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Abstract

Due to its corrosive and highly toxic character, the generation of hydrogen sulfide is a serious
problem for the environment, human health, and the industry. This paper reported a new and
simple methodology for aqueous hydrogen sulfide determination through the development of
an optical microbial biosensor. The principle of detection was based on the aerobic and
chemolithotrophic metabolism of Acidithiobacillus thiooxidans bacterial cells. Under low
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oxygen concentration and acidic conditions A. thiooxidans can rapidly oxidize H,S to
elemental sulfur. The biochemical formation of elemental sulfur can be
spectrophotometrically detected and the increase in absorbance at 620 nm exhibited a linear
relationship to an H,S concentration up to 100 mg.L"'. The parameters concerning the
analytical performance of the biosensor such as cell harvesting time and pH influence were
measured and optimized through the optical absorption value. The biosensor was selective to
H,S with no important disturbance by tested species except thiosulfate ion (11.5% error).
Biosensor response expressed good repeatability (RSD = 4.46 %) and reproducibility (RSD =
4.66 %). The low cost of cell cultivation and the absence of the immobilization step make
feasible the optic biosensor application.

Keywords: Acidithiobacillus  thiooxidans, biosensing system, hydrogen sulfide,
spectrophotometry

1. Introduction

Hydrogen sulfide is a flammable gas with a characteristic odor of rotten egg in low
concentrations and of a highly toxic and corrosive character. Every year, millions of tons of
H,S is produced around the world from oil-refinery plants or natural-gas extraction, which is
predicted to increase in the future (Chaudhari et al., 2011). Its anthropogenic sources include
the paper industry, coal mines, sewage treatment and oil and gas desulfurization (Ghadiri et
al., 2013). At low concentrations, it can cause problems to human health, such as headache,
eye damage and breathing difficulties, while exposure to 600 mg. L™ H,S can lead to death in
less than 15 minutes (Redondo et al., 2008). It's toxic and corrosive characteristics stimulated
the development of several techniques for the removal and quantification of H,S by
amperometric (Dilgin et al., 2012), potentiometric (Fagnani et al., 2012), spectrophotometric
(Ghadiri et al., 2013), voltammetric (Li et al., 2017) and interferometric methods (Kumeria et
al., 2011). Among the techniques for H,S elimination, biochemical processes such as
biofiltration have received special attention due to their lower cost, low energy consumption
and little generation of waste to be disposed of (Charnnok, 2012).

Sulfur oxidizing bacteria (SOB) have been used in H,S biofiltration systems, especially the
genus Acidithiobacillus, efficient in aerobic media over a broad pH range, whose acidity
varies from neutrality to pH equal to 2 (Chaiprapat et al., 2011). Biofilters applying bacteria
of the species Acidithiobacillus thiooxidans achieved more than 97% efficiency in the
removal of H,S in concentration up to 10000 ppmv (Aita et al., 2016). The biochemical
process involved is based on its ability to use reduced or partially oxidized sulfur species as
electrons source on its metabolic process. It generates sulfuric acid as final oxidation product,
promoting a reduction in the pH of the medium and an increase in the sulfate concentration,
through the following reactions (Montebello et al., 2010; Jensen et al., 2011; Ginkel et al.,
2010; Yousefi et al., 2013).

H,S +0.5 0, —» S+ H,0 (1)
S+1.5 02 + H20 — HQSO4 (2)
H,S + 0, — 0.5 S,0; +0.5H,0+H" (3)

43 http://jab.macrothink.org



ISSN 2327-0640

\ M acrothink Journal of Applied Biotechnology

Institute ™ 2018, Vol. 6, No. 1
$0; + 20, +H,0 —2H +2S04 (4)
st +2 02 — HzSO4 (5)

As can be seen from equations 1 to 5, there is a stoichiometric dependence between the
amount of available oxygen and the formed main product (Montebello et al., 2010). Under
conditions of sufficient oxygenation, there is a formation of H,SO, as the final product, with
consequent increase of the medium acidity. The Henry constants for H,S and O, are 483 atm
and 41100 atm, respectively. These values indicate that the solubility of oxygen in water is 85
times lower than H,S (Aita et al., 2016). In the way that there must be a high flow rate of O,
to compensate its low solubility. When oxygen supply for bioreaction is limited, H,S
oxidation is incomplete and elemental sulfur formation prevails, being observed as yellowish
particles. (Chaiprapat et al., 2011). The pH also exerts influence on the formed main product.
The decrease in pH increases the ionic strength of the medium and reduces the gases
solubility. The oxygen is released into the gas phase, being less available in the liquid film for
biochemical reaction, favoring the formation of elemental sulfur (Chaiprapat et al., 2011).

These characteristics of A. thiooxidans strains, allied to its obligate chemolithotrophic
character, which confer them analytical selectivity, potentiate its application in the
development of biosensors for H,S quantification (Mirzaei et al., 2014). In the recent years
microbial biosensors have been developed for the detection of H,S based on the variation of
oxygen consumption by 7. thioparus (Mirzaei et al., 2014; Vosoughi et al., 2015), A.
thiooxidans e A. ferrooxidans (Janfada et al., 2015); potentiometric variation using
immobilized A. thiooxidans cells and an enzymatic spectrophotometric biosensor based on
the inhibition of the enzyme peroxidase by hydrogen sulfide (Ghadiri et al., 2013).

Nevertheless, to the best of our knowledge, there are no studies involving the determination
of H,S by spectrophotometric method applying cellular biosensors. The aim of this work is
the presentation of a simple method of H,S determination through a microbial optical
biosensor using 4. thiooxidans cells as a biological recognition element.

2. Materials and Methods
2.1 Cell Culture and Media

A. thiooxidans FG-01 bacterial cells were obtained from Center for Mineral Technology
(CETEM), Rio de Janeiro, and utilized in all experiments. The microorganism was grown in
ATCC® 8085™ liquid medium, containing (g. L'l): (NH4)2S04, 0.2; KH,PO4, 3.0; MgSOy,
0.5; CaCl,, 0.25; FeSOy4, 0.005; sulfur, 1.0. The cultivation was carried out in 250 mL
Erlenmeyer flasks containing 100 mL of ATCC® medium with 20% inoculum. The pH was
adjusted to 3 with NaOH 1 mol.L" solutions and were further incubated on a rotary shaker at
30 °C and 150 rpm.

2.2 Growth Curve and Dry Cell Weight

The growth curve was determined by turbidimetry using a spectrophotometer (Q798DRM —
QUIMIS) at wavelength of 620 nm (Liu et al., 2008a). The unconsumed sulfur was removed
by repeated centrifugation at 25 % g for 5 min and 10 mL of cell culture was withdrawn and
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filtered through a 0.2 pm filter membrane for dry cell weight (DCW) determination. Optical
density value (ODgy0) was daily measured until the stationary growth phase was reached. The
concentration of total biomass was estimated by cell counting in a Neubauer chamber with a
depth of 0.1 mm and an area of 0.0025 mm”. An optical microscope (Olympus CX-31) with
1000 x magnification was used for this purpose (Bajestani et al., 2014).

2.3 Sulfide Measurements Procedure

Hydrogen sulfide solutions at concentrations between 10 mg.L" and 100 mg.L™" were
obtained from the dissolution of an appropriate mass of sodium sulfide (Na,S.9H,0) in
distilled water (Jensen et al., 2011). The solubility of H,S in water at 25 °C is approximately
3000 mgL"' (Zirrahi et al., 2012). Sodium sulfide undergoes rapid dissolution, with
hydrolysis of the sulfide ion and ionization of the formed H,S. The species S, HS™ and H,S
are generated on chemical equilibrium although below pH 3 almost all of sulfide is present as
the unionized form (Rabbani et al., 2015). The dissolved H,S concentration was determined
by iodometric titration using standardized sodium thiosulfate solution as titrant and starch
indicator. Depending on the estimated concentration of H,S a certain volume of sample (H,S
solution) was added to triiodide solution upon the same conditions used for blank
determination and the following equation was used to calculate the H,S concentration,
adapted from Vosoughi et al. (2015).

H,S= M. (Va-Vb).34.1000 (6)
2.Vc

In Equation (6) M is the amount-of-substance concentration of sodium thiosulfate, Va and Vb
are the titrant volume utilized in the blank and sample determination, respectively and Vc is
the H,S solution volume added to the tritodide solution.

2.4 Determination of Sulfide Using the Developed Biosensor

Cell culture system was centrifuged twice at 25 x g for 5 min for removal of the unconsumed
elemental sulfur. Resulting cell suspension was centrifuged at 5400 x g for 20 min and cell
pellet formed was ressuspended with 0.85 % NaCl solution and the acidity was adjusted with
NaOH 1 mol/L or HCI 10 % until reaching the expected optical density and pH.

In all experiments for determination of best harvesting time and evaluation of pH and sulfide
concentration influence on biosensor response equal volume of H,S solution and cell
suspension (1.7 mL) was directly mixed in a 1.0 cm path length quartz cuvette. The elemental
sulfur formed in the reaction chamber was analyzed by spectrophotometry measuring the
absorbance at 620 nm. On the biosensor selectivity experiments 1.0 mL of sulfide solution (50
mg/L) was directly mixed on a quartz cuvette containing 1.7 mL of cell dispersion (ODg20=2.0)
and 1 mL of each possible interference species tested. The same procedure was used to
determine the repeatability and reproducibility of biosensor response, replacing the
interference specie for equal volume of distilled water. In all experiments, the
spectrophotometric reading was set to zero after mixing to discount the absorption reduction
due to cell dispersion dilution. The subsequent increase in absorption at 620 nm was
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accompanied along time. The response time was defined as the time interval required for the
sensor response to stabilize.

3. Results and Discussion
3.1 Detection Principle

Acidithiobacillus thiooxidans species are aerobic and chemolithotrophic microorganisms.
They use CO; as carbon source for biomass production and H,S as electron donor in their
process of obtaining energy. Studies involving its application in bioleaching or biofiltration
processes usually seek conditions that overcome the oxygen limitation and favor the
formation of sulfuric acid as the final product of sulfide oxidation (Rodriguez et al., 2014). In
this work, however, we intend to reach system conditions that maximize the natural formation
of elemental sulfur, a product of the first stage of H,S oxidation, favored by the limitation of
dissolved oxygen available for bioreaction. The produced elemental sulfur is insoluble in
water. It appears in the colloidal form, modifies the absorbance of the reaction medium and
its formation can be observed by spectrophotometric method. In addition to H,S, the main
chemical species present at the moment of the reaction mixture are the Na™ and CI ions.
Along the bioreaction, other inorganic sulfur species can be produced beyond elemental
sulfur, possibly interfering on the biosensor response. However, as can be observed in Figure
1, regions of absorbance response from 300 nm are allowed, since from this wavelength the
absorbance of H,S, NaCl and the ions S,0; and SO4, possible reaction products, are
despicable. The biosensor response was accompanied at 620 nm, the same wavelength
selected for cell optic density measurements. After blanking the spectrophotometric reading
to discount the cell absorption, any detected increase in absorption at 620 nm is straight
related to elemental sulfur production and can be associated to the initial concentration of
H,S available for bioreaction.

3,50
3,00 £ 020
’ S 015 Cell + H,S 70mg.L"!
2,50 ©
3 ® 0,10 -=— H,S
[ Q 2-
g 2,00 € 0,05 Cell + H,S 25mg.L" —— 5,05
— o 2-
3 1,50 S 0,00 —+— SO,
< 100 S 0 10 20 30 4 5 _e NaCl
? Time (min)
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Wavelenght (nm)

Figure 1. Absorption spectra of possible interference species on biosensor response. Inset
shows the increase in absorption at 620 nm for systems containing hydrogen sulfide sample
solutions and Acidithiobacillus thiooxidans dispersions (ODg20=2.0; pH=1).
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3.2 Growth Curve and Best Harvesting Time

The growth of A. thiooxidans is slow, taking about 10 days to start the stationary phase
(Nguyen et al., 2016). The elemental sulfur employed as energy source for cell growth is
hydrophobic and remain floating over the growth medium limiting its disponibility for
bacterial consumption. The growth rate increase as a consequence of cell adhesion and
production of extracellular polymeric substances (EPS) on the sulfur surface. The EPS acts as
surfactants and the negatively charged cell membrane of adhered bacteria enhance the
hydrophilic behavior of colonized sulfur particles becoming this way more disperse and
available for cell consumption (Sharihari et al., 1993). Figure 2 shows the growth curve for 4.
thiooxidans and the effect of cell age on the biosensor response.
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Figure 2. Growth curve and effect of cultivation age on the biosensor response. Symbols:
triangles, growth curve; squares absorbance at steady state for H,S solution analysis, and error
bars represent the corresponding standard deviations

Cells were collected at different points of logarithmic and stationary phase and applied at pH 2
for 50 mg.L™" H,S solutions analysis. Cell growth reached the log phase at about 4 days. During
this phase, the biosensor response increased since the metabolic rate and nutrients consumption
reaches the maximum speed (Janfada et al., 2015). The highest biosensor response was
observed using 6 days old cell cultures. Based on the highest biosensor response, the optimum
harvesting time was defined as 6 days old cell cultures and used throughout this work.

3.3 Effect of pH on H,S Consumption

In water H,S is a weak acid, which at pH between 7 and 12.5 exists predominantly as
hydrogen sulfide anion (HS'). The extremely low second dissociation constant of H,S
(pko=14.15) is responsible for the fact that the S™ ion can only be a minority species in water,
while under mesoacidophilic conditions (about 20 °C-40 °C and pH below 3) H,S prevails in
its non-ionized form (Lawrence et al., 2007; Zhang et al., 2008).
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On its metabolism hydrogen sulfide is transported into the periplasmic space and converted to
hydrogen persulfide (H»S,) by sulfide:quinone oxidoreductase (SQR) which is located in the
periplasmic surface of the cytoplasmic membrane (Yin et al., 2014). After a sequence of
disproportionation reactions from disulfide and trisulfide anions long chain polysulfides
(H-S,) are formed (Griesbeck et al., 2002). However, polysulfides are not stable in acidic
periplasmic condictions and decompose to form octasulfane rings system (Sg) and sulfide
(Rohwerder & Sand, 2003).

Extracellular and periplasmic pH is normally around 2 in acidophilic bacteria and the
cytosolic pH is close to neutrality (Rohwerder & Sand, 2003). This creates a steep pH
gradient and H" generated by the oxidation of sulfur compounds are released outside the cell,
and cytochrome oxidase consumes H'™ within the cell to maintain the internal pH close to
neutrality, involving soluble oxidative enzymes and membrane bound respiratory chains
(Ghosh & Dam, 2009). Since alterations in external pH impact cell metabolism and
consequently the hydrogen sulfide consumption we investigated the effect of pH on the
absorbance at 620 nm for 30 mgL™' hydrogen sulfide solutions maintaining cell
concentration at 2.22 g/L (1.0 ODg=1.11 g/L DCW=9 x 10® cells/mL) (Figure 3). The best
biosensor responses are in the range of pH between 1 and 2. These results are in agreement to
those found by Duan et al. (2006), achieving a H,S biofilter eliminatory efficiency of 94-99%
in this pH range. The 620 nm absorption showed a maximum value at pH 2 and markedly
decreased at pH 0.5. Feng et al. (2015) described this acidity level as not deleterious to cell
even though cell activity is slowed at pH below 0.9. Biosensor response also dropped
significantly at pH 4 since this acidity level is out of the optimum pH range for
Acidithiobacillus thiooxidans metabolism (Lors et al., 2009).
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Figure 3. Influence of the pH on the biosensor response. Error bars represent the
corresponding standard deviations
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3.4 Influence of H,S concentration on Biosensor Response

The influence of hydrogen sulfide concentration on the biosensor behavior was characterized
by the analysis of solutions in the range of 10 mg. L™ and 100 mg.L™' (Figure 4). Hydrogen
sulfide is a reactive molecule and a powerful reducing agent (Zhao et al., 2014). It can be
chemically oxidized by air oxygen and its oxidation can be catalyzed by transition ions
(Hughes et al., 2009). In order to verify the influence of hydrogen sulfide side reactions on
the biosensor response two kinds of control assays were performed. The first test consisted in
observing the biosensor response in the presence of A. thiooxidans cells (ODg=2.0) but in
the absence of hydrogen sulfide. In the second, the biosensor response to an H,S solution at
30 mg. L' was monitored in the absence of cells, but in the presence of 1000 pmol. L™ of the
ionic species cited in Table 1 and Table 2. In both tests the increase in absorbance at 620 nm
was negligible.

The oxidation rate of H,S in alkaline medium is considerable, but the chemical oxidation by
oxygen in the pH solution below 6 is very slow (Nielsen et al., 2006). The result of the first
control test consisted of the blank on the calibration curve (Figure 6). According to Luther et
al. (2011) the catalytic effect of transition metals in low concentration is more pronounced for
Fe™ and Mn" ions. However, elemental sulfur is not formed as a product of the chemical
catalyzed oxidation of H,S in acidic medium even in the presence of these metals. The major
oxidation products under these conditions are sulfate and thiosulfate ions (Zhang & Millero,
1993). These species show a sharp increase in absorbance down to 250 nm wavelength region
having a peak maxima at 218 nm assigned to the S;03 ion (Khan, 2012). The production of
these species cannot be detected in the second control test since its absorption at the 620 nm
is neglectable and thiosulfate spectrum is overlapped by maximum absorption of H,S at 230
nm (Hughes et al., 2009). Biological oxidation of H,S takes a few seconds (Lee et al., 2006)
and the increase in absorbance at 620 nm is observed immediately after adjusting the reading
to zero. For concentrations below 15 mg. L a small and rapid increase in biosensor response
followed by a sharp decrease without a steady state occurs.
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Figure 4. Biosensor response at different H,S concentrations
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In this way, the H,S concentration of 15 mg.L" (0.44 mmol/L) was defined as the detection
limit. At concentrations above 15 mg. L™, a linear increase in response was observed until a
constant absorbance value was reached. The response time of biosensor was calculated based
on the saturation of reaction (Ramesh et al., 2015), which was obtained after 300 s for
concentrations up to 50 mg.L™' (1.47 mmol/L). About 30 min were required to reach a steady
state for 100 mg. L' H,S solutions.

The curves for different concentrations of H,S were obtained from the arithmetic mean of
four runs. Error bars are representative of standard deviations. For concentrations between 50
and 100 mg. L™, a considerable variability in the rate of H,S consumption was observed due
to the heterogeneous response of living cells to different environmental conditions such as
temperature, O, saturation level, and cellular adaptation to changes in pH and type of nutrient
since they were adapted to elemental sulfur as a source of energy during cultivation.
Nevertheless, the absorbance response for different concentrations achieve the steady state at
a close value range. These results indicate that the steady state achieved is associated with the
total consumption of H»S and its conversion to elemental sulfur. To evaluate this hypothesis
the absorption at 620 nm and pH was accompanied at a system with 25 mL of H,S 50 mg. L
and 25 mL of bacterial dispersion (ODg20=2.0) for a longer period of 3.5 h. It was observed a
sharp and linear increase in absorption until a maximum value, followed by a gradual
reduction of the absorption value (Figure 5). The bacterial oxidation of hydrogen sulfide is
easier than elemental sulfur oxidation since octasulfane ring must be first opened and
activated prior to its transport through the cell membrane to periplasmic space (Yin et al.,
2014). At the first 30 min, pH remained constant and slowly decrease accompanying the
absorption reduction. These results indicate that in the first stage H>S is converted to
elemental sulfur and in a second stage elemental sulfur is oxidized to H>SO4 (Jensen et al.,
2011).
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Figure 5. Monitoring of the absorbance at 620nm and pH profile for H,S consumption by A.
thiooxidans at a closed batch reactor
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3.5 Calibration of the Absorption Response to H,S

The absorption difference between the initial and the steady state value for the different H,S

concentrations presented in Figure 4 was used to plot a calibration curve. A linear relationship

was observed between hydrogen sulfide concentration and absorbance at 620 nm from 15 to

100 mg. L' (Figure 6). The R-squared value (coefficient of determination) was 0.9964 (n = 7)
in this concentration range.

y = 0,0029x + 0,0018
R2 =0,9964
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Figure 6. The biosensor calibration curve for H,S determination applying A. thiooxidans
dispersions at pH 1 and ODgy 2.0

3.6 Selectivity of the Biosensor

The test of potential interference of some common ionic species on the response of the
sulfide biossensor was performed at pH 1 and in the presence of 1000 pmol/L of each
possible interference species (Liu et al., 2008b). The steady-state absorbance value for each
potential interference species was converted to the H,S concentration in mg.L" according to
the equation of the calibration curve shown in Figure 5. The influence of all possible
interference ions on the biosensor response was determined by the relative error between the
mean response in the absence of interference species (n = 3) and the mean H,S concentration
obtained in the presence of each species tested (n = 2). As can be seen in Table 1 a negligible
interference on biosensor response was observed in the presence of studied cations (Rawal &
Pudir, 2012). The highest interference of Cd*" and Zn®" is due to the low Kps and
precipitation of their respective sulfides, since A4. thiooxidans is not able attack insoluble
sulfides (Son et al., 2007).
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Table 1. Effect of cations on sulfide determination

Interference cations Sulfide detected (umol.L™) Error (%)
Standard solution 34,07 -

Na" 34,24 0,5

K" 34,41 1,0

NH," 35,05 2,9

Fe** 33,90 -0,5

cd* 32,43 -4.8
Mn* 33,03 -3,1

Zn*" 32,40 -4.9

Among the analyzed anions, only the thiosulfate ion significantly interfered in the biosensor
response (Table 2). Strains of A. thiooxidans species utilize H,S and S,03 as energy source
and the main product of the first stage of thiosulfate oxidation is also elemental sulfur
(Yousefi et al., 2013). The consumption of both species present in this test caused an increase
in the absorbance in relation to the absence of thiosulphate. No increase in absorbance was
observed in the control test performed in the absence of cells and in the presence of 1000
umol.L™" of each interference species. This result indicates that the increases in absorbance
observed in these experiments are not related to the reaction between H,S and the tested
chemical species but to the consumption of H,S by the cells and the consequent formation of
elemental sulfur.

Table 2. Effect of anion on sulfide determination.

Interference anions Sulfide detected (umol.L™) Error (%)
Cr 34,24 0,5

I 34,41 1,0
$S,05% 38,00 11,5
SO, 33,90 -0,5

NO;y 34,60 1,6
HPO,* 33,90 -0,5

3.7 Repeatability and Reproducibility

An adaptation period of the cells to the new acidic condition was observed when the
experiments were started immediately after cell resuspension in 0.85% NaCl and pH
adjustment. The absorbance at steady state varies gradually for about half an hour until it
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reaches a plateau. As earlier described, changing in medium acidity modifies the intracellular
pH gradient by activating a mechanism of response to external pH perturbations. Mykytczuk
et al. (2010) studied the effect of external pH perturbations on Acidithiobacillus ferrooxidans
and inferred that a shift in the pH by 3.5 to 1.5 induce a reversible pH stress response
increasing the synthesis of several lipids to decrease the membrane fluidity and maintain the
internal pH homeostasis.

Considering 15 successive experiments the relative standard deviation (R.S.D) was 7.34%
while considering only the last 12 experiments, performed after half an hour of adaptation,
the R.S.D was found to be 4.46 %. Reproducibility was assessed from the arithmetic mean of
five daily sequential measurements carried out over five days along a month and using
different cultures. The experiments were performed under the same system conditions applied
for repeatability and the RSD was 4.66 %.

4. Conclusions

This study reported the development and feasibility of a simple and new microbial biosensor
for aqueous hydrogen sulfide. The age of culture and the pH of the cell suspension showed an
important effect on the metabolism of A. thiooxidans and consequently on the biosensor
response. These parameters were optimized and the biosensor performance under these
conditions was characterized (Table 3).

Table 3. Figures of merit of the biosensor under optimum conditions.

Figures Response

Harvesting time (day) 6

pH 1-2

Cell concentration (g.L™") 2,2

Equation for the calibration curve® Agro = 0,0029 CH,S + 0,0018
Correlation coefficient 0,9964

Linear range (mg.L™") 15-100

Response time (min) 5

(a)A620 is response at 620 nm and CH,S is H,S concentration (mg.L'l); ® Steady-state
absorbance for H,S concentrations up to 50 mg. L.

Good selectivity, repeatability and reproducibility were obtained (RSD<S5 %) at pH 1. The
biosensor showed good performance in hydrogen sulfide concentrations up to 100 mg.L" and
may be desirable for practical application in the petrochemical industry and in wastewater
treatment plants.
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