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Abstract: 
The Vietnamese food industry produces a lot of coffee pulp, which is a valuable and abundant source of agricultural by-products. 
It contains a lot of cellulose, which can be converted into bioethanol. However, coffee pulp needs an extensive pretreatment to 
reduce the amount of lignin and hemicellulose while retaining the initial cellulose composition. This study compared several 
pre-hydrolysis and pre-fermentation pretreatment methods which involved H2SO4, NaOH, microwaves, and white rot fungus 
Phanerochaete chrysosporium. 
The hemicellulose dropped by 43.8% after the acidic pretreatment, by 47.1% after the alkaline pretreatment, and by 12.8% 
after the microbial pretreatment. The lignin contents dropped by 4.2, 76.6, and 50.2% after acidic, alkaline, and microbial pret- 
reatment, respectively. The removal of hemicellulose and lignin in the coffee pulp was much more efficient when two or three of 
the pretreatment methods were combined. The microwave-assisted acid and alkaline pretreatment was the most efficient method: 
it removed 71.3% of hemicellulose and 79.2% of lignin. The combined method also had the highest amount of reducing sugars 
and glucose in hydrolysate. Additionally, concentrations of such yeast inhibitors as 5-hydroxymethyl-2-furaldehyde (HMF) and 
furfural were 2.11 and 3.37 g/L, respectively.
The acid pretreatment was effective only in removing hemicellulose while the alkaline pretreatment was effective in lignin 
removal; the fungal pretreatment had low results for both hemicellulose and lignin removals. Therefore, the combined 
pretreatment method was found optimal for coffee pulp.
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 INTRODUCTION 
No ethanol can be obtained from lignocellulose bio- 

mass without some kind of pre-fermentation pretreat- 
ment which converts carbohydrate polymers in ligno- 
cellulose into simpler sugar. This conversion usually 
involves hydrolytic enzymes. Lignocellulose biomass 
possesses heterogeneous and very complex properties, 
e.g., cellulose crystallization, degree of coincidence, 
humidity, surface area, bonding level of lignin and 
hemicellulose, etc. As a result, this biomass requires spe- 
cial processing to be able to regulate the hydrolytic 
activity of the enzyme. The pretreatment also decreases 
the amount of lignin and hemicellulose in the raw 
material while retaining cellulose components and re- 
ducing the crystallization of cellulose (Fig. 1).

Coffee pulp is one of the most abundant sources of 
lignocellulose biomass in Vietnam. Coffee pulp is the 

first by-product obtained from wet processing during 
coffee production. The global coffee production is res- 
ponsible for around 22 million tons of fresh pulp per 
year, 2.4 million tons of mucilage, and about 8.6 million 
tons of parchment. The Vietnamese coffee industry 
dumps about 0.5 million tons of dried pulp into the 
environment [2]. A combined effort of technology, eco- 
nomics, and environmentalism is needed to cope with 
this waste issue. The main chemical components of 
coffee pulp include cellulose (25.88%), hemicellulose 
(3.6%), lignin (20.07%), protein (9.52%), total sugars 
(9.18%), and ash (6.29%). Coffee pulp has a high nut- 
ritional value, which makes it a valuable source of 
animal feed. However, coffee pulp also contains some 
non-nutritional ingredients, such as tannins (8.69%) and 
caffeine (0.78%), which are bad for food metabolism [3]. 
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Several recent studies reported that coffee pulp has  
a great potential for ethanol production [4–6]. Unfortu- 
nately, it also contains a lot of hemicellulose and lignin,  
which bind to cellulose (Fig. 2) to form a barrier that  
protects cellulose molecules from the attack of chemi- 
cals and enzymes. Therefore, ethanol production needs  
new pretreatment methods to remove lignin while retai- 
ning cellulose in the raw material prior to hydrolysis and 
fermentation.

The list of pretreatment methods that remove lignin 
and hemicellulose includes acid pretreatment, alkaline 
pretreatment, steam explosion pretreatment, microwave 
pretreatment, hydrothermal pretreatment, and microbial 
pretreatment [7–12]. Chemical and thermal pretreatment 
methods all share the same disadvantages, such as envi- 
ronmental pollution, equipment corrosion, high cost, and 
production of yeast inhibitors. Microbial pretreatment 
method overcomes these disadvantages but has a long 
processing time and low effectiveness of lignin and 
hemicellulose removal.

Lignin is one of the main components that make up 
plant and algal cells. It is the most abundant component 
found in tree trunks, and it is often called “wood matter”.  
In coffee pulp, lignin accounts for about 17.5–20.07%, 
while lignin contents in straw, corn cores, sugarcane, and  
grass are 4.65, 15, 20, and 12–18%, respectively [3, 13].  
Coffee pulp has a higher lignin content than other sour- 
ces of lignocellulose biomass, which is a major challen- 
ge for its pretreatment processing before hydrolysis 
and fermentation. Therefore, ethanol production needs 
more in-depth surveys of pretreatment methods and 
their combinations that would remove lignin and hemi- 
cellulose components while retaining cellulose.

STUDY OBJECTS AND METHODS
Biomass samples. Fresh coffee berries were collec- 

ted in Pong Drang commune, Krong Buk district, Dak 
Lak province, Vietnam, in November and December. 
They went through a rubbing machine to remove the 
peel. After that, the pulp was left to dry at 60°C for 12 h  
until the humidity was 5–8% prior to being ground in 
a disc mill. The resulting powder was sifted through a 
multi-layer sifting system with sieve diameters of 0.25, 
0.5, 1, and 2 mm. The powder that did not sift through 
the two-millimeter sieve grid underwent re-crushing. 
The study involved only the powder that went through 
the sieve grids of 1–2 mm (Fig. 3).

Chemicals, enzymes, and microorganism strains. 
The research involved the following chemicals: 
– DNS Reagents (Guangzhou, Guangdong, China);
– CTAB (sigma-Aldrich, Singapore);
– EDTA (Guangzhou, Guangdong, China);
– lignin (Sigma-Aldrich, USA);
– CMC (Sigma-Aldrich, USA);
– TBP (Sigma-Aldrich, USA);
– glucose (Sigma-Aldrich, USA);
– Viscozyme® Cassava C (Bagsvaerd, Denmark): > 
450 EGU/g;
– glucosidase (Novozyme 188) (Novozyme, Denmark): > 
750 CBU/g; and
– Phanerochaete chrysosporium (Southern Institute of 
Biotechnology and Microbiological Application, SIAMB,  
Ho Chi Minh, Vietnam).

Acid, alkaline, and microwave pretreatment me- 
thods. We put 50 g of dried coffee pulp into a one-liter  
round bottom flask and added 500 mL of 2% H2SO4 (w/w). 

Figure 3 Fresh coffee pulp (a); dry coffee pulp (b); and grid coffee pulp (c)

Figure 1 Material structure before and after pretreatment [1]
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The raw material was pretreated in a sterilized steamer  
at 140°C for 45 min and cooled to room temperature 
before being filtered to collect the solid residue [14, 15]. 
The residue was washed several times with water until  
neutral pH and dried at 60°C for 12 h. Then, we placed  
dried material into a 500-mL round bottom flask and 
added 2% (w/w) NaOH solution (2 g NaOH per 100 g of  
raw material). The alkaline pretreatment lasted 20 min  
at 120°C and was followed by the microwave pretreat- 
ment at 300 W for 20 min [8, 10, 16, 17]. The pretreated 
material was then filtered, washed in neutral pH water, 
and dried. The control was only pretreated with hot 
water under the same conditions. The effectiveness of 
the pretreatment process was tested using surface SEM 
scans for the remaining fiber content and the reducing 
sugar in the pretreatment solution.

The concentrations of cellulose, hemicellulose, and  
lignin remaining in the pretreated material were calcu- 
lated according to the equation below [7]:
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where Rx is the percentage of cellulose (RC), hemicel- 
lulose (RH), or lignin (RL) remaining in the pretreated 
pulp, %; Ai is the amount of the constituent in the initial 
dried coffee pulp, g; Ap is the amount of the constituent 
after pretreatement of the dried coffee pulp, g.

Fungi pretreatment method. White rot fungus  
P. chrysosporium was cultured in a semi-solid medium, 
which contained 2 g of rice bran, 8 g of coconut, 25 g of  
fishmeal, 25 g of oil cake, and 0.15 g of sugar rust (Fig. 4).  
The cultivation lasted 7 days. After that, the mass was 
filtered and centrifuged at 5000 rpm to obtain the fungal 
biomass. The pretreatment with P. chrysosporium took 
place at 35°C with the biomass to raw material ratio  
of 1.5%. A portion of the raw material was taken for cel- 
lulose, hemicellulose, and lignin quantification after 10, 
20, 30, 40, and 50 days.

Hydrolysis method. We put 15 g of the pretreated 
raw material into a 250 mL Erlenmeyer flask and added 
150 mL of citrate buffer (0.05 mol/L, pH 4.8), 25 FPU/g  
of Viscozyme Cassava, and 34 CBU/g of Novozyme 188.  
The hydrolysis occurred on a shaker at 150 rpm under 
50°C and lasted 72 h. The hydrolysis mix was centri- 
ged at 2500 rpm for 10 min to collect the superna- 
futant for the reducing sugar and glucose analysis [3].  
The processing involved the control sample, in which 
raw material was omitted. The hydrolysis performance 
(YEH, %) was calculated according to the following 
formula [7]:

                  

p
x

i

100
A

R
A

= ×  

 
( )e w

p

0.9
YEH 100

G G
C
−

= ×  

 
0.37FPU

enzyme concentration to release  2 mg glucose 
=  

 
0.185CMCase

enzyme concentration to release  0.5 mg glucose 
=  

 
0.0926CBU

enzyme concentration to release  1 mg glucose 
=  

                     (2)

where Ge is the glucose concentration at the end of the 
enzymatic hydrolysis, g glucose/L; Gw is the glucose con- 
centration without enzyme treatment, g glucose/L; and  
Cp is the cellulose concentration in the pretreated mate- 
rial, g cellulose/L.

Analytical methods. The reducing sugar content 
was determined using the dinitrosalicylic acid (Miller/
DNS) method [19]. The glucose content was determined 
by optical measurement at a wavelength of 540 nm using  
an oxidase/peroxidase system [20]. The cellulose and he- 
micellulose content was determined using the ADF and 
NDF methods [21]. The lignin content was determined 
according to U.S. TAPPI standards (TAPPI T. 222 OM-02  
Acid-insoluble lignin in wood and pulp).

The filter paper (FPU, U/mL) assay tested the sac- 
charifying of cellulase: it was based on the hydrolysis 
of filter paper by cellulase solution [22]. The amount 
of glucose produced was determined using the dinit- 
rosalicylic acid method [19].
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The carboxymethyl cellulase (CMC, U/mL) assay 
for endo-β-1,4 glucanase measured the carboxymethyl 
cellulase hydrolysis by cellulase solution [22]. The amo- 
unt of glucose produced was determined using the 
dinitrosalicylic acid method [19].
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The cellobiase assay (CBU, U/mL) involved cello- 
biose hydrolysis by cellulase solution [22]. The amount  
of glucose produced was determined using the dinitr- 
osalicylic acid method [19].
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Statistical analysis. The experiments were random- 
ly arranged and performed in triplicates with one or 
two variables. We employed the ANOVA software to 
conclude the discrepancy between the average of the 
tests. The Statgraphics Centurion 15.2 software was 
used to process the obtained statistics. The average 
and standard deviation was calculated using the Excel 

(4)

Figure 4 Phanerochaete chrysosporium strains (a); 
Phanerochaete chrysosporium on PGA (b)

                          a                                                b
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software. The results of the previous experiment were 
selected as fixed parameters for the experiments to 
follow.

RESULTS AND DISCUSSION
Formation of reducing sugar in pretreatment 

solution. Pretreatment methods increase the area of  
biomass surface, improve the porosity of raw mate- 
rials, reduce cellulose crystallization, and remove hemi- 
cellulose and lignin. Both hemicellulose and lignin are 
important factors in the formation of lignocellulose 
biomass, and they bond with cellulose. A single pret- 
reatment method is only good for a certain aspect but  
provides no resolution of the aforementioned require- 
ments. 

Therefore, a combination of many pretreatment me- 
thods can perform several tasks at once: save cellulose, 
reduce its crystallization, increase the surface area of 
contact with hydrolyzed enzymes, remove more lignin, 
and recover more hemicellulose.

The combination of acid and alkaline pretreatments 
in different orders yielded unexpected results. Most 
samples pretreated with alkaline, acid, or fungus resul- 
ted in a much larger content of reducing sugar in the 
pretreatment solution compared to the water-pretreated 
control samples. In particular, the acid pretreatment 
produced a higher amount of reducing sugar when 
pretreated with alkaline (Fig. 5).

Previous studies of lignocellulose biomass pretreat- 
ment showed that the lignocellulose biomass pretreated 
with Phanerochaete chrysosporium gave a low removal 
efficiency of 20–40%. Meanwhile, acid or alkaline pret- 
reatment proved to be more efficient because the proces- 
sing time was shorter. However, the processing tempe- 
rature was much higher, which required complex and 
expensive equipment. Moreover, the acid or alkaline 
pretreatment methods resulted in a greater cellulose loss 
than the microbial pretreatment and could produce some 
yeast inhibitors. Therefore, an optimal pretreatment me- 
thod or their combination depend on the nature of the  

raw material and the objective, and a proper combina- 
tion of different pretreatment methods can provide a 
greater efficiency compared to a single method. 

Changes in cellulose, hemicellulose, and lignin 
content. The reducing sugar content in the pretreatment 
fluid is not the only factor to be considered when com- 
paring different pretreatment methods. A more comp- 
rehensive comparison involves the changes in fiber com- 
position, especially the decline of lignin and hemicel- 
lulose. Other important factors include the formation of 
yeast inhibitors and the content of reducing sugars that 
appear during hydrolysis.

Figure 6 shows that the coffee pulp pretreated with  
H2SO4 2% (w/w) demonstrated a decrease in hemicel- 
lulose content, which dropped from 3.67 to 2.06% (equi- 
valent to 43.8% reduction of hemicellulose). It also trig- 
gered a minor change in lignin content: only 4.18% was 
decomposed. The coffee pulp pretreated with 2% H2SO4 
(w/w) was further pretreated with 2% NaOH (w/w).  
And as a result, the hemicellulose content went on dec- 
reasing and dropped to 1.15%, which was equivalent to a 
68.6% reduction after two pretreatment steps. The lignin 
content saw a dramatic decrease with 77.5% of lignin 
being decomposed, which was equivalent to a 78.5% 
reduction after two pretreatment steps. 

Figure 5 Effect of different pretreatment methods on the 
reducing sugar content in the pretreatment solution
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In reverse order, the hemicellulose content from cof- 
fee pulp pretreated with 2% NaOH decreased from 3.67 
to 1.94%, which was equivalent to a 47.1% reduction, 
and the lignin decomposed by 76.6%. The coffee pulp 
was further pretreated with H2SO4, which resulted in a 
54.7% reduction of hemicellulose and a 77.3% reduction 
of lignin after two pretreatment steps (Fig. 6).

Thus, different orders of chemical use yielded dif- 
ferent results in coffee pulp pretreatment. Figures 5 and 6 
show that the use of acid and alkaline order in pretreat- 
ment was more effective than the opposite order. The 
reducing sugar content in the pretreatment liquid and 
the reduction degree of the hemicellulose content in 
acid-alkaline pretreatment were both higher than those  
in the alkaline-acid pretreatment. Probably, the hemicel- 
lulose hydrolysis under the action of diluted acid was 
the same as cellulose hydrolysis. Hemicellulose was ini- 
tially hydrolyzed into long oligomers, short oligomers, 
or monomers, depending on the temperature, acid con- 
centration, and hydrolysis time [7].

In our experiment, hemicellulose was hydrolyzed 
mostly into oligomers under the action of diluted al- 
kaline, and the number of monomers was very small. 
Therefore, the reducing sugar content and the reducti- 
on level of hemicellulose content in the acid-alkaline 
pretreatment was higher than those in the alkaline-acid 
pretreatment. 

The pretreatment of lignocellulose biomass with di- 
luted alkaline increased the contact surface area and  
reduced both coincidence and crystallization by se- 
parating the bonds between lignin and cellulose or bet- 
ween hemicellulose and cellulose or by disrupting the 
structure of lignin (Fig. 7c).

Figure 7 also illustrates the difference between the  
raw sample and the processed sample. The raw sample 
had a hard structure which was very compact and non-
porous. The sample processed by diluted alkaline sho- 

wed increased porosity and a larger surface area, which 
was due to the removal of lignin and hemicellulose.

Furfural and 5-hydroxymethyl-2-furaldehyde (HMF) 
formation in hydrolysis solution. The pretreatment with  
diluted acid or diluted alkaline at high temperatures  
(> 140°C) resulted in a partial hydrolyzation of cellu- 
lose and a complete hydrolyzation of hemicellulose in- 
to single sugars, e.g., glucose, xylose, arabinose, manno- 
se, galactose, as well as acetic acid. It could also cause  
a partial breakdown of lignin into phenol derivati- 
ves, i.e., para-hydroxyphenyl, guaiacyl, and syrignyl. In 
addition to that, this pretreatment method formed 5-hyd- 
roxymethyl-2-furaldehyde (HMF) and 2-furaldehyde (fur- 
fural). Organic acids, such as acetic acid or trifluloro- 
racetic acid (TFA), appeared as a result of the decom- 
position of pentose and hexose [7].

Of all these intermediate products, furfural and 
HMF are toxic to ethanol fermentation yeast. Therefore, 
they had to be removed or minimized. These toxic sub- 
stances often develop immediately after the pretreat- 
ment process and partially dissolve in the pretreatment 
solution while the rest remains in the raw material re- 
sidue. Therefore, they need to be removed immediately 
after the pretreatment or eliminated in the hydrolysis 
solution prior to fermentation. Removing them imme- 
diately after the pretreatment could be difficult because 
they are almost evenly distributed and penetrate deep  
inside the raw material, which means a complex ex- 
traction. Removing them during hydrolysis seems more 
effective because hydrolysis is a process of extracting 
and diffusing toxic substances from the raw material. 
Therefore, removing furfural and HMF in the hydrolysis 
solution is more cost-effective than in the raw material.

Furfural appeared as a result of decomposing pen- 
tose sugar, which was mainly xylose. HMF resulted from  
the breakdown of hexose, mainly glucose and fructose. 
Figure 8 illustrates the furfural and HMF content in the 

Figure 7 Scanning electron microphotographs of coffee pulp: (a) no pretreatment raw materials; (b) pretreatment with H2SO4 2%;  
(c) pretreatment with NaOH 2%; (d) pretreatment with white rot fungus; and (e) pretreatment of acid-alkaline-microwave 
combination

                                              a                                                          b                                                           c

                                                                             d                                                         e
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hydrolyzed solution. The pretreatment with 2% H2SO4 
at 140°C for 45 min provided the highest content of fur- 
fural (3.61 g/L) because diluted acid had a hydrolysis ef- 
fect on hemicellulose to form xylose, which continued 
to decompose into furfural under high temperature. 
Meanwhile, two samples pretreated by acid-alkaline and 
acid alkaline-microwave pretreatment methods had a 
slightly lower furfural content because both treatments 
involved a neutral soaking process. As a result, water 
washed away and damaged a lot of furfural. The pret- 
reatment with 2% NaOH at 120°C for 20 min also pro- 
duced the highest HMF content of 2.43 g/L because alka- 
line had a partial hydrolysis effect on cellulose to form 
glucose, which was then broken down into HMF at high 
temperature.

The furfural and HMF contents in hydrolysis so- 
lution correlated with the cellulose and hemicellulose 
contents, which degraded after the pretreatment. The 
microbial pretreatment samples showed no signs of 
furfural or HMF in the hydrolysis solution because 
the temperature was as low as 35°C, and no acid or 
alkaline was involved. As the hydrolysis process by 
cellulase also presupposed low temperatures, no furfural 
or HMF were detected. The control sample was only 
pretreated in hot water at 140°C without acid, alkaline, 
or microwaves. In this case, only a small amount of he- 
micellulose and cellulose were hydrolyzed and decom- 
posed into furfural and HMF (Fig. 8).

In most pretreatment methods, when the furfural and 
HMF content exceed 1 g/L, they have a strong inhibitory 
effect on microbial cell growth, especially yeast [23]. 
To limit their formation, pretreatment usually involves 
low temperatures, which affects the pretreatment effi- 
ciency. Therefore, if the pretreatment process is ther- 
mal, furfural and HMF should be removed from the 
hydrolysis solution prior to fermentation.

Formation of reducing sugars and glucose in 
hydrolysis solution. A comprehensive effectiveness test  
of coffee pulp pretreatment cannot be reduced to the 
targeted lignin or hemicellulose removal and the per- 
centage of cellulose retained. It should involve such 
factors as the reduction of crystallized cellulose, the 
structural hollowing, the surface contact area, etc. These 
factors improve the hydrolysis process and control the  
formation of some yeast inhibitors. All of the aforemen- 
tioned considerations are to be verified through the ma- 
terial hydrolysis process after the pretreatment process 
is carried out.

Therefore, we compared the effectiveness of the pret- 
reatment processes using the content of glucose and 
reducing sugars released under the action of commer- 
cial cellulase enzymes, represented here by Viscozyme 
Cassava C and Novozyme 188 (Novo, Denmark). The 
hydrolysis process occurred under the following con- 
ditions. The hydrolyzed temperature was 50°C at pH 4.8. 
The shaking mode was 150 rpm, and the hydrolyzation 
time was 72 h. The concentration of Viscozyme Cassava 
was 25 FPU/g cellulose and that of Novozyme 188 was 
34 CBU/g β-glucosidase, based on dry shell weight [24]. 

The hydrolyzed liquid was centrifuged at 2500 rpm for 
10 min. Figure 9 shows the results of the analysis of 
glucose and sugar content.

The purpose of the pretreatment process was to 
increase the sensitivity of cellulose to the hydrolyzed 
enzyme system. Therefore, the glucose and reducing su- 
gar were the two components that characterized the  
action of the cellulase system on the cellulose compo- 
nent found in the coffee pulp after hydrolysis. According 
to Fig. 9, all the experimental samples demonstrated a 
better hydrolysis performance than the control sample, 
which involved water pretreatment under the same 
conditions. The glucose and reducing sugar reached 
the highest contents when the combined pretreatment 
followed the order of acid → alkaline → microwave. 
The glucose content was 31.39 g/L, and the reducing 
sugar content was 43.26 g/L. 

The microbial pretreatment demonstrated the lowest 
results when the glucose content dropped to 5.42 g/L, 
and the reducing sugar content was as low as 13.19 g/L. 
P. chrysosporium secreted some extracellular enzymes, 

Figure 8 Effect of various pretreatment methods on 
5-hydroxymethyl-2-furaldehyde (HMF) and 2-furaldehyde 
(furfural) in hydrolyzed solution
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Figure 9 Effect of different pretreatment methods on the 
formation of glucose and reducing sugars after hydrolysis
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mainly active lignin hydrolysis, into the environment 
during the pretreatment process with only 50.2% of lig- 
nin being hydrolyzed. This rate was much lower than 
in the case of the acid-alkaline-microwave combination 
when up to 79.2% lignin was removed. P. chrysosporium 
also failed to break down hemicellulose, but was able 
to alter the content and the crystal structure of cellulo- 
se molecules (Fig. 7d). Therefore, the material structure 
was less porous, and the contact surface area and the 
sensitivity to hydrolysis enzymes were low. This led to a 
less efficient hydrolysis performance in comparison with 
the acid-alkaline-microwave pretreatment.

In addition, the hydrolysis performance of the en- 
zyme was lower in the case of acid-alkaline pretreat- 
ment. The acid pretreatment resulted in 9.26 g/L of glu- 
cose and 19.58 g/L of reducing sugar. The alkaline pret- 
reatment helped release much higher amounts of sugar 
than the acid pretreatment: the glucose content was 
24.36 g/L, and the reducing sugar content was 37.33 g/L. 
The amount of reducing sugar in the alkaline pret- 
reatment solution was lower than that in the acid pret- 
reatment solution (Fig. 5). As the diluted acid pretreat- 
ment was the most efficient hemicellulose hydrolysis 
mode, the highest amount of reducing sugar appeared 
in the pretreatment solution. NaOH cut off the endo-
molecular ester bonds between hemicellulose and other 
molecules, including lignin. As a result, the material 
became porous, thus increasing the contact surface area 
and the amorphous region of cellulose [25].

Although the microwave pretreatment did not really 
degrade lignin and hemicellulose (Fig. 6), it somewhat 
changed the surface structure of material (Fig. 7e). Mic- 

rowaves trigger two types of bipolar interactions and  
ion interactions which cause rotation/collision between 
the bipolar molecules and the ions present in the 
material. As a result, they generate heat and disrupt the  
supermolecule structure of lignocellulose biomass, both  
inside and outside [17, 26]. The results were truly surpri- 
sing when the combination of acid-alkaline-microwave 
pretreatment methods followed by the hydrolysis yiel- 
ded the glucose content of 31.39 g/L. The yield exceeded 
the result of the acid treatment by 64.9% and was by  
22.8% higher than in the alkaline-pretreated samples. 
The reducing sugar content was 43.26 g/L, which was 
by 42.6% higher than after the acidic pretreatment and 
by 17.3% higher than after the alkaline pretreatment  
(Fig. 9).

Thus, the combined acid-alkaline-microwave pret- 
reatment gave the best results based on the fiber com- 
position, the content of reducing sugar, and the change 
in the surface structure. This method reduced hemi- 
cellulose by 71.4 to 1.05% (g/100 g db) and lignin by 79.2  
to 4.17% (g/100 g db). The remaining material consis- 
ted of 77.49% cellulose (calculated according to the ori- 
ginal cellulose content), ash, and some other substan- 
ces (Fig. 10). After this pretreatment, the coffee pulp 
looked like yellow-brown soft foam and had good water 
permeability (≤ 85%) (Fig. 11).

CONCLUSION
This study led to four important conclusions:
1. The combined acid-alkaline-microwave pretreat- 

ment method possessed the best lignin and hemicel- 
lulose removal efficiency.

                      a                                                                                  b                                                                           c

Figure 10 Coffee pulp components after different pretreatments: (a) no pretreatment; (b) acidic pretreatment; and (c) pretreatment 
of acid-alkaline-microwave combination
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Figure 11 Color and shape of coffee pulp after different pretreatments: (a) no pretreatment; (b) acidic pretreatment;  
and (c) pretreatment of acid-alkaline-microwave combination
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2. The acid pretreatment method had the lowest loss 
of cellulose.

3. The combined acid-alkaline-microwave pretreat- 
ment had the highest concentrations of reducing sugars 
and glucose.

4. The pretreatment with white rot fungus Phanero- 
chaete chrysosporium was safe, inexpensive, and green,  
although the hydrolysis efficiency was not as high as 
after other pretreatment methods. In addition, it produ- 
ced no yeast inhibitory substances during ethanol fer- 
mentation.
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