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Abstract In the corn crop industry, of all the

biomass produced, about 80% are residues. The so-

called corn fibers, one of the most important residues

of the corn processing industry, represent about 9% of

the corn kernel weight, being a low value material that

could, potentially, be used for making higher added

value products. This work aimed to extract the

hemicelluloses present in the corn fiber via alkaline

extraction, with their subsequent functionalization for

production of carboxymethyl xylans in mild condi-

tions. The corn fibers were characterized for their

contents of carbohydrates, lignin, extractives, total

uronic acids, acetyl groups, and ash. Their arabinoxy-

lans were extracted by 2–18% (w/v) sodium hydroxide

at room temperature, for 5 h at 10% consistency,

precipitated with ethanol, washed and then vacuum

dried. The resulting extract was characterized by FT-

IR, viscosity, arabinoxylan content and purity. It was

demonstrated that CCE treatment provides a high

purity and little degraded xylan, but the extraction

yields are relatively low, in the range of 4.0–23.9%wt/

wt depending upon extraction conditions. The use of

corn fiber arabinoxylans to obtain hemicellulosic

derivatives through chemical modification reactions

was also evaluated. The arabinoxylans were deriva-

tized by carboxymethylation with sodium

monochloroacetate in a 2-propanol alkaline medium

using different proportions of alcohol and alkali. The

product carboxymethyl xylan was characterized by

degree of substitution, FT-IR, DSC, and yield, and

showed high degree of substitution, yield and enthalpy

of fusion. This work proved the feasibility of produc-

ing hemicellulosic derivatives from corn fibers, which

excludes the use of extreme conditions of solvents and

temperature.

Keywords Corn fibers � Characterization � Alkaline
extraction � Xylans � Carboxymethyl xylans

Introduction

The use of renewable resources is an attractive

alternative to reduce the demand for fossil-based

materials. Biomass residues, mainly from plant

sources, are the major renewable raw materials for
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obtaining biofuels, chemicals, and biomaterials.

Among all renewable materials, lignocellulosic bio-

masses are the most abundant as they come from lower

plants, forests, and agroindustry residues (Konduri and

Fatehi 2016; Silva et al. 2009).

The main lignocellulosic materials present in plant

cell walls are cellulose (40–50%), hemicelluloses

(25–35%) and lignin (15–25%), in addition to other

materials such extractives, inorganics, pectins, pro-

teins etc. The hemicelluloses are the second most

abundant polysaccharides found in nature, after cel-

lulose and its relevance is increasing for the develop-

ment of biopolymers and chemically modified

functional materials, which may be used in films,

coatings and hydrogels (Peng et al. 2015; Viana and

Cruz 2016; Ren et al. 2008).

Compared to cellulose, hemicelluloses have a

lower degree of polymerization (DP), with amorphous

and branched chains, containing pentoses, hexoses,

and acids, presenting lower thermal and chemical

stabilities than those from cellulose (Hilpmann et al.

2016).

Xylans present the major contribution to hemicel-

luloses from hardwood (15–30%), grasses and grains

(20–35%) and softwood (7–12%). When compared to

cellulose and starch, xylans show limited industrial

applications, due mainly to their high solubility in

water (Gomes et al. 2015), although it may be

overcome by the final product properties and usage.

There are possible potential uses of the xylans if they

are produced in their insoluble form (hydrogels), such

as biopolymer films and drug release products, addi-

tives for viscosity improvement, hydrophobic barriers,

packaging films, paper additives, emulsifiers for

cosmetics and food (Gomes et al. 2015; Erbringerová

2006).

Various biomass residues were recently investi-

gated in terms of xylans content, as barley straw,

sugarcane leaves, corn cubs and straw, cotton rods,

rice husks and straw, sugarcane bagasse, Plantago

ovata, etc. These studies showed that the xylans mass

percentage varied from 9.2 to 32% (Deutschmann and

Dekker 2012). The physical properties of xylans vary

according to the raw material used, the substituents,

and the substitution pattern of polymers, the source of

the material and the method of extraction and purifi-

cation (Deutschmann and Dekker 2012).

Corn is the third major crop after rice and wheat

plants, being one of the grains with the highest volume

produced in the world, with approximately 960million

tons in 2013. The United States, China, Brazil, and

Argentina are the greatest producers, representing

70% of world total production (Deutschmann and

Dekker 2012).

The corn has many foods uses, but its industrial

application is wider as, for example, in the production

of thickener and binds, oils and ethanol (Sindimilho

2005). The corn grain is a fruit, called caryopsis, with a

dry basis composition of starch (61–78%), proteins

(6–12%), fiber (2–4%), oil (3–6%) and minerals

(1–4%), distributed in a heterogeneous way on the

four main physical structures of the grain: endosperm,

germ, pericarp (husk) and tip. The pericarp represents,

on average, 5% of the total mass of the grain, witch

cell layers composed of cellulose and hemicelluloses,

although some content of lignin is also found on it

(Paes 2007). The corn pericarp can be generally called

corn fiber due to its chemical composition be similar to

other plant fibers. The corn fiber is an agroindustry

residue obtained from the starch or corn syrup

production. The corn fiber has a low market price,

due to its high content of lignocellulosic components,

and is commonly used for livestock breeds.

The xylans have recently being applied for the

development of new biopolymeric materials and

functional polymers produced by chemical modifica-

tions, as addition, substitution and degradation (Pet-

zold et al. 2006; Pen et al. 2012).

Among all chemical modifications, the car-

boxymethylation is the most versatile and industrial

attractive technique to synthesize high value-added

products from biobased polymers. This is explained by

the reactions carried out under low temperatures and

solvent concentrations (Konduri and Fatehi 2016).

Thus, carboxymethylation represents a useful way to

produce soluble derivatives with anionic functions

from hemicelluloses, when carried out in different

suspension media.

The carboxymethyl xylan is an anionic polymeric

ether derived from the xylan, in which the hydroxide

groups from xylan are partially substituted by car-

boxymethyl groups. Total substitution is not possible

because of the branched D-xylopyranose units. The

degree of substitution (DS) reaches variable values

and the final product usually contains non-substituted,

mono- or di-substituted monomers in the xylan chain.

Several studies propose that the modified xylans

have many applications as emulsifying agents, binding
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agents for drugs and metals, paper production, medical

uses, packaging films, dispersants etc., but no indus-

trial uses have yet been reported (Alekhina et al. 2014;

Erbringerová 2006; Konduri and Fatehi 2016; Nasci-

mento et al. 2013; Peng et al. 2015; Velkova et al.

2015). This work aimed at investigating the alkaline

extraction of xylans from corn fibers and the produc-

tion of soluble hemicellulosic derivatives via homo-

geneous and heterogeneous carboxymethylation of the

extract.

Experimental

Corn fiber characterization

The corn fibers were crushed in a mil (IKA A11) and

the accept was collected after sieving at 40 and 60

mesh. The fractions retained on these two sieves were

air-conditioned at 23 �C and 50% of humidity.

The quantitative determination of the main sugars

of the corn fiber carbohydrates was carried out by

high-performance anion-exchange chromatography

with pulsed amperometric detection (HPAEC-PAD).

The samples were treated with H2SO4 72% at 30 �C
for 1 h, followed by autoclaving at 120 �C for 1 h. The

chromatographic separation was performed in a

DIONEX ICS-3000, equipped with a CarboPac PA1

(250 9 4 mm) column. For all separations, an iso-

cratic elution of NaOH 0.001 mol L-1 and an eluent

flux of 1 mL min-1 during 45 min were applied

(Wallis et al. 1996). The residue after hydrolysis was

considered as Klason lignin according to TAPPI

standard T222 om-11. The soluble lignin was deter-

mined by the measurement of absorbance at 205 nm

on the filtrate from the acid hydrolysis (Goldschimid

1971). The uronic acids hydrolyzed corn fibers were

measured by colorimetry at 450 nm by color devel-

opment with 3,5-dimethylphenol (Scott 1979). The

acetyl group content was measured by quantifying the

sodium acetate produced by hydrolysis of corn fibers

with oxalic acid after pH adjustment. The measure-

ment was carried out by high-performance liquid

chromatography with UV detection, as described by

Sólar et al. (1987). The extractives content was

determined after Soxhlet extraction with the sequence

of extraction media: ethanol:toluene, ethanol, and hot

water, as described at TAPPI standard T264 om-07.

The ash content was determined after calcination of

the samples at 575 �C (TAPPI T211 om-12). All

values were reported as an average of two independent

replicates.

Alkaline extraction of corn fibers

The corn fibers were extracted by alkali in a beaker of

250 mL of capacity with a defined ratio mass of fibers/

volume of NaOH of 1:10, at room temperature and

magnetic stirring for 5 h.

The NaOH solution concentration varied from 2 to

18% (m/v). The extract was centrifuged for 20 min at

8000 rpm, and the alkaline supernatant was collected

and acidified by a HNO3 solution (8 mol L-1) to pH

around 5, being further precipitated with ethanol.

The resulting suspension was centrifuged again at

4000 rpm for 10 min. The precipitate was purified by

three washing procedures with 10 mL of methanol

merged with the centrifugation procedure described

above. The purified material was vacuum dried in a

desiccator for 48 h, milled, weighted and conditioned

in hermetically closed bottles at room temperature for

further characterization.

Arabinoxylan characterization

The purity and yield of arabinoxylans found by the

HPAEC-PAD method were calculated by Eqs. 1 and

2.

Purity ð%Þ ¼ mmo � TP ð%Þ
mes

ð1Þ

where mmo is the mass of organic matter extracted (g),

TP (%) is the percentage content of arabinoxylans

determined and mes is the total dry mass extracted (g).

Yield ð%Þ ¼ mp

mi

� 100 ð2Þ

where mp is the mass related to the arabinoxylans

found in the dry mass of xylans extracted (g) and mi is

the mass related to the arabinoxylans which would

have been extracted according to the content of

arabinoxylans originally present in the corn fibers (g).

The arabinoxylan viscosity was measured accord-

ing to the TAPPI standard T230 om-94: 0.15 g of

absolutely dried xylans were weighted in a flask with

25 mL of water. The flask was tightly sealed and the

mixture was stirred for 5 min in a horizontal shaker.

After stirring, 25 mL of ethylenediamine solution was
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added to the flask and the system was again stirred for

15 min. After this period, the viscosity was measured

in a VISCOMAT II viscometer.

Xylan carboxymethylation

The extracted arabinoxylans were carboxymethylated

according to the method described of Heinze and

Pfeiffer (1999), Heinze et al. (2004) and optimized by

Petzold et al. (2006). The carboxymethylation was

carried out in a homogeneous and in a heterogeneous

reaction media.

Heterogeneous activation

The synthesis of the carboxymethyl xylan (CMX)

through heterogeneous activation was carried out with

5 g (37.8 mmol) of anhydrous xylan (AXU) suspended

in 150 mL of 2-propanol, followed by the addition of

10 mL of NaOH 15% (w/v) (1.51 g, 37.8 mmol) as

seen in Table 1 (sample 1). The mixture was vigor-

ously stirred, at room temperature for 1 h. After this

period, 4.39 g (37.8 mmol) of sodium monochloroac-

etate (SMCA) were added, at 55 �C for 5 h. The

product was filtered, suspended in methanol 80% (v/

v), neutralized with diluted acetic acid and washed six

times with ethanol aliquots of 20 mL, merged by

centrifugation at 4000 rpm for 5 min. After this

procedure, the precipitate was dried in a desiccator.

Different ratios of AXU:SMCA:NaOH were tested in

order to evaluate the influence of the stoichiometric

proportions in the DS, as presented in Table 1.

Homogeneous activation

The synthesis of CMX through homogeneous activa-

tion was carried out as follows: 5 g (37.8 mmol) of

AXU were dissolved in 25 mL of NaOH 25% (w/v)

(6.25 g; 156.2 mmol) solution, followed by the

addition of 35 mL of 2-propanol. The mixture was

vigorously stirred for 3 h at 30 �C. After this period,
4.39 g (37.8 mmol) of SCMA were added to the

reaction media and temperature was raised to 75 �C
for 70 min. The resulting mixture was neutralized with

acetic acid 65% (v/v) followed by the polymer

precipitation with ethanol. The precipitate was washed

twice with 50 mL of ethanol 65% (v/v) and was

washed six times with 20 mL of ethanol merged with

centrifugation at 4000 rpm for 5 min. Then, the

precipitate was dried in a desiccator.

The procedure described above was performed for

samples 12–16, but without 2-propanol as a suspen-

sion media. The molar ratios applied are showed in

Table 2.

Carboxymethyl xylans characterization

The CMX were characterized as follows: DS deter-

mination, thermogravimetric analysis and differential

scanning calorimetry (TG/DSC), and absorption spec-

troscopy in the infrared region with Fourier transform

(FT-IR). After the synthesis, the CMXwere grinded in

an IKA A11 basic mill, conditioned in a desiccator for

24 h and storage in hermetically closed bottles.

The CMX yield was calculated on the xylans dry

weight basis, as described by Eq. 3.

Yield %ð Þ ¼ mCMX

mX

� 100 ð3Þ

where mCMX is the mass of dried CMX (g) and mX is

the arabinoxylan mass (g).

Determination of degree of substitution (DS)

The average DS is defined as the average number of

hydroxyl groups substituted in each D-xylose unit of

the polymeric chain. The degree of substitution of

CMX samples was determined according to standard

Table 1 Molar ratios used

for the carboxymethylation

of xylans by heterogeneous

activation

Samples AXU:SMCA:NaOH NaOH (%) Means of suspension

1 1:1:1 15 2-Propanol

2 1:1:2 15 2-Propanol

3 1:1:3 15 2-Propanol

4 1:2:2 15 2-Propanol

5 1:3:3 15 2-Propanol

6 1:10:10 15 2-Propanol
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ASTM CK-G06 (2005) with modifications: 4 g of the

sample was weighted in a beaker and 75 mL of ethanol

99.5% were added, and the suspension was stirred for

5 min. After this, 5 mL of concentrated HNO3 were

added and the media was heated to boiling. Then the

media was cooled and stirred for 10 min, followed by

successive washings with 150 mL of ethanol 80% (v/

v) at 60 �C. After the washings the suspension was

centrifuged at 3000 rpm for 5 min until complete acid

removal from sample. The sample was then washed

with 10 mL of methanol and dried in oven at 105 �C
for 3 h.

For the DS determination, 1 g of dried sample was

mixed with 100 mL of distilled water and 25 mL of

NaOH 0.3 mol L-1. The solution was heated to

boiling for 15 min. Then the solution was titrated with

standard solution of HCl 0.3 mol L-1 at 60 �C, with
phenolphthalein as indicator.

The DS was calculated according to Eqs. 4 and 5.

A ¼ BC � DE

F
ð4Þ

where A is the number of milliequivalents of acid per

gram of sample, B is the volume of NaOH solution

added (L), C is the molarity of NaOH, D is the HCl

volume consumed in the titration (L), E is the molarity

of HCl and F is the mass of the sample (g).

DS ¼ 0:132� A

1� 0:058� Að Þ ð5Þ

where 0.132 is the molecular mass of one unit of

anhydroxylose; 0.058 is the raise on the molecular

mass of the unit of anhydroxylose for each car-

boxymethyl group added after carboxymethylation.

All analyses were performed in duplicates.

Differential scanning calorimetry

TG/DSC analyses were carried out in a Shimadzu

DSC-60 calorimeter. Initial temperature was 25 �C
and final temperature was 400 �C, with a thermal

scanning rate of 5 �Cmin-1. The sample was placed in

a hermetic aluminum crucible under N2 atmosphere

(100 mL min-1).

Fourier-transform infrared spectroscopy

The FT-IR spectra were obtained on a Jasco FT-IR

4100 spectrometer, with attenuated total reflectance

accessories (ATR). The scanning of the spectra was

performed in the wavenumber range from 4000 to

400 cm-1 and was obtained from an average of 256

scanning with 4 cm-1 of resolution.

Results and discussion

Chemical composition of corn fibers

The contents of monosaccharides, extractives, lignin,

acetyl groups, uronic acids and ash of the corn fiber

material are shown in Table 3.

The corn fibers presented a total sugar content of

66.7%. When compared to literature data, this content

is lower than that observed in corn stover, for example

(82.9%) (Silva et al. 2015), but higher than values

found in Eucalyptus globulus (63.5%) (Garrote et al.

2007) and in rice straw (51.7%) (Vegas et al. 2008).

The reason for the differences in sugar contents is

related to the unusually high values of xylans and

arabinans present in corn fiber. The corn fiber high

Table 2 Molar ratios used

for the carboxymethylation

of xylans by homogeneous

activation

Samples AXU:SMCA:NaOH NaOH (%) Means of suspension

7 1:1:4.1 25 2-Propanol

8 1:1.5:4.1 25 2-Propanol

9 1:2:4.1 25 2-Propanol

10 1:3:4.1 25 2-Propanol

11 1:4:4.1 25 2-Propanol

12 1:1:4.1 25 –

13 1:1.5:4.1 25 –

14 1:2:4.1 25 –

15 1:3:4.1 25 –

16 1:4:4.1 25 –
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arabinan content (Silva et al. 2015; Garrote et al. 2007;

Vegas et al. 2008; Laine et al. 2015), associated with

the presence of uronic acids and acetyl groups suggest

that the corn fiber hemicelluloses could be classified as

4-O-methyl-glucuronoarabino-xylans acetate (GAX),

similarly to those proposed, for example, for the corn

stover hemicelluloses (Silva et al. 1998). Another

unique characteristic of corn fibers is their high

content of extractives (20.8%) caused probably by

contamination during the processing of corn kernel.

These may include starch, proteins and oils that are

susceptible to extraction by the eluotropic solvent

series procedure applied.

Extraction and characterization of arabinoxylans

The alkali extraction was carried out with six different

concentrations of alkali, namely: 2, 4, 6, 10, 14 and

18% NaOH (w/v), and these treatments were called as

X2, X4, X6, X10, X14, X18, respectively.

The raw corn fiber presented an ash content of

0.7%. This value was very low when compared to the

ones presented in the extracted arabinoxylans (GAX),

probably caused by the presence of inorganics from

the starting material and residuals of NaNO3 and

HNO3 from acidification process. The purity of GAX

increased when NaOH concentration decreased from

18 to 6%, reaching values up to almost 24.0%

(Table 4). This behavior is explained by, at least,

three factors: first, the ash content is lower for the

lower NaOH charges due to the lower consumption of

inorganic reagents in the extraction and neutralization

procedures; second, the degree of arabinoxylans

degradation increases with increasing NaOH concen-

tration and; third, the higher NaOH concentration

enhances the extraction of glucans that goes along than

arabinoxylans. The lower purity observed for the

treatments at 2 and 4% NaOH concentration may be

explained by low arabinoxylans extraction efficiency

at these low levels of alkalinity.

Arabinoxylans yield

The optimum NaOH charge for arabinoxylans extrac-

tion was defined on the basis of extraction yield,

arabinoxylans purity and viscosity as shown in Fig. 1.

Samples X2, X4, X6, X10, X14 and X18 are ordered

from 1 to 6, respectively. The calculated yields (Eq. 2)

were relatively low and these values may be due to

GAX losses during centrifugation, and also due to the

Table 3 Chemical composition of corn fibers

Component Average result (%)

Glucose 33.5 ± 0.2

Xylose 17.4 ± 0.1

Arabinose 11.7 ± 0.6

Galactose 3.3 ± 0.5

Mannose 0.8 ± 0.07

Lignina 8.4 ± 0.07

Acetyl groups 1.7 ± 0.05

Uronic acids 0.9 ± 0.07

Ash 0.7 ± 0.05

Extractivesb 20.8 ± 0.2

aTotal lignin content, measured as the sum of contents of acid

soluble plus Klason lignin
bExtractives obtained by the eluotropic solvent extraction

series of ethanol/toluene; ethanol; hot water

Table 4 Purity of the

xylan samples
Samples Purity (%)

X2 13.9

X4 14.3

X6 23.9

X10 16.1

X14 13.8

X18 4.0

Fig. 1 Relation between arabinoxylan purity viscosity and

yield obtained for extracted xylan samples

123

2182 Cellulose (2019) 26:2177–2189



presence of lignin residuals, which might retain some

hemicelluloses, making them unavailable for extrac-

tion. Frequently, hemicelluloses are covalently

bonded to lignin, through ester bond with acetyl

groups and with p-hydroxicynamic acid, which

inhibits their release from matrix to be extracted. In

fact, a method to selectively extract all hemicelluloses

from lignocellulosic materials at a high level of purity

and yield, without considerable degradation, has not

yet being developed (Pen et al. 2012). The best yield

and arabinoxylans purity values were observed at the

NaOH 6% extraction (sample 3). This extraction was

performed in mild conditions which could preserve

arabinoxylans, reaching high values of viscosity, when

compared to samples 4–6 (NaOH 10 to 18%). By this

way, we considered that the optimized extraction may

be carried out at NaOH 6%.

Viscosity

The viscosity is directly correlated with the degree of

polymerization of the arabinoxylans and purity. The

results of viscosity of GAX in Table 5 show that the

increase of NaOH charge, in the range of 6% to 18%

(w/v) decreased the GAX viscosity, due probably to

the degradation of hemicelluloses during the extrac-

tion. Considering the results showed in Table 4 the

extraction of GAX may be preferably carried out at a

NaOH content of 6%.

Carboxymethylation of arabinoxylans

Figure 2a–c present the relation between yield and

mean degree of substitution at the samples 1–6

(heterogeneous activation), 7 to 11 (homogeneous

activation in 2-propanol) and 12 to 16 (homogeneous

activation without suspension media), respectively.

After heterogeneous activation (Fig. 2a), the yield of

CMX increased with increasing the ratio

NaOH:SMCA for all samples 1–6, except sample 3.

Sample 3 was produced under the highest ratio

NaOH:SMCA, which may not preserve properly the

DS of the starting xylan polymer chain. Thus

depolylimerization may give further lowering of yield

by degradation processes. Additionally, the remaining

sites for SMCA substitution on the xylan structure

could not be effectively carboxymethylated, due to

low content of SMCA available on media, when

sample 3 is compared to samples 1 and 2 (Peng et al.

2011). On the other hand, the homogeneous activation

experiments (Fig. 2b) showed the highest yield values

of all experiments. The improved efficiency of the

homogeneous activation may be due to increased

reaction rate under homogeneous media, higher NaOH

charges and higher reaction temperature. Samples

obtained from the homogeneous activation without

suspension medium (Fig. 2c) presented higher yield

than those from heterogeneous activation and lower

than those obtained from homogeneous activation in

2-propanol medium. The presence of organic media

probably increased the number of effective collisions

between NaOH and xylans, consequently elevating the

rate of reaction and yield. As can be observed, the

yield increased when the average DS increases, due to

the raise of the molecular weight related with the

addition of the carboxymethyl groups onto the

arabinoxylans.

Characterization of carboxymethyl xylans

Degree of substitution

Tables 6 and 7 presents of DS obtained for, samples

1–6 (heterogeneous activation), samples 7–11 (homo-

geneous activation in 2-propanol) and samples 12–16

(homogeneous activation without suspension media),

respectively.

Heterogeneous activation According to Table 6, the

increase of DS is due to the elevation on the

NaOH:SCMA ratio in all samples, except sample 3

(DS = 0.15). The statistically highest DS values were

found in sample 6 (DS = 0.32), at a molar ratio of

AXU:SCMA:NaOH of 1:10:10. The DS found in the

heterogeneous activation for this study were lower than

those found elsewhere for birch xylans (Petzold et al.

2006) and xylans of beech (Konduri and Fatehi 2016).

Table 5 Viscosity of xylan samples obtained

Samples Viscosity (dm3 kg-1) Viscosity reduction (%)

X2 225 0.0

X4 225 0.0

X6 202 10.2

X10 165 26.7

X14 149 33.8

X18 135 40.0
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Homogeneous activation The DS of samples

obtained from homogeneous activation (Table 7)

increased when NaOH:SCMA ratio increases in

2-propanol media and without suspension media.

CMX produced at a 2-propanol media reached

higher DS than those from activation without

suspension media. The organic media is able to

disperse better aqueous NaOH along with the

carbohydrate structure, in order to enable hydroxide

availability to react. This is explained by the low

dielectric constant of 2-propanol, which may

immobilize the sodium hydroxide near the xylans

1:
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1:
1:
2

1:
1:
3

1:
2:
2

1:
3:
3

1:
10
:1
0
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1:
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1

1:
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5:
4.
1
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4.
1
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3:
4.
1
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1
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1:
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1

1:
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2:
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1

1:
4:
4.
1

(c)

Fig. 2 Relation between yield and mean degree of substitution (DS) for a CMX after heterogeneous activation, b CMX after

homogeneous activation in 2-propanol, and c CMX after homogeneous activation without 2-propanol

Table 6 DS obtained for

samples 1–6 by

heterogeneous activation

Sample AXU:SMCA:NaOH NaOH (%) Means of suspension DS

1 1:1:1 15 2-Propanol 0.19

2 1:1:2 15 2-Propanol 0.29

3 1:1:3 15 2-Propanol 0.15

4 1:2:2 15 2-Propanol 0.22

5 1:3:3 15 2-Propanol 0.27

6 1:10:10 15 2-Propanol 0.32
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surface prior to reaction (Pushpamalar et al. 2006;

Bhattacharyya et al. 1995). The use of solvents with

lower dielectric constant than water may be an

advantage when long chains of CMX are desired in

the final products. Surfactants and similar compounds

may be obtained by carboxymethylation with low

dielectric suspension media. In this case, the challenge

is related with the attendance to environmental

friendly products, like bioethanol, for example. On

the other hand, when products with low DS are

required, aqueous media may be used.

Samples 11 (DS = 1.24) and 16 (DS = 0.98) pre-

sented higher DS values than those found in literature for

one route carboxymethylation (Petzold et al. 2006;

Konduri and Fatehi 2016). The use of 2-propanol as a

suspension media promoted better DS values probably

due to the inhibition of undesirable side reactions which

produce sodium salts of glycolic and diclycolic acids.

According to Alekhina et al. (2014), these side-products

are recalcitrant to purification processes. The homoge-

neous activation method is more efficient than the

heterogeneous one, giving higher reactivity to hemicel-

luloses, due to the increased accessibility to xylan

hydroxyl groups.

Differential scanning calorimetry

Figure 3 present the DSC curve for arabinoxylans.

The glass transition temperatures (Tg) and fusion

enthalpy (DH) of CMX obtained by heterogeneous

activation, homogeneous activation in 2-propanol and

homogeneous activation without 2-propanol are pre-

sented in Figs. 4 and 5a, b, respectively.

The arabinoxylans presented a glass transition

temperature (Tg) of 202.74 �C and a fusion enthalpy

(DH) of - 104.86 mJ. Some authors report that after

approximately 200 �C the decomposition of the poly-

mer chains and substituents bond cleavages take place

Table 7 DS obtained for

samples 7–16 by

homogeneous activation

Sample AXU:SMCA:NaOH NaOH (%) Means of suspension DS

7 1:1:4.1 25 2-Propanol 0.41

8 1:1.5:4.1 25 2-Propanol 0.50

9 1:2:4.1 25 2-Propanol 0.52

10 1:3:4.1 25 2-Propanol 0.94

11 1:4:4.1 25 2-Propanol 1.24

12 1:1:4.1 25 – 0.41

13 1:1.5:4.1 25 – 0.40

14 1:2:4.1 25 – 0.49

15 1:3:4.1 25 – 0.66

16 1:4:4.1 25 – 0.98

Fig. 3 GAX DSC curve

Fig. 4 Tg and DH of CMX obtained by heterogeneous

activation
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as main thermal events (Alekhina et al. 2014; Konduri

and Fatehi 2016). The presence of substituents at

CMX may cause, higher levels of thermal stability,

when compared to starting material (arabinoxylan)

(Konduri and Fatehi 2016), although this correlation is

not well defined in this work.

A small variation of Tg is observed in all samples

when compared to the GAX sample (reference). After

heterogeneous activation (Fig. 4) sample 1:1:1

(AXU:SMCA:NaOH) presented the lower Tg value

(176.54 �C) while sample 1:10:10 had the highest Tg

value (208.93 �C). Sample 1:1:2 presented the highest

amount of DH (in modulus), which may be explained

by the optimum addition of sodium ions among the

chains of the xylans, giving a high DS, as can be seen

in Table 6. This ion addition probably did not affect

considerably the original structure of the polymer

chains. Thus, the carboxymethyl groups further added

in the place of the ions probably had created new inter-

chain interactions, increasing DH. CMX from homo-

geneous activation in 2-propanol presented no good

correlation among DS and Tg or DH values. On the

other hand, the average Tg from this process

(188.2 �C) was higher than that observed for samples

obtained by homogeneous activation without 2-pro-

panol (184.5 �C). These results indicate that the use of
2-propanol improved the thermal resistance of the

CMX produced. The DH at the glass transition phase

ranged from- 265.70 mJ to- 446.92 mJ, presenting

higher energy levels of thermal decomposition than

that required for the arabinoxylan (- 104.86 mJ),

probably due to branched chains obtained by the

methyl groups added to the original backbone (Kon-

duri and Fatehi 2016). A progressive increase of DH
was observed at CMX obtained by homogeneous

activation without 2-propanol. The increase of SMCA

concentration used in samples—ranging from 1:1:4.1

to 1:4:4.1 (AXU:SMCA:NaOH)—probably favored

effective substitutions (DS increase), enabling the

formation of more hydrogen bonds than those found in

the original arabinoxylan. The hydrogen bond increase

caused by carboxymethylation at higher SMCA con-

centrations resulted at higher DH (in modulus). The

exception of this trend is observed on sample 1:4:4.1,

probably due to a steric hindrance from the car-

boxymethyl groups, which may enable distortions,

thus lowering polymer chain superposition, and finally

reducing the number of hydrogen bonds between

chains.

Fourier-transform infrared spectroscopy

The FT-IR spectra can characterize the main func-

tional groups present in the arabinoxylan structure,

enabling a qualitative chemical description of the

polymer (Magaton et al. 2008; Marques 2014; Jayapal

et al. 2013; Samanta et al. 2012). Figure 6 presents the

FT-IR spectra of sample 5 of CMX and the of the

original corn fiber xylan. As can be seen, a typical

band at 1030 cm-1 is observed due to glucosidic C–

O–C bonds and to C–O and C–C stretching from

xylose units (Magaton et al. 2008; Marques 2014;

Eduardo da Silva et al. 2012). At the region of

absorption associated to the deformation of C–H from

Fig. 5 Tg and DH of CMX a obtained by homogeneous activation in 2-propanol and b obtained by homogeneous activation without

2-propanol
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anomeric hydrogens (950–700 cm-1), a band at

886 cm-1 with low intensity is observed indicating

the presence of b-anomers, due to b-glucosidic bonds
between xylose units of the xylan chain (Marques

2014; Jayapal et al. 2013; Samanta et al. 2012;

Eduardo da Silva et al. 2012). The band observed

around 1643 cm-1 is referred to water absorption

vibrations (Magaton et al. 2008; Marques 2014;

Jayapal et al. 2013). Bands at 2859 cm-1 and

2925 cm-1 are related to the C–H aliphatic stretching

modes (Magaton et al. 2008; Marques 2014; Jayapal

et al. 2013; Eduardo da Silva et al. 2012). The O–H

vibrations are revealed by a band observed at

3334 cm-1 due to water molecules presence as an

effect of xylans hygroscopy (Marques 2014; Jayapal

et al. 2013; Samanta et al. 2012; Eduardo da Silva et al.

2012). The absence of a band around 1720 cm-1

indicates that no oxidation of the hydroxyl groups of

hemicelluloses occurred during the xylan isolation

procedure. At 1738 cm-1 (C=O stretching modes) no

absorption band is observed, revealing that the acetyl

groups were hydrolyzed during the extraction of

hemicelluloses (Magaton et al. 2008; Eduardo da

Silva et al. 2012). A band observed at 1363 cm-1

refers to sodium nitrate byproduct derived from the

alkali extract neutralization with nitric acid.

In the CMX spectrum, a band at 1584 cm-1 is

observed, due to the COO- stretching, revealing that

the arabinoxylans were carboxymethylated (Peng

et al. 2015; Mondal et al. 2015; Ren et al. 2008;

Velkova et al. 2015). The band observed at 2914 cm-1

is refers to the C–H stretching and bending vibrational

modes from methylene groups (Konduri and Fatehi

2016). Bands observed at 1308 cm-1 and 1411 cm-1

are due to the C=O stretching modes of carboxylic

groups and of CH2 from methylene (Peng et al. 2015;

Mondal et al. 2015; Konduri and Fatehi 2016; Ren

et al. 2008; Velkova et al. 2015).

These results confirm the effective carboxymethy-

lation of arabinoxylans.

Conclusions

The corn fibers represent a potential renewable source

of hemicelluloses for the development of high quality

value-added products. Their competitiveness is also

related to their low cost, as an abundant agroindustry

residue. Xylose and arabinose chains, containing

acetyl and uronic acids groups, mainly compose the

hemicelluloses from corn fibers (GAX). The optimal

NaOH concentration for arabinoxylan extraction at

acceptable yield is about 6% (w/v). The GAX

carboxymethylation, carried out in mild conditions,

was more effective when 2-propanol was applied in

the homogeneous activation, giving a hemicellulosic

derivatives from corn fibers, with high degree of

substitution and good thermal resistance.
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Mondal IH, Yeasmin S, Rahman S (2015) Preparation of food

grade carboxymethyl cellulose from corn husk agro-waste.

Int J Biol Macromol 79:144–150. https://doi.org/10.1016/j.

ijbiomac.2015.04.061

Nascimento GE, Hamm LA, Baggio CH, Werner MFP, Laco-

mini M, Cordeiro LMC (2013) Structure of a galactoara-

binoglucuronoxylan from tamarillo (Solanum betaceum), a

tropical exotic fruit, and its biological activity. Food Chem

141:510–516. https://doi.org/10.1016/j.foodchem.2013.

03.023

Paes MCD (2007) Manipulação da composição quı́mica do
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