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Abstract 
 
The present study explores the potential use of plant waste i.e. spotted golden thistle (Scolymus maculatus L.) stalks, as an 
inexpensive sorbent for the removal of methylene blue from synthetic aqueous solutions. Firstly, the waste material was 
characterized using different analysis methods, then kinetics and equilibrium of dye sorption were investigated using a batch 
sorption technique. The influence of contact time, initial dye concentration, sorbent dose, particle size and agitation speed on the 
dye sorption kinetics has been studied. The amount of dye sorbed at equilibrium increased with initial dye concentration, and with 
decreasing of particle size and sorbent dose. Agitation speed of 400 rpm afforded immersion of sorbent at earlier contact time and 
enhanced sorbed dye equilibrium amount. The necessary time to achieve equilibrium was increasing in the range of 12-19 h with 
initial dye concentration. Five models including first-order, pseudo second-order, Elovich, Avrami and Tobin ones were selected 
to describe the dye sorption kinetics. The best fitting model was the Avrami one. A multiple-stage diffusion of methylene blue onto 
thistle stalks particles was observed. Equilibrium data of methylene blue sorption by thistle stalks were fitted to six models namely 
Freundlich, Langmuir, Temkin, Sips, Toth and Redlich-Peterson models; Sips model best fitted the data. Maximum monolayer 
sorption capacity of sorbent was found to be 74 mg/g towards methylene blue. These first results obtained under the investigated 
experimental conditions, show that this sorbent is promising material for methylene blue removal from aqueous solutions. 
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1. Introduction 

 
From various branches of industries using 

synthetic dyes to colour their products, the textile 
industries consume considerable amounts of water in 
their manufacturing processes, and, thereby generate 
substantial quantities of wastewater containing large 
amounts of dissolved dyestuffs and other products. 
Considering both the volume and the effluent 
composition, the textile industry is rated as the most 
polluting among all industrial sectors. Dyes colour 
water bodies and may hinder light penetration and 
photosynthetic activity and causes oxygen deficiency, 
thereby, affecting aquatic and vegetal life and limiting 
                                                           
*Author to whom all correspondence should be addressed: e-mail: ho_benaissa@yahoo.fr 

the utilization of water: it is therefore imperative to 
treat the textile effluents (Brown, 1987; Shertate and 
Prakash, 2014; Zablocka-Godlewska et al. 2015). 
Cationic dyes, commonly known as basic dyes, are 
widely used in acrylic nylon, wool and silk dyeing. 
This group of dyes includes a broad spectrum of 
different chemical structures, primarily based on the 
substituted aromatic groups. Due to their complex 
chemical structure, they are resistant to breakdown by 
chemical, physical and biological treatments (Eren 
and Afsin, 2008). Physicochemical processes 
including: electro-flotation, flocculation, electro-
kinetic coagulation, adsorption, ion exchange, 
membrane filtration, precipitation, irradiation, 
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chemical destruction, ozonation etc… are generally 
used to treat dyes laden wastewater; however, they are 
costly and markedly ineffective because of the 
chemical stability of dyes (Forgacs et al., 2004). This 
situation requires the development of an eco-friendly 
treatment technology. Many forestry or agricultural 
wastes have been proposed as low cost sorbent 
materials for the removal of several water pollutants. 
The latter are ranging from heavy metals (Blázquez et 
al., 2018) to organic molecules such as dyes 
(Gunasekar et al., 2017). Agro-wastes are readily 
available, renewable biomass, and biodegradable, and 
their valorization as sorbent materials for 
environmental applications is an interesting 
alternative to costly commercial activated carbons, 
thus reducing any negative impact of such agro-wastes 
to the environment (Forgacs et al., 2004). 

This study explores the possibility of using a 
natural plant waste material namely: spotted golden 
thistle (Scolymus maculatus L.) stalks (SML) as a 
novel inexpensive and abundantly available sorbent in 
Algeria and the Mediterranean Circum for the sorption 
of methylene blue (MB) from synthetic aqueous 
solutions. This invasive plant is often burnt or left 
unutilized on the fields. Literature survey reveals that 
use of thistle stalks as a sorbent material for the 
removal of hazardous dyes is an innovative initiative 
realized by our laboratory. MB was chosen in this 
study as a model dye because of its well-known strong 
adsorption onto solids. Historically, MB is the first 
synthetic compound ever used as an antiseptic in 
clinical therapy. From the toxicological point of view, 
it is relatively nontoxic and has an enviable safety 
record. However at very high levels, MB can be taken 
up by cells, accumulate and dimerize in the 
cytoplasmic organelles, and may cause cell toxicity 
and DNA damage in various cell types (Oz et al., 
2009). Firstly, the raw material was characterized 
throughout elemental analysis, ATR – FTIR 
(Attenuated Total Reflectance Fourier Transform 
Infra-Red), specific surface area, SEM (Scanning 
Electron Microscopy) and SEM coupled to EDX 
(Electron Dispersive X ray) analysis. Then, kinetics 
and equilibrium studies of MB sorption were 
investigated in batch conditions. The effect of some 
operating parameters including: contact time, initial 
MB concentration, sorbent dose, particle size and 
agitation speed, on the kinetics of MB sorption from 
synthetic aqueous solutions by SML, was studied. The 
experimental data of MB sorption kinetics by this 
tested material were fitted by five kinetic models 
namely: first-order, pseudo second-order rate, Elovich 
(without approximation), Avrami and Tobin 
equations. To identify the main rate controlling steps 
in the overall uptake mechanism, external and intra-
particle diffusion models were separately examined 
for each operating sorption parameter studied. The 
experimental data of dye sorption equilibrium were 
fitted to three 2-parameters isotherm models: 
Freundlich, Langmuir and Temkin, and, to three 3-
parameters isotherm models: Sips, Toth and Redlich-
Peterson models. In this work, the kinetic and 

equilibrium models were fitted employing the non-
linear regression method. Therefore, this work could 
provide useful information for the utilization of SML 
as an innovative sorbent for the removal of cationic 
dyes. 

 
2. Material and methods 

 
2.1. Sorbent and dye  

 
A natural plant waste material namely: Spotted 

golden thistle (Scolymus maculatus L.) stalks, was 
used as a sorbent material in this work. This waste was 
collected from the region of Bensekrane (Tlemcen -
Algeria) in autumn-winter period 2010 in the form of 
dried large flakes. It was cut manually in small pieces 
(1െ2 cm) with a pruning shears and gently washed 
with tap water, then oven-dried at (85 ± 5)°C for 24 h. 
Prior to be used as a sorbent material, this waste was 
washed thoroughly with distilled water until constant 
pH and no leaching of colour were observed. 
Thereafter the material was filtered, then oven-dried 
for another time at (85 ± 5)°C for 24 h to a constant 
weight. Then, it was crushed and sieved to keep only 
the size range of 0,630െ2 mm, and immediately stored 
in desiccators. 

Methylene blue as a commercial salt 
(REACTIF RAL -France), was used as received 
without further purification. 1000 mg/L stock 
solutions of this dye were prepared in distilled water. 
All working solutions of desired concentration were 
prepared by accurate dilutions.  

 
2.2. Sorbent characterization 

 
The sorbent was characterized using different 

analytical techniques: 
- The sorbent percentage contents of C, H, N 

and O were determined using a homemade elemental 
analyser, while the S percentage content was obtained 
thanks to (LECO SC 144) system (Solaize Central 
Service of Analysis -University of Claude Bernard  
Lyon I France).  

- ATR (attenuated total reflectance) technique 
allows the direct IR analysis of solid samples without 
any impact from the traditional KBr pellet sampling: 
Spectra of MB, SML, and dye loaded sorbent (MB-
SML) samples, were recorded with a Perkin Elmer 
Spectrum 100-FTIR equipped with a Zn-Se crystal, in 
the 4000െ600 cm-1 range (resolution = 4 cm-1 , 10െ20 
cumulative scans). 

- The BET surface area of SML was obtained 
from liquefied N2 adsorption isotherm at 77 K, using 
a Micromeritics Flowsorb II 2300 surface area 
analyser. Prior to the adsorption experiments, the 
sample was degassed at 125 °C in vacuum for 48 h. 

- The surface morphology of both SML and 
MB-SML was examined by scanning electron 
microscopy (SEM), using a Jeol JSM 6301 F 
microscope. Furthermore the SEM coupled to the 
electron dispersive X-ray (SEM-EDX) microanalysis 
method, was performed using Jeol JSM 6400 
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equipped of Oxford INCA treatment software. All 
samples were coated with a thin layer (80 % gold, 20 
% platinum) prior to the observations. 

 
2.3. Sorption experiments 

 
2.3.1. Uptake kinetics 

For all experiments 1 g (except for sorbent dose 
effect) of sorbent was added to a beaker containing 1 
L of MB solution, which initial concentration was 100 
mg/L (except for initial MB concentration effect). A 
magnetic stirrer allowed agitation (mandatory at 
earlier stages of contact between sorbate and sorbent 
used) at 400 rpm (except for agitation speed effect). A 
water bath maintained a constant temperature of (25  
1) °C. Particle size of the sorbent was in the range of 
0.630–2 mm (except for particle size effect). Initial pH 
of MB solutions was in the range of 3.1െ4.8 and was 
not adjusted. Samples from the clear supernatant were 
withdrawn at appropriate time intervals, and their dye 
concentrations were determined using UV-Vis 
spectrophotometer (HACH LANGE DR 5000) at max 
= 664 nm.  

The dye uptake ሾqt (mg/g)ሿ was calculated with 
(Eq. 1): 

 

q୲ ൌ  
ሺେబିେ౪ሻ୚

୫
 (1) 

 
where C0 and Ct are the initial concentration (mg/L) 
and the concentration (mg/L) at time t (h), 
respectively; V is the volume of solution (L) and m 
denotes the mass of the dry sorbent (g). Duplicate if 
not triplicate, tests showed that the maximum standard 
deviation of the results was  7 %. 

 
2.3.2. Uptake equilibrium 

MB sorption isotherm was determined using a 
series of 250 mL conical flasks by contacting a 
constant mass of 0.250 g of the sorbent material with 
0.250 L of MB solution of different initial 
concentrations (20െ700 mg/L). This range was 
judged sufficient to enable the overall shape of the 
isotherm to be determined. After a period of 30 h at 
(25  1) °C, the equilibrium concentrations ሾCe 
(mg/L)ሿ of unbound MB were determined with visible 
spectrophotometry, as described previously in the case 
of Ct; and the corresponding equilibrium MB uptakes 
ሾqe (mg/g)ሿ, were obtained with (Eq. 1); taking into 
account that qt and Ct becomes qe and Ce respectively, 
when the sorption equilibrium is achieved. Initial as 
well as final solutions pH values were also measured.  

 
3. Results and discussion 

 
3.1. Sorbent characterization  

 
3.1.1. Characteristics before MB sorption 

The elemental composition of SML was: C 
44.42 %, O 42.81 %, H 5.97 %, N < 0.30 % and S < 
0.30%, indicating that the sorbent material is rich in 
carbon and oxygen, as normally expected for 

lignocellulosic materials, but contains almost nil level 
of sulphur. 

 ATR-MIR spectrum (Fig. 1) of SML permits 
to check the presence of: 

 Holocellulose: thanks to four 
polysaccharides characteristic bands between 1200 
and 1000 cm-1. The glycosidic linkage is largely 
responsible of the higher frequency band (1156 cm-1) 
in this region, the other bands are at 1105, 1050 and 
the more intense band is at 1029 cm-1.  
Polysaccharides presence is enhanced by the band at 
897 cm-1 as β-anomer vibration (Kacurakova et al., 
2000). Bands at 1423, 1371, 1325 and 1206 (shoulder) 
cm-1 are respectively significant of CH2 bending, OH 
bending, skeletal (CെC and CെO) vibrations (Sun et 
al. 2004), and pyranose ring CെO stretching 
(Pastorova et al., 1994). Among this holocellulose 
content there are some hemicelluloses: According to 
latest works (Célino, et al., 2014) dealing with ATR-
FTIR studies on vegetal fibres, hemicellulose gives 
bands at 1735 cm-1 (C=O) and 1240 cm-1 (CെO, acids 
or esters). Abidi, et al., (2014) showed that the band 
assigned to ester at 1735 cm-1 due to hemicelluloses is 
decreasing with fibre developmental time, and getting 
very small intensity on maturation. In case of SML 
these 2 bands are located at 1734 (small) and 1236 cm-

1. Also simultaneous presence of bands at 1734, 1596 
and 1423 cm-1 is significant of carboxylic functions of 
hemicelluloses (Marchessault, 1962). 

 Lignin: The large band at ~1596 cm-1 is 
common to hemicelluloses and lignin vibrations. 
When lignin is present, a second band is observable at 
1505 cm-1 (Kacurakova et al., 2000), the intensity of 
which is similar or higher (Vazquez et al., 1997). So, 
in the present case of SML, conclusion is made that 
low amounts of lignin are accompanying 
hemicelluloses, due to lower intensity at 1505 cm-1 
than at 1596 cm-1. Similarly to the present work, 
Célino et al., 2014 reported the presence of low 
amounts of lignin, on the basis of ATR-FTIR spectra 
on vegetal fibres directly, without previous extraction. 

 Water is also present at given amount due to 
broadening around 1650 cm-1, of  the  band at 1596 
cm-1 (Olsson et al., 2004). 

The BET surface area of the sorbent was found 
to be 1.66 m2/g. This low value of surface area is 
characteristic of biomass materials (Pavan et al., 
2014). 

The SEM micrographs of the sorbent before 
MB sorption (Figs. 2a,b), show different 
morphologies depending on the region analysed, and, 
a rough surface with crater-like cavities with macro-
porous structures, as a general. These cavities are large 
enough to allow the molecules of dye to penetrate into 
the lignocellulosic structure and interact therein with 
the surface groups. Fig. 2a also reveals the fibrous 
structure of SML with a network of organized fibres. 

 
3.1.2. After MB sorption 

MB-SML Spectrum (Fig. 1) is not the simple 
addition of each SML and MB spectra (Fig. 1), taken 
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as alone: it is the spectrum resulting from interactions 
between each other.  

Therefore, two comparisons must be done: 
MB-SML spectrum with MB one alone, as well as 
MB-SML spectrum with SML one alone. These 
comparisons, needs the prior examination of MB 
spectrum, which shows an immense and flattened in 
shape band in the region 3600െ2500 cm-1; with 
several small emergences. According to Ovchinnikov 
et al., (2007), those at ~3070 and ~3030 cm-1 are due 
to heterocyclic CH stretching, that at ~ 2817 cm-1 is 
due to െN(CH3)2 vibrations and the one at ~2706 cm-

1 is due to water hydrogen bonds with the MB nitrogen 
atoms (OെH-N). For some bands lying under 1800 
cm-1, assignments are summarized in Table 1.  

a. Comparing MB-SML spectrum with MB 
spectrum allows the following statements: 

- The little band at 1653 cm-1 (immonium 
vibration) gets higher intensity after sorption and 
makes distinguished shoulder on the broad band at 
1596 cm-1. This shoulder is likely being due to 
immonium contribution than to increased amount of 
water, since SML and MB-SML have been dried to the 
same extent. 

- Band at 2706 cm-1 due to hydrogen bonds (O-
H--N) is significant of either direct interaction 

between OH groups (holocellulose + lignin) at SML 
surface and MB nitrogen atoms, and/or indirect 
interaction between water OH groups and MB 
nitrogen atoms; this indirect interaction means 
intercalated water molecules between SML surface 
and MB sorbed in accordance of proposals from 
Ovchinnikov et al., (2007). Thereafter more 
contribution of immonium vibration -meaning more 
delocalized global positive charge towards external 
amines groups- is likely occurring as well as 
intercalated water molecules.  

- Although not explained other modifications 
are relevant of interaction between MB and SML: 
Disappearance of both bands at 1544 cm-1 and at 1280 
cm-1. 

b. Comparison between MB-SML and SML 
spectra, leads to observe shifts of 17 and 11 cm-1 
respective to bands at 1371 and 1320 cm-1. Even if 
higher than the resolution of spectrophotometer used, 
these shifts are not significant since they overlap 
bands from MB (1388 and 1331 cm-1). On contrary the 
shoulder at 1206 cm-1 is absent after sorption, due to 
shift to higher frequencies of the CെO (pyranoses 
rings) stretching vibrations. At the opposite glycosidic 
γ(CെOെC) vibration band shifts from 1156 to 1143 
cm-1 (e.g. -13 cm-1). 

 

 

 
 

Fig. 1. ATR-FTIR spectra of SML, MB and MB-SML: a) In the wavenumber range of 4000െ1800 cm-1, b) in the wavenumber 
range of 1800െ800 cm-1 
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(a) (b) (c) 

 
Fig. 2. SEM micrographs of SML: (a, b) before MB sorption (500 x and 5000 x, respectively) and  

(c) after MB sorption (C0= 100 mg/L, teq over 19 h, m= 1 g/L, dp= 0.630െ2 mm, natural solution pH, T= 25 °C) (5000 x) 
 

Table 1. Assignments of some ATR-MIR MB bands 
 

Bands (cm-1) Assignments References Bands (cm-1) Assignments References 

1653 =N+ 
Ovchinnikov 
 et al., 2007 

1247 NെCH3 Xu et al., 2011 

1595 Skeletal  heterocyclic 
vibrations 

Ovchinnikov  
et al., 2007; 

Vargas et al., 2011 

1222 
Aromatic skeletal 

vibrations 
Ovchinnikov et 

al., 2007 
1487 1172 NെCH3 Xu etal., 2011 

1447 
CെH3  and CെC  

(aromatic) 
Ovchinnikov 
 et al., 2007 

884–873 
Heterocyclic 
 CH  bending 

Vargas et al., 
2011 1388 Multiple  ring stretching  

Xu et al., 2011 835  
1331 CarെN 

 
 
Hence MB sorption leads to opposite effects on 

(CെO) bonds within and between pyranoses rings. 
Glycosidic linkage is weakened after sorption, due to 
higher electronic density in pyranoses rings.  On the 
one hand increased pyranoses rings electronic density 
helps better interaction with positive moieties of 
intercalated water molecules (involved through 
negative moieties, in interaction with MB cations), 
and on the other hand, is extended to attached OH 
groups which are involved in direct interaction with 
MB. 

All these findings support the existence of 
strong electrostatic interactions between the MB 
cation, (which charge is more delocalized after 
sorption) and the partial negative charges at surface of 
SML; these being due at least to hydroxyl groups from 
holocellulose and or lignin. These interactions involve 
also intercalated water molecules. 

- The SEM micrograph of MB-SML (Fig. 2c), 
shows a rough surface with narrowed crater-like pores 
because they are partially covered by the MB dye, so 
that the pores are seen more blurred than in the sample 
before dye sorption. The ability of sorbent to remove 
MB was evidently confirmed by the visual observation 
of sorbent colour after dye sorption experiments. 
However, it should be interesting to point out that the 
results of dispersive X-ray (EDX) analysis of SML, 
showed an absence of sulphur at anyway targeted 
position of SML sample surface. On the contrary, 
SML-MB EDX showed adequate level of sulphur at 

any targeted surface point, due to uniform coverage by 
the dye. 

 
3.2. Sorption kinetics 

 
3.2.1. Effect of contact time and initial dye 
concentration 

The contact time is one of the most important 
operating parameters in the sorption process. Its effect 
on the sorption of MB by thistle stalks is illustrated on 
Fig. 3. This figure deals with the typical example of 
initial MB concentration of 100 mg/L, and shows that 
the sorption kinetics curve obtained is characterized 
by a strong increase of the amount of MB sorbed 
during the initial stage of contact, followed by a 
gradual increase until to reach a state of equilibrium. 
The equilibrium amount of MB sorbed being qe = 37 
mg/g and the necessary time teq to reach this 
equilibrium is around 19 h. An increase of sorption 
contact time up to 30 h did not show any notable 
effect. Increasing initial MB concentrations (50, 80, 
100 and 150 mg/L) was followed up by an increase of 
equilibrium amount of MB sorbed (22, 34, 37 and 55 
mg/g). This trend was expected since the initial MB 
concentration provides an important driving force to 
overcome all mass transfer resistances of the dye 
between the aqueous and solid phases.  MB sorption 
kinetics was slow, achieving equilibrium around 12 h 
(C0= 50 mg/L), 17 h (C0= 80 mg/L) and 19 h (C0=100 
and 150 mg/L). 
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Fig. 3. Kinetics of MB (C0 = 100 mg/L) sorption from 
aqueous solution by SML (1g/L) qt = f (t) and pH = f (t) 

 
During the course of MB sorption by the tested 

sorbent SML, an increase in the solution pH value of 
the solution followed by some equilibrium states was 
observed; the double y axis graph of Fig. 3 gives an 
illustration of this behaviour, for the initial MB 
concentration of 100 mg/L. Such increase of the pH 
values suggests that MB binding to SML is either 
associated with the fixation -of H3O+ ions from 
solution by the sorbent surface -or with a release of 
OH- ions from the sorbent surface into the solution. 
This trend was also observed for all other operating 
parameters studied thereafter. 

 
3.2.2. Effect of sorbent dose 

In order to determine the minimal SML dose 
for optimal sorption of MB, kinetic studies were 
performed using different sorbent doses (0.5െ4 g/L). 
Fig. 4 shows that qe, the equilibrium amount of 
methylene blue sorbed by thistle stalks, increases from 
30 to 37 mg/L with increase of the sorbent dose m, 
from 0.5 to 1 g/L; when sorbent dose is further 
increased up to 2 g/L qe remains nearly constant. 
However any augmentation beyond 2 g/L leads to a 
decline of sorption. The enhancement of qe due to 
increase of m from 0.5 to 1 g/L was expected since 
more sorption sites are being available for solute-
sorbent interaction; nevertheless more significant 
increase of m may results in some particles 
aggregation leading to a decrease in the total surface 
area of sorbent and an increase in the diffusional path 
length (Ofomaja and Ho, 2007); thereby resulting in 
the decreased dye uptake. Thus, SML dose of 1 g/L 
was further chosen for all remaining studies. This low 
dose affords more convenience during withdrawing of 
samples, avoiding sorbent particles to be sucked up in 
the pipette. 

 
3.2.3. Effect of agitation speed 

In the goal to study the impact of agitation on 
the sorption kinetics of MB by SML, different 
agitation speeds: 200, 400, 500 and 600 rpm were 
tested. Agitation afforded immersion of the sorbent 
particles which otherwise had floated to the surface. 
Agitation was mainly maintained during the earlier 
contact period and could be interrupted beyond one 

hour -when all sorbent particles were immersed (the 
batches being stirred from time to time with the 
thermometer). 
 

 
 
Fig. 4. Effect of sorbent dose on MB equilibrium uptake by 
SML (C0 = 100 mg/L, teq ~19 h, dp= 0.630െ2 mm, natural 

solution pH, T = 25 °C) 
 

Fig. 5 shows that 400 rpm is optimal agitation 
speed.  It was chosen for all the remaining experiments 
since it assures at earlier stages of contact a good 
diffusion of dye toward SML particles avoiding 
flotation of SML which may screen the active binding 
sites, as well as an insufficient time to bind with dye 
cations (Hossain et al. 2012). 

 

 
 
Fig. 5. Effect of 1h-agitation on MB equilibrium uptake by 
SML (C0 = 100 mg/L, m= 1g/L, dp= 0.630െ2 mm, natural 

solution pH, T= 25 °C) 
 
3.2.4. Effect of particle size 

To study the effect of particle size dp on MB 
sorption kinetics by SML, experiments were 
conducted with six particle size ranges: 0.63 < dp ≤ 
1.25 mm; 1.25 < dp ≤ 1.6 mm; 1.6 < dp ≤ 2.0 mm; 2.0 
< dp ≤ 2.5 mm; 2.5 < dp ≤ 3.15 mm and dp  > 3.15 mm. 
Fig. 6 indicates that the amount of dye sorbed by SML 
at equilibrium, qe, increases in general by decreasing 
the particle sizes of sorbent: 22 mg/g (dp > 3.15 mm) 
to 36 mg/g (0.63 < dp < 1.25 mm).  

This behaviour can be attributed to an increase 
of effective surface area of the sorbent with the 
decrease of particle size; consequently, the dye 
sorption increases (Hossain et al., 2012). However, 
moderate if not negligible increase of qe values is 
obtained for particle sizes in the global range of 
0.630െ2 mm, suggesting MB sorption to occur at less 
external surface. This assumption is supported by the 
astonishing helical spring like structures shown by 
SEM micrographs (Fig. 2a). 
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Fig. 6. Effect of particle average diameter on MB 
equilibrium uptake by SML (C0 = 100 mg/L, teq ~19 h,  

m = 1 g/L, natural solution pH, T = 25 °C) 
 
3.2.5. Kinetics modelling 

In order to describe the kinetics of MB sorption 
by SML obtained at different experimental conditions, 
five kinetic models namely: first-order model 
(Lagergren, 1898), pseudo second-order model (Ho 
and McKay, 1998), Elovich model (Low, 1960), 
Avrami model (1940) and Tobin model (1974) in their 
non-linear forms, have been used. The non-linearized 
forms of these models are given in Table 2. 

In this work, the above mentioned kinetic 
models were fitted using the nonlinear regression 
method (Excel 2007 software); high value of the 
correlation coefficient R2 being obtained for 
satisfactory fit. The calculated kinetic parameters and 
corresponding R2 values are listed in Table 3; effect of 
initial concentration being a typical example. 

Table 3 shows that the Avrami fractionary 
order, Elovich, Tobin and pseudo second-order kinetic 
models, in decreasing ranking were suitably fitted; 
whereas Lagergren model failed with lowest R² value. 
This general ranking was also observed with all 
kinetics for each operating parameters studied (Tables 
of results not shown in this work). Except for Elovich 
model, which is not belt on consideration of 
desorption and hence on equilibrium achievement 
(Rudzinski and Plazinski, 2009), all the suitably fitted 
models gave values of the calculated equilibrium 
amounts of MB sorbed (qe cal); this theoretical values 
were in good agreement with the experimental ones 
(qe exp), whatever the experimental parameter studied. 
Taking into account that, in the above mentioned 
general ranking of models there are 2-parameters 
models and less affordable 3-parameters models, it 
makes sense to prefer the Elovich one. Based on this 
satisfactory fitting model and calculating the 
approaching equilibrium factor RE which is ሺqୣβሻ-1 
(Wu et al., 2009), led to values between 0.18 and 0.23. 
Thus, conclusion is made that all the kinetic curves of 
MB sorption on SML are of mild rising type, since 
obtained RE obey to 0.3 > RE > 0.1. 

 
3.2.6. Rate determining steps 

Sorption is a process involving several 
elementary steps. Generally, the two rate limiting 
steps investigated are external film mass transfer and 
intraparticle diffusion, either singly or in combination. 

a) External mass transfer resistance model: The 
initial rate of sorption can be determined using the (Eq. 
2) (McKay and Poots, 1984): 

 

ቀୢሺେ౪/େబ

ୢ୲
ቁ

୲→଴
ൌ  െβ୐S (2) 

 
In (Eq. 2) β୐  and S are respectively, the 

external mass transfer coefficient and the specific 
surface area of the sorbent. The external mass transfer 
rate, β୐S, is approximated by the initial slope of the 
C୲ C଴⁄  vs. time curve; assuming a polynomial relation. 

b) Intraparticle diffusion resistance model: 
Weber and Morris (1963) demonstrated that in 
intraparticle diffusion studies, process rates are 
usually expressed in terms of square root of time, with 
(Eq. 3): 

 
q୲ ൌ k୧ୢtଵ/ଶ (3) 
 
where k୧ୢ is defined as an intraparticle diffusion rate 
parameter. It is obtained as the slope of the plot of q୲ 
vs. tଵ/ଶ . This plot should be linear if intraparticle 
diffusion is involved in the sorption process; 
moreover, if passing through the origin, then 
intraparticle diffusion is the rate controlling step. 

In the present work the two kinds of transfer 
resistance were separately tested and results are 
summarized in Table 4. Fitting experimental data 
(related to each operating parameter studied) to 
intraparticle diffusion model led to multi linear plots 
which clearly confirm that the process involves more 
than one kinetic stage before achieving the 
equilibrium. Positive and generally significant 
ordinate intercepts obtained reflects some degree of 
boundary layer control at earlier contact time, in 
accordance of results from external diffusion model; 
therefore, intraparticle diffusion is not the fully 
operative mechanism for this system. 

 

3.3. Sorption equilibrium 
 

3.3.1. Sorption isotherm 
As shown in Fig. 7, the experimental isotherm 

of methylene blue sorption by thistle stalks at natural 
solution initial pH (3.1–4.8) and 25 °C shows a rapid 
increase of qୣ  for low   Cୣ  values, followed by a 
moderate increase until a saturation plateau is reached. 
Thus it may be rated as L-type, according to the 
classification of Giles et al. (1960) for liquid-solid 
adsorption.  

The maximum capacity of MB sorbed by this 
sorbent, qmax, is about 65 mg/g under the experimental 
conditions being tested in this work. However at 
higher Cୣ , some decline in the sorption of MB was 
observed (not shown on Fig. 7): Such findings were 
pointed out by other authors (Samiey and Dargahi, 
2010). As previously mentioned in kinetic studies, an 
increase in the solution pH value was again observed 
before contact with SML and after sorption 
equilibrium was achieved (final pH in the range of 
4.1–5.4). 
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Table 2. Mathematical equations of kinetic models tested for MB sorption by SML 

 
Models Expressions Parameters 

First order  q୲  ൌ  qୣ ሺ1 െ eି୩౜ ୲ ሻ 
qୣ : Equilibrium MB uptake (calculated) 

k୤: Pseudo  first-order model rate constant 

Pseudo second-order q୲  ൌ
kୱqୣ

ଶ t
1 ൅  kୱqୣ t

 
qୣ : Equilibrium MB uptake (calculated) 

kୱ: Pseudo second-order model rate constant 

Elovich q୲ ൌ βିଵ lnሺ1 ൅ αβtሻ 
α: Initial rate of Elovich model  

β: Elovich model constant 

Avrami q୲ ൌ qୣሺ1 െ eିሺ୩ఽ୲ሻ౤ఽ ሻ 
qୣ : Equilibrium MB uptake (calculated) 

k୅: Avrami model rate 
n୅ : Avrami exponent 

Tobin q୲ ൌ
qୣ k୘t୬౐

1 ൅ k୘t୬౐
 

qୣ: Equilibrium MB uptake (calculated) 
k୘: Tobin model rate 
n୘ : Tobin exponent 

 
Table 3. Parameters and R² values of kinetic models tested for MB sorption by SML 

 
Models C0 (mg/L) 50 80 100 150 

 qe exp (mg/g) 21.8 33.6 37.2 55.5 

First-order model 
qe cal (mg/g) 
kf (h-1)   
R2 

20.3 
0.36 

0.9392 

32.4 
0.29 

0.9685 

34.7 
0.39 

0.9226 

50.4 
0.38 

0.9386 

Pseudo second- 
order model 

qe cal (mg/g) 
ks (mg-1.g. h-1)  
 R2 

21.4 
0.027 
0.9698 

34.4 
0.014 
0.9739 

38.6 
0.015 
0.9687 

56.6 
0.009 
0.9818 

Elovich model 
α (mg. g-1.h-1) 
β (mg-1. g) 
R2 

26.59 
0.23 

0.9853 

29.08 
0.13 

0.9808 

60.47 
0.14 

0.9897 

63.29 
0.09 

0.9950 

Avrami model 

qe cal (mg/g)  
 kA (h-1) R2 

21.2 
0.32 

0.665 
0.9875 

34.7 
0.24 

0.684 
0.9891 

37.7 
0.31 

0.574 
0.9901 

54.9 
0.30 

0.633 
0.9956 

Tobin model 

qe cal (mg/g) 
kT  (hି୬౐) 
nT 

R2 

21.4 
0.60 

0.970 
0.9699 

34.8 
0.42 

1.082 
0.9784 

38.3 
0.66 

0.887 
0.9735 

55.2 
0.60 

0.930 
0.9816 

 
Table 4. Effect of various experimental parameters on diffusion coefficients for MB sorption by SML 

 
 External diffusion Internal diffusion 

 𝜷𝑳𝑺 (h-1) R² 
Intercept (mg/g) kid (mg.g-1.h-

1/2) 
R² 

Co (mg/L)      

50 0.36 0.9920 1.4 6.19 0.9860 

80 0.27 0.9927 0.4 10.31 0.9946 

100 0.33 0.9736 13.7 5.32 0.9862 

150 0.29 0.9955 23.2 7.50 0.9784 

dp (mm)      

> 3.15 0.19 0.9870 3.0 4.49 0.9898 

3.15-2.5 0.24 0.9824 6.1 4.76 0.9833 

2.5-2.0 0.28 0.9906 4.1 5.56 0.9925 

2.0-1.6 0.35 0.9694 11.0 5.18 0.9967 

1.6-1.25 0.45 0.9700 14.3 5.17 0.9833 

1.25-0.63 0.46 0.9610 15.0 5.13 0.9646 

m (g/L)       

0.5 0.15 0.9957 10.3 4.72 0.9754 

1 0.33 0.9736 13.7 5.32 0.9862 

1.5 0.43 0.9905 15.8 4.92 0.9959 

2 0.73 0.9877 14.3 5.61 0.9867 

2.5 0.80 0.9943 17.2 3.23 0.9936 
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3 1.04 0.9898 14.4 4.06 0.9951 

4 1.20 0.9845 14.3 2.82 0.9808 

N (rpm)       
200 0.24 0.9910 8.3 5.48 0.9628 

400 0.33 0.9736 13.7 5.32 0.9862 

500 0.25 0.9935 9.2 5.99 0.9634 

600 0.30 0.9902 10.3 4.99 0.9886 

 
In order to situate the sorbent -being 

investigated for the first time- among those used 
(without preliminary chemical modification) to 
remove MB from aqueous solutions, a comparison 
based on the qmax values from literature, was carried 
out and is presented on Table 5. 

 

 
Fig. 7. Sorption isotherm of MB on SML at T = 25 °C: 

experimental points and calculated curves. 
 

Lignocellulosic materials selected for this 
comparison are largely and easily available; in 
addition preliminary treatments before use as sorbents 
do not necessitate neither huge volumes of water, nor 
significant levels of energy expenditure. In addition, 
the overall studies reported on Table 5 give qmax values 
which are clearly experimentally verified. 

 
Being mindful of the varying experimental 

conditions during the investigations of the sorbent 
materials reported on Table 5, it can be however stated 
that thistle stalks, as reclaimed waste, are promising 
low cost sorbents for discolouring water, due to 
significant sorption capacity. 

 
3.3.2. Isotherm modelling 

To describe the isotherm of MB sorption by 
SML obtained under the above mentioned 
experimental conditions, six models were used: 
Freundlich (1906), Langmuir (1916), Temkin (1941), 
Redlich-Peterson (1959), Sips (1948) and Toth 
(1981).  
 

Table 5. Comparison of maximum MB sorption capacities of various waste materials from literature 
 

Sorbents dp (mm) m(g/L) pH0 teq (h) T(°C) qmax(mg/g) References 
Brazil nut shells 0.5-0.71 100 6.5 2 - 8 Brito et al., (2010) 
Wood shavings 3-4 20 5.5 < 72 - 19 Janos et al., (2009) 
Rice husk 0.60 – 0.85 1.2 8 2 32 41 Vadivelan and Kumar, (2005) 
Thistle stalks 0.630-2 1 3.1-4.8 ≤ 19 25 65 This work 
Hazelnut shells 0.075-0.180 10 - 1 20 77 Ferrero, (2007) 
Sesame straw ൑ 0.250 1 8 - 25 170 Feng et al., (2017) 
Guava leaf 0.10-0.15 2 7.5 ≤ 3 30 295 Ponnusami et al., (2008) 

 
Table 6. Mathematical equations of equilibrium models tested for MB sorption by SML 

 
Models Expressions Parameters

Freundlich qୣ ୀ K୊ Cୣ
୬ూ 

K୊ : Freundlich sorption isotherm constant 
n୊ : Freundlich exponent 

Langmuir   qୣ ൌ
q୫ୟ୶K୐Cୣ

1 ൅ K୐Cୣ
 

q୫ୟ୶ : Maximum equilibrium sorbed amount of dye on unit mass of sorbent 
(calculated) 
K୐: Langmuir sorption isotherm constant 

Temkin qୣ ൌ B୘୫ lnሺA୘୫ Cୣ) A୘୫ and B୘୫: Temkin sorption isotherm constants 
Redlich-
Peterson 

qୣ ൌ  
Aୖ୔Cୣ

1 ൅ Kୖ୔Cୣ
୬౎ౌ

 
Aୖ୔ and Kୖ୔: Redlich-Peterson sorption isotherm constants 
nୖ୔ : Redlich-Peterson exponent 

Sips qୣ ൌ  
q୫ୟ୶KୗCୣ

୬౏

1 ൅ KୗCୣ
୬౏

 

q୫ୟ୶: Maximum equilibrium sorbed amount of dye on unit mass of sorbent 
(calculated) 
Kୗ: Sips sorption isotherm constant 
nୗ : Sips exponent 

Toth qe =  
୯ౣ౗౮େ౛

ቀ୆౐౞ାେ౛
౤౐౞ቁ

భ ౤౐౞⁄  

q୫ୟ୶: Maximum equilibrium sorbed amount of dye on unit mass of sorbent 
(calculated) 
B୘୦: Toth sorption isotherm constant 
n୘୦ : Toth exponent 
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Table 7. Parameters and R² values of isotherm models for MB sorption by SML at 25 °C 
 

Langmuir model R² = 0.9804 Sips model R² = 0.9814  

q୫ୟ୶ ୡୟ୪  ൌ 71.9 mg. gିଵ K୐ ൌ 0.035 L. mgିଵ q୫ୟ୶ ୡୟ୪ ൌ 74.4 mg. gିଵ Kୗ ൌ 0.05ሺmgିଵ. Lሻ୬౏ nS = 0.892 

Freundlich model R² = 0.9320 Redlich-Peterson model R² = 0.9811  

K୊ ൌ 14.20 mg. gିଵ. ሺmgିଵ. Lሻ୬ూ nF = 0.270 Aୖ୔ ൌ 2.17 L. gିଵ Kୖ୔ ൌ 0.02 ሺmgିଵ. Lሻ୬౎ౌ nRP =1.054 

Temkin model  R² = 0.9479 Toth model R² = 0.9806  

ATm = 0.63 L. mgିଵ BTm = 12.6 mg. gିଵ q୫ୟ୶ ୡୟ୪ ൌ 73.6 mg. gିଵ B୘୦ ൌ 18.57 ሺmg. Lିଵሻ୬౐౞  nTh = 0.903 

The non-linearized forms of these models are 
given in Table 6. In this work experimental data were 
fitted to these theoretical isotherms, using non-linear 
regression method (Excel 2007 software); R2 value 
being assessment parameter for the fit. Table 7 
summarizes the calculated constants for each model 
and the related R2 values obtained. Table 7 shows that 
Langmuir model and the three 3-parameters models 
e.g. Sips, Redlich-Peterson and Toth models, describe 
suitably the experimental isotherm. Their fitting 
curves are all nearly confounded: For reason of clarity, 
Langmuir and Sips models curves are the alone ones 
drawn on the graph of Fig. 7. This graph contains also 
the curve of the worst fitting model e.g. the Freundlich 
model. Such applicability of theoretical models is to 
be considered as a mathematical representation of the 
dye sorption:  the good fit alone, must not lead to 
mechanistic conclusions. 
 
4. Conclusions 

 
This study has demonstrated that the use of 

thistle stalks as a sorbent material for methylene blue 
removal from synthetic aqueous solutions is feasible 
under the experimental conditions tested in this work. 
Results from batch experiments showed that the 
amount of MB sorbed by SML at equilibrium 
increased with initial dye concentration, and, with 
decreasing of particle size and sorbent dose. MB 
sorption kinetics was slow and the necessary time to 
achieve equilibrium was initial dye concentration 
dependent. To describe the MB sorption kinetics, the 
best fitting model was the Avrami model followed by 
Elovich, Tobin and pseudo second-order models, 
respectively. Intraparticle diffusion was not a fully 
operative mechanism for this system. The MB 
sorption equilibrium by SML was suitably fitted to 
Langmuir, Sips, Redlich-Peterson and Toth models. 
Maximum monolayer sorption capacity of sorbent was 
deduced from Sips model and was found to be 74 mg/g 
at natural solution pH and 25 °C.  

The obtained results are quite encouraging but 
there are still several major aspects to clarify in order 
to use this sorbent as an alternative clean-up material 
for contaminated wastewaters. 
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