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Highlights

e The isolate P. aeruginosa MS-1 achieved 98% degradation of F1 in a Biofilm reactor.

e Toxicity resistance under high PAH loading depended on mass transport resistance.

e Biosurfactant production increased HMW-PAH degradation in oil recovered from
sludge.

e Oil recover from sludge follows mixed-order adsorption and Michaelis-Menten
kinetic.

e Microbial facilitated TOC reduction in residual sludge after oil has been recovered.

Abstract

Biomineralisation of polycyclic aromatic hydrocarbons (PAHs) and other toxic organic
pollutants to CO2 and H20 is one of the most environmentally friendly and economically
efficient options for treatment of deleterious organic pollutants in water and soil. Although
most intermediate and high molecular weight (I-, HMW) PAHs are biodegradable, the
degradability of these PAHs is limited by their low solubility. Experiments were conducted in
batch reactors, and later, in continuous flow fixed-film bioreactor systems to take advantage
of mass-transport resistance to reduce toxicity exposure within the biofilm. The results from

this study showed a tenfold performance improvement in cumulative removal of PAHs in the



biofilm reactor system. The active microbial agents were predominated by Pseudomonas
aeruginosa MS-1 and Acinetobacter species. 98%, 88%, and 63% degradation of
fluoranthene, pyrene and chrysene was achieved in the biofilm process, respectively, at
steady doses of 45 kg/d fluoranthene, 12 kg/d pyrene and 7.5 kg/d chrysene, respectively.
Product purification was further evaluated in a continuous flow fed-batch and plug-flow

reactor system in which a high quality oil product was separated from oily sludge.
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1. Introduction

PAHs originate from both anthropogenic sources such as paint, detergents, medical and
cosmetic products, pesticides and petrochemical effluents (Abdel-Shafy and Mansour, 2016;
Cachada et al., 2018; Cachada et al., 2019), and natural sources such as volcanism, forest
fires and decaying plant matter (Lasota and Btonska, 2018; Mala et al., 2013). Previous
studies showed that natural organic materials (NOMs) such as humic and fulvic acids, and

compounds released by modern vegetation and fossilized plants can serve as parent materials



for a range of PAHs (Lasota and Blonska, 2018; Zhong et al., 2017; Li et al., 2011).
Breakdown compounds of multi-ring breakdown products of natural compounds resulting
from vegetation decay such as humic and fulvic acid, for example, can react with chlorides
and other halides to produce precursors of highly toxic and carcinogenic halogenated
congeners of PAHs that have the ability to disrupt DNA replication causing increases in

carcinogenesis and melanomas in mammalian life forms (Singer 1999).

In other studies, it was shown that a slew of PAH compounds can be released continuously
from complex heterogeneous man-made compounds such as creosote and coal tar (Bezza and
Chirwa, 2016). The reservoir in this case makes difficult to determine the effect PAH loading
on the ecosystem due different solubilities of the different PAH components in the source

material.

PAHs and their chlorinated congeners are notoriously resistant to degradation in the
environment mainly due to their hydrophobicity and low solubility (Gan et al., 2009; Tudoran
and Putz, 2012). Several physical, chemical and biological methods have been considered to
achieve biodegradation and overall remediation of PAH compounds. Examples of
technologies tested include incineration (Chen et al., 2013; Sato et al., 2011; Wheatly and
Sadhra, 2004), excavation and landfilling (Das and Chandran, 2011; Vidali, 2001), and land-
farming (Bamforth and Singleton, 2005; Vidali, 2001). However, these treatment options
were shown to be extremely expensive, difficult to execute, and inefficient when applied to

large areas of contaminated land (Banat, 1995; Das and Chandran, 2011; Vidali, 2001).

On the other hand, organisms isolated from PAH contaminated environments show the
potential to resist and degrade PAHs as primary carbon sources (Patowary et al., 2015).
Cultures from these environments can be enriched and grown under biosurfactant producing
environments, followed by introduction of the biosurfactant as a separate dissolution agent to

enhance the biodegradability of the PAH compounds (Benincasa, 2007).

PAHs in complex matrices such as oil sludge could be selectively degraded while leaving

behind the valuable shorter chain hydrocarbons critical in energy production (Dhote et al.,

2010; Sarma et al., 2004). Such a processes was utilised previously by Chirwa et al. (2013)
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whereby a PAH degradation step was utilised as a clean-up step during oil recovery from
storage tank sludge in batch systems. The process was recently included in an electro-osmotic
oil recover study from petroleum contaminated soil in which live biosurfactant producing
organisms were included in the process to recover a PAH free oil from the contaminated soil
(Gidudu and Chirwa, 2019, 2020a, 2020b). The selective biodegradation ability of certain
bacterial consortia have been utilised in the purification of oil separated from sludge using
biosurfactants as demulsifying agents (Chirwa et al., 2013; Fayemiwo, 2015). The advantage
of utilising whole culture biosurfactant generation systems over chemical demulsifiers is that,
some of the cultures have an affinity for PAHs which they use as preferred carbon sources for
growth and cell maintenance (Chang et al., 2015; Marchut-Mikolajczyk et al 2018). In this
study, the highest performing system with respect to oil recovery from oily sludge was
achieved in a continuous-flow fed-batch system using biosurfactant-producing/PAH-
degrading bacteria isolated from soil collected around an engine oil dump site in the Pretoria
Central Business District (Pretoria CBD), in Gauteng (South Africa) (Fayemiwo, 2015;

Chirwa et al., 2017; Chirwa et al., 2018).

The present study is aimed at enhancing the degradation of intermediate I- to HMW-PAHs
under high biosurfactant production rate by taking advantage of the mass transport resistance
in biofilm layers. The study sets out to find a biological culture capable of degrading IMW-
to HMW-PAHs with the first ever demonstration of its feasibility in cleaning up PAH
contaminated recovered oil from a complex matrix such as oily sludge. This was investigated
using fluoranthene, pyrene and chrysene as model compounds. Mixed cultures from engine
oil contaminated environments were used for the degradation of a range of PAHs in a
preliminary study. For this particular study, a pure culture of the known PAH degrader,
Pseudomonas aeruginosa MS-1, was used as a catalyst based on reported performance of the

culture under mesophilic conditions.



2. Materials and Methods

2.1 Culture and Media

The mixed cultures of biosurfactant producing and PAH degrading bacteria used in this study
were isolated from contaminated soil collected from an oil dump site at a car service garage
in Pretoria West (Pretoria, South Africa). The site was chosen due to a high probability of
cultures that could be resilient to petrochemical pollution some of which could use these
compounds as carbon sources and electron donors for life supporting metabolic processes.
Stock cultures were prepared by adding 5 g of soil samples from the sites to 100 mL in three
separated sterilized batches containing (1) nutrient broth (NB), (2) Luria-Bettani (LB) broth,
and (3) MacConkey broth (MB), respectively. Suspended growth reactors were supplied with
Mineral Salts Medium (MSM) containing (in 1 L of deionised water): 6.0 g (NH4)2SO4, 0.4 g
MgS04.7H>0, 0.4 g CaCl,.2H,0, 7.8 g Na,HPO4.2H»0, 4.5 g KH>PO4 and 2 mL of trace
element solution. Trace element solution (L") contained: 50 uM CaCls, 25 uM FeSOs, 0.1 uM
ZnCly, 0.2 uM CuCly, 0.1 uM NaBr, 0.05 uM Na;MoO, 0.1 uM MnClp, 0.1 pM KI, 0.2 uM
H3BO3, 0.1 uM CoCly, and 0.1 uM NiCly, and a carbon source of choice containing different
dosed of cooking oil as starter medium for the biosurfactant formation. The flasks were then
incubated at 37°C for 42 h under continuous shaking at a rotary speed of 150 rpm. Growth of

cells was evidenced by increased cloudiness of the broth (APHA, 2005).

2.2 Drop Collapse Test

Different pure culture colonies grown on Nutrient, Luria-Bettani and McConkey agar were
individually picked and tested for their ability to produce biosurfactants using the standard
‘Drop Collapse’ test (Bodour and Miller-Maier, 1998). The ‘Drop Collapse’ test is a
qualitative method which utilises a 96-micro well plate coated with mineral oil. A 5 pL
droplet of a water containing the test bacteria (approximately 10° cells in 5 uL) was delivered
into the centre of the well coated with oil using a pipette. A stable bead that might have
formed in the absence of biosurfactants would collapse in the presence of a biosurfactant in
the medium. Depending on the amount and effectiveness of the biosurfactant molecules, the
droplet will either spread or collapse completely on the oil covered surface. If the droplet
collapses or spreads out, it indicates the presence of a biosurfactant and if the droplet remains
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beaded up, it indicates the absence of the surfactants. A colouring reagent, in our case methyl
blue, was added for ease of visualisation and for clear photographic imaging of the droplet

(Shokouhfard, 2015).

2.3 Species Identification by 16S rRNA Genotype Fingerprinting

Culture surviving the harsh pollution conditions were first purified by multiple culturing on
Nutrient Agar, Luria-Bettani Agar, and Universal Plate Agar to target specific species in the
original consortium. Pure cultures of bacteria were grown from carefully wire-picked
material from individual colonies on solid agar media. The picked material was re-suspended
in sterile LB broth spiked with 10-15 mg/L of fluoranthene, pyrene and chrysene to ensure
culture tolerance to target pollutants, and incubated until growth was observed. In order to
increase culture purity, the batches from each identifiable colony were re-cultivated and
purified until no contamination was observed in separate petri dishes. The Wizard Genomic
DNA purification kit (Promega Corporation, Madison, WI, USA) located at the University of
Pretoria — Department of Microbiology and Plant Pathology — was used to extract and purify
DNA for further processing in the next stage. Special primers pA and pH1 were developed to
target the position 8-27 (pA) and the position 1541-1522 (pH1) of the 16S gene sequence.
The sequencing was conducted for 1 min at 94°C, 30 cycles of 30 s at 94°C, 1 min at 50°C
and 2 min at 72°C, and a final extension step of 10 min at 72°C). The Promega Wizard®
Genomic DNA Purification Kit (Version 12/2010) was used to purify the sequences from the
above procedure. The 16S rRNA genetic fragments collected from the process above were

aligned to reference sequences from other aromatic compound oxidizing organisms.

The data was analyzed using the program BIOEDIT (Bioedit Ltd, Manchester Science Parks,
Pencroft Way, Manchester, UK) to determine probabilities of closeness of evolutionally
relationships. From the BIOEDIT Statistical Package, pairwise evolutionary distances were
computed based on an unambiguous stretch of 1274 bp using the method earlier outlined by

Reller, Weinstein and Petti (2007).

The DNA sequence from each culture was uploaded to the Basic Local Alignment Search

Tool (BLAST) of the National Center for Biotechnology Information (NCBI). A neighbour-



joining method in the MEGA Version 6 software (Tamura et al., 2013) was used in
conjunction with the data from BIOEDIT to construct the phylogenetic trees from the 16S

rRNA sequence data.

2.4 Biosurfactants Overproduction

Cells were harvested from different batches by centrifugation at 6000 rpm for 15 min under
refrigeration (4°C). In batch experiments, biosurfactant overproduction was performed prior
to the degradation experiments. Harvested cells were inoculated in 30 L of mineral salt
medium with composition of (g/L): 0.1 g MgS04.7H20, 4.5 g NaxHPO4.2H20, 0.68 g
KH2POs4, 4.5 g NaNOs and 0.5 g yeast extract. 50 mL of sunflower oil was added to the
medium as a carbon source. During the biosurfactant overproduction phase, 10 mL samples
were collected from the production tank at 24 hours intervals. Samples were analysed for
surface tension using a Du Nouy tensiometer. The value of F in the Du Nouy test was
inversely proportional to the amount of biosurfactant produced. In continuous flow
experiments, biosurfactants overproduction was performed in the CSTR stage where
biosurfactants producing conditions were maintained. Additionally, this phase was used for
dissolution of PAHs before feeding the compounds to the biofilm reactor phase. The biofilm
phase was designed to enhance biodegradability of the compounds taking advantage of the
shielding effect of the concentration gradient on toxic exposure to cultures deeper into the

biofilm.
2.5 Biosurfactant Extraction

Crude biosurfactant was extracted and purified to enable further analysis of the chemical
composition and structure later in this study. The biosurfactant extraction method was
adopted from (Almeida et al., 2017). Produced biosurfactants solutions were centrifuged at
4°C, 6000 rpm for 10 min. The pH of the cell free supernatant was adjusted from 8 to 2 using
3M HCI. A solution of chloroform:methanol (2:1v/v) was used to extract the biosurfactant.
The process was performed three times to ensure high purity of the final product. The
solvents were evaporated using a rotary evaporation. Based on these applied conditions, a

biosurfactant purity of 80-85% was achieved during the processes of extraction and



purification method using the chloroform/methanol extraction method described above

(Bezza and Chirwa, 2016).

2.6 Biosurfactant Characterisation

Biosurfactant molecular structure was determined by Fourier Transform Infra-Red
spectrometry (FTIR) using instrument settings from earlier studies (Bezza and Chirwa, 2016,
2017). Physical characteristics were used to determine activity affinity for PAH surface.
Physical characteristic measured include surface tension, emulsification index, and foaming.
A chromatographic separation technique for the biosurfactant characterisation included the
rudimentary Thin Layer Chromatography which was interpreted in conjunction with the

FTIR results.

2.6.1 Surface tension

A Du Nouy tensiometer (Kruss Tensiometer, Model K11, Germany) was used to determine
surface tension in culture inoculated media which was calibrated against the force exerted by
a 1.9 cm lightweight platinum ring gently lowered onto a water surface. Killed culture
medium and filtered (cell-free) media were used as baseline controls. For each sample, three
independent measurements were taken at room temperature (25 °C) and the average value

was recorded.

2.6.2 Emulsification index (Ez2a)

E24 was determined as a percentage of the height of an emulsified layer to the total liquid
column height following the method earlier developed by Bento et al. (2005). In the method,
5 mL cell free supernatant of the cultured sample was mixed with 5 mL of hexane (1:1 ratio),
was mixed by stirring for 2 min and left to settle for 2 hrs to allow sufficient separation of the

phases.

2.6.3 Foaming

The presence of foam was used as visual evidence of the presence of biosurfactant in the

solution. Foam formation occurred when surfactants became concentrated at a gas-liquid
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interface, leading to formation of bubbles through the liquid and on the interface (Satpute et
al., 2010). Excessive foaming is known to occur in mixtures containing lipoprotein
biosurfactants such as surfactin due to the presence of hydrophilic amide moetities at the
closing ends — tip of the lipid — of the surfactin molecule (Shaligram and Singhal, 2010).
There were three stages of foaming observed consistent with the classifications indicated by
Shaligram and Singhal (Shaligram and Singhal, 2010), i.e., (i) early foam characterised by
low biomass and low mass transport in the system, (ii) stabilised stage foam characterised by
green colour typical of Pseusomonas aerignosa culture, and (iii) death phase or starvation
stage foam characterised by thick biomass with low viable cells and a brownish colour
representing dying biomass. Figure 1 shows foaming under (a) batch conditions, (b) during
the mixing phase and (c) during the quiescent phase of the sequence-batch semi-continuous

flow mixed reactor operated intermittently as a CSTR.

A B C

Figure 1. Phase 1 - early foam - examples in batch (a) and continuously stirred tank reactor (CSTR)

(b), and (c) Phase 2 - mature foam - in continuously stirred tank reactor.

2.6.4 Thin Layer Chromatography

The chemical-interactive nature of the purified biosurfactant was determined using Thin
Layer Chromatography (TLC). This method measures migration of compounds on a defined
immobile phase. Mobile phases of biosurfactant drops were tracked on F2s4 plates (Merck Co.
Inc., Damstadt, Germany) carried along by chloroform:methanol:water (65:25:4, by vol.)

(Symmank et al., 2002). Plates with mobilised biosurfactant were then sprayed with water



and air-dried in the presence of an ammonium molybdate-perchloric acid (AMPA). The
AMPA solution was prepared from (a) 3 g (NH4)2Mo in 25 mL deionised water, (b) 1 N HCI,
and (¢) 60% HCIOs (Touchstone, 1992). The plates were then lightly heated to covert
compounds into brown spots visible to the naked eye that were later quantified based on the

extent of migration of the constituent compounds from initial drop deposition point.

2.6.5 Fourier Transform Infrared spectroscopy

The chemical structures and functional groups of around the crude extracted biosurfactant
were characterised by the Fourier transform infrared (FTIR) spectroscopy (Perkin Elmer
1600 Series FTIR, Perkin-Elmer, Waltham, Massachusetts, United States). The scans was
conducted by an Attenuated Total Reflectance (ATR) Crystal Accessory from Perkin Elmer.
The range of the IR scan was set over 400-4000 cm™' wavenumber with a resolution of 2 cm-
I, The reflectance spectra were recorded and averaged over 32 scans using the total internal
reflectance configuration taking advantage of a Harrick™ MVP-PRO vaporiser. Spectra were

viewed using the Spectrum 10TM software (Perkin-Elmer, Waltham, Massachusetts, USA).

2.7 PAH Measurement by HPLC

PAHs were measured using a Waters 2695 HPLC equipped with a Waters PAH Cis column
with the following specification: 250 mm x 4.6 mm x 5 um, immobile phase (Waters
Corporation). Compounds were detected by the Waters Photodiode Array Detector (PDA)
Model 2998 detector (Waters Corporation, Massachusetts, USA). The system was operated at
a near constant temperature of 25°C and 4000 psi pressure. The detection wavelength was set
at 254 nm. The sample was introduced on the column at 1 min sample analysis programme
with a 70 % acetonitrile, 30% ultrapure water mobile phase under isocratic conditions. A
recovery cycle was applied with 100% ultra-pure water depending on the quality of

subsequent chromatograms.

2.8 TOC Analysis - Biomineralisation
Total organic carbon (TOC) was measured using the Shimadzu 5000 TOC Analyser
(Shimadzu, 1 Nishinokyo Kuwabara-cho, Nakagyo-ku, Kyoto 604-8511, Japan). Sodium

thiosulphate mono hydrate (Na2S203-H20) was used as the COD standard for calibration of
10



the instrument. Each standard was injected 3 times into the TOC Analyser and the result was

only accepted if the coefficient variation (CV =s/Xx100) was less than 0.5%.

2.9 CSTR/ Biofilm Reactor Configuration

The continuous-flow CSTR/biofilm reactor system consisted of a 3 L biosurfactant
dissolution zone, a feed stream of MSM, an 8 L. CSTR tank (Reactor A) followed by a Fixed-
Film Column (Reactor 2) for effluent polishing (Figure 2). where biosurfactants were
produced followed by feeding into a Pyrex glass column filled with 8 mm diameter ceramic
beads with a liquid volume of 1.38 L and attachment surface area of 0.6760 m? (Figure 2).
The reactor system was operated under a hydraulic loading of 0.05 L/s (7 = 27.6 h). The
biofilm reactor was operated in counter-flow mode against gravity to ensure fully submerged

conditions within the fixed media.

A tracer study was performed using a 100 mg/L NaCl feed solution to determine the flow and
mixing regimes for dynamic modelling of the overall reactor system. Mixing regimes were

evaluated at Q/Q,, values of 0, 1, 5, 10 and 20 for the fixed-film reactor. It was determined
that at the recirculation rate of Qg/Q, =10, the fixed-film reactor approached CSTR

conditions. To ensure robust operation, a recirculation ratio (Qr/Qin) of 20 was used which

also ensured that the column was adequately aerated from the bottom up.

2.10 Degradation Kinetics of PAHs

From previous works, the biodegradation of LMW-PAHs in suspended growth cultures
appeared to follow the Michaelis-Menten mixed-order kinetics (Chirwa and Wang, 2000).
However, HMW-PAHs followed first-order kinetics due to the low dissolution rates and the
low concentrations of the pollutant in the aquatic phase (Tikilili and Chirwa, 2011). The

combined generic kinetics can be best represented by the Monod kinetics (Eq. 1):
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1 — Dissolution tank
2 — Mineral Medium feed tank
3 — CSTR tank (Reactor 1)
4 — Overflow safety tank Reactor B
>

5 — Biofilm column (Reactor B) .
6 — Aeration and recycle bifurcation zone

7 — Effluent tank

Symbols

Connecting tubes @ Pumps ® Pebbles for biofilm attachment

—— Starring motor

P Water flow direction

Figure 2. Flow chart showing the preparation and feed zones (1 and 2), the main reactors Reactor A (CSTR) and Reactor B (Biofilm Reactor) and the
Recycle and bifurcation zone (Zone 6).
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dXx Y( k. .C

—= X —ky X 1
dt KC+CJ ‘ M

where C = substrate concentration (ML), X = attached biomass density (M-L?), dmax =
maximum substrate utilisation rate coefficient (T-"), kmec = substrate utilisation rate coefficient
(TY), Kc = half-velocity coefficient (M-L3), Y = cell yield coefficient (Mx-Mc ), kd = cell death
rate coefficient (T-"), and t = time (T). Depending on the magnitude of C relative to Ke, the
reaction rate approaches zero-order kinetics at high values of C and first-order kinetics at
very low values of C. Due to the relatively low solubility of PAHs in water, first-order

degradation rate kinetics were adopted in Continuous Stirred Tank Reactors (CSTRs).

To model the movement and biodegradation of compounds across single-culture biofilm
layers, the following assumptions were made based on earlier observations from Chirwa
(1995): (1) for simplicity of modelling, the biofilm layer is assumed to be homogenous, (2)
the support medium is assumed to be impermeable to water and soluble species such that all
reaction occurs in the liquid medium and biofilm layer; (3) the stagnant liquid layer above the
biofilm is so thin that removal of substances in this layer can be ignored; (4) the density of
biofilm remains constant; (5) the increase in the biofilm thickness is due to microbial growth;
(6) the substrate is transported from bulk liquid - liquid film - biofilm in the Z direction by
molecular diffusion following the Fick’s law; and (7) the internal biofilm dynamics is

influenced by the values at the boundaries — a boundary value problem (Figure 3).

The mass transport of molecules through a Newtonian Fluid obeys Fick’s law of molecular

diffusion (Eq. 2):

x
cw az

)
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where Dew = diffusion coefficient of C in water (L?T™1), jc = flux rate across the liquid/biofilm
interface (ML?T™). The removal of pollutants across the biofilm layer can thus be represented

by the sum of diffusion and reaction rate kinetics (Chirwa and Wang, 2000):

Control Volume

% Suspended i
é S Biomass %ﬁﬁ'gﬁ E
= S & i
i Q i
E 2 . Flow :
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L8 P i
i = i
: @ !
! Biofilm 5 ]
! Bulk Liquid :
(a)
Co
Xs
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Figure 3. Biofilm model indicating (a) dynamic and mechanical factors affecting film thickness and
density, i.e., attachment, growth and shear, and (b) kinetic factors affecting substrate removal, i.e., the

diffusion-reaction process.

C
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where Di = diffusion rate coefficient for the substrate C inside the biofilm (L°T), Ct =
concentration (ML) inside the biofilm at any depth x (L) from the surface. Eq. 3 is solved
analytically only for first or zero order reaction kinetics of biological processes. The substrate

volumetric conversion rate ri is represented by the Monod form:

C;

r = O
1 qmax KI+Cf

4)

where (max is the maximum specific substrate conversion rate (ML=3T-!), Ct is the substrate C
concentration at the liquid layer/biofilm interface (ML), Ki is the affinity constant of
substrate (ML) and X is the attached biomass density (ML-). Simulations of the biofilm

system under transient-state conditions solved numerically.

3. Results and Discussion

3.1 Species Identification

The species identification results showed that the Samples A, B, and D belonged to members
of genus Pseudomonas, with a 100% sequence similarity to Pseudomonas aeruginosa
HE978271.1 [MS-1] (Figure 4). Results in a preceding project (Dong et al., 2016), showed
that pure cultures of a 100% homologs of Acinetobacter junii produced biosurfactant
producing activity similar to observed activity in Samples A, B, and D from this study.
Further analysis showed that the biosurfactants produced A. junii were structurally identical

to bacterial rhamnolipid biosurfactants (Nie et al., 2010).
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CultureB
CultureD
0

CultureA

85

HE978271.1| Pseudomonas aeruginosa MS-1

—— AY953147.1| Pseudomonas otitidis

87 —
53

Z76668.1| Pseudomonas resinovorans
|AM0884?3.1| Pseudomonas nitroreducens
100 HM246143.1| Pseudomonas nitritireducens

D84018.1|Pseudomonas oleovorans

EU161717.1| Haliea rubra

0.020

Figure 4. Phylogenetic tree generated from the 16S rRNA genotype fingerprinting analysis of the

Gram-positive colonies using Haliea rubra as an outgroup.

3.2 Biosurfactant Characterisation

During biosurfactant overproduction, the surface tension of supernatants from different
batches was measured periodically for 10 to 12 d. The data presented in Table 1 shows that,
in the first 5 days of incubation, the surface tension dropped significantly from 60 mN/m to
27-29 mN/m. From day 6 and day 9, a slight decrease in surface tension was observed. In day
9, the surface tension reached 27.82 mN/m, meaning that, the quantity of biosurfactants
produced was sufficient to achieve the lowest possible surface tension to achieve dissolution
and degradation of the PAHs. The above data showed that the biosurfactants produced were
enough to cause the lowest possible surface tension. In surfactant reaction chemistry, the

point of lowest surface tension is called the critical micelle concentration (CMC) (Figure 5).
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Figure 5. The relationship between biosurfactant loading and surface tension reduction used to

calculate the Critical Micelle Concentration (CMC).

Table 1: Surface tension of the media during biosurfactant overproduction

Time (d) 0 1 2 3 4 6 8 9

Surface tension (mN/n) 62 53.69 50.09 42.13 30.89 2834 28.09 27.82

Thin Layer Chromatography (TLC) showed the appearance of a pink/brown spot on the
silicon coated plate indicated a positive reaction. The pink/brown stain in the reagent used for
TLC is a result of reaction with the peptide component of the lipoprotein biosurfactant. In the
current case, the reagent used contained ninhydrin which turns brown in the presence of
amino acids. From this initial phase, it was suggested that the extracted biosurfactant could be
lipoprotein based. Figure S1 indicates a picture from the TLC test of the biosurfactants, used

for dissolving fluoranthene and triphenylene.

Fourier Transform Infrared (FTIR) spectrometry was used to elucidate the predominant

chemical functional groups in a purified crude biosurfactant sample (Figure 6). Infrared
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absorption bands correspond to specific molecular components and structures in the scanned
sample. The partially purified biosurfactant was analysed and the FTIR spectrum showed —
NH- (peptide group) broad absorbance peak centred on 3264 cm™ highly magnified above the
expected OH- stretch, C-H (alkane group) sharp peak around 2925 cm!, C-ON (amide group)
strong stretching mode peak around 1713 ¢m!, -CH3,CH2- (aliphatic chains) medium weak

I and C-N (amine group) strong stretching

multiple bands from around 1457 to 1418 cm
mode peak around 1084 c¢cm!. The biosurfactant structure shows a nominal OH™!' stretch
a3400 cm™! and the amide and -COOH peaks at 1713 and 1083 cm’!, respectively. Many

literature sources confirmed that the observed values were consistent with the abundance of

lipoprotein biosurfactants in the samples (Figure 6) (Coto and Arrondo, 2001; Krilov et al.,

2009).
1
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Figure 6. FTIR performed on the purified harvested biosurfactant from the purified culture of

Pseudomonas aeruginosa MS-1.
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3.3 Fluoranthene Degradation Kinetics

3.3.1 Flouranthene Degradation in Batch Reactors

Batch experiments were conducted using flouranthene as the test compound under enhanced
solubility firstly with methanol as solvent and later using extracted biosurfactant. A purified
culture of P. aeruginosa MS-1 was used as the biosurfactant producing agent. The P.
aeruginosa MS-1 culture achieved 6.3% and 8.44% under 90 and 250 mg/L loadings,
respectively. Abiotic activity observed in heat-killed cultures showed no PAH degradation
showing that the observed PAH removal was metabolically linked (Figure 7a). Live curves,
on the other hand, showed a lag-phase of 3 days before Flouranthene was rapidly degraded in

a logarithmic phase until the system stabilized at 18 to 20 days (Figure 7b).
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Figure 7. Fluoranthene degradation in batch studies with kinetic modelled curves (a) kinetic
degradation in cell free and killed culture controls, (b) first-order rate degradation at high (250 mg/L)

and low (90 mg/L) flouranthene concentration using live cultures of Pseudomonas aerigunosa MS-1.
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No significant degradation of flouranthene was observed in biosurfactant free controls and
heat killed culture controls due to limited abiotic activity in these control b. After the fitting
the model to experimental data, the optimum values of kmax and Ks were obtained as indicated
in Table 2. The results from the 250 mg/L and 90 mg/L batches showed a higher rate at 250
mg/L, kmax = 0.295 d'!, compared to only kmax = 0.236 d'! at 90 mg/L which might be due to

higher biomass at 250 mg/L.

Table 2: Batch kinetics parameter for mixed order fluoranthene degradation using Pseudomonas
aeruginosa MS-1 showing a very high half velocity concentration (Ks) value relative to substrate

concentration in the reactor

Parameters 90 mg/L with biosurfactants 250 mg/L with biosurfactants
Kmax (h™") 0.236 0.295

Ks(mg/L) 992.01 991.84

CHI-Sqr (%) (mg/L)* 588 2213

3.3.2 Degradation Kinetics in a Dynamic CSTR/Biofilm Reactor System

The base conditions in the reactors CSTR Reactor A and Biofilm Reactor B were assumed to
be constant in a 2 day (48 h) range for modelling purposes. Further work is being conducted
to achieve a transient-state model with continuously varying conditions in both reactors. Due
to the slow dissolution rates of the PAH carbon sources, both the substrate utilization rate and
the biomass accumulation rate were represented by the first-order reaction rate dynamics.
Figure 8 presents a reactors in series model for the two reactor systems with a fixed-film
reactor converted to a CSTR by applying a recirculation ration Qr/Qin = 20. In the CSTR
operation mode, the kinetic model was simplified to a pseudo-first order model with kd ~
kmax/Ks = 0.00286 d! [CHI-Sqr () (mg/L)?]. Other operational parameters relating to mass

transport and operation conditions for the Biofilm system are presented in Table 3.

The model overestimated the CSTR output from 50 to 100 h operation. This could be due to

the lower influent loading observed due to some blockages in influent tubing and other
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technical errors encountered. The increase in the retention/residential time in the system
allowed longer contact time between the fluoranthene compounds and the biomass, which
resulted in more fluoranthene degradation. After 100 h of the experimental run, the model
underestimate the concentration of fluoranthene in the system. This could be due to the fact

that there was almost no blockage of the tubes to decrease the flow.
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Figure 8: Model fits for fluoranthene degradation in the continuous flow system from the CSTR
reactor (Zone 2) and Biofilm reactor (Zone 3). (a) Is the initial reactor fit model representation for the
two reactors in series, and (b) is the refined model for the measured effluent values from the two

reactor systems.
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Table 3: Critical kinetic parameters for simulation of fluoranthene degradation in the biofilm reactor
under optimum temperature conditions.

Parameters  Description Value
tmax (h™) Maximum growth rate coefficient of cells in the biofilm zone 1.353

Ki (mg/L) Specific inhibitive effect of fluoranthene in the bulk solution 30.899
Di (m*h) Optimum diffusion rate coefficient (Wicke et al. 2008) 3.6x10°
X (mg/L) Bulk liquid cell concentration (measured) 230

Q (mg/m*) Influent hydraulic loading rate (measured) 8.63x10™
Lt (m) Biofilm thickness [estimated (Kim and Cui, 2017)] 0.0005
EV% Average model deviation from measured vales 3.8

In systems with lower or insufficient mixing, the mass transfer boundary layer thickness
influence is large than the specific reaction rate at cell surfaces. The removal rate of the
compound will then decrease due to the slow transportation of the compound from the bulk
liquid to the cell. However if the mixing is great, the transfer boundary layer is eliminated

which results in higher mass transport.

3.4 Purification of PAHs in Biopiles and Oil Recovery Systems

3.4.1 Biodegradation of PAHs in Soil Biopile

Experiments were conducted in both slurry and solid column biopile reactors using soil
extracted for a creosote contaminated site in Pretoria (SA). PAH analysis was performed by a
combination of methods targeting the immobile (diffused phase) and degradation rate in the
aqueous state. The initial concentrations of PAHs is shown in Figure 9(a). A culture and
spike of biosurfactants harvested at the log growth phase and was introduced in the reactor

and the reactivity was measured.

22



(a) Day 0

Concentration, mg/kg

X \ )
SRS E S SF S

200
700
600
500
400
300
200
100

olmm B mm B m _ omoa

X N\ \
éle ?S,Q’ <<\0\) Q‘(\e V‘Q Q\k Q\\ %@V“ & Q\,Q

(b) Day 45

Concentration, mg/kg

PAH type

Figure 9. Degradation of mixed PAHs in a creosote contaminated soil biopile over a 45 day period -
creosote served as the source of PAHs in this samples. Fifteen(15) different PAH compounds were

detected in the sample with ranging molecular weights from L- to HMW PAHs.

Figure 9(a) presents initial PAH concentration after dissolution by a biosurfactant soup, and
Figure 9(b) shows the measured concentration at 45 days (86 % degraded). Each bar
represents an average value from a quadruplicate sample analysis. LMW compounds
occurred in abundance and the group that was most easily degraded (Figure 9(b)). The lowest
degradation efficiency was HMW compounds was benzo[a]pyrene (BaP) which achieved

less than 5% degradation of the PAH substrate in 48 hours.
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3.4.2 Biodegradation of PAHs in Recovered Qily Sludge - Plug Flow System

A system for oily recovery from oily sludge was developed based on an impact velocity
reduction hypothesis in a tapered fed-batch plug-flow system (Figure 10). This consisted of
two mixing tanks, one for mixing the sludge and particles to achieve a “Pickering emulsion”
with fumed silica particles, and the second chamber to receive culture and biosurfactant from
a bioreactor chamber to start the demulsification process. The mixture with biosurfactant and
culture was fed into the plug-flow phase, a 1.2 m long x 15 cm plug flow gradient reactor
with decreased particle velocity. The treated sludge mixture flow along the Plug Flow reactor
was determined to be laminar flow. For this reason, longitudinal mixing of the sludge was not

expected as it flowed along the laminar flow chamber.

3.4.3 Effects of Water Flooding During Oil Recovery

Figure 11 shows the gains achieved in the oil recovery process using a semi-continuous fed-
batch system (FB-PFR) system as an improvement over the simple batch system (Figure
11a). Results show that the fed-batch plug-flow system achieved significantly higher oil
recovery than the simple batch system within a defined time frame. In the batch system,
mixing was poor therefore the sludge matrix where this was semi-solid remained stable.
Additionally, the FB-PFR offered more operational felxibility such as varying the water
content of sludge and biosurfactant exposure rate to an optimum value. In this system, it
wasshown that the oil recovery rate could be improved to 40% by adding biosurfactant
producing bacteria with water overflooding (BSC+WF) (Figure 11a). The FB-PFR system
too advantage of the variable gradient in the plug-flow separation zone, which resulted in the
slowing down and loss of energy in the fumed- silica particles as they travelled down the long
variable-gradient reactor. Just like in any othe discrete particle dynamic systems, lighter
particles in this system travelled further downstream than heavier particles thereby by
facilitating more efficient separation of phases. The trend of accumulation of the oil over time

approximates mixed-order kinetic with the mass approaching a Qmax value of 46 mL-L!
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sludge. The results show that higher oil outputs were achieved with increased sludge loading
velocities in the ranges tested thus far. Including the water dosing — flooding — increased the
oil recovery efficiency in both batch and FB-PFR systems (Figure 11b). The accumulation of

oil followed saturation-order kinetics indicated in Eq. 7 below. For volume of oil recovered at

any time:
v _ kv %
dt Ko +V

where, V = volume of oil collected per litre of oily sludge, koL = oil accumulation rate
coefficient and KoL = saturation coefficient (mL-L-"). The linearised saturation order kinetics
show linear correlation of accumulation over time (Figure 11a). And inverse correlation
between loading rate and oil accumulation efficiency at different loading velocities (Figure
11b). It is also shown that the relationship between loading and time become more and more

non-linear with increasing loading rate (Figure 11b).

The slope in the regression plots in Figure 11a represent the variable ko/KoL which is a
measure of the rate of accumulation of oil under the different stipulated conditions. The
reported change in Kor/KoL is mainly attributed to the change in KoL. Ofter optimisation of the
model, the value of koL did not change much. Increasing the loading rate of sludge into the

reactor resulted in loss of efficiency in oil recovery (Table 4).

3.4.4 TOC Residual Analysis after Oil Recovery

The bottom effluent from the FB-PFR process (residual sludge) was stored in buckets for
further treatment. The treatment entailed incubation at 30 °C for an additional 15 days with
samples taken every 3 days. TOC analysis was performed on each sample to evaluate

degradability of residual components.
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Figure 11. Results showing (a) improved performance of the FB-PFR systems compared to the batch
systems under similar operational conditions, and (b) percent oil recovery as a percentage of oil

determined in the original sludge mass.
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Table 4. Oil accumulation rate parameter values under different operational conditions.

Parameters Value Operation Condition
koL/KoL (units) 5.041 Batch

17.410 PF - Water Flooding

21.643 PF - Biosurfactant only

28.042 PF - Water Flooding + Biosurf
EV% 2.23 PF - Water Flooding + Biosurf
Jo./Qot (units) 28.042 PF-0.1 mL/s

18.011 PF-0.3 mL/s

12.566 PF - 0.5 mL/s
EV% 4.6 Average for all conditions

The results obtained over a 15 day period (Figure 12a&b) showed a clear improvement is
quality in the FB-PFR system in comparison to simple batch data. The material from simple
batch residual yielded a mixture of organic material with low alkanes levels. The lower TOC
observed in the residue (bottom flow) of the FB-PFR implies a higher TOC yield in the oil

layer although this was not measured at this stage.

The results showed that compounds requiring more energy to degrade, i.e., simple
hydrocarbon chains, were least likely to be degraded first (Figure 12a&b). Complex aromatic
compounds of the lowest entropy were degraded first. This process resulted in the
conservation of the oil components in the residual sludge. It is therefore possible to reusable
hydrocarbons during the biological process while degrading the unwanted polar aromatic

compounds.

The decrease in TOC observed in the final residue was determined to be due to degradation
of larger molecules in the sludge. The decrease in total organic carbon content with time
(Figure 12b) indicated further degradation of compounds to achieve a cleaner product for

final disposal.
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Figure 12. (a) Degradability of representative PAHs identified in the sludge, i.e., chrysene (chry), 3-
heptanone-4-methyl (H-met), toluene (Tol), celesticetin (Celes), 1, 2-benzene-di-iso-octyl ester (Bdi-
oest) and Dibenzothiophene (DbTP), and (b) TOC content in the batch and FB-PFR treated sludge

during storage and incubation at room temperature (25 °C) using only residual organisms within the

waste solids.
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One of the most significant findings was that, the culture demonstrated selectivity between
the alkanes and aromatic in the system. The culture of Pseudomonas aeruginosa MS-1
clearly preferred the aromatic constituents over the aliphatic alkanes probably due to the

higher energy required to degrade the latter.

4. Conclusion

The study concluded that the purified culture of Pseudomonas aeruginosa MS-1 enhanced
biosurfactant production and dissolution of High Molecular Weight Polycyclic Aromatic
Hydrocarbon (HMW PAHSs). In this study, fluoranthene was successfully degraded in batch
with a pre-culture phase allowing dissolution to 200 mg/L followed by degradation in batch.
The results show that culturing and sometimes harvesting the biosurfactant provide an
opportunity to enhance biodegradability of these compounds. For future applications, it is
demonstrated that a biofilm environment, due to its heterogeneity, enhances the survival of
the biosurfactant producing and PAH degrading organisms resulting in a higher performance
of the cultures in a continuous flow biofilm system. A kinetic modelling approach showed
that mass transport resistance can play role in delaying the toxic effects of PAHs on cells
through mass transport resistance shielding. The biofilm reactor system achieved 98%
efficiency in removing IMW to HMW PAHs, much higher than PAH removals in suspended

culture CSTR and batch culture systems.
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