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Preparation of Nano-Iron Loaded Cassava Fibre Composite Material for Hexavalent 
Chromium Removal

(Penyediaan Bahan Komposit Serabut Ubi Kayu Terisi Nanozarah Besi untuk Penyingkiran Kromium Heksavalen)
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ABSTRACT

Waste cassava fiber and tea polyphenols were used as carrier materials and reducing agents, respectively, to prepare 
nano-iron loaded cassava fiber composite (CF-FeNPs). This work investigated the factors affecting the removal of 
Cr(Ⅵ) by CF-FeNPs under different environmental conditions and the removal mechanism. The SEM characterization 
results show that as the initial Fe2+ concentration increases, the amount of nano-iron on the surface of the composite 
material increases. The results show that the increases of the initial Fe2+ content and dosage of CF-FeNPss can enhance 
the removal rate. Meanwhile, the decrease of the initial concentration of Cr(Ⅵ) solution and pH also beneficial for the 
removal performance. When pH=2.0 and the initial concentration of Cr(Ⅵ) is 10 mg/L, the removal rate of hexavalent 
chromium by CF-FeNPs can reach 81.4% within 2 h. The reaction conforms to the pseudo first-order kinetic model. The 
results of this study can provide technical reference for the remediation and treatment of Cr(VI)-containing wastewater.
Keywords: Nanocomposite; pollution control; removal mechanism; tea polyphenols; wastewater

ABSTRAK

Sisa serabut ubi kayu dan polifenol telah digunakan sebagai bahan pembawa dan agen penurun masing-masing untuk 
menghasilkan komposit serabut ubi kayu terisi nanozarah besi (CF-FeNPs). Penyelidikan ini mengkaji faktor yang 
mempengaruhi penyingkiran ion Cr(VI) oleh CF-FeNPs) pada keadaan persekitaran yang berbeza serta mekanisme 
penyingkiran. Pencirian menggunakan SEM menunjukkan bahawa peningkatan kepekatan Fe2+ telah meningkatkan 
kandungan nanozarah besi yang terbentuk pada permukaan komposit. Keputusan menunjukkan bahawa peningkatan 
kepekatan Fe2+ telah meningkatkan kadar penyingkiran Cr(VI). Pada pH=2.0 dan kepekatan awal Cr(VI) 10 mg/L, 
penyingkiran Cr(VI) boleh mencapai setinggi 81.4% dalam masa 2 jam. Tindak balas ini berpadanan dengan model 
kinetik tertib pertama pseudo. Keputusan kajian ini boleh menjadi rujukan teknikal bagi kajian rawatan air buangan 
yang mengandungi Cr(VI).
Kata kunci: Air buangan; kawalan pencemaran; komposit nano; mekanisme penyingkiran; polifenol teh

INTRODUCTION

Cr(VI) is a highly toxic heavy metal with high mobility 
and is difficult to be reduced by microorganisms. It is 
easy to accumulate in organisms through the food chain. 
Once it is discharged, it will bring lasting disasters to 
the environment (Dong et al. 2016). Therefore, Cr(VI) 
is considered to be one of the most harmful chemical 
substances to the human body, and is listed as one of the 
most toxic pollutants by the United States Environmental 
Protection Agency (USEPA) (Wang et al. 2017). Chromium 
mainly exists in the form of Cr(Ⅵ) and Cr(Ⅲ) in nature 

(Fu et al. 2013), among which Cr(Ⅵ) has strong mobility 
and is more toxic, which is 100 times that of Cr(Ⅲ) 
(Zeng et al. 2019). Exposure to Cr(Ⅵ) is likely to cause 
carcinogenesis, teratogenesis and mutagenesis, and has 
serious damaging effects on people and the environment 
(Clementino et al. 2018). Therefore, removing Cr(VI) in 
polluted wastewater is the key to ensuring water quality 
and safety. Cr(VI) is a priority control pollutant among 
environmental metal pollutants (Fu et al. 2019; Karimi-
Maleh et al. 2021a, 2021b; Zhou et al. 2020). At present, 
the repair methods for Cr(Ⅵ) pollution in water bodies 
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mainly include chemical methods (such as chemical 
reduction method (Dermentzis et al. 2012), electrolysis 
method (Qian et al. 2014), photocatalysis method (Sun et 
al. 2019)), physical methods (such as adsorption (Wei et 
al. 2013), ion exchange (Kalidhasan et al. 2013), membrane 
separation (Koushkbaghi et al. 2018)) and biological 
method (microbial remediation) (Batool et al. 2012), and 
plant adsorption (Banerjee et al. 2018). These methods 
have certain limitations, therefore, seek an environment 
friendly and quick response method is imperative.

Nano iron particles (FeNPs) have been widely used in 
the field of environmental remediation due to their unique 
physical and chemical properties, large specific surface 
area and high reactivity (Chen et al. 2017; Jing et al. 2016). 
Traditional nano-iron is usually prepared by high-energy 
ball milling (Wang et al. 2020), liquid-phase reduction 
(Bae et al. 2016) or pyrolysis of carbonyl iron (Kumar et 
al. 2018). However, the general physical methods have 
higher requirements for the equipment and the FeNPs 
morphology control ability is limited. They also include 
strong reducing agent (sodium borohydride or hydrazine 
hydrate) which is toxic and will cause environmental 
issues. In addition, the high surface energy of nanoparticles 
will cause oxidation and agglomeration, which reduces 
the reactivity.

The use of plant extracts as a reducing agent to 
synthesize iron nanoparticles as a green chemical 
technology with fast response, non-toxic, and 
environmentally friendly (Chavan et al. 2020). The use 
of plant extracts to synthesize nano iron can make full 
use of the active ingredients in natural plants to reduce 
the agglomeration problem of FeNPs due to its own 
magnetism with stable physical and chemical properties 
(Ebrahiminezhad et al. 2018). Machado et al. (2013) 
selected 26 plant leaf extracts to prepare FeNPs with a 
particle size of 10-20 nm. The results showed that the 
antioxidant properties of oak leaves, pomegranate leaves 
and green tea were relatively optimal. Wang et al. (2014) 
compared the FeNPs prepared from the eucalyptus leaf 
extract with the FeNPs synthesized by the traditional 
method. The degree of agglomeration of eucalyptus leaf-
based FeNPs is smaller and it is easier to store stably.

Tea leaf can be used for synthesizing by FeNPs 
due to its rich in antioxidants such as tea polyphenols, 
theaflavins, gallic acid, and flavonoids. These molecules 
can also effectively remove free radicals from the human 
body and inhibit the formation of active oxygen (Gautam et 
al. 2018). Huang et al. (2014) compared the performance 
of FeNPs prepared from green tea, oolong tea, and black 

tea. When green tea is used, the iron content is the highest, 
the size is the smallest, and the specific surface area is 
the largest. The degradation efficiency of malachite green 
can reach more than 80%. The authors believe that this 
may be related to the higher content of polyphenols and 
caffeine in green tea. Ghanim et al. (2020) synthesized 
of FeNPs using black tea leaves extract as adsorbent for 
removing eriochrome blue-black B dye. It is reported that 
the toxicity of FeNPs obtained by reducing nitrate with 
tea polyphenols in tea extract is lower than that obtained 
when borohydride is used as a reducing agent (Plachtová 
et al. 2018).

The agglomeration of nanomaterials is an 
important issue for reducing performance. By introducing 
a substrate to support nanomaterials, the agglomeration 
of FeNPs can be reduced while maintaining the high 
reactivity. At the same time, this strategy can also enhance 
its stability and oxidation resistance, and improve the 
recovery rate. At the same time, the substrate also has 
a certain adsorption effect, which improves the ability 
of FeNPs to remove pollutants. According to reports, 
traditional substrate materials include: chitosan, silica, 
kaolin, zeolite, bentonite, clay, ion exchange resin and 
activated carbon (Mashayekhi et al. 2018). Considering 
the popularization and use of FeNPs in groundwater and 
soil environmental remediation, it is imperative to seek a 
substrate material with high economic and environmental 
benefits.

Cassava fiber is one of the main agricultural wastes 
obtained during the production of cassava starch. It has a 
large output with high processing cost. The large number 
of dumping will cause many environmental problems. 
In view of this, this article aims to make secondary 
comprehensive utilization of cassava fiber. In this study, 
FeNPs was loaded on low-cost cassava fiber to prepare 
FeNPs composite material for removing Cr(VI) in water. 
Tea polyphenols used as reducing agents can well prevent 
the agglomeration between FeNPs. This composite has 
a good catalytic degradation effect. This composite 
showed a good catalytic degradation effect. The optimum 
performance was studied by exploring the comparing 
of different factors such as FeNPs composites prepared 
by different initial Fe2+ concentrations, pH, dosage and 
the initial Cr(Ⅵ) concentration. The morphology of the 
prepared FeNPs composite was characterized by SEM. 
The mechanism of composite for removing Cr(Ⅵ) from 
water was carried out as well. This work aims to provide 
a theoretical basis for the preparation of FeNPs composite 
and its application in environmental remediation.
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MATERIALS AND METHODS

The Cr(VI) solution used in the experiment is a national 
standard sample (1000 μg/L) (Zhang et al. 2017). Tea 
polyphenol (99%), ferrous sulfate (FeSO4·7H2O, AR) and 
diphenyl semicarbazide (C13H14N4O, AR) were purchased 
from Macleans Reagent Co., Ltd. Acetone (C3H6O, AR), 
sulfuric acid (H2SO4, GR) and phosphoric acid (H3PO4, 
AR) were purchased from Sinopharm Chemical Reagent 
Co., Ltd. Anhydrous ethanol (CH3CH2OH, AR) was 
purchased from Hangzhou Gaojing Fine Chemical Co., 
Ltd. The experiment uses deionized water. Cassava 
Fiber (CF) was taken from Zhejiang Huaxin Agricultural 
Biotechnology Co., Ltd. The cassava fiber was dried in a 

blast drying box at 60 °C for 12 h and then cooled. The 
fiber then ground to obtain cassava fiber powder. The CF 
powder was placed in a drying container for use.

10 g/L tea polyphenols (TP) solution was slowly 
added dropwise to 0.4 M FeSO4 solution, under the 
condition of magnetic stirring at room temperature. 
After the reaction for 2 h, the black solid (FeNPs) was 
obtained by centrifugation, which was washed twice 
with deionized water and ethanol solution. When the 
tea polyphenol solution was added to the ferrous sulfate 
solution, the solution gradually changed from light blue-
green to indigo blue and then to black, indicating the 
formation of FeNPs suspension, as shown in Figure 1.

FIGURE 1. The process of ferrous sulfate solution when slowly add tea 
polyphenols solution (Ⅰ) - (Ⅵ)

Fifty mg of cassava fiber powder was added 
into FeSO4 solution of the same concentration and 
magnetically stir at room temperature for 8 h. Then, 10 
g/L tea polyphenol solution was added dropwise, react 
under magnetic stirring for 2 h and centrifuge to obtain 
black solid powder (CF-FeNPs), and washed twice with 
deionized water and ethanol solution. After drying these 
two materials in an oven, the sample was collected at room 
temperature after grinding for later use.

A batch experiment was used to determine the 
efficiency of CF, FeNPs, and CF-FeNPs in removing 
Cr(VI) in aqueous solution. CF, FeNPs, and CF-FeNPs 
were added into a 40 mL sample bottle. Then, 10 mg/L 
(20 mL) of Cr(VI) solution was added under stirring at a 
constant speed (250 r/min) and a constant temperature (25 
℃). 0.1 M H2SO4 has been used to adjusts the pH of the 
solution. Sample has been taken at regular intervals and 
immediately filtered using a 0.22 μm membrane filter, and 
then measured the residual chromium in the solution. All 

experiments were performed in duplicate, and the results 
were averaged.

An ultraviolet-visible spectrophotometer (759-
UV1600, Shanghai, China) was used to determine the 
concentration of Cr(VI) at 540 nm using the diphenyl 
semicarbazide method (Janghel et al. 2007). The 
morphology of different materials was characterized by 
SEM. 

The Cr(Ⅵ) removal efficiency of CF-FeNPs 
composite material is expressed by the following 
equation:

where C0 and Ce are the initial and equilibrium liquid 
phase concentrations of Cr(VI), respectively.

Kinetic analysis of reaction between composite 
materials and Cr(Ⅵ) is a complex reaction that occurs 
on the surface of the material. The pseudo-first-order 

𝑅𝑅(%) = (𝐶𝐶0 − 𝐶𝐶𝑒𝑒)
𝐶𝐶0

× 100% 
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kinetic equation simplifies the Langmuir-Hinshelwood 
first reaction kinetic model. The equation is as follows:

where ln(Ct/C0) has a linear relationship with t; kobs is the 
apparent rate constant; Ct is the concentration at time t; 
and C0 is the initial concentration.

RESULTS AND DISCUSSION

Figure 2 shows the morphology of CF, FeNPs, and 
CF-FeNPs. Figure 2(a) shows the CF with a rough 
morphology. Figure 2(b) shows the FeNPs prepared 
using tea polyphenols as a reducing agent. FeNPs are 
mainly spherical with spherical nodules. The particle 

size is between 80-150 nm. The FeNPs are constructed 
by a polyphenol polymer network. Figure 2(c)-2(f) 
are CF-FeNPs composites prepared under different 
concentrations of ferrous sulfate (0.1M-0.4M). With 
the increase of precursor concentration, the number of 
attached nanoparticles can be obviously observed in CF-
FeNPs composites. The loaded FeNPs mainly exist in 
the form of spheres compounded into popcorn shape. 
The originally rough surface of CF becomes smooth as 
well. Since the polyphenol-iron polymerization network 
produced during the reaction covers the surface of 
CF, the number of agglomerations is greatly reduced 
compared to pure FeNPs. Compared with previous 
reports, the FeNPs loaded on the CF showed a much 
uniform size (Mehrotra et al. 2017; Yin et al. 2021).

First, we studied the adsorption effect of different 
materials on hexavalent chromium. Figure 3 shows the 
removal efficiency of CF, FeNPs, and CF-FeNPs for 
Cr(VI) in aqueous solution. The removal efficiency of 
CF can only reach about 9% after 2 h. As a kind of plant 
fiber, CF can adsorb Cr(VI) on the fiber surface through 
physical adsorption. By using pure synthetic FeNPs, the 
removal efficiency is slowly increased from 24.7% in 15 
min to 62.3% in 4 h. FeNPs have a reducing effect on 
metal ions and surface adsorption and complexation. The 

slow increase in removal efficiency may be due to the 
aggregation of FeNPs. When CF is used as the supporting 
substrate to load FeNPs, the removal rate is increased to 
67.3% in 2 h and 81.4% in 4 h, which is much higher 
than the removal efficiency of ordinary cassava fiber and 
synthetic FeNPs.

Due to the improvement of the Cr(VI) removal 
efficiency of CF-FeNPs composite materials, we further 
studied the effect of CF-FeNPs prepared with different 
concentrations of precursor on the removal of Cr(VI). The 

FIGURE 2. SEM images of (a) cassava fiber; (b) synthetic FeNPs; and (c) ~ (f) 
CF-FeNPs synthesized under different concentrations of precursor (0.1M-0.4M)

ln(
Ct

C0
)=-kobst 
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results are shown in Figure 4(a), the removal efficiency of 
CF-FeNPs for Cr(VI) only reached 42.4% and 54.3% in 
4 h, using 0.1 M and 0.2 M precursor, respectively. This 
is a significant improvement in the removal efficiency 
of CF, but it is 20% and 8% less than pure FeNPs. This 
indicates that when the Fe2+ concentration increases, the 
removal efficiency of Cr(VI) will also increase due to the 
increase in the number of FeNPs loaded on the surface of 

the prepared composite material. When the concentration 
of ferrous sulfate gradually increased to 0.3 M, the removal 
efficiency of Cr(VI) reached 66.4% within 4 h, which 
was comparable to the removal efficiency of bare FeNPs. 
As the concentration further increased to 0.4 M-0.5 M, 
the removal efficiency of CF-FeNPs for Cr(VI) reached 
81.4% and 80.9% within 4 h, respectively. In summary, 
we chose 0.4 M for the preparation of CF-FeNPs.

FIGURE 3. The effect of different materials on the removal of Cr(VI) (initial 
Cr(VI) concentration is 10 mg/L, Fe2+ concentration is 0.4 M, CF-FeNPs 

dosage is 0.1 g/L, pH=2.0, n=3)

As an important environmental factor, pH has 
a great influence on the adsorption reaction and the 
reduction of zerovalent iron (Patel et al. 2020). The lower 
the pH, the more conducive to the dissolution of iron, 
and more Fe2+ is generated, which helps the pollutants 
react on the surface of FeNPs. In addition, under weakly 
acidic conditions, the surface of FeNPs is more likely 
to be positively charged. Electrostatic attraction makes 
it easier for the negatively charged anions CrO4

2-/
CrO7

2- have contact reactions on the surface, thereby 
promoting the reduction of Cr(VI). When pH<6.5, Cr(VI) 
mainly exists in the form of HCrO4

- (Mohan & Pittman 

Jr. 2006), and iron mainly exists in the form of Fe2+ and 
Fe3+. Figure 4(b) shows the removal effect of CF-FeNPs 
on Cr(VI) at pH=2, 3, 4, 5, 6. With the decrease of pH, 
the removal efficiency of Cr(VI) by CF-FeNPs increased 
significantly. When pH=2, the removal rate after 4 h can 
reach 81.4%, while when pH=6, the removal rate after 4 
h is only 30.2%. The reaction equation of nano-iron and 
Cr(VI) is as follows:

2HCrO4-+ 3Fe0+14H+→2Cr3++3Fe2++8H2O 

HCrO4-+ 3Fe2++7H+→Cr3++ 3Fe3++4H2O 
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Converted into units, when pH=2 and the initial 
concentration of Cr(VI) is 10 mg/L, the removal of Cr(VI) 
by the composite material with the dosage of 0.1 g/L is 
81.4 mg/g.

Figure 4(c) shows the removal efficiency of CF-
FeNPs composite material on Cr(VI). It can be seen from 
the figure that as the dosage of CF-FeNPs composite 
material increases, more reactive sites are correspondingly 
increased, and the removal efficiency of Cr(VI) shows 
an increasing trend (Karimi-Maleh et al. 2020; Wei et al. 
2017). In the early stage of the reaction, high material 
reactivity has more active sites to participate in the 
reaction. In the late stage of the reaction, the composite 
material is passivated and adsorbed on the surface of the 
material, thereby reducing the active sites of the reaction. 
The pollutant loses the opportunity to contact the material, 
and the transfer of electrons is therefore hindered, 
causing the removal rate to not be continuously and 
effectively improved. When the dosage reaches 0.2 g/L, 
Cr(VI) in the solution can be basically removed after 2 h. 
In the follow-up experiment, based on the consideration 

of economic cost, we used CF-FeNPs composite material 
with a dosage of 0.2 g/L for investigation.

The effect of different initial Cr(VI) concentrations 
(10-30 mg/L) on the removal efficiency is shown in Figure 
4(d). With the increase of the initial Cr(VI) solution 
concentration, the removal rate of CF-FeNPs composites 
also decreased. When the concentration of Cr(VI) solution 
is 10 mg/L, the removal rate within 4 h is 99.4%. When 
the concentration of Cr(VI) solution is 20 mg/L, the 
removal rate is 72.4%. When the concentration of Cr(VI) 
solution is 30 mg/L, the removal rate is 53.7%. A certain 
amount of CF-FeNPs means that the effective surface 
of the material is certain, that is, the surface active sites 
are limited (Xu et al. 2020; Ying et al. 2020; Zhang et 
al. 2020a, 2020b). Since the Cr(VI) is transferred to the 
surface of nanoparticles through competitive adsorption, 
the increasing concentration of Cr(VI) in the solution 
reduces the contact probability between the Cr(VI) ions 
and nanoparticles. This results in a part of Cr(VI) unable to 
contact the surface active sites of the CF-FeNPs composite 
material, thereby reducing the removal rate.

FIGURE 4.  (a) The effect of different Fe2+ concentrations on the removal of Cr(VI) (the initial Cr(VI) 
concentration is 10 mg/L, dosage of CF-FeNPs is 0.1 g/L, solution pH=2.0); (b) The effect of different 
pHs on the remove Cr (VI) (initial Cr(VI) concentration is 10 mg/L, Fe2+ concentration is 0.4 M, CF-
FeNPs dosage is 0.1g/L); (c) The influence of different dosages on the removal of Cr(VI) (the initial 

concentration of Cr(VI) is 10 mg/L, the concentration of Fe2+ is 0.4 M, solution pH=2.0); (d) The effect 
of different initial concentrations on the removal of Cr(VI) (Fe2+ concentration is 0.4 M, the dosage of 

CF-FeNPs is 0.2 g/L , solution pH=2.0, n=3)
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The effect of the stability of CF-FeNPs composite 
material on the Cr(VI) removal efficiency is shown in 
Figure 5. Within half a month, with the increase of the 

CF-FeNPs composite material’s parking time, the removal 
efficiency of Cr(VI) is slowly decreasing, and the material 
removal efficiency is reduced by 9%.

FIGURE 5. Influence of stability performance (initial Cr(VI) concentration is 10 mg/L, amount of 
CF-FeNPs is 0.1g/L, solution pH=2.0, n=3)

The pseudo-first-order kinetic model is used to 
describe the kinetic characteristics of the removal of 
Cr(VI) from water by the CF-FeNPs composite material 
under the experimental design more accurately. This shows 
that chemical adsorption is the rate-limiting step in this 
reaction, and adsorption is a mass transfer process. The 
chemical reaction in this process is also controlled by 
other mechanisms, such as internal and external particle 
diffusion, complexes, and ion exchange (Paunovic et al. 
2020; Shalaby & Mohamed 2020).

The fitting results of the pseudo first-order kinetics 
are shown in Figure 6. The calculations in this figure 
correspond to Figure 4. As shown in Figure 6(a), as the 
initial concentration of Fe2+ increases, the corresponding 
reaction rate increases from 0.0028 min-1 (0.1 M Fe2+) to 

0.00658 min-1 (0.1 M Fe4+). Figure 6(b) shows the effect 
of solution pH. When the pH is 2 and the dosage is 0.1 
g/L, the largest rate constant and the highest removal rate 
are 0.00658 min-1 and 81.4%, respectively. However, 
when the pH rises to 6, the rate constant kobs decreases 
to 0.0239 min-1. Figure 6(c) shows the effect of dosage. 
The reaction rate constant shows a trend that increases 
with the increase of dosage. When the dosage is 0.3 g/L, it 
corresponds to 0.0471 min-1. The results of the kinetic fitting 
corresponding to the concentration changes are shown in 
Figure 6(d), and the corresponding reaction rate constants 
are 0.0182, 0.00669, and 0.00365 min-1. Through kinetic 
analysis, the prepared CF-FeNPs composite material has 
a good removal efficiency for a lower concentration of 
Cr(VI) solution under acidic conditions.
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CONCLUSION

Under the experimental conditions of this study, 
increasing the Fe2+ concentration and the dosage of 
composite materials, while keeping the low initial 
concentration and pH value, is beneficial to the removal 
of Cr(VI) by CF-FeNPs composite. The removal rate of 
Cr(VI) by the CF-FeNPs composite can reaches 81.4% 
when the pH and initial concentration of Cr(VI) were 2 
and 10 mg/L within 2 h, respectively. Under the optimal 
reaction conditions, the mechanism of removing Cr(VI) 
using CF-FeNPs composite can be summarized as a 
complex and coexisting reduction-coupled adsorption 
co-precipitation process. The FeNPs loaded on CF can 
be recommended for wastewater treatment.
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