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The biosorption of Cr(Ill) onto packed columns of Agave lechuguilla was analyzed using an
advective-dispersive (AD) model and its analytical solution. Characteristic parameters such as axial dis-
persion coefficients, retardation factors, and distribution coefficients were predicted as functions of inlet
ion metal concentration, time, flow rate, bed density, cross-sectional column area, and bed length. The

root-mean-square-error (RMSE) values 0.122, 0.232, and 0.285 corresponding to the flow rates of 1, 2, and
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3(10-3)dm?3 min~1, respectively, indicated that the AD model provides an excellent approximation of the
simulation of lumped breakthrough curves for the adsorption of Cr(Ill) by lechuguilla biomass. Therefore,
the model can be used for design purposes to predict the effect of varying operational conditions.

© 2008 Published by Elsevier B.V.

1. Introduction

The treatment of high volumes of wastewater containing low
concentrations of pollutants is becoming increasingly important
as discharge regulations become more stringent. The treatment
and disposal of liquid effluents from leather tanning and tex-
tile industries are a serious problem due to their Cr(Ill) contents
[1,2]. Although Cr(III) is less toxic than Cr(VI), a cancer-causing
agent, Cr(Ill) may be a toxic metal when present at high con-
centrations [3-5]. The treatments applied towards the removal
of Cr(Ill) involve physicochemical processes such as coagulation
and precipitation [6]. However these techniques proved ineffec-
tive in remaining within Cr(Ill) discharge limits (1-2 mg/dm3)
of industrial effluents [7]. As a result, the use of alternative
treatments such as ion exchange, carbon adsorption, membrane fil-
tration, electroseparation, and bioaccumulation has been applied
in “polishing” these effluents [8-10]. However, such processes
may be ineffective and extremely expensive. Bioadsorption, on
the other hand, is an emerging technology that also works to
overcome the selectivity disadvantages of traditional decontam-
ination processes [11,12]. Table 1 shows the comparative factors
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of effluent decontamination methods. The bioadsorption process
offers the advantages of low operating cost, volume minimiza-
tion of chemical and/or biological sludge to be disposed of, high
efficiency for contaminant removal, and no nutrient requirements
as needed in bioaccumulation processes. Several materials that
are available in large quantities, such as industrial, agricultural,
or natural waste products, have been prospected as bioadsorbents
of Cr(Ill) such as humic acids [13], alfalfa [14], cork powder [15],
and brown seaweed [16]. Agave lechuguilla, generally known as
lechuguilla, has been identified as a potential prospective biomass
that can be used in the removal of trivalent chromium [17,18].
Lechuguilla is used for several purposes such as syrup and alco-
holic beverage production, and fabrication of goods from fibers
[19]. Additionally, its roots and leaves contain active chemicals
such as saponins and steroids (25R)-spirost-5-ene-2 alpha, 3 beta-
diol (yuccagenin) and (25R)-5 beta-spirostane-3 beta, 6 alpha-diol
(ruizgenin) which are used in medicinal applications [20]. During
such processes high quantities of waste that remain rich in cellu-
lose are produced. These characteristics make lechuguilla a cheap
source of biomaterial for the removal of heavy metals from water
and wastewater. Recently, researches have shown that saponins
can be used as natural chelating agents to remove heavy met-
als such as Cr, Cd, Cu, Pb, and Zn from diverse environments
[21,22]. These physical and chemical properties of lechuguilla sup-
port its potential application and possible high capacity to remove
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Nomenclature

A cross-sectional area (dm?)

Apd reduction area (mg min dm~1)

Cad bed reduction capacity (mgg=1)

Co input metal ion concentration (mgdm—3)
D axial dispersion coefficient (dm? min~1)
Ky distribution coefficient (dm3 mg-1!)

Q flow rate (dm—3 min—1)

R retardation factor

t time (min)

U, average approach velocity

w mass of adsorbent (g)

z column bed length (dm)

Greek symbols

£ porosity

1% zero-order liquid phase source

" general first-order decay constant (min~!)
Dads density (mgdm3)

T residence time (min)

v pore water velocity, v=QJ/As (dmmin—1)

heavy metals from aqueous solution using packed column systems
[23].

Several important challenges involved in the actual application
of bioadsorption include the selectivity of bioadsorbents and the
development of a continuous process. The application of predictive
and simulative mathematical models for the design of equipment
in biosorptive metal uptake represents an important area in envi-
ronmental engineering [24-26]. These models can economize time
and effort involved in designing treatment systems for water and
wastewater. The determination of model parameters and the ver-
ification of model validity may be achieved by a well-designed
set of experiments. The purpose of mathematical modeling is to
reduce the scope and magnitude of pilot-scale studies and to design
full-scale processes [24-28,30,31]. Models can be developed com-
bining the mass balances with the equilibrium constants of the
supposed active site-ion interaction. Using this procedure, mathe-
matical equations relating equilibrium metal concentration in solid
and liquid phase can be carried out under such experimental con-
ditions as concentration, time, and pH. The equilibrium values of
the supposed interaction or reactions are the adjustable parame-
ters of these models determined by linear or non-linear methods
[24,32,30]. In addition, the performance of dynamic sorption col-
umn systems requires simultaneous considerations of changes of
sorption equilibrium, sorbate solution chemistry, bioadsorption
mechanism, mass transfer, and fluid-flow rate. All these parame-
ters determine the overall sorption performance and the shape of
the column breakthrough curves [31-33]. This study discusses the

Table 1
Methods for chromium effluent decontamination
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development and application of an analytical method for modeling
Cr(III) adsorption by lechuguilla biomass in packed column systems
to determine characteristic parameters and the effect of dynamic
operation conditions in the adsorption process, both of which are
useful for process design. Also, the use of these parameters gener-
ated by the model can be developed to describe the mechanism of
Cr adsorption.

2. Materials and methods

Inactive tissues of lechuguilla plants were collected around the
city of El Paso, Texas, USA. The debris and soil of collected tissues
were removed by using abundant tap water. Only the leaves of
the plants were utilized in this study since they represent more
than 90% of lechuguilla plants. After washing, the leaves were oven
dried at 80°C for 72 h and ground to pass through a 0.150 mm sieve
using a Wiley mill. A stock solution of 4 mg dm—3 of Cr(III) was pre-
pared by dissolving a weighed quantity of Cr(NOs3); in deionized
water. The pH of the influent solution and biomass was adjusted
to pH 4 using diluted solutions of HCl and NaOH. This pH value
was found to be the optimal pH for Cr(Ill) biosorption in previ-
ous batch studies [17,18]. Column experiments were performed in
glass columns of 0.07dm of internal diameter. The biomass was
packed to a bulk density (mass of adsorbent in a specific volume)
of 6.52 (10°)mgdm3 to get bed lengths of 0.5, 1, and 1.5dm,
respectively. The bed porosity, ¢, was determined as the volume
of deionized water required to fill the porous of the dry bed (V)
in the respective bed volume (V}), & =Vy/V;, dm3dm=3. The col-
umn experiments were carried out at room temperature (22 °C)
and with control set to pH 4 during the experiments in triplicate.
The solution was fed to the top of the column by a Masterflex pump
(Cole-Parmer Model 7524) and the effluents were taken at intervals
of 6, 3, and 2 min with a fraction collector (Spectra/Chrom CF-1)
at the influent flow rates of 1, 2, and 3 (10~3)dm3 min~1, respec-
tively. The Cr content in effluent and influent was determined by
using an inductively coupled plasma optical emission spectropho-
tometer (ICP-OES) (PerkinElmer Optima 4300 DV). The ICP-OES
operation conditions were: emission line 283.563 nm; detection
limit 0.01 mgdm~3; radio frequency power 1450 W.

3. Model description

The breakthrough curves and mass transfer zone of a flow-
through fixed-bed biosorption column are of great importance. The
fixed-bed model based on the assumption of a constant break-
through pattern through the bed is quite reasonable. But there are
three different zones within the fixed-bed processes including the
saturated zone, mass transfer zone, and blank zone. The modeling
of the mass transfer zone behavior under variable conditions in a
flow-through fixed-bed sorption column enabled the prediction of
breakthrough curves [33]. The mass balance on the adsorbate in
the mass transfer zone of an adsorption column without chemical

Method Selectivity Flow rates Concentrations pH range Capital cost Waste material production Energy consumption per
m? of effluent (kWh)

Neutralization-precipitation Low High High Low High Very high 2.1-3.7

Ion exchange High Low Low Low Low Low 0.3

Activated charcoal adsorption Low Low Low Low Low Low 0.3

Separation by membrane Low Low Low High High Low 2.1-2.6

Electroseparation High High High Low Very high Low 2-10

Microbial metal sorption High Low Low Low Low Low 0.3

Biosorption High Low Low High Very low Low 0.3

Information obtained from [11,12,46].
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reaction is expressed as follows [31]:

3C __%% azc pads(l _8)@ (1)

o~ e oz a2 P at
where ¢ represents porosity; D is the axial dispersion coefficient
for the adsorbate; U, is the average approach velocity of the metal
aqueous solution, and p,4; is the density of the adsorbent particles.
In models such as the Adams-Bohart and Clark models, which
were originally developed for gas—-charcoal (gas and solid phases)
adsorption systems, the dispersion is considered negligible when
compared to advection and adsorption in the removal of the
adsorbate from aqueous solutions [34,35]. Thus, Eq. (1) is usually
simplified as follows:

ac __%@_ pads(l—s)% 2)

a & oz P ot

However, in the present study we used Eq. (1) as originally
defined, because the axial dispersion coefficient, D, makes the
model applicable in cases in which the transfer resistances are

were analyzed [38-43]. After the analyses, the van Genuchten
analytical solution [44] was selected to simulate the adsorption
process.

The equations, conditions, and variables used were the follow-
ing:Eq. (6) was solved using the following initial and boundary
conditions:

c(z,0)=Ci (9)
ac _JuG O0<t=<ty
(Daz ; uc> _ { G 0<te } (10)
z=0
ac
&(oo, t)=0 (11)

where C; and C; are constants. The modified van Genuchten ana-
lytical solution using Laplace transforms is [40]:

oz, t) = (Co — ¥/ m)A(z, t) + B(z, t) 0<t<top
T (Co— Y/ Az t) + Bz, t) — CoA(z, t — tg)  t>to

present in the liquid and solid phases [36,37]. (12)
where
ZR—ut (v-u)z ZR+ut (vtu)z 2 ZR+ut vt
A0 (v)erfc (mt) exp( D ) N (v)erfc (m) exp (—ZD ) . (v*)erfc (m) exp ( 5 R) a3)
T (v+u) (v—u) 21D
ZR—ut vt | zv v ZR+ut
e (2 (P LE) (o oo 51 (25) o (1
0=\ 2 2 p 4DRt 7DR
x exp (—%)+£+(a—£) exp(t ) (14)
and
The equilibrium distribution between the solid phase and the Ue v 4uD 1 (15)
fluid phase can be described by a linear isotherm of the form - V2

[18,31]

q = Kqyc (3)
Then

0 ac

aitl =Ko (4)

substituting Eq. (4) into Eq. (2), the following equation was
obtained:

Pads(1—¢) ) dc Up dc = _d%c
1+0ds8 Z ¥ ) = =222 4 D—
( + £ d) 3t e 0z + 0z2 (5)
From there the general advective-dispersive equation can be
written as follows:
ac ac 9%c
- _y— 4+D— 6
- Ytz (6)
where the retardation factor R, a dimensionless parameter char-
acterizing the retarding effect of adsorption on solute transport
[29,32], is defined by:

R= (1 n WIQ) )
and the pore velocity v is defined by:

Uo
U= 3 (8)

To find the most descriptive alternative with a minimum of
operation variables for a successful theoretical treatment of exper-
imental data and simulation of bioadsorption breakthrough curves,
several analytical solutions of the advection-dispersion equation,

where p is the first-order decay constant and y is zero-order liquid
phase source, which were considered close to zero because Cr(III)
is non-reactive at the operation conditions of the system.

The root-mean-square-error (RMSE) between the experimental
and predicted values is defined by:

RMSE = \/2((Ci )experiment;\\l] - (Ci)predicted )2 (16)

where N is the total number of data points.
To model the adsorption process, the van Genuchten analytical
solution required the following variables.

e Operating conditions: Cy, input metal ion concentration
(mgdm~3); t, time (min); Q, flow rate (dm~3 min~1!).

* Biosorbent physical properties: p,qs, density (mgdm=3);

e Column characteristics: internal diameter (dm), A, cross-
sectional area (dm?); ¢, porosity; z, bed length column (dm); v,
pore water velocity, v=Q/As (dmmin~1).

The analytical solution generates the following design and scale
up parameters:

D, axial dispersion coefficient (dm?2 min~1);
R, retardation factor;
Ky, distribution coefficient (dm3 mg—1);

The column studies were carried out on lechuguilla at various
flow rates and bed packed lengths. In addition, column parameters
for the model given by the van Genuchten’s analytical solution (Eqs.
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Table 2
Operational condition of the column experiments

Metal in influent Cr(III)

Input concentration, Co 4.0mgdm—3

Flow rates, Q 1,2,3(103)dm3 min!
Lechuguilla particles density, pags 8.7 (10°) mgdm—3
Column internal diameter 0.07dm

Bed porosity, & 0.25

Bed high column, z 0.5, 1, 1.5dm

pH 4

b o]

C/Co (Cr(I11) in efflucent

0 100 200 300 400
time (min)

Fig. 1. Lumped breakthrough curves of Cr(IlI) sorption by lechuguilla biomass with
the model. The model profiles are presented with different lines and the points
denote experimental values at bed lengths, 0.5 (=), 1(---), 1.5(---) dm; flow rate,
103 dm> min~!; pH 4 and C,, 4 mg/dm 3.

(12)-(16)) were estimated from the Cr(III) column biosorption data
by using a Mathematica 4.1 computer program (Wolfram Research,
Inc.). Table 2 shows the operational condition used in these column
experiments.

4. Results and discussion
4.1. Effect of bed high and flow rate

The simulation of the lumped breakthrough curves at 1, 2, and
3(1073)dm3 min~! flow rates are shown in Figs. 1-3, respectively.
As seen in these figures, the comparison of model estimated data
(lines) with experimental concentration profiles (points) of Cr(III)
proves that the model is an appropriate tool to assist with inter-
pretation of the experimental results and simulate the process.

5

25

C/Co (Cr(TII) in effluent)

0 100 200 300 400
time (min)

Fig. 2. Lumped breakthrough curves of Cr(Ill) sorption by lechuguilla biomass with
the model. The model profiles are presented with different lines and the points
denote experimental values at bed lengths, 0.5 (=), 1(---), 1.5(- —-) dm; flow rate, 2
(103)dm? min~'; pH 4 and C,, 4 mg/dm~3.

~
wn

tn

25t

C/Co (Cr(1II) in effluent)

0 50 100 150 200 250
time (min)

Fig. 3. Lumped breakthrough curves of Cr(Ill) sorption by lechuguilla biomass with
the model. The model profiles are presented with different lines and the points
denote experimental values at bed lengths, 0.5 (=), 1(- - -), 1.5(- = -) dm; flow rate, 3
(10~3)dm> min~'; pH 4 and C,, 4 mg/dm~3.

Figs. 1-3 show that for short times Cr(III) feed is taken up com-
pletely by the column. After a while chromium breakthrough occurs
and the effluent concentration increases with time. In the stud-
ies performed the pH did not change at the end of the column
throughout the experiment. It is normal practice in column opera-
tions to terminate the influent flow at the breakthrough time (t;,) at
which the contaminant reaches a specified concentration, G,. So as
observed in Figs. 1-3, the increase in the breakthrough point (t,),
time at 50% of breakthrough (C, equals to 0.5 of C/Cy), is directly
dependent of the bed high column and inversely dependent of
the flow rate. In other words, the ¢, at a constant flow rate of 1
(10-3)dm3 min~! (Fig. 1) for bed length of 0.5, 1, and 1.5 dm were
148, 193, and 242 min, respectively. On the other hand, Figs. 1-3
showed that t;, at a constant high bed of 1 dm for a flow rate of 1, 2,
and 3 (10-3)dm?3 min~! were 193, 149, 118 min, respectively.

4.2. Relationship between the adsorption capacity and residence
times

For the practical design of packed columns, the factors of oper-
ation, with respect to the adsorbent and to the fluid phase, must
be defined. In connection with the time of operation, these factors
are a suitable basis for the design of adsorbent systems [44,45,25].
Therefore, the bed adsorption capacities of lechuguilla for Cr(III)
were estimated from the simulated breakthrough curves (at 50% of
breakthrough point) and the meanresidence times, 7 (min), defined
by Eq. (17):

vV Az z
“eTa W (17)
where V is the column bed volume (dm3), A is the cross-sectional
area (dm?2), z is bed length column (dm), Q is the flow rate of the
influent (dm3 min—1), and U, is the average approach velocity of
the metal aqueous solution (dm min~1).

The column adsorption capacities of lechuguilla were esti-
mated from the adsorption areas generated by the model, A,q
(mg mindm~3), for each set of experiments. The adsorption capac-
ities were calculated using the following equation:

_ AndQ
Cad = = (18)
where Cagq is the bed adsorption capacity (mgg=1), Qis the flow rate
(dm3 min~1), and W (g) is the mass of adsorbent at the respective
bed length, z (dm). Fig. 4 shows an example of this process.
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1.5 dm
Adsorption Capacity

Residence Time

P ti?;fAz

V. 2 0
‘I. Q=1(10") dw’min™

200 300 400
time (min)

z=05dm

Cr(III) in effluent (mg dm-3)

0 100 L,

Fig.4. Process to estimate the adsorption capacities and residence times of columns
from the lumped breakthrough curves of Cr(Ill) sorption by lechuguilla biomass.
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Fig. 5. Residence times vs. bed adsorption capacities for lechuguilla at pH 4.

These two parameters were determined for the different oper-
ational conditions. Fig. 5 shows the relationship between bed
adsorption capacities and the residence times at pH 4, which is the
optimal for the adsorption of Cr(Ill) by lechuguilla [17,18]. At low
residence times, a low adsorption capacity occurred. While at high
residence times the adsorption capacity increased. As seen in Fig. 5,
at aresidence time of 1 min the adsorption capacity was 42 mgg~!.
However, at a residence time of 6 min the adsorption capacity was
95mgg-1.

Also as shown in Fig. 4, the bed adsorption capacity is propor-
tional to the metal solution residence time in the bed (R? =0.9782),
which indicates that the calculated relationship can be used to the
desired level by designing a packed column of appropriate cross-
sectional area and height.

In addition, the results showed that the highest adsorption
capacity for lechuguilla packed columns was 95mgg-!, similar
value reported for chitosan, 92 mgg~! [46]. But it was higher than
the values reported with other biomass packed column systems
such as sphagnum peat moss, 29 mgg~!, or peat, 76 mgg~! [46].

4.3. Model parameters

Table 3 shows the design parameters generated from the model;
these results showed that an increase in flow rate (from 1 to 3

Table 3
Model parameters corresponding to experimental conditions

Q(103dm3*min~!) D(dm2min~? Retardation Ky (10-5dm3®mg-') RMSE
1 0.021 200 7.27 0.122
2 0.022 154 5.47 0.232
2} 0.032 118 4.00 0.285

(1073)dm3 min—1) decreases the retardation factor (from 200 to
118) without a significant change of the axial dispersion coefficient
(from 0.021 to 0.032dm?2 min—1). Similar patterns were reported
for the adsorption of a cationic surfactant using agricultural soil
columns [47], transport of Copper and Cadmium in lateritic silty-
clay soil columns [29], Nitrate adsorption in Fe®-packed columns
[48], and Cr(VI) adsorption onto lechulliga biomass columns [23].
The results of the present study suggest that Cr(IIl) adsoption in
lechuguilla packed columns is instantaneous and that axial disper-
sion is not negligible and the initial slope of the breakthrough curve
may be due to the retarding effect of adsorption on solute transport
[32,33,49].

The different K4 values obtained (Table 3), depending on the
operating conditions in adsorption column process, showed similar
behavior of these results as reported in other works that indi-
cate that in a dynamics system, like an adsorption packet column,
the solute transport and adsorption depend on the fluidodynamic
conditions [30,47,49]. Also previous equilibrium, kinetic and ther-
modynamic studies of Cr(Ill) adsorption from aqueous solutions by
A. lechuguilla biomass demonstrated that at pH 4 the binding pat-
tern for Cr(IIl) followed a linear and Langmuir isotherm and that its
adsorption was not time-dependent (instantaneous) without any
intraparticle resistance [17,18].

The integral analysis of these results suggest that Cr(III) adsorp-
tion takes place in the external surface of the lechuguilla biomass.
This further supports the results of our previous studies that sug-
gest that the binding of Cr(Ill) may be caused by interactions with
functional groups such as carboxyl groups located on the surface
of the cell tissue of the bioadsorbent [14,17,18,50,51]. In addition,
the RMSE <0.3 values indicated that the AD model and its analyt-
ical solution provided a close approximation of the simulation of
the adsorption of Cr(IIl) by lechuguilla. Therefore, the model can be
used for design purposes to predict the effect of varying operation
conditions.

5. Conclusions

This study shows that A. lechuguilla can be used effectively
for continuous bioadsorption of Cr(Ill) from aqueous solution. In
addition, the experimental data and calculated design parameters
suggest that Cr(Ill) adsorption takes place in the external sur-
face of the lechuguilla biomass. Moreover, the model development
can be efficiently used to represent the adsorption of Cr(IIlI) from
aqueous solutions using A. lechuguilla biomass in packed column
systems; therefore, this development can potentially be applied to
whichever reactive solutes using different biomasses. The analyti-
cal solution of the proposed model can also be applied to simulate
the whole breakthrough curves in order to determine the scale up
parameters of packed columns using all variables that constitute
the advective and dispersive transport of removal of metals from
aqueous solution onto biomass.
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