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Abstract: Chemical fractionation and speciation of metals species in natural waters and its relation
with bioavailability have received increased attention in recent years. A simple liquid membranes
method, based on coupled liquid extraction and re-extraction processes, is proposed to separate and
quantify the species of nickel present in water samples. A simplex optimization of chemical variables,
such as carrier concentration in the organic solution and nitric acid concentration in the receiving
solution, was performed and, under optimized conditions, the extraction system was applied to
determine nickel species in water samples at natural level concentrations. A linear relationship
was established between extraction efficacy and the concentration of dissolved organic carbon in
the samples, allowing the separation and determination of labile and non-labile nickel fractions,
since the latter was not transported through the organic solution acting as liquid membrane. When the
total and labile concentrations of metals were analyzed in real samples with different salinities,
no significant differences were found between the results obtained and those from well-established
methods. An average relative error of 1.50 and 2.37 was obtained for total Ni concentration and
labile fraction, respectively. Finally, a comparison with the theoretical speciation data calculated
with the software WinHumic V was successfully performed. Thus, the proposed method allows the
simultaneous determination of labile and non-labile nickel fractions, presented as a simple alternative
to nickel fractionation in natural waters.
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1. Introduction

The presence of trace metals in aquatic systems is a key factor due to the possibility of affecting
or even inhibiting some organisms’ biological processes when they are above their toxic levels [1–4].
Nevertheless, these effects are mainly related to metal species easily assimilated by the organisms,
which are commonly known as labile metal fractions. The separation and quantification of these
labile species is an essential issue in order to get a better understanding of trace metals’ mobility,
reactivity, and toxicity in the environment. Some methods have shown their ability to perform this
speciation, mainly using electrochemical approaches [5,6]. However, these techniques focus only on
a few elements, mainly Cu, Cd, Pb, and Zn. Non-electrochemical techniques, such as absorption,
emission spectroscopy or inductively coupled plasma mass spectrometry, usually require a previous
step to separate the species. In this context, solid or liquid extraction and diffusive gradient in thin
films (DGT) are usually used [7–10].

In the last decades, and based on coupled liquid extraction/re-extraction methods,
liquid membranes have appeared as a real alternative to metal separation and speciation in natural
waters, since they offer selective transport of different species with an adequate selection of the
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extracting reagent [11–14]. In addition, liquid membranes present other advantages such as high
preconcentration factors, reduction of matrix effects, and low sample manipulation [15,16].

Any speciation study requires an operational definition of the species to be used as a reference after
separation and/or determination of species [17]. Most researchers tend to compare their results with
a well-established analytical method which has shown its applicability for speciation studies [13,18,19],
an equilibrium model based on theoretical data of complexes and their stability constants [5,20–23] or
both [24,25].

In liquid membranes-based speciation studies, the labile fraction is related to the fraction capable
of crossing the membrane and then, it can be considered the bioavailable fraction [14,26]. Depending
on the experimental setup it can include the free ion or the free ion and mobile and labile metal
complexes [27].

In this work a liquid membrane system was applied to the speciation of nickel in real natural
waters using an hydrazone derivative, 1,2-cyclohexanedione bis-benzoyl-hydrazone (1,2-CHBBH),
dissolved in toluene (2% N,N-dimethylformamid (DMF)). This reagent has previously shown its
applicability to separate and quantify nickel fractions in natural water [28]. The results obtained were
compared with those obtained from well-established methods as well as with the theoretical speciation
data calculated with WinHumic V software.

2. Materials and Methods

2.1. Reagents and Solutions

Aqueous nickel solutions were prepared using a commercial standard solution of 1000 mg·L−1

purchased from Merck (Darmstadt, Germany). Hydrochloric acid (30%), nitric acid (65%), sodium
chloride, sodium hydroxide, diethylammonium diethyldithiocarbamate (DDDC), and toluene were
obtained from Scharlab (Barcelona, Spain). Hydrogen peroxide (30%) and humic acid sodium
salt were purchased from Sigma-Aldrich (Steinheim, Germany). A buffer solution was prepared
using 4-(2-hydroxyethyl) piperazine-N′-(2-ethanesulfonic acid) (HEPES) from Biochemical (Barcelona,
Spain). N,N-Dimethylformamid (DMF), ethanol (96%), dimethylglyoxime, ammonium hydroxide
(25%), ammonium acetate, and chloroform were acquired from Merck. Ammonium pyrrolidine
dithiocarbamate (APDC) was purchased from Fluka (Buchs, Switzerland). The active component of
the liquid membrane, 1,2-cyclohexanedione bis-benzoylhydrazone (1,2-CHBBH), was synthesized
as described previously [29]. All solutions were prepared with deionized water (18 MΩ·cm−1) from
a Milli-Q analytical reagent grade water purification system (Millipore, Bedford, MA, USA).

Synthetic solutions with 100 µg·L−1 Ni(II) and 35 g·L−1 NaCl were used as the source phase in
optimization experiments. These solutions were buffered at pH 8 using HEPES until a final concentration
of 0.25 mol·L−1 and the appropriate amount of 2 mol·L−1 sodium hydroxide solution.

2.2. Apparatus

Liquid membrane experiments were conducted using a homemade glass beaker-in-a-beaker type
cell described elsewhere [30]. It consisted of two concentric beakers containing 730 mL of sample
solution (external beaker) and 12.5 mL of acidic receiving solution (internal beaker). Aqueous solutions
were in contact through an organic solution of 1,2-CHBBH dissolved in toluene (2% DMF) placed over
both aqueous solutions, which allows the chemical pumping of nickel ions from the sample to the
receiving solution. The volume of organic solution (100 mL) was chosen to be as small as possible to
maximize the transport rate. The solutions were stirred with a magnetic stirrer (JP Selecta, Barcelona,
Spain). The nickel extraction process was based on the reaction (1):

Ni2+
(ac) + 2 HR (org)� NiR2 (org) + 2 H+

(ac) (1)

where HR represents the extracting reagent 1,2-CHBBH.
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The analysis of nickel in the receiving solution was carried out using an atomic absorption
spectrometer Solaar M Series (Thermo Scientific, Waltham, MA, USA). The pH was controlled by a
model 2001-pH meter with a combined glass Ag/AgCl electrode (Crison, Barcelona, Spain).

Dissolved organic carbon (DOC) concentrations were determined using a multi N/C 3100 analyzer
(Analytic Jena, Jena, Germany). An A705 UV digester (Metrohm, Herisau, Switzerland) was used to
destroy organic complexes in the samples when necessary. Blanks and real samples were preconcentrated
into a laminar flow hood (Cruma, Barcelona, Spain) located into a class 10,000 Clean Room.

Speciation data were obtained using the WinHumic V software for Win95/98/NT [31].

2.3. Procedure

2.3.1. System Optimization

The 1,2-CHBBH concentration in the organic solution and the nitric acid in the receiving solution
were optimized using the modified simplex method [32]. After defining the variables and step sizes,
the initial simplex design was established using the software Multisimplex 2.0.

The dependence of the variables on nickel transport was quantified in terms of mass flux across
the membrane measured as permeability coefficient (P) using the Equation (2):

− ln
[
Ni2+

]
=

S
Vs

Pt− ln
[
Ni2+

]
0

(2)

where S is the effective membrane area, Vs is the volume of the source solution, and [Ni2+]0 and [Ni2+]
are the nickel concentration in the source solution at time 0 and t, respectively.

2.3.2. Extraction Efficacy

The extraction efficacy (Ee) was calculated as the percentage of nickel transported through the
membrane at a certain time. The temporal variation of Ee was determined using a synthetic solution
with 100 µg·L−1 Ni(II) and 35 g·L−1 NaCl buffered at pH 8.

Once an extraction time was selected, procedure blanks were performed prior to the study of the
influence of organic ligands on Ee. In this sense, preconcentration of deionized water was carried out
with the optimized system in order to evaluate the nickel contamination coming from the reagents.
Previously, the organic solution was cleaned by solvent extraction with the acidic receiving solution.

Subsequently, the influence of DOC concentration in Ee was evaluated using a real seawater
sample from San Pedro River (Puerto Real, Spain), previously UV digested and spiked with 5 µg·L−1

of nickel. Different amounts of humic acid sodium salt were added to the sample to get a DOC
concentration from 3.97 to 12.58 mg·L−1. The temporal variation of extraction efficacy in each case was
investigated and a relationship between extraction efficacy and DOC concentration was established.

2.3.3. Application to Real Samples

The optimized system was applied to separate and quantify labile and non-labile nickel fractions
in three real samples from the bay of Cadiz (southwest Spain). The results were compared with those
obtained with well-established methods: a solvent extraction with APDC/DDDC and subsequent
determination by inductively coupled plasma mass spectrometry (ICP-MS) for total concentration
and adsorptive stripping voltammetry (AdSV) without previous UV digestion of the sample for labile
fraction [33–35]. A Student’s t-test was performed to determine if significant differences between the
results could be established. In addition, a comparison with the theoretical speciation values from the
software WinHumic V was carried out.

Finally, the concentration of free nickel species was calculated using both the theoretical speciation
data and the experimental results obtained with the proposed method.
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3. Results and Discussion

3.1. System Optimization

The results from simplex optimization can be observed in Table 1. After eight experiments the
simplex was stopped following the variance criterion [32]. Then, the maximum permeability coefficient
was observed at the vertex 6, with a concentration of 0.89 mmol·L−1 1,2-CHBBH in the organic solution
and a nitric acid concentration of 1.3 mol·L−1 in the receiving solution.

Table 1. Simplex optimization of chemical variables.

Vertex Type HCl 1,2-CHBBH P·103

(mol·L−1) (mmol·L−1) (cm·min−1)

1 I 0.50 1.00 1.7
2 I 1.00 1.00 2.5
3 I 0.75 1.44 2.0
4 R 1.25 1.44 1.8
5 C 1.06 1.33 2.9
6 R 1.31 0.89 2.1
2’ I’ 1.00 1.00 2.0
7 R 1.38 1.22 1.9
8 C 1.09 1.05 2.1
5’ R’ 1.06 1.33 1.9

1,2-CHBBH: 1,2-cyclohexanedione bis-benzoyl-hydrazone, I: initial simplex, R: reflexion, C: contraction,
P: permeability coefficient.

After the chemical optimization, the stirring rate was increased in order to improve nickel transport
through the membrane. Nevertheless, the cell’s design avoids the use of stirring rates higher than
500 rpm due to the rupture of organic membrane occurring with the subsequent mixing of aqueous
solutions. Then, this stirring rate was selected for the next experiments.

3.2. Extraction Efficacy

Temporal variation of extraction efficacy was studied under optimized conditions. As Figure 1
shows, the extraction efficacy increased with the extraction time, although after 9 h this increase
was almost negligible. A control sample after 24 h showed an extraction efficacy of 35.41 ± 4.05%,
close to the value obtained after 9 h (30.15 ± 1.90%). Then, an extraction time of 9 h was selected
with the aim of reducing extraction time as much as possible without loss of efficacy. Under these
conditions, procedure blanks were performed, obtaining a nickel concentration of 0.41 ± 0.26 µg·L−1 in
the receiving solution, low enough to allow the application of the system to real natural waters.
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Figure 1. Temporal variation of extraction efficacy. Aqueous solution: 100 µg·L−1 Ni2+, pH = 8, 35 g·L−1

NaCl. Receiving solution: 1.3 mol·L−1 HCl. Organic solution: 0.89 mmol·L−1 1,2-CHBBH. Stirring rate:
500 rpm.
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Effect of Dissolved Organic Carbon

The study of temporal variation in the extraction efficacy was also carried out for a real sample
with different DOC concentrations in the range of 0 to 12.58 mg·L−1, added as humic acid. The results
are shown in Figure 2, where a decrease of Ee can be observed with the increase of DOC concentration in
the source solution. Nevertheless, temporal behaviour was similar for the different DOC concentrations,
allowing the use of an extraction time of 9 h regardless of the DOC content in the sample. The values of
Ee obtained at this time are shown in Table 2 for each DOC concentration in addition to the theoretical
major species distribution. From these data, a negative linear correlation can be established between
the experimental values of Ee and the organic complexes (Ni-HA) formed in the source solution with
a Spearman correlation coefficient of −1.0. These results show the existence of a nickel fraction in the
sample related to the organic complex formation, which cannot be transported through the liquid
membrane. As a previous work showed, organic nickel complexes remain in the unextracted fraction
when 1,2 CHBBH is used to extract nickel in the presence of humic acids [28].
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Figure 2. Extraction efficacy dependence on dissolved organic carbon (DOC) concentration.
(�) 0 mg·L−1; (�) 3.97 mg·L−1; (�) 8.71 mg·L−1; (N) 12.58 mg·L−1.

Table 2. Extraction efficacy and theoretical major species distribution depending on DOC concentration.

DOC, mg·L−1 Ee, % (Ni2+)·108, M (NiCl+)·108, M (NiAH)·108, M

0 30.15 ± 1.95 6.34 2.13 0
3.97 26.82 ± 0.66 5.46 1.84 1.18
8.71 22.71 ± 2.73 4.74 1.59 2.16

12.58 18.85 ± 0.75 4.27 1.44 2.78

In addition, a linear relationship between the Ee and the DOC concentration could be established
by Equation (3):

Ee = −1.15 × [DOC] + 30.88 (3)

Then, in the presence of organic matter, the extraction efficacy for 9 h can be calculated for each
sample using the DOC concentration, representing the fraction of total nickel transported through
the membrane. To validate this relationship between DOC concentration and Ee, analysis of nickel
fractions in real water samples was performed.
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3.3. Application to Real Samples

Three real samples from the Bay of Cádiz (southwest Spain) were used to study the applicability
of the optimized method to determine and quantify the different nickel species present in the samples
following the diagram shown in Figure 3. The analysis of a unique subsample allows the determination
of the labile and no-labile fraction.
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Figure 3. Speciation diagram using the liquid membrane system.

The extraction efficacy obtained in the absence of humic acids (30.15) allows the determination of
the labile fraction in the samples, since it represents the percentage of labile nickel which has crossed the
membrane. A preconcentration factor (PFlabile) for labile fraction can be calculated using Equation (4):

PFlabile =
∆V × Ee(without ligands)

100
(4)

where ∆V is the volume ratio between the two aqueous solution, and Ee(without ligands) is the extraction
efficacy when ligands are not presented in the sample. In this case, a value of 17.61 was obtained
as PFlabile, which means a concentration on the receiving solution was 17.61 times higher than in
the sample.

Then, the extraction efficacy calculated from the DOC concentration using Equation (3) allows the
quantification of total nickel concentration in a similar way. Finally, the non-labile fraction may be
estimated by the subtraction of total and labile fractions.

The results obtained with this method are shown in Table 3 with those obtained with
well-established methods for total and labile fractions. Regardless of the fraction, no significant
differences were observed between the two methods for a significant level of 0.05 with an average
relative error less than 4%. From these results it is possible to conclude that labile fractions obtained
with the liquid membrane system correspond to that determined by AdCSV, including the free nickel
ion plus weak inorganic and organic complexes [5]. Then, the non-labile fraction could be related to
the stronger organic complexes.

Table 3. Total and labile nickel concentrations in natural water samples.

Sample DOC
(mg·L−1)

Total Nickel (µg·L−1) Nickel Labile Fraction (µg·L−1)

Reference
Method

This
Method ε (%) Reference

Method
This

Method ε (%)

1 3.11 0.73 ± 0.01 0.73 ± 0.02 0.00 0.65 ± 0.05 0.66 ± 0.02 1.54
2 3.46 1.40 ± 0.05 1.39 ± 0.05 −0.71 1.22 ± 0.08 1.25 ± 0.04 2.40
3 7.04 2.12 ± 0.16 2.04 ± 0.08 −3.77 1.58 ± 0.24 1.63 ± 0.07 3.16
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3.4. Comparison with Thermodynamic Speciation Models

Finally, the labile and non-labile fractions analyzed by the liquid membrane system were compared
with the theoretical speciation data from Winhumic V software, which uses model V developed in 1992
by Tipping and Hurley to explain the metal organic complexation in real samples [36]. In this case,
the theoretical labile fraction includes the sum of predicted free nickel ion, nickel hydroxides, and nickel
chloride complexes, while the non-labile fraction corresponds to organic complexes. As Table 4 shows,
there are no significant differences between the experimental and theoretical fractions for saline
waters, however high errors were found when freshwater was analyzed. This fact is related to the
overestimation of the non-labile fraction when model V is applied to solutions with low ionic strength
and high DOC concentration. In these cases, the counter ion concentration is not enough to compensate
the negative charge of humic substances, therefore the majority of nickel ions are expected to form
organic nickel complexes [37].

Table 4. Comparison between experimental and theoretical data.

Sample Experimental Theoretical ε (%) t t-Test *

Labile
fraction
(µg·L−1)

1 0.66 ± 0.02 0.65 −1.5 0.7 Accepted
2 1.25 ± 0.04 1.27 1.6 0.7 Accepted
3 1.63 ± 0.07 0.04 >100 32.1 Rejected

Non-labile
fraction
(µg·L−1)

1 0.07 ± 0.01 0.09 22.2 2.8 Accepted
2 0.14 ± 0.05 0.12 −16.7 0.6 Accepted
3 0.41 ± 0.02 2.00 79.5 112.4 Rejected

* Critical t-value (α = 0.05); t1 = 12.71.

In addition, the free nickel concentration was estimated in saline waters, calculating a new
extraction efficacy for this species under the assumption that only three major species (Ni2+, NiCl+,
and Ni-HA) were present in the samples. As Figure 4 shows, the experimental results agreed with
theoretical data allowing a good estimation of free nickel concentration.
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4. Conclusions

A liquid membrane system was developed to perform nickel speciation in natural waters.
Under optimum conditions an extraction efficacy of 30.15 ± 1.90% was achieved after an extraction time
of 9 h when organic ligands were not present in the sample. A relationship between DOC concentration
in the sample and extraction efficacy was established, allowing the simultaneous determination of
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labile and non-labile nickel fractions. The system has been satisfactorily used to determine these
fractions in natural waters with different salinities, since significant differences were not found between
the results and those from the reference methods. In addition, the results agreed with the theoretical
speciation obtained with a thermodynamic speciation model for saline waters although the theoretical
model overestimates the labile fraction for freshwater.
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