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Bio-based cadaverine, manufactured by the decarboxylation of L-lysine, is an important raw material.
However, the extractive-distillation separation and purification of cadaverine from bioconversion fluids
require high energy consumption and leads to the loss of self-released carbon dioxide during the
decarboxylation of L-lysine. This study focuses on the green and sustainable separation of bio-based
cadaverine based on the capture of self-released carbon dioxide by cadaverine forming carbamate.
Results showed that granular-activated carbon JK1 shows the best decolorization efficiency and
achieves a higher cadaverine yield. After three times of solventing-out crystallization, refined cadaverine
carbamate with 99.1% purity and total 57.48% yield was obtained. It was also found that the refined
cadaverine carbamate consists of mixed crystals having numerous structural forms that can easily
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Cadaverine (1,5-diaminopentane) is a natural five-carbon
diamine prepared via the decarboxylation of r-lysine catalyzed
by r-lysine decarboxylase.> A bio-based cadaverine monomer is
mainly manufactured via the whole-cell bioconversion or direct
microbial fermentation on a laboratory scale or scale-up.®”
Several engineered strains are constructed to catalyze the
decarboxylation of i-lysine to manufacture cadaverine via
whole-cell bioconversion.®® However, the process of
manufacturing bio-based cadaverine using t-lysine as
a substrate releases equal moles of greenhouse gas carbon
dioxide.® Excessive emission of carbon dioxide in chemical
processes is leading to an ever increasing imbalance in the
atmospheric circulation of carbon dioxide.'™ Therefore, the
utilization of carbon dioxide as the one-carbon building block
for the synthesis of high-value chemicals offers the opportunity
to bring sustainable economic value and environmental
benefits.

Bio-based cadaverine, an important chemical raw material,
can be used to replace synthesized petrochemical 1,6-
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hexanediamine, in the polymer chemistry for the preparation of
polyurethanes, adhesives, and coatings.”**® Organic solvent-
based liquid-liquid extraction, such as n-butanol, isoamyl
alcohol, hexane, methyl ethyl ketone, and methyl isobutyl
ketone, is often used to separate cadaverine from the biocon-
version fluid or fermentation media and then to further purify it
by distillation.””** However, the extractive-distillation separa-
tion and purification of cadaverine from the bioconversion fluid
or fermentation media requires high energy consumption and
leads to the loss of self-released carbon dioxide in the decar-
cboxylation process of r-lysine.”*** The amine within a base
organic solvent system can react with carbon dioxide to form
carbamate. Numerous monoamines and diamines, such as
piperazine, ammonia, diglycolamine, and amino acids form
carbamates by the capture of carbon dioxide.>**® However, there
are few reports on the sustainable separation and purification of
bio-based cadaverine from bioconversion fluid or fermentation
media based on the carbon dioxide capture via the formation of
carbamate. Therefore, the preparation of cadaverine carbamate
in the extraction solution containing deprotonated cadaverine
can not only utilize the self-released carbon dioxide in the
decarboxylation process of i-lysine but also avoid the high
energy consumption of the distillation process, which has the
potential for green and sustainable economic benefits.

To summarize, in this study, a green and sustainable prep-
aration technology of bio-based cadaverine carbamate from
a bioconversion fluid was developed, as shown in Scheme 1.
First, the cadaverine bioconversion fluid with a concentration of

This journal is © The Royal Society of Chemistry 2020


http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra08564b&domain=pdf&date_stamp=2020-12-17
http://orcid.org/0000-0001-8432-7032

Paper

N—

| —

Water

RSC Advances

Activated carbo:

Lys Cad

Cad fluid

Cad filtration

| — Cad

Concentrated

Cad solution U

Cad

Cadaverine Filtration Evaporation Decolorization
bioconversion
n-butanol Decolorized
/ Cad solution Na2OH
b 4
Ca
‘ad-CO, ¢ (——— Cad
Cad extraction pH 13.0 pH 13.0
Cad filtration Cad solution U
\/ N
Crystallization Extraction Filtration Deprotonation

Crude Cad
carbamate

Refined

[ Neutral
aqueous

carbamate

O Lys

Solventing-out
crystallization

Scheme 1 Preparation process of cadaverine carbamate.

150 g L™ " was filtered by a microfiltration system to remove the
cells and protein impurities, followed by the collection of the
cadaverine microfiltration solution. Then, the concentrated
cadaverine solution with a concentration of 450 g L™ was ob-
tained via vacuum evaporation to remove the extra water from
the cadaverine microfiltration solution. After that, activated
carbon was used to remove the pigment from the concentrated
cadaverine solution. Further, the deprotonation reaction was
carried out by adding NaOH into the decolorized concentrated
cadaverine solution, and the precipitates were removed via
filtration using a filter paper. Later, cadaverine was extracted
using n-butanol in a volume ratio of 1 : 1 for three times from
the deprotonated concentrated cadaverine solution, and the
deprotonated cadaverine extraction solution was collected.
Finally, carbon dioxide was injected into the deprotonated
cadaverine extraction solution to form the crude carbamate,
and then the refined cadaverine carbamate was obtained by
solventing-out crystallization with ethanol for three times. This
study provides a new idea for the separation of other bio-based
amines, and carbamate can be used as intermediates for
numerous high-value chemicals. Hopefully, this green tech-
nology can promote the development of biochemical industry.

Activated carbon with high porosity, surface area, and
thermal stability, as a widely used industrial adsorbent, is often
used in the decolorization process of biochemical raw mate-
rials.?®?” Activated carbon, also known as the carbon molecular
sieve, is a strong carbon adsorbent, divided into granular acti-
vated carbon and powder activated carbon.”® Here, granular-
activated carbon (JK1 and JK2) and powder-activated carbon
(SF1 and SF2) are studied for the decolorization efficiency and
cadaverine yield from the concentrated cadaverine solution,
and the results are shown in Fig. 1. It is noted that granular
activated carbon JK1 shows the best decolorization efficiency
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co,
NH, +
Cad  ENTITR H,N” "N, ¥» H,N~ " NHCO, H*

Alkaline
organic

Cad Cad-CO,

(88.28%) and maintains a higher cadaverine yield (98.30%),
followed by JK2. Results also show that the granular activated
carbon has the higher adsorption efficiency for pigment than
the powder activated carbon. Compared with the powder acti-
vated carbon, the granular activated carbon has more regular
structure and higher specific surface area, which is more
conducive for the adsorption of pigment from raw materials.
In the decolorization process, appropriate dosage of the
decolorant can not only obtain high decolorization efficiency
but also control the cost.>**° The effects of 0.5, 1.0, 1.5, 2.0, and
2.5% (wt) of the granular activated carbon JK1 on the decolor-
ization efficiency and cadaverine yield from the concentrated
cadaverine solution are investigated, as shown in Fig. 2a. There
is a positive correlation between the decolorization efficiency
and the dosage of activated carbon added within the range of
0.5-2.5%, and a negative correlation between the cadaverine
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Fig. 1 Effects of activated carbon types on the decolorization effi-
ciency and cadaverine yield in the concentrated cadaverine solution.

RSC Adv, 2020, 10, 44728-44735 | 44729



RSC Advances Paper
110 1
b gl + — A A T 4 +w0
a oof % {10 - : I )
e g %\% ) < T
> e s > | 490 &
2 o0} /*/? {0 £ 2% i\ <
2 — 3 2 / ) K
L5 % i 4180 ~
S 80t 180 2 270} 2
2 5 2 5
N —m— Decolorization efficiency z 8 470 z
Z 70} {70 € & 2
= —A— Cadaverine yield S =260F 5
S - Y8 —m— Decolorization efficiency
5 o
2 60l 460 a —A— Cadaverine yield 160
50 +
50 L L L L L 50 L \ L L . 50
0.5 1 1.5 2 25 100 150 200 250 300
Content of activated carbon (%) Speed (rpm)
110 110 110 110
. - | d
clo0f 4— 4o 1 L 4 777+ 4 106 S 100 -IOOA
1 | = = - g
; £ 1 | g : §><$>< = $
2 — & oo T 2 90} TR—— {90 3
2 oor §/§——§ L IR U 2 ] 3
Z 80} dgo 2 g 80f 180 2
é / .é E —M— Decolorization efficiency '§
z L S 5 . v S
8 —m— Decolorization efficiency 3 10 —A— Cadaverine yield 70
g ol S 470 8 70r i
a —A— Cadaverine yield
60 L L L h J 60
60 L L L L L . 60
05 10 15 20 25 30 18 25 30033
Time(h) Temperature (°C)

Fig. 2 Effects of the content of activated carbon (a), decolorization speed (b), decolorization time (c), and decolorization temperature (d) on
decolorization efficiency and cadaverine yield in the concentrated cadaverine solution.

yield and the dosage of activated carbon added. According to
the decolorization efficiency and cadaverine yield, the optimum
addition level of the granular activated carbon JK1 was 1%, and
the decolorization efficiency and cadaverine yield were 84.44%
and 97.86%, respectively. The adsorption capacity of the
adsorbent to the substrate and the pigment increases with the
increase in the addition level of the adsorbent.*

The decolorization process needs proper mixing to promote
the solid-liquid two-phase contact for carrying out the adsorp-
tion reaction by improving mass transfer. Stirring is an impor-
tant way to mix well; however, the inappropriate stirring speed
would have a great negative impact on the adsorption efficiency.
Therefore, stirring speeds of 100, 150, 200, 250, and 300 rpm
were selected to optimize the decolorization efficiency and
cadaverine yield from the concentrated cadaverine solution. As
shown in Fig. 2b, the stirring speed of 200 rpm in the decolor-
ization process of the granular activated carbon JK1 shows the
best decolorization efficiency of 79.09% and cadaverine yield of
99.1%. In addition, it was shown that increasing or decreasing
stirring speed both decrease the decolorization efficiency. Low
stirring speed would increase the adsorption time that in turn
increases the cost, while high stirring speed results in poor
decolorization effect due to the high shear stress.*>

In order to avoid the decrease in decolorization efficiency
caused by the long time decolorization process, decolorization
times of 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 h for the granular activated
carbon JK1 were selected to optimize the decolorization effi-
ciency and cadaverine yield from the concentrated cadaverine
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solution, as shown in Fig. 2c. The decolorization efficiency is
positively correlated with the decolorization time within the
range of 0.5-2.0 h, and remains unchanged in the range of 2.0-
3.0 h; however, the cadaverine yield is negatively correlated with
the decolorization time. The decolorization time of 2.0 h shows
the best decolorization efficiency of 89.80% with the cadaverine
yield of 98.40%. The decolorization process, as a reversible
process, would reach the adsorption equilibrium at the right
time. Moreover, as time goes on, small pigment impurities are
no longer adsorbed.?*3*

The adsorption process of activated carbon is affected by
temperature.* Therefore, decolorization temperatures of 18, 25,
30, 33, and 37 °C of the granular activated carbon JK1 were
selected to optimize the decolorization efficiency and cadav-
erine yield, as shown in Fig. 2d. It is found that the decolor-
ization efficiency of 95.42% is the highest at 25 °C with
a cadaverine yield of 93.34%. With the increase in the decol-
orization temperature, decolorization efficiencies decrease
continuously, which show that the pigment adsorption process
of the granular activated carbon JK1 may be spontaneous
exothermic process. At a low temperature, larger micropores
and mesopores of the activated carbon may be favorable for the
adsorption of the substrate and the pigment. However, at
ambient temperature, smaller micropores of the activated
carbon are favorable for the adsorption of the substrate and
pigment.*® The adsorption effect of the mesopores and micro-
pores of activated carbon can be brought into full play at an
appropriate temperature.

This journal is © The Royal Society of Chemistry 2020
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Amine absorption is currently one of the most promising
technologies for the capture of carbon dioxide. The form of
carbamate due to the carbon dioxide absorption by the usage of
amine is preferred to increase the carbon dioxide loading
capacity. The formation of carbamate requires the amino group
of cadaverine to be in the molecular state; hence, the deproto-
nation reaction of the ionic state of cadaverine is necessary.*®
Simultaneously, the organic solvent can only extract the
molecular state of cadaverine. Liquid-liquid extraction is often
used to extract bio-based organic amine or acid from the
bioconversion liquid or fermentation media.*”** According to
the published reports, n-butanol is used as an extraction solvent
for the extraction of cadaverine from the deprotonated
concentrated cadaverine solution.

Carbon dioxide from the decarboxylation of r-lysine is
introduced into the extraction solution of n-butanol containing
deprotonated cadaverine. Carbon dioxide reacts directly with
the amino group of cadaverine to form carbamate in the base n-
butanol extraction solution. Cadaverine concentrations of 60.4,
134.2, and 272.0 g L™ in the n-butanol extraction solution were
chosen to investigate the formation of carbamate. The yield of
crude cadaverine carbamate in the deprotonated cadaverine
concentration of 60.4, 134.2, and 272.0 g L™ " in the n-butanol
extraction solution are 94.1, 94.5 and 95.3%, respectively, as
shown in Fig. 3, and the purity of crude cadaverine carbamate
were 92.5, 91.7 and 90.7%, respectively. The cadaverine carba-
mate is precipitated as solid, indicating that it is insoluble in
organic solvents. Purities of the crude cadaverine carbamate
decrease with the increase in the concentration of deprotonated
cadaverine in the n-butanol extraction solution. It is possible
that the high concentration of cadaverine carbamate could
cause water crystallization and entrainment of impurities
during the preparation process of cadaverine carbamate by
carbon dioxide capture.

It is found that the purity of crude cadaverine carbamate is
low, so it is necessary to refine the crude cadaverine carbamate.
Solventing-out crystallization is a common separation and
purification method, and is widely used in the chemical, phar-
maceutical, and food fields.*® Here, solventing-out crystalliza-
tion was used to refine the crude cadaverine carbamate.
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Fig.3 Effects of the deprotonation cadaverine concentration in the n-
butanol extraction solution on purity and yield of cadaverine
carbamate.
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Solventing-out crystallization has the advantages of low cost,
environment-friendliness and easy recovery of the solvent-out
solvent.** The solventing-out crystallization process is divided
into dissolution process and crystallization process. The
dissolution process is to dissolve the solute in a solvent (called
the main solvent) to form a saturated solution; the crystalliza-
tion process is driven by the addition of a second solvent (anti-
solvent or solvent-out solvent) that can completely dissolve the
main solvent but cannot dissolve the solute, so that the solute is
crystallized and precipitated.

Crude cadaverine carbamate was refined once, and the yield
and purity of the cadaverine carbamate were 83.5% and 96.3%,
respectively. Due to the partial dissolution of cadaverine
carbamate in the main solvent (water), the yield of cadaverine
carbamate is only 83.5%. There are hydrophilic phases and
hydrophobic phases in the solventing-out crystallization
system, so the impurities in the crude cadaverine carbamate are
dissolved into the hydrophilic phase due to the principle of
“similar solubility”, which results in the separation of impuri-
ties and cadaverine carbamate. The cadaverine carbamate was
dissolved and crystallized for three times, and the results are
shown in Fig. 4. After three times of refinements, the cadaverine
carbamate of 99.1% purity was obtained with a total yield of
57.48%. The contents of the C, N, O, and H elements in the
refined cadaverine carbamate were determined as 49.22%,
19.30%, 22.49%, and 8.68%, respectively. Moreover, based on
the elemental content, we calculated that the molar ratio of
C:N:0:H in the refined cadaverine carbamate was
2.91:0.98:1.0:6.1, which shows that the molar ratio of
cadaverine to carbon dioxide is almost 1 : 1.

FTIR spectra shown in Fig. 5a confirm the almost identical
chemical composition of the crude and refined cadaverine
carbamate. It shows that the refining process does not change
the structure of the cadaverine carbamate. Thermo gravimetric
analysis (TGA) of the refined cadaverine carbamate revealed
one-stage decomposition (Fig. 5b). One-stage decomposition of
the refined cadaverine carbamate exhibited that the dissocia-
tion temperature of carbon dioxide is consistent with that of the
cadaverine gasification. During this stage, cadaverine carba-
mate loses 95% weight. The X-ray diffraction (XRD) result
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Fig. 4 Effect of the number of solventing-out crystallization on purity
and yield of cadaverine carbamate.
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indicates that the refined cadaverine carbamate has obvious
crystal peaks (Fig. 5c), indicating crystalline structure. In
summary, purity of 99.1% of cadaverine carbamate was ob-
tained by the amine absorption to capture carbon dioxide, and
the high purity cadaverine carbamate obtained by solventing-
out crystallization is crystalline in structure that can easily
dissociate into carbon dioxide. HPLC profiles of the refined
cadaverine carbamate and free cadaverine recorded using
a differential refractometer detector (Fig. 5d) show that the
refined cadaverine carbamate has high purity. GC-MS profiles of
the refined cadaverine carbamate and free cadaverine in Fig. 5e
and S1t indicate that the refined cadaverine carbamate was
formed only by the combination of cadaverine and carbon
dioxide.

44732 | RSC Adv, 2020, 10, 44728-44735

C and 'H NMR spectra of refined cadaverine carbamate
and free cadaverine are shown in Fig. 6. Free cadaverine was
dissolved in CDCIl;, while the refined cadaverine carbamate was
insoluble in CDCI; but dissolved in D,O. The carbonyl carbons
in the refined cadaverine carbamate (R-NH-COO™) were found
with the signal of 164.81 ppm.*»** Cadaverine carbamate is
formed by the reaction of free cadaverine with carbon dioxide.
3C NMR allowed the identification of the forms for getting
information of the mechanisms and reaction pathways between
diamine and carbon dioxide.* It is found from Fig. 6 that the
refined cadaverine carbamate can be found in three forms in
D,0: [TOOC-NH-(CH,)5-NH-COO~], ['NH;-(CH,)s-NH;'] and
['NH;-(CH,)s-NH-COO~]. In comparison with free cadaverine,

This journal is © The Royal Society of Chemistry 2020



Paper

z b 1 3 S RAB s s
] ) /\/\/\ ) 1/5 V=3 N A 2/4
a 0,CHN N NHCO 175 o
NSNS 1#/5% | | #14#
*H3NT T N ONHg 12
1 3" s
HNT T UNHCOy
3/3/3#
6/7/6"
|
R
I 3 5 . |2/4
AN TS
HN 3 ,  NHy 1/5
CDCls 3
C D,O
1 3 5
“0,CHN” Y ONHCO,
1 3° 5 2/4
*HsNT Y7 Ny 15 i
s o o 2%/4
s s /5"
HNT 7 7 TNHCO 1#/5* |
3/3*/3
L - o

| 3 5
/\\/\/\
H,N NH, s

2 4

ICDCh

A

RSC Advances

Fig. 6 C NMR spectroscopy of refined cadaverine carbamate (a) and free cadaverine (b); *H NMR spectroscopy of refined cadaverine
carbamate (c) and free cadaverine (d); refined cadaverine carbamate was dissolved in D,O and free cadaverine was dissolved in CDCls.
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the refined cadaverine carbamate has a variety of structural
forms.

Conclusions

In this study, a green and sustainable separation of bio-based
cadaverine based on the carbon dioxide capture via the forma-
tion of carbamate is developed. We used the bioconversion
liquid of cadaverine as the raw material, the activated carbon
discolored the concentrated cadaverine solution, and then the
deprotonated cadaverine was extracted by n-butanol. The crude
cadaverine carbamate was prepared by directly injecting carbon
dioxide into the n-butanol extraction solution containing
deprotonated cadaverine. Finally, refined cadaverine carbamate
with a purity of 99.1% was obtained after three times of
solventing-out crystallization with ethanol. Furthermore, the
high purity cadaverine carbamate crystal technology provides
a new idea for the separation of other bio-based amines.
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