
Analytical protocols for the determination of sulphur compounds
characteristic of the metabolism of Chlorobium limicola

A. Aliboni a, L. Lona a,b, C. Felici a, N. Corsaro a, G. Izzo a, E. De Luca a,⇑
a ENEA, Italian National Agency for New Technologies, Energies and Sustainable Economic Development, Via Anguillarese n. 301, 00123 Roma, Italy
b Università della Tuscia, Department of Ecology and Economic Development, Largo dell’Università, 01100 Viterbo, Italy

a r t i c l e i n f o

Article history:
Received 25 February 2015
Revised 22 May 2015
Accepted 29 May 2015
Available online 3 June 2015

In memory of Giulio Izzo (March 18th 1949 –
June 1st 2015) passionate ecologist.

Keywords:
Hydrogen sulphide
Sulphur
High performance liquid chromatography
Gas chromatography
Chlorobium limicola
Green sulphur bacteria

a b s t r a c t

Chlorobium limicola belongs to the green sulphur bacteria that has a potential for technological applica-
tions such as biogas clean up oxidising hydrogen sulphide to elemental sulphur through photosynthetic
process. In the present work, analytical methods are described for the determination of different sulphur
species in C. limicola cultures – sulphide by GC-FPD, sulphate by ionic HPLC and elemental sulphur by RP
HPLC. The latter method eliminates the need for chloroform extraction of water suspensions of elemental
sulphur. Data from sulphide and elemental sulphur analyses have been compared with ones coming from
more traditional analytical methodologies.

� 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Photoautotrophic bacteria from Chlorobiaceae family, known as
green sulphur bacteria (GSB), are characteristic because of their
metabolism. They can actually oxidise hydrogen sulphide (H2S) to
elemental sulphur through a so called anoxygenic photosynthetic
process. The complete photochemical reaction is reported in Eq. (1):

2nH2Sþ nCO2 þ hm ¼ 2nS0 þ nðCH2OÞ þ nH2O ð1Þ
Chlorobium limicola is a GSB that lives in mud, in stagnant waters

containing H2S and in meromictic lakes. It has a high tolerance to
sulphide and can easily live in low light environments [1,2]. The cul-
tures of these bacteria are thus maintained with sulphide and may
contain, beyond sulphide, elemental sulphur and sulphate ion. The
elemental sulphur (S8) is located outside the cell arranged in so
called globules. It may be further oxidised to sulphate ion in condi-
tions of excess of light or sulphide shortage. Depending on culture
conditions, yielded elemental sulphur can be divided between two
fractions, a first one that is freely suspended in the water medium
and a second one clung to the bacterial cell wall [3,4]. Many GSB
use and produce sulphur species with intermediate number of oxi-
dation like sulphite and thiosulphate. It is reported in literature that
these species do not play a role in C. limicola metabolism [2].

C. limicola has been tested in industrial processes aimed at the
removal of H2S from biogas and has proven itself to be very effective
[5–7]. In view of future new biotechnological applications of this
GSB, it is important to have analytical methods that can reliably
determine all sulphur species in the culture. For the analysis of sul-
phide, various protocols are reported in literature [8]. A colorimet-
ric method has been developed and is described in many different
versions [9]. It is the most widespread non-chromatographic proto-
col. Sulphide can also be determined by GC either as H2S [10,11] or
as derivatized species [12]. Sulphate is generally quantified by ionic
HPLC. The quantitative analysis of elemental sulphur in water sus-
pension is the critical step of this analytical chain, because it gener-
ally implies extraction and/or derivatization steps that are long and
labour intensive [13]. Tetrahydrofuran has been described as a good
solvent for direct dissolution of sulphur and has proven itself to be a
valuable tool to ease analytical preparation [14], but it has never
been used to dissolve sulphur in water suspension.

In the present work, an analytical chain for the determination of
sulphur species in C. limicola cultures has been set and tested.
Sulphate has been determined by ionic HPLC, sulphide as H2S by
GC with FPD detection through a new protocol for sample prepara-
tion based on the work by Knöry and Cutter [15]. A new method
has been set for the HPLC analysis of elemental sulphur, based
on direct dilution of cultures with THF without any preliminary
preparative step. The results yielded by the protocols for sulphide
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and elemental sulphur determinations have been compared with
ones given by blue methylene and chloroform extraction respec-
tively, and yielded mass balances have been evaluated.

The need to validate chromatographic methods alternative to
spectrophotometric ones popular for the determination of sulphide
and elemental sulphur has many reasons. Spectrophotometric
methods are generally time and labour intensive and make use
of toxic reagents and solvents. Furthermore, they generally use
various millilitres of specimen thus limiting the actual time span
of experiments. The proposed chromatographic methods are easy
and fast to implement. They use very little specimen and can sub-
stitute UV/Vis methods contributing to delete the usage of toxic
reagents and/or solvents. The new HPLC method has also turned
out to be more precise and accurate in the quantitative analysis
of elemental sulphur in bacterial cultures.

2. Materials and methods

2.1. Bacterial strains and growth media

C. limicola (DSM 248, Leibniz Institut DSMZ-Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH) was grown at room
temperature with an incandescence lamp with modified Pfennig
Medium II, No. 29 DSMZ [16]. In the medium, MgSO4 was replaced
by MgCl2 to avoid analytical interferences. The sulphide was added
from a standard solution made with Na2S*9H2O. The starting con-
centration of sulphide species was 4.0 mM. Fed batch cultures were
held in Hungate Anaerobic Tubes, 16 � 125 mm, with Butyl Stopper
and Cap with 9 mm Opening (15 mL) (GPE Scientific Limited, UK).
All operations were performed under anaerobic conditions. Three
replicate experiments were carried out. Sampling was carried out,
from day 0, at day 1, 2, 4 and 6.

2.2. Chemicals

Reversed phase HPLC eluents were HPLC grade THF (Sigma
Aldrich Corporation, Saint Louis, MO, USA) and water (18 MX) acid-
ified with 0.1% v/v of formic acid (Baker, Deventer, Holland). THF sta-
bilized with 250 mg/L of butylated hydroxytoluene (BHT) (Sigma
Aldrich Corporation, Saint Louis, MO, USA) was used for all other
preparations. Elemental sulphur (orthorhombic S8), phenylethyl sal-
icylate 97%, BHT 99.0% min, MgCl2*6H2O, chloroform 99.5%, sul-
phamic acid P99.3%, Na2S*9H2O 98%, S2� standard solution
1000 lg/mL in 1% NaOH, chloroform P99.5% stabilized with 100–
200 ppm of amylenes were from Sigma–Aldrich Corporation (Saint
Louis, MO, USA); anhydrous sodium carbonate 99.5% and sodium
bicarbonate from Ashland Italia S.p.A (San Giuliano Milanese-MI,
Italy); anhydrous sodium sulphate, H2SO4 96% and sodium hydrox-
ide, pellets, from Baker (Deventer, Holland); zinc acetate from
Ashland (San Giuliano Milanese, Italy); N,N-dimethyl-p-phenylene
diamine and Fe(NH4)(SO4)2 from Carlo Erba (Milano, Italy).

2.3. Sulphide analysis

Colorimetric analyses of sulphide for protocol comparison have
been carried out following literature instructions [17]. From six
replicates, we found a RSD of 6% for this determination.
Quantitative analysis of sulphide species in solution was carried
out by GC with FPD detection. The GC apparatus was from
Thermo Fisher Scientific: oven, Trace GC; detector, flame photomet-
ric; injector, split–splitless; carrier gas, N2, constant flow of
1 mL/min. The column used in all runs was a Supel-Q (30 m,
0.53 mm ID, 30 lM film thickness) from Supelco (Bellefonte, PA,
USA). 20 lL of sample from bacterial cultures were measured in a
2 mL HPLC vials with PTFE/silicone septum. 580 lL of sulphamic

acid solution 0.3 M were then added for a final volume of 600 lL
quantitatively hydrolysing all sulphide species to H2S. The vials
were shaken at 40 �C for twenty minutes and then 50 lL of head-
space gas were sampled and injected in the GC system. The injec-
tion was carried out in split mode, splitting ratio, 1:20. The runs
were isothermal, T = 120 �C. In these conditions, H2S had a retention
time of 2.5 ± 0.1 min. Standard solutions for the calibration in the
25–100 lM range were prepared from a commercial solution
1000 lg/mL (31.2 mM) of S2� in NaOH 0.25 M diluting with NaOH
0.25 M and following procedure described for real specimens.

2.4. Elemental sulphur analysis

Extractions with chloroform were performed as follows. 2.5 mL
of water suspension containing sulphur were measured in a 25 mL
separation funnel and 50 lL of a 20 mM phenylethyl salicylate
ethanolic solution were added as internal standard. The suspension
was extracted thrice with 2.5 mL portions of chloroform, the
reunited extracts were filtered on anhydrous sodium sulphate in a
10 mL volumetric flask and brought to volume with chloroform.
The UV profile of the solution was registered between 280 and
320 nm. Quantitation of sulphur and phenylethyl salicylate was car-
ried out with absorbances at 309 and 290 nm solving a system of two
equations (sulphur, e290 = 5550 ± 20 M�1 cm�1, e309 = 2360 ±
10 M�1 cm�1; phenylethyl salicylate, e290 = 2650 ± 50 M�1 cm�1,
e309 = 5050 ± 50 M�1 cm�1). Extraction of standard solutions was
performed as described and elemental sulphur was dispersed mea-
suring a known volume of a 20 mM THF solution. All spectrophoto-
metric determinations were performed with an ‘‘Evolution 201’’
instrument from Thermo Scientific.

The HPLC apparatus was made up of the following parts – a bin-
ary pump ‘‘Perkin Elmer Series 200’’; an injection group with a 6 lL
loop; an UV/Vis detector ‘‘Perkin Elmer Series 200 UV/Vis detec-
tor’’; an electronic interface ‘‘Perkin Elmer NCI 900’’. The data were
acquired on a PC with Turbochrom software, version 4.RP HPLC
protocol as follows. The specimens were prepared mixing 590 lL
of THF, 60 lL of internal standard solution (2 mM phenylethyl sal-
icylate in stabilized THF), 35 lL of formic acid 1% v/v in water and
315 lL of bacterial culture, for a final volume of 1000 ± 2 lL. The
resulting suspension was filtered on 13 mm syringe filters with
0.2 lm PTFE membranes (PALL Corporation) and injected in HPLC
without any further treatment. Standard solutions were prepared
from THF mother solutions maintaining the same proportions of
water, formic acid and THF. The solutions were then eluted with
the following method: (i) column: Ascentis C18�, 250 � 4.5 mm,
5 lm particles (Supelco, Bellefonte, CA). The column was kept at
50 �C inside an oven; (ii) eluents: A 0.1% v/v formic acid in water,
B THF; (iii) elution: 9 min 65% B isocratic; and (iv) flow:
1000 lL/min. The UV/Vis detector was set at 290 nm.

The peaks were preliminarily assigned by comparing their
retention times with those determined by injection of pure stan-
dard solutions and then confirmed by co-injections with pure stan-
dards. The analytical concentration of sulphur was determined
using phenylethyl salicylate as internal standard with Eq. (2):

CSUL ¼ CPES � ðPPES=PSULÞ � ðSSUL=SPESÞ; ð2Þ

where C are the analytical concentrations in lM, P the HPLC sensi-
tivities at 290 nm in (lV s)/lM and S the chromatographic signals
(areas) in lV s. In our HPLC system the relative sensitivity
(PPES/PSUL) at 290 nm was 0.60 ± 0.01.

2.5. Sulphate analysis

Sulphate was determined by anionic chromatography. The
HPLC apparatus was Model 761 Compact IC from Metrohm
(Herisau, Switzerland) made up of the following parts: suppressor
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