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C
ross-linking starch microsphere (CSM) is a derivative of crude starch and has

been studied and applied widely in the fields of medicine and sanitary devices.

In our studies we have found that starch microsphere has good adsorption per-

formance to metal ions in water. In this work, a type of cross-linking starch microsphere

has been synthesized by reversed phase suspension method using soluble starch as

raw material with N,N'-methylenebisacrylamide as a cross-linking agent. The observa-

tion through scanning electron microscopy (SEM) shows that CSM is a homogeneous

mixture of spherical particulates with heterogeneous surface with particles' average

diameter of about 50 μm. The structure characteristics of carbonyl group and second

acylamide in Fourier transform infrared spectroscopy spectrogram of CSM demon-

strates that the soluble starch is definitely cross-linked with N,N'-methylenebisacry-

lamide. The synthetic analysis of X-ray diffraction indicates that the cross-linking func-

tion decreases the crystallinity of CSM compared with that of soluble starch. The

adsorption capacity of CSM towards Cu2+, Co2+, and Ni2+ increases with the increase

in metal ion concentration, and by lowering the temperature, adsorption can be 

accelerated. The adsorption behaviour of CSM in different temperatures is in 

agreement with the Freundlich isothermal equation. The research results show that the

adsorption process is exothermic, can proceed spontaneously, with the adsorption

force mainly derived from enthalpy changes. The thermodynamic parameters of

adsorption process show that the adsorption behaviour of CSM towards Cu2+, Co2+,

and Ni2+ is of a physical type.

INTRODUCTION

Starch is a kind of natural polymer

with good degree of biodegradabil-

ity. Now researchers are focusing

their attention to modify starch to

synthesize functional polymers

[1,2] which would be used in the

fields of wastewater treatment and

heavy metal enrichment and recov-

ery [3-5]. Starch microsphere is an

artificial starch derivative and can

be synthesized by cross-linking

reaction from crude and modified

starches. Starch microspheres have

been used successfully in nasal

drug delivery system, artery embol-

ization studies, radiotherapy,

immuno-assay, etc. [6,7]. The

microsphere is novel as an adsorp-
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tive material [8] with tremendous development potential,

because of its irregular appearance, uniform size, suit-

able swelling, three-dimensional network structure,

suitable shell/pore diameter, specific surface area, and

good mechanical strength. Starch microsphere is a

novel material in the field of absorbency and separa-

tion of harmful metal ions or wastewater treatment

process for its biocompatibility and biodegradability

properties, and it does not cause any secondary pollu-

tion to environment. Thus, it is very important to pre-

pare starch microsphere with suitable methods and to

study the adsorption thermodynamics towards metal

ion, followed by the study of adsorption mechanism

towards metal ions as an important work. 

In this research work, a new type of cross-linkling

starch microsphere (CSM) by N,N'-methylenebisacryl-

amide was synthesized via reversed phase suspension

method [9] with starch as soluble material. For N,N'-
methylenebisacrylamide in cross-linking the modified

starch, the chelating functional groups added to the

microspheres' structure, are sites that the metal ions

can be adsorbed on microspheres more easily. Based

on the study of past several years, we have elucidated

the cross-linking mechanism between the starch and

N,N'-methylenebisacrylamide. In the reversed phase

suspension system, soluble starch, N,N'-methylene-

bisacrylamide, K2S2O8, and Na2SO3 are dissolved in

water, and then small water droplets are formed in the

polymerization reaction cell. The cross-linking reac-

tion starts by the generation of the free radical SO4
-·

(SO3
-·), and then SO4

-· (SO3
-·) which react with amy-

lose to give starch free radicals [10].

Amylose is a linear polymer, exhibiting right-

handed helix structures, composed of α-D-starch

linked with α-D-1,4 glycosidic bonds, which contains

six glucose units. There are only hydrogen atoms in

the interior section of helix structures which are

hydrophobic, while the hydroxyl groups located on

the exterior are hydrophilic. Thus, the cross-linking

reaction will proceed not only between the different

glucose units in the same starch molecules but also

between the different starch molecules in the same

liquid droplet. When the polymerization reaction is

initiated, the cross-linking may occur in all possible

positions, and in the presence of low molecular

weight free radical it will be more favoured to the

exterior cross-linking reaction of starch molecules.

With higher degree of cross-linking, the interaction in

chain link of the interior of starch molecule increased

which makes the polymer morphology more tight in

forming new microspheres with three-dimensional

network structure, and then the microspheres separate

out from the water phase. Due to cross-linking, the

water molecule has been extracted from starch mole-

cules during the microsphere generation, and micro

channels substitute water molecules in the interior

part of microsphere to generate pores.

This kind of CSM has good adsorption properties

for its larger effective surface[11,12], suitable pore

volume[13] and more active groups[14,15]. The study

on the adsorption behaviour of CSM towards Cu2+,

Co2+ and Ni2+ would develop the application arena of

CSM to the fields of wastewater treatment,

cation-exchange resin, supported metal catalyst, etc. 

This research has explored the adsorption thermo-

dynamic behaviour of CSM towards metal ions and it

provides theoretical basis for further application of

CSM. 

EXPERIMENTAL

Materials and Reagents

Soluble starch was purchased from Junle Chemical

Works (Peng-zhou, Si-Chuan Province, China) 

with molecular weight range between 32000 and 

160000 g/mol. Cyclohexane, chloroform, sodium

hydroxide, ethyl acetate, acetone, absolute alcohol,

Span60, Tween60, K2S2O8, Na2SO3, N,N'-methylene-

bisacrylamide, CuSO4·5H2O, CoCl2·6H2O and

NiSO4· 6H2O, all reaction reagents are analytical and

they have been used without further purification. In

all experiments distilled water was used. 

The surface morphology of CSM was observed by

scanning electron microscopy (Model JSM-6460,

Electronics Enterprise, Japan). The elemental compo-

sition of the surface layer of CSM was analyzed using

X-ray diffractometer (Model D/max-2200 pc, Rigaku,

Japan). The characteristic groups of CSM was charac-

terized using Fourier transform infrared spectroscopy

(Model VECTOR-22, Bruker, German). The concen-

tration of metal ion was measured using atomic

absorption spectrophotometer (Model AA-6800,

Shimadzu, Japan).
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CSM Characterizations

As it is evident in Figure 1, the average particle size

of CSM is about 50 μm, and CSM is a spherical par-

ticulate with irregular porous surface, and displays a

homogeneous and dense structure. In the synthesis

process, the force between chain links of starch mole-

cules increased during cross-linking. Thus, the molec-

ular structure became more compact, ultimately pro-

duced microspheres with spatial reticular structure

and precipitated from water phase. The internal water

molecules in the microsphere were exuded, thus,

many microtunnels were left which could allow metal

ions reaching the interior section of the porous

microsphere to achieve quick adsorption. 

Preparation of CSM

CSM was obtained using a three-necked flask provid-

ed with an anchor type stirrer, a digital temperature

indicating/controlling instrument and a reflux con-

denser. The flask was maintained at a constant tem-

perature with thermostatic water bath. In detail, 2 g of

soluble starch was dissolved in 20 mL distilled water

under stirring, regulating the pH to 8. The temperature

of soluble starch solution was kept at 80°C for 30 min

in order to make the starch dissolve completely, and

then depressed to 50°C. The solution was added to

100 mL dispersion medium (80 mL cyclohexane and

20 mL chloroform) in which 1 g of Span60-Tween60

as dispersion agent was dissolved at 50°C under

reflux. The obtained W/O emulsion was stirred for 30

min and then the emulsification effect was checked

up. After the air was ejected completely from the

three-necked flask by nitrogen flow, 0.2 g of N,N'-
methylenebisacrylamide dissolved in chloroform and
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Scheme I. The synthesis of CSM.

  

Figure 1. SEM micrographs of starch microspheres: (a) magnification ×100 and (b) magnification ×1000.

(a) (b)



0.04 g of K2S2O8 and 0.03 g Na2SO3 were added.

The cross-linking reaction was carried out for 2 h at

50°C. The cross-linked starch microspheres were

recovered by centrifugal separation. The residuals

were removed by washing the microspheres in the

following order with organic solvent, ethyl acetate,

acetone, and anhydrous ethanol. Then, microspheres

were dried completely, and the mass and the yield

were 1.06 g and 48.2%, respectively. The colour of

CSM prepared as reported above was whitish to pale

yellow, containing no impurities. 

Mensuration of Adsorption Isotherm

The adsorption experiment was carried out in 250 mL

Erlenmeyer flasks equipped with stoppers, in which

0.5000 g of CSM and various different concentrations

of Cu2+, Co2+, or Ni2+ aqueous solution were added

each in a separate flask. The Erlenmeyer flasks were

placed in constant temperature bath for 12 h, control-

ling the temperature at 298 K, 308 K and 318 K,

respectively [16,17]. The absorbance of solutions was

determined by atomic absorption spectrophotometer.

The equilibrium adsorption capacity was calculated

according to the following equation.

(1)

where Qe, C0, Ce, V, and m are the equilibrium

adsorption capacity (mmol/g), the initial concentra-

tion of metal ion (mmol/L), the equilibrium concen-

tration (mmol/L), the solution volume (L), and the

mass of CSM (g), respectively.

RESULTS AND DISCUSSION

Structure Analysis of CSM

Figure 2 shows comparative FTIR spectrograms of

CSM and soluble starch (ST). It shows clearly that

the characteristic peaks at 3445 cm-1 (CSM) and

3443 cm-1 (ST), namely, the strong and wide absorp-

tion bands of stretching vibration of hydroxyl group

are attributed to the cross-linking reaction which not

only results in weakening the association between

hydrogen bonds but also makes the absorption peak

of CSM to become more lanky and shift slightly to

Figure 2. FTIR spectra of soluble starch and CSM.

high frequency regions. The absorption peaks at 

2928 cm-1 belong to the stretching vibration of C-H

bonds of glucose units which verifies that the basic

structural units of starch are not markedly changed

for the formation of cross-linking bonds in CSM

structure. The peaks at 1154 cm-1 and 1109 cm-1 are

related to asymmetry and symmetry vibrations of C-

O-C, respectively. It is very important that the peaks

presented at 1652 cm-1 and 1538 cm-1 proved struc-

ture characteristics of carbonyl group and acylamide,

respectively. Overall, it can be deduced logically that

the soluble starch has definitely cross-linked with

N,N'-methylenebisacrylamide.

Physical Properties of CSM by XRD

Figure 3 displays the analytical results of X-ray dif-

fraction of the soluble starch and CSM. The sharp dif-

fraction peaks at 16.8°, 20°, 22.4° and 23.6° of 2θ are

presented in spectrogram of soluble starch, and the

crystallinity is about 33%. In spectrogram of CSM,

relative intensity of the diffraction peak at 20°

reduces obviously and its range becomes correspond-

ingly wide due to the decreased crystallinity while the

peaks at 16.8°, 22.4°, and 23.6° completely disap-

pear. The weaker diffraction peaks at 14.6°, 29.3°,

and 31.6° appear simultaneously in the spectrogram

of CSM, and crystallinity is about 6.4%. In view of

these data, it can be concluded that these changes are

involved in the cross-linking reaction which made

intermolecular force and hydrogen bond weaken 
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Figure 3. XRD patterns of soluble starch and CSM.

between the chains of starch molecules. Thus, the reg-

ularity of starch molecules was lost and crystallization

capacity was reduced as well.

Isothermal Adsorption Curves of CSM Towards

Cu2+, Co2+, and Ni2+

Figures 4-6 are the isothermal adsorption curves of

Cu2+, Co2+, and Ni2+ on CSM at 298 K. The experi-

mental results show that the adsorption capacity of

CSM increases rapidly with the increasing of ion con-

centration. But when the metal ion concentration

increased to a certain extent, the increasing trend of

saturated adsorption capacity became slower. Also, it

can be explained that at same concentration the

Figure 4. Adsorption isotherm of Cu2+.

Figure 5. Adsorption isotherm of Co2+.

temperature is lower, and the adsorption capacity of

CSM is more enhanced. This is mainly because the

energy of metal ion decreases with temperature

decreasing, and as a result the adsorption of CSM to

Cu2+, Co2+, and Ni2+ is an exothermal process. We

can conclude that the saturated adsorption capacity of

CSM towards Cu2+ is the highest, 2.30 mmol/g, then

Co2+, 1.17 mmol/g, and the least is Ni2+ with 0.97

mmol/g. Thus, the coordination adsorption capacities

of CSM towards the metal ions are Cu2+, Co2+ and

Ni2+ in turn.

The isothermal adsorption curve can be approxi-

mately expressed as a mathematical equation when it

obeys an adsorption model. In other words, it is

Figure 6. Adsorption isotherm of Ni2+.
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possible that the correlation between the equilibrium

concentration (Ce) obtained from experiments and the

equilibrium adsorption capacity (Qe) would accord

with certain mathematical formula. Actually, the

Langmuir equation and Freundlich equation are the

most usual calculation formulae for experimental data

of liquid phase adsorption if the sorption of solvent is

neglected. Commonly, the verification of linear rela-

tionship by substituting the experimental data into eqn

(2) is the way to estimate whether they truly obey

Langmuir model.

(2)

where Qe, Qm, b, Ce are the equilibrium adsorption

capacity of metal ion on CSM (mmol/g), the saturat-

ed adsorption capacity (mmol/g), the adsorption equi-

librium constant, and the equilibrium concentration of

metal ion in the solution (mmol/L), respectively. 

In the same way, the confirmation of linear rela-

tionship of eqn (3) by substitution method is the way

to evaluate whether the experimental data fit the

Freundlich model.

(3)

where Qe, Ce, KF, and 1/n are the equilibrium adsorp-

tion capacity of metal ion on CSM (mmol/g), the

equilibrium concentration of metal ion in the solution

(mmol/L), and the adsorption constants, respectively.

The experimental data were calculated with the

regression analysis according to eqns (2) and (3), and

the results are listed in Tables 1 and 2. 

It can be seen from Tables 1 and 2 that the adsorp-

tion model of CSM towards Cu2+, Co2+, and Ni2+

agrees well with the Freundlich isothermal equation

relative to the Langmuir isothermal equation, and

therefore the adsorption behaviour is more easily

explained [18].
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Model
T

(K)

Adsorption towards Cu2+ Adsorption towards Co2+

Equations R Equations R

Langmuir

308

318

328

Ce/Qe=0.11079Ce+0.02532

Ce/Qe=0.01342Ce+0.02467

Ce/Qe=0.03869Ce+0.02339

0.9902

0.9907

0.9914

Ce/Qe=0.40441Ce+0.00736

Ce/Qe=0.365Ce+0.00739

Ce/Qe=0.33438Ce+0.00728

0.9575

0.9659

0.9669

Freundlich

308

328

328

Qe=0.04642Ce
0.87154

Qe=0.02908Ce
0.96306

Qe=0.02068Ce
1.02294

0.9916

0.9913

0.9908

Qe=0.16865Ce
0.39936

Qe=0.14449Ce
0.42607

Qe=0.12738Ce
0.44532

0.9974

0.9948

0.9932

Table 1. Equations of adsorption of Cu2+ and Co2+ at different temperatures.

Table 2. Equations of adsorption Ni2+ at different temperatures.

Model
T

(K)

Adsorption towards Cu2+

Equations R

Langmuir

308

318

328

Ce/Qe=0.36007Ce+0.00759

Ce/Qe=0.33234Ce+0.00739

Ce/Qe=0.31536Ce+0.00711

0.9431

0.9478

0.9515

Freundlich

308

328

328

Qe=0.14059Ce
0.43504

Qe=0.12636Ce
0.44894

Qe=0.11851Ce
0.4538

0.9934

0.9929

0.9937



Figure 7. Influence of temperature on distribution ratio for

Cu2+.

Adsorption Thermodynamic Properties of CSM

Towards Cu2+, Co2+, and Ni2+

Adsorption Enthalpy
There is a close relationship between adsorption

enthalpy and adsorption quantity. The adsorption

enthalpy is derived from a certain adsorption quantity,

so it is referred as "equivalent adsorption enthalpy"

(EAE). The Clausius-Clapeyron equation can be used

to calculate the EAE [19].

(4)

where R, T, Ce, and K0 are the gas constant (8.314

J/k.mol), the absolute temperature (K), the adsorption

equilibrium concentration in the temperature T

(mmol/g), and the adsorption constant, respectively.

Ce would be obtained through Freundlich equation as

Qe has changed within the range 0.3-0.6 mmol/g at

different temperatures of 308 K, 318 K or 328 K.

In Figures 7-9, the influence of temperature on 

distribution ratio as to Cu2+, Co2+ and Ni2+ are

shown. According to these curves it can be deduced

that the correlated coefficients are all greater than

0.99, thus, the hypothesis that ΔH is being unrelated

to the temperature sounds reasonable in a process

with a certain working temperature range. The ΔH at

different adsorption quantities could be calculated,

according to the slope of the curve and the data are

listed in Tables 3-5.

Figure 8. Influence of temperature on distribution ratio for

Co2+.

The properties of adsorption force were reflected

directly by thermodynamic parameters of adsorption

enthalpy. The value of adsorption enthalpy ΔH of

CSM adsorbed Cu2+, Co2+ or Ni2+ is negative, and it

declares that the adsorption process is exothermic,

and the lower temperature can accelerate the adsorp-

tion. The adsorption process depends on the interac-

tion between adsorbates and adsorbents, different act-

ing forces releasing different amounts of heat. The

adsorption enthalpy, however, is the result of these

factors, as the value of ΔH depends on the competi-

tion results of total exothermic and endothermic 

Figure 9. Influence of temperature on distribution ratio for

Ni2+.
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effects. As to the adsorption system, the total exother-

mic effect belongs to desorption heat of the solute

which is bigger than the solvent, thus, this adsorption

process is exothermic. 

ΔH decreases slightly with the increasing value of

Qe, probably due to the inhomogeneity of the CSM

surface. When metal ion has lower concentration,

adsorbate always occupies the absorption sites, which

has lower energy for CSM uneven surface [20].

Following the increasing of adsorption quantity, the

CSM surface is covered gradually and the pores are

filled, the interaction between adsorbate and

absorbent is then substituted by the interaction

between the adsorbate on CSM and in the aqueous

solution, leading to the direct result of decreased

adsorption enthalpy.

Adsorption Free Energy 
The value of adsorption free energy, ΔG, can be calcu-

lated by Gibbs equation [21].

(5)

where x is mole fraction of the adsorbate in the aque-

ous solution. The Freundlich isothermal adsorption

equation is used to derive the equation that the unit

free energy change is unrelated to Qe.

(6)

where n is the coefficient of Freundlich isothermal

adsorption equation, and it is considered to relate to

the adsorption driving force between adsorbate and

adsorbent.

The adsorption free energy ΔG at different condi-

tions of CSM adsorption towards Cu2+, Co2+ and

Ni2+ have been listed in Tables 3-5. The adsorption

free energy ΔG has been expressed by adsorption

driving force and favourable adsorption based on the

thermodynamics. As ΔGs are all negative values, it

shows that the adsorption has proceeded spontaneous-

ly, the adsorbate is apt to be adsorbed on the CSM sur-

face from aqueous solution. With the increase in tem-

perature, the absolute value of ΔG increased indicat-

ing that the spontaneous adsorption process is stimu-

lated at higher temperature, although the trend is rela-

tively small which is related to the entropy compensa-

tion. The relationship of enthalpy to ΔG is opposite to

that of entropy, but the complications exist, and the

microcosmic complication is related to intermolecular
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Table 3. Thermodynamic properties of the systems tested adsorption Cu2+.

Qe

(mmol/g)

ΔH

(kJ/mol)

ΔG (kJ/mol) ΔS (J/mol·K)

308 

(K)

318 

(K)

328 

(K)

308 

(K)

318 

(K)

328 

(K)

0.3

0.4

0.5

0.6

-20.045

-17.850

-16.252

-14.966

-2.938 -2.745 -2.666

-55.540

-48.414

-43.225

-39.050

-54.400

-48.127

-42.472

-38.430

-52.984

-46.292

-41.420

-37.499

Table 4. Thermodynamic properties of the systems tested adsorption Co2+.

Qe

(mmol/g)

ΔH

(kJ/mol)

ΔG (kJ/mol) ΔS (J/mol·K)

308 

(K)

318 

(K)

328 

(K)

308 

(K)

318 

(K)

328 

(K)

0.3

0.4

0.5

0.6

-20.234

-17.106

-14.681

-12.698

-6.412 -6.205 -6.124

-44.878

-34.722

-26.846

-20.410

-44.117

-34.281

-26.652

-20.419

-43.020

-33.484

-26.088

-20.044

0
/

x

eG RT Q dx xΔ = − ∫

nRTG −=Δ



forces and degree of freedom in molecular move-

ments.

Adsorption Entropy Changes 
The adsorption entropy change ΔS can be calculated

by Gibbs equation [22]:

(7)

The values of entropy changes of adsorption process

are shown in Tables 3-5. It shows that the values of ΔS

are all negative; for the adsorbate, molecular move-

ment has been restricted to the surface of CSM. From

the value of ΔS, it can be seen that enthalpy is the

main adsorption driving force.

CONCLUSION

The cross-linked starch microspheres with irregular

porous surface were successfully obtained by chemi-

cal cross-linking by inverse suspension system. The

average particle size of CSM was about 50 μm, and

the adsorption capacity of CSM towards metal ion has

been studied. This has indicated that the adsorption

capacity of CSM increases with the increasing of

metal ion concentration and at the same concentra-

tion, lower temperature would favour greater adsorp-

tion. 

The adsorption behaviour of CSM towards Cu2+,

Co2+ and Ni2+ at different temperatures agreed far

better with Freundlich isothermal equation. Since the

values of adsorption enthalpies are all negative, it

shows that the adsorption process is exothermic, and

at lower temperature adsorption becomes more

favourable. The values of adsorption energies are also

negative, and as a result the adsorption can proceed

spontaneously. The adsorption driving force comes

mainly from the enthalpy changes. 

The thermodynamic parameters of adsorption

process shows that the adsorption behaviour of CSM

toward Cu2+, Co2+ and Ni2+ belongs to physical type

of adsorption, and this study has provided the theoret-

ical basis for CSM to be applied in adsorption sys-

tems, such as wastewater treatment, ion exchange,

supported catalyst, etc.
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