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Abstract. The report is concerned with the design and synthesis of a mixed bead resin 
for high salt level desalination. The resin allows for the simultaneous exchange of both 
anions and cations, within the same polymer. This improves the efficiency of desalina-
tion at seawater levels. A novel process for sustainable and low energy desalination for 
brackish water has already been achieved via ion exchange resins as explained below. 
The advance in resin technology improves a novel membrane process with closed–
cycle regeneration of the resin. It is a superior alternative to reverse osmosis.
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1. INTRODUCTION

Current desalination techniques like distillation and reverse osmosis 
(RO) are so energy intensive processes that they are often marginal economi-
cally.1 A promising alternative discussed in this volume comprises mixed cat-
ion and anion ion-exchange resins, that remove salt. It offers several advan-
tages in desalination, such as low-input pressure, simple setup, high efficien-
cy and also does not require an extensive pre-treatment. Success requires 
removal of the salt and regeneration of the resin by the ammonium bicarbo-
nate technology described 2-4 and further below.

Ion exchange beads, in typical commercial applications, are mixed and 
widely used in order to adsorb different ions onto their surfaces. The process 
has been used over many years in various water treatment processes, and con-
sumes less energy than distillation and reverse osmosis. However, it has lim-
ited capacity to remove and adsorb ions in seawatwer and even fairly concen-
trated brackish water. An ion-exchange resin reaches a ‘spent’ point, at which 
the majority of the ion-receiver sites on the surface of the beads are depleted 
and no longer adsorb ions in aqueous solution. This problem can be resolved 
by maintaining separation of cationic and anionic beads following by regen-
eration of each with large volumes of strong acid and strong base. This limits 
the economic viability of the technique for desalination applications.2,5
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Our published results2 have shown that ammonium 
bicarbonate (AB) can regenerate the spent resin without 
the need for separation of cationic and anionic resins 
and also the use of strong acid and strong base regenera-
tion. Ammonium bicarbonate (AB) is a thermolytic salt, 
which is capable of decomposing in aqueous solution at 
low temperatures, ranging between 35 and 80 °C.6 The 
decomposition is described by below reaction:

NH4HCO3 (aq)≜NH3 (g)+CO2 (g)+H2O (1)

Using an AB solution as regenerant resolves the 
regeneration issue, and apparently for the first time. 
Ammonium bicarbonate is unique in having the neces-
sary properties for regeneration. The decomposition of 
the product AB solution also provides drinking water, as 
well as re-forming the resin.5 

This work relates to use of mixed bead resin for 
high salt level desalination and also potential processes 
for regeneration of the resin. The resin material pro-
duced the polyampholytic hydrogel and zwitterionic 
resins to simultaneously exchange ions and cations in 
desalination at salt concentrations approaching seawa-
ter levels, and the regeneration process is comprised of 
washing the resin with high concentration of ammo-
nium bicarbonate solutions. The recovery of the latter 
compound can be performed using either, a closed cycle 
hollow fibre membrane system or by using a suitable 
bubble column evaporator (BCE). These methods offer 
the advantage of re-using the ammonium bicarbonate 
as an in situ regenerator for the mixed bead resin desal-
ination system.

2. MATERIAL AND METHODS 

2.1. Materials

Certified reagent grade chemical (>99% purity) 
ammonium bicarbonate (NH4HCO3) was supplied by 
Sigma-Aldrich and was used without further purifica-
tion. Aqueous solutions were prepared using deionized, 
ultrafiltered water (Milli-Q). 

For the decomposition experiment using a bubble 
column evaporator, a glass sinter column (Büchner type, 
Pyrex® Borosilicate, VWR) with 120 mm diameter filled 
with 250 mL solution was used. The inlet air tempera-
ture was varied using a Tempco air heater (300W) with 
a thermocouple temperature monitor and an AC Variac 
electrical supply. The gases (air and nitrogen) were pro-
duced by cylinder (Coregas Pty Ltd, Australia) and a 
BOC gas flow meter.

2.2. Synthesis of strong acid and strong base polymer resins 

The resin is synthesised by synthesis of two differ-
ent strong acid and strong base resins. The resins com-
prise a chemical cross-linked polyampholytic resin and a 
crosslinked zwitterionic polymer, both resins containing 
strong acid and strong base on the same polymer.

2.2.1. A chemical cross-linked polyampholytic resin 
materials 

2.2.1.1. Materials 

2-acrylamido-2-methylpropanesulphonic acid sodi-
um salt solution (AMPS) (anionic monomer), 3-(meth-
acryloylamino) propyl-trimethylammonium chloride 
solution (MPTC) (cationic monomer), ethylene glycol 
dimethacrylate (EGDMA) (crosslinking agent), 25% glu-
taraldehyde (GA) and alpha-glutaric acid (initiator) were 
used for synthesis. Several salts: 98% sodium chloride, 
99% sodium sulphate, magnesium chloride (AR grade) 
and magnesium sulphate (AR grade) were used to study 
swelling and conductivity and absorption properties. 
Chemical structures of AMPS and MPTC compounds 
are shown in Figure 1. All chemicals were purchased 
from Sigma-Aldrich, Australia as a reagent grade. 365 
nm, 230 Volts, 8 Watts UV-lamp and 365 nm Ultravio-
let Crosslinker replacement tubes were purchased from 
John Morris Scientific Pty Ltd.

2.2.1.2. Methods 

Several different reaction cells were tested for the 
UV polymerisation process to produce the polymer. 
The most suitable method was based on using an array 
of glass tubes of 1 cm diameter and 0.8 cm inner-diam-
eter and of 10 cm length. Cross-linked polyampholy-
tic resins were synthesised within the glass tubes using 
the one-step copolymerisation of an anionic monomer, 
a cationic monomer and a crosslink agent (EGDMA). 
2-oxoglutaric acid was used as initiator. Cross-linked 
polyampholytic resins were produced with a range of 

O

N
H

SO3
-
Na+

AMPS

O

N
H

N+

Cl
-

MPTC
 

Figure 1. Chemical structures of the cationic and anionic mono-
mers used to produce the polyampholytic hydrogel.
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different composition ratio. The ratio of momoners are 
shown in Table 1. 0.5 M NaCl was used to fill the reac-
tion cell. The UV reactions used 8 Watts at 250 volts, 
with a 365 nm ultraviolet lamp, for 15 hours. After reac-
tion, the product was immersed in water for 1 week to 
allow the product to equilibrate and to wash out the 
residue unreacted chemicals.

2.2.2. A crosslinked zwitterionic polymer

2.2.2.1. Materials

p-Phenylene diamine and glutaraldehyde in dime-
thyl formamide (DMF) and 1,3-propane sultone in DMF 
were used as reactants for synthesis of the zwitterionic 
compounds. All chemicals were purchased from Sigma-
Aldrich, Australia as a reagent grade.

2.2.2.2. Methods

This resin was prepared using 5 mmol of p-phe-
nylene diamine in 20 mL of DMF and 5 mmol of glutar-
aldehyde in 20mL of DMF were prepared separately in a 
different beaker. The solution was mixed and refluxed at 
80°C for 1 hr. Then, 15 mmol of 1,3-propane sultone in 
10 mL of DMF was added in the reaction and refluxed 
at 70°C for 3 hr. The final product was washed sev-
eral times with hot water to remove residual unreacted 
chemicals. Figure 3 shows the chemical structure of the 
zwitterionic polymer. 

2.3. Bubble column evaporator system as an example for 
the ammonium bicarbonate recovery

Laboratory grade air and nitrogen separately was 
heated at 275 °C using a Tempco air heater (300 W) with 
a thermocouple temperature monitor and an AC Variac 
electrical supply to produce high-surface-area gas/water 
interface into a 120mm diameter open-top glass column 
(Büchner type, Pyrex® Borosilicate, VWR) filled with 250 
mL of the ammonium bicarbonate solution. The bub-
ble column evaporator apparatus used to study improved 
decomposition with a high-temperature gas (air) flow is 
shown in our previous work.7 The actual temperature of 
the dry gas flowing into the solution was measured at the 
centre of the sinter by a Tenmars thermometer (±1.5 °C) 
without any solution in the column. The gases (air and 
nitrogen) were produced from cylinders (Coregas Pty Ltd, 
Australia) and a BOC gas flow meter was used to measure 
flow rates. The temperature of the column solution was 
also continuously monitored using a thermocouple posi-
tioned at the centre of the column solution. The air flow 
at temperatures of 300–600 °C was needed to produce gas 
temperatures just above the glass sinter up to 275 °C, and 
this necessitated the use of steel and brass connectors for 
the downstream output from the heater and the use of 
FM Insulation Rock Wool as an insulating material.

Using the measured electrical conductivities of the 
NH4HCO3 solutions at different time intervals, the per-
cent decomposition of NH4HCO3 at time (t) in the either 
membrane or the bubble column evaporator process was 
calculated using the formula:

Decomposition%=[1 – ]×100 (2)

Where [NH4HCO3]t is the concentration of NH4HCO3 
at time (t) during the decomposition operation and 

Table 1. The different molar ratios of reactant chemicals used for 
the polyampholytic resin syntheses.

Monomers
Crosslink agent Initiator*

AMPS MPTC

1 1 0 1
1 1 0 4
1 1 1 1
1 1 1 4
1 1 2 1
1 1 2 4

*note that the initiator concentrations 1- 4 refers to the ratio of 
monomer and 0.25% mole of initiator (i.e. for ‘1’, with ‘4’ corre-
sponding to 1%).
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Figure 2. Chemical structures of the cationic and anionic mono-
mers used to produce the zwitterionic resins.

Figure 3. The zwitterionic polymer compound.
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[NH4HCO3]0 is the initial concentration of NH4HCO3, 
just before pouring the solution into the membrane con-
tactor or the bubble column evaporator. Electrical con-
ductivity values of all the solutions were measured using 
a EUTECH CON 700 Conductivity Bench.

3. RESULTS AND DISCUSSION

3.1. Polyampholytic and polyzwitterionic resins 

Ion adsorption equilibria were studied for both res-
ins using monovalent (NaCl) and divalent (MgSO4) salt 
solutions. Typical results for the polyampholytic resin are 
shown in Figure 4 This graphs the absorption of salts by 
crosslink hydrogels. Similar adsorption isotherms were 
obtained with the polyzwitterionic resin, with a maxi-
mum NaCl adsorption of about 28 mmol/g (dry wt). Both 
resins indicate enhanced adsorption capacity compared 
with typical results obtained using commercial mixed-
bed strong acid-strong base systems. These give about 5 
mmol NaCl/g (dry wt). The high adsorption rates show 
an increased efficiency of using the new resins in desal-
ination compared to commercial resins. In addition, 
the latter resins are expected to have a shorter operat-
ing lifespan due to their regeneration using strong acid 
strong base This damages their polymeric structures. 

The results in Figure 4 were obtained based on the 
electrical conductivities for different solutions when they 
were exposed to different ion exchange resins. These 
results are given below in Table 2-5.

3.2. AB decomposition using the bubble column evaporator

Some typical decomposition results (using air and 
nitrogen) obtained under different solution conditions 

are given in Figure 5. These results clearly demonstrate 
that the improved bubble column evaporator process is 
much more efficient for NH4HCO3 decomposition than 
the standard method using simple stirred heating (i.e. 
without bubble column evaporator) at the same solu-
tion temperature of around 57 °C. The results in Figure 
5 obtained for different stirring conditions showed that Figure 4. Adsorption of cross-linked polyampholytic resins equili-

brated in NaCl and MgSO4.

Table 2. Electrical conductivity results for the hydrogel polymer dry 
sample (weight 0.05 g) in 50 mL NaCl solution.

Concentration (M)
Conductivity (mS/cm)

Before After

0.2 19.14 18.74
0.25 23.2 22.8
0.3 27.3 26.4
0.4 34.9 33.7
0.5 41.3 40.5

Table 3. Electrical conductivity results for the zwitterionic polymer 
dry sample (weight 0.05 g) in 50 mL NaCl solution.

Concentration (M)
Conductivity (mS/cm)

Before After

0.1 10.43 10.34
0.3 27.5 24.8
0.5 35.4 34.1

Table 4. Electrical conductivity results for 0.2 M salts solution 
(Conductivity in solution).

Conductivity (mS/cm)

day 0 day 1 day 2 day 3

NaCl 18.98 18.66 18.62 18.38
MgSO4 15.96 15.92 15.82 15.69

DI water 0.0025 0.01329 0.037 0.053

Table 5. Electrical conductivity results for 0.2 M salts solution 
(Conductivity in gel) 

Conductivity (mS/cm)

day 0 day 1 day 2 day 3

NaCl 15.64 16.73 16.3
MgSO4 13.5 13.75 14.03

DI water 0.0363 0.042 0.0573
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the decomposition rates for simple heating (without bub-
ble column evaporator) remained the same, which indi-
cates that the continuous mixing by the bubbling pro-
cess in the bubble column evaporator did not itself con-
tribute to the NH4HCO3 decomposition.

During the experiments, it was also observed that 
the presence of NH4HCO3 at concentrations above about 
0.5 m inhibited bubble coalescence to a similar degree as 
0.17 M NaCl,8 and that fine (1-3 mm diameter) bubbles 
were produced in the bubble column evaporator process. 
The thermal decomposition of ammonium bicarbonate 
solutions into ammonia and carbon dioxide gases and 
the resulting reduction in NH4HCO3 concentration can 
clearly be seen by the increase in bubble size.

4. CONCLUSION AND FUTURE WORK

An ion exchange resin was used for high salt level 
water desalination, with the resin comprising either a 
chemically cross-linked ampholytic polymer resin or 
a cross-linked zwitterionic polymer resin, on the same 
polymer chain, wherein the ampholytic polymer resin 
and the zwitterionic polymer resin each contain strong 
acid and base groups on the same polymer chain.

The current laboratory system could be scaled up 
and optimised either with a commercial mixed-bed 
resin (strong acid/strong base mixed resin) or a novel 
mixed bead resin of the type used in this study but using 
ammonium bicarbonate for the closed-cycle regeneration 
of the resin, which offers an energy efficient desalina-

tion process. The resin regeneration process could also 
be combined with the bubble column evaporator method 
in order to recycle ammonium bicarbonate in a simple 
and efficient way. This can potentially be used as a new 
method to treat brackish groundwater in remote com-
munities to replace current techniques, such as, reverse 
osmosis and thermal distillation which both have expen-
sive maintenance requirements and are more difficult to 
establish.
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