Ink, = =2 - =~ 10

M T T TRy (10)

AG=—RTnk. (11)
q

ko = =< 12

L= ¢ (12)

€

where ki(L/mg) is the Langmuir constant; AS
(J-K™"mol ") and AH (kJ/mol) represent the change
of entropy and enthalpy in the adsorption process,
respectively; AG (kJ/mol) represents the change of
Gibbs free energy; g. is the equilibrium capacity of
adsorbent; C. is the equilibrium concentration of the
solution; R is the general gas constant (8.314
J-K™'-mol™); T is the absolute temperature.

The calculated results are listed in Table 5. In
general, the variation of free energy of physical
adsorption (0—20 kJ/mol) is smaller than that of
chemisorption (80—400 kJ/mol) [16, 66]. It can be
seen that AG is negative at all temperature
(20—60 °C), indicating that the adsorption of the
adsorbents is spontaneous and is physical
adsorption process. With the increase of
temperature, the value of AG also becomes more

(b)
02F = 3DOM-C
* 3DOM/m-C
0.1t
0 -
0 50 100 150 200

In[Ce/(mg-L7)]

Figure 11 Linear fitting of Freundlich model (a) and linear fit of Langmuir model (b)

Table 3 Langmuir model and Freundlich model fitting parameters for 3DOM-C and 3DOM/m-C

Langmuir model

Freundlich model

Sample
gm/(mg-g™") ki/(L-mg™1) RL R? n ke/(L-mg™") R?
3DOM-C 636.94 0.377 0.007-0.21 0.9988 4.830 262.43 0.9072
3DOM/m-C 3981.19 0.350 0.007-0.22 0.9994 5.009 1556.20 0.7662
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Table 4 Comparison of maximum adsorption capacity of various adsorbents for MG

Adsorbent gm/(mg-g™") Reference

3DOM/m-C 3541.1 This study
Oxidized mesoporous carbon 963.1 [45]
COz-activated porous carbon 210.18 [58]
ZnO nanosheets 2587.0 [59]
Zinc carbon foam-like 1250.0 [60]
Zeolitic imidazolate framework nanoparticles 3324.17 [61]
Nickel hydroxide nanoplate loaded on activated carbon 76.92 [62]
Cobalt ferrite-silica nanocomposites 75.5 [63]
Cu-MOFs/Fe304 composite 113.67 [64]
Magnetic graphene oxide decorated with persimmon tannins composites 560.58 [65]
Magnetic SrsxBas«(PO4)3(OH)/Fe304 nanopowder 526 [66]

Table S Calculation data of thermodynamic parameters of two adsorbents
AG/kJ-mol™")
Sample AH/(kJ'mol™)  AS/(J-K"mol™)
293K 303K 313K 323K 333K
3DOM-C —3.223 —3.403 -3.623 =3.779 -3.975 2.079 18.095
3DOM/m-C —-12.275 —-13.671 —14.427 —15.471 —-16.396 28.628 139.600

negative, meaning that the adsorption is easier at
high temperature, which is consistent with the
results of Figure 7. And compared with 3DOM-C,
the value AG of 3DOM/m-C is the more negative,
which is consistent with the higher adsorption
performance of 3DOM/m-C, meaning that the
positive effects of hierarchical structure with
additional mesopores produce by activation on
macroporous walls. The positive AH indicates that
the adsorption is an endothermic process, and the
positive AS indicates the increase of the randomness

of the substance in the adsorption process [67, 68].

3.6 Regeneration of 3DOM/m-C

The regeneration of 3DOM/m-C was studied.
And it is found that the saturated adsorbent can be
effectively desorbed in ethanol, which proves that
the adsorption of MG on 3DOM/m-C is a physical
process. The absorption—desorption processes were
conducted 5 times, as shown in Figure 12.
3DOM/m-C exhibits excellent reversible adsorptive
performance, and still maintained the maximum
adsorption capacity of 2762.06 mg/g (78%) after 5
cycles, which indicates that 3DOM/m-C is a
potential adsorbent for MG.

1 2 3 4 5
Cycle number

Figure 12 Experimental diagram of 3DOM/m-C cyclic

adsorption of MG
4 Conclusions

In summary, a novel adsorbent for MG of
3DOM/m-C with the hierarchical structure with
mesopores on ordered macroporous walls was
synthesized by colloid crystal template method and
chemical activation. The macroporous carbon
skeleton provides important transport channels for
MG molecule and the mesopores on ordered
macroporous carbon walls produced by activation
provide sites for MG.

sufficient binding
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3DOM/m-C exhibits extremely high adsorption
capacity of 3541.1 mg/g. The results of BET show
that 3DOM/m-C has high specific surface area of
1414.5 m*/g and large pore volume of 0.717 cm’/g.
And the adsorption behavior conforms to the
pseudo-second-order kinetic model and Langmuir
adsorption isotherm model. The adsorption of MG
the adsorption process is
endothermic; high temperature rise is favorable for

is  spontaneous;

adsorption, and the adsorption belongs to physical
process. 3DOM/m-C can be regenerated after being
desorbed by ethanol, and still maintains a high
capacity of 2762.06 mg/g after 5 cycles. The novel
adsorbent 3DOM/m-C is a promising adsorbent for
MG and other dyes in solution.
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