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Abstract. Ammonia occurs in marine waters including effluents,
receiving waters, and sediment interstitial waters. At sufficiently
high concentrations, ammonia can be toxic to aquatic species.
Toxicity identification evaluation (TIE) methods provide research-
ers with tools for identifying aquatic toxicants. For identifying
ammonia toxicity, there are several possible methods including
pH alteration and volatilization, Ulva lactuca addition, microbial
degradation, and zeolite addition. Zeolite addition has been used
successfully in freshwater systems to decrease ammonia concen-
trations and toxicity for several decades. However, zeolite in
marine systems has been used less because ions in the seawater
interfere with zeolite’s ability to adsorb ammonia. The objective
of this study was to develop a zeolite method for removing
ammonia from marine waters. To accomplish this objective, we
performed a series of zeolite slurry and column chromatography
studies to determine uptake rate and capacity and to evaluate the
effects of salinity and pH on ammonia removal. We also assessed
the interaction of zeolite with several toxic metals. Success of the
methods was also evaluated by measuring toxicity to two marine
species: the mysid Americamysis bahia and the amphipod Am-
pelisca abdita. Column chromatography proved to be effective at
removing a wide range of ammonia concentrations under several
experimental conditions. Conversely, the slurry method was in-
consistent and variable in its overall performance in removing
ammonia and cannot be recommended. The metals copper, lead,
and zinc were removed by zeolite in both the slurry and column
treatments. The zeolite column was successful in removing am-
monia toxicity for both the mysid and the amphipod, whereas the
slurry was less effective. This study demonstrated that zeolite
column chromatography is a useful tool for conducting marine
water TIEs to decrease ammonia concentrations and characterize
toxicity.

Toxicity identification evaluation (TIE) methods are used to
characterize and identify the causes of toxicity in freshwater

and marine effluents, receiving waters, interstitial waters, and
sediments (Norberg-King et al. 1991; Ankley and Schubauer-
Berigan 1995; Burgess et al. 1996; Ho et al. 2002). Because of
its frequent occurrence in municipal effluents and sediment
interstitial waters, ammonia is among the commonly charac-
terized toxicants in TIEs (e.g., Ho et al. 2002). Total ammonia
(NHx) consists of the toxic form of ammonia (NH3) and the
relatively nontoxic ammonium form (NH4

�) (United States
Environmental Protection Agency 1989). The most prevalent
form in natural waters, including seawater, is NH4

�, and the
proportion of NH3 increases with increasing pH (United States
EPA 1989).

In marine TIEs performed on effluents, receiving waters, and
interstitial waters, the primary methods for characterizing and
identifying ammonia-caused toxicity are the graduated-pH ma-
nipulation (Burgess et al. 1996) and the macroalga Ulva lac-
tuca addition (Ho et al. 1999; Pelletier et al. 2001). In the
graduated-pH manipulation, sample pH is altered to determine
whether pH-dependent toxicants such as ammonia are present.
In the U. lactuca addition, the marine algae are exposed to the
sample and allowed to metabolize bioavailable ammonia, thus
decreasing overall ammonia concentrations. Both the graduat-
ed-pH and U. lactuca methods have proven to be useful for
characterizing ammonia toxicity in marine samples (e.g., Bur-
gess 2000; Ho et al. 1999; Pelletier et al. 2001). However, both
methods have disadvantages. The graduated-pH manipulation
needs to control seawater pH and because of the strong buff-
ering capacity of seawater (Millero and Sohn 1992), altering
pH for long time periods can be difficult. In the U. lactuca
addition, it is critical to maintain ambient temperature at ap-
proximately 15°C for the first 24 hours of the exposure; oth-
erwise, the seaweed may begin to deteriorate and create toxic
artifacts in the TIE. Furthermore, not all coastal locations have
year round access to U. lactuca.

An alternative TIE manipulation for marine samples is to use
zeolite. Zeolite is a naturally occurring hydrated aluminosili-
cate mineral composed of symmetrically stacked alumina and
silica tetrahedra forming an open and stable three-dimensional
structure with a negative charge (Kesraoui-Ouki et al. 1994;
Rozic et al. 2000; Burgess et al. 2003). The negative charge
allows for the adsorption of certain positively charged ions. InCorrespondence to: R. M. Burgess; email: burgess.robert@epa.gov

Arch. Environ. Contam. Toxicol. 47, 440–447 (2004)
DOI: 10.1007/s00244-004-4003-3

A R C H I V E S O F

Environmental
Contamination
a n d Toxicology

© 2004 Springer Science�Business Media, Inc.



aqueous solution, the negative charge is generally neutralized
by Na�, however, NH4

� is preferentially adsorbed to the
zeolite matrix. Zeolite has been used for decades to decrease
the concentrations of ammonium in municipal effluents (Mer-
cer et al. 1970) and, more recently, in freshwater TIEs (Durhan
et al. 1993; Besser et al. 1998) and marine whole sediment
TIEs (Burgess et al. 2003). However, in marine TIEs with
aqueous samples such as effluents and interstitial waters, zeo-
lite has received only minor use principally because of the
potential for Na� in seawater to outcompete NH4

� for sites on
the zeolite. Another potential disadvantage of using zeolite in a
TIE context is the nonselective zeolite uptake of toxic metals
including cadmium, copper, nickel, lead, and zinc (Kesraoui-
Ouki et al. 1994). Despite these limitations, the advantages
associated with zeolite—including availability, potential for
the effective removal of NH4

� (and therefore NHx), and rela-
tively easy application—justify a closer examination of the
mineral for use in marine TIEs.

The first objective of this study was to determine the efficacy
of zeolite for removing ammonia from seawater. We ap-
proached this objective by comparing zeolite’s performance in
both freshwater (i.e., deionized water [DI]) and seawater (i.e.,
reconstituted seawater [RS]) systems. Using a series of slurry
and column chromatography studies, the rates of zeolite am-
monia uptake and capacity by zeolite were evaluated; the
effects of salinity, pH, and zeolite quantity on zeolite perfor-
mance were examined; and the magnitude of zeolite interac-
tions with toxic metals was measured. Slurry and column
chromatography methods were selected for comparison be-
cause the slurry method is the quickest and simplest form of
zeolite manipulation. Conversely, the column method is rela-
tively time consuming and more equipment intensive. How-
ever, the slurry method, compared with the column chroma-
tography technique, uses a relatively large amount of zeolite
per replicate, which could be prohibitive on a cost basis. The
second objective of this research was to assess the mineral’s
effectiveness at decreasing ammonia toxicity to two marine
invertebrates, the mysid Americamysis bahia and the amphipod
Ampelisca abdita. Both of these species are commonly used in
performing marine TIEs (Burgess et al. 1996; Ho et al. 2002).

Materials and Methods

Zeolite

Zeolite was provided by ResinTech (West Berlin, NJ). The specific
product used, SIR-600, is the sodium–potassium form of a moist
(approximately 10% water content), granular mineral produced from
natural, purified, and back-washed zeolite (0030 to 1.2 mm particle
size). This form of zeolite was used without further preparation unless
otherwise indicated. According to the manufacturer, SIR-600 has a
selectivity affinity order of Cs� �� K� � NH4

� �� Na� � Sr2�

�� Ca2� � Mg2�.

Brine and Deionized Water

Brine was synthesized in the laboratory by slowly evaporating sand-
filtered Narragansett Bay seawater (30‰) to a salinity of 100‰. When

needed, brine and DI were used to make 30‰ RS. After preparing the
solutions, the salinity was verified using a refractometer.

Ammonia Solutions and Analysis

Ammonia solutions were prepared using crystalline NH4Cl (Aldrich,
Milwaukee, WI). Ammonia solutions ranged in concentration from 0
to 750 mg/L. Total ammonia was measured using an Orion ion-
selective ammonia probe (model no. 9512BN) (Boston, MA) and
meter (model no. 720A). The probe was calibrated on the day of
analysis using a six-point standard curve prepared with crystalline
NH4Cl or a 1000-mg/L standard provided by Orion. pH was measured
using an Orion Ross semimicro pH probe (model no. 8115BN). In
general, ammonia concentrations were reported as total ammonia (mg
NHx/L) based on the electrode measurements. In some cases, dis-
cussed later, ammonia concentrations were expressed as ammonia
(NH3) or ammonium (NH4

�) (in mg/L).

Ammonia Removal Studies

Two procedures were used to evaluate the ability of zeolite to remove
ammonia. In the slurry procedure, an unconfined mass of zeolite was
introduced to a beaker containing ammonia in both DI and RS solu-
tions. The beaker was then placed on an orbital shaker and mixed at 75
rpm at 21°C to enhance the interaction of the zeolite and ammonia in
solution. During this preliminary uptake study, 5 mL of solution were
collected for ammonia analysis at designated times over a 60 minute
time period. For other studies, based on the results of this preliminary
ammonia uptake study, the zeolite and ammonia were allowed to
interact for approximately 30 minutes before the experiment was
ended. In developing the slurry method, several different amounts of
zeolite were used. Except where noted in the study on zeolite inter-
action with metals, results reported in this summary are for the 30
g/replicate design to allow for comparison with the column chroma-
tography data. Similarly, the volume of the solutions were set at 100
mL and 100 mg NHx/L solution. After mixing, zeolite was allowed to
settle (for approximately 15 minutes), and samples of solution were
collected for ammonia analysis and toxicity testing.

In the column-chromatography procedure, a 30-mL glass syringe
(Micro-mate Interchangeable, Popper & Sons, New Hyde Park, NY)
was positioned vertically on a laboratory ring stand and used as a
column. Zeolite was soaked in 30‰ RS for at least 24 hours before
being introduced into the column. A circle of 0.5-mm mesh Nytex
(Sefar America Inc., Depew, NY) screening, approximately 1 cm in
diameter, was placed at the base of the interior of the column to retain
zeolite as solution passed through, and 30 g zeolite (wet) was loaded
into the column using a spatula. A flow rate of 6 mL/min was
established using a 125-mL separatory funnel with a Teflon stopcock
set to maintain a constant flow. The exception to using this flow rate
was in the study on column ammonia uptake. In that study, flow rates
varied as follows: 0.75, 6, 10, and 20 mL/min. For all other studies,
preparation of the column included rinsing with 50 mL RS at a
gravity-controlled flow rate (i.e., without the separatory funnel). This
was followed by 50 mL RS charged through the column using the
separatory funnel to maintain a 6-mL/min flow rate. Next, the ammo-
nia solution(s) was passed through the column at the 6-mL/min flow
rate except when otherwise noted. Postcolumn solution was collected
in a receiving beaker, and samples were collected for both ammonia
analysis and toxicity testing.
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Toxicity Testing

For toxicity testing, up to three treatments were evaluated: unmanipu-
lated, column, and slurry. The column-chromatography and slurry
solutions were prepared using the procedures previously described. All
toxicity testing replicates used 10 mL solution in 20-mL beakers
(Burgess et al. 1996). For each manipulation, three replicates each
with five amphipods, A. abdita, and three replicates each with five
mysids, A. bahia, were prepared. Organisms were exposed to ammonia
concentrations ranging from below detection to a high nominal con-
centration of 200 mg NHx/L. Toxicity testing was performed for 48
hours at 30‰ and 20°C and checked each day for mortality, temper-
ature, and salinity. The mysids were fed Artemia salina daily, but the
amphipods were not fed. At the termination of the test, organism
survival was determined and reported as percent survival.

Zeolite Interaction With Metals

A 30‰ RS solution consisting nominally of a mixture of 200 ppb each
of cadmium, copper, nickel, lead, and zinc was prepared. This solution
was then subjected to either the slurry (15 g) or column-chromatog-
raphy (30 g) treatment to evaluate potential metal uptake by the zeolite
under the experimental conditions used to remove ammonia. After the
slurry or column treatments, water samples were quantified for metals
by either graphite furnace atomic absorption spectroscopy (Perkin-
Elmer, Meriden, CT) or inductively coupled plasma-emission spec-
trometry (Applied Research Laboratories, Valencia, CA). Before anal-
ysis, samples were acidified with 1 �L concentrated nitric acid/mL
sample, and detection limits for the study were Cadmium � 0.01,
Copper � 0.4, Nickel � 1.0, Lead � 1.0 and Zinc � 1.0 �g/L.

Statistical Analyses

All experiments were performed in duplicate unless otherwise noted
(e.g., toxicity testing where n � 3), and results were presented as the
mean and SD (including the figures). Analysis of variance, followed
by the least-significant difference test, was performed to determine if
significant differences existed between means of selected experimental
treatments (� � 0.05).

Results and Discussion

Ammonia Uptake

For the slurry treatment, zeolite was slightly more effective in
removing ammonia from DI compared with RS, but a statisti-
cally significant difference between treatments was not de-
tected (Fig. 1). These studies were conducted for up to 1 hour,
but only 20 to 30 minutes was required for an apparent equi-
librium concentration to be achieved (i.e., ammonia removal
did not change significantly with time after 20 minutes [p �
0.05]) for the DI and RS solutions (Fig. 1).

Apparent equilibrium removal of total ammonia was approx-
imately 50% for both DI and RS. In studies with less zeolite but
the same design (e.g., 5 g), the slurry method consistently
functioned better with DI compared with RS (data not shown).
This suggests that cations in seawater, including Na� and K�,
interfere with the NH4

� interactions with zeolite-binding sites.

In this design using 30 g zeolite, these differences were clearly
less apparent.

In the column-uptake experiment, four flow rates were
evaluated: 0.75, 6, 10, and 20 mL/min. For comparison with
the slurry data, these flow rates were converted to solution–
zeolite interaction times (in minutes) (Fig. 1). As can be
seen, relative to the slurry method, the column rapidly and
more effectively removed ammonia from the RS solution.
Based on these data, a flow rate of 6 mL/min was established
as the “standard” flow rate for other experiments. The 6
mL/min flow rate was also operationally simple to maintain.
The column achieved approximately 90% removal in 20
minutes of interaction time. Before apparent equilibrium,
the column removal rate was approximately 8 mg/L/min
compared with approximately 2 mg/L/min in the DI and RS
slurry treatments. These results demonstrated that the col-
umn chromatography design affords more effective removal
of total ammonia compared with the slurry. Because the
zeolite–ammonia interaction is a surface reaction, the col-
umn appears to provide greater surface area than the slurry
for the reaction to occur.

Capacity

Using the slurry method in DI solution, the zeolite had a greater
capacity for total ammonia compared with its performance in
RS (Fig. 2). Total ammonia removal in DI was initially ap-
proximately 50% for approximately 7 mg ammonia and de-
creased, as the ammonia quantity increased, only to approxi-
mately 35% for 93 mg ammonia. In RS, total ammonia removal
was only approximately 15% for approximately 7 mg ammonia
and remained consistently at approximately 25% as the ammo-
nia quantity increased. As discussed in the ammonia-uptake
study, lower total ammonia removal in RS relative to DI
suggests that cations in the seawater are interacting with the
zeolite and decreasing the ability for ammonium ions to bind
effectively.

In the column-chromatography study, total ammonia re-
moval was also observed to decrease as the amount of ammo-
nia added increased (Fig. 2). Ammonia removal decreased
from approximately 95% with 10 mg added and leveled off at
19% when 60 mg was added. After adding 80 mg ammonia,
breakthrough occurred at approximately 100 mg loading. This
suggests that under these conditions, the zeolite binding sites in
the column were saturated.

Effects of Salinity

Zeolite uptake of total ammonia in the slurry showed a de-
crease with increasing salinity (Fig. 3). Ammonia removal
began at approximately 38% in the 0‰ solution (DI) and
decreased to approximately 18% in the 45‰ solution. These
results paralleled our observations from the earlier uptake and
capacity studies (i.e., zeolite effectiveness is greater in DI than
in RS).

In the column design, a decrease in total ammonia removal
was also observed as the salinity increased (Fig. 3). The col-
umn removed approximately 99% in the 0‰ solution and
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decreased to approximately 45% in the 45‰ solution. An
apparent equilibrium was also observed at approximately 70%
in the 15‰ and 30‰ solutions. Despite the greater concentra-
tion of competing cations, the column-chromatography method
provided greater surface area for zeolite–ammonia interactions
relative to the slurry.

Effects of Zeolite Mass

In the slurry, a direct relationship between the mass of zeolite
and total ammonia removal was evident (Fig. 4). In DI, am-
monia removal increased from approximately 25% in the 0.5-g
treatment to approximately 80% removal in the 30-g treatment.
For the RS, an increase in removal of ammonia from approx-

imately 15% to 50% occurred between the 0.5- and 30-g
treatments, respectively.

For the column, a similar relationship was observed be-
tween the mass of zeolite and the ammonia removed from
RS (Fig. 4). Ammonia removal increased from approxi-
mately 40% when using 5 g zeolite up to approximately 78%
with 30 g zeolite. Again, presumably these results reflect the
greater surface area of zeolite in the column compared with
the slurry.

Effects of pH

Slurry and column chromatography studies to assess the effects
of pH were performed at nominal pHs of 4.0, 7.0, and 10.0
using 30‰ RS. Poststudy pHs for the slurry method were

Fig. 1. Comparison of the removal of ammonia by
the slurry and column-chromatography methods
based on solution–zeolite interaction time

Fig. 2. Comparison of the removal of ammonia by the slurry and column-chromatography methods based on amount of ammonia
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5.1 � 0.01, 7.4 � 0.13, and 9.1 � 0.08 for nominal pHs 4, 7,
and 10, respectively. Poststudy pHs for the column method
were 6.7 � 0.16, 8.0 � 0.02, and 9.4 � 0.06 for nominal pHs
4, 7, and 10, respectively. For the slurry, ammonia removal was
approximately 40% (Fig. 5). Effects of pH on the ability of
zeolite to remove ammonia from solution were not noticeable
except at pH 10, where ammonia uptake was increased com-
pared to pHs 4 and 7. This increase was not expected, but it was
significant (p � 0.05).

Using the column, we observed that pH did not affect the
performance of zeolite in removing total ammonia except for a
statistically significant decrease in pH 10 compared with pH 4
and 7 (p � 0.05) (Fig. 5). We suspect this decrease with pH 10
was caused by the low concentration of NH4

� at high pHs.
Based on Hampson’s model (Hampson 1977), the amount of
NH4

� at a pH of 10 is only approximately 10% of NHx present.
Zeolite associates primarily with NH4

�, thus, given that the
NH3 form of ammonia dominates at higher pHs, less uptake

Fig. 3. Comparison of the removal of ammonia by the slurry and column-chromatography methods based on solution salinity

Fig. 4. Comparison of the removal of ammonia by the slurry and column chromatography methods based on mass of zeolite
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will likely occur. Overall, ammonia removal was approxi-
mately 80% for all pH manipulations in the column design.

Removal of Metals by Zeolite

Zeolite has been shown to remove several metals from aqueous
solution (Kesraoui-Ouki et al. 1994). In this study, we found
that the slurry and column methods removed copper, lead, and
zinc from RS (Fig. 6). Both methods acted similarly in remov-
ing 100% of all three of these metals while removing only

approximately 15% and 20% of cadmium and nickel, respec-
tively. Given this, it is critical when using zeolite in a TIE that
TIE methods designed for removing metal toxicity are also
applied (e.g., ethylenediamine tetraacetic acid [EDTA] addi-
tion) (Burgess et al. 1996).

Zeolite Effects on Ammonia Toxicity

Column chromatography was successful in removing ammonia
toxicity for both the mysid and amphipod (Fig. 7A and B),

Fig. 5. Comparison of the removal of ammonia by the slurry and column-chromatography methods based on pH

Fig. 6. Comparison of the removal of metals by the slurry (n � 1) and column-chromatography methods
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whereas the slurry resulted in greater toxicity than the unma-
nipulated treatment for the mysids and produced somewhat
variable results for the amphipods. Causes of observed toxicity
in the slurry treatment are not known, but the presence of very
small zeolite particles or a toxic contaminant in the zeolite may
be responsible. However, the slurry, like the column, was
effective at decreasing ammonia concentrations (Fig. 7C). The
column removed approximately 70–87% of the ammonia in
the solutions, while the slurry removed approximately 53% to
56% (Fig. 7C). Toxicity to the amphipods did not exceed 50%
even in the unmanipulated treatment, but both the slurry and

the column treatments increased survival. For both species,
column treatment increased survival to approximately 100% at
all ammonia concentrations. The slurry, like the unmanipulated
treatment, varied from 100% to approximately 0% survival for
the mysids.

Conclusions

Based on the results of this study, we have concluded that use
of zeolite in a column-chromatography design is an effective
method for decreasing ammonia concentrations in seawater and
decreasing ammonia toxicity to marine organisms. The col-
umn’s performance decreased as a function of increasing sa-
linity, but it always outperformed the slurry under similar
conditions. The slurry design functions, but it has variable
results compared with the column, and its efficacy was depen-
dent on the salinity of the solutions. Also, as noted previously,
the slurry method uses large amounts of zeolite compared with
the column and consequently could be expensive to use rou-
tinely. Based on these results, the slurry design cannot be
recommended; conversely, the column method is highly rec-
ommended despite being relatively time consuming and equip-
ment intensive. When using the column method in the perfor-
mance of a TIE with effluents and sediment interstitial waters,
the other TIE manipulations, including the EDTA addition,
should also be applied. Because zeolite will also remove metals
from seawater, it is critical to include the EDTA manipulation
to selectively assess the importance of metal caused toxicity in
the samples being evaluated.
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