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Abstract: Rapid development in the printing and dying industry produces large amounts of
wastewater, and its discharge in the environment causes pollution. Keeping in view the carcinogenic
and mutagenic properties of various dyes, it is important to treat dyed wastewater. Maple leaf biochars
were produced at different pyrolysis temperatures, i.e., 350 °C, 550 °C, and 750 °C, characterized for
physicochemical properties and used for the removal of cationic (methylene blue (MB)) and anionic
dye (congo red (CR)). Response surface methodology (RSM) using three variables, i.e., pH (4, 7, and
10), pyrolysis temperature (350 °C, 550 °C, and 750 °C), and adsorption temperature (20 °C, 30 °C,
and 40 °C), was designed to find the optimum condition for dyes removal. X-ray diffraction (XRD)
analysis showed an increase in CaCOj crystallinity and a decrease in MgCOj crystallinity with the
increase of pyrolysis temperature. RSM design results showed that maple biochar showed maximum
adsorption capacity for cationic dye at higher pH (9-10) and for anionic dye at pH 4-6, respectively.
Under the selected condition of pH 7 and an adsorption temperature of 30 °C, biochar MB550 was
able to remove MB and CR by 68% and 74%, respectively, from dye mixtures. Fourier transform
infrared (FTIR) and X-ray photoelectron spectroscopy (XPS) analyses showed that MB550 was able to
remove both dyes simultaneously from the aqueous mixtures.

Keywords: biochar; methylene blue; congo red; response surface methodology; maple leaf

1. Introduction

Dyes are widely used in various industries, such as textiles, plastics, paper, and leather
production [1,2]. The large amounts of dye effluents occurred from these factories can infiltrate
(approximately 85%) and accumulate into ground water and surface water systems [3]. These dye
effluents, by transferring into drinking water, have caused significant problems, such as a threat of
human health owing to mutagenic, carcinogenic, and toxic characteristics of dyes [1,2]. Therefore, it is
necessary to evaluate and investigation methods to eliminate dyes from aqueous environment.

Technologies including physical, chemical, and biological processes for dye removal have been
studied [1,4,5]. The chemical process has its own problems, such as the production of harmful
intermediates and a high cost of operation [6]. In addition, the biological process has a disadvantage
including the limits for removal efficiency due to a synthetic origin and stable molecular structure of dye,
occurrence of sludge, and production of secondary harmful compounds [1,3]. Currently, the physical
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processes, including activated carbon, ion exchange, and membrane filter, appear attractive because of
their high performance, and facile reaction process [4]. However, these physical processes also possess
limits, such as high cost of material and equipment [7].

As a promising adsorption-based approach, biochars (BCs) can be effectively used for dye
treatment. BCs produced from waste bioresource residues, such as wood, leaves, sawdust, weeds,
straws, and microalgae, are inexpensive and chemically and mechanically stable adsorbents [8-10].
BCs can be easily modified using various approaches, such as surface oxygenation and preparing
their composites with other materials, to increase the adsorption efficiency [11-13]. In particular,
the pyrolysis temperature is one of the crucial parameters for biochar production and may affect its
characteristics with regard to dye treatment. According to the previous literature, BCs produced at
different pyrolysis temperatures possessed different properties (e.g., metal crystallization, functional
groups, surface area, pH,pzc (the pH at point of zero charge), and porous structure) [2,10,14,15].
Hence, seaweed-, vermicompost-, cabbage-, wheat straw-, pulp-, and paper sludge-derived BCs
from previous studies were used for dye removal (e.g., methylene blue, congo red, crystal violet,
etc.) [2/4,8,16,17]. Yang et al. (2016) reported that there were possible mechanisms such as hydrogen
bond formation, 7-7 interaction, electrostatic attraction, and cation exchange for MB and CR dye
removal using vermicompost-derived BCs [2].

In addition, the adsorption by activated carbons governed a higher surface area and mesoporous
nature [4]. There are some difficulties for the treatment of dyes possessing different characteristics
(e.g., cationic and anionic property). In particular, characteristics of these dye effluents could be
dependent on the production process, season, and era. Therefore, BCs having various characteristics
can be advantageous for the simultaneous treatment of dyes mixtures. Thus, this study focused on the
adsorptive elimination of cationic and anionic dye mixtures (i.e., methylene blue and congo red) as
cationic and anionic dye in water using BCs produced at various pyrolysis temperatures. In order to
evaluate the adsorption efficiency of the dye, we tried to investigate the optimal and possible condition
using response surface methodology (RSM).

The main objectives of this investigation are to: (1) rapidly evaluate the optimization (i.e., solution
pH (4, 7, and 10), pyrolysis temperature (350, 550, and 750 °C), and adsorption temperature (20, 30,
and 40 °C)) of the dyes (i.e., methylene blue and congo red) adsorption onto BCs via response surface
methodology (RSM), (2) figure out the adsorption mechanisms between dyes and BCs, and (3) examine
the adsorption of mixtures of dyes (methylene blue and congo red) onto BCs in optimal condition of
batch experiments.

2. Materials and methods

2.1. Chemicals

Methylene blue (hereafter, MB) and congo red (hereafter, CR) used to evaluate adsorption efficiency
of BCs were purchased from Sigma-Aldrich Korea. Table 1 shows the characteristics of dyes used in
the current investigation [18]. Maple leaves (Acer palmatum) collected from Konkuk University campus
(Seoul, Korea) were used as feedstock for BCs production.

Table 1. Characteristics of methylene blue and congo red used in the current investigation.

Molecular Amax

Dye Empirical Formula Color Index Weight (g/mol) (am) pKa Molecular Structure
o
Megl‘ﬁe“e C16H15CIN;S 52015 319.85 670 26,112 he NN

Congo red C32H22N6Na20652 22120 696.66 500 41
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2.2. Preparation of BCs

The preparation of maple leaf-derived BCs was described in our previous study [9]. Briefly,
the maple leaves were dried at 60 °C overnight and crushed to 500-2360 um particle size. Maple
leaf-derived BCs were produced from feedstock (i.e., maple leaf) using a pyrolysis reactor (Tube
Furnace OTF-1200X-S, MTI Co., Richmond, CA, USA). The pyrolysis was conducted after reaching
each temperature (350 °C, 550 °C, and 750 °C) with 10 °C/min under nitrogen atmosphere for 2 h. The
maple leaf-derived BCs were named corresponding to pyrolysis temperature (i.e., BC350, BC550, and
BC750). The maple leaf-derived BCs were ground into powder and sieved to below 106 um particle
size. Ten grams of maple leaf-derived BCs were washed to remove the impurities using 1000 mL of
distilled (DI) water several times for 3 days.

2.3. Characterization of BCs

The surface area of BCs was analyzed by using the Brunauer-Emmett-Teller (BET) method, and
the area was determined using N, adsorption data at 77K (TriStar II, Norcross, Micromeritics, USA).
The elemental contents of C, N, and H in feedstock and BCs were determined by a Thermo elemental
analyzer (FLASH EA1112, Waltham, Thermo Scientific, USA). The O content was calculated based on
the difference of the C, H, N, and ash contents. In addition, O/C and H/C were also calculated by O, H,
and C (mol/mol). According to the experimental method in a previous study, the pH at point of zero
charge (pH,pzc) was measured to determine the surface charge of BCs [19]. XRD (X-ray diffraction)
analysis (SmartLab, Rigaku Co., Japan) was conducted by scanning at a range of 2° to 80° with a step
size of 0.02° (20) to determine the metal crystallization on the surface of BCs. The surface functional
groups on BCs were analyzed by Fourier transform infrared (FTIR) spectroscopy (FTI/IR-4600, Jasco,
Japan) at a wavelength range between 400 and 4000 cm™~!. X-ray photoelectron spectroscopy (XPS)
analysis (K-Alpha, Waltham, Thermo Scientific, USA) was performed to observe the binding energy of
surface compositions on BCs.

2.4. RSM Design and Statistical Analysis

A Box-Behnken design was used for response surface methodology (RSM) analysis and to describe
the influences of the various parameters on adsorption efficiency of MB and CR onto BCs. As shown
in Table 2, three main factors and levels were chosen: solution pH (X;), pyrolysis temperature of
a produced BCs (°C) (X3), and dye adsorption temperature (°C) (X3). The experimental data were
analyzed to fit a second-order polynomial model by Equation (1):

k k

k k
Y = Bo+ Z BiXi + Zﬁquz + Z Zﬁinin + € 1)
i=1 i=1

i=1 j=1

where Y is adsorption efficiency; fo, fi (i=1,2,3),ii (i=1,2,3),and Bij (i=1,2,3;,j =1, 2, 3) are
the various coefficients, while Xi and Xj are coded independent variables. The Minitab 16 Statistical
software was used to analyze the data.

Table 2. Coded and actual values of the various variables (pH, pyrolysis, and adsorption temperature)
used in Box-Behnken design.

Factor Variables Levels of Variables
-1 0 +1
X1 Solution pH 4 7 10
X2 Pyrolysis temperature (°C) 350 550 750

X3 Adsorption temperature (°C) 20 30 40
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2.5. Adsorption Experiments of Methylene Blue and Congo Red onto BCs

The stock solutions of dyes (methylene blue (MB, 100 mg L™ and congo red (CR, 100 mg L)
were used for the adsorption study of dyes (MB and CR) onto BCs. The stock solutions of dyes were
adjusted to pH 4, 7, and 10 by 1M HCl and 1M NaOH. A 0.01 g of the BCs produced at 35-750 °C was
added to 20 mL of MB solution (100 mg L~1) and CR solution (100 mg L™1)in 50 mL glass vials. These
experiments were performed in a shaking incubator at various temperatures, such as 20 °C, 30 °C,
and 40 °C, with shaking at 200 rpm for 5 days. Then the supernatants were collected to measure the
adsorption efficiency after centrifugation of samples at 5000 rpm. The MB and CR value in aqueous
phase was measured as an absorbance at 660 nm and 500 nm, respectively. The results were converted
to the concentration using the calibration curve (concentration vs. absorbance). The correlations
between dye concentration and absorbance were made through regression analysis:

For MB,

Y = 4.4818X — 1.2352 (R% = 0.9999) 2)

For CR,
Y =33.692X + 0.0278 (R? = 0.9999) 3)

where Y is dye concentration measured, and X is absorbance measured.
The MB adsorption efficiency was calculated following Equation (4):

Adsorption efficiency (%) = (A — B)/A x 100 4)

where A is the initial concentration of dye, and B is the final concentration of dye after
adsorption experiment.
The MB adsorption capacity was calculated following Equation (5):

(CO — Ci) XV

- )

Adsorption capacity (q) =
where (q): mg of dye adsorbed onto the biochar; (Cp): initial dye concentration in mg per L; [C;]: final
dye concentration in mg per L; V: volume of dye solution in L; W: amount of biochar in g.

2.6. Effect of Adsorption of Dye Mixtures onto BC550

The stock solutions of dyes (i.e., MB (100 mg L~1) and CR (100 mg L)), and mixtures of MB
(100 mg L~!) and CR (100 mg L~!) were prepared to investigate adsorption efficiency at the optimal
conditions. Based on the optimization results by RSM, the stock solutions were prepared with pH 7,
and 0.01 g of the chosen BC550 was added into 20 mL of each stock solution (i.e., MB, CR solution, and
mixtures of MB and CR). The adsorption experiments were conducted at 30 °C (the optimal adsorption
temperature from RSM results) and 200 rpm for 5 days.

3. Results and Discussion

3.1. Characterization of Biochar

The physicochemical properties of the BCs produced at three different pyrolysis temperatures
(i.e., 350, 550, and 750 °C) have been already discussed in detail in our previous report [9]. In brief, H,
O, and N contents decreased with the increase of pyrolysis temperature. C contents also decreased in
the current investigation due to the loss of volatile compounds [2]. Nevertheless, O/C and H/C values
indicating hydrophobicity and aromaticity decreased with the increase of pyrolysis temperature [9].
In addition, the BET surface area of BCs gradually increased (2-191 m?/g) with higher pyrolysis
temperature, indicating cracking of feedstock and development of the pore structures. Similarly, results
have also been observed and reported for various BCs [2,10]. The pH,pzc of BC350, BC550, and BC750
was 6.3, 9.2, and 9.3, respectively. These results imply that BCs have a different surface charge at the
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chosen solution pH [10,20]. In addition, it is thought that the higher pH,pzc of BC550 and BC750 causes
concentrated alkali salts (e.g., Ca, Mg, Na, K, etc.) by the increase of pyrolysis temperature [10,20].

The XRD patterns of BCs were also analyzed and reported in our previous work [9]. The 2-theta
diffraction peaks at 15, 24, 26, and 30 for MgCOs3 and 29, 35, 39, 43, 47, and 48 for CaCO3; were
detected [7,9]. BC550 and BC750 showed higher CaCOj crystallinity, while BC350 showed higher
MgCOjs crystallinity. These results may imply that CaCOj3 leads to a remarkable dye adsorption. Please
see the detailed discussion of adsorption mechanisms in Section 3.4.

3.2. Effects of pH, Pyrolysis Temperature, and Adsorption Temperature on Adsorption Efficiency from
RSM Results

In the present study, the different operating conditions including pH (4, 7, and 10), adsorption
temperature (20, 30, and 40 °C), and pyrolysis temperature (350, 550, and 750 °C) were evaluated using
a Box-Behnken design to study their influence on dye adsorption efficiency. The response (adsorption
efficiency, %) is presented as summarized in Table 3. As shown in Figure 1A-F, the two-dimensional
(2D) contour plots describe the effect of various variables (pH, adsorption temperature, and pyrolysis
temperature) on single dye adsorption efficiency. As shown in Figure 1A,C, the adsorption of MB was
facilitated at the high solution pH of 9-10. These results are consistent with previous research using
vermicompost-derived BCs and vegetal fiber activated carbons [2,21]. When the solution pH is higher
than pH,pzc (BCs: 6.3, 9.2, and 9.3), the surface of biochar becomes negatively charged, while it has a
positive charge at a pH lower than pH,pzc. Therefore, the adsorption of MB could increase owing to
the increase in the electrostatic attraction between negatively charged BCs and positively charged MB
as a cationic dye at higher pH [17,22,23].

Table 3. Effects of different combinations of various variables on adsorption efficiency (%) of methylene
blue and congo red analyzed by using a Box-Behnken response surface design.

Run Independent Variables Response (Adsorption Efficiency, %)
X1 X2 (°Q) X3 (°Q) Methylene Blue Congo Red
pH Telz;(:elr);ihsre "l{: ﬂfg:f:;ﬁ?e Experimental Experimental

1 4 350 30 11.38 + 0.54 52.61 + 3.37
2 10 350 30 20.54 + 0.75 15.01 + 0.01
3 4 750 30 13.84 + 1.64 98.70 + 2.40
4 10 750 30 23.88 + 4.40 23.27 +1.79
5 4 550 20 10.04 + 0.06 16.19 + 1.14
6 10 550 20 16.96 + 8.43 14.84 +1.18
7 4 550 40 25.45 +0.78 98.75 + 0.35
8 10 550 40 45.09 +4.11 97.79 £ 0.29
9 7 350 20 4.46 +2.07 4.38 +0.87
10 7 750 20 10.04 + 0.06 16.36 + 2.32
11 7 350 40 14.29 + 1.81 6.24 +0.33
12 7 750 40 39.06 +1.32 98.87 +1.23
13 7 550 30 20.98 + 0.02 97.99 + 1.40
14 7 550 30 33.48 +£0.73 97.77 £ 0.31
15 7 550 30 20.31 + 3.80 97.99 + 1.40
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Figure 1. Two-dimensional contour plots showing effects of pH, pyrolysis temperature (PT, °C), and
adsorption temperature (AT, °C) on adsorption efficiency of methylene blue (MB) (A,C, E) and congo

red (CR) (B,D,F).

These results were similar to the phenomena (the CR adsorption onto vermicompost-derived BCs)
from the previous literature, but there was no effect of solution pH on the CR adsorption by rice straw,

wood chip, and Korean cabbage-derived BCs [2,4].

In addition, the increase of adsorption temperature and pyrolysis temperature influenced the
adsorption efficiency of both dyes (MB and CR) as shown in Figure 1E,F. At solution pH 7, the best
operating conditions were between 550 to 750 °C of the pyrolysis temperature and between 35 to 40 °C
of adsorption temperature for the adsorption efficiency (80%-100%) of MB and CR. According to a
previous study, the MB adsorption by anaerobic digestion residue and eucalyptus-derived BCs was
enhanced with the increase of the reaction temperature [7]. These results imply that the BCs produced
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at higher temperature can be potential adsorbents, and the dyes” adsorption can be associated with a
spontaneous reaction.

3.3. Effects of Single Dye and Dye Mixtures on Adsorption Efficiency at the Chosen Conditions

Predicted values of various variables for optimum adsorption efficiency of MB and CR presented in
Figure 2. In the case of MB, pH 9.4, pyrolysis temperature 673 °C, and 40 °C of adsorption temperature
were predicted as the best conditions for MB adsorption, implying 45% of adsorption efficiency and
90 mg MB/g BC of adsorption capacity (Figure 2A).

: pH BC Temp
A 0 thm aly g 10.0 750.0 40.0
Cur [9.4545] [673.2323] [40.0]
0.99997 oy 4.0 350.0 20.0
e

Com pos it
Des irab ility
0.99997

The chosen conditions

Methylene

blue

Removal

efficiency(%)
Targ:45.0
y = 44.9989
d =0.99997

o
=

PT (0C) AT (C)

Opthal 750.0 40.0
[550.0] [30.0346]
350.0 20.0

High
D
(B) 1.0000 47

Loy, Y
.'“g.o
==

Com pos it
Des irab ility
1.0000

Congo red

Removal

efficiency(%)
Targ:99.90
y =99.9000
d =1.0000

Figure 2. Predicted values of different variables (pH, pyrolysis temperature (PT, °C), and adsorption
temperature (AT, °C)) for optimum adsorption efficiency. (A): MB, (B): CR). Symbol (|) is the chosen
conditions for the adsorption of mixtures of MB and CR.

In contrast, Figure 1B,D shows the influence of solution pH between the adsorption of CR
and biochar. The adsorption of CR was higher at lower pH, indicating the BCs are protonated
when the solution pH (4-6) is lower than the pH,pzc of the BCs (6.3, 9.2, and 9.3). The electrostatic
attraction between the positively charged BCs and the negatively charged CR as an anionic dye will be
strengthened with pH decrease, resulting in the increase of CR adsorption.



Appl. Sci. 2020, 10, 2982 8 0f 12

The MB adsorption capacity of maple-derived BCs used in this investigation was higher than
that of anaerobic digestion residue-derived BCs (9.5 mg MB/g BC), sewage and tea waste-derived BCs
(12.5 mg MB/g BC), pulp and paper sludge-derived BCs (33 mg MB/g BC), and sewage sludge-derived
BCs (14-45 mg MB/g BC) but lower than that of vermicompost-derived BCs (174 mg MB/g BC), orange
peel (526 mg/g BC), and banana biomass (426 mg/g BC) BCs [2,7,17,24,25]. These results indicate that
the maple-derived BCs possessed significant ability (e.g., functional groups, metals, and electrostatic
attraction) with regard to MB adsorption.

As shown in Figure 2B, the CR adsorption of maple-derived BCs was great at pH 4, 550 °C of
pyrolysis temperature, and 30 °C of adsorption temperature. At these conditions, the CR adsorption
efficiency and capacity were 99% and 198 mg CR/g BC, respectively.

According to previous studies, the CR adsorption capacity by rice straw, vermicompost, wood
chip-derived BCs was 190, 31, and 110 mg CR/g BC, respectively, and for activated carbon it was
769 mg CR/g BC [2,4]. The CR adsorption mechanisms by these BCs often contained electrostatic
interaction and oxygen-containing functional groups, indicating the chemical sorption between BCs
and CR [2].

The chosen conditions (i.e., solution pH 7, 30 °C of adsorption temperature, and 550 °C of pyrolysis
temperature) were selected to evaluate the effect of single dye and dye mixture on adsorption efficiency
according to the RSM results (Figure 3). In particular, among them, the initial pH of the dye solution
was set at pH 7 to avoid the additional use of chemicals for the adjustment of pH and to reduce the bias
to acid and base. Moreover, the adsorption and pyrolysis temperatures were chosen for the experiment,
taking into account the cost. At these chosen conditions, the adsorption efficiencies of both MB and
CR by single reaction were 25% (adsorption capacity: 49 mg MB/g BC) and 97% (adsorption capacity:
195 mg CR/g BC), respectively, as shown in Figure 3. On the other hand, the adsorption efficiency for
each dye in a dye mixture reaction appeared as 68% for MB and 74% for CR, indicating the increase of
MB adsorption efficiency and the decrease of CR adsorption efficiency compared to those of a single
reaction. These results suggest that the competition and the reaction time for the adsorption of each dye
on the active sites of the BC surface may be possible causes, although it could not be fully understood.
Based on these finding, this biochar-based adsorptive approach for the treatment of dye mixtures can
be applied, depending on the characteristics of dye wastewater such as pH, initial concentration of
each dye, and sorts of dye. Furthermore, the evaluation using RSM can be rapidly and effectively
conducted for the adsorption of the dye mixture.

0 L

MB
Dye

Figure 3. Comparison of adsorption in single dye (methylene blue (MB) or congo red (CR)) and dye
mixture (MB and CR) dye solutions onto BC 550 at 30 °C and pH 7.
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3.4. Possible Mechanisms for Dye Adsorption onto BC550

The FTIR spectra of the BC550 surface before and after the adsorption of single dye and dye
mixtures are shown in Figure 4. After the dye adsorption, the FTIR spectrum of BC550 confirmed the
absence of various bands such as carbonates (CO32~, 875 cm™1!), C-O stretching (1049 cm~!), and C-H
(1430 cm™!). As reported in the previous literature, these functional groups may participate in MB
sorption [22]. Therefore, it was obvious that BC550 comprises binding sites for the dye adsorption.
In addition, a significant increase of peaks at 1036 cm™! and 1640 cm™~! under the adsorption of dye
mixtures emerged, compared to those under the adsorption of a single dye. These results imply that
MB and CR were simultaneously adsorbed onto BC550.

—— BC550 (after sorption of mixture)

—— BC550 (after MB sorption)
[T e e

—— BC550 (after CR sorption)

Transmittance (%)

— BC550 (before sorption) -

A
3200-3400 cm™"

1640 cm™ :
g + 875cm
1430 cm™ 1049 cm™’

r T T

4000 3000 2000 1000

Wavenumber (cm™)

Figure 4. Fourier transform infrared (FTIR) spectra of BC550 before and after sorption of single dye
and dye mixtures.

XPS results of the BC550 and dye-bounded BC550 were compared to determine the detailed
binding matrix related to the adsorption of a single dye and dye mixture by BCs (Figure 5A-F). Cls,
Ca2p, N1s, Ols, and Mgls were visible in the survey scan of BC550. The O1s and Mg1s were associated
with the CR adsorption, whereas Cls, Ca2p, Ols, and Mgls were associated with the MB adsorption
(Figure 5A). As shown in Figure 5B, the decrease of functional groups (C-H) mainly appeared during
MB adsorption [26]. As mentioned in Section 3.1, it was demonstrated that the dye adsorption was
induced by the decrease of Ca?* and Mg* ions (Figure 5D,E).
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Figure 5. XPS of (A) survey scan, (B) Cls, (C) Ols, (D) N1s, (E) Ca2p, and (F) Mgls of BC550 before
and after adsorption reaction.
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As reported in a previous study, the MB and CR adsorption may be assigned by ion exchange
processes, such as of Ca?* and Mg* ion [2,22]. In contrast, the increase of N1s could be related to
N source in MB and CR after the adsorption. These results indicate C1s, Ols, Ca2p, and Mgls as
binding sites, indicating functional group and ion exchange influenced the dye adsorption. Thus,
maple leaf-derived BCs can be applied for cationic and anionic dye elimination as a low-cost and
effective adsorbent.

4. Conclusions

In this work, maple leaf BCs produced at different pyrolysis temperatures were investigated for
the removal of dye, i.e., methylene blue and congo red. Biochar MB550 was observed as an efficient
adsorbent for the removal of both dyes from mixtures. Pyrolysis temperature, pH, and temperature
of reaction were observed as important factors for selectivity and adsorption efficiency of dyes.
Experimental results under selected conditions showed that MB550 was able to remove MB and CR
from dye mixtures with 68% and 74% efficiency. Future plans are needed to investigate the correlation
between the chemicals, and other pollutants contained in dye effluent, and the adsorption efficiency
onto BCs. In addition, a more detailed dye adsorption study using real wastewater is required.
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