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The waste from the paper industry continues to increase globally, notably the
generated paper mill sludge (PMS), which constitutes a challenging residue to
treat and typically ends up in landfills. The recovery of this sludge in the energy
sector is very interesting as they are composed of lignocellulosic materials that
are highly favorable for methane production in anaerobic environments. The
sludge is collected at the unit affiliated with the leading paper production
company Faderco in Setif. A physico-chemical characterization of the PMS is
carried out (pH, total solids content and volatile solids, ammoniacal nitrogen,
alkalinity, and organic acid content). Anaerobic digestion tests are also conducted
on both wet and dry phases to determine the methanogene potential. The biogas
production yield is 520 m3/ton in the dry basis and 200 m3/ton in the wet basis.
As for the methane yield, the value is 320 m3/ton in the dry basis and 120 m3/ton
in the wet basis. In comparison of PMS with other substrates cereal straw, used
grease, agricultural residues, this residue is estimated to be a potential substrate
for the methane production.
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methanogene potential.

1. Introduction

The paper industry is considered as one of the most polluting industrial sectors in the world.
It is typically a large consumer of energy and water [1]. The production of paper mill sludge
(PMS) is estimated to vary from 0.3 m® to 1 m® of sludge per tonne of paper produced [2]. This
sludge is traditionally disposed through many methods such as landfilling, incineration, or
agricultural spreading, which are often regarded as less sustainable and more environmentally
harmful management options [3-4].

The PMS has been recovered in several areas such as production of energy (biogas [5]), biofuel
[6], in agriculture (fertilizers [7]), manufacturing construction materials [8]), manufacturing
of chemicals [9]), wastewater treatment for various pollutants (bioadsorption [10-11])...etc.

The anaerobic digestion is such an interesting process for the treatment of waste and the
management of resources simultaneously. To carry out this process, various groups of
naturally available bacteria are used to perform biodegradation and produce renewable energy
from organic materials [12]. Several lignocellulosic wastes have been recovered for methane
production, such as: orange peels [13], cereal straw [14], corn stalks [15], green leaves [15],
and garden waste [15]... etc.

Energy production from paper mill sludge represents an interesting industrial opportunity;
recent studies have demonstrated the technical feasibility of anaerobic digestion in biogas
production [16-20]. After pretreatment, cellulose-rich paper mill sludges are converted into
various products, such as glucose, ethanol, hydrogen, lactic acid, acetic acid, methane, waste
biosorbents, as well as numerous other chemicals and materials [21-23]. Unlike anaerobic
digestion of wastewater, anaerobic digestion of paper mill sludge is still in its early stages [24].
It is in this context that the present work has been conducted with the aim of valorizing the
PMS to produce renewable energy (biogas).

2. MATERIALS AND METHODS
2.1. Preparation

The paper mill sludge (PMS) collected from the FADERCO industrial unit (Setif) is dried in
a Memmert oven at 105°C for 24 hours. It is subsequently ground and sieved to obtain fine
particles smaller than 100um. The resulting raw powder (RP) is stored in polyethylene (PET)
bottles in a desiccator until a further use.

2.2. Characterization

Many analytical methods are used to determine pH, total solids (TS) and volatile solids (VS)
content, ammoniacal nitrogen, alkalinity, and organic acid content.

2.2.1. pH

The pH of the raw power plays an important role during the anaerobic digestion process, where
it is measured before and after the process. Three samples of 1 g are introduced into 3 separate
Nanotechnology Perceptions Vol. 21 No. S1 (2025)
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beakers, and a volume of 10 ml of distilled water is added to each sample. The mixture is
homogenized by stirring for 5 minutes. The pH of the solution is measured using an Inolab pH
7110 pH meter [25].

2.2.2. Total solids (TS) and volatile solids (VS) contents

The TS and VS are determined by analytical gravimetry. This analysis is carried out to
determine the organic matter content (VS) of RP, which is used to calculate the estimated mass
for tests of the anaerobic digestion process, according to the following equations:

TS ( g ) _ (Dry sample weight(g) ( After drying)
Kg/ =~ (Wet Sample mass (Before drying)+0.001 (kg))

1
VS (Kég) = total solids (g/Kg) — ash(g/Kg) (2)

2 g of raw powder is dried at 105°C for 24 hours and then incinerated at 550°C in a muffle
furnace (SHIMADZU) for 2 hours to determine the content of non-volatile solids (ashes) and
volatile solids (organic matter).

2.2.3. Ammoniacal nitrogen

Organic nitrogen is determined using the Kjeldahl technique before and after anaerobic
digestion. Mineralization of the raw powder is necessary to convert the organic nitrogen
present in the sludge into mineral nitrogen according to the following steps:

-1 g of the raw powder is introduced into a Kjeldahl flask with the addition of 0.5 g of digestive
catalyst (copper sulfate and potassium sulfate), and 10 ml of concentrated sulfuric acid.

-The flask is heated to 350°C for 3 hours. After digestion, the flask is cooled to room
temperature.

-The contents of the flask are transferred to a distillation apparatus to release ammonia as a
gas, an alkaline solution (caustic soda) is added.

The distillate containing ammonia is ready to be titrated with a solution of HCI (0.01 M), a
colored indicator (phenolphthalein) is added to the distillate [26].

2.2.4. Alkalinity

Alkalinity is an important parameter during anaerobic digestion [27]. It is related to pH balance
and the stability of the anaerobic digestion process to ensure optimal biogas production [27].

The determination of the alkalinity of the raw powder is done by titration. 0.1 g of the raw
powder is introduced into a beaker, and 25 ml of water is added. The mixture is homogenized
by stirring for 15 minutes, then filtered and titrated with HCI (0.01 N). The alkalinity is
calculated and expressed in terms of calcium carbonate equivalent (CaCOs) using the
following equation [28]:
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C = (A*N*50000)/B (3)

C: Total alkalinity (CaCO3z mg/L).

A: Volume of HCI solution used (ml).

B: Volume of sample used (ml).

50000: Weight of one equivalent of CaCO3 expressed in mg.
2.2.5. Organic acids

The analysis of acids present in the raw powder before and after anaerobic digestion is
performed using high-performance liquid chromatography (HPLC), HPLC Machine, LC-
4000. Solvent extraction (methanol) is carried out on a mass of 0.5g of the raw powder for 3
hours, and the solvent is evaporated using a rotary evaporator. Standard solutions of various
acids are prepared to calibrate the HPLC equipment. The sample and standards are injected
into the HPLC system, and the data obtained are analyzed using chromatographic analysis
software. The same steps realized on the digestate recovered after anaerobic digestion [29].

2.3. Anaerobic digestion
2.3.1. Protocol for the determination of methane potential (BMP)

The determination of methane potential involves several steps. Firstly, 500 ml of a solution
containing macro and micronutrients is prepared using the chemicals and concentrations
mentioned in Tables 1 and 2.

Table.1: Composition of macro-element solution.

Chemicals Concentration (g/L)
KH,PO4 10.00
NH,CI 26.60
CaCl,.2H,0 3.00
MgCl,.6H,0 6.00
Thioglycolate Na 30.00
Table.2: Composition of micronutrient solution.
Chemicals Concentration (g/L)
FeCl,.4H,0 10.00
CoCl,.6H,0 2.50
MnCl,.4H,0 0.50
NiCl,.6H,0 0.50
ZnCl, 0.25
H3;BO; 0.25
Na,SeO; 0.25
CuCl,.2H,0 0.20
Na,M00,.2H,0 0.05
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Regarding the micronutrient solution, all ingredients are dissolved and filtered using a 0.22
um filter paper and kept at 4°C for further use. A sodium bicarbonate (NaHCO3) buffer
solution is prepared by dissolving 50g of NaHCOs in 1 liter of distilled water. A mass of
inoculum corresponding to 100 g of organic matter from a bioreactor specialized in anaerobic
digestion of household waste is weighed and mixed with the macro-element (ME) solutions
(1.52 ml), micronutrient (OE) solutions (350 pl), and sodium bicarbonate buffer solution
(Buffer Vol Sol) (9.10 ml). A mass of the sample (RP) corresponding to 0.8 g is weighed and
mixed with the inoculum and the entire solution mixture, and the mixture is added to 250 ml
serological bottles. The volume of the liquid phase in all bottles is adjusted to 175 ml with
distilled water (Table.3). In the final preparation step, the headspace air of each bottle is purged
with a mixture of N2:CO- gas (80:20 v/v) for approximately 1 minute. Subsequently, each
bottle is sealed to make it gas-tight by pressure-fitting rubber stoppers and covering them with
metal caps. The bottles are placed in an incubator, and mesophilic conditions are maintained
throughout the BMP tests, with T° control and oscillatory agitation (35°C, 150 rpm).

To determine methane content (CH,), the biogas produced in each bottle is monitored by
determining the volume (by hydrostatic column) and composition (by GC analysis) on days 1,
3,7,13, 21, 27, and 35 [30-32].

Table .3: BMP recipe

BMP bottles 1a3 4a6 749

Samples Inoculum Starch control Paper mill sludge
Number 3 3 3

Inoculum guantity (g) 100 100 100

Sample quantity (g) 0 0,35 0,80

Volume of macro-element solution (ml) 1,52 152 1,52

Volume of micronutrient solution (ul) 350 350 350

Buffer solution volume (ml) 9,10 9,10 9,10

Volume of distilled water (ml 63,35 63,70 64,50

Total (ml) 175 175 175

3. RESULTS AND DISCUSSIONS
3.1. Characterization
3.1.1. pH

The pH value before and after the anaerobic digestion process decreased from 8.014 to 7.447,
indicating that the pH during the process was nearly neutral. This ensures a smooth anaerobic
digestion process and prevents inhibition due to acidic conditions, so contributing to the
stability of the microorganism’s activity responsible for methane production, in conditions
where the pH is close to neutral values [33-35].

3.1.2. Total solids (TS) and volatile solids (VS)

The obtained values are provided in Table .4.
Nanotechnology Perceptions Vol. 21 No. S1 (2025)
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Table .4: Total solids (TS) and volatile solids (VS) content.

Sample Raw powder
Wet sample weight (g) (Before drying) 2,06

Dry sample weight (g) (After drying) 0.96
TS(g/Kg) 467

Ash (g/Kg) 29,75

VS (g/Kg) 437,25

The TS (ashes) of the dried paper mill sludge are estimated at 467 g/kg, and the VS at 437.25
g/kg, which is equivalent to 49% organic matter (Table.4). According to literature, this paper
sludge is rich in organic matter compared to other paper sludges [34], making it a potential
substrate for the methanization process. Therefore, the organic matter present in the raw
powder is 0.4369 g/g.

3.1.3. Ammoniacal nitrogen

The concentration of ammoniacal nitrogen present in the paper sludge before and after
anaerobic digestion is estimated at 1375 ppm and 1333 ppm respectively, as shown in the
following table. 5.

Table.5: Average concentration of ammoniacal nitrogen before and after the anaerobic
digestion process.

Sample Sample number Sample mass Titrant volume (ml) | Ammoniacal nitrogen | Average value (ppm)
(ppm)
(@
1,94 16,4 1355
Mass before | 2 1,09 16,7 1348 1375
process
1,49 13,5 1343
Mass after process | 3 1,50 13,3 1307 1333
151 13,7 1351

The variation in the concentration of ammoniacal nitrogen is almost insignificant, suggesting
a balance between the consumption and production of ammoniacal
microorganisms, thus stability of the process, which allows maintaining a balance between
different microbial populations [35-36].

3.1.4. Alkalinity

The alkalinity before and after methanization is shown in Table .6.

nitrogen by

Table.6: Average values of alkalinity per equivalent of mgCaCOs/L before and after the
anaerobic digestion process.

ample

Nbl’ sample PH initial

Vol gmpie (MI)

Vol titrant (ml)

Average

(ml)

Base
mgCaCO4/L

efore methanization

7,6 0,50

5,65

Nanotechnology Perceptions Vol. 21 No. S1 (2025)

equivalent



427 Samira Maane et al. Biogas Production from Paper Mill Sludge....

2 7,6 0,50 5,58 5,61 7473

\fter methanization 75 0,50 5,55
3 73 0,50 5,38 5,49 7276

74 0,50 5,55

According to the results obtained, the alkalinity before and after methanization decreased by
200 eqg mgCaCOs/L, which is probably due to acidification of the environment, leading to a
decrease in alkalinity in order to achieve a nearly neutral pH during the anaerobic digestion
process. This explains the decrease in pH from 8.014 to 7.447.

3.1.5. Organic acids

The table.7 shows the various organic acids present before and after the anaerobic digestion
process. The acids present before the process are formic acid (2050 ppm) and butyric acid
(1250 ppm). Their presence is due to the paper bleaching process; the use of certain chemicals
such as chlorine or hydrogen peroxide can lead to the formation of these two acids as by-
products [37]. Formic acid can also be produced by the decomposition of lignin during paper
pulp manufacturing [38]. The acid formed after the digestion is propionic acid. Its formation
is due to the degradation of amino acids by microorganisms present in the digester (640.5 ppm)
[36-39]. The decrease in the concentration of formic acid (120.7 ppm) and butyric acid (680.5
ppm) is due to their consumption by microorganisms to form methane (CH,) and carbon
dioxide (CO) [40]. Propionic and butyric acids are considered potential inhibitors for
methanogens if their concentrations exceed 2 to 3 g/L [41], which is not the case because their
values are below this concentration (0.64 g/L and 0.68 g/L).

Table .7: Organic acids present in the dried powder before and after methanization.

Sample Number of | formic acid propionic acid (ppm) butyric acid (ppm)
samples
(ppm)
Initial 3 2050 0 1250
120 630 650
Final 3 130,7 670 740
1204 620 660

3.2. Anaerobic digestion
3.2.1. Biogas production

Fig.1 shows the biogas production over time, with an increase observed on the dry basis
(Figure.1.a, Figure.2.b) up to a volume of 180 ml and a biogas yield up to 520 m3/ton owm,
which exceeds the starch control (reference) on the 35" day (last day) and continues to
increase. In contrast, the biogas yield on a wet basis per unit mass of residue is estimated at
200 m3/tonne sample wet basis, While the starch control increased up to 480 m3/tonne sample wet basis
(Figure.1.c). In a wet-phase anaerobic digestion process, the dry matter content is generally
between 10% and 15%, corresponding to 90% to 85% moisture content [42], unlike the dry
phase, where the dry matter content is higher (between 25% and 40%) [42]. This means that a
larger proportion of the mass consists of solid organic matter. The high biogas production
noted in the dry phase is explained by the high dry matter content, which allows better control
of nutrients and promotes the activity of microorganisms responsible for the anaerobic
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digestion [42].

Volume of biogas (mL)

biogas vield m*/tonne oM

biogas yield (m?/tonne sample wet basis )
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g.1 : Biogas production from RP, (a, b) Dry basis; (c) Wet basis.
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3.2.2. Methane Production (CHg)

Figure.2 shows methane production over time in two different bases. An increase in methane
concentration in the biogas is observed until reaching a plateau on the 28" day with a value of
53% v/v (Figure.2.a), which is higher than the starch control 45% v/v. The plateau obtained is
explained by the total degradation of organic matter by microorganisms in the dry base. The
volume and yield of CH,4 (Figure.1.b, Figure.1.c) increased rapidly until reaching a value of
110 ml and 320 m*/ton om on the 35™ day, exceeding the value of the control at 97 ml and 270
mé/ton om on the 35" day. However, the methane yield per unit mass of residue in the wet basis
is low, with a value of 120 m3/tonne sample wet basis ON the 35™ day (Figure.2.d), which is half of
the value obtained by the starch control at 270 m/tonne sampie wet basis 0N the 35" day (Figure
V.27.d). The low methane yield obtained in the wet phase compared to the dry phase is

explained by the higher dry matter content in the dry phase compared to the wet phase [42-
43].

Methane concentration in the biogas

) .

Paper mill sludge

Concentration of CHs (viv %)
= .

Time (day)

(@)

Methane production (25°C)

1w _ Starch control

B0

o Paper mill sludge

Methane volume (mL)

Time (day)

(b)
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Methane yield per unit mass of organic residue

— Starch control

Paper mill sludge

Methane yield m*/ton on
B

Time(day)

(©)

Methane yvield per unit mass of wet basis residue

300

150
200 + Starch control

150

- Paper mill sludge

Methane yield m*/tonne sampie wet basis

-
] 5 ] 15 20 25 30 35 40

Time (day)

(d)
Fig.2 Methane Production from RP, (a, b, ¢) dry basis; (d) wet basis.

3.3. Representativeness of this study with other studies on methane production from different
substrates
The production of methane has been studied by other substrates, such as orange peel, cereal

straw, used grease, sewage treatment grease, mixture of agricultural residues, green leave,
potato pulpe and garden waste. The methane production was estimated in the range from

365 (Lcha/Kgvs) for orange peel to 40.8 (Lcra/Kgvs) for garden waste.

The PMS is ranked in 3 position with an optimal production of 320 (LCHJ/Kgvs), which is
very close to that observed for orange peel with a value of 365 (LCH4/Kgys), as shown in
Table.8. So this residue is estimated to be a potential substrate for the methane production.

Table.8: Methane production by different biomass.

Biomass Production of CHg (Lcna/ KG vs) Reference
Orange peel 365 [13]
Cereal straw 331 [14]
Paper mill sludge 320 This study
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Used grease 250 [44]

Sewage treatment grease 240 [44]

Mixture of agricultural residues 239 [45]

Green leaves 55.4 [15]

Potato pulp 50 [44]

garden waste 40.8 [15]
4. Conclusion

Throughout this study, sludge from the paper industry was used as biomass for biogas
production through the anaerobic digestion process in two different basis (dry and wet). The
biogas production yield is 520 mton om in the dry basis and 200 m3/ton sample et basis in the wet
basis. As for the methane yield, the value is 320 m3/ton owm in the dry basis and 120 m¥tonne
sample wet basis 1N the wet basis.

This study confirms that the PMS from the paper industry can be utilized as a biomass for
biogas production, thus providing an eco-friendly and sustainable alternative for the
environment.
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