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Abstract

The presence of toxic heavy metals in wastewater is a continuing threat to both the
environment and living organisms. The present study investigates the ion-exchange
potential of a dual-exchanged (Na+/H+) chelating resin to remove nickel ions from
wastewater in a fixed bed column ion exchanger. The resin contains iminodiacetic

acid (IDA) functional groups that can lead to the capture of heavy metal ions,
provided that the pH condition and ratio of Na™: H* are appropriate. Too much Na*
results in precipitation of nickel hydroxide, resulting in clogging of the ion exchange

columns, while too much H* in the solution leads to competitive protonation,

reducing the uptake of Ni%* ions. The experimental work has been supported by

modelling results using a new film-homogeneous surface diffusion model (HSDM)
to simulate the fixed bed breakthrough curves for the two exchange processes —

assigned 1 and 2. The best fit model simulation curves were obtained by optimizing
the overall external diffusion mass transfer coefficient k¢ (= 5.41 x 107 cms™), the
surface diffusivity Ds (Ds1 = 224 x 10 7cm?s for 2Na*/ Ni?* exchange; and, Dsy =
3.60 x 107 cm?s! for 2H*/ Ni%* exchange) and the equilibrium constant Kgp ( Kgrp1
= 351 dm®/g for 2Na'/ Ni?" exchange; and Kgrp» = 781 dm®/g for 2H"/ Ni?*

exchange) until a good fit was obtained between the model and experimental data.
Optimisation was achieved by employing the downhill simplex method and
performing a multidimensional minimization of the objective function, i.e.

minmizing the SSE between the experimental data and the model prediction.

Keywords: Nickel ions removal; iminodiacetate resin; fixed bed ion exchange;

binary-site surface diffusion modelling; breakthrough curves.



1.0 Introduction

Industries, such as the microelectronics, printed circuit board manufacturing, coin
production and metal finishing, discharge large quantities of metal-bearing waste
effluents, which become a major environmental problem. A significant issue of these
toxic heavy metals is their ability to wipe out microbial cultures in wastewater and

sewage treatment plants [1,2].

Toxic metals, like copper, nickel and zinc, are most commonly found in waste
effluents with the result that governments continue to tighten the environmental
discharge and exposure regulations [3,4]. Heavy metal contamination of water bodies
is a serious issue as metal in drinking water can cause chronic or acute diseases to
humans. Bioaccumulation of heavy metals can occur in fish or agriculture, and
humans at the highest food chain level, which will receive all of the heavy metals
across the food chain creating the highest health risk. The metal, nickel, studied in
the present work, is known to cause dermatitis and eczema, and is a recognised

carcinogen responsible for lung and bone cancer [5-7].

lon exchange is a technique that can separate dissolved ions from the water and has
been used for the production of high purity water. Since ion exchange resins have a
very strong affinity for dissolved ions, including heavy metals, ion exchange is
highly suitable in purifying waste effluent to comply with the most stringent
environmental discharge standards. Nevertheless, until the emergence of chelating
ion exchange resins, the purification of electroplating effluents using common ion
exchange resins was not economic due to the rapid saturation of the ion exchange

resins. The emergence of chelating resins has allowed metal ions to be recovered



selectively from waste water. This has made the application of ion exchange for

metal removal in wastewater treatment increasingly popular [8].

Chelating ion exchange resins are, in general, copolymers with covalently bonded
side chains that can form coordinate bonds with most of the toxic metal ions [9,10].
The amino groups are well established as groups that provide nitrogen lone pair
electrons for ions to form covalent bonds [11,12]. Due to coordination-type
interactions, all such chelating exchangers offer extremely high selectivity toward
commonly encountered toxic divalent cations, namely Cu?*, Pb?*, Ni%*,Cd?*" and
Zn?*, over competing alkaline (Na*, K*).and alkaline-earth (Ca?*, Mg?*) metal
cations[13]. Waste derived exchangers [12,14] and polymerHIPE membranes [15]

have demonstrated high removal capacities for nickel and cobalt.

Chelating resins with iminodiacetic acid (IDA) functional groups are one of the best

known chelating resins for heavy metal removal and recovery. Each IDA functional
group contains one nitrogen atom and two carboxylic groups with Na™ or H™ oxygen

atoms as the donor atoms, which can form coordinate bonds with the heavy metal
ion. The two carboxylic groups contain Na+ or H+ ions for direct ion exchange. A
divalent metal ion can strongly exchange with two of these donor atoms to the IDA
functional group. Therefore, IDA type chelating resins are now widely used in many
industrial applications for wastewater treatment and metal recovery. Dabrowski et al.
[16] produced a comprehensive review on the selective removal of heavy metal ions

from the wastewater by ion exchange method.

From literature, several research studies on heavy metals removal by the IDA

chelating resins have been conducted by the various workers. The equilibrium and



activity coefficients in metal-iminodiacetate resin were studied and determined by
Fernandez et al. [17]. Binary metal equilibrium data were obtained at different
temperatures and ionic strengths, and two sets of ternary systems: close selectivity
(Zn?*, Co?" and Na*) and distinct selectivity (Cu?*, Co?* and Na*) were also studied
for the IDA chelating resin by Arevalo et al. [18]. Pesavento et al. [19] applied the
Gibbs-Donnan model to describe and predict the metal sorption in IDA chelating
resin. Malla et al. [20] evaluated the sorption and desorption characteristics of Cd, Pb
and Zn on the IDA chelating resin, while Kargman et al. [21] studied the selectivity
of IDA chelating resins for heavy metals in the electroplating wastewater. Koivula et
al. [22] tested a wide range of chelating ion exchangers for their abilities to remove

heavy metals from metal plating rinse waters.

As the IDA functional group of the chelating resins is a weak acid, all of the IDA
chelating resins exhibit high affinity toward hydrogen ions. This process is called
protonation. Due to the protonation effect, the ion exchange capacity will reduce in
an acidic environment. Mijangos and Diaz [23] studied the pH effects on the capacity
of Cu, Ni, Zn and Co in the IDA chelating resin and found that the resin capacity
decreased with decreasing pH below 4. On the other hand, hydrolysis of the chelating
resin takes place when the hydrogen ion produced in the autoprotolysis of water
exchanges with the counter-ions, like Na*, loaded in the resin. Thus, Leinonen and
Lehto [24] demonstrated how an IDA chelating resin behaved as a multi-component
(H-Na-divalent metal) ion-exchange system and explained how the pH changed due
to the hydrolysis of the resin and protonation during the batch equilibrium studies

with divalent metal ions.



Wolowicz and Hubicki [25] used chelating resin for noble metals Pd, Pt and Au and
for some basic metals Cu, Co, Ni and Zn. Good ion exchange capacities were
achieved for the three noble metals but the base metals were removed to a much

lower extent. The removal of nickel using amine chelating ion exchange resin was

enhanced by over 50% by the addition of the salts NaCl and CaCl; [26].

Although fixed bed systems employing chelating ion exchange resin have been
applied to remove toxic heavy metals from the industrial wastewater for years, the
design of industrial ion exchange systems has traditionally relied on pilot studies to
gain the required information to predict column behavior in full scale treatment
plants with various design and operating parameters. Pilot studies are relatively
expensive and time consuming. Mathematical process models [27,28] can facilitate
the design of full-scale systems simply by reducing the number of pilot-scale tests

required to evaluate various operating conditions and design parameters.

The present study involves the removal of nickel ions from wastewater using a series
of fixed bed experiments and an iminodiacetate ion exchange resin. A homogeneous
surface diffusion model has been developed to simulate the experimental
breakthrough curves by optimizing the key major design parameters:- the external
diffusion coefficient, the surface diffusivity and the isotherm equilibrium constant.
These parameters describe the ion exchange process, which can then be used to

design systems using this resin.



2.0 Experimental Program

2.1 Materials

2.1.1 Chelating lon Exchange Resin

The iminodiacetate chelating resin sample is Suging D401 (D401 in short) which is
produced by the Jiang Yin Organic Chemical Company, China. The resins have the
iminodiacetate functional group and the initial ionic forms are di-hydrogen before
being converted into a di-sodium form or a composite resin of di-Na and di-H, by
conditioning with NaOH.

The structure and physical characteristics of the chelating resin is shown in Figure 1

and Table 1 respectively.
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Figure 1. Structure of iminodiacetate chelating resin

Table 1 Physical Properties of D401

Functional group Iminodiacetate
lonic form Sodium
Appearance Opaque spheres
Bulk density, g/l 700 — 800
Particle density, g/l 1150 — 1250
Water retention, % 50 -60
Particle size, mm 0.4 —1.25 (>=95%)
Maximum operating temperature, °C 100

Total exchange capacity (Na-form), min 1.95 mmol Cu/g
Expected operating capacity (Na-form) 1.49 mmol Cu/g
* The values are copied from the technical data sheets provided by the manufacturers

and are available online: http://www.suqing.com/Engpage/production/Cation3.htm



http://www.suqing.com/Engpage/production/Cation3.htm

2.1.2 Pre-treatment of Resins

The pretreatment of the resins was to ensure a consistent resin condition for all the
experiments. Therefore, fixed amounts of HCI and NaOH were used and the same

pretreatment steps were used to condition the resins throughout the study.

The resin was treated with the standard regeneration procedure and to pre-treat the
resins to ensure a uniform standard condition. The resin sample was first immersed
in 8% HCI (the amount of HCI would be based on a dosage of 180g HCI per liter wet
resin) for 45 minutes with stirring. The resin was then rinsed with deionized water to
remove the residual of HCI. After that, the resin was immersed in 4% NaOH for
another 45 minutes. The Na concentration in the acid solution was measured using
ICP-AES so that the Na content in the resin could be calculated. The 100% sodium
form of resin changed the solution pH highly alkaline and precipitated nickel

hydroxide causing the column to block.

Consequently a hydrogen-sodium resin was used and to condition the resin to this
form (the actual resin Na-content was later measured to be 3.06meq/g), a dosage of
41.2g NaOH per liter wet resin was used. The resin was first prepared in the
hydrogen form and then a titration experiment of the resin was carried out with
different amounts of NaOH. From the titration experiments, a Na+ content of 3.06
meq/g could be achieved based on the addition of the 41.2g of NaOH. The
pretreatment was designed to produce this resin in hydrogen-sodium form with Na

content of 3.06 meg/g Na* and by difference a H+ content of 1.64meq/qg resin .

Finally, the resin was rinsed with deionized water until the pH is about 11.5 to

remove residual NaOH. After that, the resins were dried in an oven using a



temperature below or equal to 110°C for more than 48 hours. Finally, the resins were

cooled in desiccators and sieved to within the particle size range of 1000-450 ¢z m

after cooling.

2.1.3 Nickel lon Solution

Nickel(Il) chloride (NiCl2-2H20) (99%) was supplied by Riedel—-de-Haén Chemicals.
Stock metal solutions were prepared by ultra-pure deionized water. Metal ion
solutions of varied concentrations were made up by diluting the stock solution with
different amounts of deionized water.

2.2 Experimental Procedures

2.2.1 To measure the Equilibrium Isotherms

In order to investigate the pH effect on the ion exchange capacity, 0.1g resin (with
3.06meqg/g Na content and 1.64meqg/g H content) was added to sample bottles
containing 50ml nickel chloride of various concentrations from 0.5 to 6.0mmol/dm?®.
The sample bottles were then agitated at 200rpm at a constant temperature of 25+/-2
degC for 72 hours to achieve equilibrium. The nickel ion solution concentrations
were measured using ICP-AES.

*  The final pH of each test bottle was also measured.

e The amount of metal ion sorbed, ge, was calculated using the following equation:

(Co — Ce )‘/ (1)

¢ m
* Finally, the exchange capacity, ge, was plotted against the equilibrium pH.
2.2.2 To Study the Effect of Equilibrium pH on lon Exchange Capacity
In order to investigate if the exchange capacity varied with the solution pH a series of

studies was performed using similar conditions to those described in section 2.2.1,



but with a fixed initial concentration on nickel chloride at 6.0mmol/dm? and with
different initial solution pH values.

2.3 Fixed Bed Column Studies

2.3.1 Fixed Bed Experimental Setup

A pilot-scale ion exchange system was built to conduct the column runs. The
schematic diagram of the setup is shown in Figure 2.

The ion exchange columns were made of Perspex tubes with an internal diameter of
2.08cm and a height of 150cm. It was assumed that there was no variation of the
axial liquid velocity and solute concentration in the radial direction inside the
column. The column diameter to the particle diameter ratio for this experiment
ranged between 21 and 46, which was considered to be adequate such that the effects
of channeling at the wall and random variations in the interstitial velocity within the
bed became negligible. The top and bottom of the column were connected to 0.5 cm
Perspex tubes which were the inlet and outlet of the column respectively. A retaining
sieve of 65 mesh size was fixed at the bottom of the column using a special adhesive.
Ballotini balls of 2mm diameter were placed at the column bottom before putting in
the resin. 5 samples points were located at Ocm, 20cm, 40cm, 60cm and 80cm from
the column bottom along the straight height of the column. Each point was sealed
using Suba-seals and 5 syringes of 5cm® were used to collect samples from these

sampling points for analysis.

The metal ion solutions were prepared by dissolving a specific amount of metal ion
salt in deionized water in the mixing tank where the metal ion solution was
continuously circulated by a centrifugal pump. The pH of the metal solutions would

also be adjusted slightly by adding HCI or NaOH to maintain a constant pH of about



5.0. According to the speciation diagrams for Ni, under the pH of 5.0, the
predominant species is Ni?* [29].
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Figure 2. Schematic diagram of the experimental setup



The single component metal ion solution was delivered to the holding tank where the
metal ion solution was pumped to each column via a rotameter. The rotameters were
used to monitor the flowrate which would be maintained constant throughout the
experiment. The flowrates used in the column runs were in the range of 120-220
ml/min. The linear velocity was in the range of 0.66-1.04 m/s. Depending on the
flow rate and the resin bed depth, the empty bed residence time (EBRT) varied from

about 40s to 200s.

2.3.2 Fixed Bed Experimental Procedures

A specific amount of pretreated dry resin (i.e. 145g) would be packed into each
column. Before packing, the dry resin was first soaked in deionized water for 24
hours so that all the air could be expelled from the resin. Then the wet resin, together
with the deionized water, was poured into the columns. During the column filling
procedure, the resin should be kept submerged in deionized water. It was important
to ensure that all air was expelled from the resin bed. If air pockets existed in the
packed column, the operation would become unstable as channeling and air locking
would occur. After packing the column, the column was tapped well so as to allow
the resin to settle down. After filling in the resin, the column would be covered by

the top flange.

To start the experiment, the metal ion solution in the holding tank would be pumped
at constant flowrate to the ion exchange columns. Samples were taken along the
column at time intervals ranging from 30 minutes to half an hour until the metal ion
concentration of the effluent coming out from the column bottom reached the

breakthrough point.



2.4 Analytical Techniques

The concentrations of metal and sodium ion solutions were measured by Inductively
Coupled Plasma-Atomic Emission Spectrophotometer (ICP-AES). Three calibration
standards and blank solution were used to form four points to establish the
calibration curve for the equipment. The calibration standards were prepared using
the standard solutions which were certified by the supplier. A linear calibration line
was obtained after the calibration procedure. If the correlation coefficient R? was less
than 0.999, the machine would be re-calibrated to ensure the accuracy of results. The
samples were automatically measured three times in one aspiration. If the standard
deviation of test results was greater than one percent, the samples were measured

again until the test results fulfilled the analysis requirement.

3.0 Model Development

Several simplified design models based on general assumptions and lumped mass-
transfer parameters are available, such as, the bed depth service time (BDST) model
and the empty bed residence time (EBRT) model. Apart from these, several models
based on fundamental mass transport mechanisms, including the homogeneous
surface diffusion and shrinking core pore diffusion models, have been investigated
and modified to identify the most appropriate model to describe the fixed bed
removal of heavy metals ions by the chelating resin. The major drawback for these
mass transfer models is that they require accurate correlations for mass-transfer
parameters to describe external film, internal pore diffusion and the equilibrium
relationship between resin and metal ions, and also need the solution of a number of
differential equations. However, by using these mathematical models, the extent of

pilot-plant testing could be reduced and used mainly for verification rather than



information gathering, which can save a lot of time in designing the ion exchange

systems.

3.1 Development of Homogeneous Surface Diffusion Model (HSDM)

The HSDM is one of the most widely used dual-resistance diffusion models evolved
from the efforts to simulate and predict fixed bed adsorption processes. This model
supposes that adsorption occurs on the outer surface of the adsorbent, followed by

the diffusion of the adsorbed phase into the particles.

This model was first developed by Rosen [30,31] who considered the resistances of
both liquid film and solid diffusion into spherical particles and presented an
analytical solution for this model for fixed-bed systems with a simple, linear
equilibrium relationship. Several modifications, improvements and limiting
assumptions have been developed since this approach. The detailed literature review
covering the developments up to recent years is included in the Supplementary
information. More recent developments and applications of the HSDM include the
design of GAC filters for a full scale groundwater facility [32], a solution to HSDM
using orthogonal collocation [33] and a review and comparison of the different

solution methods of the various HSD models [34].

The algorithm of our model is shown in Figure 3. A computational program based on

the above mathematical model has been developed in Fortran 77.
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Model parameters, such as external mass transfer coefficient and surface diffusivity, can be
optimized in the program in order to obtain the best fit curve to the experimental data. The
optimization method employed in the model program is the downhill simplex method from
Nelder and Mead [35]. This is done by performing a multidimensional minimization of the
objective function, i.e. the SSE between the experimental data and the model prediction. The full
set of equations and the development of the model are presented in the Supplementary

Information section.

4.0 Results and Discussion

4.1 Equilibrium Isotherms

The metal adsorption process of the iminodiacetate chelating resin is actually an equilibrium
system comprising Na*, H" and metal ions. Hydrolysis and protonation will take place as well
during the metal ion exchange process. Thus, the solution pH will shift when the metal ions are
exchanged by the resin. When the solution pH shifts up too much, metal hydroxide precipitation
will occur, whereas, if the solution pH shifts downwards then competitive protonation with
hydrogen ions becomes obvious and the metal ion uptake capacity will decrease. Both metal
precipitation and protonation can interfere with the determination of the resin’s true ion
exchange capacity, and in turn distort the equilibrium isotherms. In this regard, when batch tests
are used to determine equilibrium isotherms, special care should be taken to make sure that the

equilibrium isotherms are not distorted by the pH shift.
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Figure 4. Experimental and theoretical model isotherms.
The experimental equilibrium points are shown in Figure 4. The data were analysed using four
isotherm models, namely, the Langmuir, Freundlich, Langmuir-Freundlich (Sips) and the
Redlich-Peterson isotherms. The optimum values of the isotherm equation constants were
determined by the SSE error analysis using MS Solver. The best fit curves for each of the four

models are shown in Figure 4. The lowest SSE was obtained for the Redlich-Peterson isotherm.

4.2 Effect of Equilibrium pH on lon Exchange Capacity

4.2.1 Titration of Resin and Sodium Uptake

In order to optimize the nickel exchange capacity in the columns while preventing precipitation
and protonation, the resin was titrated with NaOH. Using the hydrogen form of resin as the
reference the composition of three basic forms of the resin, i.e. hydrogen form (0 meg/g Na®),

hydrogen-sodium form (3.06 meg/g Na*) were measured from the resins used in the column



runs) and the sodium form (4.43 meqg/g Na*) as the theoretical maximum value calculated from
the mass balance), is determined and shown in Table 2. From the projection, the hydrogen-
sodium form resin used in the column runs is found to have 5.49 meq/g exchange sites but only
4.70 meqg/g sites are easily available for ion exchange, which are loaded with 3.06 meg/g Na*
ions and 1.64 meg/g H" ions. Thus, the resin used in these studies can be viewed as the one

containing a mixture of Na-loaded and H-loaded exchange sites.

Table 2. Expected composition of resins with different sodium contents
Resin Na Estimate(_j Correction Active _ Expected_ Expected
content exchange site factor exchange sites Na-loaded sites _H-Ioaded
(meqg/g) (meqg/g) (meq/q) (meq/g) sites (meq/qg)
0 6.32 1.00 5.40 0 5.40
3.06 5.49 1.15 4.70 3.06 1.64
4.43 5.18 1.22 4.43 4.43 0

Any ion exchange process of this hydrogen-sodium form resin is actually an exchange process
with both of the Na* and H" ions in the resin as pointed out by Lehto et al. [36] and Leinonen et
al. [24]. This resin composition was used in the column studies.

Based on Table 2 the fully saturated capacity of the resin for the divalent nickel ion is based on
3.06meq (from Na* exchange) + 1.64meq (from H" exchange) providing the fixed bed adsorption
columns are operated to ensure the effluent pH is maintained above 4.5 and below 7.0. This will

result in a theoretical maximum nickel uptake of 2.35meq Ni/g resin.

4.2.2  Mass Balancing
In-order to assess the operating performance of the ion exchange resin relative to the theoretical
data estimated in Table 2, a mass balance was carried out on the pilot column experimental data

shown in Figure 4 for the highest flowrate of 220 ml/minute. Since the Na+ exchange process is



very much faster than the H+ process the changeover in mechanism can readily be observed at

Ci/Co =0.70 and a time of 580 minutes.

The metal exchange capacity for each resin exchange ion can be calculated by evaluating the
area bounded by the experimental points in Figure 5, for the sodium ion exchange and then for

the hydrogen ion exchange zone; using the following relationship:

M* Exchange = 2 [Co X t (Operating Time) x F/ x Cr (Capacity Factor)]/Mg (Resin Mass)
Where Co = initial Ni?* concentration (mM/dm?)
t = operating time (minutes)
F/ = solution flowrate (dm*/minute)
Cr = bed capacity factor (fraction of bed saturated eg for Na, then Ce = 1.0)
Mg = resin mass
For Na* exchange:
= 2[1.7 mM/dm3x (580-0) min x 0.22 dm®/min x 1.0]/145g = 2.992 mM Na*
For H" exchange:

= 2[1.7 mM/dm3 x (2200 - 580) min x 0.22 dm*/min x 0.15]/145¢g = 1.254 mM H*

In this case the capacity factor from Figure 5, represents the mean breakthrough between the
time increment 2200 minutes and 580 minutes, or, (1.00 - 0.70)/2 = 0.15. Based on the total
available ions in Table 2 the sodium capacity is 97.8% of saturation and the hydrogen capacity is

76.5% of the saturation capacity for sodium.



4.3 Fixed Bed Mass Transfer Modeling

In the present study, the homogeneous surface diffusion model has been used to correlate the
experimental data of the fixed-bed chelating ion exchanger. The model is a dual-resistance model
based on the assumption that external film diffusion and intraparticle diffusion (pore or surface
or pore and surface diffusion) are the two most likely rate-controlling mechanisms in the ion
exchange process. The factors influencing external mass transfer coefficients will be discussed.
The model has been described in section 3 and the mathematical development is presented in the

supplementary materials.

4.3.1 Determination of Model Parameters

External Film Diffusion Coefficient

The external film diffusion coefficient, ks, for the fixed bed systems can be determined by
empirically correlating with the dimensionless Sherwood number, Sh, which is a function of the
Reynold number, Re, and Schmidt number, Sc, as shown in equation (2).

k,d
D

Sh=—_'"" )

mol

where the bulk liquid diffusivity, Dmol, for Ni?* is 7.14x10° cm?/s based on the literature [37].

Sh= f(Re, Sc) (©)

where

: (4)



M
Sc = )
,0 DmoI

For mass transfer in both laminar and turbulent flow, Eq. (6) is commonly in the form of:
Sh=A+BxRe“ xSc”? (6)

where A, B, ¢ 1, ¢ 2 are empirical constants obtained by fitting the experimental data.

A number of empirical correlations based on the above general form of Eqg. (6) have been
derived by the previous researchers. Each of these empirical correlations is applicable for a
certain hydrodynamic regime which is usually represented by Re. Due to different packing
densities of the resin columns, the actual bed void fraction, &, may vary slightly among the

column experiments. The values of bed void fraction, e, Reynolds number, Re and & Re for all

the column experiments in the present study are summarized in Table 3.

Table 3 Values of Re and & Re for all the column experiments

Metal  Flowrate Co Mean d, Void Fraction Re ¢Re
lon (ml/min) (mM) (nm) £
Ni 120 1.7 725 0.36 15.5 5.6
Ni 140 1.7 725 0.37 17.8 6.5
Ni 180 1.7 725 0.38 22.1 8.4
Ni 220 1.7 725 0.38 26.8 10.2
Ni 180 1.0 725 0.38 22.2 8.4
Ni 180 2.1 725 0.37 22.4 8.4

In view of the hydrodynamic conditions of the column experiments, the following three

empirical correlations are found to be most applicable to this present study.



Williamson et al. [38] proposed the following correlation of Sherwood number for liquids under
the conditions of 0.08 < Re < 125 and 150 < Sc < 1,300:

Sh = 2.46Re %S¢ (7)
Wilson and Geankoplis [39] used methods similar to those of Williamson et al. but under slightly
different conditions and extended the applicable range down to Re = 1.6 x 10, They modified
Eq. (7) to:

- 1.09
&

Sh Re'/3sc!/? (8)

Eq. (8) is recommended for the range of 0.0016 < Re < 55.

Roberts et al. [40] proposed a simplified Gnielinski’s correlation:
Sh = (2 +0.644Re"?Sc”*)[1+1.5(1=¢)] 9)
The recommended applicable range of Eq. (9) is 3 < ¢ Re < 1,000.

As an example to compare the three correlations, the values of ks for the Ni ion exchange system

(with conditions of Co=1.7mM, flowrate=220ml/min and mean d,=725 ¢ m) calculated from the

three empirical correlations are listed in Table 4. As shown in the table, the values of ks derived
from the three correlations are actually quite close to each other, which is considered to have
little influence to the model prediction on fixed-bed breakthrough behavior as reflected from the

SSE and the sensitivity analysis for the HSD model.

In spite of this, as the simplified Gnielinski’s correlation generally gives the smallest SSE in the
modeling simulations among the three kr correlations, the simplified Gnielinski’s correlation will

be used to calculate the external diffusion coefficient, ks, in the present study.



Table 4 Values of ks for Ni ion exchange system, (Co=1.7mM, flowrate=220ml/min,
mean dp=725 £ m)

SSE

. i ks —
Empirical correlations (x10%cmis) HSDM SCDM Modified
(x10°) SCDM
Williamson et al. [38] 4.22 0.64 0.86 0.43
Wilson and Geankoplis [39] 6.83 0.77 0.86 0.52
Simplified Gnielinski’s correlation [40] 5.41 0.69 0.86 0.37

4.3.2 Intraparticle Diffusion Coefficient

Depending on which diffusion model we are using, the intraparticle diffusion coefficient can be
the surface diffusivity Ds for the homogeneous surface diffusion model or the effective pore
diffusivity Des for the shrinking core pore diffusion model. Optimum values of the intraparticle
diffusion coefficient will be determined during model calibration, i.e. fitting the modeled curves
with the experimental data, in which an optimization routine involving minimization of the sum

of the errors between the calculated and experimental data points will be used.

4.3.3 Other Model Parameters

Apart from the diffusion coefficients, appropriate values of the other model parameters, like the
equilibrium isotherm constants for the homogeneous surface diffusion model or the hypothetical
bed capacity, ge" for the Redlich-Peterson equilibrium model, will also be determined when

doing the modeling.

4.4. Homogeneous Surface Diffusion Model (HSDM)
The basic model parameters governing the HSDM include the surface diffusivity Ds inside the

resin particle, and the external mass transfer coefficient across the liquid boundary layer outside



the resin surface, ks and the constants of the Redlich-Peterson equilibrium isotherm. While the
RP isotherm parameters were determined from the experiments and the ks value was calculated
from the simplified Gnielinski’s correlation, Eq. (9), a FORTRAN program was used to optimize

the Ds value so as to obtain the best fit curves to the experimental data.

4.4.1 Sensitivity Analysis
Sensitivity analysis was performed to observe the effects of varying the model parameters on the

simulation. The Ni ion exchange system with conditions of Co=1.7mM, flowrate=220ml/min and

mean dp=725 1z m was taken as a sample for the sensitivity analysis. The Na*/Ni®* exchange is

designated Part 1 and the H"Ni?* is designated as Part 2.

Table 5 HSDM parameters for the Niion exchange system
(Co=1.7mM, flowrate =220ml/min, mean dp=725 1 m)
Part 1 Part 2
Ds (x10cm?/s) 224 0.0036
ke (x1073cm/s) 5.41 5.41
Krp 351 781
arp 423 423
bre 0.97 0.97
Omax (mmol/g) 0.696 1.512

A single set of values for the model parameters cannot fit the whole length of the breakthrough
curve. Instead, two sets of optimum values are needed to best simulate the breakthrough curve
because there is a sharp change in the slope of the curve. The model parameters used in the
sensitivity analysis are shown in Table 4 and the model outputs in Figures 5 and 6..

As illustrated in Figure 5, a very high value of surface diffusivity, Ds is required in order to

model the sharp rise in the first part of the breakthrough curve. The optimum value of Ds is



found to be 2.24x10°cm?/s which is much higher than those identified in other previous studies
using the HSDM. For instance, the Ds values for the adsorption of Cu, Cd and Zn on bone char
were reported to be 2.46x10°cm?/s, 2.52x10cm?/s and 4.79x10°cm?/s respectively by Ko et al.
[41]. The difference may be attributed to the macroporous nature of the chelating resin used in
this present study allowing the mass transfer rate to be controlled mostly< by external
film/.boundary layer diffusion. High Ds value implies that the intraparticle diffusion resistance in
the first part of breakthrough is rather minimal and external boundary layer diffusion is
important. Besides, the sensitivity analysis also reveals that the modeled curve changes only a
little even though the Ds varies from 7x107'cm?/s to 5x104cm?s. However, the modeling
program would become unstable and cannot generate a numerical solution if the Ds value
continues to reduce to less than 7x107cm?/s. The reason for this is because a reduced Ds would
lead to a higher surface diffusion resistance in the resin particle. Thus, a greater solid phase
concentration gradient, which means a greater driving force, is needed to maintain the same
diffusion rate. Since the solid phase concentration at the resin centre cannot be less than zero, it
may become impossible for the equilibrium isotherm equation to couple the solid and liquid

phase concentrations at the resin surface, if the Ds value falls beyond the applicable range.
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The insensitivity to this range of diffusion coefficient values for the 2Na*--Ni%* exchange arises
because the mass transfer, for this exchange, is controlled by the external boundary layer transfer
coefficient, ks, which is shown in Figure 7.

The optimum Ds value dramatically reduces to 3.6x10°cm?/s in the second part of the
breakthrough curve. This reflects the change of the ion exchange process from afast one to a
slow one as the process moves from sodium exchange to hydrogen exchange. As shown in
Figure 6, with the new set of model parameters, the model prediction can only fit the second part
of the breakthrough curve after the breakpoint. Since the Ds for the second part is rather small,
even a very small change in the Ds value can already alter the shape of the modeled curve
substantially.

Figure 7 and Figure 8 illustrate the effects of external film diffusion coefficient, ki on the model
prediction for the first and second parts of the breakthrough curve respectively. The ks calculated
from the simplified Gnielinski’s correlation, Eq. (5), is 5.41 x10cm/s. Assuming that the flow
conditions around the resin particles would not change during the ion exchange process, the
same value of ks will thus be used for the first part and second part of the breakthrough curve.

As shown in Figure 7, the ks calculated from the simplified Gnielinski’s correlation gives a good
fit to the experimental data for the first part of the breakthrough curve. Increasing the k¢ value
from the calculated value will mean reducing the film diffusion resistance and will therefore
diminish its influence on the modeled curve. Whereas, decreasing the ks value will deviate the
modeled curve from the experimental data, especially for the initial part of the breakthrough
curve. In the second part of the breakthrough curve, the surface diffusivity, Ds, is rather small so

that the mass transfer is predominantly controlled by intraparticle diffusion.
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Therefore, as demonstrated in Figure 8, the shape of the modeled curve is relatively insensitive
to the change of k¢ in Part 2 of the exchange process, except for the beginning of the
breakthrough. However, only the model prediction after the breakpoint of the breakthrough curve

would be used to fit the second part of the breakthrough curve.

In the HSDM, an equilibrium isotherm equation is needed to couple the liquid and solid phase
concentrations at the resin surface. In the present study, the Redlich-Peterson isotherm was found
to best describe the equilibrium as shown in Figure 4. The isotherm constants of the RP isotherm

for the ion exchange of Ni, Kzp, arp and brp are 658, 423 and 0.97 respectively.
qe = KrpCe/[1 + arpCeR] = 658Ce/[1 + 423C"77] (10a)

Nevertheless, it is found that with these values plus the mass transfer coefficients input into the
model, the predicted breakthrough curve will shift to the right-hand side of the actual
breakthrough curve as shown in Figure 9. This implies that the model has overestimated the resin
capacity and projected a much longer breakthrough time than the experimental data. In order to
fit the experimental data, the resin capacity has to be reduced and the only way is to adjust the
equilibrium constants of the RP isotherm equation. In view of the RP isotherm equation, Eq.
(10), Krp shall be adjusted while arp and brp shall remain the same. In doing so, the resin
capacity can be changed without altering the shape of the predicted curve. To this end, the
optimum values of the RP isotherm constants, Krp, arp and brp are found to be 342, 423 and 0.97
respectively. Based on these new values, the maximum equilibrium solid phase concentration at

the resin surface, gmax Will be reduced from the original value of 1.87 mmol/g to 0.82 mmol/g.
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Furthermore, the modified isotherm for the second part of the breakthrough curve is given by

equation (10b):.
qe = KrpCe I[1 + arpCePR] = 342Ce/[1 + 423C" 7] (10b)
This time, when using the original values of the RP equilibrium isotherm constants, the model

would underestimate the bed capacity and project a much shorter breakthrough time than the

experimental data. The projected breakthrough curve will thus shift to the left-hand side of the

actual breakthrough curve.

Now the HSDM model needs to be separated into, two components, the first part and second part
of the breakthrough curve with two different sets of model parameters, Ni%*/2Na* and Ni%*/2H",

using the second phase RP isotherm in order to give a realistic estimation of the resin capacity as

shown in Figure 10..
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The initial single cation (Na® or H) model assumes the ion exchange process to occur

homogeneously throughout the whole resin, it is now necessary to model the first part and

second part of the breakthrough process separately using the Redlich-Peterson equation for the

capacity factor for each ion exchange, Ni — 2Na?* and Ni — 2H*, and then combine the two

model simulations to predict the overall breakthrough process.

The composite plot of the two ion exchange components is shown in Figure 10. We can observe

the main mechanism changeover point at around Ct/Co = 0.7 in the figure. The model agreement

in Part 1 and Part 2 with experimental data is very good. Part 1 indicates the exchange between

the sodium form of the ion exchanger and nickel ions as represented in equation (11):

R-N (CH2COONa); + Ni** — R-N (CH.COO); Ni + 2Na* (12)

The external mass transfer coefficient, ks = 5,41 x 10 cms™, and the surface diffusivity is 2.24 x



10° cm?st. However, the diffusion coefficient is not sensitive over a wide range from Ds = 5 x
103 to 7 x 1077 cm?sL. Therefore, in Part 1 of the breakthrough layer, the rate controlling step is
across the particle boundary layer and therefore the ion exchange reaction at the surface between
2Na* and Ni?* is very fast. A vertical breakthrough curve also indicates this mechanism.

Part 2 of the curve indicates the exchange between the hydrogen form of the ion exchanger and
the nickel ions as shown in equation (12).

R-N (CH2COOH); + Ni?* —R-N (CH2C00), Ni + 2H* (12)

In Part 2 of the breakthrough curve, Figure 6 and Figure 8 show the opposite trend to Part 1.
There is little sensitivity to ks after C/C, = 0.7. However, the 2H* exchange curve with Ni** was
very sensitive to the surface diffusion coefficient, indicating that the mechanism in this section
was surface diffusion controlled. Equation (12) indicates that the solution pH begins to fall due
to the release of H+ ions and this controls the pH in the range 4.5 to 5.5; this prevents

precipitation of nickel hydroxide and subsequent blockage of the column.

These resins are stable and leaching does not occur. Each iminodiacetate functional group
contains one nitrogen atom and two oxygen atoms as the donor atoms that can form coordinate
bonds with the heavy metal ion which is thus strongly bound to the resin. As shown from the
breakthrough curve, basically complete sorption of heavy metal ions from the wastewater by the
chelating resin until the resin is saturated and starts breakthrough. The desorption of heavy metal
ions from the resin will only occur if the resin is regenerated by acid. The service life of the

chelating resin is in general about 3-5 years.



5.0 Conclusion

An iminodiacetate exchange resin has been used for the removal of nickel ions from wastewater.
Initially using the full sodium form of the resin the column discharge was very alkaline
precipitating nickel hydroxide and blocking the column. Consequently, a composite loaded
exchange resin was developed comprising the sodium and hydrogen forms to optimize nickel
removal and prevent precipitation with a ratio 3.06Na content (meg/g) and 1.64H content

(meq/g) . A homogeneous surface diffusion model, incorporating a HSDM diffusion coefficient

and an external mass transfer for the two systems: the values are Ni-Na (Ds = 224 x 107cm?s?;

ki =5.41 x 10°cms™) and Ni-H (Ds = 3.60 x 10%m?s; kf = 5.41 x 103cms™) respectively, was

developed to predict the nickel breakthrough curve based on this binary ion exchange material
and this model gave very good agreement between the theoretical breakthrough curve and the
experimental breakthrough curve.

The key model parameters, such as external mass transfer coefficient and surface diffusivity,
were optimized in the program in order to obtain the best fit curve to the experimental data. The
optimization method employed in the model program is the downhill simplex method. This is
done by performing a multidimensional minimization of the objective function, i.e. the SSE
between the experimental data and the model prediction.

The actual column loading is 2.13meq Ni/g resin and the theoretical available capacity for this
binary- site resin is 2.35meq Ni/g resin, which represents 91% of the total available resin
capacity. This model can be used for design purposes for single metal ion removal provided the
resin site blend (Na:H) proportions are established experimentally to prevent precipitation and
blockage in the column. However, for application to binary or multi- metal ion containing

effluents more model development and testing are required.
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Highlights

o Removal of nickel from water by a novel Na*/H* binary site ion exchange material.
e Selecting binary site resin composition based on pH change.
e Novel HSD model for binary site resin to predict nickel ion breakthrough curve.

e  Effect of process variables: bed height, solution flowrate



