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ABSTRACT

Lignin is the second most abundant biopolymer, and the first most abundant source of
phenolic structures, on Earth. Recent research has focused on lignin monomers as
replacements for phenolic monomers derived from nonrenewable resources. Biological
decomposition and conversion may be one way to accomplish this objective. In this
study, the effects of two basidiomycetous fungi (Coriolus versicolor and Trametes
gallica) and two actinobacteria strains (Microbacterium sp. and Streptomyces sp.) and

their combination on lignocellulose (kenaf) decomposition was evaluated.

The results showed that after 8 weeks of incubation up to 34 wt. % of the kenaf biomass
was degraded, and the combination of fungi and bacteria was the most efficient. Lignin
decomposition accounted for ~ 20 wt. % of the observed biomass reduction, regardless of
the culture used. Most of this lignin was present as solubilized oligomers rather than
monomers. Only after the monosaccharides were utilized by the microorganisms was the
production of laccase, manganese-dependent peroxidase and lignin peroxidase enzymes
induced, allowing lignin degradation to commence. The presence of carbohydrates was

found to be detrimental for lignin degradation.

In a subsequent series of experiments, we targeted the degradation/modification of
isolated industrial-kraft lignin while trying to reduce the process time by solubilizing
lignin with DMSO to increase lignin availability for enzymes. The addition of 2 vol%
DMSO to nutrient free aqueous media increased the lignin solubility up to 70% while the
quasi-immobilized fungi (pre-grown on agar) maintained their ability to produce
lignolytic enzymes. While biological treatment was done for 6 days, significant

modification was already observed in less than 24 hours. The resulting product showed
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the removal of phenolic monomers and/or their immediate precursors and a significant
intramolecular cross-linking among the reaction products. Thus a new path for lignin
biotreatment and further utilization was observed leading to the formation of polymers

rather than monomers.

Our interest therefore shifted to lignin utilization as a biochemically modified
macromolecule. The biologically modified lignin was isolated via two different paths: 1)
precipitation by acidification followed by washing with water or alcohols, or 2) vacuum
evaporation followed by drying. The results of novel detailed chemical analysis of the
modified lignin polymers showed that each of the washing steps can be used as a
modification process, since each of them produced a slightly different polymer, with

varied thermal stability, swelling and buffer capacities.

The resulting lignin based polymers turned out to be insoluble in either organic solvents
such as DMSO, DMF, NMP, dioxane etc., or in water. However, under alkaline
conditions (1M NaOH) all of these new polymers were converted into pH sensitive
anionic-hydrogels showing remarkable thermal stability and varied sulfur content, which,
like other properties, could also be controlled by precursor polymer washing with
solvents. One of these hydrogels was further converted into a nonporous membrane and
tested as a filter for water desalination. The preliminary results of 78% salt rejection
under 270 kPa obtained with 1.35 um thick, ligninbased membranes are promising for

further exploration.

XX



DISSERTATION OUTLINE AND STATEMENT OF PURPOSE

This dissertation includes the following chapters:

Chapter 1 provides an introduction and motivation for lignin utilization,
summarizes the current state of art includes current strategies and the global
demand for lignin-desired chemicals. Possibilities and challenges for biological
method are also included.

Chapter 11 is a review paper on the chemical and bio-modification of lignin
macromolecules.

Chapter 111 is a research paper on kenaf biomass biodecomposition by
basidiomycetes and actinobacteria in submerged fermentation for production of
carbohydrates and phenolic compounds.

Chapter 1V is a research paper on the fungal biotransformation of insoluble kraft
lignin into a water soluble polymer.

Chapter V is a research paper on lignin based insoluble polymers (anionic
hydrogels) produced by basidiomycetes.

Chapter VI presents addition work focused on biologically modified kraft lignin

for water purification.

The General Purpose of the Specific Projects

Our goal was to first observe the behavior of selected microbial strains used under

conditions which are similar to those described in the literature but with improved

chemical characterization of the products. Many research papers reporting biodegradation

of lignin are incomplete or even misleading since gravimetry in combination with UV-

21



Vis spectrophotometry were most commonly used methods. We decided to use
fractionalization via TD-Pyr-GC-MS instead of regular GC-MS in order to characterize
the products comprehensively including the products that are not GC-elutable. Further,
kraft lignin biological treatment is usually focused on monomer production and uses very
low substrate concentrations, high amount of nutrients and long decomposition times

which yields in a mixture of chemicals with a low monomer yield.

After evaluation of the previous work done in this area we aimed at designing a
biodegradation/biomodification system which could be suitable for industrial
applications. After replacing fermentation with enzymation plus the addition of organic
solvents in a nutrient free environment, we were able to biologically modify lignin in 6
days. This modification yielded a lignin-based polymer (rather than monomers) which
was produced at high yields and possessed interesting properties with the potential for

various applications, such as water treatment.
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CHAPTER |

Lignin and its degradation/conversion

1.1 Introduction

The current socioeconomic and environmental situation calls for the replacement
of fossil fuels and petrochemicals with alternatives from renewable and sustainable
sources. The most abundant naturally occurring renewable source of carbon is
lignocellulosic (LC) biomass comprised of cellulose, lignin and hemicellulose. However,
these polymers have potential to be used as an inexpensive and renewable source of fine

chemicals and biofuels only when decomposed, degraded or modified.(Smolarski, 2012)

Because the sun is a sustainable energy source, our current development in
technology should be directed on the path to use this solar energy directly in an amount
which can completely replace fossil fuels. In addition, our reliance on fossil fuels is not
constrained to energy sources. Fossil fuels are the main source of chemicals, in the form
of petrochemicals, used in many major industries including polymers, pharmaceuticals,
foods, and textiles. Since we cannot convert solar energy directly into materials, we need
a source of renewable carbon which would be converted into a broad spectrum of

materials essential for everyday life. Lignocellulose is one of these candidates.

1.2 Motivation and background
Utilization and conversion of lignocellulosic biomass is done through physical,
chemical, (Harmsen and Huijgen, 2010) or biological processes or their combination

(Table 1). Biological processes are characterized with the longest processing time but
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with only minimal requirements for both energy and chemicals, thus providing both
economic and ecological competitiveness. If the processing time can be shortened using
physical or chemical pre- or post-treatment methods, the advantages of biological

processes could be realized in their full extent.

Table 1. Most common methods of lignocellulose pretreatment

Pretreatment  Process Effects Advantages and disadvantages

Physical Milling, irradiation, Increase of surface and pore size Energy demanding
hydrothermal, high pressure, Decrease of cellulose crystallinity Not able to remove lignin
expansion, extrusion, Decrease in degrees of
pyrolysis polymerization No chemicals required

Chem. and Steam, Ammonia, CO,, SO,, Increase of surface and pore size Fast

Phys-Chem. alkali, acid, gas (dioxides), Partial or complete delignification Require expensive chemicals
oxidation, solvent extraction Decrease of cellulose crystallinity Not environmentally friendly
of lignin (Ethanol-water, Partial hydrolysis of hemicellulose
benzene-water, ethylene Polymerization decrease

glycol, butanol-water,
swelling agents),ionic liquids

Biological Fungi, bacteria, enzymes Partial or complete delignification Low energy requirement
Decrease in polymerization No chemical requirements
Partial hydrolysis of hemicellulose Mild conditions
High H,0 consumption
Very slow

Ecology friendly
Very challenging for industry

Current research on bacterial degradation of cellulose and hemicellulose mainly
focuses on conversion of these polymers to biofuels, particularly methanol and
ethanol.(Alvira et al., 2010; Balat, 2011; Limayem and Ricke, 2012; Sarkar et al., 2012)
However, ethanol is less energy dense (by ca. 30%) compared to diesel, gasoline or jet
fuels. (Savage, 2011) Ethanol is also not suitable for heavy cars. Furthermore, it is
corrosive both by itself and, particularly, upon its facile partial oxidation to acetic acid.
Therefore it cannot be economically shipped, e.g., through existing pipelines. (Savage,
2011) Recent research focus was shifted to LC bioconversion to the less corrosive and

more energy-dense n-butanol. An additional advantage of n-butanol as a fuel is that, in
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cofntrast to ethanol, it does not have to be used in mixtures with diesel, gasoline or jet
fuel for current engines. Furthermore, n-butanol separation from growth media is
facilitated by its low solubility in water. Finally, n-butanol can be further converted into
isobutene, which can serve as a feedstock for production of a wide spectrum of
hydrocarbon fuel components. (Savage, 2011) These processes still need improvement,

e.g., developing more efficient and more product-tolerant microorganisms.

The other alternative to ethanol production is the biomass conversion into gas
phase hydrocarbons, methane, propane and butane. Selective production of longer-chain
hydrocarbon fractions (petrol and diesel) from biomass by microorganisms is still not
fully optimized but it could be done using synthetic biology protocols. (Savage, 2011)
Another option is biodiesel production employing oleoaginous
microorganisms,(Chakraborty et al., 2012; Galafassi et al., 2012; Hu et al., 2011; Huang
et al., 2009; Jin et al., 2015; Miao et al., 2011; Ruan et al., 2014; Yu et al., 2011; Zeng et
al., 2013) i.e., those that use the polysaccharide components of LC for massive
production of fatty acid based oils (usually in the form of triglycerides), which can then

be converted into biodiesel via transesterification.

To summarize the main applications of microorganisms to cellulose and
hemicellulose conversion, microorganisms are used to produce small molecules, or to
partially decompose (digest) lignocellulose to make subsequent processes less energy
intensive. The same application of microorganisms can be done for lignin utilization.
Lignin is the second main component of lignocellulose. (Alvira et al., 2010; Balat, 2011;
Limayem and Ricke, 2012; Sarkar et al., 2012) It is a very recalcitrant phenolic polymer.

Most of the lignin produced today is merely a by-product of carbohydrate production and
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has low commercial value. Most ends up burned for heat and electric power generation.
(Alviraet al., 2010; Balat, 2011; Limayem and Ricke, 2012; Sarkar et al., 2012) The pulp
and paper industry estimated that 50M ton of lignin were extracted in 2010 but only 2%
have been commercialized for production of dispersants, adhesives and surfactants or as

antioxidants in plastics and rubbers. (Brebu et al., 2011; de la Torre et al., 2013)

Lignin decomposition into monomers has the potential to provide replacements
for many petrochemicals currently used in the polymer, cosmetic, pharmaceutical, food
and textile industries. (Varanasi et al., 2013) Industrial lignin is amorphous, highly
polydisperse and behaves as a thermoplastic material, with its glass transition temperature
(Tg) broadly varied. Tg can shift from 90 to 277 °C with an increase of the molecular
mass, depending also on the process of lignin isolation, and thermal history.(Cateto,
2008) Recent applications of microorganisms for lignin utilization are very similar to
those for the polysaccharide portion of lignocellulose. Biological methods are usually
used for partial digestion/removal of lignin in the biomass to separate lignin from
cellulose as lignin is undesirable during biofuel production. (Ji et al., 2012; Ravindran et

al., 2012; Schilling et al., 2012; Tanaka et al., 2009; Y. Wang et al., 2013)
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Figure 2. Chemicals produced from lignin, their tentative prices and global demand.

(Holladay et al., 2007)

Various species of fungi and bacteria have bean explored for their ability to break
down lignin into monomers, since chemical and physical methods of lignin conversion
into monomers are currently providing low selectivity and small yields (up to 30%) while
consuming large amounts of energy and catalysts.(Davis et al., 2016) More successful
and selective is a chemical and physical conversion of lignin into small carboxylic
acids.(Demesa et al., 2015) However they could also be easily produced from
polysaccharides. (Gandini and Lacerda, 2015) In this area microorganisms offer much
slower but more flexible and robust degradation systems in the form of enzymes, which

could be possibly engineered to selectively disrupt specific lignin bonds. However this
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process is hindered by spontaneous repolymerization of these monomers. (Evans and

Palmer, 1983; Munk et al., 2015a)

Despite these challenges in lignin degradation, chemicals are industrially
produced from lignin, their tentative prices and global demand are shown in Figure 2. A
rough estimate of the global demand for these chemicals is 3.0x108 tons per year.
(Holladay et al., 2007) Compared to this number, the estimated global production of crop
residue is 4.0x10° tons per year of which 1.0x10° is lignin (based on the average 25%
lignin abundance in biomass) as shown in Figure 1.(Eisentraut, 2010) These estimates
show that a conversion of only 30% of the currently produced lignin would fulfill the
global demand for these chemicals. This estimate does not include the current interest to
use lignin monomers for production of highly functional polymers in industries such as
medical, nutraceutical, pharmaceutical, electrical, etc. Such applications would increase
the value of lignin monomers and thus make lignin decomposition methods more

economically viable.

28



' = |
— }
e — M Asia i 11 Africa
7—_—. 7
191 x 107ton 23 x 107ton
__
20000 40000 60000 ‘80000 100000 o 1000 2000 3000 4000 5000 6000 7000
x ‘
HUs ] i
_- .
100 x 10’ton - i Oceania
f 6 x 107ton
7-
)
10000 20000 30000 40000 50000 0 500 1000 1500 2000 25‘“) 3000 3500 4000
1 T
M EU

62 x 107ton

0 5000 10000 15000 20000 25000 30000 35000

Figure 1. Tons of crop residue production in 2010 — based on Renewable and Sustainable

Energy Reviews 2015.

Lignin decomposition into monomers followed by polymerization into highly
functional polymers is not the only pathway that can be used. Industrial lignin can be
utilized in its polymeric form without depolymerization, (Duval and Lawoko, 2014) but
with purification and modification. Companies such as Domtar, MeadWestvaco, Lignol
Innovations, La Rochette Venizel specialize on high purity lignin production. This is
being done mainly through the removal of contaminants (hemicellulose) plus monomeric
and oligomeric lignin species which can be followed by specific modifications that either
add or remove certain functional groups. (Kai et al., 2016) After this treatment, polymeric

lignin can be used for further conversion into functional materials and others. A
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significatnt challenge in this area of lignin based polymers or oligomers is chemical

characterization. (Asina et al., 2017; Kozliak et al., 2016)

Biological activities observed with different fractions suggest that lignin modified

with various fungi might may offer solutions for treatment and prevention of many

diseases. Applications are also promising antibiotics, anti-inflammatory ointments,

treatments for cancer (polymer vaccines), scaffolds, drug delivery systems, wound

healing, and also water purification systems. Table 3 provides a brief overview of the

pharmaceutical applications of lignin (it should be noted, though, that the corresponding

market prices and demands are hard to estimate).

Table 2. Lignin potential for the pharmaceutical industry

Lignocellulose

Molecules Effect Ref.
<0.5kDa lignin Potential for HIV-1gene expression inhibition, broad  (Mitsuhashi et al., 2008;
) g antiviral spectrum Sakagami et al., 2005a)
~ 30kDa lignin Inhibion of HIV protease (Wang et al., 2015)
£
< . Lowering the weight of adipose tissues, plasma Tg
o ~ ’
= Lignophenols (MW ™ 1500) levels, and hepatic expression of SREBP-1c mRNA (Satoetal,, 2012)
Lignin Antioxidant, anticancer (Ugartondo et al., 2008)
B li Iph
agasse, 'ENOSUTp qnate, No harmful effect on skin or eyes (Vinardell et al., 2008)
Curan 100, steam explosion
?asidiom}/cetes metabolites  Chlorinated an.iSIAI a.nd hydro.qinone metabolites. (Field et al.,, 1995)
in Ignolytic system Antibiotic, pesticides
Lignin metabolite  from
° Inonotus obliquus Antiproliferative, inhibited NF-?B activation (Wang et al., 2015)
2 (MW 37561Da, 24945Da)
.':: 758-5.3kDa Antiherpes (HSV-1 and HSV-2) activity (Zhang et al., 2007)
§ % Lignin with 20% carbohydrate  Immunopotentiating activity (antitumor, (Sakagami et al., 2005)
_: £ complex antimicrobial, antiparasite), (Sakagami et al., 2010)
g9
£ i Biogenic silica particles from (Alshatwi et al., 2015;
7y R & P Broad biomedical application Athinarayanan et al.,
= rice husk
2015)
(El Enshasy and Hatti-
B — glucans (polysaccharide Kaul, 2013; Gémez-
metagolite) poly Immunomodulatory and anticancer activity caravaca et al., 2015;
§ Grienke et al., 2014;
> _§ Synytsya et al., 2009)
] -
Xyl d d
& § y an ) erive Immunomodulatory, antioxidant, prebiotics (Singh et al., 2015)
] oligosaccharides

Modified oligosaccharide

Broad medical applications

(Kuijk et al., 2014)
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Any of these applications on industrial scale are challenging without a detailed

chemical characterization. Therefore, in this work we are aiming at these applications by

combining comprehensive chemical analysis of biologically modified lignin based

macromolecules with a practical application of these products. We focus not only on

monomers produced during biological treatment, but also on oligomers and polymers

produced during a the biodegradation/modification of the biomass. Comprehensive

analysis of these products is used as a tool to better understand the products and the

process.

Table 3. Microbial degradation of lignocellulosic biomass

Incubat

ion Lignin Biomass -
Microorganism used Substrate time loss loss Conditions Analysis [}
% %
dayg )
Fungi Bacteria
Reed straws =
ked in 3% NaOH/24 h  °
Mixed (from sludge) LDC soaked in ?’A) .aC'J / Sub.merged, ) NS
(230 analyzed clones) Washed with distil water, 15 61 statically/30 Gravimetry S )
pH7, 3-4cm, dried at 60C °C w "r‘;
mineral rich medium -
Corn stover (40-60 mesh) ~ g
T. hirsuta yj9 dried 72C for 2 days 42 71 73 30 °C/dark Gravimetry g o
sterilized 121C/20min e
Rice straw : vegetables : §
. . bran : soil (11:3:2:8) 37 °C/ solid . S @
P. chrysosporium Solid inoculant dried (40mesh), 55 and 45% 49 30-40 40 state Gravimetry 5 o
mosture (2 steps) ?—J
Rye straw (0.2-0.4mm) o g
. o ) . ) ) el
G. geotrlchu.m 7.4/0. moisture with mineral 30 53 Solid sotate /28 Gravimetry N g
M. verrucaria medium 60 C S &
sterilized 121C/30min -
T. versicolor 12
D. flavida 0.5% malt extract 18 =
D. squalens pH5 16 25°C/ N §
P. chrysosporium sterilized 121C/15min 32 17 . Gravimetry S s
. ) shaking ~a
P. fascicularia 25 o
P. floridensis (wheat straw) 23 <
P. radiata 19

31



One step:

Bacillus sp CS—1 S?ge.
Bacillus sp CS -2 P
S. thermoph. 20 B
X i Ballast salt medi - Q
(NBRC13957) (:Ha;) salt medium ) f
i oa
L. Bulgaricus Milled rice straw - 30°C/37°C UV at o
- (NBRC13953) 3 . o
T. fusca (NBRC 14071) (40-80 mesh) 18 shaking 280nm =
’ Dried 60 °C/ 48h N
2
Two steps: S'I;\;vos 2
NBRC followed Bacillus 1 1 f
Bacillus 1 followed NBRC 62
D. squalens BEOFB 700 34 .
F. pinicola BEOFB 600 32 z
G. lucidum BEOFB 432 20 o S
. 25 °Csolid ) Q2
L. betulinus BEOFB 500 - Wheat straw 14 28 state Gravimetry 5 5
P. eringii HAI 501 15 =)
P. ostreatus HAI 592 13 2
T. versicolor BEOFB 320 22
T. pubescens:
BEOFB 330 Wheat straw/Oak sawdust 58/2 2 =
HAI 1200 (dried at 50C/ grounded to 56/3 25 °C/ solid . v &
T. multicolor: ) 0.5-1.0cm) 14 state Gravimetry 8 %
HAI 426 Nitrogen 25mM, pH 6.5 43/6 e
HAI 428 28/3
(Wheat straV\{, root veg. HPLC ’:CE
resid., bran, soil) (monitorin NS
mixed fungi Mixed G+ bacteria Air dried, ground 2mm 50 26 - 35-65 °C . g 2@
quinone oo
65% water content species) o
COMPOSTING P =
~N
i Cornstalk (40 mesh) N D
E.Gcl\f/rlrcyégs;o;g/um - dried 105C, sterilized 15 34 10 29 °C / static Gravimetry g 2
‘ 121C/20min, 70% moisture Y
- . Bagasse .
Thermopilic bacterial A =
. rice straw = 0o
consortium corn stover 60 N S S
- (8 major microbes of 8 - 75 50 °C /static Gravimetry 22 °§°
. . eucalyptus pulp Sow =
aerobic/facultative A . 70 -
. . Sterilization 121C/15min S
anaerobic bacteria) S
grass, corn stover, wheat .
1 g
. fnido L oot e AR
) . ) oQ
ATCC 12679 81% moisture 21 3 ) anit:::bic Gravimetry Q o
Kirk mineral solution with 7 5 2
glucose, proteins and ABTS
Rice straw (60 mesh) =
P. chrysosporium Salt medium 37°C/Solid . S g
BKMF-1767 ) Sterilized/non sterilized 0 B state Gravimetry g 2
75% moisture N
steam-exploded g
(3MPa/5min) rice straw, Gravimetr o 2
P. chrysosporium - dried 105C/6h, sterilized 15 9-65 10 29 °C / static Y 2
: FTIR/SEM R o
120C/30min b

(5 factors, each 4 levels)

32



Solid state

0 1 —_
P. chrysosporium Hb 7(.) % moisture - 28 Q
f (rice straw — milling 0.9mm N
Fusarium sp. 82 29 o . o2
. - mesh) 10 - 28 °C Gravimetry & ®
Fusarium sp.89 3 hours/ 105C to remove 33 =a
F. moniliforme 821 . 35 L
moisture <
Autoclaved 121C/20min
Paddy straw 9/2 _
Herbaceous weed 5/2 g‘
. Parthenium sp. ) UV-VIS S 9
M. d LG7 - 7 - 30 °C staticall ! =
rorigum (sterilized / non-sterile) statically FTIR, SEM Q o
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Sterilization 121C/15min
%
. Wheat straw ~6mm Gravimetry ~N R
P.ch ! L]
carysosporium - Sterilization 121C/1h 21 30 - Solidstate  NMR,FTIR, 2 =
ATCC 24725 Qe
Py-GC MS iy
SEM, =
Gravimetry, o 8
P. chrysosporium . Wheat straw 7 25 27 37°C FTIR, Pyr- S ®
(Inorganic salts/tween 80) e~
GC, X ray o
diffraction :
rice straw .
Bacterial communit wheat straw 45 40 Gravimetry O g
- ot Y corn stalk 12 9 25 35 °C/ static s 2
(Imm) 16 20 =
Submerged 5% (v/v)
corn stover z
. ~1E0, . =
P. chrysosporium stored with ~15%moisture 35°C/ solid . § g
ATCC MYA-4764 - for 9 months. Ground to 11 36 state Gravimetry 1| o
5mm and dried, CO2 Q3
atmosphere =
Casava peel 41 31 _
Rice husk 11 5 o Z
P. tigrinus M109RQY Rice straw 68 26 30 °C/ solid ) ‘N §
P. tigrinus M609RQY ) milled 2mm, mineral 15 state Gravimetry g s
>
solution, sterlized T
121C/20min
oil  palm empty fruit @3
P. chrysosporium bunches 41 33 30 °C/ solid ) R
- 2 N ®
P. ostreatus 67% moisture 8 50 43 state Gravimetry 22
salt medium 20
P. chrysosporium PC2 1:10 95 75 ?
- Crysosp Deionized water Solid state/ 25  Gravimetry, & @
L. edode LE16 - 84 87 45 o =y
P. ostreatus PO45 (sugarcane bagasse) 85 30 C/dark FTIR, NMR @« &
‘ 121C/ 1h sterilization 2
>3
T. pubescens BEOFB 330 wheat straw/oak saw dust 58/43 ) v &
14 25°C G t
T. multicolor HAI 426 Dried 50C/(0.5-1cm) 56/28 ravimetry g g:
S
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corn stover 29 13
switchgrass 27 12 =
wheat straw 4 5 ™
soybean straw 0 3 z
Y i i =
C. subvermispora hard- wood 18 17 10 Statlor:(e;ry/ 28 Grj\ll_:r&try 'E-
5mm, 40C dried, ‘;
75% moisture s
(buffer and malt extract) e
Sterilization 121C/30min
v
Streptomyces UAH 23 Wheat straw (40mesh) APPL 28-38 °C e
- Streptomyces UAH 52 Dried 24h/50C 28 analysi - 200rom Pyr-GC-MS G @
S. viridosporus T7 Sterilization 1hour s P § 2
[0}
oil palm biomass chips g
, (2.5cm x1.5cm x0.2 cm) SEM, S@®
T. /! 28 9 8 24 °C
versicolor Sterilization 121C/20min Gravimetry 5 o
60-100% moisture 2
O. latemarginatus 28 o 3
R. vi 14 < [0]
vinctus . Mineral solution 28 - 28 °C Gravimetry & 2
P. chrysosporium 8 = I
C. versicolor 12 =2
¥
I. lacteus CD2 Bamboo (0.3-0.45mm) 30 13 28°C/ 150 FTIR/ SR
=
E. taxodii 2538 Sterilization 121C/45min 29 rpm Gravimetry N &
Q
Cedar/Beech wood -
(2.0cmx»2.0cmx0.5¢cm) B %7'
C. subvermispora acetone refluxing to remove 84 25/39 15/20 28 °C Gravimetry 3 2;).
extractives § o
oven dried 60C
P. radiata
. 6
P. brevispora 6
P. tremellosa TUW-L20 . =
- Q
D. squalens CBS 1000.73 (spruce wood shavmgs 04 6 2
C. subvermispora: 2.0 mm, oven dried) 4 o
molmesle s e o B
FPL 90.031 ’ 6 =
FPL 105.752 ; S
H. fragiforme ZIM L108 4 o
O. latemarginatus TUW- )
L10
39 N :’,5
P. chrysosporium Corn stower 37°C/100 = <
T. reesei Mandel mineral salt 4.2 35 rom Gravimetry 3 g.
Coniochaeta sp. LF2 medium P oS
41 o
Gravimetric
Aspen 20/15 58/34 , HPLC, S
Spruce 21/30 54/37 . (13c- 5
G. trabeum/P. placenta Corn stover 112 40/25 ) (izll:l)(i i\ar:; TMAR) § 5
’ P (40 mesh) oven dried 100C room tJem thermoche N 0,2
for 48h, autoclaved P: molysis, X- &_’
121C/1h ray :
diffraction
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o =
Low nutrient solution UHVP\I_/(|ZS' o 5
C. versicolor sterilization 84 75 - 22 °C / statical NMR’ o &:3'
, o 2
(spruce sapwood) Gravimetry E 5
Wood blocks decay 2cm’ DEM. IR o S
T. trogii MT 121C/ 20min sterilization 120 75 - 28 °C sy 23
I~ LC-MS Y
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CHAPTER I

Chemical and bio-modification of lignin macromolecules: Review

I1.1 Abstract

Lignin is the second most abundant biopolymer, and the first most abundant
source of phenolic structures on Earth. Lignin is known for large variations in its
complex structure, which depends on the source and on the isolation procedure applied.
A lot of work has been done to utilize this rawmaterial in many ways. The main focus is
on generating lignin monomers for replacement of phenolic monomers derived from

nonrenewable resources.

Lately, economical reasons have increased the interest of utilizing lignin as a
macromolecule. Purification, modification and lignin structure understanding plays the
important role for lignin utilization. The chemical modification of lignin macromolecules
is increasing the applications of lignin. Improved behavior and properties, together with
added functionalities, are shown to be suitable for potential lignin applications in the

polymer industry.

Less explored are the biological modifications of lignin macromolecules. However
suggests great potential for lignin application in medicine. This review covers both the
chemical modification of lignin macromolecules resulting in new functionalities and

applications as well as the potential for biological modification of lignin macromolecules.
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11.2 Introduction

The main focus is still towards lignin degradation into monomers or small
molecules.(Asina et al., 2017) The main products of lignin decomposition are aromatic
molecules, carboxylic acids and resins produced usually via thermal catalytic
reactions.(Demesa et al., 2015; Ma et al., 2014) However, purification of these chemicals
followed by further polymerization are expensive step essential to create desirable
materials. Most of the research done in the area of lignin utilization addressees the
prioritization of pathways to obtain monomers and polymers which are the are
compatible with existing industrial infrastructure built for fossil resources.(Davis et al.,

2016; Li et al., 2015; Upton and Kasko, 2015)

Lignin is a phenolic macromolecule with a highly complex structure. Lignin is
comprised of monolignols, which are phenylpropanoid units where each of them has a
different number of methoxy groups on the aromatic ring. (Laurichesse and Avérous,
2014a) These monolignols are connected through seven main linkages, where the f-O-4
ether bond is the most common the other ether bonds are a-O-4 and 4-O-5. Carbon-
carbon bonds in lignin are usually -, B-5 and -1, or branching bond of three units,
dibenzodioxocin.(Duval and Lawoko, 2014; Thakur and Thakur, 2015) Combinations of
these linkages and different monolignols results in different types of lignin varying in
reactivity and branching. The functional groups in technical lignin are mainly phenolic

and aliphatic hydroxyl groups, carboxyl and carbonyl groups. (Kai et al., 2016a)

The structure of lignin varies depending on the origin of the plant species and the
isolation process.(Laurichesse and Aveérous, 2014a) Heterogeneity and missing

stereoregularity makes the chemical characterization and reaction prediction/simulations
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very challenging. One of the best methods for lignin analysis used today is 31P

NMR(Duval and Lawoko, 2014) complemented with GPC, LC-MS and GC-MS but even

all these methods combined do not yield the exact structure and should be supplemented

with fractionalization of the lignin or the lignin products prior to the analysis. (Asina et

al., 2017; Kozliak et al., 2016) The most common type of lignin produced are listed in

Table 1.

Table 1. Most common types of lignin (Duval and Lawoko, 2014; Kai et al., 2016)

Lignin Type produced/available Characteristic Production
per year
BENCH SCALE Closer to original lignin
Milled wood lignin NA low molecular weight, low branching low recovery
(MWL) yields
(20%- 40%)
Mild acidolysis NA Similar to MWL > yield than MWL
lignin
Cellulolytic enzyme NA Similar to MWL > yield than MWL
lignin
Enzymatic mild NA high purity and higher yields (much higher High, up to 90%
acidolysis lignin molecular weight than MWL) yield
INDUSTRIAL SCALE Large structural changes
compare to original lignin
Kraft lignin 70 Mt / 90 kt Contains sulphur (1-3%). Rich in phenolic MeadWestvaco,
Tg 140-150 °C hydroxyl groups and carbon-carbon bonds Domtar
Td 340-370 °C (result of cleavage of aryl ether bonds
during the Kraft process and condensation
reactions, respectively)
Lignosulfonates 7Mt/ 1Mt Rich on sulfonate groups SO3 . 3.5-8% Borregaard
Tg 130 °C Sulphur, highly soluble in water (anionic LignoTech,
Td 250-360 °C polyelectrolytes). Surfactant properties, Tembec, La
used as dispersants, water reducers in Rochette Venizel,
concrete, viscosity reducers Nippon Paper
Chemicals
Soda lignin ~ 7kt Sulphur free, similar to kraft lignin, mostly Green value
Tg 140 °C from herbaceous plants.
Td 360-370 °C
Organosolv lignin ~ 3kt Sulphur free, increased phenolic CIMV, Lignol
Tg 90-110 °C functionality due to acidolytic or alkaline Innovations,
Td 390-400 °C cleavage of aryl ether linkages, no DECHEMA

condensation reaction (organic solvents
used), most similar to native lignin
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Most of the lignins, especially kraft lignin, are combusted to generate electricity
for pulp and paper industries. There is high interest of lignin utilization in many areas of
industry, especially in polymer production. Direct use of lignin in polymer applications
are mainly as a filler, where lignin is blended with either synthetic or bio-polymers, in
order to increase the fraction of a renewable material in these polymers and therefore
produce “greener” polymers.(Laurichesse and Avérous, 2014a) Since lignin material is
also a free radical scavenger, its presence in polymer blends can help decrease UV
degradation or thermo-oxidation and therefore act as a stabilizer. (Duval and Lawoko,
2014) Lignin has better miscibility with polar polymers, since it is rich in OH groups.
Typically 20-30% of lignin can be added in polymer blends, the only exception is
polyvinylacetate where 85% of kraft lignin was incorporated. (Duval and Lawoko, 2014;

Kai et al., 2016)

Direct application of lignin is also being evaluated for the production of carbon
fibers but difficult melt processes make this production very challenging. In order to
avoid these problems high purity of lignin is required for carbon fiber production. (S.

Wang et al., 2016)

Lignin is also currently finding a place as a sorbent in the form of lignin based
activated carbon. (Berrima, 2016; Dizhbite et al., 1999) The active functionalities of
lignin - carboxyl and mainly the phenol groups - have shown a high affinity toward metal
ions.(Verma et al., 1990) Therefore lignin derived activated carbon can be used for waste
water treatment to remove toxic ions (heavy metals) such as chromium, copper,
cadmium, lead, zinc, nickel, cobalt and mercury. The adsorption of these metals on lignin

is highly pH dependent and depends on the oxidation state of the metal ion.(Yang and
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Yan, 2012) Also the number of phenolic groups present in lignin is important. The
difference can be large, for example cadmium (I1) adsorption which can vary from 25 to

137 mg/g of lignin. (Duval and Lawoko, 2014)

Direct applications of unmodified lignin are very challenging and purification
together with chemical modification are necessary for successful applications. The lignin
functional group available for modifications are mainly OH groups, aliphatic (primary,
secondary) or aromatic. Modifications can also be done on the free ortho-position of the
phenolic ring. Lignin rich on guaiacyl moieties has reactive sites at the C5 position of the
phenolic ring and the coumaryl type of lignin has reactive sites at C3 positions. (Duval

and Lawoko, 2014; Kai et al., 2016)

In order to enhance blending with nonpolar polymers, the modification of OH
groups is usually necessary and the most common method is alkylation (primarily
methylation and/or ethylation) and acetylation. Most of these modifications are done
while using rather toxic chemicals such as diazomethane or dimethyl sulfate for
methylation. Therefore large scale industrial applications with these modifications are not
recommended. Esterification of lignin is usually conducted with anhydrides (with 2-6
carbons chain length) and can result in increased solubility in styrene and miscibility with
nonpolar polymers, such as polycaprolactone. (Duval and Lawoko, 2014; Kai et al.,

2016)

Lignin is also being evaluated for different kinds of graft polymerization, such as
1) ring opening polymerization of monomers, which is initiated by lignin hydroxyl

groups, 2) radical polymerization of vinylic monomers into lignin, 3) or more
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complicated multistep methods. Another option is to use lignin as a macro-monomer
where free phenolic positions and OH groups can be used for polymerization.(Duval and
Lawoko, 2014; Kai et al., 2016; Laurichesse and Avérous, 2014) Crosslinking of these
macro-monomers can be done to create thermosets or thermoplastics such as lignin
phenyl formaldehyde resins, lignin based polyurethanes, or polyesters. (Duval and

Lawoko, 2014)

Understanding the lignin structure and possible lignin modifications are essential
in order to produce materials with controlled structures, highly functional materials,
functional-lignin-based micro and nano structures, and nanoparticles.(Duval and Lawoko,
2014) The current focus is on nanostructured materials and nonporous materials mainly
because of their broad applications as sorbents, insulating materials, catalysts, drug

carriers, and more. (Marcelo et al., 2016; Yang et al., 2016)

Lignin’s ability to self-organize under specific conditions is an attractive feature
which can be largely utilized in nanotechnology and for pharmaceutical applications.
Properties of lignin such as antimicrobial, antiviral, antioxidant, etc., also make lignin a
great candidate for pharmaceutical applications.(Dong et al., 2011) Potential applications
for drug encapsulation, ointments and wound dressing have been previously evaluated.

(Figueiredo et al., 2017; Mahata et al., 2017)

In this review we will mainly focus on modification of lignin macromolecules in

general and on application for energy storage and for medicine.
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Figure 1. A) Kraft lignin, B) Lignosulfonate, C) Soda lignin, D) Organosolv lignin. (Kai

et al., 2016)

11.3 Chemical modification of lignin macromolecules

Lignin, as a renewable resource and second most abundant polymer, has the
potential to be used for large scale production of polymers, or be blended with synthetic
polymers used today. Currently, the most explored area of lignin based polymers are

lignin copolymers.

I1.3.1 Lignin based polymers and copolymers
One of the largest groups of polymers are polyurethanes (PU) used as elastomers,

foams, adhesives, coatings and fibers.
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Phenol formaldehyde (PF) resin is commonly used as a thermoset as well as in
adhesives, coatings, wood composites and advanced engineering plastics. PF has good
mechanical properties and features high resistance against organic solvents and elevated
temperatures. However, it has a fluctuating price since it depends on petroleum prices.

Lignin based PF has a competitive price and properties.(Kai et al., 2016)

Phenol epoxy (PE) are polymers crosslinked using epoxy groups which react by
ring-opening addition reaction with amine, carboxylic acids, thiols, isocyanates, etc. PE
polymers feature strong adhesion to polar surfaces (e.g.: glass, ceramic) due to its

hydroxyl groups. (Kai et al., 2016)

Polyethylene, polycarbonate, polybutyrate, poly(lactic acid), poly(caprolactone)
polybutylene terephthalate are synthesized either via esterification. Diacids with diols or
by self-condensation of carboxylic and hydroxyl acids. Lignin is rich in OH groups
therefore it can react as a polyol in the polyester synthesis. Lignin OH groups can also be

functionalized with carboxylic acids, acyl groups or epoxy groups.(Kai et al., 2016)
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Table 2. Chemical modification of lignin

Modification Chemical or/and method used Effect REF.
Functionalization of OH groups
Alkylation (methylation, ethylation) Diazomethane, dimethyl sulfate, methyl Enhanced compatibility with (Duval and
iodide non-polar polymer matrices Lawoko,
(aliphatic polyesters) 2014;

Plastization, different
mechanical properties

Laurichesse
and

Avérous,
2014)
Esterification Anhydrides (2-5 carbon chain length), Increase solubility in nonpolar (Wang et
calalyst: 1-methylimidazole solvents & blending with al., 2011)
nonpolar polymers
Phenolation Phenol attached to benzylic Additional reactive sites, side (Alonso et
carbons of lignin in acidic medium. chain reactions cause al., 2005)
fragmentation — MW decrease
Addition of new active sides
Oxypropylation Reaction with cyclic ethers, propylene oxide  Liquid lignin polyol- (Duval and
reaction with lignin OH groups macromonomer for Lawoko,
polyurethane synthesis 2014)
only aliphatic hydroxyls since
lignin phenolic OH have been
replaced
lignin-g-polycaprolactone Lignin hydroxyl groups can also initiate the Ratios of chemicals can change (Kai et al.,
ring opening polym. of caprolactone, to between amorphous or 2016)
yield lignin-g-polycaprolactone copolymers  crystallizestructure
Iron(Ill)-complex lignin nanoparticles  iron (1) isopropoxide [Fe(OiPr)3], THF drug delivery applications, (Figueiredo
superparamagnetic behavior, etal.,,
cancer therapy and diagnosis 2017)
(magnetic targeting, magnetic
resonance imaging)
Lignin-graft-Polyoxazoline A hydrophilic polyoxazoline chain is grafted = The hydrogel was capable of (Mahata et
(3-amino-1H-1,2,4 triazole) through ring opening polymerization, down regulating the expression  al., 2017)
possess homogeneous spherical level of IL-1p in LPS induced
nanoparticles of 10-15 nm. The copolymer  macrophage cells, and to cause
was covalently modified with triazole significant reduction of iNOS
moiety to fortify the antimicrobial and production. It supported
antibiofilm activities cellular anti-inflammatory
activity which was confirmed
with luciferase assay, western
blot, and NF-kB analysis. This
novel lignin-based hydrogel
tested in-vivo has shown the
abilities to prevent infection of
burn wound, aid healing, and
an anti-inflammatory dressing
material
Copolymers
graft (-g-)
lignin-g-polylactic acid Lignin reaction with lactide with an further blending with PLA can (Duval and
organocatalyst (ring opening result in homogenous polymer Lawoko,
polymerization) with UV blocking capability 2014)
Phenolic OH react slower than aliphatic OH
lignin-g-poly(vinyl acetate) Creation of a radical on the lignin good water solubility (Duval and
macromolecule, which initiates Lawoko,
polymerization of a monomer, lignin 2014)
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lignin-g-polystyrene

lignin-g-polyacrylamide

lignin-g-poly(acrylicacid)
lignin-g-poly(N-isopropylacrylamide)

lignin-g-Polycaprolactone
lignin-g-Polystyrene
(polyethylene glycol)

lignin-based phenol formaldehyde
resins

Lignin-based polyurethanes

Lignin-based polyesters

Lignin - poly(arylene ether sulfone)

radicals can be created by irradiation (or by
peroxide). radical will react with lignin to
form the lignin “macro”’-radical

controlled living radical polymerization-
formation of long polymer chains

Esterification enhance lignin miscibility with
polycaprolactone. Oxyproplylation,

OH groups termination with a diisocyanate
followed by isocyanate
copolymerimerization

reaction with formaldehyde on o or p
positions of phenol to obtain 3D network

is used as a source of OH groups, able to
react with diisocyanates to yield
polyurethanes.

polyethylene glycol, polybutadiene glycol,
polycaprolactone.

Lignin OH groups - polycondensation
reactions with diacids or diacyl chlorides
results in formation of lignin-based
polyesters.

reaction of KL phenolic OH groups with
4,40-difluorodiphenyl sulfone

hydrophobic, surface coating
able to decrease of water
sensitivity of wood

good water solubility

Low PDI 1.09

water soluble or stable
suspensions

if - solution hating above 32C
results in precipitation of
hydrophobic co-polymer
fiber mats-electrospinning
High variability, depends on
conditions, properties can be
shifted by changing reaction
conditions

often used as adhesive

Usually highly crosslinked with
high Tg

insoluble networks or
thermoplastic polyester

Very high thermal stability,
Tg 150-170 C

(Duval and
Lawoko,
2014; Feng
etal.,,
2014)

(Kim and
Kadla,
2010)

(Duval and
Lawoko,
2014;
Murariu
and
Dubois,
2016)
(Guo etal.,
2015; Zhao
etal.,
2016)
(Cateto,
2008)

(Kai etal.,
2016)

(Duval and
Lawoko,
2014)

11.3.2 Lignin based hydrogels

Another lignin modification — crosslinking — can result in a hydrogel formation.

Hydrogels are attributed with broad functionalities, such as mucoadhesion, bioadhesion,

possessing intrinsic properties and response to the environment (temperature, pH,

chemicals, etc.). They have been used as scaffolds for growing tissues, in drug delivery

systems and wound healing, and can be used for water purification or as sensors and

valves in microsystems technology. Another common application is in food technology
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(thickening agents, stabilizer).(Bag and Rao, 2006; Gupta et al., 2002; Hoare and
Kohane, 2008; Kiick, 2009; Le Goff et al., 2015; Shen et al., 2011; Sun and Lee, 2014;
Tobergte and Curtis, 2013; Wheeldon et al., 2008; Zanto et al., 2002; Zehner et al., 2015)
Hydrogels are mainly produced from synthetic polymers, but lately there is increased
interest in using renewable materials for hydrogel production. Ligninbased hydrogels can
offer additional properties, including antimicrobial, antiviral, antioxidant,
biocompatibility, biodegradability, low toxicity, eco-friendliness, and degradability.
(Ciolacu, 2013; Nagam et al., 2016; Passauer, 2012a; Thakur and Thakur, 2015;

Yesilyurt et al., 2016)

There are two basic types of hydrogels: physical and chemical. Physical hydrogels
are usually crosslinked with different units by hydrogen or ionic bonding, hydrophobic
association or molecular entanglement; these hydrogels can disintegrate over time.
Chemical hydrogels contain covalent bonds between the macromolecules and tend to be
permanent.(Bag and Rao, 2006) Types of these hydrogels include linear, block, graft
copolymers, entangled networks of linear polymers, hydrophilic networks stabilized by
hydrophobic domains, polyion—polyion complexes or H-bonded. (Nagam et al., 2016;

Passauer, 2012a; Thakur and Thakur, 2015)

One of the hydrogel inherent features is their swelling. The swelling mechanism
observed in hydrogels is mainly due to water adsorption by capillary pressure which
includes physical and osmotic pressure in the capillary pores and caused by the
concentration gradient from outside of the solvent absorbing polymer particles.(Passauer,

2012)
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Polysaccharide based hydrogels are already commonly used compared to lignin
hydrogels which are much less common mainly due the low polarity of lignin and its

complex structure.(Thakur, 2015)

Some attempts to produce hydrogels were done with lignosulfonates because of
their water solubility or with modified lignin such as hydroxypropyl lignin. Crosslinking
is usually done using formaldehyde, glutaraldehyde, epichlorhydrin and diepoxy. The
second most common method used is a copolymerization with acrylamide, vinyl alcohol,
etc. Most of these gels have only a limited swelling capacity around 10 g(H20)/g(gel),
with some exceptions such as 75 g(H,O)/g(gel). Interestingly, some of the gels with low
swelling capacity in water 8.5 g(H.0)/g(gel) showed a larger swelling in 50% ethanol,
resulting in swelling 14.5 g(H.0)/g(gel). Modified kraft and organosolv lignin (by
oxidation with hydrogen peroxide and Fenton reagent) was also used for hydrogel
preparation through crosslinking with poly(ethylene glycol) and a swelling capacity

around 70 g(H20)/g(gel). (Passauer, 2012)
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Table 3. Lignin based hydrogels

Method used Crosslinking agents used Obtained properties Ref.

Free radical ceric ammonium sulfate with f N,N- Relatively high swelling capacity (Guo et al.,

polymerization methylenebisacrylamide for copolymerization of 60.0% 2013)

poly vinyl alcohol and polyacrylamide with lignin
Chemical crosslinking 2-hydroxyethyl methacrylate Active coating, sorbents, UV stabile  (Hoffman,
poly(ethyl methacrylate) 2012)
polyacrylamide
poly (methacrylic acid)
poly (acrylic acid)
poly(glucosylethyl methacrylate) and
poly(hydroxypropyl methacrylamide)

Physical crosslinking Blending of xanthan and lignin Novel superabsorbent (Raschip et
thermo-oxidatively stable al., 2007)
potential for pharmaceutical,
cosmetic and food industries

Graft copolymerization acetic acid lignin copolymerization with N- Hydrogels pore size increased with (Feng et al.,

isopropyl acrylamide (and N,N- acetic acid content 2011)
methylenebisacrylamide cross-linker) with H,0,
initiator
Lignin-polyethylene glycol Drug delivery (Marcelo et
al., 2016)
lignin—phenol-formaldehyde hydrogels Aerogels (Amaral-
Labat et al.,
2013)
Tannin-lignin and tanine-lignin-formaldehyde Aerogels , thermal conductivity (Amaral-
and mechanical resistance same as  Labatet al.,
resorcinol-formaldehyde 2013)
hydrogels
acetic acid lignin by chemical cross-linking with slow-release fertilizer for different (Peng and
NCO-terminated polyurethane ionomers agricultural applications Chen, 2011)
oligo(oxyethylene) lignin, oxidatively activated Swelling decreasing with increasing  (Passauer et
spruce organosolv lignin crosslinked with poly crosslinking. Application as a soil al., 2012)
(ethylene) glycol diglycidyl ether conditioner - agriculture, forestry.
Lignin with other cellulose-lignin Biological activity, fexible, energy (Ciolacu et
biopolymers cellulose and lignin mixing in an alkaline solution storage al., 2012; Xu
cross-linked with Epichlorohydrin etal., 2015)
lignin - starch Hydrogels for toxic metal ion (Penaranda
starch, acryl amide, lignin/peat removal and Sabino,
2010)
xanthan-lignin Increase in thermo-oxidative (Raschip et
xanthan and lignin in alkaline medium with stability al., 2011)
Epichlorohydrin crosslinker Thermo-oxidative stability
vanillin release as active aroma
ingredient
alginate with lignin in aqueous alkali solution Scaffolds for tissue engineering, (Quraishi et
containing calcium carbonate - under carbon non-cytotoxic with good cell al., 2014)
dioxide at 4.5 MPa adhesion
poly(ethylene glycol) methyl ether methacrylate Tunable mechanical response (Berrima et
grafted lignin (via atom transfer radical excellent self-healing capability al.,, n.d.)

polymerization)

11.4 Energy storage in Lignin based polymers

Lignin is being researched as a carbonaceous material for use in energy storage.

However, lignin needs to be modified before such an application can be considered.
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The most available and commonly used energy storage systems today are
batteries. Such as flow, lead acid, Nickel-metal hydride (Ni-MH), nickel cadmium (Ni-
Cad) and lithium ion batteries top the list. Flow batteries are based on reduction and
oxidation reactions of two electrolyte solutions. During charging, one electrolyte is
oxidized at the anode, while the other electrolyte is reduced at the cathode. The discharge
cycle is the same process in reverse. (Diaz-Gonzélez et al., 2012) Between the two
electrolytes is an ion exchange membrane. (Alotto et al., 2014) Chemical energy is
converted into electrical energy as electrons travel from anode to cathode as the
electrolytes are pumped through the cell.(Alotto et al., 2014) Redox flow batteries have
the advantage that power and energy capacity can be separated. The power is determined
by the number of cells and size of the electrodes while energy capacity is determined by

the volume and concentration of the electrolyte.(Xie et al., 2013)

The lead acid battery is made up of a lead dioxide positive electrode and a sponge
lead negative electrode with sulfuric acid as an electrolyte. Both electrodes are converted
into lead sulphate during discharge. During charging the electrodes return to the original
state. The Ni-MH battery stores hydrogen in metal hyrdride alloys.(Diaz-Gonzélez et al.,
2012) The positive electrode is a nickel hydroxide while the negative electrode is a metal
hydride. During discharge, the alkaline electrolyte reduces the metal hydride to metal
while an electron leaves the negative electrode and a hydrogen atom goes from the

electrolyte into the hydroxide matrix at the positive electrode. (Dunn-Rankin et al., 2005)

Nickel cadmium batteries consist of nickel species as the positive electrode and
cadmium species as the negative electrode with an aqueous alkali solution as the

electrolyte.(Diaz-Gonzélez et al., 2012) During discharge, NiOOH reacts with water to
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