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Abstract: This paper presents the results obtained on an oil and gas field terminal in Gabon during a
continuous 8-month long operation involving the move of a pre-industrial bed biofilm bioreactor
pilot for treating highly saline produced water (100 g/L). After several months of efficient acclimation
of the biofilm carriers, more than 90% of the biological oxygen demand, 50% of total organic carbon
and 35% of the chemical oxygen demand were removed during 1 h of residence time at a maximum
organic loading rate of 12 kgCOD.m~3.day~!, making it a highly promising solution for offshore
produced water treatment. These values reached more than 95%, 80% and 60% of BOD, TOC and
COD removal, respectively, for 12 h residence time. In addition to the significant removal efficiency of
the pilot, it is also important to highlight the robustness of the process. The presence of an acclimated
biofilm properly attached to the carriers strongly reduced biomass washing during anomalous phases
in comparison to a conventional activated sludge configuration. This technology favorably follows
the three key pillars for implementing offshore technologies: high removal performance, robustness
and low footprint.

Keywords: moving bed bioreactor; aerobic digestion; produced water; water treatment; biotreatment;
supported biomass

1. Introduction

When crude oil is extracted from reservoirs, water is co-produced. This water is called
produced water (PW) and has two main origins: (i) formation water that was naturally in
equilibrium with oil, gas and rock inside the reservoir before extraction, and (ii) injected
water, which is often seawater or reinjected produced water, required for sweeping oil
and maintaining the pressure high enough for oil production. The PW flowrate increases
during the production until it is no longer economical to operate the field [1,2]. Globally, it
corresponds today to a ratio of 5 volumes of PW per volume of oil [3], which is equivalent
to 435 million barrels of water per day (70 Mm?3.day ~!). When feasible, PW is reinjected
into the oil production reservoir. It is considered as the most environmentally friendly
solution since it reduces the need for new water, thereby decreasing freshwater or seawater
consumption and limiting environmental impact (no potential contamination of surface
water). Unfortunately, this is not always possible due to injectivity issues. Consequently,
the two main PW management challenges are to develop PW treatment solutions that
make it possible to: (i) reinject the PW or (ii) discharge it into surface water bodies in
compliance with current regulations and in anticipation of more stringent regulations [4,5].
This paper focuses on the second challenge—discharging produced water without harming
the environment.

There are many different PW receiving environments: rivers, lakes, estuaries, coastal
waters, lagoons, offshore open sea, etc. Onshore discharge regulations are usually highly

Waste 2023, 1, 295-312. https:/ /doi.org/10.3390 /waste1010020

https:/ /www.mdpi.com/journal/waste


https://doi.org/10.3390/waste1010020
https://doi.org/10.3390/waste1010020
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/waste
https://www.mdpi.com
https://orcid.org/0000-0002-1168-2997
https://doi.org/10.3390/waste1010020
https://www.mdpi.com/journal/waste
https://www.mdpi.com/article/10.3390/waste1010020?type=check_update&version=1

Waste 2023, 1

296

protective and therefore constraining for operators. They are regulated locally by the coun-
try and can therefore vary from one country to another, notably as regards the parameters
but also the maximum discharge specifications [6]. For example, the Water Framework
Directive 2013/39/EU sets environmental quality standards for 45 priority substances
(including 21 substances to be banned). The case is different for offshore discharges that
are governed most of the time by regional sea conventions such as OSPAR (to be ratified
by the relevant countries). Up until the last few years, only dispersed hydrocarbons were
targeted, with discharge specifications ranging from 15 up to 40 mg/L [7]. PW also contains
heavy metals, aromatic hydrocarbons, alkylphenols, process additives (wax, corrosion and
hydrate inhibitors, biocides, demulsifiers, etc.) that are not targeted by current offshore
regulations, as described in [8]. This is changing little by little with more constraining
regulations concerning these substances, but also with the obligation to take into consid-
eration the total effluent toxicity as recommended by the OSPAR commission (2013) [9].
This proposed risk-based approach is a method for prioritizing mitigation actions on those
substances that pose the greatest risk to the environment, including not only naturally
occurring substances but also man-made synthetic substances (process additives) and also
taking into account the entire effluent assessment (WEA) approach.

Conventional produced water treatments consist of settling tanks, flotation and/or
hydrocyclones which in most cases meet the specifications for discharge into the sea [2,10],
especially those concerning dispersed hydrocarbons (1040 mg/L depending on the re-
gions). Removing dissolved compounds from PW is very challenging for the following
reasons: (i) PW is often very saline (from several mg/L up to 300 g/L TDS), which inter-
feres with biological oxidation processes, thereby decreasing biomass respiration rates or
causing bio-flocs settling issues [11-13]; (ii) oil fields are characterized by relatively high
PW flowrates and high organic loads making discontinuous processes, such as adsorption,
inappropriate; (iii) offshore installations require compact units and therefore need to inten-
sify reactions in order to meet specifications at acceptable costs; and (iv) PW is made of a
wide variety of substances (naturally occurring or additives) that require treatment with a
very wide-action spectrum.

Baldoni-Andrey et al. (2006) studied the performance of a sequencing batch reactor
(SBR) and a trickling filter on a produced water containing more than 200 g/L TDS [14].
They observed that biological degradation was possible. Microorganisms can acclimate in
such conditions, but the resulting hydraulic retention time was very high (20 h), making it
inappropriate for offshore installations. This is why moving bed biofilm reactors are often
preferred over other types of bioreactors. Dong et al. (2011) studied the impact on MBBR of
HRT reduction from 36 h to 10, on three different types of biocarriers using low-salinity
PW (5 g/L TDS) [15]. They observed that the reduction of HRT decreased the performance
of COD removal from 5 to up to 20%, depending on the biocarriers tested. In a long-term
test on a real produced water containing 30 g/L of salts and well-acclimatized biocarriers,
Pedenaud et al. (2018) observed that more than 60% of the COD was removed after 30 min
of residence and then reached 80% after 4 h. Toxicity tests also showed an 85% reduction,
making it a highly promising solution for offshore installations. The acclimation of biomass
appears to be a key parameter for better performance at low residence time and/or at high
saline conditions, which is also highlighted by many authors [1,11,12,16]

In order to qualify this process at low HRT and higher feed salinity, an 8-month test
was conducted on an oil terminal in Western Africa using an MBBR pilot unit treating
0.25-4 m—3.h~! of PW with almost 100 g/L of TDS.

2. Materials and Methods
2.1. Produced Water Characterization

The study took place on an oil terminal located in western Africa. This terminal collects
most of the crude oils from the production sites. During its storage before export, water
(produced with the crude) accumulates at the bottom of the storage tanks. It is pumped
out from the tanks, treated in API separators (American Petroleum Institute standard



Waste 2023, 1 297

large rectangular sedimentation separators) and polished through two long residence time
buffer basins (a total 6-12 h residence time depending on the feed flowrate) before being
discharged into the sea (Atlantic Ocean). The pilot feed water was pumped through one of
these buffer basins.

2.2. Pilot Unit Description

As described above, the produced water was pumped from the north basin (down-
stream of the API separator) to the pilot unit. The pilot unit was composed of four contain-
ers. As shown in the block flow diagram (Figure 1), a maximum PW flow of 4 m3.h~! fed
a 2.5 m3 dissolved air floatation unit (DAF). The main role of this first step is to remove
dispersed hydrocarbons and total suspended solids (dispersed phases). This stage was
only for safety as the dispersed phase was removed by the site water treatment in the API
and then through the long residence time buffer basins. The objective was to achieve a
maximum of 20 mg/L of dispersed oil entering the downstream biotreatment step. To do
so, 6 m3.h~! air were injected into the DAFas required for the floating dispersed phase
but also for pre-oxygenation of the water before entering the second process step: the
moving bed biofilm bioreactor. A coagulant (Baker, Tretolite RBW85138) and an anionic,
medium-charge density, high molecular-weight, polymeric flocculant (Suez, Betz Dearborn
AE 1128) were used (depending on the experimental design).
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Figure 1. BIOMEM pilot block flow diagram.

The outlet of the floatation unit fed the moving bed biofilm bioreactor (MBBR). The
MBBR was composed of two bioreactors of different volumes (575 and 2670 L) capable
of operating over a large spectrum of hydraulic retention times, from 30 min up to 12 h.
Phosphoric acid was injected to compensate for the phosphorus deficiency at the inlet, as
mentioned above, with a target value of 8 mgP/L in the MBBR feed. Air was also injected
at flowrates ranging from 150 to up to 400 m3.h~! to keep dissolved oxygen in the reactor
within the range of 2 to 6 mgO, /L. Kaldness® K1 biocarriers were introduced into the
two bioreactors at an apparent volume ratio of 40% (v/v). The role of these biocarriers
was to promote the development of biofilms. The biocarriers remain trapped inside the
bioreactors using a grid on the collector to allow only the water phase to pass through. This
water phase comprises essentially water, but also bioflocs composed of microorganisms
that developed outside of the biocarriers or on biocarriers and released when the biofilm
layer grew. Bioflocs can also contain metals and various types of organic and inorganic
matter. They are separated in the gravity separator (2400 L) located downstream the MBBRs.
This separator contains plates that increase separation performance. A vibrating system is
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triggered frequently to shake the plates and cause the particles to fall to the bottom of the
separator. Part of the sedimented sludge is recirculated to the MBBR and another part is
sent to a sludge thickener for external treatment. The recirculating ratio depends on the
experimental design and can vary from 0% to 200% of the MBBR feed flowrate.

Downstream of the MBBR and gravity sludge separator, the treated water is either
discharged or is directed to 20 um disk filters (AMIAD) in series with a granular activated
carbon filter (GAC, carbsorb 40, Chemviron, Belgium).

2.3. Experimental Set-Up

Figure 2 summarizes the main operating parameters selected during the nine test
phases. The abiotic phase (phase 1) consisted of testing the pilot without an acclimated
microbial inoculum. The main variable operating parameter for the eight other phases was
the MBBR hydraulic retention time (HRT).
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Figure 2. Experimental set-up.

2.4. Analytical Methods

Many parameters were analyzed at the inlet and outlet of each process step to study
their removal performance. Some of these parameters were analyzed directly onsite. When
the analyses could not be done easily onsite using micro-methods and multiparameter
probes, the samples were sent to certified external labs (Eurofins in France). Table 1 below
summarizes the list of analyses.

In addition to this “substance by substance” approach, an evaluation of the entire
effluent toxicity was also conducted on the inlet and outlet samples using standardized
ecotoxicity tests:

- Acute toxicity test “Microtox®” (NF EN ISO 11348-3). This test is based on the
determination of the inhibition of the bioluminescence emitted by a marine bacterium
called Vibrio fischeri. It allows for the determination of the sample concentration that
inhibits 50% of the bacterial luminescence after 5, 15 or 30 min of exposure. It was
selected due to its high sensitivity compared to other bioassays (Abbas et al., 2018) [17].

- Acute toxicity test with marine copepods (ISO 14669). This test aims to determine the
sample concentration that kills 50% of the population of Artemia salina after 24 h and
48 h.
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Two replicates were done for each test. Positive and negative controls were also

conducted to ensure good-quality results.

Table 1. List of analyses performed (onsite and external).

Parameters

Method

Onsite analyses

Dispersed Hydrocarbon Internal method CR EXP 006
Ammonium NHy Micromethod
Nitrate NO3; ™~ Micromethod
Chemical Oxygen Demand (soluble and total) Micromethod
Total Suspended Solids Filter + oven 105 °C
Conductivity & Salinity Multiparameter probe
pH Multiparameter probe
Temperature Multiparameter probe
ReDox potential Multiparameter probe
Phenol Micromethod
External analyses
Inorganics
Orthophosphate
Ca, Mg, Fe NF EN ISO 11885
V, As, Al, Ba, Cd, Cu, Cr, Ni; Plomb (Pb); Zinc (Zn) NF EN ISO 17294-2
Mercure (Hg) Meéthode Interne selon NF EN ISO 17852
Chrome VI NF T 90-043
NHy, NTK, NO,, NO3 External lab internal method
POy External lab internal method
Sulfates (SOy) NF ISO 15923-1
Fluorures NF T 90-004
Chloride NF ISO 15923-1
Salinity External lab internal method
Organics

Total Hydrocarbon (C10-C40)

NF EN ISO 9377-2

Total Organic Carbon (TOC) NF EN 1484
Biochemical Oxygen Demand (BODS5) NF EN 1899-1
Phenol NF EN ISO 14402

4-n-nonylphénol
PAHs (16 substances)
BTEX

External lab internal method
External lab internal method
External lab internal method

3. Results
3.1. Characterization of Feed Water

Before starting the project, an analytical campaign was undertaken in 2018 with the
collection of 12 produced water samples taken over a one-month period. Figures 3-5 and
Table 2 below present the composition of produced water sampled at the discharge point.
Total hydrocarbons were below 15 mg/L as stipulated in the local specification on discharge.
As for the other measured organic substances, BTEX were present at concentrations of a
few hundred pg/L, phenols were around 3 mg/L and PAHs were below 30 pg/L. As for
metals, most of the analyzed metals were below 30 pg/L, except for zinc, which was close
to 1 mg/L, and iron, which was up to 30 mg/L.

Global parameters such as the Chemical Oxygen Demand (COD), Total Organic Car-
bon (TOC), Biological Oxygen Demand (BOD), nitrogen and phosphorus are very important
for anticipating bioreactor performance. BOD represented around 40-60% of COD, mean-
ing that there was still 40-60% of the COD that could be considered “non-biodegradable” by
the non-acclimated biomass after five days of biodegradation. Considering the commonly
accepted COD/N/P ratio of 100/5/1 w/w respectively, it is also evident that it will be
necessary to add a source of phosphorus (lower than 1 mg/L) to prevent nutrient limitation.
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Table 2. Produced water physico-chemical characteristics.

Parameters Mean Value Standard Deviation
pH 6.5 0.1
Conductivity (mS/cm) 148 8
Salinity (g/kg water) 97 6
Chloride (g/L) 57 3
Temperature (°C) 29.5 1

As shown on Figure 6 below, feed salinity and COD concentrations decreased contin-
uously during pilot operation. These two indicators varied comparably, probably due to
a dilution effect from another water source at low COD and low salinity concentrations
(condensation water, rain, freshwater for oil skimming).
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o - 140
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800
T 100 E
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£ 500 80
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©
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Figure 6. Feed salinity and soluble COD variation during the entire test period.

3.2. Performance of the Dissolved Air Flotation (DAF) Unit

As mentioned above, the DAF was installed for two reasons: (i) to guarantee the
dispersed hydrocarbon specification of 20 mg/L at the inlet, preserving the microbial
biomass inside the reactor; and (ii) to guarantee a preoxygenation step of the feed water.
Figure 7 presents the concentrations of dispersed hydrocarbon at the inlet (EDAF) and the
outlet (SDAF) of the DAF unit. It can be seen that most of the time the inlet concentration
meets the specifications for entering the MBBR. When the concentration was occasionally
higher at the inlet, the DAF treatment was sulfficient to guarantee the 20 mg/L specification
at the outlet (SDAF).

It is well known that volatile organic substances, constituting part of the soluble COD,
can be removed by stripping [18]. The figure below shows the removal of soluble COD,
BTEX, PAH and Phenol by DAF during the entire pilot operation period. It can be seen
that a very low portion (mostly below 20%) of the soluble COD was removed by DAF,
meaning that soluble COD in PW was essentially a non-volatile organic carbon. BTEX, PAH
and Phenol are randomly removed by DAF due to either multiple uncertainties related to
the analyses on such substances (sampling, long transport and analytical method) or to
variations in the feed composition and the pilot unit operating parameters.
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In conclusion, Figure 8 shows that the DAF was efficient for protecting the bioreactor
against the dispersed hydrocarbon, but it was insufficient for ensuring an extensive removal
of the soluble COD (most of the time < 10%) even though it is partly composed of substances
considered as volatile (i.e., BTEX).
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Figure 8. COD, BTEX, PAH and Phenol removal by DAF (8-month average).

3.3. Moving Bed Biofilm Bioreactor (MBBR) and Polishing Treatment Performance
3.3.1. Acclimation of Biocarriers and Their Impact on Bioreactor Performance

Acclimation is often done with an inoculum from a domestic or industrial wastewater
plant. The first challenge for this pilot was to acclimate the biocarriers with high saline
produced water in a geographical area without any access to domestic or industrial wastew-
ater treatment plants and therefore without any possibility to inoculate bioreactors with a
fresh microbial consortium. The idea was to take anoxic sediments directly onsite at the
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bottom of the buffer basins, taking advantage of the fact that all these microorganisms were
already acclimated to PW salinity and dissolved substances. Once in contact with oxygen,
it was believed that the microorganisms with a metabolism that could adapt to aerobic
conditions would grow favorably in comparison to those that were strictly anoxic. A 1.4
m? volume of Kaldness® K1 biocarriers were introduced into two tanks (1 m3) together
with 100 L of microbial sediments. The tanks were filled with produced water. They were
then aerated and fed with real saline produced water with an average hydraulic retention
time of 72 h. The target was initially to perform the acclimation for 3 months, but it actually
lasted 8 months due to the delayed reception and commissioning of the pilot unit.

Figure 9 shows the results obtained on the pilot unit during the first few weeks of
testing. From day 1 to day 15, the MBBR ran without any carriers or inoculum (i.e., abiotic
phase). It can be considered that during this period the only microorganisms (if any) came
from the produced water itself. Except for the absence of biomass, the MBBR was operated
with air and during an HRT of 6 h. It can be seen that soluble COD removal was very
low, ranging from 0 up to 10%. After the colonized biocarriers were introduced inside the
bioreactor (day 15), COD removal remained constant at a very low value until nutrients
were injected. As soon as the nutrients were injected (day 18), the removal rate increased
sharply, reaching up to 60% of COD removal. It took approximately 40 days to get a nearly
stable performance of around 60% of COD removal. The results showed that acclimation
using anoxic sediments worked very well. The biocarriers were well colonized and ready
to be implanted in the MBBR.
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Figure 9. Soluble COD removal during the abiotic phase and after introduction of acclimated biocarriers.

Table 3 shows the impact of introducing acclimated biocarriers on the removal of
some dissolved substances. Firstly, BTEX and PAHs exhibited a high removal efficiency
during the abiotic phase, probably due to stripping inside the MBBR (it has been shown in
previous sections that COD was not removed by the DAF), which is not the case for Phenol
(5% removal). At this stage it is not possible to conclude on the contribution of stripping or
biodegradation in the removal of each substance when acclimated biocarriers are present.
We can only confirm that biodegradation is the main mechanism explaining the removal
of phenol.

3.3.2. MBBR Performance as a Function of Residence Time

The bioreactor was operated at four different residence times: 12, 6, 3 and 1 h.
Figures 10-12 present the average MBBR and its sludge gravity separator performance for
three main parameters (soluble COD, TOC and BOD:s) as a function of residence time. It
can be seen that (i) the higher the residence time, the better was the performance, (ii) the
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biodegradable fraction (BODs) was almost totally removed even at a low residence time of
1 h, highlighting that micro-organisms were very active and therefore very well acclimated
to this complex hypersaline water, (ii) TOC was removed up to 60% at a low HRT and up
to 85% at a 12 h HRT, and (iii) soluble COD followed the same trend as TOC but with 20%
lower efficiency, which gave a maximum removal rate of 60% at 12 h HRT.

Table 3. Role of acclimated biocarriers on BTEX, PAHs and phenol removal rate.

Parameters

Abiotic Phase Removal
(DAF + MBBR + Separator)

Removal after Injection of Acclimated Biocarriers
(DAF + MBBR + Separator)

DAF Inlet MBBR + Removal Rate DATF Inlet MBBR + Removal Rate
(ug/L) Separator Outlet %) (ug/L) Separator Outlet %)
(ug/L) (ug/L)
BTEX 1616 28 98.3 1645 75 99.6
PAHs 13.0 4 69.3 9.1 1.1 87.9
Phenol 2000 1900 5.0 2230 816 63.4
1
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Figure 10. Average Soluble COD removal efficiency versus MBBR residence time.
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Figure 13 shows the process performance in terms of soluble COD as a function of
residence time. Interestingly, the following figure shows the ability of MBBR to rapidly
recover its performance after 4 main pilot shutdowns.
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Figure 13. Soluble COD removal during the entire pilot operation phases.

Firstly, shut-down events S1, S2 and S3 did not significantly affect the bioreactor
performance, even when they lasted more than 3 weeks (including 10 days without any
aeration). The micro-organisms were inhibited but could be reactivated very quickly as
soon as they were aerated and fed with produced water. 54 more significantly affected the
bioreactor, probably because the HRT was reduced drastically during the same period. It
took approximately 10 days to reacclimate, with a 1 h residence time, with very promising
results at the end.

Finally, Figure 14 gives the concentration at the outlet of the bioreactor and the grav-
ity separator for the 4 main global organic indicators. The other organic and inorganic
micropollutants are described in another section.



Waste 2023, 1

306

700 L] 1 1 [ |
[} O [} [} [} [}
o ! ! L © oD
600 [} [} [} [}
5% 7o : : Lo A TOC
= ! ® ! L R
}0500 [} O [} [} [} [} BOD5
£ ! ! ! L :
Y o ! ! b !
S 400 Lo % O ! L !
m @) 1 O 1 1 1 1
= i, 9 ! o RN !
30 ! o ¥ 6P Lo 10 :
Q : RC R ol © d
P Ao | 5l '
g : o : o ! 2% o
o [} | [} @ [} [} IO
< oo N S L i %0
A WY ! L !
: Al AOAMA]‘ Aﬁg'un '
0 ! . * daa O AR Ay
0 50 100 150 200

Time (days)
Figure 14. Residual soluble COD, TOC and DBO5 downstream MBBR and gravity separator.

Very low residual BOD was observed, always below 30 mg/L once the MBBR was
acclimated. Residual TOC was also low, often below 30 mg/L. Despite the very interesting
removal efficiency, residual COD was still higher than the 125 mg/L target except during
the very last days due to a low inlet concentration of around 250 mg/L. A dedicated
pretreatment, probably a pre-oxidation step, would be required to reach a higher COD
removal efficiency [19].

3.3.3. The Impact on Metals as They Go through the BIOMEM Pilot Unit

A few metals were analyzed weekly during the operation of the pilot unit: Barium,
Arsenic, Cadmium, Chromium & Hexavalent Chromium, Mercury, Nickel, Zinc, Lead, Cop-
per, Iron, Aluminum and Vanadium. Among all these substances, only Barium (Figure 15),
Zinc (Figure 16), Lead (Figure 17), Iron (Figure 18) and Aluminum (Figure 19) were present
in quantifiable amounts. The figures below show the evolution of their concentration
versus time.
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Figure 15. Barium concentration along the pilot unit versus time of operation.
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Figure 16. Zinc concentration along the pilot unit versus time of operation.
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Figure 17. Lead concentration along the pilot unit versus time of operation.
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Figure 18. Iron concentration along the pilot unit versus time of operation.



Waste 2023, 1

308

2000

1800 -o-DAF feed
1600 -»~MBBR feed
1400 Final treated water
1200
1000
800

Aluminum (pg/L)

600

400

200 /X)
0 I Sy  — 4
0 50 100 150

Time (days)

Figure 19. Aluminum concentration along the pilot unit versus time of operation.

As for Zinc, Aluminum, Lead and Iron, high discrepancies on the analytical results
are observed. Generally, it can be concluded that their removal is not 100% guaranteed,
but the final treated water often contains low values compared to the feed. It is due either
to precipitation (with oxygen from air), coagulation and floatation in the DAF (which is
very obvious for lead on Figure 17) or to co-adsorption on the biological flocs in the MBBR.
The combination of the two effects gave average removal efficiencies of 73% for Aluminum,
87% for lead, 67% for Zinc and 81% for Iron (similar to that obtained in an MBR study [20]).

3.3.4. The Impact on Organic Micropollutants as They Go through the BIOMEM Pilot Unit

Figures 20-22 present the concentration of three main families of organic micropollu-
tants (phenol, PAHs and BTEX) at three different pilot locations (DAF feed, MBBR feed and
MBBR outlet).
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Figure 20. Phenols concentration along the pilot unit versus time of operation.

As mentioned previously, the first analytical data (day 14) corresponds to the operation
of the biological MBBR during abiotic conditions. It can be seen that phenols were not
removed by either DAF or MBBR. PAHs were partially removed by DAF and MBBR when
BTEX were totally removed by the combination of these two processes. As expected,
the operation during biotic conditions gave the same results for BTEX. They were totally
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removed, whatever the pilot operating conditions, with an average BTEX concentration
in the treated water lower than the quantification limit (7.5 pg/L), for an average of 1370
ug/L at the pilot inlet. As for phenols, the action of acclimated biofilm was evident since
the pilot reached an average removal efficiency of 66%, and often above 80% when the pilot
was well stabilized. As for PAHs, the combined action of DAF and MBBR allow us to reach
PAHSs concentration very often below 1 ng/L for feed concentration ranging from 2 up to
60 pg/L.
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Figure 21. Total BTEX concentration along the pilot unit versus time of operation.
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Figure 22. Total PAH concentration along the pilot unit versus time of operation.

3.3.5. Impact of the BIOMEM Unit on Toxicity Reduction

Due to high salinity, the samples were diluted by a factor 5 in order to stay within the
salinity tolerance limits of bacteria. This was not the case for Artemia salina because of its
wide salinity tolerance range (Vanhaecke 1984).

Figure 23 shows results obtained on bacteria. The inlet inhibition rates vary from
30% up to 70%. This could be explained by the variation in the substance concentrations
over time (hydrocarbons, PAHs, phenols, BTEX, metals, in particular zinc, lead and iron).
The toxicity peaks (day 56, 84 and 111, see Figure 23) correspond to the highest concentra-
tions of phenols, BTEX, and PAHs (respectively Figures 20-22). However, they diverge
from the highest metal concentrations (see Figures 17-19) that are generally observed at
150 days. Another hypothesis would tend to attribute the observed toxicity to other fami-
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lies of substances that were not analyzed during that pilot trial, such as process additives,
for example.
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Figure 23. Inhibition rate and removal efficiency at 30 min measured by Microtox over time
and phases.

The outlet toxicity is generally lower than at the inlet. The removal efficiency increases
over time and appears to be very high (>95%) at 35, 103 and 147 days. This seems consistent
with the experimental design applied and with the observed reduction of COD. Effectively,
the higher the hydraulic retention time in the MBBR and the longer the acclimation phase,
the greater the toxicity reduction. Nevertheless, some exceptions are observed, such as the
decrease in the removal efficiency observed in phase 6 (161d), which could be explained
by the decrease in the retention time (HRT from 12 h to 6 h) and the increase in the OLR
(Organic Loading Rate). Furthermore, the decrease in removal efficiency observed at
111 days can be explained by the increase in toxicity at the inlet. In fact, although the
toxicity drop between inlet and outlet is similar at 103 and 111 days (a difference of 34.5%
and 35.3%, respectively), the reduction is greater at 103 days because the outlet toxicity
tends towards zero (inhibition rate of 1.5%). Moreover, the 100% decrease observed at 35
days (phase 2) could be explained by the decrease in substance concentration (in particular
PAHs, zinc, iron and COD).

Finally, none of the samples showed any toxicity on artemia (ECs9 > 90%). Thus,
bacteria seem to be more sensitive to the content of the produced water than artemia.

4. Conclusions

This paper presented the results obtained during the treatment of a highly saline
water (100 g/L) from a field, using a moving bed bioreactor (MBBR) over 8 months of
continuous operation.

After a few months of efficient acclimation of the biofilm carriers, using a buffer
basin sedimented sludge inoculum (used on anoxic saline produced water), the results
demonstrated that it was possible to run the MBBR pilot on such highly saline complex
waters at reasonable residence times, thereby making it a suitable solution for offshore
applications. More than 90% of the biological oxygen demand, 50% of total organic carbon
and 35% of the chemical oxygen demand were removed at 1 h residence at a maximum
organic loading rate of 12 kgCOD.m3.day~!. These values reached more than 95%,
80% and 60%, respectively, after 12 h residence time. In terms of dissolved substances
removal, the metals (mainly Zinc, Iron, Aluminum and Lead) are significantly removed
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through the flotator (precipitation with oxygen) and the bioreactor (co-adsorption on
the biological flocs), reaching removal efficiencies of between 65 and 80%. For organic
dissolved substances, BTEX were removed mainly by stripping in the DAF and MBBR.
PAHs were partly removed by DAF and then polished in the MBBR. As for phenols, the
stripping efficiency in the DAF was very low, so those compounds were mainly removed
by biological reaction in the MBBR.

Finally, more than the removal efficiency, it is important to highlight the robustness of
such a process. The presence of acclimated biofilm properly attached to biofilm carriers
prevents the washing of biomass during anomalous phases (peak of pollution, shutdowns,
etc). During the 8 months of operation, we often faced variations in the feed composition,
many shutdowns with sometimes more than 10 days without any possibility of aerating the
bioreactor. Whatever the conditions, the MBBR restarted very efficiently and was able to
deliver water with less than 30 mg/L TOC and BOD in less than 3 days of recovery, which
would never have been possible with conventional activated sludge.

High removal performance, robustness and low footprint are key for offshore applica-
tions. The results of this study show that such a biological solution could be applied for
treating very complex produced waters offshore, at a quality level far higher than what is
commonly achieved today and at far lower costs than with competitive technologies (such
as activated carbon, macroporous polymer extraction and oxidation).
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TOC Total Organic Carbon

PW Produced Water

OSPAR  Oslo PARis Convention

WEA Whole Effluent Assessment

TDS Total Dissolved Solids

TSS Total Suspended Solids

SBR Sequencing Batch Reactor
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MBBR  Moving Bed Biofilm Reactor
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API American Petroleum Institute (design rules)
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