¢! Desalination and Water Treatment
www.deswater.com

o doi: 10.5004/dwt.2017.20615

75 (2017) 225-236
May

Efficient biosorption of methylene blue, malachite green and methyl violet
organic pollutants on biomass derived from Anethum graveolens:
an eco-benign approach for wastewater treatment

A. Hamitouche, M. Haffas, A. Boudjemaa, S. Benammar, M. Sehailia*, K. Bachari

Centre de Recherche Scientifique et Technique en Analyses Physico-chimiques (CRAPC), BP 384-Bou-Ismail-RP 42004, Tipaza,
Algeria, emails: moussa.sehailia@crapc.dz (M. Sehailia), ahamitouche2@yahoo.fr (A. Hamitouche), youba54@yahoo.com (M. Haffas),
amel_boudjemaa@yahoo.fr (A. Boudjemaa), souad.benammar@yahoo.fr (S. Benammar), bachari2000@yahoo.fr (K. Bachari)

Received 24 July 2016; Accepted 21 February 2017

ABSTRACT

Three organic pollutants belonging to the class of cationic dye, namely methylene blue (MB), malachite
green (MG) and methyl violet (MV), were successfully removed from aqueous solutions using bio-
mass derived from Anethum graveolens (A. graveolens). Factors such as pH (3-10), stirring speed
(100400 rpm), biosorbent concentrations (0.5-3 g L™) and initial dyes’ concentrations (10-50 mg L)
were all studied to attain the maximum removal efficiency for all three dyes. Prior to the biosorption
process, the morphology of the biomaterial was characterized using scanning electron microscopy.
Fourier transform infrared spectroscopy analysis of the biosorbent demonstrated the presence of key
functional groups associated with the biosorption phenomenon such as those of amino, carboxyl,
hydroxyl and carbonyl groups. The obtained results showed that the optimal conditions are 300 rpm
for stirring speed, 4, 6 and 7 for pH, 3 g L™ for biomass dosage and 10 mg L for dyes’ concentrations.
Removal efficiency augmented from 56% to 99% for all pollutants. The kinetic sorption was described
by the pseudo-second-order kinetic equation (R? = 0.997). The isotherm sorption was described by
the Sips and Freundlich models for MV removal (R? = 0.998 and 0.991, respectively). The Langmuir
(R*=0.991), Sips (R*>=0.997) and Temkin (R?>=0.997) models were best fitted for MG removal; however,
for MB removal, it was found that Freundlich (R? = 0.993), Sips (R* = 0.997) and Langmuir (R? = 0.999)
models were best to explain the sorption phenomenon. At optimum conditions, the maximum bio-

sorption capacity (q__ ) was ca. 833, 833 and 244 mg g for MB, MV and MG, respectively.

max
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1. Introduction

Dyes are complex chemical structures stabilized by
their aromatic character. The discharge of industrial efflu-
ents containing dyes in wastewater can create potential
risks and toxicity problems for the wider community; most
dyes are difficult to remove during wastewater treatment
[1]; they also tend to exhibit high stability and resistance
to chemical degradation. In order to limit the amount of
dyes disposed to the environment, many countries imposed
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stringent regulations that would ensure that dyes are used
responsibly by the wider industrial community; in this
respect, such approach encouraged researchers to explore
cost-effective methods that are capable to remove dyes from
large volumes of effluents [2].

Many methods are used to remove dyes from
wastewater; this includes coagulation/flocculation, sedi-
mentation, adsorption, membrane separation, ozonation,
electrochemical techniques and advanced oxidation [3-9].

One of the cheapest and facile wastewater treatment
strategies currently used is adsorption on activated carbon.
Unfortunately, over the past few years, many researchers

1944-3994/1944-3986 © 2017 Desalination Publications. All rights reserved.



226 A. Hamitouche et al. / Desalination and Water Treatment 75 (2017) 225-236

found that this process has limited applications and can be
expensive compared with other much cheaper biosorption
techniques [10,11].

For this reason, developing simple and cheap alternative
processes such as those based on biosorption had attracted a
considerable attention from the wider scientific community
[12,13]. To maximize the efficiency of the overall process, the
following factors must be taken into account: (i) the necessity
to utilize a minimum amount of biosorbent material during
the purification of water, (ii) facile regeneration of the bio-
sorbent substance following purification [14-19], (iii) renew-
ability of the source, (iv) low cost and (v) the high sorption
capacity of the material used [4].

The necessity to adhere to the aforementioned factors
prompted scientists to continue searching for other readily
available biosorbent materials that would respond to the cur-
rent needs in wastewater treatment [10,11].

It has been acknowledged in literature that a number
of biosorbents including bacteria [20], fungi [21], yeast [22],
algae [23] and other agricultural waste [24] have indomitable
affinity to bind to pollutants.

Recently, numerous research studies have been pub-
lished with the aim of finding more cheaper and much effec-
tive biosorbents derived from agricultural wastes, e.g., wood
sawdust, rice husk, sugarcane bagasse, orange peels and
coffee beans [25-29]. The agricultural by-products could be
assumed to be low-cost biosorbents, since they are abundant
in nature and require little processing [30]. Different biosor-
bents formulated in powder form have been tested for their
ability to remove dyes from wastewater [31-33].

In searching for a better biosorbent, our group has elected
to exploit the utilization of biomass derived from Amnethum
graveolens (A. graveolens) to affect the biosorption of three
major dyes found in the effluents of many industrial sites
working in the field of pigments. The aim of the present work
is to study the removal efficiency of methylene blue (MB),
malachite green (MG) and methyl violet (MV) using materi-
als derived from biomass. A. graveolens is the sole species of
the genus Anethum, classified by some botanists in the related
genus Peucedanum as Peucedanum graveolens (L.) [34]. Various
experimental factors such as pH, amount of biosorbent, agi-
tation and the initial dye concentration were investigated.

2. Materials and methods
2.1. Biosorbent preparation and characterization

The plant was collected from the north of Algeria in the
municipality of Kolea, located 28 km from southwest of Algiers.
The material was washed several times with bidistilled water
and dried in oven at 60°C followed by crushing and sieving in
order to obtain a diameter between 200 and 400 pm; the final
product was stocked for use in biosorption experiments. The
surface morphology of the biosorbent has been characterized
by scanning electron microscopy with energy dispersive X-ray
analysis (SEM—-EDX) using FEI Quanta 250. The images show
the characteristics of the surface texture of the biomass prior to
the biosorption process of dye. The biomass’ functional groups
present prior to and after the tests were determined by Fourier
transform infrared (FTIR) spectroscopy. FTIR spectra were
obtained using Bruker Alpha-p spectrometer over the range
4,000-400 cm™.

2.2. Adsorbate

MB, MG and MV were supplied by Aldrich Chemical Co.
(USA). Stock solutions of dyes were prepared by dissolving a
weighed amount of the dye in 1 L of bidistilled water to obtain
a concentration of 1,000 mg L™. Samples of various concen-
trations were prepared by further dilution of stock solutions.

2.3. Biosorption experiments

The biosorption tests were carried out in a batch reactor
(IKA, Bou-Ismail, KS 130) at room temperature (25°C). The
biomass was dispersed in 50 mL of dye solutions (MB, MG
and MV). The experiments were performed at different pH
values controlled by the addition of HCI or NaOH solutions.
The residual concentrations were determined using UV
spectrophotometer (SPECORD 210 plus, Analytik-Jena,
Bou-Ismail). The maximum absorption wavelengths were
663, 622 and 588 nm for MB, MG and MYV, respectively. All
batch sorption experiments were carried out in duplicates
under identical conditions. Before analysis, the liquid sam-
ples were centrifuged (3,000 rpm) for 20 min. The removal
efficiency Y (%), the equilibrium (g,) and the sorption capac-
ity (g,) were determined using the following equations [35]:

Y (%) = S =C. 100 (1)
0

q,= CO};Cf xV )

q,= CO;CE xV 3)

The kinetic parameters are calculated using non-linear pseu-
do-first-order (Eq. (4)), pseudo-second-order (Eq. (5)), and
Elovich (Eq. (6)) models, Bangham’s equation (Eq. (7)) and
intraparticle diffusion (Eq. (8)) model [36,37]:

g,=q.(1-¢") 4)
9= Lf;t )
q, :%ln(aﬁ) +%lnt (6)
10g[C0—C[1]‘rlqt] = log(z.rgokg’svl +o, log(t) (7)
g, =k t*°+C (8)

The sorption isotherms were performed using a range of bio-
mass concentrations. The data were analyzed using Freundlich
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(Eq. (9)), Langmuir (Eq. (10)), Dubinin-Radushkevich
(Eq. (11)), Temkin (Eq. (16)), Sips (Eq. (17)), Toth (Eq. (18)),
Khan (Eq. (19)) and Redlich-Peterson (R-P; Eq. (20)) iso-
therm models [38]:

Ing, =InK, +11r1 C, )
n

1 1 1 1

S I S (10)
qe qm KL qm Ce

In q,= In Qn = kD—R g’ (11)
q,= RT ln(KTCE) (12)

The constant k, , gave the mean free energy (E) of sorption
per sorbate molecule when it was transferred to the biomass
surface from infinity in the solution and can be computed
using the following relationship [39]:

1
E= 13
2k, . (13)

RT
B =—"— 14
== (14)
Furthermore, the dimensionless separation factor

(R; Eq. (12)) was determined using the Langmuir constant
(K; Lmg™) to ascertain the favorability of the sorption [40].
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All data were analyzed using MATLAB?7.0, STATISTICA?7.0
and EXCEL to obtain kinetic and isotherm parameters.

3. Results and discussion
3.1. Biosorbent characterization before and after biosorption
3.1.1. Morphology analysis

The surface morphology of the biomass was examined
using SEM-EDX. In order to rule out any negative aspects,
the biomass was pre-dried in a forced-air oven at 60°C for
4 d before being analyzed. The biomass was mounted on
SEM, and the surface of the sample was then scanned at the
desired magnifications (1,600x, 3,000x and 10,000x). It was
observed that the biomass possesses a hierarchical and irreg-
ular shapes (Fig. 1(a)) with unstructured pores present in low
numbers (Figs. 1(b) and (c)).

Microscopy observations (Fig. 1) showed that the surface
of the biomass is fairly rough, providing a large exposed sur-
face area for better adsorption of dyes. The porous nature of
the biomass structure reduces diffusion resistance and thus
facilitates the mass transfer of dyes.

3.1.2. EDX analysis

The effective atomic concentration of the different con-
stituents present on top of the surface layers of the specimen
was investigated using EDX at three different areas with volt-
age of 10.0 keV.

Fig. 1(c) shows the obtained biomass primarily consisting
of carbon and oxygen. All elements are clearly observed at
their corresponding keV values. The quantitative analyses of
the EDX spectra are given in Fig. 1(d) and Table 1.

The observation from the table may report that the sur-
face concentration of carbon and oxygen species at 10 keV
on three different areas over the surface of specimen is much
closer to each other. This finding shows the homogeneity of
the composition of biomass.

3.1.3. FTIR-ATR analysis

A. graveolens is composed of numerous functional groups
as confirmed by the presence of various absorption peaks in
the FTIR spectra. The spectra obtained before and after the
sorption of cationic dyes are almost identical and regrouped
in Fig. 2. The results were significantly similar, suggesting
that the A. graveolens structure remained intact after biosorp-
tion tests. FTIR spectrum of fresh A. graveolens (Fig. 2(b))
showed bands located at 3,340 cm™ (O-H/N-H), 2,919 cm™
(C-H), 2,854 cm™ (C-H), 1,726 cm™ (C=0), 1,600 cm™ (C=C),
1,158 cm™ (C-0), 1,025 cm™ (C-O) and 896 cm™ (bending
aromatic C-H) [41]. In parallel, some bands increased or
decreased sharply after biosorption; this was primarily due
to the dyes’ interaction with different functional groups. We
also note great similarities between the fresh biomass’ FTIR
spectra and that after MG biosorption; this was not the case
with MB and MV dyes spectra. FTIR spectra also showed
shifting of some infrared absorption peaks to new values
(Figs. 2(c) and (a)), confirming the interaction between the
corresponding functional groups and both dyes during the
biosorption process [42].
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Fig. 1. (a)—(c) Scanning electron microscopy (SEM) image of the biomass with various magnifications and (d) EDS spectrum of
A. graveolens.

Table 1
EDX line spectra

@

Element Areal Area 2 Area 3

(k) Wt%  Atomic Wt% Atomic Wt% Atomic (©
% % %

C 65.51 71.68 67.06 73.06 66.23 72.32

O 3449 2832 3294 2694 33.77 27.68

(b)

3.2. Optimization of process parameters

@

Transmittance (a.u.)

Experimental studies were performed to study the effects
of different parameters, i.e., stirring speed (100-400 rpm),
pH (3-10), biosorbent dose (0.5-3 g L), initial dyes” concen-
tration (10-50 mg L™) and contact time on the dyes removal
efficiency.

T T T T T T T T T T T
700 1400 2100 2800 3500 4200
3.2.1. Effect of stirring speed Wavenumber (cmi")

The stirring speed is an important parameter that influ-  Fig. 2. FTIR spectra of a fresh biomass (b) and after biosorption
enced the biomass distribution. This effect was studied at  using: (c) MB, (d) MG and (a) MV.
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room temperature for biosorbent dose of 1 g L™ and pH 9.14,
5.78 and 7.12 for MB, MG and MYV, respectively. The results
regrouped in Fig. 3 showed that the removal efficiency
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Fig. 3. Effect of stirring speed value on the efficiency sorption
removal of dyes after 180 min of reaction: C, = 50 mg L™, A.
graveolens dose =1 g L™ and pH =9.14, 5.78 and 7.12 for MB, MG
and MV, respectively.
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increased to reach maxima at 300 rpm with a removal effi-
ciency of 80.6%, 82.9% and 80.8% for MB, MG and MYV,
respectively, then decreased to 400 rpm [43,44]. In the present
study, this phenomenon seemed to be affected by a high stir-
ring speed. So, the turbulence caused by agitation enhanced
the dyes” mass transfer from the bulk solution to the biomass
surface. This transfer helped the dyes to be fixed on the bio-
mass surface and improved the sorption process. Thus, the
decrease in removal efficiency may be attributed to the for-
mation of boundary layer thickness around the biomass,
leading to a decrease in adequate mixing and equally the
vortex phenomena, which can reduce the external diffusion
of dyes in the sorption processes.

3.2.2. Effect of initial pH

The effect of initial pH on the sorption process is one of
the significant factors governing the uptake process since it
can directly influence the solute’s dissociation, biomass sur-
face charge and heterogeneity. The pH effect was studied at
room temperature, biosorbent dose 1 g L™ and contact time
4 h (Fig. 4). The dyes removal efficiency augmented with
increasing pH until maxima (82.6%, 83% and 80.8% for MB,
MG and MYV, respectively); above the optimal pH values, the
removal efficiency decreased. The optimal pH was 4.02, 5.78
and 7.12 for MB, MG and MV, respectively [45,46], indicat-
ing that the biosorption is strongly dependent on pH value,
which is also explained by the point zero charge (pszc)'

pHch plays an important role to explain the sorption
mechanism [47]. In our case, the pH _(3.72) of A. graveolens
was measured using the solid addition method (Fig. 5) [48].
This result indicated that the dyes biosorption is dependent
on both pH value and the charge repartition on biomass sur-
face [46,49]. At low pH, the biosorption capacity was lower
due to the presence of large amount of protons that can com-
pete with dye ions binding at the sorption site (Fig. 4). When
the pH was increased, the negatively charged sorption sites
facilitate the dye ions biosorption. Therefore, at high pH val-
ues, precipitation inhibits the contact between the dye and
the biosorbent [50].

3.2.3. Effect of A. graveolens dosage

The results showing the effect of biomass dosage are
regrouped in Fig. 6. The graphs indicated that when the bio-
mass dosage was increased from 0.5 to 3 g L7, the removal
efficiency increased from 68.27% to 93.52%, 65.98% to 93.21%
and 68.61% to 93.71% for MB, MG and MYV, respectively. On
the other hand, the sorption capacity of biomass decreased
from 77.25 to 18.88 mg g, 58.54 to 15.18 mg g and 72.87 to
16.87 mg g™, for MB, MG and MYV, respectively. Our results
are similar to other works, which showed that increasing the
sorbent dose resulted in the reduction of sorption capacity
[36,51-54].

At higher biosorbent doses, the competition of sorbate
for the available active sites permitted a steady uptake of
all dyes above the optimal concentration. Such phenome-
non is attributed to the limited number of active sites, less
availability of solute, a minimum or low level of electrostatic
interaction, and an intrusion between the binding sites [3-6].
In addition, the surface of the biosorbent gets saturated at



A. Hamitouche et al. / Desalination and Water Treatment 75 (2017) 225-236

230

(=

T

a.

Lo —

E S

= =

5 = &
8 = .
= g
5 = an)
Z o
u,l <
. 5
| Feu “
]

o

- S

-0

=1

IS

W_. e < o >
Hd [eurg =

[Ie}

ob

o

[y

]

e
e O R IR IR
BRRRRRRRRRRRIRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRA,

10

94‘.‘.4<¢<.4i044‘.4é.‘.4‘0444‘.d:‘.‘.&4‘.4‘.&44‘.&4fi&éﬂ.ﬂ&.&.
B O RS
B R R R
2626262625202 0o s 2ot e o o et e o e te e o e oo e et Ro o totete e o otete e o e tete e e e tots

PR S
B R RIRIIXA
PR OSSR

R R R R R R R R R R R R R R R R R R

..44.54.aﬁiﬁé.aﬁiﬁé.aﬁiﬂ&.aﬁiﬂ&.ﬁﬁﬁﬁ
R R s
e oS
20202020 020 %0 et 0 te %0 a2 oot e e 2o o e 2o t0 e et o Lot ate o teto e et et e teSo et o tetotel

S

IR
s satateteses
PoteSetatetetetetetotetetetotetetetets

B R R e R
B R ]

%

o
%

3
]
]

oo
BB
2

26364

%

]
R R
o2e%6tete%0teSe et S0 teto e 2o e tete o tete e te S0 teto e et et e tetetetetotetetetetotetotetetotel

R,

ZRR
R

&
RS
[eetet

%

,.........a......‘.........a......‘.........a......‘.........‘.......‘.........a.
B s
BRI IIEIIIIIIIIIKRISN,
2696562520002 Toto 20205 e oo 200 e S0 Te e e e S e tatetotetetotototeSetototetetetets

T T T T 1
< m =] =] >

(%) €Al JO AOUdDLYD [EAOIRY

pH

15

Biomass dose (g. L")

0.0

100

T T T T

£ 2 3 & <
(%) FIA JO ASUB1I1JJO [eAOINY

100+

(%) OIAl JO AU [EAOWYY

@

) OIA JO AOUIDIYJD [EAOWYY

(°%) ATA JO AU [RAOWINY

-0
Lag)
o
gl
=
o
L2
“ (o]
Fed
-
i = 3
z@ o T
E g
E 3
2 ]
L )
1m r— g
A 2
2
<
f w
)
=
m< ﬂu0
; ; ; ; ; S
m 8 S S 5 e
(%) AIA JO ASUd1O1JJ0 [eAOWIY
—— wn
[SEES
*
= £ S
= 8
| c %
) 2 <
Q. _~
. oL
Sg
w©
m,m
| o .
4w5m
= I a,
~ b
= YU o
=2 v ..
£ g
o - O
5 0
£E g
L < =
v @8
~
) B oD
s 0.5
i =g
< aE®
o T
—
0
L c% g
- —
QO B
L 9]
o ﬁcau
T T T T T T T Ea
= 3 =} = =) )
& =} = I3 < 9
e
o0
= O

dose=1gL

higher concentrations due to the screening effect [6,55,56],
thus protecting the binding of adsorbates, which resulted in

Fig. 6. Effect of biomass dose on the efficiency removal of dyes
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3.3. Kinetic studies
3.3.1. Sorption kinetic

In order to determine the relationship between dyes’ con-
centration and sorption efficiency, our study focused on the
variation of the initial concentration (10-50 mg L™) vs. time.
It is obvious that the amount of biosorbed material increased
with the initial dye’s concentration (Figs. 7-9). So, biosorption
capacity strongly depended on the initial concentration. The
sorption capacity at equilibrium g, increased from 10.68 to
49.26 mg g™, 9.99t041.94mg g and 10.71 to 43.52 mg g™, while
the initial concentration of dyes (MB, MG and MYV, respec-
tively) augmented from 10 to 50 mg L. As shown in Figs. 7-9,
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Fig. 7. Effect of initial concentration of dyes on the efficiency
biosorption removal of MB vs. time under reaction conditions:
stirring speed =300 rpm, A. graveolens dose=1g L and pH=4.02:
(W) 10, (@) 20, (A) 30, (¥) 40 and (¢) 50 mg L.
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the sorption was rapidly increased in the first 30 min, which
involved the physical sorption of dyes at the biosorbent sur-
face. After the initial step, the sorption capacity was moderate
due to both saturation of binding sites and slow intracellu-
lar diffusion. Many studies reported similar results related to
the behavior of organic compounds’ biosorption on biomass.
The equilibrium was attained to nearly 180 min while the
maximum dye sorption capacity augmented from 82.66% to
98.94%, 82.98% to 98.98% and 80.81% to 97.93% for MB, MG
and MV, respectively. It is important to study the reaction rate
at which the dye’s concentration was reduced.

When dyes’ concentrations increased from 10 to
50 mg L7, the amount of sorbed dyes increased from 10.68
to 49.26 mg g, from 9.99 to 41.94 mg g and from 10.71 to
43.52 mg g™ for MB, MG and MYV, respectively.

These results show that the initial dye’s concentration
plays an important role in affecting the capacity of dyes to
sorb onto vegetal biomass.

Many authors described that high dyes’ concentrations
lead to a higher concentration gradient and therefore higher
sorption capacity [3-11].

3.3.2. Kinetic models

To investigate the treatment process of dyes on
A. graveolens, five kinetic models have been studied
namely pseudo-first-order, Elovich, pseudo-second-order,
Bangham'’s and intraparticle diffusion models. These mod-
els were most commonly used to describe the kinetic models
for the dyes” sorption [57-59]. The results were regrouped
in Table 2(a), which shows that when dyes’ concentrations
increased from 10 to 50 mg L, the correlation coefficient (R?)
values augmented from 0.9504 to 0.9802, 0.909 to 0.9822 and
0.8931 to 0.9897 for pseudo-first-order kinetic model for MB,
MG and MYV, respectively. On the other hand, for Elovich
model, R? increased in range from 0.9557 to 0.9843, 0.9102 to
0.9799 and 0.7715 to 0.9662 for MB, MG and MYV, respectively.
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Fig. 8. Effect of initial concentration of dyes on the efficiency
biosorption removal of MG vs. time under reaction conditions:
stirring speed = 300 rpm, A. graveolens dose =1 g L™ and pH =
5.78: (m) 10, (®) 20, (A) 30, (v) 40 and (¢) 50 mg L.
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Fig. 9. Effect of initial concentration of dyes on the efficiency
biosorption removal of MV vs. time under reaction conditions:
stirring speed = 300 rpm, A. graveolens dose =1 g L™ and pH =
7.12: (m) 10, (@) 20, (A) 30, (¥) 40 and () 50 mg L.
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Table 2(a)
Constant of kinetic models

Conc. Doronp Pseudo-first-order model Elovich equation Pseudo-second-order model
(mgL™) (mgg™) kx100 gq_ R Bt B R k, x 10° Do R
(min™) (mgg™) (mg g'min™) (gmg™) (gmg’ min™) (mgg™)

BM 10 10.68 2.314 2.211 0.9504 7.872 0.609 09841  9.677 11.136 0.999
20 19.77 2.436 2.957 0.9634 12.055 0.317 09843  4.974 20.704 0.9991
30 26.98 3.329 3.619 0.9802 15.665 0.224 09682  4.497 26.667 0.9997
40 34.82 2.822 3.735 0.9604 21.195 0.174 0.9557  3.296 36.496 0.9998
50 49.26 2.761 4.363 0.964 29.492 0.123 0.9579  2.259 51.546 0.9972

MG 10 9.99 3.492 1.644 09119  7713.127 1.323 0.9215 39.488 10.141 0.9999
20 19.26 2.700 2.408 0.909 447.236 0.535 0.9735 11.625 19.685 0.9998
30 26.58 3.147 2.819 0.9099 183.403 0.328 0.921 8.896 27.247 0.9999
40 34.99 3.634 3.401 0.9594 130.157 0.228 09102  6.278 35.971 0.9999
50 41.94 2.497 4.539 0.9822 7.270 0.111 0.9799 1.379 45.662 0.9997

MV 10 10.712 3.208 2.232 0.9722 14.777 0.656 09615 13.272 11.123 0.9997
20 18.78 2.578 2.790 0.9483 13.502 0.336 0.9662  6.193 19.607 0.9998
30 26.78 2.497 3.198 0.8931 13.109 0.215 0.9396  4.248 28.011 0.9998
40 33.04 2.944 3.809 0.9744 12.183 0.163 0.949 2.981 34.965 0.9999
50 43.53 4.081 4.662 0.9897 0.119 1.065 0.7715  2.354 46.296 0.9991

These results have shown that the experimental data were  Table 2(b)

not established according to both pseudo-first-order kinetic
model and Elovich model.

Table 2(a) shows clearly that the experimental data were
established according to a pseudo-second-order kinetic model
for the three dyes. The correlation coefficients exceeded 0.999.
However, the second-order rate constant (k,) decreased with
increasing the initial dyes concentration. Similar observations
were reported for the removal of organic and inorganic com-
pounds from aqueous solutions [3-12,36,60]. As the vacant
sites on A. graveolens became occupied, higher initial concen-
trations resulted in a reduction in removal efficiency since the
available number of dye molecules in solution exceeded the
biosorption capacity of A. graveolens [40,61].

The intraparticle diffusion is usually involved in the
sorption process; the plot of the square root of time vs. the
uptake (q,) would result in a linear relationship.

The k,, values were calculated by using correlation
analysis (Table 2(b)); the value of this parameter grows with
increasing the initial dyes’ concentration.

The correlation coefficients varied from 0.928 to 0.987.
These values are close to unity, thus indicating the applica-
tion of this model. The functional relationship corresponds to
the characteristic of intraparticle diffusion. The intraparticle
diffusion plots have been given in Fig. 10.

The intraparticle diffusion could be the controlling step
if the line is passed through origin. The values of intercept in
Fig. 10 can provide us with an idea about the boundary layer
thickness. In our case, the plots do not pass through origin,
which signified that the process was partially controlled by
the boundary layer; this had also indicated that the intrapar-
ticle diffusion is not the only rate-controlling step but other
processes may also control the rate of sorption, i.e., the larger
the intercept, the bigger the boundary layer effect [62]. Similar
results were obtained for basic red 22 on pith [63], MB on perlite
[64] and on montmorillonite [8], and MV on clinoptilolite [12].

Constant of intraparticle diffusion model and Bangham’s
equation

Intraparticle Bangham’s equation

diffusion model

Con. ki R? o ky(g) R
(mg L)

MB 10 1.284 0.984 0.787 52.635 0.999
20 2.487 0.961 0.607 67.423 0.991
30 3.858 0.928 0.452 86.469 0.971
40 4.664 0.979 0.456 83.437 0.953
50 7.118 0.966 0.394 90.169 0.954

MG 10 0.709 0.987 0.367 138.848 0.988
20 1.425 0.968 0.312 128.751 0.994
30 2.882 0.976 0.302 120.528 0.943
40 4.399 0.974 0.311 114.124 0.924
50 5.325 0.971 0.549 64.928 0.962

MV 10 1.417 0.986 0.611 77.687 0.991
20 2.530 0.970 0.579 73.192 0.957
30 3.491 0.984 0.4572 87.364 0.951
40 4.409 0.976 0.4587  81.809 0.947
50 4.648 0.965 0.3559 96.456 0.937

Kinetic data were further used to know about the
slow step occurring in the present sorption system using
Bangham'’s equation [8].

The double logarithmic plot did not yield satisfactory lin-
ear curves for the removal of dyes onto A. graveolens (0.924 <
R?<0.999). This showed that the film diffusion was not the
only rate-controlling parameter. It may be concluded that the
film and pores diffusion were important to different extents
in the removal process [8].
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Fig. 10. Effect intraparticle diffusion plots for biosorption of dyes
on A. graveolens at different initial dye concentrations: stirring
speed = 300 rpm, A. graveolens dose =1 g L™ at optimal pH: (M)
10, (@) 20, (A) 30, (¥) 40 and () 50 mg L.

3.4. Isotherm models

To optimize the design of a sorption system, it is import-
ant to establish the most appropriate correlation for the
equilibrium curves. Several isotherm equations are found
by many authors to describe the equilibrium isotherm. In
this study, Freundlich, Langmuir, Dubinin-Radushkevich,
Temkin, Sips, Toth, R-P and Khan models are used to
describe this phenomenon (Table 3).

Table 3
Constants of Langmuir, Langmuir, Dubinin-Radushkevich,
Temkin, Sips, Toth, Khan and Redlich-Peterson isotherms models

Isotherms Models MB MG MV
models constants
Langmuir q, (mggm) 833.333  833.333 243.902
K, (Lmg™) 0.006 0.006 0.021
R, 0.770 0.777 0.485
R? 0.999 0.991 0.984
Freundlich K, (Lmg™) 5.466 5.537 5.156
n 1.079 1.117 1.079
R? 0.997 0.982 0.991
Dubinin- q, (mgg™) 67.952 56.328  57.208
Radushkevich K . (mol kJ™)? 4.348 3.262 3.287
E (k] mol™) 0.339 0.391 0.389
R? 0.906 0.956 0.811
Temkin B, (J mol™) 38.482 29.09 34.675
B 64.429 85.231 71.503
K (Lgh 0.382 0.491 0.409
R? 0.978 0.997 0.925
Sips Q.(mgg™) 310.212 131.774 138.074
K (Lgh™ 0.015 0.030 0.0344
N, 0.926 0.813 0.900
R? 0.993 0.994 0.998
Toth Q,(mgg™) 362.533 82.168 278.420
B, 0.013 0.056 0.016
n, 0.100 0.357 0.100
R? 0.976 0.979 0.978
Redlich— K., (@LgM 5.131 5.385 4.709
Peterson 1., Lmg")*F  0.016 0.033 0.065
Ber 0.857 0.900 0.950
R? 0.979 0.977 0.978
Khan Q, (mgg™) 169.633  201.836 758.932
b, 0.030 0.026 0.006
a, 0.389 0.900 0.007
R? 0.979 0.979 0.978

For the three dyes, the R, value was between 0 and 1,
indicating that Langmuir isotherm was favorable. From this
research work, the maximum monolayer coverage capacity
(g,) from Langmuir isotherm model was 833.333, 833.333 and
243.902 mg g™; Langmuir isotherm constants (K)) were 0.006,
0.006 and 0.021 L mg™. The separation factor (R,) was 0.770,
0.777 and 0.485, indicating that the equilibrium sorption was
favorable and that R? values were 0.999, 0.991 and 0.984. These
results prove that the sorption data fitted well with Langmuir
isotherm model for MB, MG and MYV, respectively.

A comparison study of the sorption capacity g, (mg g™)
of few adsorbents available in literature for the removal of
MB, MG and MV from aqueous solutions are regrouped in
Table 4.

It was clear that A. graveolens biosorbent used in the pres-
ent work had a relatively high sorption capacity compared
with other sorbents.



234 A. Hamitouche et al. / Desalination and Water Treatment 75 (2017) 225-236

Table 4
Comparison of maximum adsorption capacities of A. graveolens
with other adsorbents for MV in aqueous solutions

Adsorbents Dyes Q, (mgg™) Ref.
Activated carbon MV 500 [65]
N-benzyltriazole MV 95.24 [66]
derivatized dextran

Sunflower seed hulls MV 92.59 [67]
Halloysite nanotubes MV 105.26 [68]

Pu-erh tea powder MV 277.78 [69]
Halloysite nanotube— MV 90.09 [70]

Fe,O,

Ammodaucus leucotrichus MV 500 [71]

A. graveolens MV 243.90 Present work
Montmorillonite MG 40.48 [72]
Sargassum swartzii MG 76.92 [4]

Rubber wood sawdust MG 25.8-36.3 [73]
Bentonite clay MG 7.72 [74]

Pleurotus ostreatus MG 32.33 [75]
Tamarind fruit shell MG 1.95 [76]
Turbinaria conoides MG 66.6 [77]

A. graveolens MG 833.33 Present work
Cedar sawdust MB 111.96 [78]

Crushed brick MB 80.60 [78]

Beech sawdust MB 13.6 [79]

Spinel magnesium alu- MB 0.945 [80]

minate nanoparticles

Elaeagnus angustifolia MB 227.27 [81]

Citrus limetta MB 227.3 [82]

Banana leaves MB 109.9 [83]

A. graveolens MB 833.33 Present work

So, A. graveolens is a suitable biomass for the removal of
MB, MG and MV from aqueous solutions with g, equal to
833.33, 833.33 and 243.9 mg g, respectively.

The n value, a constant indicating the adsorption intensity
or surface heterogeneity, was 1.079, 1.117 and 1.079 for MB,
MG and MYV, respectively, which indicated a favorable sorption
process since 1<n <10 [84]. Approximate indicators of sorption
capacity, constant K, were 5.466, 5.537 and 5.156 L mg"' for MB,
MG and MYV, respectively, while R? values are >0.98.

Temkin equation demonstrated that the values of K, were
equal to 0.382, 0.491 and 0.409 L g, and those of B, were
equal to 38.482, 29.090 and 34.675 ] mol™ for MB, MG and
MYV, respectively; these results clearly indicated a physical
sorption process. The values of R* were equal to 0.978, 0.997
and 0.925. For Dubinin-Radushkevich model, g, was equal to
67.952, 56.328 and 57.208 mg g™ for MB, MG and MV, respec-
tively. The mean free energy was equal to 0.382, 0.491 and
0.409 kJ mol™, indicating a physisorption process; the values
of R* were equal to 0.906, 0.956 and 0.811 for MB, MG and
MYV, respectively.

Generally, R? values of the Sips isotherm model for all
dyes tested were higher than the other fitted models, showing
that the equilibrium experimental data were better explained
by the Sips equation where the value of this constant is higher

than 0.993. This statement was revealed by many authors,
since that Sips isotherm is a combination of the Langmuir
and Freundlich isotherm models. Also, all maximum sorption
capacities of Sips model are lower than Langmuir model.

For the Khan and Toth models, R? and maximum sorption
capacity values for all dyes tested were lower than Langmuir
model, but with MV, the maximum sorption capacity of Khan
model is higher. This is owing to the fact that this model is
derived from potential theory and is applicable to heteroge-
neous sorptions, which generally indicate that the adsorption
sites are energetically homogeneous. Also, most sites have
sorption energy less than the mean value [11].

Comparison of values of exponent B, , (obtained from
R-P model) has also triggered interesting results. The values
of B, , are lower than 1; they were found in the range from
0,857 to 0.980. This result is attributed to the presence of a
solid impediment between the pores and the large molecules
of the adsorbate (dye). Moreover, the value of the exponent
B, , (from the R-P isotherm) affected the shape of the iso-
therm; according to Wu et al. [85,86], the higher the g value
(up to 1) the more significant the curvature of the isotherm
(i.e., the sharper the increase of the adsorbed amount at the
beginning with more horizontal end of the curve).

4. Conclusion

The present study indicated that A. graveolens biomass
exhibited high sorption performance for the removal of
dyes. The sorption efficiency was determined as a function
of the initial adsorbate concentration, pH, adsorbent dosage
and agitation speed. SEM-EDX analysis shows the homo-
geneity of the surface and composition of biomass. FTIR
characterization of A. graveolens suggested that the surface
chemistry of the biomass played an important role in under-
standing the sorption phenomenon. The optimal condition
for the best biosorption of dyes were 300 rpm, optimal bio-
mass concentration and at pH 4.02, 5.78 and 7.12 for MB,
MG and MYV, respectively. The pseudo-second-order kinetic
equation could best describe the efficient removal of dyes by
A. graveolens. The intraparticle diffusion model indicated that
the process is partially controlled by the boundary layer and
Bangham’s equation shows that the film diffusion was not
the only rate-controlling parameter.

The isotherms study showed that the maximum
monolayer sorption capacities were found using Langmuir
isotherm model as 833.333, 833.333 and 243.902 mg g for
MB, MG and MYV, respectively. Sips and Freundlich isotherm
models best fitted onto the experimental data of MV removal
while the Sips, Langmuir and Temkin isotherm models best
fitted onto the experimental data of MG removal; however,
for MB removal, Freundlich, Sips and Langmuir isotherm
models were best fitted onto the experiment data.
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