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Abstract The present study focused on investigating

the catalytic mechanism of metal salts (sodium

hypophosphite, sodium bisulfate and ammonium fer-

ric sulfate) for esterification of bagasse cellulose

carried out by mechanical activation-assisted solid

phase reaction in a stirring ball mill. FTIR analysis of

the products confirmed that these metal salts could

catalyze the esterification of cellulose. XRD, SEM,

FTIR, and 31P-NMR analyses of different samples

indicated a synergistic effect between metal salt and

ball milling, and the presence of metal salts enhanced

the destruction on crystal structure of cellulose by

mechanical force. The catalytic mechanism of three

metal salts was difference: sodium bisulfate and

ammonium ferric sulfate belonged to the catalytic

mechanism of protonic acid and Lewis acid,

respectively, while the catalytic mechanism of sodium

hypophosphite was considered as that it could react

with maleic acid to form active intermediates under

ball milling.

Keywords Cellulose � Esterification � Metal salt �
Catalytic mechanism � Mechanical activation

Introduction

Sugarcane bagasse is an abundant and renewable

source of lignocellulosic biomass and cellulose is one

of the main components. Bagasse cellulose can be

used for the preparation of environmentally friendly

and biocompatible products. Because of the charac-

teristics of biodegradability and sustainability, cellu-

lose based materials have been widely used in daily

life (Abhilash and Singh 2008; Chundawat et al.

2011). The molecules of cellulose are linear polymer

of b-1,4-glycosidic bonds linked D-glucopyranose

residues, and each base ring contains three hydroxyl

groups in the repeating units (Lam and Luong 2014),

which can be dramatically modified by the substitution

reactions. Esterification is usually used for chemical

modification of cellulose with acid anhydride or fatty

acid to improve its properties. However, native

cellulose with strong inter- and intramolecular hydro-

gen bonding has highly-ordered crystal structure and

compact network structure, which make it resists
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assault of other reagents (Nishiyama et al. 2002).

Conventional synthetic methods include pyridine-acyl

chloride method (Cr Py et al. 2009; Granstrom et al.

2011; Uschanov et al. 2011) and ester exchange

method (Cao et al. 2013; Dankovich and Hsieh 2007).

Pyridine-acyl chlorides are toxic and corrosive, and

can be very easily inactived because of the water

absorptivity, while ester exchange method consumes a

large number of reagents. Therefore, these two

methods are difficult to achieve industrial production,

and many researchers began to explore the synthesis

method of using fatty acids as esterifying agents

instead of acyl chlorides. However, the reactivity of

fatty acids and the nucleophilicity of hydroxyls in

cellulose are poor, so the esterification of cellulose

with fatty acids is difficult to take place. Two main

methods can enhance the reactivity of fatty acids. One

is using co-reactants (e.g., trifluoroacetic anhydride,

p-toluenesulfonyl chloride, acetic anhydride, etc.) to

react with fatty acids to form highly active mixed acid

anhydrides, which then react with the hydroxyl groups

of cellulose to produce cellulose esters (Granstrom

et al. 2008; Hu et al. 2015; Huang et al. 2011). The

other is using catalysts to accelerate the esterification,

such as the addition of sodium hypophosphite could

effectively enhance the esterification of cellulose with

polycarboxylic acid (Gillingham et al. 1999; Morris

et al. 1996). These esterification reactions are gener-

ally carried out in water, organic solvents, or ionic

liquid, which present the disadvantages of complex

procedure and difficulty in the purification of products

and recovery of solvents.

With the increasing concerns on environmental

protection, solid phase reaction (SPR) has attracted

much attention. SPR is an efficient and green

method due to the advantages of nonuse of solvent,

high selectivity and yield, simple process, low

energy consumption, and environmental friendli-

ness (Crawford et al. 2015; James et al. 2012).

However, SPR is different from liquid phase reac-

tion as the mixing and contact of solid materials are

not sufficient, limiting the energy exchange and

diffusion of solid materials. So the reaction can only

carry out at the interface between solid reactants. To

overcome the problem of poor mass and heat

transfer between solid materials and low chemical

reactivity of highly crystalline cellulose, mechani-

cal activation (MA) can be used as an assisted means

for SPR. MA can break the compact network

structure and stable crystal structure of cellulose

and a part of mechanical energy may be transformed

into internal energy of cellulose, which thus

improve its reactivity. Moreover, MA can accelerate

the diffusion and improve the contact status between

reactants, contributing to enhancing the reaction

efficiency (Huang et al. 2012a).

At present, using metal salts as catalyst for ester-

ification are commonly applied in liquid phase reac-

tions, and the catalytic mechanism mainly plays the

catalytic role of Lewis acid or protonic acid (Barbosa

et al. 2006; Bassan et al. 2013). For example, tri-butyl

citrate was synthesized from citric acid and butanol

catalyzed by heteropolyacid organic salts, and the

catalytic mechanism is proton acid (Leng et al. 2009).

Metal salts are mainly used as the non-derivative

solvents and hydrolysis catalyst for cellulose (Kim

et al. 2016; Morales-delaRosa et al. 2014), but they are

seldom used in the chemical modification of cellulose.

In our previous works, we found that adding appro-

priate amount of metal salts effectively improved the

esterification of cellulose and lignocellulose by MA-

assisted SPR (MASPR) (Huang et al. 2012b; Zhang

et al. 2014). Although in the conditions of solid phase

and lower temperature, the addition of metal salts was

so efficient for esterification, considered that metal

salts exhibit catalytic action induced by ball milling in

SPR and the effects of MA and metal salts on the

modification of these natural polymers are synergistic

interaction.

The present study focused on investigating the

catalytic mechanism of metal salts for the esterifica-

tion of bagasse cellulose by MASPR in a stirring ball

mill. Three kinds of metal salts, sodium bisulfate

(NaHSO4), ammonium ferric sulfate (NH4Fe(SO4)2),

and sodium hypophosphite (NaH2PO2), were applied

as catalyst for the maleation of cellulose with maleic

acid as esterifying agent. In addition, the effects of

different metal salts on the molecular structure of

cellulose and maleic acid treated by MA and

MA ? metal salt (MAMS) in the same equipment

and conditions of MASPR were comparatively inves-

tigated. X-ray diffraction (XRD), scanning electron

microscopy (SEM), Fourier transform infrared spec-

troscopy (FTIR), and 31P-nuclear magnetic resonance

(31P-NMR) analyses were applied to characterize the

resulting samples to explore the catalytic mechanism

of metal salts in MASPR system.
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Experimental

Materials

Cellulose material used in this study was separated

from sugarcane bagasse (cellulose content of

41.30 wt%), supplied by a local sugar factory (Nan-

ning, China). The separation and purification of

cellulose were according to the reported method

(Rowell 1994), and the cellulose content of the

resulting bagasse cellulose was over 98.49 wt% with

a degree of polymerization of 563. Maleic acid,

sodium hypophosphite, sodium bisulfate, ammonium

ferric sulfate, anhydrous ethanol, and other reagents

were of analytical grade without further purification

and obtained from commercial sources.

Preparation of esterified cellulose by MASPR

Preparation of esterified cellulose by MASPR was

performed in a customized stirring ball mill, and the

schematic diagram is shown in Fig. 1. Fixed amount

of milling balls (500 mL, 5 mm diameter) was first

added into a jacketed stainless steel chamber

(1200 mL), and then 10.0 g of cellulose, 75 wt%

(weight percent compared to cellulose) of maleic acid

(esterifying agent), and 10 wt% (weight percent

compared to cellulose) of metal salt (catalyst) were

added into the chamber. The mixture was subjected to

milling at the speed of 300 rpm under a constant

temperature of 80 �C by circulating the thermostatic

water in the jacket of chamber. When milled for

different designated time, the balls were removed from

the milled material. The material was first washed to

neutral with distilled water to remove metal salt and

unreacted reagents, and then with absolute alcohol to

prevent cellulose hornification in the presence of water

when vacuum-dried at 55 �C. After dried for 48 h, the

resulting products were obtained and sealed for

analysis.

MA andMAMS treatments of cellulose and maleic

acid

MA and MAMS treatments of cellulose and maleic

acid were carried out in the same equipment as in

MASPR, and the milling conditions were also the

same as in MASPR except for the addition of reagents.

For MA treatment of cellulose and maleic acid, 10.0 g

of cellulose or maleic acid was added in the chamber

for milling without any other reagent. For MAMS

treatment of cellulose or maleic acid, 10.0 g of

cellulose or maleic acid with 10 wt% of metal salt

(weight percent compared to cellulose or maleic acid)

were added into the chamber. MA treated cellulose

and maleic acid and MAMS treated maleic acid were

directly sealed for characterization. MAMS treated

cellulose was first washed with distilled water to

remove metal salt, and then with absolute alcohol to

prevent cellulose hornification. After vacuum-dried at

55 �C for 48 h, the resulting samples were obtained

and sealed for characterization.

Determination of carboxyl content

The degree of esterification of maleated cellulose was

determined by measuring the quantity of introduced

carboxyl groups. The content of carboxyl groups

(CCOOH) in modified cellulose was measured by

titration method as follows (Jr. Karnitz et al. 2007):

Fig. 1 Schematic diagram

of stirring ball mill
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0.1 g (precision 0.1 mg) of modified cellulose was

treated with 100.0 mL of aqueous NaOH solution

(0.01 mol L-1) in a 250 mL Erlenmeyer for 1.0 h

under constant stirring. The mixture was separated by

filtration, and then three aliquots (25.0 mL) of the

filtrate were titrated with standard aqueous HCl

solution (0.01 mol L-1). CCOOH was calculated by

the following equation:

CCOOH ¼ ðVNaOH � CNaOHÞ � 4� ðVHCl � CHClÞ
m

where CNaOH (mmol L-1) is the concentration of

NaOH solution, CHCl (mmol L-1) is the concentration

of HCl solution, VNaOH (L) is the volume of NaOH

solution, VHCl (L) is the volume of HCl solution used

for titration, and m (g) is the weight of maleated

cellulose.

Hydroxamic acid test for qualitative measurement

of acid anhydride

The sample was added to 0.5 mL of 1 M hydroxy-

lamine hydrochloride methanol solution. The mixture

was heated to boiling, and then a drop FeCl3 solution

(10 wt%) was added after cooling to 30 �C. The

appearance of the characteristic color (bluish red

color) of hydroxamic acid iron complex compound

indicated the presence of acid anhydride.

Chemical characterization

The effects of different metal salts on the molecular

structure of cellulose and maleic acid treated by MA

and MA ? metal salt (MAMS) in MASPR system

were comparatively investigated. The products were

characterized by XRD, SEM, FTIR, and 31P-NMR.

The operating conditions of these analyses were

described in Supplementary Material.

Results and discussion

Esterification of cellulose catalyzed by metal salts

in MASPR system

The reaction efficiency was determined by measuring

the amounts of substituent groups in the products. The

carboxyl contents of different modified cellulose

samples are presented in Table 1. With the assistance

of metal salts and MA, maleated cellulose was

successfully prepared by SPR. The catalytic effect of

NaH2PO2 was better than other two metal salts. The

carboxyl content of modified cellulose increased as the

increase of milling time, and reached a value of

3.577 mmol g-1 at 120 min. It was clearly observed

that metal salts had a good catalytic effect on

maleation of cellulose in MASPR system. Compared

with conventional synthetic methods, MASPR is a fast

and facile method by carrying out the activation

treatment and reaction simultaneously. Moreover,

there is the absence of harmful solvents, and it is no

loss of raw materials and pollution-free because the

unreacted reagents can be recycled by ethanol and

water washing.

Qualitative and quantitative analysis of cellulose by

FTIR technology has been widely used, as the

absorption band position and peak intensity of the

infrared spectrum can quickly and accurately deter-

mine the effect of various treatments on the chemical

structure of cellulose (Fumagalli et al. 2013). FTIR

spectra of the cellulose before and after esterification

by MASPR are presented in Fig. 2. Characteristic

absorption peaks for vibration of lignin aromatic ring

at 1513 and 1603 cm-1 are absence in Fig. 2a,

indicating that the material did not contain lignin

(Sun et al. 2000). The peaks at 1630 cm-1 are

attributed to H–O–H bending of the adsorbed water.

The untreated bagasse cellulose presents the infrared

bands of usual cellulose already described in literature

(Morán et al. 2008). The main characteristic absorp-

tion bands of plant cellulose are presented in Fig. 2a,

including O–H (3000–3600 and 1300–1450 cm-1),

C–H (2900 cm-1), and C–O (950–1200 cm-1), which

confirm the successful separation of cellulose from

bagasse. Compared with the spectrum of Fig. 2a,

several new peaks appear in the spectra of Fig. 2b–e.

The peaks at 1731 and 1580 cm-1 are attributed to

C=O stretching vibration of the ester linkage and the

carboxylate groups (conjugated form), respectively

(Sehaqui et al. 2017). The stretching vibration peaks of

C=C (maleate), C–O–C (ester), and c(CH) bending

present at 1640, 1213, and 823 cm-1, respectively.

Moreover, the intensity of the absorption peak at

1731 cm-1 gradually increased for the modified

cellulose catalyzed by NaHSO4, NH4Fe(SO4)2, and

NaH2PO2, which was stronger than the that of the

modified cellulose without any catalyst. These phe-

nomena prove that maleated cellulose had been
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successfully produced by MASPR, and NaH2PO2

exhibited the best catalytic effect. In order to further

explore the catalytic mechanism of these three kinds of

metal salts for the esterification of cellulose in

MASPR system, effects of metal salts on the structure

of cellulose and maleic acid were investigated by

comparative analysis of the structural changes of MA

and MAMS treated cellulose and maleic acid in the

same equipment and conditions of MASPR.

Effect of metal salts on the structure of cellulose

FTIR analysis

The chemical structure of MA and MAMS treated

cellulose with different milling time was investigated

by FTIR, and the spectra are presented in Fig. 3.

Compared with the spectrum of original cellulose, no

new absorption peaks appear in the spectra of MA and

MAMS treated cellulose samples, indicating that no

new functional groups were generated or grafted by

MA or MAMS treatment. However, the peak at

4000–2890 cm-1, related with hydrogen-bonded O–H

stretching vibration, shifted to a higher wavenumber

as the increase of milling time, indicating that the

stable structure of cellulose was destroyed by ball

milling and the hydrogen bond energy of treated

cellulose was higher than that of untreated one.

Moreover, after MA ? NaHSO4, MA ? NH4-

Fe(SO4)2, and MA ? NaH2PO2 treatments, the peak

of O–H stretching vibration shifted to a higher

wavenumber than that of only MA treatment. This

demonstrates that metal salts could increase the

internal energy of cellulose, resulting from the break-

age of inter- and intramolecular hydrogen bonds and

increase of free hydroxy groups in main chains of

cellulose under intensive impact of mechanical

actions, and then intermolecular hydrogen bonds were

reformed by part of these free hydroxy groups.

The changes in hydrogen bond energy (DE) and the
infrared Total Crystallinity Index (TCI) of control

cellulose and different treated cellulose samples were

determined based on the corresponding FTIR spectra,

and the values are presented in Table 2. TCI of MA

treated cellulose decreased with the increase of milling

time, while DE increased with milling time, which

confirm that MA treatment could increase the internal

energy of cellulose and weaken the stability of

hydrogen bond, leading to promote the reaction

between reagents and the hydroxyl groups of cellu-

lose. Compared with MA treatment, the crystallinity

of cellulose treated by MAMS decreased significantly

as increasing the milling time, and the hydrogen bond

energy increased significantly as the increase of

milling time. It indicates that the addition of metal

Table 1 Carboxyl content

of different modified

cellulose samples

Metal salt Milling time (min) Carboxyl content (mmol g-1)

No catalyst 60 0.4883

120 0.7415

NaHSO 60 1.639

120 2.571

NH4Fe(SO4)2 60 1.912

120 3.095

NaH2PO2 60 2.383

120 3.577

4000 3500 3000 2500 2000 1500 1000 500

a

b
c

d

Wavenumbers (cm-1)

34
20

29
12

17
31

12
13

10
57

82
3

16
39

11
63

15
80

e

Fig. 2 FTIR spectra of a control cellulose and maleated

cellulose, b without catalyst and catalyzed by c NaHSO4,

d NH4Fe(SO4)2, and e NaH2PO2 with milling time = 120 min
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salt could improve the internal energy of cellulose and

accelerate the destruction of crystal structure of

cellulose by mechanical force. The bands at 2894

and 1062 cm-1 assigned to stretching vibration of C–

H and –C–O– in cellulose pyranose ring became

stronger after MA and MAMS treatments, indicating

that the glycosidic bond of cellulose was damaged,

and the carbon chain was ruptured by mechanical

force. The free hydroxyl groups increased with the

increase of milling time, as the peak of O–H stretching

vibration shifted to a higher wavenumber and the

intensity increased, which is consistent with the result

reported by Zhang et al. (2007).

The hydroxyl groups are combined to form intra-

and intermolecular hydrogen bonds in the crystalline

region of cellulose (Patyk and Katrusiak 2015).

According to the literature (Kondo 1997), the charac-

teristic absorption peaks of the intramolecular hydro-

gen bonds O(2)H…O(6), O(3)H…O(5), and

intermolecular hydrogen bond O(6)H…O(3’) were at

3455–3410, 3375–3340, and 3310–3230 cm-1,

respectively. In order to find out the change in the

structure of hydrogen bonds in cellulose by different

treatments, Gauss fitting analysis was used for deter-

mination, and the results are shown in Table S1. The

increase in strength ratio of intramolecular hydrogen

bond and the decrease in strength ratio of
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Fig. 3 FTIR spectra of a MA treated cellulose, b MA ? NaHSO4 treated cellulose, c MA ? NH4Fe(SO4)2 treated cellulose, and

d MA ? NaH2PO2 treated cellulose
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intermolecular hydrogen bond were inconspicuous in

the process of MA treatment. It is shown that the

hydrogen bonds were destroyed by ball milling,

especially the intermolecular hydrogen bonds, and

thus increased the content of free hydroxyls. More-

over, some free hydroxyl groups recombined to form

intramolecular hydrogen bonds under mechanical

force, contributing to the increase in strength ratio of

intramolecular hydrogen bond with the increase of

milling time. Compared with MA treatment, the

strength ratio of intra- and intermolecular hydrogen

bonds in the cellulose treated by MAMS rose and fell

conspicuously as the increase of milling time, respec-

tively. This suggests that metal salt was diffused into

the internal crystalline region of cellulose induced by

mechanical force, which helped to enhance the

destruction of intermolecular hydrogen bond in cellu-

lose. Therefore, there is a synergistic effect between

metal salt and MA.

XRD analysis

XRD measurement is an accurate and effective

method to study the crystal structure of cellulose

(Nishiyama et al. 2003). The crystal features of MA

and MAMS treated cellulose samples were examined

by XRD and also compared with the untreated one.

The XRD patterns of these cellulose samples are

illustrated in Fig. 4. The characteristic diffraction

peaks at around 2h = 15.10�, 16.21�, and 22.16� are
assigned to (1–10), (110), and (200) planes of

cellulose I, respectively (French 2014). The diffrac-

tion peaks of control cellulose are sharp with strong

intensity, indicating the highly crystal structure of

natural cellulose. Figure 4 shows that no new peaks

appear in the MA or MAMS treated cellulose,

implying that MA or MAMS treatment did not alter

the crystalline allomorph of cellulose. The diffraction

intensity slowly decreased with increasing the milling

time, indicating that the crystalline regions were

destroyed by both MA and MAMS treatments. In the

XRD patterns of MAMS treated cellulose (Fig. 4b–d),

a decrease in the intensity of diffraction peaks and

broadening of peaks can be seen obviously compared

with those of native cellulose and MA-treated cellu-

lose with the same milling time.

To quantitatively analyze the changes in crystal

structure of cellulose after MA andMAMS treatments,

crystallinity index (CrI) and D200 were calculated

based on the corresponding XRD patterns, and the

results are shown in Table 3. After MA treatment, CrI

and D200 of cellulose reduced from 62.88% and

3.81 nm to 21.89% and 1.91 nm after milled for

120 min, respectively. The crystal structure of cellu-

lose was destroyed by the impact of intense ball

milling, contributing to the reduction of crystalline

unit and the increase of amorphous area in cellulose

(Da Silva et al. 2010). However, for this kind of highly

crystalline and resistant cellulose, ball milling was

difficult to effectively act on its stable crystal struc-

ture, so the reduction in CrI of MA treated cellulose

was not remarkable. The reduction in CrI and D200 of

MA ? NaHSO4, MA ? NH4Fe(SO4)2, and

MA ? NaH2PO2 treated cellulose was more remark-

able than those of MA treated one. After milled for

120 min, the diffraction patterns of MAMS treated

cellulose only exhibit a very broad peak, revealing that

MAMS significantly disrupted the inter- and

intramolecular hydrogen bonds in cellulose and

caused the distortion of crystalline structure. On the

one hand, the metal salts were diffused into the

crystalline region of cellulose by ball milling, the

cations (H?, Na?, Fe3?, NH4
?) and the hydroxyl

groups of cellulose combined to form new covalent

bonds, which could effectively break the inter- and

intramolecular hydrogen bonds (Fischer et al. 2003;

Román-Leshkov and Davis 2011). On the other hand,

under the instantaneous high temperature induced by

collision between milling balls, the metal salts might

be inmolten state due to their lowmelting point, which

Table 2 TCI and DE values of untreated and different treated

cellulose samples

Sample TCI (%) DE (ev)

Control 0.56 0

MA treatmenta 0.44 7.452 9 10-5

MA treatmentb 0.29 12.42 9 10-5

MA ? NaHSO4 treatmenta 0.20 9.936 9 10-5

MA ? NaHSO4 treatmentb 0.16 14.90 9 10-5

MA ? NH4Fe(SO4)2 treatmenta 0.25 9.936 9 10-5

MA ? NH4Fe(SO4)2 treatmentb 0.18 18.63 9 10-5

MA ? NaH2PO2 treatmenta 0.22 8.69 9 10-5

MA ? NaH2PO2 treatmentb 0.19 18.63 9 10-5

aMilling time = 60 min
bMilling time = 120 min
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was beneficial to accelerate the transfer of energy and

the activation of cellulose. Indeed, the crystal structure

of cellulose was almost completely destroyed to

become amorphous material after 120 min of MAMS

treatment. This finding indicates that the addition of

three kinds of metal salts enhanced the destruction of

crystal structure of cellulose by mechanical force,

increasing the accessibility of cellulose, and the best

synergistic effect was MA ? NaHSO4. As a conse-

quence, during the process of MA and MAMS

treatments, intense mechanical actions induced the

disruption of strong hydrogen bonding in cellulose and

the generation of metastable active sites, which had

positive effects on esterification and resulted in the

synthesis of maleated cellulose under solid-phase

state. It is notable that the catalytic effect of metal salts

for esterification of cellulose was not consistent with

the synergistic effect of MAMS on crystal structure of

cellulose, implying that the change of crystal structure

is not a decisive factor for the esterification of

cellulose. Thus, it is necessary to further explore the

effect of metal salts on the molecular structure of

maleic acid.

SEM analysis

The morphological features and surface characteris-

tics of untreated and different treated cellulose
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Fig. 4 XRD spectra of a MA treated cellulose, b MA ? NaHSO4 treated cellulose, c MA ? NH4Fe(SO4)2 treated cellulose, and

d MA ? NaH2PO2 treated cellulose
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samples can be clearly observed from SEM micro-

graphs, which are shown in Fig. 5. The surface

morphology of highly ordered fibrous structure of

original cellulose, composed of compact long fiber

microfibrils bundles with smooth surfaces, was sig-

nificantly changed during MA treatment. After milled

for 60 min, the fiber bundles were split and fractured,

contributing to the generation of scraps with rough

surfaces and notches, but the fiber bundles still can be

seen. In comparison, after milled for 120 min, part of

the fiber bundles were turned into irregular particles,

and a great many of new surfaces were produced,

which can be seen in Fig. 5b. The collision, friction,

shear, impingement, and other strong mechanical

actions between milling balls destroyed the cellulose

particles repeatedly, and the fiber bundles were

dispersed and broken. Morphologies of the cellulose

treated byMA ? NaHSO4, MA ? NH4Fe(SO4)2, and

MA ? NaH2PO2 are shown in Fig. 5c–e. After milled

for 60 min, the cellulose microfibrils were split and

fractured, contributing to the generation of irregular

particles with fluffy and cracky surfaces, and the

fibrous structure gradually disappeared. After milled

for 120 min, the compact fiber bundle structure was

completely destroyed, only leaving small irregular

particles, which increased the specific surface area and

amorphization of cellulose. The destruction of fibrous

structure and increase of specific surface area could

provide a facile access of reagents to the hydroxyl

groups of cellulose, which increased the chemical

reactivity of cellulose and thus enhanced the esterifi-

cation with maleic acid. The results are in good

consistent with those of XRD analysis that metal salts

greatly enhanced the destruction on crystal structure of

cellulose by mechanical force and thus significantly

increase its accessibility.

Effect of metal salts on the structure of maleic acid

FTIR analysis

The MA ? NaHSO4 and MA ? NH4Fe(SO4)2 trea-

ted maleic acid were tested by the acid anhydride-

hydroxamic acid qualitative test, and the characteristic

Table 3 CrI and D200 values of untreated cellulose and dif-

ferent treated cellulose with different milling time

Sample CrI (%) D200 (nm)

Control 62.88 3.81

MA treatmenta 27.55 2.97

MA treatmentb 21.89 1.91

MA ? NaHSO4 treatmenta 13.62 1.74

MA ? NaHSO4 treatmentb 11.44 1.53

MA ? NH4Fe(SO4)2 treatmenta 22.62 1.95

MA ? NH4Fe(SO4)2 treatmentb 17.88 1.81

MA ? NaH2PO2 treatmenta 21.90 1.97

MA ? NaH2PO2 treatmentb 11.78 1.65

aMilling time = 60 min
bMilling time = 120 min

Fig. 5 SEM micrographs of a control, b MA treated, c MA ? NaHSO4 treated, d MA ? NH4Fe(SO4)2 treated, and

e MA ? NaH2PO2 treated cellulose samples with the milling time of (1) 60 min and (2) 120 min
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color (bluish red color) of the hydroxamic acid iron

complex compound was not found, indicating that

maleic anhydride did not generate during these

treatments. Compared with the spectrum of maleic

acid in Fig. 6b, the characteristic peaks of acid

anhydride at 1850 and 1780 cm-1 do not appear in

the spectra of Fig. 6c and e, only the characteristic

peak of SO4
2- appears at around 1060 cm-1, indicat-

ing that maleic acid did not translate to acid anhydride

and no new groups were generated or grafted. As

showed in Fig. 6c and e, an increase in the intensity of

the bands at 3397 and 3422 cm-1 corresponding to

free O–H band stretching vibration was directly

related to the destruction of hydrogen bonds in maleic

acid. This demonstrates that the addition of NaHSO4

and NH4Fe(SO4)2 enhanced the destruction of hydro-

gen bonds in maleic acid and improved its reactivity.

Therefore, no any new substance was synthesized

between maleic acid and these two metal salts in

MASPR system, but only the destruction of inter-

molecular hydrogen bond in maleic acid induced by

mechanical force. During the process of MAMS

treatment, the chemical reactivity of maleic acid could

be enhanced by the addition of NaHSO4 and NH4-

Fe(SO4)2, and thus enhanced the esterification

between cellulose and maleic acid.

The MA ? NaH2PO2 treated maleic acid and

fumaric acid were tested by the acid anhydride-

hydroxamic acid qualitative test, and then the charac-

teristic color (bluish red color) of the hydroxamic acid

iron complex compound was not found, indicating that

maleic anhydride did not generate during these

treatments. Compared with the spectrum of maleic

acid in Fig. 7b, the characteristic peaks of acid

anhydride at 1850 and 1780 cm-1 do not appear in

the spectra of Fig. 7c1–c3, indicating that maleic acid

did not translate to acid anhydride. Liquid or solid

state carboxylic acids generally formed dipolymers by

intermolecular hydrogen bonds. As shown in Fig. 7b,

the peak at 3424 cm-1 could be assigned to the

stretching vibration of intermolecular hydrogen bonds

in maleic acid. As shown in Fig. 7c1 and c2, new

peaks at 3500 and 3366 cm-1 could be ascribed to the

bending vibration of intra- and intermolecular hydro-

gen bonds in maleic acid during the process of

MA ? NaH2PO2 treatment. With the increase of

milling time, the peak intensity of the intramolecular

hydrogen bonds increased first and then disappeared,

while that of the intermolecular hydrogen bonds

increased first and then decreased. It obviously

confirmed that the intermolecular hydrogen bonds

were broken by the synergistic effect between NaH2-

PO2 and mechanical force, and then forming the

intramolecular hydrogen bonds. The new stretch at

2427 and 831 cm-1 can be caused by P–H stretching

vibration of phosphinates. The new band at

1682 cm-1 originates from the stretching vibration

of C=O in carboxyl and C=C conjugate. The peaks at

1365 and 1219 cm-1 result from the in-of-plane

bending vibration of O–H and stretching vibration of
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Fig. 6 FTIR spectra of a NaHSO4, bmaleic acid, cMA ? NaHSO4 treated maleic acid, d NH4Fe(SO4)2, and eMA ? NH4Fe(SO4)2
treated maleic acid with the milling time of (1) 60 min and (2) 120 min
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P=O. The bands at 1120, 1070, 1012, and 969 cm-1

could be assigned to the symmetrical stretching

vibration of P–O–C, while at 831 cm-1 could be

ascribed to the asymmetric stretching vibration of P–

O–C. This demonstrates that an active intermediate

was successfully synthesized between maleic acid and

NaH2PO2 by MASPR.

In order to infer the reaction pathway between

maleic acid and cellulose, fumaric acid and NaH2PO2

were put in MASPR equipment for testing. Compared

with the spectra in Fig. 7a and d, no any new

absorption peak appears. As shown in Fig. 7e1–e3,

the peaks at 2387, 1125, 1080, and 819 cm-1 are

attributed to the stretching vibration of the

characteristic peaks of NaH2PO2, which demonstrates

that no new substance was produced between fumaric

acid and NaH2PO2 by MASPR. The results confirm

that fumaric acid could not form intramolecular

hydrogen bonds because of the steric effect of

hydroxyl groups located on the opposite side of C=C

bond. However, maleic acid could form intramolec-

ular hydrogen bonds because the hydroxyl groups of

maleic acid is located on the same side of C=C bond,

with the highest degree of cis-stereoselectivity. There-

fore, the intermolecular hydrogen bonds of maleic acid

could be destroyed by the addition of NaH2PO2 in

MASPR system, promoting the formation of

intramolecular hydrogen bonds.
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Fig. 7 FTIR spectra of a NaH2PO2, bmaleic acid, cMA ? NaH2PO2 treated maleic acid, d fumaric acid, eMA ? NaH2PO2 treated

fumaric acid with the milling time of (1) 30 min, (2) 60 min, and (3) 120 min
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31P-NMR analysis

The structure of phosphorus compounds was exam-

ined by 31P-NMR measurement, which is an effective

and ideal technique (Charmot and Katz 2010; Condron

et al. 1985). In order to further confirm the structure of

active intermediates formed between maleic acid and

NaH2PO2 by MASPR, the chemical structure of the

phosphorus compounds milled for 120 min was

investigated by 31P-NMR, and the result is presented

in Fig. 8. As shown in Fig. 8a and c, the signals at

7.246 and 2.718 ppm correspond to the signals of P=O

and P–H, respectively, demonstrating that chemical

reaction between fumaric acid and NaH2PO2 did not

take place byMASPR, and thus no active intermediate

generated. As shown in Fig. 8b, a new peak at

5.813 ppm originates from the signal of P–O–C,

indicating that an active intermediate could be

successfully synthesized between maleic acid and

NaH2PO2 by ball milling.

Catalytic mechanism of metal salts

for esterification of cellulose by MASPR

Based on the analyses of XRD, FTIR, SEM, and 31P-

NMR, the catalytic mechanism of these three metal

salts for esterification of cellulose in MASPR system

can be divided into two aspects. One is that the

synergistic effect of MA and metal salt on cellulose,

and the other is the effect of MA and MAMS on the

molecular structure of maleic acid.

Effect of MA and MAMS on cellulose

Based on the comprehensive analyses of XRD, FTIR,

and SEM, it can be found that the presence of metal

salts helped to enhance the destruction in crystalline

structure of cellulose by ball milling. This may due to

that the oxygen atoms of the hydroxyl groups

connected with C-2, C-3 and C-6 in pyranose ring

monomers of cellulose are more active and polar, and

O-5 also shows polarity, which led to easy adsorption

of metal ions. According to the combination relation-

ship of some metal ions and cellulose (Nowakowski

et al. 2008; Saddawi et al. 2012), we hypothesize the

combination relationship between cellulose and metal

ions in MASPR system, which is shown in Scheme 1.

The glycosidic bonds between pyranose rings in

cellulose were first destroyed by ball milling, con-

tributing to the damage of carbon chain and crystalline

region and the increase of amorphous region. Then,

the cations, H?, Na?, NH4
?, and Fe3?, combined with

the hydroxyl oxygen atoms on the surface of cellulose,

and the electrons of carbon atoms and oxygen atoms of

10 8 6 4 2 0 -2 -4 -6

P

H

H

O ONa

PPM

7.246

2.718

(a)

10 8 6 4 2 0 -2 -4 -6

CHOOC

HH

P

H

H

O

O

O

PPM

5.813(b)

10 8 6 4 2 0 -2 -4 -6

P

H

H

O ONa

PPM

7.246

2.718

(c)

Fig. 8 31P-NMR spectra of

a NaH2PO2,

b MA ? NaH2PO2 treated

maleic acid (milling

time = 120 min), and

c MA ? NaH2PO2 treated

fumaric acid (milling

time = 120 min)
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Scheme 1 Mechanism

scheme of the effect of metal

salts on cellulose
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Scheme 2 The catalytic mechanism schemes of a NaHSO4, b NH4Fe(SO4)2, and c NaH2PO2
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the pyranose ring were impacted in different extent by

the adsorption of cations, resulting in the change in

bond angle of C–C and C–O, increase of bond length,

deformation of pyranose ring, and weakening of inter-

and intermolecular hydrogen bonds in cellulose.

Moreover, the compact structure of cellulose was

destroyed by the mechanical force, contributing to that

the inter- and intramolecular hydrogen bonds were

weakened and even destroyed, which is confirmed in

infrared spectra that the peak of O–H stretching

vibration shifted to a higher wavenumber and the peak

intensity increased. As the crystalline region of

cellulose was destroyed and the amorphous area

increased, cellulose was in a highly amorphous state.

The destruction of stable structure of cellulose

increases its accessibility, which can enhance the

esterification of cellulose with maleic acid.

Effect of MA and MAMS on maleic acid

The catalytic mechanism scheme of NaHSO4 is

illustrated in Scheme 2a. NaHSO4 contains a water

of crystallization, which would promote the surface

ionization of NaHSO4 to ionize H? ions under the

collision and squeezing between milling balls, leading

to the higher electropositive of carboxyl carbon atoms.

It is beneficial for the hydroxyl groups of cellulose to

attack these H? ions. The central carbon atom

occurred sp3 hybridized to form a tetrahedral inter-

mediate, and then the proton was transferred, follow-

ing by the loss of one molecule of water and hydrogen

ion to generate maleated cellulose. With the progress

of catalytic reaction, the generated water made

NaHSO4 to ionize more H?, which could accelerate

the esterification. Clearly, the catalytic mechanism of

NaHSO4 belonged to that of protonic acid.

The catalytic mechanism of NH4Fe(SO4)2 is

expounded in Scheme 2b. The melting point of

NH4Fe(SO4)2 is 39–41 �C, so it was in molten state

under the milling temperature of 80 �C, and the lattice
would be destroyed and have a higher activity. In

addition, the Fe3?, NH4
?, and SO4

2- ions in NH4-

Fe(SO4)2 were ionized by the collision and extrusion

of milling balls. Fe3? has empty ‘‘d’’ orbitals, which

can coordinate with the lone pair of electron in the

carbonyl oxygen. Therefore, the electron cloud of

C=O in the carbonyl groups strongly biases toward the

oxygen atoms, reducing its activation energy and

generating a proton acid center, which has catalytic

action. In the process of MASPR, Fe3? was ionized

from NH4Fe(SO4)2 induced by ball milling, and the

Fe3? ion coordinated with the lone pair of electron in

carbonyl oxygen to form an intermediate, following by

proton transfer and the loss of one molecule of water,

and then maleated cellulose was successfully pro-

duced. Therefore, the catalytic mechanism of NH4-

Fe(SO4)2 belonged to that of Lewis acid.

In liquid phase, the catalytic mechanism of NaH2-

PO2 is considered to be carried out in two steps

reaction process: first, cyclic anhydrides are formed as

intermediates by dehydrating between hydroxyls in

polycarboxylic acids; second, esters are produced by

substitution reaction between hydroxyls of cellulose

and cyclic anhydrides (Morris et al. 1996). Herein, the

catalytic mechanism of NaH2PO2 is clarified in

Scheme 2c. Firstly, the intermolecular hydrogen

bonds between the molecules of maleic acid could

be weakened by the addition of NaH2PO2 under ball

milling, which promoted the formation of intramolec-

ular hydrogen bonds and was further conducive to the

reaction. Then, an active intermediate was formed

between maleic acid and NaH2PO2 induced by ball

milling, and the hydroxyl groups of cellulose were

attacked by the active intermediate. Finally, maleated

cellulose and NaH2PO2 were successfully formed by

the nucleophilic substitution reaction between active

intermediate and the hydroxyl groups of cellulose, and

NaH2PO2 continued to act as a catalyst for

esterification.

Conclusions

Three metal salts, sodium bisulfate, ammonium ferric

sulfate, and sodium hypophosphite, possessed good

catalytic effects for the esterification of cellulose in

MASPR system. XRD, FTIR, and SEM analyses

confirmed that the assistance of metal salts in MA

treatment had positive effect on the structure changes

of cellulose. Comparative studies of MA and MAMS

treatments indicated that the combination of MA and

metal salts exhibited synergistic effect for more

effective changes of the structural characteristics of

cellulose. In addition, the changes in chemical struc-

ture of maleic acid before and after MAMS treatment

showed that no active intermediate formed between

maleic acid and NaHSO4 or NH4Fe(SO4)2 byMASPR.

Therefore, the catalytic mechanism of NaHSO4 and
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NH4Fe(SO4)2 belonged to that of protonic acid and

Lewis acid, respectively. The catalytic mechanism of

NaH2PO2 was considered as that it could react with

maleic acid to form active intermediates under ball

milling, and then the active intermediates reacted with

hydroxyl groups of cellulose. Hopefully, the detailed

investigation on catalytic mechanism of metal salts for

the esterification of cellulose in MASPR system is of

great significance for the solid phase modification of

polysaccharide polymers.
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