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The natural mineral known as Mexicalcite is native to the southern region of Mexico, and due to its abundance
and accessibility characteristics, as well as its insolubility in water, it is recommended as an adsorbent material.
For such reasons, in this work Mexicalcite was used as adsorbent material to remove Cr(VI) in a packed bed
column. The effects of the parameters: bed column height (2), flow rate (Q), and the initial chromium concen-
tration (Cp), on the adsorption capacity (q) and removal percentage (%R) were evaluated. The results show
minimal changes in adsorption capacity, specifically a 4% difference; with a mean value of 4.98 mg/g. However,
maximum removal percentage was obtained for a high height in the bed column, where there is more contact
time. However, low removal percentages were obtained for high flow rate, where the contact time is consid-
erably less. The maximum removal was 94.09%, which was obtained with the highest packed bed height (Z = 6
cm), initial concentration (Cp = 25 mg/L), and lowest flow rate (Q = 2 mL/min). The process was modeled using
the Thomas, Adams-Bohart and Yoon-Nelson models. With the BDST model, it was possible to scale up the
adsorption process and double the original column dimensions. In addition, the column dimensions were ob-
tained theoretically, to operate continuously for 120 h. Finally, the chromium concentration at the outlet was
0.1 mg/L, using a value of 2 for the bed height/column diameter ratio (Z/d).

1. Introduction

In Mexico, water contamination with chromium ions is produced by
the metal coating and leather tanning industries, which do not have
regulated treatments for contaminated water, in violation of govern-
mental environmental regulations. Therefore, there are serious health
risks for employees and people living in the vicinity of the industries. In
addition, prolonged contact with Cr(VI) ions can cause damage to the
respiratory tract, eyes and skin or, in severe cases, mutagenic, genotoxic
and reproductive effects; it is even possible to develop cancer of the
brain, lungs, stomach, liver or kidneys [1-4].

There are several technologies to remove chromium from waste-
water, such as chemical precipitation and coagulation, ion exchange,

extraction, membrane ultrafiltration, electrochemical methods, photo-
chemical oxidation processes, biological treatments and adsorption [5,
6]. Either because of their high operating or investment cost, their in-
efficiency or their high environmental impact, most of them are not
widely used. Adsorption, and in particular bioadsorption, is by far the
most widely used technology, mainly because it is considered an easy,
efficient and environmentally friendly method, and because low-cost
adsorbent materials are used; usually from agricultural waste [7,8].
Most of these bioadsorbents have a high adsorption capacity and a high
removal rate [9,10]. The highest values have been reported in batch
type processes. For example, for Cr(VI) removal, walnut shell and
almond shell showed adsorption capacities higher than 24 mg/g [11].
From the comparative tables reported by several authors, mango leaves,
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eucalyptus bark and macadamia nut shell stand out, which showed
adsorption capacities of 35.7, 45.0 and 45.23, respectively [11,12]. As a
disadvantage, it can be mentioned that bioadsorbents, when put in
contact with water, tend to agglomerate, causing large pressure drops
and clogging in packed columns, since they are basically composed of
cellulose, hemicellulose and lignin.

On the other hand, there are inorganic adsorbents, such as polymeric
membranes, calcite-type minerals, clays, silicoaluminates and natural or
synthetic zeolites. In general, these adsorbent materials can be as effi-
cient, in terms of adsorption capacity and percentage removal, as bio-
adsorbents, especially when their structure is physically or chemically
modified [13,14]. For example, for Cr(VI) adsorption, a clinoptilolite
modified with octadecylammonium has shown an adsorption capacity of
54 mg/g [13], for magnetic calcite an adsorption capacity of 24.2 mg/g
has been reported [15], these values are substantially higher than those
shown by the same unmodified adsorbents.

Natural inorganic adsorbents, such as Mexicalcite, are abundant and
inexpensive and have the advantage of being insoluble in water, having
a low swelling index and good mechanical strength properties. In
addition, they do not require sophisticated treatments before being used
as adsorbents. Therefore, these materials are preferred as adsorbents in
continuous packed column processes.

The materials used as adsorbents require previous treatments to
improve their functionality. In the case of bioadsorbents, these treat-
ments consist first in the removal of soluble organic matter, for which
aqueous solutions of sodium hydroxide, sulfuric acid, nitric acid or hy-
drochloric acid are used, then they are washed with water and finally
subjected to the drying and sieving process [16,17]. In the case of
inorganic adsorbents, the previous treatment is simpler, only requiring
washing with hot water, drying and sieving. However, in both cases,
structural modifications can be performed by physical processes [18] or
chemical reactions [19] to improve the selectivity and adsorption
capacity.

The mechanism of the adsorption process can be explained by
analyzing the physicochemical properties of the adsorbent before and
after adsorption. By Fourier transform infrared spectroscopy (FTIR) the
chemical composition is determined by identifying the functional group
of the molecule responsible for adsorption, with scanning electron mi-
croscopy (SEM) it is possible to determine the morphology and by en-
ergy dispersive spectroscopy (EDS) the elemental analysis of the
adsorbent is known [20].

Adsorption technologies used for the removal of chromium ions have
proven effective at laboratory scale, but not on a large scale such as
those involving industrial processes. For this reason, modeling and scale-
up studies are performed on continuous rather than batch processes;
moreover, industrial wastewater is used instead of synthetic water.

There are many options for modeling the column adsorption process
when laboratory-scale data are collected, and breakthrough curves are
available. The most commonly used models for analyzing column
behavior in terms of adsorbent-adsorbate system interaction are Thomas
model, Bed Depth Service Time model, Adams-Bohart model, dose-
response model, among others. These models are used because they
adequately describe the dynamics of the column adsorption process,
since they assume that there is axial dispersion, external mass transfer,
intraparticle diffusion and that the isotherms describing the phenome-
non are nonlinear [20]. The considerations for the use of these models in
column adsorption processes have been described in previous works
[18,21], and their equations are shown below.

I) Thomas model

C K w
Ln(éq) :ngofKn,Cot e8]

where Cy and C; are the chromium concentrations (mg/L), measures at
the inlet and outlet of the column, Ky, is the Thomas constant (mL/
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mg-min), qo is the adsorption capacity (mg/g), w is the mass of adsorbent
(g), Q is the volumetric flow (mL/min) and t is time (min).

II) Adams — Bohart model

C V4
Ln (*[) = KypCot — KypNo (*) (2
CO v

where Cy and C; are the chromium concentration (mg/L) at the inlet and
outlet of the column, respectively, Kap is the Adams-Bohart constant (L/
mg-min), Ny is the saturation concentration (mg/L), Z is the packed bed
height (cm), v is the linear flow rate (cm/min), and t is time (min).

III) Yoon — Nelson model

C
Ln (Co 7’ c,> =Kynt — Kynt 3)

where Cp and C; are the chromium concentration (mg/L) at the inlet and
outlet of the column, respectively, Kyy is the Yoon-Nelson constant (L/
min), 7 is time (min) required to decrease at 50% initial chromium
concentration and t is time (min).

IV) Dose — Response model

Ln (Cgcj C,> =aLn(CyQt) — aLn(gow) “4)

where Cp and C; are the chromium concentration (mg/L) at the inlet and
outlet of the column, respectively, a is a parameter of the Dose-Response
model, qo is the adsorption capacity (mg/g), w is the mass of adsorbent
(g), Q is the volumetric flow (mL/min) and t is time (min).

By far the Bed Depth Service Time (BDST) model is the most used for
scaling column adsorption process, it is based on breakthrough time and
packed bed height and has the advantage of being described by linear
Eq. (5).

NU CO 1

o= (02~ () (ax) ©
where ¢, is the service time at the breakthrough point (min), Ny is the
adsorption capacity (mg/L), Cp is the initial chromium concentration
(mg/L), Cp is the chromium concentration at breakthrough point (mg/
L), v is the linear flow velocity (cm/min), Z is the packed bed height
(cm), and K, is the adsorption rate constant (L/mg-min). These param-
eters are calculated as a function of flow rate and chromium concen-
tration, and then used to scale the adsorption process.

Due to the above, it is evident the need to propose a procedure to
develop the technology for the removal of heavy metals through the
continuous adsorption process in packed columns with abundant and
low cost adsorbents. With this in mind, the aim of this work was to
model and scale up the adsorption process of Cr(VI) ions using Mex-
icalcite as adsorbent in a packed column operating continuously. For
this purpose, the work was divided into the following activities: i) the
removal rates and adsorption capacity of Cr(VI) ions were determined as
a function of packed bed height, flow rate and initial chromium con-
centration; ii) four different models were used to adjust the dynamic
behavior of the column; and iii) the BDST model was used to scale the
adsorption process in packed columns. It is expected that, in this way,
the knowledge generated will contribute to the design of packed col-
umns in continuous processes at industrial scale. These columns should
be able to operate continuously at different flow conditions, packed bed
heights and initial solute concentrations to efficiently remove heavy
metals from industrial wastewater using natural adsorbent materials.
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2. Materials and methods
2.1. Physicochemical properties of the adsorbent

Mexicalcite is a natural mineral obtained from mines located in
Oaxaca, México; and marketed by Lumogral S.A. de C-V., Company
(Mexico City). Its physicochemical characteristics reported by the
company include 1604 kg/m® bulk density; particle sizes of
0.149-0.177 mmy; 23.2% porosity; 4.5 pm pore diameter; 1132 m?/kg
surface area; 2.7 x 10~°> m/s permeability, and a pH value of 9.3 at zero-
point charge.

2.2. Characterization of the adsorbent

The Mexicalcite mineral was washed with hot water at 40 °C and
dried at 100 °C in an oven for 24 h. Then, SEM images and EDS spectra
were obtained for elemental analysis using a JEOL model JSM6510LV
electron microscope coupled to an EDS BRUKER QUANTAX model 200,
with a resolution of 129 eV. Infrares analysis was carried out in a Bruker
Tensor 27 model spectrometer in a range between 4000 and 400 cm ! at
32 scans with ATR technique.

2.3. Preparation of Cr(VI) solutions

One liter of potassium dichromate (K3Cr0O7) stock solution with a
concentration of 100 mg/L was prepared. In one liter of distilled water,
283 mg of potassium dichromate (J.T. Baker, 99.9%), were dissolved.
The pH of the solution was 7.1. Subsequently, by dilution in distilled
water, the solutions with 75, 50 and 25 mg/L were prepared.

2.4. Determination of Cr(VI) in the effluent

Chromium concentration was determined by a standardized method
using atomic absorption spectroscopy (AAS); in a VARIAN model 240FS
spectrophotometer equipped with an acetylene burner and a hollow
cathode lamp. The analysis was performed with a wavelength of 540 nm
and a bandwidth 0.2 mm. Samples were analyzed in duplicate. The
resulting chromium concentrations had relative errors of less than 5%.

2.5. Column Cr(VI) adsorption process
A glass column (1 cm diameter, 15 cm length) was used for the
adsorption experiments. In addition, the upflow was performed and

controlled by a peristaltic pump (Cole Parmer MasterFlex). The sche-
matic representation of the adsorption process in the packed bed column
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used in this work is shown in Fig. 1.

The chromium concentration in the effluent (Cy) was measured every
15 min. Then, the concentration of adsorbed chromium was obtained
from the value of the area under the curve of C,qs vs. time using Origin
8.0 data analysis software and incorporated into Eq. (6) to obtain the
maximum column capacity of the column, gg,¢ (mg) [18].

oA 0
1000 ~ 1000 /,

1=lsat

Gsar = Cadxdt (6)

where Cygs = Co — Cy, Cy is the chromium concentration at any time; tgy¢ is
the saturation time in the column. A saturation concentration of 0.995C,
was considered; Q is the volumetric flow rate (mL/min) and A is the area
under the curve (minemg/L). The adsorption capacity, g (mg/g), is the
maximum column capacity, gsat, divided by the mass of the adsorbent, w
(®) (Eq. (7).

g= Ysar @)
w

The chromium mass (g) retained in the column at the saturation
time, mgy is as follows (Eq. (8)).

CO Qtsat
1000

®

Mgy =

The percentage of removal (%R) is obtained by means of Eq. (9):

q

sat

%R =

x 100 (C)]

The mass transfer zone, MTZ (cm) was also determined using Eq.
(10).

MTZ:Z(l ft—b)

tar

(10)

where t;, is the breakthrough time (min), namely the time required to
reach 0.1 mg/L chromium concentration in the effluent. This value
represents the tolerance limit for chromium discharges into surface
waters [22].

The analysis of the parameters [the packed bed height (Z), volu-
metric flow (Q) and the initial concentration (Cp)], was performed ac-
cording to the experiments shown in Table 1, where Z and Q parameters
had three levels (2, 4 and 6, respectively), and Cy parameter too (25, 50
and 75).

2.6. Effect of bed height on the continuous adsorption process

The effect of bed height was analyzed at three heights (Z =2, 4 and 6

(@]

-I—*

> Atomic
< absorption
N spectroscopy
@ Temperature
1 controller
Cr
solution o
reservoir Peristaltic
pump

Fig. 1. Schematic representation of the packed bed column used in the Cr(VI) adsorption process.
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Table 1
Experiments for the column chromium adsorption process.
Experiment number Z (cm) Q (mL/min) Cp (mg/L)
1 2 2 25
2 4 2 25
3 6 2 25
4 4 4 25
5 4 6 25
6 4 2 50
7 4 2 75

cm), maintaining Cp, Q and T at 25 mg/L, 2 mL/min and 20 °C,
respectively.

2.7. Effect of flow rate and initial concentration on the continuous
adsorption process

The effect of flow rate was analyzed at three levels, 2, 4, and 6 mL/
min, maintaining at 4 cm the packed bed height, at 25 mg/mL the initial
concentration and at 20 °C. While the effect of the initial concentration
was analyzed at 25, 50 and 75 mg/L; maintaining the packed bed height
of 4 cm, 2 mL/min volumetric flow rate and at 20 °C. For both param-
eters the analysis was performed as a function of breakthrough time.
Finally, the experimental breakup time was compared with that ob-
tained by the BDST model.

3. Results and discussion

3.1. Characterization of the adsorbent mineral before and after contact
with the Cr(VI) solution

The surface morphology of the Mexicalcite mineral before and after
contact with the chromium solution is shown in Fig. 2. It was not
physically modified by the presence of chromium.

On the other hand, elemental analysis of the adsorbent composition
before and after contact with chromium ions was carried out. Table 2
shows the mean values of each element recorded at four different points
on the adsorbent surface. It can be observed that the Mexicalcite
retained the chromium on its surface, which is probably due to the
chemical interactions between the chromium ionic species and the ox-
ygen of the silicon oxide, calcium oxide or calcium magnesium silicate
groups present in this adsorbent. The presence of potassium can also be
seen, which is related to the potassium dichromate used as a precursor
salt of the chromium ions. Elemental analysis of each chemical
component before and after contact with the chromium solution shows a
slight increase in the concentration carbon and calcium, probably due to
their presence in the water with the chromium solution was prepared.

Results in Engineering 16 (2022) 100687

Table 2
Elemental analysis for Mexicalcite before and after to the contact with chro-
mium solution.

Element Before After
Mass (%) Atom (%) Mass (%) Atom (%)

Oxygen 54.64 62.35 51.37 58.30
Carbon 12.41 18.78 16.44 24.54
Calcium 10.31 5.44 13.39 6.10
Silicon 10.15 6.61 7.95 5.16
Aluminium 4.64 3.14 3.20 2.16
Magnesium 3.24 2.47 1.78 1.01
Iron 2.51 0.82 1.84 0.60
Sodium 0.52 0.40 0.44 0.66
Potassium 0 0 1.84 0.85
Chromium 0 0 1.75 0.61

Elements such as sodium, aluminum, magnesium, silicon and iron are
natural components of the Mexicalcite mineral; their amounts decrease
after contact with the aqueous solution, probably due to the incorpo-
ration of chromium ions that replace some of the elements present on the
surface of the Mexicalcite.

3.2. FTIR analysis

The functional groups responsible for the adsorption of Cr(VI) spe-
cies on the surface of Mexicalcite, were identified by the analytical

£
g
g
£
&
g
fist
——Cr loaded mexicalcite
——Unloaded mexicalcite
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber - (etv')

Fig. 3. FTIR spectra of unloaded and Cr(VI) loaded Mexicalcite.

Fig. 2. SEM images for Mexicalcite mineral before and after to the contact with chromium solution.
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technique of Fourier transform infrared spectroscopy (FTIR). Fig. 3
shows the spectra of Mexicalcite with and without Cr(VI) ions.

The corresponding values for each vibration band are shown in
Table 3. According to the previously reported X-ray diffraction analysis,
the main compounds present in Mexicalcite are Calcite, Quartz and
Calcium and Magnesium Silicate [23]. The bands that indicate the
presence of quartz are (1165, 1016, 798.5, 779.2, 694.4, 671.2, 586 and
555.5 cm™1), calcite (1404.2, 871.8, 713.6 cm™!) and Calcium and
Magnesium Silicate (729.1, 725.2, and 578.6 cm’l), [24-26].

The peaks at wavelengths 718, 875 and 1425 cm ™! correspond to
asymmetric bending and stretching vibrations of calcite [8,27], which
do not show any shift changes. However, where the presence of chro-
mium is clearly appreciated is in the band shift from 798 to 794 cm™!
corresponding to the O-Si — O bending vibrations and in another band
shift from 1010 to 1018 cm™! in the symmetric stretching vibration of
the Si-O - Si functional group [16,28].

These results allow concluding that the Chromium interactions occur
mainly on the oxygen present in the silicate portion of the Mexicalcite,
and that there is no interaction with the calcite groups, this behavior has
been previously seen by other researchers in similar compounds, where
they relate the shifts in the symmetrical stretching vibration with the
interactions between chromium and the Si-O group [10,28]. It can also
be concluded that there is no appreciable interaction with the oxygen
present in the carbonate groups of calcite, since none of these peaks
undergo any displacement, they remain the same between the unloaded
and chromium-loaded samples.

3.3. Modeling of the continuous process

The results of the breakthrough time (t) as a function of packed bed
height (2), had a satisfactory fit (R% = 0.9998); which allowed to achieve
the linear equation.

t, =106.08Z — 64.39 an

For a flow rate of 2 mL/min and an initial chromium concentration of
25 mg/L adsorption capacity (Np) and the adsorption rate constant (Kg)
were obtained for the BDST model, with values of 6753.25 mg/L and
0.0034 L/mgemin, respectively. Considering a cylindrical column, it is
possible to achieve the breakthrough time equation for each set of Z, Q
and Cy values, as follow. Considering a cylindrical column with area =
(n/4) d?, where d is the internal diameter, and the BDST model, it was
possible to achieve the following expression.

675325 7 d° G 1
= (22222 g () (o 12
o ( 46,0 ) " (0.1) (0.0034&,) 12

Table 3
FTIR analysis of unloaded and Cr(VI) loaded Mexicalcite.

Functional groups Mexicalcite, Cr(VI) loaded Mexicalcite,
cm ! cm!
Surface —~OH stretching 3626 3626
vibrations
CO%~ asymmetrical stretching 1404.2 1404.2
Si-O asymmetrical stretching 1165 1165
Si-O — Si symmetrical stretchig 1010 1018
O-C - O bending in-plane 871.8 871.8
deformation
O-Si - O bending vibrations 798 794
Si-O symmetrical stretching 779.2 779.2
Ca—-CO3 — Mg 725.2 729.1
0O-C - O asymmetric bending 713.6 713.6
Si-O symmetrical bending 694.4 694.4
Si-O - Si bending vibrations 671.2 671.2
Si-O stretching, Si-O-Al 586.4 582.5
stretching
Ca=0 578.6 578.6

Si-O bending, Si-O-Al stretching ~ 555.5 555.5
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The above equation was used to obtain calculated breakthrough time
(tb cal), for each experimental set of Z, Q and Cyp values, by means of
Microsoft Excel Solver tool or Polymath 6.1 software. Then, both t, ¢
and t;, exp, are compared, whose values are shown in Table 4. The relative
deviation (ARD) was added; its values were less than 2%, confirming the
effectiveness of the model.

The results of the continuous chromium adsorption process are
shown in Table 5, the highest removal percentage were obtained,
varying from 72.17 to 94.09%, as well as adsorption capacities, from 4.9
to 5.13 mg/g. These values are higher than those reported for natural
zeolites such as Erionite (0.103 mg/g), Cowlesite (0.763 mg/g), Will-
hendersonite (0.719 mg/g) and modified Clinoptilolite (3.83 mg/g)
[13].

The best column operating conditions were those obtained in
experiment 3, in which the chromium concentration decreased from 25
to 0.1 mg/L, in a packed bed column containing 5.986 g of adsorbent;
processing 1305 mL of effluent in a mass transfer zone of 0.24 cm. As can
be seen in Table 6, the column saturation time was 652.5 min and the
time to reach 50% (tsq9,) less than the initial concentration was 613.7
min. On average, this parameter has a relative deviation of less than 1%
between the value obtained experimentally and that calculated by the
Yoon-Nelson model.

3.4. Modeling of breakthrough curves

The most widely used models to model the dynamic behavior of
column adsorption processes, include I) Thomas; II) Adams-Bohart; III)
Yoon-Nelson and IV) Dose-Response. Table 7 shows the results for each
parameter according to the select model. They show a good coefficient
of determination with R% > 0.99. The linear fit of the experimental data
with the models represented by the 1, 2, 3 and 4 equations was satis-
factory. According to the average absolute relative deviation (AARD)
parameter, values below 8% were obtained using the Thomas, Adams-
Bohart and Yoon Nelson models; not so for Dose-Response model,
whose value was higher than 20%. Thus, removal of chromium by the
mineral Mexicalcite in a packed bed column is carried out through an
adsorption — desorption process without axial dispersion and slowly
reaching equilibrium [20,29].

3.5. Effect of the packed bed height

By doubling and tripling the packed bed height; the amount of
adsorbent material inside the column (w), the time to reduce the initial
concentration to 50% (tsoo,) and the saturation time, doubled and tripled
in the same proportion, as can be seen in Table 5 (experiments 1, 2 and
3). This effect can be seen graphically in Fig. 4. According to the
breakthrough curve, it is easy to identify the typical “S" shape in the
curve (Fig. 4). This “S" shape curve is achieved in processes where small
particle size distributions are used [21]. The results were favorable, as
the removal rate increased by 7.5%, the adsorption capacity by 2.3%
and the effluent volume by 66%, but the mass transfer zone decreased by
43%. In summary, increasing the amount of adsorbent material results
in an increase in surface area and the number of available active sites
facilitating the adsorption process. In addition, the increase in contact
time favors the mass transfer phenomenon [30]. This behavior has been

Table 4
Comparison of ty, exp and &, a1 by using the BDST model.
Experiment number t exp (min) th cal (Min) ARD (%)
1 149.60 147.77 1.22
2 356.23 359.93 1.04
3 573.90 573.09 0.14
4 147.47 147.77 0.20
5 78.40 77.05 1.72
6 177.06 175.91 0.65
7 115.90 115.69 0.18
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Table 5

Removal percentage and adsorption capacity for Mexicalcite.
Experiment number R% q (mg/g)
1 81.57 4.90
2 90.72 4.99
3 94.09 5.13
4 80.66 4.92
5 72.17 4.92
6 91.30 5.01
7 89.76 4.96

Table 6

Experimental parameters of Cr(VI) adsorption with Mexicalcite in a packed bed
column.

Experiment w ts09 ts Vesr MTZ
number (€] (min) (min) (mL) (cm)
1 1.995 195.5 239.68 479.36 0.75
2 3.991 398.3 439.39 878.78 0.38
3 5.986 613.7 652.52 1305.04 0.24
4 3.991 196.7 243.56 974.24 1.58
5 3.991 130.7 181.36 1088.16 3.41
6 3.991 201.5 218.9 437.8 0.38
7 3.991 135.0 147.04 278.2 0.42

reported by other authors, who explain that the increase in break-
through time with packed bed height is due to longer contact time, since
amount of adsorbent increases surface area and therefore the number of
available sites for adsorption [20,30].

3.6. Effect of flow rate
Fig. 5 shows the breakthrough curves for the flow rates. The flow rate

Table 7
Column adsorption process parameters according to the used models.
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affects the percentage removal more than the adsorption capacity, the
latter remains almost constant. As the flow rate increased from 2 to 4,
and from 4 to 6 mL/min, the percentage removal decreased by 11% on
average. Since the mass transfer rate is slower than the flow rate, a larger
surface area is required to achieve chromium removal, this phenomenon
is reflected in an increase of the mass transfer zone (MTZ). This increases
from 0.38 cm to 3.41 cm when the flow rate increases from 2 to 6 mL/
min. In summary, the contact time decreases with increasing flow in-
creases. Therefore, the breakthrough time is very short and column
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Fig. 4. Breakthrough curves as a function of the bed heights (Q = 2 mL/min,
Co = 25 mg/L).

Model Experiment number qo (mg/g)

4.768
5.156
5.528
4.544
4.224
5.418
5.103

Thomas

NO U s W

Model Ny (mg/L)

6273.718
6377.797
6516.739
6243.628
6295.498
6398.443
6357.898

Experiment number

Adams - Bohart

NO U s W

Model Experiment number T (min)
195.529
398.417
614.088
196.673
130.994
199.476

133.214

Yoon - Nelson

NO U~ W=

Model Experiment number qo (mg/g)

4.800
4.953
5.115
4.773
4.697
4.942
4.944

Dose — Response

NGO U wWwN =

Kth (mL/mg-min) R? AARD (%) for Cexp VS Ceal
4.897 0.999 3.05

4,991 0.998 5.71

5.129 0.999 2.47

4,928 0.997 6.30

4,923 0.998 213

4.998 0.997 9.33

5.007 0.999 1.60

Kap (mL/mg min) R? AARD (%) for Cexp VS Ceal
4.668 0.998 3.70

4.998 0.994 8.73

5.528 0.996 6.31

4,592 0.995 11.6

4.188 0.995 9.64

5.19 0.993 10.06

5.123 0.998 2.08

Kyx (min~") R? AARD (%) for Cexp VS Ceal
0.119 0.999 2.51

0.1289 0.998 5.71

0.1382 0.999 2.47

0.1136 0.997 5.82

0.1056 0.998 3.48

0.2709 0.997 6.33

0.3827 0.999 1.60

a R? AARD (%) for Cexp VS Ceal
22.661 0.992 18.11

48.539 0.994 22.90

82.521 0.991 10.01

20.871 0.989 23.79

13.211 0.982 21.03

51.803 0.993 22.24

50.703 0.996 22.40
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Fig. 5. Breakthrough curves as a function of flow rates (Z = 4 cm, Cy = 25
mg/L).

saturation is reached quickly [31].

3.7. Effect of initial concentration

The shapes of the breakthrough curves at different inlet concentra-
tion are shown in Fig. 6. The variation of the initial concentration has
little effect on the removal rate and adsorption capacity, which remain
practically constant when the chromium concentration is doubled and
tripled. The greatest effect is on the effluent volume, since increasing the
chromium concentration at the column inlet from 25 to 50 and from 50
to 75 mg/L reduces the effluent volume by 43% on average. The
breakthrough time and saturation time decrease with increasing con-
centration. Thus, adsorption is very fast, due to the large driving force
produced by the chromium concentration gradient between the liquid
phase and the adsorbent surface. Unfortunately, a large amount of
chromium ions in the system quickly depletes the active sites of the
adsorbent, causing saturation on the column in a short time [32].
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Fig. 6. Breakthrough curves as a function of the initial concentrations (Q = 4

mL/min, Z = 4 cm).
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3.8. Comparison of ty exp and tp cq in a real scaling process

To validate the BDST model represented by Eq. (12), three experi-
ments were performed on a 2 cm diameter column (original column
diameter was 1 cm), with a bed height/column diameter ratio (Z/d)
equal to 2. The amount of adsorbent for a packed bed height of 4 cm was
15.964 g with a void fraction of 20.8%. In these experiments, the time
required to reach a chromium concentration of 0.1 mg/L at the column
outlet was determined using different combinations of flow rate and
initial concentration. Table 8 shows the experimental and calculated
values for the breakthrough time. Comparing the breakthrough time
values of experiments 8, 9 and 10, it can be observed that the average
relative deviation (ARD) is less than 1%, which validates the use of Eq.
(12) as a suitable model to scale the adsorption process.

3.9. Examples of scaling process

Once the model represented by Eq. (12) was validated; it was used to
obtain the column dimensions for the ratio Z/d = 2. The objective was to
obtain the packed bed height (Z) and the column diameter (d), to reduce
initial chromium concentration to 0.1 mg/L in 120 h of continuous
operation time. The results are shown in Table 9. For example, a column
of 40.83 cm diameter with 81.66 cm packed bed height, containing
135.8 kg of Mexicalcite as adsorbent, is theoretically capable of
removing 99.9% of the chromium from solution with an initial con-
centration of 100 mg/L, with a feed flow of 1 L/min for 120 h (5 days),
reaching an effluent volume of 7200 L. These results were obtained with
Eq. (12), using Excel Solver program or Polymath 6.1 software. For
7200 min of breakthrough time, the value of Z., was obtained, giving
arbitrary values to the column diameter but keeping the relation Z/d =

2.

The adsorption capacity values obtained for examples 1, 2 and 3 in
Table 9 were 5.25, 5.28 and 5.30 mg/g, respectively. These results show
an average relative deviation of 4.3% with respect to the average value
obtained experimentally (4.98 mg/g). Therefore, the validation of the
scaling model is once again confirmed.

3.10. Comparison of Cr(VI) removal results in columns packed with other
adsorbents

Table 10 shows the values of adsorption capacity and percentage
removal of Cr(VI) obtained in columns packed with different adsorbents.
In all cases, the maximum adsorption percentage is reported, which was
achieved with the best column operating conditions. According to most
authors, this is achieved by operating the column with the lowest
volumetric flow rate, the lowest initial chromium concentration, and the
highest packed bed height [22,27,33]. Then, the differences in the
values of adsorption capacity and percentage removal shown by the
different adsorbents are due to the type of Cr(VI) species adsorbed, the
pH of the aqueous chromium solution and the nature of the adsorbent,
which is related to the pH of its point of zero charge (pHy,.) rather than
to the surface area value. In this regard, it has been reported that the
effect of porosity and surface area on the adsorption capacity and %
removal is small when the adsorbent material has low porosity and small

surface area, in these cases the role of pore filling in the chromium

adsorption process is negligible [39].

Table 8

Experimental and calculated breakthrough time in a real scaling process.
Experiment z/ Q(mL/ Co th exp by cal ARD
number d ratio min) (mg/ (min) (min) (%)

L)

8 2 2 25 776.64 784.25 0.98
9 2 6 25 505.58 501.37 0.83
10 2 2 75 537.21 540.02 0.52
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Table 9
Column dimensions calculated by the BDST model for 120 h continuous operation.

Scaling example Q (mL/min) Co (mg/L) w(g) Zca1 (cm) deolumn (cm) z/d Vet (L) Wer ads (mg)
1 10 25 341.6 11.12 5.55 2.00 72 1793
2 100 50 6806.1 30.22 15.05 2.00 720 35,928
3 1000 100 135,819.8 81.66 40.83 2.00 7200 719,280
Table 10 ’ CrO42-
Comparison of adsorption capacity and maximum % removal of Cr(VI) with Or o
different adsorbents in packed bed columns. F
Adsorbent Surface pzc Cr q Removal  Reference
area pH solution
(m*/g) pH (mg/ ()
g)
Mexicalcite ~ 1.13 93 7 513 941 This work s
Rice bran 0.12 6.1 2 19.81 [33] 3
Activated 201.11 7.2 7 1.719 [16] IC
charcoal
(Sapindus
trifoliate L)
Sago bark 3 35.82 89.55 [34]
Almond shell 3.7 21.92 65.88 [35]
Dolochar 2 88.5 [36] 0.0 =, . ) ) ) ) )
Rice husk 0.54 6.05 2 11.04° [271 2 4 6 8 10 12
Psidilqn 7.7 6.05 18.32% [81 pH t= 25°C
guajava
leaves Fig. 7. Distribution diagram of Cr(VI) species at 75 mg/L and 0.637 M
Rice husk ash 6 2.5 44.4 89.3 [30] ionic strength.
ZeoliteNaX 4 5.66 84.99 [37] gt
Modified 2 10.827 69.04 [22]
Swietenia that has sorption capacity to remove Cr(VI) ions from aqueous solutions
mahagoni due to the chemical interaction that occurs between the Cr(VI) ions with
shell the Si-O groups of the silica portion containing this mineral. As mex-
Coconut shell ~ 0.52 6.62 2 16.009 [17] . e i K i .
Neem leaf 0.57 694 2 14.08 071 icalcite is insoluble in water, has a low swelling index and good me-
Activated 2 28.89  72.89 [38] chanical strength properties, it was possible to use it efficiently in
neem bark

2 From Thomas model.

As can be seen from the results in Table 10, there is no direct rela-
tionship between surface area and adsorption capacity, unlike what
happens with the pH of the solution, where it is observed that the higher
the pH, the lower the adsorption capacity.

According to the relative distribution diagram of Cr(VI) species in
water as a function of pH and Cr(VI) concentration reported in the
literature [39], if the concentration is less than 1000 mg/L, the species
mainly found in aqueous solution of pH < 1, 1 < pH < 6.5 and pH > 6.5
are H,CrO,4, HCrO7 and CrO3~, respectively. The HoCrO4 and HCrOz
species consume only one adsorption site, while the CrO3~ species re-
quires two adsorption sites, but this species can be adsorbed by elec-
trostatic interaction [33].

In the distribution diagram of Cr(VI) species at 75 mg/L (Fig. 7), it is
observed that the species that predominates at pH = 7 is CrO3~ with
96%, which favors adsorption on Mexicalcite.

In the chromium adsorption process with Mexicalcite, a chromium
solution with a maximum concentration of 75 mg/L and pH = 7 was
used. Under these conditions, the surface of this adsorbent is still
covered with H3O™" ions, and it can continue to adsorb chromate ions
(CrO%7) until it reaches its maximum capacity. Therefore, due to its high
pH value at the point of zero charge (pHpzc = 9.3) presented by Mex-
icalcite, it is possible to operate the column with solutions with higher
pH than using bioadsorbents (pHpzc <7), this represents an advantage
because the effluent does not require neutralization treatment.

4. Conclusions

The natural mineral known as Mexiclacite turned out to be a material

packed columns operating continuously under different operating con-
ditions such as effluent flow, packed bed height and concentrations,
both at laboratory and pilot scale. At laboratory scale, an average
adsorption capacity of 4.98 mg/g was obtained for this adsorbent, and a
chromium removal rate of 94.09% in an aqueous solution with an initial
concentration of 25 mg/L, operating at a flow rate of 2 mL/min and a
packed bed height of 6 cm in a column of 1 cm internal diameter. The
effect of packed bed height, flow rate and initial concentration is evident
in the column breakthrough and saturation time. This is not reflected in
the adsorption capacity, but in the removal percentage, since increasing
the packed bed height increases the breakthrough and saturation time,
increasing the removal percentage. The opposite results were obtained
when the flow rate was increased, since the reduction in contact time
produces a greater reduction in the removal percentage. In this case, the
variation of the initial concentration had no significant effect on the
removal percentage. The three models: Thomas, Adams-Bohart and
Yoon-Nelson, satisfactorily describe the continuous process in this sys-
tem, according to the results of the %AARD, which compares the con-
centrations, experimental and calculated. The BDST model is suitable for
scaling up the chromium adsorption process in a packed bed column. By
doubling the column diameter, the percentage deviation was less than
1%, between the breakthrough time calculated with the BDST model
and the experimental one.
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