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Porous carbon material derived from fungal hyphae
and its application for the removal of dyef

Siji Chen,?® Zhixiao Wang,?® Yuhan Xia,®® Bolun Zhang,?® Huan Chen,®
Guang Chen*® and Shanshan Tang { *2°

In this work, fungal hyphae (FH, Irpex lacteus) was used as the carbon resource for the preparation of porous
carbon materials (PCFH) using mixed alkali as the activator. The SEM, N, adsorption/desorption, FT-IR, XRD,
Raman, and XPS were used to characterize the structure and surface properties of PCFH. The results
showed that the PCFH not only has a huge Brunauer—Emmett—Teller (BET) surface area (2480 m? g™%),
but also has abundant functional groups containing carbon, oxygen, and nitrogen. Rhodamine B (RhB)
was selected to evaluate the adsorption properties of the PCFH prepared under different conditions in
dyeing wastewater. A fast adsorption rate was observed, and an uptake capacity of 765 mg g~ was
achieved in the initial 5 min. The maximum adsorption capacity of PCFH to RhB reached 1912 mg g* at
the pH value of 9, which could efficiently remove RhB from the aqueous solution. The adsorption
process was fitted better by a pseudo-second order model, and the adsorption isotherm for the RhB was
well fitted by the Freundlich model. Moreover, the probable mechanism of adsorption was analyzed. In
short, the good adsorption performance of PCFH indicated that it has a broad application prospect for

rsc.li/rsc-advances dye water pollution control.

1. Introduction

Biomass carbon is a carbon-rich product which is derived from
biomass via high temperature pyrolysis (without oxygen or with
limited oxygen content)." Recently, it has become a research
hotspot>® due to its unique advantages (huge specific surface
area and abundant functional groups, etc.) and wide applica-
tions™® (catalysts, adsorbents, separation materials, gas and
energy storage materials, electrochemical materials, etc.). Over
the past few decades, materials scientists have been working
hard to produce fascinating materials and structures inspired
by nature,”* and have made countless gains in the field of
abundant biomass carbon materials."” To date, there are still
great concerns with the development of new carbon sources and
the preparation of biomass carbon materials with better
performances.

Up to now, a large amount of works can be found about
using biomasses as carbon sources to prepare porous carbon
(PC) including rapeseed dregs,** bamboo leaves,** orange peel,*
clover stems,'® quinoa husk,” corn straw," and the like.
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However, there is still little research has been done on carbon
based on microorganisms, such as bacteria, fungi, viruses, etc.”
Among the microorganisms, fungal hyphae (FH) has attracted
special attention because of unique advantages. On the one
hand, it is because of its strong sustainable production capacity.
On the other hand, it is formed by the germination of fungal
spores. Then it eventually forms a three-dimensional network
structure." In recent studies, the carbon nanotubes (CNTs) was
loaded onto FH to prepare sphere FH/CNTs composite and the
maximum adsorption amounts of FH/CNTs composites for
uranium, congo red, and methyl violet reached 187.26, 43.99
and 20.89 mg g ', respectively.?’ The graphene oxide, Fe;O,
particles, and FH were fixed to prepare a composite and the
maximum adsorption capacity of methyl violet and uranium
were calculated to be 117.35 and 219.71 mg g~ '.2* After anchor
TiO, and Fe;0, particles onto the FH, the adsorption capacity of
the composite to tannin reached 45.61 mg g~'.>> However, in
above work, FH was only used as a carrier for producing
composite materials, and the potential of FH for preparing
porous carbon materials has not been explored.
Environmental pollution, especially industrial wastewater
pollution, has become a global environmental problem. In
general, industrial wastewater contains various pollutants,
especially synthetic dyes, which are believed to not only inter-
fere with sunlight entering water and hinder photosynthesis,
but also affect the solubility of gas in water and inhibit the
growth of aquatic organisms.>*** Adsorption has always been
one of the most commonly used strategies for removal of dyes

This journal is © The Royal Society of Chemistry 2019
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due to its simple principle and convenient use. Although many
adsorbents derived from biomass carbon have been developed
to remove dyes,”>*¢ it is still a challenge to obtain carbon
materials with larger surface area and better adsorption
performance through simpler and more environmentally
friendly methods.

In this work, FH was used as the raw material for preparing
PC. After FH was carbonized, the mixed alkali consisted of KOH
and NaOH was used as the activator to prepare porous carbon
based on FH (PCFH). The activation conditions of PCFH prep-
aration were explored and optimized. The physical and chem-
ical properties of the prepared PCFH were characterized. In
addition, the batch adsorption experiments of Rhodamine B
(RhB) were carried out to study the adsorption performance and
mechanism under different conditions, and the effectiveness of
the material was verified. Furthermore, the adsorption capacity
of PCFH to RhB is higher than the other adsorbents in the
present study, which proved that the PCFH has potential
application values in the pollution control of industrial dye
wastewater.

2. Experimental
2.1 Materials

Irpex lacteus was obtained from a decayed corn straw pile by
Technological innovation platform of straw comprehensive
utilization in Jilin province. The potato was obtained from the
local supermarket. The p-glucose monohydrate was provided by
Sinopharm Group Chemical Reagent Co., Ltd. (Shanghai,
China).

All reagents used in the experiment were of analytical purity
and used without further purification. KOH, NaOH, and HCI
were provided by Beijing Chemical Works (Beijing, China). RhB
was provided by Aladdin Chemical (Shanghai) Co., Ltd.
(Shanghai, China). Deionized water was used in all preparation
and flushing processes.

2.2 Preparation of PCFH

The fungus was cultured on a Potato-Dextrose-Agar (PDA) solid
medium (200 g L™ " of potato extract, 20 g L ™" of p-glucose, and
20 g L™ " of agar) for 5 days at 28 °C. Then the grown fungus was
inoculated from the agar-plate into a 15 mL liquid PDA medium
(200 g L™ of potato extract and 20 g L " of p-glucose) plate for
growth to form a large number of FH. Incubation was carried
out in the 28 °C constant temperature incubator for 7 days. After
separated from the medium, the FH were washed with deion-
ized water for removal of dusts and water-soluble impurities,
and then it was dried at 80 °C for 24 h. These FH were used for
the subsequent experiments.

The dried FH were calcined under the N, atmosphere at
600 °C with a heating rate of 10 °C min~" for 60 min (according
to the result of thermal gravimetric analyses Fig. S1T). When the
carbonization furnace was cooled to the room temperature, the
carbonized FH (CFH) were taken out. Then the CFH was mixed
with the alkali at the different ratios (the PCFH, PCFH-3:0:1 and
PCFH-0:3:1 mean that the composite ratios of
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KOH : NaOH : carbon are 1.5:1.5:1, 3:0:1, and 0:3:1,
respectively). The mixture samples were heated to the activation
temperature of 700 °C under N, flow (the PCFH, PCFH-600, and
PCFH-800 mean that the activation temperatures are 700, 600,
and 800 °C, respectively), and held at the corresponding
temperature for 60 min (the PCFH, PCFH-30, and PCFH-90
mean that the activation times are 60, 30, and 90 min, respec-
tively). The PCFH was washed with 0.1 mol L™" HCI solutions
and deionized water until a neutral pH value of about 7 was
reached. Then, the PCFH was dried at 180 °C for 12 h and kept
in a desiccator prior to adsorption.

2.3 Adsorption experiments

2.3.1 Adsorption kinetics. The adsorption capacities of FH
and PCFH prepared under the different conditions were inves-
tigated to select the model sample to study the adsorption
performance. In a typical experiment, 10 mg samples were
added to a flask containing 100 mL dye solution of different
initial concentrations (40, 80, 120, 160, and 200 mg L™ "). The
flasks were performed in an air-heated shaking table in dark
with 150 rpm at the ambient temperatures of 303 K, and the
time intervals used were from 0 to 150 min. At each adsorption
time, 2 mL samples were subjected to centrifugation at
12 000 rpm for 5 min and the suspensions were filtered, diluted.
The concentrations of dye solutions were calculated by
measurement the absorbance of RhB at wavelength of 554 nm
via the UV-Vis spectrophotometer (Agilent Cary300, USA). All
adsorption experiments were performed in duplicate. The
equilibrium adsorption capacity Q. (mg g~ ') was calculated
with the following eqn (1):*

(C()*Ce) x V

0. = W [1)

C. (mg L™") and C, (mg L") mean the equilibrium and the
initial concentrations of the dye, respectively. V(L) and W (g) are
the volume of the dye solution and the weight of the adsorbent,
respectively.

2.3.2 Adsorption isotherms. To evaluate the effects of
initial dye concentration on the adsorption, 10 mg samples
were added to a flask containing 100 mL dye solution of
different initial concentrations (40, 80, 120, 160, and
200 mg L7'). The flasks were agitated in an air-heated
shaking table in dark with 150 rpm for 120 min at different
temperatures (298, 303, and 313 K). The concentrations of
dye solutions were calculated by measurement the absor-
bance of RhB at wavelength of 554 nm via the UV-Vis spec-
trophotometer (Agilent Cary300, USA).

2.3.3 Effects of pH. The effect of pH on the adsorption was
evaluated. Different pH values (3, 5, 7, 9, and 11) were obtained
by adjusting the dye solution (400 mg L™") with HCl or NaOH
solution. The flasks were agitated in an air-heated shaking
table in dark with 150 rpm for 120 min at 303 K. After filtration
and diluted, the concentrations of dye solutions were calcu-
lated by measurement the absorbance of RhB at wavelength of
554 nm via the UV-Vis spectrophotometer (Agilent Cary300,
USA).
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2.4 Characterization methods

Thermal gravimetric analyses (TGA) was carried out using
a thermal gravimetric analysis instrument (TA SDTQ600 from
USA) under the N, flow at a heating rate of 10 °C min". The
morphology of samples were performed by a scanning electron
microscopy (SEM) (JSM-6700F from Japan). The N, adsorption/
desorption isotherms were carried out at 77 K by using a surface
area and pore size analyzers (Micromeritics ASAP 2460 Version
2.02 from USA). The specific surface area was calculated on the
basis of the Brunauer-Emmett-Teller (BET) method and the
pore size was calculated from the adsorption branch of the
isotherm based on the Barrett-Joyner-Halenda (BJH) model.
Fourier transform infrared (FT-IR) patterns were obtained at
a resolution of 1 cm ™" between 400 and 4000 cm ' by using
a spectrometer (Thermo Nicolet NEXUS 410 from USA). Powder
X-ray diffraction (XRD) pattern was measured using a diffrac-
tometer with Cu-Ka X-ray source (Bruker D8 advance from
Germany). Raman study of the carbon material was carried out
with the laser wavelength of 514 nm using an inVia Reflex
Raman spectrometer (Renishaw from UK). The X-ray photo-
electron spectra (XPS) were carried out on an electron energy
spectrometer (Thermo Escalab 250Xi from USA). The suspen-
sion after adjusting pH from 3 to 11 by adding HCI and NaOH
was determined by using a zeta potential Zetasizer Nano ZS90
from Malvern Instruments in UK.

3. Results and discussion
3.1 Characterization

Filamentous fungi is a kind of renewable resources with fast
growth, low cost, easy access and environmental friendliness.
Recently, it was reported that FH can grow into uniform long
fiber with the characteristics of microscale and large scale.'**®
Fig. 1 shows the morphology and microstructure of the FH,
CFH, and PCFH. As can be seen from Fig. 1a, Irpex lacteus has
a white surface with a large number of slender hyphae fibers.

Fig.1 Digital photo of (a) FH grow in a medium plate, SEM images of
(b) FH, (c) CFH, and (d) PCFH.
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These filaments form the basis of the three-dimensional
carbon network." From the microscopic perspective (Fig. 1b
and c), FH and CFH are composed of columnar microfibers
with sizes of about 3 pm and 1 um, respectively. The difference
in carbon fiber size can be explained that the successful
dehydration and carbonization of FH after pyrolysis at 600 °C.
Fig. 1d shows that the PCFH still maintains the carbon
network structure after the activation. In addition, a large
number carbon network structures of PCFH have fracture and
appear pores.

N, adsorption-desorption has been used to investigate the
porous structure of CFH and PCFH prepared at different
conditions (Fig. 2a, Table 1, and Fig. S2t). PCFH prepared at
different conditions show typical type-IV isotherm (Fig. 2a),>®
which means that not only there are a lot of the mesopores, but
also an amount of micropores exist in PCFH with different
preparing conditions (0.29, 0.34, 0.42, 0.56, 0.34, 0.54, and
0.41 ecm® g~ '). The BJH method is used to investigate the
mesopore distribution, and the volume of mesopores is very
high, which could above 2 nm to 50 nm (Fig. S21). The pore
sizes of PCFH prepared at the different conditions focus on
2.58, 2.61, 2.83, 3.15, 2.70, 2.77, and 2.82 nm, respectively,
indicating that the mesoporous structure occupies the major
part in the PCFH (Table 1). Interestingly, the average pore sizes
of PCFH are slightly larger than that of RhB (1.8 nm). These
pores may be able to provide pore filling sites for the adsorp-
tion representative dye RhB. The specific surface area of CFH
is 3.32 m* g~ '. This implies that the large specific surface area
does not come from carbonization, which is in agreement with
the results of literatures.'®**** While on the contrary, PCFH
show the large specific surface areas of 2480, 1628, 1594, 1763,
1797, 1540, and 1945 m* g, respectively, which demonstrates
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Fig. 2 (a) N, adsorption—desorption isotherms, (b) FT-IR spectra, and
(c) XRD pattern of FH, CFH, and PCFH prepared at different conditions.
(d) Raman spectra of CFH and PCFH.
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Table 1 The data of N, adsorption for CFH, PCFH prepared at different conditions®

Conditions

Samples KOH : NaOH : carbon T(°C) ¢ (min) Sger (M* g™ 1) Pore size (nm) Vimiero (em® g7 1) Viotal (cm® g71)
CFH — 600 60 3.32 15.02 0.0012 0.0052

PCFH 1.5:1.5:1 700 60 2480 2.58 0.29 1.33
PCFH-3:0:1 3:0:1 700 60 1628 2.61 0.34 0.90
PCFH-0:3:1 0:3:1 700 60 1594 2.83 0.42 0.90
PCFH-600 1.5:1.5:1 600 60 1763 3.15 0.56 1.00
PCFH-800 1.5:1.5:1 800 60 1797 2.70 0.34 1.01

PCFH-30 1.5:1.5:1 700 30 1540 2.77 0.54 0.85

PCFH-90 1.5:1.5:1 700 90 1945 2.82 0.41 1.04

¢ Sger (m? g~1) is the BET surface area, Viiero (cm® g~ ') is the volume of micropore, and Vi (cm® g~ ') is the total pore volume.

that the successfully activation could give huge specific surface
area for PCFH. As we can see from the Fig. 2a and Table 1, the
PCFH, activated at 700 °C for 60 min via mixed alkali, has the
best performance among these PCFH prepared at the different
conditions (activation temperature, activation time, and the
ratio of mixed alkali). The specific surface area and total pore
volume of PCFH could reach 2480 m* ¢~ * and 1.33 cm® g™,
respectively, which could explain that the PCFH could be
regarded as a porous carbon material.>**®

FTIR spectroscopy was always used to evaluate the surface
chemistry of the carbon materials.*"** As can be seen from
Fig. 2b, the FT-IR spectra of samples showed some peaks at
3411 (-OH stretching bond of hydroxyl groups),® 2923
(stretching vibrations of CH, CH,, and CH; groups),>* 1384
(the N-H bending from the amide group),*® 1625 (C=O0
stretching band of carbonyl groups),** and 1051 (C-O-C
component)*® cm™ ", which were attributed to the physically
adsorbed water molecules, the lipids,*® the amide of proteins
and chitin,* and the polysaccharides,* respectively. These
results show that there are no obvious differences among the
PCFH samples prepared under different conditions. It reveals
that the basic structures of PCFH do not change in the
carbonization and activation processes.

From XRD pattern (Fig. 2c) and Raman spectra (Fig. 2d), one
can find that the CFH and PCFH are amorphous structures,
which likes most of biomass derived carbon materials.?**** As
shown in Fig. 2c, the characteristic peaks of PCFH appearing at
30.1 and 43.5° are attributed to the planes of hexagonal
graphitic carbon,” implies its amorphous nature with the
absence of peaks. Moreover, the XRD patterns of samples did
not change significantly under different conditions. The Raman
spectra of CFH and PCFH (Fig. 2d) show two remarkable peaks
at 1322 cm™ ' (D) and 1588 cm ' (G), corresponding to the
amorphous carbon with smaller size and the -crystalline
graphite structure of carbon material, respectively.”® The
intensity ratio of the D band (Ip) to G band (Ig) is usually
calculated to evaluate the extent of defects and disorder in
carbon materials.*® The huge D peak indicates that there are
numerous amorphous carbon exist in CFH and PCFH. Even
more interesting, the value of I/l changed from 1.24 to 1.68,

35
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which reveals that more amorphous carbon was formed in
PCFH than in CFH.

As can be seen from Fig. 3a, PCFH is similar to many
biomass carbon materials,”*? and also contains C, O, N, P and
other elements. FH with different treatment methods has
different contents of elements (Table S1t). Table S1T shows
that the contents of C, O, N, and P are 91.51%, 6.75%, 1.69%,
and 0.05%, respectively. Fig. 3b, ¢, and d show the C1s, the
O1s, and the Ni1s of the PCFH, respectively. The high-
resolution Cls spectra of PCFH (Fig. 3b) can be fitted into
three carbon functional groups, which are C-C (284.8 eV), C-
OH (286.0 eV), and C=O (287.8), respectively. The high-
resolution O1s spectra of PCFH could be divided into two
different carbon-oxygen groups, which are O=C (532.8 eV)
and O=C-O (531.8 eV). Obviously, Fig. 3d shows two kinds of
nitrogen atoms in PCFH, namely pyrrolic N (399.7 eV)* and
graphitic N (400.9 eV)," which may be derived from the amide
of proteins and chitin."® The results of XPS are basically
consistent with those of FT-IR.

Cls b c-C

2848 eV

3 3

& < C-OH

Z £ 286.0 eV

Z

§ O1s é

] Nis =

T T T T T T T T
200 400 600 800 282 285 288 291 294

Binding Energy (eV) Binding Energy (eV)

(g]
(="

0=C
532.8 eV

Graphitic N
400.9 eV

Pyrrolic N
399.7 eV

0=C-0
531.8eV

Intensity (a.u.)
Intensity (a.u.)

T T T T
528 531 534 537 540 393 3;6 3;9 41‘]2 4(')5 4:]8
Binding Energy (eV) Binding Energy (eV)

Fig. 3
PCFH.

(@) XPS spectra, (b) the C1s, (c) the Ols, and (d) the N1s of the
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3.2 Adsorption properties

3.2.1 Adsorption kinetics. The adsorption capacities of
FH and PCFH prepared under the different conditions
(Fig. S3;t dye: RhB; Cy: 400 mg L% v: 100 mL; pH: 3.4 £ 0.1;
adsorbent: 10 mg) have been investigated. Biomass carbon
does not always perform better than biomass adsorbents. For
some pollutants such as heavy metals,”** the adsorption
capacity of biomass carbon is not very high. In addition, the
treatment of biomass adsorbents is more energy efficient
than the preparation of biomass carbon (microwave pyrol-
ysis, hydrothermal synthesis, and high-temperature pyrol-
ysis).>® But in terms of this material (fungal hyphae, Irpex
lacteus), PCFH is better than FH (Table S2t). After carbon-
ization-activation treatment, PCFH has a large specific
surface area and higher porosity than FH, which can improve
the adsorption capacity to RhB by providing more adsorption
sites. =~ Thus, the PCFH (activation conditions:
KOH : NaOH : carbon = 1.5: 1.5 : 1, 700 °C, 60 min) with the
highest adsorption capacity (1509 mg g~ ') was selected as the
object model to study the adsorption performance. The
results of adsorption kinetics and the kinetics models of
PCFH to RhB at 303 K are shown in Fig. 4. As we can see from
Fig. 4a, the adsorption trend of RhB with different concen-
trations are the same and the adsorption capacity remarkably
increase with the initial concentration increasing. The
adsorption capacity increased sharply in the first 20 min and
gradually achieved equilibrium in 120 min, indicating that
the adsorption of PCFH to RhB was a rapid adsorption.

In order to study the adsorption rate, an important param-
eter of adsorption performance, three kinetics models
including the pseudo-first-order Kkinetic, the pseudo-second-
order kinetic, and intra-particle diffusion model have been
investigated (Fig. 4b-d) and the data were fitted (Table 2).
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Fig.4 (a) The adsorption kinetics of PCFH to RhB at 303 K. (b) Pseudo-
first-order kinetic plots, (c) pseudo-second-order kinetic plots, and (d)
plots of intra-particle diffusion model.
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Lagergren's pseudo-first-order can be expressed as the
following eqn (2):

160~ 0) =1g 0.~ 53 @)

K; (2 mg™" min™") is the first-order rate constant. Q. and Q,

(mg ¢7') are the equilibrium adsorption capacities and the
adsorption capacities at time ¢ (min), respectively. The values of
the correlation coefficient R* obtained were between 0.96-0.99
and the Q. were higher than the calculated Qg c,¢. These results
show that the Lagergren's pseudo-first-order might be not
suitable for the adsorption of PCFH to RhB.

The pseudo second-order model is expressed by eqn (3):

r 1 i t
Qt I<2Qc2 Qe

K, (g mg~ ' min~") is the second-order rate constant. Q. can be
calculated from the slope of the plot obtained by plotting ¢/Q,
versus t. The Fig. 4c shows a good linear relationship between ¢/
Q: and t with the R* range of 0.99-0.99 (Table 2) and the
calculated Q... Were basically consistent with the Q., which
implied the adsorption of PCFH to RhB may follow the pseudo
second-order model. This situation also suggests that the
adsorption of PCFH to RhB may exist a chemical adsorption,
which through the sharing or exchange of electrons between the
dye and the adsorbent.*®
Intra-particle diffusion model can be expressed as eqn (4):

(3)

0, =Ks">+ C (4)
K; (mg g~ " min~%?) is the intra-particle diffusion rate constant.
C (mg g™ ") is a constant which could reveal the thickness of the
boundary layer. The Fig. 4d and Table 2 show the poorest linear
relationship between Q, and > with the R* range from 0.84 to
0.92. The results suggest that the adsorption of PCFH to RhB
may not follow the intra-particle diffusion model.

3.2.2 Adsorption isotherms. The two adsorption isotherm
models, Langmuir isotherm model and Freundlich isotherm
model, have been applied to study the properties of PCFH (Fig. 5
and Table 3). They were expressed in eqn (5) and (6) respectively.

Langmuir isotherm model, which presumes that the
adsorption would occur only at the specific-site on the surface
and the adsorbate would monolayer coverage the surface of
adsorbent.”* The model can be expressed as eqn (5):

_ QmKL Ce

Qe a 1+ K.C.

(5)
Q. is the equilibrium adsorption capacity of PCFH (mg g~ ). Qm
is the maximum adsorption capacity (mg g~ '). C. is the equi-
librium concentration of dye in solution (mg g ). K, is related
to adsorption energy Langmuir constant (L g~ ). The values of
the correlation coefficient R* were 0.95, 0.96 and 0.88 for 293,
303, and 313 K, respectively. The poor linear relationship
suggests that the adsorption of PCFH to RhB may not follow the
Langmuir isotherm model.

Unlike the Langmuir isotherm model, Freundlich isotherm
model assumes the adsorption is not limited to the monolayer.

This journal is © The Royal Society of Chemistry 2019
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Table 2 Fitting parameters of the pseudo-first-order equation, the pseudo second-order model, and intra-particle diffusion model

Pseudo-first-order kinetic

Pseudo-second-order kinetic

Intra-particle kinetic

Co(mgL™) Q.(mgg™") K (min™") Qeear(mgg™ R K (gmg 'min™") Qeea(mgg™) R Ky(mgg 'min®%) C R?
40 252.65 0.0610 173.54 0.97 0.0002 270.27 0.99 23.01 38.69 0.92
80 426.66 0.0603 216.92 0.97 0.0003 454.55 0.99 30.93 162.51 0.87
120 594.98 0.0493 330.37 0.98 0.0002 625.00 0.99 44.98 214.02 0.87
160 748.24 0.0636 371.71 0.96 0.0003 769.23 0.99 43.64 388.28 0.84
200 895.18 0.0454 477.97 0.99 0.0002 909.09 0.99 53.24 452.91 0.86
1200 adsorption conditions are proper. Moreover, the adsorption of
g PCFH to RhB was heterogeneous surface adsorption, which is
10001 = caused by the different functional groups on the surface of
® 293K PCFH. Thus, the adsorption of PCFH to RhB may obey

800 Freundlich isotherm model.

o 3.2.3 Effect of pH and comparison with other adsorbents.
2 9091 The pH value of solution is an important parameter, which
;i“ wul affects significantly the adsorption capacity of adsorbent to
dye.**** Fig. 6a shows the variation in the adsorption capacity of
s ¥ =™ S PCFH to RhB anc'l the zeta potential of PCFH \fVith the il"litial
Freugn dlich solution pH ranging from 3 to 11. The adsorption capacity of
o PCFH to RhB decreases significantly along with the solution pH
0 40 80 120 160 200 value increasing from 3 (1613 mg g~ ') to 5 (1390 mg g~ ') and
C, (mgL") from 9 (1912 mg g~ ") to 11 (1670 mg g '). However, the

Fig. 5 Adsorption isotherms of PCFH to RhB at 293, 303, and 313 K,
respectively.

Table 3 Fitting parameters of the Langmuir and Freundlich isotherm
models

Temperatures (K)

Isotherm models Constants 293 303 313

Langmuir Qm (mg g™ 2000 2500 3333
Ky (L mg™ " 0.0014 0.0027  0.0024
R? 0.95 0.96 0.88

Freundlich Ke (mg g ' (Lmg H*") 4.3231 13.7088 15.3356
n 1.1388 1.2694 1.2285
R* 0.99  0.99 0.99

It is widely used to describe heterogeneous surface adsorption
due to the presence of different functional groups on the
surface.*” The model is given as eqn (6):

0. = KpC" (6)

Kr and 1/n are Freundlich constants corresponding to adsorp-
tion capacity and heterogeneity factor, respectively. The linear
relationship of Freundlich isotherm model is better than that of
Langmuir isotherm model can be seen from Fig. 5. The corre-
lation coefficient R* were 0.99, 0.99, and 0.99 for 293, 303, and
313 K, respectively (Table 3). Besides, the n values of PCFH at
293, 303, and 313 K were 1.1388, 1.2694, and 1.2285, respec-
tively. It indicates when the n value is larger than 1, the

This journal is © The Royal Society of Chemistry 2019

adsorption capacity of PCFH to RhB increases significantly
when the pH value increases from 5 to 9. The changes of solu-
tion pH values would affect not only the surface charge of PCFH,
but also the molecular charge of RhB in aqueous solution.®
With increase of the pH values from 3 to 5, the surface charge of
PCFH became negative. At the same time, the formation of
molecular dimers of RhB was accelerated by zwitterionic form
of RhB in the solution with pH value of 3-5, owing to electro-
static attractions between -COO~ and -N' of monomers.* As
a result, it is more difficult for larger molecules to enter the
pores of PCFH, resulting in the decrease of the adsorption
capacity of PCFH to RhB. As the pH value further increased from
5 to 9, the preponderance of OH ™ in the solution would compete
with -COO~ to combine with -N", it will hinder the aggregation
of RhB, which will improve the adsorption capacity of PCFH to
RhB.*” When the pH values are higher than 9, the capacity of
PCFH to RhB significantly decreased due to the electrostatic
repulsion between RhB and PCFH with negative charges. Based

a 2000 b
Cationic form:
1800
-':n “}/\L
& 1600 Hy
e
1400 Zwitterionic form:
N G HSC/\NKL ICH;
1200 - T T T T 5
3 5 7 9 1 s H;C
pH
Fig. 6 (a) The effect of pH on the adsorption of RhB and the zeta

potential of PCFH (inset). (b) Different molecular forms of RhB.
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PCFH

Fig. 7 The adsorption mechanism diagram of PCFH to RhB.

on these results, the adsorption capacity of PCFH to RhB at the
pH value of 9 was determined to be the best.

3.3 Probable mechanism analysis

The schematic diagram of the major adsorption mechanism of
PCFH to RhB is shown in Fig. 7. In this work, the excellent
adsorption performance of PCFH to RhB can be explained by
the pore filling, the - interaction,* the H-bond interaction,*
and the electrostatic attraction.* The huge specific surface area
(2480 m”> g~ ) and highly total pore volume (1.33 cm® g™ ') of
PCFH could provide many pore filling sites for adsorbing
representative dye RhB molecule. The results of FT-IR and XPS
analyses explained that the surface of PCFH contains a large
number of functional groups with oxygen and nitrogen atoms,
which can may form hydrogen bonds with RhB molecules.
Besides, the m-m interaction between w electrons in the
graphite structure of PCFH and the RhB aromatic rings is
beneficial to the adsorption. In addition, the electrostatic
attraction between PCFH with negative zeta potential and
cationic dye RhB could also enhance the adsorption perfor-
mance. Moreover, in order to verify the applicability of PCFH as
an adsorbent, the adsorption capacity of PCFH to RhB was
compared with other adsorbents and the results were shown in
Table S2.7 It can be seen from Table S21 that PCFH has a great
potential in industrial dye wastewater treatment due to its
excellent adsorption capacity to RhB.

4. Conclusions

This is the first time that porous carbon materials were
prepared by activating FH (Irpex lacteus) with mixed alkali. This
work not only opens up the potential carbon sources for porous
carbon materials, but also simply obtains porous carbon
materials with large specific surface area and abundant func-
tional groups on the surface. Fast adsorption capacity of PCFH
to RhB was achieved 765 mg ¢~ in the initial 5 min, and the
maximum adsorption capacity reached 1912 mg g~ * at the pH
value of 9. In addition, the removal rate of RhB reached 100%,
and could still reach 81% after 3 cycles. We will also conduct
further research on PCFH in the fields of oxygen reduction

25486 | RSC Aadv., 2019, 9, 25480-25487
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reaction, catalytic hydrogen production, supercapacitor energy
storage, and other fields.
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