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Absl rac t - Ion  exchange performance to remove ammonium in drinking water was studied experimentally in batch 
and continuous operation systems under the various conditions. Data were collected using commercially available 
strong-acid catio11-exchange resins of Nff and H + types. The peffoirnance was evaluated using eqtfilibfitml oonceiltl-a- 
tiolls for the batch system or the effluent conceiLll-atio11 histories for the continuous colulml system as a fullctio11 of time 
or the solution volume passed through the experimental column until resins were exhausted. With high temperature 
or low initial feed concentration, ammonium removal characteristics of the batch system increase. At the solution 
concentl-ations of 0.5, 1.0, and 2.0 rng/L of NI-I~-N mid the temperatures of 15, 25, and 35 ~ the selectivity co- 
efficients of resin were determined between 1.38 and 1.43 for Na* type resin, and 3.22 and 3.47 for H + type resin. The 
selectivity coefficient was correlated as a fimction of temperature using Kraus-Raridon equation. The brm!Ohrough 
curves obtained from the continuous column operation give some results; i) with small column diameter or large 
colurml height, ii) with low initial feed concentl-atio11, iii) with low voltmlettic flow rate, or iv) with high solution tem- 
perature, the ammonium removal for the typical macroporous type resin increase. The results of this study could be 
scaled up and used as a design tool for the water-purification systems of the drinking water treatment processes. 
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INTRODUCTION 

Ammonium concentration in &inking water is increasing all 
over the world due to natural source or waste fi-o111 aninlal includ- 
ing men and from various in&astries. Ammonium in water itself is 
not toxic to men, but toxic to some fishes as a fimction of pH, fish 
species and size, and alrmlonium conceim-ation. Ammonium can 
cause oxygen depletion in water as it is oxidized to uitrite and then 
to raqa-ate which is toxic especially to pregnant women and infants. 
Ammonium is also an algal nutrient source for the growth-limiting 
factor to the causes of eutrophicatiort This causes a fatal damage 
to the sea food industries [Lee, 1999]. The Korean stmldard of 0.5 
mg Nt-I2-N/L or less in drinking water was established for the 
human health. 

The solution of the amraonium colltaminatio11 problem requires 
that appropriate water treatment and purification technologies be de- 
velopec[ Methods of removing anmlonium fionl water and waste- 
water can be; either biological processes which include nitrogen 
release from microbial nitritqcation-deniNfication, or chemical-phy- 
sical processes which include ammonia shipping, ion exchange, 
and breakpoint chlorination. The processes of  electrodialysis, re- 
verse osmosis, distillation, and algae harvesting look less potential 
for general application at this time. 
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Ion exchange is a physiccchemical process in which ions in the 
water are exchanged for chemically equivalent number of ions as- 
sociated with the exchange material. Ion exchange is economical 
and convenient and can provide a suitable solution fo1- small Ol- 
medium sized water treatment plants containing comparably low 
ammonium level [Kim et al., 1999]. In the process, raw water con- 
tacts with ion exdlange nratelial, and ammonium ions in water are 
exchanged for similarly charged hydrogen or sodium ions. 

Selective io11 exdlange is a very reliable means fo1- the removal 
of ammonium and other ions. Clinoptilolite was found to be an ef- 
fective zeolite to remove ammonium selectively from wastewater 
[Beler-Baykal, 1994]. However, clmoptilolite is suitable only fo1- 
the wastewater treatment system which usually employs a combi- 
nation of biological nitrification and physicochemical process. Ion 
exchange capacity of clinoptilolite is much less than that of syn- 
thetic ion exchange resin, and not applicable for the final polishing 
step where a high degree of  purity water is required. Especially, 
drinking water needs a highly selective strong-acid cation exchange 

resin to remove ammonium ions in water. 
This paper presents the anmlonitml removal performance of 

cation exchange resin under the various conditions. The results of 
this study include the effects of the important system lXirameters 
such as resin type, resin w e i g ~  initial aramouiurn concentration, 
volumetric flow rate, column diameter and depth, and temperature 
using batch and continuons exFermlental systems, and can be a part 
of the denitrogenation process development by the mixed-bed ion 
exchange. 

THEORY 
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Ion exchange is a physicochemical process in which ions in wa- 
ter are exchanged for chemically equivalent number of ions associ- 
ated with the exchange material. This ion-exchange material in- 
dudes naturally occumng clays and synthetic resins. The resins are 
in the foml of gel or raacroForons granules. The resin structure con- 
sists of an interconnected network of hydrocarbons where soluble 
ionic functional groups are attached. In t t~  process, raw water con- 
tacts with ion exchange resin, and ammonium ions in water are ex- 
changed for similarly charged sodium or hydrogen ions. The pro- 
cess is continuous until the resin bed is exhansted, and fflen the re- 
sin is regenerated before continuing the process. The process is de- 
scribed as: 

R - A  +NH; * " R-NH4 + A  + (1) 

where A is Na + or H +, and the selectivity coefficient is defined as: 

K]E~: [R NH4][A +] (2) 
[R-AI[NH:] 

and the regeneration process is: 

R-NH4 +AC1 , R-A +NH; +C1 (3) 

Ion exchange is an exothermic process, and the temperature ad- 
versely affects on ion-exchmge equiliblium and hence the selec- 
tivity coefficient Selectivity is the preference of the particular ion 
exchanger for one ion over the other ion, and the selectivity coef- 
ficient can conveniently describe ion-exchange equilibria. The resin 
selectivity toward the exchanging ions is used to determine the 
shmIxless of the exchange wave [Helffeaicb, 1%2]. The selectivity 
coefficient is greater than one when ion in the solution phase is pre- 
ferred by the resin phase. In this case, the equilibrium is said to be 
t~av orable. 

Many methods of correlating the temperature dependency of the 
selectivity coefficient were protx~se& Among these, Ki~us-Rmi- 
don method provided convenient and practical method for deter- 
mining the effect of temperature on eqnilibria [Divekar et al., 1987]. 
Using the Debye-tftickel theory of dectrolytes, KPans and Rmidon 
[1959] developed a method for expressing the selectivity coeffi- 
cients as a fimction of temperature. The expression for the selectiv- 
ity coefficient is 

log K=log I~+C' log (T/T,)+C" (1 T/T) (4) 

where C', C" and Kt are constams and subscript t refers to a re- 
ference temperature. By fitting experimental data to Eq. (4), Krans 
et al. [1%0] detennined file parameters C', C" and K~ by the least 
squares method. Divekar et al. [1987] verified the deviations be- 
tween observed and calculated values of the selectivity coefficient 
within limits of experimental error. Divekar et al. [1987] also de- 
veloped an equation for the cation- and anion-exchange selectivity 
coefficieigs by using expeiimental results especially reported on 
Dowex resins, and applied it to the mixed-bed ion exchange model 
for ultralow concentration. Their equation is easy to use but not 
practically proposed. 

The selectivity of an ion-exchange resin is ent~lced by increas- 
ing the degree of crosslit~king and by decreasing the sohtion con- 
ceIm'alicn. Ions with higher valence, smaller eqnivalent volume, and 
greater polarizability are preferred. The effect of the degree of cross- 
lkfldng on the selectivity is iUnstmted by Myers and Boyd [1956]. 
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Table 1. Characteristic values of cation exchange resins* 

Pararaeter 
Values 

PK 228 Monosphere 650C 

Resin type Na § type 
Appearance Hard, Brown, 

Spherical beads 
Bulk density (g/L) 780.0 
Water retention 37-43 

capacity (%) 
Capacity (raeq/nfl) 
Diameter (mm) 

I4+ type 
Hard, Black, 

Spherical beads 
800.9 
46-51 

1.75 1.90 

0.40-0.55 0.65 

*From the vendors. 

The selectivity sequence for cations is: Ag+>NH~>Na+>H + [Zec- 
chinJ, 1990]. This sequence shows that ammonium is preferred to 
sodium or hydrogen ions. 

E X P E R I M E N T A L  

The cation exchange process has been successfiflly used in re- 
moving ammonium fi-ora driifld~g was Ii1 this s~ty, both Imtch 
and continuous operation systems were used to show the ammo- 
nium removal characteristics of  cation resins. 

For the study, Na+-type cation exchange resin of PK228 pro- 
vided by the Samyang Company, Limited, and I-F-type of Dowex 
Monosphere 650C by the Dow Chemical Company, were used. 
The physicochemical properties of the resins are shown in Table 1. 
The resin was rinsed with high purity water and stored in plastic 
containers ~ltil they were used for the ~,r runs. Almno- 
nium chloride (N~C1) of analytical reagent grade was the ammo- 
nium source in the experiments. 

The batch system was used to investigate the effects of resin 
type, feed solution concentration, and temperature on the eqnilib- 
litml data of ammonitml. The systera simply consists of a flask, a 
magnetic stirrer and bar, and a thermometer Table 2 shows the ex- 
perimental conditions of the system. Ion exchange resin and am- 
raonium solution of the known weight and conceim-ation, respec- 
tively, were added to the pure water in a 1 L flask container, and 
vigorously agitated. Water bath with a magnetic stirrer was used to 
maintain the constant temperature in the system. Water samples 
were collected periodically by hand using sample bottles. To avoid 
any leactmg fi~ara the bolfle itself, the samples were analyzed with- 
in at most 10 minutes using an ion chromatography (IC). 

The continuous operation system was used to study the effects 
of resin type, temperaiaJre, volumetric flow rate, column diameter 

Table 2. Experimental  conditions of  the batch reactor 

Parameter Values 

Resin weight (g) 0.05 
pH 5.0-7.0 
Temperature (~ 15, 25, 35 
Feed conconb-ation [NI-h§ (mg/L) 0.5, 1.0, 2.0 
Agitation rate (rpm) _> 1000 
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Table 3. Experimental conditions of the column reactor 

Parameter Values 

Feed concentration [NH4-N] (mg/L) 

Feed flow rate (L/hr) 
Temperature (~ 

Column diameter (cm) 

Resin depth (cn 0 
Resin weight (g) 

0.5, 1.0, 2.0 

3.6, 10.8 
20., 40, 50 

0.5, 1.0 

1.0-2.0 
0.5, 1.0 

1 

3 

8 

Fig. 1. Schematic diagram of the continuous operation system. 
1. Feed storage 6. Silicone stopper 
2. Tubing pump system 7. Glass wool 
3. Water bath system 8. Thermometer 
4. Glass column 9. Flow meter 
5. Cation resin 10. Ion chromatography 

and column depth on the breakthrough curves of ammonium. Table 
3 shows the a-<pedmental conditions of the continuous systenl, and 
Fig. 1 shows the schematic diagiam of the system. The ~-<pedmen- 
tal system is mainly consisted of a packed-bed colutml, its acces- 
sory for feeding, water bath, feed storage, and IC for measuring ef- 
fluent concentrations. The ion-exchange column used fcr the ex- 
peliment was made fi-oln Pyrex glass to see the resins loaded in- 
side the columi1 Glass wool with staitfless steel screens was used 
to support the resins and to ensure uniform flow distributiorL Water 
bath was used to maintain the deshed temperature inside the col- 
umn. Feed solution was distributed from a 50 L Nalgene carboy to 
the colunm ttnough a peristaltic pump. The pump chive was equi- 
pped with a speed controller for ac~ustitg the flow rate to the des- 
ign conditions. The feed solution was desired to simulate the water- 
puiification system with the standard concern'stick1 of 0.5 mg NI~ +- 
N&,  and two and four tnnes higher ammonium concentrations 
were also made to study the effect of feed solution conoe,m-ation. 

A Dionex IC (model DX-300) and Standa-d Methods [AD~V'A, 
1992] were used to analyze the water samples for both batch and 
continuous operation systems. These two methods verified nmtu- 
ally the accuracy of  the data. 

RESULTS A N D  DISCUSSION 

The experiments were performed using both batch and colNnu- 
ous operation systems under the various conditions. The results of 
water sample analysis were described as the ratio of the effluent 
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Fig. 2. Comparison of ammonium removal efficiencies of acti- 
vated carbon, natural zeolite, and cation resins. 

concentration (C) to the feed concentration (Co) vs. run time or sol- 
ution volume passed through the experimental columrx The results 
6-Oli1 each expeiiment separately discussed the effects of the exper- 
imental variables such as resin type, temperature, feed concentra- 
tion, flow rate and column diameter. 
1. Batch Operation System 

The results of the bateh ~-<pedments were used to study the ion 
exchange reaction equilibrium between sodium or hydrogen in the 
resin phase and anmlonium in the solution. Fig. 2 coml:ares the per- 
formances of ion exchange resins with activated carbon, and zeo- 
lite, which are commercially available and h lown to be effective 
to remove mnmonium in the solutioi1 Especially, zeolite is iratu- 
rally occurred clinoptilolite at Yongil area, Kyuugpook, Korea and 
known to be selective for ammonium ion. In this figure, the ion ex- 
change resins show belier perfonnance fflan activated cal-tX~l or 
zeolite, regardless of the resin type. The Samyang ion-exchange 
resin of PK228 and Dowex Monosphere resin of 650C show sim- 
ilar ammonium removal performance of more than 80%, while ac- 
tivated carbon and zeolite show less than 30%. Tim means that the 
ion exchange mechaitisra is more efficient than the adsolption 
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Fig. 3. Effect of temperature on ammonium concen~'ation profile 
in the batch system with NH~-N 0.5 mg/L and 0.05 g of 
PK228. 
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Fig. 4. Effect of ten]pemtm~ on ammonium concentration p,~fde 
in the batch system with NH~-N 0.5 mg/L and 0.05 g of 
650C. 

tion capacity of the resin is not likely changed significantly by tem- 
perature. Therefore, it can be said that temperature affects die ion 
exchange rate more than the operation capacity of resin. 

Fig. 5 contains the same data as Figs. 3 and 4 at 25 ~ and shows 
die difference between die perfomlance of PK228 and 650C. The 
650C resin, which is tT type, shows the sharper slope of the curve 
than die PK228 resin, which is Na + type. The slopes of the curves 
imply that the exchange rate of ammonium with hydrogen is higher 
than that with scdium, which means the selectivity of the 650C re- 
sin for ammonium over hydrogen is larger than that of PK228 for 
ammonium over sodium. The equilibrium concentration of 650C 
is lower than that of PK228 and this is because 650C has the big- 
ger total capacity than PK228. 

The selectivity coefficients of ammonium over sodium or hy- 
di-ogen were obtained using die equilibrium data and given in Table 
4. These data were applied to the equation of Kraus-Raridon [1959] 
based on Debye-Hgckel theory. Using the selectivity coefficient at 
15, 25, mid 35 ~ the equation fox PK228 was con-elated as; 

medlozfism of activated carbon or zeolite to remove ammoninrn. 
From this figure, it can be concluded that adsorption is not as a 
goed method as ion exchange reaction to remove ammonium in 
the solution. 

Figs. 3 and 4 show the effect of temperature on the equilibrium 
curve of ammonium with PK228 and 650C, respectively. Closer 
inspection of the figures indicates that as the temperature increases, 
the concerm'ation profile of ammonium has sharper slope and re- 
aches the equilibritan state faster Tim trend well agrees with the 
model simulation of Divekar et al. [1987], who evaluated the tem- 
perature effect on the performance of the mixed-bed ion exchange 
at concezm-ations approaching the dissociation of waten With die 
increased temperature, the selectivity coefficient and solution vis- 
cosity decrease, while the ionization constant of water and ionic 
diffusion coefficient increase. They believed that the selectivity co- 
efficient and viscosity change to a much smaller extent than the 
other parameters and that dis change is ovenicklen by the other two 
factors to improve the performance of  the mixed-bed ion ex- 
change. Figs. 3 and 4 also show that the equilibrium concentration 
increases as the temperature increases. Tt~ means that the opera- 

logK~o+ = 1.4102 -0.1196 log 

+0.0322(1--~) at 0.5 mg/L (5) 

and for 650C; 

logK,+ =3.3923 0.35151og at0.5mg/L 

+0.1029(1--~) at 0.5 mg/L (6) 

Fig. 6 shows how the variation of initial ammonium concentra- 

Table 4. Selectivity coefficients of cation exchange resins with 
NIL§ 0.5 mg/L 

Temperatm-e Selectivity coefficient (K) 

(~ PK 228 (Na§ Monosphere 650C (tT-NI-I4 § 

15 1.43 3.47 
25 1.41 3.39 
35 1.38 3.22 
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tion affects the ion-exchaige peffcmlance. The figure shows the 
higher equilibrium concenlration and the worse performance as the 
initial conceim-ation increases. Based on the figure, it is possible to 
suggest that the low iifftial concei~-ation needs longer reaction tilne 
to reach equilibrium. 
2. Continuous Operation System 

The results of the continuous coltmm expermle~lts are given in 
Figs. 7 to 12, Dom which one can see lhat the different levels of 
initial leakage of ammonitml appear in the effluent of the exchange 
process. The initial leakages might be due to the insutficient con- 
tact thne betwee,1 the solution and the resins, which result fionl the 
high flow rate and the relatively short bed depth. These conditions 
were selected for the reasonable duration of the experimental runs. 

The performances of  two cation exchange resins, 650C and 
PK228, for the ammonium removal were colnparod in Fig. 7. I t  is 
observed in tiffs figure that 650C shows the lower level of the in- 
itial leakage and much longer tilne to reach the equilibrium state 
than PK228. This can be explained by the differences in the se- 
lectivity coefficients and the capacities of those resins. The selec- 
tivity coefficient directly relates to the ability of the resin to remove 
an ion over another. Considering the results obtained through the 
batch expeliments (see Fig. 5), it could be expected that 650C 
showed much better performance for the ammoniurn removal in 
the continuous system than PK228, resulfmg in the lower initial 
leakage. The capacity of the resin is defined as the net number of 
ionic sites t~lized in a given weight of the resin in a given process. 
As shovm in Table 1, the capacity of PK228 is lower than that of 
650(2, and as a result, PK228 is exhausted and reaches the equilib- 
liLlnl state faster thai1 650(2. It is obvious froln the figure that the 
selectivity coetticient and the capacity of resin itffluence the shape 
of  the breakthrough curve significantly. 

Fig. 8 shows the effect of temperature on the effluent concenb-a- 
tion profile of anmlonium. With the higher temperature, the break- 
through curve shows the lower initial leakage and the steeper slope. 
This results in two distinct zones in the curve. In one zone, the 
higher tempemlure gives better removal performance; and in the 
other, the reverse effect is notice& Titus, it can be concluded that 
temperature enhances the exchauge rate below the resin capacity 
and causes faster exhaustion to the equilibrium state. 
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Fig. 8. Effect of temperature on ammonium breakthrough curves 
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Fig. 9. Effect of volumetric flow rate on ammonium breakthrough 
curves with NH~-N 1.0 mg/L at 30 ~ (650C). 

The effect of the volume~-ic flow rate on the breakthrough curve 
of ammonium is shown in Fig. 9. The figure indicates that the in- 
itial leakage increases and the slope becomes broader as the flow 
rate increases. Tiffs might be because the contact tflne between1 the 
solution and the resin decreases with the increased flow rate. An 
interestiug paint observed in the figure is that the slope of break- 
through curves is steep conlpared with the results of Yoon et al. 
[1995], who studied the effect of cation to anion resin ratio on the 
mixed-bed ion exchange peffonnance at ultt-alow NaC1 solution 
coneci~-atioi1 They used the Alnbersep 200H of Rotml and Haas 
Company, especially manufactured for the mixedbed ion a, cct~lge. 
The resin selectivity coefficient of 200H was 2.0-2.5 for Na§ § 
exchange, smaller than the resin used in this experiment The higher 
selectivity coefficient make the steeper slope of the breakti~ough 
curve. The flow rate appears not to affect the operation capacity of 
the resin significantly. 

Figs. 10 and 11 show the effect of feed concentration on the am- 
monium brealChrough curve with the different weight of the resirt 
As expected, the curves in both figures indicate the steeper slope 
and the faster brcaktt~ough when the conce~ltratic~l increases. Wtffle 
the initial leakage also increases with the feed concentration when 
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formance at ultralow NaC1 solution concenlratiorL They used the 
Dowe, c Monosphere 650C with the selectivity coefficient of 1.13 
manufactured by Dow Chemical Company, and showed the broader 
cation breal~hrough curve than anion bre~hrough curve and dif- 
fel-~tt levels of breakthi-ough as a fartctic~t of cation to anic~t resin 
ratio. 

Column diameter with a constant flow rate influences the per- 
fomtance of continuous colunm, especially at the early stage of the 
process. Fig. 12 shows the effect of column diameter on the am- 
monium breakthiough curve. Serious increase of initial leakage for 
10 mm inside diameter might be due to the short bed. The ratio of 

10 to 5 mm inside diameter corresponds to the bed height ratio of 
4 to 1. The effect of bed height was described previously in Figs. 
10 and 11. 

CONCLUSIONS 

the weight of the resin is 0.5g in Fig. 10, it is almost constant re- 
gardless of the concentration with 1.0 g of the resin in Fig. 11. These 
weights correstxxtd to 1 ~ t  and 2 cm of bed depfft of the cc~ttinu- 
�9 us column, respectively. The ratio of the treated solution volume, 
which is tire left-hand side area of the heaktirough curves, agrees 
with the ratio of the resin weights. In Fig. 11, the treated solution 
volumes are 94.5, 48.4, and 23.2L for feed concer~ations of 0.5, 
1.0, and 2.0rag NH~+-N/L, respectively, rfherefcae, it cat  be said 
that the operation capacity of the resin is not likely to be chmged 
by the variation of the initial feed concentration. 

The initial leakage depends on the bed depth for the favorable 
equilibrium. The limiting slope of the b r ~ - l r o u g h  curve is reached 
in a shorter height of bed for a favorable equilibrium, while an un- 
favorable equilibrium gives a more gradual and broad breakthrough 
curve [Vermeulen and Hiester, 1959]. As a function of bed height, 
cation breaktinough curves in Figs. 10 and 11 show different levels 
of initial leakage. This is because of the relatively short bed of the 
system and titus, insufficient contact between the solulion and the 
resin for the relatively favorable equilibrium. The results m this ex- 
periment are coincided with the results of Yoon et al. [1999], who 
studied the temperat-ure effects on the mixed-bed ion exchmge per- 

The effects of the systeln parameters, such as resin type, feed 
concerm'afion, tempeml~re, flow rate, and column diameter, on the 
performance of an ion exchange unit for the ammonium removal 
were expelmmntally evaluated. Tin-�9 both batch and continu- 
ous column experiments, the following conclusions are drawn: 

1. The selectivity coefficient and the total capacity of resin direct- 
ly affect the ability of the resin to remove ammonium. The H + type 
cation resin shows the better results for the anmlonium removal 
than the Na + type resin. This is because the selectivity of the form- 
er resin for ammonium over hydrogen is bigger than that of the lat- 
ter for ammonium over sodium. The equilibrium concentration of 

ammonium decreases as the resin capacity increases. 
2. Temperature strongly affects positively the perfcamance of 

ion exchange for the ammonium removal below the resin capacity. 
As temperature increases, the exchange rate increases and the eqni- 
lihium is more favorable. 

3. As the initial feed concern'at�9 increases, the equilibrium con- 
central�9 decreases and the break~ough ~ne  is shortei: However, 
the total amount of  ammonium removed is not charged. 

4. With the increased volumetric flow rate and column diameter, 
the contact time betwem the solution and tire resin decreases, re- 
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sul~g m the increased initial leakage and the steeper slope of the 
curve. The operation capacity of the resin is not appeared to be af- 
fected significantly by these parameters. 
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