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Abstract
Chestnut	starch	acetate	 (CSA)	was	prepared	by	attaching	acetic	anhydride	groups	
on	 chestnut	 starch	 (CS)	molecules.	 The	 process	 conditions	 for	 the	 preparation	 of	
CSA	were	optimized	through	single-	factor	testing	and	response	surface	analysis.	The	
optimal	conditions	were	as	 follows:	acetic	anhydride	content	7%,	 time	of	 reaction	
92	min,	temperature	33°C,	and	pH	8.	The	actual	average	apparent	viscosity	of	CSA	
was 480.53 ±	0.29	mPa·s,	which	was	109.38%	higher	than	that	of	natural	CS.	Fourier	
transform infrared spectroscopy analysis showed that the hydroxyl group was re-
placed	by	the	acetyl	group	on	the	acetic	anhydride.	The	X-	ray	diffraction	analysis	re-
vealed	that	the	crystal	form	of	CSA	was	type	C	even	after	modification.	As	observed	
by	scanning	electron	microscopy,	the	surface	of	some	CSA	granules	presented	dif-
ferent	degrees	of	sag,	breakages,	and	wrinkles.	The	water	retention	analysis	of	the	
dough	revealed	that	the	addition	of	CSA	in	the	dough	was	6%,	and	the	dough	had	
the	strongest	hydrophilicity	and	the	best	water	retention.	Further,	a	high	number	of	
freeze-	thaw	cycles	reduced	the	water	retention	of	the	dough.	The	texture	charac-
teristics	analysis	indicated	the	addition	of	CSA	in	the	raw	dough	was	6%–	9%,	which	
improved	the	firmness	and	toughness	of	the	frozen-	thawed	dough.

Practical applications
The	chestnut	processing	industry	is	looking	for	a	new	way	to	develop	chestnut	de-
rivatives	and	comprehensively	utilize	chestnut	fruit	waste.	As	the	main	component	of	
chestnut	fruit,	starch	can	be	used	as	a	substitute	for	traditional	starch	sources	such	
as	cereals	and	tubers.	In	recent	years,	modified	starch	has	been	widely	used	in	food	
processing	fields	such	as	bread,	ice	cream,	and	gluten-	free	food	due	to	its	excellent	
properties	such	as	high	transparency,	good	stability,	and	strong	water	retention.	The	
present study provides an investigation about optimization of chestnut starch ac-
etate	(CSA)	synthesis	by	response	surface	3D	modeling	methodology	and	its	effect	
on	dough	properties.	The	results	show	that	the	technology	of	preparing	CSA	can	be	
regarded as one of the excellent alternative methods to simplify the processing and 
improve	 the	quality	of	modified	 starch.	And	 the	modified	 starch	 is	 applied	 to	 the	
dough,	the	dough	shows	excellent	water	retention,	and	its	hardness	and	toughness	
are also improved. We believe that the chestnut industry can use the results of this 
research in the reprocessing of chestnut derivative products and utilization of dis-
carded chestnuts.
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1  | INTRODUC TION

Starch acetate is a derivative of starch with a wide range of ap-
plications	and	high	commercial	value.	Starch	acetate,	 in	 its	paste	
form,	 has	 high	 transparency,	 high	 viscosity,	 more	 stability,	 low	
gelatinization	 temperature,	 strong	acid	and	alkali	 resistance,	and	
excellent	freeze-	thaw	stability	compared	to	starch.	Therefore,	this	
product	is	widely	used	in	food,	paper,	textiles,	medicine,	and	other	
industries	(Volket	et	al.,	2010;	Zhang	et	al.,	2018).	Starch	acetate	
with	a	low	degree	of	substitution	is	often	used	as	a	thickener,	gell-
ing	agent,	and	stabilizer	in	the	food	industry	(Diop	et	al.,	2011;	Lin	
et	al.,	2019).

The acetylation modification process and characteristics of 
some	 common	 varieties	 of	 starch	 have	 been	 studied	 (Cuenca	
et	al.,	2019).	Asima	et	al.	(2017)	studied	the	physicochemical,	rheo-
logical,	and	structural	characterization	of	acetylated	oat	starches.	
Mi	et	al.	(2014)	analyzed	the	effect	of	potato	starch	acetate	on	the	
freeze	cracking	of	quick-	frozen	dumpling	skins.	Pan	et	al.	 (2020)	
researched	 preparation	 of	 cassava	 acetylated	 starch	 by	 rolling-	
assisted	method.	However,	further	research	is	necessary	to	evalu-
ate the potential uses of other alternative starch sources. The main 
sources	 of	 commercial	 starch	 are	 wheat,	 potato,	 corn,	 cassava,	
rice,	and	oat	(Colussi	et	al.,	2017;	Molavi	et	al.,	2018;	Przetaczek-	
Rożnowska,	2017).	Nevertheless,	other	sources,	such	as	chestnut	
starch,	 have	 also	 been	 reported	 and	 partially	 characterized	 (Hu	
et	 al.,	 2020;	Oh	et	 al.,	 2019;	Zhang	et	 al.	 2019).	At	 present,	 the	
available information about the preparation conditions and char-
acteristics	of	CSA	is	very	limited.

The	 world	 production	 of	 chestnut	 fruit	 is	 about	 1.26	 million	
tons,	of	which	Chinese	chestnut	production	accounts	for	more	than	
half	of	the	world's	total	production,	ranking	first	 in	the	world	(Bao	
et	al.,	2018;	Hao	et	al.,	2018;	Tang	et	al.,	2019).	The	starch	content	in	
chestnut	fruit	is	between	50%	and	80%	(dry	weight).	This	crop	can	
be a good substitute for traditional starch sources such as tubers and 
cereals	(Ahmed	&	Al-	Attar,	2015;	Wang	et	al.,	2019).	Chestnut	fruits	
are highly perishable and seasonal. Some chestnut fruits are dis-
carded	during	industrial	processing	due	to	their	undesirable	shape,	
color,	 and	 size,	 insect	 bites,	 plagues,	 and	 other	 deformities.	 Such	
discarded	 fruits	 account	 for	 about	 30%;	 thus,	 it	 can	 be	 used	 as	 a	
cheap source of starch. This will improve the economic efficiency of 
the	industrial	process.	Thus,	we	selected	this	source	of	starch	to	in-
crease the utilization of discarded chestnuts and valorize the waste 
of	the	chestnut	 industry	 (Fariña	et	al.,	2019;	Liu	et	al.,	2015;	Zhao	
et	al.,	2018).	Natural	chestnut	starch	lacks	some	properties,	such	as	
low	viscosity	and	poor	freeze-	thaw	stability,	which	limit	its	applica-
tion	in	the	food	industry	(Attanasio	et	al.,	2014;	Hu	et	al.,	2014;	Oh	
et	al.,	2017).	 In	order	to	overcome	these	 limitations,	starch	can	be	
modified to meet the needs of industrial processes.

In	this	study,	chestnut	starch	and	acetic	anhydride	were	used	to	
prepare	 chestnut	 starch	 acetate	 (CSA)	 through	wet	methods,	 and	
the preparation conditions were optimized. This process could be an 
alternative for the development of chestnut products and effective 
utilization of waste chestnut fruit.

2  | MATERIAL S AND METHODS

2.1 | Materials

Chinese	chestnut	fruits	(Castanea mollissima	Blume)	were	harvested	
in	QianXi,	Hebei	Province,	China.	Acetic	anhydride	was	purchased	
from	Xilong	Chemical	Co.,	Ltd.	 (Shijiazhuang,	China).	Other	chemi-
cals	were	 of	 analytical	 reagent	 grade	 (Zhenhua	Chemical	 Reagent	
Co.,	Ltd.	Shijiazhuang,	China).

2.2 | Preparation of CS

CS	was	prepared	according	to	the	method	of	Hu	et	al.	 (2020).	The	
chestnut	kernel	was	peeled	and	chopped	into	small	pieces	and	im-
mersed	in	NaOH	solution	(0.2%,	w/v)	for	3	hr	at	4°C.	Subsequently,	
CS	was	obtained	as	a	precipitate	in	water	after	grinding,	homogeniz-
ing,	centrifuging,	washing,	and	lyophilizing	(at	−30°C	for	36	hr	with	
the	vacuum	degree	of	0.01	MPa).

2.3 | Preparation of CSA

Starch	slurry	(40%,	w/w)	was	prepared	by	adding	distilled	water	to	10	g	
CS	to	a	final	weight	of	25	g	 in	a	beaker.	A	desired	amount	of	acetic	
anhydride	was	added	to	the	starch	slurry,	which	reacted	for	a	period	of	
time	under	suitable	temperature	and	pH	conditions	(0.75	mol/L	NaOH	
to	adjust	pH).	The	mixture	slurry	was	stirred	by	a	magnetic	stirrer	until	
the	reaction	was	over,	and	the	pH	of	the	reaction	system	was	adjusted	
to	7	with	0.5	mol/L	hydrochloric	acid.	The	reaction	product	was	 fil-
tered in a suction filter machine to obtain acetylated starch. The wet 
starch was eluted three times with distilled water to remove unreacted 
acetic	anhydride;	the	eluted	product	was	then	dried	in	a	freeze-	dryer	
for	24	hr	to	obtain	CSA.	The	acetylation	reaction	is	shown	in	Figure	1.

2.4 | Preparation of dough samples

Dough samples were prepared according to the method described by 
Wang	et	al.	(2017)	with	slight	modifications.	The	flours	were	prepared	
by	adding	different	amounts	of	CSA	(0%,	3%,	6%,	9%,	and	12%	= per-
centage	 of	 dry	 basis,	 w/w).	 Then	 flour	was	mixed	with	water	 at	 a	
ratio	of	2:1	(m/V),	the	dough	was	kneaded	for	15	min,	wrapped	with	
a	plastic	wrap,	and	placed	at	25°C	for	1	hr.	The	dough	was	frozen	at	
−20°C	for	24,	48,	72,	96,	and	120	hr,	then	thawed	at	40°C	for	1	hr.	
The	dough	samples	without	CSA	and	after	1,	2,	3,	4,	and	5	freeze-	
thaw	cycles	were	denoted	as	F0,	F1,	F2,	F3,	F4,	and	F5,	respectively.

2.5 | Experimental design and statistical analysis

In order to determine the effect of the amount of acetic anhydride 
on	the	apparent	viscosity	of	starch	acetate,	the	chestnut	starch	was	



     |  3 of 13HU and LI

acetylated	with	different	amounts	of	acetic	anhydride	(2%,	4%,	6%,	
8%,	and	10%	of	dry	weight,	w/w)	at	30°C	for	90	min,	and	pH	8.	In	
order to study the effect of temperature on the apparent viscos-
ity	 of	 starch	 acetate,	 the	 chestnut	 starch	was	 acetylated	with	6%	
acetic	 anhydride	 (w/w)	 at	 different	 reaction	 temperatures	 (10,	 20,	
30,	40,	and	50°C)	for	90	min	and	pH	8.	In	order	to	understand	the	
effect	of	reaction	time	on	the	apparent	viscosity	of	starch	acetate,	
the	chestnut	starch	was	acetylated	with	6%	acetic	anhydride	(w/w)	
at	30°C	for	different	 reaction	time	 (30,	60,	90,	120,	and	150	min)	
and pH 8. In order to investigate the effect of pH on the apparent 
viscosity	of	starch	acetate,	the	chestnut	starch	was	acetylated	with	
6%	acetic	anhydride	(w/w)	at	30°C	for	90	min	and	different	pH	(7,	8,	
9,	10,	and	11).

Based	 on	 the	 single-	factor	 test,	 the	 appropriate	 range	 of	
each	factor	was	determined,	and	response	surface	methodology	
(RSM)	was	used	to	determine	optimum	conditions.	As	shown	 in	
Table	1,	 the	four	 factors	chosen	for	 this	study	were	designated	
as X1,	X2,	X3,	and	X4.	These	factors	are	divided	into	three	levels,	
coded	as	−1,	0,	and	+1	for	low,	medium,	and	high	values,	respec-
tively.	The	apparent	viscosity	of	the	sample	was	taken	as	the	re-
sponse value.

Based	 on	 the	 experimental	 data,	 a	 second-	order	 polynomial	
model corresponding to the center group and design of the response 
surface was fitted to predict the optimal conditions. The nonlinear 
second-	order	polynomial	model	is	expressed	as	follows:

where V is the response function. β0 is a constant; Xi is the coded level 
of independent variables. X2

i
 and XiXj	present	the	quadratic	and	inter-

action	terms,	respectively.	βii,	βij,	βi	are	the	quadratic,	interactive,	and	
linear	coefficients,	respectively.

2.6 | Analysis of apparent viscosity

The	apparent	viscosity	of	the	CS	sample	was	determined	using	the	
method	described	by	Hu	et	al.	(2014).

2.7 | Structural characteristics of CS samples

2.7.1 | FTIR	spectroscopy

FTIR	spectra	of	CS	and	modified	CS	were	recorded	on	Nicolet	8700	
FFTIR	spectrometer	(Thermo	Fisher	Scientific,	Waltham,	MA,	USA).	
All	spectra	were	obtained	from	400	to	4,000	cm−1 at a resolution of 
4 cm−1	(Sukhija	et	al.,	2016).

2.7.2 | Crystal	analysis

The	 crystalline	 properties	 of	 CS	 and	 CSA	 were	 analyzed	 using	
D8	 ADVANCE	 X-	ray	 diffractometer	 (Bruker	 Co.,	 Ltd.,	 Karlsruhe,	
Germany).	The	scanning	region	of	diffraction	angle	ranged	from	1.5°	
to	60°	(2θ)	with	a	scanning	speed	of	8°(2θ)/min	(Jeddou	et	al.,	2016).

2.7.3 | SEM	analysis

The	granules	of	CS	and	CSA	were	examined	by	S-	4800I	SEM	instru-
ment	(Hitachi	Company,	Tokyo,	Japan).	The	samples	were	scanned	
and photographed under the conditions of electron gun acceleration 
of	20	KV	and	magnification	of	1,000,	3,000,	and	5,000	according	to	
the	method	of	Zhang	et	al.	(2018).

2.8 | Analysis of water retention of dough samples

Syneresis is generally used to indicate the water retention of the sample. 
The	higher	syneresis,	the	weaker	the	water	retention,	and	vice	versa.

2.9 | Texture characteristics of raw dough

The	dough	was	pressed	to	a	thickness	of	4	mm,	cut	 into	a	circular	
piece	with	a	45-	mm	circular	mold.	The	firmness	and	toughness	of	the	
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F I G U R E  1   The esterification process of chestnut starch by with acetic anhydride
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dough	were	measured	by	a	Universal	TA	texture	analyzer	(Shanghai	
Tengba	Instrument	Technology	Co.,	Ltd.,	Shanghai,	China).	The	test	
probe	used	P/BS	probe	and	the	pretest	speed	was	2	mm/s,	the	meas-
urement	speed	was	2	mm/s,	the	post-	test	speed	was	2	mm/s.	The	
compression	distance	was	30	mm,	 the	 trigger	 force	was	10	g,	 the	
compression	rate	was	70%,	the	test	interval	was	4	s,	and	the	trigger	
force type was automatic.

2.10 | Statistical analysis

The experimental data of dough texture analysis were mean values 
of six replications ± standard deviation. Other experimental data 
were	the	average	of	triplicate	experiments,	which	were	expressed	as	
mean ±	standard	deviation.	The	data	were	analyzed	using	SPSS	19.0	
software.	The	design-	expert	8.0.6	(Stat-	Ease	Inc.,	Minneapolis,	MN)	

TA B L E  1  Box-	Behnken	experimental	design	with	four	independent	variables	and	results

Coded symbols Factors

Levels

−1 0 1

X1 Amount	of	acetic	anhydride	(%) 5 6 7

X2 Time	(min) 70 90 110

X3 Temperature	(°C) 25 30 35

X4 pH 7.5 8.0 8.5

Run

Independent variables Responses

Amount of acetic anhydride 
(%) Time (min) Time (°C) pH

Apparent 
viscosity (mPa·s)

1 6 90 25 7.5 411.12

2 7 90 30 7.5 433.55

3 7 70 30 8.0 448.51

4 6 90 35 7.5 433.54

5 6 70 30 7.5 410.98

6 6 90 30 8.0 470.33

7 6 90 30 8.0 465.13

8 7 90 35 8.0 457.65

9 6 70 25 8.0 418.69

10 6 110 30 8.5 455.98

11 6 70 30 8.5 455.97

12 6 110 30 7.5 441.02

13 5 90 25 8.0 411.12

14 7 90 30 8.5 470.92

15 6 110 25 8.0 433.55

16 7 90 25 8.0 418.61

17 6 90 35 8.5 470.92

18 5 70 30 8.0 426.07

19 5 90 30 7.5 421.03

20 6 90 25 8.5 426.07

21 6 90 30 8.0 478.44

22 5 90 35 8.0 426.07

23 1 110 30 8.0 463.45

24 5 90 30 8.5 426.07

25 5 110 30 8.0 426.23

26 6 70 35 8.0 448.51

27 6 90 30 8.0 470.94

28 6 90 30 8.0 461.22

29 6 110 35 8.0 455.98
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was used for the experimental design and regression analysis of the 
experimental data.

3  | RESULTS AND DISCUSSIONS

3.1 | Single factor result analysis

3.1.1 | Effect	of	amount	of	acetic	anhydride	on	the	
apparent viscosity of modified starch

Figure	2a	indicates	that	the	apparent	viscosity	of	the	sample	increased	
significantly as the amount of acetic anhydride increased and reached 
414.06	mPa·s	at	6%.	Then,	the	apparent	viscosity	increased	slowly.	The	
possible reason for this phenomenon is that in the early stage of the 
reaction,	as	the	amount	of	acetic	anhydride	increased,	the	probability	
of	collision	between	the	acid	anhydride	and	the	active	center	Starch-	
O–		Na+	 increased,	and	the	effective	collision	of	the	reaction	also	 in-
creased. This significantly increased the degree of starch acetylation 
and	apparent	viscosity.	Because	the	starch	molecules	had	already	been	
consumed	 in	 large	amounts	 in	 the	early	 reaction,	 a	 further	 increase	
in	 acetic	 anhydride	 drastically	 reduced	 the	 pH	 of	 the	 reaction	 (Lin	
et	al.,	2019).	Therefore,	the	chance	of	hydrolysis	of	acetic	anhydride	

was	increased	under	acidic	conditions,	which	was	not	conducive	to	the	
reaction.	As	a	result,	the	reaction	efficiency	decreased	and	the	appar-
ent viscosity increased slowly.

3.1.2 | Effect	of	time	on	the	apparent	viscosity	of	
modified starch

As	can	be	seen	in	Figure	2b,	the	apparent	viscosity	of	CSA	increased	
with	the	extension	of	reaction	time,	reaching	the	maximum	value	at	
90	min,	then	the	apparent	viscosity	decreased	with	further	increas-
ing the time. The possible reason is that with the extension of the 
reaction	time,	the	contact	time	of	the	reactants	increased,	and	the	
starch	 structure	 became	 looser.	Meanwhile,	 the	 accelerated	 ther-
mal motion of the molecules was conducive to the contact between 
the	reaction	groups,	resulting	in	the	complete	acetylation	reaction,	
a	 higher	 degree	 of	 acetylation,	 and	 correspondingly	 higher	 appar-
ent	viscosity	(Xiao	et	al.,	2016).	After	90	min,	the	reaction	efficiency	
decreased	with	the	decrease	of	reactant	concentration.	Moreover,	
when	the	reaction	reached	equilibrium,	the	hydrolysis	rate	of	starch	
acetate was faster than the synthesis rate of starch acetate. In ad-
dition,	under	high-	temperature	conditions,	the	acetylation	of	the	re-
actants	reached	a	certain	level,	and	the	reaction	time	continued	to	

F I G U R E  2  The	effect	of	different	reaction	parameters:	(a)	amount	of	acetic	anhydride;	(b)	time;	(c)	temperature;	(d)	pH	on	the	apparent	
viscosity	of	CSA
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be	extended,	resulting	 in	the	degradation	and	gelatinization	of	the	
starch	molecules	themselves,	which	reduced	the	apparent	viscosity	
of	the	product.	Therefore,	the	appropriate	reaction	time	was	90	min.

3.1.3 | Effect	of	temperature	on	the	apparent	
viscosity of modified starch

Figure	2c	shows	that	the	apparent	viscosity	was	highest	(430.14	mPa·s)	
at	30°C.	This	is	mainly	attributed	to	the	increase	in	the	temperature,	
which was conducive to the expansion of starch grains. This improved 
the fluidity of the reagent so that more acetic anhydride molecules re-
acted with a large number of exposed hydroxyl groups of starch parti-
cles.	Further,	the	degree	of	esterification	increased,	and	the	apparent	
viscosity	also	increased	(Sun	et	al.,	2016).	Nevertheless,	the	reaction	
temperature	was	too	high,	which	was	not	conducive	to	the	adsorption	
of starch molecules to sodium hydroxide and the formation of the ac-
tive	center	Starch-	O–		Na+.	Thus,	the	hydrolysis	rate	of	starch	acetate	
and	acetic	anhydride	increased,	which	was	greater	than	the	esterifica-
tion	rate,	resulting	in	a	decrease	in	the	degree	of	substitution.	This,	in	
turn,	reduced	the	apparent	viscosity	of	the	CSA.	Therefore,	the	suit-
able	reaction	temperature	was	30°C.

3.1.4 | Effect	of	pH	on	the	apparent	viscosity	of	
modified starch

CS	was	 acetylated	 through	wet-	heating	 in	 the	 presence	 of	 acetic	
anhydride	at	various	pH	conditions.	Figure	2d	shows	the	change	in	
the apparent viscosity of the modified starch at various conditions. 
The acetylation of starch was accelerated as the pH was increased 
from 7 to 8 but diminished at pH > 8. The possible reason is that as 
the	pH	value	increased,	NaOH	molecules	penetrated	into	the	amor-
phous	region	and	crystal	lattice	of	the	starch	granules	more	quickly,	
breaking	the	hydrogen	bonds	between	the	starch	molecules,	caus-
ing	the	lattice	spacing	to	increase,	deform,	or	damage.	At	this	time,	
the	 starch	 granules	 swelled,	 and	 acetic	 anhydride	was	more	 likely	
to replace the hydrogen on the hydroxyl group of the starch mol-
ecule,	which	increased	the	degree	of	substitution,	resulting	in	an	in-
crease	in	apparent	viscosity	(Cuenca	et	al.,	2019).	On	the	other	hand,	
starch granules were destroyed and gelatinized at a very high pH. 
Moreover,	the	modified	starch	was	easily	hydrolyzed,	and	the	esteri-
fication	efficiency	was	reduced,	which	reduced	the	apparent	viscos-
ity	of	CSA.	Therefore,	the	suitable	pH	of	the	reaction	system	was	8.

3.2 | Response surface experiment

3.2.1 | Model	fitting	and	statistical	analysis

The	preparation	process	of	CSA	was	optimized	according	to	the	Box-	
Behnken	central	combination	experiment	principle.	In	which,	29	sets	
of	 experiments	were	designed.	Multivariate	 regression	 fitting	was	

carried	out	on	the	experimental	data	(Table	1),	and	the	dependent	
variable and the independent variables were related using the fol-
lowing	second-	order	polynomial	equation:

where V is the apparent viscosity; X1,	X2,	X3,	 and	X4 are the coded 
values	 of	 amount	 of	 acetic	 anhydride,	 time,	 temperature,	 and	 pH,	
respectively.

Table	2	shows	the	ANOVA	results	of	the	response	surface	model.	
The	statistical	significance	of	 the	regression	equation	was	verified	
by F	test,	and	p value was used to determine the significance of each 
coefficient. The p	value	of	the	model	was	less	than	.0001,	 indicat-
ing that the model was suitable for this experiment. The determi-
nation	 coefficient	 (R2)	 was	 0.9681,	 which	 indicated	 a	 satisfactory	
correlation between the predicted and actual values. The adjusted 
R2 =	0.9362	indicated	that	the	variation	(>93.62%)	in	apparent	vis-
cosity	was	mostly	predicted	by	the	models.	The	Pred-	R2 of 0.8720 
is	in	reasonable	agreement	with	the	Adj-	R2	of	0.9362.	The	F value of 
0.56	implied	that	the	lack	of	fit	was	not	significant	relative	to	the	pure	
error.	Nonsignificant	lack	of	fit	was	good,	which	made	the	model	fit	
desirably. The regression model was determined to be statistically 
significant	at	a	95%	confidence	level.	The	p value of the models in-
dicated	 that	 independent	variables	 (X1,	X2,	X3,	 and	X4),	 interaction	
terms	(X1X3,	X1X4,	and	X2X4),	and	quadratic	terms	(X

2
1
,	X2

2
,	X2

3
,	and	X2

4
)	

were	significant	model	terms,	which	dramatically	affected	apparent	
viscosity	of	the	modified	starch.	The	acetic	anhydride	content	(X1),	
temperature	(X3),	and	pH	(X4)	were	the	most	important	factors	that	
affected	apparent	viscosity	of	the	products,	followed	by	time	(X2),	
the	 interaction	between	acetic	anhydride	and	pH	(X1X4),	 the	 inter-
action	 between	 acetic	 anhydride	 and	 temperature	 (X1X3),	 and	 the	
interaction	between	time	and	pH	(X2X4).

3.2.2 | Response	surface	analysis	and	
optimization of parameters

The	 three-	dimensional	 response	 surface	 plots	 between	 the	 two	
factors	are	shown	in	Figure	3.	They	provided	a	visual	interpretation	
of the interactions between the two factors. The interaction term 
between	 acetic	 anhydride	 and	 temperature	 (X1X3)	 was	 significant	
(p	≤	.05),	as	well	as	the	interaction	term	between	time	and	pH	(X2X4).	
The	interaction	term	between	acetic	anhydride	and	pH	(X1X4)	pre-
sented	high	significance	(p	≤	.01).

Figure	 3a	 showed	 that	 the	 effects	 of	 amount	 of	 acetic	 anhy-
dride	 and	 temperature	 on	 the	 apparent	 viscosity	 of	 CSA.	 At	 low	
amount	of	acetic	anhydride	levels,	temperature	had	little	effect	on	
the	apparent	viscosity	of	CSA.	As	 the	amount	of	acetic	anhydride	
increased	to	6.1%,	the	apparent	viscosity	increased	with	an	increase	

V=469.21+13.01X1+5.62X2+

14.46X3+12.89X4+3.70X1X2+

6.02X1X3+8.08X1X4−1.85X2X3

−7.51X2X4+5.61X3X4−18.10X
2

1
−

11.14X
2

2
−20.28X

2

3
−14.61X

2

4
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TA B L E  2  ANOVA	for	response	surface	quadratic	model

Source Sum of squares Degree of freedom Mean square F value
p value 
(Prob > F)

Model 12,378.41 14 884.17 30.35 <.0001**

X1—	Amount	of	acetic	anhydride	(%) 2,030.60 1 2,030.60 69.70 <.0001**

X2—	Time	(min) 379.46 1 379.46 13.03 .0028**

X3—	Temperature	(°C) 2,508.81 1 2,508.81 86.12 <.0001**

X4— pH 1,994.08 1 1,994.08 68.45 <.0001**

X1X2 54.61 1 54.61 1.87 .1925

X1X3 145.08 1 145.08 4.98 .0425*

X1X4 261.31 1 261.31 8.97 .0096**

X2X3 13.65 1 13.65 0.47 .5048

X2X4 225.45 1 225.45 7.74 .0147*

X3X4 125.78 1 125.78 4.32 .0566

X
2

1
2,124.20 1 2,124.20 72.91 <.0001**

X
2

2
804.81 1 804.81 27.63 .0001**

X
2

3
2,667.14 1 2,667.14 91.55 <.0001**

X
2

4
1,384.59 1 1,384.59 47.53 <.0001**

Lack	of	fit 237.94 10 23.79 0.56 .7917

Pure	error 169.93 4 42.48

Cor	total 12,786.28 28

R2 0.9681

Adj.	R2 0.9362

Pred.	R2 0.8720

*Significant	(p	≤	.05);	nonsignificant	(p >	.05).	
**Highly	significant	(p	≤	.01).	

F I G U R E  3  The	effects	of	the	interaction	between	two	factors	(a)	amount	of	acetic	anhydride	and	temperature,	(b)	amount	of	acetic	
anhydride	and	pH,	(c)	time,	and	(d)	pH)	on	the	apparent	viscosity	of	CSA
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in	 temperature.	 Therefore,	 a	 slightly	 higher	 temperature	 was	 re-
quired	 to	 achieve	 maximum	 increase	 in	 the	 apparent	 viscosity	 of	
CSA.	Meantime,	when	the	amount	of	acetic	anhydride	was	increased	
in	 the	 range	 from	5%	 to	6.1%,	 the	 apparent	 viscosity	of	CSA	was	
greatly	increased.	which	indicated	that	6.1%	concentration	of	acetic	
anhydride	was	required	to	achieve	maximum	increase	in	the	appar-
ent	viscosity	of	CSA.

The effects of amount of acetic anhydride and pH on the appar-
ent	 viscosity	of	CSA	were	 shown	 in	Figure	3b.	An	 increase	 in	 the	
apparent	viscosity	of	CSA	could	be	significantly	achieved	with	the	
increases	of	pH,	especially	the	amount	of	acetic	anhydride	increased	
to	6.1%.	Increased	pH	up	to	an	appropriate	threshold	led	to	increas-
ing	the	apparent	viscosity	of	CSA.	Beyond	this	threshold,	the	appar-
ent	viscosity	of	CSA	slightly	decreased.	when	the	pH	increased	up	
to	about	8,	amount	of	acetic	anhydride	had	an	important	factor	for	
improving the apparent viscosity yield.

It	 could	be	 seen	 from	Figure	3c	 that	 the	effects	of	 time	and	
pH	on	 the	 apparent	 viscosity	 of	CSA.	 The	 apparent	 viscosity	 of	
CSA	mainly	depended	upon	pH	and	resulted	in	a	curvilinear	great	
increase	when	pH	was	 increased	 in	 the	range	from	7.5	to	8,	and	
then	decreased	 in	 the	apparent	viscosity	of	CSA.	An	 increase	 in	
the apparent viscosity resulted when time was increased in the 
range	from	70	to	90	min,	and	the	time	curve	started	to	 level	off	
at	 90	min,	which	 indicated	 that	 90	min	was	 required	 to	 achieve	
maximum increase.

The purpose of optimization was to determine the conditions of 
the	maximum	apparent	viscosity	of	CSA.	The	optimal	values	of	the	

factors	were	obtained	by	solving	the	regression	equation.	The	op-
timal conditions of the factors and the predicted value of apparent 
viscosity	were	also	given,	as	shown	below:	acetic	anhydride	content	
6.61%,	time	91.48	min,	 temperature	32.7°C	and	pH	8.15,	 the	pre-
dicted	 apparent	 viscosity	 of	 CSA	 was	 481.79	 mPa·s.	 Considering	
the	 operability	 and	 convenience	 in	 actual	 production,	 the	 optimal	
preparation	conditions	can	be	modified	as	follows	(Table	3):	acetic	
anhydride	content	7%,	 time	92	min,	 temperature	33°C,	and	pH	8.	
The	 actual,	 apparent	 viscosity	 of	 CSA	 was	 480.53	±	 0.29	 mPa·s	
(n =	3),	and	the	relative	error	between	the	actual	value	and	the	pre-
dicted	value	was	0.26%,	indicating	that	the	parameters	obtained	by	
the model were reliable and sufficient for acetylation modification.

3.3 | FT- IR analysis

The	 infrared	spectra	of	native	CS	and	CSA	are	shown	 in	Figure	4.	
The	 characteristic	 absorption	peaks	of	 chestnut	 starch	 are	mainly	
attributed	 to	 O–	H	 bending,	 C–	H	 bending,	 and	 C–	O–	C	 bending	
(Kamarudin	&	Gan,	 2016;	 Suvakanta	 et	 al.,	 2014).	 The	 absorption	
peak	at	3,400	cm−1 is caused by the stretching vibration of the hy-
droxyl	 group	 (O–	H).	 The	 characteristic	 absorption	 peak	 occurred	
at	 2,930	 cm–	1,	which	 is	 ascribed	 to	C–	H	 stretching	 vibration.	 The	
peak	 at	 1,154	 cm−1	 is	 assigned	 to	C–	O–	C	 bonds	 stretching	 vibra-
tion	 of	 glycosidic	 bond,	 and	 the	 absorption	 peak	 at	 1,647	 cm−1 is 
attributed to the hydroxy stretching vibration of polysaccharides. 
The	new	characteristic	absorption	peak	of	the	CSA	at	1,728	cm–	1 is 

TA B L E  3  Predicted	and	experimental	values	of	responses	at	optimum	conditions

Optimum condition Apparent viscosity (mPa·s)

Desirability
Amount of acetic 
anhydride (%) Time (min) Temperature (°C) pH Experimental (mPa·s) Predicted (mPa·s)

7 92 33 8 480.53 ±	0.29 481.79 0.80

F I G U R E  4  FT-	IR	spectra	of	CS	and	
CSA
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generated	by	the	stretching	vibration	of	the	carbonyl	group,	indicat-
ing	the	presence	of	C=O,	which	showed	that	the	acetyl	group	on	the	
acetic anhydride had replaced the hydrogen on the hydroxyl group 
of	CS	molecule,	and	the	characteristic	peaks	of	other	groups	have	
not	 changed	 significantly	 (Chylińska	 et	 al.,	 2016;	 Xu	 et	 al.,	 2010).	
Therefore,	the	esterification	modification	introduced	acetyl	groups	
on the original starch molecules.

3.4 | XRD analysis

The crystal structure of starch granules also reflects some differ-
ences with plant species from different sources. The crystal struc-
ture	can	be	divided	into	three	types,	namely,	A,	B,	and	C	(Liu	et	al.,	
2015;	Yu	et	al.,	2016).	The	XRD	patterns	of	the	original	CS	and	CSA	
are	presented	in	Figure	5.	CS	showed	obvious	diffraction	peaks	at	
15.3°,	17.3°,	 and	23.1°,	which	 showed	a	 single	peak	at	23.1°	com-
pared	with	type	B.	Therefore,	the	crystal	form	of	CS	was	determined	
as	C-	type.	The	characteristic	diffraction	peaks	of	CSA	appeared	at	
the	 same	position	 as	 the	 original	 peak	 of	CS;	 however,	 the	 inten-
sity	of	 the	peaks	was	slightly	diminished	compared	with	 the	origi-
nal	starch.	 It	can	be	seen	that	the	crystal	form	of	CSA	was	type	C	
even after modification. This indicated that the substitution of acetyl 
groups for the hydroxyl groups on the starch molecule mainly oc-
curred	in	the	noncrystalline	region,	which	also	had	some	damage	to	
the	crystalline	region,	but	the	damage	of	the	crystallization	region	
of	CS	by	esterification	was	insufficient	to	change	the	crystal	form.	
Hence,	the	acetylation	modification	did	not	change	the	crystal	type	
of	 CS.	 Therefore,	 the	 crystal	 structure	 of	 CSA	 showed	 the	 same	
trend	as	shown	by	the	FTIR	analysis.

3.5 | SEM analysis

A	scanning	electron	microscope	was	performed	to	compare	the	mor-
phology	of	CS	and	CSA	granules.	Figure	6a,b	shows	that	the	surface	

of	the	CS	granules	was	smooth,	without	edges	and	cracks.	The	shapes	
were	complex	and	diverse,	usually	appeared	in	ellipses,	circles,	pears,	
triangles,	 and	 irregular	 shapes.	 The	 surface	of	CS	 granules	 treated	
with	 acetic	 anhydride	 presented	 different	 degrees	 of	 depression,	
breakages,	and	wrinkles.	In	addition,	some	starch	granules	adhered	to	
each	other,	whose	boundaries	were	blurred	(Figure	6c,d).	This	may	be	
attributed	to	the	fact	that	starch	granules	had	a	unique	layered	struc-
ture,	where	 the	 inner	 layer	 of	 the	 granules	was	mainly	 a	 noncrys-
talline	area	with	a	 relatively	 loose	structure,	and	the	outer	 layer	of	
the	granules	was	a	crystalline	area	with	a	compact	structure.	Acetyl	
groups were introduced into the starch molecules during the acetyla-
tion	process,	which	weakened	the	interlaminar	particle	binding	force	
of	the	starch	layer,	and	the	amorphous	regions	were	destroyed,	re-
sulting	 in	 lattice	 defects,	 which	 reduced	 the	 crystallinity	 of	 starch	
particles.	At	the	same	time,	the	crystalline	area	on	the	surface	layer	
of	starch	granules	also	suffered	a	certain	degree	of	damage,	causing	
the	starch	granules	 to	stick	 together	and	not	become	 independent	
granules. This conclusion is consistent with the XRD analysis.

3.6 | Water retention analysis

Figure	7	shows	syneresis	of	the	dough	undergoing	different	freeze-	
thaw	cycles.	With	the	increase	of	CSA,	the	water	loss	of	dough	first	
decreased and then increased. Syneresis was the lowest when the 
additive	amount	of	CSA	was	6%.	More	freeze-	thaw	cycles	resulted	
in	a	higher	water	loss	rate	of	the	dough,	resulting	in	poor	water	re-
tention.	The	main	reason	is	that	the	addition	of	CSA	brought	certain	
hydrophilic	 groups,	which	 can	give	 the	dough	good	hydrophilicity,	
promoted	 the	 cross-	linking	 of	 starch	 molecules,	 formed	 a	 stable	
gluten	network	structure,	and	increased	the	water	retention	of	the	
dough	(Paulik	et	al.,	2019).	However,	a	high	level	of	modification	di-
luted	the	protein	in	the	flour	(Galvão	et	al.,	2018;	Ziobro	et	al.,	2012),	
inhibiting the formation of gluten and reducing the strength of glu-
ten,	which	 increased	water	 loss.	Therefore,	 the	addition	of	CSA	 in	
the	dough	should	not	be	too	high;	6%	was	an	appropriate	amount.

F I G U R E  5  XRD	analysis	of	CS	and	CSA
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3.7 | Texture characteristics analysis

It	can	be	seen	from	Figure	8a	that	the	amount	of	CSA	in	the	dough	
affected	 the	 firmness	 of	 the	 freeze-	thaw	 dough.	 The	 firmness	 of	
the dough was found to decrease initially and then increase with 

the	 addition	 of	 CSA.	 It	was	 found	 to	 be	 lower	 relative	 to	 the	 ini-
tial	firmness	obtained	for	0%	CSA.	The	firmness	of	the	dough	was	
minimal	for	the	CSA	concentration	of	6%.	In	principle,	the	CSA	in	the	
dough contains a large number of hydrophilic groups that easily ab-
sorb	water	and	form	a	large	cross-	linking	network,	which	promotes	

F I G U R E  6  SEM	analysis	(magnification	3,000×,	5,000×)	of	CS	(a,b)	and	CSA	(c,d)

F I G U R E  7   Syneresis of the dough 
samples upon varying the number of 
freeze-	thaw	cycles.	All	data	were	means	
of triplicate. Results are expressed as 
mean values ± SD. The Duncan's multiple 
range	test	was	applied.	Means	in	a	
column with same superscripts are not 
significantly	different	(p <	.05)
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the starch and protein in the dough to penetrate with each other 
to	form	a	polymer	network	(Tuankriangkrai	&	Benjakul,	2010).	As	a	
result,	the	firmness	of	the	dough	was	reduced.	However,	there	was	
an	increase	in	the	firmness	as	the	amount	of	CSA	exceeded	6%.	This	
may be attributed to the redistribution of moisture in the dough. The 
firmness of the raw dough increased with the increase in the num-
ber	of	freeze-	thaw	cycles.	This	can	be	due	to	syneresis	of	the	dough	
during	the	freeze-	thaw	cycles.	The	water	continuously	migrated	and	
dissipated during the freezing and thawing processes. The moisture 
content	of	the	dough	decreased,	which	resulted	in	an	increase	in	the	
firmness	of	the	dough	(Romero	et	al.,	2017).

Figure	 8b	 is	 a	 graphical	 representation	 of	 the	 influence	 of	
modified starch on the toughness of raw dough. With an increase 
in	 the	 addition	of	CSA,	 the	 toughness	of	 the	 raw	dough	 initially	

increased and then decreased continuously. The toughness was 
found	to	be	the	highest	for	the	CSA	concentration	of	9%.	This	was	
attributed to the continuous increase in the amount of modified 
starch,	 which	 promoted	 the	 interpenetration	 of	 starch,	 protein,	
and other substances in the dough to form more complex poly-
mer	 networks	 that	 inhibited	 the	 growth	 of	 ice	 crystals,	 thereby	
improving	 the	 toughness	 of	 the	 raw	 dough.	On	 the	 other	 hand,	
the	toughness	of	CSA	gradually	decreased	with	an	increase	in	the	
number	of	freeze-	thaw	cycles.	This	 is	due	to	the	continuous	for-
mation	of	ice	crystals	in	the	dough	with	the	number	of	freeze-	thaw	
cycles.	 The	 degree	 of	 damage	 to	 the	 gluten	 network	 structure	
was	 intensified,	 reducing	 the	 toughness	of	 the	dough	 (Kazemi	&	
Zulkurnain,	2015).	The	textural	properties	were	better	for	the	CSA	
concentrations	of	6%–	9%.

F I G U R E  8   The effect of the amount of 
CSA	in	the	dough	on	(a)	the	firmness	and	
(b)	the	toughness	of	freeze-	thaw	dough
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4  | CONCLUSIONS

The	CS	molecules	were	modified	using	acetic	anhydride.	The	struc-
tural	 properties	 of	CSA	 and	 its	 effect	 on	 the	water	 retention	 and	
texture properties of the dough were investigated. The processing 
conditions	 of	 CSA	 obtained	 from	 the	 response	 surface	 prediction	
modeling were reasonable and reliable. The apparent viscosity of 
CSA	prepared	under	most	conditions	was	109.38%	higher	than	that	
of	the	CS	molecules.	The	FT-	IR	spectroscopy	confirmed	the	introduc-
tion	of	acetyl	groups	on	the	CS	molecules.	The	CS	was	found	to	have	
a	C-	type	crystalline	form	after	acetylation,	which	was	confirmed	by	
XRD.	The	SEM	analysis	showed	dents,	cracks,	and	wrinkles	in	some	
regions	of	 the	CSA	granular	surface.	Moreover,	 the	dough	treated	
with	 CSA	 showed	 excellent	 water	 retention.	 The	modified	 starch	
showed	 improved	 firmness	 and	 toughness	 of	 the	 frozen-	thawed	
dough.	To	conclude,	the	optimization	of	the	preparation	process	of	
CSA	through	response	surface	modeling	may	provide	a	new	method	
for the utilization of discarded chestnuts in the food industry.
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