
 

 

 

Abstract— In the biofuels industries, agro-waste has been 

recommended as the most promising feedstock for the production 

of bioalcohols. However, the challenge of utilizing agro-waste as a 

feedstock is due to its highly recalcitrant structure, which limits 

cellulolytic enzymes to convert the holocelluloses into fermentable 

sugars. Different pre-treatments such as dilute acid, alkaline, 

thermal, hot water and enzymatic, have been used in previous 

studies. The challenge with these pre-treatment methods is the 

residual toxicants, which inhibits a high bioalcohol yield, by 

reducing the microbial populations’ ability to be metabolically 

proficient during fermentation. Engineered strains have been 

developed to reduce the inhibition and toxicity of the alcohols 

produced or by-products produced during pre-treatment, while 

enhancing the alcohol production.  

In the present study, a common method for the degradation of 

the mixed agro-waste was used, which consisted of hot water 

pre-treatment followed by dilute acid (H2SO4) pre-treatment. To 

further pretreat the mixed agro-waste residue, cellulases were 

used to further hydrolyse the pre-treated agro-waste. A 

commercial strain was used to produce low (C1 to C3) and high 

carbon content (C4
+) alcohols under aerobic conditions for the 

benefit of the biorefinery industry. 
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I. INTRODUCTION 

Agro-waste has been recommended as the most promising 

and attractive feedstock for biorefineries and is the most 

abundant organic matter residue in agro-processing [1]. In the 
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biofuels industry, bioethanol and biobutanol are the most high 

value alcohols compared to other alcohols. In particular, 

biobutanol has a high energy content and is water resistant; it 

can be distributed through the existing petroleum pipeline 

system and can be used as a fuel, or supplement without 

modifying the current engines’ system [2]. Acetone–Butanol–

Ethanol (ABE) fermentation has been the primary biological 

process used to produce biobutanol using agro-waste as a 

feedstock [3]. Clostridia species such as Clostridium 

acetobutylicum and Clostridium beijerinckii are the most used 

bacterial strains for biobutanol production under anaerobic 

conditions. However, the challenge with these strains is the 

lower biobutanol yield during fermentation, which increase the 

cost related with biobutanol recovery at the end of the 

fermentation process [4]. Therefore, these challenges need to 

be addressed in order for the biofuels industry to compete with 

fossil fuel processors. As a result, various engineered strains of 

Clostridia sp. have been developed to improve the biobutanol 

yield. Some separation methods have also been reported for the 

recovery of biobutanol from fermentation broth. Some studies 

have shown that Escherichia coli (E. coli) is the most suitable 

and easily engineered strain with Clostridia sp., for the 

improvement of biobutanol yields. More development imparted 

traits have been reported, such as the biobutanol production 

under aerobic conditions using different Bacillus sp. isolated 

from soil as reported by Ng et al. [5]. However, on an industry 

scale, commercial yeast (Saccharomyces cerevisiae) has been 

traditionally used for the production of alcohols [6]. . 

Furthermore, specific strains are required to biodegrade the 

sugars from the pre-treatment of agro-waste bioalcohols, while 

reducing the effect of inhibitors such as acetic acid, furfural, 

hydroxymethyl furfural (HMF) and phenolics [7]. 

The present study, focused on the production of different 

bioalcohols such as low (C1 to C3) and (C4
+
) alcohols in an 

integrated single pot system under aerobic conditions using a 

mixed agro-waste extracts as sole carbon sources, while using 

as commercial S. cerevisiae strain for the production of 

bioalcohols and other added value products for the biorefinery 

industry. The samples were analysed for different bioproducts 

to determine the potential of the single pot system to produce 

added value products for the biorefinery industry. 
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II. MATERIALS AND METHODS 

A. Raw Materials Used for Fermentation 

Fermentation feedstock, i.e. agro-waste constituted with 

Citrus sinensis and Malus domestica peels, including cobs from 

Zea mays, was collected from a fruit market (Western Cape, 

Cape Town, South Africa), dried at 80°C and pulverised to 

˃45µm <100µm . Additionally, yard waste (leaves) from 

Quercus robur (oak) were also used as an additional 

supplementary feedstock. The mixed waste was constituted by 

1:1:1:1 ratio, with each waste mass contributing equivalently to 

the mixed agro-waste.   

B. Hot Water Hydrolysis of the mixed Agro-waste 

 Biomass (2g, mixed agro-waste) was treated with hot water 

at a high temperature (120°C) using an autoclave for 15 min in 

250 mL Schott bottles, whereby 200 mL of distilled water was 

added, Most studies have shown hot water treatment to be 

effective at temperature between 120 to 200°C [8]. The mixture 

was cooled to ambient temperature. Aliquots (3 mL) were 

sampled into sterile 15 mL conical tubes, subsequent to 

centrifugation at 4000g for 5 min to recover sedimented 

agro-waste biomass. A volume (1 mL) of the sample was 

diluted with 9 mL of sterile distilled water (sdH2O) for TRS 

analysis. A volume 2 mL of the withdrawn sample was returned 

to the Schott bottle. The recovered mixed agro-waste pellets 

were dried and kept at ambient temperature for further analyses 

for structural modification determination using Fourier 

Transform Infra-red Spectroscopy (FTIR) and powder X-ray 

diffraction (XRD) systems. 

C. Dilute Acid Hydrolysis of the mixed agro-waste 

The recovered hot water pre-treated biomass (agro-waste) 

was further treated with diluted sulphuric acid (1% v/v) in a 

batch system [9], in triplicates at 121°C for 15 min [8]; the 

mixture was analysed for TRS before proceeding to enzymatic 

hydrolysis, using a procedure as reported in B  

D. Enzymatic Hydrolysis of the mixed agro-waste 

Similarly after diluted sulphuric acid pre-treatment, the 

agro-waste was further treated with cellulases (24.67 U/mL). A 

volume of cellulase 600 µL per g of mixed agro-waste was 

added to the reaction mixture to further enhance pre-treatment 

outcomes at 55°C and pH 4.5 for 72 h, a pH was attained using 

sodium acetate buffer. Thereafter, the filtrate obtained was used 

for TRS analysis using proceedings in B.   

E. Fourier Transform Infrared Spectroscopy Analyses 

Similarly, for functional group modification, and for 

determining the effectiveness of the pre-treatment method 

being studied, an alpha-FTIR spectrometer (Bruker Pty Ltd, 

SA) and Smart iTR with a diamond crystal window was used in 

this study. A mass of the hot water, dilute acid, enzymatic 

hydrolysed and unpre-treated mixed agro-waste samples were 

placed in the diamond crystal window of the Smart iTR. 

Initially, the measurements were taken against a background 

spectrum of the diamond window without the agro-waste 

samples. Scans taken were in a range of 400 to 4000 cm
-1 

with a 

spectral resolution of 4 cm
-1

 at 100 scans per min [10]. 

F. Powder X-ray Diffraction Analyses  

 To quantify crystallinity, the rinsed and air dried mixed 

agro-waste obtained prior and post pre-treatment, was analysed 

using a pXRD (Bruker Pty Ltd, SA) at 40kV and 40 mA with a 

D2 phaser with a Lynxeye, providing a suitable 

peak-to-background ratio [11]. The scanning range (2 ) was 10
 

to 50
o
 at a ramping scale of 0.017

o
, using a zero background 

holder plates (50µm depth), with the crystallinity index (   ) 
being determined using Eq. 1. For these analyses, 5 mg of 

agro-waste was used.  

   ( )  
(  )

    
                    (1)  

Where,    was          .with      being the intensity for the 

crystalline portion of the agro-waste at 2  between 21 to 22
o
, 

while     was the amorphous portion of the agro-waste at 2  

between 14 to 19
o
 [12]. 

G. Agro-waste Content Analyses 

 The structural composition of the agro-waste was quantified 

prior and post hydrolysis pre-treatment procedures. The mixed 

agro-waste content was analysed using a modified method as 

described previously by Gouveia et al. [13].The solids samples 

from the cellulases pre-treatment process were dried at 80°C in 

an oven for 24 h to reduce moisture content. The samples were 

cooled to ambient temperature subsequent to storage under dry 

conditions. The analyses were carried-out by slurrying 300 mg 

of pre-treated agro-waste in 100 mL Schott bottles, in which 1 

mL of 72% H2SO4 and 28 mL of sdH2O was added agro-waste 

to the constitute a homogenous mixture [14]. Thereafter, the 

bottles were placed at 30±0.5°C in the water bath for 1 h and 

subsequently autoclaved at 121°C for 30 min. The mixtures 

were cooled to 80°C and filtered with fibre glass filters. The 

filtrates were transferred to 50 mL conical tubes and the 

acid-soluble lignin was determined at 205 nm using a Jenway 

7305 UV/Vis spectrophotometer (Cole-Parmer, UK) for each 

of the samples.  

 Furthermore, the recovered solid waste residues were 

washed with hot water and a mixture of ethanol, benzene and 

ether until the residues were determined to be residue free. 

Thereafter, the solid residue attached to the filters was dried at 

105°C in an oven for 2 h to quantify the total insoluble lignin 

content of the agro-waste, with the residue on the filter papers 

being transferred to crucibles and calcined at 700°C for 1h in a 

furnace (Labofurn furnace, model EMF260, Cape Town) for 

ash determination. The total ash for each sample was 

determined as the gravimetric weight difference of the ash 

content of acid-insoluble lignin and ash content of the filter 

papers without residue. Therefore, the total ashes content for 

sample was determined according to Eq.  2. 

 

   ( )  
  

  
                    (2)  

Where Ash % - is the percentage by mass of ash; Mc - is the 

ash mass (mass difference between crucible filter with residue, 

crucible with control filter and an empty crucible), and Ma – 

mass of the dry sample. 

H. Fermenter Selection and Inoculum Preparation 

Commercial Saccharomyces cerevisiae (VIN13, Accession 

number: KT732652.1) strain was donated by a commercial 
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producer of the yeast in South Africa (Anchor Yeast, SA). It 

was cultured in a Potato Dextrose agar medium at 37°C for 48 h 

subsequent to inoculum development for fermentation; 

whereby, S .cerevisiae cells from the 48 h agar plates was 

inoculated into 5 mL YPD broth (yeast extract, 10g/L; peptone, 

20g/L and dextrose 20g/L), and incubated for 24 h at 30 ºC. To 

further prepare the inoculum, 100µL of the overnight culture 

was inoculated in 50 mL sterile YPD broth (pH 4.5) and 

incubated for a further 24 h at 30 ºC in a shaking incubator at 

120 rpm. 

I. Fermentation Process 

 The fermentations were conducted at 30°C in 250 mL flasks, 

containing 50 mL of the fermentation extract from the 

pre-treatment extracts. A 10% (v/v) inoculum strategy was 

used, with a cell concentration of 1 x 10
6
 cells/mL for each flask 

being the initial S .cerevisiae concentration. The experiments 

were run for 72 h in a shaking incubator (120 rpm), whilst 3.5 

mL of samples were withdrawn every 24 h for analyses. During 

the experiments, 10 µL of the samples were cultured into PDA 

plates to measure the fermenter concentration (CFU/mL) while 

1.4 mL was used to analyse the residual TRS and the presence 

of bioalcohols. Overall, a volume of 2 mL was withdrawn 

during each sampling cycle from all the flasks subsequent to 

centrifugation at 4000g for 5 min,  with the samples being 

filtered using a 0.22 µm sterile syringe filter. All samples were 

stored at -20 ºC until further use. 

J.  Analytical Methods 

 The reducing sugars from the pre-treatment processes were 

analysed using a Dinitrosalicylic acid (DNS) method using a 

spectrophotometer at 575 nm. The presence of bioalcohols was 

analysed using Jones and Lucas methods as described by Tojo 

and Fernàndez (2006). The Jones method is designed for 

primary and secondary alcohol determination, i.e. 1° and 2° 

alcohols, while the Lucas method, was developed for tertiary 

alcohols (2° and 3° alcohols). The analysis were conducted in 10 

mL test tubes, with 10 µL of the fermented samples being added 

to 1 mL of acetone and 2 µL of Jones reagent, with a positive 

bioalcohol presence being represented by a slightly green 

colour. Lucas alcohols test was conducted by mixing 0.2 mL of 

fermented solution samples with 2 mL of the Lucas reagent in 

10 mL test tubes at ambient temperature. Thereafter, the 

presence of bioalcohols was observed by an insoluble layer or 

emulsion [15].  

An additional quantification of the presence of bioalcohols 

was conducted using a gas chromatograph (6890N, Agilent 

technologies network) coupled to an Agilent technologies inert 

XL EI/CI Mass Selective Detector (MSD) (5975B, Agilent 

technologies Inc., Palo Alto, CA). The GC-MS system was 

coupled to a CTC Analytics PAL auto sampler. Separation of 

agro-waste volatiles was performed on a polar STABILWAX 

(60 m, 0.25 mm ID, 0.25 µm film thickness) Zebron 

7HG-G007-11 capillary column. Helium was used as the carrier 

gas at a flow rate of 2 mL/min. The injector temperature was 

maintained at 250°C. The sample was injected in a splitless 

mode. The oven temperature was programmed as follows: 35°C 

for 10 min and ramped up to 240°C at a rate of 15°C/min. The 

MSD was operated in a full scan mode and the source and quad 

temperatures were maintained at 230°C and 150°C, 

respectively. The transfer line temperature was maintained at 

250°C. The mass spectrometer was operated under electron 

impact mode at ionization energy of 70eV, scanning from 35 to 

500 m/z.  

III. RESULTS AND DISCUSSION 

A. Effect of Pre-treatment Methods on TRS Production 

In this study, pre-selected mixed agro-waste was pre-treated 

with three different pre-treatment processes, i.e. hot water, 

dilute acid and cellulases hydrolysis. The results for TRS 

analyses are illustrated in Fig. 1, whereby the residual sugar 

concentration in solution for the mixed agro-waste (i.e. orange 

peel, apple peel, corn cob, and yard waste) is highlighted. The 

highest achievable actual TRS was 3.22 ± 0.38 g/L. The 

combined pre-treatment process in the single-pot led to the 

highest actual TRS conversion from the mixed agro-waste. The 

actual TRS for hot water pre-treatment was very low when 

compared to dilute acid pre-treatment and cellulase hydrolysis 

with 0.18 ± 0.01 g/L being considered freely dissolvable TRS 

from slurrification of the mixed agro-waste at the beginning of 

the experiments. The freely dissolvable sugars were determined 

by the quantity of TRS released within 1 h of slurrying the 

mixed agro-waste in sterile distilled water. Generally, the freely 

dissolvable sugars were determined to quantify the amount of 

the TRS released due to milling, as milling is also considered a 

biomass pre-treatment method. However, in most studies, the 

freely dissolvable sugars are simply ignored, but they have an 

impact on the overall TRS outcomes attributed by other 

pre-treatment procedures. A similar study was done by Guo et 

al. (2009), in which the accounting of the released sugars, as 

freely dissolvable sugars, was determined to be 1.45 g/L within 

in 1 h [16]. The results obtained at the end of the experiments 

showed that the enzymatic hydrolysis was proficient in TRS 

extraction from the mixed agro-waste used in comparison to the 

hot water and mild acid pre-treatment methods, which showed 

a reduced conversion of the holocelluloses, with cellulases 

being observed to easily penetrate the complex structure of the 

mixed agro-waste culminating in further TRS generation. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Total reducing sugar (TRS) from different agro-waste 

pre-treatment processes. 

The actual yield of the TRS is one of the important outcomes 

associated with the outcomes of pre-treatment procedures for 

agro-waste. Overall, the mixed agro-waste TRS yield had 
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increased from 1.19 % to 32.25% using the three pre-treatment 

methods, as shown in Table I. By sequentially pre-treating the 

agro-waste with hot water and dilute acid in a single pot system, 

compromised the integrity of the complex structure of the 

mixed agro-waste, leading to the high efficacy of the cellulases 

hydrolysis process. The higher yield of TRS illustrated the 

ability of these processes to produce fermentable sugars for the 

biorefinery industry, from mixed agro-waste 
TABLE I: ACTUAL TOTAL REDUCING SUGAR YIELD AGRO-WASTE 

B. FTIR Analyses of Agro-wastes 

 The effectiveness of the pre-treatment was further 

quantified using FTIR, to verify the change in structure of the 

mixed agro-waste. The results obtained for the FTIR are 

illustrated in Fig. 2, whereby the bands at 3329 to 3350 cm
-1

 

(O-H) are more enhanced in the dilute acid pre-treatment and 

cellulases hydrolysis. The deformation of the hydrogen bonds 

of cellulose was observed at 2920 cm
-1

, which illustrated the 

C-H stretching region of the mixed agro-waste for different 

pre-treatment methods. Furthermore, at 2359 and 1906 cm
-1

 

significant peaks were observed, which are associated with 

carbohydrate peaks, assigned C=C, C=O, C–H, C–O–C and C–

O, associated with the breakdown of the carbohydrates [16]. 

Absorbance associated with hydroxyl groups, phenolic 

hydroxyl group bands were observed at 1380 and 1330 cm
-1

, 

respectively, while the absorbance related to primary hydroxyl 

and secondary hydroxyl groups present in the lignin were 

observed at 1035 and 1100 cm
-1

. This illustrated the reduction 

of primary and secondary hydroxyl groups from agro-waste 

with the use of different pre-treatment methods, with all 

pre-treatment methods showing the degradation of the 

agro-waste. Other absorbance bands were observed at 1453, 

2835 and 2942 cm
-1

, which are related to the methoxy groups (–

OCH3) that are present in lignin [17]. In addition, the C-OH 

group band, absorption peaks at 1639, 1501 and 1410 cm
-1

 

(C-H vibration of aromatic ring) and other absorption  peaks 

between 1100 and 1330 cm
−1

 related  to ester bonds (O=C–O–

C) were observed.  

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

Fig. 2. FTIR spectrum for different pre-treatment 

 

 

These FTIR functional groups have tentatively illustrated the 

pre-treatment decomposition of the mixed agro-waste used 

with reference to previous studies of lignocellulosic biomass, 

illustrating the characteristic differentiation of the organic 

structure of the mixed agro-waste in relation to different 

pre-treatment methods. 

C.  X-ray Diffraction Analysis for Mixed Agro-waste 

In this part of the study, XRD analyses were conducted to 

analyse the deformation of the structure of the agro-waste. 

Therefore, the XRD was also used to determine the effect of the 

pre-treatment methods (i.e. hot water, dilute acid and cellulase 

hydrolysis). Theoretically, any lignocellulosic biomass 

contains holocelluloses and lignin [9]; therefore, the purpose of 

the pre-treating the agro-waste was to degrade these structures 

that are bound together in the agro-waste. Therefore, in this part 

of the study, the     values of mixed agro-waste for different 

pre-treatment methods was calculated by measuring the relative 

amount of crystalline cellulose in untreated and pre-treated 

agro-waste samples [18]. Therefore, the Crl is determine from 

the height ratio between the intensity of the crystalline peaks 

(I002 - IAM) and highest intensity (I002) accounting for the 

background signal measured without the samples. Based on the 

results obtained (Fig. 5), the crystallinity values (76.21 % as 

shown in Table 4) for enzymatic hydrolysis was higher 

compared to hot water and dilute acid pre-treatment, which 

indicated that a more crystalline structure of the residual 

agro-waste remained after pre-treatment procedures. Overall, 

two typical diffraction peaks for characterizing crystallinity of 

cellulose were observed at around 15
o
± 41 and 21

o
± 23 at 2 , 

which relate to minimum peak (l101) and highest peak (l002) 

lattice planes of crystalline cellulose [19]. Furthermore, these 

three pre-treatment methods used in this study have shown an 

ability to enhance the hydrolysis of agro-waste to extract 

fermentable sugars, which is associated to an amorphous 

formation of the cellulose during pre-treatment, with the 

residual biomass having a higher crystallinity associated acid 

insoluble and enzyme hydrolysis resistant cellulose in the 

mixed agro-waste – see Table II and Table III which shows that 

after pre-treatment procedures, a larger proportion of the 

agro-waste was constituted by insoluble lignin.  

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Fig. 3. X-ray diffraction analysis for different pre-treated mixed 

agro-waste  

Pre-treatment method TRS (g/L) Yield (%) 

Hot water 0.12 1.19 

Dilute acid 1.43 14.33 

Cellulase hydrolysis 3.22 32.25 

 

 

Crl002 

Crlam 

OH 

C-H 

C-C, C-OH, 

 C=O, C-O-C 

C-OH 783 cm-1 
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TABLE II:  CRYSTALLINITY OF MIXED AGRO-WASTE RESIDUE AFTER 

PRE-TREATMENT AGRO-WASTE 

 

D. Lignin and Ash Content 

The acid-insoluble residue (AIR), acid-soluble lignin (ASL) 

and ash in the agro-waste determined by Klason lignin method 

and total lignin content is shown Table III. This method was 

applied for untreated and final residue samples (enzymatic 

hydrolysis) after hot water and diluted acid pre-treatment. The 

results obtained show a significant difference in ASL content of 

1.32% and 3.34 %, for untreated and Hot water/dilute 

acid/enzymatic hydrolysed agro-waste respectively. These 

results illustrated the extraction of some holocelluloses during 

the pre- treatment process, which culminated in AIR Overall, 

the pre-treated samples showed less recoverable and/or 

convertible lignin content compared to the untreated samples. 

Furthermore, the ash content was 0.132% and 0.340 for 

untreated agro-waste and cellulases hydrolysis respectively  

 
TABLE III: LIGNIN AND ASH CONTENT OF UNTREATED AND ENZYMATICALLY 

HYDROLYSED AGRO-WASTE 

 

E. Enhancement of Alcohol Production 

The fermentation of extracts from mixed agro-waste 

pre-treatment was performed using the commercial strain 

VIN13 (Saccharomyces cerevisiae). To further quantify the 

presents of bioalcohols, Jones and Lucas methods were used 

[20]. Table IV, shows the preliminary test for the presents of C1 

to C3 and C4
+
 bioalcohols, during fermentation. The results 

obtained showed positive results for bioalcohols, which led to 

further analyses of the samples using GC-MS. 

 
TABLE IV:  BIO-ALCOHOL PRELIMINARY TESTS AGRO-WASTE 

Strain  C1 to C3 C4
+ 

S. cerevisiae (VIN13) ++ + 

  + Presence of alcohol//- Absents of alcohol 
 

The GC-MS results obtained are listed in Table V, which 

indicated that the bioalcohols were detected from 24 h of 

fermentation for C1, whereby the highest (C4), i.e. 1-Butanol, 

3-methyl-, was obtained after 48 to 72 h. Furthermore, some 

unwanted biocompounds were also detected during the 

fermentation. These compounds included phenolic, Octanone 

and acetic acid which are not shown in Table V. 

The results obtained have shown the ability of the S. 

cerevisiae (VIN13) to utilise the pre-treated extract to produce 

bioalcohols in an integrated single pot system. The increase in 

bioalcohol production is necessary, with better yields required. 

In addition, other added value bio-products were also observed 

during fermentation, which can add value for the biorefinery 

industry. Further analyses and development of the 

pre-treatment of the agro-waste is required for this study.  

 
TABLE V:  BIO-ALCOHOLS PRODUCED AGRO-WASTE 

Pre-treated products in liquefactions (Area %) 

Bio-product Day 1 Day 2 Day 3 

Ethyl alcohol/Ethanol grain 1.02 0.78 0.62 

1-Butanol, 3-methyl- 0.35 0.53 0.51 

Benzyl alcohol 0.04 0.06 0.04 

 

IV. CONCLUSION 

In this study, the integrated single pot system was developed 

using mixed agro-waste pre-treatment extracts as substrate 

(pre-treated extract) for bio-alcohol production. The results 

showed a very efficient consumption of TRS as early as from 

the first day. Using the commercial strain can add value in the 

biorefinery industry, due to its multiple bioproducts. Therefore 

the single pot system has a potential to produce different 

bioalcohols and multiple products, which can benefit the 

biorefinery industry. 
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