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Abstract Carbonaceous material obtained from indus-
trial sewage sludge and Na-zeolitic tuff were used to
adsorb cadmium from aqueous solutions in column
systems. The Bohart, Thomas, Yoon—Nelson, and mass
transfer models were successfully used to fit the adsorp-
tion data at different depths, and the constant rates were
evaluated. The parameters such as breakthrough and
saturation times, bed volumes, kinetic constants, adsorp-
tion capacities, and adsorbent usage rates (AUR) were
determined. The results show that the breakthrough time
increases proportionally with increasing bed height. The
adsorption capacity for cadmium for Na-zeolitic tuff
was higher than carbonaceous material. The results
indicated that the Na-zeolitic tuff is a good adsorbent
for cadmium removal.
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1 Introduction

Environmental pollution by heavy metals is a serious and
complex problem that it is a focus of attention world-
wide. Metals such as lead, cadmium, copper, nickel,
chromium, zinc, and mercury have been recognized as
hazardous heavy metals. Unlike organic wastes, heavy
metals are nonbiodegradable and they react with the
body’s biomolecules to form extremely stable biotoxic
compounds which are difficult to dissociate causing
various diseases and disorders (Hashim et al. 2011;
Ahmaruzzaman et al. 2011).

Cadmium is one of the few elements that seems to
have no function in human or animal life. Cadmium
exposure can provoke cancer, kidney damage, mucous
membrane destruction, vomiting, diarrhea, bone dam-
age, and itai-itai disease, as well as affects the produc-
tion of progesterone and testosterone and leads to lung
disease (Lesmana et al. 2009; Wang and Lin 2010; Fu
and Wang 2011).

The Word Health Organization (World Health
Organization 2008) has announced a maximum cadmi-
um uptake of 0.003 mg/L in drinking water; its toxicity
is known in all its forms (metal, vapor, salts, and inor-
ganic and organic compounds).

There are many treatment processes to remove metal
ions from aqueous solution, such as chemical precipita-
tion, filtration, evaporation, ion exchange, electrochemi-
cal treatment, membrane technologies, adsorption on
activated carbon, etc. Chemical precipitation and electro-
chemical treatment are ineffective, especially when metal
ion concentration in aqueous solution is from 1 to
100 mg/L and also produce large quantities of sludges.
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Ion exchange, membrane technologies, and activated
carbon adsorption process are extremely expensive
when treating a large amount of water and wastewater
containing heavy metals in low concentrations; they
cannot be used at large scale (Ahmaruzzaman 2011;
Bulut and Tez 2007). Table 1 summarizes the advan-
tages and disadvantages of those conventional metal
removal technologies.

Adsorption has acquired global importance to mini-
mize the contamination problem of water and air, and
this process has become a significant addition to green
chemistry endeavors (Bhattacharyya and Gupta 2008;
Lesmana et al. 2009). Adsorption has additional
advantages; for example, it may be applicable to
solutions of low concentrations, suitable for using
batch and continuous processes, ease of operation,
little sludge generation, and possible regeneration
and reuse. However, the high price of adsorbents
(usually activated carbon) is regarded as the major obsta-
cle for industrial applications (Lesmana et al. 2009).

Natural materials, wastes/by-products of industries,
or synthetically prepared materials that require some
minor treatment can be used as alternative adsorbents
(Fu and Wang 2011). Some low-cost adsorbents for the
removal of heavy metals include: zeolites (Gutiérrez-
Segura et al. 2012; Cortés-Martinez et al. 2009), carbo-
naceous material from sewage sludge (Gutiérrez-Segura
et al. 2009), polymer modified Fe;O4 nanoparticles

(Badruddoza et al. 2013), dead plant biomass (Saraswat
and Rai 2010), mesoporous silica, and activated carbon
(Machida et al. 2012).

Sewage sludge formed during sewage treatment
constitutes a serious economic problem. The com-
mon disposal processes for sewage sludges include
land filling, agricultural application, and incineration
(Fonts et al. 2012). Although there are several sewage
sludge disposal methods, it is better to make use of these
waste materials by turning them into a resource. The
pyrolysis of sewage sludge is an alternative to conven-
tional combustion process; it consists in the thermal
decomposition of organic substances under oxygen-
deficient circumstances, where the volume of the solid
is drastically reduced to obtain a carbonaceous material
and the heavy metals present in the carbonaceous matrix
are relatively resistant to natural lixiviation (Pokorna
etal. 2009). The means of production, the characteristics
and potential application of sewage sludge-based adsor-
bents obtained by pyrolysis, and other methods of car-
bonization have been reviewed in detail by Fytili and
Zabaniotou (2008) and Smith et al. (2009).

Removal of cadmium using carbonaceous material
from pyrolyzed sewage sludge (Gutiérrez-Segura et al.
2012) and natural zeolites has been evaluated (Hamidpour
etal. 2010; Jamil et al. 2010; Teutli-Sequeira et al. 2009; Ji
et al. 2012) in adsorption equilibrium; however, these
processes have not been reported in continuous systems.

Table 1 Current treatment technologies for heavy metal removal involving physical and/or chemical processes (Ahmaruzzaman 2011)

Physical and/or chemical
methods

Advantages

Disadvantages

Ion exchange Efficient removal

Membrane filtration Efficient removal

technologies

Adsorbents require regeneration or disposal

Concentrated sludge production and expensive
treatment

Adsorption by activated carbon  Flexibility and simplicity of design, ease operation, High price of adsorbents and requires regeneration

and insensitivity to toxic pollutants

Coagulation/flocculation Economically feasible

Electrochemical treatment

Ozonation Applied in gaseous state: alteration of volume
Photochemical No sludge production
Irradiation Effective at lab scale

Electrokinetic coagulation Economically feasible

Fenton’s reagents

Effective and capable of treating a variety of

High sludge production and formation of large
particles

Rapid process and effective for certain metal ions High energy costs and formation of by-products

Short half-life

Formation of by-products
Required a lot of dissolved O,
High sludge production

Sludge generation

wastes and no energy input necessary to

active hydrogen peroxide
Biological treatment

Feasible in removing some metals

Technology yet to be established and commercialized
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Equilibrium adsorption is useful to determine the
adsorption mechanisms, the adsorption kinetic behaviors,
and the adsorption capacities. However, industrial adsorp-
tion processes are usually performed in fixed-bed column
systems which do not reach the sorption equilibrium
(Cooney 1998).

The purpose of the present work was to compare and
determine the adsorption behavior of cadmium using a
Na-zeolitic rock and a carbonaceous material in contin-
uous systems and to determine the basic parameters that
could be useful to design a column system for cadmium
wastewater treatment.

2 Materials and Methods

The clinoptilolite-rich tuff from Villa de Reyes, San Luis
Potosi, Mexico, was milled and sieved. The grain size
used was between 0.8 and 1.0 mm. The zeolitic material
was treated with a solution of sodium chloride and
refluxed (50 g of material with 250 mL of a 0.125-M
NaCl solution); this procedure was repeated four times.
The zeolitic material was washed with distilled water
until no presence of chloride ions was indicated in the
washing solution using a AgNOj test; then, the sodium-
treated zeolitic tuff (Na-Z) was dried at 60 °C for 2 h.

The carbonaceous material was obtained from indus-
trial sewage sludge. The sludge feedstock and the py-
rolysis procedure have been described elsewhere (Torres
Pérez et al. 2008). The pyrolysis of the sludge was
performed at 500 °C for 60 min. Later, the samples were
milled and sieved, and grains with diameters between
0.42 and 0.84 mm were selected. The carbonaceous
material was then treated with 10 % hydrochloric
acid solution at 20 °C for 8 h. It was washed five
times with distilled water and dried at 100 °C for 2 h.
A full characterization of these materials has been
reported elsewhere (Gutiérrez-Segura et al. 2012).
Stock cadmium solutions (100 and 300 mg/L) were
prepared with deionized water using Cd(NOj3),-4H,0
(analytical grade).

2.1 Fixed-Bed Experiments

The adsorption process was conducted in 4, §, and 16-cm
bed high in glass columns of 1.0 cm internal diameter.
The weights of adsorbents were 2.1, 4.9, and 10.0 g of
Na-zeolitic tuff and 1.6, 3.4, and 6.8 g of carbonaceous
material; the fixed-bed volumes for both adsorbents were

3.14, 6.28, and 12.56 cm’. Glass wool was put in the
bottom of the column to support the adsorbent.

The columns were fed with solutions of 60 mg/L of
cadmium at a constant volumetric flow rate of 5 mL/min
and pH of 6.0 in downflow mode. This volumetric flow
rate was calculated according to Tchobanoglous et al.
(2003). Liquid samples were withdrawn at different time
intervals until the effluent concentration was equal to the
influent concentration. Cadmium concentrations were
determined in the liquid phases at A=228.8 nm by
atomic absorption spectroscopy (GBC-932 plus). The
breakthrough curves were obtained by plotting C./Cy
(effluent concentration/influent concentration) of cad-
mium vs. time. The breakthrough time (#,) chosen in
this study was the time where cadmium concentration in
the effluent reached 1 mg/L; the bed exhaustion or
saturation time (#;) was chosen to be the time where
cadmium concentration in the effluent reached 99 % of
the initial cadmium concentration.

2.2 Mathematical Models

Experimental evaluation of the performance of a
fixed-bed column is generally possible at laboratory
scale. The data collected during laboratory studies
can be utilized to predict and evaluate the perfor-
mance of higher size columns by applying suitable
mathematical models developed for such purposes
(Hasan et al. 2010). The experimental data were fitted
to the mathematical models by using the program Origin
Pro 8.0.

The removal of cadmium from aqueous solution
onto Na-zeolitic tuff and carbonaceous material in a
fixed bed was expressed in terms of C/Cy (Where C,
and C, are the influent and effluent cadmium concen-
tration, respectively) as a function of either volume of
effluent or time. The treated effluent volume, Vi, is
calculated using Eq. 1:

Vs:Qts (1)

where Q is the volumetric flow rate (L/min) and # is
the time at saturation (min). The total amount of
cadmium in the column, myy,, is computed by using
Eq. 2:

Miotal = COQts (2)

The uptake capacity at breakthrough point (¢;,) or the
amount of cadmium adsorbed per unit dry weight of
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adsorbent at breakthrough (mg/g) is given by the Eq. 3
(Tchobanoglous et al. 2003):
Vi

e [ G000 o
0

where M is the mass of adsorbent (g) and V, is the
volume of solution passed until breakthrough point
(mL). Similarly, the uptake capacity of adsorbent at
saturation time (g, in mg/g) is calculated from Eq. 4:

VS

o [ComCl @
0

where V is the volume of cadmium solution to reach
saturation (L).

The percentage of cadmium removed by the column
is the ratio of the total cadmium retained by the column
divided by the total amount of cadmium input to the
column, which is given by Eq. 5:

Metal removal (%) = —

Miotal 100 (5)
where m, is the total metal retained by the column (g),
which is the area found above the breakthrough curve
and is obtained by numerical integration.

The steepness (dc/dt) of breakthrough curve is a
measure of the efficiency of column to reach the satu-
ration and is obtained from #, (time at breakthrough
point) to ¢, (min).

The mass transfer zone (Z,,) represents the length of
bed over which the concentration in the fluid phase
changes from an upper value C; (breakthrough time)
to a lower value C, (saturation time); the length of this
zone is an index of the rate of mass transfer (Cooney
1998), and it is computed using Eq. 6:

Zm :Z(l—;—':) (6)

where Z,,, is the length of the mass transfer zone (cm), Z
is the bed depth (cm), #, is the time at breakthrough
(min), and ¢, is the time at saturation (min) (Futalan et al.
2011; Singh et al. 2012).

Another useful parameter suggested to evaluate the
performance of adsorbent materials as a function of
the working conditions, and the amount and nature of
the pollutant is the adsorbent usage rate; this is a
parameter of practical significance and is equal to the

@ Springer

adsorbent weight in the column (g) divided by the
amount of liquid eluted in the column up to the
breakthrough region (L) and is expressed as follows
(Cooney 1998; Pastrana-Martinez et al. 2010):

Adsorbent inside the column
Adsorbent te(AUR) =
sorbentusage rate( ) Volume treated at breakthrough

(7)

2.3 Bohart-Adams Model

The expression of the model is the following (Gutiérrez-
Segura et al. 2012):

g—: = exp <kBAC0t — kgaNo %) (8)
where kg is the kinetic constant (L/mg min), U is the
linear flow rate (cm/min), Z is the bed depth of column
(cm), and N, is adsorption capacity (mg/L). The kg, and
N, values that describe the characteristic operational
parameters of the column can be calculated using non-
linear regression analysis.

Huchins (Cortés-Martinez et al. 2009) presented a
modification of Bohart-Adams equation which is called
“bed depth service time” (BDST) approach and is
expressed as:

NoZ 1 Co

= CoU  kpaCo . (C_b - 1> ©)

where ¢ is the service time at breakthrough, U
is the linear flow rate (cm/min), Z is the bed depth
(cm), kg is the Bohart-Adams constant (L/mg min),
N, is the adsorption capacity of the adsorbent (mg/L),
Cy is influent concentration (mg/L), and C, is con-
centration at breakthrough (mg/L), respectively.
Equation (10) has the form of a straight line:

ty =mZ+b (10)

2.4 Thomas Model

The equation of the model is as follows:

C 1
Co 1 + exp<KThqom/Q - KThcot)

(11)

where, K1y, is the Thomas rate constant (L/min mg), ¢, is
the sorption capacity of adsorbent (mg/g), QO is the
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volumetric flow rate (L/min), and m is the mass of the
adsorbent (g).

2.5 Yoon—Nelson Model
The Yoon and Nelson equation regarding to a single
component system is expressed as the following:

£ _ CXp(KYNl — TKYN) (12)
C, 1+ eXp(KYNt — TKYN)

where Kyy is the rate constant (min '); 7, the time
required for 50 % adsorbate breakthrough (min). Due
to the symmetrical nature of the breakthrough curve, the
amounts of cadmium adsorbed by the adsorbents are
one half of the total cadmium entering the sorption
column within the 27 period. Hence, the following
Eq. 13 can be written (Kose and Oztiirk 2008):

1G,0027)  C0r
° 2 m om

(13)

This equation also permits the determination of the
adsorption capacity of the column (g,) as a function of
initial metal concentration (C,), flow rate (Q), mass
quantity in the column (m), and 50 % breakthrough
time (7).

2.6 Mass Transfer Model

The mass transfer rate is a combination of local mass
transfer through the external film (mass transfer coeffi-
cient, k) and intraparticle diffusion (diffusion coeffi-
cient, D), through macro and/or micropores. The diffu-
sion is normally assumed to be driven by the concentra-
tion gradient (Won et al. 2012). This model was used
successfully by Barros et al. (2004) in the removal of
chromium in fixed-bed columns using zeolite NaX as
sorbent. The model considers the following:

¢ One dimensional flow and diffusion in the axial
direction

¢ The fluid temperature, density, and velocity are
constant.

* Mass diffusivity is independent of the concentration
of the solute.

* No intraparticle diffusion

The data obtained from the batch adsorption isotherm
can be used to predict the theoretical breakthrough

curve, which can be compared with the experimental
curve. The Langmuir model was considered because the
experimental data were best fitted to the Freundlich
model (Gutiérrez-Segura et al. 2012). The differential
mass balance equation for a fixed-bed column is given
by the following:
2

(';_Ct? = —vz—g +Da;TZC — DO% (14)
where C is the fluid phase metal concentration, ¢ is the
metal concentration in the sorbent averaged over the
sorbent volume, v is the interstitial velocity, D is the
diffusion coefficient, x is the axial distance in the
column, and ¢ represents time (Muhamad, et al. 2010).
The mass transfer model (Eq. (14)) was solved by using
AQUASIM software.

The parameter K was determined by Langmuir iso-
therm model, by assuming b=1/K, described by the
following form:

ImaxbC
9ea =71 pC (15)

3 Results and Discussion

Successful design of a column sorption process required
prediction of the behavior of the concentration of the
effluent in a determined time or breakthrough curve. In
this work, the effect on the shape of the breakthrough
curves, breakthrough times, and column performances
were investigated.

Figures 1 and 2 show the breakthrough curves
obtained for cadmium sorption onto Na-zeolitic tuff
and carbonaceous material, respectively, at different
bed depths. The breakthrough curves become sharper
as the bed depth increases from 4 to 16 cm. The
Mexican regulations establish tolerance limits to dis-
charge cadmium in wastewater of 1 mg/L (NOM-002-
SEMARNAT 1996), and therefore, this value was taken
in this work as the breakpoint and saturation points were
taken at 99 % of the influent concentration.

As shown in Table 2, the time required for attaining
the breakthrough or saturation increased with increasing
bed depth for both adsorbents. Similarly, bed volume at
breakthrough or saturation increased with increasing bed
depth. The Z,, increased from 3.97 to 11.67 and 3.94 to
14.9 cm as the bed depth increases for Na-zeolitic tuff and
carbonaceous material, respectively. This displacement of

@ Springer
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Fig. 1 Breakthrough curves
of cadmium by Na-zeolitic 1.0 - o
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the front of adsorption with increasing the depth of beds
can be explained by mass transfer phenomena that take
place in this process. When the bed depth was reduced,
axial dispersion phenomena increased in the mass trans-
fer and reduce the diffusion of metallic ions. Jain et al.
(2013) studied the cadmium sorption by sunflower
waste carbon calcium-alginate in a fixed-bed system
and reported an increase in breakthrough time with
increasing bed depth.

The cadmium maximum adsorption capacities were
obtained at a 16-cm bed depth. The adsorption capacities

Fig. 2 Breakthrough curves of
cadmium by carbonaceous
material in columns of different
bed depth and adjustments to the
Bohart—-Adams, Thomas, and
Yoon—Nelson models

e

c/C

were estimated to be 6.19 and 1.54 mg/g for Na-zeolitic
tuff and carbonaceous material, respectively, and the
corresponding metal removal efficiency was not affected
(98 %). The adsorption capacity for cadmium increases
with increasing bed depth by having sufficient time for
the adsorbate to diffuse into the whole mass of the
adsorbent and an increase of the surface area of adsorbent
mass that provides more binding sites for adsorption in a
column with a longer bed depth. Columns with short bed
depth saturate quickly due to lesser availability of sorbent
and hence metal-binding sites (Zulfadhly et al. 2001).

¢ 4cm
® 8cm
A 16cm

—— Thomas model
—>— Yoon-Nelson model
—— Bohart Adams model
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Table 2 Adsorption data of cadmium removal using Na-zeolitic tuff (Na-Z) and carbonaceous material (MC) in a fixed-bed system at

different bed depths

Bed depth (cm)

Experimental parameters of breakthrough curve

dc/dt (mg/L min) x1073

t, (min) t, (min) BV, BV, Zn (cm) qp (mg/g) MR,, (%)
ZNa 4 1 180 1.6 288 3.97 0.12 98.3 17
ZNa 8 40 400 32 320 7.20 2.45 98.4 8.6
ZNa 16 230 850 92 340 11.67 6.19 98.2 43
MC 4 1 71 1.6 113.6 3.94 0.17 98.3 45
MC 8 cm 9 350 72 280 7.79 0.83 98.4 9.4
MC 16 cm 52 760 20.8 304 14.90 1.54 98.3 42

t, breakthrough time (min), #; saturation time (min), BV}, bed volumes at breakthrough, BV, bed volumes at saturation, Z,, length of the
mass transfer zone (cm), ¢, adsorption at breakthrough (mg/g), % MR, metal removal at breakthrough, dc/dt slope of the breakthrough

curve (mg/L min)

These results are smaller than those obtained in equi-
librium systems because the time required to reach
the equilibrium between adsorbent and heavy metal
solutions is much longer (about 7 h for Na-zeolitic
tuff and 48 h for carbonaceous material) (Gutiérrez-
Segura et al. 2012), and the data reflect the affinity of
the adsorbent material for the heavy metal which it is
higher for Na-zeolitic tuff than carbonaceous material.
The steepness of breakthrough curves for cadmium
adsorption for both adsorbents decreased with increas-
ing depth; this behavior results in a broadened mass
transfer zone, which makes breakthrough curves less
steeper. The shape of the curves indicates that it is more
difficult to saturate the beds as their depths increase;
similar behaviors were observed elsewhere (Lodeiro
et al. 2006; Naja and Volesky 2008; Chen et al. 2011).
The results shown in Table 3 indicate that 1 L of
cadmium solution of 60 mg/L can be treated with 8 g of
Na-zeolitic tuff or 33 g of carbonaceous material. The
relation between AUR and bed depth indicates that the
AUR decreased significantly from 4 to 8-cm bed depth
for Na-Zeolitic tuff, and this decrement is lower for
carbonaceous material. Similarly, Girgis et al. (2008)
studied the removal of palladium complexes using

Table 3 AUR for removal of cadmium from 1 L of an aqueous
solution of 60 mg/L

Z (cm) Na-Z use (g/L) CM use (g/L)
518 357
24 75

16 8 33

a fixed-bed adsorption system, and their results
showed that the adsorption efficiency of palladium
was not improved significantly by increasing the
bed residence time.

The adsorption data from column elutions were
analyzed by using the Bohart-Adams, Thomas,
Yoon—Nelson, and mass transfer models. Bohart—
Adams model was applied to the sorption kinetics
data until breakpoint was reached, and Thomas and
Yoon—Nelson models were applied until saturation
was reached.

3.1 Bohart—Adams Model

Breakthrough curves generally permit a description of
the adsorption process since a breakthrough capacity
is characteristic of a column under given experimental
conditions (Han et al. 2009). The Bohart-Adams
model is used to describe the initial part of a break-
through curve (effluent concentration (C,) <0.5 influent
concentration (C,)).

Figures 1 and 2 show the adjustments of the experi-
mental results to the Bohart—-Adams model, and Tables 4
and 5 summarize the kga, N,, and R* parameters for
Na-zeolitic tuff and carbonaceous material, respec-
tively. The values of N, increased while the values
of kga decreased as column-bed depth increased for
both adsorbents. This behavior could be attributed to
the contact time of the cadmium solution with the
adsorbent; as the column-bed depth increased, the
contact time of cadmium solution with the adsorbent
increases (the mass transfer zone increases) and then,

@ Springer
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Table 4 Parameters obtained from the breakthrough curves and adjustments to the Bohart-Adams, Thomas, Yoon—Nelson, and models for

cadmium onto Na-zeolitic tuff at different bed depths

Bohart—-Adams model Thomas model

Yoon—Nelson model

Z(em) N, (mg/L) kpax10° R g0 (mglg)  Kpmx10* R do (mg/g) Kyn (L/min) 7 (min) R’
(L/mg min) (L/mg min)
4 20706.30 7.28 09178 9.46 4.44 0.9878 9.46 0.02 77.28 0.9878
29173.20 2.88 0.9507 13.04 2.98 0.9951 15.12 0.01 243.02 0.9950
16 39780.41 1.07 0.8431 16.71 2.04 0.9887 15.07 0.01 549.27 0.9887

the adsorption capacities increased and the kinetic con-
stants (kg ) decreased; a similar behavior was observed
with the Thomas model, as shown below. The best
results were found for the columns with the highest
bed volume (BV) for both adsorbents, and it was found
that the adsorption capacities (V,) of Na-zeolitic tuff for
cadmium were 5.1, 3.8, and 3.3 times higher than the
capacity found for carbonaceous material for column
depth of 4, §, and 16 cm, respectively. The values of
the Bohart-Adams model parameters can be extrapo-
lated to other influent concentrations and hydraulic
loading rate (Goel et al. 2005). Although the Bohart—
Adams model provides a simple and comprehensive
approach to evaluate the adsorption column process,
its validity is limited to the range of conditions used in
the column (Han et al. 2009).

Figure 3 shows #, and # vs. bed depth for Na-zeolitic
tuff and carbonaceous material. The relationships obtained
for cadmium sorption are as follows:

(Na—2Z) t, = 19.75Z — 94 (16)

(17)

Breakthrough time is therefore the determining pa-
rameter of the process; the relation between bed depths
vs. breakthrough time represents a linear function that

(MC)t, = 4.41Z — 20.5

can be extrapolated to superior bed depths of columns
and can be useful to scale up the process for other bed
depths without additional experimental runs (Kumar
and Bandyopadhyay 2006). Furthermore, service time
at breakthrough points is proportional to bed depth of
column, as it is showed in Fig. 3. According to Egs. 16
and 17, the sorption capacity of Na-zeolitic tuff for
cadmium is 4.5 times higher than that for carbonaceous
material under the same experimental conditions. The
critical bed depth (Z) is the minimum bed depth neces-
sary to produce an effluent concentration Cy,. By letting
t=0, Z, is obtained from Egs. 16 and 17 (Tian et al. 2013).
The critical bed depth values for Na-zeolitic tuff and
carbonaceous material were 4.64 and 4.75 cm, respec-
tively. These values were obtained from Eqgs. 16 and 17 as
the point where the best-fit line through the data intersects
the abscissa. The critical bed depth depends on the kinet-
ics of the adsorption process, on the amount of time
available for adsorption to occur (i.e., the “residence”
time of the fluid in the bed), on the adsorption capacity
of the solid for the solute, and on the solute concentration
corresponding to breakthrough (Cy,) (Cooney 1998).

Similar values of critical bed depth were obtained for
removal of Hg (II) using granulated activated carbon
and activated carbon cloth, 4.9 and 2.8 cm, respectively
(Goyal, et al. 2009).

Table 5 Parameters obtained from the breakthrough curves and adjustments to the Bohart—-Adams, Thomas, Yoon—Nelson, and models for

cadmium onto carbonaceous material at different bed depths

Bohart-Adams model Thomas model

Yoon—Nelson model

Z(cm) N, (mgll) kpax10* R o (mglg) Kmx10* R qo (mg/g)  Kyx (L/min)  7(min) R
(L/mg min) (L/mg min)
4 4002.08 3.62 0.8158 326 12.40 0.9464 325 0.08 1833 0.9464
7623.66 1.08 09842  7.64 433 09516  7.64 0.02 92.17 09516
16 12001.81 035 09577 10.38 1.86 0.9686  10.38 0.01 24745  0.9686
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3.2 Thomas Model

A model for the breakthrough curves obtained for chro-
matography columns was proposed (Singh et al. 2012).
The main advantages of this model are its simplicity and
reasonable accuracy in predicting the breakthrough
curves under various experimental conditions (Kose
and Oztiirk 2008).

Thomas model assumes the Langmuir kinetics of
adsorption—desorption and no axial dispersion and is
derived from the adsorption that the rate driving force
obeys second-order reversible reaction kinetics. This
model also assumes a constant separation factor, and it
is applicable to either favorable or unfavorable iso-
therms. The primary weakness of Thomas model is that
its derivation is based on second-order reaction kinetics.
Sorption is usually not limited by chemical reaction
kinetics but it is often controlled by interphase mass
transfer. This discrepancy can lead to some error when
this method is used in adsorption processes (Hasan et al.
2010; Rozada et al. 2007; Ahmad and Hameed 2010).

Figures 1 and 2 show the breakthrough curves fitted
to the Thomas model, and the parameters obtained are
shown in Tables 4 and 5. According to the figures, it is
observed that the saturation time increased as the bed
depth increased for both adsorbents. As shown in
Tables 4 and 5, the value of the kinetic constant Ky,
decreased as the adsorption capacity (q,) and bed depth
increased. It was found that the regression coefficient
(R?) for both adsorbents was >0.94. According to
Lodeiro et al. (2006), for the majority of cases, the
Thomas and Bohart-Adams models are able to describe
rupture curves precisely, and at the same time, kinetic
constants (k) can be determined. Hasan et al. (2010)

studied the adsorption of Se(IV) and Se(VI) by agro-
industrial waste and wheat bran; they reported that,
when the bed depth increased, the axial dispersion of
the mass transfer decreased, and therefore, the diffusion
ofthe adsorbate into the sorbent increased. According to
the batch results reported in a previous work (Gutiérrez-
Segura et al. 2012), the kinetic constants and the corre-
lation coefficients of second-order model are higher for
the Na-zeolitic tuff than carbonaceous material, and the
Langmuir isotherm indicates that the adsorption capacity
(g) was higher for Na-zeolitic tuff (17.63 mg/g) than for
carbonaceous material (15.13 mg/g), and the parameter
b for Na-zeolitic tuff and carbonaceous material is of the
same order of magnitude, which indicates similar affin-
ities of cadmium for both materials; these results agree to
the Thomas model theory. Therefore, it is recommended
to use Na-zeolitic tuff rather than carbonaceous material
for the removal of cadmium in column systems. The best
results were found for the column with the highest bed
depth for both adsorbents, and it was found that the
adsorption capacities (¢q,) of the Na-zeolitic tuff for
cadmium at saturation were 2.9, 1.7, and 1.6 times
higher than the capacities found for carbonaceous mate-
rial at bed depth of 4, 8, and 16 cm, respectively.

3.3 The Yoon—Nelson Model

The Yoon and Nelson model is not less complicated
than other models, and it does not require any detailed
data concerning the characteristics of the adsorbate,
the type of the adsorbent, or the physical properties of
the sorption bed. This model is based on the assump-
tion that the rate of decreasing in the probability of
adsorption for each adsorbate molecule is proportional
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to the probability of adsorbate adsorption and the
probability of adsorbate breakthrough on the adsor-
bent (Hasan et al. 2010; Kose and Oztiirk 2008).

The adjustment of the experimental results fitted to
the Yoon—Nelson model is shown in Figs. 1 and 2, and
the parameters Ky, 7, and g, obtained are presented in
Tables 4 and 5 for both adsorbents. The rate constant
Kyn in general decreased, and the 50 % breakthrough
time 7 increased with increasing bed depth (Tables 4
and 5). As shown in Figs. 1 and 2, the breakthrough
curves shifted gradually to the right and the saturation
times (180, 400, and 850 min for 4, 8, and 16-cm bed
depth, respectively) for cadmium increased as the bed
depth increased for Na-zeolitic tuff; a similar behavior
was observed for carbonaceous material. The increase
of contact times when the bed length increases is re-
sponsible for this behavior (Ahmad et al. 2006); the
fixed-bed column performance depends on the contact
time. It is also evident from Tables 4 and 5 that the
adsorption capacities calculated by Thomas and Yoon—
Nelson models are similar for Na-Z and carbonaceous
material. According to the results, the maximum adsorp-
tion capacities for both adsorbents increased proportion-
ally with the bed depth of the column.

3.4 Mass Transfer Model

The experimental data could be fitted to the Thomas,
Bohart-Adams, and Yoon—Nelson models. However,
those models are undefined mathematically when the
effluent concentration approaches zero during the initial
period of the adsorption process. The mass transfer coef-
ficient, & (min™"), is often derived from semiempirical
correlations relating the parameters given in Table 6.

Table 6 Values of the mass transfer model parameters

Na-zeolitic tuff Carbonaceous material

Prior parameter

Porosity 0.47 0.64
K (mg/L) 9.1 10
Mass transfer model
K (mg/L) 9.1 (fixed value) 10 (fixed value)
D (dm*min)  5x10°(5x10°%)  54x107°(5x10°%)
k (min™") 0.008 (0.0005) 0.01 (0.0005)
Gmax (ME/g) 18.5(0.1) 12 (0.1)

(*)=Standard deviation

@ Springer

The influences of the following parameters on the
model were evaluated for the three heights of bed of
zeolitic tuff or carbonaceous material:

e D, the diffusion coefficient

* k, the mass transfer coefficient

* K, the adsorption constant of the Langmuir isotherm
equation

*  @max the maximum uptake of substrate adsorbed on
adsorbent

Figure 4a, c shows the influence of these parame-
ters upon the shape and position of the breakthrough
curves. From these figures, it appears that K and ¢pax
have the highest dependence since both present a
symmetric behavior; also, it is observed that D is
low sensitive. Therefore, the estimated parameters
could not be considered when there is a high depen-
dence between them or if the model is not sensitive
to some parameter.

Numerous simulations were performed until the best
adjustments were achieved for values of &, K, D, and
¢max» according to experimental data for zeolitic tuff and
carbonaceous materials. When K was kept fixed, the
other parameters (k, D, and ¢,x) varied at different
values and vice versa (Table 6). For all cases, it was
observed that the influence of diffusion coefficient
(D) onto process is negligible due to its very low
value because its contribution is depreciable com-
pared with the other parameters and therefore, the
dispersion was insignificant. Then, this value can be
kept in the model or it can be removed because it
does not affect the other parameters; similar behaviors
were observed for both adsorbent materials. In
general, the standard deviations were low and gax
were of same order of magnitude in comparison to
equilibrium isotherms.

In the adsorption of complex phenolic compounds on
active charcoal, it was found that the parameter that
most affects the value of the critical time of break-
through curves is the mass transfer coefficient k. The
adsorbent mean particle diameter and the adsorption
isotherm pattern are not governing parameters for criti-
cal time estimation (Richard et al. 2010).

The cadmium breakthrough curves of zeolitic tuff
predicted by the mass transfer model are illustrated
in Fig. 4b, and K, k, D, and ¢..x parameters are
reported in Table 6. The experimental data could be
well fitted to the mass transfer model for the three
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curves. However, it was necessary to eliminate a
section (200400 min) because the results did not
correspond to the experimental data. Borba et al.
(2008) explained that this behavior is possible due
to hydrodynamic deviations such as axial disper-
sion related with the velocity gradients into the
column.

Figure 4d shows the adjustments of the experimental
results to the mass transfer model for carbonaceous
material. It can be seen that the 8§ and 16-cm break-
through curves data could be satisfactorily fitted to the
mass transfer model, as supported by the low relative
standard deviation between experimental data and
model prediction (Table 6) but this was not possible
using the data of the column of 4 cm due to the
short longitude because it affects the hydraulic per-
formance of the experiment. Finally, it was decided
to use 8 and 16-cm breakthrough curves data where
K was fixed as 10, the estimated value of D was an
order lower, and its adjustment was acceptable for 8
and 16-cm breakthrough curves (Fig. 4d).

4 Conclusions

The experimental results showed that Na-zeolitic tuff
and carbonaceous material are effective adsorbents for
the removal of cadmium from aqueous solutions in
fixed-bed systems. Increasing the bed depth, the
adsorption performance improved. The Bohart,
Thomas, and Yoon—Nelson models were successful-
ly used to fit the column data at different depths.
AUR was lower for Na-zeolitic tuff than carbona-
ceous material to treat 1 L cadmium solution of
60 mg/L.

The experimental data could be fitted to the mass
transfer model, and the parameters obtained agree well
with known values or exhibit expected trends when
absolute values are not known. All of these indicate that
diffusion-dispersion is negligible.

The influence of the parameters of model was
evaluated and was detected that the parameters K
and ¢max showed a structural dependence and that D
value is depreciable for both adsorbents. The value
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of ¢max estimated by mass transfer model was similar to
batch studies.
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