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HIGHLIGHTS

@ Extreme H,S emissions (up to 72 gS-
H,S m~3) were fully abated at all off-
gas flows.

@ Alkalinity (1.8 - 3.4 g L) sustained
98.2 % CO, biofixation by Chloroidium
sp.

@ Microbial adaptation to high H,S
boosted biomass growth, enhancing
sulfur oxidation.

@ Five folds lower nitrate inputs than
conventional CMB systems for biogas
treatment.

@ Biodigested vinasse is a promising pH
stabilizer for  cost-effective  gas
treatment.
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ABSTRACT

Sugarcane vinasse, a major by-product of ethanol production, poses environmental and health risks due to its
high sulfate content, promoting severe hydrogen sulfide (H»S) formation (up to 50,000 ppm,) during acidogenic
fermentation. The resulting H2S and high carbon dioxide (CO2) levels in off-gas create serious hazards, often
leading to conventional desulfurization systems’ clogging and high maintenance. This study is the first to
investigate a Chloroidium-based combined microalgal-bacterial (CMB) system for simultaneous, high-strength
H,S abatement and CO; sequestration from these challenging vinasse fermentation off-gas streams. Utilizing a
14 L bubble column photobioreactor under increasing gas flow conditions, the system achieved 100 % H»S and
98.2 % CO, removal efficiencies within 72 h, with a maximum H,S elimination capacity of 30.3 gS-HyS m= h'.
A comprehensive sulfur mass balance revealed that up to 99 % of theoretical sulfate was consumed by the
consortium for biomass growth, demonstrating efficient sulfur valorization. Performance was sustained by
elevated dissolved oxygen (averaging 15.0 g L™1), ensuring complete HyS oxidation to sulfate without inhibitory
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intermediate accumulation or clogging. The system’s robustness was further supported by Chloroidium ellipsoi-
deum’s adaptation to high H,S loads (up to 72.0 gS-H,S m™>) and optimized inorganic carbon (1.8-3.4 g ™).
These results highlight the CMB system’s potential as a biologically driven, low-input, clogging-resistant, and
highly efficient alternative for acidogenic off-gas treatment and vinasse valorization, offering a scalable and
sustainable solution for biorefineries.

1. Introduction

Sugarcane vinasse, the primary by-product of sugar and ethanol
production, exhibits significant environmental challenges due to its high
organic load, low pH, and elevated mineral content [30]. Although it is
widely used as a nutrient-rich fertilizer for sugarcane crops, excessive
application can lead to soil salinization, groundwater contamination,
nutrient leaching [19,29], and the emission of greenhouse gases (GHGs)
such as nitrous oxide [45]. These issues highlight the urgent need for
sustainable vinasse management strategies.

Anaerobic digestion (AD) has emerged as a promising solution to
address these challenges, offering advantages such as organic matter
load reduction, nutrient conservation, and renewable energy generation
through biogas production. Conventional single-phase AD systems (1st-
AD) have been shown to effectively treat vinasse [21,6]. However, the
high sulfate concentrations in vinasse (often exceeding 2.0 g-S03 L™1), a
result of sulfuric acid addition during ethanol fermentation, promote the
growth of sulfate-reducing bacteria (SRB) [14]. This metabolic compe-
tition shifts the process towards sulfidogenesis, limiting methane (CHy4)
yields and exacerbating the management of sulfur compounds [40]. To
mitigate this, recent advancements in high-rate fermentative systems
have focused on effectively reducing sulfate from vinasse before meth-
anogenesis. This is achieved by providing optimal conditions, such as
maintaining neutral pH and applying appropriate alkali supplementa-
tion, which favor SRB activity. Electron donors such as glycerol and
lactic acid, produced during juice fermentation, further enhance SRB
activity. While thermophilic conditions (55°C) support SRB growth [27,
60,74], they can reduce CHy4 recovery [32], contrasting with mesophilic
fermentation (30°C), which enhances acetate accumulation and partial
alkalinity, yielding sulfate-free, acetate-enriched vinasse. This approach
promises improved methane recovery [10].

Crucially, while these fermentative systems effectively manage sul-
fate and generate biogas, their off-gas is characterized by exceptionally
high concentrations of carbon dioxide (CO», up to 90 %) and hydrogen
sulfide (HsS, up to 5 % or 50,000 ppmy), which require dedicated and
effective treatment. Importantly, hydrogen gas (Hy) is consistently
found in undetectable fractions (<1 %) in these off-gases, simplifying
subsequent gas management due to its non-flammable nature. Despite
the significant potential of novel desulfurization technologies, such as
microalgal-bacterial photobioreactors for CO3 and H,S abatement, their
application under such extreme H»S emissions from acidogenic sugar-
cane vinasse treatment reactors has not been tested.

H,S is a colorless, toxic gas with severe environmental, health, and
operational implications, notably in AD systems (Munoz et al., 2015). Its
atmospheric oxidation forms sulfur dioxide (SO32), contributing to acid
rain [66] and biodiversity loss [67]. Additionally, bisulfide ions harm
aquatic life [46], and persistent HyS odors impact human quality of life.
In AD systems, HoS-induced corrosion of pipelines and equipment in-
creases maintenance costs and risks system failures [90]. Moreover, HoS
reduces biogas quality, necessitating desulfurization before utilization
[58]. To mitigate these impacts, fermenters must operate as gas-tight
systems, routing all gas emissions to appropriate treatment technologies.

Addressing high-strength H,S and CO, emissions in AD is difficult,
often involving cost-prohibited alkali supplementation and desulfur-
ization technologies [73]. The effectiveness of these processes is influ-
enced by various operational factors and biogas composition [66].
Among commercially available technologies, physicochemical systems
are effective for high HyS-load streams by enhancing mass transfer [15,

7,92]. In this context, biological desulfurization methods, including
phototrophic and chemotrophic approaches, offer several advantages,
such as lower operational costs, reduced chemical usage, lower energy
demand, and the production of non-hazardous end products [17,44].

Conventional biological gas filtration technologies such as biofilters
(BFs), bioscrubbers (BSs), and biotrickling filters (BTFs) are widely
applied for biogas desulfurization in AD plants [18,59]. These systems
rely on sulfur-oxidizing bacteria (SOB), immobilized on inert packed
beds or in suspension in a separate tank, to oxidize H,S into elemental
sulfur or sulfate [58]. Typical removal efficiencies exceed 95 %, with
elimination capacities (EC) of up to 160 gS-HsS m?° h! [9,75,56].
However, they often struggle with elemental sulfur accumulation and
oxygen mass transfer limitations, especially under high H»S loads typical
of acidogenic off-gas (up to 5 %).

Photosynthetic biogas upgrading, particularly combined microalgal-
bacterial (CMB) systems, is a promising technology for simultaneous
H,S and CO, removal. These systems leverage well-established synergy
where microalgae provide in-situ oxygen for bacterial oxidation pro-
cesses, while bacteria detoxify the environment, allowing microalgae to
thrive [22,8,81]. Thus, rapid and complete sulfur oxidation to sulfate
occurs, preventing elemental sulfur accumulation and associated clog-
ging issues [3,4,68]. This internal oxygen generation also eliminates the
need for external oxygen supply. Furthermore, by harnessing the high
CO», fraction as an inorganic carbon source for microalgal growth, CMB
systems reduce bicarbonate supplementation needs and convert a major
greenhouse gas into valuable algal biomass [76,77,8], contributing to
sustainable development and carbon neutrality [16].

Building on these findings, this study investigates a dual-purpose
CMB system for or simultaneous desulfurization of high-H»S off-gas
from mesophilic (30°C) sugarcane vinasse fermentation and CO;
sequestration to reduce greenhouse gas emissions. An indoor algal pond
coupled with an off-gas absorption column was operated across three
stages with increasing gas flow rates, maintaining a constant liquid-to-
gas (L/G) ratio of 10, and successfully subjected to extreme HsS load-
ings of up to 72 gS-H,S m= . This pioneering approach offers a unique
solution to manage high HyS concentrations in biogas generated by
acidogenic systems, specifically tailored to sugarcane biorefineries. By
integrating principles of renewable energy and biological valorization,
this study not only addresses critical environmental issues like HsS
emissions but also supports broader goals of carbon neutrality, sus-
tainable industrial practices, and fostering a circular bioeconomy.

2. Material and methods
2.1. Experimental apparatus and nutritional aspects

An indoor open algal pond (AP) with a working volume of 14 L
(dimensions: 39 cm x 19 ecm x 19 cm; surface area: 0.07 m2) was
installed at the Institute of Sustainable Processes (ISP) at the University
of Valladolid, Spain. The AP was connected to an external 0.9 L ab-
sorption column (AC) via a recirculation line, operating at a controlled
room temperature of 27 4+ 1°C. This AC unit was operated as a bubble
column reactor, devoid of internal packing, where gas-liquid contact
facilitated HyS oxidation and CO3 dissolution by the suspended micro-
bial community. Liquid recirculation and gas pumping were achieved
using two peristaltic pumps (Masterflex 7553-70, Cole Parmer, USA;
and Model TDF-SK-Handy pump, Hygiaflex, Spain), respectively.

The system received continuous illumination (24 h light:0 h dark) in
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the AP surface at a photosynthetically active radiation (PAR) of
1040 + 15 pmol m2 57! from LED panels (Philips, Spain). The system
was consistently fed with a carbon-rich synthetic media via a peristaltic
pump (Model TDF-SK-Handy pump, Hygiaflex, Spain). The mineral salt
medium (MSM) exhibited the following composition (g L™Y: NaHCOs,
6; NagCOs, 3; KoHPO4, 0.94; NaNOg, 3.06; NaCl, 2.09; CaCly.2H50,
0.02; FeS04.7H20, 0.005; MgS04.7H20, 0.1. The micronutrient solution
added to the medium (5 mL L) was composed of (g L™h: 7ZnS04.7H,0,
0.1; MnCL4H30O, 0.0005; H3BOs, 0.2; Co(NO3)2.6H20, 0.02;
NasMo004.2H20, 0.02; CuSO04.5H20, 0.0005; FeS0O4.7H20, 0.07;
EDTA.2H,0, 1.02). To prevent biomass accumulation, two centrifugal
submersible pumps (FRCOLOR, China) were installed on opposite sides
of the glass structure. The AC consisted of a transparent acrylic bubble
column (internal diameter: 3.8 cm; height: 75 cm) fitted with a metal gas
diffuser (pore size: 2 ym) positioned at its base. A schematic diagram of
the CMB system is provided in Fig. 1.

2.2. Inoculation and operating conditions

A microalgal cake containing Chloroidium ellipsoideum species was
collected from a 180 L high-rate algal pond fed with real digestate and a
biogas containing 5000 ppm, of HyS [36,53]. Fresh aerobic sludge from
Valladolid wastewater treatment plant (WWTP) was also used to inoc-
ulate the algal-bacterial pond herein used for acidogenic off-gas abate-
ment. The microalgal species were cultivated in MSM with a high
carbonate source, as detailed by [54]. The system was initiated with an
algal-biomass concentration of 2.0 g-VSS L™,

The system was subjected to three operational stages (namely I, II,
and II), defined by variations in gas flow rates (1.7-, 3.4-, and 6.8-mL
min~') under a constant liquid-to-gas flow rate ratio (L/G) of 10, as
reported elsewhere [63]. MSM (Fig. 1, labeled 13) was continuously
supplied at 0.74 L d~! while the synthetic biogas mixture (72 % COs,
23 % Ny, and 5 % H,S) was introduced into the AC unit (Fig. 1, labeled
1) in a co-current flow with the recirculating liquid phase (Fig. 1, from 8
to 12). As a result, the volume of nutrients supplied per unit volume of
gas progressively decreased with increasing gas flow rates, corre-
sponding to 0.30, 0.15, and 0.08 L MSM per liter of gas in Stages L, II,
and III, respectively. This gas simulated the acidogenic off-gas from
vinasse fermentation [10] and was obtained by mixing a 22 %/78 %
H,S/N> synthetic gas mixture with atmospheric air in a mixing chamber
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(Fig. 1, labeled 7). Synthetic acidogenic off-gas was used to avoid po-
tential flow rate fluctuations typical of an on-site acidogenic reactor
processing raw sugarcane vinasse, which could hinder sulfur oxidation
processes due to biomass growth. While the use of this synthetic off-gas
ensured controlled and reproducible experimental conditions, it is
important to acknowledge that real vinasse-derived biogas typically
presents fluctuations and complex impurities that may influence
long-term system performance and scalability, representing a limitation
that requires consideration for future industrial applications.

Daily liquid phase monitoring comprised the determination of the
following parameters: pH, dissolved oxygen (DO), room and AP tem-
peratures (T), and photosynthetic quantum yield (QY). The determina-
tion of the concentrations of total organic carbon (TOC), inorganic
carbon (IC), total nitrogen (TN), volatile suspended solids (VSS), total
dissolved sulfide (TDS), sulfate (SO?{), thiosulfate (SZO%'), nitrite (NO3),
and nitrate (NO3), was performed three times a week. Lastly, PAR
measurements were conducted weekly. Gas samples for the determina-
tion of COy, Ny, Og, and HsS concentrations were collected daily in
duplicate at the inlet and outlet sampling ports of the absorption column
(Ports 9 and 10 in Fig. 1). Samples were introduced into a gas chro-
matograph equipped with a thermal conductivity detector (Model 8890,
Agilent Technologies, Santa Clara, CA, USA) via direct injection using a
gastight syringe, without the use of any intermediate sampling bags for
collection or injection. The sampling lines connecting the ports to the
syringe were plastic tubes. While some plastic materials may exhibit HoS
adsorption, the high removal efficiencies (100 % H,S-RE) observed and
the absence of intermediate sulfur species in the cultivation broth
confirm that the reactor’s performance was accurately reflected by these
measurements, indicating no significant analytical bias from the sam-
pling line material. The GC was equipped with a thermal conductivity
detector. For accurate quantification, the instrument was calibrated
using certified gas standards (multi-point calibration curves) for all
target components prior to experimental campaigns, with regular checks
using a mid-range standard. The detection limit for HoS was typically
100 ppmy. To ensure methodological reliability, consistent injection
volumes and carrier gas flow rates were maintained, and routine in-
strument maintenance was performed according to manufacturer
guidelines.

To ensure the reliability and statistical robustness of our findings, all
reported results were derived from a single, continuous experimental
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Fig. 1. Sketch of the experimental set-up. (1) 30 L Tedlar bag, (2) peristaltic pumps, (3) CO»-cylinder, (4) valves, (5) mass flux controller, (6) rotameters, (7) mixing
chamber (8) 0.8 L absorbed column, (9) inlet gas sampling port, (10) outlet gas sampling port, (11) liquid sampling port, (12) LED panels, (13) 14 L algal pond, (14)

2 L nutrient-feeding reservoir, (15) liquid sampling port.
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run across three distinct operational stages. Throughout this long-term
experiment, all liquid and gas samples were collected and analyzed in
duplicate. The numerical results presented represent average values
accompanied by their respective standard deviations, calculated from
these multiple duplicate measurements over time within each opera-
tional stage, thereby confirming the consistency and reliability of the
system’s performance. Though error bars are not displayed in the fig-
ures, this is due to the exceptionally low variability observed in the
measurements across the operational stages, with standard deviations
frequently being smaller than the data points. This consistent and min-
imal spread in the data highlights the remarkable stability and robust-
ness of the developed system.

An Eutech Cyberscan pH 510 (Thermo Fisher Scientific Inc., Mas-
sachusetts, USA) and an OXI 3310 oximeter (WTW, Germany) were used
for pH, temperature and DO determinations in the cultivation broth,
respectively. pH was carefully monitored daily at two critical points in
the system: the cultivation broth and the outlet of the absorption column
(AC), which was sampled via a valve (indicated in Fig. 1). Although no
formal pH optimization study was conducted in this work, the opera-
tional pH was guided by values reported in prior studies. The system was
maintained under alkaline conditions (pH > 9), which are widely
recognized to enhance CO; and H,S absorption due to favorable
chemical equilibria ([12,25,71]; Markou et al., 2014). The use of
carbonated alkaline cultivation media has also been shown to support
both efficient biogas upgrading and microalgal viability in long-term
operations. QY was measured using a Li-250A light meter (Li-COR
Biosciences, Germany). TOC, IC, and TN analysis were conducted in a
TOC-VCSH analyzer coupled with a TNM-1 chemiluminescence module
(Shimadzu, Japan). The concentrations of NO3, NO3, S07, and S,0%
were quantified using HPLC-IC, equipped with a Waters 515 HPLC
pump, a conductivity detector (Waters 432), an IC-PAK Anion HC col-
umn (4.6 x 150 mm), and an IC-Pak Anion Guard-Pak (Waters). Prior to
anion analysis, samples were filtered through membranes with a pore
size of 0.22 pm. Sulfide levels were assessed via a highly sensitive
photometric method (Merck KGaA, Darmstadt, Germany), allowing for
the quantification of HS” and $% ions within a concentration range of
0.02-1.55 mg L. VSS was measured following the Standard Methods
for the Examination of Water and Wastewater [5]. Cultivation broth
samples were collected after inoculation and at the conclusion of each
operating stage, then preserved in 10 % neutral formaldehyde and 5 %
Lugol’s acid for quantitative assessment of the algal population structure
[80]. Gas samples were analyzed using a gas chromatograph (Model
8890, Agilent Technologies, Santa Clara, CA, USA) equipped with a
thermal conductivity detector. The temperatures of the detector and
injector were kept steady at 170°C and 160°C, respectively, for 5 min.

Helium was used as the carrier gas, flowing at a rate of 13.7 mL min .

2.3. Performance metrics

The removal efficiencies (REs, %) of HoS and CO, were calculated
according to Eq. (1), where Qpy and Qour represent the inlet and outlet
acidogenic off-gas flow rates (L d™, respectively, and Cjy and Coyr
denote the inlet and outlet concentrations (%) of the target pollutants.

(CIN — COUT)
CIN

The H,S and CO; loading rates (LRs) (gS-HaS m > h~! and gC-CO2
m > h™?) throughout the operation were calculated using Eq. (2), where
Qgas is the acidogenic off-gas flow rate (m® d’l), Cin, poLLUTANT iS the
inlet pollutant (CO2 and HsS) concentration (g m™), and VcoLLumn is
the absorption column volume (m3). Cin, porrutanT Was calculated using
Eq. (3), where %porruTant is the fraction (%) of the pollutant in the gas,
MMporLuTanT is the molar mass of the pollutant and Vyjopar is the molar
volume of the pollutant. Viyorar was calculated according to Eq. (4),
where R is the universal gas constant (8.314J mol™! K1 or
0.0821 L atm mol~! K1), T is the operating temperature (K), and P

RE = x 100 (€D)]
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(atm) is the atmospheric pressure. The HoS and CO- elimination ca-
pacities (ECs) of the system were calculated using Eq. (5), where LR
represents the loading rate (LR) and RE is the removal efficiency. NO3-
REs (%) were calculated using Eq. (6), where N-NOs,t is the total mass
(g) of nitrate from the MSM and N-NOg,a is the mass (g) of nitrate
accumulated in the pond throughout the operation.

IR — (Cnvporutant X Qgas ) 2)
Veorumw
% x MM
CinpoLLUTANT = (Arorumae rouum) @)
Vmorar
RxT
Vaoan — ( - ) “@
EC = (LR x RE) )
pg— N-NOot-N-NOsa) (6)

N—NO?H a

2.4. Sulfur mass balance and estimation of consumption

A comprehensive sulfur mass balance was performed for each
operational stage to evaluate the fate of sulfur within the system and to
estimate its consumption by the microalgal-bacterial consortium. The
primary sulfur inputs considered were hydrogen sulfide (H3S) from the
simulated off-gas and magnesium sulfate (MgSO4.7H20) supplied via
the mineral salt medium. Key assumptions for this balance included the
complete oxidation of all incoming HyS to soluble sulfate (SO%’), a
premise strongly supported by the observed 100 % H,S removal effi-
ciencies and the absence of elemental sulfur (S°) precipitation.
Furthermore, sulfate (SO%’) was considered the sole significant inorganic
sulfur species accumulating in the cultivation broth.

For each operational stage, the following components were
quantified:

1. Total sulfur input from HS (S-HsS,in): Calculated from the
average inlet gas flow rate, inlet HyS concentration, and stage
duration, converting HyS mass to sulfur mass.

2. Total sulfur input from MgS04.7H20 (S-MgS04,in): Determined
from the average MSM flow rate, MgS04.7H20 concentration in the
medium, and stage duration, converting MgS04.7H>0 mass to sulfur
mass.

3. Sulfur output as sulfate in effluent (S-SO4,0ut): Since our system
had "zero liquid discharge", the "Sulfur Out in Effluent" term was
negligible.

4. Change in sulfate accumulated in reactor liquid (AS-reactor):
Calculated from the difference between the final and initial SO‘Z{
concentrations in the reactor liquid for the stage, multiplied by the
reactor working volume, converting SOF mass to sulfur mass.

The estimated total sulfate consumed by microalgae and bac-
teria (S-consumed) (assimilated into biomass) was then determined by
the difference between total sulfur inputs and the sum of sulfur outputs
and net accumulation:

S-consumed = (S-HzS,in + S-MgS04,in) — S-SO4,0ut — AS-reactor

Detailed calculations and raw data are provided in the Supplemen-
tary Material.

3. Results and discussion

3.1. Influence of gas flow rate on COz and H,S abatement

Following inoculation, the rapid synergistic interactions between
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SOB and microalgae facilitated an efficient off-gas pollutant removal
(CO2 and H2S-REs of 95.3 +£2.2% and 98.8 + 0.9 %, respectively),
within the first three days of operation. During this period, IC concen-
trations in the cultivation broth reached 1853 + 166 mg IC L™, high-
lighting the significant contribution of microalgal CO, uptake. From day
3 until the end of the operation, CO,-RE remained high at 98.2 + 0.6 %,
while a complete HyS removal was sustained, despite increasing gas flow
rates (Fig. 2 a). These consistently high removal efficiencies, achieved
from the onset, underscore the robustness and rapid acclimation of the
algal-bacterial system. Microalgal photosynthesis continuously pro-
vided oxygen to support SOB-mediated sulfide oxidation, as further
evidenced by the increase in sulfate production across the three oper-
ating stages. The sustained vigor of the microalgal biomass growth,
coupled with stable quantum yield, and clear patterns of nutrient uptake
(sulfate and nitrate assimilation), provide strong indirect evidence of a
thriving and highly active microbial population at the core of the
observed transformations. Unlike Chlorella sp., which exhibited growth
inhibition at HyS concentrations above 200 ppmy [34], the pre-adapted
Chloroidium ellipsoideum [53] identified in our system supported a pro-
gressive increase in CO, and HyS EC. This suggests that the microbial
community effectively adapted to rising HyS loads without experiencing
inhibition, indicating a higher tolerance to sulfide exposure. This
remarkable tolerance stems from the inoculum’s history, having been
long-term adapted to HyS concentrations up to 5000 ppmy in a pilot
high-rate algal pond devoted to biogas upgrading, likely due to strong
selective pressure favoring resilient strains. While most Chlorella sp.
studies report performance at significantly lower H,S concentrations (<
8000 ppmy), direct comparative data for Chloroidium ellipsoideum at
extremely high levels like those in vinasse off-gas are limited in litera-
ture, underscoring the novelty of our work.

The system exhibited a maximum H,S-EC of 30.3 gS-HaS m2h!
during Stage III, achieving 100 % H»S-RE (Fig. 2 b), which positions it as
highly competitive relative to previously reported biotrickling filters
devoted to acidogenic off-gas acidification under both aerobic and
anoxic conditions. This performance is particularly notable considering
the extreme H,S concentrations (50,000 ppm,) treated, a level signifi-
cantly higher than typically reported in literature. For instance, in aer-
obic biological systems, Kim et al. [39] reported an EC of 8.0 gS-H,S m 3
h™! with 52 % H,S-RE, significantly lower than the performance
observed in the current study. Similarly, Vikromvarasiri et al. [87]
achieved a maximum EC of 78.6 gS-HoS m~> h™! with HS-RE ranging
from 40 % to 92 % under increasing EBRTs, both significantly lower in
consistency than our system’s complete HyS removal. While Montebello
et al. [55] reported a higher EC of 51.5 gS-H,S m™ h™! with complete
HaS removal in an aerobic BTF, their study highlighted the detrimental

(a)
9
w
['4
e |
T B |RE-H,S (%)| ]
@ |RE-CO, (%)
T T T
(b)

H,S;, (9S-H,S m?)

Operating period (days)
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buildup of biosulfur and extensive biomass colonization on packing
material, hindering long-term liquid distribution and oxygen penetra-
tion. Similarly, anoxic BTFs (e.g., [43], 54.5 gS-H2S m~ h™!, 100 % H,S
removal; [79], 47.4 gS-HoS m™ h™', 84.4 % RE) face limitations like
slower sulfide oxidation, sulfur accumulation, biofilm overgrowth,
reliance on external electron acceptors, and higher operational costs [2].
The sustained superior performance observed in this study, particularly
under such extreme H,S loads, directly resulted from the effective in-
ternal process oxygenation by microalgae within the unique bubble
column reactor design. This design inherently overcomes the oxygen
mass transfer limitations commonly encountered in conventional
packed-bed BTFs, thereby preventing elemental sulfur accumulation
and ensuring long-term stability [72,92].

The gas composition of the treated off-gas further confirmed the ef-
ficiency of the algal-bacterial photobioreactor. Oxygen levels in the
outlet gas increased from 1.2 £ 0.2% to 22.0 £ 5.3 % (Fig. 2 c-d),
demonstrating active oxygen generation by microalgae. Simultaneously,
the outlet CO, concentrations dropped to 1.3 + 0.7 %, which high-
lighted the sustained CO biofixation. Crucially, the consistently high
dissolved oxygen (DO) levels prevailing in the cultivation broth (aver-
aging 15.0 mg L), ensured that sulfide oxidation remained efficient
throughout the operational period, preventing the accumulation of
inhibitory or clogging-related intermediate sulfur species. Additionally,
TDS in the cultivation broth remained below quantification limits,
confirming that HyS was fully oxidized to sulfate without accumulation
of intermediate sulfur species. The system effectively handled elevated
H,S concentrations in the acidogenic off-gas, demonstrating the feasi-
bility of using a combined microalgal-bacterial approach to mitigate the
environmental impact of high-strength H)S streams from sugarcane
biorefineries.

A comparison with previous studies (Table S1 - Supplementary Ma-
terial, Fig. 3 a) highlights the exceptional performance of the algal-
bacterial photobioreactor herein tested under extreme HjS loads.
While most studies reported nearly complete H,S removal (~100 %) at
significantly lower HyS concentrations (< 8000 ppm,), our system
effectively treated acidogenic off-gas with an exceptionally high HsS
concentration (50,000 ppmy). Additionally, previous studies reported
H,S-ECs typically between 0.1 and 17.9 gS-H,S m3h! [12,3,48,71],
with only a few reaching values above 10.0 gS-HsS m~3h™! [25,41,70,
86]. In contrast, this study achieved the highest EC (up to 30.3 gS-HaS
m3h™) reported in the literature for CMB systems, while still main-
taining complete H,S-RE. In this case, the fine bubble dispersion
mechanism further enhanced gas-liquid contact and promoted uniform
exposure to the microbial community, contributing to the efficient
detoxification of sulfide.

. 000 ¢ M

80
60
40+
20— \Vv—vr~—r——
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Fig. 2. Time course of (a) H,S and CO, removal efficiencies (REs), (b) inlet H,S concentrations (H,S;,) and elimination capacities (ECs), (c) inlet acidogenic off-gas

content, and (d) outlet off-gas concentrations.
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CO2-RE in microalgal systems is typically influenced by multiple
factors, including CO,-LR, IC availability, illumination conditions, and
operational parameters such as hydraulic retention time (HRT) and
wastewater characteristics. As shown in Fig. 3 b, most studies in the
literature have reported CO,-ECs below 15 gC-CO, m ™~ h™?, achieving
CO4-REs values ranging between 62 % and 99.7 %. On the other hand, a
few studies have successfully reached higher ECs while maintaining
relatively high CO2-REs (Table S1- Supplementary Material). Franco-
Morgado et al. [25] achieved a maximum EC of 28.6 gC-CO5 m23h!
at a CO2-RE of 94 % under continuous illumination in a 180 L. HRAP,
which was attributed to the high IC concentrations (1500-2000 mg-IC
L™Y) in the cultivation broth, which sustained a high photosynthetic
activity and stabilized pH at 9.5. Maximum ECs of 22.8 and 36.3 gC-CO,
m > h~! were reported by Rodero et al. [70,69], respectively, associated
with CO,-REs above 95 %. However, a decline in CO5-RE from 99.3 % to
30.8 % under semi-continuous illumination in a 180 L HRAP were also
reported by Rodero et al. [70] due to reduction in IC availability from

1500 to 100 mg-IC L L Similarly, Rodero et al. [69] observed CO2-REs
ranging from 56.4 % to 99.1 %, depending on wastewater type, with
centrate yielding the highest RE due to its higher pH and IC availability,
while variations in HRT and biogas flowrate exerted a negligible effect
on CO, removal. The present study achieved CO2-LR up to 12.5 gC-CO4
m~> h™ with sustained 98 % CO2-RE, suggesting that effective IC man-
agement, pH control, and optimized reactor design mitigated carbon
limitation effects, especially under extreme CO; and HsS loads. These
findings underscore the importance of maintaining adequate alkalinity
and mass transfer efficiency to enhance CO; solubilization and uptake
by microalgal-bacterial communities.

3.2. Environmental conditions and system stability

During Stage I, the average pH levels in the cultivation broth of the
algal pond and AC were 9.7 + 0.1 and 9.6 + 0.1, respectively (Fig. 4 a).
As the HyS-LR increased from 8.1 + 0.2 (Stage I) to 14.7 + 1.1 gS-H,S
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Fig. 4. Time course of (a) pH, (b) volatile suspended solids (VSS), (c) dissolved oxygen (DO) and temperature (T), and (d) quantum yield (QY).

m > h™! (Stage II), these pH values slightly decreased to 9.4 + 0.1 and
9.3 £ 0.1, respectively, with minimum pH values of 8.9 + 0.3 and 8.8
+ 0.3 observed at the highest HyS-LR (29.0 &+ 1.3 gS-H»S m~3 h™).
Although lower CO5 and H,S removal efficiencies are commonly re-
ported in CMB systems at reduced pH levels (~9.0) and IC concentra-
tions (<500 mg L Hn 1,701, this study achieved an effective buffering
capacity critical for maintaining a balance between microbial activity
and COy/H,S mass transfer in the bubble column, thereby ensuring
long-term stability in treatment of the acidogenic off-gas. The robust pH
stability observed, despite increasing proton generation from HsS
oxidation, highlights the efficacy of the system’s buffering capacity. This
stability is paramount for sustaining optimal conditions for both
microalgal photosynthetic activity and the enzymatic functions of SOB.
The increase in IC concentrations in the cultivation broth from 1853
+166 mg L ™! in Stage II to 3412 + 251 mg L™} in Stage III directly
correlates with elevated CO, sequestration rates, indicating that higher
gaseous COy inputs effectively enhanced dissolved inorganic carbon
availability, which was then efficiently biofixed by the microalgae.

In Stage I, DO levels were slightly low, averaging around
10.0 mg L™, coinciding with the early establishment of the microalgal-
bacterial community (Fig. 4 c). As the system stabilized in Stages Il and
I, DO levels rose to an average of 15.0 mgL~! (maximum of
20.1 mg L™Y), among the highest reported for indoor systems and
comparable to or exceeding those observed in outdoor systems
(0.9-25.0 mg L1 [3,51,50,69]. Indoor systems typically exhibit more
controlled DO conditions (0.7-20.4 mg L [26,83,84,85], whereas
outdoor systems showed greater variability due to natural fluctuations
in light and temperature [36,48,61]. The consistently high DO values
(averaging 15.0 mg L) are a critical operational achievement, directly
linked to the microalgae’s vigorous photosynthetic activity and their
inherent tolerance to high HyS loads. This ample oxygen supply ensured
a complete sulfide oxidation to sulfate, preventing oxygen limitations
that often lead to elemental sulfur formation and reactor clogging, as
indicated by lower DO values (~0.7-6.0 mg L™!) in some studies [41,
68]. Higher DO levels (>10.0 mgL™") are indeed known to support
complete sulfide oxidation [4,71], confirming the efficacy of our sys-
tem’s internal oxygenation.

Quantum yield (QY) values, a proxy of photosynthetic efficiency
within the HRAP, remained constant at approximately 0.6 (Fig. 4 d),
suggesting effective adaptation of the microalgae to the continuous
illumination, thereby optimizing light utilization for photosynthesis.
The cultivation broth and ambient temperatures were consistently
maintained at 30.8 + 0.9°C and 27.0 + 1.0°C, respectively, ensuring
optimal conditions for the microalgal-bacterial synergism and prevent-
ing thermal stress. The inherent tolerance of Chloroidium ellipsoideum in
maintaining high photosynthetic activity and robust biomass growth
even under extremely high H,S concentrations was key to continuously

supplying oxygen above saturation levels to the cultivation broth, a vital
factor for the subsequent biological sulfide oxidation.

3.3. Inorganic carbon, sulfate and nitrogen fate

The interplay between IC and sulfate accumulation plays a crucial
role in determining system stability, particularly in CMB systems
exposed to extreme HyS loads, thus directly underpins the exceptionally
high removal efficiencies observed. SOB oxidize HjS to sulfate via in-
termediate sulfur species (S°, S,03), generating protons that can lead to
acidification if not counteracted by a sufficient IC buffer capacity [20].
Despite the increasing sulfate accumulation in the cultivation broth, the
consistently high pH (> 8.8) observed in this study suggests that IC
played a major role in stabilizing system alkalinity. This aligns with
previous studies reporting that CO, removal is highly influenced by
alkalinity [61], while other parameters such as temperature [70],
biomass productivity [49], H,S/CO5 absorption units [68], illumination
regime [25], open/closed photobioreactors configurations [3,84],
biogas supply regime [4], gas-liquid flow configurations [83] or biogas
recirculation [36] play a minor role in the quality of the biogas. The
combined effect of high IC availability (Fig. 5 a) and elevated Oz con-
centrations likely stabilized the pH and enabled a complete sulfide
oxidation without triggering sulfate reduction. This sustained high IC
availability was predominantly driven by the significant CO, partial
pressure from the off-gas, particularly as the gaseous CO; loading rates
increased across the operational stages.

Microalgal CO; uptake is another key factor influencing IC dynamics.
While microalgae actively assimilate dissolved COj;, potentially
depleting IC and raising pH [35], our findings indicate that CO5 avail-
ability remained sufficient to prevent imbalances. The use of a gas
mixture with a high COy concentration (>70 %), compared to the
~30 % reported in similar systems (Supplementary Material, Table S1),
likely sustained IC levels and prevented excessive pH fluctuations. If CO,
assimilation outpaced IC replenishment, pH might rise excessively (>
10), leading to carbonate precipitation (e.g., CaCOs3), which could
indirectly affect sulfate solubility and microbial activity [91]. While no
visible precipitates were observed in this study, future studies should
explore whether undetectable carbonate formation could influence
long-term system performance. Ultimately, the high removal efficiencies
for both HyS and CO;, are a direct consequence of the synergistic com-
bination of the Chloroidium ellipsoideum’s high tolerance to elevated H,S,
its sustained oxygen production, the efficient activity of SOB, and the
effective management of IC and pH dynamics driven by the system’s
robust design and the unique composition of the vinasse off-gas.

Sulfate accumulation remained within a controlled range (186-1170
mgS-SO5 L 1) of non-inhibitory concentrations throughout the experi-
ment (Fig. 5 b). Sulfate concentrations increased in Stages I (186 — 259
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mgS-SO%’ L~ 1) and I1 (334 - 591 mg L Dasa response of an active HyS
oxidation. The highest sulfate accumulation in the pond was observed in
Stage ITI with H,S-LRs ranging from 700 to 1170 mgS-SO3 L™1. Notably,
a comprehensive sulfur mass balance revealed that up to 99 % of the
theoretical sulfate entering the system (from both H,S gas flow and
MgS04.7H20 from the mineral solution) was actively consumed by the
microalgal-bacterial consortium for biomass growth, demonstrating
exceptional sulfur assimilation efficiency. In Stage I, biomass growth
rates were higher compared to Stages II and III (Fig. 4 b), corroborating
the enhanced sulfate assimilation, ranging from 67 % to 98 % of the
total theoretical sulfate input (Fig. 5 d). When biomass reached stable
levels in the pond at 3.8 + 0.2 g-VSS L™, sulfate assimilation remained
stable (99 %). Thus, sulfate assimilation by microalgae into sulfur-
containing biomolecules likely played a significant role in maintaining
sulfate balance [82]. Regular biomass removal from the cultivation
broth further contributed to the stabilization of sulfate concentrations
by eliminating the sulfur incorporated into the algal protein. Together,
these processes likely ensured a controlled sulfur cycle within the sys-
tem. This stability is critical because excessive sulfate accumulation
could compete with bicarbonate for transporters, potentially affecting
photosynthesis in microalgae and cyanobacteria. While SulP-type
transporters have been implicated in bicarbonate-sulfate competition
[65], their role in microalgae remains poorly characterized. In any case,
the stable quantum yield (QY ~0.6) and increased biomass production
indicate that sulfate levels did not negatively impact photosynthetic
performance, although further studies are needed to assess
sulfate-bicarbonate competition at the transporter level.

Finally, nitrate dynamics further support the hypothesis of a bio-
logically stable system (Fig. 5 c). In the absence of organic carbon
sources and under continuous illumination, microalgae were the pri-
mary nitrate consumers, likely assimilating NO3~ via nitrate reductase
enzymes and incorporating nitrogen into cellular components such as
amino acids and proteins [13]. Since O levels remained above satura-
tion in the cultivation broth, the contribution of nitrate to bacterial H,S
oxidation via autotrophic denitrification was likely negligible. The low
concentrations of intermediate oxidized nitrogen species, such as nitrite
(NOy"), suggest an efficient nitrogen utilization, mitigating potential
inhibitory effects on photosynthesis [33]. Nitrate removal efficiency
(NO3-RE) reached 39.4 %, 64.7 %, and 70.4 % by the end of Stages I, II,
and III, respectively, corresponding to a removal rate of 5.2 + 0.1
gN-NO3 m~2 a1 across all stages. Similar NO3-RE values (45-70 %)
were reported by Rocher-Rivas et al. [68] in an HRAP fed with
nitrate-rich MSM. However, their system operated at a higher nitrate

removal rate (16 + 4 and 25 + 5 gN-NO3 m 3 d 1 due to the higher
biomass concentration (up to 1.3 g-VSS L’l) and COy-LR
(1422-4267 g m~3 h™'). These results indicate that the significantly
lower nitrate inputs (~5-fold lower) in this study were sufficient to
sustain microalgal growth, highlighting the potential for reducing
operational costs associated with nitrate supplementation. Maximum
nitrogen removal rates of 23.9 gN m34d! [89],17.0 gN m34d! [81,
and 9.0 gN m~3 d~! [70] were reported in photosynthetic systems fed
using real ammonium-rich centrate as nutrient medium for biogas pu-
rification and upgrading. Overall, it was confirmed that CMB systems
devoted to HyS-rich acidogenic off-gas support NO3-REs of up to 70 %,
showcasing a balance between sufficient CO5 for photosynthesis and
stable nitrogen assimilation, without requiring external carbon
supplementation.

3.4. Microbial growth response to operational conditions

The abundance of the algal-bacterial biomass evolved throughout
the three operational stages, reflecting the consortium’s adaptation to
increasing off-gas flow rates. Microalgae abundance at the end of Stage I
was 6.94 x 10° individuals per liter (ind. L’l) or 3.49 x 10! pm’3 L’l,
followed by a decline in Stage II (5.61 x 10° ind. L™! or 2.82 x 10!!
pm 3 L) and a subsequent increase in Stage I1I (1.05 x 10'%ind. L™! or
5.27 x 10! pm~3 L™1). These dynamic shifts in abundance are indica-
tive of the consortium’s adaptive strategies, driven by the evolving
environmental pressures of increasing pollutant loads, and demonstrate
the resilience of the combined system. The observed changes were likely
influenced by sulfide oxidation activity, IC availability, and the capacity
of the system to handle escalating HoS and CO; loads.

Notably, this study implemented a zero-effluent operational strategy,
meaning no biomass removal was conducted, an approach distinct from
previous CMB systems where periodical biomass harvesting was essen-
tial to maintain high biomass productivity [36,48,50,61,63,83,85]. This
strategy successfully maximized biomass retention within the reactor,
contributing to the overall valorization of the off-gas pollutants. The
stability of quantum yield (QY ~0.6) further suggests that photosyn-
thetic efficiency was not negatively impacted, despite the system’s
escalating sulfide oxidation demand. The decrease in microbial abun-
dance during Stage II may reflect a transient stress response due to the
rising HyS and CO; inputs, requiring an adaptive shift in microbial ac-
tivity. However, the substantial increase observed in Stage III strongly
suggests that the algal-bacterial consortium successfully acclimated to
these more extreme conditions, demonstrating remarkable resilience
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and adaptive capacity under sustained high loads. The concurrent sta-
bility in sulfate accumulation and efficient nitrate assimilation further
indicate that microalgae effectively incorporated available nutrients,
preventing inhibitory effects from residual sulfide or excessive sulfate
buildup, which is vital for sustained growth.

These findings highlight the critical role of algal-bacterial in-
teractions in maintaining system resilience. The ability of the microbial
consortium to sustain growth under increasing gas loads reinforces the
stability of the photobioreactor, ensuring efficient HoS removal and CO,
assimilation while maintaining a balanced microbial ecosystem.

3.5. The path forward

Despite its effectiveness, the CMB system presents operational chal-
lenges, primarily related to pH control. The bacterial oxidation of HyS
releases protons, leading to an acidification of the cultivation broth that
can inhibit microbial activity [42]. While microalgal CO. fixation
thrives at alkaline pH (8.2-8.7) [37], SOB perform optimally near
neutrality [88], creating a delicate balance. Maintaining stability typi-
cally requires IC supplementation, yet this incurs significant operational
costs, limiting large-scale application [70,71].

The economic feasibility of CMB systems remains a challenge, as
maintaining alkalinity through chemical supplementation significantly
increases operating costs. To address this, alternative buffering strate-
gies, such as the use of digestates, which offers renewable sources of IC
and nutrients, have been explored [1,12,26,36,47,61,63,64,69,70,83,
84]. However, the average IC concentration in centrate ranges from 450
to 600 mg-IC L ™! and is reported in the literature as insufficient to meet
the demands of CMB systems, requiring additional supplementation
with NaHCO3 and NazCOs to reach values close to 2,000 mg-IC L1 [70].
Most studies utilizing these digestate/centrate were conducted at the
laboratory scale with synthetic biogas simulating conventional meth-
anogenic biogas (70 % CH4 and < 0.5 % HS), limiting their direct
extrapolation to high-H,S industrial scenarios [51,50,61,70].

In summary, this approach limits the extrapolation of results to in-
dustrial scenarios where biogas contain high HyS concentrations (such
as those from acidogenic-sulfidogenic reactors), requiring more efficient
control of medium acidification resulting from increased HS oxidation
rates and greater microbial resilience to maintain system stability.
Therefore, operational conditions more representative of sulfide-rich
biogas remain a scientific gap with direct implications for the scalabil-
ity of these systems. To enhance the economic viability of the process,
future research should focus on cost-effective alternatives for IC sup-
plementation. One avenue is the use of biodigested sugarcane vinasse
from single or two-phase (acidogenic-methanogenic) AD systems. This
strategy remains largely unexplored and could provide a sustainable
nutrient and alkalinity source for CMB systems.

While microalgal cultivation is feasible in various industrial and
domestic effluents [38,52,57,62], raw sugarcane vinasse presents chal-
lenges such as low pH (4.0-4.5), high organic load (25-40 kg CODt m™3
h™"), and high turbidity due to melanoidins, which can limit light
penetration and hinder photosynthetic activity [23,30]. Anaerobically
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biodigested sugarcane vinasse, however, offers an improved pH and
alkalinity profile, making it a particularly promising and viable alter-
native for CMB system operation that could reduce reliance on external
alkalinity sources [52,78]. Table 1 presents reference values from the
literature for partial alkalinity (PA) concentrations obtained from
high-rate methanogenic systems treating sugarcane vinasse.

Notably, two-phase AnSTBR reactors with sulfate removal in the
acidogenic phase exhibit significantly higher PA (8,700-9,100 mg-
CaCO3 L’l) and IC concentrations (2,090-2,180 mg-IC L") compared to
single-phase UASB reactors [28,31]. These findings suggest that bio-
digested vinasse could stabilize pH when treating high concentrations,
potentially reducing or eliminating external alkaline supplementation.
Future research should assess the long-term effects of biodigested
vinasse on CMB system performance, particularly its impact on micro-
bial community stability, nutrient dynamics, and by-product formation.
Additionally, studies should investigate the integration of biodigested
vinasse into large-scale biorefinery operations, considering economic
feasibility, regulatory constraints, and environmental sustainability.

While the present study robustly demonstrated the high-efficiency
removal of HyS and CO; from the gas phase, the liquid effluent from
our system, though transforming gaseous pollutants into a soluble and
nutrient-rich stream, still contains elevated levels of certain compounds
(e.g., inorganic carbon, nitrate). It is acknowledged that further down-
stream treatment or valorization steps may be required for this liquid
phase within a complete biorefinery scheme, a promising area for future
investigation beyond the scope of this work. The adoption of these
strategies could align with circular economy principles, promoting the
reuse of agricultural residues while reducing waste disposal and miti-
gating environmental impacts. By also incorporating biodigested vinasse
as a sustainable water, alkalinity and nutrient source, CMB systems
could contribute not only to HS mitigation but also to broader goals of
reducing GHG emissions and eutrophication in sugarcane biorefineries.

4. Conclusions

This study demonstrated the effectiveness of a novel CMB system for
simultaneous H»S and CO, removal from acidogenic off-gas generated
during vinasse fermentation. The system achieved 100 % H,S removal
and 98.2 % CO; biofixation, maintaining a robust performance even
under increased gas flow rates in the tested range. Microbial adaptation
to 72 gS-HpS m 3 led to a 4.5 x biomass increase and sustained sulfur
oxidation. The system’s efficiency was largely driven by optimized
alkalinity (1.8-3.4 g L™1), controlled sulfate accumulation (186-1170
mgS-SO%’ L’l), and reduced nitrate input (5 x lower), compared to
conventional CMB systems, reinforcing its potential economic feasi-
bility. The maximum elimination capacity of 30.3 gS-H,S m™> h™!
herein obtained position the CMB approach as a high-competitive
alternative to traditional gas purification technologies, offering both
cost savings and environmental benefits within a circular bioeconomy
framework. Moving forward, further studies should focus on biomass
harvesting optimization, system scalability, and the potential use of
biodigested vinasse as a pH stabilizer. Refining inorganic carbon

Table 1
Alkalinization of high-rate methanogenic systems in sugarcane vinasse processing.
AD setup Sulfate Reactor PA 1c? OLR NaHCO$ Reference
removal type (mg-CaCOs) (mgL™hH (kgCODm3d 1) (g g~ ! copt)
Single-Phase AD No UASB 4,000-4,500 960-1,080 20 0.35 [24]
No UASB 3,000-4,000 720-960 20 0.18 [24]
Two-Phase AD No AnSTBR 6,000 1,418 20 0.22 [31]
Yes® AnSTBR 8,700-9,100 2,090-2,180 20 0.25 [28]

Abbreviations: AnSTBR, Anaerobic structured-bed reactor, PA - partial alkalinity, OLR - organic loading rate, COD - chemical oxygen demand, IC - inorganic carbon,

UASB - Upflow Anaerobic sludge blanket. # Conversion based on the following stoichiometry: 2 HCO3

methanogenic stage. © Sulfate removal in the acidogenic stage.

+ Ca— CaCOsz+ CO, + Hy0. ? Bicarbonate dosage in the
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supplementation strategies could further enhance CO, sequestration
efficiency in biorefinery facilities, while reducing operational costs.

Environmental implication

Sugarcane biorefineries generate hazardous emissions, particularly
hydrogen sulfide (HyS) and carbon dioxide (CO), during vinasse
fermentation, posing environmental and occupational risks. The com-
bined microalgal-bacterial (CMB) system offers a biologically driven
alternative to conventional scrubbing, achieving near-complete removal
of both gases without harmful by-products. Through H,S oxidation and
COs, fixation, it mitigates pollution, odor, and corrosion, while reducing
the carbon footprint. Sulfate accumulation and biomass growth support
nutrient recovery and waste valorization. Operating with minimal en-
ergy and inputs, the CMB system provides a scalable, low-cost solution
for biogas upgrading, promoting environmental protection and indus-
trial sustainability.
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