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ABSTRACT

As the replacement of previously recommended poly (4-styrenesulfonate) (PSS) with
Mw� 7� 104 (PSS-7E4) for measuring metal ions by diffusive gradients in thin films (DGT), a
relatively large molecular weight PSS with Mw� 1� 106 (PSS-E6) was used as binding phase in
the liquid-type DGT device (PSS-E6 DGT). The binding capacities of PSS-E6 DGT for metals
and the stability constants of PSS-E6 with metals were also investigated. The heavy metal speci-
ations measured by PSS-E6 DGT in spiked river water (Cu2+: 26.01 ± 2.59%, Cd2+: 42.96 ± 2.56%,
Co2+: 16.41 ± 1.66%, and Ni2+: 18.24 ± 1.96%) and in spiked domestic wastewater (Cu2+: 10.35
± 1.29%, Cd2+: 20.31 ± 1.25%, Co2+: 8.04 ± 0.89%, and Ni2+: 8.86 ± 0.98%) were consistent with
those measured by PSS-7E4 DGT in spiked river water (Cu2+: 26.91 ± 2.82%, Cd2+: 40.88
± 3.04%, Co2+: 14.83 ± 1.84%, and Ni2+: 16.65 ± 1.83%) and in spiked domestic wastewater(Cu2+:
9.76 ± 1.17%, Cd2+: 19.36 ± 1.49%, Co2+: 7.65 ± 0.92%, and Ni2+: 7.83 ± 1.03%), respectively.
Compared with PSS-7E4, PSS-E6 was more suitable as binding phase in the DGT device for its
lower pretreatment depletion rate, lower cost, and lower pollution.

Keywords: Diffusive gradients in thin films; Binding phase; Poly (4-styrenesulfonate); Heavy
metals

1. Introduction

Monitoring trace metals in water is essential since
it enables predicting their impact on the environment.
However, the toxicity of metals in aquatic systems is
considerably dependent on the nature of the metal
species present, and the most important factor is the
biological availability of the metal species. Hence,
chemical speciation of metals is important to deter-
mine water quality.

The relatively recent technique of diffusive gradi-
ent in thin films (DGT) represents a new approach for
in situ determination of labile metal species in the

aquatic systems [1]. In the last years, DGT is being
increasingly used for the determination of metal speci-
ation in a wide variety of media such as natural
waters [2–6], soils [7,8], and sediments [9,10]. Some
papers have been published on the monitoring of
wastewater treatment plants [11,12] and waterworks
producing drinking water using DGT devices [13].
The DGT technique combines the processes of mass
transport through a diffusive layer and accumulation
within a binding layer during deployment [1,3]. The
diffusive layer allows solute species below a selected
size threshold to pass from the bulk solution into the
DGT device [2]. The binding layer rapidly and
irreversibly accumulates the soluble analyte species. A
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diffusive gradient is thereby maintained within the
diffusive layer between the bulk solution and the
interface with the binding layer [1]. The analyte con-
centration in the bulk solution can thus be calculated
using the DGT equation by measuring the mass of
analyte accumulated in the binding layer after a par-
ticular deployment time [2,14].

Two types of DGT devices, including solid-type
DGT device and liquid-type DGT device, have been
developed for the measurement of labile soluble metal
species. For solid-type DGT devices, the diffusive layer
is a thin (0.2–2mm thick) polyacrylamide hydrogel
(>95% water) covered with a 0.45-lm pore size mem-
brane at the interface with the bulk solution [2]; the
binding layer is a layer of polyacrylamide hydrogel
impregnated with Chelex-100 cation exchanger [1]. A
new liquid-type DGT device employing poly (4-sty-
renesulfonate) (PSS) with a relatively low molecular
weight of 7� 104 (PSS-7E4) aqueous solution as the
binding phase and a cellulose dialysis membrane as
the diffusive layer (PSS-7E4 DGT) was recently
reported [15,16]. The homogeneous mobile liquid bind-
ing phase provides an excellent contact between the
binding phase and the diffusive layer. The advantages
of the modified DGT device include a theoretically
ideal mass transport and accumulation, good repro-
ducibility, a well-defined reproducible diffusive layer,
and no need for elution corrections [17–19]. The new
DGT device has been used for the measurement of
heavy metals in natural waters [15,16]. However, the
high loss rate of PSS-7E4 in the process of pretreatment
prevents its practical application. It is necessary to find
a higher molecular weight PSS, to be used as binding
phase, which presents a reduced loss of reagent and
meet the requirements of liquid-type DGT device.

In this study, PSS with a relatively high molecular
weight of 1� 106 (PSS-E6) was used as the binding
phase in the liquid-type DGT device (PSS-E6 DGT).
The pretreatment depletion rate of PSS-E6 was investi-
gated in the range of 1–10 d. The binding properties
of PSS-E6 DGT for Cu2+, Cd2+, Co2+, and Ni2+ were
tested. The accuracy of PSS-E6 DGT and PSS-7E4 DGT
for the measurement of Cu2+, Cd2+, Co2+, and Ni2+ in
a synthetic solution––spiked Ling river water (Jinzhou,
China) and spiked domestic wastewater (Jinzhou,
China)––was assessed.

2. Experimental

2.1. Pretreatments

Cellulose acetate dialysis membranes (Mw� 12,000
or greater retain; Sigma, USA) were pretreated follow-
ing the procedures recommended by Li et al. [15] and
were stored in deionized water.

The purification of PSS with a Mw� 1� 106 (PSS-
E6) was treated as described by Li et al. [15]. A
25.5 g portion of PSS-E6 was dissolved in 100mL of
deionized water. The solution was then transferred
into a pretreated cellulose acetate dialysis bag which
was placed in deionized water for 72 h with the
water frequently replenished. After purification, the
concentration of PSS-E6 was determined gravimetri-
cally and a PSS-E6 stock solution of 0.10M (concen-
tration of sulfonic groups) was prepared. The
pretreatment depletion rates of PSS-E6 and PSS-7E4
were investigated in the range of 1–10d. The pre-
treatment depletion rate was defined as the ratio of
the mass loss during purification to the total mass
added before purification.

2.2. Measurement of diffusion coefficients of metals in the
dialysis membrane

The diffusion coefficients (Dm) of metals (Cu2+,
Cd2+, Co2+, and Ni2+) through the dialysis membrane
in various synthetic solutions (synthetic river water
and synthetic domestic wastewater) were determined
using a specifically designed diffusion cell with two
perspex compartments [20,21], each with an intercon-
necting 2.0 cm diameter opening. A 3.0 cm diameter
and 85 lm thickness disk of freshly pretreated dialysis
membrane was placed on the openings between the
compartments, ensuring that the membrane was the
only mass transport medium. Fifty milliliter of carrier
solution containing the diffusing ion of interest were
introduced into the source solution compartment, and
50mL of the same carrier solution with an experimen-
tally optimized concentration of PSS solution were
introduced into the receptor solution compartment
[15]. Both compartments were continuously stirred
during the experiment using an overhead stirrer at a
constant speed. Samples were taken from both com-
partments at 0.5 h intervals up to 3 h and measured by
flame atomic absorption spectrometry (FAAS). All
experiments were carried out in a temperature con-
trolled laboratory. Variation in temperature was no
more than ±1˚C. The average concentration at the
sampling intervals was used to correct concentration
changes in the source compartment.

2.3. Binding properties of PSS-E6 DGT for metals

The concentration of PSS-E6 in the device was
optimized by examining the binding capacities of sev-
eral devices with varying PSS-E6 concentrations of
0.005, 0.010, 0.015, 0.020, 0.030, and 0.040M in a solu-
tion containing 2.0lgmL�1 Cd2+ for 48 h.
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The binding capacities of PSS-E6 DGT for metals
(Cu2+, Cd2+, Co2+, and Ni2+), the stability constants of
PSS-E6 with metals, and the effects of varying pH (2–
11 in 10 increments) and NaNO3 concentration
(0.0001, 0.001, 0.01, 0.1, and 1.0M) on the binding
capacities of PSS-E6 DGT were investigated (e.g. [15]).
The pH values were adjusted using 2% HCl or NaOH.
The ionic strength of the solution was adjusted with
the appropriate addition of NaNO3 at pH� 7.

2.4. Validation of PSS-E6 DGT

The DGT-labile fractions (W) of Cu2+, Cd2+, Co2+,
and Ni2+ were measured by PSS-E6 DGTs and PSS-
7E4 DGTs. The devices were deployed in triplicate in
a 30 L (sufficient volume of the sampled solution was
used to ensure that depletion of metal ions by the
DGT devices was negligible) well stirred 0.1mgL�1

solutions (i.e. the synthetic river water, the spiked
Ling river water, and the spiked domestic wastewa-
ter). Aforementioned metals were measured over peri-
ods of time from 24 to 96 h. The river water (Jinzhou,
China) and domestic wastewater (Jinzhou, China)
were collected on 15 July 2011 and on 18 October
2011, respectively. The 30L of river water and domes-
tic wastewater (individually) were immediately prefil-
tered under vacuum through qualitative filter papers
before filtering through a 0.45lm cellulose nitrate
membrane in the laboratory. The parameters of Ling
river water and domestic wastewater are shown in
Table 1. The W of metals was defined as follows:

� ¼ DGT labile metal ion concentration

total concentration of metal ion in bulk solution

ð1Þ

2.5. Apparatus and reagents

The concentrations of metal and metal–PSS com-
plexes solutions were determined by FAAS (AA-700,
PE) after appropriate dilutions. All the reagents were
analytical grade, and purchased from Sinopharm
Chemical Reagent Co., Ltd, China.

3. Results and discussion

3.1. Comparison of depletion rate of PSS-E6 and PSS-7E4

The pretreatment depletion rates of PSS-7E4 and
PSS-E6 in the range of 1–10d were investigated. Fig. 1
shows that the pretreatment depletion rates increase
almost linearly with time at the beginning until it
reaches the maximum, and then remains unchanged
in the later stage. The pretreatment time of PSS-E6
(3 d) was less than half that of PSS-7E4 (7 d). The aver-
age pretreatment depletion rates (n= 5) of PSS-7E4
and PSS-E6 were 70.33± 1.22 and 15.18 ± 0.87%,
respectively. The use of PSS-E6 could reduce the loss
of reagent. PSS-E6 owned lower pretreatment deple-
tion rate, lower reagent cost, and shorter pretreatment
time, which complied with the requirements of green
analytical chemistry [22].

3.2. Diffusion coefficients of Cu2+, Cd2+, Co2+, and Ni2+

According to the DGT equation [23,24], the diffu-
sion coefficients of metals in synthetic river water
(Cu2+: 1.25 ± 0.05 lcm2 s�1, RSD%=3.31%; Cd2+: 1.38
± 0.10lcm2 s�1, RSD%=2.58%; Co2+: 1.08 ± 0.08
lcm2 s�1, RSD%=3.57%; and Ni2+: 0.92 ± 0.04lcm2 s�1,
RSD%=2.96%) and in synthetic domestic wastewater
(Cu2+: 1.18 ± 0.06 lcm2 s�1, RSD%=4.25%; Cd2+: 1.29
± 0.09lcm2 s�1, RSD%=3.08%; Co2+: 1.00 ± 0.11
lcm2 s�1, RSD%=4.61%; and Ni2+: 0.89 ± 0.09lcm2 s�1,
RSD%=3.99%) were obtained.

3.3. The binding properties of PSS-E6 DGT

The binding capacities of DGT devices with differ-
ent PSS-E6 concentrations (0.0050–0.040M) were 29.78,
56.32, 71.58, 95.76, 96.27, and 93.38lM, respectively.
The accumulated mass of metal in the binding phase
increased with the enhancement of PSS-E6 concentra-
tion between 0.0050� 0.020M and reached a plateau
in the range 0.020� 0.040M. So the 0.020M PSS-E6
solution was used as the binding phase of DGT tech-
nique. In addition, the viscosities (21˚C) of PSS-E6
solutions of 0.0,050, 0.010, 0.020, 0.030, and 0.040M
were 3.95, 8.41, 12.5, 16.4, and 19.3mpa s, respectively,

Table 1
Major cation concentration (mM), dissolved organic carbon (DOC, mgCL�1), and pH of the Ling river water and the
domestic wastewatera

Parameters [K+] [Na+] [Ca2+] [Mg2+] DOC pH

River water 0.25 1.45 0.85 1.10 10.30 6.9

Wastewater 0.30 3.52 1.62 1.35 44.34 7.6

aMajor cation concentrations were measured by FAAS after appropriate dilution.

H. Chen et al. / Desalination and Water Treatment 50 (2012) 125–131 127



and increased with the enhancement of its concentra-
tion. It was found that this concentration was rela-
tively easy to handle due to less viscosity and less
bubbles between the dialysis membrane and the solu-
tion of the binding phase.

The stability constants (logK) of PSS-E6 with Cu2+,
Cd2+, Co2+, and Ni2+ were 8.5, 9.4, 8.6, and 8.3, respec-
tively. According to references [15], the logK of
PSS-7E4 with Cu2+, Cd2+, Co2+, and Ni2+ were 8.1, 9.0,
8.07, and 8.04, respectively. The results showed that
PSS-E6 could combine with Cu2+, Cd2+, Co2+, and Ni2+

as firmly as PSS-7E4.
The binding capacities of PSS-E6 DGT to Cu2+,

Cd2+, Co2+, and Ni2+ were 9.9, 10.6, 10.1, and 9.8lM,
respectively, which are similar to those observed for
PSS-7E4 [15].

The changes in binding capacity of PSS-E6 DGT
for Cu2+, Cd2+, Co2+, and Ni2+ with pH are shown in
Fig. 2. The binding capacity of PSS-E6 DGT increased
rapidly from pH 1 to 4, probably as a result of the
increase in proportion of base form of the sulfonic
acid groups [15,25]. From pH 4 to 7, the binding
capacity for metal ions remained quite constant. The
Cu2+ binding capacity decreased rapidly at pH>7, the
Co2+ and Ni2+ binding capacity decreased rapidly at
pH>9, and the Cd2+ binding capacity decreased rap-
idly at pH>10 as a result of the change of metal spe-
ciation (i.e. the formation of insoluble hydroxide
forms) [15,25,26].

The changes of binding capacity of PSS-E6 DGT
for Cu2+, Cd2+, Co2+, and Ni2+ with increasing ionic
concentration are shown in Fig. 3. The binding capaci-
ties of PSS-E6 DGT for aforementioned metals
decreased with an increase in the ionic concentration
(as NaNO3) that increases from 0.0001 to 1.0M. A sim-
ilar trend has been reported for PSS-7E4 DGT [15].
This was due to the competition of Na+ with above
metals [27,28]. However, the effect of the ion concen-
tration may be various for different DGT devices,
even for the same DGT device at different pH. In the

presence of major environmental ions, DAs
V-Nafion is

�20% higher than DAs
V-Nafion measured in NaNO3/

sodium acetate at the same pH [29]. Panther and
coworkers attributed this increase in diffusion coeffi-
cient to two factors. Most importantly, specific interac-
tions between Mg2+ and Ca2+ and sulfonate groups
within the Nafion membrane may decrease electro-
static repulsions for the negatively charged species,
promoting faster diffusion of H2AsO�

4 . A lesser

Fig. 1. Depletion rates of PSS-7E4 and PSS-E6 with
pretreatment time.

Fig. 2. Effect of pH on the binding capacities of PSS-E6
DGT for metals: Concentration of Cu2+ = 1.3mM, Cd2+

= 1.3mM, Co2+ = 1.3mM, and Ni2+ = 1.3mM, deployment
time= 48 h, temperature = 20˚C.

Fig. 3. Effect of ionic strength (presented as logarithmic
concentration of NaNO3) on the binding capacity of PSS-
E6 DGT for metals: Concentration of Cu2+ = 1.3mM, Cd2+

= 1.3mM, Co2+ = 1.3mM, and Ni2+ = 1.3mM, deployment
time= 48 h, temperature = 20˚C.
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contributing factor may be partial complexation of
AsV by Ca2+ and Mg2+ to form uncharged complexes
which diffuse more rapidly through the Nafion mem-
brane [29]. For Chelex-DGT at pH 5.0, CDGT/CSol ratios
between 0.85 and 1.07 were obtained across the ionic
strength range (0.001�0.7mol L�1 NaNO3) in the mea-
surement of Al [30]. However, at pH 8.4, CDGT/CSol

decreased as ionic strength increased. For the deploy-
ment times at pH 8.4 (where Al(OH)4� accounts for
> 99.9% of total dissolved Al forms), ionic strength
significantly affects the uptake of Al by Chelex-DGT.
These results clearly demonstrate that the measure-
ment of Al by Chelex-DGT is critically dependent on
both pH and ionic strength and that the Chelex-DGT
method may not be applicable to all natural waters,
especially seawater, for the measurement of Al [30].

3.4. Performance of PSS-E6 DGT

The DGT devices were validated by testing the
relationship between the mass of analyte accumulated
in the binding layer (M) and the deployment time (t)
in a solution of known concentration (Fig. 4). The
uptakes of Cu2+, Cd2+, Co2+, and Ni2+ by PSS-E6 DGT
increased linearly with time up to 96 h (r2 = 0.987 for
Cu2+, r2 = 0.995 for Cd2+, r2 = 0.983 for Co2+, and r2 =
0.991 for Ni2+). The W of Cu2+, Cd2+, Co2+, and Ni2+

in the synthetic solution were 96.5 ± 2.21% (RSD%=

Fig. 4. The uptake of Cu2+, Cd2+, Co2+, and Ni2+ by PSS-E6
DGT in a synthetic solution: Cu2+ = 0.1mgL�1,
Dm=1.25 lcm2 s�1; Cd2+ = 0.1mgL�1, Dm=1.38 lcm2 s�1;
Co2+ = 0.1mgL�1, Dm=1.08 lcm2 s�1; and Ni2+ = 0.1
mgL�1, Dm=0.92 lcm2 s�1. Dg= 85lm, A= 3.14 cm2,
temperature = 20˚C. T
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3.28%), 97.5 ± 1.45% (RSD%=3.62%), 96.7 ± 3.11% (RSD
%=4.19%), and 95.6 ± 2.86% (RSD%=3.85%), respec-
tively. The results indicated that PSS-E6 DGT could
measured accurately Cu2+, Cd2+, Co2+, and Ni2+ in
synthetic river water and meet the requirements of
DGTbinding phase [31].

W of Cu2+, Cd2+, Co2+, and Ni2+ in the spiked Ling
river and spiked domestic wastewater are shown in
Table 2. The measurement results of Cu2+, Cd2+, Co2+,
and Ni2+ using the two DGT devices (PSS-E6 DGT
and PSS-7E4 DGT) were no significant deferent with t
test both in the spiked Ling river (t= 1.00 < t0.95,4 = 2.78
for Cu2+, t= 2.26 < t0.95,4 = 2.78 for Cd2+,
t= 2.72 < t0.95,4 = 2.78 for Co2+, and t= 2.54 < t0.95,4 = 2.78
for Ni2+) and in the spiked domestic wastewater
(t= 1.48 < t0.95,4 = 2.78 for Cu2+, t= 2.10 < t0.95,4 = 2.78 for
Cd2+, t= 1.31 < t0.95,4 = 2.78 for Co2+, and t=
2.37 < t0.95,4 = 2.78 for Ni2+). However, W of Cu2+, Cd2+,
Co2+, and Ni2+ in the spiked Ling river and spiked
domestic wastewater were much lower than those in
the synthetic river water, and W of Cu2+, Cd2+, Co2+,
and Ni2+ in the spiked domestic wastewater were also
much lower than those in the spiked Ling river. This
was because of the presence of DOC which would have
complexed a significant fraction of the added metal
ions [16], and higher DOC (44.34mgCL�1) in the
spiked domestic wastewater made W of Cu2+, Cd2+,
Co2+, and Ni2+ much lower than those in the spiked
Ling river (10.30mgCL�1).

4. Conclusions

The PSS-E6 DGT could measure accurately Cu2+,
Cd2+, Co2+, and Ni2+ in synthetic solutions. There
were no difference between the speciation measure-
ments of PSS-E6 DGT and PSS 7E4 DGT for above
heavy metals in spiked Ling river water (Jinzhou,
China) and spiked domestic wastewater (Jinzhou,
China). PSS-E6 is a green and environment-friendly
binding phase of DGT with the lower pretreatment
depletion rate, lower cost, and lower pollution. It is
feasible to use PSS-E6 instead of PSS 7E4 as the bind-
ing phase of liquid-type DGT device. The in situ mea-
surements of heavy metals with PSS-E6 DGT in
natural waters or wastewaters will be further investi-
gated further in subsequent papers.
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