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A B S T R A C T

Hexavalent chromium (Cr(VI)) is a hazardous and mobile contaminant noted for its severe environmental im
pacts. This research presents a low-cost, efficient, and eco-friendly method that utilizes starch extracted from 
Maranta arundinacea (arrowroot) for the selective recovery and discarding of chromium (VI) from electroplating 
effluents driven by a visible light photochemical procedure. This method alleviates the transition of harmful and 
toxic Cr(VI) into the less toxic and more stabilized trivalent chromium (Cr(III)), which eventually forms firm 
coordination complexes with the arrowroot starch along with functional groups such as hydroxyl groups (–OH) 
and ether groups (C–O–C), as verified by FTIR and XPS analyses. Noticeable structural alteration in the starch 
matrix was observed upon interaction with chromium ions. At pH 3.0, the process achieved a maximum removal 
limit of 98.3 %, but at pH 10.0, the efficiency decreased markedly to 3.2 %. Additionally, within the tested 
concentration range of 10–50 mg/L, the extraction efficiency remained at or above 90 %. In the presence of 
competing ions such as Ca, Cu, Zn, and Ni, chromium was selectively removed. Furthermore, when the starch 
dosage was increased from 50 mg to 450 mg, the efficiency was enhanced by approximately 55 % to nearly 95 %. 
This increase in dosage promoted the faster reduction within 300 min. The entire approach is environmentally 
benign, generating no secondary waste, and thus making it a viable and sustainable option for industrial-scale 
wastewater treatment. These results demonstrate the potential value of arrowroot starch as an efficient mate
rial for sustainable and economical chromium remediation.

1. Introduction

The rapid expansion of industrial activities and excessive utilization 
of resources has led to the widespread discharge of hazardous heavy 
metals into the environment [1,2]. These pollutants pose serious threats 
to living beings and disturb the essential natural resources such as water, 
soil, and air [3]. Pollution by heavy metals degrades the quality of water 
and contributes to water shortages, which remain major challenges 
worldwide [4,5]. As a result, numerous countries and commercial or
ganizations have established regulations restricting the release of these 
contaminants. Nevertheless, some small-scale industries continue to 
discharge untreated wastewater, which exacerbates the depletion of the 
water supply and leads to significant environmental issues [6,7]. Among 

the commonly detected heavy metals in industrial effluents are chro
mium, cadmium, zinc, mercury, arsenic, silver, nickel, copper, and lead. 
In chromium plating wastewater, chromium concentrations can reach 
several hundred milligrams per liter (ppm) [3,8,9].

Therefore, it is essential to treat and recover chromium from 
wastewater using cost-effective technologies to ensure sustainable uti
lization of resources. Various alternative materials have been explored 
for solid chromium recovery, including stainless steel, electronic waste, 
and other industrial by-products. Recent estimates indicate that the 
generation of electronic chromium-containing waste has reached about 
54 million metric tons globally in 2019, contributing significantly to 
environmental pollution [10]. Hence, the selective recovery of chro
mium and its low-cost, environmentally sustainable removal from 
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chromium-containing wastewater are essential for ensuring sustainable 
resource availability and effective pollutant remediation [1,3,8,11,12].

Chromium is dangerous in its hexavalent Cr(VI) and trivalent Cr(III) 
forms, and a major environmental pollutant commonly present in 
effluent from industries such as tanning, printing, ceramics, and elec
troplating, where its mobility and persistence, alongside other toxic 
pollutants, pose challenges for effective removal and remediation 
[1,11,13]. Furthermore, Cr(VI) can be readily absorbed by the human 
body through the respiratory and digestive tracts, and its exposure via 
inhalation, skin contact, and mucous membranes can have severe toxic 
effects, including carcinogenicity. Consequently, the World Health Or
ganization (WHO) permitted the maximal concentration for Cr(VI) in 
drinking water at 0.96 μmol/L [14,15], while the United States Envi
ronmental Protection Agency (EPA) has established release standards 
limiting Cr(VI) in industrial wastewater to 10 μg/L [11,16,17].

Due to the extreme toxicity of Cr(VI), effective treatment and se
lective recovery from contaminated water are essential [18,19]. The 
removal of Cr(VI) by photocatalysis or adsorption using plentiful natural 
biomass provides an economical and ecologically beneficial method for 
sustainable development [20,21]. The alteration of materials obtained 
from biomass usually demands strict processing parameters, such as the 
use of strong acids and chemical reagents, high temperatures, and 
pressures [22,23].

In spite of increasing operating expenses, rules were also added to 
the environmental load. Starch-based bioadsorbents have garnered a lot 
of interest, which are environmentally safe, and affordable for the se
lective extraction of hexavalent chromium (Cr(VI)) from wastewater 
[24,25]. A range of starch sources has been studied recently for their 
ability to adsorb Cr(VI) contamination effectively. For instance, under 
particular experimental circumstances, cassava starch has demonstrated 
encouraging adsorption capability [26]. The removal effectiveness of 
maize starch modified with caffeic acid was also improved, with an 
adsorption capacity of up to 96.45 mg/g at pH 3 [27]. Potato starch has 
shown promise as a robust biosorbent for Cr(VI), bolstering its feasibility 
in environmentally friendly water treatment methods. To function at 
their best, these starches frequently need to undergo chemical changes 
or be subjected to certain circumstances [28]. Additionally, Al-doped 
biochar (Al/BC), with Al/BC-0, Al/BC-7.5, Al/BC-15, and Al/BC-21 
doping levels, was produced from waste cotton fabric. The highest 
removal of Cr(VI) occurred at pH 1. Maximum adsorption of 176.23 mg/ 
g is achieved with Al/BC-, while Cr(VI) is partially reduced to Cr(III) 
[29]. The functional magnetic material Fe3O4/PPE-2 removed Rhoda
mine B from textile wastewater at pH 6.5 with an initial concentration of 
118 ppm. After 160 min of visible light, the removal rate increased to 
98.2 %, with complete degradation under photocatalytic activity [30]. 
Adsorbents based on starch and cellulose have been modified with 
amine, carboxyl, and sulfonic acid groups to extract metal ions from 
wastewater at pH 4–7. The metal ion removal capacities are Cr(VI) 
123.6-mg/g, Pb(II) 85.43-mg/g, Cu(II) 87-mg/g, Ni(II) 2207-mg/g, Cd 
(II) 956.6 mg/g [31]. Cellulose-composed adsorbents can remove up to 
2200–2207 mg/g cadmium metal, while starch-composed adsorbents 
remove 85 mg/g of zinc metal. Removal rates surpass 80 % with optimal 
pH values between 3 and 7. Adsorption rates are influenced by initial 
concentration, pH, and adsorbent modification [32].

In comparison to modified starches, this present study indicates an 
innovative and efficient approach for using unchanged arrowroot starch 
(Maranta arundinacea) as a native biomass material for the cost-efficient 
elimination and marked recovery of Cr(VI) from the wastewater. 
Arrowroot starch is extracted directly from the plant root, showing a 
natural gel-like uniformity in gently mild acidic environments, which 
increases its effectiveness in the adsorption of chromium. Its integral 
poly-saccharide structure supports strong constricting interactions with 
Cr(VI) ions, overall increasing its adsorption capacity [24,33]. The 
arrow starch with its chemical and structural characteristics, prevents an 
initial photochemical depletion of Cr(VI) into the less lethal Cr(III), 
which is selectively immobilization onto the starch matrix. This double 

mechanism improves both the removal and recovery of chromium 
[12,25]. Additionally, arrowroot starch demonstrates appreciable po
tential value due to its smooth texture and gel-like capability, which 
modify its surface contact with Cr(VI) and help in efficient performance 
under mild reaction conditions. This renders arrowroot starch a novel 
and efficient alternative for Cr(VI) treatment in wastewater [34,35]. An 
adsorption study combining thermodynamic analysis, kinetic modeling, 
and isotherm evaluation was conducted to find the Cr(VI) removal ef
ficiency of arrowroot starch. Furthermore, the material was character
ized by using different analytical techniques to validate the adsorption 
mechanism and tolerate chromium uptake. This research demonstrates 
efficient Cr(VI) detoxification and selective recovery utilizing a novel, 
cost-effective starch material with high potential for valuable applica
tions in sustainable wastewater treatment and resource recovery 
[1,11,22,36].

2. Materials and methods

2.1. Chemicals and reagents sources

Analytical-grade potassium dichromate (K₂Cr₂O₇, ≥99.5 % purity), 
sodium hydroxide (NaOH, ≥98 % purity), hydrochloric acid (HCl, 37 % 
w/w), acetone (C₃H₆O, ≥99.5 % purity), and diphenylcarbazide 
(C₁₃H₁₄N₄O, ≥98 % purity) were purchased from Macklin Biochemical 
Co., Ltd., and Aladdin Industrial Corporation (Shanghai, China) and 
used without further purification. The Cr-containing real electroplating 
wastewater was collected from industry in Ninguo, China. Chemical 
composition was analyzed by using Inductively-Coupled-Plasma-Mass- 
Spectrometry (iCAP™ RQplus ICP-MS Thermo-Fisher Scientific, USA), 
which is mentioned in Table 1, and Hefei University of Technology 
provided the pure water.

2.2. Characterization of materials

Before and after the photochemical extraction, Cr(VI) from electro
plating wastewater with starch material complex were analyzed using 
different physicochemical methods. XPS analysis was conducted using 
an XPS-ESCALAB QXi (Thermo-Fisher Scientific, USA) provided with a 
mono-chromatic Al-Kα X-ray origin (1486.6 eV) under ultra-high vac
uum conditions (~10− 9 Torr). Survey scans were recorded and 
concluded a binding force range of 920–1020 eV with an energy pass of 
100 eV to detect elemental composition, while for oxidation states and 
to resolve binding energies, high-resolution spectral detail was assem
bled using a pass energy of 20 eV. A less energetic electron flood stream 
was utilized for charge destruction during measurements, and the C-1s 
peak at 284.8 eV was utilized for calibration. The thermogravimetric 
analyzer (TGA-8000) was performed at 2 ◦C/min from 20 ◦C–1000 ◦C 
with a 100 mL/min flow rate of O2.

FTIR spectra were collected using an FTIR-6700 spectrometer 
(Thermo-Fisher Scientific, USA) in the 4000 cm− 1 to 400 cm− 1 range 
with a spectral resolution of 4 cm− 1. Samples were prepared using the 
[KBr pellet method/ATR mode], and 32 scans were averaged per spec
trum to increase the signal quality relative to background noise. The 
FTIR spectra were analyzed to confirm the surface functional groups and 
chemical modifications on the starch material. After photochemical 
extraction, the optical absorbance of the biomass was measured by the 
UV–visible spectrophotometer (UV-2600, Shimadzu). X-ray powder 

Table 1 
Cr(VI), coexisting ions, and other water quality parameters of the electroplating 
wastewater.

Conc. (ppm) TOC pH

Cr(VI) Ca2+ Cu2+ Zn2+ Ni2+ (ppm) Value

318.33 36.55 33.49 12.17 0.49 8.19 3.2
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diffractometer XD-3 (PERSEE, China) was used to determine the mate
rial structure and composition by identifying the diffraction patterns at 
each phase. The morphology and elemental characteristics of surface 
were synthesized adsorbent materials and examined using a Thermal 
Field Emission Scanning-Electron- Microscope (FE-SEM, Gemini 500, 
Carl Zeiss, Germany) integrated with an Energy Dispersive-X-ray Spec
troscopy (EDS) detector. Prior to imaging, the samples were coated with 
a thin gold film (approximately 10 nm) to ensure sufficient electrical 
conductivity and suppress charging artifacts throughout the analysis 
process. SEM images were acquired under high-level vacuum mode at a 
voltage of 0.02 kV–30 kV, a working distance of 8–10 mm, and varying 
magnifications between 1000× and 50,000.

2.3. Preparation of batch experiment for adsorption

A measured amounts of the starch-based biomass material, 50 mg, 
150 mg, 250 mg, 350 mg, and 450 mg, were added to 50 mL Cr(VI) 
aqueous solutions and prepared at varying concentrations (0.2–1.0 mg/ 
L) from a freshly prepared stock solution and adjusted pH at 2–10 by 
using HCl and NaOH. The mixture was placed under visible light in an 
XPA series multi-tube stirring photo-chemical reactor (Xujiang-Ma
chine-Plant, Nanjing, China) fortified with a UV lamp (365 nm, ~15 
mW cm− 2), maintaining a constant temperature of 27.5 ◦C with circu
lating cooling water throughout the photochemical reduction process. 
The reaction time was 5 h under continuous stirring to ensure effective 
conversion of chromium (VI) to chromium(III) before the experimental 
study, following methodologies reported by Wang et al. (2015) and 
Wang et al. (2016) [37,38]. After several intervals, 5 mL from each 
sample was taken, and the solution was filtered using a 0.22 μm (220 
nm) pore-sized syringe filter to remove suspended particulates before 
analysis. The contained filtered solution was measured by the diphle
nylcarbazide (DPC) method [39]. To identify the Cr concentration in the 
wastewater, the overall chromium concentration was measured by using 
the ICP-MS. After the completion of the photochemical reaction, the 
chromium-loaded starch material was subjected to pyrolysis at a 
controlled heating charge per unit of 5 ◦C/min, reaching 600 ◦C and kept 
up for 2.5 h under a nitrogen atmosphere. This process resulted in the 
formation of high-purity Cr₂O₃ powder, as confirmed by XRD analysis, 
demonstrating that this straightforward and scalable approach is effec
tive, offering a practical solution for wastewater treatment while 
simultaneously facilitating the recovery of valuable chromium. Fig. 1 is 
the schematic diagram of the whole process. The whole batch experi
ment was performed three times for the accuracy and adsorption bind
ing of chromium (VI) from the electroplating wastewater. The removal 
rate was calculate from the Eq. 1, and the extraction efficiency was 
calculated from Eq. 2. 

R(%) =
C0 − Ct

C0
×100% (1) 

E(%) =
C0 − Cf

C0
× 100% (2) 

(C0 mg/L) presents the Cr(VI) conc. at the initial stage before photo- 
extraction, and (Cf mg/L) presents the final concentration of chro
mium present in the water after photo-extraction. (Ct mg/L) describes 
the different time intervals for the Cr concentration during the 
photoreaction.

The adsorption efficiency of starch for the Cr was measured by 
following the adsorption capacity equation: 

q(mg/g) =
C0 × V × R

mstarch
(3) 

where q represents the total extraction capability in mg/g, C0 is the 
initial conc. of the Cr(VI), V represents the reaction solution volume, R 
represents the removal efficiency, and starch represents the mass of 
starch material used in the reaction.

During the reaction under visible light, the transformation of the 
electron occurred as a result of ligand to metallic charge transfer (LMCT) 
facilitated by protonation [40]. Due to this Cr(VI) is converted into Cr(V) 
and then Cr(IV), and hydroxyl bond (–OH) oxidation transpired and 
forms carbonyl groups (–CHO) instantaneously [41]. The construction 
of the Cr(V), Cr(IV), and Cr(III) species might be synchronized with 
hydroxyl groups(–OH) and the carbonyl groups(–CHO) and generate a 
double helix structure, which is depicted in Fig. 1 [42].

The starch structure breaks down and alleviates the toxicity of the 
chromium (VI) to chromium (III) ions; after that Cr (III) is attached to 
the surface of the starch material. From this research, it is clear that 
approximately 240 kg of chromium can be recovered with $2600 worth 
due to the higher extraction capacity of native starch (270 mg/g) seen in 
Table S4. The purchase value of recovered chromium Cr₂O₃ is approxi
mately to be around $10,497 seen in Table S5. Additionally, as 
compared with other conventional strategies like photoreduction or 
adsorption using biomass-based materials, this photochemical extrac
tion approach has proved beneficial as it produces no secondary pol
lutants seen in Table S2. Native starch has a significant potential for the 
treatment of industrial wastewater.

In Table 1, all different kinds of competing ions present in the real 
electroplating wastewater with concentration are described as Maranta 
arundinacea (arrowroot) starch is also compatible with these ions 
removal from the electroplating wastewater.

The first stage of the experiment was based on the pure Cr(VI) so
lutions to examine the adsorption and photo-reduction performance of 
starch under controlled conditions. By using a pure Cr (VI) solution, this 

Fig. 1. Schematic diagram of effective extraction of Cr(VI) from real electroplating waste-water by starch.
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research aimed to better understand the fundamental interactions be
tween Cr(VI) ions and the adsorbent surface, particularly regarding 
removal efficiency, adsorption kinetics, and the reduction process. Once 
these fundamental mechanisms were recognized, the research was 
extended to include real electroplating wastewater. This second stage 
tested the adsorbent’s suitability in more complex systems, where 
competing ions and other substances might affect the removal process. 
The method of using pure solutions first and then real wastewater 
allowed for a clear distinction between the intrinsic removal mechanism 
and the influence of real-world effluent components.

3. Results and discussion

3.1. Extraction efficiency of the materials

To assess the Cr(VI) removal efficiency of the starch-based bio
sorbent from aqueous solutions, the first parameter investigated was pH. 
As illustrated in Fig. 2.a, the Cr(VI) extraction rate improved signifi
cantly as the pH decreased from 10.0 to 2.0. The starch material 
demonstrated superior Cr(VI) removal under acidic conditions due to 
changes in its surface properties, chemical structure, and stability at 
different pH levels. Although acidic environments (e.g., pH 3.0) may 
lead to partial hydrolysis of starch and disruption of its granular struc
ture, they concurrently enhance the protonation of surface functional 
groups, including hydroxyl (–OH) and carboxyl (–COOH) moieties. 
The protonation increases the electrostatic attraction between the starch 
surface and the existing negatively charged Cr(VI) ions (chromate and 
dichromate), facilitating improved adsorption and removal. 

Additionally, the partial hydrolysis under mild acidic conditions can 
expose more internal active sites by increasing the surface area, thereby 
enhancing the adsorption capacity. Previous studies have indicated that 
acid-mediated swelling of starch granules can increase the accessibility 
of adsorption sites while maintaining sufficient structural integrity for 
effective heavy metal removal [43]. In this study, the starch maintained 
adequate stability during the adsorption process under controlled re
action times, enabling high Cr(VI) removal efficiency while minimizing 
structural degradation. It is clearly evident that at higher pH levels, Cr 
(VI) removal efficiency decreases. This is attributed to the reduced 
surface zone and the inability of the adsorbent material to effectively 
interact with Cr(VI) ions on its surface. Adsorption of Cr(VI) by starch 
material varies significantly under different pH conditions. At low pH, 
the starch adsorbent demonstrated higher efficiency in removing toxic 
Cr(VI), likely due to the increased electrostatic attractiveness between 
the protonated surface functional groups of the starch and the Cr(VI) 
ions [44].

Experimental results revealed that Cr(VI) removal rate is highly 
exaggerated by the pH of the solution and the mass of starch employed, 
underscoring their importance in optimizing adsorption performance. 
As shown in Fig. 2. b, the extraction ratio increased significantly from 
3.20 % to 98.30 % as the pH decreased from 10.0 to 3.0 after 5 h of 
irradiation. At pH 3.0, the Cr(VI) concentration in the electroplating 
effluent dropped to 0.30 mg/L, and overall its concentration was 
decreased to 0.22 mg/L, meeting the wastewater discharge standards set 
by authorities, such as the China effluent discharge standard and the U. 
S. Environmental Protection Agency (USEPA).

After 6 h of photochemical treatment, the Cr(VI) removal efficiency 

Fig. 2. (a) Effect of pH on the removal efficiency of Cr(VI); (b) Cr(VI) extraction performance under varying pH conditions; (c) Impact of common co-existing ions on 
Cr(VI) concentration in actual electroplating wastewater; (d) Cr(VI) removal efficiency at different initial concentrations under varied experimental conditions: 10 
mg/L with 10 mg starch at pH 2.4; 15 mg/L with 20 mg starch at pH 3.0; 20 mg/L with 30 mg starch at pH 3.8; 25 mg/L with 40 mg starch at pH 4.8; and 40 mg/L 
with 50 mg starch at pH 3.8, time = 6 h.
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decreases to 61.10 % at pH 2.0 and 37.60 % at pH 4.0 (Fig. 2b). At both 
pH 2 and pH 4, the same mechanism was followed, which involved 
proton-assisted electron transfer for the degradation of Cr(VI) to soluble 
Cr(III) from starch biomass. Therefore, due to pH-dependent factors, the 
removal efficiencies vary. At pH 2, the higher concentration levels of H+

ions compete with Cr(VI) for adsorption sites, while slightly constraining 
the reduction process. In contrast, the low H+ availability limits electron 
transfer at pH 4, which limits the conversion of Cr(VI). The maximum 
removal rate of 98.3 % is achieved at pH 3 due to the balance between 
H+ and the adsorption sites. Hence, the mechanism remains consistent 
at all pH levels; therefore, the removal efficiency is affected by varia
tions in proton concentration and adsorption properties. The y-axis in 
the figure clearly illustrates this reduction in Cr(VI) release efficiency 
over time. The ideal extraction of Cr(VI) arises at pH 3.0, where the 
starch adsorbent material exhibits the highest efficiency. Furthermore, 
the removal efficiency was enhanced with an increase in adsorbent mass 
rate, which ranged from 50 to 450 mg. UV–visible spectra verified that 
no Cr(III) or Cr(III) compound persisted in the residue, further sup
porting the ratio of Cr(VI) extraction under the studied investigation 
[45].

Additionally, the outcome of the starch dose on the Cr(VI) exclusion 
efficiency was analyzed. As illustrated in Fig. 2.c, the removal perfor
mance persists noticeably high when the initial chromium concentration 
was higher, from 10 mg/L-50 mg/L. This research suggests that the 
starch material plays a significant role in the process of extraction, 
which shows a greater starch ratio, alleviating more efficient Cr(VI) 
removal. The graph elaborates on the efficacy of the initial Cr(VI) con
centration; the extraction efficiency stayed above 80 %, indicating the 
efficiency of the starch material in Cr(VI) adsorption. The error bars in 
the graph reflect the reproducibility of the results.

Under the different trials of Cr(VI) extraction, over 90 % of Cr(VI) 
was successfully extracted from real electroplating wastewater, with 
only 6 % of the remaining metal ions being extracted. Fig. 2.d illustrates 
the concentrations of competing metal ions, including Ca, Cu, Zn, and 
Ni, present in the electroplating wastewater. Notably, Cr(VI) concen
trations were significantly higher than those of the competing ions, with 
Cr(VI) surpassing 50 ppm, while other ions such as Ni and Zn were 
present at much lower concentrations. This demonstrates that the starch 
material is highly effective in selectively extracting Cr(VI), as it provides 
a huge number of adsorption sites for Cr(VI) adsorption, making it the 
dominant metal ion extracted.

Furthermore, 10 trials were conducted to examine the Cr(VI) 
extraction efficiency over varying time intervals. A 50 mL Cr(VI)- 
containing solution was maintained at pH 3.0, followed by the addi
tion of 450 mg of starch. The solution was then thoroughly mixed. As 
shown in Fig. 3. a, Cr(VI) extraction efficiency increased significantly 
with time, reaching its peak after 3 h, where more than 80 % elimination 
of Cr(VI) from the solution. Beyond this point, extraction efficiency 
remained stable, indicating Cr(VI) ions were effectively adsorbed onto 
the exterior of the starch material. This demonstrates the optimal 
extraction time of 3 h for the given experimental conditions. Addition
ally, to further investigate the interaction between starch and Cr(VI), 
trials were conducted with varying starch masses, while maintaining the 
Cr(VI) concentration at 50 mL and pH 3.0. The results indicated that 
increasing the starch mass could improve the Cr(VI) adsorption effi
ciency, as expected.

High extraction efficiency of Cr(VI) was observed in Fig. 3.b when 
50 mg of starch material was used. The extraction efficiency consistently 
remained high across the different starch masses, as shown in the graph, 
with the 50 mg starch sample achieving an extraction efficiency close to 

Fig. 3. (a) Cr(VI) extraction with different time scale, 1st and 2nd: t = 4 h: pH = 2.0, 3rd and 4th: t = 6 h: pH = 3.0 and 4.0, 5th to 10th: t = 8 h: pH = 5 to 10. C0 =

10 mg/L, V = 50 mL; (b) Cr(VI) extraction with various masses of starch. C0 = 30 mg/L, pH = 3. 0, Volume = 50 mL; (c) Time-dependent of Cr(VI) extraction under 
dark and light conditions and control experimentation without starch under light condition, inset: the resulted starch after adsorption or extraction by photo- 
chemical of Cr(VI) at 3.0. pH. C0 = 10 mg/L, Volume = 50 mL, time = 5 h, starch mass = 450 mg.
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80 %. This demonstrates that Maranta arundinacea (arrowroot) starch is 
highly effective for the extraction of Cr(VI) from electro-plating waste
water when suitable pH and time conditions are applied. In Fig. 3.c, the 
outcome of light on Cr(VI) extraction was further explored. The starch 
material did not show any Cr(VI) adsorption when exposed to dark 
conditions, which is shown by the nearly constant Cₜ/C₀ ratio. However, 
under light conditions, there was a significant decrease in the Cₜ/C₀ 
ratio, with the removal efficiency reaching approximately 90 % at the 
optimal time. This result suggests that light plays a crucial role in the 
adsorption process, likely enhancing the adsorption efficiency through 
photo-thermal effects.

3.2. Adsorption isotherm Eq’s for Cr(VI)

Various amounts of starch were added to Cr(VI)-containing electro
plating wastewater over different time intervals. It was observed that 
starch was highly effective in reducing chromium(VI) to chromium(III). 
As shown in Fig. 4.a, the decrease of Cr(VI) to Cr(III) was successfully 
achieved under the experimental conditions. Before initiating the reac
tion with different starch masses, UV spectra were measured, as depicted 
in Fig. 4.b, to establish a baseline for the chemical analysis. To discover 
the adsorption binding ability of starch for Cr(VI), both the isotherm 
Langmuir and the Freundlich isotherms were applied. The Langmuir 
isotherm Eq. (4) is given as. 

qe =
qmaxKLCe

1 + KLCe
(4) 

Eq. (5) shows the Langmuir isotherm. It changes linearly to help 
determine the adsorption parameters. 

1
qe

=
1

KLqmax
.
1
Ce

+
1

qmax
(5) 

In Eq. (5), qmax presents the highest adsorption of the material (mg/ 
g), where KL (L/mg) represents Langmuir’s constant, which reflects the 
binding potential between Cr(VI) and starch material.

RL is used to calculate the separation factor, which is written in Eq. 
(6). 

RL =
1

1 + Ci × KL
(6) 

In the above-mentioned equation, RL refers to Langmuir’s dimen
sionless constants, which specify the adsorption potential, whether it is 
linear or non-linear.

Freundlich’s isotherm is expressed in Eq. (7). 

qe = Kf Ce
1
n

(7) 

Freundlich’s isotherm linear form is represented in Eq. (8)

Logqe = LogKf +
1
n

LogCe (8) 

Adsorption binding capability is indicated with Freundlich’s con
stant (Kf), where 1/n is used for the adsorption intensity.

The Langmuir’s isotherm (Eq. 3) undertakes mono-layer adsorption 
on the adsorbent surface with a finite number of active sites. The fitting 
of the Langmuir model is shown in Fig. 4.c. The Freundlich isotherm (Eq. 
7), which represents adsorption on a surface with heterogeneous 
adsorption sites, was also applied, and its linear form is signified in 
Fig. 4.d. The adsorption capacity parameters (q_max, K_L, R_L) and 
Freundlich parameters (K_f, 1/n) are provided based on the fitting 
results.

These adsorption models help elucidate the binding interactions 
between Cr(VI) and the starch material. Fig. 4.e (UV spectra after the 
adsorption) shows the absence of Cr(III) in the residue, confirming the 
successful reduction of the Cr(VI) to Cr(III). All prepared samples with 
varying amounts of starch were analyzed using UV–visible spectroscopic 

analysis to explore the impact of starch mass on Cr(VI) removal, as 
shown in Fig. 4.e. Afterward, completing the reaction process, the data 
revealed that the elimination of Cr(VI) improved with starch mass. 
Highest absorbance rate was observed at 450 mg of starch, indicating 
the most efficient Cr(VI) removal. In contrast, the lowest absorbance was 
recorded at 50 mg of starch. The UV–vis spectra demonstrated that the 
Cr(VI) absorbance is directly dependent on the starch mass, confirming 
the effective role of starch in Cr(VI) adsorption.

3.3. Mechanism of adsorption

For better understand the chromium extraction process on the starch 
material, X-ray diffraction (XRD) analysis was performed, as shown in 
Fig. 5.a. The XRD patterns reveal the crystalline structure and segment 
composition of the starch material before and after the photochemical 
reaction. The comparison clearly illustrates the contrast between the 
two states, indicating the formation of a newly developed crystalline 
phase post-reaction. Notably, the XRD results suggest the formation of 
Cr₂O₃ (chromium oxide) after the photochemical reaction. Specifically, 
the diversion of peaks suggests structural changes at the interface where 
the chromium ions interact with the starch biomass. Starch, consisting of 
glucose-derived polymers, contains numerous hydroxyl (–OH) groups 
that are involved in hydrogen bonding within the double-helix structure. 
During the photochemical reaction, Cr(VI) interacts with the starch 
biomass, disrupting the double-helix structure and weakening the 
hydrogen bonds, as observed in the XRD analysis. This disruption fa
cilitates the reduction of Cr(VI) to Cr(III), resulting in the formation of 
Cr₂O₃. This mechanism is consistent with existing literature, studies 
show that starch biosorbents undergo conformational changes upon 
interaction with metal ions, especially in photochemical environments 
[46]. The observed structural degradation correlates with the increased 
adsorption of Cr(VI), enhancing the removal efficiency of the system 
[47]. The XRD peaks before photo extraction are different from those 
after photochemical extraction, which showed the adsorption of the 
chromium ions on the starch material and changes its structure as shown 
in Eq. (9)–(12). 

H2CrO4⟶HCrO4
− + H+ (9) 

Cr(VI)+ starch+H+ + e− ⟶Cr(V).starch (10) 

Cr(V) + starch + H+ + e− ⟶Cr(IV).starch (11) 

Cr(IV) + starch + H+ + e− ⟶adsorbed Cr(III)⋅starch + H2O (12) 

The physical phenomenon between the starch material and Cr(VI) 
ions was further explored using Fourier Transform Infrared Spectros
copy (FTIR). The FTIR spectra shown in Fig. 5.b revealed key changes in 
the starch structure upon interaction with Cr(VI). The starch material 
contains hydroxyl groups (–OH) on the glucose units, which are crucial 
for interacting with Cr(VI) ions [36]. The stretching vibrational peaks 
associated with the (–OH) bond were observed between 3468 and 3135 
cm− 1 before the photochemical reaction. At 1639 cm− 1, the (–OH) 
bond was weakened, indicating the interface between Cr(VI) and the 
starch material. This change is related to the adsorption of Cr(VI) on the 
starch surface, which affects the internal structure of the starch. The 
stretching bonds associated with the glycosidic bond in the glucose units 
of the starch polysaccharide chain were also affected, supporting the 
hypothesis that Cr(VI) adsorption alters the starch structure [48]. 
Furthermore, the FTIR spectra revealed a peak at 1003 cm− 1, corre
sponding to the formation of the double helix bond structure after the 
photochemical reaction, indicating changes in the starch molecular 
configuration. Additionally, the peak at 560 cm− 1 confirmed the for
mation of Cr(III) and its recovery on the starch surface, marked by the 
Cr–O bond vibrations. The breakdown of hydrogen bonds between the 
helical structure and the –OH group during the photochemical reaction 
leads to a smooth surface of the starch material. The starch surface 
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Fig. 4. Starch mass effects on the Cr(VI) (a) extraction and (b) removal; (c) Plot showing Langmuir’s isotherm for the Cr(VI) adsorption on starch biomass; (d) Plot 
showing Freundlich’s isotherm adsorption of Cr(VI) on starch biomass; (e) UV–Visible spectra before reaction with different masses of starch. C0 = 10 mg/L, pH = 3, 
Volume = 50 mL, time = 5 h.
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became crinkled, indicating damage to the material after the reaction, as 
reported by previous studies [49,50].

The binding energy and successful extraction of Cr(VI) by the starch 
material were analyzed using X-ray Photoelectron Spectroscopy (XPS), 
as shown in Fig. 5.c. The XPS spectra reveal the interaction between the 
starch material’s functional groups and Cr ions. The prominent peaks at 
998.3 eV and 977.4 eV showed that Cr(V) was reduced to Cr (II) [51] 
and Cr(IV) [52], which were consistent with 2p3/2. Further analysis 
showed that Cr(VI) was reduced to Cr(III) by the starch material, 
inferred by the shift in the binding energy. In Fig. 5.c, the C 1s peak 
indicates the existence of hydroxyl groups (–OH) on the starch mate
rial, which interact with the Cr ions, confirming the adsorption of 
chromium onto the starch surface [53]. To increase further insight into 

the valence state of both starch and Cr(VI), high-resolution XPS spectra 
were obtained and are shown in Fig. 5.d. Ions shifting and Cr(VI) 
transformation into Cr(III) are shown in the (S.8), which is available in 
supporting information. Additionally, peaks corresponding to C1s, 2p₃/ 
₂, and other compositions such as hydroxyl (–OH), oxidized carbon 
bonds (C––O), and (C–O) provided proof of the interaction between Cr 
(VI) particles and starch, resulting in Cr(III) formation. These findings 
align with the structural changes observed in the starch biomass during 
the adsorption process [54].

3.4. Thermogravimetric and XRD analysis of the starch

After the starch absorbed Cr and other competing ions from 

Fig. 5. Fig. (a) XRD pattern before and after extraction of starch by the photo-chemical reaction; (b) FTIR spectra; (c) XPS high-resolution Cr 2p spectrum of starch 
after photochemical removal; (d) starch and Cr(VI) reaction mechanism.

Fig. 6. (a) TGA and DTA curves of the resulting starch; (b) XRD pattern of the resulting starch after TGA analysis.
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electroplating wastewater, thermogravimetric analysis (TGA) was con
ducted to assess the thermal stability of the starch-absorbed Cr complex 
[55]. Fig. 6a shows the TGA results for the Cr-containing starch biomass 
when subjected to temperatures up to 600 ◦C. The TGA weight loss in 
(S.7) image. The TGA curve demonstrated the weight loss increases as 
the temperature rises, which is indicative of the thermal decomposition 
of the starch and Cr complex. The corresponding Differential Ther
mogravimetric Analysis (DTA) curve (also in Fig. 6.a) shows the heat 
flow associated with the thermal decomposition, with the weight loss 
being highest at elevated temperatures. The weight loss data in Fig. 6a 
further illustrate that after the successful extraction of Cr(VI) by starch 
biomass, significant changes in the starch structure occur, as evidenced 
by the distinct thermal degradation steps. The weight graph on the right 
side of the figure highlights the progressive loss of weight as the tem
perature increases, which correlates with the thermal breakdown of the 
Cr(VI)-starch complex. These findings support the successful adsorption 
and transformation of Cr(VI) during the extraction process. Fig. 6b 
shows the X-ray diffraction (XRD) pattern obtained after pyrolysis of Cr 
(VI)-containing starch biomass.

The XRD-pattern of the pyrolyzed sample in Fig. 6.b shows distinct 
peaks associated with Cr₂O₃ (JCPDS#038-1479), signifying a large 
portion of the chromium species is converted into Cr₂O₃ during pyrol
ysis. However, not all of the chromium may be altered into Cr₂O₃; some 
may persist in other forms that are undetectable by XRD. This data 
confirms that Cr(VI) has been transformed to Cr(III) during the pyrolysis 
process. The weight loss during pyrolysis was observed in TGA analysis: 
between 220 ◦C and 370 ◦C, the starch matrix underwent significant 
decomposition, resulting in a weight loss of 14.12 %. As the temperature 
escalated further (from 370 ◦C to 600 ◦C), the weight loss increased, 
indicating the breakdown of the complex bond structure between the 
starch and Cr ions [56]. At higher temperatures, it can be observed that 
the characteristic peaks corresponding to Cr-related compounds gradu
ally degrade, confirming the transformation of Cr(VI) to Cr(III). As the 
temperature rises, organic materials in the starch matrix decompose, 
leaving a residue primarily in the form of Cr₂O₃. This transformation was 
further confirmed by TGA analysis, which revealed the gradual break
down and decomposition of the Cr(VI)-starch complex as the tempera
ture increased.

3.5. SEM and EDS analysis

To understand the distribution and stability of Cr(VI) on the starch 
surface, Scanning Electron Microscopy (SEM) and Energy Dispersive X- 
ray Spectroscopy (EDS) were used. Fig. 7 shows the SEM images before 

and after the Cr(VI) extraction process, providing insights into the 
structural changes in the starch material during adsorption.

Fig. 7a shows the clean, smooth surface of the starch material before 
the reaction, indicating an intact, unaltered structure [57]. In contrast, 
after the successful extraction of Cr(VI), Fig. 7b illustrates the roughened 
surface morphology of the starch. This roughness is indicative of Cr(VI) 
ions attached to the starch surface, which alters its structural formation 
as a result of the photochemical reaction [54]. To confirm the interac
tion between Cr(VI) and the starch surface, EDS analysis was performed. 
The EDS spectra confirmed the existence of carbon (C), oxygen (O), and 
chromium (Cr) on the starch surface, providing further evidence that Cr 
ions are adsorbed onto the starch material. Despite the adsorption of Cr 
(VI), the starch material remained relatively stable, with its morphology 
only slightly affected during the photochemical reaction [58]. EDS re
sults were used to determine the distribution of the C, O, and Cr on the 
surface of the starch. EDS results showed that the starch material is 
relatively stable and its morphology was not affected during the Cr(VI) 
adsorption under the photochemical reaction [59]. The comparison for 
Cr(VI) reduction and recovery of this work with the previous studies 
with other synthetic biomasses were given in Table 2.

The EDS analysis clearly shows the distribution of C, O, and Cr on the 
surface of the starch material, as presented in Fig. 7. This evidence 
confirms that starch and Cr(VI) are closely associated. The C and O 
functional groups on the starch material play a key role in the adsorption 
and stabilization of Cr(VI), acting as binding sites for the chromium ions 
during the adsorption process [60].

4. Conclusion

This study introduces a cost-effective and novel method for the direct 
adsorption and selective recovery of Cr(VI) from real electroplating 
wastewater, using native starch material without requiring any pre- 
treatment. The starch biomass, under visible light irradiation, demon
strated high efficiency in removing Cr(VI) from the solution. After 
completing the extraction process, it was observed that the Cr(VI) 
removal efficiency reached 98 %, with an impressive adsorption ca
pacity of 270 mg/g. The successful recovery of Cr was achieved through 
pyrolysis at 600 ◦C, resulting in the formation of Cr₂O₃, a stable chro
mium compound. This approach is not only effective but also environ
mentally sustainable, as it avoids the generation of secondary pollutants. 
The method shows great promise in large-scale applications, as it offers 
an economical and sustainable solution for both wastewater treatment 
and Cr recovery. By significantly reducing costs and improving effi
ciency, this technique can be a valuable alternative for industries 

Fig. 7. SEM image of starch (a) before photo-chemical extraction; (b) after photo-chemical extraction of Cr(VI) and Element mapping (EDS) characterization 
after adsorption.
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seeking to manage and recycle chromium from electroplating 
wastewater.
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