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ABSTRACT

This study reports the assessment of helical coil-packed bed columns for Zn2+ adsorption
on bone char. Zn2+ adsorption breakthrough curves have been obtained using helical coil
columns with different characteristics and a comparison has been conducted with respect to
the results of straight fixed-bed columns. Results showed that the helical coil adsorption col-
umns may offer an equivalent removal performance than that obtained for the traditional
packed bed columns but using a compact structure. However, the coil diameter, number of
turns, and feed flow appear to be crucial parameters for obtaining the best performance in
this packed-bed geometry. A mass transfer model for a mobile fluid flowing through a por-
ous media was used for fitting and predicting the Zn2+ breakthrough curves in helical coil
bed columns. Results of adsorbent physicochemical characterization showed that Zn2+

adsorption on bone char can be attributed to an ion-exchange mechanism. In summary, heli-
cal coil columns appear to be a feasible configuration for large-scale adsorption systems
with high flow rates where a significant reduction on purification system size can be
obtained without compromising the adsorbent performance.
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1. Introduction

Adsorption processes are widely used in industrial
applications including the purification and treatment
of wastewaters and the production of drinking water.
Fixed-bed column is the most common configuration

for large-scale adsorption systems especially using
granular activated carbon [1–3], which is considered
as the most effective and economical adsorbent for
water treatment [4–7]. The design of dynamic
adsorption systems must take into account several
parameters such as: adsorbent size and distribution,
fluid flow rate, solute concentration, etc. In fact, the
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breakthrough curve that characterizes the dynamic
adsorption process is a function of both the operating
conditions and bed geometry [8]. Theoretically, the
adsorption columns can be designed for operating at
different scenarios and the flexibility and low energy
requirements are the main reasons for its widespread
usage in water treatment and purification.

For developing countries, it is relevant to reduce
the costs associated with the design, building, and
operation of water purification systems. The treatment
of fluids with high flow rates or high pollutant con-
tents usually requires adsorption columns with large
bed heights to improve the adsorbent performance
and to reach the desirable concentration limits in the
treated effluent [9]. Dynamic systems of multiple col-
umns are commonly used and they involve sequential
arrangements of two or more fixed beds. Although
several adsorption columns can be connected in series
to satisfy the design conditions, the cost and size of
separation system are critical factors that limit the
quantity of beds operated at this configuration [10].
Therefore, compact structures are desirable to reduce
the dimension of purification systems and to have less
installation, maintenance and repair costs, without
causing an adverse effect on the adsorbent perfor-
mance. One option for reaching this target in large-
scale water treatment systems implies modifications in
the packed-bed geometry. In particular, previous
studies have reported that alternative bed geometries
can be used for packed-bed columns [2,10–12]. For
example, Pota and Mathews [10] reported the adsorp-
tion of trichloroethylene on activated carbon using
tapered convergent beds, while Sze et al. [2] and Sze
and McKay [11,12] studied the application of tapered
adsorption columns for the removal of acid dye yel-
low 117 and para-chlorophenol on activated carbon.
Results of these studies showed that it is feasible to
enhance the adsorbent utilization in dynamic systems
via the bed geometry/configuration. However, these
studies did not address the key point of adsorption
system size, which is a condition that may limit the
system implementation in real-life operating scenarios.
Based on this fact, others packed-bed configurations
should be studied and analyzed to intensify the
dynamic adsorption processes for wastewater
treatment.

It is important to highlight that the helical coil con-
figurations have found extensive use in industrial
applications including power generation, nuclear
industry, refrigeration, and food industry [13]. In view
of the analogy between heat and mass transfers, the
helical coil geometry for adsorption columns may
offer some operational advantages compared to
straight bed columns. Specifically, the helical coil bed

configuration offers a compact structure for the water
treatment system besides the flow in curve pipes is
more stable than flow in straight pipes. However, the
applications of helical columns have been mainly
focused on the improvement of heat transfer. Some
studies have reported the application of helical coil
configurations to improve mass transfer rates in
reverse osmosis units or membrane blood oxygenators
[14]. But, to the best of author’s knowledge, this
configuration has not been applied in adsorption
processes. So, it would be interesting to analyze the
capabilities and limitations of the application of this
bed geometry in adsorption systems for water
treatment.

In this study, the liquid-phase adsorption of Zn2+

ions on bone char at helical coil bed columns has been
analyzed. Zn2+ is a priority pollutant on the context of
wastewater treatment due to its toxicological effects
on human beings [7,15,16]. Preliminary results indi-
cated that bone char is a promising adsorbent for Zn2+

removal from aqueous solution at batch reactors [17].
A comparison of breakthrough curves of helical coil
columns for Zn2+ adsorption on bone char and those
obtained for straight packed columns has been per-
formed. In addition, a mass transfer model was used
for breakthrough curve data correlation. This study is
the first attempt to analyze the potential application of
helical coil configurations in adsorption columns for
the removal of priority water pollutants.

2. Methodology

2.1. Description and physicochemical characterization of
bone char used for Zn2+ removal

Commercial bone char provided by a Mexican
company was used in this study, which has been syn-
thesized from the thermal treatment of bovine bone
wastes. Bone char was washed with deionized water,
dried, and sieved for Zn2+ adsorption experiments.
The main textural parameters of this adsorbent were
determined using nitrogen adsorption–desorption iso-
therms at 77 K. They include: BET surface area of
74 m2, micropore volume of 0.027 cm3/g (28%), meso-
pore volume of 0.067 cm3/g (72%), and total pore vol-
ume of 0.094 cm3/g, respectively. The functional
groups of this adsorbent were determined using trans-
mission FTIR spectra recorded on a Bruker IFS 66/S
spectrophotometer and the adsorbent samples were
analyzed using spectroscopic-grade KBr. Analysis was
performed using a sample scan time of 200 scans and
a resolution of 4 cm−1. The adsorbent crystalline
structure was studied using an X-ray diffractometer
Bruker D8-Advance with a Göebel mirror, a tube of
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RX with copper anode and radiation Cu Ka (k = 1.5406
Å). Diffractograms were obtained at 10 ≤ 2θ ≤ 80 and
the database used for analysis was from International
Center for Diffraction Data (ICDD). The elemental
composition was determined by X-ray fluorescence
(XRF) analysis, which was performed using a sequen-
tial X-ray spectrometer equipped with a rhodium tube
and beryllium window. X-ray photoelectron spec-
troscopy (XPS) was used to estimate the Zn2+ content
at the adsorbent surface after adsorption experiments.
This analysis was performed with a Prevac photoelec-
tron spectrometer equipped with a hemispherical ana-
lyzer (VG Scienta R3000). Spectra were taken using a
mono-chromatized aluminum source Al Kα
(E = 1486.6 eV). The base pressure in the analytical
chamber was 5 × 10−9 mbar. The binding energy signal
was calibrated using the Au 4f7/2 line of a cleaned
gold sample at 84.0 eV. The adsorbent surface compo-
sition was estimated employing the areas and binding
energies of O 1s, P 2p, Ca 2p, and Zn 2p core levels,
respectively.

2.2. Dynamic adsorption experiments using helical coil-
packed bed columns

Breakthrough curves for Zn2+ adsorption on bone
char were obtained at different operating conditions of
helical coil columns. Fig. 1 shows the configuration
and terminology used for helical coil pipes. Note that
the curved shape of this bed geometry causes the fluid
to experience centrifugal force, which will depend on
the fluid velocity and the curvature of the coil. There-
fore, counter-rotating vortices are generated, called
secondary flows [18], which may produce additional
transport of the solution over the cross-section of the
column. In particular, we have analyzed two relevant
parameters of helical coil columns on the adsorption
performance of bone char. These parameters are the
coil diameter and the number of turns for the coil
column. A polyurethane-based pipe was used as the

building material for helical coil columns. The pipe
diameter (i.e. internal bed diameter) was kept at
≈ 0.7 cm and the helical coil columns consisted of 3
and 6 turns. These turns corresponded to coil diame-
ters of 10 and 4.2 cm, respectively, which were mea-
sured between the centers of the pipes. On the other
hand, the coil pitch (i.e. the distance between two
adjacent turns) for all experiments was zero with the
objective of obtaining a compact adsorption column.

Adsorption experiments were performed using
feed solutions with Zn2+ concentrations of 24, 48, and
100 mg/L at feed flows of 6.5 and 13 mL/min, which
were obtained with a peristaltic pump. These feed
flows correspond to residence times of ~3 and 1.5
min, respectively. Metal solutions were prepared
using hydrated zinc nitrate (J.T. Baker) and deionized
water. All fixed-bed experiments were performed at
30˚C and pH 5 using 33.25 g of bone char with a
mean particle diameter of 0.67 mm (i.e. a bed length
of 98 cm). Bone char was packed into the columns
and, after packing, deionized water was fed to the
columns for 2 h, at the selected operating conditions,
to wet the adsorbent and to expel the air. Samples of
column outlet were collected for determining the
breakthrough curves of Zn2+ adsorption on bone char
and the metal concentrations were quantified using
atomic absorption spectroscopy with an iCE 3300
Thermo Scientific spectrometer. For comparison, the
Zn2+ adsorption experiments were performed using a
conventional straight packed-bed column. Specifically,
the breakthrough curves were obtained at the operat-
ing conditions (i.e. adsorbent mass, feed flows, and
metal concentrations) used for helical coil-bed
columns. This comparison was performed to identify
the capabilities and limitations of using this
alternative bed configuration for dynamic adsorption
processes.

Data analysis of breakthrough curves included
the calculation of the breakthrough points,
[Zn2+]outlet = w·[Zn2+]feed where w ∈ (0,1), and the esti-
mation of the bone char adsorption capacities qbchar.
The adsorption capacities of bone char were calculated
from the graphical integration of the experimental
breakthrough curves using:

qbchar ¼
Z t¼toper

t¼0

½Zn2þ�feed � ½Zn2þ�outlet
mads

� �
Q dt (1)

where Q is the feed flow, mads is the adsorbent
amount used in packed columns, and t is the operat-
ing time of dynamic adsorption experiments, respec-
tively. A Matlab® program was employed for this
calculation using the trapezoid rule.

coil diameter

coil turns

Fig. 1. Illustration and nomenclature of a helical coil pipe.
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2.3. Mass transfer modeling of breakthrough curves

There are various approaches for modeling mass
transfer mechanisms in packed-bed adsorption col-
umns [19], which show different mathematical com-
plexity. In this study, a mass transfer model for a
mobile fluid flowing through a porous media was
applied for data modeling of Zn2+ breakthrough
curves using bone char and helical coil columns. This
model has been used as a first step to obtain a mathe-
matical approach that can predict the performance of
these adsorption columns. Based on the fact that the
axial dispersion is commonly higher than the diffusion
in packed bed columns [20], the mass transfer model
is given by [21]:

e
@c

@t
þ qb

@qbed
@t

þ r � ðcuÞ ¼ r � ðDDrcÞ (2)

where ε is the porosity or bed void fraction, ρb is the
bulk density in kg/m3, t is the operation time in h, DD

is the axial dispersion coefficient in m2/s, c = [Zn2+] is
the adsorbate concentration in the fluid phase given in
mol/m3, qbed is the bed adsorption capacity in
mol/kg, and u is the fluid velocity in m/s, respec-
tively. Applying a variable change for qbed, we have:

@qbed
@t

¼ @qbed
@c

@c

@t
(3)

where Kp = ∂qbed/∂c is an adsorption constant given
in m3/kg and x is the distance along the bed length,
respectively. Combining the equations and assuming
that the change of adsorbate concentration occurs in
space variable x, the final mass transfer model is
defined as:

ðeþ qb KpÞ @c
@t

þ u
@c

@x
¼ DD

@2c

@x2
(4)

In this model, the parameters Kp and DD are deter-
mined via the data fitting of experimental break-
through curves. The initial and boundary conditions
for this model are [8,20]:

t ¼ 0; 0\x\L; c ¼ 0
t[ 0; x ¼ 0; c ¼ cf
t[ 0; x ¼ L; @c

@x

��
x¼L

¼ 0
(5)

where L is the bed length and cf is the final concentra-
tion of outlet column obtained in experimental break-
through curves. The differential equation governing
the mass transfer in adsorption columns was solved

using Comsol Multyphysics®. Parameters used for
breakthrough data modeling are reported in Table 1
and the best values of Kp and DD were determined
one-at-a-time via a parametric study using this
software.

3. Results

Fig. 2(a)–(f) shows the breakthrough curves of
Zn2+ adsorption on bone char using the helical coil
bed columns for tested feed flows and metal concen-
trations. The shape and characteristics of the break-
through curves are functions of these operating
parameters and, consequently, they determine the
dynamic performance of adsorption columns. As
expected, the sharpness of Zn2+ breakthrough curves
increased with feed flow and inlet metal concentra-
tion. These results also confirmed that Zn2+ adsorption
breakthrough curves depend on the characteristics of
helical coil columns. Specifically, the coil diameter and
the number of turns affected the performance of metal
adsorption. But, their effects on metal removal depend
on the operating conditions of the bone char columns.
For the lower feed flow, the effect of coil diameter and
turns is more significant especially for the inlet metal
concentrations of 24 and 48 mg/L, see Fig. 2(a) and
(b). Note that helical coil columns with 6 turns (i.e.
with the lower coil diameter) offered the best perfor-
mance for Zn2+ adsorption on bone char at the lower
feed flow. Breakthrough curves for helical columns
with 6 turns are more delayed and sharper than those
for adsorption columns with 3 turns. But, at the upper
feed flow, the change in coil diameter and turns does
not provide a pronounced effect on the bed metal
uptakes independent of the inlet Zn2+ concentration,
see Figs. 2(d)–(f). At this flow condition, breakthrough
curves obtained for different coil turns are practically

Table 1
Parameters used in the mass transfer model for break-
through data correlation of Zn2+ adsorption on bone char

Parameter Valuea

Bed void fraction (ε) 0.3
Bulk density ρb (g/cm

3) 1.2
Solution density (g/cm3) 0.9956
Solution viscosity (cp) 0.7982
Solvent molecular weight (g/mol) 18
Solute density (g/cm3) 7.1386
Solute molecular weight (g/mol) 65.93
Solute volume (cm3/mol) 9.16

aValues obtained from database of Comsol Multyphysics® with

except of ε and ρb.
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equivalent. In helical coil configurations, the solution
flowing through curved tubes induces a secondary
flow where its intensity depends on the coil diameter
and turns besides the feed flow [18]. Therefore, this
secondary flow may improve the mixing inside the
column and contribute to the mass transfer [14]
depending of the operating conditions of dynamic
adsorption process. In fact, results showed that the
feed flow rate is a crucial parameter for the operation
of helical coil adsorption columns.

Adsorption breakthrough curves obtained for con-
ventional packed-bed columns are reported in
Figs. 3(a) and (b), and the main parameters of Zn2+

dynamic adsorption are reported in Table 2. Break-
through data for helical coil columns were compared
with those obtained for traditional straight packed bed
adsorption columns for tested operating conditions.
Overall, the straight fixed-bed column and the helical
coil column with 6 turns showed a similar adsorption
performance and, hence, similar breakthrough curves

for Zn2+ removal independent of metal concentration
and feed flow. The breakthrough points and the bone
char adsorption capacities of both conventional and
six-turn helical beds are practically equivalent; see
results of Table 2. Metal uptakes ranged from 4.0 to
6.0 mg/g where the three-turn helical coil columns
showed the lowest Zn2+ adsorption capacities and the
shortest breakthrough points for all operating condi-
tions. In particular, the order of breakthrough times is:
conventional column ≈ six-turn helical column > -
three-turn helical column. Then, the helical coil col-
umn with six turns is the best choice when
considering the adsorbent performance and the size of
purification system. Usually, the concentration of
column outlet increases rapidly after reaching the
breakthrough point. However, results reported in
Figs. 2 and 3 show a region where the concentration
profile is flat probably due to a relatively low Zn2+

uptake by bone char. It is convenient to remark the
Zn2+ adsorption capacity of bone char is 23.0 mg/g at
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Fig. 2. Breakthrough curves for Zn2+ adsorption on bone char using helical coil-packed columns. Metal concentration and
feed flow: (a) 24 mg/L and 6.5 mL/min, (b) 48 mg/L and 6.5 mL/min, (c) 100 mg/L and 6.5 mL/min, (d) 24 mg/L and
13 mL/min, (e) 48 mg/L, and 13 mL/min, and (f) 100 mg/L and 13 mL/min.
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batch conditions and 30˚C and pH 5. Therefore, the
bed utilization (i.e. the ratio of bed capacity and batch
capacity) ranged from 18 to 26%, see results reported
in Table 2. These values are typical for dynamic

adsorption/sorption process involved in heavy metal
removal, e.g. [15].

The modeling of helical coil packed columns for
Zn2+ adsorption on bone char used Eq. (4) is included
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Fig. 3. Breakthrough curves for Zn2+ adsorption on bone char using conventional (i.e. straight) packed columns. Feed
flow: (a) 6.5 mL/min and (b) 13 mL/min.

Table 2
Breakthrough points, Zn2+ adsorption capacities, and bed utilization for both conventional and helical coil adsorption
columns

Operating conditions Breakthrough pointa (h)

Feed flow (mL/min) [Zn2+]feed (mg/L) Bed geometry w = 0.05 w = 0.10 qbchar (mg/g) Bed utilization (%)

6.5 24 Straight 4.0 4.67 4.41 19.17
Helical coil—3 turns 3.5 4.17 4.19 18.22
Helical coil—6 turns 4.1 4.83 4.46 19.39

48 Straight 1.56 1.67 4.39 19.09
Helical coil—3 turns 1.25 1.33 4.13 17.96
Helical coil—6 turns 1.36 1.54 4.39 19.09

100 Straight 0.69 0.71 5.69 24.74
Helical coil—3 turns 0.45 0.50 5.78 25.13
Helical coil—6 turns 0.46 0.51 5.66 24.61

13 24 Straight 1.22 1.33 5.91 25.70
Helical coil—3 turns 1.07 1.22 5.82 25.30
Helical coil—6 turns 1.18 1.33 5.89 25.61

48 Straight 0.45 0.49 4.78 20.78
Helical coil—3 turns 0.42 0.46 4.9 21.30
Helical coil—6 turns 0.47 0.52 4.85 21.09

100 Straight 0.10 0.18 5.62 24.43
Helical coil—3 turns 0.17 0.18 5.69 24.74
Helical coil—6 turns 0.17 0.18 6.01 26.13

aBreakthrough point: [Zn2+]outlet = w·[Zn2+]feed.
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in Fig. 2. Herein, it is convenient to remark that the
modeling of breakthrough curves using mass transfer
models is relatively more tedious and time consuming
than the use of simplified models such as Thomas
equation. However, the shape of breakthrough curves
of Zn2+ adsorption on bone char limits the application
of Thomas, Bohart–Adams, Yoon–Nelson, Clark, Yang
models, or other simplified breakthrough equations.
For example, the Thomas equation failed to model the
experimental breakthrough curves obtained in this
study and showed low values of R2 (results not
reported for the sake of brevity). Overall, Eq. (4) is
capable of describing satisfactorily the transient behav-
ior of Zn2+ concentration profile for the helical coil col-
umns at tested operating conditions. Results of data
fitting for experimental Zn2+ breakthrough curves are
reported in Table 3, which includes the adjustable
parameters of the mass transfer model. Parameters DD

and Kp ranged from 155 to 455 cm2/s and 0.1 to
0.63 m3/kg, respectively, for tested operating condi-
tions. Overall, three-turn helical coil columns showed
the highest values of axial dispersion DD, see Table 3.
In data fitting, the values of R2 ranged from 0.95 to
0.99 where the modeling results were better for
six-turn helical coil columns. The performance of
the mass transfer model is worse in the zone
[Zn2+]outlet/[Zn

2+]feed < 0.1 of the breakthrough curves,
while this model provides satisfactory predictions for

Zn2+ adsorption on bone char in the region 0.1 <
[Zn2+]outlet/[Zn

2+]feed < 1.0. This mass transfer model
is a reasonable approximation for data fitting of break-
through curves of Zn2+ adsorption on bone char using
helical coil columns. In summary, this model can be
used as a first approach for estimating the process
dynamic and adsorption behavior in this column type
and it is useful for performance analysis and design.

Fig. 4(a) shows the FTIR spectra of bone char used
in Zn2+ adsorption experiments. FTIR analysis showed
the six characteristic bands of bone char: 3,420, 1,620,
1,450, 1,030, 600, and 565 cm−1 [22,23]. The band at
3,420 cm−1 corresponds to a high energy elongation
peak from OH groups on the hydroxyapatite structure
[24]. The characteristic bands of the phosphate group
are observed at 1,030 and 600 cm−1. They correspond
to vibrations of the hydroxyapatite and are assigned
to the stretching (1,030 cm−1) and bending (600 cm−1)
vibrations of the phosphate group [23,25]. Finally, the
absorption band at 565 cm−1 corresponds to the cal-
cium present in the inorganic structure of bone char
[26]. Note that a new energy absorption band located
at 450–510 cm−1 is identified in the FTIR spectrum of
metal-loaded adsorbent (BC-Zn), which could be
attributed to the vibrational mode Zn–O in the matrix
of bone char [27,28]. The presence of this new band
could suggest the incorporation of Zn2+ onto the bone
char structure.

Table 3
Results of Zn2+ breakthrough data correlation using mass transfer model

Operating conditions Mass transfer parameters

Feed flow, mL/min [Zn2+]feed (mg/L) Bed geometry DD (cm2/s) Kp (m3/kg) R2

6.5 24 Straight 155.28 1.0 0.99
Helical coil—3 turns 181.41 1.0 0.99
Helical coil—6 turns 134.17 1.0 0.98

48 Straight 199.75 0.63 0.96
Helical coil—3 turns 235.43 0.63 0.99
Helical coil—6 turns 203.27 0.63 0.99

100 Straight 389.45 0.35 0.96
Helical coil—3 turns 454.77 0.35 0.97
Helical coil—6 turns 443.72 0.35 0.98

13 24 Straight 179.4 0.44 0.98
Helical coil—3 turns 190.45 0.44 0.98
Helical coil—6 turns 172.36 0.44 0.99

48 Straight 176.6 0.15 0.96
Helical coil—3 turns 184.42 0.15 0.97
Helical coil—6 turns 155.53 0.15 0.98

100 Straight 377.89 0.12 0.96
Helical coil—3 turns 412.56 0.12 0.95
Helical coil—6 turns 325.13 0.12 0.97
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On the other hand, Fig. 4(b) reports the XRD
results for adsorbent samples. XRD diffraction peaks
of adsorbent samples correspond to the crystalline
structure of hydroxyapatite [Ca10(PO4)6(OH)2]. How-
ever, XRD results show that the characteristic reflec-
tions of the crystalline phase of the hydroxyapatite
lost intensity after the Zn2+ adsorption. It appears that
Zn2+ ions are adsorbed on the surface of hydroxyap-
atite of bone char via an ion exchange with Ca2+ ions,
leading to the formation of a new structure [Ca10-
xZnx(PO4)6(OH)2]. Furthermore, Zn2+ adsorption on
the bone char surface caused that the hydroxyapatite
lost its crystallinity. It is noteworthy that these results
are consistent with data reported in the literature for
heavy metal removal using bone char [17,29].

The elemental compositions (wt %) of bone char
samples obtained by XRF analysis are reported in
Fig. 4(c). This adsorbent is mainly constituted of cal-
cium and phosphorus, 24.4 and 21.7%, respectively.
Note that the calcium content of bone char decreased
after Zn2+ adsorption (i.e. from 24.4 to 23.9%). This
result could be associated to the ion-exchange mecha-
nism involved in the Zn2+ removal. Finally, Zn2+ is
identified only in the metal-loaded sample (0.8%). On
the other hand, XPS results are reported in Fig. 5.
The oxygen deconvolution spectrum shows two
important signals at 533.9 and 531.6 eV, which are
associated with the interactions PO and OH, respec-
tively [30,31]. These signals correspond to the phos-
phate group and the hydroxyl group in the structure
of hydroxyapatite. In the region P 2p, a single signal
is identified at 133.3 eV and it corresponds to the
bond P–O of the phosphate group of the hydroxyap-
atite. Ca 2p XPS spectrum contains a single signal at
347.3 eV, which is characteristic of bond CaO [32].
Note that, after the Zn2+ adsorption on bone char, an
overlap occurs in the binding energy <0.4 eV for the
regions O 1s, Ca 2p and P 2p. However, this phe-
nomenon is not significant since the new binding
energy formed corresponds to the same oxidation
state of the element studied [32]. Finally, Zn 2p XPS
spectrum for bone char samples show a signal at
1,022.8 eV that corresponds to the bond ZnO, which
is formed between the oxygen from hydroxyapatite
surface and adsorbed Zn2+ ions [33]. According to
Mendoza-Castillo et al. [17], the Zn2+ adsorption on
bone char could be attributed to the following
mechanisms:

�Ca2þ þ M2þ ¼ �M2þ þ Ca2þ (6)

�OH þ M2þ ¼ �O�Mþ þ Hþ (7)
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Fig. 4. (a) FTIR spectra, (b) XRD patterns, and (c) elemental
composition by XRF analysis of bone char samples before
(BC) and after zinc adsorption studies (BC-Zn).
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where M2+ is the metal ion in aqueous solution and ≡
symbolizes the bone char surface, respectively.

4. Conclusions

This study introduces the application of helical
coil columns for the liquid-phase adsorption at
dynamic conditions. In particular, Zn2+ adsorption on
bone char has been performed using helical coil col-
umns with different characteristics and a comparison
has been conducted with respect to the results of
conventional (i.e. straight) fixed-bed columns. Results
showed that the helical coil adsorption columns may
offer an equivalent removal performance than the
traditional packed bed columns but using a compact
structure. However, the coil diameter, number of
turns, and feed flow appear to be crucial parameters
for obtaining the best performance in this packed-
bed geometry. On the other hand, a mass transfer
model for a mobile fluid flowing through a porous
media was successful for fitting and predicting the
Zn2+ breakthrough curves in helical coil bed col-
umns. Finally, results of adsorbent physicochemical
characterization showed that Zn2+ adsorption on
bone char can be attributed to an ion-exchange
mechanism. In summary, helical coil columns appear
to be a feasible configuration for large-scale adsorp-
tion systems with high flow rates where a significant
reduction on purification system size can be obtained
without compromising the adsorbent performance.
Further studies should be focused on the optimiza-
tion of this bed geometry for both mono- and
multi-solutes systems.
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