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ARTICLE INFO ABSTRACT

Editor: Daniel C.W. Tsang. The rising water-use intensity, and lack of cost-effective treatment strategy and reuse of hydraulic fracturing
Keywords: flowback (HFF) has become an increasing cause of concern. The present work evaluates the integration of
Hydraulic fracturing flowback parallel sets of tandem anaerobic-oxic membrane bioreactor (AMBR) with and without nano-Fe for treatment
Membrane bioreactor and reuse of real HFF obtained from Ordos Basin, China. Treatment efficiencies in terms of organic conversions,
Membrane fouling micro-pollutants degradation, resource recovery, and effects of nano-Fe release on membrane fouling were
Fe nanomaterials evaluated. Nano-Fe mediated AMBR (FAMBR) system effectively reduce target micro-pollutants (such as
PAHs Acenaphthylene) at 94.4 % compared to the parallel AMBR system (17.1 % without nano-Fe). Moreover, re-

covery of potential economic chemicals like Al and P (1.0 and 0.6 mg/g spent nano-Fe) availed using FAMBR
system. However, colonization of FAMBR membrane surface by Fe-protein/peptide hydroxocomplexes initiated
by Fe-catalyzed microbial extrusions present a huge fouling challenge relative to the AMBR system. Additional
evidences from microscopic/spectroscopic analysis of the FAMBR membrane system revealed that despite
having a promising outlook, mediation of nano-Fe with AMBR system might result in a major fouling event
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during HFF treatment. Engineered design of nano-Fe to reduced leached nano-Fe ions in pre-treatment step prior
to AMBR treatment system may be of potential research consideration.

1. Introduction

The global decline of conventional oil and gas reserves have in-
itiated a hot search for alternative energy sources. According to a recent
report, the gap between renewable (13.4 %) and non-renewable (81.6
%) energy sources in the primary energy supply worldwide, remains too
wide to be tied up in the coming decades (Melikoglu, 2014). The hy-
draulic fracturing process, which produces hydrocarbon from shale gas
and tight oil rocks serves as an alternative non-renewable energy source
and can partly substitute the depleting conventional oil gas resources.
Thus, the dependency on conventional oil and gas supplies is reduced at
least within the transition period to an economy with higher depen-
dence on renewable energy sources.

After the initiation of the hydraulic fracturing or fracking process, a
mixture of the fracturing fluid and formation water also known as
connate water will flow back to the surface within days having salinity
less than the connate water. This mixture is what is coined “flowback”
or “hydraulic fracturing wastewater” in the literature (Kondash et al.,
2018). A recent report detailed that water used during hydraulic frac-
turing process have risen seven-fold in the US during the last six years
due to advancement in the technologies used in the fracking processes
(Kondash et al., 2018). There are also pressing concerns about the
water-intensive nature of the hydraulic fracturing process especially in
dry regions as witnessed in Northwestern China (Bergmann et al., 2014;
Rahm and Riha, 2014; Jiang, 2009). Moreover, fracturing flowback
fluid contains highly varied mixture of toxic elements, naturally oc-
curring radioactive substances, friction reducers, surfactants, gelling
agents, corrosion and scale inhibitors, pH and acids regulating agents,
salts, and transformation products that could compromise the local
ecosystem if mismanaged or spilled into the environment (Ferrer and
Thurman, 2015; Gregory et al., 2011; Stringfellow et al., 2014).
Though, it has been reported that 50-90 % of these compounds can be
degraded biologically via aerobic processes, some toxic organic and
inorganic compounds in HFF like PAHs and heavy metals (including Cr,
As, Cd, Zn and so on) are not easily removed via direct treatment with
biological processes due to their refractory nature (Abass et al., 2017;
Sun et al., 2017). Thus, there is need for technologies that can be used
to modify the chemical characteristics of HFF streams in order to en-
hance their treatability in biological systems. Advanced oxidation
processes (AOPs) (Abass et al., 2017; Zielinska-Jurek et al., 2017; Tang
et al., 2019) and Fe-based technologies (Abass et al., 2016; Sun et al.,
2019a; Wang et al., 2020a, b; Zhang et al., 2017) are potential HFF
pretreatment candidates, which have shown high degradation capacity
for a variety of HFF compounds to intermediate biogenic products such
as alcohols, aldehydes, and carboxylic acids (Abass et al., 2017).

Fe-based processes including homo (Fenton) and heterogeneous
(Fenton-like) processes play important role in the generation of hy-
droxyl radicals ('OH), ferryl ion species (Abass et al., 2017; Xiong et al.,
2018) and other reactive agents such as, sulfate/persulfate-based ra-
dicals (Wang et al., 2020a, b), which are key radicals responsible for
oxidation of refractory organics, such as found in HFF streams. Al-
though, the oxidation of these organics via homo Fenton processes (i.e.
FeSO, and H,0,) was quite effective, the homogenous salt (i.e. FeSO,4)
are rapidly consumed with attendant low oxidation efficiency (Venny
et al., 2012; Lin et al., 2016). Recently, concerted efforts have been
dedicated to developing Fe-based nanomaterials (nano-Fe) also called
nanoscale zero-valent iron to serve as catalyst and adsorbent for oxi-
dation/reduction/adsorption of toxic organic/inorganic pollutants
present in HFF streams (Abass et al., 2017; Sun et al., 2017, 2019a;
Wang et al., 2020a, b; Zhang et al., 2017). An additional advantage of

nano-Fe is its potential to adsorb or reduce various pollutants, including
organic chemicals, heavy metal ions, dyes, nitrate, phosphate, and
radionuclides due to their high reactivity and large surface areas (Abass
et al., 2017; Zhou et al., 2015). However, bare or surface-exposed forms
of nano-Fe are reported to suffer efficiency, surface passivation, stabi-
lity, and corrosion setbacks when utilized directly in wastewater, or in
more severe matrices, like high saline HFF streams (Sun et al., 2017,
2019a; Sun et al., 2016). Current advances towards addressing this
challenge involves the deployment of encapsulated forms of nano-Fe to
allow diffusion of reactive Fe ions through the capsule, thus reducing
the surface passivation rate and enabling the sustainable reuse of the
bare nano-Fe (Sun et al., 2017, 2019a; Zhu et al., 2017). While these are
plausible improvement in sustaining the reactivity and longevity of
nano-Fe materials, the utilization of bare nano-Fe are preferred in some
treatment matrix, especially when the goal of the treatment is to realize
high dissolution rate of nano-Fe and in conditions where high salinity is
not an issue. In addition, ions dissolution and migration rate in en-
trapped nano-Fe are limited by the porosity of the entrapping layer.
Thus, in this work, bare nano-Fe was used as pretreatment option with
integrated biological membrane-based process.

Conversely, biological treatment of pollutants, though en-
vironmentally friendly, are less effective for efficient degradation of
recalcitrant wastewater due to minimal resistance of microorganisms to
toxicity (Kundu et al., 2012). In recent times, membrane bioreactors
(MBR) are increasingly used as substitutes for conventional biological
treatment processes due to several merits as indicated the literature
(Abass et al., 2015, 2018; Krzeminski et al., 2017). However, the in-
dividual use of each treatment technology for degradation of HFF are
confronted with several challenges as highlighted previously. In-
creasing number of studies have proposed the integration of Fenton
process with biological treatment to improve the biodegradability of
oilfield wastewater by generation of biodegradable intermediates be-
fore the biological treatment step, and vice versa (Venny et al., 2012;
Yu et al., 2015; Chen et al., 2017; Punzi et al., 2015; Giannakis et al.,
2015; Khoufi et al., 2009; Vilar et al., 2012; Lu et al., 2010). The
combination of this technology becomes necessary due to the high re-
sidual chemical compounds found in HFF, which causes foaming during
aerobic biological treatment process (Abass et al., 2017).

Pollutants associated with HFF include polycyclic aromatic hydro-
carbons (PAHs), which are found at elevated levels in most HFF
(Gordalla et al., 2013; Butkovskyi et al., 2017). PAHs have been widely
investigated because they can potentially transport in different media
(especially in water and air) at long distance range and are toxic at
elevated levels. Aerobic and anaerobic biodegradation has been em-
ployed to degrade PAHs but were found inefficient, only achieving a
degradation efficiency about 20 %-50 % (Butkovskyi et al., 2017).
Therefore, treatment by biological means only is not feasible for com-
plete mineralization of HFF pollutants. HFF pretreatment by other
technologies may provide adequate treatment efficiency, considered at
an acceptable operating cost. However, little is known about effect of
the HFF pretreatment on overall performance of the treatment system.
Recently, Sun et al. (2019b) advanced the importance of combined
treatment technology for HFF streams, as no single treatment option is
capable of mineralizing the complex HFF streams.

Thus, mediation of nano-Fe with tandem anaerobic-oxic membrane
bioreactor (FAMBR) for HFF treatment and resource recovery was
evaluated in this study. The nature and chemical compositions of the
HFF was comprehensively characterized and their risk potential to
drinking water in the area was evaluated based on well-known stan-
dards. The direct and indirect influence of the nano-Fe enabled system
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on micro-pollutants removal and the nature of sludge flocs in con-
junction with flux production rate were respectively investigated at
both short and long-term conditions. Similarly, the complex interac-
tions of nano-Fe ions sensitized sludge matrix with parallel AMBR
membrane systems were explored.

2. Materials and method
2.1. Experimental set-up and operating conditions

Prior to the integrated operation, dosage optimization test of the
nano-Fe (average particle size <100 nm, purchased from Aladdin
Chemical Co. Ltd, Shanghai) was conducted using continuous stirred
tank reactors (Model ZR4-6, Shenzhen, China) operated in batch mode.
The optimization test were performed at ambient temperature (22 + 2
°C) in 1000 mL glass beakers and under oxic conditions (at airflow rate
of 1.5 L/min) using varying concentrations of nano-Fe (0, 0.03, 0.045,
0.1, 0.5, 1.0, 2.0, and 3.0 g) per liter of HFF and hydrogen peroxide
were added in stoichiometric amount following the theoretical amount
of hydroxyl radicals generated per mole of nano-Fe. Caution was taken
to ensure that the fresh nano-Fe were not exposed to ambient air prior
to addition in batch reactors (as the elemental iron nano-powder can be
spontaneously oxidized, and easily ignited on contact with air).
However, it should be noted that air-stabilized nano-Fe is more suitable
for field application. Results obtained from the nano-Fe optimization
experiments were reported in Abass et al. (2017) and were scaled-up for
the semi-pilot scale hybrid treatment as shown in Fig. S1. The uptake
and removal of inorganic metals ions and organic compounds by nano-
Fe were investigated.

Two parallel treatment sets with and without pre-treatment with
nano-Fe were designed and built at the Urban Pollution Conversion
Centre of the Institute of Urban Environment, Xiamen. The first treat-
ment set is a tandem anaerobic-oxic MBR (AMBR) system, while the
hybrid treatment set comprise a nano-Fe pretreatment integrated with
anaerobic-oxic MBR (FAMBR) system (Fig. 1 and Fig. S1 of Supple-
mentary Information). Detailed description of the set-up can be found
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in SI. The nominal pore sizes of the MF membrane range from 0.25 —
0.28 um with an effective area of 0.112 m>. Prior to operation, all re-
actors were inoculated with sludge from a nearby wastewater treatment
plant and acclimatized. Based on the pre-designed hydraulic condition,
the reactors (AMBR and FAMBR) were filled with sludge in equal
amounts to ensure similar operating conditions in the parallel sets.

The HFF influent input was conducted using peristaltic pumps
(Model YZ1515x, LongerPump), which fed the HFF and nano-Fe pre-
treated HFF to the AMBR and FAMBR treatment sets, respectively. In
the nano-Fe pretreatment system, batch runs were conducted in a 70 L-
capacity continuous stirred reactor, which produced 40 L per day of
pre-treated HFF. Depending on the final pH of the reaction (which is
averagely around 6.0 after the reaction), pH adjustment was conducted
using 1.0 M H,SO4 and 1.0 M NaOH while being homogenized by a
stirrer. The AMBR and FAMBR anaerobic hydrolysis reactors were
maintained at 30 + 1 °C by a thermostatic heater. A recirculation ratio
of 1.33 was adapted for the return sludge between the sedimentation
tanks and the anaerobic reactors. To maintain suspension of mixed li-
quor in the MBRs, scour the membranes, and keep the dissolve oxygen
(DO) level at reasonable range, aeration of the membrane were con-
stantly operated at SAD,, (specific aeration demand) of 1.6. DO con-
centrations in the anaerobic reactor and MBR were maintained at < 0.1
mg/L and ~ 4.5 mg/L, respectively. Two pressure transducers were
electronically wired to a data logger (PicoLog version 5.22.9 by Pico
technology), which continuously measures and record the transmem-
brane pressure (TMP).

The permeate operation was conducted in a filtration/relaxation
mode of 10 min on/ 2 min off and at a constant flux (membrane flux,
13.4 LMH) by adjusting the pumps speed to meet the daily flux pro-
duction. The pump speed adjustment mode was terminated when
consistent increase in pump speed failed to yield the required daily flux
production. Cleaning operation was not conducted during the whole
experiment for peculiar reasons 1) to ascertain the fouling propensities
of the as-received membranes under the defined operating conditions,
2) to quantify the overall effect of possibly leached iron nanoparticles
on the FAMBR filtration operation and 3) to simulate periods necessary
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Fig. 1. Schematic of the AMBR and FAMBR systems for the treatment of hydraulic fracturing flowback fluid (1. Influent storage tank, 2. nano-Fe HFF pretreatment
reactor, 2*. pH adjustment tank, 3. Hydrolysis anaerobic reactors 4. Sludge settling tanks 5. Membrane bioreactors with submerged flat sheet membranes 6. Effluent

storage tank).
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for membrane cleaning when put to use in an industrial settings. The
MBRs were shut down once the TMP exceeds 25 kPa. Mixed liquor in
MBRs of both treatment sets were wasted at least twice a week by re-
trieving 100 mL of mixed liquor from each MBR for measurements.
Total HRTs of the AMBR and FAMBR treatment sets were maintained at
18.6 h-20.7 h and 18.6-36.9 h, respectively. The pH (AMBR =
7.1 £0.1, FAMBR = 6.8 = 0.2) varied slightly during the whole
treatment duration for both reactors.

2.2. Fouling analysis and derived parameters

The fouling characteristics of the MBRs were determined using fresh
and fouled membrane samples retrieved from the treatment sets.
Triplicates samples of the fouled membranes were detached at different
points from the membrane holder and their corresponding fouling re-
sistances were tested via a dead-end filtration cell (Amicon Stirred Cell
Model 8010) at a pressure of 20 kPa driven by nitrogen gas. In this
study, deposition of activated sludge mixed liquor and interrelated
components on the membrane surface, which created the fouling layer
was considered. According to Darcy's Law, the relationship between
TMP in Pa, and permeate flux (J) of the pristine and fouled membranes
(Lm~2 h™' or LMH) can be described by resistance in series model as
shown in Eq. (1).

J = TMP/u (R, + Ry) [6))

where p is the dynamic viscosity of the permeate in (Pa s), Ry, is the
resistance of the pristine membrane (m™!), and Ry is the total re-
sistance resulting from different fouling types (m ~ ). Resistances of the
pristine membrane, reversible and irreversible fouling layer were de-
rived as follows. (a) R, was computed from the clean water perme-
ability of the membrane before the experimental start-up; (b) sum of the
resistances of the pristine membrane and fouled layer (reversible or
irreversible) were computed from the clean water permeability of the
fouled membranes after experiment; (c) sum of the resistances of the
pristine membrane and irreversible fouling layer were derived from the
clean water permeability of the fouled membrane after membrane
cleaning (using 100 mg/L citric acid at pH 3.5, for 24 h and 1000 mg/L
sodium hypochlorite at pH 11.3, for 24 h). Accordingly, the reversible
and irreversible fouling resistances were computed following Eq. (1).
The permeability recovery (Pg) ratio of the membranes were also de-
rived using the average clean water permeability of cleaned or fouled
membranes (Prc) and pristine membranes (Pgp). The Py ratio was ex-
pressed in percentage as shown in Eq. (2).

_ P
K= RC/PRP X 100% @)

2.3. Analytical standards and methods

Standard Methods were used for COD, total dissolved solids (TDS)
and total and volatile suspended solid (TSS &VSS) (APHA, 2005)
measurement. TOC analyzer (TOC-Vcpy analyzer, Shimadzu, Japan)
was used for TOC and TN analysis. Analysis of the inorganic ions,
metals and heavy metals content of the HFF was carried out using an
ion chromatograph (Dionex ICS 3000), Perkin Elmer inductively cou-
pled plasma optical emission spectrometer (ICP-OES, Optimal 7000DV),
and an inductively coupled plasma mass spectrometer (ICP-MS, Agilent
Tech. 7500 Series), respectively. After HFF treatment via the nano-Fe
pretreatment reactor, and prior to flow operation into the bioreactors,
samples were withdrawn from the supernatant and filtered using a 0.22
um PTFE membrane for further analysis.

Extraction of PAHs was carried out in an ultrasonic bath (40 kHz,
KQ500DE, China) at 500 W, as previously described by Lin et al.
(2016). See supporting information for more details. X-ray fluorescence
spectroscopy (XRF) was used for the qualitative and quantitative ana-
lysis of the recovered metals and inorganic components of the HFF
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detected on a ZB Axios-mAX spectrometer. Fourier transform infrared
(FTIR) measurement was used to investigate the organic and inorganic
components of the fresh and fouled membrane using FTIR spectro-
photometer (The Frontier FTIR, PerkinElmer, USA). The instrument
limit of determination and sample preparation methods are described in
Abass et al., 2018. Other method and instrumentation limits used are
described in supporting information.

2.4. Characterization of mixed liquor and membrane foulants

50 mL sludge samples were retrieved bi-monthly from the reactors
to quantify the mixed liquor suspended solids (MLSS) and the mixed
liquor volatile suspended solids (MLVSS) concentrations (an index of
microbial growth in the bioreactor systems) via Standard Methods for
MLSS and MLVSS analysis (APHA, 2005). The sludge cake on mem-
brane foulant layers were also measured by carefully scraping off the
sludge cake on the membrane surface with a non-adhesive collector. In
addition, floc sizes distribution of the sludge mixed liquor were de-
termined using a Malvern Mastersizer 3000 instrument (Hydro LV, UK)
with a detection range of 10 nm to 3.5 mm. Each sample was quantified
in triplicates and their average value is presented. Procedures for
samples preparation for SEM and EDX analysis are detailed in SI.

3. Results and discussion
3.1. HFF characterization

Characteristics of major constituents of the HFF are presented in
Table 1. The mean TDS concentration of the HFF was 2397.5 mg/L,
which is lesser than the typical range for HFF and produced water from
most fracking wells (Gregory et al., 2011; Stringfellow et al., 2014;
Lester et al., 2015). The HFF characteristically moderate to low salinity

Table 1

Some characteristics of the raw hydraulic fracturing flowback.
Parameter Analytical Method Raw HFF
Bulk Parameter
pH HACH 7.0-7.2
TOC (mg/L) SM 5310B 1047.1-1389.9
TN (mg/L) SM 5310B 42.5-45.6
COD (mg/L) EPA 5220D 1400.0-2581.0
TDS (mg/L) SM 2450C 2280.0-2515.0
PAHs (mg/L) GC-MS 0.14-0.42
TSS (mg/L) SM 2450D 110.0-11425.0
VSS (mg/L) SM 2450E n.d-5140.0
Turbidity (NTU) HACH 2100N 371.0-1822.0
Inorganic ions mg/L
S042~ IC 3.30-6.45
F~ IC 62.4-68.1
Cl™ IC 2347.5-2410.2
Metals & non metals mg/L
Mg ICP-OES 38.2-62.0
Ca ICP-OES 526.5-946.3
Si ICP-OES 14.1-17.8
Fe ICP-MS 0.345-6.83
Zn ICP-MS 0.0056-0.072
Sr ICP-MS 2.14-30.83
Al ICP-MS 0.14-0.36
Ccd ICP-MS 0.00013-0.0073
Ni ICP-MS 0.013-0.038
Sb ICP-MS 0.0038-0.0075
Cr ICP-MS 0.0028-0.0057
As ICP-MS 0.0025-0.015
Mn ICP-MS 0.126-0.85
Co ICP-MS 0.0011-0.0019
Pb ICP-MS 0.001-0.007
Ba ICP-MS 0.636-0.686

n.d - not detected.
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revealed that it is of non-marine origin (Tang et al., 2017), and contain
relatively less concentrations of scale forming ions such as Ca, Mg, Ba,
Si, and Sr (Table 1). All samples retrieved from the site possess a near
neutral pH 7.1 + 0.1. Other important quality parameters including
TOC (average at 1218.5 mg/L), turbidity (371-1822 NTU), TSS
(110-11425 mg/L) and total nitrogen (42.5-45.6 mg/L), were all
within typical ranges previously reported for HFF except for the TDS, as
the HFF was recovered from a continental shale reservoir (Tang et al.,
2014), which is basically different from other source rocks reported in
the literature (Lester et al., 2015; Zeng et al., 2020). Comparatively, the
mineralogy of Marcellus, Barnett, and Eagle Ford shale plays for in-
stance, contain 71.30 %, 77.55 %, and 66.80 % calcite (CaCOs), re-
spectively while Yanchang shale play contain an average of 3% calcite
(Tang et al., 2014; Zeng et al., 2020). Similarly, chloride concentrations
in Marcellus and Longmaxi formation in the Weiyuan gas field, Sichuan
Basin, China are 300, 000 mg/L and 50,000 mg/L, respectively (Ni
etal., 2018; Yu et al., 2016). Moreover, the TDS concentration observed
in HFF derived from Yanchang formation and Shengli Oilfield, China
were around 2280-9630 mg/L and 6850 mg/L, respectively (Abass
et al., 2017; Yang et al., 2014). Thus, these discrepancies in salt con-
centrations implies that dissolved salts in HFF from different shale plays
differs significantly. However, the distinctiveness in the salinity of this
study HFF samples may be that the HFF samples were taken few days
after fracking operation from a shallow lacustrine fracked well with less
interaction with formation connate water, as compared to those taken
from wells with high interaction with connate formation brine such as
the Longmaxi and Marcellus shale play (Zeng et al., 2020; Ni et al.,
2018). It is also important to note that interaction of slick water (i.e.
fracking fluid) with connate formation brine and pre-existing dissolved
salts in reservoir rocks has been identified as the main reason for the
characteristics high salinity of HFF (Zeng et al., 2020), and the longer
the interaction, the higher the HFF salinity, which explains why sam-
ples taken many days after fracking operation tends to possess higher
salinity.

Heavy metals including As, Cr, Pb, Cd, Mn and Co were detected in
the HFF, which were also found in the work conducted by Ziemkiewicz
and He, 2015. Metals concentrations of Sb, As, Ni and Cd all exceeded
the drinking water maximum contaminant level (MCL) (see Table 1),
which suggests that these metals were either mobilized during fracking
operation or originate from the formation brine (Gordalla et al., 2013;
USEPA, 2009). Concentrations of anions in the HFF like fluoride was 16
folds higher than the drinking water MCL (USEPA, 2009) (Table 1).

Table 2
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3.1.1. PAHs in HFF

Several PAHs are regarded as prevalent environmental pollutants,
hazardous to ecosystems and a potent human health risk due to their
mutagenic and carcinogenic properties (Gordalla et al., 2013). The
concentration profiles of selected low and high molecular weight PAHs
detected in the raw HFF are presented in Table 2. High molecular
weight PAHs including IcdPry, DBahA, and BghiPyr, were not detected
in the HFF. In the work reported by He et al., 2017, parent PAHs in-
cluding IcdPry, DBahA, and BghiPyr were also not detected in all tested
HFF and produced water samples from the Duvernay Formation, Al-
berta, Canada. This suggest that, regardless of the source of the HFF
(marine or non-marine), occurrence of these set of PAHs are not
common in HFF fluids (He et al., 2017).

Till now, there is no conclusive agreement on the threshold for
human exposure and ecological risk assessment for PAHs. In China, the
only available primary standard for PAHs is the BaP standard of 0.01
ug/L for drinking water (Feng et al., 2009). However, individual PAHs
should have varying health/sanitary standard because their toxicities
vary considerably. More than two decades ago, Nisbet and LaGoy
(Nisbet and LaGoy, 1992) published toxic equivalency factors (TEFs)
for different PAHs by setting the toxicity of BaP to 1. Using the TEFs and
the BaP standard (Table S1. Supplementary information), the health
standards (HS) of other PAHs for drinking water was formulated using
the formula;

HS = 0.01/TEFs 3

Similarly, based on the ecological receptors and toxic exposure data
from known reference values (Wang et al., 2013), possible risk of ex-
posure to PAHs in China surface waters was computed using the hazard
quotient (HQ) as presented in Table S2.

HQ = ECexpa./TRvalue (€))

where ECeypo. is the assumed exposure environmental concentration of
the selected PAHs and TR, 41, is the toxicity reference value (which was
set according to WHO standards at 0.014 pg/L for BaP in surface water
(Wang et al., 2013)). HQ < 1 indicates low exposure risk from the se-
lected PAHs, while HQ > 1 indicates potential risk of the selected PAHs
to human through exposure to the ecosystem.

The exposure pathway of concern are surface water and domestic
wells since the HFF in this study is of non-marine origin, and surface
water utilization is the most important resource of drinking water in the
region and other parts of China. Contamination of water bodies by
constituents of the HFF fluids may occur from river, lake and stream

Characteristics of selected HFF PAHs (Reference standards/values for evaluation, and required dilution to meet the guidelines for drinking water (D,,), surface water
(Sw), and groundwater (G,,) are given in terms of dilution factor (D) to the power of 10).

PAHs Raw HFF, ug/L Ref. standards/values, ug/L D¢
Min. Max. Dy Sw Gy Before treatment

Naphthalene 61.70 280.61 10.0° - 1.0¢ 1072
Acenaphthylene 19.41 60.94 10.0° - - 107!
Acenapthene 9.81 12.19 10.0° 2.14¢ - 107!
Fluorene 44.59 59.67 10.0° 2.86¢ - 1072
Chrysene 2.74 4.71 0.2% 0.50° - 1072
Benzo(a)pyrene 0.29 0.43 0.01" 0.57¢ 0.01¢ 102
Benzo(k)fluoranthene 0.54 0.87 0.2% 0.36° 0.03¢ 107!
indeno[1,2,3-cd]pyrene n.d n.d 0.4* 0.36° 0.01¢ n.d
dibenz[a,h]anthracene n.d n.d 0.3° 0.64¢ 0.01¢ n.d
benzo[ghi]perylene n.d n.d 1.0 0.57¢ - n.d

: data unavailable; n.d: not detected.
@ US EPA maximum contaminant levels (MCL) in drinking water.
> Formulated health standards (HS) of PAHs for drinking water.

¢ HQ calculated from geometric mean concentration of individual PAHs in China’s surface water.
4 Threshold of low concern for local and limited groundwater contaminations.
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recharge by contaminated groundwater or may result from super-
terranean/surface accidents associated with the transport, storage and
handling of hazardous compounds used as chemical additives in the
fracking fluids. The extent of water bodies’ contamination by HFF
cannot be predicted in a general way. Therefore, different dilution
factors (Dg) of the HFF in the water bodies are considered. The HS
standard, the primary drinking water standard formulated by the
USEPA (2009), the hazard quotient calculated from geometric mean
concentration of individual PAHs in China’s surface water (Wang et al.,
2013), and the threshold of low concern for local and limited ground-
water contaminations (Gordalla et al., 2013) was therefore used to
evaluate the concentration profile of PAHs in the HFF compared to
reference values for the water bodies as shown in Table 2. The HFF
PAHs may originate from the formation water (also known as connate
water), or from the fracturing fluid.

Total concentration of selected PAHs in the HFF range from 139.1
ug/L to 419.4 pg/L, with the moderately water soluble PAHs such as,
NA, Ace, and Fl dominating the HFF PAHs concentration profile
(Table 2). Most of the HFF PAHs would meet discharge requirement for
drinking water (D), surface water (S,,) and groundwater (G,,) only
after a dilution of 1:100 or less (Table 2). However, of special concern is
NA, which requires a dilution of 1:1000 in order to meet groundwater
threshold values. Based on the HQ index for selected PAHs, the po-
tential toxic risk of exposure for Ace and Fl in the HFF was found to
have a HQ > 1 (Table 2), which means accidental release of the un-
treated HFF (often the case for many hydraulic fracturing sites) into
surface waters could introduce potentially high PAHs exposure risk. To
avoid such accidents, on-site treatment of HFF with effective and effi-
cient micro-pollutants removal technology is recommended.

3.2. Effect of nano-Fe oxidation/adsorption on PAHs removals

PAHs removal by nano-Fe can proceed via oxidative pathway where
in-situ generated H,O, and reactive oxygen species can act as effective
oxidants for PAHs degradation or via adsorption pathway, where
available active sites around the surface of the nano-Fe particles par-
ticipate in the sorption process. As earlier reported in Abass et al., 2017,
we showed that both oxidation and adsorption pathways are involved
in the degradation and removal of HFF organics. However, the pre-
valence of one pathway over the other largely depend on the reaction
conditions (such as pH, oxidation and reduction potential), chemical
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structure, concentration, composition of pollutants, and characteristics
of the nano-Fe catalyst/absorbent (Abass et al., 2017; Man et al., 2018;
Shanker et al., 2017). Nano-Fe pretreatment of the HFF PAHs was more
effective for the degradation of low molecular weight (LMW) PAHs
compared to those with higher molecular weights (HMW) as shown in
Table 3. For instance, NA and Acy were efficiently degraded/removed
at 71.7 % and 92.0 %, respectively compared to Cry and BaP, which
were degraded/removed at 13.1 % and 37.7 %, respectively via the
nano-Fe pretreatment system. As noted in a report by Liu et al. (2016),
catalytic degradation favors removal of LWM PAHs with higher de-
gradation kinetics compared to HMW PAHs, which removal is mainly
via adsorption process. Similar observation was made by Man et al.
(2018). Thus, this implies that nano-Fe removal pathway for PAHs in
HFF favors catalytic degradation process to adsorption process. HMW
PAHs are generally non-soluble in aqueous media and are more easily
sorbed onto the surface of adsorbents (Butkovskyi et al., 2017).

From Table 3, COD and TOC removal by nano-Fe were relatively
low compared to individual PAHs, which were degraded/adsorbed at
higher amounts. As we earlier reported in Abass et al., 2017, nano-Fe
removal of TOC and COD are relatively low for real wastewater com-
pared to simulated ones, due to the formation of degradation bye-pro-
ducts, which constitutes as degradable organics in the HFF wastewater
matrix and are partially sorbed depending on the number of available
surface active sites on the nano-Fe catalyst or adsorbent. After nano-Fe
treatment, most of the HFF PAHs required none to 10, or 100 fold di-
lution factors in other to meet requisite discharge standards (Table 3).

3.3. Overall treatment performance of AMBR and FAMBR system

Both AMBRs achieved above average COD and TOC removal during
the approximately 125 days of HFF treatment as shown in Figs. 2 and 3.
The COD removal efficiencies were 59.9%-93.1% (ave. removal 71 %)
for AMBR and 60.1%-97.5% (ave. removal 73 %) for FAMBR at initial
COD values of 812.8 + 560.5 mg/L and 801.5 + 564.3 mg/L, respec-
tively. However, contrary to our assumption, the COD and TOC removal
performance in the FAMBR system wasn’t impressive as compared with
the AMBR system (Figs. 2 and 3). Within the first 75 days of operation
at moderately low COD and TOC loadings (COD = 100 mg/L to 674
mg/L, TOC = 44 mg/L to 339 mg/L), effluent COD and TOC con-
centrations in both AMBR and FAMBR reactors almost consistently
meets Class 2 category of the China National Integrated Wastewater

Table 3
Treatment performance of the AMBR and FAMBR and removal by nano-Fe in the pre-treatment reactor.
Parameter Unit Influent HFF Characteristics Effluent HFF Characteristics % removal D¢ % removal D¢ (AMBR) % removal D¢ (FAMBR)
AMBR FAMBR AMBR FAMBR nano-Fe After nano-Fe AMBR After FAMBR After
treatment treatment treatment treatment
pH 7.1 *=0.1 6.8 +0.2 7.7 0.4 7.6. 0.3 - - - - - -
TOC mg/L 105.6 - 699.5 103.8-686.7 8.13-2345 4.6-236.8 0.017 - 0.018 - 65.5-92.3 10°-1071 66.2-95.6 10°-1071
COD mg/L 252.3-1373.3 237.2-1365.8 18.8-556.7 15.5-545.0 0.01 - 0.06 - 59.5-92.5 10°-107"! 60.1 -97.5 10°-107!
Temp. °C 23.0 =25 23.0 £ 2.0 25.0 = 1.5 25.0 = 1.0 - - - - - -
NA pg/L  93.54 27.37 81.66 17.59 70.7 1072 12.7 1071 81.2 107!
Acy ug/L  20.31 1.63 16.83 1.15 92.0 10° 17.1 107! 94.4 10°
Ace ug/L  4.06 4.27 3.77 2.09 - 107! 7.4 107! 48.6 10°
Fl pg/L  19.89 16.87 22.09 14.55 15.2 1071 0.0 1071 26.8 107!
Cry pg/L 1.57 1.36 1.34 0.80 13.1 107! 14.8 107! 49.2 107!
BaP pg/L - 0.14 0.09 0.13 0.06 37.7 1071 9.1 1072 58.3 107!
BkF pg/L 0.29 0.13 0.17 0.13 55.3 1071 41.3 1071 54.4 107!
IcdPry ug/L  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
DBahA ug/L  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
BghiPyr ug/L  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

NA - Naphthalene, Acy — Acenaphthylene, Ace — Acenaphthylene, Fl — Fluorene, Cry — Chrysene, BaP — Benzo(a)pyrene, BKF — Benzo(k)fluoranthene, indeno[1,2,3-
cd]pyrene (IcdPry), dibenz[a,h]anthracene (DBahA), and benzo[ghi]perylene (BghiPyr).
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Fig. 3. TOC removal characteristics of the AMBR and FAMBR integrated hybrid
treatment.

Discharge Standard (GB 8978 —1996). However, as the loading rate
increased (Figs. 2 and 3), both systems (AMBR and FAMBR), still per-
formed relatively well reaching average COD and TOC removal effi-
ciency of 67.0 % and 71.6 %, respectively for AMBR, and 69.0 % and
72.4 %, respectively for FAMBR. Though, both systems require an
average dilution factor of up to 10 fold to meet the aforementioned
discharge limit. Moreover, despite the deliberate shock loading
(average COD loading = 1038.6 mg/L) during the second stage of the
reactors operation (to simulate real life wastewater influent occur-
rence), the resilience demonstrated by both systems to effectively re-
duce pollutants load may be primarily due to acclimatization of the
microorganisms to the HFF substrates as earlier described by Abass
et al., 2018.

To understand the individual reactor process contribution to the
reduction of the HFF pollutants load, samples for TOC measurement
were retrieved from the anaerobic and oxic MBR reactors of the AMBR
and FAMBR systems as shown in Fig. 4. At the onset of the treatment,
the anaerobic compartment of the FAMBR achieved a TOC removal
efficiency up to 44.7 %, forming the highest percentage of the other two
organic pollutants removal pathways (oxic MBR reactor and mem-
brane/sludge cake layer). In contrast with the FAMBR system, the
AMBR membrane/sludge cake layer accounted for the highest (41.6 %)
organic pollutants removal of the other two pathways. It is clear that
the anaerobic and oxic MBR reactors were not actively involved in
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pollutant degradation during the onset of the treatment. However, from
Day 7 onward, the two biological pollutant removal pathways of the
AMBR system kicked up, especially the oxic MBR accounting for the
highest pollutant removal pathway during the treatment operation
(Fig. 4). A similar trend was observed for the FAMBR oxic MBR reactor.
This suggests that aerobic microorganisms are more effective for HFF
organic degradation compared to anaerobes as also earlier observed by
Abass et al., 2018.

As the membrane cake layer builds up (around Day 95-120), the
FAMBR membrane/cake layer acquired a higher capacity for organic
pollutant removal at an average value of 37.4 %, compared to 26.2 %
organic removal capacity of the AMBR membrane/cake layer (Fig. 4).
As later explained, accumulation of precipitated Fe ions at the mem-
brane interface may be responsible for the trap or adsorption of the
organic pollutants. The concentration of Fe"* (where n = oxidation
states of Fe) species released into the influent FAMBR solution during
the nano-Fe Fenton-like oxidation process can be seen in our previous
report (Abass et al., 2017). These Fe"* ions can be sustained in the
solution after the pretreatment step and thus, are capable of generating
reactive oxygen species (ROS), which could eventually lead to oxidative
stress, causing bacteria death due to cell lysis by ROS (Zhou et al.,
2017). This result in the decrease of biomass (see section 3.4), which
slightly influence the FABMR organic carbon degradation performance.

The average removal rate of PAHs by AMBR and FAMBR reactors
were 9.9 % and 74.0 %, respectively. The removal of PAHs by MBR
system has been successfully demonstrated (Wiszniowski et al., 2011),
and it was observed that air stripping favored the removal of LMW
PAHs while HMW PAHs were removed principally by sorption unto the
sludge particle surface followed by air stripping (Gonzélez et al., 2012).
High content of TSS in HFF has been associated with increased

(@) [ % Rev. by Membrane/sludge cake [lll % Rev. by Aero. rxn [l % Rev. by Anae. rxn

% TOC Removal
3

40
30 -
20
10 4
0

1 7 15 22 30 43 54 68 88 95 105 117

Time (Days)
- (b) [ Rev. by Membrane/Sludge cake [0 % Rev. by Aero. rxn [Jlll % Rev. by Anae. rxn

% TOC Removal

1 7 15 22 30 43 54 68 88 95 105 117
Time (Days)

Fig. 4. TOC removal by individual biological treatment unit within the (a)
AMBR system and (b) FAMBR system.
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concentration of PAHs (compared to HFF with low TSS content), which
are capable of inducing lethal and sub-lethal toxicity on life forms in the
marine environment (He et al., 2017). As shown in Table 3, compared
with the AMBR system, combination of nano-Fe pre-treatment with the
AMBR system (FAMBR) enabled higher removal of PAHs by catalytic
action of nano-Fe, adsorption on sludge surface, continuous aeration in
the MBR and possible biodegradation/biotransformation by micro-
organisms as also observed by Haritash and Kaushik, 2009.

3.4. Biomass evolution in the AMBR and FAMBR reactors

The reactors biomass concentration evolution were measured in
terms of mixed liquor suspended solids (MLSS) and the volatile com-
ponents (MLVSS), which are both indicative of the biological activity
for the entire duration of the AMBR and FAMBR MBRs runs as shown in
Fig. 5. Due to the low total nitrogen concentration in the influent HFF
(ca. 14.7 mg/L), recirculation of sludge was not conducted between the
anoxic settling tanks and aerobic MBRs tanks. Thus, we describe the
biomass concentrations evolution within the MBR systems only.

For the entire operation time, the variation in MLVSS concentra-
tions between the two MBRs was insignificant (Fig. 5). Thus, it is sug-
gested that the possible release and dissolution of Fe ions from the
nano-Fe AMBR (FAMBR) system has minimal effect on microbial
growth. Similar observation has been made by Xue et al., 2016, where
they reported less MLVSS variation between ozonated and non-ozo-
nated oil sands process-affected water treatment by MBR systems.
MLVSS/MLSS ratio (an indication of biological sludge fraction viability)
was used to evaluate the biomass concentration evolution of the AMBR
and FAMBR systems. Earlier, it was reported that the VSS fraction of
total suspended solids is between 0.80 — 0.85 (Pollice et al., 2004),
however, it was later shown that this ratio can vary even as low as 0.60
— 0.70 under certain circumstances (Menoni and Bertanza, 2016). As
presented in Fig. 5, the MLVSS/MLSS ratios in the AMBR and FAMBR
MBR systems were between 0.64 — 0.72 and 0.66 — 0.77, respectively,
throughout the treatment period, though little variation were observed
between the two systems over time.

Generally, low MLVSS/MLSS ratios results in accumulation of inert
solids in MBR systems as noted by Judd and Judd (2011). However, in
this study both the AMBR and FAMBR MBR systems performed rela-
tively well and are quite consistent with previous studies where oxi-
dation of influent was conducted with oxidative materials (Xue et al.,
2016; Feng et al., 2010). Besides, after inoculation of the reactors with
the pre-acclimatized sludge, the MLVSS concentration initially de-
creased before it began to increase on Day 16 for the AMBR system and
Day 30 for the FAMBR system. These responses might be related to the
influent concentration variation during the treatment operation. The
late MLVSS increment response in the FAMBR system might be in ad-
dition, due to the Fe ions released into the system as we previously
described in Abass et al., 2017. Zhou et al. (2017), observed similar
decrease in MLVSS concentration when nano zerovalent iron (nZVI)
was loaded unto MBR for membrane fouling control. The decrease in
MLVSS was attributed to the increased release of lactate dehy-
drogenase, which was initiated by bacterial cellular injury and cell
death caused by nZVI generated ROS. In this work, a direct response of
the MLVSS concentration to variation in influent loading rates was
observed. Similarly, the slightly different response of both reactors
(AMBR and FAMBR) to the presence of Fe ions is quite pronounced as
shown in Fig. 5.

3.5. TMP and membrane fouling development in AMBR and FAMBR
reactors

A constant membrane filtration flux design of 13.4 LMH was
maintained throughout the whole operation. Therefore, TMP changes
were a direct reflection of the membrane fouling development. The
TMP and permeability changes over time in the AMBR and FAMBR
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reactors is presented in Fig. 6a. The initial TMPs in the AMBR and
FAMBR were 1.88 kPa and 1.91 kPa, respectively. These were steadily
maintained for nearly 21 days after the HFF inoculation before a slight
rise in TMP to 2.8 kPa and 3.0 kPa, respectively was observed in both
set-ups. As we earlier reported, soluble microbial products and sludge
particles in the supernatant could bind to the surface of the membrane,
thus generating a resistance, which are capable of blocking the mem-
brane pores leading to increase in TMP (Abass et al., 2015, 2018). The
slight increase in TMP resulted in a proportional decrease in membrane
permeability (see Fig. 6) and membrane flux from 13.4 to 12.8 LMH for
AMBR and 13.4 to 13.1 LMH for FAMBR respectively (Fig. 6). As earlier
reported, the particle size of sludge mixed liquor has a significant role
in cake layer formation and pore blocking (Zhou et al., 2014). The re-
lease of Fe"™ in the FAMBR treatment reactor resulted in sludge floc-
culation as depicted in Table 4. Sludge particle sizes in the mixed li-
quors of the AMBR and FAMBR were sampled on Day 20, 50, and 75.
Samples from the FAMBR produced larger floc sizes (e.g. Dayso =
106 + 4.89 pm) compared to the AMBR system (e.g. Dayso, =
90.1 = 1.0 um) as shown in Table 4. Owing to this, the larger floc sizes
gave rise to increase in the sludge filterability regardless of the initial
filtration resistance provided by sludge cake layer. This effect was ab-
sent in the AMBR system, hence a more drastic flux decline was ob-
served compared to the FAMBR system (Fig. 6b). However, despite the
flux decline, the permeability of the AMBR system was still relatively
better than the FAMBR system (Fig. 6a). This suggests that the AMBR
cake layer was relatively loosely compacted compared to the FAMBR
cake layer. The TMPs of both systems remain stable for over two
months, which is partially attributed to the anaerobic pre-treatment,
flux relaxation steps, air scrubbing effects, long sludge retention time,
and the superb anti-fouling resistance of the membrane. However, after
90 days of operation, the FAMBR sustained a gradual but rapid rise of
TMP within a week right after increasing the influent volumetric
loading twice from 3.11 kg COD/m3/day to 6.66 kg COD/m>/day
(Fig. 2) with attendant drastic decrease in permeability and flux starting
from Day 77 and Day 108, respectively (Fig. 6).

Fouling in the AMBR system was delayed until Day 116, where the
TMP began to build up with a corresponding gradual decrease in flux as
shown in Fig. 6. As earlier reported, Zhou et al. (2017) and Xue et al.
(2016) explained that the use of AOP processes in the pre-treatment of
municipal and oil sand process wastewaters favorably decrease mem-
brane fouling in the hybrid AOP-MBR systems utilized, and prolong the
membrane cleaning intervals, compared to the control MBR. However,
in the FAMBR system described in this study, the increased fouling
propensity of the FAMBR system in relation to the control MBR (AMBR)
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Table 4

Particle size distribution of AMBR and FAMBR mixed liquor sludge.
Sample Days D, (10) D, (50) D, (90) Mode

pm pm pm pm

AMBR 20 22.1 +£0.58 68.6 = 1.4 171.0 = 7.3 87.9 = 3.16
FAMBR 27.5 £ 0.71 73.4+1.8 183.0 = 9.56 96.3 *+ 4.56
AMBR 50 21.2 £ 0.29 67.0 = 0.76 192 + 2.44 90.1 = 1.0
FAMBR 23.5 +0.51 78.1 = 1.82 226 = 12.2 106 + 4.89
AMBR 75 24.1 + 0.56 78.6 = 1.20 199 + 2.22 97.3 +1.33
FAMBR 28.8 £ 1.95 91.0 = 4.69 216 *= 8.00 109 + 4.89

Dy represents the diameter where x % of the distribution has a smaller particle
size and (100-x) % has a larger particle size.

reveals that different influent type, compositions and processes have
significant impact on the fouling propensity of MBRs. In a recent report,
hydrolysis of ferric ion in sludge mixed liquor was found to initiate an
immediate increase in the extent of fouling (Wang et al., 2014). This
effect was apparently due to the production of large numbers of small
Fe oxy-hydroxide particles resulting in homogeneous nucleation with
the mixed liquor particles, which are capable of blocking membrane
pores.

To better understand the fouling mechanism involved in the two
MBR systems (AMBR and FAMBR), analysis of the fouling resistance
model was conducted. Results showed that both influent HFF con-
stituents and MBR sludge biopolymers (see detailed discussion in sec-
tion 3.6) influenced the fouling behavior of the two MBR systems. The
release of Fe" " in the FAMBR system initiated a synergetic interaction
with amino acids and other constituents of the influent HFF within the
mixed liquor, which promote the rapid build-up and colonization of the

Journal of Hazardous Materials 395 (2020) 122666

FAMBR membrane surface with a thick particulate cake layer (R¢. =
1.42 x 10'2 m™!) relative to the AMBR (Rg, = 0.99 x 102 m™ 1
(Table 5). A recent work conducted by Wang et al. (2014), concluded
that the formation of micro-sized and reactive ferric oxyhydroxide
particles are responsible for high membrane filtration resistance ob-
served when iron compound was dosed directly into the reactor anoxic
zone prior to flow into MBR. As shown in Fig. 6a and Table 5, the pore
blocking effect induced by nano-Fe in the FAMBR system was relatively
more pronounced compared to the AMBR system (without nano-Fe).

Further, accumulation of precipitated Fe ions at the FAMBR mem-
brane surface may produce counteractive effect on the microorganism’s
activities at the membrane-foulant interface. Fe nanoparticles are
known to act as direct electron shuttle between interspecies (Suanon
et al., 2016). However, at critical conditions (such as in oxic condition
and at Fe/microbes non-equilibrium concentrations), ROS could be
generated that can cause cell lysis and release of extracellular materials
containing hydrophobic components (like proteins), which can be ir-
reversibly bonded to the membrane surface (See Section 3.6). As shown
in Table 5, the permeability recovery for both fouled membranes
(AMBR and FAMBR) were 19.3 % and 14.2 %, respectively. After rig-
orous chemical cleaning, the permeability of the AMBR membrane
could reach 93.3 %, while the FAMBR’s permeability (Prc = 88.4 %)
was considerably affected.

3.6. Nano-Fe membrane fouling mechanism

3.6.1. Spectroscopic investigation

Detailed assessment of the fouling mechanism revealed by the
functional groups and compositions of the pristine and fouled AMBR
and FAMBR membranes was conducted via FTIR analysis, which
showed a broad-spectrum absorption from 3334 cm ™! to 720 cm™?!
(Fig. 7). From Fig. 7, the wide and small peaks at 1653 cm ™~ and 1533
cm ™! are respectively due to the stretching vibration of C=0 and CN=
of quinone oxime groups (precisely, 4-benzoquinone monoxime)
(Ishikawa et al., 1996), indicating that many of the organic compounds
in the fouled layer of the AMBR membrane originated from the influent
HFF. These peaks were distinctly absent in both the pristine and FAMBR
membranes implying that the pretreatment of HFF with nano-Fe in-
itiated the degradation of most micro-organic moieties present in the
HFF, which otherwise might have been released back to the environ-
ment.

The presence of polysaccharide-like substances at peaks 1089 cm ™ ?,
1014 cm ™! and 969 cm ™! containing saturated secondary alcohol,
cyclic (C—C) alkanes, and OCO—— saturated ether linkage groups were
respectively identified on the fouled FAMBR membrane (Luff, 1972).
These peaks were not detected on the fouled AMBR membrane, which
further confirms the potential activity of Fe ions towards cell lysis and
release of biopolymers on the FAMBR membrane surface. Further, as
shown in Fig. 7, the fouled FAMBR membrane exhibited a peak at 790
cm ™! which corresponds to alpha hydroxyl ferric oxide (a-FeOOH)
(Yuan et al., 2013). This peak was completely absent in the AMBR and
pristine membrane, respectively. Fe ions are generally known to form
coordinate bond with dissociated —COOH groups (—COO ™) on the
surface of proteins and peptides groups generally produced by

Table 5
Membrane fouling resistances and permeability recovery for AMBR and FAMBR
reactors.

Reactor Ry Raw Rpp Pre (%)  Prc (%)
(x102m™" (x102m™") (x102m™Y)

AMBR 1.71 0.99 0.72 19.3 93.3

FAMBR  2.16 1.42 0.74 14.2 88.4

Ry — total fouling resistance; R¢y, — cake layer resistance; Rpp — pore blocking
resistance; Prr — permeability recovery for fouled membranes, Prc — perme-
ability recovery for cleaned membranes.
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Fig. 7. Fourier transform infrared spectra of the pristine and fouled layer of the
AMBR and FAMBR membranes.

microorganisms as extracellular polymeric substances and soluble mi-
crobial products (Pivokonsky et al., 2012). As depicted in Fig. 7, these
protein/peptide groups are exhibited by peaks 1713 cm ™!, 1408.7
cm~ ! and 1239 em ™! on the fouled FAMBR membrane (note that these
peaks were completely absent in the fouled AMBR and pristine mem-
branes) (Luff, 1972).

The coordination of Fe ions with carboxyl groups (—COO™) may
initiate the formation of Fe—protein/peptide surface complexes, which
are predominantly formed by ionic Fe-hydroxopolymers and Fe-oxide-
hydroxides, a cocktail necessary for coagulation (Pivokonsky et al.,
2012). The dominance of proteins in form of protonated amino acids,
aromatic and aliphatic amines in the fouled FAMBR membrane layer
were demonstrated by three unique bands at 1503 cm™*, 1458 cm ™!
and 1338 cm ™, respectively (Luff, 1972). Protonated amino groups are
among the common positively charged proteins moieties. At neutral to
basic pH, Fe generally occurs as anionic hydroxocomplexes (Fe(OH),4)-,
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which are capable of initiating coordinate electrostatic interaction with
positively charged proteins moieties (Pivokonsky et al., 2012). Thus,
formation of Fe-protein/peptide complexes is significantly increased
owing to electrostatic attraction between the proteins and Fe com-
pounds. Consequently, it can be deduced that the rapid fouling of the
FAMBR membrane relative to the AMBR membrane may be due to the
active interaction of Fe compounds with released protein moieties from
microorganisms’ by-products or lysed cells.

3.6.2. Microscopic and chemical investigation

The SEM images of the pristine membrane, the fouled AMBR
membrane, and the severely fouled FAMBR membrane are illustrated in
the Fig. 8. The foulant layer on the surface of the fouled AMBR mem-
brane appears less dense compared to the surface of the FAMBR
membrane (Fig. S2), which follows the higher total fouling resistance
Ry = 2.16 x 102 m™1) observed in the FAMBR system at the end of
the treatment operation relative to the AMBR system (Ry = 1.71 X
10'2 m™1). Similarly, the partial closing of the membrane pores can be
clearly observed from SEM images of the fouled AMBR membrane
surface, while a higher amount of blocked pores were observed on the
fouled FAMBR membrane surface compared to the pristine membrane
(Fig. 8a-c).

Both biofouling and in/organic fouling were found on the fouled
AMBR and FAMBR membrane surfaces at the end of the treatment
operation. Rod-like and round shaped bacteria were seen on the fouled
membranes highlighting the contribution of biofouling in the MBRs
fouling process (Fig. 8b and c). Accordingly, the EDX analysis of the
pristine membrane revealed that Carbon (98.24 % by weight) domi-
nated the elemental composition (Fig. 8d). Other elements like Na, Si,
P, K, Ca, and Fe makes up only 1.76 % by weight of the pristine
membrane composition (Fig. 8d). On the other hand, the fouled AMBR
and FAMBR membrane surfaces (Fig. 8e and f), revealed the presence of
Na, Ca, P and Fe as major inorganic foulants as was previously observed
by Wang et al. (2014). However, the release of Fe ions by rapid oxi-
dation of nano-Fe in the FAMBR pre-treatment step varied the dis-
tribution of inorganic elements in the membrane foulants compared to
AMBR system (Fig. 8e and f). The intensity of metals like Fe and Ca in
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Fig. 8. SEM and EDX images of the (a & d) pristine membrane (b & e) fouled AMBR membrane and (c & f) fouled FAMBR membranes (inset: showing lysed round

shaped bacteria with biopolymer release within its vicinity).
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the foulant layer of the FAMBR membrane (Fe = 11.28 % and Ca =
2.38 % by weight) was considerably higher than those found on the
foulant layer of the AMBR membrane (Fe = 5.48 % and Ca = 2.22 %
by weight).

The higher abundance of Ca and Fe in the cake layer of the FAMBR
membrane compared to AMBR membrane implied the role of those
elements to membrane fouling formation. Besides, divalent cations
(such as Fe?* and Ca®*) can act as bridges between biopolymers with
ionizable groups (such as carboxylic groups) and neighboring organic
molecules (such as humic and fulvic acids), thus aiding the electrostatic
attraction between them (Volkov et al., 2017). Hence, the increased
presence of these metal complexes would aggravate the membrane
fouling process through interaction of sludge flocs and biopolymers
with the metal ions to achieve charge neutralization as earlier dis-
cussed. In addition, metallic carbonates (including FeCO3, Fe,(CO3)3
and CaCOs3) could be formed owing to the neutral to slight alkaline pH
condition in the treatment systems and CO, generated via microbial
respiration and constant air bubbling in the MBRs. Thus, the higher
weight percent of Fe observed on the fouled FAMBR membrane surface
is an indication of the presence of ferric fouling relative to the AMBR
system.

3.6.3. Resource recovery from HFF by nano-Fe
The recovery of chemicals from the influent HFF by nano-Fe
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pretreatment was investigated via XRF techniques. The average con-
centrations of recovered primary chemicals including P, Al, S, Ca, Si, K,
Cu, Ti, and Zn were detected at 0.6, 1.0, 3.2, 0.3, 16.6, 0.1, 0.4, 0.1 and
0.1 mg/g spent nano-Fe, respectively (Fig. 9a and b). Other metals
adsorbed unto the nano-Fe surface include Cr, Mn, and Co at average
concentrations of 0.2, 2.0, and 1.4 mg/g spent nano-Fe, respectively
(Fig. 9b). The presence of chlorine (0.13 mg/g spent n-ZVI) in the HFF
is indicative of the use of active biocidal agents such as 1-Chlor-
onaphthalene (a colorless oily liquid) to prevent the growth of bacteria
in fracked wells. Such chlorinated compounds can react with native
materials within the fracked formation to form halocarbons, which can
constitutes potential health hazards (Condie, 1985). Therefore, removal
of chlorine by nano-Fe in pre-treatment train, represent a potential
chlorine detoxification step prior to treatment of HFF in the subsequent
biological reactors.

4. Conclusions

A nano-Fe enabled anaerobic-oxic MBR (FAMBR) system has been
successfully tested for the degradation and possible reuse of HFF ob-
tained from Yanchang Formation. The following conclusions were
made:

1 Compared to the AMBR parallel system, FAMBR system showed
superior performance for the degradation of selected micro-con-
taminants such as PAHs, present in the HFF. Additionally, a resource
recovery option for potentially economic metals like aluminum,
phosphorus and copper (1.0, 0.6 and 0.4 mg/g spent nano-Fe)
availed using the FAMBR system.

2 The nano-Fe mediated treatment phase (FAMBR) and AMBR system
displayed slightly similar removal efficiencies for macro/compound
organics with maximum COD and TOC removal performance for
both system reaching 97.5 % and 94.5 % for FAMBR, and 93.1 %
and 92.0 % for AMBR systems, respectively. However, investigation
into the systems fouling mechanism revealed that the total fouling
resistance (R = 2.16 X 102> m™ ') of the FAMBR system was re-
latively higher than the AMBR system (R = 1.71 X 10> m™!) as
observed at the end of the treatment phase.

3 The fouling event in the FAMBR system were as a result of complex
interactions occurring between organic and inorganic substances
such as Fe-protein/peptide complexes, precipitated metal ions and
Ca carbonate compounds. This poses a major challenge for mediated
use of nano-Fe in anaerobic-oxic MBR processes. Future investiga-
tions should focus on engineered design of nano-Fe to enable re-
duction in concentration of leached Fe ions in the pre-treatment step
prior to flow into the AMBR system.
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