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ABSTRACT

In this study, adsorption capacities of untreated Alfa stems were tested for the removal of
methylene blue (MB) as a dye in aqueous solutions. The effects of initial dye concentration
(10-150mg/L), contact time, adsorbent dose (0.25-12.5g/L), solution pH (2-12), temperature
(283-330K) and ionic strength (5-100mg/L) on MB adsorption were investigated. The ther-
modynamic parameters, the kinetics and the factors controlling the adsorption process were
also calculated and discussed. The experimental data modelling showed that the models of
Langmuir and pseudo-second order, describe perfectly the adsorption process. The maxi-
mum value of the adsorption capacity calculated according to the Langmuir model is
200mg/g. The thermodynamic parameters showed that MB adsorption onto Alfa grass is a
favourable endothermic and spontaneous phenomenon and confirms the Alfa grass affinity
for MB. The Alfa stems in a rough state have good adsorption effectiveness with respect to
dyes without a preliminary treatment. In addition, the availability and the low cost of the
Alfa grass could lead to its use for the coloured wastewater treatment.

Keywords: Adsorption; Methylene blue; Alfa grass; Water treatment; Dyes; Isotherm; Kinetic;

Thermodynamics

1. Introduction

Most of industrial processes consume water and
produce wastewaters polluted by various substances
hazardous to the environment. Wastewaters contami-
nated by dyes are generated by several industries
such as textile, paper, plastics, leather, cosmetics,
pharmaceutical and food industries.

The effluents discarded by the textile industry cause
some problems to the environment due to the presence
of a wide range of contaminants such as acids, bases,
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dissolved solids, and dyes. The dyes are substances
non-degradable toxic and tend to be quite stable for
long periods of time [1]. Moreover, color impedes light
penetration, retards photo-synthetic activity, and
inhibits the growth of biota. In addition, direct
discharges of synthetic dyes into urban wastewaters in
natural environments may cause the formation of toxic
carcinogenic breakdown products [2].

Methylene blue (MB) is the most commonly used
substance for dying paper, cotton, wood, and silk but
can cause some harmful effects. It can cause eye burs
which may be responsible for permanent injury to the
eyes of human and animals. On inhalation, it can give
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rise to short periods of rapid or difficult breathing
while ingestion through the mouth produces a
burning sensation and may cause nausea, vomiting,
diarrhea, and gastritis. Accidental large dose creates
abdominal and chest pain, severe headache, profuse
sweating, mental confusion, painful micturation and
methemoglobinemia [3].

Dye effluents require especial treatment before
their release in the environment. Physical, chemical,
and biological methods have been used for the
removal of dyes. These conventional methods are
based on the treatment by oxidation or ozonation
[4,5], coagulation and floculation [6], membrane sepa-
ration [7], and adsorption on activated carbon [8,9].

For wastewater treatment, adsorption presents
more advantages than the other methods [10]. The
major advantages are low initial cost, simple design,
easy operation, and free from or less generation of
toxic substances [11]. Adsorption on activated carbon
constitutes the most effective method for dyes
removal from water; however it remains expensive
especially in a large scale application.

In recent years, extensive research has been under-
taken to develop effective and low cost adsorbents
from natural materials, industrial wastes or agricul-
tural by-products for wastewater treatment. Various
low cost adsorbents from natural materials or agricul-
tural wastes have been investigated for dye removal
from aqueous solutions.

Some of these adsorbents are clays [12-14], zeolites
[15], bioadsorbents like De-oiled Soya [16], algae
[17,18], agricultural wastes hen feathers [19,20], fibers
[21], fruits peels, husk, bark, and seeds [22-25], saw-
dust [26,27], industrial solids wastes such as sludge
and granulated waste materials [28,29].

Alfa grass constitutes a natural and widely avail-
able material in Algeria and could be suggested as an
interesting adsorbent for wastewater treatment pro-
cesses. Widely distributed in semi-arid and arid
regions like northwest Africa particularly Algerian
highlands and southern Spain, Alfa grass grows to
about 1m height.

Called, Stippa tenacissima, or Esparto grass, Alfa
grass is a tussock grass which belongs to the Gramina-
ceae family. Alfa grass is mainly used as a fibre
source in paper industry [30] especially for manufac-
turing high quality ink jet papers and for reinforcing
biodegradable composite materials.

In the present paper, we propose this agro-indus-
trial material as a low cost adsorbent to treat coloured
wastewaters.

In this context, we carried out a study to test
adsorption capacities of untreated Alfa stems for the
removal of MB dye in aqueous solution.

The effects of initial dye concentration, contact
time, adsorbent dose, solution pH and temperature on
MB adsorption were evaluated. Thermodynamic
parameters, the kinetics and factors controlling the
adsorption process were also calculated and
discussed.

2. Materials and methods
2.1. Materials
2.1.1. Preparation and characterisation of adsorbent

Alfa stems were collected in the highlands of
Laghouat in Algeria during the period of March-June
2011. They are mainly composed by cellulose fila-
ments bounded by lignin, pectins, and hemicelluloses
[31].

The materials were washed several times with
slightly warm water to remove dirt particles and to
decrease its hardness. The washed materials were
then dried at 105°C during 24h, cut in small pieces,
crushed in a knife mill and finally sieved to a desired
size range (500-650 um).

The surface functional groups of Alfa were
detected by Fourier transform infrared (FTIR) spectro-
scope. Surface aspects of Alfa particles were observed
by optical microscope type ZEISS equipped with a
numerical camera (Nikon 500).

2.1.2. Adsorbate

The characteristics and chemical structure of the
adsorbate MB of the adsorbate MB are regrouped in
Table 1 and Fig. 1, respectively.

2.2. Method

Adsorption experiments were carried out, at a
fixed temperature in batch mode, by putting in

Table 1
Properties and characteristics of MB

Generic name MB

Chemical name
(IUPAC)

3,7-bis(dimethylamino)-
phenazathionium chloride
tetramethylthionine chloride

Chemical formula C16H1s CIN3S

Molecular weight 319.86
(g/mol)

Maximum 665
wavelength (nm)

Colour index 52,015

number
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200 mL glass Erlenmeyer flasks 100 mL of MB solution
of known initial concentration, pH and adsorbent
dose. The mixtures were then capped and agitated
mechanically at 500 rpm using a rotary orbital shaker
during 180 min to attain equilibrium conditions. Solu-
tion pH was adjusted to desired values with dilute
HCI or NaOH solution and tested by Hanna HI-8224
pH-meter equipped with a combined pH electrode.

After centrifugation and filtration, MB solutions
concentration was measured by spectrophotometry
using a Shimadzu UV/Vis spectrophotometer model
1800 over the wavelength of 665nm. The effects of
parameters such as initial dye concentration, contact
time, solution pH, adsorbent dose and solution
temperature were investigated.

3. Results and discussion
3.1. Characterisation of Alfa adsorbent
3.1.1. Optical microscope analysis

Alfa stems structure is complex. The smallest parts
in the stems are the cellulose filaments or the fibrils.
These fibrils are tied in a dense way by hemicellu-
loses, which are bounded by lignin and pectins to
give beams of stems. The bond of these beams forms
finally the stem [32].

Alfa particles were observed under optical micro-
scope before and after adsorption. The given photo-
graphs (not shown) reveal that stems structure is
heterogeneous and their longitudinal section has an
irregular form. Furthermore, the presence of fine
spines on Alfa particles surface was examined, which
indicates a certain degree of roughness.

After adsorption, it was observed that adsorbent
surface had been loaded significantly by MB but it
was not fixed in a homogeneous manner. Someparts
were more coloured than the others, due to the sur-
face heterogeneity.

3.1.2. FTIR analysis

FTIR spectra of Alfa stems presented several
absorption peaks indicating complex structure of the
adsorbent. This analysis shows broad band at
3,400cm™"' representing bonded -OH groups and
corresponding to the alcohols, phenols and acids
carboxylic functions being mainly in lignins, pectins
and cellulose.

The peaks observed at 2,900-2,850 cm ™' and which
correspond to -CH,- and —CH-groups, appear more
marked after adsorption.

A vibration peak was detected at 1,740 cm ™!

related to the carbonyl groups C=O of pectins. The
spectra presented also a peak at 1,100cm ' related to
C-O-C stretching groups. The large band located at
700 cm " is related to the alkene group C=C.

The large band between 1,000 and 1,900 cm ™!
presents several peaks clearly more marked after
adsorption indicating that -OH groups, C-O-C
stretching, C=0 stretching, C-O stretching and C-OH
stretching groups are particularly involved in MB
adsorption [33].

3.1.3. BET surface area

The textural characterization of Alfa grass particle
was carried out by N, adsorption and the specific sur-
face estimated is 3.2783m?/g was determined by BET
method with an area surface analyser (NOVA 2000E).

3.1.4. pH of point of zero charge (pHzpc)

The pHpzc of Alfa stems was determined using
the method described by Barka et al. [34]. This
method consists to add HCl (1N) or NaOH solution
(IN), to 50mL of NaCl solution (0.01 M), contained in
a thermostated cell maintained at 25°C. When the pH
of the NaCl solution is fixed, we add 0.05g of Alfa
stems. The equilibrium pH was measured after 6h of
shaking.

The pHpzc can be used to characterize an adsor-
bent material, since it indicates the pH at which the
adsorbent material has a net zero surface charge [35].

The adsorbent surface has a net positive charge at
pH <pHpzc, while at pH>pHpzc, the surface has a
net negative charge. Therefore, the adsorption of cat-
ionic dyes is favored when the pH is greater than the
pHpzc, while the adsorption of anionic dyes is
favored at pH values lower than the pHpzc [36]. The
pH value for the potential of zero charge for Alfa
stems was 6.8, indicating that when the pH of the
solution is greater than the pHpyc, the adsorbent has
a negatively charged surface that can attract MB (see
Fig. 1) positively charged dye [37].

3.2. Influence of adsorption parameters

3.2.1. Effect of initial dye concentration and contact
time

Fig. 2 shows the amount of dye adsorbed vs. time
for various initial MB concentrations at 293K. It
appears that MB adsorption was rapid in the initial
phase and gradually decreased with time until equi-
librium was reached.
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Fig. 1. Chemical structure of MB.

The high adsorption rate in the initial period may
be due to the large number of sites available in the
initial phase, resulting in a concentration gradient
which tends to increase the adsorption of dyes in the
early stages. As time passes, this concentration gradi-
ent is reduced due to the accumulation of dye parti-
cles on the adsorption sites, leading to a decrease in
adsorption in the later stages [38].

Moreover, these results show that the removal of
dye depends on dye concentration. At equilibrium,
the quantity of MB removed increased from 2.24 to
113.77mg/g with an increase in dye concentration
from 10 to 520mg/L.

The initial dye concentration provides the neces-
sary driving force to overcome the resistances to the
mass transfer of MB between the aqueous and solid
phases [36]. Hence a higher initial concentration of
dye will enhance the adsorption process.

Similar tendency was observed by Hasnain Isa
et al. [39] for disperse dyes adsorption on palm ash
and by Hameed et al. [22,33] for MB adsorption on
respectively banana stalk waste, pomelo and garlic
peel.

The results show also that equilibrium time
increased from 30 to 60min with an increase in dye
concentration from 10 to 155mg/L and it reached a
value around 120min for both concentrations of 315
and 520mg/L. Equilibrium time is thus attained more
quickly for low concentration solutions. Further exper-
iments were performed with 180min contact time to
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Fig. 2. Adsorption capacity evolution at various initial MB
concentrations (T=293K; W=400mg; pH=12; N=
500 rpm).

guarantee the maximum adsorption and a complete
equilibrium condition.

3.2.2. Effect of adsorbent dose

In order to determine the Alfa amount which gives
an optimal MB adsorption, experiments were carried
out by varying adsorbent dose from 0.25 to 12.5g/L
and the other parameters were fixed.

The effect of adsorbent dose on equilibrium
adsorption capacity is presented in Fig. 3. It appears
that MB quantity adsorbed on Alfa particles is signifi-
cant when adsorbent dose is low.

When adsorbent dose increases from 0.25 to 6.5g/L
the equilibrium quantity g, retained decreases from
228.31 to 14.62 mg/g and for doses higher than 6.5g/L,
the amount of MB adsorbed tends to remain almost
constant.

Similar phenomenon was observed by Barka et al.
[34] for the adsorption of MB, yellow basic 28, and
reactive yellow 125 on natural phosphate. He
explained this trend by the fact that for low doses, the
free superficial area of adsorbent grains is more
exposed and consequently MB removal by adsorption
is more favoured.

Di Toro et al. [40] and Serverston and Banerjei [41]
allotted this reduction to desorption of the unstable
fraction of adsorbed compound resulting from
interparticle collisions which are more important and
intense when adsorbent dose increases.

In addition, Van Hoff and Andreus [42] explained
the reduction in amount of MB removal by a
reduction in molecular diffusion of adsorbate when
adsorbent dose increases. Consequently, time neces-
sary to equilibrium establishment is longer.

3.2.3. Effect of solution pH

The pH is a significant factor in any adsorption
study; it influences the adsorbent material charge and

—® | ——W=025g/L
—=m—W=0,5g/L
—a—W=15¢/L
—m—W=25g/L
—&—W=35¢/L
= W=65g/L
——W=95¢g/L
" W=125g/L

—— &
200 i /

0 50 100 150 200 250
Time (min)

Fig. 3. Adsorption capacity evolution at various adsorbent
doses (T'=293K; Cy=100mg/L; pH=12; N =500 rpm).
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controls the sorption phenomenon. For this reason,
the adsorption effectiveness was tested with different
MB solutions adjusted at pH from 2 to 12 by adding
dilute HCI or NaOH solution.

The results in Fig. 4(a) show that the pH evolutes
with time. Initially it decreases rapidly then remains
almost constant with time. As shown in Fig. 4(b), the
pH solution influences considerably the amount of
dye adsorbed. The equilibrium adsorbed quantity of
MB by Alfa grass increases from 7.49 to 24.97mg/g
when the pH increases from 2 to 12. The removal of
MB is enhanced at high pH values.

This behaviour can be explained by considering
the pH evolution during the free process and the
adsorbent pH corresponding to zero charge point,
determined experimentally, and equal to 6.8.

The surface of Alfa grass particles contains a large
number of active sites; in fact for pH greater than 6.8,
the Alfa particle surface becomes negatively charged
which favours electrostatic attraction of positively
charged cations and adsorbent sites negatively
charged. Whereas for a pH lower than 6.8, the parti-
cles surface becomes positively charged, which do not
favours the adsorption of dye cations and leads then
to an electrostatic repulsion between the cations and
adsorbent sites. In addition, lower adsorption of MB
at acidic pH might be due to the presence of excess
H" ions competing with dye cations for the available
adsorption site [43].

The same phenomenon was observed by Dogan
et al. [44] for the adsorption of methyl purple and MB
on the sepiolite and by Al-Ghouti et al. [45] for MB
adsorption on diatomite.

3.2.4. Effect of ionic strength

Since real time waste water contains salts; it is
important to study the ability of adsorbent for MB
removal in presence of ionic salts. For this purpose,
ionic strength of dye solutions was adjusted in a range

9
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between 5 and 100g/L by adding known amount of
NaCl solution. Fig. 5 shows the amount of MB
adsorbed vs. time for various NaCl concentrations. It
appears that the presence of salt in adsorption med-
ium significantly inhibited dye adsorption capacity of
Alfa stems. The adsorption capacity decreased from
24.65 to 16.06 mg/g with an increase in NaCl concen-
tration from 5 to 100 mg/L.

Al-Degs et al. [46] reported that if electrostatic
forces between the adsorbent and solute ions were
attractive, adsorption capacity will decrease with an
increase in the ionic strength. The decrease in dye
removal efficiency may also be attributed to the com-
petition between Na® and dye cations for the nega-
tively charged sites on the adsorbent surface. It was
reported that generally, the adsorption mechanism of
ion exchange is ionic strength-dependent [47].

3.2.5. Effect of temperature and thermodynamics of MB
adsorption

The effect of solution temperature on equilibrium
adsorption of MB onto Alfa grass was investigated at
six temperatures 283, 293, 303, 313, 323 and 333 K.

Fig. 6 depicts the effect of temperature on MB
removal by Alfa grass in terms of adsorption capacity.

The adsorption capacity is more significant when
medium temperature is high. The adsorption process
is rapid at the beginning of contact and becomes faster
with increasing temperature. An increase of tempera-
ture leads to shorter equilibrium time.

This trend could be explained by an increase of
diffusion rate of adsorbate molecules across the exter-
nal boundary layer and in the internal pores of the
adsorbent particle, owing to the decrease of solution
viscosity [48].

Furthermore, MB adsorption capacity increased
from 17.78 to 26.99mg/g when solution temperature
increased from 283 to 333 K indicating that the adsorp-
tion process is endothermic. The rise in temperature

(b) 30
25 /
20 -
% =
15
E
= 10
5
0
0 5 10 15

pH

Fig. 4. (a) Evolution of pH solution and (b) evolution of equilibrium adsorption capacity with pH (T=293K; Cy=100mg/

L; N=500rpm; W=400mg).
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Fig. 5. Adsorption capacity evolutions at various ionic
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Fig. 6. Effect of temperature on the amount of MB
adsorbed on Alfa grass (Cy=100mg/L; pH=12;
N=500rpm).

would favour the mobility of dyes ions and would
produce a swelling effect within the internal structure
of Alfa. It will also allow the dye molecules to further
penetrate [34]. Therefore, the capacity of adsorption
should depend mainly on the chemical interaction
between functional groups on adsorbent surface and
adsorbed molecules.

With high temperatures, the adsorbent would con-
tribute to the MB adsorption, since the diffusion is an
endothermic process.

In order to explain and confirm the mechanism of
MB adsorption onto Alfa, the thermodynamics of
adsorption were evaluated using AG®, AS® and AH’
given by Egs. (2) and (3):

Co — Ce
KD - O(:—e (1)
G = —RTInKp )
AS"  AH'
InKp === %7 )

Thus, In Kp vs. 1/T plot allowed AH® and AS®
calculus from slope and intercept respectively.

Free energy (AG®), entropy (AS°) and enthalpy
(AH®) obtained from Egs. (1)-(3), are presented in
Table 2. For all temperatures studied, (AG®) values are
negative which indicates that a spontaneous physi-
sorption process occurred. The decrease of (AG®) with
temperature increase indicates more efficient adsorp-
tion at higher temperatures.

The numerical value of the enthalpy (55.03)
<60KkJ/mol, shows that the adsorption of the MB on
Alfa stems is in extreme cases of a physisorption.

The activation energy (E,) for MB adsorption onto
the Alfa stems surface was also calculated from the
rate constants (K;) obtained for reactions performed at
283, 293, 303, 313, 323 and 333K (section 3.4) with
100 mg/L dye solutions. Arrhenius equation was used
for this purpose:

Ky = Aewt (4)

where A is the Arrhenius frequency factor, R is the
ideal gas constant (8.314Jmol 'K™") and T is the
adsorption temperature in Kelvin. The activation
energy calculated from the slope of the linear plot of
In K; vs. 1/T (not shown) was found to be 115.28kJ/
mol. This value existing at chemisorption (60-800k]J/
mol) range [49] revealed that the chemisorption take
place.

3.3. Isotherm studies

The adsorption isotherm equilibrium of MB on
Alfa was tested by Langmuir model expressed by the
following equation:

1 1 1 1
= X — 5
qe qm KLQm Ce ( )

where C. (mg/L) is the equilibrium concentration, g,
(mg/g) the amount of adsorbate adsorbed per unit
mass of adsorbent, g, and K, are Langmuir constants

Table 2
Thermodynamic parameters for
equilibrium on Alfa

MB adsorption at

T (K) AH® (k] /mol) AS° (J/mol K) AG” (k] /mol)
283 55.03 199.44 -1.14

293 —3.40

303 —5.40

313 -7.12

323 —9.39

333 —11.38
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related to the adsorption capacity and energy of
adsorption respectively.

The plot of 1/g. vs. 1/C. gave straight line (Fig. 7)
with slope 1/K, g, and an intercept 1/4,,, indicating
that MB adsorption on Alfa grass follows the Lang-
muir isotherm.

The Langmuir constants g, and K were calculated
from this isotherm and their values are presented in
Table 3.

For the Langmuir equation the favourable nature
of adsorption can be expressed by a dimensionless
separation factor called equilibrium parameter Rj,
defined by:

1
R=17%0G, ©)
where K|, is the Langmuir constant and C; is the ini-
tial concentration of adsorbate in solution.

The value of R;, indicates whether an isotherm is
unfavourable (Ry>1), linear (R;=1), favourable
(0<Ry<1) or irreversible (R;=0). Ry values men-
tioned in Table 4 are included between 0.15 and 0.90
at 293K and confirm that Alfa grass is favourable for
MB adsorption under operating conditions used.

In order to situate Alfa grass capacity with other
adsorbents, Table 5 compares maximum monolayer
adsorption capacity of MB onto various agro adsor-
bents. It is clear that Alfa grass used in this work had
a relatively suitable adsorption capacity which is
228.31mg/g if compared to other agro adsorbents
tested and mentioned in the literature.

3.4. Kinetics studies

The kinetic data were analyzed by using pseudo-
first order model and pseudo-second order model
proposed respectively by Lagergren [56] and Ho [57].

The linear form of pseudo-first order model is
given by the following equation:

0.5
0.4
b
£ 03
K
02
- (1/q,)=0.456*(1/C,) + 0.005
0.1
R%=0.999
0
0 0.2 0.4 0.6 0.8 1 1.2
1/C, (L/mg)

Fig. 7. Linear transform of Langmuir isotherm.

Table 3

Langmuir isotherm parameters at 293 K

Langmuir C. range Ky Jm R?

isotherm (mg/L) (Lmg™ ") (mg/g)
1.034-65.25 0.011 200.00 0.999

Table 4

R; values at different initial concentration

Co (mg/L) 10 55 100 155 315 520

Ry 0.90 0.62 0.47 0.37 0.22 0.15

Table 5
Comparison of maximum monolayer adsorption of MB
onto various agro adsorbents

Adsorbents Maximum adsorption ~ References
capacity (mg/g)
Alfa grass 228.31 This work
Garlic peel 82.64 [33]
Rice husk 40.50 [50]
Oil palm trunk fibre  149.35 [51]
Date pits 80.31 [52]
Activated rice husks  0.21 [53]
Pistachio hull waste  389.00 [54]
Saw dust 195.70 [55]
log(g. — 40 = log(a.) ~ (57353 ) )

where g, and g; (mg/g) are the amounts of adsorbate
adsorbed at equilibrium and at time ¢ (min)
respectively, and k; (min~') is the rate constant of
adsorption.

If log (ge—qy) vs. time plot gives straight line, the
slope and intercept lead to k; and g, calculus.

The pseudo-second order model is expressed by:

t 1 t
a Kl ®)

where g is the equilibrium adsorption capacity and
K, (g/mgmin) is the pseudo-second order constant.
K, and g, are determined from the slope and intercept
of plot t/g; vs. t.

The rate constants of pseudo-first order and
pseudo-second order with linear regression -coeffi-
cients are regrouped in Tables 6 and 7.
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Table 6
Kinetic parameters of MB adsorption onto Alfa grass at
293K

Pseudo-first order kinetic Pseudo- second order

kinetic

Cp (mg/L) K; (min™ 1Y) R? K, (g/mgmin) R?
10 0.033 0.83  0.1950 1

55 0.033 0.86  0.0220 0.999
100 0.032 0.91 0.0110 0.999
155 0.027 0.81 0.0096 0.999
315 0.029 090 0.0033 0.999
520 0.020 0.85  0.0012 0.999

According to the results on Tables 6 and 7, the
pseudo-second order model fits the kinetic data better
than the pseudo-first order model. This means that
the adsorption of MB onto Alfa grass may be best
described by the pseudo-second order kinetic model.

A  pseudo second-order suggests that this
adsorption depends on the adsorbate as well as the
adsorbent and involves chemisorption process in
addition to physisorption. The chemisorption might
be the rate limiting step where valency forces are
involved via electrons sharing or exchange between
the adsorbent and the adsorbate [57].

Moreover, we see that K, the pseudo-second order
constant decreases when initial MB concentration
increase. There exists an inverse trend between initial
MB concentration and pseudo-second order constant
Ko,

This tendency was also observed by Kumar and
Porkodi [58] for the biosorption of MB using Paspalum
notatum as biosorbent.

For the range of the considered parameters in this
study, K, and g. have been correlated vs. Cy by the
following equations:

Table 7
Kinetic parameters of MB adsorption onto Alfa grass for
Cp=100mg/L

Pseudo-first-order kinetic Pseudo-second-order

kinetic

T (K) K; (min™ 1Y) R? K, (g/mgmin) R?

283 0.044 0.85 0.0255 0.999
293 0.028 0.76 0.0141 0.999
333 0.12 0.87 0.0586 0.999
343 0.025 0.68 0.0223 0.999
353 0.304 0.93 0.2760 1.000
363 0.629 0.96 1.5200 1.000

K, = 1.859C; %% 9)

ge = 1.53 4 0.216C, (10)

Egs. (9) and (10) were substituted in Eq. (8) rela-
tive to the pseudo-second order model. A generalized
kinetic expression that predicts MB uptake kinetics for
the range of initial dye concentration studied is then
obtained and expressed by:

~(1.859C,"%)(1.53 + 0.216Cy)’t
0 = 1 7 (1.859C, ") (1.53 + 0.216Cy)

(11)

Fig. 8 shows the kinetic experimental data with
predicted pseudo second order kinetics for the range
of initial dye concentrations studied.

As shown by Fig. 8, the pseudo second order
model well represents the experimental data by using
Eq. (11).

3.5. Adsorption mechanisms

For a solid liquid sorption process, the solute
transfer is usually characterized by either external
mass transfer (boundary layer diffusion) or intraparti-
cle diffusion or both. The sorption dynamics can be
described by the following three consecutive steps
which are as follows:

e Transport of the solute from bulk solution through
liquid film to the adsorbent exterior surface;

¢ Solute diffusion into the pore of adsorbent except
for a small quantity of sorption on the external sur-
face; parallel to this is the intraparticle transport
mechanism of the surface diffusion; and

e Sorption of solute on the interior surfaces of the
pores and capillary spaces of the adsorbent.

The last step is considered to be an equilibrium
reaction. The third step is assumed to be rapid and
considered to be negligible. The overall rate of sorp-
tion will be controlled by the slowest step, which
would be either film diffusion or pores diffusion.
However, the controlling step might be distributed
between intraparticle and external transport mecha-
nisms. Whatever the case, external diffusion is
involved in the sorption process.

For the sorption process, the external mass transfer
controls the sorption process for the systems that have
poor mixing, dilute concentration of adsorbate, small
particle sizes of adsorbent, and higher affinity of
adsorbate for adsorbent. Whereas the intraparticle
diffusion will control the sorption process for a system
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Fig. 8. Experimental data and simulated kinetics for
various initial MB concentrations.

with good mixing, large particle sizes of adsorbent,
high concentration of adsorbate, and low affinity of
adsorbate for adsorbent [24,58].

The most commonly used technique for identifying
the mechanism involved in the sorption process is by
fitting the experimental data in an intraparticle diffu-
sion plot. Previous studies by various researchers
showed that the plot of g, vs. t'/? represents multilin-
earity, which characterizes the two or more steps
involved in the sorption process.

According to Weber and Morris [59], rate parame-
ters for intraparticle diffusion were determined by the
following equation:
g =Kyt"? +C (12)
where g, (mg/g) is the amount of adsorbate adsorbed
at time ¢t (min), K, is the intraparticle diffusion rate
constant (mg/gmin'/?) and C is a constant related to
boundary layer thickness and the presence of an
external resistance in liquid film.
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K, and C can be evaluated from the slope and
intercept of the linear plot of g, vs. t'/2.

The values of these constants are listed in Table 8.

Fig. 9 shows that the curves do not pass through
the origin and they present two successive linear
stages. This indicates that the intraparticle diffusion is
not only rate controlling step. In fact, the first stage
represents the intraparticular diffusion and the second
step shows that the equilibrium is gradually reached
and corresponds to a slowdown of adsorption process
[43,60].

Therefore, the external diffusion also takes part in
adsorption process; particularly, in the first 2min,
when the MB molecules are fixed quickly on active
sites being at external surface of the adsorbent [61].

3.5.1. Determination of diffusivity

The kinetic model of intraparticle diffusion is
based on a developed theoretical approach. This
approach was included in the recent literature by
several authors, e.g.: Srivastava et al. [36] and Rudzin-
ski et al. [62].

With diffusion rate controlling for adsorption on
spherical particles, the solution of the simultaneous
set of differential and algebraic equations lead to:

6 <~ 1 —n?n?Dt
F(t) =1- ; ; ﬁexp [1{5] (13)

where F(f) =q./qg. is the fractional attainment of equi-
librium at time £, D the effective diffusion coefficient
of adsorbate in the adsorbent phase (m?/s), R, the
radius of the adsorbent particle assumed to be spheri-
cal (m), and n is an integer.

Second step

Table 8
Kinetic parameters of MB adsorption onto Alfa grass
Co (mg/L) First step
Ky, (mg/g min'/?) C (mg/g)
10 0.16 1.27
55 1.08 5.86
100 1.20 15.64
155 1.86 24.09
315 5.02 34.62
520 10.02 39.08
T (K) K, (mg/g min'/?) C (mg/g)
283 0.61 12.90
293 2.25 8.77
333 0.82 18.91
343 1.24 18.16

R? K, (mg/g min'/?) C (mg/g) R?

0.98 0.01 2.07 0.92
091 0.16 10.77 0.80
0.96 0.37 20.4 0.92
0.95 041 31.6 0.95
0.97 1.03 56.12 0.95
0.99 244 81.02 0.99
R? K, (mg/g min'/?) C (mg/g) R?

0.84 0.84 16.27 0.70
0.94 0.94 19.26 0.99
0.97 0.97 21.54 0.96
0.92 0.92 23.68 0.95
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Fig. 9. Intraparticule diffusion plots for MB adsorption on Alfa grass.

The Alfa particles are not spherical; they may be
taken as cylindrical particles. If one assumes that the
diffusion takes place radially with diffusion in the
angular and axial direction to be negligible, one gets
the solution given by Skelland [63], which after
rearrangement is:

Z X p[Db] (14)
~1 n

where b,’s are roots of [y(b,R)=0. Vermeulen’'s

approximation [64] of Eq. (14) fits the whole range

0<F (t) <1, for adsorption on spherical particles.

o on(52)

This equation could further be simplified to cover
most of the data points for calculating effective parti-
cle diffusivity.

mL—;m

(15)

} :nth (16)

RZ

Thus the slope of In[1/(1 —F*(H)] vs. t plot would
give D. Table 9 presents the effective diffusion
coefficient values D as calculated from Eq. (16) and
according to the operating parameters.

Table 9
Effective pore diffusivity for MB adsorption on Alfa

Co (mg/L)  Dx10" (m?/s) T°(C) Dx10" (m*/s)
10 0.1083 10 0.0957
55 0.1022 20 0.1012
100 0.0980 30 0.1618
155 0.0940 40 0.1673
315 0.0752 50 0.4180
520 0.0523 60 0.7955

We notice, according to Table 9 values, that the
diffusion coefficient D decreases with increasing initial
MB concentration. This phenomenon could be due to
MB molecules interactions which create a steric
obstruction when their concentration increases.

For rice husk as adsorbent Vadivelan et al. [24]
found diffusion coefficient D values as 3.10601 x 10~%,
241449 x 107%, and 5.48534 x 107 m?/s for an initial
MB concentration of 50, 70, and 100 mg/L.

In addition, we note an increase of diffusion
coefficient D with increasing temperature. This fact
indicates that the mobility of dye molecules increased
with temperature.

4. Conclusions

According to this study, Alfa grass, a natural mate-
rial widely available, is effective for MB adsorption
from aqueous solutions.

The amount of MB adsorbed was found nearly
dependant with initial dye concentration, adsorbent
dosage, pH and temperature. This amount is more
significant with the increase of the initial dye concen-
tration, pH and temperature.

The experimental data modelling showed that the
models of Langmuir and pseudo-second order,
describe perfectly the process of adsorption. The maxi-
mum value of the adsorption capacity calculated
according to the Langmuir model is 200mg/g.

The thermodynamic parameters showed that MB
adsorption onto Alfa grass is a favourable endother-
mic and spontaneous phenomenon and confirms the
Alfa grass affinity for MB.

The detailed study of the present work shows that
the adsorption involves chemical reactions in addition
to physisorption.

The Alfa stems in a rough state, without prelimin-
ary treatment, have good adsorption effectiveness with
respect to dyes. Moreover, the availability, and the low
cost of the Alfa grass can lead this agro-industrial
material to be used for treating coloured wastewaters.
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List of symbols

C constant related to boundary (mg/g)
layer thickness

Co initial dye concentration (mg/L)

Ce equilibrium liquid phase (mg/L)
concentration of dye solutions

D effective diffusion coefficient of ~ (m?/s)
adsorbate in the adsorbent
phase

K pseudo-first-order constant (min~")

K, pseudo-second-order constant (g/mgmin)

Kp distribution coefficient of the (L/g)
adsorbate

Ky, Langmuir constant related to (L/mg)
the energy of adsorption

Kp intraparticle diffusion rate (mg/g min'/ 2y
constant

e amount of MB adsorbed onto (mg/g)
Alfa at time t

Je equilibrium amount of (mg/g)
adsorbate adsorbed per unit
mass of adsorbent

Gm Langmuir constant related to (mg/g)
the adsorption capacity

R universal gaz constant (8.314) (J/mol K)

R (%)  MB percent removal (%)

R? correlation coefficient -

R, radius of the adsorbent particle (m)
assumed to be spherical

Ry equilibrium parameter of -
Langmuir

T absolute temperature (°C, K)

14 volume of solution (L)

W adsorbent dose (g

Wnac1  ionic strength (g/L)

AG® standard free energy change (kJ/mol)

AH® enthalpy change (kJ/mol)

AS° entropy change (J/mol K)

References

[1] VK. Gupta, A. Mittal, L. Krishnan, V. Gajbe, Adsorption
kinetics and column operations for the removal and recovery
of malachite green from wastewater using bottom ash, Sep.
Purif. Technol. 40 (2004) 87-96.

[2] VK. Garg, R. Kumar, R. Gupta, Removal of malachite green
dye from aqueous solution by adsorption using agro-industry
waste: A case study of Prosopiscineraria, Dyes Pigm. 62
(2004) 1-10.

[3] D. Ghosh, K.G. Bhattacharyya, Adsorption of methylene blue
on kaolinite, Appl. Clay Sci. 20 (2002) 295-300.

[4] P.K. Malik, S.K. Saha, Oxidation of direct dyes with hydrogen
peroxide using ferrous ion as catalyst, Sep. Purif. Technol. 31
(2003) 241-250.

[5] M. Koch, A. Yediler, D. Lienert, G. Insel, A. Kettrup, Ozona-
tion of hydrolyzed azo dye reactive yellow 84 CI, Chemo-
sphere 46 (2002) 109-113.

[6] JW. Lee, S.P. Choi, R. Thiruvenkatachari, W.G. Shim,
H. Moon, Evaluation of the performance of adsorption and
coagulation processes for the maximum removal of reactive
dyes, Dyes Pigm. 69 (2006) 196-203.

[7]1 G. Ciardelli, L. Corsi, M. Marucci, Membrane separation for
wastewater reuse in the textile industry, Resour. Conserv.
Recycl. 31 (2000) 189-197.

[8] B.H. Hameed, F.B.M. Daud, Adsorption studies of basic dye
on activated carbon derived from agricultural waste: Hevea
brasiliens is seed coat, Chem. Eng. J. 139 (2008) 48-55.

[9]1 F.C. Wu, RL. Tseng, High adsorption capacity NaOH-acti-
vated carbon for dye removal from aqueous solution, J. Haz-
ard. Mater. 152 (2008) 1256-1267.

[10] VK. Gupta, I. Ali, Adsorbents for water treatment: Low-
cost alternatives to carbon, In: A. Hubbard (Ed.), Inorganic
SeriesEncyclopedia of Surface and Colloid Science, vol. 1,
Marcel Dekker, London, 1979, pp. 136-166.

[11] G. Crini, Non-conventional low-cost adsorbents for dye
removal: A review, Bioresour. Technol. 97 (2006) 1061-1085.

[12] M. Bagane, S. Guiza, Removal of a dye from textile effluents
by adsorption, Ann. Chim. 25 (2000) 615-626.

[13] M. Hajjaji, A. Alami, A. El Bouadili, Removal of methylene
blue from aqueous solution by fibrous clay minerals, J. Haz-
ard. Mater. B135 (2006) 188-192.

[14] C.A.P. Almeida, N.A. Debacher, A.]. Downs, L. Cottet, C.A.D.
Mello, Removal of methylene blue from colored effluents by
adsorption on montmorillonite clay, J. Colloid Interface Sci.
332 (2009) 46-53.

[15] M. Dogan, M. Alkan, A. Turkyilmaz, Y. Ozdemir, Kinetics
and mechanism of removal of methylene blue by adsorption
onto perlite, ]. Hazard. Mater. B109 (2004) 141-148.

[16] A. Mittal, D. Jhare, J. Mittal, Adsorption of hazardous dye
Eosin Yellow from aqueous solution onto waste material De-
oiled Soya: Isotherm, kinetics and bulk removal, J. Mol. Liq.
179 (2013) 133-140.

[17] V]J.P. Vilar, CM.S. Botelho, R.AR. Boaventura, Methylene
blue adsorption by algal biomass based materials: Biosorbents
characterization and process behaviour, J. Hazard. Mater. 147
(2007) 120-132.

[18] A. El Sikaily, A. Khaled, A. El Nemr, O. Abdelwahab,
Removal of methylene blue from aqueous solution by
marine green alga Ulva lactuca, Chem. Ecol. 22(2) (2006)
149-157.

[19] A. Mittal, J. Mittal, L. Kurup, Utilization of hen feathers for
the adsorption of indigo carmine from simulated effluents,
J. Environ. Prot. Sci. 1 (2007) 92-100.

[20] A. Mittal, V. Thakur, V. Gajbe, Adsorptive removal of toxic
azo dye Amido Black 10B by hen feather, Environ. Sci. Pollut.
Res. 20 (2013) 260-269, doi: 10.1007/511356-012-1409-8.

[21] A.E. Ofomaja, Sorption dynamics and isotherm studies of
methylene blue uptake on to palm kernel fibre, Chem. Eng.
J. 126 (2007) 35-43.

[22] B.H. Hameed, D.K. Mahmoud, A.L. Ahmad, Sorption of basic
dye from aqueous solution by pomelo (Citrus grandis) peel
in a batch system, Colloids Surf. A316 (2008) 78-84.

[23] B.H. Hameed, Evaluation of papaya seeds as a novel non-
conventional low cost adsorbent for removal of methylene
blue, J. Hazard. Mater. 162 (2009) 939-944.

[24] V. Vadivelan, K.V. Kumar, Equilibrium, kinetics, mechanism,
and process design for the sorption of methylene blue onto
rice husk, J. Colloid Interface Sci. 286 (2005) 90-100.

[25] J. Song, W. Zou, Y. Bian, F. Su, R. Han, Adsorption character-
istics of methylene blue by peanut husk in batch and column
modes, Desalination 265 (2011) 119-125.

[26] O. Hamdaoui, Batch study of liquid-phase adsorption of
methylene blue using cedar sawdust and crushed brick,
J. Hazard. Mater. B135 (2006) 264-273.

[27] F.A. Batzias, D.K. Sidiras, Dye adsorption by prehydrolysed
beech sawdust in batch and fixed-bed systems, Bioresour.
Technol. 98 (2007) 1208-1217.



L. Boumehdi Toumi et al. | Desalination and Water Treatment 53 (2015) 806-817 817

[28] O. Gulnaz, A. Kaya, F. Matyar, B. Arikan, Sorption of basic
dyes from aqueous solution by activated sludge, J. Hazard.
Mater. B108 (2004) 183-188.

[29] A. Mittal, V. Gajbe, J. Mittal, Removal and recovery of haz-
ardous triphenylmethane dye, methyl violet through adsorp-
tion over granulated waste materials, ]. Hazard. Mater. 150
(2008) 364-375.

[30] M.C. Paiva, I. Ammar, A.R. Campos, R.B. Cheikh, A.M.
Cunha, Alfa fibres, mechanical, morphological and
interfacial characterization, Compos. Sci. Technol. 67 (2007)
1132-1138.

[31] S. Hattalli, A. Benaboura, F. Ham-pichavant, A. Nourma-
mode, A. Castellan, Adding value to Alfa grass (Stipa tenaciss-
ima L.) soda lignin as phenolic resins, lignin characterization,
J. Polym. Degrad. Stab. 2 (2002) 259-264.

[32] E. Rogge, Extraction et étude des propriétés physiques et
mécaniques des fibres d’Alfa (Esparto grass) en vue d’appli-
cations textiles [Extraction and study of physical and
mechanical properties of Alfa grass (Esparto grass) for textile
applications], Mémoire d’ingénieur, Ecole Nationale Supéri-
eure d’Ingénieurs Sud-Alsace (UHA) [Engineering thesis,
National School of Engineers South Alsace (UHA)], Mulhouse
and Colmar, France, 2010.

[33] B.H. Hameed, A.A. Ahmad, Batch adsorption of methylene
blue from aqueous solution by garlic peel, an agricultural
waste biomass, J. Hazard. Mater. 164 (2009) 870-875.

[34] N. Barka, A. Assabbane, A. Nounah, L. Laanab, Y. Ichou,
Removal of textile dyes from aqueous solutions by natural
phosphate as a new adsorbent, Desalination 235 (2009)
264-275.

[35] B.E. Reed, R. Vaughan, L.Q. Jiang, As(Il), As(V), Hg, and Pb
removal by Fe oxide impregnated activated carbon, J. Envi-
ron. Eng. (ASCE) 126 (2000) 869-873.

[36] V.C. Srivastava, M.M. Swamy, 1.D. Mall, B. Prasad, I.M. Mishra,
Adsorptive removal of phenol by bagasse fly ash and activated
carbon: Equilibrium, kinetics and thermodynamics, Colloids
Surf. A: Physicochem. Eng. Aspects 272 (2006) 89-104.

[37]1 ENN. El Qada, SJ. Allen, G.A. Walker, Adsorption of basic
dyes from aqueous solution onto activated carbons, Chem.
Eng. J. 135 (2008) 174-184.

[38] M.T. Uddin, M.A. Islam, S. Mahmud, M. Rukanuzzaman,
Adsorptive removal of methylene blue by tea waste, J. Haz-
ard. Mater. 164 (2009) 53-60.

[39] M. Hasnain Isa, L. Siew Lang, F.AH. Asaari, HA. Aziz,
N. Azam Ramli, J.P.A. Dhas, Low cost removal of disperse
dyes from aqueous solution using palm ash, Dyes Pigm. 74
(2007) 446-453.

[40] DM. Di Toro, ].D. Mahoney, P.R. Kirchgraben, A.L. O’byne, L.
R. Pascal, D.C. Piccirilli, Environ. Sci. Technol. 20 (1986) 55-61.

[41] S.J. Serverston, S. Banerjei, Mechanistic model for collisional
desorption, Environ. Sci. Technol. 27 (1993) 1690-1692.

[42] P.L. Van Hoff, AW. Andreus, Organic substances and sedi-
ments in water, In: R.A. Baker (Ed.), Processes and Analyti-
cal, vol. 2, Lewis, Michigan, p. 149, 1991.

[43] Z. Shahryari, A.S. Goharrizi, M. Azadi, Experimental study of
methylene blue adsorption from aqueous solutions onto car-
bon nano tubes, Int. J. Water Resour. Environ. Eng. 2 (2010)
016-028. B

[44] M. Dogan, Y. Ozdemir, M. Alkan, Adsorption kinetics and
mechanism of cationic methyl violet and methylene bleu dyes
onto sepiolite, Dyes Pigm. 75 (2007) 701-713.

[45] M.A. Al-Ghouti, M.A.M. Khraisheh, S.J. Allen, M.N. Ahmad,
The removal of dyes from textile wastewater: A study of the
physical characteristics and adsorption mechanisms of diato-
maceous earth, J. Environ. Manage. 69 (2003) 229-238.

[46] Y.S. Al-Degs, M. El-Barghouthi, A.H. El-Sheikh, G.M.
Walker, Effect of solution pH, ionic strength and temperature
on adsorption behavior of reactive dyes on activated carbon,
Dyes Pigm. 77 (2008) 16-23.

[47] E. Pehlivan, B.H. Yanik, G. Ahmetli, M. Pehlivan, Equilibrium
isotherm studies for the uptake of cadmium and lead ions
onto sugar beet pulp, Bioresour. Technol. 99 (2008) 3520-3527.

[48] Z. Al-Qodah, Adsorption of dyes using shale oil ash, Water
Res. 34 (2000) 4295-4303.

[49] H. Nollet, M. Roels, P. Lutgen, P. Van der Meeren,
W. Verstraete, Removal of PCBs from wastewater using fly
ash, Chemosphere 53 (2003) 655-665.

[50] V. Vadivelan, K. Kumar, Equilibrium, kinetics, mechanism,
and process design for the sorption of methylene blue onto
rice husk, J. Colloid Interface Sci. 286 (2005) 90-100.

[51] B.H. Hameed, M.I. El-Khaiary, Batch removal of malachite
green from aqueous solutions by adsorption on oil palm trunk
fibre: Equilibrium isotherms and kinetic studies, ]J. Hazard.
Mater. 154 (2008) 237-244.

[52] F. Banat, S. Al-Asheh, L. Al-Makhadmeh, Evaluation of the
use of raw and activated date pits as potential adsorbents for
dye containing waters, Process Biochem. 39 (2003) 193-202.

[53] V. Vadivelan, K.V. Kumar, Equilibrium, kinetics, mechanism,
and process design for the sorption of methylene blue onto
rice husk, J. Colloid Interface Sci. 286 (2005) 90-100.

[54] G. Moussavi, R. Khosravi, The removal of cationic dyes from
aqueous solutions by adsorption onto pistachio hull waste,
Chem. Eng. Res. Des. 89 (2011) 2182-2189.

[55] S. Chakraborty, S. De, S. Das Gupta, J.K. Basu, Adsorption
study for the removal of a basic dye: Experimental and mod-
eling, Chemosphere 58 (2005) 1079-1086.

[56] S. Lagergren, Zur theorie der sogenannten adsorption geloest-
er stoffe [To the theory of so-called adsorption of dissolved
materials], Kungliga Svenska Vetenskapsakad, Handlingar 24
(1898) 1-39.

[57] Y.S. Ho, Review of second-order models for adsorption sys-
tems, J. Hazard. Mater. B136 (2006) 681-689.

[58] K.V. Kumar, K. Porkodi, Mass transfer, kinetics and equilib-
rium studies for the biosorption of methylene blue using
Paspalum notatum, J. Hazard. Mater. 146 (2007) 214-226.

[59]1 W.]J. Weber, J.C. Morris, Kinetics of adsorption on carbon from
solution, J. Sanitary Eng. Div. (ASCE) 89(SA2) (1963) 31-59.

[60] C.H. Weng, Y.T. Lin, T.W. Tzeng, Removal of methylene blue
from aqueous solution by adsorption onto pineapple leaf
powder, J. Hazard. Mater. 170 (2009) 417-424.

[61] Y.A. Alhamed, Adsorption kinetics and performance of
packed bed adsorber for phenol removal using activated car-
bon from dates’ stones, J. Hazard. Mater. 170 (2009) 763-770.

[62] W. Rudzinski, W. Plazinski, Theoretical description of the
kinetics of solute adsorption at heterogeneous solid/solution
interfaces on the possibility of distinguishing between the dif-
fusional and the surface reaction kinetics models, J. Appl.
Surf. Sci. 253 (2007) 5827-5840.

[63] AH.P. Skelland, Diffusional Mass Transfer, Wiley, New
York, NY, 1974.

[64] T. Vermeulen, Theory for irreversible and constant-pattern
solid diffusion, Ind. Eng. Chem. 45 (1953) 1664-1670.





