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KEYWORDS Abstract The lumped kinetic model for the degradation reactions of chitosan by hydrodynamic
Hydrodynamic cavitation; cavitation was investigated in this study. The molecular weight distributions and mass concentra-
Chitosan; tions were determined by gel permeation chromatograph (GPC). The degradation products were
Degradation; divided into several lumps according to their molecular weights. The appropriate number of lumps
Lumped; for the kinetic study was determined by comparing the residual sum of squares (RSS) values among
Kinetic; different models. The RSS of six-lumped model (5.36 x 107%) was relatively small and the estima-
Reaction network tion of parameters was simpler than other models. In this paper, six-lumped kinetic model was

adopted and the corresponding reaction network was established. The kinetic parameters were esti-
mated with the Levenberg-Marquardt, and the results showed that the degradation reaction of chi-
tosan was mainly dominated by the formation of degradation products with similar molecular
weights. The maximum value of kinetic parameters on the diagonal of the reaction network
(1.63 x 107"y was much larger than that of non-diagonal kinetic parameters (3.78 x 10~?). Accord-
ing to the results calculated and measured under different conditions, this model could accurately
predict the concentration distributions of lumps in the reaction network, and most of the average
absolute deviation were smaller than 9.3%.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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tives have interesting properties such as nontoxicity, biocom-
patibility, antimicrobial activity (Zou et al., 2016),
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such as biotechnology (Kumar, 2000), pharmaceuticals (Czech
et al., 2020), wastewater treatment (lovino et al., 2016), cos-
metics, agriculture, food science, and textiles (Rinaudo,
2006). The characteristics of chitosan are dependent on its
molecular weight. For example, Song et al. (2020) found that
the zero-valent selenium nanoparticles stabilized by chi-
tooligosaccharide showed marked antitumor activity. Mei
et al. (2015) evaluated the anti-dermatophytic activity
in vitro and in vivo of a well-characterized chitooligosaccha-
ride sample obtained by hydrolysis with a recombinant chi-
tosanase. The sample exhibited significant clinical efficacy
against der-matophytic infection caused by T.rubrum.
Zaharoff et al. (2007) reported that a chitosan solution
improved the humoral and cell-mediated immunity to a pro-
tein antigen in the absence of additional adjuvants.

Organics can be degraded by several methods, including
acid hydrolysis (Lee et al.,, 1999), oxidative degradation
(Tian et al.,, 2004), enzymatic degradation (Kim and
Rajapakse, 2005), photodegradation (Liu et al., 2019) and
degradation by hydrodynamic cavitation. During the process
of hydrodynamic cavitation, vapor bubbles are formed in
aqueous solutions because of the variation of pressure
(Chuah et al, 2016). These bubbles collapse violently in high-
energy environment after growing (Chuah et al, 2015). In
aqueous solutions, radicals, especially hydroxyl radicals, are
produced. It was reported that hydrodynamic cavitation could
be used for the degradation of organic compounds (Capocelli
et al., 2013). Compared with other degradation methods,
hydrodynamic cavitation possesses many advantages such as
convenient operations, high efficiency, more uniform cavita-
tion fields than ultrasonic cavitation (Muley et al., 2019),
energy efficiency, shorter reaction time, economic point of
views as well as the potential for future implementation and
development in industries (Chuah et al., 2017). In the previous
work, chitosan degradation by hydrodynamic cavitation with
an orifice plate, turbine, Venturi tube and organ-pipe were per-
formed, and the impact of concentration, deacetylation degree,
temperature, pH, pressure, time, orifice plate structure, Ven-
turi and organ-pipe structures on the performance of degrada-
tion were discussed. The results indicated that chitosan can be
effectively degraded by hydrodynamic cavitation. Huang et al.
(2013) found that the degradation efficiency increased with
increasing temperature, treatment time and pressure, and
decreased with increasing solution concentration. Wu et al.
(2014) reported that orifice plates with larger numbers of holes
and smaller hole diameters could increase the intensity of cav-
itation and improve the chitosan degradation performance.
Huang et al. (2015) found that the inlet and outlet angles of
Venturi tube obviously affected the degradation performance
of chitosan and the synergistic degradation with impinging
stream and jet cavitation was significantly better than that of
single jet cavitation. Yan et al. (2020b) performed the chitosan
degradation experiments by using an organ-pipe. The results
showed that the degradation efficiency was significantly
improved by self-resonating cavitation.

The kinetics is one of the important research fields of chi-
tosan degradation. However, most work focused on the devel-
opment of products and optimization of experimental
conditions. There are few studies on the mechanism of chi-
tosan degradation. Degradation reactions of chitosan are a
complicated system, which contains many components and
numerous reactions (Huang et al., 2013). For example, a com-

ponent could act as both product and reactant in different
reactions. Parallel reactions exist with consecutive reactions
simultaneously. The kinetic behaviors of components was
unable to quantitatively describe (Shi et al., 2005). It is difficult
to determine the molecular weight distribution of degraded
chitosan. Using conventional experimental method to study
the kinetics of these complex reaction systems is hard.

In this work, a novel six-lumped kinetic model was estab-
lished to study the degradation reactions of chitosan by hydro-
dynamic cavitation based on the characteristics of
hydrodynamic cavitation and research strategies in petrochem-
ical industry (Zhang et al., 2017). First, the reaction system
was divided into several lumps based on the different physio-
logical activities of chitosan with different molecular weights
(John et al., 2019). Then, the lumps with similar kinetic
properties are combined to establish a six-lumped kinetic
model. Then, model fitting and parameters estimation using
a nonlinear least square method were achieved by the Matlab
software. This model is of great significance to the mechanism
research of chitosan degradation by hydrodynamic cavitation,
optimization of degradation conditions and determination of
product distributions. This method can be also applied to
the reaction kinetics investigations of similar complicated sys-
tems involving polysaccharides, lipids and nucleic acids.

2. Materials and methods

2.1. Materials

Chitosan (deacetylation degree > 90%) was obtained from
Kabo Industrial Co., Ltd. (Shanghai, China). Acetic acid
(CH3COOH) and sodium acetate (CH;COONa) were pur-
chased from Chengdu Kelong Chemical Reagent Factory.
Glucan was purchased from Waters, USA. Deionized water
was provided with a conductivity of 4 ps/cm.

2.2. Instruments

The experimental analysis was measured with a Waters gel per-
meation chromatograph equipped with an Ultrahydrogel col-
umn (Milford, Massachusetts, USA), 2414 refractive index
detector and 1515 pump. The hydrodynamic cavitation field
was generated in a home-made reactor equipped with a mag-
netic pump (1/2DW-750, rated voltage/power: 200 V/750 W,
Zhejiang Aolong Technology Development Co., Ltd. China)
and pressure guages (0.6 Mpa, Hangzhou Guanshan Instru-
ment Co., Ltd. China).

2.3. Methods

Fig. 1 shows the schematic of the experimental setup for
hydrodynamic cavitation. It consists of a closed-loop system.
The chitosan solution was drawn from a tank, and transferred
into the impinging reactor and jet cavitation reactor with two
magnetic pumps through the values V,, V, and V3. Then, the
solution was discharged into the tank. In the reactors, jet cav-
itation was generated by using a Venturi tube, which is illus-
trated in Fig. 2.

The optimized chitosan degradation conditions adopted in
this experiment were found by Huang et al. (2015). 3 L of a
3 g/L chitosan solution (pH = 4.4; contained 0.2 mol/L CH3-
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Fig. 1 Schematic presentation of the experimental setup for
hydrodynamic cavitation. 1-holding tank; 2-magnetic pump; 3-
rotameter; 4-impinging reactor; 5-jet cavitation reactor; 6-cooling
water; V1, V2, V3-valve.

COOH and 0.1 mol/L CH3;COONa) was poured into the tank.
The magnetic pumps were initiated. The reactions were per-
formed for 120 min, and samples were withdrawn every
5 min, under the conditions of pH of 4.4, and inlet pressure
of 0.4 Mpa (adjusted by the valves V| and V,). The experi-

ments were performed at different temperatures (30 °C,
35 °C, 40 °C, 45 °C, 50 °C and 60 °C). The inlet and outlet
angles of the Venturi tube in the hydrodynamic cavitation
device were adjusted to be 60 °and 76°, and the length and
diameter of the throat were measured to be 10 and 4 mm.

2.4. Characterization

The molecular weights and its distributions of the products
were measured by gel permeation chromatography (GPC) with
a mobile phase comprising 0.2 mol/L CH;COOH and 0.1 mol/
L CH3COONa and a flow rate of 0.6 mL/min (Moore, 1964).
25 puL sample was detected with the sensitivity of 32 under
detector and column temperatures of 30 °C. The glucan stan-
dard was used to calibrate the molecular weights of chitosan
samples (Ren et al., 2000).

After the degradation by hydrodynamic cavitation, the con-
centrations of degradation products were quantified by GPC
with a five-point calibration curve (0.9, 1.2, 1.5, 1.8, and
2.1 mg/mL) (Lee and Chang, 1996).

3. Results and discussion

3.1. Models establishment

Before the establishment of models, some hypotheses neces-
sary are presented as follows:

\
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Structure of Venturi tube (a) Photograph of Venturi setup (b).
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A. The degradation of chitosan follows the first-order reac-
tion kinetics.

B. Chitosan degradation products with similar molecular
weights have similar kinetic characteristics in the reac-
tion system. The lumps were divided according to the
molecular weights of products. The components in a
lump do not interact with each other.

C. The lump with high molecular weights can be degraded
into another lump with low molecular weights.
The lowest lump will not be degraded anymore. The
reaction rates of different lumps are different. Moreover,
no reverse reactions take place.

D. The reactions take place in a homogeneous solution, so
the influence of molecular diffusion will be ignored.

E. The hydrodynamic cavitation degradation of chitosan
agrees with the rules of random degradation.

The lumps were divided by their molecular weights which
are one of the most important parameters of chitosan, because
the kinetic properties will be affected by the molecular weights.
For example, oligochitosan has certain inhibitory effects on
fungi and microorganisms when the average molecular weights
were in the range of 5 kDa ~ 10 kDa (Kyoon No et al., 2002).
The oligochitosan with molecular weights of 1.5 kDa and
3 kDa showed excellent water solubility (Mourya et al.,
2011), moisture absorption, moisture retention and other
properties (Xia et al., 2011). The whole system should be sub-
divided according to the physiological activities before the
appropriate lump number was determined.

The reaction system was divided into n lumps based on the
hypotheses. The network established is shown in Fig. 3. In this
reaction network, molecular weights decrease from A; to A,.
If the reaction of each step exists, the number of reactions
(N,) equals n(n-1)/2. Building on the hypotheses and the

n-lumped reaction network, the differential equations
representing the reactions of these lumps are shown as follow:
de
T;I= —(kn +hn+ ki + .+ kion)ea, (1)
dey,
dti =knca, — (ko + ko + ...+ kopia))ca, (2)
dCA}
dtr = kipcq, +koica, — (kar + ... + k3(n—3))CA3 (3)
Ay
IC11 o A2
k k:
12 21 " A3
ky3 k» 3
13 22 31 A_‘
oy Red]| Ben]| ... [Fani A,

Fig. 3 Reaction network for n lumps.

dCA”
dt

= k- Ca, + ko) Cay + oo F KuonyiCay, (4)

As mentioned before, there are n(n-1)/2 reactions. Since
each reaction contains a reaction rate constant ky, a total of
n(n-1)/2 parameters are unknown. The equations are mass
balances.

3.2. Trade-off of the number of lumps

The whole degradation system was divided into 12 lumps
according to the analysis results in section 3.1. The molecular

weights of A; to Aj;, are above 1000 kDa,
800 kDa ~ 1000 kDa, 500 kDa ~ 800 kDa,
300 kDa ~ 500 kDa, 200 kDa ~ 300 kDa,

100 kDa ~ 200 kDa, 80 kDa ~ 100 kDa, 50 kDa ~ 80 kDa,
30 kDa ~ 50 kDa, 10 kDa ~ 30 kDa, 5 kDa ~ 10 kDa, and
below 5 kDa. The concentrations of degradation products at
different times are shown in Table 1. The changing trends of
mass concentrations over time are shown in Fig. 4(a). The con-
centrations of lumps Az, A; and Ajs increased first, and then
decreased slowly, showing similar kinetic behaviors. Same phe-
nomenons were observed in the profiles of lumps Ay and A,
A1; and Aj,. The lumped kinetics research method combines
components into certain groups, of which the kinetic behaviors
are similar. The number of variables and parameters can be
reduced and a complicated system can be simplified (Shi
et al., 2005). Based on these fundamental principles of lumped
kinetics and experimental results, eight-lumped model was
obtained by combing the above lumps with similar kinetic
behaviors.

According to the above-mentioned strategy, the eight-
lumped model can be further merged into seven-lumped, six-
lumped, five-lumped and four-lumped models. The fitting
results and corresponding RSS values of these models are
shown in Fig. 4(b)~(f) and Table 2. Among these models, the
eight-lumped and six-lumped models, with the RSS values of
5.18 x 107 and 5.36 x 107, exhibited better performances.
The number of unknown Kkinetic parameters k; in the six-
lumped model (15) was much smaller than those in the
seven-lumped and eight-lumped models. For the four-lumped
and five-lumped models, the RSS values were large, and the
molecular weight ranges of products in all the lumps were
too large, which may decrease the accuracy of parameters esti-
mated. In the sections below, the six-lumped kinetic model was
taken into account.

3.3. Six-lumped kinetic model and parameters estimation

3.3.1. Six-lumped kinetic model

The six-lumped kinetic model was established according to the
analysis results in sections 3.1 and 3.2. The ordinary differen-
tial equations are given as follows:

de

d/t11 = —(kn + ki + ks + kg + kis)ey, (5)
de

d;z = ke, — (kai + ko + kos + kaa)ea, (6)
de

d;3 = kiaca, +karca, — (Kar + ks + ksz)ea, ()
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Table 1 Chromatographic quantitative analysis results of different time degradation products.
t(min) 0 5 10 15 20 25 30 35 40
Mw > 1000 kDa 0.5909 0.4773 0.3969 0.3357 0.2690 0.2186 0.1627 0.1286 0.0972
Mw800 ~ 1000 kDa 0.0694 0.0721 0.0718 0.0687 0.0638 0.0590 0.0521 0.0465 0.0393
Mw500 ~ 800 kDa 0.1393 0.1545 0.1612 0.1593 0.1537 0.1481 0.1388 0.1292 0.1143
Mw300 ~ 500 kDa 0.1339 0.1592 0.1759 0.1808 0.1834 0.1857 0.1874 0.1830 0.1706
Mw200 ~ 300 kDa 0.0890 0.1102 0.1271 0.1350 0.1426 0.1507 0.1617 0.1644 0.1598
Mw100 ~ 200 kDa 0.1111 0.1396 0.1677 0.1825 0.1991 0.2189 0.2498 0.2642 0.2666
Mw80 ~ 100 kDa 0.0278 0.0347 0.0430 0.0473 0.0524 0.0589 0.0702 0.0765 0.0789
Mw50 ~ 80 kDa 0.0457 0.0560 0.0701 0.0772 0.0858 0.0970 0.1186 0.1310 0.1369
Mw30 ~ 50 kDa 0.0345 0.0404 0.0518 0.0555 0.0620 0.0697 0.0858 0.0980 0.1034
Mw10 ~ 30 kDa 0.0402 0.0396 0.0581 0.0477 0.0555 0.0627 0.0748 0.0888 0.0992
MwS ~ 10 kDa 0.0103 0.0079 0.0154 0.0064 0.0064 0.0101 0.0109 0.0145 0.0169
Mw < 5§ kDa 0.0058 0.0024 0.0092 0.0008 0.0009 0.0031 0.0031 0.0066 0.0057
Total mass concentration(mg/mL) 1.2979 1.2939 1.3483 1.2970 1.2745 1.2824 1.3160 1.3314 1.2889
t(min) 45 50 60 70 80 90 100 110 120
Mw > 1000 kDa 0.0740 0.0627 0.0403 0.0224 0.0151 0.0085 0.0039 0.0026 0.0009
Mw800 ~ 1000 kDa 0.0334 0.0298 0.0233 0.0152 0.0112 0.0073 0.0043 0.0029 0.0016
MwS500 ~ 800 kDa 0.1015 0.0937 0.0762 0.0570 0.0452 0.0323 0.0224 0.0159 0.0107
Mw300 ~ 500 kDa 0.1596 0.1534 0.1759 0.1378 0.1139 0.0988 0.0793 0.0623 0.1706
Mw200 ~ 300 kDa 0.1554 0.1548 0.1499 0.1340 0.1242 0.1088 0.0940 0.0799 0.0701
Mw100 ~ 200 kDa 0.2700 0.2786 0.2930 0.2817 0.2792 0.2633 0.2543 0.2344 0.2243
Mw80 ~ 100 kDa 0.0823 0.0870 0.0970 0.0980 0.1018 0.1025 0.1045 0.1018 0.1026
MwS50 ~ 80 kDa 0.1446 0.1554 0.1794 0.1865 0.1993 0.2081 0.2203 0.2233 0.2328
Mw30 ~ 50 kDa 0.1102 0.1207 0.1446 0.1540 0.1706 0.1856 0.2038 0.2163 0.2328
Mw10 ~ 30 kDa 0.1066 0.1158 0.1419 0.1586 0.1780 0.2089 0.2272 0.2544 0.2791
MwS5 ~ 10 kDa 0.0188 0.0193 0.0224 0.0299 0.0325 0.0443 0.0445 0.0536 0.0573
Mw < 5 kDa 0.0063 0.0066 0.0093 0.0115 0.0132 0.0188 0.0207 0.0260 0.0266
Total mass concentration(mg/mL) 1.2626 1.2777 1.3161 1.2628 1.2692 1.2707 1.2619 1.2598 1.2775

dey, ) The estimation values of reaction rate parameters and the
dt Kizea + ko, +haien = (ka +ka)ea, ®) comparison of experimental and calculation values at different

temperatures are shown in Table 4 and Fig. 5. It can be seen

de 45 = kaca, + kasca, + knca, + karca, — ksyca, (9) that the reaction rate constants in the degradation of different
dt o ) lumps into other lumps were rather different.

de.gs For example, the reaction rate constants in the degradation

e kisca, + kaaca, + kszcu, + kaca, + ksic, (10) of A; and A, into Az, A4, As and Ag were different. Under the

These differential equations correlate the mass concentra-
tions of the six lumps with degradation time, and 15
unknown reaction rate constants k; are to be determined.
The Levenberg-Marquart method (Huang, 2004) was used
to estimate these 15 kinetic parameters by using the Isqnonlin
function in the MATLAB software (Beers, 2006). Since the
number of unknown variables of three-lumped reaction net-
work equals the number of equations, several kinetic param-
eters k; could be obtained through calculations (Zhao et al.,
2011). These k; values were further used to solve four-
lumped, five-lumped and six-lumped equations. The Rung-
Kutta method was chosen to get the numerical solutions of
those ordinary differential equations by using the function
ode45 in Matlab, with the data regarding the mass concentra-
tions of lumps at different reaction times and temperatures.
For the minimization of errors, the nonlinear least square
method with the Isqnonlin function was used in the fitting
and estimation of the kinetic parameters in the reaction
network.

3.3.2. Estimation of lumped kinetic parameters

The degradation reactions were performed at 30, 40, 50 and
60 °C, and the products concentrations at different times were
determined, as shown in Table 3.

condition of same degradation time, the reaction rate con-
stants ki3, k14, and ks are relatively small in the degradation
of A; with a greater molecular weight, while those (ko,, k23,
and ky,) are relatively large in the degradation of A, with a
smaller molecular weight. In addition, the reaction rate con-
stants k1, ka1, k31, k41 and ks are large in the whole degrada-
tion process. The results illustrated that the degradation of
chitosan mainly occurred on the diagonal of the six-lumped
reaction network, and the reactions followed the path: A;-

- Ay, > A3 > Ay > As > Ag. This result may be caused
by the chemical and mechanical effects in the hydrodynamic
cavitation process. These effects led to different fracture sites
in chitosan chains. The chemical effect led to random cuts
and mechanical effect led to central cuts. As for the central
cut, the cleavage took place at the middle points of the chi-
tosan chains, and degradation products with larger molecular
weights were prone to form. In random cuts, each linkage of
the chitosan molecular chain had the same cleavage probabil-
ity. It can be seen that the lump A, was more likely to degrade
into lump A, rather than lumps As, A4, As, and Ag (Yan et al.,
2020a). At 60 °C, the values ki, ki3, k14, k15 were low. This is
probably because after the temperature reached a certain
value, the coefficient of viscosity and surface tension of the
solution decreased, and the vapor pressure of the solution
increased. The cavitation threshold decreased, and cavitation
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Fig. 4 Chitosan degradation curves for different lumps line-calculated value; dot-experimented value; t-degradation time; c-product

concentration.

bubbles were easily produced. However, with the increase of
temperature, the vapor pressure increased faster compared to
the temperature of solution. The transient high temperature
and high pressure generated by the collapse of cavitation
bubbles decreased, reducing the intensity of cavitation, weak-
ening the degradation rate. The similar situation was also

observed by Huang et al. (2015) in the process of chitosan
degradation. These results showed that the degradation reac-
tions of chitosan led to the formation of lumps with similar
molecular weights.

Analysis results in Table 4 indicate that six-lumped model
was well fitted to the experimental values at different temper-
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Table 2 Fitting results for different lumped kinetic models.

Lump Eight lumps Seven lumps Six lumps Five lumps Four lumps
Myw/x10* R? My/x 10 R? My/x10* R? Mw/x10* R2? Mw/x10* R2?
A lump > 100 0.9955 > 100 0.9951 > 100 0.9954 > 100 0.9954 > 100 0.9952
A, lump  80-100 0.9985 20-100 0.9948 20-100 0.9969  20-100 0.9967  20-100 0.9963
A;lump  20-80 0.9966 10-20 0.9842 10-20 0.9820 1020 0.9804 1020 0.9771
A;lump  10-20 0.9841 8-10 0.9859 8-10 0.9838  5-10 0.9945 <10 0.9961
Aslump 810 0.9832 5-8 0.9947 5-8 0.9948 <5 0.9953
Aglump  5-8 0.9944 1-5 0.9969 <5 0.9963
A;lump  1-5 0.9969 <1 0.8845
Aglump <1 0.9269
RSS 5018 x 1073 672 x 1072 536 x 107 6.02 x 107> 7.33 x 1073
Note: Myy is the molecular weight of the degraded chitosan. RSS is the residual sum of squares.
Table 3 Chromatographic quantitative analysis results for degradation products at 30 °C at different time.
t/min Concentration/mg-mL~" ca/mgmL~!
A; lump A, lump Ajz lump Ay lump As lump Ag lump
0 0.5909 0.4316 0.1111 0.0278 0.0457 0.0908 1.2979
5 0.4773 0.4960 0.1396 0.0347 0.0560 0.0904 1.2939
10 0.3969 0.5361 0.1677 0.0430 0.0701 0.1345 1.3483
15 0.3357 0.5437 0.1825 0.0473 0.0772 0.1105 1.2970
20 0.2690 0.5434 0.1991 0.0524 0.0858 0.1248 1.2745
25 0.2186 0.5434 0.2189 0.0589 0.0970 0.1456 1.2824
30 0.1627 0.5401 0.2498 0.0702 0.1186 0.1747 1.3160
35 0.1286 0.5231 0.2642 0.0765 0.1310 0.2079 1.3314
40 0.0972 0.4840 0.2666 0.0789 0.1369 0.2252 1.2889
45 0.0740 0.4498 0.2700 0.0823 0.1446 0.2419 1.2626
50 0.0627 0.4317 0.2786 0.0870 0.1554 0.2623 1.2777
60 0.0403 0.3863 0.2930 0.0970 0.1794 0.3202 1.3161
70 0.0224 0.3201 0.2817 0.0980 0.1865 0.3540 1.2628
80 0.0151 0.2793 0.2792 0.1018 0.1993 0.3944 1.2692
90 0.0085 0.2277 0.2663 0.1025 0.2081 0.4576 1.2707
100 0.0039 0.1830 0.2543 0.1045 0.2203 0.4961 1.2619
110 0.0026 0.1474 0.2344 0.1018 0.2233 0.5503 1.2598
120 0.0009 0.1211 0.2243 0.1026 0.2328 0.5958 1.2775
Note: cp is the sum of the concentration of six lumps.
Table 4 Parameters estimation results and fitting error of lumping model.
k/min~! Temperature®°C Relative error/% Temperature/°C
30 40 50 60 30 40 50 60
Ky 369 x 1072 409 x 107 598 x 107> 1.63x 107" A lump -1285  —18.14 2242 -30.56
kiz 6.54 x 107° 107 x 1073 139 x 10 217 x 1072 A, lump —4.67 —1.27 —1231  —14.50
ki3 349 x 1070 586 x 1078 6.14 x 10> 561 x 1072 A5 lump —4.76 —0.07 —1.29 —10.90
k14 268 x 103 456 x 107" 399 x 10 201 x 107" A, lump —13.08 —1.18 2.09 —6.23
kis 266 x 1073 9.11 x 10~ 8.05x 107° 222 x 107  Aslump —7.39 —0.71 0.78 —14.82
ko 9.64 x 10°° 130 x 1072 237 x 1072 773 x 1072 Ag lump —4.64 —1.43 —0.29 —0.46
koo 1.08 x 107> 2.85 x 1073 2.67 x 107> 4.37 x 1077
ks 3.56 x 107° 397 x 1073 313 x 1073 112 x 1073
koa 3.07 x 1070 945 x 1078 1.86 x 107> 1.11 x 1072
ks 483 x 107* 127 x 1073 128 x 1072 6.19 x 1072
e 178 x 102 2.11 x 103 9.65 x 107> 3.78 x 1072
ka3 947 x 107> 126 x 1072 887 x 1072 193 x 1073
kat 7.08 x 1078 1.69 x 1073 3.94 x 1072 1.59 x 107!
ks 1.01 x 1077 6.55 x 10~° 135 x 107 234 x 107"
ks 1.70 x 1073 3.38 x 102 272 x 1072 1.02 x 107!
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atures. The errors of fitting results at 30 °C, 40 °C and 50 °C
were small, especially those at 40 °C. The results showed that
the six-lumped kinetic model can well-describe the distribution
of degradation products of chitosan by hydrodynamic
cavitation.

It can be seen from Fig. 5(a)—(d) that the concentrations of
lump A, with the largest molecular weight declined over time
at different degradation temperatures. The degradation rates
of lump A increased with the increase of temperatures. In con-
trast, the concentrations of lump Ag with the lowest molecular
weight increased over time at different degradation tempera-
tures, and the formation rate of lump Ag was accelerated sig-
nificantly with the increase of temperatures. At the early
stages of the reactions, the formation rates of lumps A, and
Aj were higher than the degradation rates of A, and Aj;, lead-
ing to the increase of their concentrations. With the proceeding
of the degradation reactions, the concentrations of lumps A,
and Aj; declined because the degradation rates surpassed the
formation rates. The concentrations of lumps A, and As
showed an increasing trend at 30 and 40 °C, while they first
increased and then decreased at 50 and 60 °C. The main reason
could be that at low temperatures such as 30 and 40 °C, the
degradation rates of all the lumps were relatively low. With
the increase of temperature, the degradation reactions were

t/min

(d) 60 °C

Chitosan degradation curves at different temperatures. line-calculated value; dot-experimented value; t-degradation time; c-

accelerated. The degradation reactions reached a high level
in a short time, and the degradation degree of chitosan was
higher.

Fig. 5(d) shows that at 60 °C, the lumps A, A,, Az, Ay
and As almost completely degraded after 70 min of reactions,
and the mass concentration of lump Ag tended to be
constant. The results show that the reaction rates could be
obviously improved by increasing the temperatures of reac-
tions. A higher temperature facilitated the degradation pro-
cess (Huang et al., 2013). The degradation temperature and
degradation time were vital to the degradation of chitosan.
Products with medium molecular weights were obtained at
lower reaction temperatures or shorter reaction time, while
products with low molecular weights were obtained at higher
reaction temperatures or over longer reaction time. In sum-
mary, the composition and distribution of chitosan degrada-
tion products can be controlled by adjusting the reaction time
and temperature.

3.4. Activation energy results of lumped reactions

The correlations between reaction rate constants Ink and 1/T
corresponding to the points on the diagonal of the six-
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Fig. 6 Reaction rate constants with temperature. T-temperature; k-reaction rate constants.

lumped reaction network at 30 ~ 60 °C are illustrated in Fig. 6.
The correlations were in good accordance with the Arrhenius
equation, and the corresponding activation energy values were
calculated to be 40 ~ 399 kJ-mol~!. The corresponding equa-
tions are given as follow:

4.82
Inky, = 12,413 — 3827 (11)
T
6.8569
Inks; = 17.757 — 22207 (12)
T
16.982
Inks; = 48.082 — 6Tﬂ (13)
Inky, — 144,13 — 28016 (14)
T
14.466

3.5. Prediction ability of the model

The prediction ability of the model and reliability of kinetic
parameters obtained by fitting were assessed by comparing
the fitting results with data derived in other experiments under
different degradation reaction conditions. The degradation
reactions were carried out at 35 and 45 °C, and the samples
were withdrawn at 0, 8, 16, 24, 32, 42, 55, 65, 75, 85, 95,
105, 115, 120 min.

The values calculated and measured are depicted in Tables 5
and 6. Most of the average absolute deviations were < 9.3%,
except the prediction deviation for the lump A;. The large devi-
ation for the lump A; may be due to that the degradation prod-
ucts contained chitosan with molecular weights beyond the
detection range of the gel permeation chromatograph. Another
reason may be that the range of molecular weights of chitosan in
the lump A was large, resulting in different kinetic properties of
certain products. In addition, the large number of parameters
could also increase the errors for the rate constant estimated.
The average absolute deviations for lumps A,, A; and Ag

Table 5 Comparison between calculated values of six lumps and experimental values at 35 °C.

t/min A, lump/mgmL~" A, lump/mgmL~"  A; lump/mgmL~" A, lump/mgmL~' Aslump/mgmL~" Ag lump/mg-mL~"
Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal.

8 0.3721 0.3879 0.4505 0.5086 0.1345 0.1472 0.0342 0.0358 0.0558 0.0598 0.0863 0.0986
16 0.3044 0.2568 0.5673 0.5341 0.2009 0.1914 0.0532 0.0475 0.0882 0.0793 0.1367 0.1288
24 0.1965 0.1700 0.5399 0.5178 0.2300 0.2286 0.0634 0.0595 0.1059 0.1001 0.1718 0.1620
32 0.1266 0.1125 0.5150 0.4792 0.2558 0.2560 0.0735 0.0706 0.1258 0.1214 0.2147 0.1983
42 0.0729 0.0672 0.4626 0.4179 0.2838 0.2759 0.0872 0.0820 0.1543 0.1471 0.2538 0.2479
55 0.0331 0.0344 0.3634 0.3356 0.2852 0.2812 0.0949 0.0917 0.1752 0.1762 0.3082 0.3188
65 0.0151 0.0205 0.2893 0.2779 0.2898 0.2734 0.1051 0.0953 0.2049 0.1935 0.4081 0.3773
75 0.0077 0.0123 0.2329 0.2274 0.2722 0.2586 0.1042 0.0957 0.2097 0.2059 0.4430 0.4381
85 0.0037 0.0073 0.1933 0.1846 0.2628 0.2394 0.1062 0.0936 0.2217 0.2130 0.5078 0.5000
95 0.0017 0.0044 0.1513 0.1490 0.2483 0.2178 0.1081 0.0895 0.2370 0.2153 0.5966 0.5620
105 0.0005 0.0026 0.0989 0.1197 0.1997 0.1955 0.0937 0.0840 0.2154 0.2132 0.5722 0.6230
115 0.0002 0.0016 0.0714 0.0959 0.1799 0.1734 0.0929 0.0776 0.2289 0.2075 0.7121 0.6821
120 0.0006 0.0012 0.0543 0.0858 0.1576 0.1627 0.0864 0.0742 0.2215 0.2035 0.7523 0.7106
MAD/%  —24.35% —2.95% 2.78% 9.25% 4.31% 1.88%

Note:MAD is the mean absolute deviation. Exp. is the observed value by experiment. Cal. is the calculated value by lumped model.
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Table 6 Comparison between calculated values of six lumps and experimental values at 45 °C.

t/min A, lump/mgmL~" A, lump/mgmL~"  A; lump/mgmL~" A, lump/mgmL~" Aslump/mgmL~' Ag lump/mg-mL~"
Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal.

8 0.3777 0.3649 0.4893 0.4944 0.1501 0.1415 0.0381 0.0348 0.0622 0.0578 0.1001 0.0936
16 0.2692 0.2356 0.5416 0.5183 0.1990 0.1825 0.0528 0.0455 0.0874 0.0776 0.1463 0.1278
24 0.1668 0.1521 0.4951 0.4973 0.2139 0.2171 0.0591 0.0559 0.0990 0.0985 0.1583 0.1660
32 0.0929 0.0982 0.4744 0.4545 0.2655 0.2428 0.0792 0.0654 0.1384 0.1191 0.2389 0.2070
42 0.0457 0.0569 0.3786 0.3893 0.2551 0.2619 0.0804 0.0753 0.1438 0.1431 0.2443 0.2605
55 0.0240 0.0279 0.3295 0.3051 0.2842 0.2683 0.0977 0.0846 0.1848 0.1695 0.3691 0.3315
65 0.0135 0.0162 0.2737 0.2478 0.2787 0.2624 0.1012 0.0893 0.1969 0.1856 0.3827 0.3858
75 0.0058 0.0094 0.2016 0.1989 0.2504 0.2500 0.0968 0.0921 0.1975 0.1978 0.4256 0.4389
85 0.0023 0.0054 0.1527 0.1583 0.2328 0.2334 0.0983 0.0933 0.2113 0.2063 0.4953 0.4903
95 0.0016 0.0031 0.1286 0.1253 0.2203 0.2144 0.0974 0.0932 0.2161 0.2114 0.5462 0.5396
105 0.0006 0.0018 0.0976 0.0988 0.2029 0.1944 0.0965 0.092 0.2248 0.2135 0.6209 0.5864
115 0.0003 0.0010 0.0711 0.0776 0.1706 0.1744 0.0860 0.090 0.2087 0.2131 0.6363 0.6308
120 0.0003 0.0008 0.0620 0.0688 0.1585 0.1647 0.0819 0.0888 0.2020 0.2120 0.6193 0.6520
MAD/%  —26.75% 0.29% 2.40% 6.85% 3.97% 2.67%

Note:MAD is the mean absolute deviation. Exp. is the observed value by experiment. Cal. is the calculated value by lumped model.

were < 3%, and those for A, and As were slightly larger. The
reason is that the degradation rates of chitosan were low at
35°C and 45 °C, and the lumps A4 and As did not completely
degrade. The analysis results indicated that multi-parameter
lumped kinetic models can quantitatively predict the degrada-
tion process of chitosan and concentration distribution of
lumped components in the reaction networks.

4. Conclusion

In this work, the lumped kinetics of chitosan degradation by
hydrodynamic cavitation was investigated. The six-lumped
model showed a better prediction ability with most of the aver-
age absolute deviations < 9.3%, and the parameters estimated
were uncomplicated. The six-lumped reaction kinetic parame-
ters showed that the degradation reactions of chitosan mainly
occurred on the diagonal of the reaction network. The maxi-
mum value of the kinetic parameters on the diagonal
(1.63 x 107") was much larger than that of non-diagonal
kinetic parameters (3.78 x 1072). Namely, lumps with close
molecular weights were mainly generated in the degradation
reactions. The multi-parameter six-lumped kinetic model
quantitatively described the complex degradation process of
chitosan by hydrodynamic cavitation, effectively predicted
the concentration distribution of each lump, and resolved the
concerns resulting from the diverse distributions of degrada-
tion products. This work is beneficial for the research on the
kinetics of complex degradation reactions of chitosan and
other polysaccharides.
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