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Chemical Modification of Starch Microcrystals and their
Application as an Adsorbent for Metals in Aqueous
Solutions

Qijie Chen,22* Xueming Zheng,? Liling Zhou,? and Meicun Kang 2

Starch microcrystals have the advantages of native starch grains but with
higher specific surface area and numerous active sites. In this study,
tapioca starch microcrystals were made by sulfuric acid hydrolysis and
then chemically modified with succinic anhydride in an aqueous alkaline
medium. The succinylated starch microcrystals were characterized by
Fourier transform infrared spectroscopy (FTIR) and scanning electron
microscopy (SEM). The adsorption properties of the succinylated starch
microcrystals in agueous solutions were studied at different time periods
(1 to 60 min), pH (2 to 7), and metals concentration (100 to 2000 mg/L)
for different divalent metal ions such as Cu(ll), Zn(ll), Cd(ll), and Pb(ll).
The results showed that the starch microcrystals were successfully
succinylated, and their adsorption equilibrium for divalent metal ions was
reached within 1 min. The adsorption capacity in high metal
concentration was 147.7 mg/g for Cu(ll), 143.2 mg/g for Zn(ll), 216.4
mg/g for Cd(ll), and 216.0 mg/g for Pb(ll)). The metal-adsorption of
succinylated starch microcrystals followed the Freundlich isotherm.
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INTRODUCTION

Anthropogenic activities have caused a great deal of environmental pollution, and
water contaminated by toxic heavy metals is one of the most pressing problems. With the
rapid development of industries such as metal plating facilities, mining operations,
fertilizer industries, tanneries, batteries, paper industries, pesticides, etc., increasing
amounts of heavy metal wastewaters are discharged into the environment, especially in
developing countries (Fu and Wang 2011). Heavy metals are not biodegradable and
accumulate in living organisms, which leads to serious illness. For example, exposure to
excessive levels of lead can damage the central nervous system, kidneys, liver,
reproductive system, and basic cellular processes (Naseem and Tahir 2001).

In most countries, industries are held liable for reducing toxic metal concentration
to less than a specific value. Conventional approaches to remove heavy metal ions
include chemical precipitation, adsorption, membrane filtration, flotation, coagulation,
flocculation, and electrochemical treatment (Huisman et al. 2006; Jusoh et al. 2007,
Heidmann and Calmano 2008; Muthukrishnan and Guha 2008; Samrani et al. 2008;
Yuan et al. 2008; Chang et al. 2009). Synthetic resins have been widely applied for
chelating and recycling metals but are mostly composed of petroleum-based synthetic
polymers (Alyiiz and Veli 2009). Biosorption of heavy metals from aqueous solutions is a
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relatively new process that has proven very promising for the removal of heavy metal
from wastewater.

Starch is a biopolymer of plant origin that is cheap, biodegradable, renewable, and
abundant. Native starch has no chelating capacity because its hydroxyl groups cannot
interact with metal ions. Some chemical modification is needed to change the properties
of starch (Haroon et al. 2016). For example, starch modified with succinic anhydride
effectively removes Cu(ll), Zn(ll), Cd(ll), and Pb(ll) from wastewater (Kweon et al.
2001). Nano- and micro-bio-based materials have also shown high efficiency in chelating
metal after the succinylation reaction (Gurgel et al. 2008; Hokkanen et al. 2013).

Starch microcrystals (SMCs) are crystalline platelets formed from the breakdown
of starch granules by acid hydrolysis (Le et al. 2010). As nano-scale composites, SMCs
have the advantages of native starch, but in addition they possess high specific surface
area and innumerable exposed reactive sites (Angellier et al. 2004; Chen et al. 2008; Yu
et al. 2010). Recently, SMCs have been modified for use in drug delivery (Xiao et al.
2016), biocomposite films (Mukurubira et al. 2017), and as hydrophobic materials (Zhou
et al. 2016). SMCs can be modified with substituents to be used as adsorbents for
aromatic organic pollutant (Alila et al. 2011). Besides, starch nanoparticles can be used
as an adsorbent after being oxidized (Liu et al. 2017), but starch nanoparticles were
prepared by recrystallization, and were “particles” rather than “crystals”. Thus,
differences still exist between these two nano-starch particles (Haaj et al. 2016).
However, there is no research to date about the application of SMCs or modified SMCs
as adsorbents for metal ions. In this work, SMCs and the succinylated SMCs were
prepared and characterized with Fourier transform infrared spectroscopy (FTIR) and
scanning electron microscopy (SEM). The evaluation of succinylated SMCs to adsorb
Cu(ll), Zn(11), Cd(I1), and Pb(Il) ions in aqueous solutions was studied for guiding its
application in wastewater treatment.

EXPERIMENTAL

Raw Materials

Tapioca starch was supplied by Fuyang Biotechnology Co., Ltd. (Shandong,
China). Succinic anhydride, CuSQO4-5H>0, ZnS04-7H.0, Cd(NO3)2, Pb(NOz3)., and
H>SO4 were all of analytical grade and were purchased from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China) for use without further purification.

Preparation of SMCs

In this study, 100 g of tapioca starch was acid hydrolyzed in 400 g of aqueous
H.SO4 (3.16 mol/L) at 40 °C for six days with continuous stirring, followed by
successive centrifugations and a wash with deionized water to remove all free acid
(Angellier et al. 2004). The tapioca SMCs slurry was stored in the refrigerator for further
modification.

Succinylation of SMCs

SMCs (10 g dry weight) were dispersed by an ultrasonic wave (VOSHIN-501D,
Voshin Insturments Manufacture Co.,Ltd, Wuxi, China) at 150 w for 15 min to ensure
uniform suspension, and then they were stirred magnetically so that pH could be correctly
monitored by a pH-meter. The pH was adjusted to 9.0 using 1 mol/L NaOH, and 5 g of
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succinic anhydride was slowly added to the solution maintaining a pH range of 8.5 to 9.0.
After 2 h of reaction at the temperature of 25 °C, the pH of the solution was adjusted to
6.0 using 1 M H>SO4 (Kweon et al. 2001). The mixture was centrifuged and washed three
times with an ethanol solution (50%), and finally the slurry of succinylated SMCs was
stored in the bottle. The synthesis route of the succinylated SMCs is shown in Fig.1.
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Fig. 1. Synthesis route used to obtain succinylated SMCs

The degree of substitution (DS) of succinylated SMCs was measured by alkaline
titration for the carboxyl group (Rutenberg and Solarek 1984). Briefly, 1 g of
succinylated SMCs (dry weight) was dispersed in 2.5 M HCI (3 mL) by stirring for 30
min. The dispersion was centrifuged, and the residue was washed with alcohol (25 mL).
SMCs were re-dispersed in deionized water and then heated in a boiling water-bath for 30
min. The solution was titrated with 0.1 M NaOH. The DS was calculated using Eq. 1,

_ B2 w(A=NIW

DS = )
where A, N, and W represent the titration volume (mL) of the NaOH solution, molar
concentration of the NaOH solution, and dry weight (g) of the succinylated SMCs,
respectively. The DS of succinylated SMCs prepared for adsorption was 0.091.

FTIR Spectral Analysis

FTIR spectra of native starch, SMCs, and the succinylated SMC were recorded by
a Bruker Vertex 70 v vacuum spectrometer (Karlsruhe, Germany) in reflection mode. The
range was from 4000 cm™ to 400 cm™, and the resolution was 2 cm™.

Scanning Electron Microscopy

The surface morphology of tapioca native starch, SMCs, and succinylated SMCs
were analyzed using a Jeol scanning electron microscope (JSM-6490LV, Kyoto, Japan).
The images were obtained using an accelerating voltage of 20 kV.

Metal-Adsorption Capacity

The metal-adsorption capacity of the succinylated SMCs was determined by a
batch method. In this process, 50 mL of metal solution containing each metal at
concentrations ranging from 100 mg/L to 2000 mg/L were prepared in a PET
(polyethylene terephthalate) bottle. The initial pH was adjusted with 1 M H2SOs or 1 M
NaOH before adding the adsorbent. After shaking at 20 °C for an appropriate time, the
mixture was centrifuged at 10000 rpm for 5 min, and the final metal concentration was
determined by an atom absorption spectroscopy (AA-6800, Shimadzu, Kyoto, Japan).
The amount of metals adsorbed onto succinylated SMCs, ge (mg/g), was calculated as
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follows,

ViC,—Cel
Ge =1 )
where V is the volume of the metals solution (L), Co and C. are the initial and final
concentrations of the metals in the solution (mg/L), respectively, and W is the weight of
the adsorbent (g).

Adsorption Isotherm
The adsorption isotherm of the succinylated SMCs for metal ions was fitted to the
Langmuir or Freundlich isotherm, as expressed in Egs. 3 and 4, respectively,

Ce — 1 Co
‘T_F KL @max + Pmax (3)
Ing, =K, +-Inc, )

where ge is the amount of the solute adsorbed at the equilibrium per unit weight of the
adsorbent (mg/g), Ce is the equilibrium concentration of the solute in the bulk solution
(mg/L), and Qmax IS the maximum adsorption capacity (mg/g) per unit mass of the
substrate. K. is the Langmuir equilibrium constant related to the energy of adsorption. Ke
and n are constants incorporating all factors affecting the adsorption process, such as
adsorption capacity and intensity, respectively.

RESULTS AND DISCUSSION

FTIR Spectral Analysis

Figure 2 shows the FTIR spectra of tapioca native starch, starch microcrystals,
and the succinylated starch microcrystals. A typical broad hydroxyl peak at 3430 cm™
was found in all three starch samples. The strong adsorption at 2929 cm™, 1645 cm, and
1384 cm* was due to the asymmetric stretching of -CHz, H-O-H banding, and symmetric
twisting of -CHs. A new peak at 1736 cm™ was observed in the spectrum of the modified
SMCs, which was located at the asymmetric and symmetric stretching of ester C-O,
indicating that the esterification reaction took place between the SMCs and succinic
anhydride during the synthesis process. Furthermore, a new peak at 1560 cm?,
corresponding to the asymmetric stretching of carboxylic group on the surface was
observed after the modification of the SMCs (Kweon et al. 2001; Awokoya and
Moronkola 2012). A comparison of the three starch samples with the FTIR spectral
proved that the tapioca starch microcrystals were successfully succinylated and that the
succinylated SMCs were prepared successfully in this study.

SEM Analysis

Scanning electron micrographs of the tapioca native starch, starch microcrystals,
and succinylated starch microcrystals are shown in Fig. 3. Most native starch granules
were potato-like, round, and irregular with withered smooth or wrinkled skin, and the
average particle size of the native starch was around 10 pm. After hydrolysis with
sulfuric acid for the native starch, a small amount of plate-like SMCs were observed, but
most were shaped irregularly, and the average particle size reached to micro-scale. Since
there were innumerable hydroxyl groups on the surface of the SMCs, this rendered a
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tendency to aggregation, especially in dry conditions. When modified with succinic
anhydride, the SMCs became more fragmentary, dispersed, and not as smooth as before.
The surface of the modified SMCs appeared to be rough and irregular, covered with
many embossments.
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Fig. 2. FT-IR spectra of native starch, SMCs, and succinylated SMCs

Fig. 3. Scanning electron micrographs of native starch (a), SMCs (b), and succinylated SMCs (c)

Effect of Adsorption Time on Adsorption Capacity of Succinylated SMCs

The adsorption equilibrium time experiments were carried out at different contact
times from 1 to 60 min when the initial concentrations of metal ions were 100 mg/L (Fig.
4). During short times, metal ions in the solution were quickly bound with the absorbent
due to the presence of numerous active sites on the adsorbent surface. Within 60 min the
adsorption efficiency remained rather similar, and did not increase or decrease
dramatically. Because the adsorption equilibrium was reached within 1 min, reactions for
much longer time-frames were not needed. Therefore, 5 min was chosen as the
equilibrium time for pH and concentration-dependent experiments.

Effect of pH on Adsorption Capacity of Succinylated SMCs
The removal of metal ions from aqueous solutions by adsorption depends on the
solution pH. To maximize the efficiency of the adsorbent, determining the optimum pH is
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necessary. The solution pH was varied from 2.0 to 6.0 for Cu(ll) and Pb(ll) and from 2.0
to 7.0 for Zn(Il) and Cd. The initial concentrations of metal ions was 100 mg/L; no
precipitation of metals was observed in the experiments.
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Fig. 4. Adsorption capacity of the succinylated SMCs at different times
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Fig. 5. Adsorption capacity of the succinylated SMCs at different metal solution pHs

As presented in Fig. 5, the modified SMCs became more reactive with the metal
ions as the pH of the metal solution was increased. When the pH value was low (pH 2.0),
the active sites on the absorbent surface were highly protonated by H*, so that the
adsorption was negligible (less than 3 mg/g). By increasing the pH to 4.0, the
concentration of the protons decreased and the adsorbent surface charge became negative
when electrostatic attraction increased between the metal ions and the adsorbent (Huang
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and Ostovic 1978). But the adsorption capacity did not increase much more when the pH
was above 4.0. The Cu(ll) and Pb(Il) adsorption reached its maximum efficiency at pH
6.0, Cd(I1) and Zn(I1) reached its maximum efficiency at pH 7.0.
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Fig. 6. Adsorption capacity of the succinylated SMCs at different metal ion concentrations
[Cu(ll) at pH 5.0, Zn(ll) at pH 6.0, Cd(ll) at pH 6.0, and Pb(ll) at pH 5.0]

Effect of Metal lons Concentration on Adsorption Capacity of Succinylated
SMCs

As shown in Fig. 6, when the initial concentrations of metals ions were varied
from 100 mg/L to 2000 mg/L, the adsorbed amount of metal ions by the modified SMCs
was significantly increased, and it even showed linear growth for Cu(ll) and Zn(ll).
Although the growth rate for Pb(ll) and Cd(ll) decreased slightly, its adsorption
efficiency was still enhanced at a higher concentration. At the same experimental
condition (metal ion concentration), the adsorption capacity of the modified SMCs did
not show smooth growth trends as did the modified starch (Kweon et al. 2001).
Therefore, this new-type of adsorbent has its advantages in cases of high concentration of
metal ions removal. This is due to two reasons: increasing initial concentration could
increase the contact of surface solid-liquid, resulting in the higher collision between
metal ions and the SMCs adsorbent material (Awokoya and Moronkola 2012); and the
modified SMCs had plenty of adsorption sites for more metals. When the initial ion
concentration was increased from 100 mg/L to 2000 mg/L, the adsorption capacity of
Cu(ll), Zn(I1), Cd(I1), and Pb(ll) increased from 17.3 mg/g to 147.7 mg/g, 12.7 mg/g to
143.2 mg/g, 26.8 mg/g to 216.4 mg/g, and 32.4 mg/g to 216.0 mg/g, respectively. The
adsorption of divalent metal capacity of the succinylated starch was studied (Kweon et al.
2001). Much has been written about modified starch as an adsorbent; the same reaction
process is likely to apply to SMCs. However, the great differences of properties between
starch and SMCs could lead to different reaction products.

Adsorption Isotherms
The adsorption process is usually studied through graphs known as adsorption
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isotherms. These plots show the amount of adsorbate adsorbed on the surface of the
adsorbent and the pressure at a constant temperature. The Langmuir model was
developed for well-defined localized adsorption sites having the same adsorption energy,
independent of surface coverage and without interaction between adsorbed molecules.
The Freundlich isotherm is an empirical expression and is generally appropriate for
adsorption processes where non-uniformity of the adsorbent surface is expected.

Table 1. Langmuir Constants of the Adsorption Isotherms

Qmax (Mg/g) KL (mg/L) R?
Cu?* 225.23 0.9276 0.8366
Zn2 324.68 0.4145 0.6386
Cd? 309.60 1.2614 0.8606
Pb2+ 257.07 2.7601 0.9681
Table 2. Freundlich Constants of the Adsorption Isotherms
l/l’] Kr R2
Cu?* 0.6490 1.1275 0.9975
Zn2 0.7763 0.4151 0.9936
Cd? 0.6015 2.4906 0.9923
Pb2+ 0.4978 5.8036 0.9944
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Fig. 7. Freundlich isotherm [Cu(ll) at pH 5.0, Zn(ll) at pH 6.0, Cd(ll) at pH 6.0, and Pb(ll) at pH
5.0]

The applicability of the isotherm equations was compared on the basis of the
coefficient of determination, R?. The adsorption equilibrium constants K. and Kk, as well
as the maximum adsorption capacity Qmax for the Langmuir model of the succinylated
SMCs, are summarized in Table 1, and the Freundlich constants of the adsorption
isotherms are summarized in Table 2. Additionally, Kr and n were calculated from the

Chen et al. (2019). “Starch microcrystal adsorbent,” BioResources 14(1), 302-312. 309



PEER-REVIEWED ARTICLE b | oresources.com

intercepts and slopes of the Freundlich plots. The value of 1/n ranging between 0 and 1 is
a measure of adsorption intensity or surface heterogeneity. The value of 1/n becomes
more heterogeneous as its value approaches zero.

Compared with the coefficient of determination R?, for the Cu(ll), Zn(ll), and
Cd(ll), the R? of the Langmuir model was less than 0.9 and for the Pb(ll) the R? was
0.9681. However, for the Cu(ll), Zn(ll), Cd(ll), and Pb(Il), the R? values of the
Freundlich model were all more than 0.99. So, the equilibrium isotherms of Cu(ll),
Zn(11), Cd(11), and Pb(I1) were found to be best fitted by the Freundlich isotherms model.
The Freundlich plots for the metal adsorption of Cu(ll), Zn(ll), Cd(l1), and Pb(Il) by the
succinylated SMCs are shown in Fig. 7.

CONCLUSIONS

1. The tapioca starch microcrystals were produced by sulfuric acid hydrolysis, and the
succinylated SMCs was prepared in an alkaline aqueous solution. The FTIR spectra
showed a new peak at 1736 cm™ for the modified SMC, which indicated that the
esterification reaction between starch and succinic anhydride occurred during the
synthesis process. SEM images showed that the succinylated SMCs became more
fragmentary, dispersed, and rough.

2. Succinylated SMCs are a rather capable adsorbent for Cu(ll), Zn(Il), Cd(Il), and
Pb(I1). The adsorption property of the modified SMCs was similar to the modified
starch; they both were dependent on pH and initial concentration. The succinylated
SMCs adsorbent was more reactive with metal ions because its adsorption
equilibrium was reached in a short time and were efficient in dealing with high metal
concentration (147.7 mg/g for Cu(ll), 143.2 mg/g for Zn(ll), 216.4 mg/g for Cd(ll),
and 216.0 mg/g for Pb(ll)).The equilibrium isotherms of Cu(ll), Zn(ll), Cd(ll), and
Pb(I1) were best fitted by the Freundlich isotherms model.
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