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explosion, and the reaction efficiency, toxicity control, and process economic feasibility were studied. Mass
transfer resistance to the hydrolysis reaction was reduced by grinding with glass beads. A higher glucose concen-
tration could be obtained by feeding more cellulose in the hydrolysis reaction; however, this also resulted in the
production of undesired byproducts. Thus, a soaking process for the cellulose solids in water was developed to
effectively reduce the generation of byproducts in the hydrolysis reaction. The resulting food-grade glucose
solution can provide 414 kilocalories per liter, and could be used during a food-shortage crisis in the future.
The current production cost is estimated to be 0.82 USD-L™ 1.

© 2017 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.

1. Introduction

Agricultural waste is a widely available resource of lignocellulosic
biomass, and has been considered an attractive material to produce
alternative fuels and other biochemicals in recent decades. Lignocellu-
losic materials mainly comprise cellulose, hemicellulose, and lignin;
notably, cellulose is a crystalline glucose polymer that can be used as a
substrate for the production of bioethanol or valuable specialty
chemicals via fermentation or chemical processes [1-8]. However,
glucose is also an important food resource; it is not only fermented
to produce edible yeast, a single-cell protein [9-11], but can also be
directly used as food for energy supplementation. The concept of
producing glucose as a food supplement from agricultural waste has
been proposed in a few studies [11-14]; however, these studies have
only focused on improving the efficiency of the cellulose hydrolysis
reaction, such as optimizing the enzymatic hydrolysis condition [14] or
applying a novel hydrolysis process to supercritical water systems [12].
To date, there has been no investigation on whether the concentrations
of the byproducts (and their toxicity) in the resulting glucose solutions
are within the safety limits, and if not, the ways to reduce them.

Growing concern that climate change may cause a food shortage in
the future was the motivation for the present research. One global study
[15] suggested that climate change can adversely impact maize and
wheat production, resulting in a decrease in production of approximately
3.8% and 5.5%, respectively. Producing food from agricultural waste may
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offer an alternative for overcoming shortage problems during a food crisis.
Therefore, this paper presents processes for manufacturing a food-grade
glucose solution through enzymatic hydrolysis of cellulose-rich solids
produced from rice straws. The solids were obtained from a pilot plant
in Taiwan, with a steam explosion process to produce bioethanol [16].
Specifically, rice straws were pretreated in a dilute sulfuric acid solution,
following which they underwent steam explosion to destroy the crystal-
line structure. A mixture of cellulose-rich solid and xylose-rich liquid was
produced. The feed used in this study was obtained from the cellulose-
rich solids after filtration. For producing a high-quality food-grade
glucose solution, a higher glucose concentration is preferred. However,
this also produces undesired byproducts, such as formic acid,
hydroxymethylfurfural (HMF), and furfural, which have an adverse effect
on human health. Therefore, this study focused on increasing the hydro-
lysis efficiency to create a more highly concentrated glucose solution, con-
trol the solution toxicity, and present a preliminary economic evaluation
of the process. The results elucidate the feasibility of producing a food-
grade glucose solution from rice straw for future needs.

2. Experimental and Methods
2.1. Materials

Cellulose-rich solids produced from the processes reported previ-
ously [16] were used as the raw material for the hydrolysis reaction

here. First, the rice straw was fed into a pulverizer and chopped into
small pieces of approximately 1-2 cm. The resulting pieces were
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mixed with 1.3 wt% dilute sulfuric acid to form a solution with 50 wt%
rice straw, which was then treated in a reactor under autogenous pres-
sure at 110 °C for 4 h. Next, the rice straw was fed to a steam explosion
vessel operating at 185 °C and 10 kg-cm™2 pressure. An instant release
of the pressure into the atmosphere caused the crystalline structure of
the cellulose to collapse. After filtration, the cellulose-rich solids were
obtained and used as the feed for the enzymatic hydrolysis reactor.
The average moisture content of the cellulose-rich solids was 47 wt%,
and the dry solids comprised 43% cellulose, 4% hemicellulose, and 53%
lignin and ash.

2.2. Enzymatic hydrolysis reaction

Hydrolysis reactions were conducted in a 50-mmol- L™ acetate buffer
solution (pH 4.8-5) at 50 °C for 24 h either in a 250-ml Erlenmeyer flask
with a magnetic stirrer or in a glass batch reactor (6-cm inner diameter)
with a mechanical propeller. Diagrams of the reactors are shown in the
supplementary material (Fig. S1). The enzyme used for the reaction
was a commercial cellulase (Novozyme Cellic CTec3) with an activity
level of 15 FPU-g~ . The glucose yield was calculated as follows:

Glucose yield = (Glucose released in enzymatic hydrolysis

/Total monomers of cellulose in the feed) x 100%

2.3. Sugar analysis

The hydrolysates obtained from the enzymatic hydrolysis were first
filtered with a 0.22-um polyvinylidene fluoride syringe filter. The com-
position included glucose, formic acid, HMF, furfural, and sulfuric acid,
and was analyzed using high-performance liquid chromatography,
equipped with an ICSep ICE-ORH-801 column (from Transgenomic
Technologies) and a refractive-index detector. The column was con-
stantly eluted with 5 mmol-L™! H,SO, at a flow rate of 0.6 ml-min~!
at35°C

2.4. Byproducts allowance in food-grade glucose solution

According to the U.S. Food and Drug Administration (U.S. FDA), the
byproducts (formic acid, HMF, and furfural) in a glucose solution may
induce slightly adverse effects on human health; however, they are
also natural components of many foods and are used as food additives
belonging to the Generally Recognized As Safe category. In particular,
HMF is a natural ingredient of honey; however, ingesting more than
2 mg-kg~ ! body mass per day may be harmful [17]. Moreover, it is
advisable that the formic acid intake limitation be within 8 mg-kg™!
body mass per day [18] and that of furfural be within 54 mg-kg ™!
body mass per day [19]. Accordingly, a maximum of 480 mg of formic
acid, 120 mg of HMF, and 3240 mg of furfural per day can be safely con-
sumed for a person who weighs 60 kg. In this study, the use of a glucose
solution as food was evaluated using these criteria.

2.5. Process design and economic evaluation

The proposed plant produces a food-grade glucose solution from
rice straws, which consists of 33% cellulose, 19% hemicellulose, 3.2%
arabinan, 19% lignin, and 26% ash. The acid-catalyzed steam explosion
process was designed to generate cellulose-rich solids according to the
process parameters from previous research [16]. Additionally, a soaking
process for the cellulose solids and an enzymatic hydrolysis process to
convert the cellulose into a food-grade glucose solution were designed
according to the process parameters obtained in this research. The
estimation was based on 7200 h of operation per year and the energy
was supplied by igniting the rice straw and solid wastes from the
plant, assuming that the average heat of combustion is 14000 kJ-kg ™.

The total production cost of the food-grade glucose solution includes
capital cost (e.g., installed equipment and offsite investments), variable
operating costs (e.g., raw materials, utilities, consumables, waste dispos-
al, and product transportation), and fixed operating costs (e.g., costs of
labor, maintenance, taxes and insurance, and administrative support).
Notably, the evaluation of the equipment costs was based on the
information of Towler and Sinnott [20] and Sieder et al. [21]. Detailed
calculations are shown in the supplementary material, and all of the
information for these calculations is listed in Table 1.

Table 1
Economic evaluation of fixed and variable operating costs [22]

Fixed operating cost
Operating labor Averaged to be 2000 (USD per month)
per engineer in Taiwan, 33 engineers total
5% of the total capital cost

2% of the total capital cost

65% of the costs of operating labor

cost plus maintenance

Maintenance
Taxes and insurances
Administrative and support

Variable operating cost

Rice straws 0.11 USD-kg~ "' [23]
Process water 0.00038 USD-kg~ 12
Sulfuric acid 0.07 USD-kg~'®
Acetic acid 0.53 USD-kg~'®
Sodium acetate 3.55USD-kg~'P
Enzyme 50 USD-kg~ !¢

0.077 USD-L™" of solution®
0.0015 USD-kg ™" of waste water [20]

Product transportation
Waste treatment

Price for industrial water from Taiwan Water Corporation.

Import price from Customs Administration, Ministry of Finance in Taiwan.

Market price in Taiwan from Trump Chemicals Corporation.

Assuming that the distance of the product transportation, which is roughly from village
to city, is 200 km:2 m® of the product solution is loaded per truck, of which the transportation
energy efficiency is 2.8 km-L™" of diesel.

a n oo

The total annual cost (TAC) was calculated according to Eq. (1).
Depreciation of equipment was assumed to be 7 years, and the produc-
tion cost was calculated according to Eq. (2).

Capital cost (USD)
Depreciation year

(1)

TAC (USD-a™') = Operating cost (USD -a~"!) +

B TAC (USD-a™")
~ Productivity (L product - a—1)
2)

Production cost (USD (L product)”)

3. Results and Discussion
3.1. Glucose yield in different mixing systems

First, the reproducibility of the enzymatic hydrolysis of cellulose-rich
solids in a 250-ml Erlenmeyer flask with a magnetic stirrer on the bot-
tom was examined under the same reaction conditions (1 g cellulose
solid in 50 ml solution, pH = 5, enzyme loading = 15 FPU of Cellic
CTec3-g~ ! cellulose, 50 °C, and 24 h) as those reported in the previous
research. The resulting glucose yield was 70.0% + 0.1%, compared with
the previously reported yield of 70.4%-76.4% [16]. The same reaction in
a 300-ml barrel-like (height, 11 cm height; bottom diameter, 6 cm)
glass batch reactor with a 4-cm-diameter mechanical impeller (speed,
200 r-min~ '), located in the center and well above the reactor bottom,
was also examined. Nevertheless, only 58.2% + 1.6% of the glucose yield
was obtained with this mechanical impeller.

A mechanical impeller is often used for mixing in a large-scale batch
reactor, and it is critical to know why this process lowered the glucose
yield substantially compared with that using a magnetic stirrer. Several
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possibilities (e.g., the effect of impeller diameter and speed, or the
height of the impeller from the bottom) were examined. It was
determined that the variation of impeller diameter from 3 to 4 cm and
of impeller speed from 200 to 600 r-min~! had little effect on glucose
yield. For example, when the impeller speed was increased to
600 r-min~ !, the glucose yield was 60%, an increase of only approxi-
mately 2% from that with 200 r-min~'. Notably, when the impeller
was placed lower to the reactor, the glucose yield increased to 64.8%.
Nevertheless, this value was still substantially lower than that using
the magnetic stirrer (70%). Fig. 1 shows the sizes of solid residues
after the hydrolysis reaction in different reactors. In particular, the
residues from the reactor with the magnetic stirrer were smaller than
those from the reactor with the mechanical impeller. This indicates
that during the reaction, the bar of the magnetic stirrer located at the
reactor bottom can grind the cellulose-rich solids to a smaller size,
resulting in a decrease in the mass transfer resistance between the
cellulose and the enzyme.

To stimulate a grinding function similar to that of the magnetic
stirrer, 5-mm-diameter glass beads were added to the reactor to
enhance the enzymatic hydrolysis reaction rate. As shown in Fig. 2,
the yields with the glass beads were substantially higher than those
without the glass beads. Additionally, Fig. 3 illustrates the effect of the
number of glass beads per area on the glucose yields after 24 h of
reaction. Specifically, the yield increased from 58.2% (without beads)
to 66.1% (with beads), indicating an improvement of 8.1% when an
average of 0.5 beads-cm ™2 were added. The yield can be increased
further to reach slightly more than 70% (similar to the yield with the
magnetic stirrer) by adding approximately 1 beads-cm™2; no obvious
improvements within the experimental error could be obtained with
more beads.

In short, there can be a considerable mass transfer resistance for the
enzymatic hydrolysis reactions of cellulose-rich solids in a batch reactor
with an impeller for mixing, although the acid-catalyzed steam
explosion pretreatment was used to collapse the cellulose crystalline
structure. The addition of glass beads in the reactor bottom can provide
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Fig. 2. Effect of glass beads on glucose yield during cellulose hydrolysis in the reactor with
a mechanical impeller (cellulose solid loading, 1 g-(50 ml)~';=: no beads; e : an average
of 1.1 beads-cm ™2 of the reactor bottom).

a grinding effect on the cellulose-rich solids to reduce the mass transfer
resistance, resulting in a higher glucose yield.

3.2. Production of glucose solutions with higher concentrations

The hydrolysis reaction results described in the preceding sections
were obtained with a low initial concentration of 1 g-(50 ml)~! of dry
cellulose solids. The highest glucose concentration produced was only
6.8 g-L~!, which provided only 27 kcal-L~! (based on 4 kcal-g~!
of glucose) (1 cal = 4.1868 J); this value is not sufficient for human
food supplements, thereby making a higher concentration yield neces-
sary. Thus, higher loading of cellulose solids (i.e., 5 g-(50 ml)~' and
10 g-(50 ml)~!) for the hydrolysis reactions is required. However,
increasing the cellulose solids loading rendered the reaction solutions
viscous and lowered the glucose yields. The final glucose concentrations

(b)

0.1 mm

Fig. 1. Optical microscope images of the cellulose after enzymatic hydrolysis (a) in the glass batch reactor with a mechanical impeller, and (b) in the Erlenmeyer flask with a magnetic

stirrer.
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Fig. 3. Effects of the average number of beads-cm~2 of the reaction bottom on glucose
yield (cellulose solid loading, 1 g-(50 ml)~'; reaction time, 24 h; reactor height, 11 cm
height; reactor diameter, 6 cm).

can be increased as shown in Table 2. The glucose concentration
increased from 6.8 to 33.2 g-L™!, slightly less than five times,
when the initial cellulose loading was increased from 1 g-(50 ml) ™!
to 5 g-(50 ml)~'. Moreover, the concentration could be increased to
53.1 g-L™! (considerably less than ten times) when the initial cellulose
loading was further increased to 10 g- (50 ml)~"'. The calories of the
glucose solutions with the two higher cellulose loadings were 133 and
212 kcal-L™!, respectively.

However, more undesired byproducts (i.e., formic acid, HMF, and
furfural) were also produced when cellulose loading was increased
(Table 2). For example, when the cellulose feed was increased from
1g-(50 ml)~!to 10 g- (50 ml)~!, the HMF concentration after the hy-
drolysis reaction increased from 13 to 130 mg-L~ . Considering the
maximum allowances of 120 mg of HMF per day, a person who weighs
60 kg cannot consume more than 1 L of this solution daily. This implies
that only approximately 212 kcal can be obtained from the solution,
which is considerably less than a person's daily nutritional requirement
(i.e., 1170 kcal). An increase in cellulose loading to achieve a more
highly concentrated glucose solution would not be useful for food
supplementing unless the amount of undesired byproducts can meet
the toxicity requirement.

3.3. Soaking cellulose solid in water to reduce undesired byproducts

HMF can be produced from the dehydration reaction of glucose.
Formic acid is a byproduct of the production of levulinic acid from the

Table 2

hydrolysis reaction of HMF. Additionally, furfural is usually produced
from the dehydration reaction of xylose, which is produced from the hy-
drolysis reaction of hemicellulose (4%) remaining in cellulose-rich
solids. All of these reactions can be catalyzed using an acid. However,
some undesired byproducts and acid remain in cellulose-rich solids
collected from the acid-catalyzed steam explosion process. The more
cellulose-rich solids are fed in the reaction, the more undesired products
are produced and the more acid is released into the solution. The acid
can inevitably catalyze the generation of the undesired products in the
enzymatic hydrolysis reaction of cellulose. In this study, the soaking
process was employed to remove the undesired byproducts and the
acid from the cellulose-rich solids prior to the enzymatic hydrolysis
reaction. This was attempted by soaking 10 g of dry cellulose-rich solids
into 50 or 100 ml of water for 10 min, following which the dissolution of
the undesired byproducts and the acid from the solid was expected.
Fewer byproducts may be left in the solid when more water is used.
The soaking process was conducted without any mixing. Additionally,
no grinding effect can occur on the cellulose-rich solids; thus, only the
effect of the acid and byproduct removal on the later enzymatic hydro-
lysis reaction was investigated.

Table 3 presents a list of the effects of water amount for soaking
cellulose-rich solids (for 10 min) on the production of glucose
and byproducts from (10 g dry cellulose-rich solid per 50 ml feed
for) enzymatic hydrolysis reaction. The concentrations of all of the
undesired byproducts (i.e., HMF, formic acid, and furfural) decreased
with an increase in the amount of soaking water. Specifically, when
the solids were soaked in 10 ml of water per gram of solid, the resulting
concentrations of formic acid, HMF, and furfural in the liquid produced
thereafter were reduced to 128, 36, and 290 mg-L™!, respectively;
without the soaking process, these concentrations were 361, 130, and
443 mg-L~ !, respectively. Moreover, the glucose concentration after
soaking increased substantially to 62.1 g-L~! compared with only
53.1 g-L~ ! without soaking. These results can be verified and explained
by the amount of acid released during the soaking process, as shown in
the data listed in Table 4. This implies that when more soaking water
was used, more acid was released, resulting in less acid remaining
for catalyzing the production of undesired products in the hydrolysis
reaction process. Less acid also corresponded to a smaller amount of
glucose being converted into HMF and other byproducts; thus, a higher
concentration of glucose can remain, resulting in a higher yield. Further-
more, less acid can reduce the catalysis of the hydrolysis reaction
of xylose, resulting in a reduced concentration of furfural (Table 3).

According to the food regulations for a person weighing 60 kg, the
daily maximum allowances are no more than 480 mg of formic acid,
120 mg of HMF, and 3240 mg of furfural. As indicated, the glucose
solution prepared from the enzymatic hydrolysis of cellulose-rich solid
that was pretreated for 10 min with 10 ml of soaking water per gram
of solid contains formic acid, HMF, and furfural at concentrations of

Glucose and byproduct concentrations produced from various cellulose loadings (with an average of 1.1 beads per cm? on the reactor bottom) after 24 h

Cellulose feed concentration/g- (50 ml)~! Glucose yield/% Glucose/g-L! Formic acid/mg-L~! HMF/mg-L~! Furfural/mg-L~!
1 69.2 6.8 34 13 55
67.1 332 184 58 291
10 53.2 53.1 361 130 443
Table 3

Effect of soaking-water amount on the production of glucose and byproducts from the enzymatic hydrolysis reaction (soaking time, 10 min; concentration of dry cellulose-rich solid,
10 g- (50 ml)~'; hydrolysis reaction time, 24 h; average number of glass beads per cm? area of reactor bottom, 1.1)

Soaking water (ml) per g of cellulose solid Glucose yield/% Glucose/g-L~! Formic acid/mg-L~! HMF/mg-L~! Furfural/mg-L~!
0 53.2 53.1 361 130 443
5 56.0 53.6 138 50 292
10 62.1 62.1 128 36 290
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Table 4
Amount of acid and byproducts dissolved in the soaking water [soaking time, 10 min;
concentration of dry cellulose-rich solid, 10 g+ (50 ml)~']

Soaking water Sulfuric Formic HMF/mg Furfural/mg
per g of cellulose acid/mmol acid/mg

solid/ml

0 - - - -

5 2.1 9.9 39 11.1

10 4.6 104 39 13.7

128, 36, and 290 mg-L~ !, respectively. If a person consumes 2 L of the
solution daily, only 256, 72, and 580 mg per day of formic acid, HMF,
and furfural, respectively, are consumed; these values are lower than
the maximum respective allowances, indicating that the concentrations
of all the byproducts in the glucose solution are within the safety limits
of food regulation. Moreover, a person can obtain 496 kcal from drink-
ing 2 L of this solution per day, which is approximately 42% of the
daily requirement (i.e., 1170 kcal). Although this intake is not sufficient
to entirely meet the daily requirement of a person weighing 60 kg, the
process for converting rice straws to this drinkable glucose solution
can partially help overcome the problem of food shortages during a
food crisis in the future.

To obtain a glucose solution with even more calories, further
effort to remove additional acid and undesired products was made by
increasing the soaking time for the cellulose-rich solid, from 10
to 30 min. After the enzymatic hydrolysis reaction with an initial
cellulose-rich solid loading of 10 g-(50 ml) ™!, the concentrations of
formic acid, HMF, and furfural were reduced further to 98, 28, and
251 mg-L™!, respectively. However, the glucose concentration also un-
expectedly reduced to 49.4 g-L™! (i.e., only providing 197 kcal-L™1),
which was even lower than that from the solid feed without any soaking
in water. This may indicate a considerable dissolution and loss of cellu-
lose from the cellulose-rich solid during the longer soaking process.
The experimental data listed in Table 5 show that the mass of the
solid feedstock after soaking in water for 30 min was substantially
lower (by 0.7 g) than that after soaking for 10 min. The decrease of
the mass of glucose by (0.6 4 0.1) g produced from the hydrolysis
reaction corresponds satisfactorily to the lower mass of the cellulose
solid feedstock for the reaction.

Table 5
Effect of soaking time on the mass of cellulose-rich-solid feeds and the amount of glucose
produced in the hydrolysis reaction (soaking water amount per g of cellulose solid, 10 ml)

Glucose amount from
the hydrolysis reaction®/g

Soaking time/min Feedstock for hydrolysis

reaction®/g

10 216 3.1
30 209 254+ 01°¢

@ Mass of the cellulose solid after soaking process, which is used as the feed for the later
hydrolysis reaction (the dry cellulose used before soaking is 10 g).

b Each value is obtained from the glucose concentration of the resulting solution
multiplied by the volume of the solution (50 ml).

€ Value is the average of three replicates.

3.4. Effect of enzyme concentration on glucose production in the hydrolysis
reaction

To optimize the yield and concentration of glucose produced from
the hydrolysis reaction, the effect of the amount of enzyme used
for the reaction was investigated. The experimental results listed in
Table 6 indicate that the glucose concentration can increase substantial-
ly from 49.0 to 62.1 g-L~! (i.e., a 13% increase in glucose yield) by in-
creasing the enzyme addition from 7.5 to 15 FPU-g~' cellulose.
However, when the enzyme addition was increased to 30 FPU-g ™!

Table 6

Effect of enzyme loading on glucose production from the enzymatic hydrolysis reaction
(soaking water amount per g of cellulose solid, 10 ml; soaking time, 10 min; concentration
of dry cellulose-rich solid, 10 g- (50 ml) ~!; hydrolysis reaction time, 24 h; average number
of glass beads per cm? area of reactor bottom, 1.1)

Enzyme loading Glucose yield Glucose concentration
/FPU- (g cellulose) ~! /% /g L1

7.5 49.1 49.0

15 62.1 62.1

30 66.2 66.1

45 69.7 69.8

cellulose, the glucose yield increased by only approximately 3%. This
suggests that most of the cellulose solid surface was occupied by the
adsorbed enzyme when the added amount was increased (i.e., higher
than 15 FPU-g~ ! cellulose). Notably, the unadsorbed enzyme cannot
contact the solid to catalyze the hydrolysis reactions. Because the use
of the enzyme is the main cost of the whole production process, in this
study, a suitable amount of enzyme addition for glucose production
was determined to be 15 FPU-g~ ! cellulose.

3.5. Economic evaluation for food-grade glucose solution

A process for producing a food-grade glucose solution from rice
straws was evaluated based on the biomass pretreatment processes
of acid-catalyzed steam explosion [16], and soaking process and enzy-
matic hydrolysis process developed in this research. The objective was
to produce a solution with a glucose concentration of 62.1 g-L™1,
which can provide 248 kcal-L™! for human consumption. The overall
flow of the production processes is illustrated in Fig. 4. They are carried
out by that after the steam explosion process and the filtration
process, the obtained cellulose-rich solids are soaked in fresh water
that weighs 10 times the amount of the solid for 10 min. This soaking
process leaches the remaining acid and byproducts out of the
solid. After further filtration, the cellulose-rich solids are fed into an
enzymatic hydrolysis reactor (operating conditions: cellulose-rich
solid loading, 10 g- (50 ml)~!; solution pH, 5; enzyme loading, 15 FPU
of Cellic CTec3-g~ ! cellulose; temperature, 50 °C; time, 24 h). Subse-
quently, the obtained glucose solution is treated via pasteurization at
90 °C, which kills microbes. Finally, a food-grade glucose solution with
a glucose concentration of 62.1 g-L™! is obtained.

The economic evaluation of the glucose solution, in terms of capital
cost, variable operating costs, and fixed operating costs, is listed in
Tables 7 and 8. The capital cost was determined to be 9.9 million
USD-a~ !, whereas the variable and fixed operating costs were
determined to be 13.1 and 2.0 million USD-a~ !, respectively. Addition-
ally, the TAC is calculated using Eq. (1), and was determined to be
16.5 million USD-a~ !, In this study, annual production of the solution
from a plant processing 1500 kg of rice straw feedstock per hour
(7200 operating hours per year) was set at 33.5 million liters.
Thus, the production cost of a food-grade glucose solution with
248 kcal-L™! was calculated to be 0.50 USD-L ™! according to Eq. (2).
Based on the mass of the glucose in the solution, the production cost
was estimated to be 8.16 USD-kg ™! of glucose, which is considerably
higher than the current price of glucose (0.77 USD-kg~!, the average
import price to Taiwan in 2015).

Moreover, the cost of the enzymatic hydrolysis reactor contributes
to approximately 40% of the overall capital cost. The cost of the enzyme
is the most expensive variable operating cost; indeed, because of the
high price of commercial enzymes (50 USD-kg™!), the enzyme cost is
approximately 56% of the TAC. However, if cheaper enzymes that can
be produced using more economical processes are available, the cost
of the food-grade glucose solution can be lowered. For example, Fig. 5
reveals that if the cost of commercial enzymes decreases to one-tenth
of the current price, the cost of glucose can be decreased by almost
50% (i.e., to 432 USD-kg™!). Notably, this is still much higher than the
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Fig. 4. Schematic flow diagram of the food-grade glucose solution production process.

Table 7
Estimated operating costs for producing the food-grade glucose solution

Variable operating cost

Quantity Cost/thousand USD-a~"
Rice straw for feedstock 1500.0 kg-h~! 1188
Rice straw for energy supply® 863.7 kg-h™! 732
Electricity 3.66 kW 2
Process water 258763 kg-h™! 71
Sulfuric acid 243 kg-h™! 12
Acetic acid 7.0kg-h™! 27
Sodium acetate 9.5kg-h™! 244
Enzyme 239kg-h! 8612
Waste water treatment 13071.1 kg-h~! 141
Product transportation 46476 L-h™! 2565
Residues for energy supply 6709 kg-h~! —531
Total 13064
Fixed operating cost

Cost/thousand USD-a~"

Operating labor 792
Maintenance 357
Taxes and insurances 143
Administrative and support 747
Total 2039

2 Energy supply for the steam explosion of rice straw, heating, and product pasteurization.

Table 8
Estimated capital cost for producing the food-grade glucose solution

Equipment Size Material” Cost/thousand USD
Pulverizer 1500 kg-h~! cs 52
Heater for preheating 3.7 m?? SS 24
Heater for enzymatic hydrolysis 1.4 m?,? SS 11
Presoaking & preheating reactor 16.7 m?,® SS 738
Steam explosion vessel 9503 kg, © SS 809
Filter 1 18.6 m?, ¢ SS 332
Tank for soaking process 178.8 m3, © SS 238
Filter 2 16.6 m?, ¢ ss 499
Enzymatic hydrolysis reactor 2 reactors SS 2647
of 840 m? ®
Filter 3 27.6 m? ¢ ss 395
Boiler for steam generation 4089 kg-h~! steam SS 321
Equipment for pasteurization 59.9 m?,? SS 348
Tank for product storage 137.8 m3 ¢ SS 207
Total installed equipment cost 6621
Capital cost 9931

2 Heat transfer area of heat exchange.

Volume of reactor.

Mass of pressure vessel.

Filtration area of filter.

€ Volume of tank.

Materials of equipment. Carbon steel (CS); Stainless steel (SS).

o

c
d

Production cost/USD-(kg glucose)'

6.00 -
5.00
4.00
3.00
2.00
1.00
0.00
50 25 10 5

Price of commercial enzyme/USD-kg !

Fig. 5. Effect of enzyme price on the production costs of food-grade glucose solutions
(62.1 g of glucose per liter of solution).

current price of glucose. Nevertheless, the amount of the food-grade
glucose solution produced from the plant can fulfill the daily nutritional
requirement of approximately 45000 people who consume 2 L of the
glucose solution per day (496 kcal-d—1). If the total amount of rice
straw in Taiwan, approximately 1.5 million tons of rice straw produced
every year, can be collected for producing the glucose solution, the daily
nutritional requirement of approximately 5 million people during a
food shortage can be fulfilled.

An evaporation process can be used to produce a more concentrated
food-grade glucose solution, resulting in more calories in the solution.
However, to avoid the generation of undesired byproducts (i.e., HMF,
formic acid, and furfural), the evaporation process must be performed
under vacuum at a low temperature (e.g., at 50 °C). On the basis of the
daily intake of HMF (120 mg) and water (2 L) for a person weighing
60 kg, the original solution with a glucose concentration of 62.1 g-L™!
can be concentrated to 103.5 g glucose-L™! (414 kcal-L™1), and can
contain 213, 60, and 480 mg-L ™! of formic acid, HMF, and furfural, re-
spectively. In other words, a person who consumes 2 L of the solution
per day will be within the toxicity allowance, and can obtain 818 kcal,
which constitutes up to 70% of the daily nutritional requirement
(i.e., 1170 kcal). A comparison of the economic evaluations for the orig-
inal and concentrated food-grade glucose solutions are shown in
Table 9. Notably, although concentrating the glucose solution through
evaporation increases the production cost, the transportation cost can
decrease from 15.5% to 9.4% of the TAC. Therefore, there is no increase
in the TAC per gram of glucose produced for creating a concentrated
glucose solution. It was determined that 20.1 million liters of the
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Table 9
Estimated production costs for the original and concentrated food-grade glucose solutions

Original solution Concentrated solution

Enzyme hydrolysis 55.9%¢ 56.6%¢
Vacuum evaporation of product - 3.2%¢
Product transportation 15.5%¢ 9.4%°¢
Steam explosion 5.3%¢ 5.5%¢
Feedstock and chemicals 9.2%°¢ 9.2%°¢
Other cost* 1.9%¢ 1.6%¢
Fixed operating cost® 12.3%¢ 14.5%°

16.2 million USD-a~!
20.1 million L-a~"
8.05 USD-kg ™!
0.81USD-L~!

16.5 million USD-a™!
33.5 millionL-a~"!
8.16 USD kg~

049 USD-L!

Total annual cost (TAC)
Productivity
Production cost®
Production cost®

¢ Cost includes product storage, product pasteurization, and waste water treatment.

b Cost includes operating labor, maintenance, taxes and insurance, and administration
and support.

¢ Production cost was based on the mass of the glucose contained in the product solution.

4" Production cost was based on the volume of the food-grade glucose solution.

€ Percentage of the total annual cost (TAC).

concentrated glucose solution can be produced annually in the
plant, which would fulfill approximately 70% of the daily nutritional
requirement of 27000 people. The production cost is approximately
0.82 USD-L™".

Although the production cost is expensive, the process developed
in this study can produce a substantial amount of food-grade glucose
solution during a food crisis. If food demand and prices increase in the
future, this process has the potential to serve as an alternative way to
overcome the food crisis.

4. Conclusions

This study demonstrated the feasibility of using rice straw to pro-
duce a food-grade glucose solution. The resulting solution contained
103.5 g-L™! of glucose (414 kcal-L™ "), which can be supplied for
human needs in the future. If a plant processes 1500 kg of rice straw
feedstock per hour (7200 operating hours per year), 20.1 million liters
of the glucose solution could be produced annually, which can satisfy
70% of the daily caloric needs of 27000 people. The production cost of
the solution is approximately 0.82 USD-L™!, mainly because of the
cost of the enzyme used in the hydrolysis reaction. Although the pro-
duction cost is higher than the current price of glucose, a large amount
of the food-grade glucose solution can be produced and supplied during
food crises in the future.

A considerable mass transfer resistance was observed during the
enzymatic hydrolysis reaction of cellulose-rich solids in an impeller-
stirred batch reactor. This resistance can be reduced by adding glass
beads in the reactor to help ground the solid during the reaction.
Although an increase in the production of glucose increases the produc-
tion of undesired byproducts, owing to the feeding of more cellulose, a
soaking process for the cellulose-rich solids can effectively reduce
the generation of undesired byproducts; this enables the food-grade
glucose solution to remain within the regulatory limits. It was
determined that the enzyme addition of 15 FPU-g~! cellulose is close
to an optimum amount for glucose production.

Acknowledgments
The authors thank the Ministry of Science and Technology of Taiwan

for financially supporting this research under Contract No. NSC-102-
2623-E-002-012-ET.

Supplementary Material

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.cjche.2017.06.004.

References

[1] A.Corma, S. Iborra, A. Velty, Chemical routes for the transformation of biomass into

chemicals, Chem. Rev. 107 (2007) 2411-2502.

M.E. Himmel, S.-Y. Ding, D.K. Johnson, W.S. Adney, M.R. Nimlos, J.W. Brady, T.D.

Foust, Biomass recalcitrance: Engineering plants and enzymes for biofuels production,

Science 315 (2007) 804-807.

[3] C.E. Wyman, Special issue: Biotechnology for the conversion of lignocellulosics

ethanol from lignocellulosic biomass: Technology, economics, and opportunities,

Bioresour. Technol. 50 (1994) 3-15.

S.P.S. Chundawat, G.T. Beckham, M.E. Himmel, B.E. Dale, Deconstruction of lignocel-

lulosic biomass to fuels and chemicals, Annu. Rev. Chem. Biomol. Eng. 2 (2011)

121-145.

G. Pierre, Z. Maache-Rezzoug, F. Sannier, S.-A. Rezzoug, T. Maugard, High-

performance hydrolysis of wheat straw using cellulase and thermomechanical pre-

treatment, Process Biochem. 46 (2011) 2194-2200.

S.P. Teong, G. Yi, Y. Zhang, Hydroxymethylfurfural production from bioresources:

Past, present and future, Green Chem. 16 (2014) 2015-2026.

F.H. Isikgor, CR. Becer, Lignocellulosic biomass: A sustainable platform for the pro-

duction of bio-based chemicals and polymers, Polym. Chem. 6 (2015) 4497-4559.

[8] C.Chang, X. Ma, P. Cen, Kinetics of levulinic acid formation from glucose decompo-
sition at high temperature, Chin. J. Chem. Eng. 14 (2006) 708-712.

[9] N.H.M. Holder, S.G. Kilian, J.C. du Preez, Yeast biomass from bagasse hydrolysates,
Biol. Wastes 28 (1989) 239-246.

[10] R.C. Kuhad, A. Singh, KK. Tripathi, RK. Saxena, K--E.L. Eriksson, Microorganisms as
an alternative source of protein, Nutr. Rev. 55 (1997) 65-75.

[11] M.P. Coughlan, M.A. Folan, Cellulose and cellulases: Food for thought, food for the
future? Int. J. BioChemiPhysics 10 (1979) 103-108.

[12] S. Saka, T. Ueno, Chemical conversion of various celluloses to glucose and its deriv-
atives in supercritical water, Cellulose 6 (1999) 177-191.

[13] L.-T. Fan, M.M. Gharpuray, Y.-H. Lee, Enzymatic Hydrolysis, Cellulose Hydrolysis,
Springer, Berlin, Heidelberg, 1987 21-119.

[14] M. Idrees, A. Adnan, S.A. Bokhari, F.A. Qureshi, Production of fermentable sugars by
combined chemo-enzymatic hydrolysis of cellulosic material for bioethanol production,
Braz. J. Chem. Eng. 31 (2014) 355-363.

[15] D.B. Lobell, W. Schlenker, J. Costa-Roberts, Climate trends and global crop production
since 1980, Science 333 (2011) 616-620.

[16] W.-H. Chen, C.-C. Tsai, C.-F. Lin, P.-Y. Tsai, W.-S. Hwang, Pilot-scale study on the
acid-catalyzed steam explosion of rice straw using a continuous pretreatment
system, Bioresour. Technol. 128 (2013) 297-304.

[17] RJ. Ulbricht, S.J. Northup, ].A. Thomas, A review of 5-hydroxymethylfurfural (HMF)
in parenteral solutions, Fundam. Appl. Toxicol. 4 (1984) 843-853.

[18] GRAS Substances Database, Formic Acid, 21CFR186.1316, Select Committee on GRAS
Substances, U.S. Food and Drug Administration, 2015 [[2016-7-20], http://www.
accessdata.fda.gov/scripts/fcn/fenDetailNavigation.cfm?rpt=scogsListing&id=139].

[19] T.B. Adams, J. Doull, ].I. Goodman, I.C. Munro, P. Newberne, P.S. Portoghese, R.L.
Smith, B.M. Wagner, C.S. Weil, L.A. Woods, R.A. Ford, The FEMA GRAS assessment
of furfural used as a flavour ingredient, Food Chem. Toxicol. 35 (1997) 739-751.

[20] G. Towler, RK. Sinnott, Chemical Engineering Design Principles, Practice and
Economics of Plant and Process Design, 2nd ed Butterworth-Heinemann, United
State, 2013.

[21] W.D. Seider, ].D. Seader, D.R. Lewin, S. Widagdo, Product and Process Design
Principles: Synthesis, Analysis and Evaluation, 3rd ed John Wiley & Sons, Inc., United
State, 2009.

[22] E.S. Rubin, M.B. Berkenpas, C. Chen, Cost Module for GE Radiant Quench IGCC Aspen
Plus Model, Department of Engineering and Public Policy, Carnegie Mellon University
Research Showcase, 2007 [[2016-7-20], http://repository.cmu.edu/epp/73/?utm_
source=repository.cmu.edu%s2Fepp%2F73&utm_medium=PDF&utm_campaign=
PDFCoverPages).

[23] P.-T. Chiueh, K.-C. Lee, F.-S. Syu, S.-L. Lo, Implications of biomass pretreatment to
cost and carbon emissions: Case study of rice straw and Pennisetum in Taiwan,
Bioresour. Technol. 108 (2012) 285-294.

[2

[4

5

[6

(7



