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Abstract: Orange juice production generates a very high quantity of residues (Orange Peel Waste or
OPW-50–60% of total weight) that can be used for cattle feed as well as feedstock for the extraction or
production of essential oils, pectin and nutraceutics and several monosaccharides by saccharification,
inversion and enzyme-aided extraction. As in all solid wastes, simple pretreatments can enhance
these processes. In this study, hydrothermal pretreatments and knife milling have been analyzed
with enzyme saccharification at different dry solid contents as the selection test: simple knife milling
seemed more appropriate, as no added pretreatment resulted in better final glucose yields. A Taguchi
optimization study on dry solid to liquid content and the composition of the enzymatic cocktail was
undertaken. The amounts of enzymatic preparations were set to reduce their impact on the economy
of the process; however, as expected, the highest amounts resulted in the best yields to glucose and
other monomers. Interestingly, the highest content in solid to liquid (11.5% on dry basis) rendered the
best yields. Additionally, in search for process economy with high yields, operational conditions were
set: medium amounts of hemicellulases, polygalacturonases and β-glucosidases. Finally, a fractal
kinetic modelling of results for all products from the saccharification process indicated very high
activities resulting in the liberation of glucose, fructose and xylose, and very low activities to arabinose
and galactose. High activity on pectin was also observed, but, for all monomers liberated initially at
a fast rate, high hindrances appeared during the saccharification process.
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1. Introduction

The integrated production of chemicals, fuels, food and feed, as well as thermal energy and
electricity, using biomass as a renewable resource is the aim of a biorefinery [1]. Biomass is a plentiful
resource, as it includes wood and its residues, agricultural crops and their corresponding residues,
food waste, municipal solid waste as well as algae and microalgae. Biomass production is able to
fix up to 0.02% of the incident sun energy, while reducing CO2 content in the atmosphere through
photosynthesis, thus ensuring, from a theoretical point of view, a progressive swift from fossil resources
to the original material behind their formation: biomass [2,3]. At the same time, second generation
biorefineries are based mainly in renewable non-food resources, such as lignocellulosic biomass [4].
This abundant biomass conversion into chemicals and fuel poses several challenges that currently
jeopardize its implementation due to economic reasons [5].

The increasing demand for food and feed due to the demographic surge in the last decades of the
20th century and during this century has created an enormous amount of food residues. According
to the Food and Agriculture Organization of the United Nations (FAO), about 30% of food produced
is lost during harvesting, manufacturing, and household and industrial consumption and disposal,
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amounting to over 1300 million tonnes [6]. Lal et al. [7] estimated the energy content for crop residues
in circa 7.5 billion barrels (bbl) of diesel–estimation for 2005 that, if revised for production in 2014,
would be increased by 23%, considering data from FAOSTAT [8]. The most abundant fruit tree in the
world is sweet orange (Citrus sinensis L.), whose harvest creates almost 60% of the total world citrus
fruits production (slightly over 70 million tonnes per year) [9]. Its production and transformation
into juice results in almost 30 MM tonnes/year of peel, pulp and seeds waste (OPW). Part of it can be
included in cattle feed [10] but, despite this use, such an amount is more than enough to search for
further applications of this waste. Some applications in the literature include the use as bioadsorbent
for site remediation and wastewater treatment, as raw material for biorefineries (for the production
of essential oils, pectin, bioethanol, energy, food added-value ingredients including nutraceuticals,
dietary fiber, carotenoids, vitamins, etc.), in the production of electricity by microbial fuel cells or
isolation of essential oils [9,11–18].

Residues from orange juice factories are formed by orange pulp, seeds and peel. This peel is
composed of the outer orange layer (flavedo) and the white and spongy inner layer (albedo). Orange
pulp is very humid and rich in monosaccharides (glucose and fructose) and disaccharides (sucrose), as
it is composed by vesicles containing the juice. The albedo layer is rich in pectin, while the flavedo
layer contains a good amount of essential oils, with limonene as the main compound in them, and
flavonoids. In short, orange waste contains low levels of lignin and protein, medium levels of cellulose
and hemicellulose and high levels of pectin. Although their composition can change with the cultivar,
the season of the year, the country and the technology used for juice extraction, all these residues are
very humid, with a water content ranging from 80% to 84% [16,19].

In the biochemical approach of biorefineries, the two most important processes ensuring
their economic success are the raw material pretreatment and fractionation, and the enzymatic
saccharification [20]. The pretreated material should both be accessible to enzymes and very
reactive, so a good pretreatment will reduce the content of inert or hindering biopolymers (lignin,
hemicellulose, pectin) while increasing porosity, hydration, external surface, and the amorphous nature
of cellulose [21]. Classical pretreatments have been tested with orange waste: acid and basic treatments,
steam injection, steam explosion, etc., to observe that mild conditions of pressure, concentration
and temperature suffice to render a material with high reactivity [22–25]. In fact, the combination
of thermal, mechanical and chemical pretreatments result in a very high removal of pectin, thus
aiding in the subsequent saccharification process [23]. Enzymatic saccharification is a combination of
hydrolysis reactions resulting in the depolymerization of polisaccharides and the final production of
monosaccharides, with glucose as the main target in most cases. This process is very complex due to
its multiphasic nature, with several solid phases (if different polymers in the lignocellulosic matrix are
regarded as such) interacting with a liquid phase, and several enzymes catalyzing reactions either in
the solid surface or in the liquid phase. Several phenomena hinder these hydrolytic steps, creating
an initial burst phase followed by a deep reduction in overall rates of monosaccharide production,
due to a series of interfering phenomena that gain importance along the process. At the same time,
high dry solid concentrations and low enzyme amounts are sought to reduce the cost impact of this
time consuming process while reaching high titers for glucose and other monosaccharides [26–29]. To
reduce the reduction of overall rates to product, several operational factors should be analyzed and
optimized: mixing, agitation, adequate pretreatment(s), more active enzyme cocktails, avoidance or
reduction of non-producing enzyme-solid interactions, and more [29–31]. Regarding orange waste,
some papers report on the optimization of the pretreatment stage [32] or pectin extraction [33], but, to
the knowledge of the authors, no paper is devoted to the optimization of the saccharification process.

This paper focuses on the optimization of the enzyme cocktail and the dry solid to liquid ratio
for a partially dried and milled orange waste from juice factories. The optimization is performed by
using a Taguchi design of experiments, after some previous experiments were developed to choose the
more adequate pretreatment from a techno-economic point-of-view. Adequate conditions result in



Fermentation 2017, 3, 37 3 of 14

very high yields and good productivities to glucose and fructose at moderate enzyme loadings and
medium solid to liquid ratios.

2. Materials and Methods

2.1. Materials

The orange waste (OPW) was provided by Biopolis S.L. (Valencia, Spain). A first pretreatment
after their reception was knife-milling with a Knife Mill Grindomix GM 200 (Retsch, Haan, Germany),
followed by sieving to a final average particle diameter of 2.2 ± 0.4 mm. This fraction was kept frozen
at −20 ◦C until the moment of use.

The enzymatic cocktail consisted of a mixture of several industrial products kindly provided
by Novozymes: Celluclast 1.5 L, Novozym 188, and Pectinex Ultra SP-L, containing glucanases,
polygalacturonases, β-glucosidases, xylanases, β-xylosidases and several auxiliary activities. Their
combined activities drive the hydrolysis of cellulose, hemicelluloses and pectin in parallel.

Several substrates for testing enzymatic activities were provided by Sigma-Aldrich (Saint Louis,
MO, USA): Filter paper Whatman 1, Avicel PH-101, polygalacturonic acid and ONPG
(o-nitrophenyl-β-D-glucoside). Citric acid, NaOH, and HCl for buffer solutions and pH adjustment
were from Sigma-Aldrich, as all other reagents needed, all of them of reagent or better grade.
Monosaccharides (glucose, fructose, galactose, xylose and arabinose) and galacturonic acid were
purchased from the same supplier and employed as per HPLC analytical standards.

2.2. Methods

2.2.1. Basic Chemical Analysis of Solids

The basic chemical characterization was performed following National Renewable Energy
Laboratory (NREL) USA procedures for the determination of glucans, arabinans, galactans, xylans,
polygalacturonic acid, citric acid and fructose, apart for a previous analysis of extractives, ash and
moisture (infrared drying at 70–90 ◦C till constant weight) [34–36]. These procedures were applied not
only to the original material, but also to the materials resulting from several thermal pretreatments
applied to the milled fraction.

2.2.2. Determination of Enzyme Activities

The activities of the main enzymes were tested, in triplicates, with several model substrates:
global cellulase activity was measured on Whatman filter paper 1; the cellobiohydrolase activity was
measured on Avicel PH-101; o-nitrophenyl-β-D-glucopyranoside was the substrate for β-glucosidase
testing, while polygalacturonic acid was used for pectin depolymerase (PD) activity. In all cases, a
50 mM citrate buffer pH 4.8 and a temperature of 50 ◦C were the fixed operational conditions and a
well-stirred batch reactor was employed. Several samples were withdrawn throughout the progress
of the reaction and analyzed by HPLC, as explained in a subsequent section. The testing procedures
are described in several references [37,38]. The amount of protein in each saccharification run was
analyzed by the Bradford method, with BSA (Bovine Serum Albumin) as standard and Coomassie
Brilliant Blue G250 as the dye [39].

2.2.3. Hydrothermal Pretreatments

The milled and sieved orange waste was subjected to either partial drying at 70 ◦C down 60%
humidity or, as a previous process, to hydrodistillation (for several hours), microwave water extraction
and steam stripping (for several minutes) to remove essential oils. All these pretreatments were
performed at 100 to 120 ◦C at near atmospheric pressure. For hydrodistillation, a Clevenger apparatus
was fitted to a round-bottom flask and a Dimroth condenser. For microwave heating, a 500 W power
was set in a Milestone EthosX (Milan, Italy). Final solids were extracted with hexane (1% w/w dry
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solid/liquid) to analyze their content in essential oils by GC-MS. GC-MS analysis was performed in
a GC-2010 Shimadzu with a single quadrupole detector GCMS-QP2010 Plus containing a ZB 1-ms
column (10 m× 0.1 mm× 0.1 mm) using 99.999% v/v helium as eluent with a ramp from 160 to 200 ◦C
at 5 ◦C/min and a final period of 15 min at 200 ◦C.

2.2.4. Saccharification Experiments

Saccharification runs were carried out in triplicates, in thermostated 50 mL round-bottom flasks
with magnetic agitation and placed in thermostated aluminum blocks. In each run, 6 g of solids
with 60% humidity produced by the several pretreatments tested were employed. Depending on
the pretreatment, either 20 mL of citrate buffer solution 50 mM pH 5.2 were used or citric acid was
added as needed (after pretreatment liquid phase HPLC analysis) and pH readjusted to 5.2. The total
percentage of dried solids changed from 6.7% to 12.5% depending on the conditions to be tested for
pretreatment comparison or for saccharification optimization. In all cases, the pH was controlled at 5.2
by adding NaOH 5 M after the addition of the enzymes during the first hour (burst phase), until a low
viscosity was obtained.

In each saccharification run and in the case of the liquid phase after some pretreatments, several
samples were withdrawn with reaction time. Sample preparation included centrifugation, dilution and
filtration. The resulting liquid samples were analyzed by HPLC with JASCO 2000 series equipment
(Tokyo, Japan), while analyte detection was performed with a refraction index detector. Acidified
Milli-Q water (0.005 N H2SO4) flowing at 0.5 mL/min was employed as mobile phase, while the
stationary phase was a Rezex ROA-Organic Acid H+ (8%) column (300 mm × 7.80 mm) placed in an
oven at 60 ◦C. For the determination of xylose, arabinose and galactose, a Rezex RCM-Monosaccharide
Ca2+ column (300 mm × 7.80 mm) at 80 ◦C was employed, with Milli-Q water as eluent (Both columns
from Phenomenex, Torrance, CA, USA).

The comparison of the results obtained by HPLC analysis with original or pretreated solid
hydrolyzed by using NREL procedures and enzymatic saccharification (in this case, at several reaction
times) was employed as the basis to calculate yields. A total yield (YT) defines the amount of total
glucose released by all possible means: enzyme aided extraction, sucrose inversion and saccharification,
while the saccharification yield (YS) can be established by knowing the fructose released, as this
monosaccharide proceeds only from inversion and enzyme-aided extraction, and its ratio to free
glucose is well-known (average fru/glu in orange juice = 1.025).

YT(%) =
Ctotal glu saccharification

Ctotal glu released by NREL procedure
× 100 (1)

YS(%) =
Ctotal glu saccharification−Ctotal fru saccharification/1.025

Ccellulose × 1.1
× 100 (2)

2.2.5. Statistical Design of Experiments

A fractionated factorial design known as the Taguchi method was employed as a Design
of Experiments (DOE) technique, which is based on: an orthogonal fractionated factorial design
methodology. The application of this methodology results in a dramatic reduction of the number of
experiments to be performed [40–42].

For enzymatic saccharification, there are many variables to be considered, although a pH of 5.0 or
temperature of 50 ◦C are well established in the literature. As for other factors, like mixing or agitation,
these should be fixed at medium to high values to avoid hindrances. To reach high concentrations
of monosaccharides at an acceptable amount of enzymes, the factors to consider are the dry solid to
liquid ratio, and the amount of the three industrial preparations used here: Celluclast 1.5 L, Novozym
188 and Pectinex Ultra-SP L.

Taguchi methodology has been followed according to the next steps: (1) selection of the responses
or dependent variables to be optimized (in this case, total and saccharification yields to glucose);
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(2) identification of the factors and the choice of their values or levels; (3) performance of duplicate
saccharification runs; (4) statistical analysis of results and the signal-to-noise ratio, determining the best
values or levels for each factor and predicting the result for the optimal run; (5) triplicate conduction
(of the confirmatory run) in the optimal conditions.

As concentrations and yields have to be maximized, the signal-to-noise ratio (S/N ratio or SNR)
to be calculated in this case is the higher-the-better one, by using the following expression:

S/N ratio = −10 log10
1
n

n

∑
i=1

1
y2

i
(3)

where yi is the value of the response or objective variable (yield, in this case) for each run and n is the
number of repetitions per run. To examine the importance of every single individual factor on the
saccharification, the average S/N for each factor at each level is computed with equation [4].

S/N =
Sum of S/N values for factor i at each level j

3
(4)

The interval of S/N ratios is calculated for each factor and compared to a global average value for
all factors. The wider the interval the more influential the factor on the objective variable is. Moreover,
given the optimal levels for all factors, the mean response predicted for the best conditions can be
calculated with the next equation (for factors A, B, C, D):

Best yield predicted = Y +
(

Aopt −Y
)
+
(

Bopt −Y
)
+
(
Copt −Y

)
+
(

Dopt −Y
)

(5)

where Y is the global average value for each yield (total, saccharification).

2.2.6. Kinetic Modelling

Fractal kinetic models are semi-empirical models that take into account the severe reduction in
global productivity or rate in saccharification processes. The solids on which several of the enzymes
involved are acting are similar to fractals in the sense that not all the surface is available for enzymatic
action; therefore, there is no integer dimension at any reaction time and the solid is a fractal. This
fractal nature extends to dynamic processes, as the controlling nature of each kinetic or dynamic
phenomenon interacting during the whole process can change during saccharification [43–45]. Fractal
models assume that hindrance increases with time, so kinetic constants decrease in the same direction,
meaning that they are a function of time. The simplest fractal kinetic model supposes that the first
hydrolysis steps are of first-order, as water is in excess.

RG
′ =

dX
dt

= k′·(1− X) (6)

where the kinetic constant k′ for the first hydrolytic event is a first-order constant and, for the
subsequent hydrolysis, a function of time, according to:

k′ = k·t−h ∀ t ≥ 1 or k′ = k ∀ 0 ≤ t ≤ 1 (7)

Therefore, for the very first hydrolysis taking place on the surface, the following equation
is valid. After fitting the model to every set of kinetic data, goodness-of-fit can be expressed by
several parameters: the sum of quadratic residues (SQR) (which should be near or equal to zero),
Root-Mean-Square-Error (RMSE), the square root (SQR) divided by the degrees of freedom (same
trend or value as SSR), and Fisher F (it should be high, as it includes SQR in the denominator). They
can be calculated with these equations:
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SQR =
N

∑
i=1

(
yi,exp − yi,calc

)2 (8)

RMSE =

√
SQR

N −K
(9)

F =
ΣN

i=1(yi,calc)
2/K

ΣN
i=1SQR/(N −K)

(10)

In these equations, yi,exp is the conversion of each product after the maximum concentration of
that monosaccharide is estimated by NREL procedures, yi,calc is the same conversion, but calculated
with the model and the optimal values of the kinetic parameters, N is the number of data and K, the
number of kinetic/thermodynamic constants in the model (2, for the model proposed).

3. Results and Discussion

3.1. Preliminary Experiments: Hydrothermal Pretreatments

Prior to the performance of saccharification runs, the protocols established in NREL were used to
determine the basic composition of several stocks of OPW pretreated by mild water thermal procedures
or, in their absence, by mechanical knife milling (at least). Table 1 compiles the results and, as can
be seen, water content depended on the pretreatment time as well as the physical state of the water
and the type of device used to heat the solid (indirect electrical heating or direct microwave heating).
Direct heating or steaming pretreatments result in higher hydration of the solid in only a few minutes.
However, indirect or classical heating involves a very long time to increase water content in OPW.
The more aggressive the hydration procedure the more evident the presence of hydrolysis reactions
is within the solids, with an increase of the soluble part of any of the polymers considered. The
original OPW contains a high amount of water, no extractives in chloroform and a high percentage
of extractives in solids (38.5% ± 1.2%); pretreatments with steam or hot water lead to a reduction in
free sugars and an increase of polymers (in mass percentage) compared to the original solid. Again,
this extraction of free sugars is more effective when using microwaves or direct steaming (followed by
rinsing with water in a Buchner funnel).

Table 1. Compositional analysis of original and pretreated solids based on NREL methodology
(National Renewable Energy Laboratory, US Department of Energy).

OPW Pretreatment Solid Dry
Weight

Glucan
Sol/Ins

Xylan
Sol/Ins

Other Sugars
Sol/Ins

Pectin
Sol/Ins Lignin/Ash

Knife Milling (KM) 16.5 ± 0.2 5.12/12.9 0.04/0.72 1.91/13.5 0/18.6 6.47/3.72
KM+ 6 h LHW 1.2 atm 120 ◦C 15.7 ± 0.4 6.41/13.7 0.06/0.81 2.56/13.2 2.42/17.2 7.21/3.96
KM+ 24 h LHW 1.2 atm 120 ◦C 15.1 ± 0.2 6.96/14.4 0.06/0.84 4.56/12.9 4.56/14.2 7.42/4.01

KM+ 40 min MW 500 w
1.2 atm 120 ◦C 12.1 ± 0.3 7.89/15.4 0.45/1.12 7.56/8.45 7.84/12.2 8.12/4.29

KM+ 80 min MW 500 w
1.2 atm 120 ◦C 10.9 ± 0.1 8.95/17.1 0.89/1.04 10.2/4.68 9.41/8.56 8.23/4.56

KM+ 40 min direct steaming 10.2 ± 0.4 10.6/11.5 1.12/0.98 10.5/4.21 9.24/8.69 9.12/5.14

All results in % or % dry solid; Sol/Ins = soluble/insoluble; atm = atmosphere (pressure).

After plain knife milling or followed by hot water or steaming pretreatments, solids were partially
dried to a 70% water content, so as to avoid a very high volume of solids for the next step and, at the
same time, the collapse of their porous structure. Saccharification runs were performed at a relatively
high content of cellulases (Celluclast 1.5 L), β-glucosidase and xylanases/β-xylosidases (Novozym
188) and polygalacturonases (PG) and auxiliary enzymes (Pectinex Ultra SP-L): 5.8 mg total protein
per gram dry solid (DS), 98 FPU/g DS, 199 UI β-glu/g DS, and 11400 UI PG UI/g DS. With these
conditions and high stirring at 500 rpm, a 5.0 pH value and 50 ◦C applied during the 72 h of the
hydrolytic process, several effects due to mass transfer and low activity can be avoided, and results
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depend mainly on the pretreatment employed in each case. These are shown in Figure 1, as total yield
to glucose, on one hand, at total liberated glucose concentration, in g/L, on the other.

A very mild mechanical pretreatment, knife milling, renders a solid very reactive, while all other
pretreatments, except steaming, induce a considerable reduction in global yields and final glucose
concentrations. Since the solids, by their soluble polymer content, should be more reactive, this
situation should be due to a collapse of the porous structure, resulting in a mass transfer hindrance
of the enzymes into the structure. In fact, if steaming is employed, it is reasonable to accept that
this structure is not being affected by the treatment in this sense, but probably otherwise, leading to
swelling. However, the energy used for this further pretreatment hardly compensates for only knife
milling, at least, until it reaches medium to high dry solid content (15%). Therefore, knife milling
followed by partial drying to 70% water content is the pretreatment used for further experimentation,
reducing energy consumption to low values due to the softness of OPW.
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Figure 1. Results for deep enzymatic saccharification for various OPW (Orange Waste) solids obtained
by several mechanical and hydrothermal pretreatments: (a) Percentual total yield (YT) to glucose at
72 h; (b) Final glucose concentration liberated at 72 h.

3.2. Taguchi Optimization of the Saccharification

The Taguchi method applied in this case focused on total and saccharification yields optimization,
with a higher emphasis on the former, as a high concentration of monosaccharide is important, regardless
of its origin. The number of factors or independent variables is four and three levels or values are chosen for
each of them, as shown in Table 2. With these conditions, nine runs are needed to cover the experimental
range under study (18 if duplicate experiments are performed). In general, the amount of runs N is a
function of the number of factors P and the number of levels chosen for them L, as shown in Equation (11).
This strategy avoids any bias in the selection of runs and in the information extracted from them.

N = (L− 1)P + 1 (11)

As for the total maximum concentration of protein (1.16 mg per gram of dry solid), it is evident
that low concentrations of enzymes are selected to avoid a high cost in saccharification. At the same
time, partial drying permits the increment of dry solid per liquid, so as to approach the solid amount



Fermentation 2017, 3, 37 8 of 14

usually found in wood and herbaceous raw materials saccharifications (from 15% upwards) and reach
high concentrations of monosaccharides, if the final yields are favorable.

Table 3 displays the results of the saccharification runs after 72 h of process. At first glance,
the increment of solid is not deleterious to the process owing to the narrow range of dry solid to
liquid weight ratios here studied. The overall concentrations of glucose and fructose are medium
to high, hence indicating good progress of enzyme-aided extractions, inversion and saccharification
processes; however, the amount of sugars coming from hemicelluloses (arabinose, galactose and
xylose) is relatively low, showing a certain recalcitrance of this polymer to the action of hemicellulases
in Novozym 188. This can be expected as this preparation is more effective in wood and herbaceous
hemicellulases, rich in xylose and mannose (and, in some cases, in glucose).

Table 2. L9 Taguchi matrix for exploring the experimental range of dry solid to liquid ratio and the
diverse enzymatic activities included in the final enzymatic cocktail.

Run % DS Cellulase
FPU/g DS

β-Glucosidase
(UI)/g DS

Polygalacturonase
UI/g Pectin

Protein/Dry
Solid mg/g

1-1’ 6.1 1 6.08 1 12 1 670 1 0.29
2-2’ 6.1 1 12.15 2 23 2 1340 2 0.58
3-3’ 6.1 1 24.30 3 50 3 2850 3 1.16
4-4’ 9.5 2 6.08 1 23 2 2850 3 0.40
5-5’ 9.5 2 12.15 2 50 3 670 1 0.75
6-6’ 9.5 2 24.30 3 12 1 1340 2 0.88
7-7’ 11.5 3 6.08 1 50 3 670 1 0.57
8-8’ 11.5 3 12.15 2 12 1 2850 3 0.51
9-9’ 11.5 3 24.30 3 23 2 1340 2 0.96

Factor A: DS/L ratio; Factor B: Cellulase; Factor C: β-glucosidase; Factor D: Polygalacturonase. Each factor has
three levels or values (in italics).

Table 3. L9 Taguchi matrix results in terms of monomer concentrations in the fluid phase and total and
saccharification yield to glucose after 72 h.

Run DP≥ 2
(g/L)

Glucose
(g/L)

Fructose
(g/L)

Ara + gal + xyl
(g/L)

Galacturonic Acid
(g/L) YT YS

1-1’ 1.30 14.56 11.56 1.82 4.52 50.90 10.72
2-2’ 1.24 16.88 13.40 2.19 5.98 61.87 30.65
3-3’ 1.01 22.64 18.30 4.27 9.28 82.95 69.01
4-4’ 2.02 28.48 23.45 5.42 11.97 77.73 58.78
5-5’ 0.90 33.11 24.74 3.68 9.40 89.89 81.62
6-6’ 1.46 34.06 26.41 4.03 12.58 92.48 86.33
7-7’ 1.35 45.02 32.12 5.32 12.94 99.68 99.42
8-8’ 1.12 45.27 36.21 5.64 17.70 99.70 99.46
9-9’ 2.70 41.87 32.73 4.89 7.89 92.75 86.82

After estimating the SNR for each case for the-higher-the-better case, taking into account that
the higher the yield the better process performance is obtained, partial average SNR values for each
factor and level (for example, average SNR values for the A factor, that is, dry solid to liquid ratio, is
the average value calculated from the values estimated from runs 1, 2 and 3 for level 1 of this factor)
and the overall average SNR values (for all 9 runs and duplicates) are represented. This is performed
for all factors. Results are depicted in Figure 2 for the global yield to glucose and in Figure 3 for the
saccharification yield, paying particular attention to showing the same interval for the ordinate axis, so
as to compare the effects of each operational variable or factor on the yields.

Figure 2 indicates that the most influential factor is the ratio of dry solid to liquid, so the higher
amount leads to higher yields, within the restricted range analyzed here. As expected, if higher
amounts of enzyme are added, the global yield increases regardless of their activities, but this increment
is more evident for glucanases than for pectinases, for example. In the case of β-glucosidase and
hemicellulases, this increment is not so progressive than in the other types of enzymes, indicating a
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critical amount that enhances the process. In any case, the optimal situation includes the highest level
for all cases, so the optimal run should be A3B3C3D3 if we consider the global yield as our target.Fermentation 2017, 3, 37  9 of 14 
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Saccharification yield was estimated by subtracting the effects of enzyme-aided extraction and
sucrose inversion on the glucose concentration. The results obtained are graphed in Figure 3, showing
that the effects are quite different from the previous case, although for the dry solid to liquid mass
ratio, performance is similar. In all other cases, the lowest activity is better than the highest one. This
observation can only be explained if an excess of protein results in non-active adsorption (non-active for
saccharification purposes), maybe due to overcrowding, an effect that has previously been described
for enzymes acting on lignocellulosic surfaces. For the saccharification yield, the best situation will be
obtained with a A3B1C1D1 run.

Further analysis can be carried out by way of a technoeconomical assessment. For this purpose,
a good benchmark can be a 42 HFCS (High Fructose Corn Syrup) 75–85% (content in solids)
syrup, whose market price has steadily increased from 0.41 to 0.65 €/kg from January 2014 to May
2017, according to the Economic Research Service of the US Deparment of Agriculture (Sugar and
Sweeteners Yearbook Tables). One should keep in mind that glucose and fructose are the main
monosaccharides obtained in these saccharification runs with OPW as biomass substrate. Table 4
presents some estimations on glucose to fructose ratio and enzyme cost per kg mixture (prices provided
by Novozymes for all preparations tested: Celluclast 1.5 L 20 €/kg; Novozym 188 35 €/kg; Pectinex
Ultra SP-L 26 €/kg supplied in 25 kg drums–data provided by Novozymes-).

Table 4. L9 Taguchi matrix enzyme cost analysis with the glucose/fructose mixture as final
monosaccharide mixture (compared to a 42 HFCS 75–85% syrup acting as benchmark).

Run Enzyme Cost
per Run

Glucose
(g/L)

Fructose
(g/L)

glu+fru
(kg/10 L)

fru
glu + fru

Enzyme Cost
(€/kg glu+fru)

1-1′ 0.0468 14.56 11.56 0.2612 0.44 0.18
2-2′ 0.1285 16.88 13.4 0.3028 0.44 0.42
3-3′ 0.2570 22.64 18.3 0.4094 0.45 0.63
4-4′ 0.2177 28.48 23.45 0.5193 0.45 0.42
5-5′ 0.1894 33.11 24.74 0.5785 0.43 0.33
6-6′ 0.1732 34.06 26.41 0.6047 0.44 0.29
7-7′ 0.2445 45.02 32.12 0.7714 0.42 0.32
8-8′ 0.2975 45.27 36.21 0.8148 0.44 0.37
9-9′ 0.1691 41.87 32.73 0.746 0.44 0.23

It is evident that runs 7 and 8 are the best in this matrix if total sugars, total glucose or fructose
concentrations are the objective functions to maximize. Although several cost effects are not included
in this analysis, the conditions shown in run 9 appear much better if operational cost for the enzyme
mixture amount, a well-known critical cost factor, is taken into account. Only run 1 is better than run 9
from this point of view, yet sugar amounts and yields are much worse in that case.

A final analysis and run performance applies Equation (5) for the chosen objective function or
response. In this case, the global yield to glucose, being parallel to maximal concentrations of free
monosaccharides, is the chosen one. In this case, the best conditions are A3B3C3D3 and the application
of Equation (5) renders an expected global yield for this experiment of 108.2%. The validation runs
give results of 99.85% and 99.64% global yield to glucose, which lead to an average final glucose
concentration of 45.67 g/L, and 36.12 g/L of fructose, with an estimated enzyme cost of 0.51 €/kg of
mixture glu+fru. Evidently, a very high yield to glucose (and other monosaccharides) results in a high
cost, so the combination A3B3C2D1 (run 9) is much better from this perspective, with a good 92.75%
global yield to glucose and a reduced cost (0.23 €/kg of mixture glu+fru). Even so, either further
reductions in cost per kg industrial enzyme mixtures or higher specific activities at contained prices
are needed to reduce the amount of protein (enzyme mixture) per gram dry solid.
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3.3. Fractal Kinetic Modelling for Best Global Yield Conditions

A simple first-order fractal model has been fitted to kinetic data of all important monomers
obtained in both corroboration runs (thus, optimal conditions regarding glucose total yield). Results
on the kinetic parameters, with their standard errors, and goodness-of-fit parameters are provided in
Table 5, while the fitting can be observed in Figure 4 in terms of total yields.

As may be seen from the kinetic parameters of the fractal equation for each case, it is perceptible that
the standard error is low for most cases, thus indicating a good confidence degree in the optimal value
of k′ (the first-order kinetic constant) and h (the fractal exponent). The low values for SQR and RMSE
and the high to very high values for Fisher F (much higher than the values tabulated at 95% confidence
needed in all cases) indicate a good to very good fitting, an idea that is corroborated by Figure 4.

The values of the first-order kinetic constant show that the enzyme cocktail is mostly active on
cellulose and a part of the hemicellulose, liberating glucose and xylose (not very abundant) at a fast
pace. Fructose is free, as a monosaccharide, so it is liberated due to the disruption of the juice vesicles
(as is the case of a high percentage of glucose). It is evident that this process is the fastest-occurring step.
Regarding pectin hydrolysis, a high concentration of galacturonic acid is reached (more than 12 g/L)
at 52 h, but its liberation is relatively slow, so PG activity seems to not be very high in this context. The
same can be said for arabinose and galactose, the main monosaccharides in OPW hemicelluloses: they
are liberated at a very slow rate and only partially in 52 h, so there are low activities for α-galactosidase
and arabinan endo-1,5-α-L-arabinanase.

Looking at the fractal exponent, a high value indicates the presence on limiting phenomena hindering
the liberation of the considered monomer. Thus, fructose liberation is fast at the beginning, but it is rapidly
reduced, as shown by a high value of h for this monosaccharide. This fact suggests that the vesicles are
being disrupted at a fast pace in the first moments, while fructose can be adsorbed in the solid part of the
wastes and only the progressive disappearance of this part permits the liberation of a fraction of fructose.
The same can be said for the free part of glucose, although in the case of xylose, being a minor component
in the hemicellulosic fraction, the low liberation of galactose and arabinose can be a hindrance for xylose
production. Finally, in the case of galacturonic acid, the exposure of pectin to the enzymatic action should
be heterogeneous, as can be deduced from the complexity of pectin extraction in acid conditions, a very
slow process that always leaves a good quantity of pectin in the solid matrix.

Table 5. Kinetic and goodness-of-fit parameters for the fractal models.

Parameter Glucose Fructose Xylose Galacturonic Acid Arabinose Galactose

k′ 0.32 ± 0.03 0.47 ± 0.05 0.327± 0.021 0.116± 0.003 0.0098± 0.001 0.0092 ± 0.0003
h 0.62 ± 0.07 0.91 ± 0.09 1.11 ± 0.05 0.72 ± 0.01 0.15 ± 0.04 0.14 ± 0.01

SQR 0.0027 0.00112 0.00112 0.000096 0.00018 0.000016
RMSE 0.0198 0.021 0.0011 0.0037 0.005 0.0015
F-value 4294 3835 6420 41,795 3195 32,769
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4. Conclusions

This study indicates that knife milling, a mild mechanical pretreatment of orange peel waste,
is enough to obtain acceptable yields for saccharification at low enzyme amounts. Furthermore,
optimization of the hydrolysis and extraction enzymatic process performed on milled OPW shows
that good to high yields of glucose and fructose are obtained, liberating more than 45 g/L glucose,
more than 30 g/L fructose, and 12 g/L galacturonic acid within 52 h with a protein content under 1 mg
per gram dry solid and at 11.5% w/w DS/L. Further enhancement of the enzymatic cocktail should
be sought, especially to liberate the arabinose and galactose contained in the hemicellulose part of
OPW. Reduction of the prices of pectinase and β-glu/hemicellulases industrial preparations should be
pursued if the maximum yields to monomers are the main aim.
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