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The performance of a fixed-bed cation exchange process was examined for final purification of the iron load
derived from catalyst usage in the secondary treatment of olive mill wastewater, which led to unacceptable
iron levels. Results showed an increase in the pH value up to 4 enhanced the iron IE efficiency, which
decreased upon higher pH. Furthermore, Thomas model provided utmost accurate dynamic behavior
modeling for all inlet concentrations studied (20, 50 and 100 mg L™).

1. Introduction

Contamination due to the presence of iron species can be found currently in natural waters (Ahmetli et al,
2007), mining effluents (Gaikwad, 2010), hydrometallurgical solutions (McKevitt and Dreisinger, 2009) and a
range of other industrial wastes (Agrawal, 2009). In this sense, ion exchange (IE) and adsorption processes
may be a potential solution for wastewater reclamation when metal ions are present in moderate levels in the
effluent. IE is of particular interest since the metals can be potentially recovered, and the technology is simple
and effective (Dabrowski et al., 2004). Compared with conventional separation and purification methods, IE
provides several advantages involving lower operational costs, ease in handling, low consumption of reagents
if properly optimized, as well as the possibility of recovering added-value components through desorption and
regeneration of IE resins (Bulai and Cioanca, 2011; Abdel-Ghani et al., 2007).

In the present work, the performance of a fixed-bed IE process was addressed for the final purification of the
iron load in a secondary-treated olive mill wastewater stream (OMW-2ST). Industrial effluents from olive oil
industry are among the most recalcitrant and organic-polluted, up to a hundred times more than urban
wastewaters, also presenting high saline toxicity. In previous work, the authors optimized and scaled-up a
secondary treatment process for olive mill wastewater based on Fenton-like advanced oxidation, which
successfully achieved high organic matter abatement efficiencies. However, the use of a ferric catalyst during
the process leads to an increase of the iron concentration in the treated effluent exiting the Fenton-like reactor
up to unacceptable levels (more than 14 mg L") (Martinez-Nieto, 2010; European Commission, 1998).

Within this framework, continuous packed-bed column IE system may be a suitable and cost-efficient solution
for the remediation of heavy metals in aqueous systems. Several studies can be found in the literature dealing
with iron removal by means of strong acid-cation exchange resins (Kaya et al., 2002; Benitez et al., 2002;
Marafion et al., 2005, Millar et al., 2015).

In the present research work, the performance of a fixed-bed IE process based on a strong-acid cation
exchange resin was fully investigated. The influence of some key parameters on the IE performance and
removal efficiency was elucidated, comprising the inlet concentration, the system pH and the equilibrium
information related to the IE column breakthrough behavior, which provides information about the dynamic
behavior of the metal concentration in time indispensable for appropriate column design (Guangyu, 2001;
Viraraghavan et al., 2001). Column experiments were carried out to examine the breakthrough curves for
different inlet iron concentrations. Moreover, the IE process was also modeled by fitting the experimental data
to various adsorption models.
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2. Materials and methods

2.1 lon Exchange resin

The resin used in this research work was a strong-acid cation exchange resin (Dowex Marathon C), which was
supplied by Sigma Aldrich. Firstly, the selected cation exchange resin was conditioned in HCI solution and
finally in water before being used in the IE and desorption experiments, following the advice given by the resin
manufacturer. The physical and chemical characteristics of the used resin are hereafter summarized in Table 1.

Table 1: Physico-chemical properties of Dowex Marathon C resin

Dowex Marathon C resin

Type Strong-acid cation
Matrix Styrene-DVB, gel
lonic form as shipped H*

Functional group Sulfonic acid
Particle size, mm 0.55-0.65
Effective pH range 0-14

Total exchange capacity, eq L™ 1.80

Shipping weight, g L™ 800

2.2 lon Exchange bench-scale plant

The IE column, set-up as fixed-bed, was made of an acrylic tube with dimensions 540 mm height x 46 mm
internal diameter. A fixed amount of 69.2 g of the selected cation exchange resin was packed in the column,
which resulted in 25.5 cm bed height of adsorbent. The desired effluent flow rate through the IE column could
be adjusted and controlled by means of a peristaltic pump (Ecoline VC-380).

For the experiments, iron solutions were prepared by dissolving reagent-grade iron (lll) chloride 30% (w/w)
aqueous solution (provided by Panreac) in double distilled water. On the other hand, HCI 37 % solution, which
was used in the regeneration process, was also provided by Panreac.

2.3 lon Exchange bench-scale plant

Analytical grade reagents and chemicals with purity over 99 % were used for the analytical procedures,
applied at least in triplicate. For the measurement of the total iron concentration, all iron ions were reduced to
iron ions (Il) in a thioglycolate medium with a derivative of triazine, forming a reddish-purple complex that was
determined photometrically at 565 nm (Standard German methods ISO 8466-1 and German DIN 38402 A51)
(Greenberg et al., 1992).

2.4 Inlet pH impact

The impact of the inlet pH (pHo) on the IE performance for the final purification of the iron load in OMW-2ST
was examined by varying the pHo values in the range 1 - 7, while maintaining the resin dosage constant (3.5 g
L™"). The flow rate and the temperature were fixed at 10 L h™ and room temperature (298 K), respectively,
whereas the contact time was varied up to 60 min in order to reach equilibrium (Victor-Ortega, 2014).

IE equilibrium was examined by performing recirculation mode experiments with the goal of obtaining the key
equilibrium parameters of total iron/H" |IE process. The extent of the |IE equilibrium data of iron species was
determined by measuring the residual total iron concentration in the liquid phase. Previously, aqueous
solutions of this contaminant were put in contact with the IE resin until equilibrium was achieved.

The removal efficiency was determined by computing the sorption percentage with Eq.(1):

% Sorption = == x 100 )
where Co and Ce are the initial and equilibrium iron concentration (mg L), respectively.

2.5 Fixed-bed column studies

Fixed-bed studies were performed by pumping iron solutions with different concentration values equal to 20
mg L", 50 mg L™ and 100 mg L", at a flow rate of 10 L h”’ through the IE column.

The amount of adsorbed iron was calculated on the basis of the difference between the inlet concentration
(Co) and outlet concentration (Ct). The IE efficiency of the cationic exchange fixed-bed column was evaluated
by determining the breakthrough curves, which were represented as a function of treated volume in terms of
normalized concentration, Ci/Co, defined as the ratio of outlet iron concentration, C; (mg L'1) to inlet iron
concentration, Co (mg L'1). The experimental curves were mathematically modeled by means of non-linear
regression, and the parameters were estimated using the MS Excel 2011 program.

The breakthrough time tg is defined as the time required for the concentration of metal ions in the effluent to
reach 5 % of the inlet concentration. Otherwise, the exhaustion time t= makes reference to the time at which
the concentration of metal ions in the effluent becomes 90 % of the feedstream concentration.
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2.6 IE process modeling: breakthrough curves

The models, hereafter described in the following sections, were fitted to the experimental breakthrough curves
by non-linear regression methods. The regression coefficient (R?) was used to evaluate the fitting of the
experimental data to the non-linearized forms of Thomas, Yoon-Nelson, and Clark equations, whereas the
sum of the squares of the errors (SSE) calculated according to Eq. (2) served as an indicator of the goodness
of the adjustment between the experimental data and predicted values of C/Cy used for plotting the
breakthrough curves:

SSE = (qeexp - Gecal)” (2)
where the subscripts ‘calc’ and ‘exp’ make reference to the calculated and experimental values, respectively,
and n is the number of measurements.

The linearized form of the model is given by the following equation (Thomas, 1944):

Ln (E—‘; -1)= % — KppCot 3)

where Kr, (ml mg™" min™") is the Thomas rate constant, qo (mg g') is the equilibrium adsorbate uptake, Q (ml
min_1) is the flow rate; C; is the concentration of metal ion at time t and Cy is the initial metal ion concentration.
On the other hand, the linearized model equation for a single-component system is represented by the
following expression (Yoon and Nelson, 1984):

Ln(i_i_ )ZKYN.t_T-KYN (4)
where KYN (min™") is the Yoon—Nelson rate constant, T is the time required for 50 % adsorbate breakthrough
(min), and t is the sampling time (min), whereas C; is the concentration of metal ion at time t and C; is the
initial metal ion concentration.

Finally, the linearized form of the model is given by the following expression (Clark, 1987):

In[(H)" "t —1] =-rt+In A (5)
0
where n is the Freundlich constant; r and A are the Clark model parameters.

3. Results and discussion

3.1 Fixed-bed column studies
The influence of the inlet value (pHo) on iron IE efficiency is reported in Fig. 1. The adsorption of iron ions was
studied at different pH values in the range 1 - 7.
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Fig. 1. Effect of pH on iron removal onto Dowex Marathon C resin (iron concentration = 50 mg L'l).

As shown in Fig. 1, iron ions |IE removal efficiency increased with an increase in the pH value up 4 but it can
be observed that higher pH values led to lower IE efficiency. This is explained by the excessive protonation of
the active sites of the selected strong-acid cation exchange resin at low pH values (below 4), which seems to
hinder the formation of links between iron ions and the active sites of the cation exchange resin. Similar
results were found by Senthil and Gayathri (2009) in their study on bael tree leaf powder as adsorbent to
remove lead ions) from aqueous solutions. Moreover, at moderate pHo (3 - 5) the linked H+ is released from
the active sites of the cation exchange resin, and the extent of IE of iron ions is found to increase as a result of
the acidification of the medium. However, further increasing the pHo, that is, above a value of 5, leads to
decreased IE removal efficiencies, due to the fact that undesirable precipitation of metal hydroxides as
dominant mechanism may yield reduced IE efficiency and hindrance of the cation exchange capacity.

In the column studies conducted by Rao et al. (2005) the solution pH was also noted to be an influential factor
controlling the removal of iron from solution with a chelating IE resin. These authors observed that iron
sorption efficiency decreased with increasing pH value on Duolite ES 467 resin. Approximately 30 % less iron
was loaded on the resin at pH of 3 compared to pH equal to 2.
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3.2 Breakthrough curves experiments

The IE efficiency of the fixed-bed strong-acid cation exchange column was evaluated by determining the
breakthrough curves through column experiments at different inlet iron concentrations. In this case,
mathematical models of Thomas, Clark and Yoon-Nelson in nonlinear forms were applied.

In our previous research works, a secondary treatment process for olive mill wastewater based on Fenton-like
advanced oxidation was optimized and scaled-up, successfully achieving high organic matter abatement
efficiencies. However, the use of a ferric catalyst during the process leads to an increase of the iron
concentration in the effluent exiting the Fenton-like reactor up (OMW-2ST) to unacceptable levels (more than
14 mg L) (Martinez-Nieto et al., 2010; European Commission, 1998). Moreover, these concentration values
may become increased as a result of the fluctuations in the inlet concentrations of the olive mill effluent.

To cope with this fact, the effect of the initial iron concentration on the profiles of the breakthrough curves was
examined in a fixed-bed column operating in continuous mode (Fig. 2), at constant flow rate and bed height.
Results show that increasing initial concentration values resulted in an earlier breakthrough curve. Moreover,
the highest volume could be treated upon the lowest initial concentration. Integration of the area above the
breakthrough curve was performed for the determination of the iron loading on the IE resin. The obtained
results of the iron loading capacity values were equal to 31.80, 45.16 and 59.24 mg Fe g'1 when the initial
concentrations were set at 20, 50 and 100 mg L7, respectively. This increase in the IE capacity could be
explained by the fact that a higher influent iron concentration results in a higher driving force for the transfer
process to overcome the mass transfer resistance (XiaoFeng et al., 2014).
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Fig. 2. Breakthrough curves for three different iron concentrations in the influent. Common conditions: flow
rate = 10 L h™, resin amount = 69.2 g and operating temperature = 298 K.

The breakthrough curves are steeper with increasing pollutant concentrations. Similar results were also
noticed by Hodaifa et al. (2014) for iron adsorption onto olive stones (at 5 and 20 mg L™ iron concentration)
and by Rao et al. (2005) for 50 and 100 mg L™ in the treatment of wastewater containing Pb and Fe by IE. On
the other hand, McKevitt and Dreisinger (2009) demonstrated that a wide variety of resins gave rise to
breakthrough curves comparable to the one shown in Fig. 2.

Table 2 shows the experimental tz and the exhaustive capacities (qeq) Obtained for the different studied iron
concentrations. It was observed that ts decreased with increasing inlet iron concentration.

Table 2. Breakthrough times and exhaustive capacities for different inlet iron concentrations.

Inlet iron concentration tg (min) QJeqg (Mg g'1)
(mg L™)

20 350 31.80

50 270 45.16
100 195 59.24

Thomas, Yoon-Nelson, and Clark equations were used to correlate the IE breakthrough curves’ experimental
data and model the adsorption process of iron on the selected resin, for proper dimension, operation and
reliable scale-up. The values of the parameters obtained from the fitting of the experimental iron IE data to
Thomas model are hereafter reported in Table 3, comprising mainly the Thomas rate constant Ky, together
with the equilibrium adsorbate uptake qo.
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Table 3: Thomas model parameters of iron ions adsorption onto Dowex Marathon C resin

Inlet iron concentration (mg L'1) Thomas model parameters
kth (Ml min” mg'1) qo (Mg g'1) R? SSE
20 0.075 22.16 0.9868 0.030
50 0.064 36.52 0.9476 0.107
100 0.058 48.23 0.9655 0.117

It was found that the values of qo estimated using the Thomas model are very close to the ge values obtained
from the experimental results with varying Co conditions. Comparing the R? and SSE values for various
models revealed that the Thomas model described with utmost suitability the iron ions IE process in a fixed-
bed column (Table 3). Otherwise, the results obtained from the modeling with Yoon-Nelson model are
summarized in Table 4, where the estimated values of the Yoon-Nelson constant Kyn, the adsorption capacity
go, the 50 % adsorbate breakthrough 1, and additional statistical parameters are reported. In this case, the
value of Kyy was noted to decrease with increasing the initial iron concentration in the effluent. Furthermore,
the values of T were found to be lower than the t value at 50 % breakthrough experimentally observed under
all conditions assayed. These results demonstrate that Yoon- Nelson model is not very accurate in the
prediction of the 1 value. Finally, Clark model was applied for the performance modeling of the fixed-bed IE
process for the final purification of the iron load in OMW-2ST (Table 5). The value of the Freundlich constant
(n = 1.64), which was obtained from the batch tests in our previous work (Victor-Ortega et al., 2016), was
used in the Clark model to calculate the other model parameters. As seen in Table 5, R? values were lower in
comparison to the previous models examined, and the corresponding SSE values were calculated to be
higher, indicating that the Clark model predicts worst the breakthrough curve of iron adsorption process
among all tested model equations.

Table 4: Yoon-Nelson model parameters of adsorption of iron ions onto Dowex Marathon C resin

Inlet iron concentration (mg L'1) Yoon and Nelson model parameters
Kyn (min™) T(min)  qo(mgg’) R?
20 0.0313 504.8 24.31 0.8704
50 0.0313 288.7 34.77 0.9650
100 0.0465 198.2 47.74 0.9465

Table 5: Clark model parameters of adsorption of iron ions onto Dowex Marathon C resin

Inlet iron concentration (mg L™) Clark model parameters
r (min™) A tg (min) R?
20 0.0159 1079.9 330.60 0.8669
50 0.0159 347.48 25717 0.8380
100 0.0213 106.18 181.73 0.8719

4. Conclusions

In the present work, the performance of a fixed-bed IE process with a strong-acid cation exchange resin was
investigated for the final purification of the iron load in a secondary-treated olive mill wastewater stream
(OMW-2ST). Results showed that optimal pH value was found to be 4. In addition, experimental data
withdrawn from breakthrough curves demonstrated up to 59.24 mg g'1 maximum iron adsorption capacity onto
the selected strong-acid cation exchange resin. Moreover, the iron equilibrium uptake efficiency was observed
to strikingly increase with the increment of the inlet iron ion concentration. Both the breakthrough point and the
exhaustion time decreased with an increase of the inlet iron ion concentration. Furthermore, modeling of the
proposed IE process was performed with utmost accuracy by means of Thomas model for all three inlet iron
concentrations studied, providing the necessary information about the dynamic behavior of the iron IE process
for appropriate column design and operation.
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