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Abstract

There is a growing interest worldwide to find out new and cheap carbohydrate
sources for production of bioethanol. In this context, carob pod (ceratonia
siliqua) is proposed as an economical source for bioethanol production,
especially, in arid regions. The carob tree is an evergreen shrub native to the
Mediterranean region, cultivated for its edible seed pods and it is currently being
reemphasised as an alternative in dryland areas, because no carbon-enriched
lands are necessary. In this work, the global process of ethanol production from
carob pod was studied. In a first stage, aqueous extraction of sugars from the
pod was conducted, achieving very high yields (>99 %) in a short period of time.
The process was followed by acid or alkaline hydrolysis of washed pod at
different operating conditions, the best results ( R = 38.20%) being reached with
sulphuric acid (2% v/v) at 90°C, using a L/S (liquid/solid) ratio of 7.5 and
shaking at 700 rpm for 420 min. After that, fermentation of hydrolysates were
tested at 30°C, 125 rpm, 200 g/L of sugars and 15 g/L of yeast with three
different kinds of yeasts. In these conditions a maximum of 95 g/L of ethanol
was obtained after 24h. Finally, the distillation and dehydration of water-
bioethanol mixtures was analysed using the chemical process simulation
software CHEMCAD with the aim of estimate the energy requirements of the

process.
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1. Introduction

The development of cost-effective technologies for fuel ethanol production is a
priority for many public and private institutions since this biofuel is one of the
most important resources contributing to the growing use of renewable energy
sources. The use of biofuels can contribute to improve the air quality and to
decrease green house gas emissions [1], Other advantages derived from bio-
fuels are security of energy supply and development of rural areas [2-3].
The main types of feedstocks for the production of ethanol are: (i) raw materials
containing fermentable sugars (sugar cane, beet and sweet shorgum), (ii)
polysaccharides that can be hydrolyzed for obtaining fermentable sugars
(starch contained in several grains, like maize and wheat) and (iii)
lignocellulosic biomass. However, several technical difficulties have been
identified in the use of biofuels associated with the production costs that are
uncertain and vary with the feedstock, moreover enzymatic hydrolysis involves
a high cost of enzyme production and the biochemistry and mechanistic
fundamentals are not still well-known [4]. The large amount of existing and not
completely developed technologies for the production of ethanol and the
intrinsic biological difficulties of the process, require continuous efforts for the

diversification and adaptation to new biomass sources [5].

The present work deals with the idea of bioethanol production from carob pods.
The Carob tree (Ceratonia siliqua) is an evergreen shrub or tree native to the
Mediterranean region, cultivated for its edible seed pods with an average
production of 2000 — 3500 Kg/ha. It is currently being reemphasised as an
alternative in dryland areas with Mediterranean climates for diversification and
revitalisation of coastal agriculture [6].Carob has drought resistance, requires
little maintenance and produces a range of products from the seed and the pod.
From the seed, the endosperm is extracted to produce a galactomannan, which
forms locust bean gum (LBG), a valuable natural food additive for its strong gel
characteristics, which are useful in products such as canned pet food, since
they are maintained after heating. The carob pod is used actually as animal
feed or is grinded to obtain carob powder, which can be used for human

consumption although high tannin content limits this application. The production
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of ethanol from nonsterilized carob pod extracts using Saccharomyces
Cerevisiae have been investigated [8-10]. However, no data for the global
process of ethanol production have been reported. Therefore, the aim of the
present investigation was to analyze the global process of bioethanol production
from carob pod different by Saccharomyces Cerevisiae yeast cells, including
physical pretreatment, sugar extraction, hydrolysis of washed carob pod,
fermentation of aqueous extracts, distillation and dehydration simulation of

water-bioethanol mixtures.

2. Materials and methods
2.1. Materials

The study was carried out using grinded carob pod (without seeds) from various
locations supplied by Mondial Carob Group (Cartagena, Spain). Chemical
characterization of carob pod samples were carried out following the European
Community (EC) directives for the official control of feeding stuffs [11-14].
Particle size distribution of carob pod samples was determined using a vibrating
screen. Saccharomyces Cerevisiae yeast A were supplied by S.I. Lessafre, B

and C were supplied by local market.

2.2. Aqueous extraction test

Sugar extraction from carob pods (S) were carried out with water (L) at different
L/S ratio. 50 g of grinded carob pod were immersed in the adequate amount of
water and mechanically shook in open flasks at ambient temperature (20-25°C)
until attain extraction equilibrium. Then the mixture was filtered and the extract
was analysed for its content of total sugars by the Luff - Schoorl method [11-14].
The slurry was used for hydrolysis tests after extensive washing with water. Eq.
(1) was used to calculate the yield of total sugar in the extract

T.5.(% w/w) = total sugars in the solution

100 (1)
total sugars amount of grinded carob pod
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2.3. Hydrolysis of washed carob pod

Hydrolysis of washed carob pod (free of sugars) were carried out with the
necessary amount of acid (phosphoric and sulphuric) or alkaline (sodium
hydroxide) agents in a batch reactor at 90°C with total reflux and mechanical
shaking at a fixed L/S ratio of 7.5 for 420 minutes. Samples (10 mL) were
periodically withdrawn, to follow the time course of hydrolysis. Total sugars and
reducing sugars were quantified in the supernatant using the Luff -Schoorl

method [11-14] after removal of the insoluble material by filtration.
The term hydrolysis yield is defined as follows:

HY (% wiw) = total sugars in hydrolizate solution

100 (2)
mass of washed carob pod

2.4, Simultaneous hydrolysis and extraction tests

Simultaneous sulphuric acid hydrolysis and extraction of carob pods were
carried out in a batch reactor with total reflux and mechanical shaking at a fixed
L/S ratio of 3 for 300 min. These experiments were carried at different
temperatures, ranging from 66 to 95°C, and sulphuric acid concentrations, from
0.6 to 3.4% v/v. To quantitatively determine the effect of each parameter on
sugar extraction, a response-surface factorial design was used. The
experiments were designed using a central composite design (CCD).
Independent variables selected were temperature (T) and acid concentration
(C) (Table 5). Fourteen experiments were performed according to Table 5. Six

replications were at centre points (80°C, 2.0%v/v), and the axial points were

determined to be+/2. Total (Rt) and reducing (Rr) sugars were chosen as
dependent variables and were determined by analysis of the samples
periodically withdrawn using the Luff-Schoorl method [11-14]. Statistical
analysis was done using MINITAB 13 software.

The coefficients of the polynomial model were calculated using the following

equation [15]:
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Y =b, + ibiXi + Zk:bl.,ij + Zklzk:bl.,inXj (1)
i=1 i=1 ;i

Where Y was the predicted response, i,j were linear and quadratic coefficients,
respectively, b was the regression coefficients and k was the number of factors

studied in the experiment.

2.5. Fermentation of aqueous solutions

The anaerobic fermentation stage was carried out in a 3 L fermentation tank
with several sample taking facilities. For optimal operating conditions, the
fermentation tank has temperature controls and rpm-regulated agitator. As
feedstock, the aqueous extract from the extraction test were used in each
batch. Prior to the addition of this aqueous extract to the fermentation tank, solid
residues were removed using a vibrating screen with a mesh size of 0.5 mm.
After that, ammonium phosphate (3.2 g/L), potassium sulphate (1 g/L) and
magnesium sulphate (1.8 g/L) were added as inorganic nutrients over the
previous aqueous solution. Then, the pH was adjusted to 3.5-4, using diluted
sulphuric acid. The resulting solution was sterilized by heating until its boiling
point and then cooled at 35°C. This solution was fed to the fermentation reactor
thermostatized at 35°C and the mixture of reaction was stirred 125 r.p.m. Free
cells of Saccharomyces Cerevisiae (15 g/L) were used as yeast for the sugar to

ethanol conversion

The evolution of fermentation process was determined by measurement of
density of hydro-alcoholic solutions obtained and by gas chromatography using
a HP-INNOWAX column (30m x 0.53mm x 0.25um, Agilent), in the following
conditions: temperature program: 28 °C, 6min; 15 °C/min, 200 °C; 200 °C, 2
min; split ratio: 50/1; inyector: 200 °C; detector: 260 °C. The monosaccharides
and oligosaccharides in the fermentation broth were semiquantitatively
analyzed by HPLC using a CarboPac PAI-PG1 column, a PED, Dionex 2010I,
6.0 g/ NaOH. Microbial growth using population measurements with a
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Neubauer chamber or CO2 analysis was used as complementary analytical

methods.

2.6. Distillation and dehydration of water-ethanol mixtures

Due to the well-known characteristics of the distillation process in bioethanol
industry, this stage was analyzed using the chemical process simulation
software CHEMCAD.

3. Results and discussion.

3.1. Characterization of carob pod

Table 1 shows the chemical characterization of carob pod samples from various
locations determined following the European Community (EC) [11-14]

directives. The results are expressed as weight percent for each parameter.

[Insert Table 1 about here]

As can be seen in this Table, the sugar fractions represent a high percentage of
the total weight of the carob pod. Furthermore, there are a significant
percentage of fiber in the waste, which are rich sources for the production of
sugars by hydrolysis. These results are according to those claimed by Avallone
et al. [16].

The carob pod chosen for this study was the one from Murcia-Alicante (Spain)
2005, which has the following composition (expressed in g/100 g dry weight
basis): moisture, 10-12; starch, 0.94-0.95; total sugar (glucose, fructose,
sucrose and maltose), 46—48; crude protein, 6.0-6.5; crude fibre, 10.0-11.5;
total ash, 1.2-1.8; pH 4.5-4.8.

The monosaccharides and oligosaccharides content in this sample were

70.60% of sucrose, 8.93% of glucose and 18.30% of fructose, with respect to
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the total amount of sugars in the pod. The mean size of the fraction selected

was 0.57 mm.

3.2. Aqueous extraction of sugars from carob pods

Since the price of the feedstock contributes up to 70% to the production cost of
bio-ethanol in the case of molasses [17], sugar content of carob pod and
extraction conditions need to be clearly established to ensure later evaluation of

the overall carob to ethanol process.

In order to analyze the effect of the ratio of carob pod (S) to water (L) on the
efficiency of the extraction of sugars, the extraction process were carried with

five different ratios S/L ranging from 4.67 to 38.5 at room temperature.

[Insert Figure 1 about here]

As can be seen in Figure 1, almost complete aqueous extraction of sugars from
carob pods was achieved in a short period of time (less than 30 min.), so this
process can be considered easy for industrial application. It was also found that
higher total sugar extraction yields were achieved using higher L/S ratios. Since
solutions with a sugar content of 20% w/w are needed for practical industrial
application, the following conditions were established for preparing aqueous

extractors for the fermentation process: L/S ratio of 2.5 for 20 minutes.
Table 2 shows parameters for the regression of extraction data using a
Langmuir type model, where a parameter represents the maximum theoretical
yield that it could be achieve in that conditions.

[Insert Table 2 about here]

3.3. Acid and alkaline hydrolysis.

Several authors have reported [18-20] the use of dilute acid and/or modified

steam-explosion processes as pretreatment steps prior to enzymatic hydrolysis
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in order to raise sugar conversion yield through the breakdown of lignocellulosic
biomass. The high energy requirement of these processes, the elevated costs
of enzymes and the low content of fiber and starch in this crop lead us to
discard this alternative as economically feasible. However, with the aim of
maximizing the process yield, direct acid hydrolysis of washed carob pod were

tested.

Direct acid and basic hydrolysis of washed carob pod were tested at 90°C with

total reflux and mechanical shaking at a fixed L/S ratio of 7.5 for 420 minutes.

Figure 2 shows the acid hydrolysis of carob pod with sulphuric acid at different

acid concentrations.

[Insert Figure 2 about here]

As can be seen in this Figure, transformation yields higher than 30% were
reached in all cases with sulphuric acid hydrolysis, except for acid concentration
0.5% and lower. The best results (yield = 38.20%) were achieved with a 2% v/v
acid concentration. It is worthy of note that for acid concentrations higher than
3.0%, a decrease in the sugar extraction yield was observed, which can be
attributed to degradation reactions of sugars, that convert some sugars in
furfural, acetic acid and other undesirable compounds [18-23]. A similar
behaviour was observed by Saha et al. [24] in the hydrolysis of wheat straw at
121°C for 1h with sulphuric acid at 2%v/v and 4% v/v, who also found yield

losses (5.5%) after enzymatic saccharification.

Figure 3, shows the evolution with time of sugar extraction yield in the acid
hydrolysis of carob pod with phosphoric acid at different acid concentrations.
The use of phosphoric acid has the added advantage that, after neutralization of
hydrolysates with NaOH, sodium phosphate is formed. This salt can remain in
the hydrolyzates, because it is used as nutrient by microorganisms, improving
process profitability and having a positive impact on the environment [25].



329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362

[Insert Figure 3 about here]

The results obtained show a qualitative behaviour similar than those obtained
for sulphuric acid hydrolysis. In this case, the maximum yield obtained was
slightly higher than 20% w/w (30.57 g/l). Similar yields were found by Gamez et
al. [26], who obtained 23.2 g/L of total sugars from phosphoric hydrolysis of
sugar cane bagasse at a sulphuric acid concentration of 4% v/v, L/S ratio of 8,
122°C and 300 min.

Other minerals acids like HNOs or HCI were not used due to their inhibitory
effects in alcoholic fermentation, corrosive properties and enviromental impact,

which limits its application. [25,27].

The use of an alkaline reagent (sodium hydroxide) at low concentrations for the
hydrolysis process showed similar yields than that obtained with acids (see
Figure 4). However, for higher alkaline concentrations, yield losses were
observed due to peeling of the end groups and hydrolytic reactions [20, 28- 30].

[Insert Figure 4 about here]

The experimental extraction data for the hydrolysis tests were adjusted using a

Langmuir type model. Table 3 shows parameters for this regression:

[Insert Table 3 about here]

To sum up, the best operation results were obtained for sulphuric acid at a 2%

v/v of acid concentration.

3.4. Simultaneous extraction and hydrolysis process

In order to test the feasibility of a unique stage for the sugar extraction and mild
hydrolysis of the carob pod, experiments for the combined process were
performed using a central composite design (CCD). Values for independent

variables, temperature and acid concentration, are showed in Table 4. Fourteen
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experiments were performed according to Table 5. Six replications were at
centre points (80°C, 2.0%V/v).

[Insert Table 4 about here]

[Insert Table 5 about here]

Results obtained for total and reducing sugars in each run are showed in Table
6. Statistical analysis of the results is summarized in Table 6. A second order
dependence between temperature and process yield is confirmed, reaching a
maximum for process temperature between 75-80 °C. The influence of acid
concentration is negative for the overall process and total yield is lower than the

sugar content of the carob pod.

[Insert Table 6 about here]

[Insert Figure 5 and 6 about here]

These results confirm partial hydrolysis of dissolved sucrose to obtain glucose
and fructose (reducing sugars), so the following fermentation process can be
easily carried out with higher sugar to ethanol yield conversion. However,
simultaneous sugar extraction and mild acid hydrolysis is not feasible from a
techno-economic point of view because total sugar extraction yields are lower
than those obtained with water extraction. This fact is due to degradation
reactions of sugars in acid media [19, 22-23].

3.5. Fermentation of carob pod extracts

Since aerobic fermentation of glucose and sucrose extracted from carob pod by
xanthomonas campestris bacterium may produce xanthan gum [31] (a
polysaccharide used as a food additive and rheology modifier), anaerobic

fermentation tests were carried out with sterilized carob pod extracts. These

11
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extracts were analized with the following average composition: 197.5 g/l for total
sugars and 61.36 g/l for reducing sugars. Three different kinds of
Saccharomyces Cerevisiae yeast cells from several commercial suppliers were
tested. Figure 7 shows the time evolution of ethanol in the fermentation

process of aqueous extracts according to the method described in 2.2.

[Insert Figure 7 about here]

The ethanol concentration increased rapidly during the first hours of
fermentation until reach a maximum ethanol level (95 g/L) after 30 h of
incubation using yeast A and B. With yeast C a maximum of 70 g/L was
achieved after 60 h. These results were similar than those reported by for
sugarcane-based processes [17] and better than those reported for carob pods
processes [9] with the same initial sugar concentrations (200 g/L) in the
aqueous extracts. This value was the maximum concentration that ensures
correct metabolization of the sugars in the culture. Possible reasons for these
different ethanol levels are the strain of organisms used, the sterilization
pretreatment of the solution and the removal of dissolved solids prior to the
fermentation stage. Measurement of residual sugars confirms a decrease

during fermentation.

It is worthy of noting that when incubation times were greater than 30 h.,
concentration of ethanol was kept constant and no degradation products were
observed in the solution.

3.6. Distillation of fermentation products.

In order to evaluate energy requirements for the carob to ethanol process,
steady-state simulation of the distillation stage was carried out using the
software ChemCad. Feed streams coming from fermentation step contains
usually water, ethanol and up to 5% of several compounds like methanol,
acetaldehyde and fusel alcohols (1-propanol, 2-propanol, 1-butanol, 3-methyl-1-
butanol and 2-pentanol). Exact composition depends on the raw material used,

and saccharification and fermentation process conditions. The conventional

12
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schedule for distillation columns layout in grain to ethanol plants includes one or
two columns for the separation of vinasses. The removal of dissolved solids
prior to the fermentation step in the process presented in this work let us to
discard these equipments. Since gas chromatography analysis shows the
absence of significant amounts of methanol, acetaldehyde and fusel alcohols in
the solution coming from distillation step, a second distillation column was

included in the flow diagram chosen for the simulation and showed in figure 8.

[Insert Figure 8 about here]

Azeotropic, vacuum or extractive distillation procedures were not considered as
viable options for the production of fuel grade ethanol, since these distillation
routes have significant impact on the environment, are energy intensive and
more expensive than the recent pressure swing adsorption (PSA) with
molecular sieve trays. This technology is based on the selective adsorption of
ethanol molecules with a sized molecular sieve sorbent [32]. UNIFAC method
(UNIQUAC Functional-group Activity Coefficient) was used to estimate
equilibrium conditions. A theoretical feed stream including methanol,
acetaldehyde and fusel alcohols were used for simulation purposes. The results
are summarized in tables 7a and 7b.

[Insert Table 7 about here]

The minimum number of ideal equilibrium stages for the first column (water
recovery) was founded to be 20 and calculated energy consumption for the
reboiler was 1165.8 kcal/kg ethanol. The use of a partial condenser does not
contribute to the removal of significant quantities of methanol and acetaldehyde
and some losses of ethanol are observed. Referring to the second column, it
must be pointed out that the energy consumed in the reboiler is related directly
to the distribution of fusel oils between top and bottom products. If the energy
input is high, only C4 fusel oils appears in the bottom stream and losses of
ethanol and water are not observed. For low energy inputs, all fusel oils and a
considerable fraction of water and ethanol are withdrawn from the base of the

column. Results depicted in table 7b were obtained for 10 theoretical

13
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equilibrium stages and energy consumption was fixed to 285 kcallkg. The
requirements of refrigeration utilities for the second column were minimal
because the main fraction of the bottom product remains in vapour phase
previous to the adsorption of ethanol in the PSA unit. According to these results,
a precise calculation of total energy requirements for the process depends on

the exact composition of the solutions coming from distillation stage.

3.7. Overall Process Discussion.

Figure 9 presents the block diagram for the overall carob to ethanol process
proposed and assessed in this work. For normal harvesting conditions, annual
carob pod production in Spain is 60000 to 65000 Tn/year. Taking into account
average total sugar contents, the global “carob to ethanol” process yield
(extraction, fermentation, distillation and dehydration stages) ranges between
19200 and 20800 cubic meters of fuel ethanol (>99.95%) per year. Comparison
of ethanol productivity from different feedstocks is showed in table 8. According
to these results, carob pod can be presented as a viable alternative for the

production of fuel ethanol.

[Insert Table 8 and Figure 9 about here]

4. Conclusions.

The results showed that carob pod is a suitable feedstock to produce fuel —
grade ethanol because its high sugar content round 50%. The recovery of these
sugars is easy using water as a solvent with agitation times less than 30 min.

The solid waste of the extraction process was hydrolyzated with sulphuric acid,
phosphoric acid and sodium hydroxide. The best results were obtained with
sulphuric acid at 2% v/v. Simultaneous acid and extraction processes were also
tested, however, total sugar extraction yields in this case were lower than those
obtained with water extraction due to degradation reactions of sugars in acid

media.
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The fermentation of the aqueous extracts were done achieving yields of 47.5%
in ethanol. The distillation process were simulated with CHEMCAD 6.0 with the
aim of estimate the energy requirements for the process, 1450.8 Kcal/Kg
ethanol were estimated.

In addition, several major advantages derived from the carob tree cultivation
can be highlighted: (i) carob pod does not compete with food consumption, (ii)
the expected production costs are similar to those from sugar cane processes,
(i) the use of perennial crops, achieves substancial benefits due to the
reduction of green house gas emissions associated to fertilizers production and
fixation of carbon in mineral soils and (iv) mild acid hydrolysis could improve
etanol yields. These advantages, together with the above results suggest that
carob pod could be a potential feedstock for bioethanol production in arid

regions.

Acknowledgements

The authors wish to thank the Young Researchers Training Programme
sponsored by Caja de Ahorros del Mediterraneo (CAM) and Mondial Carob
Group for their economic support.

References

[1]. Cherubini F., Ulgiati S. Crop residues as raw materials for biorefinery
systems — A LCA case study. Applied Energy 2010, 87: 47-57.

[2]. Balat M., Balat H. Recent trends in global production and utilization of bio-
ethanol fuel. Applied Energy 2009, 86: 2273-2282.

[3]. Yan J., Lin T., Biofuels in Asia, Applied Energy, 2009, 86: Supplement 1 S1-
S10

[4]. Demirbas M.F., Biorefineries for biofuel upgrading: A critical review, Applied
Energy 2009, 86: Supplement 1 S151-S161.

[5]. Borjesson, P. Good or bad bioethanol from a greenhouse gas perspective-
What determines this? Applied Energy 2009, 86: 589-594.

15



532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564

[6]. Tous et al., Current situation of carob plant material. In Proceedings of the
[l International Carob Symposium, 1996, University of Lisbon, Portugal.

[8]. Roukas, T. Kinetics of Ethanol Production from Carob Pods Extract by
Immobilized Saccharomyces cerevisae Cells. Applied Biochemistry and
Biotechnology 1994, 44 (1): 49-64

[9]. Roukas,T. Etanol production from Nonsterilized Carob Pod Extract by Free
and Inmobilized Saccharomyces cerevisae Cells using Feed — Batch
Culture. Biotechnology and Bioengineering 1994, 43 (3): 189-194

[10]. Roukas, T. Solid — state fermentation of carob pods for ethanol production.
Applied Microbiology and Biotechnology 1994, 41 (3): 296-301

[11]. The Commission of the European Communities. First Directive
71/250/EEC establishing Community methods of analysis for the official
control of feeding-stuffs. Official Journal of the European Communities L
155, 12/01/1971: 13-37.

[12]. The Commission of the European Communities. Directive 84/4/EEC
amending Directives 71/393/EEC, 72/199/EEC and 78/ 633/EEC
establishing Community methods of analysis for the official control of feeding
stuffs. Official Journal of the European Communities L 015, 18/10/1984: 28.

[13]. The Commission of the European Communities. Directive 92/89/EEC
amending Annex | to Fourth Directive 73/46/EEC establishing Community
methods of analysis for the official control of feedingstuffs. Official Journal of
the European Communities L 344, 26/11/1992: 35-37.

[14]. The Commission of the European Communities. Directive 93/28/EEC
amending Annex | to the third Directive 72/199/EEC establishing Community
methods of analysis for the official control of feedingstuffs, Official Journal of
the European Communities L 179, 22/07/1993: 8-10.

[15]. Wang Q., Ma H., Xu W., Gong L., Zhang W., Zou D. Ethanol producction
from kitchen garbage using response surface methodology. Biochemical
Engineering Journal 2008, 39: 604-610.

[16]. Avallone R., Plessi M., Baraldi M., Monzani A. Determination of Chemical
Composition of Carob (Ceratonia siliqua): Protein, Fat, Carbohydrates, and
Tannins. Journal of Food Composition and Analysis 2007, 10: 166-172.

16



565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597

[17] Cardona C., Sanchez O. Fuel ethanol production: Process design trends
and integration opportunities. Bioresource Technology 2007; 98: 2415-245

[18]. Saha, B.C., Iten, L.B., Cotta, M.A., Wu, V.Y. Diluited acid pretreatment,
enzymatic saccharification and fermentation of wheat straw to ethanol.
Process Biochemistry 2005, 40: 3693-3700.

[19]. Larsson S., Palmqvist E., Hahn-Hagerdal B., Tengborg C., Stenberg K.,
Zacchi G., Nilvebrant N.O. The generation of fermentation inhibitors during
diluite acid hydrolysis of softwood. Enzyme and Microbial Technology 1999,
24:151-159.

[20]. Hendriks A.T.W.M., Zeeman G. Pretreatments to enhance the digestibility
of lignocellulosic biomass. Bioresource Technology 2009, 100: 10-18.

[21]. Keating J.D., Panganiban C., Mansfield S.D. Tolerance and Adaptation of
Ethanologenic Yeast to Lignocellulosic Inhibitory Compounds. Biotechnology
and Bioengineering 2006, 93: 1196-1206.

[22]. Palmqvist E., Hahn-Hagerdal B. Fermentation of lignocellulosic
hydrolysates. I: inhibition and detoxification. Bioresource Technology 2000,
74:17-24.

[23]. Palmqvist E., Hahn-Hagerdal B. Fermentation of lignocellulosic
hydrolysates. Il: inhibitors and mechanisms of inhibition. Bioresource
Technology 2000, 74: 25-33.

[24] Saha, B.C., Iten, L.B., Cotta, M.A., Wu, Y.V. Diluite acid pre-treatment,
enzymatic saccharification and fermentation of wheat straw to ethanol.
Process Biochemistry 2005, 40: 3693-3700.

[25] Cardona C.A., Quintero J.A., Paz |.C. Production of bioethanol from
sugarcane bagasse: Status and perspectives. Bioresource Technology
2009, In press.

[26] Gamez, S., Gonzalez-Cabriales, J.J., Ramirez, J.A., Garrote, G., Vazquez,
M. Study of the hydrolysis of sugar cane bagasse using phosphoric acid.
Journal of Food Engineering 2006, 74: 78-88.

[27]. Glacet A., Letourneau P., Leveque P., Villa P. Kinetic study of nitrite
inhibition during alcoholic fermentation of beet molasses. Biotechnology
Letters 1985, 7: 47-52.

17



598
599
600
601
602
603
604
605
606
607
608
609
610
611
612

[28]. Carrillo F., Lis M.J., Colom X., Lépez — Mesas M., Valldeperas J., Effect of
alkali pretreatment on cellulase hydrolysis of wheat straw: Kinetic study.
Process Biochemistry 2005, 40: 3360—-3364.

[29]. Gaspar M., Kalman G., Réczey K., Corn fiber as a raw material for
hemicellulose and ethanol production. Process Biochemistry 2007,

42: 1135-1139.

[30]. Knill C.J., Kennedy J.F., Degradation of cellulose under alkaline
conditions. Carbohydrate Polymers 2003, 51: 281-300.

[31] Becker A., Katzen F., Puhler A., lelpi L. Xanthan Gum Biosynthesis and
Application: A Biochemical/Genetic Perspective. Appl. Microbiol. Biotechnol.
1998, 50: 145-152.

[32] Simo M., Brown C.J., Hlavacech V. Simulation of pressure swing
adsorption in fuel ethanol production process. Comp. Chem. Eng. 2008, 32:
1635-1649.

18



613

614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636

637
638
639
640
641
642
643
644
645
646
647

648
649

LIST OF TABLES

Table 1. Carob pod characterization (wet basis) of samples studied.

Table 2.Results for the regression of data from water extraction of sugars

contained in carob pod samples.

Table 3. Results for the regression of hydrolysis experiments in washed carob

pod samples

Table 4. Variables in the experimental design.

Table 5. Central composite design matrix.

Table 6. Statistical results of carob pod simultaneous hydrolysis and extraction

model for reducing sugars (R? = 0,900) and total sugars (R? = 0,854).

Table 7a. Results obtained for the steady-state simulation of distillation column

1 according to the process showed in figure 8.

Table 7b. Results obtained for the steady-state simulation of distillation column

2 according to the process showed in figure 8.

Table 8. Comparison of ethanol productivity from different feedstocks.

19



650

651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682

LIST OF FIGURES

Figure 1. Sugar extraction yield of sugars contained in carob pod samples

using water.

Figure 2. Hydrolysis yield in washed carob pod samples using sulphuric acid at
90°C and L/S ratio of 7.5.

Figure 3. Hydrolysis yield in washed carob pod samples using phosphoric acid
at 90°C and L/S ratio of 7.5..

Figure 4. Hydrolysis yield in washed carob pod samples using sodium
hydroxide at 90°C and L/S ratio of 7.5.

Figure 5. Response surface plot of T (°C) vs C (%v/v) on reducing sugars

extraction yield

Figure 6. Response surface plot of T (°C) vs C (%V/v) on total sugars extraction

yield
Figure 7. Kinetics of fermentation of aqueous extracts with free cells of
Saccharomyces Cerevisiae. Experimental conditions: pH 3.5-4, 35°C, 125

r.p.m. and yeast concentration of 15 g/L.

Figure 8. Flow diagram for the distillation and dehydration stages of carob pod

to ethanol process.

Figure 9. Block diagram for the overall carob to ethanol process.

20



683
684

685
686

687
688
689
690

691
692
693
694

Table 1. Carob pod characterization (wet basis) of samples studied.

- : . Murcia
Sicily Murcia Valencia Alicante
Sample origin (Italy) (Spain) (Spain) (Spain) Morocco
Q) 2004 2004 2005
Moisture (%) 7.0 14.2 16.4 13.6 12.6
Ash (%) 3.0 3.0 3.0 3.8
Fiber (%) 11.6 10.1 14.9
Protein (%) 3.0 4.8 6.2 - 3.1
Fat (%) 0.6 0.0 0.1 0.0
Starch (%) 0.8 4.7 6.2 0.2 --

Total sugar (%) 44.0 52.5 53.8 49.9 40.4
Reducing sugar (%) 10.0 30.6 25.0 17.5 29.5

(a) Results reported by Avallone et al. [16] in dry basis.

Table 2.Results for the regression of data from water extraction of sugars
contained in carob pod samples.

Langmuir

) a-b-t
isotherm y=
model 1+b-1
S/L ratio a b r?
38.50 101.2 1.53 0.990
17.85 102.6 2.37 0.999
9.35 100.3 1.59 0.995
5.85 98.8 5.53 0.999
4.67 99.4 1.80 0.999
Table 3. Results for the regression of hydrolysis experiments in washed carob
pod samples
Langmuir a-b-t
isotherm y=
model 1+b-1
Sulphuric acid
C% (vilv) a b r?
0.5 30.97 0.013 0.999
1.0 40.87 0.013 0.999
2.0 41.22 0.029 0.999
3.0 41.93 0.015 0.998
Phosphoric acid
C % (vIv) a b r2
0.5 15.38 0.023 0.996
2.0 22.46 0.045 0.998
4.0 23.56 0.054 0.999

Sodium hydroxide
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C % (whv) a b r?
0.9 21.55 0.241 0.999
1.78 24.54 0.110 0.998

Table 4. Variables in the experimental design of simultaneous extraction and
hydrolysis processes.

Coded levels

Dimensionless Variable -1.414 -1 0 1 1.414
Temperature (°C) 66 70 80 90 95
Acid concentration (%v/v) 0.6 1 2 3 3.4

Table 5. Central composite design matrix for simultaneous extraction and

hydrolysis experiments.

C T R, Re

(%vlv)  (°C)  (%wiw)  (%wiw)
1 3.0 70 36.60 36.89
2 1.0 90 40.31 39.05
3 2.0 80 38.15 38.03
4 1.0 70 38.28 38.99
5 2.0 80 36.96 36.90
6 2.0 80 37.82 38.37
7 3.0 90 35.08 35.55
8 2.0 95 35.32 35.02
9 3.4 80 37.44 37.81
10 20 80 38.78 38.38
11 20 66 37.04 37.87
12 20 80 37.89 40.07
13 20 80 38.00 39.96
14 06 80 37.96 37.96

C: Sulphuric acid concentration, T: Temperature
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Table 6. Statistical results of carob pod simultaneous hydrolysis and extraction
model for reducing sugars (R? = 0,900) and total sugars (R? = 0,854).

Reducing Sugars

Regression

e Standard error t P
coefficient
Constant -17.91 10.6964 -1.674 0.138
C -0.78 0.2208 - 3.525 0.010
T 1.50 0.2689 5.569 0.001
TxT - 0.01 0.0017 -5.820 0.001
Total Sugars
Regre_s§ lon Standard error t P
coefficient
Constant -30.50 17.4495 -1.748 0.124
C -0.93 0.3602 -2.570 0.037
T 1.86 0.4386 4.244 0.004
TxT -0.01 0.0027 - 4.457 0.003

Table 7a. Results obtained for the steady-state simulation of distillation column
1 according to the process showed in figure 8 using CHEMCAD software.

Stream Water/ethanol Head Vent Bottom
feed mixture product Gas product
Temperature (°C) 50 80.38 80.38 102.3
Pressure (atm) 1.1 1.1 1.1 1.1
Total flow rate (kg/h) 23375 2522.5 26.6 20825.9
Ethanol (kg/h) 2100 2076.8 22.6 0.6
Water (kg/h) 21230 403 3.1 20823.9
Methanol (kg/h) 10 8.47 0.08 1.45
Acetaldehyde (kg/h) 10 9.33 0.68 -
Fusel oils (kg/h) 25 24.9 0.1 -

Table 7b. Results obtained for the steady-state simulation of distillation column
2 according to the process showed in figure 8 using CHEMCAD software.

St Head product Bottom
ream
(azeotrope) product
Temperature (°C) 80.77 85.92
Pressure (atm) 1.1 1.1
Total flow rate (kg/h) 2301.7 220.7
Ethanol (kg/h) 2000 76.8
Water (kg/h) 2721 130.9
Methanol (kg/h) 7.50 0.97
Acetaldehyde (kg/h) 9.33 -
Fusel oils (kg/h) 12.71 12.15

Table 8. Comparison of ethanol productivity from different feedstocks.

23



740

741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760

Feedstock Fuel ethanol productivity (L/ Kg)
Corn 0.409
Wheat 0.360
Carob Pod 0.320
Sugar Beet 0.200
Cassava 0.182
Sweet Sorghum 0.140
Sugar Cane 0.085
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Figure 2. Hydrolysis yield in washed carob pod samples using sulphuric acid at

90°C and L/S ratio of 7.5.
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Figure 3. Hydrolysis yield in washed carob pod samples using phosphoric acid
at 90°C and L/S ratio of 7.5.
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hydroxide at 90°C and L/S ratio of 7.5.
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