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ABSTRACT

Magnetic and nonmagnetic biochar (MBC & BC) were produced from biosolids under hydrothermal conditions
and characterized in order to understand surface chemistry impacts on enzyme immobilization and activity.
Peak surface pore size of MBC was 180 nm and that of BC was 17 nm. Despite similar surface area (=~ 49 m?/g)
MBC immobilized more laccase (99 mg/g) than biochar (31 mg/g). For horseradish peroxidase (HRP), the two
biochars had similar immobilization capacity (= 65mg/g). Laccase and HRP on MBC had 47.1 and 18.0%
higher specific activity than on BC, respectively. The matrix activity of MBC-laccase (33.3 U/mg support) was
3.7-fold higher than BC-laccase (8.8 U/mg support) and higher than the same amount of free laccase (30.2 U) at
pH 3.0 (P < 0.05). Although MBC had its own peroxide oxidation activity (104.1 and 165.9 U/mg biochar at
pHs 5&6) this only accounted for 16.7 and 20.4% of the total MBC-H RP activity respectively. After 10 wash
cycles, MBC still retained 79.3% and 60.3% of laccase and HRP activity, respectively. Additionally, MBC had
lower acute toxicity, suggesting that it is relative benign from an environmental perspective.

1. Introduction

based on physical, covalent, or affinity interactions (Hosseini et al.,
2018; Huang et al., 2018; Zang et al., 2014). A large number of in-

Immobilization of enzymes can increase their stability and reusa- organic and organic materials have been evaluated as immobilization
bility. Several enzyme immobilization methods have been designed matrices (Coradi et al., 2018; Maksym et al., 2017; Patel et al., 2017;
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Wang et al., 2010). Among these, carbon-based materials are gaining
increased attention for their potential to improve immobilization effi-
ciency and their environmental friendly nature (Patel et al., 2017; Rani
et al., 2000; Ye et al., 2019, 2017). For instance, Rani et al. used a
charcoal-immobilized enzymes for starch hydrolysis that retained over
90% of the free enzyme’s catalytic activity (Rani et al., 2000). Patel
et al. reported composites synthesized from reduced graphene oxide
and magnetic materials as supports for enzyme immobilization and
found immobilized enzymes exhibited excellent activity with low acute
toxicity toward Vibrio fischeri (Patel et al., 2017). Magnetic nano-
particles have also previously been shown to be efficient enzyme sup-
ports that enhanced the activity of some immobilized enzymes and
could easily be recycled, but like many other enzyme support matrices,
often require expensive chemicals for their synthesis which has limited
widespread application of magnetic nanoparticles (Patel et al., 2017;
Wu et al., 2018). Additionally, some support materials can inhibit the
activity of immobilized enzymes, leading to the deceleration of enzy-
matic activity (Costa et al., 2019).

Magnetic biochar (MBC) derived from waste is an attractive alter-
native material for enzyme immobilization due to its low cost, readily
available starting materials, and lack of enzyme inhibition. The porous
nature of MBC contributes to its loading capacity and attractiveness as a
solid support matrix (Sun et al., 2019). Furthermore, the heterogenous
iron and porous carbon nature contribute to the multifunctionality of
MBC (i.e., adsorption and catalytic reaction etc.) (Cho et al., 2019).

Recently, biosolids from a wastewater treatment plant were used to
synthesize magnetic biochar under simple hydrothermal conditions
(Zhang et al., 2018). When that MBC was used to treat actual dyeing
wastewater through a Fenton process, the chemical oxygen demand
(COD) and total organic carbon (TOC) removal efficiencies reached
47 = 3.3% and 49 * 2.7%, respectively (Zhang et al., 2018). That
MBC, containing iron oxide, was shown to be an effective catalyst,
converting H,O, to hydroxyl radical although the rates of catalysis were
low (=26%) compared to rates reported for immobilized enzymes
(Zhang et al., 2018).

Hydrothermal treatment (HT) is an efficient thermal technology
that can convert waste biomass to biochar (BC) (Zhang et al., 2018). HT
offers several advantages over pyrolysis and other thermal technolo-
gies, because it requires relatively low temperatures 180-250 °C and
works on high moisture substrates like biosolids and agricultural waste
without requiring them to be dried first (Zhang et al., 2018). In addition
to having catalytic properties of its own, MBC also offers the advantage
of being easily separated and recycled from reactions, making it an
attractive means of extending the longevity of expensive enzymes.

Laccase and horseradish peroxidase (HRP) are the most common
industrial enzymes used in model systems for immobilization studies
(Bilal et al., 2018; Ma et al., 2018; Patel et al., 2017; Sun et al., 2018;
Wu et al., 2018). Laccase can oxidize a wide range of aromatic and non-
aromatic compounds including phenols (Rangelov and Nicell, 2018),
and a variety of non-phenolic compounds (Azar et al., 2018; Yesilada
et al.,, 2018). HRP has also been widely used in biomedical, environ-
mental, and industrial biotechnology applications (Forgiarini and de
Souza, 2007). Therefore, these two enzymes were also chosen in this
study.

Using a new batch of MBC from a different source of biosolids, but
synthesized under hydrothermal conditions as described previously
(Zhang et al., 2018), the aim of this work was to test this MBC’s utility
as a support matrix for enzyme immobilization. For comparison’s sake,
BC produced from the same initial biosolids material was used as a
reference. Both of these newly synthesized biochars (BC and MBC) were
used as supports for immobilization of laccase and HRP and evaluated
using catechol as a model substrate. The mechanism of enzyme im-
mobilization was also explored. Additionally, the toxicity of the bio-
chars was measured to evaluate any potential environmental health
concerns.
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2. Experimental section
2.1. Materials and chemicals

Biosolids from the dewatering unit of the wastewater treatment
plant in Ithaca, New York (USA), were collected for this study. Basic
information about the wastewater treatment facility is in the supple-
mentary information (SI). The biosolids were immediately transferred
to the laboratory and stored at 4 °C prior to use. Laccase (Trametes
versicolor, EC: 1.10.3.2) and horseradish peroxidase (HRP EC: 1.11.1.7)
were purchased from Sigma-Aldrich (USA). All other chemicals and
reagents used in the experiments were analytical grade from commer-
cial sources and used without any further purification.

2.2. The synthesis of biochar and magnetic biochar

Magnetic biochar (MBC) was synthesized as described previously
(Zhang et al., 2018). Briefly, 0.78 g Fe5(S04)3, 0.54 g glucose and 20 g
biosolids (6 g dry weight) were combined with ultrapure water to a
final volume of 80 mL. Glucose is a reducing sugar, it was added to
ensure that the iron oxide in MBC was Fe30,4 and not Fe,O3. Before the
HT process, the mixture was stirred (600 rpm) for 30 min and its pH
was adjusted to 11 with NaOH. It was then transferred to a 100 mL
Teflon reactor (PPL100, Yanzheng Co., Ltd.), sealed, and autoclaved at
180 °C (1 MPa) for 6 h before being allowed to cool naturally. The re-
sultant MBC was collected by vacuum filtration (50 mm, Bio-rad) with
filter paper (3 um, Grade 6 Whatman), washed with ethanol (60 mL)
and then with distilled water (60 mL) before being dried for 24 h at 40
°C. For non-magnetic biochar (BC), the same process was followed ex-
cept that the iron and glucose were omitted.

2.3. Characterization of samples

The biochars were characterized by X-ray diff ;raction (XRD) and
scanning electron microscopy (SEM). The specific surface area and pore
diameter distribution of samples were determined using N, adsorption-
desorption isotherms and were calculated by the Brunauer-Emmett-
Teller (BET) and Barrett-Joyner-Halenda (BJH) methods (Brunauer
et al., 1938), respectively. The functional groups were characterized by
Fourier transform infrared spectroscopy (FT-IR). The hysteresis curve of
MBC was obtained by vibrating sample magnetometry (VSM), surface
elements composition was measured by an energy dispersive spectro-
meter (EDS), the valence states of iron were analyzed by X-ray photo-
electron spectroscopy (XPS). High Performance Liquid Chromatography
(HPLC) was used to measure the catechol concentration in solution.
Details are shown in the SI.

2.4. Enzyme immobilization

Enzyme immobilization on BC and MBC was tested at various pH
values using Na,HPO,-Citric acid buffers (0.2M, pH 2.0-7.0). The
biochars (10 mg) were mixed with enzymes (1 mg protein) in 1 mL of
buffered solution with different pH values and incubated for 1.5 h with
shaking at 900 rpm at 4 °C. After the adsorption of enzymes, the bio-
chars were separated by centrifugation at 9600 x g for 15min. The
same pH buffer was used to wash the enzyme-laden biochars three
times. The protein concentration of the supernatant was measured by
the Bradford method (Bradford, 1976) and the biochar loading was
calculated by subtraction from the no-biochar controls.

2.5. The activity of free and immobilized enzyme

The activity assay of the free and immobilized laccase and HRP were
determined spectrophotometrically (A =410 nm) in a reaction medium
containing 0.1% (w/v) catechol as substrate at 25 °C in buffers (pH 3.0)
and (pH 7.0), respectively. Catechol is a widely used substrate for



H. Zhang and A.G. Hay

measuring the activity of laccases and oxidases (Duran et al., 2002) and
because it can undergo redox cycling it can potentially inactive en-
zymes attempting to degrade it, thus the ability to degrade catechol sets
a high bar for enzyme stability. Enzyme-immobilized biochars (2.5 mg)
were added to 1 mL of the 0.1% catechol solution. Free enzyme (equal
in concentration for that calculated to be on the biochar) was added to
the substrate solution and shaken at 900 rpm for 10 min. Change in the
absorbance of the supernatant of replicate samples was determined in a
96 well microplate reader (Synergy HT, BioTek). The molar absorption
coefficient (2211 M~ 'em™1) of catechol in our buffer system was
calculated from the HPLC results. Enzyme activities were expressed as
international units (IU), where one IU represents the amount of enzyme
that forms pmol'min ! products under standard assay conditions. Ac-
tivity of immobilized enzymes was reported per gram of matrix (matrix
activity) for easier comparison between BC and MBC because of their
different enzyme loading rates.

2.6. Kinetic parameters and properties of enzyme

Kinetic parameters of Michaelis—-Menten equation (K, and K,,) for
free and immobilized enzymes were determined by measuring initial
rates of the reaction with catechol (0.01-5mM for Laccase,
0.01-10 mM for HRP) at constant temperature and pH. The kinetic
constants (K, and K., were obtained by using enzyme kinetics func-
tion in GraphPad Prism 6.

2.7. Reusability of immobilized enzyme

Enzyme reusability was investigated by recovering the immobilized
laccase or HRP via either centrifugation (BC) or magnetic capture
(MBC) and resuspending them in new reaction buffer as described
previously for MBC (Zhang et al., 2018). Each round of the reaction was
performed at 25 °C under standard assay conditions mentioned above
and compared to a free enzyme control.

2.8. Toxicity analysis

The acute toxicity of the MBC and BC were assessed using a lumi-
nescent bacteria toxicity test according to ISO 11348-1 (ISO, 11348-1:,
2007). Briefly, MBC and BC (10 mg/mL) were prepared in distilled
water containing 2% NaCl solution. Cells of the luminescent marine
bacterium Vibrio fischeri (100 ul, OD600 = 2) were added to an equal
volume of the biochar suspension in a 96-well microplate and lumi-
nescence was measured after 15 and 30 min in the Synergy HT plate
reader. The impact of the biochar on luminescence was reported as the
ECs0—15min and ECsg_3omin respectively, which denote the effective
concentration (EC) of the suspension that caused a 50% reduction in the
luminescence of the bacteria after incubation for the indicated time.
Triclosan, a widely-available antimicrobial compound, was used as a
control toxicant to permit future comparisons with materials from other
laboratories where bacterial strain and experimental differences might
otherwise prevent meaningful comparisons.

3. Results and discussion
3.1. Synthesis and characterization of biochars

As shown in Fig. 1, the XRD pattern of MBC showed diffraction
peaks at 20 = 30.1°, 35.5°, 43.1°, 53.5°, 56.9° and 62.6°, which were
assigned to the (220), (311), (400), (422), (511) and (440) planes of
Fe30,4 respectively and are consistent with the observed magnetic
characteristics. Hematite and magnetite, however, have similar XRD
spectra, thus XPS analysis was performed to confirm the presence of
magnetite. The XPS spectra of Fe(2p) and the deconvoluted spectra of
Fe(2p) of MBC are shown in Fig. 1B. There is no satellite peak at 719 eV,
and the deconvoluted area of Fe>* and Fe®* is around 1:2, thus the iron
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oxide is magnetite (Fe3O0,4) instead of hematite (Fe;O3) (Fujii et al.,
1999). The sole peak of BC was noted at 20 = 26.4°, corresponding to
typical crystalline SiO,. These data demonstrate magnetite is the main
iron oxide in MBC and that HT of biosolids alone did not produce a
magnetic compound. The pore size distribution curves for BC and MBC
are in Fig. 2A. The hysteresis loop of BC revealed that mesopores with a
pore diameter of 20-50 nm were present, but that average pore size was
17 nm. It is likely that the actual surficial openings in BC were less than
17 nm given the non-uniform and hierarchical porous structure that
was evident in the SEM images. That contrasted significantly with the
pore diameter of MBC which ranged from 50 to more than 500 nm, with
an average pore size around 180 nm. This suggests that the iron oxide
increased the size of biochar pores. In a related study, iron increased the
pore size of biosolids-derived biochar by hydrothermal carbonization,
though the mechanism remains unknown (Cai et al., 2019). In addition,
the isotherms of MBC and BC (Fig. 2b) both fell within IUPAC classi-
fication type III (Zhou et al., 2015), showing that adsorption equili-
brium was not reached even at high relative pressures. Even though
MBC pores were larger than those of BC, both had the similar specific
surface area (Sggr, 48.55 m?%/ g for MBC versus Sggt, 48.59 m?/ g for BC).

The surface morphologies of BC and MBC are shown in Fig. 3A and
B. The BC exhibited a bulky structure with a globular and porous sur-
face. In the case of MBC, the SEM images showed that most particles
had a flaky, somewhat columnar structure.

3.2. Enzyme immobilization and kinetics

Laccase loading on BC and MBC were dependent on pH and reached
its maximum at pH 3 (Fig. 4). The T. versicolor laccase used in this work
has an isoelectric point (pI) of about pH 3 (Piontek et al., 2002), thus
the surface of laccase was positively charged below pH 3 and became
progressively negatively charged above pH 3. The amount of laccase
immobilized on biochar was 31 mg/g-BC at pH 3. The approximate
diameter of laccase is around 18.5nm (Bertrand et al., 2002), which
was larger than the average pore size of BC (17 nm), which suggests
that this small pore size might have been one factor limiting laccase
loading on BC. The portion of laccase that was immobilized on BC
(31%) was likely retained in less abundant large pores that ranged up to
50nm. In contrast, laccase immobilization of MBC reached almost
98 mg/g MBC at the optimal pH. It is speculated, that this greater im-
mobilization was due, not only to more accommodating pore size, but
also because metal affinity adsorption was present in MBC, but not BC.

Based on the Lewis-acid/base concepts of Pearson (Pearson, 1968),
iron ions on the surface of MBC are expected to act as soft or borderline
Lewis acids, exhibiting a preference for non-bonding lone pair electrons
from nitrogen atoms in aromatic and aliphatic amino containing ligands
(Wang et al., 2008). This is hypothesized to result in affinity between
exposed side chains of Laccase amino acids (i.e. especially imidazole
groups of the histidine residues) and iron ions (Wang et al., 2008). A
similar observation of metal affinity was reported previously regarding
glucoamylase immobilization by magnetic particles (Wang et al., 2007)
and is supported by the FTIR measurements discussed below.

Both biochars performed similarly for HRP immobilization, re-
taining 65 mg/g:BC and 68 mg/g'MBC at pH 6. The approximate dia-
meter of HRP is around 14 nm (Gajhede et al., 1997), which is smaller
than the average surface pore size of either biochar, thus it is not sur-
prising that both BC and MBC had similar adsorption of HRP. The HRP
immobilization efficiency decreased gradually as pH increased. Al-
though the pI of HRP is about pH 8, the enzyme immobilized efficiently
onto BC and MBC, reaching its maximum value at pH 2. Based on their
zeta potentials at different pHs (Figure S4), the zero point of charge
(pH,pc) of BC and MBC are 2.39 and 1.62, respectively. When the pH of
solution is 2, the surface charge of two biochars approach the
minimum, resulting in the high HRP immobilization efficiency.

Although both enzymes were immobilized onto BC and MBC suc-
cessfully, the mechanism behind their adsorption required further
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Fig. 2. Characterization of biochars by N, adsorption-desorption: (A) pore size distribution; (B) adsorption-desorption isotherms.

investigation. FTIR has been widely used to examine the chemical
changes occurring during the immobilization of enzymes and was
therefore employed to better understand the mechanism behind our
observations (Patel et al., 2017). As shown in Fig. 5A, the spectra re-
vealed the nature of numerous chemical bonds for MBC, BC, enzymes
and both biochars loaded with each enzyme. These included the C—H
stretching vibrations of the CH, and CHj3 groups (2959 and 2925 cm™ b
and symmetrical deformations of C—H (1448 em™Y) (Schmitt and
Flemming, 1998). The presence of Si-O stretching at 1031 cm ™! and
799 cm™! was evident in both biochars. MBG-immobilized laccase
(MBC-L) had an additional C=O stretching at 1700 cm ™! when com-
pared with its immobilization on BC (Fig. 5B). The iron on the surface
of MBC may form a dative bond with a Lewis acid (i.e. laccase) to form
a Lewis adduct, resulting in the new peak at 1700 cm ™! in the FTIR
spectrum. Patel et al. demonstrated that similar shifts were due to metal
affinity adsorption of laccase to magnetic graphene oxide particles
(Patel et al., 2017). This contrasted with the results for HRP im-
mobilization which likely occurred via physical adsorption since no

new peaks were found in HRP-immobilized to either biochar (Fig. 5C).

Efficient immobilization on a matrix requires not only retention of
the enzyme, but also maintenance of enzyme activity after im-
mobilization. The matrix activities of free and immobilized enzymes at
different pH values are shown in Fig. 6. The activity of free and im-
mobilized laccase on MBC (MBC-L) and BC (BC-L) was highest at pH
3.0, then decreased between pH 4-7. The matrix activity of MBC-L (33.3
U/mg support) was 3.7-fold higher than that of BC-L (8.8 U/mg sup-
port) and also significantly higher than same amount of free laccase
activity (30.2 U) under pH 3.0 (P < 0.05). As shown in Figure S5, the
activity of free laccase, MBC-L, and BC-L was highest at pH 3.0, but
changed little between pH 4-7. The specific activity of MBC-L
(3.2 x 10® U/mg protein) was higher than that of the free enzyme
(2.9 x 10° U/mg protein) (P < 0.05). The specific activity of free
laccase, however, was not significantly different than that of the BC-L
(2.8 x 10® U/mg protein, P > 0.05).

The activities of free and immobilized HRP were sensitive to pH
change and reached a maximum at pH 6 (Fig. 6B). The matrix activity

10 pm

S nm

Fig. 3. The SEM image of the synthesized A) BC, B) MBC.
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of immobilized HRP on MBC (574.7 U/mg support) was higher than
that of the free enzyme (462.7 U) and immobilized HRP on BC (338.2
U/mg support). Our data suggests that BC had a mild inhibitory effect
on HRP specific activity. The simplest explanation for this modest effect
may be mass transfer limitations between substrate and HRP caused by
physical rather than affinity immobilization. In contrast, the matrix
activity of HRP immobilized on MBC increased significantly when
compared to either free enzyme or that immobilize on BC. The matrix
activity of immobilized HRP on MBC was also significantly higher (P <
0.05) than free HRP incubated in the presence of MBC (added in the
same tube, but not immobilized).

Peroxidase activity has been reported for large magnetite nano-
particles even in the absence of enzymes (Zhang et al., 2018). Limited
peroxidase-like activity was detected in MBC without enzyme, but none
in BC. Thus, the magnetite in MBC contributed directly to the observed
increase in matrix activity and may also have facilitated electron
transfer during the enzymatic reaction (Liu et al., 2015). The iron in
MBC may also favor the formation of environmentally persistent free
radicals by obtaining unpaired electrons from dissolved organic matter
on biochar to oxidize the substrate (Ruan et al., 2019). These results
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significantly lower affinity for the catechol used as a substrate
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X 2 behavior, MBC exhibited nonlinear and reversible hysteresis (Figure
) - - =] . . . .
S i L =] S6). The saturation magnetization (Ms), remanence (Mr) and coercive
[
+ = | 8 orce (Hc) values were 18.2 emu/g, 0.24 emu/g an .6 Oe, respec-
x4 IRl E force (Hc) val 18.2 emu/g, 0.24 emu/g and 49.6 O D
& S ¥3 e & tively.
F 2 8Ss 5
E g 3.4. Acute toxicity of biochars
@ T R
v S o = The production of magnetic particles compatible with a broad range
= g p 8 p p 8
> = . . . . . . .
M:' 3 ,; b of biotechnological applications using environmentally friendly
o 2 : s ° g methods is highly desirable. The toxicity of magnetic particles is highly
+ . . . . .
& X H 8 variable, ranging from moderately toxic to nontoxic with different
T N Yo N ging y
g g L5 = £ model organisms or human cells (Garcia et al., 2011). Though iron in
. = MBC is classified as non-toxic, an increasing number of studies indicate
= = negative impacts of iron-based particles on living organisms (Lei et al.,
8 8 018
X <] .. . . .
™ =) 2018). Therefore, the toxicity of biochars was evaluated via the widel
- g y y
E:’I %’ = used Vibrio fischeri bioluminescence inhibition assay. The ECsq values of
~ O 4 MBC were 1.1 x 10* and 9.9 x 10° ug/mL after 15 and 30 min of in-
& ] - o Hg
% E '; \ o § cubation, respectively (Table 2). Under similar conditions, the ECs,
o g n o :c: o2 | o values of BC particles were 8.7 x 10 and 6.9 x 10° yug/mlL, respec-
— ] N .
£18 P P38 S éﬁ tively. Lower ECso.15min and ECsg.3omin values (7.7 X 10%and 7.2 x 102
o % ug/mL) (Patel et al., 2017), meaning greater toxicity, were previously
S 8 reported for magnetic carbon-based support materials (Patel et al.,
. z 5 2017). Thus, the toxicity of our MBCs was approximately 10 times
S o5 S E lower than that reported by Patel et al. (Patel et al., 2017). Our MBC
XoxR oM E was also less toxic that other biochars made from bark and wheat straw
™ — ™ Q@ <
S =38 o 2 (Gondek et al., 2017), which highlights the biocompatibility of our
- o ghlig p y
;' :;‘ ;' x § MBCs, thus making them an attractive option for enzyme immobiliza-
g L bE ; ) tion when environmental release may occur. The toxicity of a reference
. g standard (triclosan) was also provided, so that future work by others
s 25 “i can be benchmarked against this widely available toxicant and lead to
y g S5 A @ more reliable comparisons since biochars produced in small batches by
E o : o o g independent academic laboratories are seldom available for compara-
B B ;' N :o‘ «~ | g tive studies.
- 3 s S w9 |w
151 =) A .
= < 4. Conclusions
3 P9 Py
Q S S =) S =
E 5 ’5 E g The MBC had a similar specific surface area (Sggr, 48.55 m?2/g) to BC
:é s =o oS = (SgeT, 48.59 m?/ g) synthesized from the same biosolids, however, MBC
()
= 8 o :“r' L‘ :' 2 g had 10-fold bigger pores (180 nm) than BC (17 nm) which likely con-
&l 8|8 L g8 8 g tributed to enhanced enzyme immobilization in the case of HRP. Metal-
S E affinity interactions with MBC likely also contributed to the enhanced
g _ T E immobilization of laccase. The MBC-H RP had almost 2.0-fold higher
g T‘: E ht catalytic efficiency than BC-H RP. The MBC-L and MBC-H PR retained
=i ~— - [ o s _sas . PV
g = 0 " | g 79.3 and 60.3% of their initial matrix activities after 10 cycles of ca-
o 8 E |8 s . L
- é 55 %EE e techol oxidation, respectively. Over all, MBC resulted in significant
% g >E ;Ts ME ;’ " improvements to enzyme stability, activity, and reusability. MBC also
£ g had 10 times lower acute toxicity towards Vibrio fischeri than previously
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=0 Fig. 7. Reusability and stability of immobilized
2580% enzymes: (A) Laccase; (B) HRP. Catechol dis-
8 appearance was quantified via HPLC. The im-
2 mobilized enzymes were washed after each
cycle then resuspended in reaction buffer.
Cycle times: Laccase-30 min, HRP-5 min (Error
bars represent one standard deviation, n = 3).
The initial matrix activity of immobilized en-
zyme was considered as 100% for the inserts.
In all cases, the activity of both enzymes was

activi
2
3

2 4 6 8 10
Number of cycle

Number of cycle

Table 2
Acute toxicity of biochars and carbon-based materials/biochars in publication
towards Vibrio fischeri.

Biochars Parameter’  ECs, value (ug/mL)
MBC ECso—15min  '1.08 x 10*
ECso—30min  9.87 x 10°
BC ECso—15min  '8.71 X 10°
ECso—somin  76.95 X 10°
Triclosan ECs50—15min 2.2
Fe30,-reduced graphene oxide®*®! et @l- 2017 poo, (oo 7,70 x 102
ECso_3omin  7.20 X 10%
BiochargP(Gondek et al., 2017) bark ECso—15min 49
wheat straw 100

2 ECs0 - 15min and ECsg — 30min Were determined based on the bioluminescence
after 15 and 30 min of incubation, respectively and compared to a readily
available standard triclosan. Means with the same letter in each curve are not
significantly different (p < 0.05; T-test);’dosage of each biochar was 250 ug/
mlL, the ECs, value was presented by inhibition (%).

described carbon-based supports. The data presented herein provide
strong evidence that MBC is a promisingsupport matrix for enzyme
immobilization applications, making it a value-added product from
unwanted waste products like biosolids.
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