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Pollution generated by solid waste has become a massive source of concern worldwide as
the amount of waste being generated has become overwhelming. Waste paper
contributes significantly to the overall solid municipal waste being generated daily and
with control methods that are equally bad for the environment or just plain ineffective;
better, effective, and environmentally friendly control solutions are required. This study
reviews the use of various microorganisms as they aid in the control of waste papers in an
environmentally conscious way. In addition to being an environmentally friendly solution to
the issue of solid waste paper pollution, it is also a prominent source of renewable energy in
the conversion of paper into fermentable sugars for the production of bio-ethanol. This
review examines the vital revolution in the enzymatic hydrolysis of paper to sugar. Salient
challenges that involve bioconversion were highlighted and a few solutions were
suggested.
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1 INTRODUCTION

The literature revealed that some classes of waste can be converted into useful products, and these
include kitchen and organic waste, metal, glass, plastic, and paper (Ojewumi et al., 2019a; Ojewumi
etal., 2019b; Ojewumi et al., 2019¢; Ojewumi et al., 2020). They can also be categorized based on how
dangerous they are to the general human population (Wanjohi, 2018; Subedi, 2019; Ursua, 2019),
and this includes but is not limited to, radioactive waste material, inflammable material, and also
materials that have fatal consequences when exposed to human beings.

The challenge of solid waste and its management is prominent in developing countries because of
their population, the inability of the authorities of these countries to cope with the elevated costs of
waste management, and the lack of qualified personnel with a good understanding of the different
determinants that lead to various levels of waste control (Guerrero et al., 2012; Guerrero et al., 2013).
Wanjohi (2018) proposed that a bulk amount of wastes (80%) is channeled into landfills, 10% is
burned, and only the other 10% is reused. This statistic shows the rate of increase in untreated
environmental waste, that is, if no viable changes are made. The landfill is part of the partial causes of
climate change in the world today as one ton of biodegradable waste has been known to generate
more than 400-500 cubic meters of landfill gas. Research shows that about a quarter of the family
unit’s waste material comprises paper, and half of this amount is attributed to journals and
magazines. The majority of this amount is either dumped or burnt and this significantly
increases the rate of environmental pollution (Ojewumi et al., 2018). Even in cases of recycling,
a huge amount of paper materials are produced from virgin fibers which make for good quality paper
but recycling of such paper leads to lower quality of the paper, and with increasing uses of paper,
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there arises a huge demand of the environment to deal with the
increasing amounts of waste paper (van Wyk et al., 1999; van
Wyk and Mohulatsi, 2003). In a bid to control this, several
alternatives have been looked into and invented for the
possible conversion of the cellulosic content in paper and
other waste materials into fermentable sugars such as glucose
(Ojewumi et al., 2018; Ojewumi et al., 2019d). This process could
provide an alternative way to conserve fuel by converting
fermentable sugar into bio-ethanol (Varotkar et al., 2016).
Limiting environmental pollution by recycling wastes into
usable items is not the only good thing recycling brings to the
table but it also helps to protect and conserve our natural
resources. An environmentally friendly way of achieving this is
by the enzymatic catalysis of naturally derived waste such as
paper materials into fermentable sugars, for example, glucose
(van Wyk et al,, 1999).

The process in which cellulose is used in various forms of
lignocellulosic materials to hydrolyze them is known as enzymatic
hydrolysis. The rate at which enzymatic hydrolysis occurs is
significantly affected by enzyme origins and the extent to which
various enzyme components differ (Mansfield et al., 1999; Yang et al,,
2011). Waste paper over the years has become an increasing source of
concern for various developing countries and the whole world at
large; with the ever-increasing demand for paper, an average
individual consumes several pounds of paper a year, and adding
different institutions and businesses to that statistic significantly
increases the total amount of paper consumed (Mansfield et al,
1999). Present methods used to manage and control the inevitable
waste paper products generated have proven to be ineffective,
inefficient, or harmful to the environment. The use of
bioconversion to convert these waste products into fermentable
sugars should be considered as a more effective and
environmentally friendly way to control waste paper products. In
this study, bioconversion via enzymatic hydrolysis, its history, and its
development over the years has been discussed in detail, including its
merits and demerits and suggestions on how it can be improved
(Cordell and White, 2011; Marshall and Farahbakhsh, 2013).

The scope of this work covers the use of lignocellulosic
biomass in waste paper to produce fermentable sugars through
the process of enzymatic hydrolysis. The review also covers the
use of several pre-treatment techniques and how they affect the
susceptibility of the lignocellulosic content of the waste paper to
enzymatic hydrolysis. The future scope of this work lies in the
enzymatic hydrolysis of waste paper since it may be an alternative
method for the disposal of solid waste materials and the resulting
glucose. This study aims to examine the bioconversion of waste
papers via the process of enzymatic hydrolysis into fermentable
sugars. Papers are made from biomass of different types; hence,
their conversion to waste may be difficult without considering the
initial processes for paper production.

2 PAPER RECYCLING CHALLENGES:
INHERENT COMPOSITION

One of the renewable natural resources available to us on Earth is
lignocellulosic biomass (Qian, 2014). Cellulose, lignin, and
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hemicellulose are various parts of plants used for paper
production (Ojewumi et al., 2018). The process involves all of
the aforementioned components being held firmly and tightly by
covalent bonds, several intermolecular bridges, and van der
Waals forces. All these combined together make it extremely
difficult for enzymatic hydrolysis to take place as it is very strong
and, therefore, not susceptible to it (Adeeyo et al, 2015). It
essentially comprises a plant cell wall which contains all of the
aforementioned and also heterogeneous phenolic polymers as
basic parts. Fundamental sections of biomasses comprising
lignocellulose containing hemicellulose (15%-35%), cellulose
(25%-50%), and lignin (10%-20%) can be divided into those
three in the corresponding percentages. Nearly 70% of the total
biomass is cellulose and hemicellulose, which are closely linked to
lignin by covalent and hydrogen connections which makes the
structure extremely strong and, therefore, resilient to treatment
(Fatma et al., 2018).

2.1 Cellulose

The microfibers in the cellulose possess high stability which
makes the degradation of cellulose very difficult. It can also be
prescribed to the polysaccharide coating that surrounds the
cellulose (Kucharska et al, 2018). The sub-atomic hydrogen
bonds are shaped mainly because of the B-1, 4-glycosidic
connections which cause the local cellulose to be extremely
intense and crystalline which makes it invulnerable to catalyst
activity. Amorphous locales (which can be defined in some cases
as unpredictable) serve as separators between the plant cell wall
which possesses extraordinary crystallinity (Fatma et al., 2018).

2.2 Hemicellulose

Hemicellulose can be defined as a bifurcated heteropolymer,
which comprises hexoses, pentoses, D-glucuronic acid, and
acetylated sugars. The hexoses can be better defined as
D-galactose, L-galactose, D-mannose, and L-fructose while the
pentoses are L-rhamnose, arabinose, and xylose. The chemical
hydrolysis of hemicellulose when likened to that of cellulose has
been discovered to occur in a simpler fashion. The subjective
content of hemicellulose relies upon the material from which it
originated. One prime example is straw or grass (from which
hemicellulose can be obtained), which is made essentially of
xylene which is basically coniferous trees and mainly
comprises glucomannan (Kalpana et al., 2009; Kucharska
et al., 2018).

2.3 Lignin

In addition to cellulosic materials, lignin has been described as the
second major constituent of biomass. Although lignin is referred
to as a non-carbohydrate polymer (Fatma et al., 2018), the
complete removal of lignin increases the ability of the biomass
for digestibility. The existence of lignin interferes with the ability
of the biomass to hydrolyze because of the toxicity and non-
specific hydrolyte adsorption in the lignocellulose structures. The
extraction of lignin is known as delignification. The increment of
the biomass is a change in the structural composition of lignin,
which causes the zone of fibers made of lignocellulose (Table 1)
presented to the cellulolytic compounds to expand (Kucharska
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TABLE 1 | Examples of lignocellulosic raw materials and their chemical compositions (% dry weight) (Fatma et al., 2018).

Raw material Hemicellulosic content

Wastes from agriculture 25-50
Dicot wood 45-50
Conifer wood 35-40
Poaceae 25-50
Chemical pulp waste paper 10-20
Newspaper 25-40
Panicum virgatum 30-50
Lignocellulosic De-inking Pre-
biomass treatment

Fermentable Enzymatic

sugar hydrolysis

FIGURE 1 | Process involved in the production of reducing sugars via

block diagram (Ojewumi et al., 2018).

et al., 2018). Lignin can also be described as high-atomic weight,
insoluble plant polymers, and these polymers are said to possess
very different and very complicated structural compositions. The
magnitude of these differs between angiosperms and
gymnosperms and between different plants (Yan et al., 2015;
Mashadi et al., 20162016; Ponnusamy et al., 2019).

The way phenylpropanoid alcohols appear in the structure
shows how ether linkages and carbon-carbon bonding are
predominant, and also noticeable is the presence of a few
hydroxyls that can play a strong part in the cross-links to
other polymers (polysaccharides and proteins). The benzene
rings are also noted to be predominant (Kucharska et al,
2018), (Vanholme et al., 2010; Renault et al., 2019; Ojewumi
et al., 2021).

2.4 Municipal Solid Waste: Raw Material
Municipal solid waste (MSW) can be defined as a combination of
different kinds of solid waste materials that are produced in towns
and cities from different household activities. This may include
waste products under the following categories: biodegradable
refuse, composite waste, scraps from electrical and electronics,
hazardous waste materials, and medical refuse; other forms of
waste products include recyclable materials, inert waste, and toxic
waste (Brethauer and Studer, 2015).

The rate of urbanization, however, coupled with the steady
and exponential rise in the population has led to an increase in
generated waste (Exposito and Velasco, 2018). Earth’s capacity to
carry this generated waste has been over-run by 30% and, as
predicted, this has led to the accumulation of waste in different
areas (Jouhara et al., 2017). MSW has shown significant ability for
recovering energy and materials, commonly nicknamed “urban
ore,” and its potential for resource production is under study and
a great amount of resources has been put into the search on how
to tap into the resources (Jain et al., 2012).

Cellulosic content Lignin Others
37-50 5-15 12-16
20-25 20-25 0.80
27-30 25-30 0.50
25-40 10-30 2-5
60-70 5-10 2
40-55 18-30 5-8

5-20 10-40 4-5

2.5 Bioconversion of Waste Paper
Figure 1 shows the flow diagram for the process by which several

forms of lignocellulosic waste materials are converted into
reducing or soluble sugars. Waste paper is a type of
lignocellulosic material that is available in large quantities in
many countries irrespective of their climate conditions, which
makes them an affordable and readily available feedstock for the
production of ethanol in a sustainable way that is friendly to the
environment.

2.6 Enzymatic Hydrolysis
Hemicellulose and cellulose content in plants comprises the
major compositions of lignocellulosic materials which are
turned into reducing sugars via the enzymatic hydrolysis
process. Enzymatic hydrolysis can be attained either by using
microbes that secrete degrading enzymes that disintegrate
lignocellulosic biomass during its media development or by
using enzymes that are readily available for purchase (Fatma
et al, 2018). Cellulase, which is present in some fungal and
bacterial sources, exhibits moderately high activity on cellulose.
When hydrolysis occurs, sugars are produced, some of which
include glucose and cellobiose (van Wyk et al., 1999).
Hydrolysis is the most important step in the bioconversion
process and can alternatively be carried out using chemical
methods. This chemical process involves hydrolyzing the
cellulolytic material by using an inorganic acid such as sulfuric
or hydrochloric acid. This process is not cost-effective and also
not good for the environment because it produces an acidic
solution which is difficult to recycle and cannot be reused again
on other cellulolytic materials (Ojewumi et al., 2018; Ojewumi
et al,, 2019d). The bioconversion process relies on lignocellulosic
biomass as a source of fermentable sugars released by enzyme
hydrolyses and converts to the necessary final products by
different microorganisms (Brethauer and Studer, 2015).

3 PRETREATMENT PROCESSES AS VITAL
ROUTES TO WASTE TO WEALTH

The efficiency of hydrolysis during bioconversion is hampered by
the hemicellulose and lignin content of the biomass as they hinder
the in situ action of the enzymes. To curb this challenge, various
pretreatment methods are used on the cellulosic material to
enhance its enzymatic digestibility (Yanez et al, 2003).
Pretreatment is commonly performed to alter the layout of the
cell wall and enhance the access to sugar polymers through
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hydrolytic enzymes. Usually, hydrolysis of a large portion of
hemicellulose is carried out by acidic and water pretreatment
methods, whereas the fraction of monomeric sugar is increased
by reducing pH pretreatment. Lignin-carbohydrate ester
combinations are targeted in alkaline pretreatment and results
in the partial extraction of lignin. In addition, deacetylated
hemicellulose has proven effective in pursuing enzyme
hydrolysis (Brethauer and Studer, 2015).

The major components of cellulose include cell walls and these
walls are responsible for the rigid nature of cellulose; the
hemicellulose component also plays a part as it is the
structural and backup substance of the plant. From the
literature, different techniques such as physical, biological, or
chemical techniques are used for pretreatment (Ruiz et al., 2008;
El-Zawawy et al., 2011; Lukajtis et al., 2018a). Ohgren et al. (2007
suggested the following requirements to be considered for a
pretreatment method:

1) The process must cause an increase in the ability of the
material used to generate sugars after hydrolysis;

2) The process must evade any form of deterioration or depletion
of carbohydrates;

3) The process must not generate any product or side effects that
ultimately hinder the processes to be carried out ahead;

4) Most importantly, it must be cost-effective and efficient.

Several studies have focused on pretreatment as it can help
make the entire process more cost-effective (Ohgren et al., 2007;
Hernandez et al.,, 2015; Lukajtis et al., 2018b)

3.1 Chemical Pretreatment

Chemical pretreatment, as the name implies, refers to the type of
pretreatment techniques that make use of chemical reactions to
change the difficult lignocellulosic structure of the biomass
(Brodeur et al., 2011; Ravindran and Jaiswal, 2016; Taylor
et al., 2019). The types of pretreatments are discussed as follows.

3.1.1 Pretreatment With Acids

Acidic pretreatment is described as one of the most successful
techniques of hemicellulose solubilization which makes cellulose
more available (Hendriks and Zeeman, 2009; Zhao et al., 2012).
As the acid treatment is carried out, the main reactions involved
are the hydrolysis of hemicellulose, lignin precipitation, and
subsequent condensation. Now, at slight temperature levels,
the use of strong acids for pretreatment produces high yields
of sugar as the hydrolysis of the cellulosic content continues
(Asgher et al., 2014). The dangers presented by the toxic nature of
the reaction medium demand the need for reactors resistant to
those attacks and are robust in nature. This affects the costs of
processing the biomass. In considering all these, the need to make
the process cost-effective is not lost and can be achieved by
recovering, after hydrolysis, the acid concentration (Balat, 2011;
Modenbach and Nokes, 2012).

Studies by Foyle et al. (2007) showed how effective sulfuric
acid is over other acids. Idrees et al. (2013); Shimizu et al. (2018);
and Ferreira da Silva et al. (2020) indicated that glucose
production in banana pseudostem enzyme hydrolysis is
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influenced by the concentration of sulfuric acid on the
chemical structure of the products. Dissolved glycosidic
connections randomly caused by sulfuric acid and efficient
hemicellulose riddance increase the cellulose and lignin
content of non-treated products.

In dealing with the issue of high costs, the use of diluted acids
has been shown to significantly help without compromising the
process efficiency. Dilute-acid hydrolysis has also been used for
the effective treatment of the materials before they are subjected
to hydrolysis. Pretreatment using dilute H,SOy, is very capable of
attaining impressive rates of the reaction and also significantly
improving cellulose hydrolysis (Monte et al., 2011). Alongside the
impressive reaction rates, the use of dilute acid in a pretreatment
method helps limit the generation of inhibitors which can hamper
the processes moving forward (Kim, 2018; Arora et al., 2020).

3.1.2 Alkaline Pretreatment

The mechanism involved in alkaline hydrolysis is the use of the
saponification technique to process the intermolecular ester
bonds that intertwine xylan and some other elements (Mamo
et al., 2013; Ballesteros et al., 2018).

In the alkaline pretreatment of lignocellulosic materials, bases
such as sodium hydroxide, potassium hydroxide, and calcium
hydroxide are regularly used and, even in some cases, ammonia
(NH;). The reaction during alkaline biomass pretreatment
increases the area of the surface and minimizes the
crystallinity of cellulose and also the extent of its
polymerization (Zhao et al, 2012). Alkaline pretreatment is
much more effective for materials with low lignin content, and
the main advantages include cost savings because of the use of
inexpensive chemicals, non-hard reaction conditions, and
efficient erasure of the lignin, xylan, and biomass fractionation
probability. Disadvantages of the pretreatment procedure include
the long cycle duration and the strenuousness of neutralizing the
post-treatment mixture.

3.1.3 Delignification With the Use of Oxidizing Agents
This treatment method of lignocellulosic materials is based on the
pretreatment technique that uses an agent of oxidization such as
ozone, hydrogen peroxide, oxygen, or air, in some cases. The
procedure mainly includes extracting from the biomass structure,
lignin, and enhancing cellulose’ accessibility (Rochefort et al.,
2002; Zheng et al., 2014; Ravindran and Jaiswal, 2016). This
pretreatment method was carried out on cane bagasse using
hydrogen peroxide, and this strongly increased its vulnerability
to enzymatic hydrolysis (Azzam, 1989). Bjerre et al. (1996) and
Schmidt et al. (1996) also performed wet oxidation and alkaline
hydrolysis on wheat straw (20 g straw/l, 170°C, 5-10 min), which
gave an 85% glucose generation rate.

3.1.4 Acid Hydrolysis

In this technique, dried biomass is processed, pre-soaked in H,O,
and lowered into an acidic medium, and a controlled temperature
was used for an extended period. The pre-treated solution is also
used to isolate the alcohol from the unhydrolyzed substrate.
Then, washing is carried out to potentially balance previous
saccharification, divide sugars, and eliminate acids. Normally,
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the particle focus is connected in a simple manner with a steady
hydrolysis response; hence, the more negative the pKa estimation
is, the more powerful the hydrolysis cycle will be (Bobleter, 1994).
Sulfuric (H,SO,) and phosphoric (H;PO,) acids are generally
used because of their modest nature and productivity rate in the
hydrolyzing lignocellulose, despite the fact that the latter
produces a milder impact and is more eco-friendly.
Hydrochloric acid is more unstable, and furthermore, much
easier to recuperate and produces better results than H,SO,.
Nitric acid (HNOj3) also produces an appreciable quality of sugar
from cellulose. In any case, the two acids are costlier than sulfuric
acid. In an acidic medium, the formless hemicelluloses in LB
undergo hydrolysis faster to dissolvable sugars (Samuel et al,
2010) and some oligomers, particularly in a gentle state because of
the disturbance propagated by the xylosidic bonds and cutting
down of acetyl ester bunches, and the hold of lignin is debased
through replacement responses and broken connections joined
by build-up responses that forestall disintegration. Cellulose
undergoes a special corruption of indistinct locales prompting
augmented cellulose totals alongside an expansion in the
crystallinity file of the material that was pretreated. This cycle
is commonly influenced by the molecule size, response time,
acidic fixation, fluid-to-strong proportion, and temperature.

3.1.5 Dilute Acid Pretreatment

Under a weak acid, temperatures along the range of
120°C-210°C and weights are used to accomplish response
periods immediately or within a very short timeframe; hence,
they are appropriate for nonstop procedures (Tao et al., 2011).
The low acidic use is a significant bit of leeway regarding the cost
and seriousness of the measure (Galbe and Zacchi, 2002). Many
cycles require two pretreatment stages: in the first stage, most
hemicelluloses are solubilized with a weaker acidic substrate; in
the second, a stronger acid fixation for the hydrolysis of cellulose
and the remaining hemicellulose is used (Anex et al., 2010). In
most cases, expanding pretreatment can lead to a higher degree
of glucose increase, but the conditions causing elevated increase
in glucose do not essentially result in high concentrations of
xylose. It was discovered that the glucose yield depended more
on acidic fixation and protein stacking than the response
temperature.

3.1.6 Concentrated Acid Pretreatment

This pretreatment variety uses concentrated sulfuric (65-86%
w/v), hydrochloric (41%), or phosphoric (85% w/w) acids to
retreat dried (5-10% dampness), pounded biomass at low
temperatures (30-60°C) and pressures. The pretreated
substance is weakened with deionized water for
saccharification to occur at moderate temperatures
(70-121°C), isolated into strong and fluid portions, after
which washing and balancing of the strong substrates is
carried out (Foyle et al., 2007). Another variety involves the
expansion of natural solvents, for example, (CH;),CO is added
to the pretreated substance followed by the fomentation of the
blend to stop the response and isolate the solids from the
supernatant (containing lignin) which is further washed
before enzymatic hydrolysis (Asgher et al., 2014). The
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proficiency of the cycle is influenced by acidic focus, acidic/
biomass proportion, measure temperature, and time. Two
licensed cycle arrangements are always involved—the
Arkenol and the Biosulfurol measures—which depend on the
concentration of H,SO,. The Arkenol cycle includes
pretreatment  (decrystallization of the biomass) at
temperatures lower than 50°C at an acidic (70-77%)/biomass
(10% dampness, <1 mm molecule size) proportion of 1.25 (Van
Groenestijn et al., 2006). In the Biosulfurol cycle, the biomass is
streamed in the acidic medium (70%) within the sight of dry
CO, from the fermenter followed by the weakening of the
pretreated slurry with water. The acidic medium is mostly
isolated from the biomass slurry by the use of layers before
aging and somewhat in an anaerobic digester after aging. The
general benefits of the Biosulfurol cycle (Van Groenestijn et al.,
2006), incorporate the lack of requirement of catalysts, low-
temperature treatment, low creation of some products, and the
ability to fractionate different biomasses with high yields of
ethanol.

3.2 Physical Pretreatment

Pretreatment using this method typically shows improvements in
regards to the area of the surface, sizes of the particle, crystallinity
indicator, or biomass polymerization standard. Physical
pretreatment prevents unnecessary chemical use which could
cause more harm than good, thus eliminating waste by-products
and resulting reaction inhibitors.

3.2.1 Mechanical Process

The reduction of lignocellulosic materials into particles may be
applied to minimize cellulose crystallinity by a joint concurrence
of processes which include chipping, milling, and grinding. The
material dimension post-chipping is typically 10-30 mm with a
range of 0.2-2 mm after grinding/milling. The use of a vibratory
ball in the reduction of cellulose was attributed to be more
efficacious than the use of a normal ball, and it also aided its
digestibility (Guerrero et al, 2012). Figure 2 shows various
mechanical pretreatment processes while the pretreatment
processes are shown in Table 2. The mechanical process has
been researched by considering the following advantages and
disadvantages:

3.2.1.1 Disadvantages

The increased rate in energy consumption is one of the only
disadvantages of mechanical pretreatment as it leads to high costs
in the processing of lignocellulosic biomass.

3.2.1.2 Advantages

1) Depletion of particle dimensions.

2) Bulk density expansion and increase in the specific
surface area.

3) Gross cutback in the size of chemical wastes generated
(Ballesteros et al., 2018).

3.3 Pretreatment Using Biological Methods
Biological treatment is a safe and environmentally friendly
procedure that uses different types of rot fungi. This method
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Hammer mill

Ball mill

Extrusion

Air mill

FIGURE 2 | Various mechanical pretreatment techniques (Iswanto et al., 2010; Yang et al., 2011; Onumaegbu et al., 2018).

TABLE 2 | Pretreatment processes (Kumar and Wyman, 2009; Karmakar, 1999; Mller, 2001; Mdller et al., 2004).

Processes Merits

Mechanical Depletes the crystalline structure of cellulose

comminution

Hydrolysis using Hydrolization of hemicellulosic content to xylose and other sugars and

acids changes the structural form of lignin

Alkaline hydrolysis Removes hemicellulose and lignin, enables access to a larger surface
area

Organosolv Hydrolization of hemicellulosic content and lignin

Pyrolysis Generates gaseous products and liquids

Biological Disintegrates lignin and hemicellulose content, only a small amount of

energy is required

Demerits

High power consumption rate

Very expensive, generation of harmful by-products, and corrosion of
instruments by exposure to acid

Extended residence time is required, imbedding of irretrievable salts, formed
during the process, into the materials

Not cost-effective as additional processes are required [evaporation and
condensation Mller (2001)]

Requires large temperature levels to run, produces ash as a by-product
Standard hydrolysis rate is very low

TABLE 3 | Summary of the previous work carried out on waste paper to reducing sugars Van Wyk and Mohulatsi (2003).

S/N Author’s name Organism used Percentage sugar yield

1 S. cerevisiae 10.86 g/L

2 S. cerevisiae 22.70 g/L and xylose 1.78 g/L

3 Aspergillus niger 5.725 g/L

4 Cytophaga hutchnisonni

5 Van Wyk and Mohulatsi (2003) Trichoderma viride 0.17 mg/ml and 1.64 mg/ml

6 Serratia 25.260 mg/ml

7 Ojewumi et al. (2018) A. niger and P. aeruginosa 523.333 and 486.66 mg/L, respectively

of extracting lignin from lignocellulosic biomass is
increasingly being used because it does not require high
energy, notwithstanding the substantial degradation of
lignin. In biological pretreatment processes,
microorganisms such as brown, white, and soft-rot fungi
are used to degrade lignin and hemicellulose in waste
materials. White and soft rots focus mainly on both lignin
and cellulose whereas brown rots primarily focus on only

cellulose. Lignin degradation by white-rot fungi is caused by
various enzymes which cause the degradation of lignin such
as peroxidase and laccase (Kumar and Wyman, 2009).
Biological pretreatment has the benefits of low
consumption of energy with slight restrictions, although
the hydrolysis rate is very small in their pretreatment
processes (Tian et al., 2012; Kondusamy and Kalamdhad,
2014; Pramanik et al., 2019).
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4 BIOCONVERSION FROM PAPER TO
SUGAR: PROGRESS AND LIMITATIONS

Based on the preceding topics on initial processes for paper
production, this section explains the common difficulty in the
bioconversion of paper to fermentable sugar. Common problems
were reviewed more intently and suggestions offered were
considered.

Foyle et al. (2007)and Tian et al. (2018) carried out the
bioconversion of wheat straw and waste paper. The waste
paper involved included newspaper and office paper; they were
the only two biomasses used to conduct the research. As stated in
the work, the varying constitution of the different lignocellulosic
materials used required the use of acid-based techniques. An
adjusted version of the Bio-Rad Aminex HPX-87C HPLC column
was used for the derivation of the sugar concentration obtained,
with familiar alteration being applied to Grohmann’s method in
which both the hydrolysis time and the residence time were
extended. This alteration proved to be successful as it led to an
increase in the production of glucose. However, the results of the
trifluoroacetic acid method were poor; this was linked to the small
weight of the lignocellulosic biomass used at the start. From this
research, it can be seen that the use of sulfuric acid resulted in an
efficient hydrolysis rate and more research should go into its use.

van Wyk et al. (2003) worked on the biodegradation of
wastepaper by cellulase from Trichoderma viride. The various
paper materials used for the biodegradation included office paper,
filter paper, used foolscap paper, cardboard, and newspaper. After
they were collected, they were all prepared and cut into pieces of
0.5cm x 0.5 cm. For this study, T. viride-derived cellulase was
dissolved in 1.0 ml of a 50 mM sodium acetate/NaOH buffer, the
buffer had a concentration of 0.2 mg/ml with pH 4.5, and for a
timeframe of 2 min--8 h, and it was incubated with the various
amounts of paper samples.

One of the major observations from this work was the sharp retrace
of the effectiveness of bioconversion after an initial surge; it was noted
that this was likely caused by a low wastepaper to enzyme ratio as the
decline was noticed as the disintegration of all the paper materials
progressed. The highest bioconversion rate was noticed in foolscap
and office paper at 10.0 mg/incubation, in filter paper and cardboard it
was at 20.0 mg, and newspaper had the lowest rate at 7.5 mg. Last,
cardboard was shown to have the highest efficiency with office paper
as a close second followed by foolscap. The only reservation in this
work is the strict restrictions in the sense that the use of only one
cellulase curbs the ability to consider a wider range of possibilities.
Future works should make room for more questions to be asked by
using different cellulose from varying sources so their effects can be
studied and research can progress (Ojewumi et al., 2018).

Mtui and Nakamura (2005) worked on the bioconversion of
lignocellulosic waste from dump sites. The study being used here is
unique as the work also included the fermentation process of
conversion into ethanol; in this work, lignocellulosic waste was
also grouped as a whole, unlike previous works where they were
differentiated. Here, they are simply called lignocellulosic biomass
with the only distinction of the biomasses being the dump site they
were collected from as each one was collected from a different
location. The locations in question include University of Dar es
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Salaam (UDSM), Ubungo, Mwenge, Sinza, and Manzense; these
locations lie in the municipal area of Kinondoni, Dar es Salaam
region, Tanzania. The waste materials classified under lignocellulosic
waste in this study include waste paper, vegetable fruit waste, hay,
bagasse, and sawdust. They were then pulverized into a powdery
form by using a grinding miller. This was done to increase the
vulnerability of the waste to chemical pretreatment. A total of 20 ml
of sulfuric acid (0.5 M) was added to 1 g of each of the samples from
every site after they were liquefied in 980 ml of distilled water. Then,
50 ml of the mixture was autoclaved at 120°C for 15 min at 1 atm;
this was done by pipetting it into a 100-ml conical flask. The cellulase
enzyme obtained from Trichoderma reesei was then used to incubate
the mixture for 8 h at 55°C. This was done at 2h breaks as the
concentration of fermentable sugars was discovered by using the
dinitrosalicylic technique (DNSA). The resulting mixture was then
fermented by using Saccharomyces cerevisiae with a known
incubation temperature of 35°C. The concentration of ethanol
was then determined by using a 120/80 6.6% carbowax column.

During the entire process, there was an initial increase as the
saccharification duration also increased, but they reached a
maximum at the 6h incubation time. Finally, the
concentration of glucose was determined, and the dumping
sites at Ubungo had the least numbers (0.05g/L) with
Manzese having 0.07 g/L and Mwenge having 0.06 g/L. Sinza
came had 0.1 g/L as its peak glucose level whereas the University
of Dar es Salaam had the largest concentration of 0.13 g/L. This
result, as stated in the report, can be a sort of validation showing
that the type of lignocellulosic biomass also matters in the process
of bioconversion and with the region with the highest
concentration being a university (whose main lignocellulosic
waste material would be paper), the use of paper as the
premium feedstock for this procedure is supported.

Ikeda et al. (2006) worked on the bioconversion of office paper
waste. The synthesis of gluconic acid in various cultures of
Aspergillus niger (A. niger) was investigated using enzymatic
hydrolysate from office paper waste (plain paper copies). The
research included the use of repeated batch cultures using flasks,
one involving the medium of saccharified solution and the other
medium being that of glucose. Gluconic acid production yields
based on the consumption of glucose were about 91% in the
solution medium and 80% in the glucose medium. It was found
that xylose and cellobiose present in the solution medium played
a significant role in the development of gluconic acid and that the
enzymatic hydrolysate of waste paper (paper copies) may be a
strong carbon replacement for the development of gluconic acid
in the culture of A. niger. Before the third replication of the batch
culture, there was little diversity between the various mediums
used in the processing of acid, and the gluconic concentration was
observed to be 110 g/L in both mediums even after 72 h. The
results obtained assert that enzymatic hydrolysate has no adverse
effect on the production of gluconic acid in a culture of A. niger
and can be used as an alternative source of carbon.

The addition of pure oxygen has quadrupled the acid
production rate as opposed to air. The morphology of A. niger
and the dry cell weight of the solution and the glucose content
were found. Different morphologies resulted in a reduction in the
oxygen transfer in the medium and in a reduction in the output of
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the gluconic acid, especially in the solution medium (which, in an
electronic scan microscope, was larger and fluffier). This is a
significant violation and, therefore, because of improved oxygen
transfer, the glucose media should be used to produce gluconic
acid. The production of gluconic acid by A. niger depends
strongly on the rate of the transition of oxygen since glucose
oxidation is literally the mechanism of production. There must
also be a continuous supply of oxygen to increase production
rates. Other than the paper copies used in this work, enzymatic
hydrolysate can be used on several other waste paper samples.
Several studies have been carried out with this perspective; some
involving four separate waste papers were examined to observe
saccharification under the same temperature conditions.

In addition to the known chemical methods, biological
pretreatment has been advanced considering the tremendous
results from enzymatic hydrolysis. Van et al., 2003 worked on
the role of enzyme concentration in bioconversion processes. In
this study, Penicillium funiculosum (P. funiculosum) was used to
produce the cellulase used for the study with samples of waste
foolscap, office paper, filter paper, cardboard, and newspaper as
the substrate. The cellulase used in this study (Sigma; E. C.
3.2.1.4.) was obtained from P. funiculosum as stated earlier,
and it was formulated with a concentration of 20.0 mg/ml
inside a buffer of sodium acetate (50 mM) with a pH value of
4.5 which was obtained by adjusting it with HCL. The paper
samples were all cut up into pieces of 0.5 cm by 0.5 cm, then of
different sizes (2.5, 5.0, 7.5, 10.0, 20.0, 40.0, and 60.0 mg), and
they were incubated with 1.0 ml of the cellulase solution at 50°C
for a duration of 2h. A constant paper size of 40 mg was also
used, but in this case, the concentration of the cellulase was
increased, varying from 0.2 to 0.8 mg/ml.

The concentration of the enzyme was obtained by using the
Lowry method while using BSA as the standard; the sugar
quantity generated was derived using the DNS method with
glucose being used as the standard, with the concentration
being made constant (and the paper size being increased).
Foolscap, office paper, and cardboard all exhibited an initial
increase in the generation of sugar until they all peaked at
10.0 mg; newspaper, on the other hand, reached its
bioconversion peak at 7.5mg, and filter paper did not reach
any peak but instead exhibited an increasing move upward.
However, with the concentration of enzymes being increased
at 0.8 mg/ml which was the largest concentration of the enzyme,
newspaper at 6,050 ug sugar/ml incubation volume showed the
largest yield of bioconversion, after which came filter paper at
5,700 pg sugar/ml. The sugar content generated from cardboard
and office paper was 50% smaller than that of filter paper and
newspaper with foolscap showing the greatest opposition to
bioconversion even with the large enzyme concentration. The
resistance of foolscap could be attributed to the lack of
pretreatment of waste papers before hydrolysis as treatment
helps increase the susceptibility of the lignocellulosic materials.

Although the types of waste paper used varied, the use of only
one cellulase enzyme provided the same challenges as before, with
only one enzyme being used, we cannot compare with others
under the same conditions to determine the enzyme in which the
lignocellulosic content will be most susceptible to. This is a
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problem as different waste papers might require different
cellulase compositions to be broken down effectively.

Varotkar et al. (2016) examined the enzymatic bioconversion
of waste paper into bio-ethanol. In this study, wild strains of
Aspergillus sp., Penicillium sp., and Trichoderma sp. were used for
the saccharification of waste paper, namely, filter paper
(Whatman No. 1), newspaper, and office paper. The reasons
for the use of these fungi materials as stated in the study were that
Trichoderma sp. is one of the most effective generators of
enzymes (extracellular), which can be attributed to the fact
that many different species of the aforementioned fungi are
able to degrade cellulose since they contain large amounts of
the cellulose enzyme which is strongly cellulolytic. Aspergillus sp.
is one of the most frequently used fungi mold on an industrial
scale. It breaks down polymers into simpler molecules by using
acids and enzymes that are spread throughout the atmosphere.
Aspergillus extracts nutrients by the degradation mechanism.
Penicillium sp. can be located in various types of rotting plants
such as dead wood. They (Penicillium sp.) offer a wide variety of
extracellular enzymes which are known to play a vital part in the
degradation of cellulosic substrates. The fungi samples were
isolated following the general procedure, they were collected in
sterile containers from different locations such as wood yards
with sawdust, paw dust, and rotting wood flakes. They were then
cultured in Czapek Dox agar (CDA), Sabouraud dextrose agar
(SDA), and potato dextrose agar (PDA) media. The samples
collected were then reduced to particles and sprinkled on the
surface of the media under a shaded location and at ambient
temperature till visible colonies began to form (after a period of
4 days). Grinding was conducted using a mixer grinder to cut the
components into small parts. The grounded paper was then used
as the substrates for saccharification. After hydrolysis, the
researcher documented the following findings: across the
board of fungi used (Aspergillus sp, Trichoderma sp., and
Penicillium sp), office paper showed the most susceptibility
with Penicillium sp. at 2.6 mg/ml, Trichoderma sp. at 3.26 mg/
ml, and the greatest was Aspergillus sp. at 3.76 mg/ml.

A similar work performed by Rathnan and Balasaravanan
(2014) wusing T. viride, Aspergillus oryzae, and Penicillium
citrinum which gave similar results as office paper showed
strong susceptibility to the hydrolysis process, although a high
susceptibility rate was shown by P. citrinum instead of Aspergillus
as mentioned earlier, and this was followed by newspaper and,
finally, filter paper. A. oryzae also produced high reducing sugars
with the highest coming from newspaper followed by office paper
and then, finally, filter paper. This discrepancy between both
works as it refers to office paper and different strains of
Aspergillus could be due to operating conditions, temperature,
pH, and also the incubation time which were all different across
the board. It can be concluded in this work that the different
strains of Aspergillus, Penicillium, and Trichoderma exhibited
strongly for the saccharification of waste paper, with office paper
being the most susceptible to hydrolysis and also releasing the
highest amount of reducing sugar.

Rocha-Martin et al. (2017) worked on the enzymatic role in
bioconversion. In their work, the effects of several additives on the
yield of enzymatic hydrolysis were studied intently; corn stover
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(PCS), sugar cane straw (PSCS), and microcrystalline cellulose
were all used in the hydrolysis process. The research aimed to
reduce production costs and increase hydrolysis yields, which can
be achieved by increasing the efficiency of the enzymatic
cocktails. To achieve this and improve the enzymatic
hydrolysis yields, the use of additives such as non-ionic
surfactants and non-catalytic proteins has been a viable option.

Unlike this particular study, most of the works were obtained
at low solid loadings, with laboratory substrates or with specific
enzymes under non-industrially appropriate factors; this work,
on the other hand, under industrial conditions (50°C, initial pH
5.5), studied the effect of various additives on the commercial
cocktail developed in Myceliophthora thermophila using well-
known feed stocks, such as pre-processed maize stover and
sugarcane straw (PCS and PSCS).

To determine their capacity in enhancing enzymatic
hydrolysis of PSCS and PCS, Tween 20, Tween 80, Brij 35,
and Triton X-100, also known as surfactants, one polymer
(PEG4000) also known as poly-ethylene glycol, and bovine
serum albumin (BSA) were evaluated by the researcher.
Additives such as surfactants and polymers are assumed to
shape the lignin surface as a hydrated layer that impedes the
non-production of cellulolytic enzymes.

PEG4000 tends to have a small improvement in enzyme
hydrolysis in all materjals than most additives (glucose level
increased by 7.5% and PCS and PSCS hydrolyses by 10.5%,
respectively). In comparison, even at low concentrations, BSA
adversely influenced hydrolysis. During hydrolysis of PCS, the
decrease was approximately 15%. PEG4000 allowed glucose levels
to be increased in three materials by 10, 7.5, and 32%, respectively.

Ojewumi et al. (2018) re-examined the work by Rocha-Martin
et al. (2017) on the enzymatic role in bioconversion. This present
study showed a detailed demonstration of how waste paper has been
converted to fermentable (reducing) sugar using cellulose at various
temperatures; both A. niger and Pseudomonas aeruginosa were used
for the enzymatic hydrolysis process. The work also classified the
type of waste paper that exhibited the maximum fermentable sugar
production. A. niger and P. aeruginosa were sourced from vegetative
regions. Sabouraud dextrose agar (SDA) slant has been deposited in
both isolates. The isolate was grown under SDA and incubated for
3-5 days at 27°C. SDA was sterile. Each isolate was modified and
used for remedial purposes to 0.5 McFarland. These researchers used
a metal wire (loop) which they sterilized quickly by heating in flames
before each use; these were introduced to the cultivating medium of
the inoculum (A. niger and P. aeruginosa). The enzymatic solution
(100 ml) was then mixed with the pretreated papers (e.g,
newspapers, bureau papers, and foolscap papers) which were
then incubated at 25°C and 37°C for substrates with A. niger
enzyme solution and at 37°C and 42°C for substrates with P.
aeruginosa enzyme solution. The samples were removed weekly
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