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Abstract: In the past decades, dyes waste waters produced from industries have become a major
source of environmental pollution causing the destruction of aquatic communities in the ecosystem
and greatly threatened human health. Herein, a novel magnetic adsorbent was synthesized by
carbonizing iron (III) 2,4-pentanedionate (Fe(acac)3) pre-enriched forestry waste wood at a pyrolysis
temperature of 1000 °C. The characterization of the adsorbent conducted via SEM, EDS, VSM, XRD,
XPS, and FT-IR spectroscopy. The adsorption trend followed the pseudo-second order kinetics model.
The corresponding adsorption performance was efficient with an equilibrium time of only 1 min.
Affect factors on the adsorption performance, such as adsorbent dosage, contact time and temperature,
were investigated. The magnetic bio-char showed a high adsorption capacity and an efficient
adsorption toward RhB, implying great potential application in the treatment of colored wastewaters.
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1. Introduction

In recent decades, people have gained economic benefits with the rapid development of industrial
society, however our living environment has been seriously destroyed. Many environmental problems
have been raised such as water pollution, visual pollution, the destruction of the ecosystem and so on.
Among these environmental problems, water pollution seems to be the most acute problem. At present,
more than 500 billion m® of wastewater is discharged into the natural water source every year, which
pollutes 5.5 trillion m® of the natural water source, equivalent to nearly 14 percent of the total global
runoff [1]. According to the United Nations, 1.1 billion people are short of safe drinking water and
more than 5 million people die each year from water-related diseases. The pollution sources of water
are mainly from industrial productions, such as printing and dyeing industries and especially from the
textile industry. 3000 to 4000 tons of wastewater generated in textile dyeing are directly discharged into
the natural water source every day and this data keeps increasing with the growth of the manufacturing
economy. There are nearly 100,000 commercial dyes with an estimated over 70,000 tons production,
among which 15% is lost during the dyeing processes [2]. In addition, dyes cannot be easily removed
because of their complex structures, poor degradabilities and high solubilities. Being ingested by
humans and animals, these dyes may cause canceration of organs, directly affecting human health
and the ecological balance [3]. Therefore, effective wastewater treatments are in urgent need, and the
corresponding research has drawn great interest.

For decades, scientists have proposed many ways to deal with dyeing wastewater, such as ozone
oxidation [4], extraction [5], flocculation [6], filtration [7] and electrochemical methods [8], as well as
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fungal decolorization by microbial degradation [9]. The ozone oxidation and the electrochemical
method can destroy the dye quickly and remove the macromolecular organic matter from the
wastewater, to effectively remove the refractory organic matter in different wastewaters [10,11].
The anionic water-soluble reactive dyes in dyeing wastewater are removed and recovered by the
extraction method using reverse micelles, and the recovered dyes have better dyeing properties for
cotton fabrics [12]. Compared with other handling methods, flocculation is one of the most commonly
used water treatment methods, removing colored wastewater at a lower cost. Flocculation can improve
the oxidation efficiency of wastewater and promotes biological treatment [13]. Moreover, fungal
decolorization by microbial degradation is a mature and common method to treat wastewater and
water pollution for the reason that, unlike bacteria, fungus have a strong ability to degrade complex
organic compounds [14].

However, these methods have disadvantages for their practical industrial applica ions.
For example, the Ozone method and extraction method require a lot of oxidants or release a lot
of organic sol in the purification processes, easily causing secondary pollution. The membrane
used in the filtration processes normally require high-quality materials, which resist acid or alkali
corrosion, and its physical flux of water treatment may decrease with time elapsing. Electrochemical
treatments require high energy consumption and expensive equipment [15]. The removal efficiency
of microorganisms is easily affected by the non-degradable heterocyclic aromatic hydrocarbons in
dyes. Compared with these methods, adsorption technology is proven to be more effective in water
reuse [16]. The adsorbent materials include carbon materials, diatomite, resin, etc. Among these
adsorbent materials, magnetic porous carbon adsorbents have many advantages [17]. Magnetic carbon
with the porous structure has a large specific surface area and strong adsorption capacity [18]. With the
magnetic properties, the porous carbon can be applied to high velocity colored wastewater, and it is
easy to separate from wastewater and recycled water. The magnetic porous carbon of biomass made
from waste wood or other by-products has drawn great interest from scientists [19,20].

Herein, we synthesized a novel porous magnetic carbon with biomass waste wood as an effective
adsorbent for Rhodamine B (RhB). The porous magnetic carbon made by pressure impregnating and
pyrolysis, was characterized using SEM, EDS, XRD, XPS, VSM and FT-IR. The effects of adsorbent
dosage, contact time, initial dye concentration and temperature on RhB adsorption by porous magnetic
carbon were investigated.

2. Materials and Methods

2.1. Materials

Acetylpyruvate iron [Fe(acac);], dimethylformamide (DMF) and RhB were of analytical grade
and purchased from Aldrich (Darmstadt, Germany). The raw material of wood comes from discarded
poplar wood and its by-products, which were obtained from JM Arts & Crafts Co., in Fuyang, Anhui,
China. All aqueous solutions were prepared with deionized water, which was purified with the
Milli-Q Plus water purification system. Unless otherwise specified, the experimental processes were
performed in aqueous solution and room temperature without adjusting the pH value.

2.2. Synthesis of Adsorbent

The magnetic carbon was prepared via pressure impregnation of acetylacetone iron followed by
pyrolysis. Firstly, the poplar waste wood, which was cut into 40 mm x 40 mm x 3 mm, were dried
until the corresponding moisture content reached 10%. The dried chips were then extracted with a
mixture of water and ethanol (Vwater:Vethanol = 1:2), in order to remove the free fatty acids in the logs
and improve the patency rate of the conduit and the bordered hole in the wood. Then, the treated
woods were dried to 10% moisture content again. Secondly, the pretreated wood was impregnated in
the DMF solution of Fe(acac); with a concentration of 0.12 g/mL, under the pressure of 0.08 MPa for
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2.5 h. Then, 0.8 MPa pressure was introduced for another 2.5 h. The impregnated wood was taken out
and dried in a vacuum.

Finally, the dried wood was transferred to the tube furnace, and nitrogen was kept in the furnace
for 30 min to ensure that the air was expelled. After this, the temperature was increased to 220 °C with
a rate of 5 °C/min and then kept for 1 h. Then, the temperature was further increased to 320 °C with a
rate of 5 °C/min and kept for another 1 h. The temperature of the system was further increased to
1000 °C with a rate of 5 °C/min and kept for 4 h. Then, the carbonized wood was taken out. After this,
the magnetic carbon was prepared and ready for the adsorption investigation for RhB.

2.3. Adsorption Experiment

RhB stock solution was prepared by adding 5 g of RhB powder into 500 mL deionized water,
under slight ultrasonic. Then, the obtained original concentration was 10 g/L. The RhB samples with
different concentrations were prepared by diluting the stock solution with different ratios. The standard
quantitation curve of RhB samples was determined by measuring the optical density (OD) of RhB
aqueous solutions at 550 nm with concentrations ranging from 1 mg/L to 15 mg/L, which was used to
calculate the concentration of each experiment.

2.3.1. The Adsorption Capacity q (mg/L) and Efficiency 7 (%) Values of the Magnetic Adsorbent

The q and # values were calculated using Equations (1) and (2).

_ VoCo — V1Cq 1)
Mydsorbent
CoVo—C1Wg
= —_— 1 00 2
< v, x 100% (2)

where Cj is the initial RhB concentration and C; is RhB concentration in the supernatant solution
(mg/L). Vy and V; are the volumes of the initial RhB solution and the supernatant solution (L).
Madsorbent 15 the mass of the adsorbent (g).

2.3.2. Effect of Adsorbent Dosage

Magnetic carbon adsorbents with different dosages from 12 mg to 42.8 mg were added into RhB
solution (100 mg/L). The RhB solution with magnetic carbon adsorbent was incubated overnight in a
thermostatic culture oscillator (temperature: 25 °C, rotation speed: 150 r/min). After the incubation and
the followed magnetic separation processes in an external magnetic field, the balanced concentrations
of RhB solution in supernatant solution were calculated out according to the standard curve, measured
by a UV spectrophotometer.

2.3.3. Effect of Contact Time

30 mg magnetic carbon adsorbent was added into RhB solution (100 mg/L). The RhB solution with
magnetic carbon adsorbent was incubated in a constant temperature culture oscillator (temperature:
25 °C, rotation speed: 150 r/min). The samples were taken at constant time intervals, and the aqueous
phase was separated via magnetic decantation for 5 min. After magnetic separation, the residual
concentrations of RhB solution in supernatant solution were calculated out according to the standard
curve, measured by a UV spectrophotometer. These data were used to determine the effect of contact
time on adsorption efficiency.

2.3.4. Effect of Temperature

24 mg magnetic carbon adsorbent was added into RhB solution (100 mg/L). RhB solution with
magnetic carbon adsorbent was put into a thermostatic culture oscillator and vibrated overnight.
The incubation temperature was respectively controlled at 288 K, 298 K, 308 K, 318 K and 328 K.
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2.4. Characterization

UV-vis spectroscopy was carried out by a UV-3500 UV-Vis-NIR spectrophotometer produced
by Shimadzu. Scanning electron microscopy (SEM) was used to analyze the carbon materials before
and after carbonization. EDS mapping was used to analyze the composition and distribution of
elements. XRD data were collected on an X-ray diffractometer employing Cu-K« radiation at 40 kV
and 40 mA with 200 mg of each sample. X-ray photoelectron spectroscopy (XPS) was used to determine
the composition of elements in materials. Magnetic measurements were carried out using a Lake
Shore 7407 VSM provided by East Changing Technologies, Inc. (Beijing, China). Each sample was
dried in vacuum and weighed 80 mg. The IR spectra were recorded by a Fourier transform infrared
spectrophotometer (FT-IR), and each sample together with KBr was pressed to form a tablet.

3. Results and Discussion

3.1. Characterization

The morphologies of the untreated wood and magnetic pyrolyzed wood were characterized
by SEM, as shown in Figure 1. From Figure 14, it can be seen that the untreated wood had many
holes. However, the surface of the holes was rough with the phenomenon of being blocked and
the holes as shown by blue arrows were relatively small and the hole walls were thicker. After the
pyrolysis processes, the corresponding porous structure of the wood did not change, and the hole
walls of pyrolysis wood became thinner, so that the hole diameters became larger with a larger specific
surface area. The porous structure of the wood was preserved, and the observed large holes of the
catheter and the dramatically increased surface areas were supposed to dramatically improve the
adsorption capacity of magnetic porous carbon [21]. As shown in Figure 1D-G, the EDS mapping
results provided the insights into the elemental distribution of C, O and Fe in the samples. It could
be seen that, both C and O elements were equably distributed in natural wood before carbonization
while the signal strength of O elements was obviously weakened after carbonization. It is worth noting
that Fe elements were mainly distributed in the puffy layer that attached to the inner surface of the
porous structures, and their localizations were observed to coincide with the clusters, implying that
these clusters consisted of the element Fe. Additionally, from the EDS data, the composition of the
Fe-biochar was 65.93% and 26.93% for C (wt %) and Fe (wt %) respectively.
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Figure 1. SEM images of the longitudinal sections of untreated wood (A) and pyrolysized wood

(magnetic biochar) in different magnifications (B,C). (D-G) The SEM images of pyrolytic wood with
the radial sections, cross sections and the corresponding EDS mapping results of C, O, Fe.
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The crystal structure and phase composition of magnetic porous carbon was studied by wide-angle
XRD, as shown in Figure 2A. When the temperature reached 1000 °C, the formation of ferric carbides
(Fe3C) was identified by the observed peaks at 20 = 37.6°, 39.8°, 40.6°, 42.8°, 43.7°, 44.5°, 45.0°, 45.8°,
48.6°,49.1° and 51.8°, corresponding respectively to the reflections of (210), (002), (201), (211), (102),
(220), (031), (131), (221) and (122) [22]. A graphite-like phase resulting from wood carbonization
could be proven by the peak at 26.1°, which is supposed to be attributed to the self-carbonization of
waste wood at high temperatures and the catalysis of Fe-containing compound [23]. The chemical
composition of magnetic carbon was further determined by the high-resolution XPS spectra of Fe 2P
at Figure 2B. The spectra of Fe 2p with double satellite signals was resolved by deconvolution and
Gaussian curve fitting. The binding energies at ~708.0 and ~722.0 eV were the characteristic doublet
from Fe 2p3,, and Fe 2pq /, core-level electrons, indicating the formation of Fe3C in the samples [24].
This was in accordance with the results of XRD. According to the Scherrer equation with corresponding
parameters from the most intense peak (031), the average size of single Fe;C particle was 15.8 nm.
However, the observed size of the particles in SEM images in Figure 1D,E was 100-200 nm, indicating

these particles were clusters consisting of nano-size Fe3C.
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Figure 2. XRD (A), XPS (B) and VSM (C) images of magnetic porous carbon. (D) FI-IR spectra for
magnetic porous carbon before (a) and after (b) adsorption. (E) FI-IR spectra for Rhodamine B. (F) The
structure of Rhodamine B. Insert: Photos of (1) RhB solution, (2) RhB/magnetic bio-char mixture,
and (3) resolution after magnetic separation.

The magnetic properties of magnetic porous carbon were investigated by VSM. A typical
hysteresis loop is shown in Figure 2C. The obtained saturation magnetizations values were
36.309 emu/g. This indicated that the adsorbent was magnetic and could respond very quickly
to the external magnetic field. Therefore, the adsorbents were easy to separate and recovered in an
external magnetic field.

Figure 2D shows the FT-IR spectra for magnetic porous carbon before (Figure 2D(a)) and after
(Figure 2D(b)) the adsorption processes. In the spectrum of magnetic porous carbon before adsorption
(a), the peak at 3440 cm ™! corresponded to the vibration of O-H in water molecules attached inside
magnetic porous carbon, and the bands at 1630 and 1660 cm~! represented the bending vibration of
O-H in water molecules [25]. The peaks at 2950 and 2890 cm ! stood out to the stretching vibration of
C-H. Besides, the bands between 1380 and 1440 cm ™! showed the vibration of C=C. Moreover, the peak
at 1260 cm ! represented the skeletal vibration of C-C and the peak at 1160 cm~! corresponded to
the vibration of C-O [26]. The peak at 1030 cm~! was attributed to the stretching vibration of C-O
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while the bands between 567 to 769 cm ! represented respectively the flexural vibration and stretching
vibration of Fe-C.

The FT-IR adsorption spectra of magnetic porous carbon/RhB after absorption (b), was compared
with that of magnetic porous carbon before adsorption (a). The additional peak at around 1740 cm~!
corresponded to the vibration of C=0, and the additional peak at 1580 cm~! represented the C=C
skeletal vibration of the benzene ring in RhB according to the FI-IR spectrum of pure RhB in Figure 2E
and the corresponding molecular formula in Figure 2F. Moreover, the peak at 1030 cm ™! became
stronger, which was supposed to be due to the C-O symmetric stretching vibrations of O and the
benzene ring in the RhB structure. FI-IR results showed that RhB could be adsorbed on magnetic
porous carbon.

3.2. Adsorption Studies

3.2.1. Effect of Adsorbent Dosage

The effect of adsorbent dosage on the adsorption of RhB was investigated. It can be seen from
Figure 3A that the absorption peak intensity at 550 nm decreased when the adsorption dose increased,
and the peak disappeared almost completely after the treatment of magnetic carbon adsorbent with
34.8 mg, indicating the removal of RhB from the solution by the adsorption of the magnetic porous
carbon as shown in Figure 2C. Figure 3B shows that the removal proportion of RhB increased with the
increase in the dosage of adsorbent. This phenomenon was expected because RhB solution can obtain
more interchangeable surface sites with the increase of adsorbent dosage [26]. However, the adsorption
capacity of the adsorbent decreases gradually with the increase of adsorbent dosage. This is because
the high solid content in one system will increase the probability of the collision among these adsorbent
particles, resulting in their aggregations and decreasing the corresponding total surface area, thus being
unfavorable for the adsorption behavior of magnetic carbon. The experimental results showed that the
adsorption efficiency had a threshold. When the threshold value was reached, simply increasing the
amount of magnetic porous carbon could no longer significantly improve the adsorption efficiency.
For RhB, when the amount of adsorbent was between a and b, increasing the amount of adsorbent
could effectively improve the adsorption efficiency. Therefore, the appropriate amount of porous
carbon should be selected according to the initial concentration of RhB and the required absorption
efficiency [27].
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Figure 3. (A) Successive UV-vis spectra of the remaining Rhodamine B in the solution after magnetic
separation of each composite dose treatment. (B) The removal proportion (%) of Rhodamine B and the
adsorption capacity of magnetic porous carbon of each adsorbent dosage.

3.2.2. Effect of Contact Time and Adsorption Kinetics

The effect of RhB solution on adsorption efficiency is shown in Figure 4. It can be seen from
the result that the adsorption process was divided into two stages: Rapid removal rate and slow
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removal rate until the reaction was in equilibrium. The adsorption was basically balanced within
1 min, with nearly 76.8% removal efficiency of RhB, indicating that the adsorption process of RhB by
magnetic adsorbent was extraordinarily quick and effective. This high efficiency was supposed to be
mainly attributed to the resultant high specific surface area and the electrostatic interaction between
the negatively charged surface of adsorbent and the positively charged RhB (as shown in Figure 2F).
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Figure 4. The kinetic data for Rhodamine B by magnetic porous carbon.

In order to evaluate the adsorption kinetics of magnetic carbon adsorbent on RhB solution,
four models were used to fit the experimental data, as shown in Table 1. Assuming pseudo-first order
kinetics, the rate of adsorption interaction can be calculated by Equation (a) in Table 1, where g and qe
are the amounts of RhB per unit mass at any time t and at equilibrium, respectively [28]. The constant
k; is the rate constant of the pseudo-first order kinetics, which can be obtained according to the slope
of the simulated linear line in Figure 5A. The detailed calculated parameters are listed in Table 1 and
the linear regression is presented in Figure 5A. It can be seen from Figure 5A that the data had a bad
linearity (the red line is the linear fitting, and the correlation coefficient (r?) was 0.4886, which was
less than 0.99). Therefore, it can be concluded that the adsorption process of RhB on magnetic carbon
materials does not follow pseudo-first-order kinetics.

Pseudo-second-order dynamic model was introduced to investigate the kinetics mechanism of
the adsorption process following Equation (b) as shown in Table 1. The corresponding parameters
are also listed in Table 1, the constant k; is the rate constant of the pseudo-second-order kinetics
which can be obtained according to the slope of the simulated linear line in Figure 5B and h is the
initial sorption rate along with the correlation coefficient (r?) [29]. The linear regression is presented in
Figure 5B. It can be seen that the data had good linearity, and the correlation coefficient (r?) was 0.9999,
which was greater than 0.99, implying that the corresponding theoretical data was ideally consistent
with the experimental value. These results suggest that the pseudo second order adsorption was the
predominant mechanism and the overall rate constant was determined by the chemisorption process.

To explore whether the activation energy changed significantly during the reaction, the adsorption
data could also be analyzed using the Elovich equation given by Equation (c) in Table 1, where « is the
initial adsorption rate constant and f3 is the desorption constant, which could be obtained from the
slope value and intercept value of the simulation result in Figure 5C, respectively [30]. As shown in
Figure 5C, the red line was linear fitting, the slope had a good linear relationship, and the correlation
coefficient (r?) was 0.6066, which was much less than 0.99, implying that there was a deviation between
the experimental value and the corresponding theoretical data. The Elovich equation could not be
used to explain the adsorption process of RhB on magnetic carbon materials.

The nature of the rate-limiting step in a batch system can also be assessed from the properties
of the solute and adsorbent. If intra-particle diffusion is the rate-controlling factor, uptake of the
adsorbate varies with the square root of time, explaining the intra-particle diffusion equation given
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by Equation (d) in Table 1, where k3 is the intra-particle diffusion rate constant and C is a constant,
giving an idea about the thickness of the boundary layer [26]. The linear regression is presented in
Figure 5D, where the red line is linear fitting, and the intercept of the fitting curve is the value of
formula C. However, the formula itself did not provide a zero intercept, indicating that the adsorption
process may have not been controlled by the diffusion in the particles.

Table 1. Mathematical equations in Rhodamine B adsorption kinetics and kinetic parameters of various
models fitted to experimental data.

Rhodamine B Cy (mg/L): 100, ge(exp.) (mg/L): 78.35108

Lagergren pseudo-first order equation: In(qe — qt) = Inge — kit (a)

ki (min~1): 0.07373 r?: 0.4886
Pseudo-second-order: t/q; = 1/kaqe® + t/qe, h = kage? (b)

ko (g-mg_1~min_1): h (mg~g_1-min_1): 5.
Kinetic models 0.07916 485.4369 I 09999
and parameters : Elzovich: qr=1/ B-ln(locﬁ) + 11/ B In(t) (c)

o (mg-g~ -min~*): -mg~-min”):

( 128 ) o 254500 ) r’: 0.6066
Intra-particle diffusion equation: g = k3-t'/2 + C (d)

ks (mg-g_l-min_l/z):

. 2.
554031 C:52.21713 r~: 0.2899
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Figure 5. Fitting of Lagergren pseudo-first order-equation (A), Pseudo-second-order (B), Elovich (C)
and intra-particle diffusion equation (D), respectively.

3.2.3. Effect of Temperature and Adsorption Thermodynamics

The effect of temperature on adsorption efficiency is shown in Figure 6A. As can be seen, the higher
the temperature was, the more conducive it was to adsorption, implying that adsorption was an
endothermic reaction.

Two available isotherm models, Freundlich and Langmuir, were used to predict the absorptivity
of RhB [31]. The linear forms of the two models are shown in Figure 6B,C, the detailed calculated
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isotherm parameters are shown in Table 2. As can be seen from the figure, the Freundlich curve showed
that the straight line had a good linearity, the red curve was linear fitting, and the correlation coefficient
(R?) was greater than 0.999, while the Langmuir curve had a poor fit. Therefore, the adsorption process
of RhB on magnetic carbon material follows the Freundlich model, implying that the adsorption
process is single-layer and heterogeneous for surface adsorption.
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Figure 6. (A) Effect of temperature on the adsorption of RhB at different initial concentrations.
(B) Freundlich and Langmuir isotherm plots of the adsorption.
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Table 2. Freundlich and Langmuir isotherm parameters for adsorption of RhB.

. Values
Isotherm Equation Parameters
288 K 298 K 308 K 318 K 328 K
Freundlich Inge = InKg + 1/nInCe (e) (m-gfllérflgfl/n) 0.15793 0.16315 0.15642 0.15308 0.14898
1/n 4.21661 4.19489 4.22529 4.24069 4.25987
R? 0.99921 0.99941 0.99955 0.99948 0.99937
Langmuir Ce/qe =1/qmaxCe + 1/ (KL qmax) (f) Qmax (mg~g71) 91.74312 97.27626 99.50249 102.77492 107.29614
K (L~mg71) 0.45436 0.70994 3.13084 4.81683 5.61446
R2 0.93464 0.98909 0.99938 0.99923 0.99961

10 of 13
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4. Conclusions

In this study, a novel porous magnetic carbon was synthesized from biomass waste wood
as an effective adsorbent for RhB, through a facile method combining pressure impregnation and
pyrolysis. The magnetic porous carbon adsorbent could respond quickly to the external magnetic field,
being conducive to the separation of the adsorbent. The equilibrium was established within 1 min,
indicating an excellent adsorption efficiency. The adsorption trend of the magnetic porous carbon
followed the pseudo-second order kinetics model and Freundlich model, implying that the adsorption
process is a chemical reaction, and the adsorption process is single-layer and heterogeneous surface
adsorption. These experimental results indicate that the synthesized magnetic porous carbon has great
prospects in wastewater treatment.
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