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ABSTRACT

Surfactin is obtained through biocatalysis by microorganisms. In our biorefinery concept, it is purified on ac-
tivated carbon (AC) during downstream processing. Besides cyclic surfactin, it is possible to obtain linear sur-
factin analogues, when AC with specific properties is used. In the present article, the hydrolysis of various cyclic
surfactin analogues mediated by activated carbon is described. Hydrolysis products were identified using HPLC/
UV/MS and (Q-TOF)MS/MS. Hydrolytic activity of six commercial and three modified activated carbons was
evaluated. The porous texture of ACs was determined by sorption measurements and elemental composition of
ACs surface — by SEM-EDS analysis. Their pHpyc value and moisture, ash, and volatile matter content using
proximate analysis were also determined. Properties of ACs were correlated with their hydrolytic activity, and
the crucial role of alkaline pHp;c was found. The beneficial effect of alkaline pHpyc was further confirmed by
acid modification of AC that had previously shown hydrolytic activity and lost this ability after the pHpyc

decrease.

1. Introduction

Biosurfactants are surface-active compounds that are produced by
microorganisms or obtained by biotransformation [1,2]. Surfactin is a
lipopeptide biosurfactant produced mainly by various strains of Bacillus
subtilis. It is a mixture of homologues, which differ in length of the
hydrophobic chain of B-hydroxy fatty acid (10-18 carbon atoms), iso-
forms which differ in the degree of chain branching, and analogues,
which differ in the composition of amino acids in the hydrophilic
heptapeptide ring [3-5]. Surfactin is one of the most effective bio-
surfactants, which can lower the surface tension of water from 72 to 27
mN/m at concentrations as low as 1 X 107> M [6-8]. Moreover, it
possesses many bioactive properties, such as antimicrobial [9,10], an-
tiviral [11], antifungal [12,13], and antitumor activities [14]. However,
it also causes hemolysis of red blood cells, which is not beneficial from a
medical point of view [4]. To overcome this problem and to enhance
other properties of surfactin, new analogues are searched and synthe-
sized [4,8,15]. One group of the studied compounds includes linear
analogues of surfactin.

Cyclic surfactin (CS) may undergo chemical (alkaline or acid) or
enzymatic hydrolysis. Its lactone or one of the peptide bonds are those
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which are hydrolyzed. Consequently, the heptapeptide ring opens and
linear surfactins (LS) are formed (Fig. 1).

Dufour et al. [4] studied the hemolytic activity of surfactin and its
analogues, including LS. They found that all the tested linear analogues
do not cause hemolysis of swine red blood cells, in contrast to cyclic
surfactin. Moreover, LS inhibits the hemolytic effect of another sur-
factant (TX-100). Similar results were reported for another lipopeptide
— battacin. Its linear analogue exhibits reduced hemolytic activity of
mouse blood cells and also enhanced antimicrobial activity [16]. Also,
other properties were modified due to surfactin linearization. The
minimum surface tension of water increases from 27 mN/m for cyclic
surfactin to 36 mN/m for linear surfactin and CMC value from
1x10"°Mto7-8 x 107> M [17]. Despite the increase of both values,
LS retains much of the significant surface activity of CS. The rise of
these values is mainly due to the cleavage of the peptide ring and the
increased hydrophilicity of LS [4,18]. Imura et al. [19] studied prop-
erties of concentrated solutions of LS and CS and structures of lyotropic
liquid crystals that their form. They found that CS forms interdigitated
lamella phases, while LS forms bicontinuous cubic phases.

The most common linearization is alkaline hydrolysis of surfactin
which leads to saponification of lactone bond (Fig. 1a). Reagents that
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Fig. 1. Two possible ways of surfactin hydrolysis: a) hydrolysis of lactone bond, b) hydrolysis of the peptide bond between L-Glul and L-Leu2.

can serve as hydrolytic agents include sodium hydroxide solution in
methanol [4,17,20], sodium methoxide solution in methanol [19,21] or
an aqueous solution of sodium or ammonium hydroxide [18,22]. Acid
hydrolysis using hydrochloric acid is also possible [22]. Enzymatic
hydrolysis is induced by enzymes secreted by many microorganisms.
Streptomyces sp. Mgl strain produced enzyme - surfactin hydrolase —
which hydrolyzes the lactone bond in surfactin. It makes this strain
insensitive to the antimicrobial activity of surfactin [23]. In turn, V8
endoprotease obtained from Staphylococcus aureus hydrolyzed the
peptide bond between L-Glul and L-Leu2 (Fig. 1b) [24]. Other lipo-
peptides also can be biodegraded by microorganisms’ enzymes. Anti-
biotic daptomycin is hydrolyzed by 44% of 60 examined actinomycete,
and another 29% caused its deacylation [25].

Basic hydrolysis allows obtaining LS with the highest purity
(< 97%) [21]. However, the hydrolysis rate in strong alkaline solu-
tions, such as 3M NaOH, is lower than in weaker alkaline solutions,
such as 1M NaOH, and is 64% and 87% respectively. Acid hydrolysis
with hydrochloric acid results in only 56% conversion to LS [22]. En-
zymatic hydrolysis of the ester bond by surfactin hydrolase is also very
efficient (95%) [23], but hydrolysis of the peptide bond by V8 en-
doprotease convert CS to LS in only 14%, even when the time of in-
cubation was prolonged to four days [24].

There are also a few examples of direct biosynthesis of linear lipo-
peptides including surfactin by microorganisms [26-32]. Pathak et al.
[30,31] obtained thirteen LS with a chain length of 13-16 carbon atoms
also varying in amino acid composition, together with CS and other
lipopeptides — fengycins and iturins. They used environment isolated
strains of Bacillus amyloliquefaciens 6B and B. tequilensis P15. Dhali et al.
[32] also obtained LS with a chain length of 13-16 carbon atoms to-
gether with CS from the genetic engineered strain of B. subtilis. Con-
tamination of CS with LS is not surprising since cyclization of surfactin
is the last step during its biosynthesis [8]. The B. subtilis KCTC12411BP
marine strain produces three linear lipopeptides, named gageostatins A-
C. They have identical amino acids composition in peptide as surfactin
but the different chiral configuration of them (LLLDLLL compared to
LLDLLDL in surfactin) [26,27]. Another option is a genetic modification
of microorganisms producing cyclic lipopeptides, in order to produce
their linear analogues. Linear lipopeptides with a shorter sequence of
amino acids than in surfactin were obtained this way [33,34]. Dufour
et al. [4] and Pagadoy et al. [35] employed solid-phase peptide
synthesis to obtain linear analogues of surfactin with different chain
lengths. The same method was used by De Zoysa et al. [16] to obtain
linear analogues of another cyclic lipopeptide - battacin - secreted by
the soil bacterium Paneibacillus tianmunesis.

In our biorefinery concept, surfactin is obtained in biocatalytic re-
action during fermentation of rapeseed meal by Bacillus subtilis. It is
purified on activated carbon (AC) in downstream processing. We were
searching for optimum conditions and sorbents for this process and
observed that it is possible to obtain linear surfactin analogues when AC
with specific properties is used.

Scarce literature data show that ACs can be a good adsorbent for
biosurfactants [36-38], but there is no mention of hydrolysis that may

occur on this sorbent.

Activated carbons are highly porous materials with a broad range of
applications in industry. They can serve as a versatile adsorbent for
storage [39], separation [40,41], and purification [42] of gases and
liquids [43,44], and also as capacitor components [45]. Moreover, they
are cheap and non-toxic, can be prepared from a broad spectrum of
organic precursors [46-48] and their surface can be functionalized to fit
a specific application [49,50]. Fewer reports concern activated carbon’s
role as a catalyst of various reactions. It can serve as catalyst support
[51], but also as a catalyst itself, which facilitates and mediates reac-
tions, such as transesterification [52], hydrochlorination [53] or per-
oxide oxidation [54]. ACs have also been utilized in various hydrolysis
reactions including dehydrohalogenation [55] and dehalogenation
[56,57], but also ester hydrolysis [58].

We propose a new method for obtaining LS using a variety of AC as
a catalyst. It is quite easy and inexpensive, which is essential in making
LS production economically viable. Tuning properties of AC allow us to
obtain linear or cyclic surfactin analogues in biorefinery depending on
current demand.

2. Materials and methods
2.1. Materials

Surfactin sodium salt was purchased from Boruta-Zachem
Biochemia (Bydgoszcz, Poland). Potassium hydroxide, sulfuric acid,
nitric acid, and phosphoric acid (analytically pure) were purchased
from Avantor (Avantor Performance Materials Poland S.A., Gliwice,
Poland).

Granular activated carbons CWZ, BA11, and WACC were purchased
from Carbon (Racibé6rz, Poland), TE50 — from Picactif (France), RB2 —
from Norit (Denmark). BA11 and RB2 are coal —based, WACC and TE50
are coconut-shell-based, and CWZ is deciduous-tree-wood-based.

Char Novicarbon was purchased from Ekomotor (Wroctaw, Poland).
It was obtained from beech wood in the process of carbonization in a
revolving tube kiln (final temperature: 600 °C, heating speed: 10 °C/
min) in a flow of inert gas (N, flow: 10 dm?/h). After carbonization, the
obtained product was cooled to room temperature in the kiln in a flow
of nitrogen.

2.2. Activated carbon characteristic

Activated carbons (AC) were characterized by proximate analysis
(moisture, ash, and volatile fraction) in compliance with Polish
Standard (PN-80/G-04511, 04512, 04516). Surface area and porosity
were determined by the method described elsewhere [46].

AC pHpzc was determined by a protocol based on ISO 787-9:1981
standard for determination of pH value of an aqueous suspension of
pigments and extenders. Freshly distilled water (20 ml) was poured into
a flask containing 0.5 g of AC. The flask was sealed and shaken for 72 h.
After that time, the pH was measured in triplicate.

Elemental composition of AC surface was determined using
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Fig. 2. HPLC-UV chromatograms of cyclic surfactin (CS) and linear and cyclic surfactin (LS + CS) solutions (fragment from 3 to 7 min). Cyclic surfactin peaks are

indicated by the vertical lines, and the chain length is depicted.

Table 1

Mass-to-charge (m/z) values of molecular ion peaks corresponding to UV-
chromatogram peaks of cyclic and linear surfactin (positive ionization was
applied). Also, the retention time (t) is indicated. For cyclic surfactin, only
peaks with the highest intensity are present in the table.

The chain length of surfactin analogues  Linear surfactin Cyclic surfactin

t [s] m/z t [s] m/z
Cl2 3.308 1012.79 4.309 994.82
Cl12 3.368 1012.81
Cl12 3.452 1012.73
C13 3.578 1026.80 4.612  1008.79
C13 3.601 1026.79
C13 3.660 1026.80
C13 3.705 1026.81
Cl4 3.898 1040.81 5.068 1022.81
Cl4 3.967 1040.84 5.186 1022.83
C15 4.197 1054.85 5.575 1036.88
C15 4.221 1054.84
C15 4.276 1054.81

scanning electron microscopy — energy-dispersive X-ray spectroscopy
(SEM-EDS). The samples of AC were observed using Quanta 250 system
(FEL, Hillsboro, OR, USA) operated at 15kV, equipped with Tracor-
Northern EDS. The EDS detector has an ultra-thin light-element
window, which allow to detect elements with atomic number > 5. The
results are mean from six randomly chosen spots or areas on the surface
of each AC.

2.3. LC solvents

Acetonitrile (ACN) (HPLC gradient grade) was purchased from VWR
(VWR International, Radnor, PA, USA). Water (LC-MS grade), methanol
(LC-MS grade), and acetic acid (HPLC gradient grade) were purchased
from Merck (Merck KGaA, Darmstadt, Germany). 2-propanol (HPLC
grade) and trifluoroacetic acid (TFA) (HPLC grade) were purchased
from Sigma-Aldrich (Saint Louis, MO, USA).

2.4. Surfactin hydrolysis

We ground each of the AC to obtain uniform batches with a

granulation of 0.2-1 mm, rinsed them with distilled water, and dried
them in an oven (105 °C) overnight. In a typical experiment, we poured
1.5ml of surfactin solution (0.8 mg/ml) into a 2ml microtube con-
taining 0.02g of AC. Samples were shaken in a microshaker for a
maximum time of 144 h. For each AC, we prepared a series of 12
samples, which were collected and analyzed after different hydrolysis
time.

Repeatability measurement was performed for two activated car-
bons, which showed the best hydrolytic performance: Picactif and
WACC. For this purpose, a short version of the aforementioned ex-
periment was employed. We poured 1.5ml of surfactin solution
(0.863 mg/ml) into a 2 ml microtube containing 0.02 g of AC. For each
AC, we prepared two series of 4 samples, which were shaken in a mi-
croshaker and collected after 0.5, 1, 2 and 24 h.

2.5. Analysis

We measured the surfactin concentration using HPLC/UV analysis.
Before analysis, each sample was purified using a syringe filter (Nylon,
0.22 um). Analysis was performed on a Series 200 HPLC system (Perkin
Elmer, Waltham, MA, USA) equipped with Kinetex XB-C18 column
(100 X 4.6 mm, 2.6 um) (Phenomenex, Torrance, CA, USA). The sur-
factin was eluted for 13 min by ACN/H,O/TFA (3.8 mM v/v) at 1.2 ml/
min under isocratic conditions. The spectrum was recorded at 205 nm.
The results are mean of two measurements presented with error bar
( = standard deviation).

To identify the hydrolysis products, UPLC/UV/MS analysis of ob-
tained solutions was performed on an Acquity Arc UPLC system
(Waters, Millford, MA, USA) equipped with QDa detector and Cortecs
C18 column (50 X 4.6 mm, 2.7 um). Surfactin was eluted by solvent A:
acetonitrile and 0.1% (v/v) formic acid and solvent B: water and 0.1%
(v/v) formic acid at 1 ml/min under 8.25 min linear gradient conditions
(%A: 0 min — 50%, 0.15 min — 50%, 2.25 min - 80%, 5.25 min — 90%,
6.75 min — 100%, 7.50 min — 50%, 8.25 min — 50%). The spectrum was
recorded at 210 nm. MS detection was performed in positive and ne-
gative polarization. Spectra were recorded in the mass range of
500-1250 Da. Capillary voltage was + 0.8 kV, cone voltage 25 V.

We confirmed the structure of hydrolyzed surfactin by tandem mass
spectrometry. All LC/MS and LC/MS/MS experiments were performed
on a Xevo G2 Q-ToF connected to an Acquity UPLC chromatography



H. Faltynowicz, et al.

Bioorganic Chemistry 93 (2019) 102896

be
- R1: C10LS: -CsH15
1
IOH ] C11LS: -CgHj7
: C12LS: -CgH1g
OH O o: C13LS: -CqpHo1
)\/U\ H . oH C14LS: -Cq1Hy3
R1 'H C15LS: -Cq5Hos
' 0 C16LS: -Cy3H5
b3 b4
1004 b, 610.4464 709.5136 C16LS
b 497.3585 bs
S 1 9376213
384.2747 l \ l 8045455 ‘?
. by (e L l L L ek
O T T 'l‘ T T ISR T T T T l T VLI taaanll 1174
00 10 200 | 250 " 300 350 T 400 450 | 500 550 700 750 800 850 | 900 950 1000 1050
10094 596.4326 _695.5013 C15LS
E 483.3460
o
] , 370.2600 1 810.5314  923.6136
O uu T au e T l T T l rreprT Ll"" I"“I""l""l“'L'I'{'I”"I""I""I"'*""I""I'"'I""I”"'I""I"" mz
100 150 | 200 250 | 300 @ 350 | 400 @ 450 @ 500 @ 550 @ 600 | 650 @ 700 | 750 800 @ 850 = 900 = 950 1000 = 1050
100-04 582.4131.  681.4844. C14LS
) 469.3294
R 356.2463 1\ l 796.5101 9095039
0 T 0 o 300'350400450'560'5'50'660'650'
100 455.3135  568.3992.  667.4671,
"\°” 342.2280 782.4965 895 5833
0 ""I‘"'l""l“”l‘“'llT"'l””l"”I""ll‘”“I""l"“l""l" ‘I“'7l"“l'"'I""llg'”I'l'"l""l””?’”'l“"l""l”"l"k L RARAN LALLS RAAAY RARLE LY 'I G AR AR L AR L5 nuas nissall 11774
100 650 700 1000 1050
10092 441.2861 554.3822  653.4540 C12LS
=
] 328.2124, i 768.4822 8815718
OFrrrrprrrr e |""|""|”“|""|'“'|""|" 'I‘l!"l""I""I"l"I‘"L'll""l"“l"‘"l‘“'l' T ’{l |“"|""|"“|""|'“'1""|"'7|“"|'”'|""|""
100 150 | 200 = 250 @ 300 = 350 = 400 450 = 500 550 = 600 650 700 750 = 800 @ 850 = 900 950 1000 = 1050
100:4)(2 427.2789\ 540.3686 639.4340 C11LS
> 314.1938 754.4594 867 5379
0 myz
100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050
100,22 413.2310 526.3510  625.4225 C10LS
\°,E
R 300.1811 740.4486 8535269
] n L . wha 1L I L l . ll llk
L A R A A LA LA A LA LA LA LA LA VA LA LA LA VA RN LA ”I Ly WAL AL AR LA At R et | ARAALA LAaA Ry LAk LA s RS naasd sl 1172
100 1 200 500 550 650 = 700 900 | 950 | 1000 1050

Fig. 3. MS/MS(Q-TOF) spectra of hydrolyzed surfactin. B ions of seven linear surfactin analogues differ in chain length (C10LS — C16LS). Ions are consistent with the

predicted structure depicted above.

system (Waters, Millford, MA, USA) equipped with Acquity CSS C18
column (100 x 1.0 mm). Surfactin was eluted by solvent A: 40% water
and 0.1% acetic acid in methanol and solvent B: 40% 2-propanol and
0.1% acetic acid in methanol under linear gradient conditions (%A:
0 min - 100%, 1 min — 100%, 1.1 min — 50%, 14 min — 30%, 15 min -
0%, 19.9 min — 0%, 20 min — 100%, 25 min — 100%) at 0.05 ml/min.
Detection was performed in positive polarization in sensitivity mode.
Capillary voltage +3.5kV, sampling cone 40, extraction cone 4.0,
source temperature 120 °C, gas temperature 350 °C, gas flow rate 8001/
h (13.31/min), cone gas 501/h (0.831/min). No additional make-up
solution was required. Mass correction via lock-spray fluidics (5 pl/min)
was carried out using enkephalin (556.2771 Da) as a calibrator. In LC/
MS experiments 500-1100 Da spectra were collected. In LC/MS/MS
experiments spectra were collected in the range of 100-1100Da,

collision energy was 30V, 7 precursor ions were chosen for fragmen-
tation (initial and end time in brackets): 984.6268 (4-8 min), 998.6411
(5-9min), 1012.6565 (5-9min), 1026.6775 (6-9min), 1040.6958
(7-11min), 1054.7095 (7-12min), and 1068.7228 (9-12 min). Also,
MS? fragmentation was performed using the 685.4501 Da in-source-
fragment as a precursor.

2.6. Acid modification of activated carbon

The Norit activated carbon was modified with three inorganic acids:
sulfuric acid, nitric acid, and phosphoric acid. We ground the AC to
obtain uniform batches with granulation of 0.2-1 mm, rinsed them with
distilled water, and dried them in an oven (105°C) overnight. We
poured 20 g of 5% (wt.) acid into 50 ml Erlenmeyer flask containing 5 g



H. Faltynowicz, et al.

Bioorganic Chemistry 93 (2019) 102896

, R1:  C10LS: -CsH;s
] C1l1LS: -C3H17
] O
1 H Ci2LS: -Cngg
LN N OH C13LS: -CigHas
o: H o C14LS: -Cy1Hy3
1 C15LS: -C12H25
1= C16LS: -Cq3H
YZ 13127

Ye

100- 685.4501

2

>

4

‘@

[ g—

(]

-

S

Ys
\ £ Ys Ya 572.3697
245.1848  360.2154 (459-2851
T L/ """ Lo u l WWWL%“WWZ
00 150 20 250 300 400 45 50 550 | 600 1000 1

Fig. 4. MS/MS(Q-TOF) spectra of hydrolyzed surfactin. Y ions are the same for all of seven linear surfactin analogues differ in chain length (C10LS — C16LS). Ions are

consistent with the predicted structure depicted above.

of AC. Samples were shaken in a shaker for 15h (150 rpm). The mod-
ified AC samples obtained were washed with hot distilled water for
0.5 h, then soaked for 1h in a 0.01 M solution of potassium hydroxide,
and then were being washed again with hot distilled water until pH was
close to neutral. Then, samples were dried in an oven (105 °C) over-
night. Obtained ACs were designated as N-H»SO,4, N-HNOj3, and N-
H3PO,, respectively.

3. Results and discussion
3.1. Surfactin hydrolysis

We observed additional peaks on HPLC/UV chromatograms of sur-
factin solution after its hydrolysis on AC (Fig. 2). Mass spectra revealed
that the molecular ion peaks corresponding to these peaks have m/z
values 18 Da higher than cyclic surfactin analogues (Table 1). Five, new
HPLC/UV peaks with the highest intensity have similar order and ratios
of peaks retention time. Therefore, we assumed that the new peaks
come from the linear surfactin products obtained by hydrolysis. Lit-
erature data suggest that usually, the lactone bond undergoes hydro-
lysis [4,17-23], leading to peptide ring opening.

3.2. Confirmation of linear surfactin structure

To confirm our assumptions we performed tandem mass spectro-
metry of the new surfactin analogues. Careful examination of single

mass spectra revealed that C10-C16 chain-length analogues of surfactin
are present in solution both in cyclic and hydrolyzed forms. Therefore,
we performed fragmentation of ions with seven different m/z values
corresponding to surfactin analogues with different chain length.

Positive polarization provided better sensitivity for the majority of
peaks, and only these results are presented hereafter. For all ions, we
observed fragments typical for peptide fragmentation, i.e. b/y ion pairs
(Figs. 3 and 4). Cleavage of a peptide usually occurs at the peptide
amide bond, which produces b ions, if the N-terminal fragment retains
the charge, and y ions, if the C-terminal fragment retains the charge
[59]. We found b; - bg and y; - ys fragments on spectra of all analo-
gues. They are consistent with predicted structures, in which the lac-
tone bond undergoes hydrolysis and linear surfactin analogues are
formed (y; ion has low intensity, and it is not visible on the full-scale
spectra).

One can observe that the presence of these ions does not exclude the
possibility of the hydrolysis of other bonds, such as the amide bond
between L-Glul and L-Leu2 or between D-Leu6 and L-Leu7, because
neither by nor y; ions are present on the spectra. However, in the first
case another y ions series ought to be present; in the second — another b
ions series, but fragmentation ions from both series are missing on the
recorded spectra.

Moreover, we performed a MS® fragmentation of the in-source
generated fragment. The fragment of m/z value of 685.4501 Da was
identified as the yg¢ ion. It is the fragment with the highest intensity in
the spectra of all analogues. Y and b ions of this in-source generated
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Fig. 5. MS/MS(Q-TOF) spectra of the 685.4501 Da in-source-fragment created from all seven linear surfactin analogues differ in chain length (C10 - C16). B and y

ions are consistent with the predicted structure.

Table 2
Activated carbons’ parameters: pHpyzc, W — moisture, A4 — ash (dry state), Vgar
- volatile fraction (dry, ash-free state).

Sorbent PHpzc Wa [%] Aq [%] Var [%]

BA11 8.96 + 0.41 2.13 = 0.21 9.26 = 0.10 1.17 = 0.49
CWZ 8.42 = 0.05 17.49 = 0.02 7.49 = 0.67 9.29 = 1.97
Norit 9.71 = 0.37 0.90 = 0.07 4.91 = 0.02 2.14 = 0.09
Novicarbon 7.99 = 0.02 4.20 = 0.00 4.40 = 0.00 20.00 = 0.00
Picactif 9.75 = 0.10 3.10 = 0.00 2.20 = 0.00 3.20 = 0.00
WACC 9.68 + 0.16 8.55 = 1.22 3.29 = 0.55 2,98 = 0.32

fragment was found, and the order of amino acids in the peptide frag-
ment was confirmed (Fig. 5).

3.3. Correlation between activated carbon parameters and surfactin
hydrolysis

All the tested activated carbons caused surfactin hydrolysis. but the
only tested char — Novicarbon did not. Among the sorbents, hydrolysis
rate differs depending on the AC used. In order to explain these results,
we performed sorbents characterization and tried to correlate their
parameters with the hydrolysis rate. Proximate analysis and pHpzc
values of AC are collected in Table 2, porous texture parameters — in

Table 3

Tables 3 and 4, and elemental composition of AC surface in Table 5. All
AC have alkaline pHpzc and a predominantly microporous structure, in
which micropores accounted for 78-91% of the total adsorption pores
volume. Only Novicarbon has pores of width below 0.4 nm, which are
characteristic for chars [46]. The highest content of oxygen on the
sorbent surface has Novicarbon - over 10%. The remaining AC have a
little lower content of 6.80-9.91%, except for a Norit which surface
contains less than 1% of oxygen. The highest content of alkaline metals
(Na, K) has two AC - Picactif and WACC.

We cannot determine the hydrolysis rate, because we failed in our
attempts to separate pure linear analogues. However, in order to
compare hydrolysis rates on different ACs, we can compare the area of
linear analogues peaks on HPLC/UV chromatograms, since they were
recorded on the same apparatus at the same time. The fastest hydrolysis
took place on Picactif and WACC activated carbons (Fig. 6). In the first
case, a decrease of peak area after 96 h of hydrolysis can be associated
with adsorption of the hydrolysis products on the activated carbon. No
hydrolysis occurred when Novicarbon activated carbon was used.
However, we can observe trace amounts of linear surfactin in cyclic
surfactin used as a substrate for hydrolysis.

For two ACs with the highest hydrolytic activity (Picactif and
WACC), we checked the repeatability of hydrolysis (Fig. 7). Irrespective
of hydrolysis time, the standard deviation of linear surfactin peaks total
area is a little below 10%. Only after 24 h of hydrolysis, it is higher for

Activated carbon parameters’: distribution of pores volume (Vyy;. — the sum of micropores volume, Vy,es — sum of mesopores volume, V,, — total pores volume).

Sorbent Voo.4 nm [cm®/g]  Voa nm [em®/8]  Vimic [em®/g] Vo3 nm [em®/g] Vi s um [em®/8] V510 nm [cm®/8]  Vios0 nm [cm®/8]  Vimes [em®/g] Vi [em®/g]
BA11 0.000 0.384 0.384 0.029 0.013 0.014 0.017 0.073 0.457
CWZ 0.000 0.303 0.303 0.028 0.016 0.022 0.018 0.084 0.387
Norit 0.000 0.360 0.360 0.028 0.012 0.008 0.008 0.056 0.416
Novicarbon ~ 0.068 0.056 0.124 0.008 0.006 0.005 0.004 0.023 0.147
Picactif 0.000 0.410 0.410 0.020 0.011 0.008 0.010 0.049 0.459
WACC 0.000 0.373 0.373 0.016 0.005 0.006 0.010 0.037 0.410
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Activated carbon parameters’: distribution of pores surface area (Sgmic — the sum of micropores surface area, Symes — the sum of mesopores surface area, Sy, — total

pores surface area, Sppr — pores BET surface area).

Sorbent S0-0.4 nm [mz/g] S0.4-2 nm [mz/g] Ssmic [m?/ S2.3 nm [mz/g] S35 nm [mz/g] S5.10 nm [mz/g] $10-50 nm [mz/g] Ssmes [m?/ Stot [mz/g] Sger [mz/g]
gl gl
BA11l 0 1061 1061 24.9 7.0 4.0 1.6 37.5 1099 993
Cwz 0 837 837 23.3 8.7 6.3 1.8 40.1 877.1 749
Norit 0 992 992 22.8 6.4 2.4 0.7 32.3 1024 896
Novicarbon 179 153 332 6.5 3.3 1.6 0.4 11.8 343.8 72
Picactif 0 1132 1132 17.2 5.8 2.7 0.9 26.6 1159 1028
WACC 0 1030 1030 13.9 2.8 1.7 0.9 19.3 1049 903
Table 5
Sorbent surface elemental composition determined by SEM-EDS (the results are presented as an element weight percentage on AC surface).
Weight [%]
Sorbent
Element BA1l1 CWZ Norit Novicarbon Picactif WACC
C 87.75 + 2.68 89.13 + 1.41 96.02 = 2.00 88.35 + 4.18 90.76 * 1.46 88.64 *+ 2.06
(0] 8.96 = 1.62 9.91 + 1.89 0.96 = 1.92 10.57 = 4.08 6.80 = 2.14 8.80 = 2.49
Mg 0.04 = 0.05 0.03 = 0.03 0.50 *+ 0.33 0.07 = 0.07 0.03 = 0.07 0.04 = 0.03
Si 0.71 = 0.17 0.11 = 0.03 0.27 = 0.28 0.05 *= 0.06 0.09 + 0.07 0.14 = 0.08
S 0.45 = 0.12 0.07 = 0.06 0.52 = 0.22 0.02 = 0.05 - 0.14 = 0.10
Ca 0.51 = 0.27 0.29 = 0.68 0.87 = 0.61 0.54 = 0.55 - -
Al 0.59 = 0.09 0.09 = 0.03 0.04 = 0.08 0.01 = 0.02 - 0.05 = 0.02
K 0.06 = 0.09 0.24 = 0.23 0.11 = 0.21 0.33 = 0.22 1.30 = 0.48 1.78 = 1.16
Cu - - 0.72 = 1.18 - 0.83 = 0.74 -
Na 0.14 = 0.15 - - - 0.12 + 0.16 0.27 = 0.22
P 0.03 = 0.05 - - 0.04 = 0.06 0.04 *= 0.06 0.09 = 0.08
Cl 0.05 = 0.07 0.11 = 0.04 - - - 0.07 = 0.11
Fe 0.84 = 0.34 - - - - -
3
] - *
— 2
g M Picactif
-
X & WACC
]
] Norit
©
= cwz
[
1 ABALL
O Novicarbon
0 T T
0:00:00 24:00:00 48:00:00 72:00:00 96:00:00 120:00:00 144:00:00
t [hh:mm:ss]

Fig. 6. The total area of linear surfactin peaks on HPLC/UV chromatograms in solution after hydrolysis on various activated carbons.

Picactif (17%) and lower for WACC (< 0.05%) (see Fig. 8 and Table 8).

We found a strong positive correlation between pHpyc of AC and the
total area of linear surfactin peaks on HPLC-UV chromatograms
(R = 0.8607) (Fig. 8a). Novicarbon, with the lowest pHpyzc value
(7.99), was the only AC which did not hydrolyze surfactin. The other
ACs, with pHpzc higher than 8.4, caused hydrolysis. It is in agreement
with literature data, where alkaline hydrolysis of surfactin is the most
effective one [4,17-23]. Also, hydrolysis of another compound which is
catalyzed on AC is alkaline [55,57,60]. Moreover, we found a weak
positive correlation (R? = 0.4472) between the content of alkaline

metals (Na and K) on AC surface and the total area of linear surfactin
peaks on HPLC-UV chromatograms (Fig. 8b), which supports an
aforementioned conclusion. Based on SEM-EDS results we calculated
mean oxygen content on the AC surface and found its weak negative
impact on surfactin hydrolysis by AC (Fig. 8c). The most abundant AC
oxygen surface group are acidic in nature (carboxylic, phenol, anhy-
dride and lactone groups) [61]. Therefore, the higher oxygen content
on the AC surface the weaker activity of the sorbent in the reaction of
surfactin hydrolysis. A similar relationship was found by Chen et al.
[55] who discovered that hydrolysis of 1,1,2,2-tetrachloroethane
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Table 6
Modified activated carbons’ parameters: pHpzc, Wa — moisture, A4 — ash (dry
state).

AC PHpzc Wa [%] Aq [%]

N-H,S04 7.28 + 0.02 4.96 += 0.00 2.34 = 0.03
N-HNO3 7.02 = 0.13 4.15 = 0.00 2.10 = 0.10
N-H3PO4 7.84 = 0.11 3.81 = 0.00 2.71 = 0.19
Norit 9.71 + 0.37 0.90 + 0.07 491 = 0.02

catalyzed by AC was less effective with increasing content of oxygen on
the AC surface. The effect of oxygen content on hydrolysis yield is not
so pronounced as the effect of activated carbons pHpyc probably be-
cause some amount of surface oxygen may come from alkaline and
alkaline earth metal oxides present on AC surface. These oxides may
provide basic sites on the AC surface. Also, 5t electrons from graphene
layers forming the AC structure may give basic character to AC pores
[61]. Probably these two types of active sites are responsible for sur-
factin hydrolysis. The hydrolysis rate seems not to be influenced by AC

porous texture characteristic. We did not find any correlation between
micro- or mesopores volume, or BET surface area, and surfactin hy-
drolysis rate (Fig. 8d, e and f).

3.4. Confirmation of a key role of pHpzc on surfactin hydrolysis rate

In order to confirm that alkaline pHpyc is the key to surfactin hy-
drolysis over AC, we prepared a series of acid-modified ACs. Norit AC,
which efficiently hydrolyzes surfactin, was treated with three inorganic
acids: sulfuric acid, nitric acid, and phosphoric acid. Parameters of the
prepared ACs are collected in Tables 6-8. We can notice that porous
structure parameters did not change significantly as a result of the
modification. The only difference is in the AC chemistry, which reflects
in lower, close to neutral, pHpzc values and more than twice lower ash
content. Mild modification conditions (room temperature and/or di-
luted acids) usually results with slight porous texture increase and
significant ash content reduction [62,63]. Then, the modified AC was
used for surfactin hydrolysis. In all cases, no hydrolysis occurred. At this
moment, we confirmed that pHp, is the main AC parameter deciding of

Table 7
Modified activated carbon parameters”: distribution of pores volume (Vyy;. — the sum of micropores volume, Vypnes — sum of mesopores volume, Vi, — total pores
volume).
AC Vo-o.4 nm [cm*/8]  Vo.42 nm [em®/g]  Vimie [em®/g]  Vag nm [em®/8] Va5 um [cm®/8]  Vs10 am [em®/8]  Vioso nm [cm®/g]  Vimes [em®/g] Vo [cm®/g]
N-H,SO, 0.000 0.369 0.369 0.026 0.015 0.006 0.006 0.053 0.422
N-HNO;  0.000 0.364 0.364 0.023 0.011 0.007 0.006 0.047 0.411
N-H3PO4  0.000 0.369 0.369 0.028 0.011 0.007 0.008 0.054 0.423
Norit 0.000 0.360 0.360 0.028 0.012 0.008 0.008 0.056 0.416




H. Faltynowicz, et al.

Table 8

Bioorganic Chemistry 93 (2019) 102896

Modified activated carbon parameters’: distribution of pores surface area (Symic — the sum of micropores surface area, Symes — the sum of mesopores surface area, Syor —

total pores surface area, Sprr — pores BET surface area).

AC S0-0.4 nm [mz/g] S0.4-2 nm [mz/g] Szmic [mz/g] S2-3 nm [mz/g] S35 nm [mz/g] S5-10 nm [mz/g] $10-50 nm [m2/g] Ssmes [mz/g] Stot [mz/g] SpET [mz/g]
N-H,SO, O 1020 1020 22.3 5.2 1.8 0.6 29.9 1050 932
N-HNO; O 1006 1006 19.6 6.0 2.2 0.5 28.3 1034 895
N-H3PO4 O 1020 1020 23.0 6.2 2.0 0.8 32.0 1052 915
Norit 0 992 992 22.8 6.4 2.4 0.7 32.3 1024 896

surfactin hydrolysis effectiveness. Moreover, we showed that it is not
important what kind of acid serves as a donor of acid groups since all
three tested acids prevented hydrolysis.

4. Conclusions

Fermentation of rapeseed meal by Bacillus subtilis results with some
value-added products such as biosurfactants, biopolymers, and feed
additives. In our biorefinery, we utilize activated carbon for purifying
surfactin after its biosynthesis. Modification of AC properties allows us
to produce linear surfactin analogues through hydrolysis catalyzed on
activated carbon. Structures of obtained compounds were predicted
based on HPLC/UV/MS analysis. It revealed that the molecular ion
peaks corresponding to new HPLC-UV peaks have m/z = 1012.8,
1026.8, 1040.8, and 1054.8. These correspond to 18 Da higher six
major surfactin standard peaks of four homologs that differ in their p-
hydroxy fatty acid chain length: C12, C13, C14, and C15. To identify
the surfactin bond that undergoes hydrolysis, tandem mass spectro-
metry was performed. Fragmentation ions from the b and y series were
found in the spectra of ions of all seven analogues — C10-C16, and in the
spectra of the in-source generated linear surfactin peptide fragment
with m/z = 685.4501 Da. Fragmentation paths of all ions enable us to
state that hydrolytic cleavage occurs at the lactone bond. The peptide
ring opens, that results in linear surfactin analogues.

All five commercially available AC exhibited hydrolytic activity.
The only sorbent which did not hydrolyzed surfactin was commercial
char — Novicarbon. The hydrolysis rate differs depending on the AC’s
properties and contact time. The longer the contact time, the higher is
the concentration of hydrolyzed surfactin in solution. The only excep-
tion is Picactif activated carbon, on which partial adsorption of the
hydrolysis products occurred, reflecting in a decrease of product con-
centration after 96 h of hydrolysis. We measured repeatability of sur-
factin hydrolysis for two AC with the highest catalytic activity. The
standard deviation of the total area of linear surfactin peaks on HPLC/
UV chromatograms is around 10%. A strong positive correlation was
found between pHpzc of AC and a total area of linear surfactin peaks on
HPLC/UV chromatograms (R2 = 0.8607). Also, weak positive effect of
alkaline metal (Na and K) content on the AC surface on hydrolysis rate
was found. It is in agreement with the literature data, where alkaline
hydrolysis of surfactin is the most effective one. In turn, the higher
oxygen content on AC surface the weaker hydrolytic activity of AC.
Similar behaviour was noticed when AC was used as a catalyst of
1,1,2,2-tetrachloroethane hydrolysis. The decisive role of basic sites on
the catalytic activity of AC during surfactin hydrolysis was confirmed
by acid modification of one of AC. As a result of acids action, pHpyc of
AC was reduced to almost neutral, and ash content was reduced over
twice. Modified AC did not show any hydrolytic activity which confirms
the key role of alkaline pHpzc of AC in surfactin hydrolysis. The report
demonstrates a new method of obtaining linear surfactin analogues,
which exploits the catalytic properties of activated carbon.
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