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Abstract 

Nowadays renewable energy with low prices is a global target that has taken the attention to compare alternatives 
energy sources with fossil fuels. Therefore, this study was established to find suitable and sustainable alternative low-
cost fuels source. Cooking oil waste (COW) was mixed with non-pretreated citrus tree fibers (CTF) (0.5 mL to 1 g ratio) 
and pressed to formulate coal (CTF/COW). Otherwise, this mixture was subjected to in situ fungal pretreated using 
Aspergillus flavus isolate to simplify the mixture composition and pressed to offer in a usable form with enhancing 
their heating value for the first time. CTF/COW was characterized using attenuated total reflection Fourier-transform 
infrared spectroscopy (ATR-FTIR), scanning electron microscope (SEM) and thermal analysis (TGA) before and after 
treatment. The fungal isolate was observed with enzyme productivity and activity of CMCase, avicelase, xylanase, 
mannanase, α-glucosidase, β-glucosidase, lignin peroxidase and lipase according to enzyme assays and the chemical 
compositions of CTF before and after fungal treatment, where the best PH for enzymes extraction was between 5 and 
7. The fungal enzymes increased the heating value by about two and half folds in comparison with non-pretreated 
coal. Moreover, the calorific value of tCTF/COW was 43,422 kJ/kg, which was higher than CTF recorded 18,214 kJ/kg 
and COW recorded 39,823 kJ/kg. Our result suggests that fungal treatment of the mixture of citrus trees and cooking 
oil waste presents as a promising low-cost and eco-friendly coal.
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Introduction
The renewable energy fuels based low cost and sustain-
able materials is one of the most attractive critical issues 
overall the earth (Ali et  al. 2018; Hashem et  al. 2019). 
The environmental hazard of energy generation from 
fossil fuels became more indiscriminate and instabil-
ity, this leads to searching for finding new alternative 
energy sources that have a less-pollutant as well as low 
cost (Majid and Society 2020). In this regard, lignocel-
lulosic wastes have a vast potential the alternative green 
fuel sources, and value-added bioproducts (FitzPatrick 
et  al. 2010). In this context, biotechnology approaches 
add a great value to waste modification treatment, espe-
cially those using enzymatic treatments (Monteiro et al. 
2021; Moreira et al. 2020). Enzymatic modification of lig-
nocellulosic biomass usually corresponds to the lignin, 
hemicelluloses, and cellulose (Hasanin et al. 2018; Menon 
et al. 2012; Tawfik et al. 2021). Fungi that have lignocel-
lulolytic ability usually secret extracellular enzymes, such 
as cellulases, hemicellulases, peroxidases, and laccase 
(Kantharaj et al. 2017). Among the largest lignocellulosic 
raw materials, citrus tree fibers (CTF) are portrayed as 
zero-value biomass, which can use for environmental and 
economical issues as well. Indeed, the increase of plant-
ing areas and the accumulation of this residue into the 

environment that prerequisite strategies to handle and 
reduce (Rahman et  al. 2022). In this way, conversion of 
the CTF by fungal enzymes degradation under solid-state 
fermentation is considered as a novel green eco-friendly 
treatment strategy for production a renewable, sustaina-
ble cost-effective coal with high heating value (Tang et al. 
2022). On the other hand, COW is a popular domestic 
waste generated over all the world as a waste of vegeta-
ble oil after using in the cooking and frying of food (De 
Feo et  al. 2020). COW refers mainly to frying oil used 
at high temperatures, edible fat mixed in kitchen waste 
and oily wastewater directly discharged into the environ-
ment (Zhang et al. 2012). Unfortunately, the recovery of 
this type of waste has not restricted collection planning 
in many countries that could be considered solid or liq-
uid waste (Ortner et  al. 2016). In addition, screw press 
is a good selection to produce a pressed high-density 
coal. This method was offered a simple and effective eco-
friendly non-hazardous technique to formulate a coal 
material with unique characteristics in comparison with 
other convention coal. Therefore, in this work the new 
promising formula of fungal treated biowastes included 
citrus trees fibers and cooking oil waste this followed 
by screw press to produced renewable, sustainable cost-
effective coal with high heating value.

Graphical Abstract
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Materials and methods
Wastes collection
Citrus trees fibers was obtained from  citrus trees  trim-
mings, since it were collected from some local farms 
located in Giza, Egypt. The cooking oil waste was col-
lected from local fast-food restaurant in Egypt.

Chemical reagents
p-Nitrophenyl b-D-glucopyranoside, p-nitrophenyl 
α-glucopyranoside, locust bean gum, and beech wood 
xylan were purchased from Sigma-Aldrich Chemical Co. 
(St. Louis, MO, USA). Carboxymethylcellulose (CMC), 
microcrystalline cellulose (MCC) were purchased from 
Merck (Germany). All other reagents used were of the 
highest grade available.

Fungal strains and culture preservation conditions
Six fungal strains were used in this study, Rhizopus oryzae 
(accession number MG518370), Rhizopus microsporus 
(accession number MK623262), Aspergillus niger RCMB 
02724, A. fumigatus RCMB 02568, A. flavus EGYPTA5 
and A. terreus RCMB 02574. Fungal strains were cultured 
on Malt Extract Media (MEA) and incubated at 28 ± 2 °C 
for 3–4  days, then kept at 4  °C for further use (Fouda 
et al. 2015; Hasanin and Hashem 2020; Khalil et al. 2019; 
Mohamed Aly Khalil and Hosny Hashem 2018).

CTF preparation
CTF was pretreated by grinding in meshes about 2 mm 
in dimeter and 0.5–3 cm in length. Afterword, the CTF 
washed with distilled water and dried at 60º C for 18 h.

Solid‑state fermentation (SSF)
SSF medium was prepared as follows: 20 g of dried pre-
treated CTF was put in a 500-mL flask and autoclaved 
for 15 min at 121ºC. After cooling, pretreated CTF was 
moistened uniformly with sterile distilled water under 
septic condition at 70% to produce tCTF. In the case of 
pretreated CTF with COW, the same method used plus 
10  mL of COW. These media were inoculated with a 
known number of spores (1.5X106 /mL) individually, 
then incubated for 2 weeks at 28 ± 2 °C.

Enzyme assay
The activity of CMCase was assayed based on the 
method of (Mandels et  al. 1974). Briefly, appropriately 
diluted supernatant and 0.5  mL of carboxymethyl cel-
lulose (CMC, 2% w/v) in citrate buffer (50 mM, pH 4.8) 
were mixed in equal volumes, and the enzyme reaction 
mixture was incubated at 50  °C for 30  min. Avicelase 
activity was determined under similar conditions, with 
the exception that the enzyme reaction proceeded for 
2 h in 1.0 mL of acetate buffer (0.1 M, pH 4.8), 10 mg 

of Avicel as the substrate and 1.0 mL of diluted enzyme 
solution. The reducing sugars released were analyzed 
via the dinitrosalicylic acid (DNS) assay (Fang et  al. 
2008; Miller 1959). Xylanase activity was assayed in a 
1.0-mL reaction mixture containing 1% (w/v) birch 
wood xylan, 50 mM acetate buffer (pH 5.0) and appro-
priately diluted enzyme solutions. Following 30  min 
incubation at 45  °C, the reducing sugar liberated was 
measured using the DNS assay. Mannanase activity was 
measured under similar conditions as xylanase activity, 
with the exception that 1% locust bean gum (glucoman-
nan) served as the substrate. For these experiments, 
one unit of enzyme activity was defined as the amount 
of enzyme required to produce 1  μmol of reducing 
sugar per minute.

For the measurement of β-glucosidase activity, 
appropriately diluted enzyme solution and 10  mM 
p-nitrophenyl-β-D-glucopyranoside were added to 
100  mM citrate buffer, and the enzyme reaction mix-
ture was incubated at 45  °C for 10  min. Absorbance 
at 420  nm was then measured as described by Ghose, 
1987 (Ghose and Chemistry 1987). α-Glucosidase 
activity was measured under similar conditions; with 
the exception that p-nitrophenyl-α-D- glucopyrano-
side was used as the substrates. One unit of glucosidase 
enzyme activity was referred to the amount of enzyme 
required to release 1 μmol of nitrophenol per minute of 
reaction. The extracellular lipolytic activity was evalu-
ated according to method described by (Hung et  al. 
2003). Briefly, the reaction mixture contained 1  mL 
of 0.05  M phosphate buffer (pH 8), 0.1  mL of enzyme 
source (supernatant) and 1  mL of 0.013  M p-nitro-
phenyl palmitate (p-NPP) in ethanol. It was mixed for 
5 min at 30 °C. To terminate the reaction, 2 mL of 0.5 M 
Na2CO3 was added to the mixture. Then, the mixture 
was subjected to the centrifugation at 10,000  rpm for 
10 min and the absorbance of the mixture was read at 
410 nm. One unit (U) of lipase activity was designated 
as the amount of enzyme required to release 1  µmol/
min of p-nitrophenol under the assay conditions. All 
the activity measurements were performed in triplicate.

Screw press method
Mechanical pressing is the best way to increase the 
density of fiber then increase the total heating value. 
The main parts of this fiber press comprised the con-
trol unit (control on temperature and speed), the heat-
ers, and the screw press unit. The maximum rotational 
speed is 140 rpm because the motor speed is 1400 rpm 
and the gearbox reduction ratio is 1/10. The final speed 
is controlled from 1 to 140 rpm by a frequency inverter. 
The best conditions were used to pressing fiber and 
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give high densities are rotational speed of 30  rpm and 
a preheating temperature of 60  °C where CTF/COW 
and tCTF/COW for non-treated and treated mixture, 
respectively.

Characterization
Characterizations of structural changes performed by 
many different instruments included ATR-FTIR spec-
troscopy (Spectrum Two IR Spectrometer—Perki-
nElmer, Inc., Shelton, USA). All spectra were obtained 
by 32 scans and 4  cm−1 resolutions in wavenumbers 
ranging from 4000 to 400  cm−1. The surfaces were 
investigated by a field emission scanning electron 
microscopy (SEM) Model Quanta 250 FEG (Field Emis-
sion Gun) for analysis and mapping, with accelerating 
voltage 30 kV. TGA scan was carried out using the TGA 
Q500 device.

Heating value test
Heating value is a primary parameter availed in the 
design process of the thermochemical conversion appa-
ratus of fiber and heat sources. The oxygen with a purity 
higher than 99.5% was used to fill the oxygen bomb (Al 
Sabagh et al. 2016; Shen et al. 2012). Experimental appa-
ratus, an isothermal oxygen bomb calorimeter (Egyptian 
Petroleum Research Institute (EPRI) in Egypt) was used. 
The inner barrel of the calorimeter was filled with deion-
ized water whose temperature was measured to the accu-
racy of 10–4 Kat intervals of 30 s by using a high accuracy 
digital thermometer. In addition, the sample and the 
mixture were pressed by using a laboratory-scale tablet 
machine. The samples were weighed by using an elec-
tronic balance with a minimum sensitivity of ± 0.1 mg.

Results and discussion
Citrus trees fibers and cooking oil waste as a substrate 
for fungal growth
In this study, alkaline pretreatment of CTF was carried 
out due to its strong pretreatment effect and relatively 
simple process scheme, also it can remove lignin without 
degrading carbohydrates, and increases porosity and sur-
face area, thereby enhancing enzymatic hydrolysis (Kim 
et al. 2016). Fungal strains; R. oryzae, R. microsporus, A. 
niger, A. fumigatus, A. flavus and A. terreus were grown 
on pretreated CTF with and without COW through SSF 
as shown in Table 1. Results illustrated that A. flavus is 
the best for fungal growth on both alkaline pretreated 
CTF with and without COW among other fungal strains. 
The high growth of A. flavus may be due to its secrets 
high amount of cellulases, hemicellulases, lignin peroxi-
dase, laccase as well as lipases which degrade cellulose, 

hemicellulose, lignin and COW. Therefore, A. flavus was 
selected for further experiments. For knowledge, these 
enzymes which produced by A. flavus were estimated in 
both alkaline pretreated CTF with and without COW at 
different pH in the next experiment.

Enzyme evaluation of the extracted culture supernatant
In order to investigate the citrus trees fibers degrada-
tion enzymes which directly contribute in the improve-
ment of CTF characteristics, we initially determined 
the xylinolytic, cellulolytic and ligninolytic enzyme 
activities in both CTF and it’s supplemented with 
COW culture media. In this regard, the enzymes Avice-
lase, CMCase, α-glucosidase and β-glucosidase activi-
ties were used to evaluate the cellulase activity, and 
xylanase, mannanase activities were used to evalu-
ate hemicellulase activity, laccase, and lignin peroxi-
dase activities were corresponding to the ligninolytic 
enzyme activity (Table  2). Also, the lipolytic activity 
reflects the COW utilization as supplement carbon 
source and that appeared via degradation process by A. 
flavus. 

After incubation time of the A. flavus culturing under 
solid-state fermentation, the enzyme mixture were 
isolated from the solid cultures using different buff-
ers system (ranging from 5 to 9 for 2 h. at 180 rpm and 
30 °C) in order to determine the change of fibers by the 
enzymatic action. As can be seen in Table 2, the maxi-
mum extraction of cellulase enzymes was found at pH. 
7, while the highest isolation of hemicellulase enzymes 
was obtaining at pH. 5. Significantly, enzyme activities 
in CTF supplemented with COW cultures was consid-
erably higher than in CTF cultures in terms of cellulase 
enzymes. In contrast, the hemicellulase enzymes were 
significantly superior under CTF culture medium than 
in CTF supplemented with COW cultures. The CTF 
supplemented with COW had a much higher cellu-
lase activities compared with hemicellulase, especially 

Table 1  Fungal growth of different fungal strains on pretreated 
CTF with and without COW

+++, ++, + and − mean high, moderate, low and no growth, respectively

Fungal strain Fungal growth

Pretreated CTF only Pretreated 
CTF + COW

Rhizopus oryzae − +
Rhizopus microsporus + +
Aspergillus niger ++ ++
Aspergillus fumigatus + ++
Aspergillus flavus +++ +++
Aspergillus terreus + +
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CMCase enzyme activity. It suggests that cellulolytic 
enzymes were preferably induced during cultivation 
with CTF supplemented with COW culture medium. 
Similarly, the ligninolytic enzyme activities were 
found induced in the COW–citrus trees fibers culture 
medium in terms of lignin peroxidase. In addition, the 
maximum lipase production was obtained in the CTF 
supplemented with COW culture medium (22.46 ± 1.26 
U g−1), which becomes a greater than tenfold increase 
in activity if compared to the citrus trees fibers culture 
medium (2.26 ± 0.57 U g−1). In addition, the mannan-
degrading enzyme activity of citrus trees fibers supple-
mented with COW culture was close to that of citrus 
trees fibers culture, and the extraction of enzyme was 
found to be active across the different pH buffers.

As shown in Table  2, the CTF supplemented with 
COW culture significantly induced higher levels of β, 
α-glucosidase activity than CTF only. This lower activ-
ity of β, α-glucosidase implies accumulation of cellobi-
ose, which is a strong inhibitor of cellobiohydrolase and 
endoglucanase activities during cellulose hydrolysis 
(Fujii et al. 2009; Sehnem et al. 2006). In fact, our stud-
ies demonstrated that the fungal hydrolyzed cellulosic 
materials more slowly when cultivating with CTF only. 
However, the supplementations of CTF with COW 
generally produce higher levels of lipase activity which 
contribute in the lipid formation leading to higher 
levels of cellulase enzymes. In this study, the culture 
supernatant derived from CTF supplemented with 
COW culture was proved to display a slight decrease 
of xylan-hydrolyzing activity than that derived from 
CTF culture and this result might be related to the dif-
ferences in culture composition. This suggests that the 
genes related to xylan-hydrolyzing performance of A. 
flavus may have been suppressed, thus resulting in a 

reduction in xylanase activity (Fujii et al. 2009). Maxi-
mum hemicellulases activities are known to improve 
when cultivated with carbon sources are rich in hemi-
cellulose like rice straw and bagasse (Kogo et al. 2017).

Accordingly, the enhancement of the CTF under fungal 
enzymes influence along with COW in order to obtain-
ing a highest heating process is a new method could open 
a promising way in the alternative energy. Interestingly, 
selection of alternative lower cost agriculture residues to 
treat by solid-state fermentation plays a prominent role 
in the green eco-friendly system, since it benefits in two 
ways. One of them, providing a possibility to the pro-
duction of several microbial enzymes with an elevated 
yield and a lower cost in comparison to the most used 
culture media (de Cassia Pereira et  al. 2015; Rodrigues 
et al. 2017; Singhania et al. 2010). The other way, the fiber 
characteristics in these alternative substrates would be 
improved as a result of the synergistic action of microbial 
enzymes along with the hydrolyzing COW, thus yielding 
maximum heating capacity yield.

Indeed, the significant activities of the cellulose-hydro-
lytic enzymes by fungal cells under solid-state condi-
tion have been extensively investigated in the previous 
reports. It is well evident that Aspergillus species have 
been frequently in these studies as a promising candi-
date to produce cellulases and hemicellulases complexes 
(Gomes et  al. 2016; Santos et  al. 2015). Otherwise, the 
cellulolytic and hemicellulytic enzyme induction was also 
dependent on the nature of substrate, since sugarcane 
bagasse (SCB) and wheat bran (WB) was found to be an 
excellent substrates for xylanase production by Asper-
gillus fumigates M.7.1 with higher activity (1040 U g−1) 
after 6 days (Moretti et al. 2012).

In accordance of our results, lower  productivity of 
β-glucosidase (3 U g−1) by Aspergillus niger NS-2 strain 

Table 2  Screening of different enzymes resulting from growth of A. flavus on CTF

ND not detected

No. Enzymes
(U/gds)

CTF (U/gds) CTF + COW (U/gds)

Extraction of enzymes using different pH values

5 7 9 5 7 9

1 CMCase 13.15 ± 0.74 24.62 ± 1.28 14.54 ± 0.53 36.96 ± 0.78 45.73 ± 1.06 48.46 ± 0.57

2 Avicelase 0.846 ± 0.10 0.219 ± 0.02 0.033 ± 0.003 15.13 ± 0.75 9.6 ± 0.78 8.03 ± 0.33

3 Xylanase 50.63 ± 1.31 31.4 ± 2.4 15.3 ± 1.52 34.2 ± 1.63 23.4 ± 2.69 11.96 ± 1.79

4 Mannanase 23.05 ± 1.39 17.03 ± 0.86 12.27 ± 1.51 19.12 ± 1.11 15.43 ± 1.30 12.46 ± 0.74

5 α-Glucosidase 2.30 ± 0.30 4.11 ± 0.73 0.05 ± 0.02 13 ± 1.35 12.06 ± 1.5 5.43 ± 0.57

6 β-Glucosidase 7.13 ± 0.49 7.53 ± 0.44 0.70 ± 0.11 21.4 ± 1.09 25.4 ± 0.53 2.93 ± 0.57

7 Laccase ND ND ND ND ND ND

8 Lignin peroxi-
dase

0.18 ± 0.02 0.35 ± 0.16 0.06 ± 0.016 0.080 ± 0.009 0.63 ± 0.16 0.008 ± 0.002

9 Lipase 3.73 ± 0.26 2.26 ± 0.57 3.1 ± 0.49 18.03 ± 0.97 22.46 ± 1.26 20.83 ± 1.55
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using Sugarcane Bagasse (SCB) under SSF condition was 
also  reported by (Bansal et  al. 2012; Santos et  al. 2015). 
In addition,  induction of β-glucosidase, β-xylosidase and 
xylanase by the Aspergillus niger SCBM3 strain using 
SCB and Wheat Bran (WB) as substrates was studied 
by (Bajar et al. 2020), they also investigated  the cellulase 
and xylanase enzyme production by A. heteromorphus 
using anaerobically treated distillery spent wash (ADSW) 
and rice straw (RS) and revealed that the highest exog-
lucanase, xylanase and endoglucanase enzyme activities 
under optimum conditions were 6.3 IU/mL, 11.6 IU/mL 
and 8.1 IU/mL, respectively.

It is noteworthy to mention that, the higher activities 
of CMCase, Avicelase, α-glucosidase, and β-glucosidase 
in the presence of COW can be suggested by the increas-
ing of the metabolic activity of A. flavus, in which COW 
exhibited as a growth promoter encourage the biosyn-
thesis of these enzymes. Where, it can be  noted a plau-
sible lipolytic activity in the presence of COW, which 
can contribute in  the  increased of the fungal metabolic 
activity (Hashem et  al. 2022). On contrast, the pres-
ence of COW was found to correlated with the decrease 
of xylanase and mannanase which may be attributed to 
the inhibition effect of COW on the production of these 
enzymes by accumulation of some fatty acids resulted by 
COW degradation (Abdelraof et  al., 2019). In addition, 
the lower activities of β-glucosidase and α-glucosidase in 
both culture media may be due to the intracellular for-
mation nature of these enzymes by fungal strains, which 
was released at the end of incubation period (i.e., station-
ary phase) by the autolysis of cells as reported previously 
(Shahriarinour et al. 2011; Umikalsom et al. 1998).

Based on these comparisons, it can be concluded that 
A. flavus evaluated in the present study was good candi-
date of cellulolytic enzymes, showing a superior enzymes 
production leading to enhancement of fiber characteris-
tics along with COW generating high heating energy. To 
the best of our knowledge, this is the first time that this 
idea has been reported.

Fibers analysis
The fibers chemical analysis is tabulated in Table 3 which 
included Klason`s lignin, cellulose, hemicellulose, ash 
and wax/resin. The fibers analysis contained raw CTF, 
tCTF and tCTF/COW. The lignin content was affected 

by the attachment of lignin peroxidases in both fermen-
tation conditions (fiber with and without oil). The fiber 
analysis confirmed that the lignin content is changed 
by non-significant values in both treatment conditions. 
Otherwise, the cellulose as well as hemicellulose con-
tent was affected by a significant value where cellulose 
was decreased in raw CTF and CTF and COW samples 
by about 12 and 27%, respectively (Abdelraof et al. 2020; 
Elleboudy et  al. 2021). Additionally, hemicellulose con-
tents were decreased by around 41 and 25%, respectively 
(Hasanin et al. 2019, 2020). These results were in a good 
agreement with enzyme evaluation of the extracted cul-
ture supernatant part. Herein, fibers composition might 
be affect the heating value.

Fiber characterization
FTIR
FTIR spectroscopy is the useful technique used to assign 
the functional groups as well as keep track of changes 

Table 3  Main chemical compositions of CTF, tCTF and tCTF and COW

Components (%) Klason`s lignin Cellulose Hemicellulose Ash Wax/resin

CTF 16.8 ± 1.2 67 ± 1.32 7.8 ± 0.84 8.02 ± 0.55 1.01 ± 0.24

tCTF 16.2 ± 1.09 59.3 ± 2.01 4.6 ± 1.09 19 ± 1.89 0.93 ± 0.87

tCTF and COW 17.3 ± 0.98 49.3 5.9 ± 0.98 26 ± 1.22 ND

4000 3500 3000 2500 2000 1500 1000 500

1600

WN, cm-1

CTF

29
95

1765

COW

35
86

32
73

T,
 %

tCTF

 tCTF/COW

Fig. 1  FTIR spectra of raw CTF, tCTF, COW and tCTF/COW
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in main functional groups. Raw CTF, COW, tCTF and 
tCTF and COW FTIR spectra are presented in Fig.  1. 
On comparing raw CTF and tCTF, a significant change 
in raw CTF after fermentation process is observed. The 
band of OH stretching vibration assigned at 3586 in 
raw CTF was shifted to low frequency at 3273  cm−1. In 
addition, the band of CH stretching vibration shifted to 
low frequency at 2912  cm−1. This shifting referred to 
decrease in cellulose ratio as well as hemicellulose. On 
the other hand, the bands of lignin at around 1589 and 
1765  cm−1 illustrated a non-significant change. Moreo-
ver, the band at 1024 cm-1 which referred to b-glycosidic 
linkage appeared as sharp band at the same position 
approximately (Hasanin et al. 2019; Hashem et al. 2020; 
Youssef et al. 2019). Otherwise, the COW spectrum was 
assigned the 3012, 2925, 2848, 1737, 1659, 1371 and 
979 cm−1 which due to OH stretching vibration, =C–C–
H, C=C, –CH=CH2, respectively (Qiao et  al. 2019). 
In this context, the tCTF/COW spectrum appeared as 
combination between fiber and oil with main changes 
in the bands position of fibers as showed in the tCTF. 
Herein, the tCTF/COW spectrum assigned the signifi-
cant changes in the COW bands where the main bands 
were shifted to 3000, 2919 and 1716  cm−1. In addition, 
the band at 979 cm-1 disappeared. These results affirmed 
that the simplification fibers and oil was observed may be 
induced the heating value of the tCTF/COW. However, 
both materials are maintained  their  microstructure that 
observed with minor changes.

SEM
The topography study of the surface morphology of raw 
CTF, tCTF and CTF/COW is illustrated in Fig.  2. The 
raw CTF (Fig. 2A), was observed as overlapped fibers col-
lected together as a smooth surface in many points. In 
addition, the tCTF appeared with less overlapping as well 
as disappearing of collections and the surface observed 
as fibers structure morphology. However, the tCTF/
COW sample  image was illustrated the surface of fibers 
as pours surface that may be according to the role of oil 
that penetrated the fibers and induced the fungal growth 
to attach fibers as well as oil. These observations empha-
sized that the fungal treatment affected the fibers inter- 
and intra-molecular structures in present and absent of 
COW. These observations may be affected the heating 
value.

Thermal stability
Figure 3 shows the thermal analysis (TGA and DTGA) 
of the raw CTF, tCTF and tCTF/COW. The thermal 
behavior of each sample was related and illustrated 
the heating value as well as the starting burring atti-
tude. The first decomposition peak was closely with 

the flashing point of burring. Herein, the COW was 
recorded the first decomposition peak at 409  °C as 
a single stage of decomposition. In contrast, all other 
samples were recorded two decomposition stages. 
Moreover, the CTF/COW was recorded the lowest 
decomposition temperature in the first stage of decom-
position. Additionally, the second stage of CTF/COW 
was observed the sharper peak at 350  oC. Otherwise, 
the raw CTF and tCTF are recorded the first stage 
decomposition peaks at 290 and 300  °C. These results 
confirmed that the thermal behavior of untreated CTF 

Fig. 2  Topography analysis of raw CTF (A), tCTF (B) and tCTF/COW 
(C)
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and COW was effected significantly after mixing and 
fermented together. Additionally, these observations 
affirmed that the fungal enzymes made the coal simple 
to burn with low flashing point.

Heating value
Calorific value is the amount of heat energy present in 
the fuel, and determined by the complete combustion of 
a specified quantity at constant pressure and in normal 
conditions. It is also called calorific power. The measured 
calorific values of CTF, CTF/COW, tCFF, tCTF/COW, 
and COW processes were 18,214,18,497,14,200,43,422 
and 39,823 kJ/kg, respectively, as shown in Fig. 4. COW 
is an edible oil that has formerly been used for frying in 
restaurants and hotels, and no longer be used for simi-
lar purposes. In most towns in developing countries 
including Egypt, waste cooking oil is simply dumped 
into the environment. COW used to produce solid fuel 
is environmentally friendly for it recycles waste cook-
ing oil and gives renewable energy with lower pollu-
tion. It substitutes some amount of petrochemical oil 
import and also lowers the cost of waste management. 

The COW provides alternative energy with a high calo-
rific value to producing solid fuels from biomass for vari-
ous uses, COW has a high calorific value of 39,823  kJ/
kg compared to CFT 18,214 kJ/kg. The screw press was 
used to increase the density by compressing the fibers 
in a small volume. This led to an increase in the heating 
value. COW added to CTF increased the calorific value 
for the oil fiber mix because of the higher calorific value 
of oil. A. flavus decreased grain size and increased the 
mixing between the fibers and oil. It led to an increased 
calorific value of tCTF/COW. The calorific value of fuel 
determines the availability of heat to produce the power. 
Therefore, calorific values are important in the choice of 
alternative fuel for coal for higher performance. The high 
calorific value of oil and good mixture by A. flavus, finally 
high density by compressed mix using a screw press 
caused to the higher calorific value of tCTF/COW.

Conclusion
The current study presented unique eco-friendly 
method for production of pressed coal based on bio-
wastes. The biowastes (CTF, and CTF/COW) were 
treated with hydrolytic enzymes produced from A. 
flavus such as xylinolytic, cellulolytic and lipase. Our 
results revealed that CTF/COW fermented by A. fla-
vus in  situ provide a significant synergistic induction 
of considerable amount of hydrolytic enzymes and 
enhancement the fiber characteristics, where the best 
pH for enzymes extraction was between 5 and 7. The 
chemical analysis as well as instrumental analysis of 
coal and their raw materials emphasized the changes in 
the chemical composition and chemical bonding which 
made the pressed coal after fungal enzymatic treatment 
give the heating value greater than the lone fibers or oil. 
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The calorific values of tCTF/COW was 43,422  kJ/kg, 
which was higher than CTF (18,214  kJ/kg) and COW 
(39,823  kJ/kg). Moreover, the screw press increases 
the density by compressed the CTF in a small volume, 
COW adding to fibers increased the calorific value. The 
fungal treatment decreased grain size, and increases 
the mixing between the CTF and COW, which led to an 
increased calorific value of tCTF/COW mix.

Acknowledgements
The authors express their sincere thanks to National Research Centre, Cairo, 
Egypt for providing the necessary research facilities. The authors would like 
to acknowledge the facilities available at Faculty of science (Boys), Al-Azhar 
University.

Author contributions
MH: conceptualization, methodology, formal analysis and investigation, writ-
ing—original draft preparation, writing—review and editing, resources, soft-
ware; AH: conceptualization, methodology, formal analysis and investigation, 
writing—original draft preparation, writing—review and editing, resources, 
software; HAH: conceptualization, methodology, formal analysis and inves-
tigation, writing—original draft preparation, writing—review and editing, 
resources, software; MA: conceptualization, methodology, formal analysis and 
investigation, writing—original draft preparation, writing—review and editing, 
resources, software. All authors read and approved the final manuscript.

Funding
Open access funding provided by The Science, Technology & Innovation 
Funding Authority (STDF) in cooperation with The Egyptian Knowledge Bank 
(EKB).

Data availability
The datasets generated during and/or analyzed during the current study are 
available from the corresponding author on reasonable request.

Code availability
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflict of interest.

Author details
1 Cellulose & Paper Department, National Research Centre, 33 El Bohouth St., 
Dokki, P.O. 12622, Giza, Egypt. 2 Botany and Microbiology Department, Faculty 
of Science, Al-Azhar University, Cairo 11884, Egypt. 3 Mechanical Engineering 
Department, Engineering Research Division, National Research Centre, Giza, 
Egypt. 4 Microbial Chemistry Department, National Research Centre, Dokki, 
Cairo 12622, Egypt. 

Received: 18 April 2022   Accepted: 15 August 2022

References
Abdelraof M, Ibrahim S, Selim M, Hasanin MJ (2020) Immobilization of 

L-methionine γ-lyase on different cellulosic materials and its potential 
application in green-selective synthesis of volatile sulfur compounds. J 
Environ Chem Eng 8:103870

Al Sabagh A, Azzam E, Nasser N, Haliem FA, El-Shafey AJ (2016) Using 
ethoxylated polyalkylphenol formaldhyde as additive to enhance some 
physical properties of Egyptian jet fuel A1. Afr J Eng Res 4:11–25

Ali A, Tufa RA, Macedonio F, Curcio E, Drioli E (2018) Membrane technology 
in renewable-energy-driven desalination. Renew Sustain Energy Rev 
81:1–21

Bajar S, Singh A, Bishnoi NR (2020) Exploration of low-cost agro-industrial 
waste substrate for cellulase and xylanase production using aspergillus 
heteromorphus. Appl Water Sci 10:1–9

Bansal N, Tewari R, Soni R, Soni SKJ (2012) Production of cellulases from Asper-
gillus niger NS-2 in solid state fermentation on agricultural and kitchen 
waste residues. Waste Manag 32:1341–1346

de Cassia PJ et al (2015) Thermophilic fungi as new sources for production of 
cellulases and xylanases with potential use in sugarcane bagasse sac-
charification. J Appl Microbiol 118:928–939

De Feo G, Di Domenico A, Ferrara C, Abate S, Sesti Osseo L (2020) Evolution 
of waste cooking oil collection in an area with long-standing waste 
management problems. Sustainaility 12:8578

Elleboudy AAF, Elagoz MA, Simonian GN, Hasanin MJ (2021) Biological factors 
affecting the durability, usability and chemical composition of paper 
banknotes in global circulation. Egypt J Chem 64:2337–2342

Fang X, Yano S, Inoue H, Sawayama S (2008) Lactose enhances cellulase pro-
duction by the filamentous fungus Acremonium cellulolyticus. J Biosci 
Bioeng 106:115–120

FitzPatrick M, Champagne P, Cunningham MF, Whitney RA (2010) A biorefinery 
processing perspective: treatment of lignocellulosic materials for the 
production of value-added products. Bioresour Technol 101:8915–8922

Fouda A, Khalil A, El-Sheikh H, Abdel-Rhaman E, Hashem A (2015) Biodegrada-
tion and detoxification of bisphenol-A by filamentous fungi screened 
from nature. J Adv Biol Biotechnol 2:123–132

Fujii T, Fang X, Inoue H, Murakami K, Sawayama SA (2009) Enzymatic hydrolyz-
ing performance of Acremonium cellulolyticus and Trichoderma reesei 
against three lignocellulosic materials. Biotechnol Biofuels 2:1–8

Ghose TJ (1987) Measurement of cellulase activities. Pure Appl Chem 
59:257–268

Gomes AFS, dos Santos BSL, Franciscon EG (2016) Baffi MA (2016) Substrate 
and temperature effect on xylanase production by Aspergillus fumigatus 
using low cost agricultural wastes. Biosci J 32(4):915–921

Hasanin MS, Hashem AH (2020) Eco-friendly, economic fungal universal 
medium from watermelon peel waste. J Microbiol Methods 168:105802. 
https://​doi.​org/​10.​1016/j.​mimet.​2019.​105802

Hasanin MS, Mostafa AM, Mwafy EA, Darwesh OM (2018) Eco-friendly cel-
lulose nano fibers via first reported Egyptian Humicola fuscoatra Egyptia 
X4: isolation and characterization. Environ Nanotechnol Monit Manag 
10:409–418

Hasanin MS, Darwesh OM, Matter IA, El-Saied HJB, Biotechnology A (2019) Iso-
lation and characterization of non-cellulolytic Aspergillus flavus EGYPTA5 
exhibiting selective ligninolytic potential. Biocatal Agric Biotechnol 
17:160–167

Hasanin MS, Hashem AH, Abd El-Sayed ES, El-Saied HJC (2020) Green ecof-
riendly bio-deinking of mixed office waste paper using various enzymes 
from Rhizopus microsporus AH3: efficiency and characteristics. Cellulose 
27:4443–4453

Hashem AH, Khattab AM, Abdelraof M (2022) A facile one-pot bioconversion 
of frying oil waste to single cell oils and related products using fungi via 
response surface methodology. Biomass Convers Biorefinery. https://​doi.​
org/​10.​1007/​s13399-​021-​02165-7

Hashem AH, Hasanin MS, Khalil AMA, Suleiman WB (2019) Eco-green conver-
sion of watermelon peels to single cell oils using a unique oleaginous 
fungus: Lichtheimia corymbifera AH13. Waste Biomass Valorization. 
https://​doi.​org/​10.​1007/​s12649-​019-​00850-3

Hashem AH, Saied E, Hasanin MS (2020) Green and ecofriendly bio-removal of 
methylene blue dye from aqueous solution using biologically activated 
banana peel waste. Sustain Chem Pharm 18:100333

Hung T-C, Giridhar R, Chiou S-H, Wu W-T (2003) Binary immobilization of can-
dida rugosa lipase on chitosan. J Mol Catal B Enzym 26:69–78

Kantharaj P, Boobalan B, Sooriamuthu S, Mani R (2017) Lignocellulose degrad-
ing enzymes from fungi and their industrial applications. Int J Curr Res 
Rev 9:1–13

Khalil AMA, Hashem AH, Abdelaziz AM (2019) Occurrence of toxigenic Penicil-
lium polonicum in retail green table olives from the Saudi Arabia market 

https://doi.org/10.1016/j.mimet.2019.105802
https://doi.org/10.1007/s13399-021-02165-7
https://doi.org/10.1007/s13399-021-02165-7
https://doi.org/10.1007/s12649-019-00850-3


Page 10 of 10Hasanin et al. Bioresources and Bioprocessing            (2022) 9:95 

Biocatalysis and Agricultural. Biotechnology 21:101314. https://​doi.​org/​
10.​1016/j.​bcab.​2019.​101314

Kim JS, Lee Y, Kim TH (2016) A review on alkaline pretreatment technology for 
bioconversion of lignocellulosic biomass. Bioresour Technol 199:42–48

Kogo T, Yoshida Y, Koganei K, Matsumoto H, Watanabe T, Ogihara J, Kasumi T 
(2017) Production of rice straw hydrolysis enzymes by the fungi Tricho-
derma reesei and Humicola insolens using rice straw as a carbon source. 
Bioresour Technol 233:67–73

Majid MA (2020) Renewable energy for sustainable development in India: cur-
rent status, future prospects, challenges, employment, and investment 
opportunities. Energy Sustain Soc 10:1–36

Mandels M, Hontz L, Nystrom J (1974) Enzymatic hydrolysis of waste cellulose. 
Biotechnol Bioeng 16:1471–1493

Menon V, Rao M (2012) Trends in bioconversion of lignocellulose: biofuels, 
platform chemicals & biorefinery concept. Prog Energy Combust Sci 
38:522–550

Miller GL (1959) Use of dinitrosalicylic acid reagent for determination of reduc-
ing sugar. Anal Chem 31:426–428

Mohamed Aly Khalil A, Hosny Hashem A (2018) Morphological changes 
of conidiogenesis in two aspergillus species. J Pure Appl Microbiol 
12:2041–2048

Monteiro RRC et al (2021) Liquid lipase preparations designed for industrial 
production of biodiesel. Is it really an optimal solution? Renew Energy 
164:1566–1587. https://​doi.​org/​10.​1016/j.​renene.​2020.​10.​071

Moreira KS et al (2020) Optimization of the production of enzymatic biodiesel 
from residual babassu oil (orbignya sp.) via RSM. Catalysts 10:414

Moretti M, Bocchini-Martins DA, Silva RD, Rodrigues A, Sette LD, Gomes E 
(2012) Selection of thermophilic and thermotolerant fungi for the pro-
duction of cellulases and xylanases under solid-state fermentation. Braz J 
Microbiol 43:1062–1071

Ortner ME, Müller W, Schneider I, Bockreis A (2016) Environmental assessment 
of three different utilization paths of waste cooking oil from households 
Resources. Conserv Recycl 106:59–67

Qiao Y et al (2019) Thermal behavior, kinetics and fast pyrolysis characteristics 
of palm oil: Analytical TG-FTIR and Py-GC/MS study. Energy Convers 
Manag 199:111964. https://​doi.​org/​10.​1016/j.​encon​man.​2019.​111964

Rahman A, Farrok O, Haque MM (2022) Environmental impact of renewable 
energy source based electrical power plants: Solar, wind, hydroelectric, 
biomass, geothermal, tidal, ocean, and osmotic. Renew Sustain Energy 
Rev 161:112279. https://​doi.​org/​10.​1016/j.​rser.​2022.​112279

Rodrigues PDO, dos Santos BV, Costa L, Henrique MA, Pasquini D, Baffi MAJIC, 
Products, (2017) Xylanase and β-glucosidase production by Aspergillus 
fumigatus using commercial and lignocellulosic substrates submitted to 
chemical pre-treatments. Ind Crop Prod 95:453–459

Santos BSLD, Gomes AFS, Franciscon EG, Oliveira JMd, Baffi MA (2015) 
Thermotolerant and mesophylic fungi from sugarcane bagasse and their 
prospection for biomass-degrading enzyme production. J Microbiol 
46:903–910

Sehnem NT, de Bittencourt LR, Camassola M, Dillon AJ (2006) Cellulase 
production by penicillium echinulatum on lactose. Appl Microbiol 
Biotechnol 72:163–167

Shahriarinour M, Wahab M, Ariff A, Mohamad R (2011) Screening, isolation 
and selection of cellulolytic fungi from oil palm empty fruit bunch fibre. 
Biotechnology 10:108–113

Shen J, Zhu S, Liu X, Zhang H, Tan JJEP (2012) Measurement of heating value 
of rice husk by using oxygen bomb calorimeter with benzoic acid as 
combustion adjuvant. Energy Proc 17:208–213

Singhania RR, Sukumaran RK, Patel AK, Larroche C, Pandey AJE, Technology 
M (2010) Advancement and comparative profiles in the production 
technologies using solid-state and submerged fermentation for microbial 
cellulases. Enzym Microb Technol 46:541–549

Tang L, Zhou Y, Zhang Y, Sun H (2022) The role of energy source or substrate in 
microbial hormesis. Curr Opin Toxicol 29:10–18. https://​doi.​org/​10.​1016/j.​
cotox.​2021.​12.​001

Tawfik A et al (2021) Fermentation-based nanoparticle systems for sustainable 
conversion of black-liquor into biohydrogen. J Clean Prod 309:127349

Umikalsom MS, Ariff AB, Hassan MA, Karim MIA (1998) Kinetics of cellulase 
production by Chaetomium globosum at different levels of dissolved 
oxygen tension using oil palm empty fruit bunch fibre as substrate. World 
J Microbiol Biotechnol 14:491–498. https://​doi.​org/​10.​1023/A:​10088​
71528​360

Youssef A, Hasanin M, Abd El-Aziz M, Darwesh OM (2019) Green, economic, 
and partially biodegradable wood plastic composites via enzymatic 
surface modification of lignocellulosic fibers. Heliyon 5:e01332

Zhang H, Wang Q, Mortimer SR (2012) Waste cooking oil as an energy 
resource: review of chinese policies. Renew Sustain Energy Rev 
16:5225–5231

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.bcab.2019.101314
https://doi.org/10.1016/j.bcab.2019.101314
https://doi.org/10.1016/j.renene.2020.10.071
https://doi.org/10.1016/j.enconman.2019.111964
https://doi.org/10.1016/j.rser.2022.112279
https://doi.org/10.1016/j.cotox.2021.12.001
https://doi.org/10.1016/j.cotox.2021.12.001
https://doi.org/10.1023/A:1008871528360
https://doi.org/10.1023/A:1008871528360

	A novel pressed coal from citrus and cooking oil wastes using fungi
	Abstract 
	Introduction
	Materials and methods
	Wastes collection
	Chemical reagents
	Fungal strains and culture preservation conditions
	CTF preparation
	Solid-state fermentation (SSF)
	Enzyme assay
	Screw press method
	Characterization
	Heating value test

	Results and discussion
	Citrus trees fibers and cooking oil waste as a substrate for fungal growth
	Enzyme evaluation of the extracted culture supernatant
	Fibers analysis
	Fiber characterization
	FTIR
	SEM

	Thermal stability
	Heating value

	Conclusion
	Acknowledgements
	References




