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ABSTRACT

The capability of walnut shell for dye removal from aqueous media was investigated and
Maxilon Red GRL (MR GRL) was used as a model dye. The pseudo-second-order kinetic
model showed the best correlation with the experimental data. The relationships between
this kinetic model parameters and biosorption performance were evaluated. The approaching
equilibrium factor (R,,) displayed that the biosorption nearly reached equilibrium and
approach to equilibrium increased with higher biosorbent dosage. The equilibrium data pre-
sented an excellent fit to the Langmuir isotherm model. Thermodynamic analysis proved a
spontaneous, favorable, and endothermic process. It can be concluded that walnut shell
could be a potential low-cost biosorbent for the MR GRL removal from aqueous solutions.
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1. Introduction

The pollution control is one of the prime concerns
of society today. Untreated or partially-treated waste-
waters including dyes from various industrial efflu-
ents into natural ecosystems pose a serious problem
to the environment. Synthetic dyes have complex
aromatic structures which are widely used in the
industries such as textiles, rubber, paper, plastics,
food, and cosmetics to color their products [1]. These
dyes are harmful to fauna, flora, and some of dyes
and their products have a mutagenic or carcinogenic
influence on human beings [2]. Even at low concentra-
tions, dyes could be highly noticeable, and can cause
an esthetic pollution and disturbance to the ecosystem
and water sources [3]. Hence, removal of these com-
pounds from the effluents is necessary.

There are many methods like coagulation, chemi-
cal oxidation, electrochemical treatments, and mem-
brane technologies to remove dyes from wastewaters.
However, these techniques are not very successful
due to some restrictions [4]. On the other hand, bio-
sorption is a very effective separation method, and
now it is noted to be superior to other techniques for
the water treatment with regard to cost economics,
eco-compatibility, high efficiency, simplicity of design,
ease of operation, and insensitive to toxic substances
[5]. Dye removal by activated carbon is a common
practice, but its high production cost and regeneration
difficulty limit its frequent usage [6]. Therefore, there
is a growing interest to search for alternative materials
being relatively cost effective and at the same time
having high removal efficiency. Herein, the use of
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natural biomaterials is a promising alternative due to
their relative abundance and low commercial value.

According to FAOSTAT for 2010 year, approxi-
mately 846,059 hectares of walnut trees (Juglans regia
L) were grown commercially with an estimated
annual production of 2,545,388 metric tons of walnut
fruits in the world [7]. The major producers of walnut
are China, the USA, Iran, and Turkey. Walnut is a
round, single-seeded stone fruit of walnut tree.
Walnut shell makes up a large percentage of walnut
fruit (approximately 50%), and is available in abun-
dant supply as an agricultural by-product of walnut-
processing industry. Walnut shell is a hard, chemi-
cally inert, nontoxic, and biodegradable material. This
shell is also advantageous due to its availability as a
renewable resource [8]. A few studies have been
reported on the utilization of walnut shell (modified
or activated carbon forms) in removing heavy metal
ions like mercury, chromium, and lead. But, to my
knowledge, this is the first study on the removal capa-
bility of raw walnut shell for certain dye.

The goal of this paper is to examine the feasibility
of walnut shell for removal of Maxilon Red GRL (MR
GRL) from aqueous solutions. The dye was used as a
model compound of azo dyes which represent more
than a half of the global dye production [9]. Due to
the harmful impacts of such dyes, it is environmen-
tally important to remove them from waste streams
before discharging to public water sources. The
pseudo-first-order, pseudo-second-order, and intrapar-
ticle diffusion models were used for analyzing the
kinetic data. The relationships between kinetic
parameters and biosorption performance at different
biosorbent doses were interpreted. The equilibrium
data were tested by the Langmuir, Freundlich, and
Dubinin-Radushkevich isotherm models. Thermody-
namic parameters were also defined for explaining the
nature of biosorption process. These studies can
provide valuable reference for further dye biosorption
researches of walnut shell.

2. Materials and methods
2.1. Preparations of biosorbent and dye solution

Walnut shell was collected from a local source in
vicinity of Gaziantep, Turkey. General properties of
walnut shell are given in Table 1 [10,11]. The shell
was washed several times with distilled water to
remove soluble impurities, and this was followed by
drying at 80°C for 24h. The dried biomass was
powdered and sieved to obtain particle size range of
63-125um. It was then stored in an airtight plastic

Table 1

General properties of walnut shell

Cellulose (%) 23.55
Hemicellulose (%) 29.28
Lignin (%) 37.14
C (%) 48.07
H (%) 7.11
O (%) 42.84
Porosity (%) 52.00
BET surface area (m? g’l) 2.79
Surface functional groups (meqg ") -
Basic 0.52
Carboxylic 0.45
Lactonic 0.49
Phenolic 0.39
Total acidic 1.33

container to use as a biosorbent without any pretreat-
ments for biosorption studies.

MR GRL was supplied by a local textile plant. It
was of commercial quality and used without further
purification. Some characteristics of this dye are pre-
sented in Table 2 [12]. A stock solution of 500mgL ™"
was prepared by dissolving accurately weighed quan-
tity of the dye in distilled water. The working solu-
tions of desired concentration were obtained by
further dilution from the stock solution. About 0.1M
NaOH and HCI solutions were used for initial pH
adjustment.

2.2. Biosorption studies

Batch experiments were conducted with different
biosorbent doses from 1 to 5gL ™' at pH 8 and initial
dye concentration of 80mgL ™' in 100mL Erlenmeyer
flasks with 50mL of the total working volume. The
flasks were then agitated at a constant speed in a
water bath at 45°C for the required time period. A
portion of the samples was collected at regular inter-
vals and centrifuged. The equilibrium concentration of
dye was determined by a UV-Vis spectrophotometer
at 530 nm.

The amount of dye sorbed onto biosorbent,
g (mgg "), was determined by Eq. (1).

q — (Co ;wct)v (1)

where C, is the initial dye concentration (mg LY, C,
is the residual dye concentration at any time (mgL ™),
V is the volume of solution (L), and M is the mass of
biosorbent (g). g4 and C; are equal to g. and C. at equi-
librium, respectively.
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Table 2
Some characteristics of MR GRL dye
Type Cationic
Amax (M) 530
M; Ci18H24NO4S
M,, (gmol ™) 322
Azo group 1
C.I. name Basic Red 46
C.I. number 110825
CAS number 12221-69-1
Molecular structure B CH, o
N
\©\N CHy | CH,050;
]5 N
\« w
NEN
CH,

2.3. Statistical analysis

Biosorption studies were performed in duplicates
for ensuring the reliability and reproducibility of the
results obtained, and only the mean values were
reported. All the model parameters were determined
by linear regression using the Excel 2010 program
(Microsoft Co., USA). In addition to the coefficient of
determination (R?), the Chi-square (y°) statistical test
method was also used to evaluate the best-fit of the
model to the experimental data using Eq. (2).

n

2
Xz _ Z (qe.exp qe,cal) (2)

i—1 fe,cal

where n is the number of data points, Jeexp 1S the
observation from the experiment, and g is the cal-
culation from the models. The smaller »> value
denotes the best curve fitting.

3. Results and discussion
3.1. Kinetic tests

Kinetics studies provide valuable data for exhibit-
ing the mechanism of biosorption reaction, and
predict the rate at which a pollutant is removed from
aqueous solutions. In order to investigate the
mechanism of MR GRL biosorption onto walnut shell,
the pseudo-first-order [13] and pseudo-second-order
[14] models were employed using Egs. (3) and (4),
respectively.

1 1 Kk

—— it @)

G qe get

t 1 t

= 4 4

g ko ge @
Also, the initial biosorption rate, i (mg g’1 min~Y),

is defined by Eq. (5).

h= kzqg (5)

where k; is the constant of pseudo-first-order rate
(min™"), k, (gmg ' min~") is the pseudo-second-order
rate constant, and g. and g; (mg g~ ') are the amounts
of dye sorbed at equilibrium and at time f, respec-
tively. The values of k; and g. can be obtained from
the intercept and slope of the plots of 1/4, against 1/t
(Fig. 1(a)) for the pseudo-first-order model while k,
and g. values can be calculated from the slope and
intercept of the plots of t/q. vs. t (Fig. 1(b)) for the
pseudo-second-order model. Table 3 presents the
kinetic model parameters determined with the statisti-
cal analysis values. The low R* and high #? values for
the pseudo-first-order model indicate that the model
was not suitable for defining the biosorption kinetics.
Contrary to this kinetic model, the biosorption process
was well described by the pseudo-second-order model
with better statistical results for all biosorbent
dosages. Thus, the results suggest that the pseudo-
second-order model could be applied effectively for
describing the whole dye biosorption process.

The pseudo-first-order and pseudo-second-order
models could not elucidate the biosorption diffusion
mechanism. Thus, the effect of diffusion as the rate-
controlling step in the biosorption was evaluated by
the intraparticle diffusion model using Eq. (6) [15].

g = kot"* + C (6)

where k, is the intraparticle diffusion rate constant
(mgg 'min /%) and C (mgg ") is a constant provid-
ing information about the thickness of boundary layer,
which can be determined from the intercept and slope
of the plots of g, vs. t'/? (Fig. 1(c)). According to this
model, if the plot of g, vs. t'/? gives a straight line
passing through the origin, then the biosorption pro-
cess is controlled by the intraparticle diffusion, while,
if the data exhibit multilinear plots, then two or more
steps influence the process. The plots for the MR GRL
removal by walnut shell at different biosorbent dos-
ages were multimodal with three distinct regions. The
initial curved region corresponds to the external sur-
face sorption, in which the dye diffuses through the
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Fig. 1. Plots for biosorption kinetic models employed.

solution to the external surface of biosorbent. The sec-
ond stage relates the gradual sorption reflecting
intraparticle diffusion as the rate-limiting step. The
final plateau region points out the surface sorption
and the equilibrium stage, in which the intraparticle
diffusion starts to slow down and level out [16,17].
This proposes that the biosorption process was rather
complex, and involved more than one diffusive resis-
tance.

3.2. Relationships between kinetic parameters and
biosorption performance

Recently, Wu et al. [18] have presented a relation-
ship called the approaching equilibrium factor (R.,)
between the pseudo-second-order kinetic model
parameters and the characteristic kinetic curve. The
R,, relationship can be given by Eq. (7).

1

- 1 + quetw (7)

w

where t,, (min) is the longest operation time based on
kinetic experiments in a biosorption system. A family
of curves for R, =0.01-1.00 can then be produced.
When R,,=1, the kinetic curve is called linear (zone
0). The possible causes of this effect are: (i) it does not
facilitate biosorption when the pseudo-second-order
rate constant (k;) is very small, (i) the equilibrium
amount of biosorption (g) is very small, and (iii) the
longest operation time (t,,) of biosorption process is
too short. All these factors display an ineffective bio-
sorption system, where equilibrium cannot be
reached. The curvature of biosorption curve increases
as R,y reduces. The characteristic biosorption curve is
called approaching equilibrium in the range
1>R>0.1 (zone I); called well-approaching equilib-
rium in the range 0.1>R,,>0.01 (zone II); and called
drastically approaching equilibrium when R,, <0.01
(zone III).

The values of R,, defined for the biosorption of
MR GRL by walnut shell at different biosorbent doses
are shown in Table 4. The R,, values were found to
decrease from 0.072 to 0.055 with an increase in the
biosorbent dosage range of 1-5gL~". These values for
R,, lie in zone II under largely curved and well-
approaching equilibrium level. The results indicate
that this biosorption process nearly reached equilib-
rium and the approach to equilibrium increased with
higher biosorbent doses.

The other parameter in the pseudo-second-order
model that can reflect kinetic performance is the sec-
ond-order rate index (R;, min~!) and it can be defined
by Eq. (8) [18].

Ri = que (8)

But, there are some drawbacks with R,, in explain-
ing the biosorption rate. If R; is employed for describ-
ing the rate of a biosorption system, this problem can
be avoided. Besides, the half-life of biosorption pro-
cess, t1,2, which is the time for half amount of dye to
be removed by biosorbent can be stated by Eq. (9).

1
tip = 2 (9)

qu

It is evident that R; (k»ge) is the only parameter of
Eq. (9). The R; value is equal to the inverse of half-life
of biosorption process expressing the actual meaning
of second-order biosorption parameter better. The val-
ues of R; obtained for this work are displayed in
Table 4. The R; value increased from 0.086 to
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Table 3
Kinetic model parameters obtained with statistical test data

Model Parameter

feexp (Mg

Pseudo-first-order ky (min™Y)

Ge,cal (Mg gil)

R2

2

ky (g mg{1 min )
Je,cal (mg gil)

h (mgg 'min )
R2

2

ky (mg g’l min~
C (mgg™

R2

X2

Pseudo-second-order

Intraparticle diffusion 1/2)

Biosorbent dosage (g L")

1 3 5
56.29 21.93 13.56
5.4362 4.0291 3.8316
53.19 20.79 12.85
0.8956 0.8713 0.8680
4.49 4.68 4.83
0.0014 0.0048 0.0081
60.24 23.15 14.29
5.195 2.565 1.651
0.9963 0.9974 0.9976
0.75 0.67 0.64
3.1311 1.0456 0.6281
22.70 10.76 6.84
0.9536 0.9511 0.9508
2.78 2.83 2.85

0.116min~" with rise in the biosorbent dose from 1 to
5gL~". Conversely, the half-life of biosorption process
(t1/2) has opposite trend as depicted in Table 4. These
finding discloses that biosorption half-life shortened
with higher biosorbent dosages.

Lastly, based on the pseudo-second-order kinetics,
another relationship between operating time required
and biosorption amount which is a significant factor
in real applications can be described by Eq. (10) [18].

W
kz¢7e

(10)

X

where W=4,/(ge — qv). The fractional biosorption (X) is
defined as X=q/g. and W=X/(1-X). At
equilibrium, q,/g.=1, W=infinite, and t,=infinite. As
X equals 1, W approaches infinite. When X is gradu-
ally approaching 1, W and ¢, increases rapidly. For
this study, Table 4 indicates the needed operating
times (t,, min) for different fractional biosorption val-
ues (X). For example, the values of ty40 and fgq for
5gL " biosorbent dose were found to be 12.981 and
77.889min, respectively. In this case, fractional bio-
sorption value increased from 0.60 to 0.90, the amount
of biosorption increased by 50% and the operating
time showed a 64.908-min increase. This might be an
agreeable variation. On the other hand, for the same
biosorbent dosage, the operating time was found to
rise from 77.889 to 279.822min with an increase in
fractional biosorption value from 0.90 to 0.97. How-
ever, the biosorption amount increased by 7% only,

and the operating time showed a 201.993-min rise.
Thence, the researchers should specify the most suit-
able fractional biosorption value and operating time
based on actual working conditions from economic
aspect.

3.3. Isotherm analyses

Biosorption isotherm defines the equilibrium rela-
tion between pollutant (e.g. dye) amount on biosor-
bent and its amount in solution, and provides some
insight into the biosorption process mechanism and
affinity and surface properties of biosorbent. Hence,
the Freundlich [19] and Langmuir [20] isotherm mod-

Table 4
Relationships between pseudo-second-order kinetic model
parameters and biosorption performance

Parameter Biosorbent dosage (gL ")

1 3 5
Ry 0.072 0.057 0.055
R; (min~") 0.086 0.111 0.116
t1/> (min) 11.596 9.023 8.654
X=0.60 fo.60 17.395 13.535 12.981
X=0.70 ty.70 27.058 21.054 20.193
X=0.80 g0 46.386 36.093 34.617
X=0.90 ty.90 104.367 81.208 77.889
X=0.95 tyo5 220.331 171.440 164.431
X=0.97 tyoy 374.950 291.748 279.822
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Fig. 2. Plots for equilibrium isotherm models used.

els are employed to illustrate the biosorption equilib-
rium using Eqgs. (11) and (12), respectively.

logg. = InK; + nllogCe (11)
f

C. 1 C

e - 4= 12

G bgm  Gm 12)

Besides, for the Langmuir-type biosorption system,
the effect of isotherm shape on whether a biosorption
process is favorable or unfavorable can be predicted
by the separation factor (Ry, dimensionless) using
Eq. (13) [1].

1

RL:H—bCO

(13)

where K¢ (mgg™") (Lg™")"/" is a constant representing

the biosorption capacity, n¢ is a parameter reflecting
the intensity of biosorption, b (Lmg™ ') is a constant
related to the biosorption energy, and g, is the
maximum biosorption capacity (mgg™'). K; and #;
values can be determined from the slope and inter-
cept of the plots between log 4. and log C. (Fig. 2
(a)) for the Freundlich model, while the values of b
and g, can be calculated from the slope and inter-
cept of the plots between C./g. and C. (Fig. 2(b))
for the Langmuir model. The isotherm models
parameters obtained along with the statistical data
are displayed in Table 5. According to the statistical
analyses, the Freundlich isotherm model showed
very poor fit for the experimental data. Unlike the
Freundlich model, the biosorption equilibrium fitted
very well to the Langmuir model. This suggests that
the biosorption was the monolayer coverage of dye
on the biosorbent and the homogeneity of binding
sites on the surface of biosorbent [2]. On the other
hand, the R; values between 0 and 1 indicate a
favorable biosorption [5]. In the present study, the
values of Ry were in the range of 0.07-0.22 showing
that the biosorption was favorable. The magnitude
of n¢ (between 1 and 10) also grants a measure of
the conformity of biosorption [16]. The n¢ values for
this work were in the range of 3.91-7.05 presenting
a favorable biosorption.

Table 6 presents the comparison of maximum bio-
sorption capacities of various biosorbents including
walnut shell for the MR GRL removal. Walnut shell
has higher biosorption capacity for the dye in compar-
ison with many of the other reported biosorbents. In
this way, it can be employed as a promising biosor-
bent for the removal of MR GRL.

The Freundlich and Langmuir isotherm models
could not elucidate clearly the type of biosorption
behavior (physical or chemical). So, the equilibrium
data were further tested by the Dubinin—Radushke-
vich (D-R) model using Eq. (14) [21].
Ing. = Ingy, — B&? (14)
where B is a parameter related to the energy of bio-
sorption and ¢ is the Polanyi potential. The values of
gm and B can be determined from the slope and inter-
cept of the plots of In g, vs. & (Fig. 2(c)). The biosorp-
tion type based on the D-R model can be predicted
by the mean free energy (E, kJmol ') employing Eq.
(15) [5].
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Table 5

Equilibrium isotherm models parameters defined along with statistical analysis values

Model Parameter

feexp (M)

Freundlich —y/n

Ki(mgg ") (Lg
ng

RZ

XZ

b (Lmg™")
Gm (Mg g™
Ry

RZ

XZ

fm (mgg™)
E (mol™")
RZ

X2

Langmuir

Dubinin—-Radushkevich

Biosorbent dosage (g L")

1 3 5
56.29 21.93 13.56
20.69 11.47 8.09
3.91 5.80 7.05
0.9795 0.9795 0.9828
1.86 1.85 1.65
0.043 0.103 0.170
71.43 25.25 15.11
0.22 0.11 0.07
0.9976 0.9992 0.9994
0.59 0.42 0.39
60.45 22.83 13.91
0.13 0.22 0.27
0.9774 0.9740 0.9633
2.12 2.31 2.56

Table 6
Biosorption capacities of various biosorbents for MR GRL
removal

Sorbent Im (mgg™) Reference
Pine cones 73.53 [24]

Pine leaves 71.94 [25]

Canola hull 49.00 [26]

Princess tree leaf 43.10 [27]

Fir sawdust 20.47 [28]

Beech sawdust 19.24 [28]

Walnut shell 71.43 Present study

Table 7
Thermodynamic parameters determined

Parameter Temperature (°C)

25 35 45
AG® (k] mol ™) —0.947 —~1.753 —2.795
AH° (K mol™) - - 26.544
AS° (Jmol 'K - - 0.092
E. (K mol™) - - 14.403
E=1/(2B)"? (15)

The values of mean free energy between 8 and
16kJmol ! show chemical sorption while the values
lower than 8kJmol ' display physical sorption [16].
For the present study, the E values were in the range

of 0.13-0.27kJmol . These findings propose that the
biosorption process proceeded through physical
sorption.

3.4. Thermodynamic studies

Thermodynamic data are very significant for giv-
ing information about the spontaneity, feasibility, and
nature of biosorption process. The standard Gibbs free
energy change (AG°, kJmol '), standard enthalpy
change (AH®, kfmol™ "), and standard entropy change
(AS°, Jmol 'K™") can be obtained by Egs. (16) and
17) [2].

AG® = —RTInK. (16)
AS°  AH°
where R is the universal gas constant

(8.314Jmol 'K ™), T is the temperature (K), K, is the
distribution coefficient (C;/C.) and C, and C. are the
equilibrium dye concentrations on biosorbent (mgL™")
and in solution (mgL™"'), respectively. AS® and AH"
values can be defined from the slope and intercept of
the plot of In K. vs. 1/T. The thermodynamic parame-
ters obtained are reported in Table 7. The negative
values of AG® display the feasibility and spontaneous
nature of the biosorption process. The positive value
of AH"® suggests that the endothermic nature of the
biosorption, while the positive value of AS® indicates
an increase in the freedom degree of the dye mole-
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cules [22]. Besides, for this study, the values of AG®
and AH® suggest that the mechanism of the dye bio-
sorption was mainly a physical sorption [23].

Furthermore, the activation energy (E,, kJmol ')
for this biosorption process was determined by the
Arrhenius equation using Eq. (18) [13].

E,
Ink, = InA — RT

(18)
where k; is the constant of the pseudo-second-order
rate (gmg 'min ') and A is the Arrhenius constant.
The E, value can be calculated from the intercept of
the plot of In k, against 1/T. The bigness of E, pre-
sents an idea about the biosorption type. The value of
E, for the biosorption system was found to be
14.403 k] mol ! proposing physical sorption [16]. This
result agreed well with that from the D-R isotherm
model.

4. Conclusions

It was examined the MR GRL biosorption by
walnut shell from aqueous solutions. The pseudo-sec-
ond order was the best model to represent the bio-
sorption kinetics. The parameters of this kinetic model
were employed to define the biosorption performance.
The R,, values for the work were found to lie in the
zone II under largely curved and well-approaching
equilibrium level. The Langmuir isotherm model pre-
sented the best fit to the equilibrium data. Thermody-
namic tests declared a spontaneous and endothermic
process. Thus, the current study proposes that walnut
shell could procure an effective technology for MR
GRL removal from aqueous media.
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