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ABSTRACT

Paper sludge and wheat husk biochar was converted to a Fe-composite through a simple co-
precipitation process and its adsorption behavior was tested against an emerging pollutant, Malachite
Green (MG). Response surface methodology was employed to determine the optimum experimental
conditions and the interactions between pH, initial MG concentration, temperature and treatment
time. The maximum adsorption percentage obtained experimentally was 97.1%, whereas the Box—
Behnken design predicted a maximum adsorption of 98%, at pH 6.16, initial MG concentration of
6.56 ppm, temperature of 34.75°C and treatment time of 22 min. Compared with the original bio-
char, the Fe-modified sample improved the adsorption of MG by ~34%. The adsorption mechanism
followed the Langmuir model (g, = 172.3 mg/g, correlation coefficient 0.960) and the kinetics of
the process were best described by the pseudo-second-order model (correlation coefficient 0.9818),
although boundary layer effects were also observed.
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1. Introduction

Malachite Green (MG) is a water-soluble, synthetic basic
dye used in the processing of different materials such as
silk, wool, cotton and paper (IUPAC name: [4-[[4-(dime-
thylamino)phenyl]-phenylmethylidene]cyclohexa-2,5-dien-
1-ylidene]-dimethylazanium; chloride). Another important
use of MG is in aquaculture and is considered by the fish
farming industry experts as an effective antifungal and anti-
protozoal drug. It has been used for the treatment of vari-
ous diseases in fish and applied as a topic antiseptic. When
fish is treated with MG, the substance will be absorbed and
metabolized in their tissues. Both MG and one of its major
lipophilic metabolites, namely leucomalachite green (LMG),
pose a significant environmental threat and persist in fish
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tissues for a longer period of time [1,2]. The USA, EU and
Canada have banned the use of MG as a veterinary drug on
food of animals, aquaculture or fish for human consump-
tion. However, due to its low cost and antiparasitic effi-
ciency MG is still being used illegally. Concerns about the
potential for human toxicity of MG and LMG have led the
EU to establish a level of 2 ug/kg for MG and LMG residues
in aquatic products [3].

Due to their biorecalcitrance, MG and LMG are not
readily degraded using biological methods. Therefore,
several physical and chemical treatment protocols have
been developed to remove or degrade MG and LMG from
aqueous samples. Composite nanomaterials have been in
the center of these treatment methods, either as catalysts
in photodegradation or as adsorbent materials. Pt/ZnO
nanoparticles [4], Keggin-type polyoxometalates [5], guar
gum/AlL O, nanocomposites [6] and fluorine-doped ZnO
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nanowires [7] have all been successfully employed as
photocatalysts to achieve >90% MG oxidation in aqueous
solutions. Adsorption of MG onto various matrices has
also proved an efficient treatment method. Zinc sulfide,
copper oxide and magnetite nanoparticles on activated
carbon support have shown promising behavior in ultra-
sound-assisted adsorption of MG [8-11]. Certain nanocom-
posite materials have also performed well in conventional
adsorption experiments. Using Fe-modified cross-linked
poly(methyl acrylate) at a natural pH value, Pourjavadi
and Abedin-Moghanaki [12] achieved an adsorption capac-
ity of 890 mg/g for MG. Similarly, Brigante et al. [13] coated
nanosized magnetite on mesoporous silica shells and
achieved an adsorption capacity of 542 mg/g. Other mate-
rials that have shown considerable potential are N-doped
carbon nanotubes stabilized Cu,0 nanoparticles [14],
MnO,-modified mesoporous silica [15] and Cerastoderma
lamarcki shells [16]. Alternative methods that have been
used to degrade MG without the use of nanocomposites
are electro-Fenton oxidation [17] and enzymatic biodegra-
dation with lacasse [18].

The scope of this study was to investigate the removal
of MG from aqueous solution using biochar prepared
from a mixture of paper sludge and wheat husks. Biochar
is the solid product of biomass pyrolysis and its uses and
applications have been increasing steadily. A wide range
of biomasses can be used to prepare biochar — sewage
sludge, agricultural residues and fruit processing waste
are just a few. The final product properties depend on
pyrolysis conditions (type of furnace, heating rate, final
temperature and residence time) and initial biomass
properties. Most biochar works investigate its behavior
as a soil amendment and its benefits on crop production
[19-21]. Other research teams have focused on the adsorp-
tive properties of biochar toward heavy metals on contam-
inated soil and wastewater. It has been established that
engineered biochars can remove and/or immobilize heavy
metals from soil and water [22-25]. Additionally, they
have proven successful in removing a range of other haz-
ardous inorganic and organic substances from wastewa-
ters, indicating their potential to replace the more costly
activated carbons in that area. For example, ammonium
[26], pharmaceutically active compounds [27,28] and dyes
[29-31] have been quantitatively removed from aqueous
solutions.

In this paper, the biochar used was Fe-modified in order
to improve its adsorption behavior and ease of recovery after
treatment [32]. The composite was characterized and tested
against MG adsorption from aqueous solutions. The influ-
ence of pH, contact time, temperature and initial MG concen-
tration were examined by using a four factor Box-Behnken
design combined with response surface methodology (RSM).
RSM is a combination of mathematical and statistical tech-
niques used to study the effect of several variables influ-
encing the responses by varying them simultaneously and
carrying out limited number of experiments. The validity
of the method has been well established for a wide range of
adsorbents and adsorption experimental designs. Finally, the
adsorption mechanism and kinetics of the process were fur-
ther studied by applying well-known isotherms and kinetic
models.

2. Material and methods
2.1. Materials

Biochar prepared from paper sludge and wheat husks
was obtained from Sonnenerde GmbH (Riedlingsdorf,
Austria) and used as received. The sample was prepared
through conventional pyrolysis at 500°C at a residence time
of 20 min. No inert gas was used as flush gas to drive off
pyrolytic vapors. The biochar was allowed to gas out for
5 min and was quenched with water to 30% water content.
The detailed production conditions and full characteriza-
tion of the material can be found in Bachmann et al. [33]. A
brief summary of the sample properties in terms of elemen-
tal analysis (CHNS/O), heavy metals (Cd, Cr, Cu, Ni, Pb and
Zn), other elements of interest (P, K, Na, Mg, Mn, Ca and Fe),
pH, electrical conductivity and ash content is provided in
Table 1. MG (CI 42000, molecular weight 364.91 g/mol) and
all chemicals used to prepare the Fe-modified biochar were
obtained from Sigma-Aldrich (Turkey). A stock solution of
MG was initially prepared at a concentration of 100 ppm.
Each working solution was then prepared at the required
concentrations by serial dilution of the stock solution with
ultrapure water. The pH was adjusted by addition of either
0.1 M HCl or 0.1 M NaOH and the pH value was monitored
with a Hanna HI 2211 model digital pH-meter (USA).

2.2. Preparation and characterization of Fe-modified biochar

Fe-modified biochar was prepared through chemical pre-
cipitation of iron oxide nanoparticles on the biochar surface in a
basic environment. The process is reported in detail in Kamboh
and Yilmaz [34] and is briefly described below. FeCl,-4H,0O
(19.88 g), FeCl,-6H,0 (13.32 g), HCl (5 mL-5 M), ultrapure water
(40 mL) and ethanol (5 mL) were mixed in a 100 mL flask fol-
lowed by gentle heating below 50°C until complete dissolution
of the salts. Biochar (1 g) was then added in 30 mL of this solu-
tion and stirred for 2 h at room temperature. The suspension
was then filtered, washed with water and poured into a 1 M
ammonia solution. After a further 2 h of stirring, Fe-modified
biochar (with Fe,O, particles embedded) was collected by mag-
net, washed to neutral pH with distilled water, dried in vac-
uum at 50°C for 24 h and finally stored for further use.

Table 1
Properties of biochar used to prepare the Fe-modified composite

C (%) 51.1 Cd (mg/kg) 0.17
H (%) 1.73 Cr (mg/kg) 8.8
N (%) 1.39 Cu (mg/kg) 28.7
S (%) 0.116 Ni (mg/kg) 74
O (%) 12.1 Pb (mg/kg) 17.4
Ash content (%)  34.78 Zn (mg/kg) 57.4
P (mg/kg) 6,054 rH 9.30
K (mg/kg) 10,016 Conductivity (uS/cm) 1,054
Na (mg/kg) 308

Mg (mg/kg) 3,234

Mn (mg/kg) 127

Ca (mg/kg) 62,219

Fe (mg/kg) 1,550
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Fe-modified biochar (before and after MG adsorption)
was morphologically characterized in a Zeiss/Supra 55
(Germany) high-resolution scanning electron microscope
(SEM). The infrared (IR) spectra of Fe-modified biochar
and MG-loaded Fe-modified biochar (as KBr pellets) were
recorded by using an IR spectrophotometer PerkinElmer
FTIR (USA) with an attenuated total reflectance attachment
within the wave number in the range of 400-4,000 cm™.
Energy-dispersive X-ray (EDX) spectroscopy analysis was
done using a Quantax Instrument (Bruker, USA). The surface
chemistry of the composite during adsorption was investi-
gated further through the determination of the pH point
of zero charge (pH, ). At pH values above the zero point
charge, the surface of the adsorbent has a net negative or
anionic charge, and the surface would promote cation attrac-
tion, and cation exchange reactions. At pH values below
the zero point charge, the surface has a net positive charge;
it will attract anions and consequently participate in anion
exchange reactions. The pH = was determined using the
methodology described in Newcombe et al. [35]. The surface
area and pore structure of both original and Fe-modified bio-
char were investigated through nitrogen adsorption at 77 K
using a Micromeritics TriStar 3000.

2.3. MG adsorption method

Ultrasound-assisted adsorption was performed to study
the effect of pH, treatment time, initial MG concentration and
temperature on MG removal. The method followed can be
seen in detail in Bagheri et al. [36] and is briefly described
below. At each run, 20 mL of MG solution of known concen-
tration and pH (as determined by the Box-Behnken design)
was poured into a 50 mL Erlenmeyer flask and placed into
an ultrasonic bath. Fe-modified biochar (75 mg) was added
in the flask and the mixture was sonicated at a specified
time and temperature (as determined by the Box-Behnken
design). At the end of each run, the adsorbent was collected
by a magnet and the residual MG concentration in the solu-
tion was measured in a UV-Vis spectrophotometer through
absorbance at 620 nm. The removal percentage (%) and the
adsorption capacity (g, mg/g) at equilibrium were calculated
as follows:

% Removal = 2=t x 100 (1)
CO
(C,-C )V
q=—""— @)
m

where C is the initial MG concentration (mg/L), C, is the
residual MG concentration in solution (mg/L), V is volume
of MG solution (mL) used in each run and m the quantity of
biochar (g).

2.4. Design of experiments

Experimental design is a specific set of experiments
defined by a matrix composed by the different level combi-
nations of the variables studied [37]. The aim is to optimize
the levels of selected variables to achieve the best response.

The most influential experimental variables can also be
determined. The mean response is modeled as a polynomial
function of the level X of the factor, and the points form the
response curve. The standard model for polynomial regres-
sion includes linear and quadratic variables as well as inter-
action terms.

k k
Y= BU + ;ﬁixi + Izl:ﬁ,,x,z + ZZﬁinin +¢& (3)
= — T

where B is constant coefficient, 8, B, and Bi]. are the coeffi-
cients of the linear, quadratic and interaction effects between
the i-th and j-th factors, X, and X: are the independent vari-
ables, k is the number of variables and ¢ is the residual error.
The removal percentage was considered as the dependent
variable or response (Y).

At least three levels per factor are needed for quadratic
terms to be estimable in the second-order model, for this
reason 3 factorial or 3¥* (p different from 0) fractional facto-
rial designs might be considered. For fitting a second-order
response model, the Box-Behnken design is often preferred,
since the total experiment number of this design is consider-
ably reduced compared with fractional factorial designs for a
large number of variables.

In order to evaluate the influence of operating param-
eters on the adsorption efficiency of Fe-modified biochar,
four main parameters were chosen: initial MG concentration
(coded as X)), pH (XPH), time (X)) and temperature (X,). The
Box-Behnken design for four factors (variables) at three lev-
els (-1, 0, +1) resulted in 29 experiments, according to the fol-
lowing equation:

N =2k(k-1)+cp 4)

where k is the number of factors and cp corresponds to the
number of the central points. The conditions for each of the
29 experiments are shown in Table 2. The system limits were
set as: initial MG concentration 5-10 ppm, pH between 4 and
8, time 10-30 min and temperature 20°C—40°C. The average
of two experimental values was used in data analysis using
Design Expert 9.

MG adsorption was determined by coefficient of determi-
nation (R?), analysis of variance (ANOVA) and surface plots.
ANOVA was performed to identify the importance of each
parameter, binary interactions and quadratic terms in rela-
tion to their influence on the response. Three-dimensional
(8D) surface plots were drawn while holding a variable con-
stant in the quadratic model. The experimental and predicted
values were compared with validate the model (Table 2).
Finally, the optimal experimental conditions for maximum
MG removal were determined.

3. Results and discussion
3.1. Characterization of original and Fe-modified biochar

The FTIR spectra of original, Fe-modified biochar and
MG-loaded Fe-modified biochar are shown in Figs. 1(a)—(c).
Analysis of the FTIR peaks indicates the biochar surface moi-
eties responsible for binding the MG molecules. Comparing
the three spectra, the disappearance of certain bands and
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Table 2
The Box-Behnken experimental design used in adsorption of
MG by Fe-modified biochar

Number of X, Xu X X,  Adsorption %
experiments  (mg/L) (min) (°C)  Actual Predicted
1 10.00 6.00 30 30.0 90.25  90.25
2 750  6.00 20 300 9716  96.38
3 750  8.00 30 30.0 8350  83.66
4 750  6.00 20 30.0 95.80  96.38
5 750  6.00 10 20.0 84.80  86.06
6 10.00  6.00 20 400 9217  91.65
7 750  6.00 10 40.0 9096  91.18
8 750  6.00 30 20.0 86.20  86.91
9 500  6.00 30 30.0 94.84  93.87
10 10.00 6.00 20 20.0 85.89  85.63
11 500 8.00 20 30.0 8430 8555
12 10.00 8.00 20 30.0 81.01 81.26
13 500 6.00 20 20.0 88.63  88.61
14 750  6.00 30 400 9544 9511
15 750  6.00 20 30.0 9598  96.38
16 500 6.00 10 30.0 9213 9148
17 500 6.00 20 400 9620 9592
18 750  8.00 20 40.0 8574  86.04
19 750  4.00 20 20.0 76.62 7593
20 750  6.00 20 300 96.14  96.38
21 10.00 6.00 10 30.0 87.01 87.86
22 10.00 4.00 20 300 78.80 7848
23 750  8.00 10 300 82.85  81.88
24 750  4.00 20 400 81.26  81.87
25 750  6.00 20 30.0 96.81  96.38
26 500 4.00 20 300 8076  81.43
27 750  4.00 30 30.0 80.38  80.81
28 7.50 4.00 10 30.0 78.52 77.82
29 7.50 8.00 20 20.0 79.67 78.67

appearance of others can be observed. This indicates the
breaking of chemical bonds and the formation of new ones
during the conversion of biochar to Fe-modified biochar as
well as during the adsorption of MG. The main difference
between Figs. 1(a) and (b) is the emerging broad peak at
3,322 ecm™ due to the presence of hydroxyl groups (-OH)
on Fe-modified biochar. This is probably due to the use of
FeCl, in the co-precipitation stage, which leads to the par-
tial coating of the biochar surface with ferric oxyhydrox-
ide (FeOOH) [32]. As shown in Fig. 1(c), this peak shifts to
3,241 cm™, suggesting chemical interactions between the
MG molecule and the -OH group [38]. The -C=0 stretch-
ing vibration is attributed to the peak at 1,625 cm™ which is
considerably enhanced after magnetization of biochar. The
carbonyl and hydroxyl groups on the sorbent surface are
responsible for the basic and anionic properties, respectively.
Therefore, potentially both anionic and cationic substances
can be adsorbed onto Fe-modified biochar’s surface [29]. The
absorbance peak at 1,031/1,050 cm™ (due to the stretching of
ether linkage -C-O-C-) completely disappears in the spectra
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Fig. 1. FTIR spectra of: (a) original biochar, (b) Fe-modified bio-
char and (c¢) MG-loaded Fe-modified biochar.

of MG-loaded Fe-modified biochar (Fig. 1(c)). This indicates
the participation of the -C—O-C- linkage in MG adsorption.
Oxygen containing functional groups often play a significant
role in the adsorption or binding process [39]. The bands
below 800 cm™ correspond to Fe-O bond deformations,
therefore, confirm the formation of Fe O, particles on the bio-
char surface. Their absence and formation can be clearly seen
between Figs. 1(a) and (b), respectively [40].

The corresponding EDX spectra of the original biochar,
Fe-modified biochar and MG-loaded Fe-modified biochar
(Figs. 2(a)—(c), respectively) further established the increase
of Fe on the biochar surface after modification. It is interest-
ing to note the sharp decrease in Mg, Al, Si and Ca on the
Fe-modified biochar (Fig. 2(b)). Fig. 2(d) shows the relative
weight of the elements during the three stages of the exper-
imental process. It appears that magnetite was connected
to the biochar surface by displacement of these ions or that
these were leached from the original biochar during the
co-precipitation process. Furthermore, the percentage of Fe
remains practically the same after the adsorption process,
indicating the stability of the composite which is always a
desired advantage for wastewater treatment processes [22].

The SEM images obtained from the original biochar
(Fig. 3(a)), Fe-modified biochar (Fig. 3(b)) and MG-loaded
Fe-modified biochar (Figs. 3(c) and (d)) indicate that the
surface morphologies of the three samples are distinctly
different. The original biochar has a more heterogeneous
structure than the Fe-modified sample, whereas MG-loaded
Fe-modified biochar appears the most homogeneous of all
and consisting of smaller particle sizes. The average particle
diameter of this sample was measured at 40 nm.

The results of the surface area and pore analysis are
shown in Table 3. After Fe modification, biochar surface area
increased from 38 to 89 m?/g. This is consistent with earlier
works who reported that magnetite particles often have a
higher surface area compared with that of the raw biomass,
therefore, improving the surface area of the precursor [41-43].
However, Chen et al. [44] and Song et al. [45] observed the
opposite trend with the biochar they used, the surface area
of which was reduced after Fe modification. It is important
to note that the surface area of Fe,O, largely depends on its
particle size — microscale magnetite (0.2 um) has a surface
area of ~6 m?/g, whereas magnetite nanoparticles” (~50 nm)
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elements.

surface area can exceed 100 m?/g [46]. Therefore, Fe modifica-
tion of biochar can either increase or decrease its surface area,
depending on the initial surface area of the precursor and the
particle size of magnetite on the biochar surface [47,48]. In
our case, the total pore volume as well as the average pore
diameter were also increased after Fe modification (from
0.034 to 0.22 mL/g and 3.64 to 10.23 nm, respectively). The
increase in total pore volume is consistent with the increase
in surface area. The enlargement of the average pore diameter
combined with the reduction of micropore area and volume
lead to the conclusion that Fe-modified biochar lost almost
all of the microporous structure and became essentially mes-
oporous. Table 4 presents the pore size distribution and the
corresponding pore volumes and areas of Fe-modified bio-
char, where it can be seen that mesopores determine to a
large extent the total pore volume and area. It is possible that
Fe,O, particles crushed into the biochar surface and created
more pores and enlarged previous ones [43].

According to the IUPAC classification of physisorption
isotherms, both biochars show a combination of type II and
IV(a) adsorption isotherms (Figs. 4(a) and (b)) [49]. Both
isotherms are practically the same until p/p, = 0.8; however,
the adsorption isotherm for the original biochar resem-
bled more of a type II isotherm after that point, whereas
the Fe-modified biochar isotherm essentially became
type IV(a). Type II isotherm is the result of unrestricted

monolayer-multilayer adsorption up to high p/p,. A more
gradual curvature at the lower p/p, end is an indication of
a significant amount of overlap of monolayer coverage and
the onset of multilayer adsorption. Type IV isotherms are
typically given by mesoporous adsorbents. The adsorption
behavior in mesopores is determined by the adsorbent-
adsorptive interactions and also by the interactions between
the molecules in the condensed state. In this case, the initial
monolayer-multilayer adsorption on the mesopore walls,
which takes the same path as the corresponding part of
a type II isotherm, is followed by pore condensation [49].
The original biochar isotherm corresponds to H3 hysteresis
loop, whereas the one of Fe-modified biochar to H2(b). Type
HB3 hysteresis is usually found on solids with a very wide
distribution of pore size. Type H2 corresponds to channels
with a pore mouth smaller than the pore body (this is the
case of ink-bottle-shaped pores).

3.2. MG adsorption

The actual experimental as well as the percentage adsorp-
tion values predicted by the box-behnken design are shown
in Table 2. These results were used to calculate the coefficients
of the quadratic (second-order) polynomial regression equa-
tion which expressed the empirical relationship between the
response and independent variables (Eq. (5)).
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Fig. 3. Scanning electron microscopy images of: (a) original biochar, (b) Fe-modified biochar, (c) and (d) MG-loaded Fe-modified
biochar (200 and 100 nm, respectively).

Table 3 Table 4
Surface area characterization of original biochar and Fe-modified = Pore size distribution of Fe-modified biochar
biochar

Pore width Pore Pore

Original Fe-modified range (nm) volume (cm®)  area (m%/g)
biochar biochar Mesopores 18271254  0.0522 14.61
Surface area (m?/g) 38.1 89 12.54-9.6 0.0285 10.74
Total pore volume (mL/g) 0.034 0.22 9.6—7.68 0.0181 8.66
Average pore diameter (nm) 3.64 10.23 768 —6.42 0.0119 6.91
Micropore area (m?/g) 10.66 4.08 6.42-552  0.0086 5.88
(27.9% of total) (4.58% of total) 552 —4.78 0.0066 5.23
Micropore volume (mL/g)  0.0051 (15% of ~ 0.0012 478 — 4.2 0.0056 5.07
total) (0.54% of total) 42-373  0.0046 4.65
3.73-3.33 0.0039 4.54
3.33-2.98 0.0035 4.49
AdSOI’ptiOﬂ % =+96.38 — 1.81XCU + 1’73XpH + 1.20Xt 298 -2.67 0.0031 451
+3.33X, —2.44X¢, ~12.26X7, (5) 2.67-239  0.0029 4.66
308X~ 349X . 239-214  0.0028 4.99
Micropores 2.14-1.89 0.0026 5.30
1.89 -1.65 0.0026 5.96

At each and all conditions, there is a high level of agree-
ment between the experimental adsorption percentage and
the predicted values. In order to ensure the statistical signifi- ~ANOVA. The impact and significance of each term of Eq. (5)
cance of the quadratic model employed for fitting the experi-  and the results are presented in Table 5. The model F value
mental data at a 95% confidence level, the model was tested by~ of 189.50 implies that the model proposed is significant and
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there is only a 0.01% chance that an F value of this order could
occur due to noise. The lack-of-fit F value is 2.72 confirming
that it is not significantly relative to pure error. The terms that
were not addressed by the ANOVA were the non-significant
terms (p > 0.05) and they were removed from the initial
model. The correlation coefficients indicate the reliability of
the quadratic model. The obtained R* and R? , values were
0.9870 and 0.9819, respectively. This implies that 98.70% of
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Fig. 4. Nitrogen adsorption/desorption isotherms for: (a) original
biochar and (b) Fe-modified biochar.

Table 5

389

the variations for MG adsorption percentage are explained
by the independent variables. In addition, the robustness of
the model is shown by comparing the experimental vs. pre-
dicted values (Fig. 5). It is clear that the predicted values are
very close to the actual experimental ones, thus confirming
the stability of the regression model proposed. The optimum
experimental adsorption percentage of 97.16% was obtained
at a pH value of 6, initial MG concentration of 7.5 ppm, tem-
perature of 30°C and treatment time of 20 min.

Using Eq. (5) and setting 90% as the minimum acceptable
MG adsorption, the process was optimized within the param-
eter limits described in section 2.4. Within these boundaries,
the theoretical optimum conditions were predicted as: initial
MG concentration 6.56 ppm, temperature 34.75°C, adsorp-
tion time 22 min and pH 6.14, where 98% adsorption could
be achieved. For comparison reasons, MG adsorption was
tested on the original biochar sample at the optimum condi-
tions described above. An adsorption of 63.5% was obtained,
which is considerably lower than the corresponding value
from the Fe-modified biochar. This difference is probably

Predicted vs. Actual

100.00 —

9500 —

9000

8500 —

Predicted Adsorption %

8000 —

75.00 —

T
75.00 80.00 85.00 9000 9500 100.00

Actual Adsorption %

Fig. 5. Actual vs. predicted values for adsorption percentage of MG.

ANOVA results of the quadratic model for MG removal by Fe-modified biochar

Source Sum of square Degrees of freedom Mean square F value p Value
Model 1,211.90 8 151.49 189.50 <0.0001
Xeo 39.35 1 39.35 49.22 <0.0001
Xy 35.81 1 35.81 44.80 <0.0001
X, 17.14 1 17.14 21.44 0.0002
X, 133.07 1 133.07 166.45 <0.0001
X2 38.53 1 38.53 48.20 <0.0001
X 974.94 1 974.94 1,219.56 <0.0001
X? 61.38 1 61.38 76.78 <0.0001
X2 78.94 1 78.94 98.75 <0.0001
Residual 15.99 20 0.80

Lack-of-fit 14.64 16 0.92 2.72 0.1722
Pure error 1.35 4 0.34

Corrected total 1,227.89 28




390 E. Kulaksiz et al. | Desalination and Water Treatment 74 (2017) 383-394

due to the higher surface area as well as the introduction of  (p = 0.0002) and pH (p < 0.0001), with temperature being the
chemical moieties on the surface of the Fe-modified sample,  single most significant parameter at linear level due to the
as described earlier in section 3.1. Therefore, in our case the  highest regression coefficient of 3.33 (Eq. (5)). The initial dye
impregnation of biochar with magnetite particles not only  concentration showed negative influence on the adsorption
promoted easier recovery after treatment, but also increased  efficiency with a —1.81 coefficient value. All quadratic terms
the adsorption capacity of the adsorbent. showed significant effects, with pH having the highest coef-
ficient (-12.26).
3.3. Significance and interactive effects of the independent

variables 3.3.1. Three-dimensional response surfaces

The percentage adsorption of MG on the biochar surface Based on the model equation (Eq. (5)), the response sur-
was positively dependent on temperature (p < 0.0001), time  face plots of the variables (surface and contour plots) were

Adsorption %
Adsorption %

Adsorption %

Adsorption %

Adsorption %

350

100 400

Fig. 6. Response surface plots showing the effects of temperature, pH, time and initial MG concentration on MG adsorption: (a) initial
dye concentration against pH at fixed optimal time of 22 min and temperature of 34.75°C, (b) initial dye concentration against tem-
perature at fixed optimal time and pH of 6.14, (c) pH against time at fixed optimal temperature and initial concentration of 6.56 ppm,

(d) pH against temperature at fixed optimum time and initial dye concentration and (e) time against temperature at fixed optimum
pH and initial dye concentration.
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drawn. Fig. 6(a) shows the combined effect of the initial
MG concentration and pH on MG adsorption (at the opti-
mum temperature of 34.75°C and treatment time 22 min).
At any given pH between 4 and 8, lowering the initial MG
concentration only marginally improved the adsorption
percentage. For example, at pH 4 adsorption only increased
from 78% to 83% when C, was decreased from 10 to 5 ppm.
This indicated that there was no significant competition of
MG molecules for sorption sites on the sorbent surface area
at this concentration range. On the other hand, as in many
adsorption processes the role of pH was dominant. The most
effective adsorption was observed in the pH range of 5.5-6.5
and the optimum pH value was determined to be 6.16 (95%
MG adsorption). At either end of the experimental pH range,
adsorption percentage was reduced considerably. MG gives
positively charged ions when dissolved in water, therefore, at
lower pH values it competes with hydrogen ions for adsorp-
tion onto the adsorbent surface leading to a decrease in the
amount of MG adsorbed. If protons are attached to the adsor-
bent surface, repulsive forces will be generated between MG
molecules and adsorbent surface. The high adsorption capac-
ity of MG at near-neutral pH values on Fe-modified biochar
may be explained due to the electrostatic attraction that
occurred between adsorbent surfaces and MG. These con-
clusions largely agree with the findings of Dastkhoon et al.
[50] who optimized MG adsorption on zinc sulfide:copper
nanoparticle-loaded on activated carbon. They achieved an
optimum 97.86% adsorption at a pH value of 6 and their
experimental values were in good agreement with the pre-
dicted ones. Similarly, Zheng et al. [51] achieved an optimum
MG adsorption of 96.49% at the same pH value using mag-
netic litchi pericarp as adsorbent.

The pH , value was determined as 6.8 and provided an
important insight on the surface chemistry of the process
(Fig. 7). At pH values below pH_ the adsorbent’s surface
acquired an overall positive charge that accounted for the
low attraction—and therefore low removal—of MG. As the
pH of solution gradually increased and exceeded the pH
value, the adsorbent’s surface became negatively charged
and the cationic MG molecules were increasingly attracted
leading to higher removal percentage.

Fig. 6(b) presents the combined effect of initial MG con-
centration and temperature on MG adsorption (pH and time
constant at the optimum values). Adsorption experiments

final pH

mitial pH

Fig. 7. Plot for the determination of pH

pzc’

were carried in the temperature range of 20°C—40°C. The
temperature effect on the adsorption efficiency was observed
positive up to 34.75°C which is determined as the optimum
temperature, but then it showed a slight downward trend.
The increase in temperature accelerates the diffusion rate
of dye molecules into the pores of the adsorbent, indicat-
ing that the adsorption process is probably endothermic.
Additionally, the viscosity of the medium decreased as the
temperature was raised thus facilitating the formation of
cavitation bubbles due to the propagation of the ultrasonic
sound waves [52]. Ultrasonic waves play an active role in
the formation of new active sites, enhance the mass and heat
transfer rate on and at the adsorbent surface [53,54]. Beyond
the optimum temperature of 34.75°C, it appears that thermal
desorption of MG competed with adsorption.

Fig. 6(c) shows the combined effect of pH and time on MG
adsorption (temperature and initial MG concentration con-
stant at the optimum values). As shown earlier in Fig. 6(a), pH
plays a very important role in the process. Time had a much
lesser effect and at any given pH, MG adsorption percent-
age increased ~5% as time increased from 10 to 25 min. This
may be due to the promotion of MG molecules dispersion in
solution via ultrasonic power [55]. However, the lengthening
of sonication time can cause the weakly adsorbed dye mole-
cules to escape from the pores. An almost identical trend was
observed in Fig. 6(d), where the interactive effect of pH and
temperature can be observed. A twofold raise in temperature
resulted in ~10% increase in MG adsorption.

Fig. 6(e) presents the interactive effect between time and
temperature at a pH value of 6.16 and initial MG concentra-
tion of 6.56 ppm. The effect of temperature was more obvious
at longer adsorption times (>25 min), where increasing the
temperature generally increased MG adsorption more than
8%. At lower times, the corresponding increase was ~5%. As
in Fig. 5(c), time in this case did not affect MG adsorption
percentage significantly, confirming the optimum time deter-
mined earlier at 22 min.

3.4. Adsorption equilibrium isotherms

The MG and Fe-modified biochar relationship at equi-
librium was further studied by fitting the experimental data
on the Langmuir and Freundlich isotherm models. The the-
oretical background and corresponding equations of these
models have been described in detail elsewhere [32,50,56].
Briefly, the Langmuir isotherm assumes monolayer adsorp-
tion onto a surface containing a specific number of adsorp-
tion sites, whereas the Freundlich isotherm is an empirical
model that describes adsorption on the basis that surface
consist of adsorption sites of varying affinities (heteroge-
neous). The isotherm constants and the correlation coeffi-
cients with the experimental data are listed in Table 6. The
Langmuir isotherm provided a slightly better fit than the
Freundlich isotherm (correlation coefficient 0.960 and 0.949,
respectively). The maximum adsorption capacity (g, ) of
172.4 mg/g compares favorably with those capacities of
modified or unmodified natural adsorbents. 1/n is a dimen-
sionless parameter reflecting heterogeneity. The 1/n value
of 0.75 indicates favorable adsorption. The n value of 1.32
is lower compared with many other adsorbents of Table 6,
indicating higher degree of homogeneity [32].
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r(l;aolinlep?irison of isotherm parameters obtained in this work to other MG adsorption studies

Langmuir parameters Freundlich parameters ~ Adsorbent used Citation
q... (mg/g) b(L/mg) R K, n R?

172.413 0.168 0.960  19.05 1.32 0.949 Fe-modified biochar This work
168.067 9.44 0.999 8.298 6.13 0.936 ZnS/Cu nanoparticles on activated carbon [50]

127.3 0.417 nrt nr nr nr Magnetic biochar [56]

70.42 0.23 0.98 21.32 349 0.86 Magnetic litchi pericarps [51]

87.72 0.575 0.998 4367 1.54 0.987 CuO nanoparticles on activated carbon [9]
101.215 3.283 0.999 6.396 2.21 0.939  Mn-doped Fe,O, nanoparticle loaded activated carbon  [10]
202.429 10.978 0.997 10256 2.65 0920  Mn-doped ZnS nanoparticles on activated carbon [8]

207.04 0.591 0.997 6.49 2.52 0.962 Fe,O, nanoparticles on activated carbon [11]

542 nr nr nr nr nr Magnetite nanoparticles on mesoporous silica [13]

909 0.050 0.996 159 0.32 0907  Functionalized cross-linked poly(methyl acrylate) [12]

35.84 0.039 0.731 0.335 1.05 0.998 Cerastoderma lamarcki shell [16]

370 0.060 0.998 257 1.97 0.859 Cellulose modified with maleic anhydride [57]

111 0.028 0.998 899 242 0948  Cellulose modified with phthalic anhydride [57]

131.9 0.483 0999 43.69 31 0915  Modified epoxy-cellulose [58]

458.7 0.268 0.993 93.65 2.23 0.915 Cellulose-based multicarboxyl [59]
*Not reported.
Table 7 the experimental value, indicating that the adsorption process

Parameters of the pseudo-first-order, pseudo-second-order and
intra-particle diffusion models

Kinetic model Parameter Value
Pseudo-first order q, experimental (mg/g)  9.064
q, calculated (mg/g) 2.185
k, (min™) 0.0645
R? 0.9508
Pseudo-second order q, experimental (mg/g)  9.064
q, calculated (mg/g) 9.24
k, (g/mg/min) 0.046
R? 0.9818
Intra-particle diffusion  k,_, (mg/g/min'?) 0.8143
C (mg/g) 4.34
R? 0.9621

3.5. Adsorption kinetics

The dynamics of the adsorption were investigated in
terms of the order of the rate constant. The rate-controlling
mechanisms of the adsorption process are commonly stud-
ied by applying the pseudo-first-order (Lagergren’s model),
pseudo-second-order and intra-particle diffusion kinetic
models. The theoretical details and corresponding models’
equations can be found in previous works [32,51,56]. The prop-
erties and constants corresponding to each model are shown
in Table 7. The pseudo-second-order correlation coefficient
provided a better fit for the data (0.9818) compared with the
pseudo-first-order and intra-particle coefficients (0.9508 and
0.9621). Additionally, the calculated g value closely matched

followed the pseudo-second-order model and chemisorption is
the rate-controlling process. This conclusion agrees well with
the findings of other researchers who studied MG adsorption
on other adsorbents [9,10,50,51,56]. The parameter C of the
intra-particle diffusion model corresponds to the thickness of
the boundary layer. If the value of C is zero, this means that
adsorption is exclusively controlled by the intra-particle dif-
fusion mechanism. However, a value of 4.34 indicates that
boundary layer effects are not negligible and co-exist with
chemisorption.

4. Conclusions

Either as a dye or antifungal drug, residual concentra-
tions of MG pose a threat to the environment. Fe-modified
biochar proved to be an effective adsorbent for MG under a
wide range of conditions. At all conditions tested, the adsorp-
tion percentage ranged between 79% and 97%. In practice,
the highest value of 97.16% was obtained at a pH value of 6,
initial MG concentration of 7.5 ppm, temperature of 30°C and
treatment time of 20 min. The use of RSM, predicted a theo-
retical maximum adsorption percentage of 98%, at pH 6.16,
initial MG concentration of 6.56 ppm, temperature of 34.75°C
and treatment time of 22 min. Compared with the original
biochar, the Fe-modified sample improved the adsorption
of MG by ~34%. Of all the parameters tested, pH was found
to be the most influential. The adsorption process was best
described by the Langmuir model and the maximum adsorp-
tion capacity of 172.3 mg/g compared favorably with other
natural adsorbents. Kinetically, adsorption primarily fol-
lowed the pseudo-second-order model, supplemented by
boundary layer effects.
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