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ABSTRACT

The aim of this work was to evaluate the effectiveness of easily available food industry by-products
for the removal of methylene blue (MB) from aqueous solutions. More specifically, malt spent root
lets (MSR), coffee residues (KES) and their biochars were employed. The sorption of MB by pyro-
lyzed MSR was examined using materials pyrolyzed at temperatures ranging from 300 to 900°C.
High surface areas for pyrolyzed MSR were observed at pyrolysis temperatures higher than 500°C,
and the maximum surface area (300 m* g™') was observed for biochar MSR pyrolyzed at 850°C
(MSR 850). Kinetic and isotherm experiments were conducted for the MSR, MSR 850 KES and KES
pyrolyzed at 850°C (KES 850). According to kinetic experimental data, sorption capacities at 120
min were over 58% of their equilibrium values for all materials used. The maximum MB sorption
capacities for MSR, MSR 850, KES, and KES 850 were 73, 130, 110, and 130 mg g, respectively.
Continuous flow-through column experiments were conducted with KES, and the maximum MB

capacity was 114 mg g™
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1. Introduction

Dyes are categorized into reactive, disperse, direct, vat,
sulfur, basic, acid and solvent dyes based on their usage or
the method of application, and into azo, anthraquinone etc.,
based on their chemical structure [1]. More than 100,000
commercially available dyes, and over 7 x 10° tons of syn-
thetic dyes are produced annually world-wide [2]. Since the
occurrence of organic compounds in nature is analogous to
their production [3], this increase in dye classes and quanti-
ties is alarming for the fate of dyes in the environment.

Depending on the class of the dye, the losses in waste-
water can vary from 0 to 10% for basic dyes to as high as
50% for reactive dyes [4]. Even at low concentrations, dyes
are visible in effluent, and the high light absorption affects
the photosynthesis of aquatic species [5]. Most dyes are
organic compounds, that increase the oxygen demand of
the water bodies, and many of them are toxic and hazard-
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ous to aquatic organisms whereas their degradation prod-
ucts may be mutagenic and carcinogenic [6]. Methylene
blue (MB) is a basic dye with various applications and is
mostly used by industries involved in textile, paper, rub-
ber, plastics, leather, cosmetics, pharmaceutical, and food
sectors [7-9]. Basic dyes, like MB, are also considered as
cationic dyes because they form a colored cationic salt when
dissolved in water.

There are numerous treatment processes for effluent
containing dyes like biodegradation, chemical oxidation,
foam flotation, electrolysis, photocatalysis, electro-coagula-
tion, adsorption and ultrasound [4,10]. Sorption is consid-
ered as one of the most effective processes due to its low cost,
ease of operation and design simplicity [11,12]. Commercial
activated carbon is a remarkable sorbent but it is expensive
due to its high production cost [13]. Biochar is an alternative
to activated carbon, and is a solid material produced by the
carbonization of biomass under partial absence of oxygen
[14]. The source materials usually are not activated or fur-
ther treated before use [14], and biochar is less expensive
than activated carbon [5,15]. Biochars produced from differ-
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ent organic wastes have been successfully tested to remove
pollutants such as metals [14,16] and dyes [5]. The raw agri-
cultural wastes can also be used as biosorbents, which may
be more desirable due to lower production cost compared
to activated carbon and biochars [17-19].

Malt spent rootlets (MSR) are biomaterials produced
in big quantities by beer industry as by-products [20]. The
average annual global production of brewers’ spent grain is
estimated to be about 39 x 10° tonnes [21]. Coffee is one of
the most consumed beverages all over the world. In 2016 the
production of coffee reached about 9 x 10° tonnes [22]. The
processing of coffee often generates significant amounts of
solid residues, which account for approximately 50% of the
total input mass of coffee feedstock [23].

The aim of the present work was to evaluate the poten-
tial use of biochars produced from malt spent rootlets
(MSR) and coffee residues (KES) to remove MB from pure
aqueous solutions. The sorption capacity of the biochars
compared with the raw materials used. Batch experiments
were conducted to obtain the optimum sorption conditions
under different MB concentrations and contact times. The
effect of MSR pyrolysis temperature on MB sorption capac-
ity was examined. Finally, the raw material with the highest
sorption capacity (KES) was selected for further evaluation
in continuous flow-through experiments.

2. Materials and methods
2.1. Sorbent materials

MSR were obtained from the Athenian Brewery S.A.
(Patras, Greece). They were dried overnight at 50°C, and
sieved. The size fraction of 0.150 to 1.180 mm was found to
represent about 70% of the mass sieved, and was selected
for the experiments of this study. KES was obtained after
espresso coffee was brewed through coffee machines at
the University of Patras coffee shops. MSR and KES were
separately weighted and placed into ceramic vessels
that were closed with their respective caps. These ves-
sels were custom-made not to allow oxygen to enter the
vessels at high temperatures. The vessels with the MSR
were placed in a gradient temperature furnace (LH 60/12,
Nabertherm GmbH, Germany) at temperatures ranging
from 300 to 900°C (i.e. 300, 400, 500, 750, 850, 900°C). KES
was pyrolyzed at 850°C. The mass of the MSR and KES
was weighted before and after the pyrolysis process and
the weight loss due to pyrolysis was calculated. The bio-
char MSR was powdered before sorption experiments. The
surface area, the pore volume, and the average pore size
of the biochars were determined using gas (N,) adsorp-
tion-desorption with the Micromeritics TriStar 3000 Ana-
lyzer system using the Brunauer, Emmett, and Teller (BET)
equation.

2.2. Methylene blue

High purity MB (C,.H,,CIN,S xH,0) was supplied by
Alfa Aesar GmbH & Co. KG, Germany. A stock solution of
1000 mg L' was prepared by dissolving accurately weighed
the dye in distilled water. The experimental solutions were
prepared by diluting stock solution of MB with distilled
water to the desired concentration. The pH of MB solution

from an initial value of 5.5 was adjusted to 7.5 by drop wise
addition of a 0.1 M NaOH solution and was measured with
a pH meter (pH 310 meter, Oakton Instruments, Singapore).
Previous studies have shown that the sorption capacity for
MB was not affected at pH above 5 [5] or 7.5 [6]. MB con-
centration was determined by measuring the absorbance at
660 nm with a UV-VIS spectrophotometer (U1100, Hitachi).
The calibration curve of MB solution covered a range from
0.5to 10 mg L.

2.3. Batch experiments

A small portion (10 mL) of the standard MB solution
was transferred into 15 mL polypropylene test tubes con-
taining 5 or 10 mg of sorbent. The tubes were placed on
a rotator (J.P. Selecta, Spain) for a specified time in a dark
room. Subsequently, the tubes were placed vertically for the
sorbent to settle. MSR samples pyrolyzed at 300, 400, 500,
750, 850, and 900°C were tested at initial MB concentration
of 50 mg L7, a sorbent dose of 0.5 g L™ and contact time of
24 h.

Kinetic and isotherm experiments were conducted for
the MSR, MSR pyrolyzed at 850°C (MSR850), KES, and KES
pyrolyzed at 850°C (KES 850). For the kinetic experiments,
the initial MB concentration was 50 mg L™ for the MSR, MSR
850 and KES and 100 mg L™ for the KES 850. The sorbent
dose was 0.5 g L for the KES, KES 850 and MSR 850 and 1
g L™ for the MSR. Although it is much easier to make com-
parisons and appreciate the sorbents effectiveness when
all experimental conditions are the same, the sorbent dose
for MSR, and dye concentration for KES 850 were higher
due to technical difficulties (i.e. grain size, detection limit).
However, all results are reported and compared per unit
mass of sorbent. The effect of contact time on MB sorption
was examined at the range of 20 to 1440 min for the MSR
based materials and at the range of 10 to 1440 min for the
KES based materials. For the isotherm experiments, the ini-
tial MB concentrations were 50, 70, 100, 150 and 200 mg L™
for the biochars and 20, 50, 100, 150, 200 mg L for the raw
materials. Based on the kinetic experiments results the con-
tact time for each sorbent was set. More specifically, the
contact time of KES based sorbents was 24 h, while for the
MSR based sorbents was 5 h since a plateau was observed
to occur earlier. All experiments were performed in dupli-
cates at pH 7.5. Blanks without the presence of the sorbent
were employed for all tests performed in order to account
for any losses on the tube walls or due to the experimental
conditions.

2.4. Column experiments

The raw material with the highest sorption capacity
(KES) was selected for further evaluation in continuous
flow-through experiments. A plexiglass column was filled
with KES and was operated in an upflow-mode. The length
of the sorbent packed zone was 12 cm, the internal diameter
of the column 3 mm, the initial MB concentration 50 mg L™
and the flow rate 0.5 mL min™. The concentration of the
MB was measured in samples taken from the effluent. The
points where the dye concentration in the effluent reached
5 and 90% were referred to as the breakthrough and exhaus-
tion points, respectively.
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3. Results and discussion
3.1. Effect of MSR pyrolysis temperature on sorption capacity

The experimental data presented in Fig. 1 clearly
show that under the experimental conditions studied (C,=
50 mg L™, pH 7.5, and 24 h agitation), the removal of MB
increases with increasing MSR pyrolysis temperature. The
sorption capacity of MB (q) was low (9 to 12 mg MB g™
biochar) for MSR pyrolyzed at temperatures ranging from
300 to 500°C, and considerably increased for MSR pyro-
lyzed at higher temperatures. The maximum removal of
MB was 99 mg g™ and was observed for MSR 850. Further
increase of the pyrolysis temperature to 900°C resulted in
lower sorption capacity than that for MSR850. The pyroly-
sis temperature significantly affected the surface area of the
biochar. BET surface values ranged from 0.5 to 5.5 m* g™* for
temperatures from 300 to 500°C, respectively. At pyrolysis
temperatures higher than 500°C, high surface areas were
observed with a maximum surface area value (300 m* g™') at
850°C. As temperature increases pore blocking substances
are thermally cracked, resulting in the formation of more
small size pores [16]. The MB uptake was considerably
affected by the biochar surface area, which increased with
the pyrolysis temperature.

Regression analysis was applied to investigate the cor-
relation between the g and BET surface. The dependence of
g (mg g™) vs. BET area (m? g) is expressed by the equation
below and the R?= 0.955:

q=10.6+0.319BET (1)

In order to eliminate the observed heteroscedasticity
of the response (higher values of the independent variable
BET seems to cause a greater variability of 4, which violates
the assumption of homoscedasticity of the linear regres-
sion model), the weighted least squares (WLS) estimation
method was used, in which the ordinary least squares is
applied to transformed values of 4 and BET. The observed
heteroscedasticity suggests the transformation ¢q* = g/BET
for the dependent and 1/BET for the independent variable
[24]. The dependence of plot of g*(q/BET) vs. (1/BET) is
expressed as:
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Fig. 1. Effect of pyrolysis temperature of MSR on MB removal af-
ter 24 h mixing at C, = 50 mg L™ and pH 7.5. Error bars represent
standard deviation of duplicates.

The R}, value of the transformed variables is 0.999
and the p-value associated with the F-test is <0.001, imply-
ing that 1/BET* reliably predicts q/BET. The R;;s cannot
be compared directly with the initial R? since R}, is the
proportion of the variance in the transformed dependent
variable that is explained from the transform independent
variable. It will be wiser to compute the R? based on the
residuals of the regression line [25], suggested by the afore-
mentioned model for the expected value of g given by:

§=10.4+0.246 BET 3)

The pseudo-R? for this model is 0.86. This pseudo-R?
may be smaller than the original R? but at least the assump-
tion of homoscedasticity of the linear regression model is
not violated.

3.2. Effect of contact time

The effect of contact time on MB removal for the four
materials used is shown in Fig. 2. As can be seen from the
plots, fast kinetics were observed within the initial 60 min
reflecting immediate MB uptake or sorption on the exter-
nal surface of the sorbent particles. A plateau was observed
for MSR after 120 min and the sorption capacity was about
40 mg g'. MSR850 exhibited significantly greater sorption
capacity that after 120 min it reached a plateau at 94 mg g'.
The higher capacity is attributed to the higher surface area
of MSR850 than MSR. KES was more effective to remove MB
than MSR, and after 120 min a sorption capacity of 64 mg g™
was achieved. Although during the first 60 min KES and
KES 850 exhibited similar sorption efficiencies, the sorption
capacity of KES 850 increased with time and after 24 h it
reached 120 mg g™ of MB compared to 85 mg g™ of MB for
KES. For KES 850 a first plateau was observed between 120
and 360 min and a second plateau was observed after 960
min contact time.

3.3. Sorption kinetics

The estimation of kinetic parameters will provide
important information for the sorption process in case an
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Fig. 2. Effect of contact time on MB sorption. Initial MB concen-
tration was 50 mg L for KES, MSR and MSR850 and 100 mg L™
for KES 850, and pH 7.5.
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engineering system will be designed (e.g. filter design, flow
rate, etc). The pseudo-first-order model and the pseudo-sec-
ond-order model were applied to investigate the kinetics
of MB sorption for the four materials studied. The pseu-
do-first-order equation as suggested from Lagergen [26] is:

d

T-k(a.-a) @
where g, (mg g”') and g, (mg g) are the quantity of MB
sorbed per mass unit of biochar at equilibrium and at a
given time ¢, respectively, and k, (min™) is the first-rate con-
stant. Integration and rearrangement of Eq. (4) gives the fol-
lowing linear form:

ln[qc —%] =ln[q6]—klt ®)

The values of k; and g, can be determined by the slope of
the linear plot of In(g,—g,) vs. t (Fig. 3).

The expression of the pseudo-second-order rate based
on the solid capacity has been presented by Blanchard et al.
[27] as follows:

d 2

T k(s.-q) ©)
where k, is the rate constant (g mg™ L™). The integration of
Eq. (4) gives:

LS S @)

9 kq.” 4.

where k, is the sctecond—order rate constant (g/mg-min). The

linear plots of vs. t give l as the slope and as

q
the intercept (Fig. 3).

The kinetic parameters related to the pseudo first-order
and the pseudo second-order kinetic models employed in
this study, together with the fitted parameters are given in
Table 1. The suitability of the kinetic models can be assessed
by both the correlation coefficient (R?) and the residual sum
of squares (RSS):

k,qe*

e

] ®

where ¢°% and g“" are the experimental and predicted by
the model values of g (mg g™), respectively, # is the number
of experimental values, and the subscript i = 1...n indicates
the corresponding sample.

The pseudo first-order kinetic model does not fit well
the experimental data (Fig. 3a), and the model does not
give reasonable values for q,. The experimental data of the
MSR 850 fitted better than the corresponding raw material
and fitted similarly for KES and KES 850. This finding may
suggest that the sorption process for MSR does not follow
the pseudo-first-order sorption rate expression of Lager-
gren. The experimental data were fitted well by the pseudo
second-order kinetic model and the plot of /g vs. t gave
a straight line (Fig. 3b). The R* values of the pseudo sec-
ond-order model exceeded 0.995 for all the materials tested.
Moreover, the pseudo second-order model presented quite
lower RSS values than the pseudo first-order model, for the
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Fig. 3. Kinetic models of MB sorption: (a) Pseudo first-order, (b)
Pseudo second-order, (c) Intraparticle diffusion. Initial MB con-
centration 50 mg L™ for KES, MSR and MSR850 and 100 mg L™
for KES850, and pH 7.5.

four sorbents. The calculated values of g,based on the sec-
ond-order model were close to the experimental values, and
were significantly different from the g, values based on the
first-order model. Regarding the sorbents, the g, values are
greater for the biochars than for their corresponding raw
materials. In both kinetic models, the k values were greater
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Fig. 4. Bt vs. time for the four materials examined.

Table 1
Pseudo first and pseudo second-order kinetic models’ constants

Kinetic model =~ Material

MSR850 MSR KES850  KES
Pseudo first-order
k, (min™) 0.0037  0.005 0.0009 0.0024
q, (mg g™ 20.4 10.28 99.44 42.06
R? 0.899 0.601 0.886 0915
RSS 105 289 1136 22961
Pseudo second-order
k,(gmg'min?) 11x10° 22x10° 815x10° 183 x10*
q, (mg g™) 101.01  39.37 1299 88.50
R? 0.999 0.999 0.995 0.998
RSS 74 29 114 788

for the MSR than for the KES based materials. Finally, com-
paring the two models, lower k values were shown at the
second-order model. This suggested that the overall rate of
MB sorption process appeared to be controlled by chemical
processes [28]. The pseudo-second-order kinetic model has
been reported to better fit the experimental data is reported
for the sorption of MB by various sorbents like Paspalum
notatum [29], ground palm kernel coat [30], surface mod-
ified Strychnos potatorum seeds [13], poly(amic acid)-mod-
ified chitosan [31] and biochars prepared from anaerobic
digestion residue, palm bark, and eucalyptus [5].

3.4. Diffusion based kinetic models

The sorption of a solute present in a solid-solution sys-
tem is usually assumed to consist of the following steps
[26,32,33]: (i) bulk diffusion, (ii) external mass transfer of
sorbate molecules across the boundary liquid film around
the sorbent particles, (iii) binding of sorbate molecules on
the active sites on the surface of the sorbent particles, (iv)
intra-particle diffusion of sorbate molecules into sorbent
pores (macro, meso and nano), and (v) sorption and desorp-
tion of sorbate molecules on the active sites distributed on
the external surface of and within the sorbent particles.

Generally, the steps involving binding (iii) and sorption (v)
are rapid and can be neglected when evaluating the rate-de-
termining step of the sorption process. The overall rate of
sorption will be controlled by the slowest step, which
would be either external mass transfer or intraparticle dif-
fusion [34].

In order to identify the diffusion mechanism the
Weber-Morris intraparticle diffusion model [35] was
applied for the four materials:

1

g, =kgt*+C )

where k,, is the intraparticle diffusion rate constant (mg g™
min/?), which is estimated from the slope of the linear
plot of g, vs. 2, and C is (mg g™) the y-intercept. High C
values are indicative of external mass transfer thereby act-
ing as a rate-controlling step [36]. If the plot of g, vs. t"?
gives a straight line intra particle diffusion is involved in
the sorption rate and if the straight line cross the origin
intraparticle diffusion is the rate limiting step [36,37]. The
Weber-Morris plots of the experimental data are shown in
Fig. 3c. The plot of MSR and MSR850 consists of two parts,
while the KES and KES 850 plots consist of two and four
parts, respectively. The break points, the sorption capacity
at the end of the break point, the k,, the y-intercept (C), the
correlation coefficient and the residual sum of squares of
the preceded to break point line are tabulated in Table 2.
The high R? and low RSS values show that the chosen lines
fitted well the experimental data in the different parts of
the plots. The intercept in the first linear part, C, was not
equal to zero for all four materials tested implying that
intra-particle diffusion was not the rate-controlling step,
and that mass transfer took place by boundary layer diffu-
sion. More specifically the average values of the intercept
of the first linear part of the MSR, MSR 850, KES and KES
850 were 2.13 + 0.62, 69.6 + 0.38, 4.24 + 2.01 and 8.78 + 2.03,
respectively. During the first linear part the sorption effi-
ciency for MSR and MSR850 was quite high and reached
values of 85 and 95%, respectively. However, MSR and MSR
850 in the second linear part exhibited k, values close to
zero, which implies that intraparticle diffusion was the rate
limiting step after 60 and 120 min for the MSR and MSR
850, respectively. A different trend was observed with the
coffee-based materials. The first linear part for both KES
and KES 850 covered a time period up to 144 min and the
sorption of MB was 75 and 65% for the KES and KES 850,
respectively. The second linear part for KES accounted for a
very small increase of MB removal. It is interesting to note
that the first break point of the coffee materials occurred at
the same time (144 min), while the first break point for the
MSR based materials was different (60 and 120 min for MSR
and MSR850, respectively.

According to the literature the multi linearity is often
observed when different mechanisms are involved in
sorption process. The linear segments may be attributed to
the variation of internal pore sizes [38]. Cheung et al., 2008
[39] observed multi linearity during the sorption of acid
dye onto chitosan. More specifically, they observed three
steps; the first segment was attributed to the diffusion of
dye through the solution to the external surface of sorbent,
in the second segment the intraparticle diffusion was the
rate limiting step, and in the third intraparticle diffusion
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Table 2
Intra particle diffusion constants

Material Break g k, C R? RSS
point (mgg') (mgg' (mgg?)
(min) min/?)
MSR850 120 95 241 68.9 0989 148
MSR 60 34 4.06 2.32 1 0.08
KES850 144 80 6.13 8.8 0992  9.66
289 82 0.07 1 0
960 121 2.40 0959 21.2
KES 144 65 515 4.24 1 0.18

started to decrease due to the low concentration left in the
solution.

To estimate the actual rate-limiting step involved in
the sorption process, the experimental data were further
analyzed by the Boyd model [40]. This model assumes that
the main resistance to diffusion is the boundary layer sur-
rounding the particle and is expressed as:

F(t)=1 —(%)i(iz] -

T m=1

(10)

where F(t) is the fraction of the solute sorbed at different
times t:

F(r)=-L (1)

where g and g, are the dye uptake (mg g™) at time ¢ and at
equilibrium, respectively, m is the number of particles, and
B is obtained from the following equation:

_Dn’

rZ

B

(12)

where D, is the internal diffusion coefficient and r is the
radius of sorbent particle.

Reichenberg, 1953 [41] after applying Fourier transform
and integration, managed to obtain the following approxi-
mations:

for F(t) > 0.85, Bt =—0.4977 — In(1- F(t)) (13)
while for F(T) < 0.85,

2
Bt=2n—%(t)—2n 1—%@ (14)

If the plot of Bt against time is linear and passes through
the origin the intraparticle diffusion controls the rate of mass
transfer, while if the plot is nonlinear or linear but does not
pass through the origin the film diffusion or chemical reac-
tion control the sorption rate [40,41]. In the present work
the Boyd plot consisted of more than one linear segment
(Fig. 4). The plots of MSR, MSR 850, KES and KES 850 are
nonlinear. The coffee based materials show greater linearity
than the MSR based materials. The intercepts of KES (0.002),
KES 850 (0.01) and MSR (0.01) are closer to zero compared
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Fig. 5. MB uptake by the four materials tested at initial concen-
trations from 20 to 200 mg L7, solid to liquid ratio of 1 g L™ for
MSR and 0.5 g L™ for the other sorbents, and contact time of
5 h for the MSR based sorbents and of 24 h for the KES based
sorbents: (a) experimental data, (b) linearized form of the Lang-
muir model equation.

to MSR 850 (0.8), which implies that intraparticle diffusion
is more important. In similar studies, film diffusion was the
rate-limiting step at the biosorption of MB using Paspalum
notatum [29] and rice husk [32].

3.5. Sorption Isotherms

The maximum sorption capacity was estimated by fit-
ting the experimental data with the non-linear models, Fre-
undlich and Langmuir. The two models linear forms are:

c, 1 C

qe - Qmaka qmax

(15)

Ing, = Ink; + NInC, (16)
where C, (mg L) is the equilibrium concentration in the
solution, g, (mg g™) is the maximum sorption capacity, K,
is the constant of Langmuir model (L mg™) related to bind-
ing energy for sorption, k, ((mg g™*)(L mg™)Y) is the sorp-
tion constant for Freundlich model, and N is the Freundlich
exponent related to sorption nonlinearity, indicative of the
distribution of the active sites on the sorbent. The experi-
mental results and the linearized Langmuir isotherm model
are illustrated in Fig. 5.

The fitting of the experimental results (R* from 0.732
to 0.897) indicated that the application of the Freundlich
isotherm model did not adequately fit the experimental
data (Table 3). The Langmuir isotherm model matched
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better the experimental results (R?* from 0.987 to 0.999), for
all materials used indicating a limited number of sorption
sites. A comparison of the maximum sorption capacity of
biosorbents and the derived biochars or activated carbons
is presented in Table 4. Some of the q,_values for biosor-
bents such as of peat and activated carbons are significantly
higher than those of biochar and of the biosorbents stud-
ied in the present study. However, g, values of KES, KES
850, and MSR 850 are comparable with those of most sim-
ilar materials. The Langmuir isotherm model was also the
appropriate model for the description of MB sorption by
various sorbents like tea wood bark [43], walnut and cherry
sawdust [46], and jute fiber carbon [49].

Table 3
Isotherm model parameters for methylene blue sorption

Isotherm model Material

MSR850 MSR KES850  KES
Langmuir model
4,0 (Mg g7 127 73 132 112
K, (Lmg™) 11 0.09 0.54 0.27
R? 0.996 0.998 0.987 0.999
Freundlich model
K, [(mg g")(Lmg™")~] 89 12 102 42
N 0.08 0.38 0.05 0.21
R? 0.868 0.897 0.732 0.792

Table 4

3.6. Column studies

The breakthrough data of the column experiments are
presented in Fig. 6 as the dimensionless concentration ratio
(C/C,) with time. The column had been packed with 0.36 g
KES, and the t,, for MB was 19.6 h, which corresponds to
about 692 bed pore volumes. The time required for the
effluent to reach 90% of the influent concentration was
36.4 h. The equilibrium uptake of MB in the column (g, ) can
be estimated from the following equation [47]:

(Qcinﬂuentloﬁ)_[;(]'_(ct _Cinﬂuenl))dt (17)
qeq: M

LI ARl L L LA LA RN LR LR LR LR
SRR < MU © 1
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Fig. 6. Breakthrough curves of MB removal by KES. MB initial
concentration 50 mg L™, flow rate 0.5 mL min™ and pH 7.0.

Maximum sorption capacity of various biosorbents and their corresponding biochars or activated carbon for MB

Sorbent G (MG &7 Reference

Orange peel 18.6 Annadurai et al., 2002 [42]
Srychnos potatorum seeds surface modified 78.8 Senthamarai et al., 2013 [13]
Chitosan modified 392 Xing and Li, 2014 [18]

Tea wood bark 915 Mckay et al., 1999 [43]

Raw eucalyptus bark 204.08 Afroze et al,, 2015 [44]
Watermelon rind 2439 Lakshmipathy and Sarada, 2015 [45]
Walnut sawdust 59.2 Ferero, 2007 [46]

Cherry sawdust 39.8 Ferero, 2007 [46]

Cedar sawdust 142 Dotto et al., 2015 [47]

Peat 324 Fernandes et al., 2007 [48]

Jute fiber activated carbon 226 Senthilkumaar et al., 2005 [49]
Hazelnut husk activated carbon 476.2 Karagetin et al., 2014 [11]
Spent activated clay 128 Weng and Pan, 2007 [50]
Spent coffee grounds 18.7 Franca et al., 2009 [51]

Raw coffee 112 This study

Biochar from coffee 132 This study

Malt spent rootlets (untreated) 73 This study

Biochar from malt spent rootlets 127 This study
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where q,,is in (mg g™), Q is the flow rate (mL min™), C, ent
and C, (mg L) is the concentration at the influent and at time
t,and M is the mass of KES (g) in the column. The integral of
Eq. (17) was estimated from time zero to the time that 90% of
the influent MB concentration was found in the effluent. The
maximum capacity of the column, g, _was 114 mg g, which
was close to the Langmuir sorption capacity (g, = 112 mg
g™). Dotto et al., 2015 [47] conducted fixed bed studies using
ultrasonic surface modified chitin supported on sand for MB
removal and reported column g, of 51.8 mg g™

4. Conclusions

The pyrolysis temperature of MSR significantly affected
the high specific surface area and the optimum tempera-
ture was at 850°C for both the surface area and the sorption
capacity. At 850°C the sorption capacity of MSR 850 was
74% higher than that of MSR. The pyrolysis of KES at 850°C
resulted in higher maximum sorption capacity by 18%.
Column experiments conducted with KES showed that MB
concentration was below 5% of the influent concentration
after 692 bed volumes, and non-equilibrium conditions
do not seem to affect the sorption capacity of the sorbent.
MSR and KES and their corresponding biochars seem to be
suitable candidates for the removal of MB from aqueous
solutions.
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