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Abstract

The kinetics of the sorption of basic dyes — Methylene Blue (C.1. Basic Blue 9), Malachite Green (C.I. Basic Green 4), Rhodamine B (C.IL.
Basic Violet 3), Crystal Violet (C.I. Basic Violet 10) — as well as acid dyes — Egacid Orange (C.I. Acid Orange 7), Egacid Yellow (C.I. Acid
Orange 11), Midlon Black (C.I. Acid Black 26) — onto a special kind of naturally weathered and oxidised young brown coal called oxihumolite
was investigated in a batch arrangement. Both pseudo-first-order and pseudo-second-order kinetic models were applied successfully to evaluate
the kinetic dependencies. The intraparticle diffusion model was used to examine diffusion processes taking place during the dye sorption. It was
found that the diffusion rate parameters decreased with increasing dose of the sorbent and with increasing particle sizes of the sorbent, whereas
an effect of an agitation mode and intensity was much less pronounced. The diffusion processes were identified as the main mechanisms con-
trolling the rate of the dye sorption onto oxihumolite. Malachite Green exhibited faster kinetics of the sorption in comparison with other dyes.
However, this different behaviour may not be explained from differences in such parameters as a molecular weight or a dye structure.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Dyes and pigment are emitted into wastewaters from vari-
ous industrial branches, such as from the dye manufacturing
or textile finishing, and may significantly affect photosynthetic
activity in aquatic systems. They represent one of the problem-
atic groups of chemical pollutants, as they are hardly
destroyed in conventional wastewater treatment plants and
require usually special treatment strategies [1]. Adsorption
techniques employing solid sorbents provide an attractive
alternative for the treatment of contaminated waters, especially
if the sorbent is inexpensive and does not require an additional
pre-treatment step (such as activation) before its application.

Currently, the most commonly used adsorption agent in
industry is activated carbon that was successfully used to remove
various kinds of dyes from waters [2—6]. Although some kinds
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of activated carbons are prepared from low-cost waste mate-
rials, such as waste tires [6], sawdust [3], rice husk or straw
[2], their prices remain rather high [7]. This fact together
with problems with regeneration of the spent activated carbon
hampers its large-scale application. Therefore, a number of
non-conventional sorbents have been tried for the treatment
of wastewaters. A review of the low-cost sorbents including
their main operational characteristics and also a comparison
with activated carbon was published recently by Babel and
Kurniawan [7]. It was, however, focused on the removal of
metal ions, although the sorption of some metal-containing
dyes was also mentioned. For the dye removal, various natural
materials, clays or rocks (pumice [8], diatomite [9]), were
tested. Numerous studies have been focused on a utilization
of wastes from industry or agriculture as sorbents. Of many
examples reported in literature, the following may be men-
tioned: steel plant slag [10], red mud and fly ash [11,12], car-
bon slurry from the fertilizer industry [13], chitosan from the
seafood processing industry [14,15], sawdust [16,17], leaf
powder [18], peanut hull [19], orange peel [20], algae
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[21,22], sugarcane dust [23], spent brewery grains [24], or
other biosorbents and wastes from agroindustry.

Highly effective and low-cost sorbents have been prepared
from peat [25—28] and various kinds of low-rank coals
[29—36] — materials containing humic substances as an active
constituent. The coal-based sorbents are capable to retain var-
ious kinds of pollutants, ranging from inorganic ionic species
(heavy metal cations [30,32,34]) to low-polarity organic com-
pound (trichlorobenzene, naphthalene [35]), including, of
course, ionic organic compounds, such as synthetic dyes
[29,31,33,36]. Properties and the sorption ability of the carbo-
naceous materials depend strongly on their origin [32] and
may be altered, to some extent, by their chemical modification
[29,34]. From an economical point of view, however, a utiliza-
tion of untreated raw materials is more favourable.

Large deposits of young brown coals are located in the
North-Bohemian Coal Basin in the Czech Republic where
also the oxidatively altered lignite analogues called ‘‘oxihu-
molites” occur [37]. The oxihumolites originated on the sur-
face of lignite deposits by post-sedimentary oxidation.
Similar kinds of low-rank coals from other localities are called
leonardites. They are utilized in agriculture [38] and for indus-
trial preparations of humic acid derivatives [39,40].

Unique sorption, ion-exchange, complex-forming and other
properties of the oxihumolites have been only seldom
exploited in wastewater treatment. The oxihumolite pre-treated
(loaded) with Ca®" jons was used successfully to remove
heavy metal cations from wastewaters [41]. In our recent
work [42], it was shown that the oxihumolite is capable to
retain both basic as well as acid dyes from aqueous solutions
without any pre-treatment procedure. However, effective
applications of the oxihumolite as a sorbent require a more
detailed knowledge of the sorption mechanisms. In the present
work, a kinetic study was performed for the sorption of basic
and acid dyes onto oxihumolite. Various kinetic models, namely
the pseudo-first-order and pseudo-second-order models, were
tested to fit the experimental kinetic dependencies. An intra-
particle diffusion model was also used to examine diffusional
processes affecting the rate of the dye sorption.

2. Materials and methods

2.1. Sorbent

The sorbent — oxihumolite — originated from the North-
Bohemian Coal Basin, locality Vaclav, was obtained from

Table 1
Basic characteristics of the dyes
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SD-Humatex (North-Bohemian Mines), Bilina, Czech Repub-
lic. It was used without an additional pre-treatment except of
grinding and a size classification by sieving. Two fractions
were used for the kinetic measurements — the fraction with
grain sizes less than 1 mm, from which fine powdered particles
were removed, and the fraction with grain sizes of 2—3 mm.
The specific surface area (standard BET procedure — N, sorp-
tion) of the sorbent was ca. 2.5 m* g~ ' and did not depend sig-
nificantly on the grain size. The content of humic acids in the
sorbent was ca. 67%, ash content was ca. 23% and the content
of water was ca. 10%. An elemental composition of the organic
part can be found elsewhere [37]. An inorganic part of the sor-
bent contained mainly compounds of aluminium (0.56% of Al
in the sorbent), silicon (0.71%), calcium (0.19%) and iron
(0.23%). Quartz (SiO,) and mulite (AlgSi,O;3) were the main
crystalline phase identified in the ash from oxihumolite. Non-
negligible amounts of K, Na, Mg, S, Ti, P and CI were also
detected in the sorbent. The contents of heavy and toxic metals
were very low — typically 5 mgkg ™' of Cu, 10 mgkg ™" (Ni),
1 mgkg ' (Zn) and 1 mg kg~ " (Ba). Leachability of these ele-
ments from the sorbent was measured using a standard leaching
test with water (DIN 38 414). The concentrations of heavy and
toxic metals in the water extract were very low (below regula-
tory limits for waters), e.g. 0.02mgL~" (Cu), 0.03 mgL™"
(Ni), 0.04 mgL~" (Zn), 0.005mgL~" (Cr), 0.0004 mgL~"
(Cd), 0.007 mg L~ (As).

2.2. Dyes

Methylene Blue, Malachite Green and Crystal Violet were
obtained from Lachema, Brno, Czech Republic. Rhodamine B
was obtained from Merck, Darmstadt, Germany. Egacid
Orange II, Egacid Yellow G and Midlon Black were obtained
from Spolchemie, Usti nad Labem, Czech Republic. Basic
characteristics of the dyes are given in Table 1. Stock solutions
with concentrations 0.01 and 0.001 mol L™" were prepared by
dissolving the respective dyes in deionised water.

All solutions were prepared in deionised water from the
system Demi Ultra 20 (Goro, Prague, Czech Republic) utiliz-
ing reverse osmosis and mixed-bed ion-exchange for the water
purification.

2.3. Sorption experiments

Kinetic experiments were carried out by shaking a known
amount of the sorbent (typically 4—10 g) with 500 mL of

Dye C.I. generic name C.I. number Molecular formula Molecular weight Chemical class
Methylene Blue Basic Blue 9 52015 C;6H1sN3S-Cl 319.88 Basic, thiazine
Malachite Green Basic Green 4 42 000 Cy3Hys5N,-Cl 364.95 Basic, triarylmethane
Crystal Violet Basic Violet 3 42555 C,5H30N3- Cl 408.03 Basic, triarylmethane
Rhodamine B Basic Violet 10 45170 C,gH31N,05-Cl 479.06 Basic, triarylmethane
Egacid Orange II Acid Orange 7 15510 C,6H11N,NaO,4S 350.30 Acid, diazo dye
Egacid Yellow G Acid Yellow 11 18 820 C16H14N404S 358.37 Acid, diazo dye
Midlon Black Acid Black 26 27070 C3,H,NsNa,0,S, 697.65 Acid, diazo dye
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Fig. 1. Decrease of the dye concentration in solution with time for various

weights of the sorbent. (a) Basic dye — Rhodamine B; (b) acid dye — Egacid

Yellow. Initial dye concentration 1 mmol L~!, volume of the solution 500 mL,

grain sizes fraction of the sorbent <1 mm, agitation — horizontal shaking
200 min~". Solid lines calculated from the pseudo-second-order kinetic model.

the solution containing the dye (typically 1 mmolL™"). The
measurements were performed in PE bottles agitated with
the aid of the horizontal shaker LT 2 (Kavalier, Sazava, Czech
Republic) with an intensity of agitation 200 min—'. Alterna-
tively, slow rotation was used to examine an affect of the
agitation mode on the sorption kinetics; a rotation (end-over-
end) mixing device Reax 20 (Heidolph Instruments, Schwa-
bach, Germany) was used in this case, operating with an inten-
sity of agitation 5 min~'. The measurements were carried out
at “natural” pH values (ca. 3.7), without any pH adjustment.
In the pre-determined time intervals, small portions of the
mixture (less than 1 mL) were drawn, the solid phase was sep-
arated with the aid of a syringe nylon microfilter 0.45 pm, the
dye concentration was determined spectrophotometrically, and
the sorbed amount was calculated. Blank experiments with no
sorbent added to the dye solution were performed in each
series of measurements.

All the sorption experiments were carried out at a laboratory
temperature 22 + 1 °C in an air-conditioned box.

2.4. Analyses and data evaluation

Concentrations of the dyes in solutions were determined
spectrophotometrically after a proper dilution using a UV/Vis
spectrophotometer Cary 50 (Varian, Mulgrave, Australia).
MS Excel and DataFit 8.0 (Oakdale Engineering, USA) soft-
ware were used for calculations and data evaluations.

3. Results and discussion

Using an experimental arrangement described in the previ-
ous section, the kinetic dependencies were measured for vari-
ous dyes and various weights of the sorbent, whereas the other
experimental parameters (volume of the dye solution, initial
dye concentration, grain size fraction of the sorbent, agitation
mode) were kept constant. As examples, the dependencies of
the concentrations of the dye in solution, ¢, vs. contact time
are shown in Fig. la for the basic dye Rhodamine B, and
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Fig. 2. Dependencies of the sorbed amounts on time. (a) Basic dyes; (b) acid
dyes. Weight of the sorbent 10 g, other conditions as in Fig. 1. Solid lines cal-
culated from the pseudo-second-order kinetic model, dashed lines calculated
from the pseudo-first-order kinetic model.



366 P. Janos et al. | Dyes and Pigments 74 (2007) 363—370

Table 2

Parameters of the kinetic models for the sorption of basic dyes onto oxihumolite

Weight of the sorbent (g) Pseudo-first-order model — Eq. (2)

Pseudo-second-order model — Eq. (4)

ky (min™h ge (mmol g~ ") R? k, (gmmol ' min~! ge (mmol g~ R?

Methylene Blue

4 0.0052 0.0451 0.962 0.0534 0.0501 0.959
7 0.0074 0.0438 0.990 0.1086 0.0444 0.989
10 0.0060 0.0400 0.985 0.0587 0.0392 0.982
Malachite Green

4 0.0414 0.0606 0.934 0.918 0.0664 0.968
7 0.0356 0.0414 0.918 1.090 0.0460 0.971
10 0.0309 0.0331 0.882 1.191 0.0369 0.949
Rhodamine B

4 0.0040 0.0710 0.964 0.0286 0.1041 0.969
7 0.0052 0.0581 0.989 0.0464 0.0846 0.991
10 0.0067 0.0456 0.991 0.0831 0.0643 0.991
Crystal Violet

4 0.0070 0.0253 0.928 0.1609 0.0354 0.924
7 0.0091 0.0162 0.918 0.4027 0.0211 0.917
10 0.0098 0.0137 0.946 0.5281 0.0177 0.944

for the acid dye Egacid Yellow in Fig. 1b. A simple re-calcu-
lation allows to plot the dependencies of the sorbed amounts,
4, as functions of contact time, as shown in Fig. 2a and b for
various basic and acid dyes, and for a single dose of the sor-
bent. As can be seen, the sorption rate was rather fast at the
initial stage and then it slowed down gradually. Typical times
to approach the equilibrium were several hours. Similar de-
pendencies were obtained in most systems described in litera-
ture, e.g. for the sorption of acid dyes on carbon [4], basic dyes
on peat particles [25,27,28] or metal complex dyes on sawdust
[17]. Even faster kinetics was observed for the biosorption of
basic dyes onto dead fungal biomass, when most of the dye
was retained within the first 10 min [43]. Khraisheh et al.
[44], on the other hand, found for the sorption of reactive
dye on activated carbon that only 20% of the available sorp-
tion capacity was achieved during the first 6 h.

As can be seen from Fig. 2, Malachite Green exhibited mark-
edly faster sorption kinetics in comparison with other dyes. The
reason is not quite clear. Most of the basic dyes used in this study
(Malachite Green, Rhodamine B, Crystal Violet) belong to the
group of triarylmethane dyes, but they differ in the substituents
and in the position of ionogenic groups in their molecule. In this
stage of investigations, however, it is not possible to establish

Table 3

Parameters of the kinetic models for the sorption of acid dyes onto oxihumolite

a relationship between the dye structure and the sorption rate.
It seems also that the nature of ionogenic group (acidity/basic-
ity) is not a factor affecting the sorption rate significantly.

3.1. Pseudo-first-order and pseudo-second-order kinetic
models

Pseudo-first-order and pseudo-second-order models are
most commonly used to describe the kinetics of the sorption
of dyes on solid sorbents [2,17,27,28,45—47], although, as
pointed out by Ho and McKay [27], the application of a single
kinetic model to the sorption on solid sorbents may be ques-
tionable because of the heterogeneity of the sorbent surfaces
and diversity of sorption phenomena (transport, surface reac-
tions). Ho and McKay [48] revised critically the published
kinetic data for many sorbent—sorbate systems and showed that,
in most cases, the pseudo-second-order model is more suitable
than pseudo-first-order model. Recently, Azizian [49] derived
a general equation that converts to the pseudo-first-order
model for lower initial concentrations of solute, and to the
pseudo-second-order model for high solute concentrations.

The pseudo-first-order equation (suggested originally by
Legergren [50]) is expressed as follows:

Weight of the sorbent (g) Pseudo-first-order model — Eq. (2)

Pseudo-second-order model — Eq. (4)

ky (min~h) ¢ (mmol gfl) R? k, (gmmol ' min™") ¢ (mmol gfl) R?

Egacid Orange

5 0.0035 0.0137 0.987 0.1066 0.0217 0.987
10 0.0053 0.0086 0.990 0.2938 0.0129 0.988
Egacid Yellow

5 0.0076 0.0144 0.932 0.3966 0.0186 0.946
10 0.0049 0.0097 0.989 0.2569 0.0143 0.991
Midlon Black

5 0.0005 0.0212 0.997 0.0069 0.0401 0.997
10 0.0014 0.0054 0.996 0.0822 0.0096 0.996
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dg,
—_— = k e — 1
dar 1(ge —q1) (1)
After integration and applying the boundary conditions, for
q;=0 at t=0 and ¢q,= g, at t =1, the integrated form of Eq.
(1) becomes:

@ =qe(1—e™) (2)

where ¢. and g, are the amounts of the dye adsorbed per unit
mass of the sorbent at equilibrium and time ¢, respectively, and
k, is the first-order kinetic constant.

The pseudo-second-order equation is expressed as

dg, 2

=l (q. — 3

dar 2(qe — 1) (3)
After integration for the similar boundary conditions as

above, the following equation can be obtained:

- kzqgf

= 4
14 kyq.t )

q:

where k, is the second-order kinetic constant. Egs. (2) and (4)
are often presented in their linearized forms [17,27,28,48].

Both models were tested to fit the experimental dependen-
cies. The model parameters (k;, k, and g.) were obtained with
the aid of a non-linear curve-fitting procedure, and are listed in
Table 2 for basic dyes (and various weights of the sorbent) and
in Table 3 for acid dyes. It was ascertained from a comparison
of the predicted (best fitted) time dependencies with experi-
mental data that both kinetic models describe adequately the
dye sorption. For the sorption of Malachite Green, a slightly
better fit was achieved when the pseudo-second-order model
was used — compare the R* values (coefficients of determina-
tion) in Table 2 and also the curves in Fig. 2a.

Tables 2 and 3 show that the sorbed amounts at equilibrium
(g.) decrease with increasing weight (dose) of the sorbent,
which may be deduced also from Fig. 1 taking into account
equilibrium isotherms (a similar kind of dependencies was
used to construct the so-called pseudo-isotherms from kinetic
measurements [46]). The rate constants, in general, are
expected to increase with an increase in the sorbent dose
[27], which was confirmed (with a few exceptions) by the
data in Tables 2 and 3. No distinct relationship can be estab-
lished between the values of the rate constants and the nature
or structure of the dye. As mentioned above, higher sorption
rates were observed for Malachite Green that is reflected in
the higher values of the kinetic constants k; and k.

3.2. Intraparticle diffusion model

It is assumed that the adsorption process consists of several
steps [4,51,55—57]:

e migration of the dye from bulk of the solution to the sor-
bent surface,

o diffusion of the dye through the boundary layer,

e intraparticle diffusion, and

e adsorption of the dye on the (internal) sorbent surface.

The dye sorption is governed usually by either liquid phase
mass transport rate or intraparticle mass transport rate
[2,4,47,54]. Hence, diffusive mass transfer is incorporated in
the sorption process [16,25,26].

In diffusion studies, the rate can be expressed in terms of
the square root time. The mathematical dependence of ¢, vs.
1% is obtained if the sorption process is considered to be influ-
enced by diffusion in the spherical particles and convective
diffusion in the solution [16,25,26]. The root time dependence,
also known as a Weber—Morris plot [55], may be expressed by
the following equation [4,17,27,28]

qr = kipt®” (5)

where kip is a diffusion rate parameter [15,26]. Eq. (5) is
reported as an intraparticle diffusion model in literature
[2,4,17,27,28,56] suggesting that the sorption process is
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Fig. 3. Dependencies of ¢, vs. 1> — intraparticle diffusion model. (a) Basic
dyes; (b) acid dyes. Weight of the sorbent 7 g for basic dyes and 10 g for
acid dyes, other conditions as in Fig. 1.
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considered to be controlled by the internal diffusion
[44,47,57,58] with a minor effect of the external diffusion
[44].

The experimental kinetic dependencies were evaluated
using the intraparticle diffusion model — Eq. (5). For most
of the dyes, the g, — 1 plots were straight lines in the whole
time interval studied. The only exceptions were the dependen-
cies for the sorption of Malachite Green that consisted of two
separate sections with different slopes. Similar multilinearity
was also observed in the case of the sorption of basic dyes
onto peat [26,28], and was explained as a result of the pres-
ence of various kinds of pores (macropores vs. micropores)
in the sorbent structure. However, this will hardly explain
the differences in the sorption behaviour between Malachite
Green and, for example, Crystal Violet, because the structures
and molecular weights of these dyes are very similar.

Examples of the square root time plots are shown in Fig. 3a
for the basic dyes and in Fig. 3b for acid dyes. The diffusion
rate parameters, kjp, were estimated from the plots according
to Eq. (5) and are listed in Tables 4 and 5 for basic and acid
dyes, respectively, and for various sorbent doses. As can be
seen, the kjp parameter decreased with increasing dose of
the sorbent, which is consistent with observations of Allen
et al. [26], who have found a similar tendency for the sorption
of Basic Yellow 21 onto peat. The increased dose of the sor-
bent results in an increase in the overall rate of the dye re-
moval from solution. This causes a rapid decrease in the dye
concentration with a corresponding reduction in the driving
force for intraparticle diffusion [26,53].

For selected dyes — Rhodamine B and Egacid Orange — an
effect of an intensity of agitation was examined. Two agitation
modes were compared — a rapid horizontal shaking with an
intensity of agitation 200 min~ ', and slow rotation with an
intensity of agitation 5 min~'. In general, the agitation rate
affects the boundary layer resistance to mass transfer [25]. As

Table 4
Parameters of the intraparticle diffusion model for the sorption of basic dyes
onto oxihumolite — effect of the dose of the sorbent

Weight of the sorbent (g) kip % 10* (mmol g~ min~*) R?
Methylene Blue

4 3.58 0.944
7 2.32 0.989
10 2.20 0.963
Malachite Green®

4 6.62 0.968
7 3.52 0.976
10 3.09 0.947
Rhodamine B

4 3.00 0.973
7 2.61 0.997
10 2.02 0.996
Crystal Violet

4 1.33 0918
7 0.90 0914
10 0.79 0.921

% Model parameters determined from the initial time period up to 90 min.

can be seen from Fig. 4a and b, however, the agitation mode
and intensity did not exhibit a very pronounced effect on the
sorption rate. A minor effect of the agitation rate on the dye
sorption was observed also by Sun and Yang [28]. This indi-
cates that the sorption was controlled mainly by the diffusion
inside the particle pores, which remained almost unaffected by
the agitation [53].

The particle sizes of the sorbent may affect the amounts of
dyes adsorbed [2], and also the sorption kinetics [25,26,53].
The external particle surface area increases as the particle
sizes decrease. It was shown that the surface mass transfer
coefficient may be correlated to the average particle diame-
ters [52]. As can be seen from Fig. 4a and b, the slopes of
the square root plots (the diffusion rate parameters, kp)
decreased with increasing particle sizes of the sorbent, in
accordance with the findings of Allen et al. [26]. However,
contradictory results can be found in literature with regard
to the effect of particle sizes on the mass transfer during the
sorption process, as some authors observed only negligible
effects (see e.g. the discussion in Ref. [53]). In general, more
pronounced effects of the particle sizes may be expected at
relatively low sorbate concentrations and at high doses of
the sorbent [53,59].

4. Conclusions

It was found that the sorption of both basic as well as acid
dyes onto oxihumolite is a quite rapid process — most of the
dye was retained within the first several hours of contact.
The kinetic dependencies may be described adequately both
by pseudo-first-order as well as pseudo-second-order kinetic
model, although, at least in the case of the sorption of Mala-
chite Green, the pseudo-second-order model gave a slightly
better fit to the experimental data. The intraparticle diffusion
model was also applied successfully to the examined systems.

Malachite Green exhibited faster sorption kinetics in com-
parison with the other dyes. Unfortunately, it is not possible to
establish any distinct relationship between the dye structure
and the rate of the sorption in this stage of investigations. It
seems that the nature of ionogenic groups (acidity/basicity)
does not play a crucial role in the sorption kinetics.

Table 5
Parameters of the intraparticle diffusion model for the sorption of acid dyes
onto oxihumolite — effect of the dose of the sorbent

Weight of the sorbent (g) kip % 10 (mmol g{1 min %) R?
Egacid Orange

5 0.63 0.969
10 0.38 0.970
Egacid Yellow

5 0.72 0.988
10 0.49 0.989
Midlon Black

5 0.20 0.935
10 0.13 0.952
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Fig. 4. Effects of agitation mode and particle sizes of the sorbent on the dye
sorption. (a) Basic dye — Rhodamine B; (b) acid dye — Egacid Yellow. Weight
of the sorbent 10 g, other conditions as in Fig. 1.

For selected dyes (Rhodamine B, Egacid Yellow), effects of
an agitation mode and grain sizes of the sorbent were exam-
ined. It was found that the diffusion rate parameters decreased
with increasing particle sizes, whereas an effect of the agita-
tion was much less pronounced. This suggests that the diffu-
sion inside the particles of the sorbent is the main process
controlling the rate of the dye sorption onto oxihumolite.
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