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Abstract Sulfate-reducing bacteria (SRB), which cause

microbiologically influenced material corrosion under

anoxic conditions, form one of the major groups of

microorganisms responsible for the generation of hydrogen

sulfide. In this study, which is aimed at reducing the

presence of SRB, a novel alternative approach involving

the addition of magnesium peroxide (MgO2) compounds

involving the use of reagent-grade MgO2 and a commercial

product (ORCTM) was evaluated as a means of inhibiting

SRB in laboratory batch columns. Different concentrations

of MgO2 were added in the columns when black sulfide

sediment had appeared in the columns. The experimental

results showed that MgO2 is able to inhibit biogenic sul-

fide. The number of SRB, the sulfide concentration and the

sulfate reducing rate (SRR) were decreased. ORCTM as an

additive was able to decrease more effectively the con-

centration of sulfide in water and the SRB-control effect

was maintained over a longer time period when ORCTM

was used. The level of oxidation–reduction potential

(ORP), which has a linear relationship to the sulfide/sulfate

ratio, is a good indicator of SRB activity. As determined by

fluorescence in-situ hybridization (FISH), most SRB

growth was inhibited under increasing amounts of added

MgO2. The concentration of sulfide reflected the abun-

dance of the SRB. Utilization of organic matter greater

than the theoretical SRB utilization rate indicated that

facultative heterotrophs became dominant after MgO2 was

added. The results of this study could supply the useful

information for further study on evaluating the solution to

biocorrosion problems in practical situations.
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Introduction

Sulfate-reducing bacteria (SRB) are a group of phyloge-

netically diverse anaerobes that perform the dissimilatory

reduction of sulfur compounds including sulfate, sulfite,

thiosulfate and even sulfur to form sulfide. SRB are the

major biological source of biogenic sulfide, which causes

microbiologically influenced corrosion (MIC) in anoxic

habitats. Many serious MIC problems in industrial activities

are related to SRB activity, including metal corrosion in oil

reservoirs [20, 47] and concrete pipe corrosion in sewers [12,

50]. Although the complex mechanisms of biocorrosion are

observed by various SRBs [13], inhibiting the activity of

SRB might provide an effective method to control biocor-

rosion. In southwestern Taiwan, there are many stainless

steel groundwater wells that are used to monitor water level

and quality and these become corroded due to the presence

of biogenic sulfide in the water [6, 8]. SRB can grow in

organic matter containing solutions under various anoxic

conditions, including natural systems such as in the sediment

of the Black Sea and in industrial processes [18, 36]. Many
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food processing, pharmaceutical, petroleum and pulp/paper

industrial processes generate wastewater with a high con-

centration of hydrogen sulfide (H2S). Appropriate strategies

for controlling sulfide caused bio-corrosion, therefore, are

required in subsurface environments.

The SRB-controlling technology has been reported in

many literatures under various SRB-related problems

especially on many industry activities. The addition of

disinfectant chemicals to restrain the growth of SRB has

been one of the more effective processes. For example, SRB

in oil recovery reservoirs have been controlled by the use of

bactericides such as glutaraldehyde, molybdate ions, nitrite

or nitrate [11, 20, 32, 33]. Hydrogen peroxide (H2O2) below

100 mg L-1 is often used to control the production of H2S

by SRB in water due to the chemical’s non-toxic charac-

teristics [44]. However, applying an improper substance to

control SRB corrosion may result in unforeseen problems.

Some chemicals like H2O2 are not active for very long and

this results in increased labor costs because of the need for

frequent dosage. Chemical compounds might be effective

for the SRB control but may interfere with other chemical/

biological reactions. Many commercial products used as

SRB-inhibitors contain heavy metals or other toxic sub-

stances like nitrite and molybdate and these could result in

significant environmental pollution [15, 33].

Magnesium peroxide (MgO2) is used in this study in an

attempt to inhibit SRB corrosion. The advantages of MgO2

as an oxygen additive to aqueous systems are that it is

harmless to decrease the sulfide concentration that uses a

chemical mechanism. In abiotic oxidation, sulfide might be

converted to sulfate after the addition of oxygen released

from MgO2. Sulfide also is decreased due to the formation

of a precipitate with metals at high aqueous pH due to the

gradual entry into solution of the MgO2. In the biotic

process, dissolved oxygen is able to promote oxidation of

sulfide to sulfate by any sulfur oxidation bacteria present

[39, 40]. The released oxygen is also able to inhibit SRB

activity and therefore sulfate reduction because this

requires strictly anoxic conditions [24, 40]. However, there

is still very little information available on the possible

applications of MgO2 to the industrial control of MIC

corrosion. The details of the mechanisms by which MgO2

are able to act to control SRB needs more evaluation. For

example, the influence on water quality parameters of

adding MgO2 needs to be evaluated. Furthermore changes

in the bacterial community, especially the SRB population,

needs to be studied in order to understand the relationship

between microbial activity and water quality parameters.

The objective of this study therefore is, for the first time,

to study MgO2 as a corrosion control agent when it acts as

a potential inhibitor of SRB activity in laboratory columns.

Different amounts of MgO2 additives, including reagent

grade MgO2 and the commercial product (ORCTM) MgO2,

were used for SRB-control in this study and these were

compared to a control without added MgO2. Variations in

the water quality such as total organic carbon (TOC),

dissolved oxygen (DO), pH and ORP after adding MgO2

were also investigated during the experiments. The

dynamics of the microbial communities in the experiments

were monitored by fluorescence in-situ hybridization

(FISH), which has been widely used to detect the different

species and the diversity of various groups of bacteria in

various environments, including aquatic environments

[19], activated sludge [48], biofilm systems [29] and

industrial wastewater [3]. In this study, the signal detected

by the phylogenetic probe EUB 338 represented the pres-

ence of microorganisms from the Domain Bacteria

(Eubacteria). The phylogenetic probe ARCH 915 was used

to measure the presence of the Domain Archaea. The

specific probe SRB385 was applied to monitor the presence

of SRB in this study, belonged to Domain Bacteria. Fol-

lowing the probe match program of RDPII at Michigan

State University, USA, most SRB are coverage of 73.3%

Order Desulfovibrionales, 40.6% Order Desulfobacterales

and these can be detected by the SRB385 probe under

controlled conditions [2, 34, 39]. Based on this, a positive

signal with this probe reflects the presence of SRB in this

study. Only a limited number of non-sulfate reducing

bacteria, including several gram-positive bacteria such as

Clostridium spp., can be detected by SRB385 [30] and the

numbers of such bacteria should be low enough not to

affect the results of this study. These results provide a

preliminary study that will help the development of a new

process for controlling SRB-induced corrosion during

industrial activity.

Materials and methods

SRB enrichment and inoculation

A semi-batch incubation process was used for SRB

enrichment. Flasks containing SRB and enriched-SRB

medium were incubated at room temperature in the dark for

2 months. Black sulfide sediment in the flasks gradually

appeared during incubation and this provided evidence of

SRB growth. The SRB source was a mixture of water

samples from several observation wells in the area around

Tainan and Chiayii in the southwestern Taiwan where

anoxic biocorrosion problems had been identified [8]. The

SRB numbers were measured before column incubation to

confirm the presence of SRB in the mixture and the SRB

were found to range from 3.81 9 104 to 8.37 9 104

cells mL-1 by the FISH method (see following section).

The enriched-SRB medium per liter of water was made up

of Na-lactate 50% solution (4.0 mL, Showa), MgSO4�7H2O
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(0.5 g, Merck), FeSO4�7H2O (0.5 g, Merck), KH2PO4

(0.5 g, Merck), NH4Cl (0.5 g, Merck), Na2SO4 (3.0 g,

Merck), CaCl2�2H2O (0.1 g, Merck), Na-thioglycolate

(0.0805 g, Showa), yeast extract (1.0 g, Merck) and

ascorbic acid (0.36 g, Merck). The incubation columns

contained abundant organic compounds and excess sulfate.

The solution was supplied at above 2,500 mg L-1 TOC

with carbon energy source present in the enriched-SRB

medium set up to match the typical values described by

Hulshoff Pol et al. [21]. Sulfate was used as the electronic

acceptor for the SRB.

Column experiments

A series of one-liter polypropylene columns were used

(with a diameter of 7.5 cm and a height of 39 cm) for the

bench-scale batch experiments. Each experiment started

with 20 ml of log phase SRB inoculation culture at an

optical density of 0.7 at 660 nm (OD660) added to each

column. All columns were then filled with 1 L of culture

medium for SRB growth. The culture medium per liter of

water contains Na-lactate 50% solution (5.0 mL, Showa),

MgSO4�7H2O (22.5 mg, Merck), K2HPO4 (21.75 mg,

Merck), NH4Cl (17.0 mg, Merck), Na2SO4 (640 mg,

Merck), CaCl2�2H2O (27.5 mg, Merck), KH2PO4 (8.5 mg,

Merck), Na2HPO4�7H2O (33.4 mg, Merck) and

FeCl3�6H2O (0.25 mg, Merck). The final pH of medium

was in the range of 7.30–7.60. Lactate was selected as the

carbon source (TOC = 2,500 mg L-1) for the SRB growth

because it is the best understood SRB pathway [17]. At the

beginning of the experiments, nitrogen was injected into

columns for 5 min creating an anoxic environment for SRB

growth. Aluminum foil was used to seal the columns pre-

venting light or air entering during incubation. When black

sulfide sediment had appeared in the columns after 1–

2 weeks of incubation, different concentrations of MgO2

were added to inhibit the production of sulfide in the col-

umns. Table 1 illustrates the detailed experimental design

for addition of the chemicals in this study. Column 1 was

set up as the control and did not have any added MgO2.

Reagent grade MgO2 (10 g, 24–28% purity, Fluka, Swit-

zerland) was added to column 2 (total concentration = 1%,

w/v). Column 3 had 20 g of reagent grade MgO2 added

(total concentration = 2%, w/v). Finally, 10 g of com-

mercial MgO2 (1% w/v) called ORCTM (Regenesis, USA)

was added to column 4. ORCTM is mainly composed of

MgO2. When the sulfate in columns was completely used

up over the experimental period, more Na2SO4 (Table 1)

was added to the columns with the aim of supplying the

SRB bacteria with sufficient sulfate over the full incubation

time. Hence sulfate was not a limiting factor for SRB

growth in these experiments. All incubations were at room

temperature, which was 26.0 ± 2.0 �C on average.

Water quality monitoring

Water quality parameters for the column experiments were

monitored and recorded continuously for 60 days. At the

beginning of the experiments, the frequency of sampling

was once a week; later, it was twice a week. DO, pH and

ORP were directly measured using electrodes at 17.4 cm

below the liquid medium level of experimental columns.

DO was measured by a DO meter (ATI ORION model 835)

and probe (CellOX325, WTW). pH and ORP were mea-

sured by a pH/mv/TEMP meter (SP-701, Suntex) with an

ORP probe (InLab� 501 Redox, METTER TOLEDO) and

pH probe (InLab� 439/120 pH, METTER TOLEDO).

Water parameters, including sulfide, sulfate and TOC

analysis of the columns, were measured using 10 mL

samples from the same location in columns, which were

filtered through a 0.22-lm PVDF filter (Millipore) to

remove any impurities. Each sample was replaced by

10 mL of fresh medium. Sulfide was determined by the

methylene blue method using a Beckman DU� 530 spec-

trophotometer at 665 nm. Measurement kits, Cat. No.

1816-32 and No. 1817-32 were supplied by the manufac-

turer (HACH, USA). Sulfate was determined by ion

chromatography analyzer using an Agilent 1100 system

equipped with a 302C4.6 column (VYDAC), and an ion-

suppressed CD-5 conductivity detector (Shodex). The

Table 1 Experimental design in terms of chemical additives in this study

Chemical additives Purpose Run

Column 1 Column 2 Column 3 Column 4

MgO2 Oxygen supply for

restraining SRB

None 1% MgO2 (7th day) 1% MgO2 (6th day) 1% MgO2 (10th day)

1% MgO2 (11th day) 1% ORCTM (24th day)

Lactate Carbon source for SRB 2,500 mg L-1

(0th day)

Na2SO4 Sulfate source for SRB 0.64 g (0th day) 0.64 g (0th day) 0.64 g (0th day) 0.64 g (0th day)

0.20 g (31th day) 0.20 g (31th day) 0.20 g (47th day) 0.20 g (47th day)

0.20 g (47th day) 0.20 g (47th day)
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mobile phase was 4 mM phthalic acid (pH 4.9) at a flow

rate 2.0 ml min-1. Total organic carbon (TOC) is esti-

mated by the wet oxidation method on a TOC Model 1010

Analyzer (OI Co., USA). The concentration of the sample

for analysis was adjusted to below 10 mg L-1 by dilution.

The sample was injected into the instrument where it was

acidified by 5% H3PO4 and purged off inorganic carbon.

Next, 0.42 M Na2S2O8 was added and this oxidant quickly

reacts with organic carbon in the sample at 100 �C to form

carbon dioxide. The carbon dioxide from the oxidized

organic carbon was purged from the solution and detected

by a non-dispersive infrared (NDIR) detector that had been

calibrated by potassium hydrogen phthalate (KHP) to dis-

play directly the mass of carbon dioxide detected.

Bacterial community analysis

Fluorescent probes targeting SRB were used to monitor SRB

abundance in order to evaluate the influence of the different

amount of MgO2 additives on SRB numbers. For FISH, the

sample was first filtered through 1.2-lm pore-size glass

microfibre filters (GF/C, Whatman�) to remove any auto-

fluorescent impurities or by-products that might confuse the

experiments. Cells from the samples were collected by fil-

tration through a 0.22-lm pore-size polycarbonate filter

(Critical�, USA) and transferred to gelatin-coated slides by

the addition of 5 lL of distilled deionized water to each well

after which the filter was gently pressed onto the gelatin for a

few seconds [4]. These air-dried filters fall onto the slides

very easily. After filtration, the samples were fixed in 2 ml of

paraformaldehyde-PBS (4%) for 60 min at 4 �C. Hybrid-

ization buffer (0.9 M NaCl, 0.01% sodiumdodecylsulfate

(SDS), 20 mM Tris–HCl, 5 ng/lL HPSF-grade probes, pH

7.2) was added to dilute the cell sample, and then that sample

was hybridized at 46 �C for 3 h. The probes were labeled

with a CY3TM florescent tag (MWG-Biotech, German) at the

50 end. Formamide was added to the buffer for probes that

required more stringent hybridization conditions. Table 2

describes the selected oligonucleotide probes, hybridization

conditions and relevant references. After hybridization, the

cells were washed twice in washing buffer (variable NaCl,

20 mM Tris–HCl, pH 8.0, 0.01% SDS, pH 8.2) at 48 �C for

20 min. They were stained with polyphosphate for 30 min

with 1 lg mL-1 DAPI (40-60-diameidino-2-phenylindole)/

ddH2O. Since DAPI can react with both DNA and RNA from

the cells, the DAPI-positive cells represent the total bacterial

number in the sample. Cells were visualized using a Zeiss

Axioscope 2 plus epifluorescent microscope with two fluo-

rescent filters, Zeiss No. 2 (G365 nm, FT395 nm,

LP397 nm) for DAPI and Zeiss No. 15 (G546/12 nm,

FT580 nm, LP590 nm) for Cy3. The microscope was

attached to a charged coupled device camera (Axio Cam HR,

Zeiss�). The total cell counts involved 500–1,500 bacteriaT
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per sample. Microscopic analysis included manual counting

of the cells from at least ten photographs of duplicate

samples.

Results

Control experiment

The variation in column 1 for sulfate concentration, sulfide

concentration and water quality parameters are shown in

Figs. 1a and 2a. In order to eliminate the effect of extreme

values (very large or small) during the experiments, the

medians of the water quality parameters are calculated. The

average pH of column 1 gradually increased to its highest

value (8.39) on day 60 and this can be ascribed to SRB

activity. This is because SRB growth used lactate as the

carbon source and the electron donor consumed hydrogen

ions (H?) from the solution as the sulfate was reduced to

sulfide [31]. DO and ORP remained at 0.32 ± 0.12 mg L-1

and -324 ± 15 mV, respectively, which indicates that the

column remained anoxic. An obvious decrease in sulfate and

TOC were detected before day 31 and day 47, when extra

sulfate was added. The potential for SRB biocorrosion can

be indicated by either the sulfate reduction rate (SRR) or the

sulfide concentration. Table 3 shows the sulfate reduction
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rate (SRR) and the TOC consumption rate could be calcu-

lated to be 11.95 mg L-1 day-1 and 26.08 mg L-1 day-1

in Figs. 1a and 2a, respectively, using linear regression.

Sulfide increased by the growth of SRB after each sulfate

addition. For example, sulfide was measured as

67.9 ± 27.2 mg L-1 from day 7 to day 17 after sulfate was

added on the first day.

Figure 3a illustrates the changes in the bacterial com-

munity present in column 1. Eubacteria were the major

bacterial Domain present and occupied 69.2 ± 13.3% of

the total population throughout the experimental period

(Table 4). The proportion of Archaea was low at

7.4 ± 2.6%. A specific SRB community gradually became

predominant in the control column, which demonstrated

that suitable simulated circumstances for SRB enriched had

been set up. The proportion of SRB increased from 11.9%

on day 1 up to 60.5% on day 14, while the SRB/Eubacteria

ratio increased from 18.2 to 90.8%. The trend in SRB

growth corresponded to the increase in sulfide, which

increased from 0.07 mg L-1 on day 1 to 81 mg L-1 on day

14. The SRB median number was calculated to be

1.19 9 106 cells mL-1. The SRR for each SRB in this

column was calculated to be 3.14 9 10-14 mole day-1

SRB cell-1, which is similar to the activity of SRB in

marine sediment under anoxic conditions [46].

Column experiments with MgO2 addition

The addition of different amount reagent MgO2 had the

effect of inhibiting the SRB population and this can be

clearly seen in column 2 (1% MgO2) and in column 3 (2%

MgO2). The sulfate concentration, sulfide concentration

and water quality parameters are showed in Figs. 1b, 2b for

column 2 and Figs. 1c, 2c for column 3. Table 3 shows the

median observations for the water quality parameters. DO

and ORP remained anoxic at 0.09 ± 0.32 mg L-1 and

-359 ± 20 mV for column 2 and 0.12 ± 0.04 mg L-1 and

-348 ± 13 mV for column 3, respectively. The addition

of different amounts of MgO2 changed the pH of the col-

umns. The pH increased to 8.95 ± 0.44 in column 2 and

9.18 ± 0.26 in column 3, due to the releasing OH- into the

aqueous environment by the MgO2. Good SRB growth

control was obtained by the use of the MgO2 additive.

Sulfate in column 2/column 3 was obviously decreased

during day 1 to day 35. Sulfide had also decreased in

column 2/column 3 from day 10 to day 45. The decrease in

sulfate and production of sulfide seemed to stop after day

50 in column 2 and after day 35 in column 3. The calcu-

lated SRRs of column 2/column 3 are obviously lower than

that in column 1 (shown in Table 3). The consumed TOC

was calculated to be 24.86 mg L-1 day-1 in column 2 and

43.20 mg L-1 day-1 in column 3, which indicates that the

obvious consumption of organic matter still occurred.T
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Figure 3c shows that Eubacteria was the major bacterial

species, 75.9 ± 17.0% in column 2 and 67.9 ± 12.7% in

column 3. The percentage of Archaea was very low at

5.3 ± 5.7% in column 2 and 10.0 ± 11.0% in column 3.

The greater amount of MgO2 in column 3 was able to

control the SRB more effectively. The SRB slowly

decreased and were undetectable (0%) by day 56 in column

2 and by day 45 in column 3. After adding 1% MgO2, the

median percentage of SRB was 50.5 ± 15.0%. The SRB/

Eubacteria ratio was 66.5%. After adding 2% MgO2, the

median percentage of SRB dropped to 10.4 ± 11.3%. The

SRB/Eubacteria ratio was 15.3%. Theoretically, microor-

ganisms are sensitive to changes in surrounding pH and the

rise in pH due to the addition of MgO2 could have had an

effect over the short term. However, the pH change did not

affect SRB growth in this study because the SRB percentage

did not decrease immediately after MgO2 addition, while

there was an immediate pH increase. Delgado et al. [12]

found the SRRs of the SRB were highest over a pH range

from 6.0 to 8.5. Goeres et al. [16] also found that non-

alkaliphilic SRB produced hydrogen sulfide at pH 9.3 and

even survived at pH 10.2. These results help to explain why

SRB were not significantly affected in this study by pH.

Column experiment for ORCTM addition

ORCTM, contained by the food-grade phosphate [42, 45,

49], usually is applied to many organic pollutants as an in-

situ bioremediation method for soil and groundwater and it

provides oxygen for biodegradation over a long period. The

targets have included total petroleum hydrocarbons [14],

BTEX [23] and MTBE [5]. Figures 1d and 2d illustrate the

variation of water quality parameters of sulfate and sulfide

in column 4. A higher pH of 9.31 ± 0.25 was obtained,

compared to the other columns that had reagent grade

MgO2 added. The reason for this is that as ORCTM dis-

solves in water, it slowly and steadily releases both MgO2

and MgO, which produce hydoxil ion (OH-) resulting in a

higher pH in column 4 [23]. Anoxic conditions were

maintained and the DO and ORP values were

0.11 ± 0.03 mg L-1 and -343 ± 7 mV, respectively. The

addition of ORCTM, which retained higher sulfate

(99.4 ± 7.5 mg L-1), resulted in faster sulfide inhibition

than the other columns. The concentration of sulfide

decreased initially to 33.96 ± 17.6 mg L-1 and then

underwent a gradual further decrease to below 1.0 mg L-1

on day 54, which shows that the treatment produced an

effectively controlled level of sulfide. Chang et al. [7]

demonstrated that the addition of ORCTM was able to lower

the concentration of hydrogen sulfide under SRB enrich-

ment. Overall, 8 mg O2 L-1 day-1 is by released 1%

ORCTM (w/v) in a batch reactor and 0.4% (w/v) ORCTM

was able to lower the production of biogenic sulfide under

anoxic conditions for a period longer than 40 days. In this

study, the SRR and utilized TOC in column 4 were as low

as 0.12 mg L-1 day-1 and 4.37 mg L-1 day-1, respec-

tively, which is far lower than for columns 1, 2 and 3 over

the same period (Table 3).
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Eubacteria still were the most common bacterial species

in column 4 and ranged 62.3–90.4% as shown in Fig. 3d.

Archaea was detected with a low-ratio median of

1.6 ± 1.2%. After adding 1% (w/v) regent grade MgO2

over the period from the day 7 to the day 18, the microbial

activities of SRB were reduced from 56.1 to 34.5%. The

high SRB/Eubacteria ratio of the SRB was even close to

100% on day 24, which means that the 1% reagent grade

MgO2 was not really very effective at controlling the SRB

under this column. However, SRB were obviously inhib-

ited after adding ORCTM. The percentage of SRB sharply

decreased from 76.8% on day 24 to 1.1% on day 35. After

this time point, SRB could not be detected (0%) due to the

ORCTM’s persistent characteristic of releasing O2.

Discussion

The influence of organic matter on the growth of SRB

The presence of organic matter played an important role in

inhibiting the SRB when MgO2 was added. The SRB uti-

lize organic matter as a carbon source when reducing

sulfate to sulfide. Rinzema and Lettinga [38] developed a

theoretical consumption of organic matter during the

reduced reaction of SRB. A chemical oxygen demand

(COD)/sulfate ratio above 0.67 means there is enough

organic matter for the reduction of sulfate to sulfide com-

pletely. Based on the theory of Rinzema and Lettinga, the

calculated TOC utilization ascribed to the biogenic sulfate

reduction is as follows: column 1 [ column 2 * column

3 [ column 4 and this is calculated in Table 3. However,

when the actual rates of TOC consumption are compared,

the order is: column 3 [ column 1 * column 2 [ column

4. The TOC consumption was obviously greater than the

theoretical calculation and was still high when there was

only a very small percentage of SRB present after the

addition of MgO2. This indicated that the SRB was not the

only bacterial species consuming organic matter in the

columns. Other bacteria were able to become predominant

and use the organic matter in the columns as a carbon and/

or energy source.

The percentage of TOC consumption by SRB related to

the total TOC consumption is compared as following:

column 1 (34.4%) [ column 2 (9.3%) [ column 3

(6.6%) [ column 4 (2.1%), calculated by the data in

Table 3. It is indicated that the proportion of TOC con-

sumed during biogenic sulfate reduction in columns 2 and

3 is far smaller than in column 1, the control. It is possible

that organic matter is metabolized by facultative microor-

ganisms and such bacteria (especially fermentative

bacteria) are usually able to uptake simple organic com-

pounds such as formate, acetate, lactate, ethanol and

hydrogen than can be used by SRB for growth [9]. Many

heterotrophic bacterial species might be present in this

study those are able to utilize organic matter as carbon

source. Among these, Campylobacter and Wolinella suc-

cinogenes from the Eubacteria and Pyrococcus furiosus

belonging to Archaea are able to generate hydrogen sulfide

into environment [37]. Khanal and Huang [24] described

how facultative bacteria can utilize TOC when oxygen is

supplied under anoxic conditions; this is because faculta-

tive bacteria compete strongly with each other and have a

low half-velocity constant for the Michaelis–Menten

equation. Since the ORP and DO values remained at anoxic

levels in the experimental columns, MgO2 must release

oxygen slower than the microorganisms consume it. Oxy-

gen released from MgO2 therefore provided the terminal

electron acceptor for the facultative bacteria. The faculta-

tive bacteria belonging to the Eubacteria or Archaea would

seem to utilize most of the organic matter and become the

dominant species under the more oxidative state created by

the addition of MgO2 (Table 4). Maier [28] indicated that a

reduction potential of ?0.81 V is achieved for oxygen

respiration compared to -0.22 V for sulfate reduction

when the oxidation potential is the same. The redox

potential difference between the two reactions automati-

cally causes an increase in facultative bacteria and a

decrease in SRB in the experimental columns. However,

the low consumption of organic matter in column 4 might

be due to inhibition caused by the addition of ORCTM.

ORCTM seems to control hydrogen sulfide production by

SRB and TOC utilization by facultative bacteria at the

same time. Another possible reason for this is that some

SRB species might utilize other compounds for the termi-

nal electron acceptor in the same environment but with a

different redox state, such as oxygen and nitrate, both of

which have a higher redox state (redox potential = -1.28

and -0.83 V, respectively) and sulfate with a lower redox

state (redox potential = -0.25 V) [25]. The utilization of

TOC as a carbon source by the SRB will then occur.

However, the very low percentage of SRB that was

detected after adding MgO2 suggests that this mechanism is

not predominant in this study (Table 4).

The significance of ORP on the inhibition of SRB

The increase in ORP seems to be strongly related to the

inhibition of SRB numbers. Figure 2 shows the ORP was

theoretically decreased as the SRB incubation time

increased [22, 27], so the increase in ORP that is caused by

MgO2 addition may be a result of a fall in SRB activity.

Thus, the increase in ORP would seem to be caused by the

inhibition of SRB, rather than by the inhibition of SRB

when the ORP was increased. This inference is supported

by the fact that ORP always rises after the SRB become
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undetectable. Sass et al. [40] and Cypionka [10] suggested

that SRB are able to reduce oxygen levels in order to

maintain the inhabitability of their environment, so the ORP

becomes free to increase after the SRB become extinct.

The ORP is a good index by which to interpret the

effectiveness of SRB control. Relative changes in ORP are

thus suitable for evaluating the effect of various SRB-

inhibition strategies. Delgado et al. [12] indicated that ORP

is the most important factor related to the logarithm of the

sulfide/sulfate ratio according to the following equation:

ORP(mV) ¼ �355� 52:68 log
½S2��
½SO2�

4 �
ð1Þ

The variations in ORP show the same tendency as the

formation of hydrogen sulfide due to SRB activity, although

different amounts of MgO2 were applied. Figure 4 shows

that there is a good linear regression relationship that follows

Eq. 1 when the experimental data from this study is used.

The more dominant SRB will enhance sulfate reduction to

sulfide and cause the ORP to become more negative. Once

the SRB are inhibited by MgO2, the reduction reaction is

deceased in the columns. Postgate [35] found that biological

sulfide production does not occur when the ORP exceeds

-100 mV. Khanal and Huang [24] also found that the

sulfide was completely removed when the ORP was elevated

from -280 mV to -180 mV. Experimental columns in this

study, the ORP exceeds around -300 mV, the decrease in

microbial density is slowed considerably and the sulfide

concentration never recovers thereafter, perhaps because of

SRB decay or inhibition due to the released oxygen [40, 41].

Measurement of the ORP value might help to determine the

optimal dosage of MgO2 that needs to be used for control of

biocorrosion by SRB. However, the ORP might be affected

by various other factors such as pH. Thus the optimal dosage

of MgO2 that needs to be added to control the SRB will not

necessarily be entirely dependent on the ORP value alone.

Conclusions

SRB activity under anoxic condition can be inhibited by

the addition of reagent grade and commercial MgO2. The

effect on water quality, such as decreased sulfide, and SRR

can be observed in solution. The bacterial community was

varied after the control of SRB growth. There was an

increase in TOC utilization rates, which seems to indicate

that the oxygen released by the MgO2 replaces sulfate as

the terminal electron acceptor and this allows facultative

heterotrophic bacteria to become the dominant species

through aerobic respiration. ORCTM would seem to be

capable of some unknown chemical mechanism that allows

release of oxygen over a longer time period than reagent

grade MgO2. SRB and facultative heterotrophic bacteria

were controlled very effectively by ORCTM. Based on the

ecology, MgO2 can specifically control SRB and it is clear

that using MgO2 for SRB control is friendlier to the sur-

vival of bacteria in the natural environment. However,

adding MgO2 to control biocorrosion in groundwater wells

needs to be very carefully considered because there is an

addition of more Mg2? to the groundwater. The taste of the

groundwater may deteriorate if the groundwater is a

drinking water source. In terms of harmlessness and an

environmental friendly treatment, the application of MgO2

for hydrogen sulfide control is worthy of further research.

Further laboratory studies to demonstrate the validity of

this approach in a practical situation would complement the

results described here. The changes in the bacterial com-

munity, including the reversibility of SRB inhibition,

should be investigated, especially after all the added

Table 4 The percentage structure of the bacterial community in each experimental columna

Run Column 1 (control) Column 2 (1% MgO2) Column 3 (2% MgO2) Column 4 (1% MgO2 and 1%ORCTM)

Time (day) 7–18 7–28 14–35 35–50

EUB338 (%) 69.2 ± 13.3 75.9 ± 17.0 67.9 ± 12.7 83.7 ± 4.4

ARCH915 (%) 7.4 ± 2.6 5.3 ± 5.7 10.0 ± 11.0 1.6 ± 1.2

SRB385 (%) 48.7 ± 15.6 50.5 ± 15.0 10.4 ± 11.3 0.4 ± 0.6

a The median observation and standard deviation
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Fig. 4 The relationship of ORP and the ratio of sulfide/sulfate in this

study (experimental sample numbers = 40)
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oxygen is consumed and when TOC remains available. The

facultative heterotrophs present after treatment need to be

identified to the species level and perhaps even further.
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