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ARTICLE INFO ABSTRACT

Keywords: Treating petrochemical wastewater is a challenge for conventional anaerobic reactors. One example is coal
Anaerobic gasification wastewater that, besides its salinity, is rich in toxic and inhibitory aromatics, such as phenol, cresols,
AnMBR and resorcinol. Studies have shown that phenol and p-cresol share the same degradation intermediates, whereas
Elcert:)l resorcinol is degraded via another route. This study investigated the simultaneous degradation of p-cresol or
Resorcinol resorcinol with phenol under anaerobic saline conditions. Batch experiments with anaerobic phenol-degrading
Salinity biomass were conducted to assess the feasibility of the degradation of p-cresol and resorcinol. Volumetric up-

take rates of 11.4 + 2.4 rngp_«n,resoyL’ld’1 and 4.2 £ 1.9 Mgresorcino-L d ™! were determined. The effect of p-cresol
and resorcinol on the specific methanogenic activity and the cell viability in phenol-degrading and non-adapted
biomass was assessed. Half maximal inhibitory concentration (ICsp) values of 0.73 gp_cresoyL'1 and 3.00
gresord,wl-L‘l were estimated for phenol-degrading biomass, whereas ICso values of 0.60 gp,cresol-L’1 and 0.25
gresordml-L’l were estimated for the non-adapted biomass. p-Cresol caused a higher decrease in the non-damaged
cell counts in comparison to resorcinol. Two anaerobic membrane bioreactors under saline conditions [8 g
Na*-L™'] were fed with mixtures of either phenol-p-cresol or phenol-resorcinol. At an influent phenol concen-
tration of 2 g-L!, maximum conversion rates of 22 mgp.cresol’ gVSS1d ™ and 16 mgresorcinol-gVSS 'd* were found.
In both AnMBRs, Syntrophorhabdus sp. and Methanosaeta sp. were the most abundant bacteria and methanogen,
respectively. The feasibility of simultaneous conversion of phenolic compounds under saline conditions in
AnMBRs opens novel perspectives for the high-rate anaerobic treatment of chemical wastewater.

1. Introduction phenolic compounds being the main contaminants, representing 20 to

60% of the total COD [2,5], and consists mainly of monohydric (e.g.,

Development of industrial activity has led to a considerable increase
in the generation of chemical wastewater [1]. For example, coal gasi-
fication wastewater (CGWW) from the petrochemical industry is of
particular interest due to its high concentration of toxic or inhibitory
organic pullutants [2-4]. CGWW comprises a complex matrix with

phenol and p-cresol) and dihydric (resorcinol) phenolic compounds [4].
In addition, CGWW is also characterized by high salinity [6].

During the past four to five decades, anaerobic digestion (AD) has
been increasingly applied for the treatment of industrial wastewater
[7,8], amongst which petrochemical wastewater (including CGWW) has

Abbreviations: vOLR, Volumetric organic loading rate.; CGWW, Coal gasification wastewater.; COD, Chemical oxygen demand.; UASB, Upflow anaerobic sludge
blanket reactor.; AnMBR, Anaerobic membrane bioreactor.; HPLC, High-performance liquid chromatography.; VFAs, Volatile fatty acids.; GC-FIC, Gas chromatog-
raphy with flame ionization detector.; GC-TCD, Gas chromatography with thermal conductivity detector.; CES, Carbon and energy source.; SMA, Specific meth-
anogenic activity.; FCM, Flow cytometry.; PVDF, Polyvinylidene fluoride.; r,,, Volumetric substrate uptake rate.; r,, Specific substrate uptake rate.; ICso, Half
maximal inhibitory concentration; v,.cresolLR, Volumetric p-Cresol loading rate.; s,.cresolCR, Specific p-Cresol conversion rate.; sphenolCR, Specific phenol conversion
rate.; VresorcinolLR, Volumetric resorcinol loading rates; SyesorcinolCR, Specific resorcinol conversion rate.; PCoA, Principal coordinate analysis.; AGR’, Standard Gibbs
free energy change.; AGr> TS84 Gibbs free energy change with corrections for temperature and concentrations/partial pressures.; y, Degree of reduction..
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a specific interest [3,9,10]. To achieve a proper treatment of petro-
chemical effluents, the different phenolic compounds should be bio-
degraded simultaneously during the anaerobic conversion[11].

Several studies have investigated the treatment of phenolic com-
pounds mixtures by using up-flow anaerobic sludge blanket (UASB)
reactors [12]. According to Fang and Zhou (2000), the UASB reactor
effectively removes phenol and p-cresol from wastewater at a combined
concentration of over 1.0 g~L‘1, corresponding to 2.6 g coD-L! (72%
phenol, 28% p-cresol). Results indicate that phenol has a better biode-
gradability than p-cresol [13]. Also, using UASB technology to study the
biodegradation of phenol and p-cresol mixtures, Razo-Flores et al.
(2003) reported 90% of COD removal at a volumetric organic loading
rate (VOLR) of 7 kg COD-m>3d?! [11]. It was concluded that cresols
concentration should not exceed 600 mg-L’l (1500 mg COD-LH[11].
Wu et al. (2020) obtained high COD removal efficiencies (80-100%) and
complete removal of phenolic compounds operating a UASB reactor
treating a synthetic CGWW composed of phenol, catechol, resorcinol
hydroquinone, acetate, yeast extract, and micro- and macro-nutrients at
avORLof2.6 g COD-L7'd! [14]. The influent concentration of phenolic
compounds was 1.0 g-L ™!, corresponding to 1.5 g¢ COD-L™! of phenol
and 0.7 g COD-L™! of the dihydrophenol isomers [14].

High concentrations of phenol and other phenolic compounds such
as p-cresol and resorcinol can hamper the proper performance of the
treatment process [15]. Furthermore, the high concentration of dis-
solved salts makes petrochemical wastewater, such as CGWW, a chal-
lenge for conventional anaerobic treatment, mainly because the
granulation process can be affected, leading to biomass wash-out
[16-18].

In anaerobic membrane bioreactors (AnMBRs), the reactor perfor-
mance is independent of the biomass settling properties or granulation
because of the presence of an absolute barrier: the membrane, which
guarantees the separation of active methanogenic biomass from the bulk
liquid by filtration [19]. Munoz Sierra et al. (2019) compared the per-
formance of UASB and AnMBR reactors treating highly saline phenolic
wastewater [18]. They found that the AnMBR exhibited higher stability,
which was related to its enhanced biomass retention, thereby keeping
specialized microorganisms (e.g., phenol degraders and methanogens)
under increasing influent phenol concentrations of up to 5 g phemyL’l
and salinity up to 26 g Na™-L™1. In contrast, when the UASB reached this
high influent phenol and sodium concentrations, de-flocculation of
sludge was observed, leading to a severe conversion capacity loss. High
salt concentrations, in this case mediated by Na™, promote microbial
dehydration due to differences in the osmotic pressure [18]. In sus-
pended biomass, such as the one in AnMBRs, the deterioration of the
methanogenic activity under saline conditions is suspected to be related
to cells plasmolysis [20]. In granular biomass, besides the osmotic effect,
Na™ may promote the leach of divalent ions such as Ca*2, resulting in a
decrease of the granular biomass size, or biomass washout [17,18].
Currently, there are no reports or studies dealing with the simultaneous
degradation of mixtures of phenolic compounds under saline conditions
using suspended biomass in an enhanced biomass-retention system.

The presence of phenol may affect different microorganisms, such as
phenol degraders or methanogens [21], where inhibitory or toxic effects
on the methanogens would impede the entire degradation process. In-
hibition, is defined as a biostatic effect resulting in the impairment of the
biomass function or activity, whereas toxicity is defined as a biocidal
effect on microorganisms being mainly irreversible [22]. Compared
with the hydrogenotrophic, acetoclastic methanogens may be affected
more severely by toxic or inhibitory compounds [21,22]. Therefore,
accumulating phenol concentrations might affect mesophilic phenol-
degrading reactors since acetoclastic methanogens were previously
observed as the predominant methanogenic subpopulation in phenol-
degrading AnMBRs under saline conditions [18,23].

Even when the degradation pathways of phenol, p-cresol, and
resorcinol under anoxic (nitrate-reducing conditions) or sulfate-
reducing conditions and by defined cultures have been widely
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reported [24-26], the degradation of these compounds under strict
anaerobic (methanogenic) conditions by mixed cultures is not fully
understood. Studies on microbial communities in bioreactors may
contribute to a better understanding of the degradation process of these
substrates. For example, it has been shown that Syntrophorhabdus, a
phenol degrader, also has the capability of p-cresol degradation under
strictly anaerobic conditions [27,28]. However, thus far, it has not been
identified which are the microorganisms responsible for resorcinol
degradation under anaerobic conditions. In addition, it is not known
whether phenol and p-cresol degraders also have the capacity to convert
resorcinol synergistically.

Through a thermodynamic state analysis of environmental systems, a
better understanding of the microbial metabolism in a defined system is
achieved [29]. By such analysis, it is possible to better describe the
biochemical pathways by determining the overall reaction stoichiom-
etry of microbial growth on a specific substrate and the involved redox
reactions, which could be used to better interpret the observed phe-
nomena in batch tests and continuous flow reactors.

To further elucidate the anaerobic conversion potential of phenolic-
rich wastewater by suspended (non-granular) biomass in a full-biomass-
retention system (AnMBR) in which a more specific microbial con-
sortium is expected to be cultivated, the maximum conversion rates of
p-cresol and resorcinol when simultaneously degraded with phenol in a
matrix with a sodium concentration of 8 g-L! were determined. Also, the
inhibitory effect of p-cresol and resorcinol on the acetoclastic meth-
anogenic activity and the toxic effect, as cellular membrane damage, of
both phenolic compounds on the phenol degrading biomass were
assessed. By analyzing the thermodynamics of the anaerobic degrada-
tion of p-cresol and resorcinol, a theoretical backup to the results
observed during the reactor operation was provided. Microbial com-
munity analyses revealed which microorganisms may be responsible for
the degradation of phenol, p-cresol, and resorcinol in mixed culture
systems under anaerobic conditions such as those of the AnMBRs. As
well, these molecular analyses allowed to compare the phylogenetic
similarity between microbial communities of the AnMBRs degrading
either phenol-p-cresol or phenol-resorcinol under saline conditions. The
results obtained in this research may be of considerable practical
importance, because granular-sludge reactors are prone to suffer from
biomass degranulation and wash out when treating this type of toxic or
inhibitory wastewater under saline conditions.

2. Materials and methods
2.1. Analytical techniques

2.1.1. Phenol, p-cresol, and resorcinol concentrations

Phenol and p-cresol concentrations were measured by gas chroma-
tography (GC) as reported in Garcia Rea et al. (2020) using an Agilent
7890A (Agilent Technologies, California, USA) chromatographer [23].
The runtime was 15 min with a flow of 67 mL-min~'. The sample in-
jection volume was 1 pL. Sample preparation was done as previously
reported [23]. Phenol concentration was double-checked by spectro-
photometry using a Hach DR 3900 spectrophotometer (Colorado, USA)
and LCK346 phenol cuvette tests (Hach, Colorado, USA) following the
manufacturers’ instructions.

Resorcinol was measured by high-performance liquid chromatog-
raphy (HPLC). The column used was a C18 Kinetex Core-Shell (Phe-
nomenex, California, USA). The column temperature was 40 °C. As
eluent, a mixture of ultrapure water (60%) and acetonitrile (40%) was
used, with a flow of 0.6 mL-min~!. A UV detector was used, with
wavelengths of 270 nm for channel 1 and 280 nm for channel 2.

2.1.2. COD, volatile fatty acids, and biogas composition determination
COD was measured by spectrophotometry using a Hach DR3900

(Hach, Colorado, USA) spectrophotometer. Depending on the COD

concentration, LCK314 or LCK514 COD cuvette tests (Hach, Colorado,
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USA) were used following the manufacturers’ instructions. To prepare
the sample, ~1 mL of permeate was filtered through a 0.45 pm filter
(Chromafil Xtra PES-45/25). Proper dilutions were made to keep the
COD concentration in the measurable range and to avoid interference
due to CI.

Volatile fatty acids (VFAs) were measured by GC-FID using the same
sample preparation and chromatography protocols as described in sec-
tion 2.1.1.

Biogas composition was determined by GC. The chromatograph was
an Agilent 7890 (Agilent Technologies, California, USA) coupled to a
thermal conductivity detector (TCD) and a column HP-PLOT Molesieve
(19095P-MS6) with dimensions of 60 m x 530 pm x 20 pm. Helium was
used as a carrier gas with a flow rate of 10 mL-min~! and a split ratio of
1:1. The oven temperature was 40 °C for 6 min and then increased by
25 °C-min~! to 100 °C, the total run time was 10 min. The temperature
of the TCD was 200 °C. For the samples, 5 to 10 mL of biogas were taken
from the reactor’s biogas line and injected into the GC-TCD.

2.2. Batch tests

2.2.1. Anaerobic biodegradability tests for p-cresol and resorcinol by
phenol-degrading biomass

A series of batch tests with initial concentrations of 50, 100, 250, or
500 mg-L! with either p-cresol or resorcinol as sole carbon and energy
source (CES) were carried out. The tests were performed in triplicates in
250 mL Schott glass reactors (working volume 200 mL) (Schott, Ger-
many), using a substrate-biomass ratio of 2 g COD-gVSS™. The biomass
was taken from a phenol-degrading AnMBR. To ensure anaerobic con-
ditions, the glass reactors were flushed with Ny for one minute before
starting the test. Per gram of substrate COD, 0.75 mL of micronutrient
solution, 1.53 mL of macronutrient solution, and 50 mg of yeast extract
(Sigma Aldrich) were added [30]. Per each mL of medium, 30.5 mL of
phosphate solution A and 19.5 mL of phosphate solution B were added.
The composition of the different solutions is reported in our previous
work [23].

The bottles were incubated at 35 °C in a temperature-controlled
shaker (New Brunswick Innova, Germany) at 130 rpm. Samples (0.5
to 1.0 mL) were periodically taken from the bottles and filtered through
a 0.45 pm filter (Chromafil Xtra PES-45/25). p-Cresol, resorcinol, VFAs,
and COD were determined in the filtrate as specified in Section 2.1.

2.2.2. Specific methanogenic activity inhibition and cellular membrane
damage

For assessing the specific methanogenic activity (SMA), the protocol
proposed by Spanjers and Vanrolleghem was used, except for the
micronutrient dosage which was 0.6 mL-L7 instead of 6 mL-L™ [31].
Tests were carried out in triplicates in 250 mL Schott glass bottles
(Schott, Germany) at 35° C and a constant mixing (130 rpm). Ny was
flushed for one min to ensure anaerobic conditions. Sodium acetate-
trihydrate (Sigma Aldrich, USA) was used as the substrate at a concen-
tration of 2.0 gCODacemte-L'l. The biomass was taken from a phenol-
degrading AnMBR [23]. The batch reactors kept a substrate-inoculum
ratio of 2 (gCOD-gVSS'l). Macro and micro-nutrient solutions were
added as described in Section 2.2.

Accumulated biogas production was recorded by an AMPTS II system
(Bioprocess Control, Sweden). Initial and final COD and acetate con-
centrations and pH values were measured as described in section 2.1.
Different p—cresol and resorcinol concentrations were used.

Membrane cell damage was assessed by flow cytometry (FCM).
Samples of the biomass were taken before starting the SMA tests and
once the tests were finished. For sample preparation, 5 mL of biomass
were taken and diluted with 0.22 pm-filtered phosphate-buffered saline
(PBS) 1:500 [32]. The mixture was sonicated three times for 45 s at 4 °C
and 100 W. To determine the total cell count, 495 pL of the sonicated
mixture were stained with 5 pL of SYBR Green I dilution (S7563, Thermo
Fisher, Massachusetts, USA). For the damaged-wall-cells measurement,
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the cells in the sonicated mixture were stained with 5 pL of SYBR Green I
and propidium iodide (P4170, Merk, Germany) [30 mM] solutions. After
the staining addition, the samples were gently vortexed and incubated in
the dark at 37 °C for 10 min. The FCM was done in a BD Accuri C6 flow
cytometer (Becton Dickinson, New Jersey, USA). The concentration of
the samples was adjusted to have<2000 events pl~'. The results are
reported as the percentage of non-damaged cells in comparison to a
control bottle.

Once the assays with the AnMBR biomass were completed, the SMA
inhibition and membrane cell damage tests for p-cresol and resorcinol
were repeated using anaerobically digested sewage sludge coming from
a municipal wastewater treatment plant (Harnaschpolder, Den Hoorn,
The Netherlands).

2.3. Simultaneous degradation of phenol with p-cresol or resorcinol

2.3.1. Anaerobic membrane bioreactors operation

Two reactors (6.5 L working volume, 7.0 total volume) equipped
with a membrane module (approximately 130 cm®), with a 64 cm length
and 5.5 mm diameter, inside-out ultrafiltration (30 nm nominal pore
size) tubular PVDF membrane (Pentair, The Netherlands), were used for
the continuous experiment for the simultaneous degradation of phenol
with either p-cresol or resorcinol. Both reactors shared the same
configuration (Fig. 1). R1 was used for the degradation of phenol-p-
cresol and R2 for phenol-resorcinol.

Each setup was fully automated and was equipped with influent and
effluent pumps (Watson Marlow 120 U, Watson Marlow, England) and a
recirculation pump (Watson Marlow 160 U, Watson Marlow, England).
To determine the TMP, two pressure sensors (AE Sensors, The
Netherlands) with a range from —800 to 600 mbar measured the pres-
sure of the bulk sludge at the entrance and the exit of the membrane, and
a third sensor of the same characteristics measured the pressure at the
permeate side. The reactor volume was kept constant using two pressure
sensors (AE Sensors, The Netherlands), ranging from 0 to 100 mbar,
located at the top and the bottom of the reactor. Temperature and pH
were measured online using pH/temperature sensors (Endress & Hauser,
Memosens and Mettler Toledo). To keep temperature constant (35 °C), a
water bath (Tamson Instruments, The Netherlands) was used to recir-
culate water through the reactor’s jacketed double wall.

The biomass was mixed by internal recirculation at a rate of approx.
300 d™! with a flow of approx. 1830 L-d}. Therefore, the membrane was
operated with a cross-flow velocity of 1.0 m-s ™.

The reactors were fed with synthetic wastewater containing phenol
[2 g~L'1], acetate [2 g COD~L‘1], and either p-cresol (R1) or resorcinol
(R2) at different concentrations (Table 1). Micro- and macronutrient
solutions, phosphate buffers, and yeast extract were added to the feeding
medium as specified in section 2.2.1. Sodium chloride was added to keep
the Na't concentration at 8 g~L'1.

2.3.2. DNA extraction for microbial community composition analysis

Samples from the reactors were taken at specified days of each
reactor operation. A total volume of 1.5 — 2.0 mL of biomass were
transferred to microcentrifuge tubes (Eppendorf, Germany). The tubes
were centrifuged for 5 min at 10.000 g. The supernatant was discarded
and the biomass pellet was frozen at —80 °C. For the extraction, the cell
pellets were melted and DNA was recovered using a DNA extraction kit
(DNeasy UltraClean Microbial Kit, Qiagen, Germany) following the in-
structions provided by the manufacturer.

2.3.3. 16S rRNA gene amplification, sequencing, and data processing
DNA (16S rRNA gene) amplification was done using Illumina
Novaseq 6000 platform by Novogene. The hypervariable regions V3-V4
were amplified using the primer set 341F [(5'- 3') CCTAYGGGRBG-
CASCAG] and 806R [(5'- 3') GGACTACNNGGGTATCTAAT]. The PCR
reactions were carried out with Phusion ® High- Fidelity PCR Master
Mix (New England Biolabs). The DNA sequencing data was processed as
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Fig. 1. Scheme of the AnMBR set-up.

Table 1

Influent concentrations and resulting volumetric loading rates of the phenolic compounds during the operation of R1 and R2.
R1 R2
Phase Operation days p-Cresol [mg-L'] p-Cresol vOLR [mg-L'd] Phase Operation days Resorcinol [mg-L] Resorcinol vOLR [mg-L'd]
I 0-8 25 4 I 0-15 50 8
I 9-21 50 8 I 16-25 100 17
111 22-33 100 17 111 26-31 200 30
v 34-47 200 30 v 32-43 400 65
\% 48-58 300 50 \4 44-53 600 100
VI 59-67 400 65 VI 54-63 800 130
VII 68-94 800 130 VII 64-77 1200 200
VIII 95-101 1200 200 - - - -
X 102-112 1600 267 - - - -

described in Garcia Rea et. al 2020 [23]. The sequences were deposited
in the SRA (NCBI) database under the accession number PRJNA739995.

2.3.4. Thermodynamic state analysis

For the thermodynamic analysis of the p-cresol and resorcinol
degradation, the Gibbs Energy Dissipation method [29] was used.
Through the coupling of catabolism and anabolism, the overall meta-
bolic equations of anaerobic growth on p-cresol and resorcinol were
derived. To perform the required calculations, the following foreseen
concentrations and partial pressures expected in the AnMBR were used:
p-cresol and resorcinol 0.1 mmol (10 mg'L’l), acetate 0.02 mmol (1.2
mg-L'), carbon dioxide 0.4 atm, hydrogen 1 x 10" atm, ammonium 5 x
1078 mmol, and H* 1 x 107M.

3. Results

3.1. Anaerobic biodegradability of p-cresol and resorcinol by phenol-
degrading biomass

To assess whether p-cresol and resorcinol could be anaerobically
converted by using biomass from a phenol degrading AnMBR under
saline conditions, and if so, to have an insight into the degradation ki-
netics, either p-cresol or resorcinol were fed as sole CES to the biomass

and the concentration of the compounds was continuously measured.
The anaerobic conversion at different initial concentrations of p-cresol
and resorcinol is presented in Fig. 2 A and B, respectively.

A zero-order kinetic model was fitted to the data to estimate the
volumetric (rs,) and specific (rs) substrate uptake rates (Table 2).

Fig. 2 shows that, even without previous exposure of the biomass to
p-cresol or resorcinol, both phenolic compounds were degraded. The
degradation in the batch reactors seemed to follow a linear relationship,
with conversion of p-cresol (average r;, = 11 + 3.3 mg-L1dY) faster
than resorcinol (average rg, = 6.6 + 2.1 mg-L‘ld‘l). However, even
when the volumetric uptake (conversion) rates were similar between the
different initial concentrations, the biomass specific uptake (conversion)
rates (rs ) for both compounds showed a decrease with higher (initial)
concentrations (Table 2).

3.2. Specific methanogenic activity inhibition and cell viability

To determine if p-cresol and resorcinol inhibited the acetoclastic
methanogenesis, the SMA inhibition of the phenol-degrading AnMBR
biomass in the presence of both phenolic compounds (Fig. 3 A & B) was
assessed. In addition, to determine whether p-cresol and resorcinol had a
toxic effect on the AnMBR biomass, we analzyed the cell membrane
integrity by the live-death cell staining protocol [33](Fig. 3 C & D) once
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Table 2
Volumetric (rs,) and specific (rs ) substrate uptake rates for p-cresol and resorcinol in batch tests.
p-Cresol Resorcinol
Initial concentration [mg-L’l] rs,v[mg-L'ld'l] R? rs,s[mg-gVSS'ld'l] rs,v[mg-L'ld'l] R? rs’s[mg-gVSS'ld'l]
50 7.8+ 1.3 0.84 44.0 £ 7.8 4.6 +0.3 0.97 26.6 + 6.4
100 9.1 +£1.45 0.81 19.3 + 0.6 5+04 0.91 88+1.5
250 10.8 £ 0.9 0.89 85+1.2 6.7 £ 0.7 0.87 5+0.8
500 16.4 + 0.8 0.96 6.5+ 1.7 10+ 0.4 0.97 35+1.6
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respect of the control, in the anaerobic biomass after the SMA inhibition tests with p-cresol (C) and resorcinol (D).

the SMA was finished. Finally, to assess and compare the inhibitory and
toxic effects of p-cresol and resorcinol on non-adapted biomass, the tests
were repeated with biomass coming from a municipal anaerobic sludge

digester (Fig. 4 A-D).

By fitting a four parameter logistic model [34], the half maximal
inhibitory concentrations (ICsp) for both compounds in the phenol-
degrading biomass were estimated as ICsop.cresot = 0.73 g~L‘1, and
ICsoresorcinol = 3.00 gL, which implies that p-cresol has a higher
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inhibitory effect on the acetoclastic methanogens in comparison to
resorcinol. Fig. 3 (C & D) shows the results of the FCM performed once
the SMA inhibition tests were finished. It can be observed that at p-cresol
concentrations of up to 1.0 g-L! there was not a marked decrease in non-
damaged cells. At 0.75 g p-cresolL, an over-estimation of non-
damaged cells was observed, which is further considered as an outlier.
However, at a concentration of 1.5 g-L}, just 25% (approx.) of the cells
remained as non-damaged; nevertheless, the variability of the data
should be considered. These results imply that at concentrations below
1.0 g-L! the inhibition was mainly biostatic, whereas at 1.5 g-L™}, in
addition to the biostatic inhibition, there was a higher percentage of cell-
membrane-damaged cells, which may be associated with toxicity (a
biocidal inhibitory effect) [22]. With respect to resorcinol, results show
that even at the highest concentrations, the percentages of non-damaged
cells hardly decreased. At a concentration of 4 gresorciml-L'l there was a
25% decrease in non-damaged cells in comparison with the control.
Implying that resorcinol had mainly biostatic and not toxic (biocidal)
effects on the biomass.

Regarding the non-adapted biomass, the estimated ICsg values were
18% (ICsqp-cresot = 0.60 g-L'l) and 92% (ICsgresorcinol = 0.25 g-L"l) lower
than the ones for the phenol-degrading AnMBR biomass (Fig. 4 A & B).
Opposite to what was observed for the phenol-degrading AnMBR
biomass, p-cresol at a concentration of 1.5 gp_cresol-L'1 caused a decrease
of approx. 50% of the non-damaged cells, which was lower in compar-
ison with what was observed with the AnMBR-adapted biomass (Fig. 4 C
& D). However, even at the concentration of 0.75 gp,cresoyL’1 the
methanogenic activity was almost completely inhibited, giving an ac-
tivity of only 5.2% in respect of the control. On the other hand, the ICsq
value for resorcinol in the non-adapted biomass was 92% lower than the
obtained ICsq value for the phenol-degrading biomass. The FCM, showed
that there was not a decrease in the non-damaged cells even at con-
centrations that caused high inhibition of methanogenesis. However,
and opposite to what was observed with the phenol degrading AnMBR
biomass, there was no negative trend in the non-damaged cell

percentage with increasing concentration of resorcinol.

3.3. Anaerobic membrane bioreactor operation for the simultaneous
degradation of phenol with p-cresol or resorcinol

Two AnMBRs seeded with phenol-degrading and salt-adapted
biomass were operated to assess the maximum conversion rates of p-
cresol or resorcinol, together with phenol, under continuous-flow
reactor conditions with low to moderate bulk concentrations of the
phenolic compounds. Periodically, biomass samples were taken to study
the dynamics of the microbial communities. Reactor 1 (R1) was fed with
a mixture of p-cresol and phenol, and Reactor 2 (R2) with a mixture of
resorcinol and phenol (Table 1).

3.3.1. Simultaneous degradation of phenol and p-cresol

Nine different volumetric p-cresol loading rates (Vp.cresolLR) were
applied (Table 1). Up to a load of 130 mgp,cresol-L'ld'l, 100% removal of
phenol and p-cresol was achieved, corresponding to a specific p-cresol
conversion rate (SpcresolCR) of 22 mgp,cresoygVSS'ld'1 and a specific
phenol conversion rate of (SphenolCR) of 56 mgpp- gVSS'ld’l. However, on
day 102, when the Vp.cresolLR reached 200 mgp_cresol-L'ld'l, the removal
efficiencies of both phenol and p-cresol decreased practically at the same
time, most likely implying an intoxication of the reactor biomass caused
by accumulating p-cresol (Fig. 5 A).

Concerning the microbial community structure (Fig. 5 B), the 4 most
abundant microorganisms comprising 62.2 + 4.7% of the entire com-
munity during the whole reactor operation included the strict aceto-
clastic methanogen Methanosaeta sp. (20.4 + 4.8%), Syntrophorhabdus
sp. (18.0 & 6.9%) a reported phenol and p-cresol degrader, Thermovirga
sp. (15.8 + 5.6%), and Desulfatiglans sp. (11.0 + 6.3%). After the in-
crease in the v cresolLR and therefore in the p-cresol concentration in the
bulk of the reactor, there was a decrease in the relative abundance of
Syntrophorhabdus sp from 17.8 + 1.0% (day 106), corresponding to a
100% removal efficiency of p-cresol and phenol, to 9.9 + 0.5% on day
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119, and then to 7.9 + 0.3% on day 129. Methanosaeta had a decrease in
its relative abundance as well, from 24.5 + 0.3% on day 119 to 12.1 +
1.1% on day 129. The other two most abundant genera did not show a
clear decrease in their relative abundances.

3.3.2. Simultaneous degradation of phenol and resorcinol

Seven different volumetric resorcinol loading rates (ViesorcinolLR)
were applied to R2. Each time the VyegorcinolLR Was increased, there was a
decrease in the removal efficiency of resorcinol (Fig. 6 A). The phenol
removal efficiency was affected when the resorcinol concentration in the
reactor started to increase, e.g., days 29-48. However, even when
resorcinol concentrations were higher than 200 mg-L™ (day 43 and 69,
Fig. 6 A), the conversion rates, and therefore, the removal efficiencies of
phenol and resorcinol were recovered. On day 59, at a VyesorcinolLR of 100
mgresorcmoyL’ld’l, removal efficiencies of 98% and 100% were found for
resorcinol and phenol respectively, corresponding to specific conversion
rates (SresorcinolCR) of 16 MEresorcinol ~gVSS'1 d? and 54
mgphenol'gVSS’ld’l. However, on day 66, there was a decrease to 52%
and 73% in the resorcinol and phenol removal efficiencies, respectively.
On day 69, when the VyesorcinolLR was increased to 130 mgresorcimyL’ld’l,
the resorcinol concentration in the permeate started to increase,
resulting in a reduced resorcinol and phenol removal efficiencies of 52%
and 66%, respectively. Nonetheless, on day 73, and with a ViesorcinolLR =

200 mges-L'd}, a recovery in the removal efficiency was observed,
reaching 90% and 99% for resorcinol and phenol, respectively. The
subsequent increase in the ViesorcinolLR to 250 mgr(a,s(,l.cirlc,l-L'ld'1 on day
87 caused the resorcinol and phenol conversion failure. In contrast to
what was observed in R1, the phenol removal efficiency decreased after
two days (day 87) of the last drop in the resorcinol removal efficiency.

For the microbial community structure (Fig. 6 B), three main mi-
croorganisms comprised 66.5 = 7.9% of the entire community during
the whole reactor operation. These microorganisms were the phenol
degrader Syntrophorhabdus sp. (24.2 + 5.6%), Thermovirga sp. (21.8 +
4.3%), and the acetoclastic methanogen Methanosaeta sp. (20.6 + 5.0%).
Opposite to what was observed in R1, Methanosaeta sp. was not the most
abundant microorganism. In contrast, Syntrophorhabdus sp. dominated
the community, which suggested that Syntrophorhabdus sp. could have
contributed to the degradation, not just of phenol but of resorcinol as
well. Another observed difference concerning R1 is that even in the
periods when the removal efficiency of resorcinol decreased, there was
no noticeable impact on the main groups of microorganisms, especially
Syntrophorhabdus sp. and Methanosaeta sp. As well, Thermovirga sp.
remained constant during all the stages and, similar to what was
observed for the operation with p-cresol, Desulfatiglans sp. was the fourth
most abundant microorganism; though, on average, its relative abun-
dance was 3.9 + 1.5% in comparison to the 11.0 + 6.3% found for R1.
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3.3.3. Analysis of the communities of the anaerobic membrane bioreactors

To compare the similarities between the microbial communities of
the two reactors, a principal coordinate analysis (PCoA) was performed
(Fig. 7A). By comparing the microbial communities of both reactors, it is
possible to conclude that there was no statistical (p < 0.05) difference
between the communities as there is no clear separation, neither any
clustering between the samples (Fig. 7B). This suggests that the micro-
bial communities were phylogenetically similar, and the mixtures of
phenol-p-cresol and phenol-resorcinol might be degraded either by the
same microorganism or by phylogenetically
microorganisms.

closely related

3.4. Thermodynamic state analysis

To theoretically support the observed results obtained during the
batch and continuous experiments and to better understand the (bio)
chemical reactions of the anaerobic growth on p-cresol and resorcinol, a
thermodynamic analysis was performed.

3.4.1. p-Cresol

Degradation of p-cresol under strict anaerobic (methanogenic) con-
ditions has been reported elsewhere [28,48]. Specifically, one micro-
organism species, Syntrophorhabdus (aromaticivorans) has been
identified to convert p-cresol into acetate in a syntrophic association
with a hydrogenotrophic methanogen [27,37]. For the anaerobic

growth on p-cresol, the complete oxidation of p—cresol into acetate was
considered for the catabolic reaction (Table 3, Eq. 1A). For the reduction
reaction, the proton (H™") respiration was considered (Table 3 Eq. 2B), as
this is a common electron acceptor under methanogenic conditions [29].
For the anabolism, the oxidation reaction was considered to be the
convyersion of p—cresol (degree of reduction y = 4.86) into biomass
(C1No200sH1 85y = 4.20) [29], whereas the reduction reaction was
considered the same as in the catabolism. Table 3 presents the values for
standard Gibbs free energy change (AGR®) of the reactions and the

values corrected for the expected concentrations and temperature
(AGRI’T) in the reactor.

3.4.2. Resorcinol

For the catabolism, the complete conversion of resorcinol into ace-
tate was considered as the oxidation reaction (Table 4. Eq. 1.B). As the
process will occur under methanogenic conditions, H respiration was
considered for the reduction reaction (Table 4. Eq. 2B). For the anabo-
lism, the conversion of resorcinol (y = 4.33) into biomass (y = 4.2)[38]
was considered as the oxidation reaction, and H' respiration as the
reduction reaction. Table 4 shows the values of AGR’, and AGg™T
(corrections for reactor conditions).

As can be observed in Tables 3 and 4, both catabolic oxidation re-
actions (Eq. 1A & 1B) are thermodynamically non-favorable under
standard conditions (T = 298 K, P = 1 atm, concentrations = 1 M).
However, under physiological conditions, correction for temperature,
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Table 3

Stoichiometry and thermodynamic values for the degradation of p-cresol under methanogenic conditions. Units of all AGy are in kJ-mol 1.
Reaction Stoichiometry AGR° AGRYT Eq.
No
p-Cresol Oxidation: p-cresol to acetate —C7Hg0, —6H,0 + 3.5C2H30; + 9.5H" + 6e~ 163.1 —275.5 Eq.
Catabolism 1A
Reduction: H" respiration —e  —H" + 0.5H, 0 27.7 Eq.
2A
Overall catabolic reaction —CyHgO1 —6H,0 + 3.5C2H50, + 3H, + 3.5H" 163.1 —108.9 Eq.
3A
p-Cresol Oxidation: p-cresol to biomass —0.14C7HgO1 —0.36H>0 —0.2NH; + C1No2005H1s + 0.86H" + 0.66e~ 39.0 12.0 Eq.
Anabolism 4A
Reduction: H' respiration —e” —H" + 0.5H; 0 27.7 Eq.
5A
Overall anabolic reaction —0.14C;Hg 0, —0.36H,0 —0.2NH4 —0.08CO, + C1No2005H1 8 + 0.33Hy + 0.2H" 39.0 30.32 Eq.
6A
Metabolism of anaerobic growth on —2.41C7HgO; —13.96H>0 —0.2NH4 —0.08CO; + C1 Ny 2005H1 8 + 7.94CoH30;, + 408.7 —216.6 Eq.
p-cresol 7.13H, + 8.14H" 7A

and (expected) concentrations and partial pressures, the AGR°>" be-
comes more negative.

4. Discussion

Our present results show that the degradation of p-cresol and
resorcinol started without any lag phase using AnMBR phenol-fed sus-
pended biomass that was never exposed to these compounds (Fig. 2 A &
B). The estimated r, ; showed a high variability in results with maximum
values of 44.0 + 7.8 rngp_cresoygVSS’ld’1 and 26.6 + 6.4

mgresorciml-gVSS'ld'1 (averagep.cresol = 11.3 £ 15.8 rng~gVSS'1d'1; aver-
ageresorcinol = 8.2 + 7.5 mg-gVSSd ™) (Table 2), in which increasing
initial concentrations of the phenolic compounds yielded lower rg;
values. Results indicate that substrate inhibition was limiting the con-
version rates. For p-cresol, the calculated rg, were higher than those
reported in a recent study (3.7 - 7.8 mg~L’1d'1, VSS = 4.0 glL’l) [28].
The immediate start of p-cresol conversion might be attributed to the
fact that phenol and p-cresol share the same degradation route via 4-
hydroxybenzoyl-CoA [24,25,39], and at least one of the identified spe-
cies of microorganisms, Syntrophorhabdus sp., has been reported to have
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Table 4

Stoichiometry and thermodynamic values for the degradation of resorcinol under methanogenic conditions. Units of all AGy are kJ -mol 1.
Reaction Stoichiometry AGR®  AGRMT  Eq.
No
Resorcinol Oxidation: resorcinol to acetate —CeH02 —4H,0 + 3C,H30; + 5H' + 2e 66.5 —186.4 Eq.
Catabolism 1B
Reduction: H' respiration —e” —H" + 0.5H, 0 27.7 Eq.
2B
Overall catabolic reaction —CeHs02 —4H,0 + 3C2H30, + 1H; + 3H* 66.5 -130.9 Eq.
3B
Resorcinol Oxidation: resorcinol to biomass —0.17C¢He02 —0.17H50 —0.2NH, + C1No2005H1s + 0.34H" + 0.14e~ 26.9 24.1 Eq.
Anabolism 4B
Reduction: H' respiration —e” —H" + 0.5H, 0 27.7 Eq.
5B
Overall anabolic reaction —0.17C¢Hg 02 —0.17H50 —0.2NH4 + C1Ng2005H18 + 0.07Hy + 0.2H* 26.9 24.1 Eq.
6B
Metabolism of anaerobic growth on —1.98CsHs 02 —7.43H20 —0.2NH, + C1No20o5H18 + 5.45CoH30, + 147.7 —199.3 Eq.
resorcinol 1.89H, + 5.65H" 7B

the capability to degrade both compounds under methanogenic condi-
tions [27]. Under anoxic (nitrate-reducing) conditions or sulfate-
reducing conditions, phenol is carboxylated in the para-position
yielding 4-hydroxybenzoate, whereas p-cresol is hydroxylated at the
methyl group by an oxygen-independent reaction; in both cases, the
benzoyl-CoA is the intermediate from which the subsequent steps in the
degradation pathway are shared [25,40].

On the other hand, resorcinol follows a 4-hydroxybenzoyl-CoA in-
dependent pathway [25,39]. Resorcinol can be anaerobically degraded
either oxidatively or reductively by conversion routes that do not
involve benzoyl-CoA [24,26]. The reduction of resorcinol was found in
fermenting Clostridium sp., which possesses resorcinol reductase, cata-
lyzing the reduction of resorcinol to 1,3-cyclohexadione. The reduced
intermediate is then hydrolytically cleaved to 5-oxocaproic acid that is
broken down into acetate and butyrate. The second possible pathway,
which is energetically favorable, but thus far only identified for deni-
trifying bacteria, is an oxidative reaction releasing hydroxyhy-
droquinone [25,39]. Therefore, resorcinol conversion by anaerobic
phenol-degrading biomass was not anticipated, implying that the
biomass had a wider catabolic diversity than expected. However, and in
comparison with phenol and p-cresol, resorcinol can be reduced more
easily because it carries hydroxyl groups in meta position, which allows
tautomerization to the enol form generating an isolated double bond
that can act as electron acceptor [41].

The anaerobic biomass coming from the phenol-degrading AnMBR
under saline conditions showed a higher inhibition on the SMA due to p-
cresol compared with resorcinol addition (Fig. 3 A & B). The results
obtained during the inhibition tests agree with the observations of Liang
and Fang (2010), who attributed the increased inhibitory effect of p-
cresol to the higher hydrophobicity of the molecule in comparison to
resorcinol [42].

Different ICs¢ values for methanogenesis when using p-cresol and
resorcinol have been reported by other researchers [35,36] (Table 5).
However, most of the values were obtained using anaerobic granular
biomass as inoculum, mainly coming from UASB reactors. On the other
hand, although p-cresol and resorcinol are toxic compounds, to the best
of our knowledge no studies report the effect of these compounds on the
cell viability.

The phenol-degrading AnMBR biomass had a 29% lower ICsq value
for p-cresol than the one reported for phenol-adapted granular biomass,
but 18% higher than the one from a distillery wastewater (Table 5). In
the case of resorcinol, the ICso value was 66% higher than the reported
value for the granular biomass from the distillery wastewater. Opposite
to the reported studies, the AnMBR biomass used in the present study
was not granular but suspended, so more susceptible to toxicants.
Additionally, the tests were performed under saline conditions, which
might add additional stress to the biomass [43].

Cell membrane damage related to toxicity can be considered as

10

Table 5
1Cso values reported for p-cresol and resorcinol.
References Compound ICsp Biomass
Olguin-Lora et al. p-Cresol 0.39 Non-acclimated granular sludge
2003 gLt
Olguin-Lora et al. p-Cresol 1.03 Phenol-acclimated granular sludge
2003 gL?
Sierra-Alvarez and p-Cresol 0.62 Granular sludge from a full-scale
Lettinga, 1991 gLt UASB treating distillery wastewater
Sierra-Alvarez and Resorcinol ~ 1.81 Granular sludge from a full-scale
Lettinga, 1991 gLl UASB treating distillery wastewater
This study p-Cresol 0.73 Suspended biomass from a phenol-
gL? degrading AnMBR (8 gNa-L™1)
This study p-Cresol 0.60 Anaerobically digested biomass
gL? from an MWWTP
This study Resorcinol ~ 3.00 Suspended biomass from a phenol-
gLt degrading AnMBR (8 gNa-L'")
This study Resorcinol  0.25 Anaerobically digested biomass
gLt from an MWWTP

biocidal inhibition [44]. Therefore, the decrease in the percentage of
non-damaged cells after the SMA tests was related to whether the
decrease in the methanogenic activity was due to toxicity (biocidal in-
hibition) or to an impairment of the methanogenic function (biostatic
inhibition). Our results support the hypothesis that the effect of p-cresol
on the methanogens is mainly biostatic at low concentrations and toxic,
or biocidal, at high concentrations. In contrast, the inhibition by resor-
cinol is mainly owing to a biostatic inhibition. As well, combining the
results from the batch tests (biodegradability kinetics, inhibition, and
toxicity tests) and the reactor operation, it may be possible to conclude
that the activity of the p-cresol and resorcinol degraders was affected
before the methanogenic activity.

The results from R1 showed a rapid adaptation of the biomass to the
degradation of the new substrate p-cresol, which might be attributed to
the shared microbial metabolic pathway during phenol and p-cresol
conversion. Aditionally, full biomass retention likely led to in-situ bio-
augmentation of the proper bacteria [45]. As previously reported, an
adapted, abundant, and active methanogenic population is required for
the proper degradation of phenol [23], which appeared to be the case for
the combined degradation of phenol along with p-cresol (R1) (or
resorcinol in R2). The thermodynamic analysis showed that the cata-
bolic conversion of p—cresol has a positive AGRO (standard conditions),
but becomes negative under the prevailing reactor conditions, mainly
because of the neutral pH and the decrease in the concentration of
produced intermediates, i.e., hydrogen and acetate. The anabolic
metabolism of one mol of p-cresol produces 7.13 mol of hydrogen;
therefore, and similar to the degradation of phenol, p-cresol requires a
syntrophic association, meaning that there should be a continuous
removal of the (produced) hydrogen by, e.g., hydrogenotrophic
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methanogens, so both anabolic and catabolic reactions can proceed (Eq.
3A & 7A). In a recent study, our group reported the enhancement of
anaerobic phenol degradation during the simultaneous conversion with
acetate, which correlated with the presence of an abundant acetoclastic
methanogenic population [23]. For the combined degradation of phenol
and p-cresol, the same effect could be expected as 3.3 mol of acetate per
mol of p-cresol are produced during its anaerobic conversion (Eq. 7A),
implying that a strong acetoclastic methanogenic population may allow
a better degradation of both compounds.

The inhibition of the reactor’s biomass, and thus the simultaneous
decrease in the conversion of the phenolic compounds, confirmed that
the same microorganism or microbial group might perform phenol and
p-cresol degradation.

About R2 and in agreement with the batch tests, it was demonstrated
that anaerobic resorcinol degradation occurred without any lag phase,
which confirmed the hypothesis of the suspected broader metabolic
capacity of the biomass. Even at the beginning of the reactor operation,
and with a VyesorcinolLR of 30 mg~L‘1d'1, the resorcinol removal efficiency
remained about 100%. As previously discussed, this result was not ex-
pected; in fact, resorcinol was chosen because of 1) its abundancy in
GCWW and 2) itis a substrate with a different degradation pathway than
phenol.

Opposite to what was observed for R1, the degradation of resorcinol
was not as stable in comparison to p-cresol degradation, as the reactor’s
removal efficiency decreased each time a higher ViesorcinolLR was
implemented. Nevertheless, even when resorcinol concentration in the
reactor was as high as 450 mg-L™! (day 83, Fig. 6), the biomass recovered
the resorcinol (and phenol) degradation activity. This is in line with the
data gathered in the toxicity analysis (Fig. 3 D), that showed no lethal
(toxic) effects of resorcinol on the biomass, especially at the concen-
trations prevailing in the reactor; therefore, in a case of an acute inhi-
bition by resorcinol, as what was observed druing R2 operation, it could
be expected a rapid recovery of the removal efficiency, mainly because
all the biomass is retained inside of the reactor due to the membrane
filtration process.

Similar to p-cresol degradation, the anaerobic conversion of resor-
cinol produces hydrogen and acetate. Under standard conditions, the
catabolic (AGR0 = 66.5 kJ -mol’l) and the metabolic reactions (AGR0 =
147.0 kJ-mol™1) are non-spontaneous; however, under the prevailing
reactor conditions, the reactions become thermodynamically favorable.
Parallel to p-cresol conversion, this improvement in the reactions’
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thermodynamics is attributed, partly, to the effective consumption of
intermediate products by syntrophic microbial associations of the
phenolic-compounds-degradraders with acetoclastic and hydro-
genotrophic methanogens [27,46].

Although it has been reported that resorcinol can be fermented into
acetate and malate [39], or butyrate and acetate [47], the complete
oxidation into acetate in syntrophic cooperation with a hydrogen scav-
enger in a mixed culture was reported as well [47]. In this respect,
Tschech and Schink, 1985, mentioned that the complete oxidation into
acetate and hydrogen might offer energetic advantages. Even though
resorcinol fermentation into butyrate and acetate is thermodynamically
more advantageous than the complete oxidation into acetate and Hj, the
acetate-producers would be able to participate in the interspecies
hydrogen transfer, which would benefit them over the butyrate-forming
resorcinol-degraders if the reducing equivalents are indeed effectively
transferred [47].

Most of the studies on the anaerobic degradation of p-cresol and
resorcinol were based on granular sludge bed technology, mainly UASB
(Table 6). In some of these studies, the authors did not report the VSS
concentration in the reactor(s); therefore, it is not feasible to compare
the biomass performance just based on the vOLRs. As well, just a couple
studies were performed under saline conditions [14,43]. Wang et al.
2017, working with UASB reactors at a [Na™]of 10 g~L'1, reported sCR of
approx. 16 mgphenol‘gvssildil’ 15 mgcatechol'gvss-ld-l’ 8 mgresorci-
nol-gVSS'ld'l, and 7 mghyquuimne~gVSS’ld’l, whereas average sCR of
54.6+9.7 mgphem,l-gVSS'ld'1 and 95.4+10.4 mgphenol-gVSS'ld'l were
found for R1 for R2, respectively, and maximum sCRs of 22 mgp.cre-
SO1~gVSS'1d'1 (R1) and 16 mgresommol-gVSS'ld'1 (R2) were found in the
here presented study. Thus, to the best of the authors’ knowledge, the
results presented in this article are the only results reported for AnMBRs,
operating with suspended biomass.

For the microbial community study, the combined results from the
molecular analysis and reactor perfomance suggested, as reported in the
literature, that the degradation of phenol and p-cresol was performed by
Syntrophorhabdus sp. [27,46]. However, this hypothesis should be
further tested because studies based on the 16S rRNA gene give infor-
mation regarding the presence and not the (metabolic) activities of the
microorganisms. Nonetheless, clearly Syntrophorhabdus sp. was the
second most abundant microorganism during the operation of R1. For
R1, the conversion capacities of phenol and p-cresol were lost simulta-
neously with the increase in the organic load to 200 and 260

Table 6
Reactors treating phenolic compound mixtures.
References Reactor Temp HRT OLR Operation Substrate Influent Concentration Removal percentage ~ Additional
“C) (gCOD L time (d) carbon/energy
4t source
Latkar and UASB RT - 9.5 10 Resorcinol, 50 Mgresorcinol’L ! + 200 95%
Chakrabarti, catechol, MEeatechor:L? / 50
1994 hydroquinone mgresmdmyL’1 + 200
Mghydroquinone L
Kennes et al., UASB 35 0.67 d <6* 50 p-Cresol 650 mg-L! 80% VFA
1997
Fang and Zhou, UASB 37 2-24h 22-7.4 440 Phenol and p-cresol 800 mgl,henoyL'1 and 300 Up to 95% phenol, Sucrose for
2000 Mgy cresor’L” up to 65% p- startup/No
cresol, COD
22-98%
Razo-Flores UASB 30 0.5-0.6 7.0 200 Phenol, p—cresol, o- 550 mgphenol-L'l, 132 mg,. > 90 % Acetate for
et al., 2003 d cresol cresorL ! and 132 mgo-cresol'L startup
Wang et al., UASB 35 48 h 2.7 250 Phenol, catechol, 1000 mg~L’1 80-100% Acetate
2017 resorcinol,
hydroquinone
Wau et al., 2020 UASB 35 48 h ~ 2.5-4.1 162 Phenol, catechol, 1000 rng-L'1 80-96% Acetate
resorcinol,
hydroquinone
This study AnMBR 35 6d 1.63 112 p-Cresol and phenol 1200 mgp_mwl-L'l and 2000 Up to 100% Acetate
mgphenarl'l
This study AnMBR 36 6d 1.44 77 Resorcinol and 800 MgresorcinorrL ! and 2000 Up to 100% Acetate

phenol

-1
M&phenot-L
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mgp,cresol-L’ld’l, which corresponded with the decrease in the relative
abundance of Syntrophorhabdus sp. Even though some microorganisms,
such as Syntrophorhabdus sp., have been identified as phenol degraders
[27,46], the key microorganisms that perform the anaerobic degrada-
tion of other phenolic compounds are still uncertain, and the results
found in the literature are diverse. Syntrophus, and other genera
belonging to Anaerolineaceae, were the main bacteria found in an upflow
anaerobic sludge blanket reactor treating synthetic CGGW containing
phenol, catechol, and resorcinol [14]. Based on their results, the authors
indicated that those microorganisms were mainly responsible for the
degradation of the phenolic compounds. In other studies, Syntropho-
rhabdus and Bacillus appeared as the responsible microorganism for the
hydrolysis of phenol and p-cresol in a UASB reactor [48]. Franchi et al.
(2018), found that Syntrophorhabdus, together with hydrogenotrophic
archaea, increased their relative abundance after the degradation of
phenol and p-cresol, indicating the important role of these microor-
ganisms during the degradation of the mentioned aromatics, which
agrees with the here obtained results [28].

Regarding the third most abundant genera during R1 operation,
Thermovirga sp., it has been reported in UASB reactors [14,43] and
AnMBRs degrading phenol under saline conditions [23,49]. Thermovirga
sp. is a halotolerant microorganism; however, no phenol degrading ac-
tivity has been associated with this microorganism yet; instead, it was
related to protein and aminoacids fermentation [50].

Desulfatiglans sp. was the fourth most abundant microorganism
during R1 operation. It was found in R2 as well, though in lower
abundance. This is a mesophilic and strictly anaerobic microorganism
reported to (mainly) use sulfate and other inorganic sulfur compounds
as electron acceptors [51,52]. Phenol and benzoate serve as preferable
electron donors [52]. However, according to Jochum et al., Desulfati-
glans related populations have a versatile metabolic potential [53]. They
can be sulfate-reducers or conserve energy by acetogenesis or fermen-
tation. Such microorganisms can access a wide range of carbon sub-
strates, including aromatic compounds which are preferred over fatty
acids [53]. The best growth occurs with benzoate [52], which is the
intermediate product from phenol and p-cresol anaerobic degradation,
explaining its high relative abundance in R1 and R2.

Because of the additional acetate that was fed in the reactor influent,
the high abundance of acetate consuming methanogens, such as Meth-
anosaeta sp. was expected. In addition, hydrogenotrophic methanogens,
such as Methanobacterium sp., Methanolinea sp., (reported as halotoler-
ant) [54], and Methanocalculus were present; however, they represented
only 3 % and 2 % of the all identified methanogens.

For R2, as well as for R1, the results suggest that Syntrophorhabdus sp.
may also have resorcinol fermentative capacities. This broader substrate
diversity would explain the results observed in the batch tests for the
degradation of resorcinol (Section 3.2). At the start of the incubation,
resorcinol degradation was not expected because 1) the biomass was
previously not in contact with resorcinol, 2) Syntrophorhabdus sp. was
not reported as a resorcinol degrader, and 3) phenol and resorcinol are
reported to have different conversion pathways when anaerobically
degraded [24,25,39]. However, it is still unclear why phenol conversion
was not affected in R2 when the VyesorcinolLR was increased, while
resorcinol conversion was (days 85 — 87). As previously mentioned,
metabolic hypotheses cannot be verified using solely ribosomal gene
analysis, which implies that a functional or metabolic study using an
enriched culture should be performed to conclude the hypothesis’s
validity. In addition, and because phenol conversion continued in R2
after resorcinol degradation was stopped, it may be that resorcinol was
converted by another microorganism or group of microorganisms,
which were overloaded at the increased VyesorcinolLR. Nevertheless,
Syntrophorhabdus sp. was the most abundant microorganism during all
the stages of Reactor 2 operation, and Thermovirga sp., the second most
abundant genus, has not been reported as a resorcinol degrading
microorganism; though, it has been commonly found in AnMBRs
degrading phenolic compounds [23].
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Finally, the PCoA analysis of R1 and R2 (Fig. 7B) showed no changes
in the microbial community that could be related to a specialization of
the biomass towards p-cresol or resorcinol degradation. Furthermore,
there were no statistical (p < 0.05) differences in the comparison of the
communities of R1 with the communities of R2, supporting the hy-
pothesis that Syntrophorhabdus sp. could play a role as well in the
resorcinol degradation.

5. Conclusions

Based on the results of this research, the following is concluded:

The degradation of both p-cresol and resorcinol in batch tests was
described with a zero-order kinetic model. The maximum values for the
specific uptake (conversion) rates were 44 + 8 mgp,cresol-gVSS'ld'1 and
26 + 6.4 Mgresorcinol’ gVSS'ld’l. However, increasing bulk concentrations
of these phenolic compounds caused a decrease in the conversion rates.

ICs¢ values for the acetoclastic SMA of 0.73 g-L'1 for p-cresol and
3.00 g-L! for resorcinol were estimated for phenol-degrading biomass
and 0.60 g-L! for p-cresol and 0.25 g-L™! for resorcinol for non-adapted
biomass.

For both phenol-degrading and non-adapted biomass, p-cresol
caused a higher decrease in the viable cells count than resorcinol.

For R1, 100% removal efficiency at a vp.cresolLR of 130 mgp_cresol-L’ld'
! and an influent concentration of 800 mg-L'! was found, corresponding
t0 @ Sp.cresolCR Of 22 Mg cresol” gVSS'ld'l. For R2, 90% removal efficiency
at a VyesorcinolLR of 200 nges-L’ld’l and an influent concentration of
1200 mgresordnol-L'1 was found, corresponding to a SresorcinolCR of 16
mgresorcinol'gVSS-ld-l-

In both AnMBRs, Methanosaeta sp. was the most abundant metha-
nogen, while Syntrophorhabdus sp. was the most abundant bacteria,
suggesting that Syntrophorhabdus sp. was the responsible microorgan-
isms for the degradation of phenol and p-cresol. In addition, Syntro-
phorhabdus sp. may have a role in resorcinol degradation.

PCoA analyses showed that the microbial community structures
found during the operation of the two reactors had a high phylogenetic
similarity.
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