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Simulation of breakthrough curves of selenium absorbed in two biomass filters
using a dispersion and sorption model. Use for a hypothetical case
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A fixed bed study was carried out using the non-living bioma&selshornia crassipeandLemna minoras a biosorbent for the removal of
selenium from an aqueous solution. A 3D model, capable to represent the real system, was configured NsivigrtistokesBrinkman

and mass transport equations. Experimental and numerical results were compared to validate the model. Correlation facte8.96 to R

were obtained in the validation model. Using the model, different systems were simulated obtaining relations between feed concentration
and sorption capacity which increases when the inlet selenium concentration increases. A serial system of columns was configured with a
flow rate of 2500 L/day and an inlet selenium concentration of 100 ppm capable of keeping an outlet concentration below 10 ppb during 27
days.

Keywords: Selenium; sorption capacity; inactive biomasses; breakthrough curves; modeling; simulation.

Un estudio de lecho fijo fue realizado utilizando biomasas no vivd&deornia crassipeg Lemna minoicomo biosorbentes para remover
selenio de soluciones acuosas. Un modelo 3D capaz de representar el sistema real fue configurado utilizando las eciémi@res de
StokesBrinkmany de transporte de masa. Resultados experimentales gnuas fueron comparados para validar el modelo. Factores de
correlacon superiores a 0.95 fueron obtenidos en la validanidel modelo. Utilizando el modelo, diferentes sistemas fueron simulados
obteniendo relaciones entre la concentiadnicial y la capacidad de sofni, los cuales aumentan cuando la concertiradie selenio
alimentada aumenta. Un sistema serial de columnas fue configurado con un flujo de 2806dn/dina concentrami inicial de selenio de

100 ppm, y capaz de mantener una concertirede salida debajo de 10 ppb durante &&d

Descriptores: Selenio; capacidad de saboi; biomasa no activa; curvas de rompimiento; modelado; sintudaci

PACS: 91.62.Ty; 68.43.-h; 02.60.-x; 47.11.Fg

1. Introduction Dispersion plays a critical role in numerous processes
and practical applications, including contaminant transport
For many years, selenium has been a largely unrecognized groundwater, filtration, etc. Hydrodynamic dispersion in
pollutant, particularly in emerging nations, and has beer& porous medium occurs as a consequence of two different
overshadowed by issues involving contaminants such as irprocesses: i) molecular diffusion, which is originated from
dustrial chemicals, heavy metals, pesticides, and air polluthe random molecular motion of solute molecules, and ii)
tants just to name a few [1]. mechanical dispersion, which is caused by non-uniform ve-

Selenium is a natural trace element found in bedrock, butocities and the flow path distribution. Both processes cannot
it is also introduced into the environment by anthropogenid®€ separated in a flow regime [7,8]. To predict the break-
activities, such as mining and combustion of fossil fuels. Onéhrough curves for sorption in fixed bed columns, most of
of the primary human activities responsible for mobilizing them are models in 1D [9-13]. In this work a 3D model for
selenium in the environment is the procurement, processinghe biosorption of selenium Wyichhornia crassipegEc) and
and combustion of coal for electricity production [2-4]. Lemna minoLm) inactive biomasses were simulated using

An elevated exposure to this element can produce bad ep_xpgrimental resglts. The model was configureq using_the
fects on human health such as dermatitis, bronchitis, pned\_lawer Stokes, Brinkmaand mass transport equations. With

monia, fever, vomit, central nervous system and digestivéhr']s_ ?Odel it is possible to 'obtaln results 'for a 3D system
system disorders, among others [5]. which can be presented by images and animations by means

Its toxicity led the World Health Organization (WHO) of numerical simulation.

and the EU to recommend a maximum selenium concentra- Therefore, the aim of this work is to evaluate the simula-
tion in drinking water of 10 ppb, while the EPA sets a limit of tion as a tool that can represent the selenium sorption in Ec
50 ppb [6]. In Mexico, up to now, there is no regulation for and Lm biomass comparing the experimental and simulated
selenium in drinking water. breakthrough curves.
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The simplest form that represents the sorption phearea of 0.6395 Aig with an active site density of 0.00832
nomenon for a contaminant transport model, assumes thattes/nni.
the time scale associated with the diffusion is smaller than
timescales associated to macroscopic fluid transport pr2.1.2. Chemical composition of the biomasses
cesses. This assumes that the equilibrium prevails locally, so
the change of the sorption concentration at each point reflecfBhe Ec biomass is composed of: Carbon 49.22%, Oxygen
instantaneously by changing the solution concentration and9.67%, Potassium 3.21%, Calcium 3.12%, Chlorine 2.49%,
the relationship between sorption concentration and solutio®odium 0.73%, Sulfur 0.45%, Aluminum 0.42%, Phospho-
concentration was calculated with a lineal isotherm due to theous 0.40%, Magnesium 0.29%, Silicon 0.14%.
correlation between the experimental data and the model. The Lm biomass is composed of: Carbon 47.53%, Oxy-
The breakthrough curves are used to illustrate the maigen 40.49%, Calcium 3.45%, Iron 2.58%, Silicon 2.37%,
features of the biosorption column dynamic function. TheseAluminum 1.61%, Manganese 1.14%, Phosphorous 1.02%,
curves can be calculated using different equations [14]. Thi§otassium 0.99%, Sulfur 0.23%, Sodium 0.12%.
work presents a 3D model that is able to calculate the se-
lenium transport as a function of time and obtain the break2.1.3. Selenium sorption and determination

through curves using the fluid dynamic equations, and a lineal ) _ _
isotherm. The sorption of selenium by the biomass packed columns was

performed by passing 300 mL of 0.02 ppm selenium solution
using a peristaltic pump at a flow rate of 2 mL/min. At the
outflow, 30 fractions of 10 mL were taken. Subsamples of
these fractions were diluted with 6M HCL and treated in a
microwave oven, to reduce Se (VI) to Se (V) according to
the methodology proposed by Brunori [15], for selenium de-
termination. Finally, total selenium was determined with a
Hydride Generator coupled with Atomic Absorption Spec-
The aquatic weeds (Ec and Lm) were collected from two dif-trometry.

ferent sampling sites. The Ec from the Lerma River at the
sampling point named Mexico-Toluca highway and the Lm2.2.
from the pond of Ixtlahuaca. Both sites are located in the Es-
tado de Mexico, Mexico where its presence is abundant. TheConsidering that more than a few factors, such as, inlet con-
plants were kept in ice up to the laboratory, and then weré&entration, temperature, adsorbent dose, etc. significantly af-

washed with tap water and with a 0.01 M HCI solution to fect the biosorption capabilities [16], the model was used to
remove impurities. simulate the validated system with variations of the factors

After washing, they were exposed to solar light to removeSnowed in Table 1.
excess humidity before drying for 24 h at°®in a stove.
When dry, they were milled and meshed to obtain homoge=
neous particles of size 2 mm. TABLE Il Factors

2. Methodology
2.1. Experimental
2.1.1. Sampling and biomass preparation

Modeling and validation

With this biomass, glass columns of different dimensions

Nomenclature

were packed manually, maintaining the mass amountinevery o liquid phase density (kg/f)
column according to Table I. k porous media permeability (m/s)
The biomasses used in this work were characterized by velocity field in free flows (m/s)
Marin [20], the main physical and chemical characterizations . 4, porosity
are as follows: p pressure (Pa)
Thg biomasses are color brow_n and have a porous struc- time (min)
ture with free spaces. The_ Ec b|omqss hqs a spe_C|f|c sur- liquid phase viscosity (Pa*s)
face area of 1.3521 #g with an active site density of pol a .p L ;
0.00904 sites/nf The Lm biomass has a specific surface o velocity f'EId_'n p.orous.medla (m/s)
Dy, hydrodynamic dispersion tensor
TABLE |. Characteristics of columns and packing. e solute con(.:entratlon " l.IqUId pha.se (Kgfn
q, Cpi solute retained amount in the solid phase (mg/g)
Column Length DiameterEichhornia Lemna Bed height Pb average density of porous media(Kg/m
(cm) (cm) (@) ) (cm) C.in inlet concentration (Kg/rh)
22 2.0 71 6.9 19 kp constant of lineal isotherm
15 15 1.7 15 11 n unitary vector normal to boundary
10 1.0 0.7 0.5 8 U velocity by Egs. 1 and 3
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2.2.1. Equations

] ] TABLE Ill. Parameters used in Egs. (1) to (§R0]
In the last century, théavier Stokesquations were fre-

qguently applied; they have been used by physicians and engi-
neers in different fields of hydraulic, meteorology and aero- P Density of agueous solution 1000 Kgim
nautic, and their validity has been well established. These are p,  Density ofEichhornia crassipes 570 Kg/ni

Parameters Value

basic equations of physics [17] and can represent the flow in oy Density ofLemna minot 109 Kg/n?
the columns [18], therefore we use them to calculate the free . Porosity 15 %
flow in unpacked zones. N
The Navier Stokeg1) and continuity (2) equations are X Permeability 1.4e-3mis
written in the form: Kp  Constant of lineal isotherm 0.017445 g
v , al  Longitudinal dispersivity 0.5m
rn + (v + V)v==Vp+ uV=v + pg 1) a2 Transversal dispersivity 0.005 m
ap a3 Transversal dispersivity 0.005m
ot (V- pv) ) w  Viscosity of aqueous solution 0.001 Pa*s
C.in Inlet concentration 2e-5 Kg/fn

TheBrinkmanequation describes the velocity of the fluid
moving through a porous media using the kinetic potential of
the fluid velocity. This equation extends tBarcy’s law to
describe kinetic energy dissipation by velocity as Navier
Stokesequation [18] and it was used to calculate the velocity 4 The sorption capacity at the initial time is equal for all
field in the porous system. the biomasses.

The Brinkman(3) and the modified continuity (4) equa-
tions were used to calculate the velocity field, and are given In Table Il we show the parameters that characterize the

3. The fluid velocity through the biomass packed columns
was considered constant through time.

by the equations. biomasses and fluids and were used to solve the model.
The Egs. (2) and (3) were solved with the following initial
—Vp — ﬁvo + uV305 + pg =0 (3) and boundary conditions: Every limit except the upper and
k lower limits are homogeneouBirichlet condition /' = 0).
E@ = (V- pvo) (4) The upper limit is:Dirichlet conditionU_ = —Ugyn. For the
ot lower limit we used a pressure conditiop: = pg, where

In a dynamic system, the transport velocity controls the?0 — 0. ) L
effective sorption velocity in the inner surfaces, more than  11€ EQ. (5) was solved with the following initial and
the sorption reactions [19]. boundary conditions: . g

The general equation of mass transport calculates the 1N UPPerand lower limits af@irichlet conditions:
mass transporF through the med!a; neverthgless, it is nec- n(—0,DVe +uc) = U * Cyy,
essary to obtain a second equation that estimates the rela-
tionship between the solution concentration and the sorbednd

amount. —n(—0sDrV.+uc) =U *c,
Selenium transport and its sorption through the biomasse tivel
Iculated by solving the transport Eq. (5) and a IinealiseSpec vew. : ;
are ca : The other limits are considered as a wall with the homo-

isotherm (6), respectively: geneoudirichlet condition:

5% + pb%% +V-[—eDVe4+uvd =0 (5) —n(=0,D. V¢ + uc) = 0.
cp = Kpc (6)  The solution of the model was obtained with the COMSOL
Multiphysics software, version 3.5a. This software uses the
2292 Solution finite element method to solve the partial differential equa-

tions. The final mesh elements are constituted by 161,764

To solve the model, the following considerations and paramelements.

eters were used:
2.2.3. Validation

1. The biomass was considered as a porous macroscopic _ _ _
media. In order to validate the established model, numerical and ex-

perimental results were compared to obtain a correlation and
2. The selenium solution was considered as an incomto analyze if the model can represent a real system. Every
pressible fluid. case in Table | was compared.
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, Max: 2.00e-5

TABLE IV. Dimensions of simulated columns -5

510
Column Diameter (cm) Length (cm)

A 16 50 %g
B 16 70 1.4
c 16 150 1.2
D 12 150 (15.8
E 10 150 0.6
0.4
\ 0.2
2.3. Simulation Mir(i)' 0

a) Different feed inlet selenium concentrations. ) . . .
. . . FIGURE 1. Dispersion of selenium through the column 1 in Table
Using the same geometry and dimensions of the Iabora]-for 15, 50, 80, and 160 minutes respectively:

tory’s system, were simulated five cases with different inlet
concentrations (0.025, 0.05, 0.1, 0.15, 0.2 ppm), keeping the
same flow and initial conditions. Thereafter, the sorption ca-

pacity was calculated using the numerical results. Ma1)80100
b) Columns with different dimensions.

Using the same geometry but different dimensions, 90
columns with the dimensions in Table IV were simulated with 80

an inlet volume of 250 L/day, keeping similar boundary and 70
initial conditions. Subsequently, the sorption percent was cal- 60
culated using the numerical results. 50
c¢) A hypothetical case 40
While most available biomasses have the capability to se- 30
guester heavy metals from solutions, not all of them fit as al- 20
ternative adsorbents in real wastewater treatment plants. Sev 10
eral vital characteristics are available and need to be listed
to render the materials valuable enough as an industrial sor- Min: 0
bent [16]: Such characteristics are: '

FIGURE 2. Sorption percent of selenium through the column 1 in

1. High adsorption capacity Table | for 15, 50, 80, and 160 minutes respectively.

2. Available in large quantities at one location ) ) . )
In Fig. 1 we show the dispersion of selenium through the

3. Low economic value and less useful in alternativecolumn at different times. The selenium concentration in the
products solution changes through the column and its value increases
) o with time. For the final time (160 min), the selenium con-
4. Attached metals can be easily recovered while biosorgeniration in the solution through the column and the inlet
bent is reusable concentration are equal. This represents that the selenium

Based on the above and the results of the simulation oIoncentration i_n the_ solution doesn’t change by sorption ef-

columns with different dimensions, a hypothetical case wa ects after the final time.

simulated using the column with the best sorption percentage. In Fig. 2 we show the selenium sorption percentage in the
This case consists of a serial system of four columns typ®&iomass at different times. It can be also observed how the

Cin Table IV; it was fed with 250 L/day and an inlet selenium Selenium sorption occurs only in the biomass. In Fig. 2, the

concentration of 100 mgl/L, its objective is to keep a discharg&hange occurs only in the packed zone, showing the selenium

concentration below to the allowable limits proposed by thesorption values as percentages in relation to the maximum se-

WHO (C< 10 ppb) [21]. lenium sorption capacity.
When the sorption percent is 100, the column is saturated.
3. Results and discussion At t_h|s _tlme, the column is saturated and th_e inlet concen-
tration is the same to the outlet concentration because the
3.1. Dispersion and sorption biomass does not sorb anymore. From these results, the outlet

concentration was taken and compared with the experimental
The results of the simulation are presented in Fig. 1 and 2. results.
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3.2. Validation

In Figs. 3 and 4 we present the breakthrough curves obtained
using the numerical results and the experimental data for the
biomass packed columns 1, 2 and 3 of the Table I.

The correlation factor (R between the experimental
data and the numerical results in Fig. 3 are 0.9041, 0.8581,
and 0.9129 for column 1, 2 and 3, respectively. The corre-
lation factor (R) between the experimental data and the nu-
merical results in Fig. 4 are 0.9770, 0.9508 and 0.9825 for
column 1, 2 and 3, respectively.

Hasan [22] reported correlations éf> = 0.936 and
R? = 0.968 using the Thomas and Yoon-Nelson model re-
spectively by selenium sorption in agro-industrial waste.

Akzu [14] reported correlations to biosorption of phe-
nol by immobilized activated sludge in a continuous packed
bed using several models, obtainind?d = 0.989 with the
Thomas modelR? = 0.987 with the Yoon Nelson model.

According to the good correlations, the model can be
used to predict the breakthrough curves of selenium sorption
systems with different dimensions and porous media.

3.3. Concentration

When the model was validated with the experimental results,
it was then used to obtain the relationship between sorp-
tion capacity and inlet concentration, using the breakthrough
curves made from the numerical results of the system and that
presented the best correlation factor.

The absorption capacity was calculated with the follow-
ing equations which were used by Akzu [14] and Hasan [22]:

t=total

o = QA = Q / Cout @

t=0
Cad = Co -C (8)

The relationship between sorption capacity and inlet con-
centration is shown in Fig. 5.

The results in Fig. 5 show that the effect of the inlet con-
centration on the sorption capacity is positive and directly
proportional. In other words, if the inlet concentration in-
creases, the sorption capacity also increases.

Hasan [22] obtained similar selenium sorption results for
the agro-industrial waste ‘wheat bran’ where a lower inlet
concentration gave a lower sorption capacity. Hul [23] found
that the sorption capacity is dependent of the inlet concentra-
tion.

3.4. Simulations of columns with different dimensions

Columns in Table IV were simulated and with their break-
through curves the holding percentin each one was calculated
with the Eq. (7), (8), (9), and (10).
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are presented in Fig. 6.
As expected, the percent of selenium removal increases

with an increment in the bed height, but the results are differicure 8. Outlet concentration of the system in the hypothetical
ent when the diameter changes. case.
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For columns packed withemna mmor, the removal per- namic conditions for biomass packed columns. A 3D model
cent increases with an increment in the diameter, but fowas configured to represent the system of the biomass packed
columns packed witteicchornia crassipesghe highest re- column and we obtained breakthrough curves from the simu-
moval percent value is in the column with a diameter oflations.

12 cm. This is because of the existence of an Optlmal column The results showed that the model can represent the sorp-
diameter value between 16 and 10 cm to remove seleniunion system with correlations up 8?2 = 0.98.

assomated_ to the intrinsic characteristics of the matgnal. Th|§ The increase in initial selenium concentration resulted in
can be attrlbuted tq the.fact th_at when there was an increase her uptakes. The increase in the sorption capacity as a
bed height, the aX|aI.d|sperS|on decreaged .the mass ransigf ction of the inlet concentration can be representing by
and as aresult, the diffusion of the selenium ions into the sorp, ~ _ 0.88C; andC, = 101.77C; + 0.0113 for a Se-Ec
bent mcr_eased. Th_us_, the solute had enough time to be sorb ﬁd a Se-Lm system, respectively.

by the biomass. Similar results were reported by Hasan [22 . . .

where was also observed that the sorption capacity as well as Accprdmg to the re_sults, the selenium §orpthn depends
removal percentage efficiency of wheat bran for both Se(IV)On the inlet concentration and the column dimensions.

and Se(VI) increased with the increase in bed height. A serial system of four biomass packed columns was con-

The D packed column oEicchornia crassipesn Ta- figured and from the simulations it was possible to calculate
ble IV presents the best removal percent of selenium, therdhe outlet concentration and to compare with the limits rec-
fore, this was considered for the simulation of the hypotheti-ommended by the WHO [21].

cal case. A serial system of four columns packed wHichhornia
crassipesand 16 cm radio and 150 cm length is capable of
3.5. Hypothetical case keeping an outlet concentration below 10 ppb during 27 days

. . ) . with a selenium inlet concentration of 100 ppm.
In Fig. 8 is shown the outlet concentration as a function of

time, resulting from the simulation of the proposed case. In

the figure we mark the drinking water limit for selenium, as

proposed by the WHO [21]. The results indicate that with thisACknowledgements

configuration the system can achieve an outlet concentration

below the limit of about 27 days. This work has been partially supported by ABACUS, CONA-
CyT grant EDOMEX-2011-C01-165873.

4. Conclusions

The biosorption of selenium from an aqueous solution on
non-living biomasses of Ec and Lm was investigated at dy-
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