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ABSTRACT: Compared with traditional approaches using synthetic amphiphilic block copolymers, alkyl chain cross-linked lignosulfo-

nate (ASL) with high molecular weight (Mw) from black liquor was synthesized and characterized by GPC, functional group con-

tent, FTIR, and 1H-NMR measurement, and then used as water soluble amphiphilic biopolymer to prepare polymersomes via

solution self-assembly. DLS illustrated the solution assembly behavior. The hollow nature of nanospheres was revealed by TEM.

Moreover, the element analysis and XPS results revealed the hollow sphere structure with a hydrophilic core and a hydrophobic

shell. It facilitated the efficient encapsulation of pesticide carbendazim into the hollow sphere via electrostatic interaction, which was

investigated by SEM, TEM, elemental analysis and XPS. In our study, ASLs with different Mw from 20 kDa to 200 kDa all could

exhibit the similar self-assembly behavior, which suggests that the hollow spheres and the encapsulation experiment were easily

duplicated from ASL polymers without structure dependence. Furthermore, the dispersion properties of ASL in the carbendazim

suspension concentrate (SC) system were also investigated, which showed that SC with ASL exhibited better dispersion property and

rheological performance than that of NSF and commercial LS. Preparation and application of polymersomes via self-assembly from

modified-lignin from black liquor provide a promising and effective scaffold which can be conveniently obtained from cheap and

renewable bioresource. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43067.
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INTRODUCTION

For decades of years, amphiphilic polymeric nano- and micro-

scale materials have attracted worldwide attention.1–4 The nano/

micro-structure-property relationship is of great fundamental

importance for the design of materials with industrial applica-

tion potential in encapsulation and controllable release of

drug5,6 and pesticide.7,8 Generally, nanostructures or microstruc-

tures were prepared from amphiphilic block polymer via tem-

plate synthesis9,10 or emulsion polymerization.11,12 However,

biopolymers, including proteins, nucleic acids, viruses, lipid, glu-

cose, chitosan, lignin, cellulose, and hemicellulose, and so

on,13–17 have attracted great attention for their biocompatibility

and biodegradability. Biopolymers have emerged as an ideal can-

didate in the formation of nano-/micro- materials via self-

assembly because of their safety, environment impact and low

cost.13–19 Lignin, a natural biopolymer, has stimulated great fun-

damental interest and has widespread applications in many fields

because of its advantages such as low environmental impact,

abundant in source and lower cost.20–29 As one of the most

abundant plant biopolymers30–32; however, lignin suffers from its

disadvantages such as poor solubility and relatively low molecu-

lar weight (Mw) which limit its application.33 Numerous studies

have been focused on lignin to convert it into lignosulfonate

(LS) by various technologies to overcome these obstacles in

order to increase its application value in industrial fields.34–37

On the other hand, high-valued and novel utilization for modi-

fied lignin-based polymers are promoted to develop. Preparation

and application of modified lignin-based nanostructures provide

a promising and effective scaffold for efficient utilization of black

liquor from cheap and renewable bioresource.18,39–41

Recently, new progress has been made in the self-assembly and

application of lignin and LS as reported previously in our

lab.38–41 The structure-amphiphilic property relationship of LS-

based molecules such as aggregation behavior in water has been

studied, which abstracted great fundamental and industrial

interest in biomass utilization.38 Moreover, our recent research
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demonstrated ACL (acetylated lignin) can fabricate uniform

solid nanospheres in water/THF solution.39,40 More recently,

CO2-responsive diethylaminoethyl-modified lignin nanoparticles

were also obtained and used as surfactant for pickering emul-

sion.41 However, as far as we know, hollow spheres obtained

from LS via self-assembly have been rarely reported because the

study on it is challenging due to their extremely complex three-

dimensional amorphous structure.

Herein, for the aim of improving the amphiphilicity of lignin to

obtain hollow spheres, we describe a modification of lignin

using black liquor as starting material to prepare alkyl chain

assisted lignosulfonate polymer (ASL).18 In previous article,

lignosulfonate (LS) was directly used to be modified and then

used to disperse coal-water slurry. However, black liquor was

directly used to be sulfonated and cross-linked in this work.

The cost of the product is far lower than that of the previous

work. The chemical structure of SL is very different from that

of LS (see Figure 3), because the sulfonation approaches

between them are very different. LS was obtained by sulfonation

with Na2SO3 at high pressure and temperature, however, SL was

obtained by sulfonation with CH2O and Na2SO3 at atmospheric

pressure and relatively low temperature. Another novelty of this

work is encapsulation of pesticide carbendazim using hollow

spheres. The reaction steps of ASL is as follows: sulfomethyla-

tion of black liquor as raw material followed by further poly-

merization between sulfomethylated lignin (SL) and 1,6-

dibromohexane. For our approach, the introduction of alkyl

chain into SL molecules was an easily accessible hydrophobic

modification route to improve Mw of lignin, and the further

polymerized SLs via alkyl chain bridging were rarely reported,

to date. The modified lignin-based polymer ASLs with different

Mw from 20 kDa to 200 kDa could self-assemble into polymer-

somes in selective solvents. In this work, ASL with moderate

Mw was utilized as a representative product to investigate the

self-assembly behavior. The result is an interesting observation

unreported previously. As previously mentioned, Wang et al.8

utilized layer-by-layer self-assembly method to encapsulate the

herbicide picloram, which was relatively sophisticated to oper-

ate. Carbendazim, a representative benzimidazolic compound,

has been also widely used as a pesticide and herbicide for the

protection of plant.42 In our work, pesticide carbendazim was

encapsulated into ASL hollow spheres during the ASL self-

assembly process by electrostatic interaction, which was investi-

gated by SEM, TEM, elemental analysis and XPS. Furthermore,

the carbendazim suspension concentrate (SC) with ASL dispers-

ant exhibited better dispersion properties than that of NSF and

commercial LS.

MATERIALS AND METHOD

Materials

Lignin black liquor was supplied by Shuntai (Shuntai, Hunan,

China). 1,6-dibromohexane (C6H12Br2) was supplied by Energy

Chemical (Shanghai, China) with a purity of 97%. All other

chemicals were of analytical grade, including formaldehyde

(CH2O) of 37%, sodium hydroxide (NaOH), sodium sulfite

(Na2SO3), potassium iodide (KI), hexane, ethanol (EtOH) and

pesticide carbendazim. The commercial LS product was sup-

plied by Shixian Paper Mill (Jilin Province, China). NSF (naph-

thalene sulfonate-formaldehyde condensate) was a commercial

dispersant of Zhanjiang additive company (Guangdong, China).

Preparation of ASL

Black liquor (10 g) was dissolved in 50 mL of H2O at pH of 12.

The reaction was started by slow addition of formaldehyde

(2.1 g) at 708C for 20 min, and subsequent addition of sodium

sulfite (4.0 g) at 958C. After the reaction was kept for 3 h, the

reaction liquid was added C6H12Br2 (2.5 g), 5.0 g of NaOH and

trace amount of KI (0.1 g) at 808C, respectively. The polymer-

ization was stopped after reflux at 808C for 8 h. The sample was

then extracted with hexane to remove the excessive C6H12Br2

and the polymer in aqueous solution was filtered. The filtrates

were purified with dialysis (Mw 5 1000 Da) to removed inor-

ganic salt. The purified product was then freeze-dried to obtain

yellow-brown solid powder sample.

Gel Permeation Chromatography (GPC) Measurement

Calibration standard was polystyrene sulfonate with Mw range

from 2 to 150 kDa. The eluent was 0.10M NaNO3 solution of

0.50 mL/min. All samples were dissolved and diluted into 0.3

wt % using double-distilled water and filtered by a 0.22-lm fil-

ter. The Mw measurement was conducted by aqueous gel per-

meation chromatography and the UV absorption at 280 nm was

monitored with a Waters 2487 UV detector (Waters Co, Mil-

ford, MA).

Functional Group Content Measurement

The phenolic hydroxyl group (-OH) content of samples was

determined by Folin-Ciocalteu colorimetric (FC) method. The

sulfonic group (-SO3H) content of SL and ASLs was measured

by automatic potentiometric titrator (Type 809 Titrando. Met-

rohm Corp., Switzerland).

Infrared Spectroscopy Analysis

FTIR spectra of SL and ASL were measured on an Autosys-

temXL/I-series/Spectrum2000 (Thermo Nicolet Co., Madison,

WI) and recorded between 4000 and 400 cm21. The measure-

ment method was potassium bromide pressed-disk technique.

1H-NMR Spectroscopy Analysis

The 1H-NMR spectra of samples were recorded with 30 mg of

each sample dissolved in 0.5 mL of deuterium oxide (D2O) at

room temperature by DRX-400 spectrometer (Bruker Co.,

Ettlingen, Germany).

Preparation of Polymersome with ASL

First, ASL was dissolved into water to prepare ASL solution

(0.5 mg/mL), and then ethanol was added into the ASL aqueous

solution to achieve a solution of 0.05 mg/mL. Then, the mixed

solution was stirred for around 3 h and left for 1 h at room

temperature to obtain the ASL polymersomes.

Scanning Electron Microscopy (SEM)

Scanning electron micrographs were recorded with a Nova

Nano SEM instrument (Zeiss, Netherlands). Samples were

mounted on aluminum stubs by means of double-sided con-

ductive adhesive and sputtered with Au/Pd to reduce charging

effects. The concentration of samples was 0.05 mg/mL, and the
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volume proportion of solvents was 1:9 which were water and

ethanol.

Transmission Electron Microscopy (TEM)

The TEM samples were prepared by dropping diluted sample

solution onto the copper grids coated with a thin carbon film.

The concentration of samples was 0.05 mg/mL in H2O/Ethanol

(v/v, 1:9). TEM images were obtained using a HITACHI H-7650

electron microscope with an accelerating voltage of 200 kV.

Dynamic Light Scattering (DLS) Measurement

Experiments were performed on Zeta PALS instrument

(Brookhaver, USA). The concentration of samples was 0.05 mg/

mL in H2O/Ethanol (v/v, 1/9).

Element Content Measurement

Elemental analyses of SL and ASL were measured by Elementar

Vario EL cube. Elemental distribution on the surface of ASL

particles was analyzed by X-ray photoelectron spectroscopy

(XPS, Utra Axis DLD, Kratos, Englang). The nanosphere sam-

ples for XPS were prepared by dropping the TEM samples solu-

tion on tinfoil and drying naturally under room temperature.

The bulk materials were obtained by freeze-drying and analyzed.

Elemental distribution of the colloidal spheres loading of pesti-

cide carbendazim was also determined by elemental analysis and

XPS.

Encapsulation of Pesticide Carbendazim

The carbendazim was first dissolved into HCl aqueous solution

(0.1 mol/L) to prepare 5 mg/mL. 0.58 mL of carbendazim solu-

tion was mixed with 90 mL of EtOH. The solution was added

into 10 mL of 0.5 mg/mL ASL aqueous solution and the H2O/

EtOH mixed sample solution was stirred for 3 h at room tem-

perature. The encapsulation of pesticide was proceed during

nanocapsules formation, and the ratio of n(carbendazim): n(-

SO3H) was 1.5:1. The mixed sample solution was dialyzed to

remove excess carbendazim. The result of encapsulation was

observed by SEM, TEM, and elemental analyses.

Preparation of Carbendazim Suspension Concentrates (SC)

In this work, 45% carbendazim SC were prepared by wet mill-

ing with a planetary ball mill (QM-3SP2, Nanjing University

Instrument Factory, China). Carbendazim (45 g), dispersant

(3 g), and Milli-Q water (52 g) were mixed and added to a

grinding jar filled with zirconium balls (300 g) with a diameter

of 10 mm. The rotation rate was set at 400 r/min and ran for

2 h to target particle size <5 lm, thus carbendazim SC with

different dispersants were obtained.

Dispersion Properties in Carbendazim SC And Rheological

Property Measurements

Suspensibility tests of carbendazim SC were conducted accord-

ing to Collaborative International Pesticides Analytical Council

(CIPAC) Method MT161. The remaining tenth of the suspen-

sion was assayed gravimetrically after it was dried, and the total

suspensibility was calculated. Each sample was measured in

triplicate.

Rheological properties of carbendazim SC with different disper-

sants were performed employing a rheometer (Haake MARS

III).The shear rate range is: up run 0�200 s21 and the tempera-

ture is kept at 258C, with a fluctuation of 18C. Shear stress and

shear viscosity were monitored, and the viscosity at shear rate of

100 s21 was used as the apparent viscosity of carbendazim SC.

Figure 1. (a) Effect of 1,6-dibromohexane (C6H12Br2) on molecular weight distribution of ASL. (b) The reaction scheme of ASL from black liquor.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table I. Effect of 1, 6-dibromohexane (C6H12Br2) on the Molecular Weight Distributions and Functional Group Contents of Alkyl Chain Cross-Linked

Lignosulfonate (ASL)

Functional group contents

Samples
m (black liquor):
m (C6H12Br2) Mw (Da) Mn (Da) PDI -OH (mmol/g) -SO3H (mmol/g)

SL 1:0.00 4450 1,550 2.87 2.23 1.79

ASL 1:0.25 55,800 17,900 3.12 0.45 1.64

SL, sulfomethylated lignin; PDI, polydispersity index.
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RESULTS AND DISCUSSIONS

Measurements of Molecular Weight Distribution

As can be seen from Figure 1(a), alkyl chain assisted LS-based

polymer ASL with high molecular weight was prepared by our

designed reaction. The effect of C6H12Br2 on the molecular

weight of ASL was obvious. The results of Mw distribution were

also listed in Table I, the Mw of ASL (Mw 5 55,800 Da)

increased by a factor of 12-fold for SL (Mw 5 4450 Da). ASL

polymer were readily obtained by two steps in one pot: sulfo-

methylation of black liquor to prepare sulfomethylated lignin

(SL) and further polymerization between SL and 1,6-dibromo-

hexane in NaOH aqueous solution. Compared with the conven-

tional modification routes, our method is easy processing and

cost-efficient procedure.

Functional Group Content Analyses

In order to study the chemical structure of ASL polymer, func-

tional groups, such as phenolic hydroxyl groups and sulfonic

groups, were analyzed. As shown in Table I, after alky chain

assisted modification, the phenolic hydroxyl group content of

ASL decreased remarkably from 2.23 mmol/g to 0.45 mmol/g.

This suggested a straightforward relationship between the poly-

merization of SL and consumption of phenolic hydroxyl groups.

The content of sulfonic groups decreased slightly after alky

chain assisted polymerization with C6H12Br2 as shown in Table

I. The results can be explained by the increase of Mw due to

the increasing introduction amount of alkyl chains. The sulfonic

group content of SL was 1.79 mmol/g, the total amount of sul-

fonic groups could be unchanged by alky chain cross-linked

polymerization, so the sulfonic group contents decreased slightly

after increasing Mw of SL. The results were verified by elemen-

tal analysis shown in Table IV. The content of SL and ASL is

5.67% and 5.32%, respectively, which could be converted to

1.78 mmol/g and 1.66 mmol/g for SL and ASL. Therefore, the

result detected by elemental analysis was very close to that

detected by automatic potentiometric titration.

Chemical Characterization

To elucidate the chemical structure of ASL polymer, the FTIR

spectra of SL and ASL were investigated as shown in Figure

Figure 2. FTIR spectra (a) and 1H-NMR spectra (b) of SL and ASL poly-

mer. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Table II. FTIR Bands Assignment of ASL Polymer

Band (cm21) Vibration Assignment

3,450–3,405 st OAH Phenolic OH and
aliphatic OH

2,950–2,920 st CAH CH3 and CH2

2,860 st CAH OCH3

1,650 st C@O Conjugated C@O

1,600 st CAC Aromatic skeleton

1,500 st CAC Aromatic skeleton

1,410 st CAC Aromatic skeleton

1,042 st CAO(C) Ether –O-

st, stretching vibration.

Table III. Signal Assignment for 1H-NMR Spectrometry of ASL Polymer

Signal (ppm) Assignment

8.0–6.0 Aromatic H in S
and G units

6.9 Aromatic H in G

6.6 Aromatic H in S

3.7–4.0 Methoxyl H

3.0–0.5 Aliphatic H

Table IV. Elemental Distribution of SL and ASL Bulk Materials by Ele-

mental Analysis Method (left), and ASL Nanosphere on Its Surface by

XPS Method (Right)

Elemental analysis XPS method

Samples C % S % C/S C % S % C/S Br %

SL 31.07 5.67 5.48 – – – –

ASL 48.96 5.32 9.20 73.96 2.69 27.49 –

–, means none of detection.
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Figure 3. Surface morphology of the polymersomes obtained from ASL suspension: SEM image (a) and TEM image (b). Particle size distribution (c)

and XPS (d) of ASL polymersomes via self-assembly in selective solvent. [Color figure can be viewed in the online issue, which is available at wileyonli-

nelibrary.com.]

Figure 4. SEM image (a) and TEM image (b) of ASL polymersomes encapsulated of pesticide carbendazim. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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2(a), and the FTIR bands assignment was listed in Table II. The

intensity of band from 3450 to 3405 cm21 corresponding to

phenolic group stretching vibrations decreased significantly,

which was in accordance with the results concerning phenolic

groups content (Table I). It also further indicated that the reac-

tion sites are phenolic hydroxyl groups and C6H12Br2 was

reacted with –OH of SL to prepare ASL. The areas of bands at

2938 cm21 and 2860 cm21 corresponded to methylene stretch-

ing vibrations from alkyl chain. The area at 1042 cm21 corre-

sponded to ether bond stretching vibration. The intensities of

A2938, A2860, and A1042 all increased as a result of efficient sub-

stitutions of aliphatic chains on phenolic groups of SL.

For the in-depth elucidation of structural features of ASL poly-

mer, SL and ASL were also subjected to 1H-NMR analysis [Fig-

ure 2(b)]. The signal assignment for 1H-NMR spectra of ASL is

also listed in Table III. As shown in Figure 2(b) and Table III,

after alkyl chain assisted polymerization, the signal intensity

below 3.0 ppm exhibited significant increase which was ascribed

to aliphatic chain -C6H12- groups and was in good agreement

with the IR results. The signal intensity of aromatic protons at

8.0–6.0 ppm exhibited no observable change between SL and

ASLs. Moreover, X-ray photoelectron spectroscopy (XPS) of

ASL nanospheres [Table IV and Figure 3(d)] was also conducted

to test the content of bromine element, but none of Br was

detected in ASL sample. If the SL molecules were connected lin-

early by -C6H12- groups, under excessive addition of C6H12Br2,

the -C6H12Br groups should be detected by XPS. The GPC [Fig-

ure 1(a) and Table I], IR, 1H-NMR, and XPS results demon-

strated that both the intermolecular and intramolecular

nucleophilic substitution reactions between C6H12Br2 and SL

molecules simultaneously occurred efficiently. As a result, the

cross-linked network structure of amphiphilic polymer ASL was

proposed to be produced during the polymerization reaction as

shown in Figure 1(b). Our key concept for polymer design is

that sulfonation and polymerization occur on the ortho-

positions and -OH positions of phenol hydroxyl groups, respec-

tively, which avoid the two simultaneously competitive reactions

on the ortho-positions of phenol hydroxyl groups.

Preparation of ASL Polymersomes via Self-Assembly

ASL, obtained from alky chain-assisted polymerization of SL,

was used as an amphiphilic biopolymer to fabricate polymer-

somes via self-assembly behavior. The critical influences of the

self-assembly behavior include hydrophilic-hydrophobic prop-

erty of polymer, the proportion of mixed solvent, stirring speed

and stirring time. In our study, we used the optimal condition

to prepare ASL polymersome (see 2.7 of methods). As can be

seen the SEM image from Figure 3(a), ASL was found to form

compact nanospheres and the average diameter of the nano-

spheres was around 200�300 nm, which was proposed to be

driven by a reduction of surface energy.43,44

More importantly, TEM was performed to study the nanosphere

structure from ASL polymer as shown in Figure 3(b). The result

of TEM image is very similar with previous polymer-only hol-

low spheres.43,45 The middle core of spheres was apparently

shallower than the periphery side, which suggested they were

hollow spheres. TEM of ASL nanospheres showed the spheri-

cally shaped hollow structure [Figure 3(b)] and the diameter

was also around 200�300 nm. Therefore, we propose the self-

assembly model of ASL polymersomes via self-assembly behav-

ior, as shown in Figure 7. The three-dimensional network struc-

ture of ASL polymer promotes the amphiphilic LS-polymer to

form polymersomes in selective solvent by self-assembly.

DLS and Elemental Distribution Analyses of ASL

Polymersomes

DLS measurement was conducted to study the assembly behavior

in solution. As can be seen the particle size distribution from Fig-

ure 3(c), a small percentage of particles from 30 to 80 nm were

detected in the dynamic light scattering measurement, and most

of polymersomes from 370 to 550 nm existed in the solution.

The particle size detected by DLS was relatively larger than that

from SEM and TEM. Because the polymersomes could swell in

the solution, which makes the spheres relatively larger than that

detected by SEM. Therefore, we think the DLS result was in

Figure 5. Elemental distributions of ASL polymersomes encapsulated of

pesticide carbendazim (AEPC) (table inserted in the figure was elemental

distribution of the colloidal spheres detected by elemental analysis and

XPS). [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Table V. Dispersion Properties of 45% Carbendazim SC with Different Dispersants

Samples Dispersant dosage (%) SC (%) Suspensibilty (%) apparent viscosity (mPa.s)

ASL 3 46.8 96 6 0.9 80.14

NSF 3 45.9 86 6 1.5 296.58

Commercial LS 3 46.5 90 6 1.1 184.93

NSF, naphthalene sulfonate-formaldehyde condensate.
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good accordance with the self-assembly process in solution to

fabricate polymersomes detected by SEM and TEM. From this

approach, nanometer-sized polymersomes can be readily pre-

pared which is important for its further application.

The elemental distribution of SL and ASL estimated by elemental

analysis and XPS method was shown in Figure 3(d) and Table IV.

Element analysis was used to test the C/S element ratio of the whole

sphere, and XPS was used to analyze the C/S element ratio of the

surface of the polymersome. The C/S element ratio of ASL (C/

S 5 9.20) is higher than that of SL (C/S 5 5.48) detected by element

analysis, which was an important contributing factor on the self-

assembly of ionic polymer.46 More importantly, the C/S element

ratio of the surface of ASL nanospheres (C/S 5 27.49) detected by

XPS is remarkably higher than those of bulk materials (C/S 5 9.20)

detected by elemental analysis, which showed a higher content of -

SO3H groups inside the polymersome. It also means that the hol-

low nanoparticles expose a hydrophobic surface in the mixed solu-

tion as shown in the proposed self-assembly model of Figure 7.

Encapsulation of Pesticide Carbendazim

Based on the preparation of polymersome, the core of the poly-

mersome with a higher content of -SO3H groups makes the ASL

polymersome potentially useful in many applications due to the

presence of electrostatic attraction between sulfonic group and

other cationic groups to achieve efficient encapsulation of guest

molecules including pesticide and drug. In this work, ASL poly-

mersomes were employed for the loading of pesticide carbenda-

zim, which was investigated by SEM and TEM (Figure 4). The

encapsulation of pesticide was obtained by adding carbendazim

dissolved in HCl aqueous solution to the ASL H2O/EtOH mixed

solution during polymersome formation, and the ratio of n(car-

bendazim): n(-SO3H) was 1.5:1. As can be seen from Figure 4(a),

SEM image of the nanospheres loading of carbendazim molecules

was different from that of polymersomes. Dimly, as shown in the

red arrow of Figure 4(a), we can see that the pesticide crystal was

encapsulated in the polymersome. Polymersomes were changed

into colloidal nanospheres due to the loading of the pesticide car-

bendazim as shown in Figure 4(b). The middle core of nano-

spheres was apparently darker than the periphery side shown in

the blue arrow of Figure 4(b), which further verified the SEM

result shown in Figure 4(a).

To determine the encapsulation of the pesticide carbendazim, ele-

mental distribution of the colloidal spheres loaded of pesticide car-

bendazim was performed as shown in Figure 5. The C/N ratio of the

whole colloidal sphere can be estimated by elemental analysis, while

the C/N ratio on the surface of colloidal sphere can be observed by

XPS. As shown in the Table inserted in Figure 5, the C/N ratio of the

whole colloidal sphere is 5.71, but the C/N ratio on the colloidal

sphere surface is 26.87. It shows a direct evidence to support that the

Figure 6. Shear viscosity curve of 45% carbendazim SC prepared with 3%

dispersants (NSF: naphthalene sulfonate-formaldehyde condensate).

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 7. Self-assembly model of polymersomes and its encapsulation of pesticide carbendazim. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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pesticide carbendazim was encapsulated inside the ASL polymer-

some, which also further verified the results of SEM and TEM.

Therefore, we propose the encapsulation model of pesticide carben-

dazim as shown in Figure 7. During the formation process of ASL

polymersomes, carbendazim was added into the solution and then

was encapsulated into the polymersomes via electrostatic interaction

between sulfonic group of ASL and ammonium of carbendazim.

Evaluation of ASL Used for Carbendazim SC Preparation

In the research results previously, pesticide carbendazim was

encapsulated into the ASL polymersomes efficiently. Therefore, the

carbendazim SC prepared with ASL was also evaluated in our

work. The dispersion properties of 45% carbendazim SC with dif-

ferent dispersants were investigated including suspensibility and

apparent viscosity as shown in Table V and Figure 6. When pre-

paring 45% carbendazim SC with 3% dispersant including ASL,

naphthalene sulfonate-formaldehyde condensate (NSF) and com-

mercial LS, it was found that carbendazim SC with ASL exhibited

better fluidity than that of NSF and commercial LS. The shear vis-

cosity of carbendazim SC prepared with ASL is remarkably lower

than that of NSF and commercial LS as shown in Figure 6. The

viscosity at shear rate of 100 s21 was used as the apparent viscos-

ity of carbendazim SC, which was 80.14, 296.58, and 184.93 mPa.s

corresponding to dispersant ASL, NSF and commercial LS, respec-

tively (Table V). As can be seen from Table V, the suspensibility of

carbendazim SC prepared with above dispersants was 96%, 86%,

and 90% corresponding to ASL, NSF, and commercial LS, respec-

tively. The results indicated that ASL exhibited better dispersion

performance for carbendazim SC than NSF and commercial LS.

CONCLUSIONS

In conclusion, ASL polymer with high Mw was readily prepared

by alkyl chain assisted polymerization using black liquor as raw

materials by two steps in one pot. Polymersomes were easily pre-

pared via self-assembly of water soluble ASL polymer with such

complex three-dimensional amorphous structure. The formation

mechanism was preliminary studied by SEM, TEM, and DLS. The

hydrophobic alkyl chain blocks contribute to the self-assembly

which make it easily achievable to rearrange and fabricate hollow

sphere structure which was investigated by XPS and TEM. More-

over, nanocapsules were utilized to encapsulate pesticide carbenda-

zim effectively via electrostatic interaction between sulfonic group

of ASL and ammonium of carbendazim, it was investigated by

SEM, TEM, elemental analysis and XPS. Furthermore, ASL exhib-

ited better dispersion performance for carbendazim SC than NSF

and commercial LS. This work provides new design concept and

synthetic approach for LS-based polymers with easily accessible

self-assembly with potential applications such as microencapsula-

tion. Our self-assembly systems based on lignosulfonate showed

obvious advantages over the existing ones reported in literatures

and may provide a promising and effective scaffold for further

development of the green industrial materials with great applica-

tion potential including targeted drug delivery, microencapsulation

of pesticides for controlling release, and biomedical imaging.
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