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Abstract

The removal of a reactive color, Cibacron Yellow LS-R, from aqueous solutions by adsorption onto hydrotalcite
particles is investigated using batch rate experiments. Measurements are performed at various initial color
concentrations, solid loads, pH values and ionic backgrounds (dissolved NaCl). The speed of agitation and the
temperature inside the batch adsorber are also varied within a practical range of values. It is shown that the sorption
capacity is relatively high for most experimental conditions so hydrotalcite may be considered as a suitable sorbent for
this application. The probable mechanism of the process is investigated by a number of homogeneous and
heterogeneous reaction kinetic models as well as diffusion kinetic models. It is found that no single kinetic model can
fully describe the sorption process at all times. At least three independent rate-controlling mechanisms appear to

compete each other and dominate the different stages of sorption.

© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Over the last few decades sorption (as adsorption,
biosorption and ion exchange) has gained importance as
an effective purification and separation technique used
in wastewater treatment, due to the generation or use of
some innovative materials/biomaterials [1]. One such
promising material is the family of synthetic compounds
called hydrotalcites or hydrotalcite-like compounds or
layered double hydroxides [2]. The most famous class is
Mg—Al hydrotalcites with the general formula
[MgZ* AT (OH),** [4%, -mH2OF, where A" is an
n-valent anion and x can have values between 0.2 and
0.33. The interlayer anions and water molecules can be
exchanged with other anions, so hydrotalcites are
theoretically good anionic exchangers [3].

*Corresponding author. Tel.: +30-2310-997807; fax: +30-
2310-997759.
E-mail address: nlazarid@chem.auth.gr (N.K. Lazaridis).

Dyes are normally present in dyehouse effluent at
concentrations of 10-50mg/L, color being notable at
concentrations above 1mg/L. Dyehouse effluents are
complex, containing a wide and often varied range of
dyes and a variety of other products, e.g. dispersants,
salts, acids, alkalis. The extent to which reactive dyes are
lost in exhaust and wash liquors is in the range 20-50%
[4]. Reactive dyes are, in general, the most problematic
among other dyes, as they tend to pass through
conventional treatment systems unaffected. Municipal
aerobic treatment systems, dependent on biological
activity, were found to be ineffective in the removal of
these dyes. Chemical, physical and biological methods
have been used for the removal of dye from dye-
containing industrial effluents [5-7]. Among them,
specific reference must be addressed to flotation that
was employed in our lab with particular success [8].

Kinetic analyses [9,10] not only allow estimation of
sorption rates but also lead to suitable rate expressions
characteristic of possible reaction mechanisms. It must
be stressed though that the problem of finding an
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Nomenclature Gm maximum sorption capacity (mg color/g
hydrotalcite)
A pre-exponential factor (min~") q: instantaneous sorption capacity (mg color/g
c constant hydrotalcite)
C bulk solution concentration (mg/L) R gas constant (8.3136Jmol 'K
C. equilibrium bulk solution concentration R, particle radius (cm)
(mg/L) T temperature (°C)
D¢, D, micropore, macropore diffusivity (cm?/s) t time (min)
E apparent activation energy (kJ mol ™)
f(o) conversion rate function Greek letters
g(o) integrated conversion rate function o degree of conversion
k, ko, ky rate constants oL constant in Langmuir equation (L/mg)
Ky constant in Langmuir equation (L™!/g) i constant
n apparent reaction order &p void fraction
Pn numerically determined parameters A fraction of ultimately adsorbed color
q sorption capacity (mg color/g hydrotalcite) 14 numerically determined parameter (cm/s)
qe equilibrium sorption capacity (mg color/g
hydrotalcite)

appropriate conversion function with time is much
simpler than establishing a real mechanism for a process.
A satisfactory rate equation does not always provide
enough information to establish the reaction mechanism
but fortunately this is not a requirement for process
equipment design. So, the calculated kinetic parameters
can be of a great practical value for technological
applications since kinetic modeling successfully replaces
time- and material-consuming experiments. According
to Chen et al. [11], there are four main model
representations commonly used for describing adsorp-
tion with significant mass transfer resistance: (i) the
reaction rate approach (ii) linear driving force expres-
sions for the internal and external mass transport
processes (iii) non-linear driving force expressions and
(iv) reversible or irreversible adsorption.

Sorption of a sorbate in liquid solution by solid
sorbent particles represents an interesting situation in
terms of kinetic analysis since ideas for both constant
volume homogeneous reactions and heterogencous
reactions may approximately apply. This is so because
under well-mixed conditions, the system is macroscopi-
cally homogeneous whereas on a microscopic scale the
interaction of the liquid solution with the solid particles
constitutes a typical heterogeneous process.

Many studies engaged so far to study sorption
phenomena involved analysis of batch experiments
where data were sampled at wide time intervals over
the entire course of the process. As a result, very fast
changing kinetic data characteristic of the phenomena
just after the onset of sorption could not be accurately
depicted in an adequately short time scale. The aim of
this study is to investigate the kinetic mechanism of
color sorption on HT particles putting more emphasis

on samples collected at short times after the initiation of
the process where the major part of the adsorption
occurs.

In this paper, we study the suitability of several
analytical methods for the kinetic analysis of sorption.
In addition to testing some conventional kinetic models,
a few alternative solid-state models, successfully em-
ployed in the past to the degradation of polymeric
systems, are also examined.

2. Kinetic background

To compare measurements from various experiments
for a kinetics investigation, it is necessary to introduce a
dimensionless degree of conversion. Thus, by normal-
izing the remaining color concentration, C;, with respect
to some reference value, an index of sorption is defined.
Taking advantage of the values of C; before the onset of
sorption, Cy, and for completed sorption, C., = Ce, the
following degree of conversion is proposed:
o= &' 1)

CO - Ce

Kinetic studies customary utilize the basic conversion

rate equation:

Ty, @

dr

where f(«) is a conversion-dependent function and k(7))
is the reaction rate constant. Sorption has been accepted
to follow Arrhenius kinetics [12], which means that the
temperature dependence of the rate constant k£ may be
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described by the well-known Arrhenius expression:
k(T) = Aexp (—E/RT). 3)

An integrated expression of Eq. (2) often appears in

literature as
* da

g(a) i k(T)t. “

Both f(x) and ¢g(«) are functions representative of
theoretical models that must be derived with respect to
the mechanism of the reaction. There are many
proposed methods to calculate kinetic parameters and
often the reported values do not depend only on
experimental conditions but also on mathematical
treatment of data [13]. That is why, we analyzed the
measurements of this work by several techniques to
increase the calculation confidence.

2.1. Simple homogeneous reactions

Analyses originally developed for isothermal homo-
geneous reactions were reported to apply also to
sorption by postulating a constant system volume [14].
In several earlier sorption experiments where a single
deceleratory rate behavior predominated, it was as-
sumed that the conversion function, f(x), could be
represented as

Sl =1 -a" (%)

Most simple reactions have integer orders, n, between
zero and three. For sorption the value of n was
customary one or two [31]. In a constant volume system,
the time necessary for a given fraction of a limiting
reagent to react will depend on the initial composition of
the reactants in a manner that is determined by the rate
expression for the reaction. This fact is the basis for the
development of the fractional life method for the
analysis of kinetic data [15]. The fractional life approach
is most useful as a means of obtaining a preliminary
estimate of the reaction order. Moreover, it cannot be
used for systems that do not obey nth-order rate
expressions.

For constant volume systems, the data of one
experimental run or from different runs using the same
initial composition, may be utilized to determine the
times necessary to achieve different fractional conver-
sions, o. The ratio of these times (#,; and ¢,,) is given by

Ly 1/(1—o) ' 1

- for n#1 6
to 1)1 —a) ' —1 ©
and
G _Ind=o) o1, %)

1% a 11’1(] — 0(2)

The value of this ratio is characteristic of the reaction
order. Table 1 contains a tabulation of some useful

Table 1

Ratios of partial reaction times for constant volume systems
Reaction order, n 0 1 2 3
t(),|5/t0435 0.429 0.377 0.328 0.281
to.15/%0.70 0.214 0.135 0.076 0.038
10.35/10.70 0.500 0.358 0.231 0.135

ratios of partial reaction times. By using such ratios
based on experimental data, one is able to obtain a quick
estimate of the reaction order with minimum effort.

2.2. Simple heterogeneous reactions

It is generally accepted that solid—liquid reactions can
follow a large variety of kinetic equations. In fact, the
apparent occurrence of simple-order equations is mainly
coincidental [16]. Many authors have derived expres-
sions that reflect the nature of various reaction types.
These may be conveniently recognized from experimen-
tal data using the reduced-time plot method (e.g. [17,18]).
In this method, all forms of kinetic expressions are
written in the form:

g(0) = e, ®)
0.50

where c is a constant calculated from the actual form of
the kinetic expression, and 7y 59 is the reaction’s half-life
(time to 50% conversion). Nine most often used g(a)
functions and their corresponding ¢ values are given in
Table 2 [32].

The selection of the g(x) function is based on the
shape of a reduced-time plot which describes best the
experimental data. By calculating values of o for several
different kinetic equations and plotting them against
t/ty.s0, curves with a characteristic shape are obtained.
Theoretical predicted fractions, «, versus /7 s, for the
various reactions of Table 2, can be seen in Fig. 8
against experimental data of this study (more about the
comparison later). Although the analytical expressions
in Table 2 are so different, the respective theoretical
curves look quite similar. In fact, data can be classified
into three distinct groups. The first group includes the
four homogeneous solid phase diffusion equations, the
second group includes the moving phase boundary and
first-order decay equations and the third includes the 2D
and 3D random nucleation (Avrami—Erofeev) equa-
tions. The proximity between some models in Fig. 8
makes it difficult to identify the correct reaction
mechanism. It is apparent that differentiation within
these groups requires very careful and precise experi-
mental data. Several authors have successfully used
the reduced-time plot method to assist in the study of
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Table 2
Some common solid-state reaction kinetic equations

Reaction type, g(o) c-value Rate-controlling process

Di(0) = o 0.2500 Diffusion, 1D

Dyo)=(1—-o)In(l — o)+« 0.1534 Diffusion, 2D

Di(o) =[1 — (1 — a)'/?P 0.0426 Diffusion, 3D (spherical symmetry)
Dy(e)=(1-2a/3)— (1 — w3 0.0367 Diffusion, 3D (contracting sphere model)
Ry(o) =[1 — (1 — oc)l/z] 0.2929 Moving phase boundary, 2D

Ry@) =[1—(1 — )/ 0.2063 Moving phase boundary, 3D
Fi(@)=In(1 — ) —0.6931 Random nucleation, first-order decay law
As(x) = [~In (1 — o)]'/? 0.8326 Random nucleation, 2D

As(o) =[-In(1 — <>c)]1/3 0.8850 Random nucleation, 3D

the thermal decomposition of a variety of polymers
(e.g. [19)]).

3. Materials and experimental techniques
3.1. Materials

The adsorbent used in this investigation was hydro-
talcite SD1520 kindly supplied by Crosfield (now
INEOS Silicas). Typical data about this material,
denoted hereafter as HT, are: (i) Surface area 100m?/g
by N, BET, (ii) Pore volume 0.5mL/g by N2 BET, (iii)
Volume average pore size 30nm and (iv) Particle
diameter ~8pum by particle size analysis (Mastersizer,
Malvern). The adsorbate was a bifluoro-functional-azo
reactive dye, Yellow LS-R (CI R.Y 208), kindly supplied
by Cibacron. The average dimensions of the dye,
denoted hereafter as CY, are ~35A in length and
~20 A in width, as calculated theoretically by Chemof-
fice software (CambridgeSoft. com).

3.2. Analytical techniques—determination of dye
concentration

The calibration curve for the dye was prepared by
recording the adsorbance values for a range of known
concentrations of dye solution at the wavelength of
maximum adsorbance (Aymax = 402 nm).

3.3. Equilibrium experiments

Equilibrium experiments, to determine the adsorption
capacity of hydrotalcite, were conducted using 150 cm?
suspensions in conical flasks mixed into a reciprocal
shaker at a stirring rate of 200 rpm for 24 h.

3.4. Kinetic experiments

The adsorber reactor vessel for the contact time
experiments was based on the standard mixing tank

configuration with a volume of 2L [20]. A Heidolph-
type RZR 2102 variable-speed motor was used to drive a
disc turbine furnished with six 45°-inclined blades.
Samples were extracted at selected time intervals using
a syringe. The concentration was determined by employ-
ing the adsorbance calibration curve and the results were
recorded as concentration versus time. The typical
conditions for the experiments in this work are: 0.5 g/L
solids, 20mg/L color, 1100 rpm agitation speed, pH=38§
and 20°C. These conditions hold for all the curves
displayed below unless differently stated.

4. Results and discussion

The adsorption equilibrium for a 0.5 g/L solids load in
the solution is best described by the Langmuir equation.
Porter et al. [21] also found that the Langmuir equation
performs better when working with sorption of acidic
dyes.

Ky C,

“TromC ©)

qe

where the subscript e denotes equilibrium conditions
and best-fit values are K; = 511 and o = 5.54. Most of
the sorption experiments of this work are conducted
with this particular solids load.

The effect of the agitation speed on the remaining
concentration of color in the bulk is examined first.
Speeds between 50 and 1100 rpm are tested (graph not
shown due to space limitations) and it is found that only
above 350 rpm the response curves become insensitive to
agitation. For the rest of this work all runs are
conducted with a 1100 rpm speed which assures satis-
factory homogeneity in the bulk and decouples the
sorption analysis from the concentration distribution in
the test vessel. However, it must be stressed that external
film diffusion is never completely discarded and may
appear relatively more significant during the first few
minutes of the sorption tests.
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80 X [CY] (mg/L)

0 40 80 120 160 200 240

Time (min)

Fig. 1. Remaining color concentration in the bulk versus time
for various initial concentrations. [HT]=0.5g/L, pH=S8§,
T = 20°C and agitation speed 1100 rpm.

The effect of the initial concentration of color in the
bulk is depicted in Fig.1 (0.5g/L solids). One may
discern several gross features in these curves. For all the
employed concentrations there is a monotonous decreas-
ing trend with time with the steep descent at the
beginning of sorption being succeeded by a more
gradual decay. Considering the equilibrium values for
the three more concentrated solutions (C!% = 47.8;
CP> =29.2; C* = 441 mg/g; determined experimentally
from independent tests) it is seen that even after 4h,
equilibrium is not reached yet. On the contrary, for the
20 mg/L solution the color is completely depleted within
2 h—this curve is inappropriate for kinetic analyses but
it is shown for completeness. The qualitative resem-
blance among curves is considerable despite the different
instantaneous driving forces, Cpuik — Cparticle surface> along
runs. This is further manifested by the approximately
equal amounts of adsorbed color at t = 4h (42+2mg/L)
for the 50, 75 and 100mg/L runs. Thus, the overall
sorption process is apparently not influenced so much by
external mass diffusion, a condition which is desirable
for the subsequent kinetic analysis.

A parameter with great significance to the sorption
performance is the solids load in the bulk. Fig. 2 displays
how solids content affects the sorption of 20 mg/L initial
color concentration. Changing the load by one order of
magnitude (0.1-1g/L) has a dramatic effect on both
sorption capacity and sorption rate for the employed 4 h
of the tests. While for 0.1 mg/L sorption appears clearly
incomplete, for loads equal and above 0.3 mg/L, 4h are
adequate for ful removal of the color. Despite the
varying adsorption rates, the gross features identified in
the curves of Fig. 1 are also present here.

The impact of the presence of other background
dissolved ionic substances can give insight regarding the

__(mglL)

[Color]

Time (min)

Fig. 2. Remaining color concentration in the bulk versus time
for various solid loads. [CY]=20mg/L, pH=8, T' = 20°C and
agitation speed 1100 rpm.
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Fig. 3. Effect of 1 M NaCl dissolved in the bulk solution to the
remaining color concentration for various solid loads.
[CY]=20mg/L, pH=8, T =20°C and agitation speed
1100 rpm.

dominant mechanism(s) of sorption. This is also
important in evaluating the effectiveness of the treat-
ment. Tests with 1 M NaCl added in the solution are
showed in Fig. 3 for several solids load. Evidently, NaCl
enhances the adsorption rate but does not seem to
influence so much the final sorption capacity as can be
seen by comparing the curves for 0.2mg/L solids in
Figs. 2 and 3.

The solution’s pH is another important ionic con-
tributor that can influence the process mechanism. Fig. 4
presents a few runs at different pH values. It is clear that
color is much faster removed at a low pH environment.
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Fig. 4. Effect of pH to the remaining color concentration.
[CY]=20mg/L, [HT]=0.5g/L, T = 20°C and agitation speed
1100 rpm.

In general, the ionic background is expected to have a
stronger effect in chemical than diffusion-controlled
sorption processes and it can also alter the equilibrium
properties of the sorbate/sorbent system. Which of the
two effects prevails and eventually dictates the overall
performance is a matter of concern.

Careful inspection of Figs. 2—4 reveals that in some
runs (from those that reach equilibrium within 4h)
possible desorption might be witnessed at long times
where the color concentration appears to fluctuate or
even rise a little. Such desorption phenomena may be
attributed to either a reversible reaction or a back
diffusion-controlling mechanism both of which show
up distinctly only after the cumulative uptake of the
sorbate by the sorbent becomes significant. Regarding
the first option, reversible reaction models to describe
sorption phenomena have been already reported in
literature [12]. However, for experiments involving large
concentration steps the concentration dependence of
diffusivity may give similar results. This is so because
although just after the onset of sorption the adsorption
rate is faster than the desorption rate, they eventually
become comparable at later times. Such counteracting
phenomena have been communicated in the past
regarding sorption on zeolites [22,23]. In this study,
the effect of desorption is limited and so is disregarded
from the analysis.

A particularly useful parameter for contrasting kinetic
against diffusion models is temperature. Fig. 5 display
the adsorption curves obtained at different isothermal
conditions. Runs are for 0.5g/L solids. Apparently,
adsorption is accelerated as the temperature of the bulk
rises but whether this is due to a chemical reaction or a
diffusion-control mechanism requires a quantitative
analysis (see below).

o T T
--@--20 |
--0--30 1
~ 15 TCO| - a--a0| ]
B --Vv--60 ]
E ]
§10 .
5 ]
[e] 4
O 5 .
0 AN . AP e s

100 150 200 250

Time (min)

Fig. 5. Effect of temperature to the remaining color concentra-
tion. [BY]=20mg/L, [HT]=0.5g/L, pH =8 and agitation speed
1100 rpm.

5. Mechanism selection

The main issue when searching for an appropriate
sorption mechanism is to select a mathematical model
that not only fits the data with satisfactory accuracy but
also complies with a reasonable sorption mechanism.
Thus, in order to identify the correct mechanism several
models must be checked for suitability and consistency
in a broad range of the system parameters. The model
selection criteria proposed by Ho et al. [12] concerning
sorption of pollutants in aqueous systems are used as a
general guideline. According to this, several reaction-
based and diffusion-based tests are performed in order
to increase the confidence in simulating our data.
Experimental kinetic curves ending with complete
depletion of color from the bulk (zero concentration)
are excluded from the calculations that follow.

The relatively short duration of the present experi-
ments (4 h) is a first indication that sorption of color is a
kinetic rather than a diffusion-controlled process.
However, the comparison of elements from Table 1
with calculated fractional life values from the present
tests leaves no doubt that simple-order kinetics cannot
adequately describe the sorption reaction. Among all
homogeneous Kkinetic equations proposed by Cheung
et al. [24], the best fit for the data sets collected in this
study is achieved by the so-called modified second-order
and the pseudo-second-order rate equations. In inte-
grated form these equations are given as

1
=g dl—|— 10
ql ({e{ |:B2+k2t:| }> ( )
t 1 1
4 L2 11
q kmqﬁquqmt’ (n
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Fig. 6. Comparison of experimental uptake curves against
theoretical predictions based on (a) the modified second-order
reaction model (Eq.(10)) and (b) the pseudo-second-order
reaction model (Eq. (11)).

where ¢, is the amount of color adsorbed at any instant
(=(Cy — Cy)/solids load), ¢. is the amount of color
adsorbed at equilibrium (C,;C,) and ¢y, is a numerically
determined parameter which under ideal second-order
rate control coincides with ¢.. Also, f, is the initial
unaccomplished surface coverage (= 1 — ¢o/¢.) and k;
and ky, are rate constants. The parameter f3, reflects the
pre-absorption of impurities onto the sorbent surface
and serves as an extra degree of freedom to make the
model more flexible. Figs. 6a and b present the results of
fitting Eqgs. (10) and (11) to data from selected runs
shown in Figs. 1 and 2 employing experimental ¢. values
determined independently. The inset tables display the
numerically best-fit values of the rate parameters. These
values are identical or in close proximity among runs—
albeit different for the two models—indicating that the
modified second-order and the pseudo-second-order
models provide a quite suitable description of data for

advancing time. Yet, they cannot capture the rapid rate
of adsorption during the first minute(s) of the experi-
ments. In this respect, Eq. (10) is advantageous over (11)
since it overshoots only the first minute of the process
which is however responsible for about 25% of the total
adsorption. This acute jump at the beginning of sorption
has been considered in the past as indicative of a fast
initial external mass transfer step [12]. However, such an
extraordinary fast rate of initial color removal may also
manifest a fast chemical ion surface attachment.

To shed some light on the above, an initial rate
analysis is performed to the data in Figs. 1 and 2 [15].
The initial rates (rg) are taken equal to the slopes of the
experimental curves calculated for just the first minute.
This analysis is typically valid for a conversion less than
10% which is a condition fulfilled in this case. A log—log
plot of ry versus Cy (not shown) provides estimation of
the order of the initial reaction. If external mass transfer
describes the sorption during this first minute then
simple first-order kinetics should be observed. Interest-
ingly, when we performed the analysis to the (constant
solids load) curves of Fig. 1a virtually zero-order initial
rate is found which practically means that the initial
color removal rate is independent of bulk concentration.
Furthermore, the initial rates for a constant concentra-
tion and variable solids load (Fig. 2) show a clear linear
association with the amount of sorbent, which is directly
proportional to the external surface area of the sorbent
particles. Therefore, it is a reasonable assumption at this
stage to assume an initial predominant mechanism of
chemical nature rather than external film diffusion. This
is further supported by the highly favorable equilibrium
isotherm for this sorbate/sorbent system. A possible
external phenomenon to conform to this picture may be
a surface enhancement associated with a highly energetic
heterogeneous sorbent surface [12]. Evidently, more
work is needed to elucidate this issue.

Next, the possibility that the sorption data follow a
heterogeneous reaction type is examined. Fig. 7 com-
pares sorption data obtained from different initial
concentrations with the nine representative kinetic
equations of Table 2. Most data lie far off the theoretical
curves but closer to the 3D diffusion model. In
particular, the higher the initial concentration the closer
the particle 3D diffusion model is. It must be mentioned
though that the diffusion curves in Fig. 7 are calculated
from the typical diffusion equation subjected to a
constant bulk concentration boundary condition
throughout the sorption experiment.

In order to examine the suitability of intraparticle
(pore) diffusion in fitting our data, we plotted the
amount of color adsorbed, ¢,, versus the square root of
time and check for linearity and whether the curve
passes through the origin [25]. Fig. 8 presents the results
of this test applied to the data of Fig. 1. The inset shows
the slope of the lines that represent kq, the diffusional
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Fig. 7. Reduced-time plot of experimental degree of conver-
sion, «, versus #/fy s along with theoretical curves calculated for
various solid-state reaction equations. Symbols explained in
Table 2.
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Fig. 8. Plot of sorption capacity versus #° to check whether
intraparticle (pore) diffusion is a rate-limiting step.

rate constant. Apart from the first minute the fit is fair
and this gets better if one considers the possibility of
several linear sections in the curves standing for different
pore sizes. Besides, comparing the relative sizes of the
average pore of H.T. and the dye molecule shows that
diffusion may indeed have a chance to play a role in the
response of the system. On the other hand, the lines do
not pass through the origin and k4 is pretty constant for
all runs whereas for intraparticle diffusion a linear
variation with the square root of concentration would be
expected. The same remarks also hold for the plots (not
shown) describing the experiments conducted under
various solids loads.

All the above imply two things: (a) there might be a
fair chance that a diffusion mechanism controls partly
the process, (b) since the goodness of diffusion increases
with initial concentration, any diffusion test must take
into account the fact that the quantity of color adsorbed
during the process is not negligible compared with the
initial amount of color. The latter means that the
diffusion equation must be solved under a time-
dependent boundary condition for the concentration at
the surface of the sorbent particle.

The solution of the diffusion equation in spherical
coordinates for a time-dependent boundary condition
and a concentration-independent diffusivity is given
analytically by Ruthven [26]

< exp(—pat)
a=1-6 - X (12)
;9A/(1 —A)+ (1 — A)p?
where p, is given by the non-zero roots of
3pn
tan(py,) P (13)

T 32/

and 4 =(Cy— C,)/Cp is the fraction of color ulti-
mately adsorbed by the sorbent.

Eq. (12) can be solved numerically to determine ¢
which for the case of particle (also called intracrystalline
or micropore) diffusion control equals to D./R.. The
same expression is the solution of the diffusion equation
for a (macro)pore diffusion control but only in cases
where the equilibrium isotherm is linear (¢. = KC.) for
the concentration range under investigation. Then ¢
equals to (Dp/R2)/[1+ (1 —&,)K /e;] where &,Dy/[1 +
(1 — &,)K] is the effective macropore diffusivity and K is
the equilibrium constant. Since the experimental proce-
dure in this work is based on measuring the remaining
color concentration in the bulk, A is always above 0.5.
Only for 4<0.1 the assumption of a constant concen-
tration at the surface of the sorbent is approximately
valid and then the diffusion equation can be solved in
the conventional way as in Fig. 7. Provided that the
employed concentration step in a sorption experiment
corresponds to a linear section of the equilibrium
isotherm, then the constant K can be replaced by the
local slope of the isotherm, dg./dC.. For most runs in
this work, e.g. Fig. 1, the equilibrium isotherm is not
only linear but also roughly flat (dg./dC. = 0) for the
employed concentrations.

The non-linear numerical regression to fit data to
Eq. (12) is performed by the Levenberg—Marquardt
method which gradually shifts the search for the
minimum »> from steepest descent to quadratic mini-
mization (Gauss—Newton). Since our interest is chiefly
focused in the short time region (,/Dept/R2,<0.2)
where Eq. (12) converges slowly, at least 100 terms are
used in the summation to achieve satisfactory accuracy.

Fig. 9 displays the result of fitting Eq. (12) to sorption
data obtained with different initial concentrations and
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17177 solids load. The inset shows the values of A, ¢ and the

[ i computed values of Dp. It is apparent that this

08 L = diminishing boundary concentration diffusion model is
1 . capable of successfully describing the entire range of

[ i data including also the steep concentration gradient of

0.6 - the early removal stage. The & values vary about an

3 I CY] HT A gd Do ] o'rder of’rr?a.gnitude with a_tendency for higher values at
04 | o h h¥gher. initial congentr.atlons. If one assumes that
(mgl) (gL) () (cmis) (emls) diffusion occurs mainly in macropores (R, = 4 pm) then

g ;go g:g g::ﬁ gg ::: ] the respiective D, val}les span from '3.4 x 107" to

0.2 § A 50 05 0912 241 34 - 4.2 x 107" em?/s. Despite some scatter in the data one

vV 20 02 0803 21 34 | may note that the diffusion model performs better for

Ot 1, Ea(t2) the lower solids load and color concentration; since then

0 50 100 150 200 250 mass transport slows down. The scatter is partly

Time (min) ascribed to experimental noise, which is appreciable at

least for the first 60 min of the experiments. To assess the

Fig. 9. Experimental degree of conversion, o, against predic- significance of this noise a derivative time series analysis
tions based on the solution of the diffusion equation for a time- is performed where do/dt is plotted against ¢ and then a

dependent bulk concentration (Eq. (12)). Hanning low-pass filter is applied to flatten out the

P | o L L L L L B B L e o B L
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o 150 —v—o05 o 029 1-211A(PH=1§) NN 6 < 05 0 000692 36.69(pH=12) ]
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E | 1 = | :
o 100 [ 7 4 N
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Fig. 10. Application of the theoretical models in (a) Eq. (10), (b) Eq. (11) and (c) Eq. (12) to describe experimental data obtained with
various solid loads after adding 1 M NaCl to the bulk solution or adjusting its pH to 12.
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signal undulations until da/dz versus o becomes a
reasonably smooth curve [27]. Next, the integrated
smoothed signal «(¢) is processed as before and resulted
in D, values between 7 x 107" and 1.5 x 10~ em?/s.

Next, the above models—Eqs. (10)—(12)—are applied
to experiments performed with an added ionic back-
ground to the color solution, Figs. 3 and 4. Only runs
where the adsorption reached equilibrium within 4 h are
treated. The results are presented in Figs. 10a—c where
insets include the computed rate parameters. Fig. 10a
and b show the best fit of Egs. (10) and (11) to the data,
respectively, whereas Fig. 10c presents the effectiveness
of Eq. (12) in this fit. On the whole, it seems that the two
second-order kinetic control models describe better the
measurements; markedly better than when without ionic
background (Fig. 6). As in Fig. 6, the reaction rates
calculated by the two second-order models differ by
approximately an order of magnitude but they exhibit
the same trend when changing the solids load. With the
finite diffusion model, not only the fit is poorer but
there is also no clear trend in ¢ or D, when the solids
content varies. Once more, it appears that this
model behaves better for the smaller solids load when
transport phenomena are less rapid. The structure of HT
(double layer) suggests the presence of two kinds of
anion retention sites: sites within the interlayer corre-
sponding to the structural anion exchange capacity
(AEC) of the material and adsorption onto external
surfaces [28]. The nature of these retention sites lends
further support to the notion of a reaction kinetic
control model.

Sestak and Berggren [29] suggested that solid-state
reactions are activated processes, for which an activa-
tion energy may be calculated from the exponential
character of k(T) in Eq. (3). Plotting the rate of the
reaction against the reciprocal temperature gives a
reasonable straight line, the gradient of which is
—E/R. Ho et al. [12] argues that if an Arrhenius plot
is made for kyq, then for a diffusion mechanism to
dominate £ must be less than 25-30kJ/mol. This is
because the temperature dependence of the pore
diffusivity is relatively weak. However, the equilibrium
constant, K, which appears in the denominator of the
effective macropore diffusivity varies strongly with
temperature and this may be misinterpreted as a kinetic
sorption scheme.

In the Arrhenius plots (not shown) the correlation is
slightly better for the pseudo-second-order reaction
(R? = 0.98) than for diffusion (R> = 0.96). The respec-
tive activation energies calculated from these plots are
58.5kJ/mol for the pseudo-second-order reaction and
14.8kJ/mol for the diffusion. So, the experiments
conducted at various temperatures do not provide firm
evidence in favor of either the kinetic or the diffusion-
control mechanism. In view of all the above, one may be
tempted to argue that sorption of color is more correctly

described by more than one sorption models as is also
the practice with the sorption of metal ions, e.g. [30].

6. Conclusions

The present measurements show that the adsorption
rate of color onto HT particles is particularly sensitive to
solid load, pH and ionic strength of the solution but
almost insensitive to initial bulk color concentration.
The temperature dependence of sorption rate is some-
what within the usual range of values for both reaction
and diffusion kinetic control. Moreover, the important
role of agitation speed in decoupling the color—particle
interaction from the concentration distribution in the
adsorber is displayed. Evidence is provided that the
sorption of color on HT particles is a complex process
that cannot be adequately described by a single kinetic
model throughout the whole process. The present results
indicate that the rate-controlling mechanism may vary
during the course of the sorption process and at least
three mechanisms appear to be capable of effectively
competing each other at different stages. These are an
external surface enhancement or film diffusion which
dominates the very beginning of the process, a reaction
which governs the subsequent (and largest) part of the
process and finally a diffusion which shows up competi-
tively only in occasions where the experimental condi-
tions drastically slow down the transport rates. The
favorable uptake capacity and rate of HT particles to
the examined color ions demonstrates potential for
removing color pollutants from aqueous waste streams.
More data under a broader range of experimental
conditions are required before conclusive statements can
be made.
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