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Effects of temperature on biofilm
formation and resource recovery during
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Abstract

BACKGROUND: Fuel-synthesis wastewater (FSW), a byproduct of the Fischer-Tropsch process, requiring efficient treatment and
resource recovery strategies. This study aimed to optimize temperature conditions for purple non-sulfur bacteria (PNSB) bio-
film formation and bioproduct recovery while simultaneously treating FSW. Experiments were conducted in biofilm photobior-
eactors operated at 30 °C, 35 °C, and 45 °C under illuminated anaerobic conditions. The study evaluated PNSB growth,
wastewater treatment efficiency, and the yields of bioproducts, including polyhydroxybutyrate (PHB), single cell protein
(SCP), lipids, carbohydrates and pigments.

RESULTS: No PNSB growth was observed at 45 °C, while the highest suspended growth occurred at 35 °C and biofilm growth at
30 °C. Biofilm formation significantly increased PHB accumulation (17%) compared to suspended growth (4.3%-7.4%),
highlighting the efficiency of biofilm-based cultivation. Temperature had a minimal effect on PHB composition but influenced
its crystallinity and morphology. The protein content remained consistent across conditions, while lipids increased with
temperature.

CONCLUSION: Temperature selection between 30 °C and 35 °C significantly influences biofilm versus suspended biomass ratios
and differentially affects bioproduct yields. Biofilm cultivation is preferable for maximizing PHB recovery, indicating potential
for sustainable resource recovery and wastewater treatment strategies, particularly in tropical regions where external temper-
ature regulation may be unnecessary.

© 2025 The Author(s). Journal of Chemical Technology and Biotechnology published by John Wiley & Sons Ltd on behalf of Soci-
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INTRODUCTION resources from industrial wastewater aligns with this concept.*
Among the various biotechnological strategies for wastewater
treatment and resource recovery, microbial-based approaches
offer a sustainable and cost-effective solution.>®

Fuel-synthesis wastewater (FSW) is a byproduct generated during
the Fischer-Tropsch process, where natural gas is converted into
liquid fuel. This process produces a substantial volume of waste-
water, with the largest facility generating 45,000 m* per day.’
Globally, FSW production is estimated at 32 million m® yr™", and |

this number is expected to rise with increasing oil prices.2 FSW * Correspondence to: S Shaikh, Division of Sustainable Development, College of
is characterized by high acidity and organic content, with a chem- Science and Engineering, Hamad bin Khalifa University, Qatar Foundation,
ical oxygen demand (COD) of up to 32 g L™, consisting mainly of Doha, Qatar. E-mail: sultanshaikhmuet@gmail.com

dissolved organic acids and alcohols.® Given its composition, FSW

- X a Division of Sustainable Development, College of Science and Engineering,
presents both an environmental challenge and an opportunity for Hamad bin Khalifa University, Qatar Foundation, Doha, Qatar

resource recovery. In recent years, the concept of a circular econ-
omy has gained attention as an approach to minimize waste and

maximize resource reuse, shifting away from the traditional linear ¢ Department of Civil and Natural Resources Engineering, University of Canter-
production-consumption-waste model. The recovery of valuable bury, Christchurch, New Zealand
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Purple non-sulfur bacteria (PNSB) are facultative anaerobes
capable of degrading pollutants while synthesizing valuable bio-
products such as polyhydroxybutyrate (PHB), single-cell protein,
lipids, carbohydrates, carotenoids (Crts) and bacteriochlorophylls
(BChls). These metabolites have applications in bioplastics, animal
feed, biofuels and pharmaceuticals.”® PNSB can be cultivated in
both suspended and biofilm growth modes, with biofilm-based
cultivation offering advantages such as higher biomass retention,
increased stability and easier cell harvesting.’

Temperature plays a critical role in the metabolic activity,
growth and resource recovery potential of PNSB. Studies have
shown that certain thermotolerant strains of PNSB can survive
and function at high temperatures. Charlton'® investigated ther-
motolerant PNSB isolated from geothermal regions in
New Zealand, highlighting their ability to grow optimally at
around 40 °C, with maximum growth temperatures ranging from
43 °Cto 47 °C. His study also identified thermotolerant and mildly
thermophilic strains from thermal areas, suggesting that some
PNSB species can thrive at elevated temperatures. Similarly,
Hisada et al."! isolated phototrophic PNSB from hot spring micro-
bial mats developing at 50 °C-65 °Cin Japan and cultivated them
under phototrophic conditions at 50 °C and 37 °C. Their study
found that most PNSB isolates grew at temperatures up to 45 °
C, with optimal growth at around 40 °C, indicating that hot
springs provide a favorable ecological niche for PNSB adaptation
to high temperatures. In addition to microbial isolation studies,
temperature-dependent enzymatic and metabolic activity in
PNSB has been studied in species such as Rhodospirillum rubrum
and Rhodobacter sphaeroides. Kaftan et al.'? found that photosyn-
thetic electron transport in Rhodospirillum rubrum was active up
to 41 °C but irreversibly inhibited above this threshold, with pho-
tochemistry functional until 60 °C. Similarly, Kaiser and Oelze'®
observed that ATPase and succinate cytochrome ¢ oxidoreduc-
tase in Rhodospirillum rubrum and Rhodopseudomonas sphaer-
oides exhibited temperature-dependent discontinuities at 19 °
C-20 °C, while NADH respiration remained continuous.

PNSB-based biopolymer production is also influenced by tem-
perature. Lee et al.'* optimized growth conditions for PHB pro-
duction in Rhodobacter sphaeroides, identifying 30 °C as the
most effective temperature for PHB accumulation, with a
carbon-to-nitrogen ratio of 9:1 or higher promoting maximum
yields. Likewise, Lo et al.'® optimized Rhodopseudomonas palustris
fermentation using low-cost media and identified an optimal
temperature of 37.9 °C for biomass production.

While previous studies have examined PNSB thermotolerance,
enzymatic activity and biopolymer production at different tem-
peratures, systematic investigations of temperature effects on
biofilm formation remain limited. Most studies have focused
on suspended growth, leaving a knowledge gap regarding how
temperature influences microbial adhesion, extracellular poly-
meric substance production and biofilm stability. Moreover, a
notable study by Hiilsen et al.'® examined temperature variations
(6 °C-55 °C) in naturally illuminated photobioreactors, reporting
no significant effect on purple phototrophic bacteria perfor-
mance. However, this study was conducted in outdoor conditions
under diurnal and daily variations in temperature, lacking con-
trolled laboratory conditions to systematically evaluate tempera-
ture effects.

The study reported here aimed to systematically evaluate the
effect of temperature (30 °C, 35 °C and 45 °C) on PNSB biofilm
formation and metabolic activity under nitrogen-limited condi-
tions, addressing gaps in previous research. Temperatures of

30 °C and 35 °C were chosen as they fall within the optimal
growth range for PNSB, supporting active metabolism and
resource recovery, while 45 °C was included to assess the upper
thermal tolerance and its impact on microbial survival. Unlike
prior studies, this research examined the competitive dynamics
between biofilm and suspended growth under controlled labora-
tory conditions, allowing for a more precise understanding of
temperature-driven microbial selection and resource accumula-
tion mechanisms.

MATERIALS AND METHODS

Biofilm photobioreactor and growth conditions

Six laboratory-scale biofilm photobioreactors (BPBRs) were uti-
lized. Each BPBR was constructed from a wide-mouthed glass bot-
tle with a total volume of 2 L and a working volume of 1.7 L.

Three different temperature conditions were examined, 30 °C,
35 °C and 45 °C, with each run as biological duplicates simulta-
neously. The experiments were conducted under illuminated
anaerobic conditions, with a constant average light incidence of
100 W m~2 The light was provided by 30 W flood white light kept
at 15 cm from the wall of the BPBR. The initial pH of the BPBRs was
set to 7.7 and was not controlled through the study. To ensure
adequate mixing and temperature control, each BPBR was agi-
tated at 100 rpm using a magnetic stirrer with hot plate. The tem-
perature of the liquid was monitored before sample collection
using a thermometer. The experiment ran for 15 days.

To support biofilm formation, agricultural shade cloth sheets
(30.48 cm x 15.24 cm) with mesh opening size of approximately
600 pm-800 pm were placed within the BPBRs. The agricultural
shade cloth was rolled into a tube so that it sat around the internal
walls of bioreactor but was able to rotate under mixing. The agri-
cultural shade cloth was chosen as the biofilm support strata due
to a structure that allows both protected areas for biofilm coloni-
zation and good light penetration. Additionally, it has proved
effective for PNSB biofilm formation in our previous studies.”'”

A schematic of the experimental setup is provided in Fig. 1. To
ensure anaerobic conditions, all BPBRs were flushed with nitrogen
for 2 min prior to the start of the experiments. At the end of the
experiment, PHB, SCP, lipids carbohydrates, Crts and BChls were
quantified from the biofilm and suspended biomass. PHB was fur-
ther characterized using a range of techniques described
subsequently.

PNSB growth media

For this experiment, a mixed culture enriched with PNSB that had
previously been grown on FSW with nitrogen-deficient media was
used as an inoculum. FSW with nitrogen-deficient media was also
used as growth media in this experiment since nitrogen-deficient
media enhance the formation of PNSB biofilm.”'” The characteris-
tics of FSW used in this experiment are presented in Table S1 in
the supporting information. To the FSW the following were
added: KH,PO, (3.03 g L™"), NaHCO5 (4.29 g L™"), ATCC trace min-
erals solution (10 mLL™") and ATCC vitamins solution
(10mLL™"). The composition of the ATCC trace minerals
solution and vitamins solution was the same as in our previous
study.’

Biomass determination and quantification

To measure the growth of biomass in suspension, absorbance at
420 nm was determined using a UV-3600 Plus spectrophotome-
ter (Shimadzu, Japan). At the end of the experiment, the biomass
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Condition 1: 30 °C

Figure 1. Experimental setup used in the study.

growth was further quantified using standard volatile suspended
solids (VSS) and total suspended solids (TSS) methods.'® The bio-
mass attached to the agricultural shade cloth was initially dis-
lodged using a predetermined volume of distilled water. To
enable a significant comparison of growth in suspension versus
biofilm formation, measurements of TSS and VSS were quantified
by mass instead of concentration.

Water quality analysis

In this study, pH, oxidation-reduction potential (ORP), COD, total
carbon (TC), inorganic carbon (IC), total organic carbon (TOC) by
difference and total nitrogen (TN) were measured every third
day. The pH and ORP were measured using a multi-parameter
meter (Orion Star, Thermo Scientific, USA) by opening the bottle
and measuring immediately. To analyze COD, TOC, TC, IC and
TN, samples of the effluent wastewater were collected, centri-
fuged and filtered through a 0.2 pm Nalgene syringe filter to
obtain the supernatant. COD of the supernatant was determined
on the same day of sample collection, while the other parameters
were determined within 48 h. The samples were stored at 4 °C
until analysis. COD was measured using the USEPA Reactor Diges-
tion Method 8000'° with high-range COD vials (Hach, USA). TOC,
TC and IC were measured using a TOC-L Analyzer (TOC-L CSH, Shi-
madzu, Japan). TN was measured using a TNM-L Analyzer (TNM-
ROHS, Shimadzu, Japan).

PHB extraction, quantification and characterization

PHB is the most prevalent polyhydroxyalkanoate type, both for bac-
teria in general and for PNSB.2° PHB was extracted and quantified
using sodium hypochlorite digestion and UV spectrophotometry,
as reported in our previous study.'” For PHB characterization,

Magnetic stirrer bar

Condition 2: 35 °C

Magnetic stirrer bar

Condition 3: 45 °C

differential scanning calorimetry (DSC) was used to determine the
thermal properties of the extracted PHB, such as the melting point,
crystallization behavior and enthalpy of transitions. DSC analysis
was performed using a differential scanning calorimeter
(DSC8500, PerkinElmer, USA) under a nitrogen atmosphere. The
analysis was performed using 3 mg-5 mg samples, heating them
from —60 °C to 200 °C at 10 °C min~". The samples were then
cooled to —60 °C and re-heated to 200 °C, both at the same rate.

Thermogravimetric analysis (TGA) was used to evaluate the
thermal stability of the PHB polymer. This technique involves
monitoring the changes in weight of a sample as its temperature
is raised, providing valuable information about the material's abil-
ity to maintain its physical and chemical properties under ele-
vated temperatures.’’ TGA was performed using a TGA-4000
(PerkinElmer, USA). A sample of 3 mg-5 mg was heated from
30 °C to 900 °C at a heating rate of 10 °C min™" in a nitrogen
atmosphere.

Fourier transform infrared (FTIR) spectroscopy was used to iden-
tify functional groups in the extracted PHB through their absorp-
tion of infrared radiation to confirm the material composition. An
FTIR spectrometer (Frontier Spectrum 400, PerkinElmer, USA) con-
nected to a MIRACLE ATR detector with a ZnSe crystal was used to
obtain FTIR spectra at room temperature. A total of 32 scans in the
range 500 cm™'-4000 cm™' were done on each sample at a reso-
lution of 4 cm™".

X-ray diffraction (XRD) was used to determine the crystal struc-
ture of the extracted PHB material using an X'Pert PRO X-ray dif-
fractometer (Malvern Panalytical, UK) with Co Ka (1.789 A
radiation at a voltage of 45 kV and a current of 40 mA. Samples
were scanned under a diffraction angle of 20 ranging from 5°
to 90°.
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Protein extraction and quantification

Cellular protein was determined by the Lowry protein assay
method using bovine serum albumin as the reference protein.??
For the Lowry protein assay, the alkaline extraction technique
described by Perovic et al.?® was used to extract the cellular pro-
tein from suspended and biofilm samples with a few minor mod-
ifications, as described in Shaikh et al.’

Lipid extraction and quantification

The total lipid content of the PNSB biomass obtained from both
suspended and biofilm growth was extracted and quantified
using a modified Bligh-Dyer method.>* A sample of freeze-dried
PNSB biomass (30 mg) was homogenized with 5 mL of chloro-
form in a 40 mL glass tube. Subsequently, 10 mL of methanol
was added, and the mixture was vigorously agitated. An addi-
tional 5 mL of chloroform was added and mixed again. The mix-
ture was then allowed to phase separate by the addition of
5 mL of distilled water and incubated overnight. The lower phase,
containing the lipids, was collected using a glass Pasteur pipette
and transferred to a pre-weighed glass vial. The vial was then
placed in an oven at 100 °C for complete evaporation and drying.
The weight of the dried vial was measured, and the lipid content
was calculated as a percentage using Eqn (1):

(W2—W1) X Vo

Lipid content (%) = WXV
e

M

where w; = weight of empty glass vial (mg), w, = weight of glass
vial + dried lipids (mg), V, = volume of organic phase (mL),
W = weight of PNSB biomass used initially (mg), and
Ve = evaporated volume (mL).

Carbohydrate extraction and quantification

The carbohydrate content of PNSB biomass was extracted and
quantified using a modified anthrone method and glucose as
standard, as reported by Morris.>> A sample of PNSB freeze-dried
biomass (20 mg) was homogenized with 5 mL of 2.5 N HCl in a
40 mL glass tube, which was then heated in a water bath at 90°
Cfor 3 h. After cooling, the samples were transferred to 50 mL fal-
con tubes and 45 mL of distilled water was added to each sample,
which was then centrifuged at 5000 x g for 20 min in a centrifuge
(Sorvall LYNX 6000, Thermo Scientific, USA). An amount of 1 mL of
the supernatant was collected in 40 mL glass tubes to which 5 mL
of anthrone reagent was added. The mixture was then heated in a
water bath at 90 °C for 20 min. After cooling, the absorbance was
measured at 620 nm using a UV-3600 Plus spectrophotometer
(Shimadzu, Japan). The carbohydrate content was calculated as
a percentage using Egn (2):

CxV
Carbohydrate content (%) = WX 100 (2)

where C = concentration of carbohydrates obtained from stan-
dard curve (mg L™"), V = total volume of deionized water + HCl
(L), and W = weight of PNSB biomass used initially (mg).

Photopigments extraction and quantification

The concentrations of Crts and BChls in both biofilm and sus-
pended biomass were measured at the end of the experiment.
Crts were extracted using acetone, while BChls were extracted
using a 7:2 (v/v) acetone-to-methanol ratio, following previously

reported method?® with modification. The detailed extraction
and analysis procedures have been reported in a previous study.'”

Statistical analysis

Data analysis was carried out using a completely randomized
design and analysis of variance (ANOVA) in Statistix 10 software.
After the ANOVA, further comparisons between the groups were
made using the Bonferroni correction method, with a significance
level of 5%.

RESULTS AND DISCUSSION

PNSB biomass and growth

Final biomass quantities from suspended and biofilm growth are
shown in Fig. 2(a) for the two BPBRs having incubation tempera-
tures of 30 °C and 35 °C. The BPBR at 45 °C showed no growth
for either suspended or biofilm growth, consistent with that
reported by Branakarl et al,”” who reported that PNSB failed to
grow under anaerobic conditions at 45 °C unless co-cultured with
an aerobic bacterium. The suspended growth biomass quantities
obtained from 30 °C and 35 °C conditions were 1020 + 240 mg
and 1615 + 361 mg, respectively. The mass of biofilm was less,
with 775 + 132 mg and 589 + 44 mg obtained from the 30 °C
and 35 °C BPBRs, respectively. The biomass obtained in both con-
ditions and growth modes were not statistically significantly dif-
ferent from each other (P > 0.05). A higher biofilm growth at
30 °C was also identifiable from visual inspection of the agricul-
tural shade cloth (Fig. 2(b)-(d)). This is likely due to optimal
growth conditions for PNSB at this temperature. Less biofilm for-
mation was observed in the 35 °C condition, with higher VSS in
suspended growth. Absorbance measurements of suspended
growth were in line with VSS measurements, confirming greatest
growth at 35 °C and negligible growth at 45 °C (Fig. 2(e)). How-
ever, differences in absorbance were small. A similar study by
Sepulveda-Mufioz et al.?® investigated PNSB growth at two tem-
peratures, 13 °C and 30 °C, using piggery wastewater as the sub-
strate. They reported suspended biomass production of
575 +£ 50 mg at 13 °C and 595 + 40 mg at 30 °C. Compared to
our study, their biomass at 30 °C (595 mg) was significantly lower
than our 30 °C result (1020 mg) and 35 °C result (1615 mg). The
lower biomass production in their study may be attributed to dif-
ferences in reactor conditions, such as reactor size (0.5 L versus
larger BPBR in this study), light intensity and wastewater compo-
sition. Piggery wastewater contains different organic and nutrient
profiles compared to FSW, which may influence microbial metab-
olism and growth efficiency. Additionally, differences in inoculum
adaptation and operational settings could further explain the var-
iations in biomass accumulation. However, their study did not
specifically investigate the effect of temperature on biofilm for-
mation but focused on suspended biomass yields under different
temperature conditions. Our study addresses this gap by evaluat-
ing the impact of temperature on both suspended and biofilm
growth, providing new insights into biofilm-based resource
recovery systems.

Similarly, Lo et al."® reported higher biomass production of Rho-
dopseudomonas palustris PS3 at 37 °C, reaching 2180 mg within
24 h of fermentation. The significantly higher yield compared to
our study can be attributed to the use of a pure strain, an opti-
mized growth medium containing molasses and corn steep liquor
and controlled fermentation conditions. In contrast, our study uti-
lized a mixed microbial culture enriched with PNSB, did not sup-
plement nitrogen and used FSW as the substrate, which may
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Figure 2. (a) Biomass production in suspended and biofilm growth. Biofilm formation in BPBRs operated at (b) 30 °C, (c) 35 °C and (d) 45 °C. Profiles of
(e) absorbance, (f) pH, (g) ORP and (h) COD from all three BPBRs during the study.

have resulted in lower biomass accumulation. Hilsen et al.'®

undertook an outdoor study where temperatures varied naturally
between 6 °C and 55 °C. They reported that temperature did not
have a significant effect on biomass production in their mixed
purple phototrophic system. However, their study focused on pig-
gery and chicken processing wastewater treatment which is con-
siderably different in composition; and was subjected to natural
light cycles. These comparisons highlight that biomass produc-
tion is strongly influenced by multiple factors, including microbial
culture type (pure versus mixed), nitrogen availability, reactor con-
ditions and wastewater composition. Our study, therefore, pro-
vides new insights into temperature-dependent biofilm

formation and biomass accumulation, addressing the knowledge
gap in biofilm-based PNSB wastewater treatment systems.

Changes in pH and ORP

Figure 2(f) illustrates the pH profile of the three different tempera-
ture conditions. The pH of the 30 °C condition showed a steady and
substantial increase, reaching a peak of 9.17 + 0.04 on day 6 before
gradually decreasing. In contrast, the pH of the 35 °C condition
remained stable until day 3 before gradually increasing, reaching
a maximum of 8.75 + 0.19 on day 12, then slightly decreasing.
For the 45 °C condition, the pH decreased slightly at day 3 and
remained constant for the duration of the test. The observed
increase in pH for the lower-temperature conditions may be

J Chem Technol Biotechnol 2025

© 2025 The Author(s).

wileyonlinelibrary.com/jctb

Journal of Chemical Technology and Biotechnology published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry (SCI).

U Aq peusenob ke sajolfe YO '8sN JO S9INJ 10} AReuqi 1 8UIIUO AB|IA UO (SUONIPUOD-PLR-SULIBY WO A8 | IM ARl 1o |UO//Sd1Y) SUORIPUOD pue swie | 8y 89S *[5202/80/20] Uo AriqiTauliuo AB(IM ‘NVISINVd - IAYNIH/ES VNI A 6162 G10[/200T 0T/I0p/w00 A8 | im Azeiqijeuluo's feuanol1os//:sdny wouy pepeojumod ‘0 ‘099t260T



http://wileyonlinelibrary.com/jctb

Pl WWW.S0Ci.org

S Shaikh et al.

indicative of elevated metabolic activity, potentially leading to
enhanced CO, production. The pH increase observed at 30 °C
and 35 °C is likely due to the photoheterotrophic metabolism of
PNSB, which involves the oxidation of VFAs to generate ATP and
reducing power for carbon fixation via the Calvin cycle. This process
can lead to the production of basic metabolic intermediates such as
bicarbonate and hydroxy ions, which can increase the pH.*

The initial ORP value for all temperature conditions was
148 + 0.35 mV.These values are in the anoxic/micro-aerobic zone
and suggest some oxygen seepage into the system, though the
values are also likely to be higher than actual due to the open-
vessel measurement. Figure 2(g) shows the ORP profile for the
three temperature conditions. An inverse relationship was
observed between ORP and pH. The ORP for the 30 °C condition
showed a decreasing trend in the initial days, reaching a mini-
mum of 14.65 + 2.0 mV on day 6 before increasing again. The
ORP for the 35 °C condition decreased to a minimum value of
30.2 + 89 mV on day 12, then slightly increased. On the other
hand, the ORP for the 45 °C condition decreased at day 3 and
remained relatively constant at around 109 + 1.69 mV for the
duration of the test. These ORP measurements are consistent with
values reported as favorable for PNSB dominance in wastewater
systems.>°

Carbon utilization

COD results

The COD profiles of all three temperature conditions are shown in
Fig. 2(h). The COD reduction was initially slow for all reactors up to
day 3. Beyond this, degradation began to occur in the 30 °C and
35 °C conditions and continued up to day 12. For the 45 °C condi-
tion a slight reduction in COD occurred, followed by an increase,
possibly through biomass lysis. After day 12 up to day 15, COD
in all conditions remained constant. Suspended biomass growth
(absorbance measurements) was inversely correlated (r > —0.90)
with COD reduction for 30 °C and 35 °C. This was not the case
for the 45 °C condition, which had a moderate positive correlation
(r=10.58). The COD removal at 30 °C, 35°C and 45 °C was
2900+707 mg L', 2750+113 mg L' and - 495
+ 21.2 mg L™, respectively. The corresponding COD removal effi-
ciency in all conditions obtained was 60.5 + 1.47%, 57.4 + 2.36%
and —10.3 + 0.44%. Removals at 30 °Cand 35 °C were statistically
similar (P = 0.451).

TOC and IC

The TOC reduction under conditions of 30 °C, 35 °Cand 45 °C was
64.8 + 0.3%, 62.7 + 2.1% and 6.5 + 2.2%, respectively, over the
test duration (Fig. 3(a)). The lower TOC reduction at 45 °C sug-
gests reduced PNSB activity, consistent with other parameter
measurements. The TOC reduction at 30 °C was slightly higher
than at 35 °C, as observed for COD removal, but the difference
was not statistically significant (P = 0.285).

The IC content increased in all three conditions over time, but
the 45 °C condition exhibited only a minor increase (Fig. 3(b)). A
150 mg L™'-163 mg L™ increase in IC was observed under the
30 °C and 35 °C conditions. This rise is attributed to the degrada-
tion of organic acids by PNSB, leading to CO, production. Under
nitrogen-deficient conditions, this process is coupled with hydro-
gen (H,) production, where the oxidation of organic acids gener-
ates excess electrons utilized for H, evolution, concurrently
producing CO, and contributing to the observed IC increase.”

m Initial ® Final
1400 - @)
1200 -
~ 1000 -
800 -
600 -
400 -
200 -
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600 - (b)
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W
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Figure 3. (a) TOC and (b) IC at initial and final days in all BPBRs.

35°C 45°C

Biomass yield

The biomass yield at 30 °C and 35 °C conditions was 0.36 + 0.08
g-VSS (g-COD)™" and 0.47 + 0.07 g-VSS (g-COD)™", respectively.
These yields were not statistically different from each other
(P > 0.05). The biomass yields observed in this study are consis-
tent with those reported in other PNSB-enriched mixed culture
studies using different types of wastewaters. These studies have
reported yields ranging from 0.14 g-VSS (g-COD)™' to
0.66 g-VSS (g-COD)™',**3% which are lower than the optimal
yields of around 0.68 g-VSS (g-COD)™", but higher than expected
for anaerobic heterotrophs, supporting the active role of PNSB in
the organic conversion process.

Resource recovery

Polyhydroxybutyrate

Temperature (30 °C and 35 °C) did not have a significant effect
on PHB content in the biomass for either form of biomass
(P = 1.00 for both). Insufficient biomass growth at 45 °C meant
this condition could not be assessed for PHB or other biopro-
ducts. However, biofilm showed at least 10% higher PHB content
than the suspended growth in both temperature conditions
(P < 0.05). In the suspended growth at 30 °C, the PHB content
was found to be 7.4 + 3.2%. However, in biofilm growth at 30 °
C, the PHB content increased to 17.7 + 1.8%. When the bacteria
were grown at 35 °C, the PHB content in suspended growth
decreased to 4.3 +£3.0% (Table 1). However, in biofilm
growth, the PHB content remained similar at 17.8 + 4.0%. The
total PHB production (suspended + biofilm) at 30 °C and 35 °C
conditions was 421 + 38 mg and 341 + 153 mg with PHB yield

wileyonlinelibrary.com/jctb

© 2025 The Author(s).

J Chem Technol Biotechnol 2025

Journal of Chemical Technology and Biotechnology published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry (SCl).

85U8017 SUOLILLOD BA 8.0 3(ceoldde ayy Aq peusenob afe sajolie VO ‘8sn Jo Sa|ni oy A% 8UlUO A8]IAA UO (SUORIPUOD-PUR-SLUB)ALI0O" AB | IMALe.q 18U JUO//:SANY) SUORIPUOD pUe SWie | 8L 88S *[5202/80/20] U0 AkeidiTauljuo A8 |IM ‘NVISINMV - I4YNIH/AS VNI Ad 6T6.'010(/Z00T 0T/I0p/W00 A8 | 1M AeIq Ul |uo'S [euIno 10s//:sdny woly pepeojumod ‘0 ‘0997260T


http://wileyonlinelibrary.com/jctb

Temperature optimization for biofilm and resource recovery in fuel wastewater treatment

@)
SClL

where science
meets business

WWW.S0Ci.org

Table 1. Resource recovery from suspended and biofilm growth of different temperature conditions

30 °C 35°C
Bioproduct Suspended Biofilm Suspended Biofilm
PHB (%) 74 +3.2 177 +1.8 43 +3.0 17.8 +4.0
Protein (Lowry) (%) 443 + 1.4 40.1 + 0.7 435+ 0.2 40.7 + 0.5
Lipids (%) 16 + 0.1 20+ 0.2 24 + 0.1 22+28
Carbohydrates (%) 8.0+20 57+24 63+19 72+12
Crts (%) (21 +£00)x10™* (21+00x10™* (1.6 £0.0) x 107* (1.7+00 x107*
BChls (%) (12+00)x10™* (11 +£00)x 107 (6.9 £0.0)x 107 (19 +£0.0)x 107

of 85 + 7.7 mg-PHB (g-COD)™" and 73 + 32 mg-PHB (g-COD)™",
respectively.

The greater accumulation of PHB in biofilm can be explained by
light effects, given light intensity is a strong driver of PHB accumu-
lation in PNSB.>” As the agricultural shade cloth was closer to the
wall of the BPBR it receives greater light exposure and causes
shading to the cells present in the suspended growth mode.
The diffusion restrictions in biofilms may also contribute to this
effect, as Padovani et al>® proposed that the competition
between PHB synthesis and H, production for reducing equiva-
lents in biofilms may result in higher H, partial pressures and
increased PHB synthesis. However, more research is needed to
fully understand the mechanisms behind the observed PHB pro-
duction in biofilm growth.

Comparing the differences in PHB for the suspended biomass
under the two temperature conditions, various studies reported
similar findings. For instance, Lee et al.'* in their study tested Rho-
dobacter sphaeroides for PHB content under dark-aerobic condi-
tions with different temperature conditions of 20 °C, 25 °C, 30 °
C, 35 °Cand 40 °C. They found 30 °C as the optima temperature
condition for Rhodobacter sphaeroides to accumulate high cell
densities of PHB, noting that temperatures above or below 30 °
C significantly hindered growth and PHB synthesis. Similar results
have also been reported for non-phototrophic bacteria; for
instance, Asad-Ur-Rehman et al.>° found that Bacillus sp. had a
maximum PHB content of 53% at 30 °C, which decreased to
47% at 37 °C. This does not, however, explain why suspended
growth responded to temperature while biofilm PHB content
was constant. The observed differences are more likely caused
by the slightly higher suspended growth in the 35 °C condition.
This leads to increased shading in suspension, which may reduce
PHB synthesis.

Single-cell protein

The protein content from suspended and biofilm growth at 30 °C
and 35 °C was in the range of 40%-45% (Table 1). Suspended
growth showed a slightly higher protein content (43.5%-44.3%)
than the biofilm biomass (40.1%-40.7%). However, no significant
difference was observed between the suspended growths
(P = 1.00) of both conditions as compared to their respective bio-
film growths. Likewise, statistically no significant difference was
observed between the protein content of suspended growths
(P = 0.053) as well as biofilm growths (P = 0.197) of both temper-
ature conditions. The lower protein content is most likely linked to
the higher PHB content observed in the biofilm. However, it may
also be linked to the lower growth rates and activity resulting
from mass transfer limitations. The findings of this experiment

are similar to previous experiment results with same growth
media (FSW and nitrogen deficient) where higher protein content
of 43.9% was obtained in suspended growth as compared to bio-
film growth with protein content of 42.6%. The total protein and
protein productivities produced under both temperature
and growth conditions ranges between 239 mg and 646 mg
and between 16 mg-PN day 'and 43 mg-PN day ™", respectively.
The large differences are based on biomass growth differences
between biofilm and suspended growth.

Lipids and carbohydrates

The lipid content in the suspended and biofilm growth at 30 °C
and 35 °C was obtained in the range of 16%-24% as presented
in Table 1. It is observed that the highest lipid production was
obtained at 35 °C suspended growth with 24 + 0.1% and the low-
est was from 30 °C suspended growth which was 16 + 0.1%. It
should be noted that the study found that the difference of lipid
production from suspended growth of both conditions is signifi-
cant (P = 0.029). However, no significant difference (P = 1.00)
was observed between the biofilm growths of both conditions.
The results suggest that higher temperature leads to increased
lipid content in suspended growth. The observation of higher
lipid production at 35 °C compared to 30 °C could be due to the
increased metabolic activity of the microorganisms and the effect
of temperature on enzyme activity. Higher temperatures can
increase the activity of enzymes involved in lipid synthesis and
could also alter the fluidity and permeability of cell membranes,
making them more conducive to lipid synthesis.***' Additionally,
the higher temperature could create conditions that favor the
accumulation of lipids as a way for the microorganisms to store
excess carbon and energy.

Similar to lipids, temperature can have a significant effect on the
production of carbohydrates by microorganisms. However,
the specific effect of temperature on carbohydrate production
can vary depending on the type of microorganism and the
growth conditions.*? In this study, the carbohydrate production
under both conditions and growths was similar (P > 0.05) with a
carbohydrate cell content range of 5%-8% (Table 1).

Photopigments

The Crt content was almost identical (P = 1.00) between sus-
pended and biofilm growths for both temperature conditions.
Likewise, the BChl content was similar between the suspended
growth (P = 0.257) and biofilm growth (P = 1.00) of both temper-
ature conditions. However, the Crts and BChls in suspended and
biofilm growths of both temperature conditions have different
values (Table 1).
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The higher Crt content in the suspended and biofilm growth of
30 °C condition and higher BChls from suspended growth at 30 °
C and higher BChls from biofilm growth at 35 °C could be due to
the fact that PNSB mixed culture used in this study has different
metabolic capabilities at different temperatures, leading to the
observed differences in Crt and BChl content. Additionally,
the physiology of the mixed culture at different temperatures
might be different which might lead to different Crt and BChl con-
tent. The Crt and BChl contents obtained from this study (1.6
ng g~'-2.1 pg g~') are lower than those reported in the literature
from both PNSB pure (276 pg g~'-10,750 pg g~") and mixed cul-
ture (4.3 pg g~'-28.2 pg g~ ').*** The findings of this study sug-
gest that pursuing pigments may not be worthwhile. However,
further optimization of pigment production may be possible.

PHB characterization

DSC

The DSC analysis results demonstrated that all PHB samples
exhibited a two-step heating process at first heating with two
peaks observed in the heating range of 150 °C-165 °C (Fig. 4).
One possible reason for a double peak is the presence of impuri-
ties in the samples. These impurities can alter the thermal behav-
ior of the material, leading to the appearance of multiple peaks.
Alternative explanations include the presence of a copolymer,
where each polymer may have a different melting temperature;
or the crystalline structure of the material may be complex, result-
ing in multiple melting or recrystallization events. For PHB pro-
duced at 30 °C, both suspended and biofilm growth displayed
almost similar peaks between 160 °C and 165 °C. In contrast, for
PHB produced by biomass grown at 35 °C, peak magnitudes var-
ied greatly between both samples. In terms of the cooling peaks,
all samples exhibited a shallow peak in the temperature range of
50 °C-60 °C except for the 30 °C suspended growth sample,
while the 35 °C biofilm sample showed a second peak at 90 °C.
The dips correspond to the phase transitions of the PHB. During
second heating, all samples showed more restrained peak separa-
tion, where one peak had become dominant. This indicates that
PHB has undergone a partial melting or recrystallization during
the first heating. This restrained double peak suggests that PHB
has a high degree of crystallinity and a well-defined crystal struc-
ture. The presence of the restrained double peak can provide
information about the quality and stability of the crystalline struc-
ture and the degree of thermal reversibility of PHB. Compared to
the study by Mohd Zahari et al.*” where PHB produced from oil
palm frond juice exhibited a melting temperature (T,,) of 162.2 °
C, the PHB in our study showed a similar thermal range, reinfor-
cing the notion that different carbon sources lead to only slight
variations in thermal behavior. Additionally, the PHB produced
from fructose in the Zahari et al. study exhibited a higher T,, of
177 °C, indicating that the type of substrate significantly influ-
ences the crystallization and thermal stability of PHB. The lower
melting temperature observed in our samples may be attributed
to differences in molecular weight, as previously suggested in
the literature.

In summary, DSC analysis revealed that the PHB produced from
suspended and biofilm growth at different temperatures exhib-
ited distinct thermal properties with a number of peaks that look
similar in most of the samples. However, the 30 °C suspended
sample lacked a glass transition peak and a crystallization peak
during cooling while the biofilm sample of 35 °C exhibited a dou-
ble crystallization peak during cooling. These findings align with
those reported by Mohd Zahari et al.,”” where variations in

crystallization behavior were observed depending on microbial
growth conditions and carbon source utilization. Such variations
highlight the influence of bioprocess parameters on the structural
properties of PHB.

TGA

Figure 5 illustrates the TGA of PHB samples obtained from sus-
pended and biofilm growth at 30 °C and 35 °C. The TGA results
indicate that the maximum thermal degradation of all samples
occurred in the range of 225 °C-249 °C, which is consistent with
previous reports that describe the primary degradation of PHB
occurring between 250 °C and 320 °C.*®

The maximum thermal degradation of suspended and biofilm
samples obtained at 30 °C is similar, whereas the maximum ther-
mal degradation of both samples obtained under 35 °C differed
significantly. Compared to the results reported by Li et al,** where
PHB degradation occurred at approximately 273 °C with a final
degradation temperature of 280 °C, the PHB samples in this study
exhibit slightly lower thermal stability, suggesting potential varia-
tions in polymer purity, molecular weight or crystallinity.

All samples have slightly lower thermal stability compared to a
commercial poly[(3-hydroxybutyrate)-co-(3-hydroxyvalerate)]
(PHBV) standard (92:8 molar ratio), which degraded at 287 °C
(Fig. 5). This observation aligns with Li et al.,*® who reported that
the incorporation of 10 mol%-30 mol% of hydroxyvalerate in
PHBV increased its thermal stability by 7 °C-12 °C. The lower ther-
mal stability observed in this study suggests that the extracted
polyhydroxyalkanoate may be a PHB homopolymer, which
degrades more readily than its copolymer counterpart.

Additionally, all samples had residues below 10% except for the
35 °C biofilm sample, which retained more than 20% residue.
The possible reasons for lower thermal stability observed in all
PHB samples compared to commercial PHB could be due to differ-
ences in extraction methods. Pradhan et al.>® demonstrated that
PHB extracted using ultrasonic methods exhibited higher thermal
stability (up to 289 °C) compared to solvent-extracted PHB, which
degraded at 260 °C. The biofilm-grown PHB at 35 °C showed
more prolonged mass loss and higher residue content, which is
consistent with previous findings that biomass impurities and
processing conditions affect thermal behavior.

The lower thermal stability and prolonged mass loss observed in
the PHB sample obtained from biofilm biomass grown at 35 °C
compared to other samples could be attributed to the presence
of residual proteins or unreacted components. Hahn and Chang*®
noted that thermal degradation of cellular material alongside PHB
can lead to overestimation of PHB content and altered thermal
stability profiles. Similarly, Li et al.* found that PHB degradation
occurs in a single weight-loss step, whereas PHBV exhibits multi-
ple degradation events, supporting the observation that the
molecular composition and processing history influence degrada-
tion behavior.

In summary, TGA revealed that PHB produced from suspended
and biofilm growth at different temperatures exhibited distinct
thermal degradation behaviors. The 30 °C suspended sample
and 30 °C biofilm sample showed similar degradation patterns,
whereas the 35 °C biofilm sample exhibited lower thermal stabil-
ity and higher residual mass, possibly due to incomplete polymer
purity and differences in crystallinity. These findings align with
those of previous studies that indicate that microbial growth con-
ditions and extraction techniques significantly influence the ther-
mal properties of PHB.
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Figure 4. DSC of (a) standard PHB and of samples obtained from (b) suspended growth at 30 °C, (c) biofilm growth at 30 °C, (d) suspended growth at 35 °

C and (e) biofilm growth at 35 °C.
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Figure 5. TGA of (a) standard PHB and of samples obtained from (b) suspended growth at 30 °C, (c) biofilm growth at 30 °C, (d) suspended growth at 35 °

C and (e) biofilm growth at 35 °C.

FTIR spectroscopy

FTIR spectroscopy was used to analyze PHB samples obtained
from suspended and biofilm growth at 30 °C and 35 °C. The FTIR
spectra obtained from the samples showed similar absorption
bands in the fingerprint region (500 cm™"'-4000 cm™"), which is
consistent with the presence of common functional groups such

as C—H, C—0 and C=0. The signal at 1728 cm™" corresponds to
the stretching of the carbonyl group (C=0), while the signal at
1280 cm™' corresponds to the stretching of the ester group
(C—0). The bands at 1380 cm™", 1228 cm ™' and 1180 cm™" corre-
spond to groups CHs, CH, and C—0—C, respectively. The signal at
3250 cm™' was only observed in the spectrum of the suspended
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Figure 6. FTIR spectra of (a) standard PHB-PHBV and of samples obtained from (b) suspended growth at 30 °C, (c) biofilm growth at 30 °C, (d) suspended
growth at 35 °C and (e) biofilm growth at 35 °C.

growth PHB sample obtained at 35 °C. It indicates the presence of Furthermore, the FTIR spectra obtained from PHB samples from
hydroxyl (—OH) group. These signals are characteristic of PHB,  suspended and biofilm growth at 35 °C (Fig. 6(d),(e)) showed sim-
confirming that the samples analyzed in this study are composed ilar signals to the samples obtained at 30 °C, indicating that the
of this polymer (Fig. 6(a)-(c)). temperature change did not have a substantial impact on the

________________________________________________________________________________________________________________________]
J Chem Technol Biotechnol 2025 © 2025 The Author(s). wileyonlinelibrary.com/jctb
Journal of Chemical Technology and Biotechnology published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry (SCI).

U Aq peusenob ke sajolfe YO '8sN JO S9INJ 10} AReuqi 1 8UIIUO AB|IA UO (SUONIPUOD-PLR-SULIBY WO A8 | IM ARl 1o |UO//Sd1Y) SUORIPUOD pue swie | 8y 89S *[5202/80/20] Uo AriqiTauliuo AB(IM ‘NVISINVd - IAYNIH/ES VNI A 6162 G10[/200T 0T/I0p/w00 A8 | im Azeiqijeuluo's feuanol1os//:sdny wouy pepeojumod ‘0 ‘099t260T



http://wileyonlinelibrary.com/jctb

®)
SCl

et atmecs WWW.SOCi.org S Shaikh et al.
|
a
@) 6000 =
16.9 ——PHBR-PHV
S 4000
s
>
=
0n
[~
[
c
= 2000 -
0 T T T T
20 40 60 80
206/ deg
(b) (c)
10000
8000 —
8000 -
3 S 6000
£ 6000 &
2 2 4000
S 4000 - 2
£ £
|
20004 | 20004
‘\ J » I | | ] f \ | |
: | :‘ f JM ) | |
0 WI | . k—#,_%:éqﬁ; 0 A : 4./‘ MrAne e L..T.._J.._..,JL_.I_.}\...,_
20 40 60 80 20 40 60 80
(d) 20 / deg (e) 20/ deg
7000 7000
6000 - 6000
—~ 5000 - —~ 5000
3 5
.3 &)
< 4000+ < 4000 -
= 2
7] (7]
S 3000 S 3000-
- b
£ £
2000 -
1000
0 %&M
20 40 60 80 20 40 60 80
20/ deg 20/ deg
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PHB composition. This aligns with the study by Deng et al,>' who
analyzed PHB extracted from wastewater sludge and found that
FTIR spectra remained consistent despite variations in microbial
growth conditions. They reported a characteristic PHB peak range
between 1728 cm™' and 1754 cm™', which is in agreement with
our findings. However, a discrepancy was observed when com-
paring our results with those of Hagagy et al.>> who reported a
C=0 stretching peak at 1628 cm™" for PHB extracted from Halola-
mina species. This deviation in peak position may be attributed to
differences in microbial sources, polymer purity or variations in
polymer chain interactions for different extraction methods. Addi-
tionally, the presence of a strong absorption peak at 1728 cm™" is
consistent with findings from Ansari and Fatma,”* who analyzed
PHB extracted from cyanobacterial biomass. They reported similar
FTIR spectra, with key peaks at 1720 cm™'-1730 cm™' and
1280 cm™', corroborating the functional group assignments in
our study. However, their work indicated that additional peaks
might arise due to variations in PHB purity and polymer chain
length, which should be further investigated in our samples. Over-
all, the FTIR analysis confirmed the successful identification of PHB
in all samples, with results aligning with previous literature while
also revealing distinct spectral features such as the 3250 cm™
hydroxyl peak, which warrants further investigation. The consis-
tency in spectral characteristics across different temperature con-
ditions further supports the robustness of PHB structural integrity
under varied growth conditions.

XRD

XRD was used to analyze the crystal structure of the PHB samples
obtained from suspended and biofilm growth at 30 °C and 35 °C.
The XRD analysis revealed a prominent diffraction peak at 20 of
approximately 32°, corresponding to the (100) crystallographic
plane of PHB, which is indicative of a high degree of crystallinity in
the samples. This is consistent with previous studies, such as those
by Phongtamrug and Tashiro,>* who identified the same primary dif-
fraction peak for PHB and confirmed its a-form crystalline structure
under standard conditions. The presence of additional minor peaks
at 45°, 58°, 68°, 70° and 84°, corresponding to the (200), (300),
(411), (111) and (331) crystallographic planes, respectively, further
supports the polycrystalline nature of the PHB samples (Fig. 7).

Interestingly, a distinct peak at 20 of approximately 22° was
observed exclusively in the suspended growth samples at both
temperatures, corresponding to the (110) crystallographic plane,
which was absent in the patterns of biofilm samples. This suggests
differences in crystal orientation and molecular packing, likely
influenced by the growth conditions rather than temperature
alone. A similar phenomenon was reported by Etxabide et al.>*
who found that PHB extracted from red grape pomace exhibited
variations in crystallinity depending on the purification method,
with more purified samples showing reduced crystallinity and
altered peak intensity. This aligns with the current findings, as
the differences in microbial growth conditions between biofilm
and suspended cultures could have led to subtle alterations in
the crystalline arrangement of PHB.

The degree of crystallinity in PHB can be affected by several fac-
tors, including synthesis conditions, processing methods and
molecular weight distribution. The current results align with those
of de Sousa Junior et al,*® who reported that PHB typically
exhibits high crystallinity with characteristic peaks in the 26 range
10°-35° and noted that crystallinity can be modulated by polymer
interactions, blending or plasticizer addition. The absence of
major structural changes between PHB grown at 30 °C and 35 °

C suggests that temperature does not significantly influence
PHB crystallinity, but, rather, growth conditions play a more dom-
inant role. Similar findings were reported by Al-Jaber,>” where
polyhydroxyalkanoates extracted from PNSB exhibited compara-
ble crystallinity patterns despite differences in substrate condi-
tions, reinforcing that microbial metabolic pathways and
polymer accumulation rates are more critical in defining the final
crystal structure.

Overall, the XRD analysis confirmed that PHB produced under
different microbial growth conditions maintains a highly crystal-
line structure, with key diffraction peaks corresponding to the
a-form of PHB, as observed in previous studies. However, the
minor differences between suspended and biofilm growth condi-
tions, particularly the unique peak at 26 = 22° in the patterns of
the suspended samples, suggest a variation in crystallographic
arrangement, potentially due to differential polymer alignment
or molecular stress during biosynthesis. These findings provide
further insights into how microbial growth conditions influence
PHB structural properties, a factor that should be considered in
optimizing PHB production for various applications.

CONCLUSION

This study investigated the optimal temperature for FSW treat-
ment, PNSB growth (both suspended and biofilm) and resource
recovery using BPBRs operated at 30 °C, 35 °C and 45 °C. PNSB
growth was not observed at 45 °C, confirming its metabolic limi-
tations at high temperatures. The highest total biomass and sus-
pended growth were achieved at 35°C, whereas biofilm
formation was more pronounced at 30 °C, likely due to reduced
competition with suspended growth.

The findings highlight that biofilm growth supports higher PHB
accumulation compared to suspended growth, emphasizing the
role of growth mode in biopolymer synthesis. While PHB charac-
teristics remained largely similar across conditions, slight differ-
ences in crystallinity were observed in suspended biomass. The
lack of significant variation in PHB content between 30 °C and
35 °C suggests that temperature may have a limited effect on
PHB biosynthesis under the tested conditions.

Furthermore, protein content remained stable across all tem-
perature conditions, reinforcing the robustness of PNSB meta-
bolic activity within the studied temperature range. These
results highlight a key advantage of biofilm-based cultivation in
terms of enhanced PHB production. Overall, this study demon-
strates that PNSB biofilm systems can effectively contribute to
wastewater treatment and sustainable PHB recovery, particularly
in moderate-temperature environments.
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