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Abstract

Starch saccharified glucose from food waste can be an important precursor for renewable
chemicals and fuels. Despite numerous studies on hydrolysis of biomass, detailed kinetic studies
and associated models of hydrolysis are lacking. We investigated the kinetics of glycosidic bond
scission of malto-oligosaccharides in lithium bromide acidified molten salt hydrate (AMSH)
medium and estimated rate parameters from experimental data. Our data supports the hypothesis
that the terminal, non-reducing bonds hydrolyze faster than the interior and terminal-reducing C-
O bonds. Next, we extended the model to simulate the hydrolysis of linear and cyclic saccharides
of varying degree of polymerization and of potato starch. We characterize starch using x-ray
diffraction (XRD) and light scattering methods. The model is in excellent agreement with the
experimentally determined concentrations of glucose and other oligosaccharides. The chain length
of saccharides is found to be directly related to their hydrolysis rate constant, but inversely

proportional to the glucose formation rate constant.

Keywords: glycosidic bond scission; potato starch; hydrolysis; kinetic modeling; molten salt

hydrate; chain length; food waste
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Introduction

Non-food biomass deconstruction and valorization of fractionated carbohydrates into high value
chemicals and fuels have received significant attention over the past decade'2. Cellulose and starch
are natural polysaccharides consisting of glucose, which is a precursor for manufacturing some of
the top-ten bio-based chemicals listed by the United States Department of Energy®. As a result,
energy-efficient hydrolysis of polysaccharides to glucose has been investigated by several

groupst 12,

Polysaccharide hydrolysis kinetics was first described by Saeman et al.'®* They developed an
empirical description for cellulose hydrolysis where the first reaction involves the conversion of
cellulose into the reducing moiety — glucose, and the second reaction involves glucose conversion
to other products, such as 5-hydroxymethyl furfural (HMF), levulinic acid (LA), formic acid (FA)

etc., which they referred to as degradation products
Cellulose — reducing sugar — sugar degradation products

Additional studies, based on Saeman’s empirical model, have been carried out by Fagan et al.}
and others®®2°, Glucose units in cellulose are bonded by B (1 — 4) glycosidic linkages, which are
oriented equatorially unlike the axially oriented o (1 — 4) glycosidic linkages between D-
glucopyranose units in starch. Aside the contributions of inter- and intra-molecular hydrogen bond
network in cellulose, the difference in bond orientation also contributes to the distinct hydrolysis

reactivity of starch and cellulose.

Food waste presents an attractive, non-conventional, alternative feedstock yet to be explored
for producing renewable fuels and chemicals. Its high carbohydrate content, i.e., 33-74 %'?2! on
a dry weight is appealing. For example, the EU generates 8 million metric tons of starch waste
annually?t. This provides six times the required amount of glucose needed to meet the global
demand for lactic acid, succinic acid, fumaric acid and polyhydroxybutyrate (PHB).?! Despite the
large number of products that can be obtained from valorization of starch-rich food waste, the
number of Kinetic studies of starch (malto-polysaccharide) hydrolysis is very limited compared to
cellulose hydrolysis. Given the growing interest in valorization of starch-rich food waste!221-23
(e.g. potato peel, bread waste, etc.), a detailed kinetic study for the scission of a - glycosidic bonds

in starch would be valuable.
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Various hypotheses for the hydrolysis of inter-unit C-O linkages in linear saccharides have
been reported?*-3!, These include: (1) Bonds at the reducing and non-reducing terminal ends are
hydrolyzed at a higher rate than all other bonds. (2) The hydrolysis of all bonds occurs at the same
rate, irrespective of their position in the chain and the degree of polymerization (DP) of the chain.
(3) The bond at the non-reducing end is hydrolyzed faster than all other bonds, while all other
bonds are hydrolyzed at the same rate. (4) There is a progressive decrease in the hydrolysis rate
constants from the terminal bond towards the interior bonds. While prior research by Freundeberg
et al®? and Nguyen et al®*support hypotheses 1 and 4, hypothesis 3 is the most widely accepted
hypothesis and supported by several experimental results?®>=!3* and is the one exploited in this
study. An overview of Kinetic studies for cello-, malto- or xylo-saccharides and the ratio of
hydrolysis rates of the non-reducing terminal bond to that of all other bonds within the chain are
given in Table 1.

Table 1. Ratio of bond scission rate constants for the acid-catalyzed hydrolysis of various
saccharides.
Substrate ki/k, Reaction conditions Reference
Cello-oligosaccharide 1.7 T:90-135°C 2%
Csubstrate - 0.5 -1 wt.%
Ch2s04:0.05-0.1 N
Cello-oligosaccharide 15 T:30-120°C 81
Cesubstrate - 10 wt.%
Ch2sos 1 0.5-14.2 N
Malto-oligosaccharide 18 T:95°C 29
Cesubstrate : 0.1 - 0.4 wt.%
Csto4 :0.01N
Malto-oligosaccharide 18 T:75-95°C 2
Cisubstrate - 0.625 wit.%
Csto4 :0.01N

Malto-oligosaccharide 1.7 T:70-135°C 21
Cesubstrate : 1 Wt.%
CH2504 :0.2N
Xylo-oligosaccharide 1.7 T:80-100°C 28

Csubstrate t1lwt%
Chsos: 0.05-0.5N

Xylo-polysaccharide 1.3 T:80°C 2
Csubstrate: 54 Wt% in [Emim][CI]
Chzsos : 0.4 N
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ki = rate constant for C-O bonds scission at non-reducing terminal; k, = rate
constant for C-O bonds scission at reducing terminal and interior linkages

As shown in Table 1, the pseudo-first-order hydrolysis rate constant (k1) for C-O bonds scission
of various saccharides at the non-reducing end is 1.3 - 1.8 times higher than that of reducing end
and interior bonds (k2). While these kinetic studies have been carried out in popular solvents
(conventional acid and ionic liquids) for saccharides’ hydrolysis, no kinetic study has been carried

out on the bond scission of saccharides in AMSH.

Recently, acidified molten salt hydrates (AMSHs) mediated hydrolysis of cellulose and
lignocellulosic biomass have been reported*>83-28_ Lithium bromide based MSH (59 wt.% LiBr
solution in water at water to LiBr molar ratio of 3.25) saccharified crystalline cellulose*>® to
soluble sugars with a very high yield (>90%) containing glucose as the major product (82%) at
low temperature (85 °C) and short reaction time (30 min). It has been reported that AMSH becomes
super-acidic via polarization of hydrogen of water in the hydration sphere of the cation and a
synergy between the salt and added acid**>2°, facilitating hydrolysis at faster rates with minimal
degradation products (e.g. HMF, humins etc.). LiBr Molten-salt alone is not acidic (pH ~6)*. While
AMSH has been used for cellulose hydrolysis®®, its effectiveness for starch (an important
component of food-waste) hydrolysis and related kinetic investigation has not been reported. This
study will provide such information, necessary toward developing a food-waste based integrated

biorefinery.

Importantly, strongly acidic AMSH is less corrosive*3":340 jn comparison with a pure acid
of equivalent dissociated proton concentration (based on electrode potential measurement). In
addition, AMSHs are easy to prepare, have low volatility and are cheaper than most ionic liquids®*®
which have been employed for hydrolysis. AMSHSs also have good recyclability*®, achieving high
conversions and yields even after three cycles of use. The application of AMSH for starch has
though remained elusive. Yan et al.** achieved maximum glucose yields of 19% (34% selectivity)
after 40 min of reaction at 160 °C using 1 wt.% (0.2 M) H2SO4. By comparison, the LiBr AMSH
efficiently dissolved and saccharified cellulose in one step giving >90% yield of soluble sugars®®
(82% glucose selectivity) within 40 min at 85 °C. Sadula et al.® reported a lower minimum price

of HMF manufactured using LiBr AMSH compared to concentrated and dilute acid systems. This
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cost advantage® in HMF production using AMSHs is attributed to the single-stage conversion

technology as well as the higher glucose yield (Table S1).

In this study, we develop a fundamental, mass action kinetics model for hydrolysis of malto-
oligosaccharides and polysaccharides (e.g., starch) in AMSH media that that can accurately predict
species concentrations formed during hydrolysis. We show that two fundamental rate constants
obtained from model compounds, maltose and maltotriose, are sufficient to model more complex
macromolecules. We demonstrate that the model-predicted concentrations against time agree well
with the experimentally determined concentrations of glucose, maltose, maltotriose and
maltotetraose. The effect of chain length of saccharides on their hydrolysis rates and glucose yield
is also discussed.

Materials and Methods
Experimental materials and methods

Materials. Reagent grade maltose, a-cyclodextrin, dextran (DP - 10), lithium bromide, 5 M
sulfuric acid and potato starch, were purchased from Sigma-Aldrich. Malto-oligosaccharides
(maltotriose and maltotetraose) of >95% purity were purchased from MegaZyme. All chemicals
were used as received. Deionized water (Millipore model Direct Q3 UV R) was used for the
preparation of all solutions. Syringe filter discs (Nylon, 0.2 pm) for the filtration of samples prior

to HPLC analysis were purchased from Fisher Scientific.

Reactions. LiBr MSH solutions (59 wt.% LiBr; water to LiBr molar ratio 3.25) were prepared by
dissolving LiBr in deionized water and were equilibrated overnight at 60 °C. For Kkinetic studies,
the desired amount of starch or oligosaccharides was added into a 25 mL three-neck round-bottom
flask containing 3.64 mL LiBr MSH solution. The mixture was heated to and equilibrated at
desired reaction temperature on an IKA C-MAG HS hotplate stirrer, followed by addition of 25 pl
of 5 M sulphuric acid to make the AMSH. The reaction mixture was continuously stirred at 800
rpm. Typical reaction conditions are 60 °C, salt/glucan (glucose equivalent) ratio of 69, and final
sulphuric acid concentration of 0.05 M. A pipette was used to collect ~0.1 mL of aliquot at regular

time intervals that were immediately quenched in deionized water, diluted 20-times, and then
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filtered through a 0.2 um syringe filter disk to remove any unreacted solids before analysis by
HPLC.

Analysis and quantification of hydrolysis products. Product solutions were analyzed using a
Waters 2695 HPLC separation unit equipped with photodiode array (PDA) (Waters 2998) and
refractive index (RI) (Waters 2414) detectors. An Aminex Bio-Rad HPX-87H (7.8 x 300 mm x 9
pm) column with preset column temperature of 55 °C and a 0.005 M H2SO4 solution as a mobile
phase (flow rate = 0.6 mL/min) were used to analyze to quantify the following products: maltose,
glucose, and HMF. Malto-oligosaccharides of DP = 3 — 5 were quantified using an Agilent
HiplexNa column (7.7 x 300 mm x 10 pum) at 85 °C using deionized water as a mobile phase with
a flow rate of 0.2 mL/min. The characteristic peaks for sugar monosaccharides and
oligosaccharides were identified from the retention times of the authentic samples. Each peak was

integrated, and the actual concentration of each product was calculated from calibration plots.

Rate constants.

Initial hydrolysis and dehydration rate constants. The concentrations of all species during
hydrolysis were determined using HPLC as described above. When the natural logarithm of the
ratio of concentration of hydrolyzed species to the initial oligosaccharide concentration was plotted
against time using Equation 1, a straight line was obtained for each set of reaction conditions,

indicating the hydrolysis follows first-order kinetics in acid and substrate concentration?26.28:29.3142

In< = —kt 1)

Co

Here ¢, is the initial concentration of oligosaccharide (mol/dm®), ¢ is the concentration of

oligosaccharide at time t (mol/dm?®), and k is the apparent reaction rate constant (mint).

Rate constant for C-O bonds scission at non-reducing terminal (ki) is obtained directly from
maltose hydrolysis rate constant, while rate constant for C-O bonds scission at reducing terminal
and interior linkages (ki) is obtained by subtracting maltotriose hydrolysis rate constant from the

maltose hydrolysis rate constant, ki as described in Equation 2.

ks = Kmaitotriose — Kmaitose (2)

The dehydration rate constant was determined from independent dehydration experiments starting
from glucose in LiBr AMSH.
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Glucose production rate constant. The rate constant of glucose formation from polysaccharides
and oligosaccharides was determined from the slope of glucose fraction vs. time. The glucose
fraction (Equation 3) varies between 0 and 1

Cglucose (3)

oligosaccharide,0

Glucose fraction =

Here, Cgiucose IS the concentration of glucose in solution determined from HPLC, Coligosaccharide,0 IS the

initial concentration of glucose in oligosaccharides, determined using the relation in Equation 4

Coligosaccharide,o -

Moligosaccharide X 9theoretical (4)

MW giucose X VOlreaction

Moligosaccharide 1S the mass of oligosaccharide, Qtneoretical 1S the theoretical glucose amount wt.% in
oligosaccharide, MWgiucose is the molecular weight of glucose, VOlreaction is the volume of the

reaction mixture.

All initial rate constants were estimated for low (<15%) conversion. For starch, since we cannot
directly measure conversion, we measure its conversion indirectly from glucose yields (carbon
balance is greater than 95%). The rate constants reported are all apparent rate constants. This
apparent rate constant is the product of the actual rate constant and the proton activity (Equations
5 & 6)

kapparent = Kactual [aH+] (5)

ay+ = y[Cy+] (6)

Here y is the activity coefficient of hydrolysis solution, C+ is the proton concentration in solution,
and ay+ is the proton activity in solution. Proton activity was measured using a pH meter. To
address the non-ideality of AMSH, further work is needed that will be reported in a separate

manuscript.

Temperature effects. Rate constants (ki and k) were obtained at temperatures of 40, 50 and 60
°C. These values were then fit to an Arrhenius plot to obtain the pre-exponential factor (A) and

apparent activation energy (Ea).

ACS Paragon Plus Environment



oNOYTULT D WN =

Industrial & Engineering Chemistry Research

pH measurements. The pH of the LiBr AMSH solution was measured using a pH meter (Fisher
Scientific accumet Basic AB15). The electrode was calibrated with standard solutions of

appropriate pH values before each measurement. Each solution pH was measured in triplicate.

X-ray powder diffraction (XRD) characterization. The XRD patterns were collected at room
temperature using a Bruker D8 Discover X-Ray diffractometer using Cu Ka radiation (A = 1.5418
A) source. The data were collected in a stepwise fashion of 26 ranging from 5° to 60° and a step

size of 0.05° and 1 s per step. Potato starch was used as purchased for XRD measurements.

Starch gelatinization. Potato starch was heated in water for 30 min at 80 °C. This was carried out
to provide direct evidence of the conversion of crystalline regions in potato starch to amorphous

material. The resulting solution was freezed with liquid nitrogen and dried in a freeze dryer.

Dynamic light scattering (DLS). DLS experiments were conducted on a Brookhaven
ZETAPALS instrument. DLS measurements were obtained for background blank solutions and
starch hydrolysate. The autocorrelation functions were analyzed using the Multimodal Size

Distribution algorithm of the accompanying software.

Static light scattering (SLS). SLS experiments were conducted on a Beckman Coulter LS 13 320
Particle Size Analyzer instrument. Signals were analyzed using the Fraunhofer theory of light

scattering. Particle obscuration was higher than 8% before the analysis was carried out.

Mathematical modeling and computational methods

Physical model

(a) (b)

.
OH . . .
60H ‘ sinterior glucan units
OH 250
M)l C :non-reducing end glucan unit
OH OH

' :reducing end glucan unit
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Scheme 1. Glucan unit and bond nomenclature. (a) The reducing end (colored blue) has the
anomeric carbon, C1 with the hemiacetal unit not involved in a C-O linkage. The non-
reducing end (colored red) has C4 not involved in a C-O linkage. The interior units have
both C1 and C4 involved in a C-O linkage. (b) Schematic showing non-reducing end bond
(with rate constant ki) and other bonds (with rate constant kz) in select oligosaccharides.

Scheme 1 illustrates non-reducing terminal bonds with hydrolysis rate constant of ki and other
interior or reducing terminal bonds with hydrolysis rate constant of k» for all linear saccharides.
Glycosidic bond protonation and scission occur randomly in a chain. Consistent with this
hypothesis, Joksimovic et al.* used the PM3 molecular-orbital method to identify random scission
of glycosidic bonds during acid hydrolysis of carbohydrates. For illustration, the paths of
hydrolysis are described for a pentasaccharide (Ms) in Scheme 2. Hydrolysis products,
tetrasaccharide (Ms), trisaccharide (Ms), disaccharide (M2), and monosaccharide (M), are also

shown in the scheme.

/O oo
L gigtgt g T @@ e—e—e
. ¢-e-e 0—0
\0—0—0—0 0

e : glucan unit

Scheme 2. Hydrolysis pathways of a pentasaccharide. A saccharide of (m+n) units
hydrolizes into two species of m and n units each. The model (Equations 7 — 9) describes all
(m+n) species.

Governing equations

The following rate equations were used to describe the hydrolysis of a saccharide containing n —

number of glucose units

The consumption rate of an n-saccharide (n > 1) is

acy

n = [y + (0~ DGy (7)

The rate of intermediate formation (i > 1) is
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dCi

pr (ky + k) Cipr + XToisa 2k, C; 8)
The rate of glucose formation is

dac,

d_l:'g = 2k1C2 + Z;'l=3(k1 + kz)cl = deg (9)

Here ki is the fast bond scission rate (min! per bond); k: is the slow bond scission rate (min per
bond); kq is the glucose dehydration rate (min?); c, is the initial saccharide concentration
(mol/dm?). cij is the intermediate oligosaccharide concentration (mol/dm?3). c; is the maltose
concentration (mol/dm?®). ¢4 is the glucose concentration (mol/dm®). The derivation of rate
equations and the solution of ODEs for the series reactions involving maltotriose and maltose
hydrolysis is in the supporting information. The solution of the equations was carried out using the
MATLAB® software, version R2017a.

Results and Discussion
Hydrolysis of malto-oligosaccharides

Saccharide
OH
é‘\o O é OH .o
OH —0 ©
OH +
o +H OH
OH ¢ o] —_— 2
(@) 4
OH OH?
OH {12, H
L 1n
Glucose l(b)
OH OH HO
HO 0} +H ‘+H20 é\O o) N O/VL-
OH OH (© OH *h HO oH
OH OH HO

Scheme 3. Hydrolysis mechanism of malto-saccharides.

The hydrolysis of any malto-saccharide is shown in Scheme . The reaction? is initiated by
protonation (a) of a glycosidic oxygen connecting two adjacent glucan units. This follows
heterolysis (b) of the protonated glycosidic bond to form a cyclic oxonium carbenium ion, and
nucleophilic addition of water (c) to the carbenium ion to form glucose and release a proton.

Hydrolysis of any saccharide of high DP substrates yields shorter chain species, which ultimately

10
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get converted to glucose. Under strong acidic conditions*>®, glucose can further be dehydrated
into HMF.

The time-profiles of maltose and maltotriose hydrolysis are illustrated in Figure 1. The two
rate constants, k1 and kz, can be estimated using these substrates since they contain a non-reducing
end and other glycosidic bonds. The disappearance of both substrates follows first-order kinetics.
The hydrolysis profile of maltotriose (Figure 1b) shows formation of maltose as an intermediate
which is subsequently hydrolyzed to glucose (Figures 1a and 1b). Upon regression, the model

describes the experimental data reasonably. The estimated rate constants (see methods) are shown
in Table 2.

Table 2. Rate constants for hydrolysis of glycosidic bonds of saccharides.

Non- reducing Reducing end &

end bond, ki interior bonds, k2 _—
(min-l) (min-l) kdehydration (mm )
0.13 £ 0.005 0.095 + 0.005 0.002 £+ 0.0002

T =60 °C, Kmaitose = K1

The LiBr AMSH solution is strongly acidic (pH < -2), which limits direct measurement of acid

concentrations. Therefore apparent rate constants are reported as described in the experimental

section.
0.07 0.04 \ \ o ;
Glucose D
Glucose o
o o
0.06
° i (b) o Experiment
—_ o Experiment —0.03"-
=0.05" o (a) — Model = / — Model
5 . 5
20.04} R2=0.99 = oH . R%=0.99
£ o £0.02 HO 2
c A Ho. c oH
g 0.03 Ho o 8 o OH .
g OH g o O
O 0.021 oH OH 5 O 0.01 O OH
S’H Maltose oo %
0.01 1 OH
Maltose OH &y ° Maltotriose OH gy
0 : S 0¢ 7 S e
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time [min] Time [min]

Figure 1. Time profiles of products from (a) maltose hydrolysis and (b) maltotriose
hydrolysis in LiBr AMSH. Reaction conditions: 0.05 g of maltose or 0.033 g of maltotriose in
3.64 ml of LiBr AMSH, 60 °C. The model is regressed to these experimental data.

11
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The rate constant ki for bond scission at the non-reducing end is ~1.4 times larger than that of
other glycosidic bonds ko. This ratio is in good agreement with the literature values (Table 1) for
saccharide hydrolysis??°2%31, The rate constants ki and k» at different temperatures are provided
in Table S2. While both bonds possess similar apparent activation energies (~111 + 7 KJ mol™),
the bond at the non-reducing end has a higher pre-exponential factor (4.3 x 10*® min™) compared
to the other bonds (3.2 x 10'® min™). This corroborates experimental results showing that the
terminal bond at the reducing end hydrolyzes slower than the terminal bond at the non-reducing
end?5-31, Weintraub et al.?® observed that the lower entropy of activation of the reducing end bond
reduces its tendency to undergo a transition to the half-chair conformation required to form the
oxonium cation intermediate, which possesses high energy due to positive charge sharing and
stabilization between the C1 carbon and the ring oxygen, in agreement with differences in our
reported pre-exponential values. Hollo et al.>* found an increased reactivity of the non-reducing
end due to its ability to convert to a more labile furanoside ring. The tendency of the reducing-
glucan unit to convert to its open chain conformer allows for resonance between the cyclic and
open form of the glucan residue and stabilizes the adjacent glycosidic bond. The glucose
concentration reaches a maximum and then begins to decline slowly due to its dehydration to HMF
(Figure 1). The difference in the maximum glucose yield for maltose and maltotriose is due to
different starting amount of oligosaccharides. The glucose dehydration rate constant is very low
(0.002 mint) because of the low reaction temperature (60 °C). Humins were not observed at this

low reaction temperature.

Hydrolysis of maltotetraose (possessing two terminal and one interior bond) was conducted
under similar reaction conditions as maltose and maltotriose to assess the predictive ability of the
model. Rate constants (ki and k2) obtained from maltose and maltotriose hydrolysis kinetics were
used to predict maltotetraose hydrolysis. Figure 2 shows reaction profiles for maltotetraose
consumption and formation of products of DP from 1 to 4. Very good agreement between the

experimental and model predicted concentrations for all products is seen, as also indicated from
the parity plot (Figure S1). This result suggests that hydrolysis of any linear chain saccharide

substrate can be described using the two fundamental bond scission rates. We provide further

evidence of this finding below by studying starch.

12
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0.04

Glucose ¢

o
o
@

Concentration [M]
(=]
o
N
(<)
o
23
Q

o Experiment
° —Model

o R?=0.99

Y 3
OH OH
OHO O
altose ot on
Maltotriose 0”0/&":
OH
Maltotetraose

OHOH
Oo 8
0 10 20 30 40 50 60
Time [min]

o
o
-

Figure 2. Time profile of maltotetraose hydrolysis in LiBr AMSH. Reaction conditions: 0.025
g of maltotetraose in 3.64 ml of LiBr AMSH, T =60 °C.

Hydrolysis of a - cyclodextrin

The cyclodextrin consumption rate was obtained by monitoring its disappearance.
Intermediates of DP of 1-5 were identified, quantified experimentally and compared with model
predicted concentrations. The initial cyclodextrin consumption rate constant estimated (0.14 min
1) was lower than that expected for an oligosaccharide with 5 bonds (0.13 + (4 x 0.095) = 0.51
mint). The low consumption rate of the cyclodextrin compared to a linear saccharide could be as
a result of an initial intra-molecular hydrogen bonding, which restricts hydrolysis of the cyclic
saccharide. This additional resistance to hydrolysis due to hydrogen bonding in the cyclodextrin
ring had been identified by Weintraub et al.?® They had estimated the activation energy for the
acid hydrolysis of a (1 — 4) glycosidic bond in cyclodextrin ring to be 34.2 kcal/mole, while that
for the hydrolysis of a linear oligosaccharide to be 30.5 kcal/mole. This higher barrier for
hydrolysis of cyclic oligosaccharide could be attributed to the energy required to overcome
hydrogen bonding stabilizing the cyclic ring. They also found that the activation entropy of acid
hydrolysis was 16.6 cal/°C.mole for the linkages in the cyclic oligosaccharide, and 7.3 cal/°C.mole
for the linear oligosaccharides and attributed this to a transition from a very rigid cyclic structure
to a more labile linear, open chain structure. These findings are consistent with our experimental
observation of a slower hydrolysis rate in cyclodextrins. We hypothesize that, unlike linear

oligosaccharides, cyclodextrin hydrolysis requires an initial ring opening step (which is the rate

13
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determining step) to form a linear chain, which then undergoes C-O bond scission. Based on this

hypothesis, we simulated a — cyclodextrin hydrolysis using the model in Equations 10 & 11.

kring opening
_—

Cyclodextrin Linear hexasaccharide (10)
ky+ 4Ky
Linear hexasaccharide —— Glucose (1)

The rate constant for ring opening was estimated to be 0.14 min™. The model describes the
experimental data reasonably for all intermediates and shows the initial delay in glucose formation
(Figure 3, Figure S2 and S3). Maltohexaose could not be observed in the hydrolysis solution, as it
coeluted with LiBr in the HPLC column. This initial delay in glucose formation is absent in the
hydrolysis of linear saccharides, indicative of a ring opening step occuring in cyclodextrin before

subsequent hydrolysis into glucose.

0.07 -

Glucosge
| o Experiment
0.06 —Model
£.0.05 C{%@poég\ R?=0.99
c HO
2 0.04 |Cyclodextrin g o Ho > o ]
© O \-OH HOSNO
‘E HO
© 0.03 " o
o
c OH HO. oH
o I °/ Maltose jv\ﬁ: o fo/\
© 0.02 o %ﬁ,wg
q Maltotriose H;S
0.01[
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Figure 3. Time profile of a - cyclodextrin hydrolysis in LiBr AMSH. Reaction conditions:
0.05 g of a - cyclodextrin in 3.64 ml of LiBr AMSH, T =60 °C. The ring opening rate constant
is estimated with the other rate constants fixed.

Hydrolysis of starch

Next, we focus on the hydrolysis of potato starch that is composed of two main fractions: amylose
and amylopectin. The amylose component is a linear chain polymeric material linked by a (1 — 4)
glycosidic bonds, whereas amylopectin has a heavily branched polymeric structure composed of
a (1 — 4) glycosidic bonds and an additional side of o (1 — 6) glycosidic bonds. The presence of
highly structured amylopectin forms crystalline regions within the starch molecular structure.
Figure 4 shows crystalline XRD peaks at 26 of 5.35° 14.8° 17°, and 24° which are characteristic

of B - type starch granules®. Starch from tuber crops (yam, potato, sweet potato) have similar B-
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type classification®®*“*® due to the branching framework within amylopectin. The degree of
crystallinity of potato starch is estimated as 29% based on the Scherrer equation, which is

consistent with values reported in prior studies*®474°,

,ﬂ —Potato starch
r\ —— Gelatinised starch
|
/|
M \M "
Yy
_é‘ ,\JH W “(%
% I f) ,\*‘
b,
E S S,
W Muk WM’“W W“'va{
- g
. mem
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10 20 30 40 50 60

Bragg Angle 20 (degree)

Figure 4. X-ray diffraction pattern of potato and gelatinised starch.

Conversion of crystalline regions to amorphous regions in potato starch (gelatinization) has
been reported*® to occur around 65 °C. XRD after gelatinization shows that the crystalline peaks
are completely absent (Figure 4). This suggests that starch gelatinization results in an amorphous

material which can subsequently be easily hydrolyzed to glucose.

At temperatures below the gelatinization temperature, e.g., 60 °C, the crystalline regions
remain intact during reaction in the AMSH solution. This could explain the lower than expected
conversion of potato starch to glucose at our reaction temperature (Figure 5), likely because of
insufficient energy to disrupt the recalcitrant crystal framework of the crystalline regions. After 1
hr of reaction, the temperature is set to 75 °C. Temperature equilibration takes about 20 min and
during this period, gelatinization and reaction probably happen. Upon reaching 75 °C, starch
hydrolysis resumes and the glucose yield increases (Figure 5). We hypothesize that this further
glucose yield at 75 °C comes from the unreacted crystalline starch which eventually becomes

amorphous and hydrolyzes to glucose.
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Figure 5. Time profile of glucose concentration from potato starch hydrolysis (amorphous +
crystalline) in LiBr AMSH. Reaction conditions: 0.1 g of starch in 3.64 ml of LiBr AMSH, T
=60 °C. A: amorphous region hydrolysis (60 °C). B: temperature equilibration from 60 to 75
°C C: crystalline region hydrolysis (75 °C).

To directly probe the presence of unconverted “crystalline” particulates in potato starch
hydrolysis, we further used light scattering techniques. With static light scattering (Figure S4), we
measure the initial particle size distribution of potato starch in LiBr AMSH to be 45 microns,
which is consistent with values reported in prior findings®. After hydrolysis of potato starch in
LiBr AMSH for one hour, we identify particulates of 2 microns average size using DLS (Figure
S5). These particulates, which remain in AMSH solution at 60 °C (suspected to be crystalline

starch remnants), convert to glucose above the gelatinization temperature (region C in Figure 5).

For the simulation of amorphous starch hydrolysis, a linear polysaccharide of DP of 3000 was
assumed. This DP was obtained by averaging values of DP reported in the literature for potato
starch amylose*”%%52, The amorphous content of starch, used in the simulation, was obtained by
multiplying the mass of starch in the solution by the amorphous fraction index (~0.7), obtained
from XRD measurements. The model, with one fast scission linkage (rate constant ki) and the
remaining slow scission linkages (rate constant k2), was used to simulate starch hydrolysis. Figure

6 compares experimentally quantified glucose
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Figure 6. Time profile of products from potato starch hydrolysis in LiBr AMSH. Reaction
2 conditions: 0.1 g of starch in 3.64 ml of LiBr AMSH, T =60 °C. Lines are model predictions
22 and points are experimental data.

24 and oligosaccharides concentrations with the model predicted values. While oligosaccharides of
DP only up to 4 were quantified experimentally, due to available standards for calibration, the
27 model described all saccharides up to n = 3000. Experimental quantification of oligosaccharides
29 of DP >6 by the chromatographic separation method is challenging. The model circumvents this
31 challenge and predicts time dependent concentrations (Figure 6) for saccharides produced during

the reaction. The parity plot in Figure S6 suggests good agreement between model and experiments
35 Effect of saccharide chain length on hydrolysis

37 Taken all together, a model that includes scission of the non-reducing terminal (fast scission,
39 k1) and of all other linkages (slow scission, k2) and potentially a ring opening step, if needed, can
41 describe the hydrolysis of saccharides of any chain length and chain configuration (cyclic or open
chain). Next, the effect of chain length on saccharide hydrolysis rate constant and the yield of
44 glucose were elucidated. As seen in Figure 7a, Figure S7 and Equation 12, the substrate
46 consumption rate constant, which has been described as first order with respect to the number of

48 glycosidic bonds (n-1) in a saccharide®2"5354 increases with increasing chain length

50 Saccharide hydrolysis rate constant = k, + k, (n — 2) (12)
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Figure 7. Effect of chain length on (a) saccharide hydrolysis rate constant and (b) glucose
formation rate constant (trendline shows inverse relation). Points are experimentally
determined rate constants. Reaction conditions: 0.1 g of oligosaccharide in 3.64 ml LiBr
AMSH, T =60 °C.

Interestingly, an inverse trend is observed when the glucose formation rate constant (see
Equations 3 & 4) is plotted vs. chain length (Figure 7b and Figure S8). This decrease in glucose
formation rate constant with chain length can be explained by comparing the time taken to
hydrolyze bonds in different saccharides. For example, comparing bond scission in maltose to

maltotriose, each bond scission in maltose directly forms two molecules of glucose with an average

characteristic time of ki For maltotriose hydrolysis to glucose, two different paths exist depending
1

on which of the two bonds is protonated (and subsequently hydrolyzed). The average characteristic
time for these two paths is longer than that for maltose. This is due to the fact that for long chains,
protonation does not happen at all bond sites at an instance?>42% and thus, only the protonated
bonds can by hydrolyzed. In contrast, for disaccharides, all molecules can be protonated at the
same time (at least in the continuum limit) and glucose forms faster. This characteristic time for
complete saccharide scission to glucose keeps increasing with chain length, as more intermediate
species form on their way to glucose. For the reasons discussed above, the fraction to glucose
produced from saccharide hydrolysis decreases as a function of chain length. It also implies that
glycosidic bonds are cleaved randomly, rather than in a stepwise manner from one chain end to
the other.
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Figure 8. Simulated glucose formation profile from hydrolysis of oligosaccharides or
polysaccharides of different chain length. Reaction conditions: 0.1 g of oligosaccharide in
3.64 ml of LiBr AMSH, T =60 °C.

Figure 8 shows an initial delay time in glucose formation from oligosaccharides or
polysaccharides of n >10. A similar trend was observed for cyclodextrin hydrolysis. This delay
arises from multiple bond scission steps occurring before forming glucose: polysaccharide - short
chain polysaccharide = oligosaccharide - glucose. The initial delay becomes more evident with
an increase in the chain length of linear saccharides, which results in lower glucose formation in
the early stages of hydrolysis. These results are in agreement with findings*? by Vanoye et al.
where the initial delay in glucose formation from cellulose was attributed to random scission along

the saccharide chain.

Importantly, the conversion of all substrates achieved > 90% glucose yields within 30 minutes.
This is due to a strong acidic environment created by LiBr AMSH which also prevents the
retrogradation of long chain saccharides. Long chain saccharide retrogradation had been identified
by Pinto et al?®. Retrogradation occurs due to the alignment of linear chains resulting in hydrogen
bond formation and subsequently weak crystalline centers between chains. LiBr AMSH, which
has been shown to be effective in distorting hydrogen bond interactions®>2® in cellulose and in
facilitating its hydrolysis to glucose, prevents retrogradation of long linear saccharide chains.
Because saccharide hydrolysis follows similar mechanism in pure acid?*?8, ionic liquids? and
acidified molten salt hydrate, our mass action kinetic model could be applicable to a broad
saccharide hydrolysis chemistry in Brgnsted acid media.
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Conclusions

This work focused on the kinetics of starch-saccharified glucose production from food waste as a
possible precursor for renewable chemicals and fuels. We studied experimentally hydrolysis
kinetics of a (1 —4) glycosidic bonds of small linear and cyclic oligosaccharides and actual potato
starch in LiBr AMSH and developed the first kinetic model that follows mass action kinetics. The
model parameters are estimated from the kinetics data of maltose, maltotriose and cyclodextrin
and then used to predict the rest. The experimentally measured concentrations agree well with the
model predictions. We find that all acyclic saccharides can be described with two rate constants
only. The non-reducing terminal bonds hydrolyze faster than all other bonds including the reducing
terminal bonds within a saccharide chain. The hydrolysis of cyclodextrin progresses via an initial
ring-opening followed by scission of all internal bonds. The hydrolysis rate constant of linear
saccharides is directly proportional to the substrate chain length, whereas the glucose formation
rate constant is inversely proportional to the chain length. Hydrolysis of potato starch, a complex
carbohydrate containing both crystalline and amorphous starch, progresses by deconstruction of
the amorphous phase at 60 °C. The crystalline starch gelatinizes to amorphous at higher
temperatures, e.g., 65 °C, and thereafter it hydrolyzes to glucose. The AMSH is a very effective
medium for short processing times and high glucose yields. A two-step modeling approach -
heterogeneous shrinking particle step and hydrolysis - will be necessary for the kinetic model of

cellulose with B-glycosidic bonds because of its dissolution limitation in aqueous solvent.
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