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Abstract

Microbial activity is the cause of a variety of problems in water injection systems, e.g., microbial
corrosion, plugging, and biofouling. Efficient monitoring of Saudi Aramco’s vast water injection
system requires the development of online and automated technologies for monitoring microbial
activities in the system. A previous system review and technology screening has identified five
single-analyte strategies [1], which were evaluated in this study with a laboratory-scale setup to
determine their applicability for automated determination of microbial activity in the injection
water system. Four of the five single-analyte measuring principles tested in the laboratory setup
were deemed less suitable for automation and/or reliable for use in the detection of microbial ac-
tivity in the company injection water system. These four principles were: luminescence assay for
adenosine-5’-triphosphate (ATP), detection and electrochemical measurements of H.S, determi-
nation of pH by electrochemical sensor, and measurement of oxidation-reduction potential (ORP).
The strategy of staining cells with fluorescent DNA dyes, followed by quantification of fluorescence
signals, was identified to hold, with proper optimization of DNA staining and fluorescence detec-
tion, a very promising potential for integration in automated, online sensors for microbial activity
in the injection water system.
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1. Introduction

Biofilm formation is one of the main causes of water quality deterioration, biofouling, and plugging in water in-
jection systems [1] [2]. In the oil industry, the microbial number and activity are traditionally monitored with
conventional growth methods that require manual sampling and handling [3]-[7].

Saudi Arabian Oil Company (Saudi Aramco) has the largest water injection system in the world. To guarantee
the continued high quality of the water in the company’s seawater injection pipelines, it is necessary to develop
and implement a surveillance program that determines the microbiological load and activity at the injection
wells. With an online and real-time monitor or biosensor suitable for the harsh environmental conditions at the
injection sites, the operators will be able to apply and adjust microbiological control measures promptly in the
company vast water injection system.

The research team reviewed the company injection water system, as well as the potential analytical methods
that may be applicable for online and automated monitoring of microbial activity. The findings [1] are summa-
rized below as the basis for the current proof of concept study.

1.1. System Review

1) The review of the company water injection system indicated the presence of microbial activity in the sys-
tem with 10° - 10* cells-ml™* at the injection sites.

2) The active growth of microbes in the system requires continuous monitoring and control by proper biocide
treatment and scraping.

1.2. Analytical Method Review

1) A range of technologies were screened for their suitability for automated surveillance of microbial abun-
dance and activity in the water injection system.

2) A challenge in monitoring the microbial activity in the water injection system is the low number of bacteri-
al cells; therefore, a low detection limit is required for chosen analytical strategies.

3) The method review identified five single-analyte strategies for further evaluation in a laboratory-scale set-
up to ascertain their applicability for monitoring microbial activity. Each of these strategies fulfilled two criteria:
a) they were indicators of the microbial activity in the system, and b) they had the potential for automation and
application in the injection water system.

4) In prioritized order, the five single-analyte strategies are: microbial DNA staining with nucleic acid stain
PicoGreen and/or SYBR Green, adenosine-5’-triphosphate (ATP) detection by a luminometer, measurement of
dissolved H,S, oxidation-reduction potential (ORP), and pH by electrochemical sensors.

The overall objective of the study was to develop and implement a technology capable of operating indepen-
dent of frequent service to enable real-time surveillance of water quality in injection system and at remote injec-
tion wells. This paper focuses on developing and proving a single-analyte based monitoring concept for online
automated determination of microbial activity in the company’s injection water systems.

2. Materials and Methods
2.1. Laboratory-Scale Reactor Setup

A laboratory-scale reactor was set up to test and evaluate the applicability of the selected single-analyte strate-
gies for monitoring microbial activity and growth. The evaluation was designed to answer the following ques-
tions:

1) Does the single-analyte measuring principle provide a stable and reliable signal over an extended monitor-
ing period (>2 months)?

2) Dochanges in analyte concentration correlate with the changes in the levels of microbial growth and activi-
ty over time?

3) Are the detection limit and detection range precise enough to detect the changes in the microbial growth
and activity within the injection water system?

A photograph and a schematic drawing of the laboratory-scale bacterial detection system are shown in Figure
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Figure 1. Photograph (A) and schematic diagram (B) of the laboratory bacterial detection system setup for evaluation of
single-analyte monitoring strategies. The system consists of three main parts — a medium bottle to adjust nutrient supply, a
rotating reactor for biofilm growth on metal coupon, and an analysis chamber for sampling and testing.
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The reactor setup was designed to simulate the microbiological conditions in an injection water system. A one
L rotating reactor was inoculated with an enrichment culture of scraping solids collected from the Saudi Aram-
co’s injection water pipeline (Figure 2(A)). Carbon steel coupons attached to the inner reactor wall supported
biofilm growth and allowed regular biofilm sampling and analysis (Figure 2(B) and Figure 2(C)). Sterile artifi-
cial seawater was pumped through the reactor with a flow rate of 0.35 ml-min?, leading to a residence time of
two days, similar to the residence time in the injection water pipeline. Within the reactor, a motor-driven rotator
ensured a continuous high-speed current. The heat from the motor resulted in an internal reactor temperature of
45°C - 50°C, close to Saudi Arabian field temperatures. Anoxic conditions were ensured by adding a chemical
oxygen scavenger (sodium dithionite) to the seawater medium, and by continuous aeration of the reactor system
with nitrogen gas (Figure 1). A chemical oxygen indicator (resazurin) was added to the seawater. All parts of
the system were connected through gas-impermeable fluorocarbon rubber tubing (Viton®DuPont Performance
Elastomers).

Biofilm growth on the coupons was promoted and controlled through the addition of nutrients (organic carbon,
nitrogen, and phosphorus) to the system. Since sulfate-reducing bacteria (SRB) are expected to be among the
dominant groups of microorganisms in the company’s injection water system [1], Modified Postgate B medium
was applied for the growth of SRB [8].

Downstream of the reactor, the outlet passed through a 250 ml glass chamber with gas-tight ports (Figure 1).
The chamber allowed for regular inspection of color and odor, and control of outlet flow, as well as sampling of
large volumes (necessary for nutrient analysis). From the sampling chamber, an overflow led excess water
through a tubing submerged in a discharge tank, which also served to prevent the introduction of oxygen into the
reactor system.

Figure 2. Carbon steel coupons attached to the inside of
the rotating reactor. (A) Inside of the inoculated reactor
with slides of coupons attached to the inner wall; (B)
slide with three coupons attached; and (C) close-up of the
clean carbon steel coupon. The rotating reactor is de-
signed to test biofilm growth under the simulated field
conditions (2 days of residence time of seawater in the
injection pipeline, flow velocity in the injection pipeline,
and 45°C - 50°C Saudi Arabian field temperatures).
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2.2. Experimental Program

An overview of the experimental program and analyses conducted in the reactor is provided in Table 1.

Prior to the long-term experimental tests, a pre-test of the reactor setup as well as the single-analyte tests was
performed. The reactor system was filled with anoxic artificial seawater to test for stable flow, gas impermeabi-
lity, and general long-term setup stability. The PicoGreen DNA staining assay was applied on cell cultures to
test cell wall penetration and detection limits [9]. The electrochemical H,S, pH, and ORP minisensors were
tested on standard solutions with known analyte concentrations to ensure a linear and reliable signal and deter-
mine analyte detection limits.

The correlation between measured single-analyte signals and levels of microbial growth and activity was
tested during a 65-day reactor experiment. In the first six days of the test period, the reactor was fed with artifi-
cial seawater containing a high organic substrate concentration (13 g-L ™) (Table 2). This ensured a high growth
potential and good biofilm establishment at inoculation with enrichment culture prepared from the company
pipeline scraping solids at Day 7. Following inoculation, controlled changes in the microbial growth and activity
were introduced through the regulation of nutrient levels fed to the reactor. During 49 days, the concentration of
organic substrates was gradually decreased from very high (13 g-L %) to the levels naturally found in the injection

Table 1. Experimental program and analyses for evaluation of single-analyte monitoring strategies.

Experimental Program
1) Initial system and method tests

o Test of reactor system: flow, gas permeability.
o Test of detection limits and procedure for DNA staining: PicoGreen and SYBR Green.
o Test of electrochemical sensor detection limits.

2) Reactor inoculation

e Preparation of an enrichment culture from artificial seawater media inoculated with pipeline scraping solids.
* Inoculation of reactor system for one day to promote biofilm establishment.

3) Experimental evaluation of single-analyte strategies

o Regulation of biofilm growth through changes in nutrient load as well as biocide treatment, while determining analyte
concentrations in the water phase.

Control analyses of planktonic cell growth and microbial biofilm by quantitative polymerase chain reaction (qPCR) technique.
Test of correlation between microbial growth and analyte concentrations.

Test of detection limits of single-analyte strategies.

Selection of 1 or 2 single-analyte strategies suitable for monitoring microbial activity in the system.

Analytes monitored

Analyte Method
Water DNA PicoGreen and SYBR Green assay
ATP ATP luminometer
H.S Electrochemical minisensor
ORP Electrochemical minisensor
pH Electrochemical minisensor

Control measures for microbial growth and activity

Analyte Method
Water Planktonic population gPCR and 4,6-diamindino-2-phenylindole (DAPI) staining method
Nutrient consumption Total Organic Carbon (TOC) and Total Nitrogen (TN) analyses
Coupons Sessile population DAPI staining method
Biofilm growth Wet weight, dry weight, and organic content analyses

)



M. A. Al-Moniee et al.

Table 2. Organic substrate supply and biocide treatment during the
experimental period.

Time from experiment Organic substrates Biocide addition
start (days) (gL™ (ppm)
1 13.0 -
7 1.12 -
15 0.14 -
28 0.03 -
42 0.003 -
49 112 -
61 1.12 2000
64 112 4000

water system (0.003 g-L ™). Throughout this period the outlet water from the reactor system was analyzed by use
of the selected single-analyte strategies, and the signals were compared to control analyses of the microbial bio-
film and planktonic growth and activity in the system (Table 1). Besides testing the correlation between single-
analyte measures and microbial growth and activity, the test served to determine the detection limits of the sin-
gle-analyte strategies applied.

During the final five days of the experimental period, the system was treated with biocide #1415 (Table 2).
Prior to the biocide treatment, the reactor had been supplied with a high substrate concentration for 12 days, to
attain high microbial growth and activity. The biocide treatment was given in two separate doses, first in a 2000
ppm dosage, after which the single-analyte signals as well as response in microbial growth was followed for
three days, and then in a 4000 ppm dosage, to ensure a complete stop of microbial activity. This test served to
evaluate the signal response time of the single-analyte strategies.

2.3. Single-Analyte Monitoring

To ensure the measurement of real-time conditions inside the reactor, single-analyte monitoring was performed
directly in the reactor outlet. The end of the reactor outlet tubing was temporarily disconnected from the analysis
chamber (Figure 1) and transferred to a sterile 50-ml Falcon tube. Single-analyte analyses were performed in
the outlet running into the tube. Samples for DNA staining with PicoGreen and SYBR Green were fixed with
formaldehyde and stored in the refrigerator until analysis. The fixated cell samples were treated with a nonionic
surfactant Triton X-100 (Sigma-Aldrich) to render cell membranes permeable to the DNA stain [10]. Samples
were subsequently stained with PicoGreen or SYBR Green, and the fluorescence signal was measured on a
gPCR machine for enumeration of microbial population [9] [11] [12].

Concentrations of ATP were measured by collecting a 100 puL sample using an Aquasnap'™ pen (Food Diag-
nostics), and the bioluminescence signal was measured in a System SURE Plus™ manometer (Hygiena).

Electrochemical minisensor measurements of H,S and pH were performed by submerging the sensors in the
reactor outlet collected in the sterile Falcon tube. The sensors were left to log the signal during sampling of ~50
ml. The signal was automatically logged in a PC using a Unisense Multimeter™. Before each measurement, the
sensors were calibrated in solutions of known analyte concentrations. For ORP measurement a minisensor was
incorporated in a glass flow tube, which was connected directly to the reactor outlet tubing for continuous signal
logging throughout the experimental period (Figure 1). Once a week, the sensor was disconnected from the set-
up and calibrated in solutions of known ORP.

2.4. Reference Measures of Microbial Numbers and Activity

In parallel with the single-analyte monitoring, samples were collected for control measures of microbial activity
and growth. To determine the microbial activity, samples collected from the reactor inlet and outlet were ana-
lyzed chemically for concentrations of TOC and TN. The microbiological nutrient consumption was calculated
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as the difference between inlet and outlet TOC and TN concentrations. The planktonic microbial growth was
determined through cell enumeration in water samples collected from the reactor output. Part of the sample was
filtered and used for cell number quantification by qPCR analysis specific for the Bacterial6S rRNA gene [7].
The rest of the sample was fixed in formaldehyde, filtered, and stained with DAPI [13]-[15], and the cell number
was counted by epi-fluorescence microscopy.

For analysis of biofilm growth, three coupons were sampled from the reactor. Biofilm was scraped off of the
coupons and weighed on a four-decimal scale. The biofilm from one coupon was used for determining dry
weight and organic matter content. The biofilm from the other two coupons was used for cell density analysis by
gPCR and DAPI counts, respectively. During each sampling, the coupons were exchanged with new clean cou-
pons, which were collected during the next coupon sampling. In this way, biofilm growth during a known time
interval and stable substrate load could be determined. As coupon sampling involved the introduction of oxygen
into the reactor system, the sampling frequency was minimized to four times during the experimental period.

3. Results and Discussion

In this study, five single-analyte strategies were evaluated experimentally so as to select the best performing
candidate for further automation and incorporation into a full-scale microbial monitoring sensor.

3.1. Reference Measures of Microbial Growth and Activity

3.1.1. Planktonic Cell Growth

The gPCR analysis of reactor outlet samples showed a clear decrease in the number of planktonic cells during
the first 49 days of the experimental period, which corresponded well with the gradually reduced organic sub-
strate supply through this period (Figure 3).

Toward the end of the experiment, when the first biocide dosage was added at 2000 ppm, the cell numbers in-
creased again. The increase in planktonic cell numbers following biocide addition may appear paradoxical, but
there are several possible explanations:

1) The efficient kill effect may cause a release of cells from biofilm on the reactor’s inner surfaces.

2) It may have been caused by enhanced microbial growth in response to the nutrients (C, N, and P) present in
the biocide mixture.

3) It may have been a delayed effect of the enhanced organic substrate supply at Day 49, since reactor flow
problems disturbed the substrate supply between Day 50 and Day 57.

During injection of the first biocide dosage into the reactor, unforeseen problems arose, as the clamp holding
back the liquid in the reactor did not suffice, and a minor amount of liquid was escaping the reactor after biocide

Plaktonic cell density
1E+10 . ¢ gPCR
A DAPI
1E+09 . L
N * Bl.oche
_TE 1E+08 A .
2 A AA , Ae ‘xt
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Figure 3. Planktonic cell numbers determined by gPCR analysis and DAPI counts. The low-
er X-axis shows the organic substrate supply (in g-L ™) to the reactor. The green arrows indi-
cate biocide addition (2000 ppm and 4000 ppm, respectively).
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injection. This liquid may have contained a high fraction of the biocide dosage, and the resulting biocide con-
centration within the reactor might have been lower than 2000 ppm. Therefore, the response in cell numbers and
activity following this biocide treatment must not be interpreted as a definitive test of the biocide efficiency at a
2000 ppm concentration.

After addition of the second biocide dosage at 4000 ppm, a fast decrease in the cell number was observed
(Figure 3). This decrease corresponded to the wash-out rate from the reactor (the half-life rate was 1.09 days at
the given volume and flow rate), and indicated a complete stop in cell growth.

Cell numbers obtained by DAPI counts generally showed very good correlation with the gPCR results (Fig-
ure 3). In the beginning of the experimental period, the DAPI numbers were somewhat lower than the qPCR
numbers. This difference is most possibly caused by insufficient dilution of the first samples stored for DAPI
analysis, as cell numbers showed to be much higher than initially anticipated.

3.1.2. Biofilm Growth

Biofilm coupons were sampled at Day 24, 41, 48, and 56. On all coupon samples, biofilm formation was clearly
visible (Figure 4). Biofilm analyses showed a dry matter content of ~60%, and an organic matter content of 20%
- 30% of the dry weight (Table 3). The residual 70% - 80% of the dry weight may primarily have comprised
corrosion products from the carbon steel coupon.

No clear-cut increase or decrease was observed in the biofilm cell density during the experimental period, and
at all sampling times; the cell density was roughly 3.5 x 10° cells-cm™ (Table 3). This indicated that the biofilm
cell density was kept in a steady state through the slough of biomass during biofilm growth.

Roughly estimated, the number of cells growing in biofilm within the reactor was ~10° cells. During the high
organic substrate supply in the beginning of the experimental period, only a minor fraction of the microbiologi-
cal biomass was therefore located in the biofilm. During the period of low substrate supply, which was more
similar to the in-field situation, approximately 50% of the reactor biomass was comprised by biofilm (Figure 3
compared to Table 3).

A) ()

(©) (D)

Figure 4. Coupons sampled from the reactor. The coupons were sampled on Day 24 (A), Day 41 (B), Day 48 (C), and Day
56 (D).

Table 3. Biofilm dry weight, organic matter content, and cell density
from coupon samples.

Dry weight content Organic matter content Cell density
(% of wet weight) (% of dry weight) (cells cm?)
~60 20 - 30 ~3.5x10°
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3.1.3. Microbial Activity

The inlet and outlet concentrations of TOC and TN were determined by chemical analyses with a precision of
1 - 3 mg-L™". During the experimental period, no significant differences were detected between the inlet and
outlet TOC and TN concentration, suggesting that the microbial activity within the reactor corresponded to a
TOC and TN consumption of <1 -3 mg-L™.

3.2. Monitoring Single-Analyte Signals

3.2.1. Fluorescent DNA Staining
Initial pre-tests showed that intact E. coli cells treated with Triton X-100 could subsequently be successfully
stained with PicoGreen (Figure 5(A)). The same result was obtained for planktonic cells collected from the
reactor (Figure 5(B)). A comparison between microscopic cell counts, obtained with a PicoGreen staining after
Triton X-100 treatment and a reference DAPI staining of the same E. coli culture, respectively, showed a Pico-
Green staining efficiency of ~100%.

Staining of PicoGreen and the SYBR Green was performed on a dilution series of an E. coli pure culture, and
the fluorescence signal was measured in a PCR machine. For both DNA stains, the results showed a fine corre-
lation between the cell density and the fluorescence signal (Figure 6). This correlation was sustained down to a
lower detection limit of 10° and 10* cells-ml™, for the PicoGreen and the SYBR Green analysis, respectively.
Below this cell density, the fluorescence signal did not exceed the signal emitted from a blank sample.

PicoGreen and SYBR Green analysis of reactor samples collected throughout the experimental period resulted
in a pattern, which correlated well with the density of planktonic cells determined by gPCR analysis (Figure 3
and Figure 7(B)). In agreement with the qPCR cell enumeration, the fluorescence signal obtained by PicoGreen
and SYBR Green staining decreased during the period with gradually reduced organic substrate supply to the
reactor, and increased again towards the end of the experiment, where substrate supply was enhanced and bio-
cides were added. During the period with low organic substrate supply, the cell density approached the detection
limit of the DNA staining methods (i.e., a background signal of 1800 and 2000 for the PicoGreen and the SYBR
Green analysis, respectively). The decrease in the planktonic cell number between Day 30 and 50 was therefore
not clearly detectable with either the PicoGreen or the SYBR Green staining technique (Figure 7(A)).

When the fluorescence signal obtained by PicoGreen and SYBR Green staining was plotted as a function of
planktonic cell numbers obtained by gPCR analysis, a good correlation was observed between the fluorescence
signal and the number of cells in the sample (Figure 7(B)). Five sampling points (marked with a grey circle) fell
somewhat outside this correlation by showing a higher fluorescence signals per cell. While all other samples had
been stored in formaldehyde fixation in the refrigerator for at least 20 days prior to analysis, these five samples
were collected at the very end of the experimental period, i.e., only a few days prior to the DNA staining analy-
sis. This observation may indicate that higher signal intensities can be obtained, if long-time storage is avoided,
as would be the case for online monitoring in the company pipeline systems.

(A

Figure 5. Microscopic examination of the penetration of PicoGreen into intact cells. (A) PicoGreen staining of cells from
an E. coli pure culture; (B) PicoGreen staining of planktonic cells sampled from the reactor.
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Figure 6. Correlation between fluorescent signal and cell density, when staining a serial dilution of cells from an E. coli
pure culture with PicoGreen and SYBR Green, respectively. The background signal (from a blank sample) has been sub-
tracted from the fluorescence values.

(A) Fluorescent DNA stain signal . .
3200 # PicoGreen signal
3000 A A SYBRGreen Signal
i 2800 - Biocide
2600 A A
3 . g
2 2400 A N
2 DA
g 2200 *, A A Detection limits:
3 A , .
2 2000 fommmmmmmm A Y4 - SYBRGreen
¢ PN & - A * PicoGreen
1800 4mmmmmm e o _®_ P S
1600
0 10 20 30 40 50 60 70 Time (days)
13.0 1.12 0.14 0.03 0.003 1.12 Org. Substrate (g-L")
(B) Fluorescent DNA stain signal . .
3200 @ PicoGreen Signal
3000 A A SYBRGreen Signal
S 2800
k! .
@ 2600 A
2 2a00 A A *
A% *
g 2200 A a . Detection limits:
2 2000 f---oo- o o e A .. SYBRG"CC'7
- A ‘ * * PicoGreen
1800 t===m=mmmmmmm o -2 -
1600
1E+05 1E+06 1E+07 1E+08 1E+09 1E+10 1E+11
Cell density determined by qPCR (cells'mL")

Figure 7. Fluorescence signals obtained by PicoGreen and SYBR Green staining of planktonic cell samples collected from
the reactor. (A) Fluorescence signal as a function of time, (B) correlation between fluorescence signals and cell numbers
determined by gPCR. In (A), the lower X-axis shows the organic substrate supply (in g-L™?) to the reactor. The green ar-
rows indicate biocide addition (2000 ppm and 4000 ppm, respectively). In (B), the grey circle marks samples that were col-
lected during the last five days of the experiment, immediately prior to the DNA stain analysis.
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As shown in Figure 7(B), the detection limit of the PicoGreen and SYBR Green analysis applied on cells
sampled from the reactor was around 10 cell/ml, and so somewhat higher compared to the detection limits de-
termined for the E. coli culture (Figure 6). This difference may be caused by the much larger cell size of the E.
coli cells, but may also be due to the longer storage time for the reactor samples. In any case, avoiding long-time
storage of samples combined with instrumentally improved fluorescence detection will be necessary to bring
down the detection limit to a range that is relevant for cell detection in Saudi Aramco’s injection water pipeline
systems, i.e., 10% - 10* cells-mI™* [1].

3.2.2. ATP Bioluminescence Assay
A general product of the activity in living organisms is energy, which is bound in the form of ATP [16] [17].
Thus, the concentration of ATP can be used as a measure of the overall metabolic activity.

Due to the availability of ATP analysis equipment, measurement of the ATP concentration in the reactor out-
let was concentrated to the last 29 days of the experimental period (Day 37 - 65, Figure 8(A)).

The overall pattern of the ATP profile roughly followed the cell densities measured by qPCR analysis (Figure
8(A) compared to Figure 5). Low ATP levels were observed from Day 37 to Day 48, where the organic sub-
strate supply was low and decreasing. A slight increase in the ATP level could be detected towards Day 61, as
the substrate supply was again enhanced (Figure 8(A)). At addition of the first biocide dosage, the ATP level
rose markedly, after which it decreased steeply during the subsequent two days. After addition of the second
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Figure 8. ATP bioluminescence signal measured in relative light units (RLU). (A) The ATP
signal as a function of time, (B) correlation between ATP signal and cell numbers determined
by gPCR. In (A), the lower X-axis shows the organic substrate supply (in g-L?) to the reactor.
The green arrows indicate biocide addition (2000 ppm and 4000 ppm, respectively). Error
bars represent standard deviations from 3-7 repetitive measurements on the same sample.
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biocide dosage, the ATP level had dropped to the same levels as observed during very low substrate supply.

This pattern indicates that the ATP level is a good indicator of overall microbial activity in the system. The
individual measurements were associated with very high variations in the ATP signal (c.f. error bars shown in
Figure 8), and often each sample had to be analyzed 3 - 7 times before a reliable mean value was attained. The
low ATP levels measured in the reactor outlet (corresponding to 10° - 10 cells mI™) resulted in the same ATP
values as when analyzing a sample of demineralized water (Figure 8(B)). The ATP bioluminescence technology
does not appear sensitive or reliable enough for meaningful application in the injection water system.

3.2.3. Electrochemical Sensor Measurements of H,S

Under the anoxic and sulfate-rich conditions prevailing in the company injection water pipeline system, the mi-
crobiological activity is expected to be dominated by SRB. The SRB gains energy from the oxidation of organic
carbon with SO~ present in the seawater, a process which produces CO, and H,S [18]. As an indicator of
SRB activity, the concentration of H,S was therefore analyzed.

Initial pre-tests of the electrochemical H,S sensor showed a precise and fine-scale resolution of the sensor
signal, which responded linearly down to an H,S concentrations of < 1 uM (Figure 9). Though the sensor app-
lied for this laboratory-scale reactor experiment is not robust enough for in-field application, the results demon-
strated that H,S could be electrochemically monitored down to concentrations well below the H,S level of 32
UM detected in the injection water system [1].

The development in the H,S signal during the reactor experiment (Figure 10(A)) correlated to a large degree
with the cell abundance measured by gPCR (Figure 5), showing a decrease in the H,S signal from Day 1 to Day
50 as the organic substrate supply was gradually reduced, an increased signal around Day 61 where the substrate
concentration was again enhanced, and a marked signal increase followed by a steep signal decrease during the
biocide treatment (Figure 10(A)). During the period with very low organic substrate supply, similar to the TOC
concentration detected in the injection water system (0.003 g-L ), a H,S concentration of 27 uM was measured
(Figure 10(A)). This concentration corresponded very well with the concentration of 32 UM H,S detected at the
injection well [1].

Compared to the cell abundance measured by qPCR, the H,S signal appeared to respond faster. During the
initial decrease in organic substrate supply from 13.0 g-L ' to 1.12 g-L*, the H,S signal showed a fast and steep
drop around Day 10 (Figure 10(A)), while the cell density only decreased slowly (Figure 5). Likewise, after the
first biocide dosage, the cell density was still increasing for a few days, while the H,S signal increased for only
one day, after which it showed a steep drop. The rate of this signal decrease corresponded to the wash-out rate
from the reactor (calculated from the reactor volume and flow rate), indicating a completely inhibited H,S pro-
duction.

While a very fine correlation was observed between the H,S signal and the cell density during slow changes
in the system (i.e., gradually changed nutrient supply) (Figure 10(A)), only very little overall correlation be-
tween the H,S signal and the cell density was observed (Figure 10(B)). Samples of same cell density could
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Figure 9. Signal response of the sensor to low H,S concentrations.
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Figure 10. Concentration of H,S measured by electrochemical sensor. (A) The H,S signal as
a function of time, (B) correlation between H,S signal and cell numbers determined by gPCR.
In (A), the lower X-axis shows the organic substrate supply (in g-L ™) to the reactor. The
green arrows indicate biocide addition (2000 ppm and 4000 ppm, respectively). In (B), grey
areas mark the analyses performed during biocide treatment.

obviously express very different activity rates, as indicated by sample points marked with the grey circles in the
graph (Figure 10(B)). The miscorrelation was most pronounced during sudden changes in the system (i.e., bio-
cide treatment). Therefore, electrochemical sensor measurement of H,S was not considered as a suitable single-
analyte strategy for monitoring the microbial activity in the injection water system.

3.2.4. Electrochemical Sensor Measurements of pH

In general, microbial activities are based on processes that either consume or produce H* [19] [20]. A simple
measure of microbial activity in the system would therefore be to monitor the pH of the injection water and
compare it to that of the water entering the system at the treatment plant. pH was therefore monitored during the
experimental period (Figure 11).

The pH signal was decreasing during the experimental period (Figure 11(A)). As this decrease in pH could
not be explained based on our microbiological knowledge, some tests were performed on the preparation of the
artificial seawater fed to the reactor system. It showed that though the pH of the artificial seawater was adjusted
to pH 7, the chemical oxygen scavenger subsequently supplied to the medium significantly reduced the pH. The
most realistic explanation of the decreasing pH during the experiment was a chemically caused decrease in the
pH of the inlet medium to the reactor, rather than a microbiological effect within the reactor itself. Correspon-
dingly, no correlation between the reactor outlet pH and the planktonic cell number was observed (Figure 11(B)).
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Figure 11. Reactor outlet pH measured by electrochemical sensor. (A) The pH signal as a
function of time and (B) a correlation between the pH and cell numbers determined by qPCR.
In (A), the lower X-axis shows the organic substrate supply (in g-L %) to the reactor. The
green arrows indicate biocide addition (2000 ppm and 4000 ppm, respectively).

As pH is affected by many types of both chemical and microbiological processes, it may not be a suitable single-
analyte strategy for monitoring the microbiological processes in the injection water system.

3.2.5. Electrochemical Sensor Measurements of ORP

Metabolic activity in living organisms is based on chemical oxidation-reduction (redox) reactions [19] [21]. One
way to measure the overall microbiological activity in an aqueous system would thus be by measuring the ORP
of the liquid, which reflects the activity or strengths of electron acceptors and donors in relation to their concen-
trations.

The ORP of the reactor outlet was continuously monitored using an ORP minisensor. During the first 17 days
of the experiment, the sensor worked stably, and the sensor signal ranged between an ORP of 500 to 1000. No
clear-cut decrease or increase in the ORP could be observed with time. After Day 17, the sensor started behav-
ing very instable, and the signal during one day of measurement could fluctuate between positive and negative
ORP values. Electrochemical monitoring of ORP did therefore not appear as a reliable technology for monitor-
ing microbial activity in the company injection water system.

4. Conclusions

Five single-analyte strategies were evaluated in a laboratory-scale setup to determine their applicability for the
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automated monitoring of microbial activity. Among the evaluated strategies, the simplest procedures suitable for
automated cell enumeration were the staining of cells with photoreactive DNA dyes (PicoGreen and SYBR
Green), followed by quantification of fluorescence signals. Given proper optimization of DNA staining and flu-
orescence detection, it is expected that this method can be used for an automated, online determination of mi-
crobial activity in Saudi Aramco’s injection water system.

The other four single-analyte measuring principles tested in the laboratory setup were deemed less suitable for
automation and/or reliable for use in the detection of microbial activity in the injection water system. These four
principles were: luminescence assay for ATP, detection and electrochemical measurements of H,S, determina-
tion of pH by electrochemical sensor, and measurement of ORP.

Based on the experimental results, staining of cells with DNA-binding fluorescent dyes was identified to hold
a very promising potential for automated detection of microbial activity. This work will be integrated in a pro-
totype of automated microbial sensor for real-time monitoring of the injection water system, with optimized
staining procedures and fluorescence detection hardware, which will be presented in a subsequent paper.
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