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A B S T R A C T

The potential of bioactive coatings as an innovative biotechnology to overcome the mass-transfer limitations of 
conventional technologies when treating air pollutants, especially hydrophobic volatile organic compounds, was 
herein assessed. Bioactive coatings consist of active microorganisms entrapped in a polymer matrix, which needs 
to be porous to facilitate an effective gas pollutant exchange. To increase porosity, two additives, sucrose and 
glycerol mixtures (Suc/Gly) and halloysite nanotubes (HNTs), were included in the bioactive coatings at two 
concentration levels. The toluene removals of the different bioactive coatings were studied in batch mode at low 
(~300 mg m− 3) and high (~3000 mg m− 3) toluene concentrations. Overall, low HNTs concentration coatings 
supported optimum toluene removals (>95 %), comparable to biofilm controls at both toluene concentrations. 
High HNTs concentration coatings and low Suc/Gly concentration coatings achieved toluene removals over 95 % 
after 7 toluene injections at low toluene concentration. At high toluene concentrations, these coatings eventually 
outperformed the biofilm controls. High Suc/Gly concentration coatings supported a limited toluene removal (4 
and 1 injection at low and high toluene concentrations, respectively), attributed to a preferential consumption of 
sucrose over toluene. These findings were corroborated by ESEM/conventional SEM imaging, revealing porosity 
in the HNTs bioactive coatings, visible at both the surface and internal levels. On the contrary, more homoge-
neous surfaces were observed in the Suc/Gly bioactive coatings, where total polymer coalescence was partially 
hindered by the addition of Suc/Gly. These results paved the way towards the implementation of bioactive 
coating in larger bioreactors for real-life air purification.

1. Introduction

Air pollution is nowadays one of the most important threats to both 
the environment and human health [1,2]. Numerous diseases have been 
attributed to air pollution, causing millions of premature deaths every 
year due to mortal illnesses such as acute lower respiratory/pulmonary 
diseases, ischemic heart disease or cancer. It is also responsible for other 
less severe health conditions, including allergies, asthma and various 
irritations [3,4]. Volatile organic compounds (VOCs), such as formal-
dehyde, toluene or limonene, are major contributors to air pollution. 
These compounds, often responsible for malodor episodes, are typically 
emitted at low concentrations in waste treatment facilities, animal farms 
or paper or mill industries [5]. In addition, VOCs are extensively used as 

solvents and chemical precursors in various industrial sectors, such as 
petrochemical or wood manufacturing, where they can lead to 
high-concentrated end-of-the-pipe emissions [6,7]. The control of these 
VOC-polluted airstreams has traditionally relied on physical-chemical 
air purification technologies. However, despite their widespread use, 
these technologies have notable drawbacks, including high energy 
consumption, substantial investment and operating costs, and the gen-
eration of secondary pollution [8,9].

Biotechnologies have already been explored for the treatment of 
industrial off-gases and other VOC emissions, where pollutants are 
typically limited in number and present at relatively stable concentra-
tions, simplifying the biodegradation process [6,10,11]. However, the 
effective elimination of VOCs can be hindered when treating a wide 
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variety of VOCs or highly hydrophobic pollutants, such as in wastewater 
treatment plants or organic waste recycling facilities. Hence, the 
development of innovative biotechnologies aimed at enhancing the 
mass transfer of VOCs from the gas phase to microorganisms becomes 
imperative [12]. Some biological-based promising alternatives have 
already been explored, including the engineering of membrane [13] or 
capillary-based bioreactors [14]. However, membrane bioreactors 
remain economically unviable, and operational problems such as 
excessive biomass growth and clogging of the system limit their imple-
mentation. Similarly, capillary bioreactors still in the early stages of 
development and face challenges such as sustaining long-term operation 
and maintaining robust Taylor flow patterns, potentially impacting their 
performance [6,9].

In this paper, bioactive coatings are proposed as an innovative 
alternative to overcome typical VOC mass transfer challenges and 
bioreactor compactness. A bioactive coating is composed of a thin layer 
of a porous polymer that embeds a metabolically active microbial 
community. The microorganisms are embedded in a non-growing state, 
preventing the natural formation of a biofilm, which typically presents a 
high water content [15,16]. In the biodegradation process, the main 
challenge often consists of the transfer of the gas-phase pollutants to the 
liquid phase or water-rich biofilm. By using bioactive coatings, the hy-
drophobic compounds are directly transferred from the gas phase to the 
microorganisms. Therefore, the mass transfer is enhanced by avoiding 
the transport of the compounds through the water phase of the biofilm. 
Gas pollutants and water/nutrients can reach the microorganisms 
through the pores of the polymeric structure. Additionally, bioactive 
coatings can support high cell densities of microorganisms and have the 
potential to be implemented in different support materials and biore-
actor configurations [16–18]. These characteristics also increase the 
potential of bioactive coatings for the design of more compact bio-
reactors that further intensify the biodegradation process.

Some small-scale applications of bioactive coatings have been 
developed. For instance, Gosse and Flickinger [19] proposed a method 
for bioactive coating preparation from latex (Rhoplex SF-012 or com-
parable), microorganisms and sucrose and glycerol as porogens, which 
has been used for the production of H2 by immobilized Rhodop-
seudomonas palustris [20] or for the photosynthetic production of O2 by 
immobilized cyanobacteria [21]. Similarly, Estrada et al. [22] prepared 
Pseudomonas putida F1 bioactive coatings for the removal of toluene, 
achieving 10 × higher removal rates than those obtained in 
agarose-based biofilms. The performance of bioactive coatings on 
different packing materials, namely expanded clay and polyurethane 
foam, was also evaluated for the treatment of VOC mixtures in bio-
reactors using a VOC-degrading culture enriched from an activated 
sludge inoculum [23,24]. Despite the potential of bioactive 
coating-based bioreactors for air purification has been demonstrated, 
VOC removals did not clearly outperform those obtained in conven-
tional biofilm-based bioreactors. Thus, the authors concluded that 
further optimization of the bioactive coating is essential to fully realize 
the potential benefits of bioactive coatings. To this aim, additives were 
selected to increase the porosity of the bioactive coating by arresting the 
film coalescence, enhancing the mass transfer and thus the VOC removal 
potential. Sucrose/glycerol mixtures and halloysite nanotubes (HNTs) 
were selected based on previous research that demonstrated their 
effectiveness in creating porosity within the bioactive coating matrix 
[19,25]. Sucrose and glycerol contribute to the formation of highly 
viscous, glassy structures during the drying process of bioactive coat-
ings, protecting microorganisms while creating porosity within the 
coating [19]. Meanwhile, HNTs are non-film forming particles that 
aggregate during drying, further enhancing pore formation and creating 
channels within the structure [25,26].

In this work, bioactive coatings containing the VOC-degrading bac-
teria Rhodococcus opacus were prepared and their performance in the 
elimination of toluene was assessed in batch assays. The effect of 
different additives (Suc/Gly mixtures; HNTs) in the porosity of the film 

was evaluated in order to maximize the VOC mass transfer at two 
different concentrations of toluene.

2. Materials and methods

2.1. Chemicals

Toluene (CAS 108–88–3) was selected as a model VOC due to its 
moderate hydrophobicity and frequent occurrence in several types of 
waste gas emissions [27,28]. Moreover, toluene was selected over other 
hydrophobic VOCs as it is commonly used in biofiltration studies for 
VOC removal [29,30], allowing for an easy comparison with previous 
research on VOC biodegradation. The preparation and composition of 
the cultivation medium (M9 medium) is described in Supplementary 
Materials. After preparation, M9 medium was sterilized and supplied 
under sterile conditions. The commercial emulsion PRIMAL™ SF-208 
ER (acrylic-styrene copolymer; biocide and alkylphenol-ethoxylate 
free; MFFT ~4ºC; solids content 48.05 %; pH 8.0–9.5; Dow Chemical, 
Germany), kindly supplied by Brenntag Química (Barcelona, Spain), was 
selected for the preparation of the bioactive coatings. Toluene and 
glycerol were purchased from Panreac® (Barcelona, Spain), while D 
(+)-saccharose (sucrose) was purchased from Labkem (Barcelona, 
Spain). M9 medium components were obtained from both Labkem 
(Barcelona, Spain) and Panreac® (Barcelona, Spain). HNTs (Ø 
30 − 70 nm; length 1 − 3 μm) were purchased from Sigma-Aldrich 
(Madrid, Spain).

2.2. Microorganisms

The bacterial strain Rhodococcus opacus (DSMZ Nº43205) was 
selected as model microorganism, based on the reported ability of the 
genus Rhodococcus to effectively biodegrade a large spectrum of organic 
compounds [31,32]. R. opacus, stored in DMSO at − 80ºC, was reac-
tivated and stored at 4ºC to be used afterwards as the stock culture.

For each experiment, a 100 mL bottle containing 20 mL of M9 me-
dium was inoculated with 2 mL of the stock culture and cultivated for 
24 h. The culture was then transferred to a 1.2 L bottle containing 
200 mL of M9 medium and incubated for 24 h. The culture broth was 
then divided into four aliquots for the inoculation of four 1.2 L bottles 
containing 200 mL of M9 medium each, and then incubated for 24 h. The 
culture was centrifuged (7800 rpm, 10 min), resuspended in glucose- 
free M9 medium (40 mL) and centrifuged again to remove the remain-
ing glucose. The biomass was resuspended in 40 mL of glucose-free M9 
medium and used for the inoculation of four 1.2 L bottles containing 
200 mL of glucose-free M9 medium. Finally, 5.5 μL of toluene were 
injected in each bottle as the sole carbon and energy source in order to 
acclimatize the microorganisms to toluene degradation. Toluene was 
supplemented to the headspace upon its depletion for a period of 7 days 
(resulting in a total of 10–12 injections). All cultivations were conducted 
at 24 ± 2ºC using Variomag Poly15 stirring plates (Thermo Fisher Sci-
entific, Spain). To prevent contamination of the inoculum, all the ma-
terials used for R. opacus cultivation, as well as those used for medium 
preparation, were sterilized. Accordingly, an sterile atmosphere was 
used during culture manipulation and bioactive coating preparation.

2.3. Screening of additive concentrations

A preliminary set of bacteria-free experiments was performed to 
identify the optimum concentration of additives. Stock solutions of su-
crose (580 g L− 1), glycerol (100 % v/v) and HNTs (50 % w/w) were 
prepared in deionized water. Mixtures containing latex (1 mL) and ad-
ditives at different concentrations were prepared by using deionized 
water and stock solutions. Final concentrations from 9.7 to 
101.5 mg mL− 1 for sucrose and 1–7.5 % for glycerol were tested as 
starting points for the optimization, as previously reported by Gosse and 
Flickinger [19]. Additionally, final concentrations of HNTs from 1.0 % 

J. González-Martín et al.                                                                                                                                                                                                                      Journal of Environmental Chemical Engineering 13 (2025) 117324 

2 



to 50 % were initially tested, following the methodology described by 
Chen et al. [25]. All coatings were prepared by pipetting 70 μL of each 
mixture into a polystyrene 24-well plate (Sigma-Aldrich, Spain), and 
then left until dry. Then, water was added to each well to evaluate the 
wet stability of the coatings after rehydration.

2.4. Bioactive coating preparation

For the preparation of Rhodococcus opacus bioactive coatings, the 
toluene-acclimated cultures, as explained in the last paragraph of Sec-
tion 2.2, were centrifuged and resuspended twice in 40 mL of glucose- 
free M9 medium. The biomass was finally resuspended in up to 5 mL 
of glucose-free M9 medium, with the volume adjusted based on the 
optical density of each culture to ensure consistent biomass content 
across experiments. The biomass was then mixed with the corresponding 
additives and polymer according to Table S1. Stock solutions of the 
additives (sucrose at 250 g L− 1, glycerol at 50 % v/v and HNTs at 33 % 
w/w) were prepared by using glucose-free M9 medium. Each additive 
was tested at two concentrations: 13.2 % and 1.0 % for HNTs, and 
50 mg mL− 1 / 4 % and 10 mg mL− 1 / 1 % for Suc/Gly, respectively. 
Sterile deionized water and glucose-free M9 medium were added to 
ensure the same concentration of nutrients in each formulation. The 
additives were mixed with 2400 μL of polymer and 1200 μL of microbial 
suspension. The positive controls consisted of conventional biofilms, 
where the polymer was replaced by sterile water. All mixtures were 
vortex mixed thoroughly prior use.

The bioactive coatings were prepared by pipetting and uniformly 
distributing 800 μL of the mixture over the surface of an autoclaved filter 
paper (2 cm × 10 cm). The fresh bioactive coatings were dried at room 
temperature for 50–60 min in the laminar flow hood prior use. Un-
coated, sterile filter paper was used as abiotic control. This systematic 
preparation procedure reduced the variability of the results due to 
experimental conditions.

2.5. Experimental procedure

Small-scale batch tests were designed to assess the toluene removal 
capacity of different bioactive coatings. Given that the study aimed to 
optimize the coating composition rather than assess its subsequent 
application, this simplified experimental approach provided flexibility 
and enabled rapid test performance. On the contrary, limitations 
regarding the application of bioactive coatings in larger scale systems 
need to be addressed in further work.

Two preliminary experiments were necessary to develop a robust 
setup. In the first preliminary test (PT1), all four bioactive coating 
compositions, abiotic controls and biofilms were tested in duplicate at 
low toluene concentration (~300 mg m− 3). In the second preliminary 
test (PT2), the setup was simplified and only one bioactive coating 
composition, i.e. the high HNTs concentration, was tested. Biofilms and 
bioactive coatings were prepared in triplicate, alongside an abiotic 
control in duplicate. The toluene removal efficiency was evaluated at 
high and low toluene concentrations (~3000 and ~300 mg m− 3, 
respectively). Additionally, 200 μL of glucose-free M9 medium were 
added in each bottle to overcome any possible water/nutrient limita-
tion. In both experiments, toluene was periodically monitored and 
replenished when depleted. Finally, in the optimized experimental 
setup, a 3 cm × 11 cm autoclaved kitchen dishcloth piece was used as 
bioactive coating support and water-nutrient reservoir. The dishcloth 
was introduced in the bottle and the coating was placed onto it. Then, 
the dishcloth was impregnated with 2 mL of glucose-free M9 medium 
before sealing the bottle and injecting toluene. A schematic represen-
tation and a picture of the bioactive coating is shown in Fig. S1 A and B, 
respectively.

With this definitive experimental setup, four test series were per-
formed to evaluate the bioactive coating compositions specified in 
Table S1. Each test series consisted of 16 bottles, with triplicates of 

conventional biofilms and bioactive coatings, and duplicates of abiotic 
controls. The bioactive coatings were introduced in sterile 1.2 L gas-tight 
bottles, sealed with 20 mm butyl stoppers (Supelco, USA). The assays 
were performed simultaneously at low and high toluene concentrations. 
A picture of the final experimental setup and the flowchart describing 
the experiments is shown in Fig. S1 C and D. The low toluene concen-
tration was obtained by injecting 4.5 mL of a gaseous toluene standard 
with a 5 mL gas syringe (Hamilton, USA). The standard was freshly 
prepared by injecting 60 μL of toluene with a 100 µL liquid syringe (SGE 
100R-GT-LC, Australia) in a 500 mL glass bulb (Sigma-Aldrich, Spain). 
The high toluene concentration was achieved by directly injecting 5.5 μL 
of liquid toluene into the gas-tight bottles with a 10 μL micro syringe 
(Gastight 1801RN, Hamilton, USA). Toluene consumption was followed 
by measuring its gas-phase concentration by GC-FID. When depleted in 
the three replicates, toluene was replenished in the bottles to the 
selected concentration following the procedure described above. To 
evaluate the robustness of the bioactive coatings, two starvation periods 
(~72 h) were performed in each experiment.

2.6. Analytical procedures

Toluene concentration was measured by GC-FID. Toluene was 
sampled from each bottle with a 250 μL gastight syringe (Hamilton, 
USA), and measured by using an Agilent 8860 gas chromatograph 
(USA), equipped with an Agilent HP-5 19091J-413 capillary column 
(30 m × 0.32 mm × 0.25 µm) and an FID (flame ionization detector). 
Injector and detector temperatures were set at 150 and 250ºC, respec-
tively. The oven temperature was fixed at 80ºC for 2.5 min and then 
increased to 150ºC at a 100ºC min− 1 rate. Helium was used as carrier gas 
(2.0 mL min− 1). FID flowrates were set at 30 mL min− 1 for hydrogen, 
400 mL min− 1 for air and 25 mL min− 1 for nitrogen as the make-up gas. 
External standards of toluene were used for calibration.

Scanning Electron Microscopy (SEM) was used to study the surface of 
bioactive coatings and investigate the effect of additive concentration on 
its structure. Environmental SEM (ESEM) was also used due to the 
simplicity of sample preparation and analysis that allows minimum 
surface alterations. For SEM imaging, bioactive coatings were prepared 
as described in Section 2.4. A representative portion of each bioactive 
coating was placed on an aluminum stub using double-sided carbon 
tape. ESEM samples were analyzed with no further treatment, whereas 
for conventional SEM, samples were gold-coated (15 nm) with an Emi-
tech K575XD Turbo-Pumped Sputter Coater before analysis. A QUANTA 
200 FEG SEM was used for imaging. Electron beam voltage was set at 
5 keV for ESEM and 5–20 keV for conventional SEM.

2.7. Data treatment

Removal efficiency (%RE) was calculated comparing toluene con-
centration measurements as described in Eq. 1: 

%RE = 100 ×

(

1 −

(
Cti

Cini

))

(1) 

where Cini is the initial toluene concentration of each injection i and 
Cti is the concentration of toluene at a time t, both given in mg m− 3.

Toluene removal rate (mg m− 2 h− 1) was calculated for each injection 
of toluene, as described in Eq. 2: 

R =

(
Cini − Cti

ti − t0

)

∗
V
A

(2) 

where t0 represents the initial time of each injection, ti the time at 
which the concentration Cti was measured, V represents the volume of 
the bottle (0.0012 m3), and A represents the surface of the bioactive 
coating (0.002 m2). Units of both to and ti are given in h.
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3. Results and discussion

3.1. Screening of additive concentrations

Bioactive coatings at the highest Suc/Gly concentrations, i.e. 
101.5 mg mL− 1 and 7.5 % as reported in Gosse and Flickinger [19], 
were shown to be unstable when water was added, which is an essential 
requirement for the implementation of bioactive coatings for bio-
filtration. Therefore, a new assay was conducted with lower concen-
trations of sucrose and glycerol (9.7, 29.0 and 77.3 mg mL− 1 of sucrose; 
1.0 and 4.0 % of glycerol), for a total of six samples. As shown in Fig. S2, 
some coatings exhibited a whitening effect after hydration, particularly 
around the periphery. These coatings retained their mechanical stabil-
ity, and only sample S6, (maximum concentrations of Suc/Gly) redis-
solved after rehydration. Wet stability increased when the concentration 
of additives decreased. As porosity increases with additive concentra-
tion, a compromise to maximize porosity is needed while retaining wet 
stability. Therefore, sucrose concentration was reduced to 
50.0 mg mL− 1 to ensure their mechanical stability after rehydration. 
Thus, for the experiments with bacteria, maximum concentrations were 

set at 50 mg mL− 1 and 4 % for sucrose and glycerol. Minimum con-
centrations were established at 10 mg mL− 1 and 1 %, respectively.

This problem was not observed in coatings with HNTs as additive. 
Formulations with up to 25 % w/w of HNTs formed stable coatings. 
However, further experiments at this high HNTs concentration (data not 
shown) demonstrated poor attachment, as cell outgrowth was observed. 
To avoid cell leakage, HNTs concentrations below 13.2 % were used, 
while the minimum concentration was set at 1.0 %.

3.2. Toluene removal performance in preliminary tests (PT1 and PT2)

The toluene removal efficiency during PT1 is shown in Fig. 1. Certain 
issues were identified in this experiment that compromised the reli-
ability of the results. First, an experimental setup including four 
different compositions of bioactive coatings involved long preparation 
periods. Indeed, a prolonged drying and starvation period may have a 
negative impact on the microorganisms, potentially leading to a reduced 
metabolic activity at the beginning of the experiment. Also, the drying 
period was different depending on each composition. Although this 
phenomenon was not observed in other bioactive coating experiments 

Fig. 1. Time course of toluene concentrations during preliminary test PT1 in A) biofilm controls ( ), B) bioactive coatings with high 
( ) and low ( ) concentration of HNTs, C) bioactive coatings with high ( ) and low ( ) concentration of Suc/ 
Gly. Black lines represent the abiotic controls ( ). Fig. D shows the comparative evolution of toluene concentration in all the bottles.
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Fig. 2. Time course of toluene concentrations during preliminary test PT2 at A) high and B) low toluene concentrations, in coatings with high concentration of HNTs 
( ), biofilms ( ) and abiotic controls ( ).

Fig. 3. Time course of toluene concentrations during the biodegradation experiments at high toluene concentration. Bioactive coatings with A) high HNTs con-
centration ( ), B) low HNTs concentration ( ), C) high Suc/Gly concentration ( ), and D) low Suc/ 

Gly concentration ( ). All experiments included abiotic controls ( ) and biofilm controls ( ).
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where longer drying periods were used [33], the response of different 
microbial species to latex immobilization can vary significantly and 
remains largely unexplored [34]. Complete toluene removal was ach-
ieved by the biofilm controls after 24 h, while longer periods (45–70 h) 
were observed for HNTs and Suc/Gly coatings. After the second toluene 
addition, inconsistent results were observed, especially among dupli-
cates with the same coating composition, which was attributed to 
insufficient water/nutrient levels necessary to sustain the microbial 
activity. This limitation likely arose during the drying process of the 
coatings, resulting in a reduced moisture/nutrient content. A similar 
issue was detected by Estrada et al. [22] when preparing latex coatings 
for toluene removal. Coatings that were not rehydrated only supported 
limited removal of toluene before experiencing a reduced microbial 
activity, while coatings continuously hydrated by capillarity through the 
supporting material achieved more than twice the elimination capacity 
(0.230 vs. 0.095 mg cm− 2 h− 1). Similarly, air humidity has a strong 
effect on microorganism survival as reported by Xu et al. [35]. An in-
crease in humidity from 40 % to 80 % promoted the growth rate of 
Pseudomonas putida F1 biofilms (28–73 mg DCW g− 1) when degrading 
60 ppmv of toluene.

Several setup modifications were implemented in PT2 to address the 
issues encountered in the previous experiment. Only one composition of 
bioactive coating was used, at both high and low toluene concentration. 
Likewise, glucose-free M9 medium was added before sealing the bottles 
to provide moisture and nutrients by capillarity, similar to other studies 
on paper-supported bioactive coatings [36,37]. Despite these improve-
ments, the toluene removal performance was not consistent (Fig. 2).

At high toluene concentrations, HNT coatings were unable to 
completely remove toluene. At low concentrations, toluene removal was 
uneven among replicates. This variability was again attributed to an 
irregular drying during the experiment and further loss of microbial 
activity within the coatings by an insufficient water/nutrients supply or 
an uneven distribution within the supporting material. In response, a 
dishcloth piece was proposed as water/nutrient reservoir. This would 
allow a higher volume of glucose-free M9 medium in each bottle, 
absorbed by the dishcloth and continuously supplied by capillarity to 
the coating placed on top, thereby eliminating the variability in the 
drying process of the bioactive coatings. This configuration also frees the 
top surface of the coating for an effective gas transfer to the microor-
ganisms, which is usually the main bottleneck for the treatment of 

Fig. 4. Time course of toluene concentrations during the biodegradation experiments at low toluene concentrations. Bioactive coatings with A) high HNTs con-
centration ( ), B) low HNTs concentration ( ), C) high Suc/Gly concentration ( ), and D) low Suc/ 

Gly concentration ( ). All experiments included abiotic controls ( ) and biofilm controls ( ).
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hydrophobic VOCs [38]. A similar approach was followed by In-na et al. 
[33], where the supporting material (loofah sponge) provided water and 
nutrients by capillarity while the cyanobacteria-based bioactive coating 
remained in contact with the gas phase. The challenges of water supply 
and nutrient limitations are expected to be mitigated in larger-scale 
bioreactors, where continuous, automated flow enables precise control 
over medium supply and medium replacement as needed.

3.3. Toluene removal performance at high toluene concentration

The experiments at high toluene concentrations with each bioactive 
coating composition are shown in Fig. 3. Toluene was injected at 3263 
± 206 mg m− 3 (average of all injections). Toluene losses were observed 
in all abiotic controls, initially attributed to adsorption (occurring dur-
ing the first hours of the experiment until surface saturation) and sub-
sequently due to progressive diffusion through the bottle septum. 
Despite final toluene losses of up to 36 % were recorded after 360 h of 
assay (Fig. 3A), the abiotic controls were considered valid as the con-
sumption of toluene by the bioactive coatings occurred at a significantly 
faster rate.

At first, all bioactive coatings removed toluene slower than their 
biofilm control counterparts. Biofilms completely consumed the first 
injection of toluene in less than 24 h (Fig. 3), whereas all latex-based 
coatings only achieved 30–50 % removal of toluene within that time-
frame. Low HNTs concentration and low Suc/Gly concentration coatings 
removed toluene faster than high HNTs concentration coatings (<46 h 
vs. <72 h). Overall, the best toluene consumption performance was 
achieved by the low concentration HNTs coatings, which were able to 
completely remove 8 toluene injections, nearly replicating the results of 
the biofilm controls. On the contrary, high HNTs concentration coatings 
and low Suc/Gly concentration coatings initially exhibited a complete 
degradation of toluene but at a lower rate than their biofilm controls. 
This trend gradually shifted towards the opposite situation, where, after 
the last toluene injection, both high HNTs concentration and low Suc/ 
Gly concentration coatings eventually removed toluene faster than their 
corresponding biofilms (Fig. 3A and D, respectively). This improvement 
suggests a progressive adaptation of the microbial community to the 
entrapment within the bioactive coating with a notably faster adapta-
tion period observed in coatings with low HNTs concentration. Adaption 
phases are commonly reported in biofiltration processes, where micro-
organisms gradually adjust to their environment. In this case, the 
entrapment of the microorganisms within a bioactive coating may have 
prolonged this period by limiting the initial access to nutrients and 
gases, as well as modifying environmental conditions (i.e. drying 
period), thereby delaying full metabolic activity [23,24].

Although rapid toluene removal was observed at the beginning of the 
experiment, high Suc/Gly concentration coatings did not achieve com-
plete toluene removal until 383 h of experiment (16 days). Thus, this 
composition of bioactive coating was considered inadequate, as the 
biofilm controls proved an excellent performance with complete 
removal of 6 injections of toluene (Fig. 3C). Wet coalescence following 
rehydration has been commonly observed in bioactive coatings con-
taining sucrose. For example, Lyngberg et al. [39] reported a 50 % 
reduction in diffusivity after 5 days. However, the bioactive coating with 
a low Suc/Gly concentration achieved high toluene removals over the 
entire experiment, suggesting that wet coalescence was not the primary 
factor limiting toluene removal. Instead, the high sucrose content in the 
bioactive coating could have served as a more readily available carbon 
source for the microorganisms, hindering toluene consumption. Simi-
larly, Xu et al. [35] observed an increased growth of Pseudomonas putida 
F1 biofilms when sucrose was added to LB medium, indicating prefer-
ential consumption of this compound even over other dissolved carbon 
sources. On the contrary, sucrose addition was not critical in other 
studies involving bioactive coatings, as this will depend on the specific 
microbial population [36].

3.4. Toluene removal performance at low toluene concentration

In this test series, toluene was supplemented at low concentration, 
with an average of 323 ± 30 mg m− 3 (all injections). Similar to the 
previous experiments, toluene concentration progressively decreased in 
the abiotic controls throughout the experiments, with maximum losses 
of up to 54 % at 264 h of experiment (Fig. 4 B). The decrease in toluene 
concentration was mainly attributed to diffusion through the septum, 
although adsorption to the surfaces may have also played a role. Addi-
tionally, potential contamination of the abiotic controls cannot be ruled 
out, as the same gas syringe was used to periodically sample all bottles. 
Although the toluene removal rates in biofilms and bioactive coatings 
were significantly higher than those attributable to adsorption or 
diffusion effects, additional abiotic controls were conducted (Fig. S3). 
Toluene losses remained < 15 % were observed, confirming that phys-
ical and chemical effects on toluene removal were negligible compared 
to microbial degradation.

The behavior of biofilm controls and bioactive coatings followed a 
similar pattern to those observed with high toluene concentration 
(Fig. 4). After the first injection, toluene removal by biofilm controls was 
faster than that recorded in the bioactive coatings regardless of the 
composition. This delay in toluene removal by bioactive coatings can be 
attributed to a short activation period of the microorganisms following 
the drying of the latex coating, a process that either did not occur or was 
less pronounced in the case of biofilms. Lag periods at the initial stages 
of bioreactor operation are commonly reported, even when microor-
ganisms previously acclimatized to the target pollutants are used [40, 
41]. Indeed, this lag period can be longer when using bioactive coatings, 
as microorganisms need to adapt to a new environment and more 
adverse operating conditions. In this context, González-Martín et al. [23, 
24] reported a similar behavior in VOC biofiltration studies, where the 
bioactive coating-based bioreactors experienced longer lag periods but 
progressively achieved similar removals than those of the biofilm-based 
bioreactors.

The coatings with high Suc/Gly concentration were again the worst 
performing composition compared with their corresponding biofilm 
controls. Again, it was hypothesized that the higher sucrose content in 
this coating provided a more accessible carbon source for microbial 
growth compared to the gas-phase toluene, resulting in a decrease in the 
rate of toluene removal compared with the low Suc/Gly concentration 
bioactive coatings. In contrast to the previous experiment, several 
toluene injections were completely consumed. Taking into account the 
total amount of toluene biodegraded, ≈ 4.8 mg were removed in 
300–400 h in the high toluene concentration experiment. On the con-
trary, at low toluene concentrations, 4 injections containing ≈ 0.52 mg 
of toluene each were successfully biodegraded within 400 h. This rep-
resents a lower total amount of toluene biodegraded compared to the 
high concentration experiment.

Only minor differences were found among the rest of the bioactive 
coating compositions and their biofilm controls, both achieving a com-
plete removal of 7 toluene injections. For example, shortly after the 
second injection (50 h approx.), high HNTs concentration bioactive 
coatings reached ~54 % removal, low HNTs concentration coatings 
achieved ~73 % and low Suc/Gly concentration coatings ~56 % after 
8 h, while their biofilm counterparts exhibited removals of ~73, ~99 
and ~98 %, respectively. On the other hand, the bioactive coatings 
responded successfully to the 72 h starving periods after the first and 
second weeks of each experiment. After these periods, biofilm controls 
maintained their previous toluene removal performance, while lower 
removal rates were recorded for the bioactive coatings. This effect can 
be clearly observed in Fig. 4D, in which the bioactive coatings required 
more time to reach a complete toluene removal (150 and 350 h). 
Additionally, toluene degradation rates, calculated with Eq. 2, were 
always slightly higher for the biofilm controls than for bioactive coat-
ings. Even though these calculations depend on the time between 
measurements, biofilms exhibited maximum rates of 61.9 mg m− 2 h− 1, 
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significantly higher than those observed for high and low HNTs con-
centration (16.2 and 44.5 mg m− 2 h− 1) and high and low Suc/Gly 
concentration bioactive coatings (11.0 and 44.9 mg m− 3 h− 1, respec-
tively). Similarly, differences were observed in the average maximum 
elimination rates between biofilm controls and bioactive coatings 
(Table 1), calculated using the maximum degradation rate for each of 
the three replicates of biofilm controls or bioactive coating compositions 

during toluene injection.

3.5. Study of film morphology

The surface morphology of the bioactive coatings was examined by 
SEM and ESEM. Conventional SEM and ESEM each have different 
strengths and drawbacks, but when used together they can provide 
complementary information to obtain a more comprehensive under-
standing of the bioactive coating surface [42–44]. At low magnification 
(≤2000 ×), SEM and ESEM images did not show differences between 
similar samples. In both high and low HNTs concentration bioactive 
coatings (Fig. S5), some structures were observed, attributed to HNTs 
clusters on the surface of the coating. The surface of Suc/Gly bioactive 
coatings (Fig. S4) was more homogeneous and similar to a bioactive 
coating with no additives. In both images, it was possible to observe the 
loss of most of the natural macroporosity of the filter paper surface after 
the application of the bioactive coating, contrary to the biofilm controls, 
which clearly preserved this structure (Fig. S6). Although a very porous 
structure is generally beneficial due to the increase in active surface, this 
loss is not critical to pollutant mass transfer and the activity of the 
bioactive coating as long as microporosity is achieved. An increase in 
active surface should be assessed and discussed in further research.

At higher magnification (≥10000 ×), a blurry structure was 
observed by SEM in the biofilm control, reporting no useful information. 
Some structures were observed in ESEM analyses, but no cells were 
clearly detected (Fig. S6). This was attributed to the high water content, 

Table 1 
Absolute and average maximum removal rates (standard deviation), expressed 
in mg m− 2 h− 1, achieved by the biofilms and the bioactive coatings throughout 
the experiments.

Bioactive coating 
composition

Sample Absolute 
maximum 
removal rate

Averaged maximum 
removal rate (St. Dev.)

High HNTs Conc. Bioactive 
coating

16.2 10.3 (2.5)

Biofilm 34.8 17.0 (9.3)
Low HNTs Conc. Bioactive 

coating
44.5 17.1 (10.0)

Biofilm 49.6 23.6 (12.0)
High Suc/Gly 

Conc.
Bioactive 
coating

11.8 6.0 (4.2)

Biofilm 55.1 24.2 (15.0)
Low Suc/Gly 

Conc.
Bioactive 
coating

44.9 20.5 (11.1)

Biofilm 61.9 32.3 (17.6)

Fig. 5. ESEM and conventional SEM images of: A) and B) high Suc/Gly concentration bioactive coatings; and C) and D) low Suc/Gly concentration bioac-
tive coatings.
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which impeded an accurate visualization of the microorganisms [43]. 
Challenges in properly visualizing aqueous biofilms using ESEM have 
been previously reported. Although cryo-SEM is sometimes used to 
image samples with high water content, the freeze-drying process can 
create artificial pores and structures, which eventually could lead to 
misinterpretation of the structure [45]. On the contrary to conventional 
biofilms, bioactive coatings exhibited much less moisture on the surface, 
and therefore, some bacteria were detected in ESEM and conventional 
SEM images of Suc/Gly coatings, with a higher cell concentration for the 
high Suc/Gly coating (Fig. 5). Darker images were obtained by ESEM, as 
the electron beam quickly damaged the surface at high magnifications. 
Similar images were reported in the ESEM imaging of Bacillus subtilis 
[46]. Although noticeable in both images, bacteria were detected clearer 
in SEM by the voids left on the surface of the coating. Regarding the 
surface of the coating, the fine latex structure could be observed in the 
high Suc/Gly coating (Fig. 5 B), in which individual latex particles were 
deformed but total coalescence did not occur. In low Suc/Gly concen-
tration coatings, coalescence seemed more extended, but some small 
pores also appeared along the surface. In agreement with Lyngberg et al. 
[39], higher osmoprotectant concentrations can prevent coalescence 
more extensively than low concentrations. Indeed, latex particles were 
also slightly detectable in Fig. 5C, both along the surface and also 
partially covering a cell. Nevertheless, despite the satisfactory porous 
structure observed, the preferential consumption of osmoprotectants 
may have limited further toluene removal, as explained in previous 
sections.

As observed in previous studies, HNTs were easily distinguishable in 
both ESEM and SEM (Fig. 6). The inorganic nature of HNTs, an 
aluminosilicate-based material, provides a sharper contrast compared to 
organic structures like latex, especially in ESEM. In agreement, ESEM 
images in our study offered a clearer view of the HNT distribution across 
the surface of the coating, which reflected the higher presence of HNTs 
in the high HNTs concentration bioactive coating. In addition, some cells 
were detected in the ESEM images of both HNTs concentration bioactive 
coatings (Fig. 6A and C). However, bacteria were not as clearly observed 
as in Suc/Gly coatings, which was attributed to this high contrast be-
tween the inorganic HNTs and the organic structures. In conventional 
SEM images, HNT structures in latex coatings similar to those reported 
in Chen et al. [25] and Qiao et al. [47] were observed. However, a more 
homogeneous surface of the HNTs bioactive coatings was recorded in 
this study, especially in the low HNTs concentration coating. Although 
lower concentrations of HNTs were herein used for the bioactive coat-
ings, some porous areas were perceived in both high and low HNTs 
bioactive coatings. This could explain the great performance of HNT 
bioactive coatings during the toluene elimination experiments. More 
specifically, a deeper porous structure was revealed in the void spaces 
left by missing bacteria (Fig. 6 B), which could indicate that the 
gas-phase pollutants can be transferred to the bacteria inside the 
bioactive coatings, and also moisture and nutrients from the supporting 
material can reach the cells on the surface of the coating. Additionally, 
the hollow structure of HNTs (Ø~50 nm) allows the passage of small 
molecules, which could have also benefited an effective transport. This 

Fig. 6. ESEM and conventional SEM images of: A) and B) high HNTs concentration bioactive coatings; and C) and D) low HNTs concentration bioactive coatings.
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fact was in agreement with previous research on bioactive coatings, in 
which one side of the coating is exposed to the gas-phase pollutants and 
the opposite side is in contact with a porous supporting material that 
provides moisture and nutrients [22,36].

4. Conclusions

In this study, different compositions of bioactive coatings were 
explored and their effectiveness in toluene removal was compared to 
that of conventional biofilms. Toluene removal was significantly influ-
enced by the type and concentration of additives and the resulting 
microstructure inside the bioactive coating. Biofilm controls consis-
tently demonstrated rapid and complete toluene removal, usually within 
24 h. Low HNTs concentration bioactive coatings closely matched the 
biofilm control performance at both toluene concentrations. At high 
toluene concentrations, high HNTs concentration coatings and low Suc/ 
Gly concentration coatings eventually outperformed biofilm controls, 
indicating adaptation over time. At low toluene concentrations, these 
coatings nearly replicated the performance of biofilm controls. Toluene 
removal by high Suc/Gly concentration coatings was generally very 
limited, attributed to the preferential consumption of the readily 
available sucrose over gas-phase toluene.

ESEM and conventional SEM imaging revealed microstructures in 
alignment with toluene removals. Although bacteria were difficult to 
detect, porous structures were observed in HNTs coatings. Bacteria were 
easily observed in Suc/Gly bioactive coatings, with distinct latex parti-
cles detected on the surface of Suc/Gly coatings and also covering some 
bacteria. This observation suggests a stopped coalescence process, 
crucial for enhancing porosity and therefore microbial activity. These 
structural observations demonstrate the critical role of additive con-
centration and coating microstructure in optimizing bioactive coatings 
for VOC removal.

Overall, the bioactive coating with a low concentration of HNTs 
demonstrated the best performance among the different bioactive 
coating compositions, achieving the highest and fastest toluene removal 
at both tested concentrations. This suggests its potential for scaling up in 
technological applications. Future steps involving continuous lab-scale 
bioreactor experiments based on the bioactive coating model herein 
studied to evaluate the long-term toluene removal performance are 
necessary.
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[5] P. Rybarczyk, B. Szulczyński, J. Gębicki, J. Hupka, Treatment of malodorous air in 
biotrickling filters: a review, Biochem. Eng. J. 141 (2019) 146–162, https://doi. 
org/10.1016/j.bej.2018.10.014.

[6] G. Soreanu, E. Dumont, From Biofiltration to Promising Options in Gaseous Fluxes 
Biotreatment, Elsevier, 2020, https://doi.org/10.1016/C2018-0-03712-3.

[7] S.K. Padhi, S. Gokhale, Treatment of gaseous volatile organic compounds using a 
rotating biological filter, Bioresour. Technol. 244 (2017) 270–280, https://doi.org/ 
10.1016/j.biortech.2017.07.112.

[8] W.-T. Tsai, An overview of health hazards of volatile organic compounds regulated 
as indoor air pollutants, Rev. Environ. Health 34 (2019) 81–89, https://doi.org/ 
10.1515/reveh-2018-0046.
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