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Phosphorus has a number of indispensable biochemical roles, but its natural deposition and the low
solubility of phosphates as well as their rapid transformation to insoluble forms make the element commonly
the growth-limiting nutrient, particularly in aquatic ecosystems. Famously, phosphorus that reaches water
bodies is commonly the main cause of eutrophication. This undesirable process can severely affect many
aquatic biotas in the world. More management practices are proposed but long—term monitoring of phospho-
rus level is necessary to ensure that the eutrophication won't occur. Passive sampling techniques, which have
been developed over the last decades, could provide several advantages to the conventional sampling meth-
ods including simpler sampling devices, more cost—effective sampling campaign, providing flow proportional
load as well as representative average of concentrations of phosphorus in the environment. Although some
types of passive samplers are commercially available, their uses are still scarcely reported in the literature.
In Japan, there is limited application of passive sampling technique to monitor phosphorus even in the field
of agricultural environment. This paper aims to introduce the relatively new P-sampling techniques and their
potential to use in environmental monitoring studies.
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INTRODUCTION

Phosphorus is a vital nutrient for converting sunlight
into usable energy, and essential to cellular growth and
reproduction. Under natural conditions phosphorus is
typically scarce in water. However, it is now well known
that anthropogenic phosphorus, especially from agricul-
tural sources, can trigger excessive algae bloom and
cause degraded water quality. Phosphorus occurs in dis-
solved organic and inorganic forms in the water phase or
adsorbed to sediment particles. Phosphates, the inor-
ganic form, are preferred for plant growth, but other
forms can be used when phosphates are unavailable.

In order to protect the quality of the environment, it
is important to carry out continuous environmental mon-
itoring and management schemes. However, the conven-
tional method of using spot/grab samples can be
extremely laborious and expensive for a long—term mon-
itoring. Moreover, the grab samples only indicate the
state of the environment at a particular time and space.
While it may be suitable for monitoring an environmental
compartment in steady state, the information obtained
from grab samples is less representative for actual envi-
ronmental bodies which are usually in transient state,
e.g. the level of phosphorus loads in rivers and streams
because of quickly changing dissolved phosphorus con-
centrations P(t) and water flow rates @ ().

Depending on its sources, riverine P(t) can fluctuates
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diurnally as well as seasonally, and in addition depends on

water discharge @(¢). Muller et al. (2008) has derived a

equation for the load of phosphorus (L,,) transported by

the river within a given period of time At as
t2

Ly=[QW)xP(di @

t

An accurate measurement of L,, requires continu-
ous monitoring of both Q(¢) and P(¢). And arguably at
the moment, @(¢) can be measured relatively accurately
in site—specific situations but no simple method is availa-
ble for continuously surveying the ambient P(¢) concen-
trations.

Passive sampling can overcome such shortcoming by
continuously capturing the compounds of interest in the
sampled environment and providing a time-weight aver-
age concentration over the sampling (deploying) period
(Kot-Wasit et al., 2007). Recent development in passive
sampling techniques has delivered the possibility of meas-
uring time-average concentration of dissolved phospho-
rus in the water phase by using appropriate sorbents
(Mtiller et al., 2007, Pichette et al., 2009, Rozemeijer et
al., 2010, Panther et al., 2011, de Jonge and Rothenberg,
2005).

Meanwhile, the application of passive sampling in
Japan is still very limited, especially in the area of aquatic
environmental monitoring. In the previous sister paper
(Phong et al., 2012), we have briefly reviewed the use of
passive samplers for a range of organic pollutants such
as pesticides, veterinary drugs and the situation in Japan.
Similarly, in this paper, we would like to introduce the
approach of passive sampling in the newer area of meas-
uring ionic and inorganic compounds where there are
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many potentials but the application is still scarcely
reported, especially in Japan. The aims of this paper are
to:

— Introduce the passive sampling techniques that are
currently in use in the world to monitor phospho-
rus

— Description of some potential applications of these
passive sampling techniques

PASSIVE SAMPLING TECHNIQUES FOR
PHOSPHORUS IN THE ENVIRONMENT

General introduction

The passive sampling system is based on the Fick’s
Law, and relies on movement (due to partition or adsorp-
tion) of compounds of interest from the sampled medium
to the collecting medium (Gdérecki and Namiesnik, 2002).
Over decades since their conception, passive samplers
have been deployed in various environments such as
freshwater, effluents and marine environments to moni-
tor a range of pollutants. In general, the amount of the
sampled compounds depends on the deployment time
and their concentrations in the sampled medium, but
some environmental conditions (pH, temperature, turbu-
lence) may affect the kinetics of the process. The con-
centration of the target compounds is obtained as a time—
weighted average (TWA), representing the average con-
centration of the analytes in the sampled medium during
the exposure time (Gérecki and Namiesnik, 2002).

Phosphate concentrations in environmental compart-
ments (C,) can be determined from the mass (M,) of
phosphate accumulated within the deployed passive sam-
pler, assuming that the sampler is operating in the linear
or integrative mode

MS
C,= R )
where ¢ is the deployment time, and R, is the sampling
rate.

Values of R, may depend on exposure conditions such
as flow rate, ionic strength, and temperature (O’Brien et
al., 2011). The following techniques are designed to
measuring the mass M, in order to estimate a time—aver-
age concentration of phosphate in this environment.

The use of ferrihydrite, a ferric oxyhydroxide mineral,
as a sequestering phase has led to the development of
two passive sampling methods for the measurement of
phosphate concentration in water as presented below.
The first and earlier method employs ferrihydrite within
a diffusive gradient in thin—film (DGT) gel (Zhang et al.,
1998). A more recent method, called the P-trap, contains
a ferrihydrite suspension which is in contact with the
outside environment through a commercially available fil-
ter membrane (Miiller et al., 2007).

The last and newly proposed method involves the
use of commercially available resins to sequester nitrate
and phosphorus in a tube-like sampler called SorbiCell.
This sampler has recently been proved to be a cost—effec-
tive tool to estimate reliable average concentrations of
nitrate and phosphorus in a water catchment (Rozemeijer

et al., 2010).

Diffusive gradients in thin—films (DGT)

The DGT technique is initially developed to measure
trace metal concentrations in natural waters and trace
metal fluxes from solid phase to solution in sediments and
soils (Davlson and Zhang, 1994). The technique is a fur-
ther development of the passive sampling principle where
a device can accumulate the compounds of interest on a
binding agent after passage through a hydrogel which
acts as a well defined diffusion layer (Davlson and
Zhang, 1994). It relies on the establishment of a steady—
state concentration gradient from solution to the binding
agent. Concentration in solution is calculated using Fick’s
first law of diffusion and the measured mass of solutes
accumulated on the binding agent after a known deploy-
ment time as mentioned in the previous sections. The
concentration gradient of phosphorus through the DGT
sampler is represented in Fig. 1.
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Fig. 1. The concept of concentration gradient (of phosphorus)
through a DGT passive sampling device, C, C’ are the con-
centrations of phosphorus in the environment and in the
binding agent, Ag and 0 are the thicknesses of the gel and
the diffusion layer, respectively (Zhang et al. (1998)).

The detailed description of the device for phosphorus
can be found in Zhang et al. (1998). For measurement
of reactive phosphorus species, a layer of gel impregnated
with ferrihydrite (oxide—gel) was used as binding agent.
It was constantly separated from the sampled environ-
ment by an ion—-permeable gel layer of thickness Ag as
shown in Fig. 1. The gel layer is kept within the sampler
by a filter membrane that allows free transport of target
compounds. As in the principle of other passive samplers,
there is usually a diffusive boundary layer (DBL), of &
thickness, where transport of ions is solely by molecular
diffusion between the membrane and the sampled envi-
ronment. If ¢ is negligible compared to Ag then accord-
ing the Fick’s law the flux (F) of phosphorus species dif-
fused through the gel layer to the ferrihydrite gel can be
expressed by Eq. (3).

D(C-C) 3)
Ag
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in which D is the effective diffusion coefficient of phos-
phorus species in the gel, C and C’ are concentration of
phosphorus in different compartments as shown in Fig. 1.
Because ferrihydrite can be considered as a sink for
phosphorus, C’ is considered close to zero. Using the def-
inition of flux, F’=M/At, with M is the mass of phosphorus
diffused through the area A of the sampler during a time
t, Eq. (3) can be rearranged to be an Eq to estimate the
concentration of phosphorus in the sampled environment

(Eq. (4)).
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4

As a consequence, if the mass of phosphorus seques-
tered by a passive sampler can be measured accurately,
one can estimate the time-average concentration of phos-
phorus in this compartment using a pre—calibrated pas-
sive sampler (known diffusion coefficient)

The design and actual DGT passive sampler for water
are shown in Fig. 2. More detailed information about the
development and validation of the DGT sampler for phos-
phorus can be found in (Zhang et al., 1998).
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Fig. 2. Design (cross—section) and an actual DGT passive sampler
(Adapted from DGT Research Ltd website).

Currently, the DGT samplers are manufactured in
standard forms and are commercially available for meas-
uring phosphorus in both water and sediment. More
information about the products can be provided by DGT
Research Ltd (http://www.dgtresearch.com/DGTResearch
Tech.html).

P-trap samplers

This sampler shares the same principle with the
DGT sampler which uses Ferrihydrite as a binding agent
to attract phosphates from the sampled environment.

However, the preparation of the sampler is simplified to
reduce cost associated with each sampler deployment.

The main purpose of P-trap is to provide a simple,
easy to handle, and cost effective method for the estima-
tion of dissolved reactive phosphorus loads in streams and
rivers (Miiller et al., 2007). Utilizing Eq. (1) the estima-
tion of phosphorus load will be based on (1) continuous
recording of the water level (discharge) and (2) average
concentration of phosphorus obtained from passive sam-
plers (P-trap) deployed/exposed in the streams or rivers
of interest.

The P-trap sampler only requires ferrihydrite which
settles naturally on the surface of a membrane by
inversely turn a bottle containing this oxide in water up—
side-down (Miiller et al., 2007). This simplification led
to a change in the diffusion principle of this sampler (Fig.
3). However, experiments have proved that the uptake
of phosphorus is still effective with linear correlation with
the exposure doses (Miiller et al., 2007)

Initially, the P—trap is designed to trap phosphorus in
a single cavity as shown in Fig. 3. However, as the authors
recognize the effect of flow/discharge on the concentra-
tion of phosphorus where high flow usually accompanies
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Fig. 3. The design of the first P—trap (Miiller et al. (2007)) and its
corresponding diffusion principle.
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Fig. 4. Improved P-trap for measuring phosphorus in stream with
variable water level (Adapted from Muller et al. (2008)).
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high concentration thanks to wash—off effect a multi-level
sampler was proposed. The new designed was based on
the sampler used for sediment and was shown in Fig. 4
(Muller et al., 2008). The individual sampler compart-
ment will only sequester phosphorus when it is immersed
in the stream. As a consequence, the amount of phospho-
rus (P) in each compartment is proportional to the aver-
age concentration of phosphorus in the stream during its
immersion period. With a system of multi-level sampler
and a automatic water level logger one has a more accu-
rate estimate of phosphorus concentrations in the stream
including the effect of flow to the concentration. Detailed
discussion about this new sampler can be found else-
where (Muller et al., 2008).

SorbiCell samplers

The principle of this sampler was first proposed to
measure mobile solutes in general in soil and groundwa-
ter (de Jonge and Rothenberg, 2005). Depending on the
selected sorbent used in the cell, the sampler can cover
a wide range of solutes including pesticides, phosphates,
and hydrophobic organic contaminants (HOCs).

SorbiCell consists of two key compartments. The first
compartment is a water—-permeable porous sampler that
is in continuous capillary contact with its surroundings
and functions as a semi-infinite adsorptive sink for the
solutes of interest. The second compartment contains a
tracer that can be dissolved and release proportional to
the amount of water going through the sampler. The
amount of tracer left at the time of collection will provide
information on the volume of water that has passed the
sampler during the deployment period. The advantage
of this new method is that it can account for concentra-
tion dynamics, because it gives a flow—proportional
weighted average that is representative of the entire sam-
pling period (de Jonge and Rothenberg, 2005).

The design of the SorbiCell sampler is shown in Fig.
5 where solutes, e.g. phosphorus compounds will go into
contact with the sorbent and will be retained in this sorb-
ent compartment. Meanwhile, the flow through will dis-
solve part of the tracer and take it away from the tracer
compartment. The latest sampler was pictured to have
the form of a commercially available SPE cartridge and
was tested successfully for the ability to measure nitrate
and phosphorus in a catchment in the Netherlands
(Rozemeijer et al., 2010).
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Fig. 5. Design and the mechanism of SorbiCell passive sampler
(Adapted from Rozemeijet et al. (2010)).

To estimate the load using a SorbiCell, one has to
measure both the mass of phosphorus adsorbed in the
sorbent compartment (MP) and the mass of remaining
tracer (M,, ). Then the volume of water passing through
the sampler is calculated as:

_ Mt,O_ML

\Y
Ct ,max

5)
The average concentration of phosphorus in the flow-
ing—through water flux (CP) is calculated as

Mp

Cp= v (6)

It should be noted that care should be taken to avoid
the complete dissolution of the tracer and the remaining
amount should be from 20%-80% to ensure the accuracy
of the volume estimation. It is also suggested to use a
combination of tracer salts with different K, values and/or
different amounts to reduce the uncertainty and increase
the range of measurement (de Jonge and Rothenberg,

2005).

APPLICATION OF PHOSPHORUS
PASSIVE SAMPLERS

For water quality monitoring

Monitoring phosphorus in the aquatic environment
is very important since in recent years it has become
apparent that the concomitant increase in losses of N and
P from agricultural land is having a serious detrimental
effect on water quality and the environment (Hart et al.,
2004). Many management practices and protection meas-
ures have been proposed in order to reduce the load of P
in the environment. To evaluate the effectiveness of such
measures, continuous monitoring of water bodies is criti-
cal. However, most of monitoring studies about phospho-
rus in the aquatic environment have used grab samples
which may compromise the representativeness of the
phosphorus load estimation. O'Brien et al. (2011) has
used a passive flow monitor (PFM) device based on gyp-
sum dissolution rates as a complimentary tool for the
DGT-like sampler. The PFMs will provide an estimated
flow of water in the sampling site and thus help improve
the quantification of phosphorus concentration. The
recent study that use passive sampling technique for
phosphorus is in the Netherlands (Rozemeijer et al.,
2010) where SorbiCell samplers were deployed in a
medium size catchment to measure phosphorus in water
and sediment. However, as mentioned in the previous
paper (Phong et al., 2012), the passive sampling tech-
niques although very promising still have a long way
toward being accepted as a conventional method.

For soil/sediment quality monitoring

Two P-passive samplers described above have
designs for soil/sediment matrix, the DGT and the
SorbiCell (de Jonge and Rothenberg, 2005, Ding et al.,
2012). This design would help the monitoring of phos-
phorus in soil water. SorbiCell design was tested in soil
up to the depth of 20 cm with 2 or 4 cm increments (de
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Jonge and Rothenberg, 2005). SorbiCell can also provide
the additional information of flow in the sampling soil/
sediment. The commercial DGT sampler is also available
for soil/sediment matrix in form of sampling plates. And
those samplers were used to establish a novel approach
to measure the phosphorus concentration in surface run-
off (Dougherty et al., 2011). The DGT technique was also
put into test with other conventional methods for phos-
phorus in soil (Six et al., 2012). The authors concluded
that most conventional soil tests can extract a fraction of
phosphorus which is not available to maize. The DGT
technique, however, only samples P from the plant-acces-
sible pool. Meanwhile, Ding et al. (2012) has further
developed the DGT technique for the high-resolution
simultaneous measurements of dissolved reactive phos-
phorus and dissolved sulfide in sediment and has achieved
a good performance.

The heterogeneity of soil/sediment matrix means that
measurement of each sampler only provides point data.
However, it also makes the use of passive sampling an
advantage because it can reduce considerably the cost of
any sampling campaign for the spatial distribution of
phosphorus concentration in soil/sediment.

Applications of these techniques in Japan

In the previous paper, we have reviewed the use of
passive sampling techniques in Japan in general as well
as in agricultural area. The conclusion is that the use of
passive sampling in Japan still very limited. Therefore, it
is understandable that no result from the search in Web
of Knowledge® about the use of passive sampling for
phosphorus in Japan. However, there are studies which
applied the DGT techniques to measure metal ions in
aquatic environment (Nyein Aung et al., 2008) or very
recently to assess bioavailability of metal ions in river
water (Naito et al., 2011). Again it is suggested that the
advantage of passive sampling technique in environmen-
tal monitoring should be utilized in future research in
Japan.
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