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INTRODUCTION

The date palm tree (Phoenix dactylifera L.) 
represents a large area in arid and semi-arid re-
gions, considering their nature in resisting the 
high temperature and lack of water existence. In 
2019, the area of the date palm in the Drâa region 
was 45,892 Ha, 77% of the total area in Morocco, 
with a production of 78,540 t (Moroccan Minis-
try of Agriculture, 2019). In the arid and semi-
arid areas, date palm waste represents the main 
quantity against the total waste quantity of the 
region. In general, the amount of waste that can 
be produced from each date palm tree is around 
20 kg of waste yearly (Chandrasekaran and Bah-
kali, 2013). These wastes are in general used for 

feeding cattle (Chehma and Longo, 2001), or 
burning in random ways leading to environmen-
tal problems. Burning these wastes could pro-
duce household air pollution, which is respon-
sible for the death of about 3.8 million people 
around the world each year (WHO, 2018). The 
valorization of date palm waste can contribute to 
increase the social and economic positive impact 
on the population of this area. 

Several techniques are used for treating 
wastes such as biological, chemical and physical 
processes. Anaerobic digestion (AD) is one of the 
biological processes that treat organic wastes, by 
degrading organic matter with a microbial eco-
system operating in the absence of oxygen (Kar-
ouach et al., 2021), and also resulted in waste 
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reduction. The AD process produces two main 
products, the first one is biogas, which contains 
mostly methane and CO2 (Beniche et al., 2020), 
and the second one is digestate which contains 
a large quantity of organic matter that cannot be 
fully degraded and can be used as a fertilizer in 
agriculture use (Juanga-Labayen et al., 2021). 
The biogas is considered as a renewable energy 
which does not produce air pollutants, nuclear 
waste or ashes (Lo et al., 2019). AD can help re-
duce the fires in the oasis each year that causes 
great damage to date palm farms. 

The date palm waste, which contained lignin, 
cellulose and hemicellulose, could be used in bio-
logical processes (Chandrasekaran and Bahkali, 
2013). The lignocellulosic wastes are considered 
as suitable feedstock for bioenergy generation 
with the ability of cellulose and hemicellulose on 
converting to monosaccharides after hydrolysis 
(Kainthola et al., 2019). The lignocellulosic mate-
rials are complex and make the degradation diffi-
cult in AD. Few studies on producing biogas from 
date palm waste were discussed in the literature. 
In a recent study, the experimental methane yield 
from date palm empty fruit bunch (DPEFB) using 
continuous stirred tank reactor (CSTR) under me-
sophilic conditions was 118.5 NmL/gVS with a 
biodegradability of 39% (Lahboubi et al., 2020). 
Nevertheless, the production of biogas or meth-
ane can be improved by increasing the solubility 
of organic matter during the anaerobic digestion 
process (Wong et al., 2018). Different pretreat-
ments were used in order to improve biodegrad-
ability and methane production, such as physical, 
chemical and biological (Bernat et al., 2020). The 
use of the pretreatment stage is to improve the 
physical accessibility of lignocellulosic matter 
to microbes (Karouach et al., 2020) and modify 
the structure of cellulosic materials, which are 
complex, with decreasing degree of polymeriza-
tion, weakening of the lignin and carbohydrates 
bonds and increased surface area of particles 
(Mudhoo, 2012). In literature, most researchers 
approve that the alkali pretreatment appears to 
be the most effective method in terms of break-
ing the ester bonds between lignin, hemicellulose 
and cellulose (Khadaroo et al., 2019). The alkali 
pretreatment increases the digestibility of cellu-
lose and results in the removal of hemicellulose 
and lignin materials from lignocellulosic biomass 
(Kaur et al., 2020) and depends on the lignin con-
tent of the biomass (Rodriguez et al., 2017). The 
most common alkalis used in the pretreatment 

of lignocellulosic materials are sodium, ammo-
nium, calcium and potassium hydroxides (Rodri-
guez et al., 2017; Sinbuathong et al., 2020). The 
alkali pretreatment was efficient to enhance the 
solubilization of organic matter and methane gen-
eration (Ali et al., 2020), and could enhance the 
degradation of cellulose, hemicellulose and lig-
nin to 55.6%, 68.3% and 16.8% (Hu et al., 2016). 
In a previous study of alkali pretreatment using 
6% NaOH (w/w), the methane potential was in-
creased by 11.4% from raw DPEFB (Lahboubi et 
al., 2021b). They have reported that the combined 
alkali-thermal pretreatment has increased the 
methane potential by 21.52% from raw DPEFB. 
Besides, Salehian et al. (2013) had also studied 
the effect of NaOH on lignocellulosic material at 
two temperatures (0 and 100 °C) for different pe-
riods of time. They have found that 8% (w/w) 
NaOH was effective at 100 °C for 10 min with 
a 181.2% improvement of biogas production. 
On the other hand, even a high concentration of 
NaOH at low temperature decreases crystallinity 
by breaking the intramolecular hydrogen bonds 
between cellulose chains (Porro et al., 2007) 
and can dissolve the cellulose and regenerate it 
(Nieves et al., 2011), it can resulted in the de-
crease of methane production. Several experi-
ments need to be conducted to reach the limit 
of using high alkali concentration in anaerobic 
digestion pretreatment. In a study of Ca(OH)2 
pretreatment of sugarcane bagasse (SCB) with 
concentrations of 1.7–11.9% of dry weight SCB 
for 4 h at room temperature, the methane po-
tential of pretreated SCB 11.9% was lower than 
pretreated SCB 8.5% (Mustafa et al., 2018). The 
high concentration of NaOH can be reused on 
a large scale and in industry, which is very im-
portant from the perspective of the economy and 
environmental impact of the anaerobic digestion 
process (Nieves et al., 2011). To our knowledge, 
pretreatment with high alkali concentration us-
ing NaOH has not been really studied for the 
enhancement of biogas from DPEFB feedstock. 

The kinetic study has become famous in bac-
terial growth. Modeling of microbial growth is 
used to estimate the specific growth rate and lag 
time (Ware and Power, 2017). It is practical to 
understand the ultimate methane production in a 
short time (Bakraoui et al., 2018; Habchi et al., 
2022). Kinetic equations contained mathematical 
parameters, which have not biological meaning. 
Several authors have modified the mathematical 
parameters to biological meaning. The modified 
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Gompertz equation has become most commonly 
used for the prediction of methane production 
(Hernández-Fydrych et al., 2019). 

The objective of this study is to evaluate the 
effect of high alkali pretreatment on date palm tree 
waste: empty fruit bunch, on methane production 
and biodegradability, and optimize the limit of the 
high alkali concentration. The alkali pretreatment 
used in this study is sodium hydroxide (NaOH), 
using three weight ratios: 6, 18 and 30% (w/w) 
(weight ratio of NaOH/weight of VS). The exper-
iments are conducted using a CSTR digester with 
batch mode under mesophilic conditions. The ki-
netic study is applied to all experimental results 
to describe adequate fitting using the Modified 
Gompertz and the Transference function models. 
Anaerobic digestion of date palm trees has not 
been widely used in the literature, which is the 
strength of this study. This study was carried out 
in 2019–2020, at the Organic Chemistry Catalysis 
and Environment Laboratory, University Ibn To-
fail, Kenitra, Morocco.

MATERIALS AND METHODS

Substrate preparation

The DPEFB substrate used in this study was 
collected from Valley ZiZ, Drâa region, which 
is located in the South of the Moroccan Atlas 
Mountains, Morocco. The substrate was ground 
using a blinder in order to minimize the size (size 
< 5 mm). The substrate was stored at 4 °C until 
use. This mechanical pretreatment was used as a 
control to find out the improvement of the pro-
posed alkali pretreatment.

Alkali pretreatment was conducted using so-
dium hydroxide pellets EMPLURA (NaOH). 20 
g of the substrate was treated with NaOH to pre-
pare a ratio of 6, 18 and 30% (w/w) (ratio weight 
of NaOH/weight of VS). The prepared substrates 
were mixed with distilled water for 10 min under 
room temperature. The pretreated substrates were 
added directly to the digester to avoid having 
another effect on the substrate (Lahboubi et al. 
2021b). The inoculum was provided from a full-
scale digester of the vinasse industry in Kenitra 
City, Morocco, working under mesophilic condi-
tions (37 °C). The bacteria used in this study are 
hydrolytic bacteria. The inoculum was stored at 
4 °C until use. The physicochemical characteriza-
tions of inoculum, the raw and the pretreated sub-
strate are shown in Table 1.

Anaerobic digestion set-up

The experimental batch set-up, shown in 
Figure 1, consists of a 5 L continuous stirred 
tank reactor (CSTR) digester (1), made of Py-
rex, heated via a thermostatic jacket from a 
thermostat bath SELECTA model to ensure 
the mesophilic conditions (37±1 °C) (2). The 
reactor is equipped with three orifices, one of 
the substrate feeding (3), one for mechanical 
stirring (two blade with a velocity of 200 rpm, 
model OS20-Pro - DLAB) (4) and one for bio-
gas outlet (5). A bubbler contained a sodium 
hydroxide solution (NaOH) (6N) was used for 
CO2 removal (6), and it was connected between 
the reactor and the gasmeter. The volume of 
methane is measured when the water moves 
from the cylindrical gasmeter, made of Pyrex, 
to a graduated tube by the water displacement 
method (7). The methane volume produced was 
daily measured using the graduated tube under 
the ambient condition of the room (8). 

Chemical analysis 

The Total Solid (TS) and the Volatile Solid 
(VS) were determined according to standard 
methods (APHA 1989). The TS was determined 
by drying the sample at 105 °C for 24 hours. 
The ashes were determined by burning the dried 
sample at 550 °C for 2 hours. The VS was calcu-
lated by the difference between TS and ashes. The 
moisture was determined according to the stan-
dard method (APHA 1989). 

Experimental protocol

For each experiment, the inoculum was 
added to the digester with a VS ratio of 2:1 (in-
oculum: substrate). The inoculum was firstly 
activated in mesophilic conditions (37 °C) for 
two days until the methane production of the 
inoculum stopped. After the preparation of the 
raw and pretreated substrate, they were added 
directly to the digester after the activation of the 
inoculum. During the experiments, the pH was 
measured to ensure the stability of the process. 
The experiment was run in triplicate.

The substrate pretreatments have direct ef-
fects on AD performances in terms of methane 
potential and process stability. The raw and 
pretreated substrates were tested to evaluate 
these effects.
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The methane volume was standardized under 
ambient conditions (Lahboubi et al., 2020). The 
generated methane potential from DPEFB under 
experimental conditions was calculated per g of 
VS added (mL/gVS) as shown in Equation 1 (El 
Achkar et al., 2016):

PCH4 (mL/gVS) = 
VCH4(mL)

 added VS(gVS)
 

 

Bd (%) =  
PCH4 (mL gVS⁄ )
TMP (mL gVS⁄ ) ∗ 100 

 

 

Modified Gompertz:  

P(t) = A * exp(-exp(
µe
A

(λ-t)+1)) 

 

 

Transference function: 

P(t) =  A ∗ �1 − exp �
µ ∗ (λ − t)

A
�� 

(1)

Biodegradability

The biodegradability was determined by di-
viding the methane potential on the theoretical 
methane potential (TMP) of DPEFB (Buffiere 
et al., 2008; El Achkar et al., 2016) as shown in 
Equation 2. From a previous study of producing 
methane from DPEFB, the estimated TMP of 
DPEFB calculated using the Buswell equation 
was 405.3 mL/gVS (Lahboubi et al., 2020).

PCH4 (mL/gVS) = 
VCH4(mL)

 added VS(gVS)
 

 

Bd (%) =  
PCH4 (mL gVS⁄ )
TMP (mL gVS⁄ ) ∗ 100 

 

 

Modified Gompertz:  

P(t) = A * exp(-exp(
µe
A

(λ-t)+1)) 

 

 

Transference function: 

P(t) =  A ∗ �1 − exp �
µ ∗ (λ − t)

A
�� 

(2)

Kinetic study

The curves of cumulative methane production 
can differ from one substrate to others. On one hand, 
the simple substrates, which were characterized by 
high biodegradability, had the reverse L-shape. On 
the other hand, complex substrates had the S-shape 
or stepped curve (Fig. 2) (Ware and Power, 2017). 

In this study, two kinetic equations were 
applied: modified Gompertz and Transference 
function. Assuming that biogas or methane 
production depends on bacterial growth, the ki-
netic modeling was used to fit the experimental 
data (Rathaur et al., 2018). The theoretical data 
were obtained by adjusting the experimental 
methane production (N mL/gVS) for each ex-
periment (El Gnaoui et al., 2020). The modi-
fied Gompertz and Transference function were 
described using Equations 3 and 4, respectively 
(Panigrahi et al., 2020): 

PCH4 (mL/gVS) = 
VCH4(mL)

 added VS(gVS)
 

 

Bd (%) =  
PCH4 (mL gVS⁄ )
TMP (mL gVS⁄ ) ∗ 100 

 

 

Modified Gompertz:  

P(t) = A * exp(-exp(
µe
A

(λ-t)+1)) 

 

 

Transference function: 

P(t) =  A ∗ �1 − exp �
µ ∗ (λ − t)

A
�� 

(3)

Figure 1. Scheme of the experimental batch set-up: (1) digester (dimension (L×W×H) 1300×440×460 mm), 
(2) thermostatic jacket, (3) substrate feed, (4) mechanical stirring, (5) biogas outlet, 
(6) sodium hydroxide solution, (7) gasmeter, (8) graduated tube, (9) methane outlet

Figure 2. Typical cumulative methane 
production shapes (Ware and Power, 2017)
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PCH4 (mL/gVS) = 
VCH4(mL)

 added VS(gVS)
 

 

Bd (%) =  
PCH4 (mL gVS⁄ )
TMP (mL gVS⁄ ) ∗ 100 

 

 

Modified Gompertz:  

P(t) = A * exp(-exp(
µe
A

(λ-t)+1)) 

 

 

Transference function: 

P(t) =  A ∗ �1 − exp �
µ ∗ (λ − t)

A
�� 

(4)

where: P – represents the simulated cumula-
tive methane production (N mL/gVS), 
A – represents the simulated maximum 
cumulative methane production (N mL/
gVS), µ – represents the methane produc-
tion rate (N mL/gVS.d), λ – represents the 
lag phase time (d), and t  – represents the 
digestion time (d).

RESULTS AND DISCUSSION

Substrate and inoculum characterization

The physicochemical characterizations of 
inoculum, raw and pretreated substrate are 
shown in Table 1. The pH of the inoculum is 
8.03, which is considered as a suitable envi-
ronment for anaerobic bacteria. As shown in 
Table 1, the raw and pretreated substrate had 
a high VS content. The results show that by 
increasing the amount of NaOH, the VS (%TS) 
content decreased from 83.89 to 68.10%, 
which can be explained by the fact that NaOH 
solubilizes the substrate VS (Heo et al., 2003). 
These VS can degrade with anaerobic bacte-
ria to produce a significant amount of biogas, 
depending on the biodegradability of the sub-
strate and process conditions. The hemicellu-
lose, cellulose and lignin content of the raw 
substrate were 9.5, 16 and 9.4%, respectively 
(Lahboubi et al., 2020). The theoretical biogas 
and methane yield of the raw substrate are: 794 
and 405 mL/gVS (Lahboubi et al., 2021a).

In research conducted by Dai et al., (2018), 
they reported that NaOH pretreatment decreased 
the percentages of hemicellulose and lignin in a 

lignocellulosic substrate (rice straw). They ex-
plained that the OH-band in NaOH can result the 
decomposition and separation of cellulose, hemi-
cellulose and lignin by breaking the ester and 
ether bond between lignin and polysaccharides 
and weaken the hydrogen bonding between hemi-
cellulose and cellulose (Dai et al., 2018). Salehian 
et al. (2013) had shown that alkali pretreatment 
using NaOH for 10 min retention time had de-
creased the lignin content of pine wood from 29.5 
± 0.2 to 27.9 ± 0.1%.

pH evolution

The stability of the process was evaluated 
through the pH. The pH must be followed up 
on a regular timeline to keep up the process 
monitoring. The optimum pH for AD stability 
was between 6.5 and 8.5, near neutrality. The 
Figure 3 shows the results of the pH of the raw 
and pretreated substrate throughout the experi-
ment. During the experiment, the pH values 
were between 7.4–7.8 for the raw substrate, and 
6.5–7.7 using the alkali pretreatment. The AD 
of the raw and the pretreated substrate was in 
pH conditions insuring the process stability. As 
shown in Figure 3, the pH values of the 30% 
(w/w) were between 6.3 and 7.7, with a mean 
value of 7.17. The decrease in pH, which ap-
pears after 40 days of methane production, was 
probably due to an inhibition problem due to 
the accumulation of acids with high content in 
NaOH. Besides, the pH decrease during the ex-
periment was expressed by the production of 
acids causing the imbalance of the acidogenic 
and methanogenic phases of AD (Bakraoui et 
al., 2019). The same observation was observed 
by Al-Juhaimi et al. (2014), who concluded that 
the decrease in pH was due to the accumulation 
of the non-acetate fatty acids that are not di-
rectly metabolizable by methanogenic bacteria.

Table 1. Physicochemical characterization of inoculum, raw and pretreated substrate

Parameters Inoculum Raw substrate
NaOH pretreatment (w/w)

6% 18% 30%

pH 8.03 - 8.6 10.6 13.2

TS (g/kg) 23.63 867.23 170.06 201.92 138.79

VS* (g/kg) 8.86 797.08 142.65 140.38 94.51

TS (%) 2.35 86.74 16.98 19.13 9.21

VS (%TS) 37.50 91.91 83.89 69.52 68.10

* Basis on dry sample.
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Methane potential 

The AD results of the raw and the pretreated 
substrate are represented in Table 2 and Figure 
4. The cumulative methane potential of the raw 
and the pretreated substrate had increased with 
time. The cumulative methane potential of the 
raw substrate was 98.5 N mL/gVS. The low 
methane potential might be due to the compos-
ite nature of the substrate with insoluble frac-
tion lignin (Chandrasekhar et al., 2020). More-
over, the alkali pretreatment results showed that 
the 6 and 18% (w/w) NaOH had improved the 
methane potential from 98.5 NmL/gVS to 107 
and 204 N mL/gVS (Fig. 4), respectively (with 
8 and 104% of improvement), which showed 
the positive impact of the alkali pretreatment 
on the substrate. The concentration of 18% is 

considered high, but has a positive impact on 
methane potential and biodegradability. The 
high pretreatment with 30% (w/w) was not ef-
fective since the methane potential was lower 
than the untreated substrate (97 N mL/gVS). 
It is concluded that a higher concentration of 
NaOH was not effective for methane production 
improvement, which may lead to problems of 
inhibitions. The fail in improvement using al-
kali pretreatment was due to the limitation of 
the process pretreatment (Anu et al., 2020). 
Al-Juhaimi et al. (2014) had reported that the 
decrease in pH resulted in a decrease in biogas 
production. Kainthola et al. (2019), reported that 
even if the chemical pretreatment improved the 
biodegradation of the substrate, it may produce 
inhibitory compounds that have an effect on an-
aerobic digestion obstruction. In another study 

Figure 3. pH evolution during mesophilic anaerobic digestion of raw and pretreated DPEFB

Figure 4. Cumulative methane production for raw and pretreated DPEFB
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of producing methane from an oil palm empty 
fruit bunch, alkali pretreatment was effective 
with an improvement of 83% after pretreat-
ment with 8% (w/v) NaOH for 60 min (Nieves 
et al., 2011). In a study of alkali pretreatment 
of pine wood (a lignocellulosic substrate), the 
best improvement of methane production was 
achieved with 8% NaOH for 10 min at 100 °C, 
with an improvement of 181% of methane yield 
(Salehian et al. 2013). Yang et al. reported that 
with alkaline addition the hydrolytic bacteria 
were decreased (Yang et al., 2020).

Biodegradability

The results of biodegradability calculations 
are represented in Table 3. The biodegradabil-
ity (Bd) was increased with increasing alkali 
load (respectively 26 and 50%) and higher 
than the biodegradability of the raw substrate 
(24%). Unlike for the last alkali load (30% 
NaOH), the biodegradability stayed the same as 

the raw substrate (24%) (Fig. 5), which shows 
that the high pretreatment of 30% (w/w) was 
not effected too on increasing the biodegrad-
ability. The fail in biodegradability in the 30% 
(w/w) pretreatment may be caused by the in-
hibition problem with a high concentration of 
NaOH. From a previous study of producing 
methane from DPEFB, the theoretical biode-
gradability was 28.13% (Lahboubi et al, 2020). 
From these results, the pretreatment with low 
NaOH concentrations up to 18% improves the 
biodegradability. 

Table 2. The methane potential and methane improvement of lignocellulosic substrates
NaOH pretreatment (w/w) Substrate PCH4 (N mL/gVS) Methane improvement (%) Reference

Raw substrate

DPEFB

98.5 -

This study
6 % 107 8

18 % 204 104

30 % 97 -2

6 % EFB 132 11.4 (Lahboubi et al. 2021b)

8 % Pine wood - 181 (Salehian et al. 2013)

8 % Oil palm empty 
fruit bunch - 83 (Nieves et al. 2011)

Table 3. Experimental methane potential and 
biodegradability for the different experiments

Parameters PCH4 (N mL/gVS) Bd (%)

Raw substrate 98.5 24

NaOH pretreatment (w/w)

6 % 107 26

18 % 204 50

30 % 97 24

Figure 5. Methane potential and biodegradability as function of pretreated NaOH % (w/w)
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Kinetic results

Table 4 represents the results of the kinetic 
study. The kinetic models used in this study had 
fitted well and allowed to determine the R², lag 
phase and the maximum methane production rate. 
Figure 6 represents the kinetic parameter curves. 

The results show that the pretreatment with NaOH 
ratio 18% (w/w) had the best fitting in terms of R² 
and methane production rate. The methane pro-
duction rate of the treated substrate (6 and 18%) 
was higher than the one of the untreated substrate, 
noticing that the transference methane production 

Table 4. Kinetic parameters of modified Gompertz and transference function

Parameters Models PCH4 (N mL/gVS) A (N mL/gVS) µ (N mL/
gVS.d) λ (d) R² Error (%)

Raw substrate
Modified Gompertz

98.5
99.1 2.35 0 0.9568 0.61

Transference 98.62 2.39 0 0.9506 0.12

NaOH 
pretreatment (w/w)

6 %
Modified Gompertz

107
112.8 2.79 0 0.9652 5.42

Transference 110.23 2.88 0 0.9616 3

18 %
Modified Gompertz

204
210.9 4.4 11.7 0.944 3.4

Transference 206.27 5 14.82 0.996 1.11

30 %
Modified Gompertz

97
100.8 2.17 3.75 0.9833 3.8

Transference 96.73 2.5 6.9 0.9847 0.27

Fig. 6. Effect of alkali pretreatment on kinetics parameters for two models; (a) maximum 
cumulative methane production ; (b) methane production rate; (c) lag phase
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rate was higher than the one of modified Gom-
pertz. The same result was observed in another 
study, which showed that alkali pretreatment us-
ing NaOH improves the maximum methane pro-
duction rate (Edwiges et al., 2019). The values 
of λ (lag phase) were ranged from 3.75 to 14.82 
correspond to the pretreated 18 and 30% (w/w) 
and higher than the raw and pretreated 6% (w/w) 
which showed a higher concentrations of NaOH 
take more time for degradation. Mainardis et al., 
had shown that the high lag phase from the modi-
fied Gompertz could result from the significant 
lignin content in the substrate. The proposed pre-
treatment improves the methane production rate, 
but it is not effective in shortening the lag phase 
for instant degradation.

Figure 7 shows the curves of the experimen-
tal cumulative methane production and the kinetic 
curves. As shown in Figure 7, the curves of cumu-
lative methane production for raw substrate and 

pretreated NaOH ratio 6, 18 and 30% (w/w) have 
the stepped curve and elongated S-shape, which 
was defined by the nature and complexity of the 
substrate. The modified Gompertz and Transfer-
ence functions were adjusted to experimental data. 
It can be concluded that the best fitting was in the 
pretreated NaOH ratio 18% (w/w) in terms of trans-
ference function. The errors between the experi-
mental and fitted results were less than 10%, which 
can notice that the fitted models can be applied to 
predict the methane potential. The same observa-
tion was concluded by Panigrahi et al. (2020) who 
obtained low error values less than 15%.

CONCLUSIONS

Date palm trees produce a large quantity of 
waste in Morocco that is poorly managed and lead 
to environmental problems. These wastes can be 

Fig. 7. Experimental cumulative and simulated methane production using Transference 
equation and MGompertz for: (a) raw substrate, (b) pretreated 6% (w/w) NaOH, 

(c) pretreated 18% (w/w) NaOH and (d) pretreated 30% (w/w) NaOH
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biomass sources for producing renewable energy 
via the anaerobic digestion process. The date palm 
empty fruit bunch could not easily converted to 
biogas due to it lignocellulosic nature. For this 
reason, alkali-NaOH pretreatment is used to im-
prove the methane potential and biodegradabil-
ity. The best improvement (104%) was achieved 
with NaOH 18% (w/w), with a biodegradability of 
50%. The results on data fitting showed that both 
models had better fits to experimental methane 
potential on pretreated 18% NaOH. The proposed 
pretreatment improves the methane potential, bio-
degradability and methane production rate. This 
study may provide useful information for the limi-
tation of using high alkali pretreatment on DPEFB 
biomass. The result obtained in this study shows 
interesting information for producing methane as 
a clean energy production in the future. 

Acknowledgements

This research is part of the RENEWVALUE 
project ERANETMED program. The author 
would like to thank all persons who had any con-
tribution on this work.

REFERENCES 

1. Ali N., Hamouda H.I., Su H., Li F.L., Lu M. 2020. 
Combinations of alkaline hydrogen peroxide and 
lithium chloride/N,N-dimethylacetamide pretreat-
ments of corn stalk for improved biomethanation. 
Environ Res, 186, 109563. https://doi.org/10.1016/j.
envres.2020.109563

2. Al-Juhaimi F.Y., Hamad S.H., Al-Ahaideb I.S., Al-
Otaibi M.M., Ghafoor K., Abbasi T., Abbasi S.A. 
2014. Biogas Production through the Anaerobic Di-
gestion of Date Palm Tree Wastes - Process Optimi-
zation. BioResources, 9. https://doi.org/10.15376/
biores.9.2.3323-3333

3. Anu, Kumar A., Rapoport A., Kunze G., Kumar S., 
Singh D., Singh B. 2020. Multifarious pretreatment 
strategies for the lignocellulosic substrates for the 
generation of renewable and sustainable biofuels: 
A review. Renew Energy, 160, 1228–1252. https://
doi.org/10.1016/j.renene.2020.07.031

4. APHA. 1989. Standard Methods for examination of 
water and wastewater, 17th edn. Washington, DC.

5. Bakraoui M., Hazzi M., Karouach F., Ouhammou 
B., El Bari H. 2019. Experimental biogas produc-
tion from recycled pulp and paper wastewater by 
biofilm technology. Biotechnol Lett. https://doi.
org/10.1007/s10529-019-02735-w

6. Bakraoui M., Karouach F., Belhadj S., Joute Y., 
Ouhammou B., Aggour M., Essamri A., El Bari 
H. 2018. Modified Gompertz kinetic study of 
methane production from anaerobic digestion of 
recycled paper mill sludge. 26th Eur. Biomass 
Conf. Exhib. 849–854.

7. Beniche I., El Bari H., Siles J.A., Chica A.F., Martín 
M.Á. 2020. Methane production by anaerobic co-
digestion of mixed agricultural waste: cabbage and 
cauliflower. Environ Technol, 1–9. https://doi.org/
10.1080/09593330.2020.1770341

8. Bernat K., Zaborowska M., Zielińska M., 
Wojnowska-Baryła I., Ignalewski W. 2020. Bio-
logical treatment of leachate from stabilization of 
biodegradable municipal solid waste in a sequenc-
ing batch biofilm reactor. Int J Environ Sci Technol. 
https://doi.org/10.1007/s13762-020-02915-6

9. Buffiere P., Frederic S., Marty B., Delgenes J.P. 
2008. A comprehensive method for organic mat-
ter characterization in solid wastes in view of as-
sessing their anaerobic biodegradability. Water Sci 
Technol, 58, 1783–1788. https://doi.org/10.2166/
wst.2008.517

10. Chandrasekaran M., Bahkali A.H. 2013. Valoriza-
tion of date palm (Phoenix dactylifera) fruit pro-
cessing by-products and wastes using bioprocess 
technology – Review. Saudi J. Biol. Sci., 105–120.

11. Chandrasekhar K., Cayetano R.D.A., Ikram M., Ku-
mar G., Kim S.H. 2020. Evaluation of the biochemi-
cal methane potential of different sorts of Algerian 
date biomass. Environ Technol Innov, 101180. 
https://doi.org/10.1016/j.eti.2020.101180

12. Chehma A., Longo H. 2001. Valorisation des Sous-
Produits du Palmier Dattier en Vue de leur Utilisa-
tion en Alimentation du Bétail. Rev Energ Ren Prod. 
Valoris. – Biomasse, 59–64

13. Dai B., Guo X., Yuan D., Xu J. 2018. Comparison 
of Different Pretreatments of Rice Straw Substrate 
to Improve Biogas Production. Waste Biomass 
Valorization, 9, 1503–1512. https://doi.org/10.1007/
s12649-017-9950-9

14. Edwiges T., Bastos J.A., Lima Alino J.H., D’avila 
L., Frare L.M., Somer J.G. 2019. Comparison of 
various pretreatment techniques to enhance biode-
gradability of lignocellulosic biomass for methane 
production. J Environ Chem Eng, 7, 103495. https://
doi.org/10.1016/j.jece.2019.103495

15. El Achkar J.H., Lendormi T., Hobaika Z., Salameh 
D., Louka N., Maroun R.G., Lanoisellé J.L. 2016. 
Anaerobic digestion of grape pomace: Biochemi-
cal characterization of the fractions and methane 
production in batch and continuous digesters. Waste 
Manag, 50, 275–282. https://doi.org/10.1016/j.
wasman.2016.02.028

16. El Gnaoui Y., Sounni F., Bakraoui M., Karouach F., 
Benlemlih M., Barz M., El Bari H. 2020. Anaerobic 



88

Ecological Engineering & Environmental Technology 2022, 23(2), 78–89

co-digestion assessment of olive mill wastewater 
and food waste: Effect of mixture ratio on meth-
ane production and process stability. J Environ 
Chem Eng, 8, 103874. https://doi.org/10.1016/j.
jece.2020.103874

17. Habchi S., Lahboubi N., Karouach F., Naim I., La-
hlou Y., Bakraoui M., Sallek B., El Bari H. 2022. Ef-
fect of Thermal Pretreatment on the Kinetic Parame-
ters of Anaerobic Digestion from Recycled Pulp and 
Paper Sludge. Ecol Eng Environ Technol, 23, 192–
201. https://doi.org/10.12912/27197050/143568

18. Heo N.H., Park S.C., Lee J.S., Kang H. 2003. Sol-
ubilization of waste activated sludge by alkaline 
pretreatment and biochemical methane potential 
(BMP) tests for anaerobic co-digestion of munici-
pal organic waste. Water Sci Technol, 48, 211–219. 
https://doi.org/10.2166/wst.2003.0471

19. Hernández-Fydrych V.C., Benítez-Olivares G., 
Meraz-Rodríguez M.A., Salazar-Peláez M.L., Fa-
jardo-Ortiz MC (2019) Methane production kinetics 
of pretreated slaughterhouse wastewater. Biomass 
Bioenergy, 130, 105385. https://doi.org/10.1016/j.
biombioe.2019.105385

20. Hu Y., Hao X., Wang J., Cao Y. 2016. Enhancing an-
aerobic digestion of lignocellulosic materials in ex-
cess sludge by bioaugmentation and pre-treatment. 
Waste Manag, 49, 55–63. https://doi.org/10.1016/j.
wasman.2015.12.006

21. Juanga-Labayen J., Yanac K., Yuan Q. 2021. Effect 
of substrate-to-inoculum ratio on anaerobic diges-
tion of treated and untreated cotton textile waste. 
Int J Environ Sci Technol, 18, 287–296. https://doi.
org/10.1007/s13762-020-02831-9

22. Kainthola J., Kalamdhad A.S., Goud V.V. 2019. A 
review on enhanced biogas production from anaero-
bic digestion of lignocellulosic biomass by different 
enhancement techniques. Process Biochem. https://
doi.org/10.1016/j.procbio.2019.05.023

23. Karouach F., Bakraoui M., El Gnaoui Y., Lahboubi 
N., El Bari H. 2020. Effect of combined mechani-
cal–ultrasonic pretreatment on mesophilic anaero-
bic digestion of household organic waste fraction in 
Morocco. In: Energy Reports, 310–314.

24. Karouach F., Bakraoui M., Zguani A., Hammadi 
A., El Bari H. 2021. Co-digestion of industrial re-
cycled pulp and paper sludge with vinasse waste-
water: experimental and theoretical study. Int J 
Environ Sci Technol. https://doi.org/10.1007/
s13762-020-03111-2

25. Kaur R., Tyagi R.D., Zhang X. 2020. Review on 
pulp and paper activated sludge pretreatment, in-
hibitory effects and detoxification strategies for 
biovalorization. Environ Res, 182, 109094. https://
doi.org/10.1016/j.envres.2019.109094

26. Khadaroo S.N.B.A., Poh P.E., Gouwanda D., Gras-
sia P. 2019. Applicability of various pretreatment 

techniques to enhance the anaerobic digestion of 
Palm oil Mill effluent (POME): A review. J Envi-
ron Chem Eng, 7, 103310. https://doi.org/10.1016/j.
jece.2019.103310

27. Lahboubi N., Karouach F., Bakraoui M., El Bari 
H., Essamri A. 2021a. Energetic potential of palm 
waste: Empty fruit bunch. AIP Proceeding, Khou-
ribga, Morocco, 020015.

28. Lahboubi N., Kerrou O., Karouach F., Bakraoui M., 
Schüch A., Schmedemann K., Stinner W., El Bari 
H., Essamri A. 2020. Methane production from me-
sophilic fed-batch anaerobic digestion of empty fruit 
bunch of palm tree. Biomass Convers Biorefinery. 
https://doi.org/10.1007/s13399-020-00864-1

29. Lahboubi N., Naim I., Habchi S., Essamri A., El 
Bari H. 2021b. Effect of Combined Alkali-Thermal 
Pretreatment on Methane Potential from BMP of 
Date Palm Empty Fruit Bunch. In: Proceedings of 
the 1st International Conference on Water Energy 
Food and Sustainability (ICoWEFS 2021). Springer 
International Publishing, Cham, 301–310.

30. Lo F.C., Lin K.L., Pai T.Y., Yang W.G., Tzeng Y.M., 
Chiu H.Y., Lo S.W., Hsiao K.C., Banks C.J., Lo 
H.M. 2019. Biogas production from most agri-
cultural organic wastes by anaerobic digestion in 
Taiwan. Environ Prog Sustain Energy, 38, e13242. 
https://doi.org/10.1002/ep.13242

31. Mainardis M., Flaibani S., Mazzolini F., Peressotti 
A., Goi D. 2019. Techno-economic analysis of an-
aerobic digestion implementation in small Italian 
breweries and evaluation of biochar and granu-
lar activated carbon addition effect on methane 
yield. J Environ Chem Eng, 7, 103184. https://doi.
org/10.1016/j.jece.2019.103184

32. Moroccan Ministry of Agriculture. 2019. Date palm 
sector. http://www.agriculture.gov.ma/fr/filiere/
palmier-dattier. Accessed 5 Aug 2021.

33. Mudhoo A. 2012. Biogas production: pretreatment 
methods in anaerobic digestion. John Wiley; Scriv-
ener Pub, Hoboken, N.J.: Beverly, MA

34. Mustafa A.M., Li H., Radwan A.A., Sheng K., 
Chen X. 2018. Effect of hydrothermal and Ca(OH)2 
pretreatments on anaerobic digestion of sugar-
cane bagasse for biogas production. Bioresour 
Technol, 259, 54–60. https://doi.org/10.1016/j.
biortech.2018.03.028

35. Nieves D.C., Karimi K., Horváth I.S. 2011. Improve-
ment of biogas production from oil palm empty fruit 
bunches (OPEFB). Ind Crops Prod, 34, 1097–1101. 
https://doi.org/10.1016/j.indcrop.2011.03.022

36. Panigrahi S., Sharma H.B., Dubey B.K. 2020. An-
aerobic co-digestion of food waste with pretreated 
yard waste: A comparative study of methane pro-
duction, kinetic modeling and energy balance. J 
Clean Prod, 243, 118480. https://doi.org/10.1016/j.
jclepro.2019.118480



89

Ecological Engineering & Environmental Technology 2022, 23(2), 78–89

37. Porro F., Bédué O., Chanzy H., Heux L. 2007. Solid-
State 13C NMR Study of Na−Cellulose Complex-
es. Biomacromolecules, 8, 2586–2593. https://doi.
org/10.1021/bm0702657

38. Rathaur R., Dhawane S.H., Ganguly A., Mandal 
M.K., Halder G. 2018. Methanogenesis of organic 
wastes and their blend in batch anaerobic digester: 
Experimental and kinetic study. Process Saf Envi-
ron Prot, 113, 413–423. https://doi.org/10.1016/j.
psep.2017.11.014

39. Rodriguez C., Alaswad A., Benyounis K.Y., Olabi 
A.G. 2017. Pretreatment techniques used in biogas 
production from grass. Renew. Sustain. Energy 
Rev., 1193–1204.

40. Salehian P., Karimi K., Zilouei H., Jeihanipour A. 
2013. Improvement of biogas production from pine 
wood by alkali pretreatment. Fuel, 106, 484–489. 
https://doi.org/10.1016/j.fuel.2012.12.092

41. Sinbuathong N., Sombat N., Meksumpun S. 2020. 
Comparison of the increase in methane yield using 
alkali pretreatment for French weed and water lettuce 

prior to co-digestion. Environ Prog Sustain Energy, 
39, e13361. https://doi.org/10.1002/ep.13361

42. Ware A., Power N. 2017. Modelling methane produc-
tion kinetics of complex poultry slaughterhouse wastes 
using sigmoidal growth functions. Renew Energy, 104, 
50–59. https://doi.org/10.1016/j.renene.2016.11.045

43. WHO. 2018. In: World Health Organ. https://www.
who.int/health-topics/air-pollution#tab=tab_3. Ac-
cessed 16 Jan 2020.

44. Wong L.P., Isa M.H., Bashir M.J.K. 2018. Disinte-
gration of palm oil mill effluent organic solids by 
ultrasonication: Optimization by response surface 
methodology. Process Saf Environ Prot, 114, 123–
132. https://doi.org/10.1016/j.psep.2017.12.012

45. Yang C.X., Zhao S., Guo Z.C., Liu W.Z., Wang L., 
Yu S.P., Liu B.L., Cong X. 2020. Alkaline aided 
thermophiles pretreatment of waste activated sludge 
to increase short chain fatty acids production: Mi-
crobial community evolution by alkaline on hydro-
lysis and fermentation. Environ Res, 186, 109503. 
https://doi.org/10.1016/j.envres.2020.109503


