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Abstract
This study evaluated the reutilization of waste materials (scrap tires, sewage sludge, and wood chips) to remove volatile organic
compounds (VOCs) benzene/toluene/ethylbenzene/xylenes/trichloroethylene/cis-1,2-dichloroethylene (BTEX/TCE/cis-DCE),
plasticizer di(2-ethylhexyl) phthalate (DEHP), and pharmaceutically active compound carbamazepine from artificially contam-
inated water. Different hybrid removal processes were developed: (1) 300 mg/L BTEX + 20 mg/L TCE + 10 mg/L cis-DCE +
tires + Pseudomonas sp.; (2) 250 mg/L toluene + sewage sludge biochar + Pseudomonas sp.; (3) 100 mg/L DEHP + tires +
Acinetobacter sp.; and (4) 20 mg/L carbamazepine + wood chips + Phanerochaete chrysosporium. For the hybrid process (1),
the removal of xylenes, TCE, and cis-DCE was enhanced, resulted from the contribution of both physical adsorption and
biological immobilization removal. The hybrid process (2) was also superior for the removal of DEHP and required a shorter
time (2 days) for the bioremoval. For the process (3), the biochar promoted the microbial immobilization on its surface
and substantially enhanced/speed up the bioremoval of toluene. The fungal immobilization on wood chips in the hybrid process
(4) also improved the carbamazepine removal considerably (removal efficiencies of 61.3 ± 0.6%) compared to the suspended
system without wood chips (removal efficiencies of 34.4 ± 1.8%). These hybrid processes would not only be promising for the
bioremediation of environmentally concerned contaminants but also reutilize waste materials as sorbents without any further
treatment.
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Introduction

Even though both scientific advances and technological inno-
vations dramatically improved the quality of human life, they
also brought huge negative impacts on the environment.

Approximately 80% of wastewater generated globally would
flow back into the ecosystem without being treated or reused
(UNESCO 2017). As a consequence, by 2025, it is expected
that 1.8 billion people would face water scarcity and around
two-third of the world population would be living under
water-stressed conditions due to the poor water quality
(UNESCO 2012). The water bodies worldwide have been
contaminated with a mixture of persistent and eco-toxic or-
ganic and inorganic substances, mainly resulted from the an-
thropogenic activities (Wong et al. 2018). One typical exam-
ple is the detection of volatile organic compounds (VOCs)
including petroleum hydrocarbons such as benzene, toluene,
ethylbenzene, and xylenes (BTEX) and methyl tert-butyl
ether (MTBE), polycyclic aromatic hydrocarbons (PAHs),
and chlorinated aliphatic hydrocarbons (CAHs) such as tri-
chloroethylene (TCE) and cis-1,2-dichloroethylene (cis-
DCE) in ground and surface waters (Moran et al. 2007; Sun
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et al. 2018; Williams 2014; Yu et al. 2015b). They are listed as
priority pollutants due to their hazardous and carcinogenic
natures (Arshadi et al. 2016). More recently, attention has also
been paid to the detection of emerging organic contaminants
(e.g., pharmaceuticals and personal care products, pesticides,
natural and synthetic hormones, plasticizers) even in drinking
water supply sources (Gabarrón et al. 2016; Magi et al. 2018),
resulted from the inefficient conventional activated sludge
process in removing those contaminants (Buttiglieri and
Knepper 2008) and the non-existing respective regulations
(Carmalin and Lima 2018). The presence of emerging organic
contaminants in water bodies could be considered a threat to
human and environmental health considering their bioaccu-
mulation (Wilkinson et al. 2018) andmicrobial drug resistance
issues (Ye et al. 2017).

Many remediation methods have been developed to re-
move organic pollutants from surface and ground waters and
wastewater using physical, chemical, and biological technol-
ogies. The application of advanced oxidation processes is one
alternative but the generation of secondary pollution and the
high investment and operation costs limit their applications at
wastewater treatment facilities (Salimi et al. 2017).
Adsorption as a physical treatment, on the other hand, shows
a great potential on the remediation of organic/inorganic pol-
lutants in contaminated waters especially when the waste ma-
terials could be applied as non-conventional adsorbents pro-
viding simple and low-cost operations (Vukelic et al. 2018).
However, adsorption is still considered only transferring the
contaminant from one medium to another and consequently a
secondary treatment would still be needed to mineralize the
contaminant even though the advantage of desorption process
is to get rid of the pollutant in a relatively easy manner. The
biological strategies are environmentally friendly, mostly uti-
lizing the indigenous microbial strains to completely mineral-
ize the contaminants even though they still show some limi-
tations toward the efficiency and the time needed, relatively
longer compared to the chemical methods (Azubuike et al.
2016; Kang 2014). The possibility to sorb/immobilize mi-
crobes on the sorbent surface can be an alternative to facilitate
the contaminant mineralization and has been receiving an in-
creasing attention. Other technologies with great potential to
remove organic contaminants from water include photocata-
lytic processes (Balcha et al. 2016), microencapsulation
(Krause et al. 2012), and nanofiltration/reverse osmosis
(Schäfer et al. 2003).

There have beenmany studies dealing with the synthesis of
adsorbents using different materials to remove organic/
inorganic contaminants (San Miguel et al. 2006), but the cur-
rent work focuses on reutilizing waste materials to improve
the bioremoval of contaminant (biosorption) while also pro-
viding an alternative for the waste disposal (Bhatnagar and
Sillapãã 2010). Different waste materials such as natural zeo-
lites (Wang and Peng 2010), Moringa oleifera seed cake

(Almeida et al. 2012), plant-derived cellulosic nanofibers
(Dey 2012), sewage sludge and municipal solid waste com-
post (Simantiraki et al. 2013), and rice husk ash (Deokar et al.
2016) have been directly applied as adsorbents to remove
organic contaminants. On the other hand, some waste mate-
rials have been considered as precursors for the inexpensive
absorbents, including soybean stover and peanut shell waste
(Ahmad et al. 2013), waste tires (Gupta et al. 2014), ostrich
bone waste (Arshadi et al. 2016), and waste cherry kernels
(Vukelic et al. 2018).

Over 1 billion waste tires are generated per year globally and
the key environmental issues associated with this waste are
their disposal, pollution emissions, and recalcitrant nature
(Forrest 2014). Waste tires have been mainly used to remove
inorganic species from aqueous solutions after the thermal and/
or chemical treatment to generate the alternative activated car-
bon and biochar (Belgacem et al. 2014; Karmacharya et al.
2016; Ramola et al. 2014). They were also successfully used,
without any further pretreatment, as microbial immobilization
matrices to biologically remove VOCs (Lu et al. 2015, 2017).
Biochar is another adsorbent commonly used in the environ-
mental applications. As a carbon-rich solid material produced
by the thermal decomposition of different biomass types in the
absence of oxygen (Yu et al. 2015a), it has gained substantial
attention as an environmentally sustainable electron mediator,
acceptor, and donor (Yuan et al. 2017), accelerating the
bioremoval of contaminants to some extent. The current study
focuses on the potential reutilization of waste scrap tires/
sewage sludge/wood chips, as biosorbents, to biologically re-
move VOCs (BTEX/TCE/cis-DCE)mixture and newly emerg-
ing contaminants such as plasticizer di(2-ethylhexyl) phthalate
(DEHP) and pharmaceutically active compound carbamaze-
pine (CBZ), the anticonvulsant 5H-dibenzo[b,f]azepine-5-
carboxamide, from the artificially contaminated water.

Materials and methods

Reagents

All the reagents used were of analytical grades and were used
as received without any further purification. Carbamazepine
(CBZ; 99%) and DEHP (99%) were purchased from Sigma-
Aldrich (USA). Benzene (99.7%), ethylbenzene (99%), tolu-
ene (99%), and o,m,p-xylenes (99%) were obtained from
International Laboratory (USA) while TCE (99%) and cis-
DCE (99%) were purchased from Damao Chemical
Manufacture (China). All other solvents (LC-MS grades) used
to prepare the stock solutions (methanol, dimethylformamide)
and to use as mobile phase (acetonitrile) were also purchased
from Sigma-Aldrich (USA). CBZ (1 g/L), DEHP (1 g/L),
BTEX (10 g/L), TCE (1 g/L), and cis-DCE (1 g/L) stock
solutions were kept at 4 °C until used.
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Preparation of waste scrap tires, sewage biochar,
and wood chips

The waste motorcycle scrap tire (Bridgestone; Battlax BT-39
tubeless) was cut into small pieces (0.2 cm × 0.2 cm × 0.2 cm),
washed (with the deionized (DI) water for 1 h), and dried (at
60 °C). Without any other thermal or chemical treatment, the
tire pieces were used directly in the adsorption experiments.
According to our previous thermogravimetric analysis (Lu et
al. 2017), the waste scrap tire used is mainly made of oil
(11%), filler (38%), and rubber (52%), and silicon is the main
additive element, with the surface of hydrophobic nature (con-
tact angle value, 93.1° ± 4.1). The detailed information about
the tire characterization can be found elsewhere (Lu et al.
2017). The sewage sludge was obtained from a local waste-
water treatment plant (Macau Special Administrative Region,
China) and was dried overnight (80 °C). After being adjusted
to the room temperature, the sludge samples were crushed and
sieved. The biochars (BCs) were prepared at different pyroly-
sis temperatures (300, 500, and 700 °C) for 4 h (5 °C min−1)
under the nitrogen atmosphere (using a tube furnace OTF-
1200X-II-100, Kejing). The wood chips (Cunninghamia;
10–20 mm× 5–10 mm× 0.2 mm) were washed in the DI wa-
ter and dried overnight (80 °C) before use.

Microbial cultures

Pseudomonas plecoglossicida and Acinetobacter sp. were
previously isolated from a petroleum contaminated site
(Xiamen, China) and from a local wastewater treatment plant,
respectively. The details about microbial isolation, identifica-
tion, and subculture can be found elsewhere (Lu et al. 2017;
Xu et al. 2017). Phanerochaete chrysosporiumwas purchased
from the Guangdong Institute of Microbiology (China) and
the details about the fungal subculture and the preparation of
fungal spore suspension are given by Li et al. (2015).

Experimental setup

VOCs (BTEX/TCE/cis-DCE) mixture removal

The microcosms for VOCs (BTEX/TCE/cis-DCE mixture;
Henry’s law constants from 1.03 × 10−2 to 7.88 ×
10−3 atm m3/mol at 25 °C) were prepared in serum bottles
(160 mL) containing 45 mL of the mineral salts medium
(MSM which contained, in g/L, KH2PO4 1.0; K2HPO4 1.0;
NH4NO3 1.0; MgSO4·7H2O 0.2; Fe2(SO4)3 0.05; and CaCl2
0.02) (pH 7) and 10% (v/v) inoculum size (5 mL,
Pseudomonas sp.). The microcosms were individually spiked
with different concentrations of the contaminants (300 mg/L
BTEX, 20 mg/L TCE, and 10 mg/L cis-DCE). The BTEX
solution was prepared based on the mass fraction (%) of each
component in crude oil (benzene/toluene/ethylbenzene/o-

xylene/m-xylene/p-xylene at 22.7:48.3:4.6:6.3:6.9:11.1) (Li
et al. 2017). The concentrations of each BTEX compound in
300-mg/L mixture were 68.1 mg/L benzene, 144.9 mg/L tol-
uene, 13.8 mg/L ethylbenzene, 18.9 mg/L o-xylene, 20.7 mg/
Lm-xylene, and 33.3 mg/L p-xylene. The adsorbent used was
waste scrap tires (1.5 g). The serum bottles were covered with
stopper (90% Teflon/10% silicone; Ohio Valley Specialty,
CO), sealed with aluminum crimp, and incubated (30 °C and
150 rpm) for 5 days. The liquid samples (1mL) were collected
from the microcosms on a daily basis, filtered (Millipore;
0.45 μm), and analyzed by GC-FID (Lu et al. 2017). The
microcosms containing contaminants and MSM solution but
without tires and Pseudomonas sp. were set as controls to
check the abiotic losses (mainly due to volatilization) of the
BTEX/TCE/cis-DCE mixture.

Toluene removal

The microcosms for the toluene (Henrys law constant, 6.64 ×
10−3 atm m3/mol at 25 °C) removal were prepared following
the same procedure as for the VOC mixture, but the contam-
inant was spiked at 250 mg/L and the adsorbent used was
sewage sludge biochar (50 mg) produced at different pyrolysis
temperatures (300, 500, and 700 °C). The serum bottles were
covered with stopper (90% Teflon/10% silicone; Ohio Valley
Specialty, CO), sealed with aluminum crimp, and incubated
(30 °C and 150 rpm) for 3 days. The liquid samples (1 mL)
were collected from the microcosms on a daily basis, filtered
(Millipore; 0.45 μm), and analyzed by GC-FID (Lu et al.
2017). The microcosms containing toluene andMSM solution
but without sewage sludge biochar and Pseudomonas sp. were
set as controls to check the abiotic losses (mainly due to vol-
atilization) of toluene.

DEHP removal

The microcosms for DEHP (Henry’s law constant, 1.71 ×
10−5 atm m3/mol at 25 °C) were prepared in serum bottles
(160 mL) containing 45 mL of the basal salts medium (BSM
which contained, in g/L, NaCl 1.0; K2HPO4 1.0; NH4Cl 0.5;
and MgSO4·7H2O 0.4, pH 7) and 10% (v/v) inoculum size
(5 mL, Acinetobacter sp.). The microcosms were individually
spiked with 100 mg/L DEHP and the adsorbent used was
waste scrap tires (2.5 g). The serum bottles were covered with
stopper (90% Teflon/10% silicone; Ohio Valley Specialty,
CO), sealed with aluminum crimp, and were incubated
(30 °C and 150 rpm) for 5 days. The liquid samples (1 mL)
were collected from the microcosms on a daily basis, filtered
(Millipore; 0.45 μm), and analyzed by LC-MS (Xu et al.
2017). The microcosms containing DEHP and BSM solution
but without tires and Acinetobacter sp. were set as controls to
check for any abiotic losses of the plasticizer.
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Carbamazepine removal

The microcosms for carbamazepine (Henry’s law constant,
1.08 × 10−10 atm m3/mol at 25 °C) were prepared in shake
flasks containing 150 mL synthetic wastewater (per liter of
tap water: 2 g glucose, 0.66 g ammonium tartrate, 1 mL
Tween 80, 1 mg thiamine, 1 g KH2PO4, 0.5 g MgSO4·
7H2O, and 0.1 g CaCl2·2H2O), 1 g/L of the adsorbent (wood
chips), and the fungal spore suspension (at 1:40, v/v). After the
flasks were incubated (120 rpm, 30 °C) for a week for the
fungal cultivation, carbamazepine (10 mg/L) was spiked into
the microcosms. The shake flasks were sealed with aluminum
foil and incubated (30 °C and 150 rpm) for 7 days. The liquid
samples (1 mL) were collected from the microcosms on a
daily basis, filtered (Millipore; 0.45 μm), and analyzed by
LC-MS (Li et al. 2015). The microcosms containing carba-
mazepine and synthetic wastewater but without wood chips
and Phaenerochaete chrysosporium were set as controls to
check for any abiotic losses of carbamazepine.

Desorption experiments

The desorption experiments were carried out inmicrocosms con-
taining scrap tires (1.5 g) only and scrap tires (1.5 g) + inoculum
to further evaluate whether the sorbed VOCs (especially the
BTEX/TCE/cis-DCE mixture) were biologically removed. The
VOCswere added into themicrocosms at the same concentration
level (100mg/L). The tire pieces were added to the serum bottles
with the water/ethanol solution (at 1:1, v/v) and shaken for 24 h
(150 rpm) (Garoma and Skidmore 2011). The desorption recov-
ery for each contaminant was calculated by Eq. (1):

Desorption recovery ¼ Cd= C0−Ceð Þ ð1Þ
where Cd, Ce, and C0 are the equilibrium concentration of each
contaminant (in mg/L) after the desorption process, after the
adsorption and immobilization process, and the initial concen-
tration, respectively.

Adsorption capacity

The adsorption capacities (qe) of the contaminants on different
adsorbents were assessed for different durations (5, 24, 48,
and 72 h for toluene; 15, 30, 60, 120, 360, 720, 1440, 2880,
4320, and 5760 min for DEHP, and 15, 30, 45, 60, 75, 90,
1440, 2880, and 4320 min for BTEX/TCE/cis-DCE mixture)
and were calculated by Eq. (2):

qe ¼ V
Co−Ceð Þ

m
ð2Þ

where Ce and C0 refer to the contaminant concentrations at
equilibrium and at time zero, respectively. V and m are the

volume of medium solution (L) and the amount of adsorbent
added (g), respectively.

Freundlich and Langmuir isotherm models

The sorption of the contaminants on different adsorbents was
assessed by the Freundlich and Langmuir isotherm models.
The Langmuir isotherm model (Eq. (3)) accounts for an ad-
sorbate single layer onto a homogeneous adsorbent surface
(Chung et al. 2015).

Ce

qe
¼ 1

KL∙Cm
þ Ce

Cm
ð3Þ

where Ce and qe are the contaminant concentration in solution
at equilibrium (mg/L) and the contaminant amount adsorbed
at equilibrium (mg/g), respectively. The Langmuir
constants KL (L/mg) and Cm (mg/g) refer to energy and ad-
sorption capacity, respectively. In comparison, the Freundlich
isotherm model considers the heterogeneous surface nature of
the sorbent (Eq. (4)) (Chung et al. 2015).

logqe ¼ logK f þ 1

n
log Ce ð4Þ

where qe is the contaminant amount sorbed at equilibrium
(mg/g) and Ce is the contaminant concentration in solution
at equilibrium (mg/L). The Freundlich constants 1/n and
Kfrefer to the adsorption intensity and the contaminant adsorp-
tion capacity, respectively.

Analytical methods

BTEX, TCE, cis-DCE, and toluene were analyzed by gas
chromatography (GC; Thermo ISQ™, Thermo Scientific,
USA) equipped with a flame ionization detector (FID) and a
TG-5MS analytical column (0.25 mm× 15 mm× 0.25 μ m).
The injector and detector temperatures were 120 and 260 °C,
respectively. The oven temperature was initially set at 40 °C
and incrementally increased to 110 °C (6 °C/min). CBZ and
DEHP were analyzed by liquid chromatography (LC; Dionex
UltiMate 3000 HPLC, Thermo Scientific, USA) equipped
with a Syncronis C18 reversed-phase analytical column
(4.6 mm× 100 mm× 5 μm). The ratio of mobile phase (ace-
tonitrile/deionized water; pH 3) was 95:0.5 and the oven tem-
perature was 45 °C. The flow rate of eluent and the injection
volume were 0.5 mL and 20 μL, respectively. The analytical
curves for each contaminant were obtained in triplicate by the
external standard method. The scanning electron microscopy
(SEM; Hitachi S-3400 N, Type I) was used for the micro-
graphs for the tire and biochar surfaces. The accelerating volt-
ages used were 15 kV for tires + inoculum and 10 kV for
biochar + inoculum. The samples were sputter coated with
gold (10 nm thickness) before the SEM observation (Ion
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Sputter, Hitachi E1010). The amount of Acinetobacter sp.
immobilized onto the tyre surface was counted using the col-
ony forming units (CFUs). The samples were first
ultrasonicated for 60 min to detach microorganisms from the
tire surface and then were further diluted and spread on the
nutrient agar plates (3.0 g/L beef extract, 5.0 g/L peptone, and
15 g/L agar) for counting.

The samples were analyzed in triplicate and the statistical
significances of different factors on the contaminant removal
were evaluated using the one-way analysis of variance
(ANOVA) at 95% confidence.

Results and discussion

One important factor for a successful microbial immobiliza-
tion is the affinity of the microbial cells with the support ma-
terial. Many studies have already provided a clear evidence of
the hydrophobic nature of Pseudomonas sp. and
Acinetobacter sp. (Gohl et al. 2006; Pijanowska et al. 2007;
Tribedi and Sil 2013). Therefore, those isolates were prefer-
entially immobilized on the hydrophobic surfaces (waste
scrap tire and biochar). The scrap tires were used to immobi-
lize Phanerochaete chrysosporium but without success to re-
move carbamazepine, while the wood chips were not consid-
ered an ideal immobilization matrix (due to the poor microbial
colonization) for Pseudomonas sp. and Acinetobacter sp. for
the removal of VOCs and DEHP, respectively.

Waste scrap tires

BTEX/TCE/cis-DCE mixture removal

The effectiveness of waste scrap tires on the contaminant sorp-
tion was first evaluated with a mixture of VOCs (300 mg/L
BTEX, 20 mg/L TCE, and 10 mg/L cis-DCE). Figure 1a
shows that the contaminants had different affinities for the tire
sorption sites and the differences observed were mainly asso-
ciated with the contaminant concentration in the BTEX mix-
ture but not with a specific physicochemical property. The
multicomponent adsorption equilibrium was reached after
1 day and the adsorption capacities of the individual VOC in
mixture followed the order of 5.3 ± 0.6 mg/g (toluene) > 2.9 ±
0.7 mg/g (benzene) > 2.2 ± 0.3 mg/g (m,p-xylene) > 1.1 ±
0.2 mg/g (o-xylene) > 0.6 ± 0.3 mg/g (ethylbenzene) > 0.4 ±
0.02mg/g (TCE) > 0.2 ± 0.05mg/g (cis-DCE). TCE showed a
higher sorption affinity to the tire surface than cis-DCE, as
expected due to the lower water solubility and smaller dipole
moment (0.8 D) of TCE than cis-DCE (Avila and Breiter
2008). Figure 1b, on the other hand, shows the removal effi-
ciency for each VOC in different microcosms, with tires only,
tires with inoculum, and inoculum only. Pseudomonas sp.
showed high removal capabilities for benzene, toluene, and
ethylbenzene (as carbon and energy sources) but the removal

of xylenes (o,m,p-), TCE, and cis-DCE was not that impres-
sive and mainly occurred by cometabolism, which is in line
with previous literature (Li et al. 2017). The tires were still
effective on adsorbing xylenes and also improved the physical
removal of TCE and cis-DCE to some extent. When tires and
inoculumwere simultaneously added, the removal of xylenes,
TCE, and cis-DCE was enhanced mainly due to the hybrid
(physical and biological) biosorption process.

Table 1 summarizes some recent applications of different
types of adsorbents to remove BTEX and TCE/cis-DCE from
the artificially contaminated water. The sorbents chosen for
BTEX have been mostly synthetized (surfactant-modified
zeolites and ordered mesoporous carbon) (Carvalho et al.
2012; Vidal et al. 2012; Konggidinata et al. 2017) or bio-
originated material with some modification (ostrich bone
waste immobilized with CTABr as cationic surfactant)
(Shakeri et al. 2016). The adsorption capacity of BTEX varies
greatly and some materials have even showed higher adsorp-
tion capacities compared to the waste scrap tires used in this
study. Even though the physicochemical treatments of adsor-
bents could improve the BTEX adsorption capacity substan-
tially, those pretreatments are not considered cost effective in
large scale. In addition, the contaminants are just transferred
from one phase to another and additional treatments would
still be necessary to mineralize BTEX. The hybrid technology
developed in this study would have some advantages com-
pared to those other adsorbents shown in Table 1, especially
considering the possibility to mineralize the contaminants by
the biosorption process. Some waste materials such as pine
mulch and silica gel (Avila and Breiter 2008; Wei and Seo
2010) were also used to physically remove the TCE/cis-
DCE mixture but the sorption capacities were not that signif-
icant compared to the waste scrap tires used in this study,
further suggesting the superior performance of tires on remov-
ing the chlorinated aliphatic hydrocarbons. Although the tire
performance on sorbing BTEX was lower and slower com-
pared to some previous studies, it would not be considered a
bottleneck for further reutilization of the waste scrap tires
since the main purpose was the improved removal of the
BTEX/TCE/cis-DCE mixture by a hybrid (biosorption)
process.

Table 2 shows the Langmuir and Freundlich isotherm pa-
rameters for BTEX/TCE/cis-DCE mixture. The Freundlich
isotherm adequately described the adsorption mechanism for
all the VOCs in mixture, as shown by the coefficient of deter-
mination (r2) values (0.74–0.99). Accordingly, the adsorption
sites of tire would have different affinities to the BTEX/TCE/
cis-DCE mixture and those sites with strong affinities would
be occupied first, as also suggested by Vidal et al. (2012).
Benzene and toluene showed the highest Kf values of
28.91 mg/g (L/mg)1/n and 24.45 mg/g (L/mg)1/n, respectively,
suggesting a high adsorption affinity to the tire surface and a
high binding energy of adsorption. The Freundlish constant 1/
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n, associated with the adsorption intensity, varied between
0.41 and 0.71, suggesting that the sorption of all the VOCs
on the tire surface was a favorable process.

After the sorption of VOCs on the tire surface was charac-
terized, Pseudomonas sp. was inoculated into the microcosms
to biologically remove the sorbed contaminants. Figure 2a
shows the SEM images of tire surface with significant rough-
ness, further characterizing its heterogeneous surface

morphology. Pseudomonas sp. could adapt to the tire effective-
ly within 1–3 days of cultivation. The tire surface showed the
isolate effectively adsorbed and colonized (Fig. 2b; after 5 days
of cultivation), implying that the biosorption removal of VOCs
was successful with a biofilm formation on the tire surface.

The desorption experiments were carried out in microcosms
containing inoculum and tire pieces (1.5 g) after 5 days of
incubation to further confirm Pseudomonas sp. almost

Fig. 1 BTEX/TCE/cis-DCE
mixture sorption on waste scrap
tire surface (1.5 g). a Adsorption
capacity of BTEX/TCE/cis-DCE
mixture after 1 day. Inset:
adsorption capacity vs. contact
time curve for each contaminant.
b Removal efficiency for BTEX/
TCE/cis-DCEmixture in different
systems (inoculum only; tires +
inoculum; tires only) after 5 days
of incubation. Initial
concentrations: 300 mg/L BTEX,
20 mg/L TCE, and 10 mg/L
cis-DCE
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mineralized the contaminants sorbed on the surface. Figure 3a,
b shows the removal and desorption efficiencies for tires and
tires + inoculum systems, respectively, where each contaminant
was added at the same concentration (100 mg/L) with 1.5 g
tires. In the system with tires only (Fig. 3a), the adsorbent

almost completely removed the contaminants in the order of
o-xylene >m,p-xylene > ethylbenzene > toluene > TCE > ben-
zene > cis-DCE. Around 80% of VOCs were desorbed from
the adsorption process while only 18% were recovered from
the tires + inoculum system, further confirming the biological
process (biosorption) could remove the contaminants effective-
ly when the hybrid process was applied. Benzene, toluene, and
ethylbenzene were almost completely removed (mineralized)
from the tire surface by the inoculum (Fig. 3b) while xylenes,
TCE, and cis-DCE were mainly removed biologically with a
little contribution from the physical adsorption. Even though
the exact mechanism for the VOC removal by this hybrid pro-
cess seems complicated, it can still be explained by both sorp-
tion of VOCs and Pseudomonas sp. on the tire surface. The
isolate utilized those sorbed contaminants as carbon and energy
sources while colonizing the surface accordingly and those
sorption sites would be free for the additional sorption of con-
taminants. This hybrid process is considered promising for the
bioremediation of VOCs and other contaminants of environ-
mental concern because of reutilizing waste as adsorbent with-
out any further treatment and the sorbed microorganisms min-
eralizing contaminants into harmless products.

DEHP removal

The main objective to reutilize waste scrap tires as a potential
microbial immobilization matrix was to further enhance the
microbial ability to remove DEHP in a shorter time. Since
both DEHP and tire surface are mostly hydrophobic, the ad-
sorption of the contaminant on the tire surface would be a
favorable process. There has been no report on reutilizing
waste materials (or other adsorbents) as microbial immobili-
zation matrices to remove DEHP from the environmental
samples, further justifying the development of a hybrid and
environmentally friendly technology. The amount of tire

Table 1 Adsorption capacities (qe) of different adsorbents employed to
remove BTEX, TCE, and cis-DCE from artificially contaminated water

Adsorbent Adsorbate T
(°C)

qe
(mg/
g)

Reference

HDTMA smectite Benzene
Toluene
Ethylbenzene
p-Xylene
m-Xylene

20 0.52
0.69
0.72
0.75
0.76

Vidal et al.
(2012)

HDTMA-Y100 Benzene
Toluene
Ethylbenzene
o-Xylene
m,p-Xylene

28 12.13
13.75
13.86
13.98
13.98

Carvalho et al.
(2012)

Ostrich bone waste
(OBW) modified

with CTABr - 5%

Benzene
Toluene
Ethylbenzene
p-Xylene

25 50.10
78.24
84.31
93.10

Shakeri et al.
(2016)

Ordered mesoporous
carbon

Benzene
Toluene
Ethybenzene
Xylene

25 11.96
28.82
39.19
50.76

Konggidinata
et al. (2017)

Silica gel TCE
cis-DCE

25 0.04
0.05

Avila and Breiter
(2008)

Pine mulch TCE
cis-DCE

25 1.1
0.7

Wei and Seo
(2010)

Waste scrap tires Benzene
Toluene
Ethylbenzene
m,p-Xylene
o-Xylene
TCE
cis-DCE

25 2.9
5.3
0.6
2.2
1.0
0.4
0.2

This study
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Table 2 Langmuir and Freundlich isotherm parameters for BTEX/TCE/cis-DCE, DEHP, toluene, and carbamazepine with different adsorbents

Contaminant Adsorbent Langmuir Freundlich

Cm (mg/g) KL (L/mg) r2 Kf (mg/g) (L/mg)1/n 1/n r2

Toluene Biochar (BC500) 3.28 0.005 0.60 0.002 1.80 0.99

DEHP Waste scrap tires 10.33 176.50 0.99 0.104 0.68 0.91

Carbamazepine Wood chips 0.06 1.17 0.86 0.03 0.56 0.79

Benzene Waste scrap tires 0.61 0.02 0.68 28.91 0.71 0.95

Toluene 0.52 0.03 0.93 24.45 0.46 0.98

Ethylbenzene 3.72 0.05 0.70 5.46 0.58 0.97

m,p-Xylene 0.97 0.06 0.72 8.76 0.59 0.98

o-Xylene 2.92 0.05 0.65 5.29 0.55 0.95

TCE 3.52 0.02 0.71 1.23 0.43 0.84

cis-DCE 7.11 0.003 0.44 0.89 0.41 0.74



pieces (adsorbent dosage, surface area, at pH 7) to be added
into the microcosms containing 100 mg/L DEHP but without

the isolate was further optimized and the adsorption capacities
were also assessed at different pH values with 2.5 g of tires.
Figure 4 shows that the DEHP adsorption increased with the
increasing tire amount up to 2.5 g, as expected due to the
increase of adsorption sites. There was no statistical signifi-
cance (p = 0.936) when higher amounts of tires (5 g) were
provided, suggesting that the DEHP adsorption capacity equi-
libriumwas reached at higher sorbent dosages, which was also
observed by Shakeri et al. (2016) using ostrich bone waste to
remove BTEX. The overlapping or partial aggregation of
sorption sites on the tire surface might be the reason for the
decreased DEHP adsorption capacity at higher tire amount
and this trend was also reported when other adsorbents and
adsorbates were used (Garg et al. 2004; Chowdhury et al.

Fig. 2 SEM pictures: a waste
scrap tires (× 5000), bwaste scrap
tires with Pseudomonas sp.
attached on surface (× 3000), c
BC500 sewage sludge biochar (×
40,000), and d BC500 sewage
sludge biochar with
Pseudomonas sp. attached on
surface (× 20,000)

Fig. 3 Removal and desorption efficiencies for BTEX/TCE/cis-DCE
mixture: a after 5 days with scrap tires only; b After 5 days of
incubation with Pseudomonas sp. sorbed on scrap tires

Fig. 4 Adsorption capacity of DEHP (100 mg/L) at different pH values
(3, 5, 7, 9, and 11) using 2.5 g tires and its removal efficiency when
different amounts of tires (0.31, 0.63, 1.25, 2.5, and 5 g) were added at
pH 7
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2011). The highest DEHP adsorption capacity was achieved at
pH 7 (p < 0.05), and this pH was used in the subsequent ex-
periments. Figure 5a shows the DEHP adsorption capacity at
different contact times when 2.5 g of tires added. The amount
of DEHP sorbed on the scrap tire surface was substantially
affected by the contact time and the maximum adsorption
capacity (2 mg/g) was reached in about 3 days with DEHP
almost completely removed (94.9 ± 0.2%). The sorption of
DEHP on the tire surface was not that impressive and fast.
The obtained results are in accordance with Salim et al.
(2010) showing the slower adsorption of DEHP and the lower
adsorption capacity compared to other phthalate esters, even
though DEHP showed the highest organic carbon-normalized
partition coefficient. They attributed this behavior to the ad-
sorbent structure, especially to the molecule size. The large
molecular size of DEHP could exert a steric hindrance effect
on the binding sites of tire surface, slowing down the sorption
process to some extent.

Both Langmuir and Freundlich adsorption isotherm
models were applied to the data obtained when different con-
centrations of DEHP (10–500 mg/L) were added to the fixed
amounts of tires (2.5 g). Table 2 shows the DEHP sorption on
tires fitted the Langmuir isotherm model (r2 = 0.998) better
than the Freundlich (r2 = 0.908), suggesting DEHP adsorbed
on the tire surface as a monolayer. The values of Langmuir
constants KL and Cm, associated with the energy sorption and
the maximum adsorption capacity, respectively, were
176.50 L/mg and 10.33 mg/g. The similar results were also
reported for the DEHP removal on vermiculite (Wen et al.
2013).

The DEHP concentration sharply decreased when both
tires and inoculum were simultaneously provided
(immobilized system) compared to the microcosms with inoc-
ulum only (suspended system) (Fig. 5b). The colony forming
units (CFUs) increased while the concentration of DEHP de-
creased, further confirming the hybrid process (DEHP sorp-
tion and microbial immobilization) contributing to the almost
complete DEHP removal in 2 days. The period for the
Acinetobacter sp. adaptationwas relatively fast (within 2 days)
with biofilm formed on the tire surface. The obtained results
further suggest both DEHP and Acinetobacter sp. sorbed/
attached onto the tire surface and the isolate used the sorbed
DEHP as carbon and energy source for growth and colonize
the tire surface accordingly. The hybrid process showed clear
advantages over the suspended system. It required a shorter
time for the DEHP bioremoval (in 2 days) and would be a
promising alternative for the remediation of different organic
contaminants in the environmental sites.

Sewage sludge biochar

Toluene removal

Some physicochemical parameters of sewage sludge biochar
produced at different pyrolysis temperatures are shown in
Table 3. The biochar pH increased significantly when higher
temperatures were employed during their production (p <
0.05), in accordance with Gai et al. (2014) using biochars
generated from wheat-straw, corn-straw, and peanut-shell at

Fig. 5 a Adsorption capacity vs. contact time curve for DEHP (100 mg/
L) using waste scrap tires (2.5 g) as adsorbents. b Decrease of DEHP
concentration for the suspended and immobilized systems and viable
bacterial count (colony forming unit, CFU) for the immobilized system.
Amount of tires: 2.5 g

Table 3 Some physicochemical characteristics of sewage sludge
biochars generated at different pyrolysis temperatures (300, 500, and
700 °C)

Sewage
sludge
biochar

pH Particle
size
Dv (50)
μm

Extractable
COD
(mg/g BC)

Extractable
TN
(mg/g BC)

Extractable
TP
(mg/g BC)

BC300 7.2 77.3 2.13 0.29 0.43

BC500 9.5 61.4 0.07 0.02 0.27

BC700 10.8 59.2 0.10 0.007 0.07
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four different pyrolysis temperatures (400, 500, 600, and
700 °C) to remove ammonium and nitrate. The extractable
COD, TN, and TP concentrations which could be used as
additional nutrients for the microorganisms were higher and
statistically significant (p < 0.05) for the biochar produced at
the lower pyrolysis temperature (300 °C). Regardless of the
pyrolysis temperature used, the generated biochars were clas-
sified as fine biochars (53–120 μm) but the fine portion de-
creased with the increasing pyrolysis temperatures (p < 0.05).
According to Gu et al. (2017), the fine particles were effective
on adsorbing both tomato root exudates and pathogen cells,
resulting in lower pathogen densities in the rhizosphere. The
fine particles of biochar were also responsible for removing
Escherichia coli from the storm water under a wide range of
field conditions (Moranty and Boehm 2014). The bacterial
isolate was adsorbed on biochar and colonized its surface
efficiently within 3 days of cultivation even though no visible
biofilm was observed. The sewage sludge biochar generated
in the current study could be used to sorb/immobilize the
microbial isolate efficiently and would be a promising strategy
for future application of hybrid technologies in the contami-
nated environmental sites as well.

The toluene adsorption (250 mg/L) on sewage sludge bio-
char (50 mg) increased with the contact time and reached
equilibrium within 24 h with adsorption capacities of 34.7 ±
9.9, 22.7 ± 2.4, and 26.74 ± 2.7 mg/g for BC300, BC500, and
BC700, respectively (Fig. 6a). Since the main purpose for the
development of the hybrid removal process was the removal
of toluene through biosorption instead of just physical adsorp-
tion, the biochar generated at 500 °C which showed that the
lowest adsorption capacity for toluene, compared to 300 and

700 °C, was chosen to further study the adsorption
mechanism.

The equilibrium adsorption isotherms for toluene (20–
300 mg/L) on sewage sludge biochar (BC500) at 25 °C were
fitted by using Langmuir and Freundlich isotherm models
(Table 2) for the toluene removal mechanism. The
Freundlich isotherm showed a better fit (r2 = 0.99) to the ad-
sorption data than Langmuir (r2 = 0.60), implying that the
biochar surface is heterogeneous in nature with the sorption
sites showing different energies/affinities. The Freundlich
constant (Kf) associated with the toluene adsorption capacity
was low (0.002 mg/g), suggesting the poor adsorption capac-
ity of toluene on the biochar surface, while relatively weak
interactions between toluene and biochar were expressed by
the 1/n value higher than unit 1. The capability of sewage
sludge biochar of sorbing both contaminants and microorgan-
isms was further evaluated using toluene (250 mg/L) as a
representative VOC and Pseudomonas sp. as the microbial
isolate. Figure 2c, d shows the surface morphology of the
biochar (BC500) without and with Pseudomonas sp.
attached to its surface, respectively. The biochar generated
by the pyrolysis of sewage sludge showed a coarse and
heterogeneous surface with the micrometric structures of
irregular size and orientation, in agreement with Ahsaine et
al. (2017) who used sewage sludge biochar as a low-cost
adsorbent for cadmium. Regardless of the biochar used
(BC300, BC500, or BC700), approximately 20% toluene
were removed by sorption after 3 days of contact with the
adsorbent (Fig. 6a), suggesting adsorption with a minor role
in the toluene removal. In comparison, about 40% toluene
were biologically removed during the same period. The

Fig. 6 Toluene removal
efficiencies (%): a by sorption
and b by hybrid process
(adsorption + bioremoval), using
sewage sludge biochars generated
at different pyrolysis temperatures
(300, 500, and 700°C). Toluene
concentration, 250 mg/L; biochar
amount, 50 mg. Inset: adsorption
capacity of toluene in sewage
sludge biochars at different
pyrolysis temperatures at different
contact times
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relatively poor performance of Pseudomonas sp. on removing
toluene might be associated with the lower temperature used
for the microbial cultivation (24 °C), compared to the optimal
value known for this strain (30 °C). The lower cultivation
temperature was used to mimic the under sub-optimal condi-
tion for the growth of Pseudomonas sp., which would be the
case in the contaminated site.

The toluene removal sharply increased (Fig. 6b) and was
almost completely removed within 3 days when both biochar
and microorganisms were provided simultaneously. The re-
moval efficiencies were not statistically significant (p =
0.118) for the microcosms with biochar and microorganisms
regardless of different temperatures used to produce biochar
(99.80 ± 0.23, 98.66 ± 0.45, and 99.83 ± 0.17% for BC300,
BC500, and BC700, respectively). Different performances of
sewage sludge biochars on removing toluene were expected
due to the associated adsorbent electrochemical properties.
Klüpfel et al. (2014) reported that the biochars produced at
intermediate to high heat treatment temperatures showed the
highest capacities to accept and donate electrons, further
confirming the pyrolysis temperature would play a major role
in the adsorbent electrochemical properties. However, regard-
less of the sewage sludge biochar used (BC300, BC 500, and
BC700) in the current study, no obvious differences in the
toluene removal efficiency were obtained, further suggesting
the electrochemical properties of the sewage sludge biochars
generated at different pyrolysis temperatures were not that
different.

As shown in Fig. 6b, it is clear that the toluene bioremoval
was improved to a great extent by the biochar application.
Previous studies have been emphasizing biochar as an effi-
cient electron mediator in the bioremediation applications. In
the current study, its redox fractions could substantially influ-
ence the electron transfer between Pseudomonas sp. and tol-
uene, with both sorbed/attached onto the biochar surface. The
improved toluene removal after the biochar incorporation in
the microcosm is in agreement with the Belectron shuttle^
property of biochar. Yu et al. (2015a) reported that the reduc-
tive dechlorination of pentachlorophenol (PCP) byGeobacter
sulfurreducens was greatly improved after the biochar addi-
tion, and the surface redox-active moieties and the conductive
graphite regions played major roles during the microbial de-
chlorination process. They concluded that the phenolic and
quinone moieties and the trace levels of surface redox-active
metals (Fe3+ and Mn2+) were the main biochar surface redox-
active moieties responsible for the dechlorination process.
Therefore, the coexistence of microbial cells and PCP
sorbed on the biochar surface could facilitate the electron
transfer between them. Chen et al. (2018) also proved the
biochar redox-active fractions speeded up the BDE-47 micro-
bial reductive debromination in anaerobic mangrove sedi-
ments in three aspects: (1) biochar enriched the microbial
communities involved in organohalide respiration, (2) biochar

can act as an Belectron shuttle^ accelerating the electron trans-
fer from the microbes to the contaminant, and (3) biochar may
act as an active reductant to accelerate the abiotic reductive
debromination. Zhang et al. (2017) also concluded that the
total petroleum hydrocarbon (TPH) removal enhancement
(up to 78.9%) was attributable to the immobilization of the
isolate Corynebacterium variabile HRJ4 on biochar surface
compared to the free-living bacteria after 7 days of incubation.
The biochar addition created a sustainable micro-environment
by an efficient mass transport of nutrients and oxygen to the
microbial isolate which colonized the biochar surface and
used TPH as carbon and energy source more efficiently.

Wood chips

Carbamazepine removal

The white-rot fungus (WRF) has been successfully applied to
the remediation of trace organic contaminants (TrOCs), most-
ly under the sterile conditions, due to the presence of its non-
specific intra- and extracellular enzymes. In this study,
Phanerochaete chrysosporium was applied to remove a rep-
resentative TrOC, carbamazepine, commonly present in water
bodies worldwide by immobilizing/sorbing theWRF onwood
chips to mimic its natural habitat.

After carbamazepine was spiked at 20 mg/L in synthetic
wastewater containing P. chrysosporium spore suspension
(1:40, v/v) sorbed on wood chips (1 g/L), two microcosms
were tested, without (free growing/suspended system) and
with (immobilized/attached system) wood chips. As shown
in Fig. 7, the carbamazepine residual concentration after 7 days
of incubation reached 13 mg/L (removal efficiency, 34.4 ±
1.8%) while 7.7 mg/L remained in the solution (removal effi-
ciency, 61.3 ± 0.6%) after the fungal immobilization (p <

Fig. 7 Activities ofMnP and LiP enzymes produced byP. chrysosporium
immobilized on wood chips during 7 days of incubation and residual
concentrations of carbamazepine in: (-■-) suspended and (-□-)
immobilized systems

Environ Sci Pollut Res (2019) 26:11591–11604 11601



0.05). The WRF sorption on wood chips improved the carba-
mazepine removal to a great extent, and such improvement
was also observed during the removal of phenolic compounds
in cooking wastewater by P. chrysosporium immobilized on
wood chips (Lu et al. 2011). Rubilar et al. (2011) also reported
the increase of pentachlorophenol removal by the WRF im-
mobilization on wheat grains. The outstanding performance
on the humic acid removal in real and synthetic wastewater by
the immobilized Trametes versicolor on sorghum was also
reported by Zahmatkesh et al. (2018). In general, the extensive
surface area of wood chips contributed to the fungal optimal
growth, followed by the substantial enzyme production, and
the presence of the adsorbent was critical to the carbamaze-
pine removal. The WRF P. crysosporium showed a great ad-
aptation to the wood chip surface and a thin biofilm was ob-
served on the surface after 7 days of fungal cultivation. Two
extracellular enzymes produced by P. chrysosporium, lignin
peroxidase (LiP) and manganese peroxidase (MnP), were
monitored on a daily basis during the fungal incubation
(7 days). Laccase (Lac) enzyme was not monitored due to its
low production in this fungal strain. Twenty-four hours after
the carbamazepine spike, a sharp decline of the MnP activity
was observed (from 4150 to 730 U/L), while the LiP activity
peaked on day 3 (1430 U/L) and remained low (370–490 U/L)
throughout the incubation period (Fig. 7).

Table 2 summarizes the Langmuir and Freundlich isotherm
constants for carbamazepine (10 mg/L) at different amounts of
wood chips (1, 5, 10, 15, and 20 g/L) in 50 mL synthetic waste-
water at 30 °C. The carbamazepine adsorption data fitted the
Langmuir model better (r2 = 0.86) and its maximum adsorption
capacity (qmax) was 0.06mg/g, further suggesting a poor affinity
of the contaminant to the adsorbent surface and the bioremoval
playing the main role. The intracellular enzymes would also
play an important role in the carbamazepine degradation, togeth-
er with biosorption, which was also confirmed by previous
studies. Marco-Urrea et al. (2009) evaluated the carbamazepine
bioremoval by different WRF strains and concluded the
extracellular enzymes laccase and MnP failed to oxidize the
contaminant while the intracellular cytochrome P450 system
seemed to effectively remove carbamazepine to a great extent.
When Vasiliadou et al. (2016) evaluated the biological removal
of carbamazepine and other pharmaceuticals using Trametes
versicolor andGanoderma lucidum, the carbamazepine remov-
al was around 32% using the combined fungal system and was
negatively affected by the inhibition of the P450 system. The
sharp decrease of carbamazepine in both suspended and
immobilized systems during first 24 h in the current study could
also be associated with the mechanism suggested by Haroune et
al. (2017), where the fast pharmaceutical uptake by sorption
occurred, followed by its active transformation by intracellular
enzymes inside the fungal cell. The generated products could
then be excreted back to the medium and further degraded by
the extracellular enzymes (MnP and LiP).

Conclusions

The reutilization of waste materials (scrap tires, sewage sludge
biochar, and wood chips) as adsorbents together with the
immobilized microorganisms was effective on the removal
of VOCs (BTEX/TCE/cis-DCE mixture), plasticizer
(DEHP), and pharmaceutical ly act ive compound
(carbamazepine) from the contaminated water. The develop-
ment of this hybrid (physical/sorption and biological/immobi-
lization) technology would be promising for the on-site appli-
cation, and some important features of this technology can be
highlighted as follows: it mainly deals with the indigenous
microorganisms previously isolated from the contaminated
sites, with high capabilities of the contaminant mineralization;
the adsorbents used are waste materials so they could be ob-
tained at no cost and easy acquisition and used as the micro-
bial immobilization matrices without pretreatment; the con-
taminants are being mineralized by the respectivemicroorgan-
isms and the sorption sites of adsorbents are being constantly
replaced by more contaminants (so working as ‘biosorbents’);
and the removal period could also be shortened to some extent
(e.g., DEHP). Further studies are still warranted to further
improve the bioremoval of TCE/cis-DCE and carbamazepine
as well as to evaluate the effectiveness of the hybrid system
when the contaminants are spiked at different time intervals.
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