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Spectrophotometric flow-injection determination
of sulphate in soil solutions
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Abstract

A flow-injection procedure for spectrophotometric determination of sulphate in soil solutions is proposed. Samples are directly soaked
from the soils under field conditions, in-line filtered through ceramic plates, and preserved with thymol. The method involves reaction with
barium dimethylsulphonazo(III) (DMSA) in the presence of dimethylsulphoxide (DMSO) with further measuring the decrease in absorbance
at 668 nm. A linear response is observed up to about 5 mgl−1 SO , and detection limit (3σcriterion) is 0.1 mg l−1 SO . Only 4.5�g DMSA is
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onsumed per determination. The system is rugged and baseline drift is not observed during extended operation periods. About
re injected per hour, and the results are precise (r.s.d. <2%) and in agreement with ion chromatography.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Sulphate is the predominant sulphur species available to
he plants[1], therefore its determination in soil solution is
f relevance. A literature survey reveals, however, that meth-
ds for this determination are relatively scarce especially in
elation to concentrations lower than 0.5 mg l−1.

The turbidimetric determination of sulphate in different
atrices has been often reported[2], and presents favourable

haracteristics of simplicity, low requirements for instrumen-
ation, ruggedness and speediness. The method involves bar-
um (or lead) addition in order to form a reproducible and sta-
le suspension to be quantified. Uniform conditions should

hen be established, and this is achieved by improving the
ample/reagent mixing conditions and timing, as well as the
ate of turbidity formation. In this context, addition of colloid
rotectors is beneficial[2]. The procedure is recommended
y the Environment Protection Agency[3] but cannot be di-

rectly applied to samples with sulphate contents lower
2 mg l−1.

Regarding soil analysis, large deviations in results are
erally noted, due to the lack of analytical procedures for
level determination of sulphate, the difficulties inherent to
turbidimetric procedures, and the intrinsic soil heterogen

Reliable results can be obtained by taking advantag
flow-injection analysis[4], as the analyser is an excelle
system for solution management[5], providing also a precis
timing control. In view of its simplicity, easy of automati
and amenability to miniaturization, the flow-injection an
yser is rugged and versatile. The sample is reproducibly
dled and the involved equilibria are not necessarily reac
This opens the feasibility of establishing the favourable
ditions required for the turbidimetric determination of s
phate[6–9].

With regard to low concentration levels, spectrophoto
try should be highlighted, as sensitivity tends to be bett
relation to turbidimetry. Moreover, suspended matter so
times found in the samples generally less affects resul
∗ Corresponding author. Tel.: +55 19 34294650; fax: +55 19 34294610.
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general, BaL-type reagents are used, and variation in ab-
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sorbance is quantified after formation of the slightly soluble
barium sulphate and liberation of the L2− ligant. Different
ligands such as chloranilate[10], chromate[11], methylthy-
mol blue[12], dimethylsulphonazo(III)[13], etc. have been
used.

The main purpose of this work was then to develop a highly
sensitive spectrophotometric procedure for sulphate determi-
nation in soil solutions. Dimethylsulphonazo(III), herein re-
ferred to as DMSA, was selected by considering that it proved
to be suitable in relation to large-scale water analysis[13].
The procedure might be implemented in a flow-injection anal-
yser, which is able to provide conditions for avoiding turbidity
formation[7,14]. In spite of the relevance of the sulphate de-
termination in soil solutions, exploitation of this method in
the context of soil analysis seems to be novel.

2. Experimental

2.1. Reagents, standards, samples

All solutions were prepared with deionised water and
analytical-reagent quality chemicals.

The 1000 mg l−1 SO4 stock standard solution was pre-
pared by dissolving 1.376 g (NH4)2SO4 in 1000 ml of water.
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in order to avoid resin losses during system operation. Filling
of resin was accomplished by aspirating a stirred water resin
suspension with the peristaltic pump. In this way, resin pack-
ing was attained without an excessive hydrodynamic pres-
sure.

Soil solutions were collected at different depths
(10–150 cm) by a set of Plexiglas extractor devices provided
with ceramic capsules[15]. The collected material underwent
filtrations, first through a Whatman #1 paper filter and then
through a 0.45�m cellulose acetate membrane filter[16].

2.2. The flow-injection system

The flow set up comprised a model IPC-8R Ismatec peri-
staltic pump equipped with Tygon pumping tubes, a manu-
ally operated injector-commutator[5], a model USB 2000-
UV-vis Ocean Optics spectrophotometer furnished with a
acrylic Z-shaped flow cell (optical path = 10 mm; inner vol-
ume = 18 �l), and accessories. The manifold was build-up
with 0.5 mm i.d. Teflon tubing, and accessories.

The flow system operates as follows. When the injector-
commutator rests in the sampling position specified inFig. 1,
the sample is pumped through the resin mini-column filling
the external sampling loop that precisely selects the sampled
volume. Switching the injector-commutator to the alterna-
t
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orking standard solutions within the 0.00–5.00 mg lSO4
ange were daily prepared by water dilutions of the ab
tock.

The R reagent (Fig. 1) was daily prepared by ad
.0 ml of 0.01 mol l−1 DMSA solution, 7.0 ml of 0.01 mol l−1

a (as barium chloride dihydrate) solution, 5.0 ml
.0 mol l−1 LiCl solution, 20 ml of a buffer (0.05 mol l−1

cetic acid/0.05 mol l−1 sodium acetate, pH 4.7) solutio
.0 ml of a 0.1 mol l−1 sodium dodecylsulphate (SDS) so

ion and 800 ml of dimethylsulphoxide (DMSO) to 1000
olumetric flask, and filling the volume with water.
.1 mol l−1 HNO3 solution was used as the E eluent,
ater as the C sample carrier stream.
The Dowex 50W-X8 cation exchange resin (100–

esh, H+ form) was used to fill a cylindric (i.d. = 1.0 mm
= 3.0 cm) mini-column that was made from Tygon tub
lass wool plugs (ca 1 cm) were placed at mini-column e

ig. 1. Flow diagram. S: sample; C: sample carrier stream; R: reage
luent; 1: central sliding portion of the injector-commutator; 2: exte
xed portions of the injector-commutator; IC: ion-exchange mini-colu
: external sampling loop; B: reaction coil; D: detector; W: waste.
ive position inserts the selected sample volume (200�l) into
ts carrier stream (0.6 ml min−1) and places the mini-colum
nto the eluent stream allowing the sorbed ions to be disca
owards waste. A sample zone is established and pushe
ards by the carrier stream. The R reagent (0.75 ml mi−1)
erges with the sample zone at the confluence point, an

hemical reactions take place inside the following reac
oil (250 cm). Details of the involved chemistry are giv
lsewhere[13]. When the sample passes through the
ell, the absorbance monitored at 668 nm undergoes a
ient lessening, which is recorded as an inverted peak
eight proportional to the sulphate content in the sampl

.3. Procedure

The proposed method involves formation of the slight
ble barium sulphate; therefore crystal growth might re

n turbidity formation. As a vector sum of the analyti
ignal (absorbance lessening) plus that related to turb
absorbance1 increase) was involved, this might lead t
ensitivity drop. In this way, experiments were done in o
o verify if turbidity was formed. To this end, the blank a
he 3.00 mg l−1 SO4 standard solutions were placed inst
f the sample carrier stream, establishing an steady situ
sample “infinite volume”[17]) and the measurements w
one at either 580 nm (isosbestic point) or 700 nm (neglig
bsorption by the Ba-DMSA complex).

Influence of acidity of the reaction medium was
estigated by adding different acetic/acetate solu

1 This term is used here instead of turbidance.
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(3.0 < pH < 5.5) to the R reagent. DMSA concentration
in this reagent was investigated within 5.0× 10−4 and
10.0× 10−4 mol l−1 DMSA. Regarding the DMSO solvent,
its concentration inside the main reactor was varied within
the 40–65% (v/v) range; for >40% (v/v) concentrations, the R
reagent was prepared with 80% (v/v) DMSO and the C/R flow
rate ratio and concentrations of the other chemical species
were varied accordingly. Establishment of a micellar medium
to improve system performance was investigated by adding
different surfactants (0.01–0.1% (m/v) gelatine, Tween-80,
glycerol; 1.0× 10−3–10× 10−3 mol l−1 sodium dodecylsul-
phate) to the R reagent.

Effect of temperature was studied within 20 and 50◦C
by immersing the main reaction coil and the C and R solu-
tion bottles inside a controlled-temperature water bath. After
each temperature adjustment, a 5-min delay was needed for
attainment of thermal equilibrium.

In order to investigate the progress of the involved reac-
tions, the sample carrier stream was replaced by a 3.00 mg l−1

standard solution, and the peristaltic pump was stopped for
0–10 min after achievement of the steady situation.

After system design, the cation-exchange mini-column
was placed and the eluting conditions were investigated by us-
ing different eluent solutions (0.1–1.0 mol l−1, HCl or HNO3)
at different flow rates. Thereafter, the main figures of merit of
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Fig. 2. Influence of acidity.�A: peak height, in absorbance; pH refers to the
buffer solution added to reagent R; curves a, b and c refer to 0.50, 1.00 and
1.50 mg l−1 SO4.

The DMSA concentration was selected as
8.0× 10−4 mol l−1, corresponding to a baseline of about 0.9
absorbance. For lower concentrations, sensitivity underwent
a proportional lessening. Higher concentrations are not
recommended in view of the baseline instability observed
under conditions of very low transmitted radiation. The
Ba2+ concentration was selected as 7.0× 10−4 mol l−1 as
a guarantee that this cation is quantitatively linked with
DMSA. With equimolar concentrations, the detection limit
was sometimes affected, probably because other chemical
species might be linked to DMSA.

DMSO proved to be a relevant parameter in system design
too, as increasing its concentration in the reaction medium
increased sensitivity. However DMSO concentration could
not be increased at will in order to avoid an excessive analyte
dilution at the confluence point. Best sensitivity was noted
for the DMSO concentration of 57% (v/v).

Among the investigated surfactants, SDS proved to be the
most efficient, and better sensitivity was observed when its
concentration was 3.0× 10−3 mol l−1 SDS (Fig. 3). More-
over, the establishment of an organized medium through the
addition of this surfactant led to a pronounced enhancement
in the signal-to-noise ratio. This favourable aspect is due to
the improved mixing conditions, the ability of the surfac-
tant as a colloid protector and the increased punctual analyte
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he proposed procedure were evaluated and the system
pplied to large-scale analyses.

. Results and discussion

Turbidity formation was not observed under all the
estigated situations as confirmed by the measurement
ormed at the isosbestic point or at 700 nm. This is a
ositive aspect, as the soil solutions present colloid par

hat could act as primary nuclei. BaSO4 crystal growth wa
elatively slow and did not affect sensitivity or repeatabi
t should be emphasised that rate of turbidity formation
ower than that already reported[14], as lower concentration
f sulphate and barium ions were involved.

.1. System dimensioning

Regarding acidity of reaction medium, a sensitivity d
as observed under too acidic conditions (Fig. 2) due to c
ined effects of DMSA protonation and increasing the
f crystal growth. On the other hand, alkaline conditions
ot recommended in view of the possibility of occurre
f side reactions, e.g. formation of slightly soluble carb
te and/or hydroxides involving Ba2+. In order to avoid th

nterference of carbonate and taking into account the h
nalytical signals at 4.0 < pH < 5.0, the pH value of the bu
olution added to R reagent was selected as 4.5. Thi
avourable aspect, as this pH value matches the pKa of the
cetic/acetate buffer system inside the DMSO solvent[18],

hus guaranteeing a suitable buffer capacity.
oncentration[19]. Moreover, crystal deposition on the inn
alls of the tubing and flow-cell was not noted, leading

mproved system washing and baseline stability.
Temperature was not a relevant parameter in the sy

esign, as only slight variations (<10%) in the slope of
nalytical curve were observed by varying the water bath
erature within 25 and 60◦C. Regardless of the pre-set te
erature, the system was always stable, and baseline dri

ig. 3. Influence of surfactant concentration.�A: peak height, in ab
orbance; SDS concentration expressed in mmol l−1; curves a, b and c ref
o 0.50, 1.00 and 1.50 mg l−1 SO4.
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not observed even for lower temperatures. In order to reduce
the possibility of air-bubbles liberation under higher temper-
atures, it was decided to operate the system under laboratory
conditions (25◦C). In this way, the controlled-temperature
water bath is not necessary.

Regarding influence of sample residence time inside the
analytical path, proportional to the available time interval
for sample/reagent interaction, it was observed that chemical
equilibrium was not reached. The experiments involving sam-
ple “infinite volume” and peristaltic pump stopping revealed
that absorbance related to the steady situation decreased in
about 30% after 2–3 min of resting time. This aspect is not
a drawback, as attainment of chemical equilibrium is not al-
ways necessary in flow-injection analysis[4]. In this way, a
reaction time of ca. 10 s (1.35 ml min−1 total flow rate) was
selected by taking into account that the increase in sensitiv-
ity was too low, that possibility of turbidity formation would
increase, and that loss in sampling rate would be pronounced
for a 3-min sample residence time. It should be stressed that
an additional time interval of ca. 30 s was provided for proper
resin mini-column re-conditioning.

The mini-column was very efficient to circumvent effects
of the presence of potential interfering chemical species such
as Ca2+, Al3+, K+ and Mg2+. With this artefact, concentra-
tions as high as 5, 5, 40 and 20 mg l−1, respectively, could be
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Table 1
Sulphate concentrations in soil solutions as determined by the proposed
method and by ion chromatography[21] (data (mg l−1) based on five repli-
cations; deviations specified by 0.00 refer to <0.005)

Samplea Flow-injection system Ion chromatography

1 0.60± 0.02 0.58± 0.01
2 0.22± 0.01 0.24± 0.01
3 0.53± 0.02 0.51± 0.00
4 0.22± 0.01 0.19± 0.01
5 0.15± 0.00 0.15± 0.01
6 0.26± 0.01 0.29± 0.00
7 0.22± 0.00 0.26± 0.00
8 0.49± 0.02 0.46± 0.01
9 0.94± 0.02 0.91± 0.00

10 1.55± 0.03 1.64± 0.01
a Collected at the Amazon region (Presidente Figueiredo AM, Brazil).

4. Conclusions

The proposed system exploits spectrophotometry is sim-
ple and rugged. As a consequence, precise results are ob-
tained and baseline drift is not observed during extended
working periods. In view of its favourable characteristics
of sample/reagent consumptions, sampling rate, sensitiv-
ity, selectivity and easy of implementation, it can be rec-
ommended for large-scale analysis of soil solutions. The
flow-injection system can be regarded as a “closed labora-
tory” where the involved reactions take place without con-
tact with the ambient. Alternatively, sample losses and/or
contamination are avoided. Waste generation is minimal,
only 450�l DMSO and 45�g DMSA per sample, which
meets the requirement of the modern tendency towards Clean
Chemistry.
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.2. Figures of merit

Beer–Lambert law is followed within 0.00 and 5.00 mg−1

O4 and a typical equation describing the analytical curv

A = 0.0947C+ 0.0175, r >0.9977, n= 6

here�A is the lessening in absorbance;C the analyte con
entration in mg l−1 SO4.

The system handles about 60 samples per hour, me
.5�g DMSA per determination. Measurement precisio

air, relative standard deviation of results being estimate
2% after 10 repetitive runs of typical soil solution samp
etection limit was estimated[20] as 0.1 mg l−1 SO4 (3σ

riterion). Accuracy was confirmed by running some sam
lready analysed by ion chromatography[21], and result
re presented inTable 1. No statistical differences betwe
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eferences

[1] K. Mendel, E.A. Kirkby, Principles of Plant Nutrition, Internation
Potash Institute, Bern, 1987.

[2] I.M. Kolthoff, E.B. Sandell, E.J. Meehan, B. Stanley, Quantita
Chemical Analysis, MacMillan Co., New York, 1989.

[3] L.H. Keith (Ed.), Compilation of EPA’s Sampling and Analy
Methods, CRC Lewis Publishers, New York, 1996, p. 1424 [
method #375.4].

[4] M. Trojanowicz, Flow Injection Analysis: Instrumentation and A
plications, World Scientific, Singapore, 2000.

[5] F.J. Krug, H. Bergamin-Filho, E.A.G. Zagatto, Anal. Chim. Acta
(1986) 103.

[6] F.J. Krug, H. Bergamin-Filho, E.A.G. Zagatto, S.S. Jørgensen,
alyst 102 (1977) 503.

[7] S.M.B. Brienza, F.J. Krug, J.A. Gomes-Neto, A.R.A. Nogue
E.A.G. Zagatto, J. Flow Injection Anal. 10 (1993) 187.



S.R.P. Meneses et al. / Talanta 65 (2005) 1313–1317 1317

[8] R.E. Santelli, P.R.S. Lopes, R.C.L. Santelli, A.D.R. Wagener, Anal.
Chim. Acta 300 (1995) 149.

[9] M.M. Santos-Filha, B.F. Reis, F.J. Krug, C.H. Collins, N. Baccan,
Talanta 40 (1993) 1529.

[10] K. Ueno, F. Sagara, K. Higashi, K. Yakata, L. Yoshida, D. Ishii,
Anal. Chim. Acta 261 (1992) 241.

[11] A. Sakuragawa, S. Nakayama, T. Okutani, Anal. Sci. 10 (1994)
77.

[12] M. Karlsson, J.A. Persson, J. Moller, Anal. Chim. Acta 244 (1991)
109.

[13] O. Kondo, H. Miyata, K. Toei, Anal. Chim. Acta 134 (1982) 353.

[14] S.M.B. Brienza, R.P. Sartini, J.A. Gomes-Neto, E.A.G. Zagatto,
Anal. Chim. Acta 308 (1995) 269.

[15] L.A. Richards II, Soil Sci. 51 (1941) 377.
[16] S. Karlsson, H. Wolrath, J. Dahlén, Water Res. 33 (1999) 2569.
[17] F.J. Krug, J. Mortatti, L.C.R. Pessenda, E.A.G. Zagatto, H.

Bergamin-Filho, Anal. Chim. Acta 125 (1981) 29.
[18] P. Mukerjee, J.D. Ostrow, Tetrahedron Lett. 39 (1998) 423.
[19] W.L. Hinze, H.N. Singh, Y. Baba, N.G. Harvey, Trends Anal. Chem.

3 (1984) 193.
[20] IUPAC—Analytical Methods Committee, Analyst 112 (1987) 119.
[21] M.Y. Dind, P.R. Chen, C.A. Luo, J. Chromatogr. A 764 (1997) 341.


