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ABSTRACT  
Heavy metals are micropollutants, persist in the environment and accumulate in organisms, 
causing adverse effects to ecosystem. Synthetic inorganic minerals, polymers, activated carbon, 
ash, char, biomass powders, shells, etc. are used as adsorbents to remove the heavy metals in 
aqueous medium. Advancements in nanotechnology and green chemistry focus on novel 
materials for efficient removal of heavy metals. Among the different interesting nanomaterials, 
Silica nanoparticles (SiNPs) have recently emerged as an important nanomaterial used for 
environmental remediation due to their tractable pore size, distinct surface area, surface 
reactivity, outstanding biocompatibility, structural flexibility, stability, low toxicity, and 
adoptable surface modification. Due to the huge availability of biomass, SiNPs synthesis from 
crop residues and agro-industries waste by-products has been widely suggested. The SiNPs 
could be synthesized from agro-waste through calcination, sol-gel, ball milling, etc. Some of the 
SiNPs produced from certain agro-waste recorded a specific surface area of 5 to 653 m2 g-1 with 
a particle size of sub-50 nm. These SiNPs remove a wide range of heavy metals, viz., Cr, Ni, Pb, 
Cd, As, Hg, Zn, etc., from aqueous solutions with varied concentrations. This review briefly 
discusses various agro-waste sources for SiNPs green synthesis and SiNPs heavy metal adsorption.
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1. Introduction

With the growing unease towards environmental pol
lution that deteriorates the earth’s surface, heavy 
metals are considered the major source of contaminants 
in natural water systems (1). Heavy metals are released 
into the water through sewage water (2), diverse indus
trial effluent discharge, i.e. fertilizers, steel, dyes, bat
teries, mining, textiles, leather, alloying, electroplating, 
tannery, paper, food and cosmetics (3) and runoff (4). 
The most significant heavy metals are lead (Pb), zinc 
(Zn), mercury (Hg), nickel (Ni), cadmium (Cd), copper 
(Cu), chromium (Cr) and arsenic (As) (5). The metals are 

non-degradable and can enter the human system 
through the food chain and cause deleterious effects 
on human health due to their high toxicity, carcinogeni
city and bio-recalcitrance (6). The maximum permissible 
limits prescribed by WHO and USEPA are given in Table 
1. These heavy metals further concentrate at different 
trophic levels in the ecosystem and result in amplified 
harmful effects (7). In relation, Minamata Bay has 
shown us the evidenceof this pollution (8,9). Hence, 
the removal of heavy metals from the water is manda
tory. Numerous treatment methods, i.e. absorption, 
adsorption, membrane, chemical, electric and 
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photocatalytic-based treatment, are adopted for the 
removal of heavy metals from water (5). Some of the 
popular heavy metal removal methods in aqueous 
medium are ultrafiltration, coagulation, flocculation, 
adsorption, absorption, membrane filtration, ion 
exchange, neutralization, solvent extraction, chemical 
precipitation, magnetic field implementation, electro
chemical treatments and advanced oxidation processes 
(5,10,11). Among the different removal methods, 
adsorption is a widely adopted method since it is a 
cost-effective method, does not leave secondary waste 
and also shows promising efficiency (12,13). Absorbent 
ability can be increased by modifying its surface’s phys
ical and chemical properties towards heavy metal 
removal (14). Natural adsorbents, synthetic inorganic 
minerals, activated carbon, functionalized polymers 
and plant biomass-based adsorbents like powdered 
leaves, peel, bark, husk and shells have been used 
widely and extensively (15–19).

Some sustainable adsorbents are activated carbon 
compounds like nanographene, hydrochar (22,23), 
nanobiochar (18), charcoal and other silica compounds 
like silica nanoparticles, magnetic silica particles, silica 
nanocomposites and silica cellulose particles (24). 
Although a good absorbent must possess the following 
abilities and capabilities, including well-engineered pore 
size and conformation, active adsorption sites, target- 
specific metal binding sites, durable and suitable for 
recycling (25). Currently, multiple types of nanoparticles, 
such as chitosan, carbonaceous, metallic, bimetallic, 
metal oxide, polymer-based, ferrite, magnetic and 
zeolite (26), are used as adsorbents and they significantly 
remove the heavy metals from aqueous mediums due to 
their high specific surface area, numerous reactive sites 
and low flocculent generation (27). Recently, using 
mesoporous silica nanoparticles (MSNPs), is a popular 
and versatile approach for heavy metal removal (28). 
Silica-based NPs are metal oxide nanoparticles having 
distinct features, which are shape-shifters at different 
oxidation states, tractable pore size, distinct surface 
area, outstanding biocompatibility and adaptable 
surface modification (14) for adsorption of heavy 
metals and they are an eco-friendly and non-toxic adsor
bent (24,29,30). The adsorbents, such as mesoporous 
silica nanoparticles (MSNPs) can be simply recovered 
and reused (24). Silica nanoparticles (SiNPs) range from 
1 to 1000 nm in particle size and contain large surface 
area, which acts as a site for heavy metal binding and 
is an excellent carrier material (31). Due to advance
ments in material science, green chemistry and sustain
able development goals, researchers are getting 
involved in the green synthesis of nanomaterials from 
green materials for divergent applications (16). Agricul
tural crop residues and agro-industry waste materials 
have significant concentrations of silica. Synthesis of 
SiNPs from these materials is getting attention in 
recent days due to its desirable properties and its wide 
range of applications (25,32,33).

Approximately one billion metric tons of agricultural 
waste are produced worldwide each year; as an alterna
tive approach, agricultural waste could be used as a 
source for silica production (34). The global market for 
sodium silicate was valued at around $11.07 billion in 
2022. It is estimated to reach around $14.1 billion by 
2030 (35) and it shows significant future market trends. 
Perhaps agricultural waste generation has been one of 
the main concern in disposal and management. So, 
there is a need to reduce this bulk-generated waste 
and repurpose this waste into green process-derived 
goods like silica nanoparticles (SiNPs). Agriculture gener
ates a lot of trash, including rice husk, wheat straw, 
sugarcane bagasse and others (36). These residues are 

Table 1. Permissible limits for different heavy metals in 
wastewater treatment effluents according to the World Health 
Organization (20) and United States Environmental Protection 
Agency (USEPA) (21).

Heavy 
Metal

Permissible 
Limits (WHO) 

µg/L

Permissible 
Limits (USEPA) 

µg/L Health Hazards

Arsenic 500 * Carcinogenic, produce 
liver tumours, skin and 
gastrointestinal effects

Mercury 1 0.03 Corrosive to skin, eyes 
and muscle membrane, 
dermatitis, anorexia, 
kidney damage and 
severe muscle pain

Cadmium 3 10 Carcinogenic, cause lung 
fibrosis, dyspnea and 
weight loss

Lead 10 6 Suspected carcinogen, 
loss of appetite, 
anemia, muscle and 
joint pains, diminishing 
IQ, cause sterility, 
kidney problem and 
high blood pressure

Chromium 50 50 Suspected human 
carcinogen, producing 
lung tumours, allergic 
dermatitis

Nickel 20 200 Causes chronic bronchitis, 
reduced lung function, 
cancer of lungs and 
nasal sinus

Zinc 5000 * Causes short-term illness 
called ‘metal fume 
fever’ and restlessness

Copper 3000 * Long term exposure 
causes irritation of nose, 
mouth, eyes, headache, 
stomach-ache, 
dizziness, diarrhea

* Data not available. 
(10).
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high in silica, particularly in the form of phytoliths and 
biogenic silica, which can be easily extracted and utilized 
(37). Synthesis of SiNPs from agro-waste offers an inno
vative strategy towards green synthesis . Amorphous, 
crystalline and also gel form of nano-size silica can be 
extracted from agro-wastes (38). Researchers mainly 
focus on the biogenic synthesis of SiNPs from different 
green wastes, which include sugarcane leaf (39), barley 
husk (40), rice husk (41), bamboo leaves (42) and 
groundnut shell (43). Diverse methods are available for 
SiNPs synthesis, such as acidic treatment (44), alkaline 
treatment (45), sol–gel method (44) and biological treat
ment (46), among which acidic, alkaline and sol–gel 
methods are widely used by researchers (47). The pro
duction of SiNPs from agro-waste products gives rise 
to the new green synthesis method and also opens 
avenue to minimize agriculture and agro-industry 
waste pollution (46) and achieve the sustainable devel
opment goal. Due to their large specific surface area, 
high porosity, chemical inertness and diverse set of 
surface functional groups (48,49), SiNPs have the 
ability to remove the heavy metals in an aqueous 
medium (48). Multiple researchers found that SiNPs 
and modified SiNPs (amino-functionalized SiNPs, silica 
nanoparticle spheres, non-functionalized SiNPs and 
amino-functionalized SiNPs gel) removed different 
heavy metals, i.e. Pb (II), Cd (II), Cu (II), Cr (VI) and Ni 
(II), from aqueous medium (24,30,50–52). Given this 
brief background, this mini-review illustrates the recent 
research on production methods of SiNPs from diverse 
agro-waste, characteristics of agro-waste-based SiNPs, 
its efficiency on removal of diverse heavy metals from 
aqueous solutions, heavy metal adsorption mechanisms 
and research gaps in this field.

2. General properties of silica nanoparticles 
(SiNPs)

Silica is one of the most abundant materials on earth and 
it is mostly found in sand, quartz and combined with 
other minerals (46). Silica is made up of four oxygen 
atoms with a central Si atom and forms a tetrahedral 
conformer, as illustrated in (Figure 1). Silica exists in 
both crystal and amorphous forms as SiO2 (46). Silica is 
converted into nanosized particles by wide-ranging pro
cesses, which include physical ball milling and ultrasoni
cation (53). SiNPs are typically between 10 and 500 nm in 
size, depending on the conditions in which that were 
kept constant during synthesis (38). It is possible to 
create SiNPs in varying sizes, forms and surface charac
teristics to suit a range of applications (54). The most 
prevalent forms of these silica nanoparticles with 
varying aspect ratios are nanorods and nanospheres. 

At the nanoscale, silica particles start to show unique 
properties not found in bulk silicon, such as antibacterial 
properties and a size-dependent photoluminescence 
(PL) (55). Because of its large surface area, silica nanopar
ticles (SiNPs) are perfect for several uses, such as sup
porting filler in the rubber sector (56). SiNPs are 
appealing because of their controlled pore size, huge 
surface area and adaptable structure (38). In 1990, the 
author created Folded Sheet Materials (FSM-16), a type 
of mesoporous silica with homogeneous pore sizes 
(57). The amalgamation of Santa Barbara Amorphous 
(SBA-15), a mesoporous material also shows great 
promise (58). The hexagonal structure of this highly 
structured material features thick pore walls and variable 
pore diameter (59). It appears to be a strong contender 
for separation procedures like adsorption as a result (48). 
In addition, functionalized silica nanoparticles are more 
effective at absorbing maximum capacity from an 
aqueous solution (60). Chemically grafting the surface 
has the effect of reducing the pore size of the changed 
materials, particularly when large or numerous func
tional groups are added (61). Mesoporous silica nano
particles (MSNPs) synthesis is typically carried out by 
condensing a silica source in the presence of an appro
priate template agent, removing the template and 

Figure 1. Silicate tetrahedral structure with four oxygen atoms.
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then binding distinct functional groups onto the surface 
of the silica. This material is of great importance because 
of its enormous surface area (600–1000 m2/g), limited 
distribution of pore sizes and substantial, regulated 
pore diameter (5–30 nm), which promote the fast 
adsorption kinetics of metal ions by facilitating their 
migration into the internal pore structure (62).

3. Assorted agro crop residue sources for 
SiNPs production

After harvesting, the residual crop material is called crop 
residues, which are straws, stubbles, weeds, leaves, seed 
pods, husks and processed waste such as sugarcane 
bagasse, sugarcane molasses and fly ashes that are 
used to produce SiNPs (46). Asian countries produce 
more crop residues, mainly Si-rich cereal crop residues 
and India generates approximately 500 metric tons of 
crop waste per year and about 1 billion tons of agricul
tural waste annually (36,63). Due to the high Si content 
in cereal crops, SiNPs production focused mainly on 
cereal crops (46,64–66). Crop wastes like wheat straw 
(67), barley husk (40), rice husk (41), sugarcane bagasse 
(68), corn cob husk (69), sorghum straw (70), bamboo 
leaves (42), groundnut shell (43) and coconut husk (45) 
can be used to synthesize SiNPs commercially (37). The 
major agricultural wastes used for the sustainable pro
duction of SiNPs are presented in Figure 2. The chemical 
composition of diverse agro-crop residues is tabulated in 
Table 2, which highlights the potential for SiNPs 
synthesis.

4. Process for synthesizing of SiNPs from agro 
crop residues and its properties

Agriculture waste serves as a sustainable source for 
SiNPs production (25,32,33,38,44,51). Extensive research 
for producing SiNPs from agro-waste holds different pro
cesses such as microwave synthesis, heat extraction, 
reverse microemulsion refinement, strober’s sol–gel 
method (71), acid treatment (72), alkali treatment (48), 
calcination (73) and mechanical treatment such as ball 
milling (74). Though strober’s sol–gel gel is notably 
used as a prevalent top-down approach for the synthesis 
of SiNPs among researchers (75), SiNPs can be produced 
in two routes, i.e. thermal and chemical methods. 
Thermal methods utilize high temperatures to produce 
a crystalline form of silica, whereas chemical methods 
are classified as alkaline and acid treatments (76). The 
alkaline treatment produces a pure crystalline form 
and the acid treatment produces an amorphous form 
of silica (77). Alkaline reagents like NaOH react with bio
genic silica present in agro-waste and produce hom
ogenous monodispersed particles (78). On the other 
end, it results in poor hydrolysis due to the formation 
of crystalline form (79). This process can be better 
explained by the formation of bonds between sodium 
and silica (76). Further, this sodium silicate solution is 
hydrolysed using acid titration, due to which sol–gel is 
formed at neutral pH (80). Below neutral pH, silica gets 
precipitated as silicic acid and upon drying, crystalline 
structure is formed. Further other forms like hydrogel 
and silica sol can be synthesized using sodium silicate 
solution, by the addition of HCl and ammonia solution, 
respectively (81). Novel extractants of SiNPs from agro- 
waste mediated by organic acids, solvents and alkalis 
have the ability to degrade complexified structural com
pounds (82). Moreover, organic acids (citric acid, acetic 
acid and formic acid) are meant to be weak compared 
with inorganic acids (sulfuric, nitric, hydrochloric acids 
and phosphoric acid) involved in controlling the reaction 
kinetics (83–85). Surfactants largely influence the rate of 
condensation, nucleation, hydrolysis and additionally, 
they also help in controlling the size, surface area and 
pore dimension of SiNPs (86). Some of the size-stabiliz
ing surfactants used for SiNPs from agro-wastes are 
cetyltrimethylammonium bromide (CTAB) (87) and poly
ethylene glycol (PEG) (88). The concentration of surfac
tant implies a distinguishable impact on pore size and 
surface area, where it is found that at higher concen
trations particle size gets reduced to 2.62 nm with a 
mean surface area of 19.169 m2 per g (89). The main 
reason behind the size reduction is due to the formation 
of micelles, where further it gets co-assembled with silica 
via hydrothermal or aging process (90). Moreover, Figure 2. Different sources of silica nanoparticles (SiNPs) derived 

from agricultural waste.
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distinct shapes of SiNPs, for instance, spherical and rods. 
Further, these are classified as non-porous, mesoporous, 
hollow mesoporous and core–shell. When it comes to 
rod-shaped short and long rods, respectively (38).

Dosage and concentration of acid are helpful in the 
determination of SiNPs recovery rate from agro-waste. 
For example, SiNPs extracted from coconut shells evi
denced a net yield of 0.237 mg higher than groundnut 
shell, banana peel, orange peel and walnut shell with 
usage of 20% sulfuric acid (91). Another important 
factor in stabilizing SiNPs has a critical role in maintain
ing the silica molecule interaction to form aggregates 
and agglomerates (92,93). In continuation, aggregates 
are difficult to break down, whereas agglomerates can 
be easily broken down due to the weak force of inter
action and water bond (94). Hence, the common 
approach followed to reduce aggregates is the one- 
pot approach or template/grafting method as described 
by (95). One pot method refers to the fabrication of pre
cursors such as native polymers to form nanocomposites 
to the core of already synthesized SiNPs (96). As a similar 
mechanism is described, zinc oxide-based SiNPs compo
sites evidenced enhanced activity of capturing capacity 
with active sites of polyhydroxy functions (16). In the 
case of aggregates, it can be broken down using other 
conventional methods, such as ball milling on bamboo 
leaf-derived silica nanoparticles (SiNPs) using acetone, 
with a size of 1–5 nm followed by calcination and acid 
digestion with hydrochloric and sulfuric acid, which 
showed the highest pore volume of 0.918 cm3per g at 

2.5 N H2SO4 with a corresponding surface area of 544 
m2 per g, but increased surface area has been resulted 
at 1 N H2SO4 of 575 m2 per g (95). As a contradiction, 
the above statement does not depend on the concen
tration of acids used to synthesis SiNPs might be due 
to aggregate formation (97).

The below chemical reaction explains the methods of 
extraction of SiNPs

Alkali based acid treatment

SiO2 + 2NaOH → Na2 SiO3 + H2O 

Silicon dioxide Sodium hydroxide Sodium Silicate Water

Na2SiO3 + H2SO4 → SiO2 + Na2SO4 + H2O 

Sodium Silicate Sulfuric acid Silicon dioxide Sodium 
Sulfate Water

Different methods are employed for synthesizing 
silica nanoparticles (SiNPs) from agricultural sources, as 
given in Table 3.

The surface characteristics are essential for SiNPs, as 
they mainly depend on surface area and pore size (98). 
High surface area initiates the SiNPs for diversified appli
cations, including adsorption (60), catalysis (99) and drug 
delivery (100). So, as a result, waterborne contaminants 
can be efficiently removed, like heavy metals (101). An 
efficient SiNPs must possess the following properties 
for effective adsorption of metal contaminants: (i) chemi
cal stability; (ii) surface charge; (iii) hydrophilicity; and (iv) 
thermal stability (60). Anuar et al. (45) reported that 
FESEM analysis on synthesized SiNPs showed that acid- 

Table 2. Chemical composition of different agricultural residues.
Concentration (%)

S. No Agricultural residues SiO2 MgO P2O5 K2O Fe2O3 CaO Reference

1 Almond shell biomass ash 0.64 1.68 1.74 46.98 0.47 18.73 (124)
2 Banana peel ash 14.62 8.89 4.73 51.98 0.21 2.12 (125)
3 Banana peel ash 12.25 2.93 4.88 58.34 3.99 7.89 (126)
4 Coconut husk ash 11.65 – 0.08 18.32 0.40 29.71 (45)
5 Coconut shell ash 44.50 – – – 15.18 3.40 (127)
6 Coconut shell ash 37.99 1.84 0.32 0.82 15.48 4.98 (128)
7 Corn cobs 8.5 10.2 – 0.79 1.16 10.7 (129)
8 Date palm ash 52.35 0.1 – 15.52 13.36 11.72 (130)
9 Guinea corn husk ash 93.83 – 0.247 0.069 0.146 1.897 (70)
10 Kola nut shell ash 71.52 2.39 1.44 6.42 1.40 10.36 (131)
11 Orange peel ash 22.47 3.63 – 24.48 1.29 29.38 (132)
12 Palm ash 46.0 3.7 6.1 23.9 3.5 15.0 (133)
13 Palm kernel shell ash 55.69 4.85 2.39 9.71 3.32 11.21 (134)
14 Rice husk ash 80–90 0.5–2.0 – 0.2 0.5 1–2 (133)
15 Rice husk ash 87.9 1.26 – 5.58 0.33 3.40 (135)
16 Rice husk ash 94.1 0.26 0.56 1.67 0.79 0.98 (136)
17 Rice husk ash 84.14 0.44 – 1.34 1.15 0.97 (137)
18 Sugarcane bagasse ash 75.98 2.05 1.19 2.6 2.37 4.86 (138)
19 Sugarcane waste ash 88.68 0.288 – – 1.688 0.117 (39)
20 Wheat straw 50–55 2.2–5 – 8–12 0.5–2 8–10 (139)
21 Cassava periderm 93.69 – – – – – (44)
22 Maize stalk 90.63 – – – – – (44)
23 Maize cob 59.10 – – – – – (44)
24 Bamboo ash 37.69 – – – – – (95)
25 Wheat straw 42.81 31.53 1.04 31.53 0.79 9.46 (67)
26 Wheat husk 41.27 29.59 1.12 29.59 0.79 7.59
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treated SiNPs were good, crystalline in their structure, 
whereas alkaline-treated SiNPs were smaller, irregular 
shapes and agglomerated together. This indicates that 
acid and alkali treatments produce different structures, 
such as crystalline and amorphous. TEM reveals that 
the structure of SiNPs synthesized using bagasse ash 
were clumps of nanosized less than 50 nm and EDX 
analysis exposed that silicon (Si) and oxygen (O) have 
a strong intensity where they form aggregate lumps 
(102). BET (Brunauer–Emmett–Teller) surface area analy
sis is an important method for determining the specific 
surface area of SiNPs. The surface properties of silica 
nanoparticles are shown in Table 4.

5. Adsorption efficacy studies of heavy metal 
on silica nanoparticles (SiNPs)

Heavy metals are considered one of the most predomi
nant waterborne contaminants that cause serious 

harm to living organisms, both aquatic and terrestrial 
(103,104). SiNPs have been shown to lessen the phyto
toxic effects of predominant heavy metals, including alu
minium, arsenic, cadmium and chromium, by raising 
mineral content and antioxidant activities, while lower
ing the bioavailable concentration of metal ions (32). 
Hence, to eradicate those harmful pollutants, adsorbents 
such as silica nanoparticles (SiNPs) and functionalized 
silica nanoparticles (SiNPs) have also been successfully 
utilized to remove heavy metals from aqueous solutions 
(105). In terms of environmental application, major 
adsorption studies involved heavy metals such as Cr 
(IV) (106), Cd (II) (107), Pb (II) (108), Cu (II) (25), Ni (II) 
(109) and Fe (II) (110). The mechanism of heavy metal 
adsorption in silica nanoparticles (SiNPs) occurs in 
eight processes as shown in Figure 3.

Silica nanoparticles (SiNPs) act as an effective tool to 
remove heavy metal contaminants. Biogenic derived 
SiNPs are an emerging technique towards the removal 

Table 3. Different agro-wastes and methods for synthesis of SiNPs.
S. 
No Agricultural waste

Reagents and their 
concentration

Calcination 
temperature

Efficiency of Silica nanoparticles (SiNPs) 
produced Methods Reference

1 Bamboo leaves 1 N NaOH 
3 M HCl

700 °C/ 3h – Sol-gel (80)

2 Bamboo sticks and 
leaves

3 N NaOH 
5 N H2SO4

700 °C/ 6h 45.73% and 79.93%, respectively Sol-gel (69)

3 Barley grass waste 10% HNO3 

2 M HCl
400, 500 °C 
600, 700 °C

– Sol-gel (140)

4 Barley husk 2 M HCl 
10% HNO3

700 °C/ 5h – Sol-gel (40)

5 Coconut husk 5 N H2SO4 

2.5 N NaOH
– 91.76% Sol-gel (45)

6 Guinea corn husk 0.1 M HCl 
2 M NaOH

650 °C/ 4h 93.83% Sol-gel (70)

7 Ragi husk 1 M HNO3 

3.0 M HNO3

– 52.32% Sol-gel (141)

8 Rice husk 1 N NaOH 
1 N HCl

500 °C/ 4h – Sol-gel (47)

9 Rice husk 1 N NaOH 
6 N HCl

– 91% Sol-gel (46)

10 Rice husk 0.5 M NaOH 
H2SO4

600 °C/ 4h 88.5% Sol-gel (41)

11 Rice husk 5% HCl 
30% H2SO4 

10% HCl

600 °C/ 4h 86.52% Sol-gel (31)

12 Saccharum ravanae 
Sugarcane 
Rice leaves

2.5 N NaOH 
6 N HCl

450 °C/ 2h 64% Sol-gel (25)

13 Sugarcane bagasse 0.5% H2SO4 

NaOH
– – Sol-gel (68)

14 Sugarcane bagasse 15.5% H2SO4 

13.3% NaOH
600 °C/ 6h 58.2% Sol-gel (102)

15 Sugarcane bagasse 1 M HNO3 

1 M NaOH
600 °C/ 6h – Sol-gel (142)

16 Sugarcane bagasse 1 M HCl 950 °C/ 4h 30.21% Sol-gel (143)
17 Corn stalk 550 °C/ 4.5h 29.51%
18 Rice husk 500 °C/ 4h 31.4%
19 Sugarcane bagasse Distilled water 650 °C/ 2h 9.52–21.25% Hydro ball 

milling
(143)

20 Pine wood stem
21 Walnut shell
22 Rice husk
23 Rice husk 0.5 M NaOH 600 °C/ 6h – Sol-gel (144)
24 Bamboo leaves 1 N NaOH – – Sol-gel (111)
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process in a sustainable manner (111). For instance, lead 
(II) and chromium (VI) were successfully removed by 
using sol–gel-fabricated nano-silica oxide with the 
highest adsorption rates of 82.29% and 78.5%, respect
ively (24). Eventually, to enhance the adsorption rate, 
cationic binding sites are regulated where anionic 
metal ions get attached (112). Usually, SiNPs contain 
Si-OH bonds, which have a higher attraction to the 
harmful metal ions (113). Another study on chromium 
(VI) uptake by SiNPs expressed the highest adsorption 
capacity of 2.55 mg per g which exhibits different mech
anisms such as electrostatic interaction, complexation, 

functional group bonding [Cr(OH)3] and reduction 
from Cr (VI) to Cr (III) as Cr-Si oxide formation (51).

To increase the rate of heavy metal adsorption, 
modification of SiNPs is necessary and widely adopted 
modifications of functional groups are siloxane, amino, 
carboxyl groups, polymers and Schiff’s base (114). Iron 
immobilized with amino-modified SiNPs showed a 
surface area of 67.8 m2g−1 and a pore size of 16.8 nm, 
which demonstrated good adsorption of Cd (II), Pb (II) 
and Ni (II) with a coefficient value of 0.99, which was 
well fitted under pseudo-second order (115). Similarly, 
amino group (3-aminopropyl) trimethoxysilane compo
site modified with dibenzoylmethane to the mesopor
ous silica nanoparticles (SiNPs), removed Cd (II), Hg (II) 
and Cu (II) with a removal rate of 35.37, 25.17 and 
31.76 mg g−1, respectively (48). The adsorption is 
mainly due to the formation of a stable five-member 
chelate ring with metal ions that surrounds the methyl
ene CH2 (C = N) functional group (48). The heavy metal 
removal by the functionalized SiNPs is shown in Table 
5. Under acidic pH, the adsorbed heavy metals and 
SiNPs can be recovered and the desorption rate was 
recorded for Cd (II), Hg (II), Cu (II) as 99.12%, 99.07% 
and 98.37%, respectively, by using 0.5% HCl (v/v) (29). 
Although diverse functional groups are present, the 
target-specific heavy metals like Cr, Cd, Pb, Ni and Fe 
could be effectively removed by modified SiNPs, using 
-NH2, -COOH and -SH groups, while also increasing 
their physical stability towards these metal ions (116). 
Other factors are pH, adsorbent dosage, the concen
tration of heavy metal and contact time influence of 
the SiNPs heavy metal adsorption rate. Nearly 96.9% of 
Cr (IV) adsorption was achieved at pH 4.0 and the 
lowest adsorption rate was observed at pH 2.0 and 7.0 

Table 4. Characteristics of SiNPs produced from different agro-waste.
S. No Silica nanoparticles (SiNPs) Specific surface area (m2/g) BET particle diameter (nm) Density Reference

1 Rice husk 245 50.6 – (145)
2 Rice husk 164.0 – – (146)
3 Rice husk 164 25–30 2.22 (146)
4 Rice husk 653 1.98 0.646 (147)
5 Rice straw 7.2 100–120 – (148)

Rice hulls
6 Ponni variety 538.10 1.167 1.98 (149)
7 Rice hulls (IR 20 variety) 423.20 1.132 1.53
8 Rice hulls (CO 36 variety) 478.20 1.154 1.67
9 Groundnut shell 56.7 35.6 – (43)
10 Sugarcane waste 131 22 1.045 (39)
11 Barley grain 323 150 <0.10 (117)
12 Bamboo leaf 60.40 – – (80)
12 Palm kernel 438 2.2–6.3 – (150)
13 Bagasse 20–30 30–40 – (102)
14 Rice husk 300.20 8.5 0.659 (151)
15 Cornstalk 149 6.84 0.33 (143)
16 Rice husk 256 3.79 0.32
17 Sugarcane bagasse <5 25.0 0.01
18 Teff straw 305 – – (152)
19 Wheat straw 32.04 154.216 0.013 (72)

Figure 3. Heavy metal adsorption mechanism in silica nanopar
ticles (SiNPs).
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(51). Similar results were reported by Meky et al. (24) 
who stated that SiNPs absorbed maximum Cr (VI) at 
pH 1, whereas Ni (II) adsorption was maximum at pH 8 
and it gradually reduced towards pH 10.0 (48) and the 
Pb (II) adsorption rate was maximum at pH 11 (24), 
which was mainly attributed to the zero-point charge 
on the siloxane group present on the SiNPs (24). 
Contact time is another important factor. Ni adsorption 
study revealed that among the different time intervals 
of 15, 30, 45, 60, 80, and 100 min, 60 min contact time 
recorded maximum removal efficiency of wheat and 
barley derived SiNPs (117). The pH directly affects the 
capturing capacity of silica nanoparticles (SiNPs) (118). 
For instance, pH demonstrated in Cr (VI) adsorption 
using horsetail, synthesized SiNPs with a range of 2.0– 
7.0 pH, where it showed the highest removal rate 
(96.9%) at pH 4 with a specific contact time of 60 min 
in an initial concentration of 50 mg L−1. The main 
reason is due to the formation of metal ions in alkaline 
and acidic conditions. At alkali conditions, ions like 
HCrO−4 , H2Cr4 and Cr2O2−

7 are removed whereas at 
acidic conditions, it is difficult to remove ions like 
CrO2−

4 (51,119). Also, the adsorption rate depends 
upon the charges of target metal ions. For example, Cu 
(II), Pb (II) and Cd (II) were adsorbed between pH 6 and 
7, the isoelectric point of SiNPs. Below pH 2.0, cations 
are repelled due to positive charges present in both 
metal ions and adsorbents (120)). Adsorbent dosage 
also influences the rate of removal. Among the 
different adsorbent dosages (10–130 mg L−1), 100 mg 
L−1 SiNPs recorded the highest removal (96.63%) of Cr 
(VI) metal ions in 100 mg L−1 concentration of Cr (VI). 
The reason behind this is that active adsorption sites 
are unfilled when it reaches 130 mg L−1 and at 10 mg 
L−1, active sites are very few (51,111,121). Another 
similar research was carried out on Pb (II) and Cu (II) 
under 5–10 mg L−1 with the metal’s concentration of 
10 mg L−1. In this, 5 mg adsorbent dosage recorded 
the highest adsorption of 99.5 mg g−1and 97.52 mg 
g−1 for Pb (II) and Cu (II), respectively. Hence saturation 
of active sites is the main reason for this removal rate 
(25,122). Time also implies an important factor 
affecting the adsorption rate of heavy metal ions. Two 
SiNPs obtained from barley and wheat were used in 
the adsorption of Ni (II) with varied concentrations, viz., 
10, 25, 50, 100 and 200 mg L−1. In this study, it was 
observed that 95% and 82% of Ni (II) were removed by 
barley-SiNPs and wheat-SiNPs at the contact time of 60 
min (117). Less contact time and prolonged duration 
cause inferior adsorption, which may be insufficient 
time for adsorbent contact and re-escape from active 
sites of adsorbent surface, respectively. Temperature 
could also influence the heavy metal uptake mechanism. Ta

bl
e 

5.
 C

on
tin

ue
d.

S.
 

N
o

Ty
pe

 o
f 

Si
N

Ps
G

ra
ft

ed
 m

at
er

ia
l

H
ea

vy
 

m
et

al
 

ut
ili

ze
d

M
et

ho
d

Re
m

ov
al

 e
ffi

ci
en

cy
Re

fe
re

nc
e

79
–9

3%
, 

67
–9

8%
18

SH
-S

BA
-1

5 
N

H
2-

SB
A-

15
3-

M
er

ca
pt

op
ro

py
l t

rim
et

ho
xy

si
la

ne
 

3-
Am

in
op

ro
py

l t
rie

th
ox

ys
ila

ne
Pb

 (
II)

 
Cu

 (
II)

Re
flu

xi
ng

SH
-S

BA
-1

5 
sh

ow
ed

 a
ffi

ni
ty

 t
ow

ar
ds

 P
b 

(II
) a

nd
 N

H
2-

 
SB

A-
15

 s
ho

w
ed

 t
ow

ar
ds

 C
u 

(II
)

(1
67

)

19
M

CM
-4

1 
SD

S-
M

CM
-4

1
so

di
um

do
de

cy
ls

ul
ph

at
e 

(S
D

S)
Cu

 (
II)

 
Zn

 (
II)

–
SD

S-
M

CM
-4

1 
sh

ow
ed

 a
 h

ig
he

r 
ad

so
rp

tio
n 

ra
te

 
co

m
pa

re
d 

to
 M

CM
-4

1
(1

68
)

20
SB

A-
15

 
1N

-S
BA

-1
5 

2N
-S

BA
-1

5 
3N

-S
BA

-1
5

c-
am

in
op

ro
py

l t
rie

th
ox

ys
ila

ne
 (

AP
TS

), 
N

-[
3-

(t
rim

et
ho

xy
si

ly
l)-

 
pr

op
yl

et
hy

le
ne

] 
di

am
in

e 
(T

PE
D

), 
tr

im
et

ho
xy

si
ly

l p
ro

py
l 

di
et

hy
le

ne
tr

ia
m

in
e 

(T
PD

T)

H
g 

(II
) 

Pb
 (

II)
 

Cd
 (

II)
 

Cu
 (

II)
 

Zn
 (

II)

Re
flu

xi
ng

1N
-S

BA
-1

5 
to

 3
N

-S
BA

-1
5,

 s
ho

w
ed

 a
ds

or
pt

io
n 

ca
pa

ci
tie

s 
of

 H
g 

(II
) r

is
e 

fr
om

 3
82

 m
g/

g 
to

 7
26

 m
g/

 
g

(6
1)

GREEN CHEMISTRY LETTERS AND REVIEWS 9



Ta
bl

e 
6.

 V
ar

io
us

 S
iN

Ps
 d

er
iv

ed
 f

ro
m

 a
gr

o-
w

as
te

 u
se

d 
fo

r 
he

av
y 

m
et

al
 a

ds
or

pt
io

n.
S.

 
N

o
Ty

pe
 o

f 
ag

ro
-w

as
te

Ty
pe

 o
f 

Si
 p

ar
tic

le
Si

ze
Ty

pe
 o

f 
he

av
y 

m
et

al
Co

nc
en

tr
at

io
n

Re
m

ov
al

 e
ffi

ci
en

cy
Be

t 
su

rf
ac

e 
ar

ea
Ty

pe
 o

f 
m

ed
iu

m
Re

fe
re

nc
e

1
Co

rn
 c

ob
M

od
ifi

ed
 m

ag
ne

tic
 

si
lic

a 
na

no
pa

rt
ic

le
s 

(S
iN

Ps
) 

co
at

ed
 ir

on

0.
27

 µ
m

Cr
 (

VI
)

10
, 3

0,
 5

0 
an

d 
10

0 
m

g/
L 

fr
om

 c
hr

om
iu

m
 

st
oc

k 
so

lu
tio

n 
of

 1
00

0 
m

g/
L 

an
d 

ab
so

rb
en

t 
do

sa
ge

 o
f 

0.
1 

g

M
ax

im
um

 a
ds

or
pt

io
n 

ac
hi

ev
ed

 
ab

ou
t 

97
.4

, 5
3.

5,
 3

9.
5 

an
d 

24
.6

%
 w

ith
 c

on
ce

nt
ra

tio
n 

of
 

11
.3

9,
 3

3.
77

, 5
6.

51
 a

nd
 

11
4.

71
 m

g/
L

–
Sy

nt
he

tic
 w

at
er

(1
06

)

2
Su

ga
rc

an
e 

ba
ga

ss
e

–
43

2 
nm

N
i (

II)
, 

Pb
 (

II)
St

ud
ie

d 
ba

tc
h 

ad
so

rp
tio

n 
ex

pe
rim

en
ts

 o
f 

ad
so

rb
en

t 
do

sa
ge

, c
on

ta
ct

 t
im

e,
 h

ea
vy

 
m

et
al

 io
n 

co
nc

en
tr

at
io

n 
an

d 
pH

 o
n 

th
e 

ad
so

rp
tio

n 
effi

ci
en

cy
 a

t 
di

ffe
re

nt
 

co
nc

en
tr

at
io

ns
.

At
 t

he
 m

ax
im

um
 a

ds
or

pt
io

n 
ra

te
 o

f N
i a

nd
 P

b 
pa

ra
m

et
er

s 
re

ac
he

s 
th

e 
hi

gh
es

t 
le

ve
l

–
Sy

nt
he

tic
 w

at
er

(1
08

)

3
Cr

ud
e 

co
rn

 c
ob

s
–

–
Cd

 (
II)

50
 m

l c
ad

m
iu

m
 s

ol
ut

io
n 

an
d 

w
ith

 a
 

co
nc

en
tr

at
io

n 
of

 1
00

 m
g/

L 
Ad

so
rp

tio
n 

ki
ne

tic
s 

ex
pe

rim
en

t 
w

ith
 2

00
 

m
l o

f c
ad

m
iu

m
 s

ol
ut

io
n 

co
nc

en
tr

at
io

n 
of

 
50

 m
g/

L 
0.

5 
g 

ad
so

rb
en

ts
 w

er
e 

us
ed

 fo
r t

he
 s

tu
dy

.

Th
e 

hi
gh

es
t 

ad
so

rp
tio

n 
re

co
rd

ed
 a

t 
4.

96
 m

g/
g 

bu
t 

fu
nc

tio
na

liz
ed

 S
iN

Ps
 s

ho
w

 
ev

en
 m

or
e 

18
.3

5 
m

g/
g 

of
 

ca
dm

iu
m

 io
ns

0.
52

1 
m

2 /g
Sy

nt
he

tic
 w

at
er

(1
07

)

4
Ba

m
bo

o 
le

av
es

Cr
ys

ta
lli

ne
 s

tr
uc

tu
re

–
Cd

 (
II)

Th
e 

w
or

ki
ng

 c
on

ce
nt

ra
tio

n 
of

 C
d 

(II
) 

is
 

10
0–

50
0 

m
g/

L
M

ax
im

um
 a

ds
or

pt
io

n 
of

 C
d 

(II
) 

is
 1

33
 m

g/
g

60
.4

0 
m

2 /g
Sy

nt
he

tic
 w

at
er

(8
0)

5
W

he
at

 g
ra

ss
 

Ba
rle

y 
gr

as
s

N
S-

W
 

N
S-

B
N

S-
W

 –
 

10
2n

m
N

S-
B 

– 
70

nm

N
i (

II)
In

iti
al

 
W

he
at

 g
ra

ss
 S

iN
Ps

 
a.

 P
ou

ltr
y 

re
ar

in
g 

w
at

er
 –

 2
2.

47
 ±

 0
.9

2 
m

g/
L 

b.
 A

gr
ic

ul
tu

ra
l w

at
er

 –
 1

3.
38

 ±
 0

.9
2 

m
g/

L 
Ba

rle
y 

gr
as

s 
Si

N
Ps

 
a.

 P
ou

ltr
y 

re
ar

in
g 

w
at

er
 –

 2
2.

47
 ±

 0
.9

2 
m

g/
L 

b.
 A

gr
ic

ul
tu

ra
l w

at
er

 –
 1

3.
38

 ±
 0

.9
2 

m
g/

L 
Fi

na
l 

W
he

at
 

a.
 P

ou
ltr

y 
re

ar
in

g 
w

at
er

 –
4.

56
3 

±
 0

.5
6 

m
g/

L 
b.

 A
gr

ic
ul

tu
ra

l w
at

er
 –

 0
.6

69
 ±

 0
.9

1 
m

g/
L 

Ba
rle

y 
gr

as
s 

Si
N

Ps
 

a.
 P

ou
ltr

y 
re

ar
in

g 
w

at
er

 –
 4

.1
51

 ±
 0

.8
3 

m
g/

L 
b.

 A
gr

ic
ul

tu
ra

l w
at

er
 –

 0
.5

58
 ±

 0
.4

8 
m

g/
L

W
he

at
 g

ra
ss

 
a.

 P
ou

ltr
y 

re
ar

in
g 

w
at

er
 –

 
80

%
 

b.
 A

gr
ic

ul
tu

ra
l w

at
er

 –
 9

5%
 

Ba
rle

y 
gr

as
s 

a.
 P

ou
ltr

y 
re

ar
in

g 
w

at
er

 –
 

82
%

 
b.

 A
gr

ic
ul

tu
ra

l w
at

er
 –

 9
6%

Ba
rle

y 
gr

as
s 

Si
N

Ps
 –

12
7m

2 / 
g W

he
at

 g
ra

ss
 

Si
N

Ps
 –

 7
3.

85
 

m
2 /g

Re
al

 w
at

er
 –

 
Po

ul
tr

y 
re

ar
in

g 
w

at
er

 a
nd

 
Ag

ric
ul

tu
ra

l 
w

at
er

(1
17

)

6
Ri

ce
 h

us
k

-
50

 n
m

Fe
 (

II)
Co

nc
en

tr
at

io
n 

of
 F

e 
(II

) 
ra

ng
e 

of
 0

.2
, 0

.4
, 

0.
6,

 0
.8

 a
nd

 1
.0

 p
pm

M
ax

im
um

 a
ds

or
pt

io
n 

ra
te

 o
f 

9 
m

g 
of

 F
e 

(II
)

78
 m

2 /g
Sy

nt
he

tic
 w

at
er

(2
8)

7
Ri

ce
 h

us
k

Si
O

2/
CH

/F
e 

na
no

co
m

po
si

te
40

–1
50

 n
m

Va
na

di
um

10
0 

m
g/

L 
co

nc
en

tr
at

io
n 

of
 v

an
ad

iu
m

 
so

lu
tio

n 
w

ith
 0

.0
5 

g 
of

 a
ds

or
be

nt
 u

se
d

89
.8

%
27

1 
m

2 /g
Sy

nt
he

tic
 w

at
er

(1
69

)

8
Sa

cc
ha

ru
m

 r
av

an
na

e 
(S

RL
), 

Sa
cc

ha
ru

m
 

offi
ci

na
ru

m
 (

SO
L)

 
an

d 
O

ry
za

 s
at

iv
a 

(O
SL

)

Cr
ys

ta
lli

ne
SR

L 
SN

Ps
 –

 
3.

56
 n

m
 

SO
L 

SN
Ps

 –
 

39
.4

7 
nm

 
O

SL
 S

N
Ps

 –
 

29
.1

3 
nm

Le
ad

 (
II)

 
Co

pp
er

 (
II)

Pb
 (I

I) 
an

d 
Cu

 (I
I) 

ad
so

rp
tio

n 
co

nc
en

tr
at

io
n 

fo
r 

SR
L 

SN
Ps

 –
 1

40
.0

6 
m

g/
 g

 a
nd

 1
49

.2
5 

m
g/

g 
SO

L 
SN

Ps
 –

 3
38

.5
5 

m
g/

g 
an

d 
17

9.
45

 
m

g/
g 

O
SL

 S
N

Ps
 –

 3
34

.7
 m

g/
g 

an
d 

27
4.

02
 m

g/
g

M
or

e 
th

an
 9

5%
SR

L 
SN

Ps
 –

 
39

.9
89

 m
2 /g

 
SO

L 
SN

Ps
 –

 
9.

55
5 

m
2 /g

 
O

SL
 S

N
Ps

 –
 

17
8.

11
 m

2 /g

Sy
nt

he
tic

 w
at

er
(2

5)

(C
on

tin
ue

d
) 

10 S. BARANI ET AL.



The ideal temperature is about 35–40 °C for metal 
removal by biogenic SiNPs. This mainly falls on hydrogen 
bonding and van der Waals force among metal and 
adsorbent interaction (117,123). The SiNPs derived 
from diverse agro-waste for the removal of various 
heavy metals are presented in Table 6.

6. Conclusion

Producing silicon nanoparticles (SiNPs) from agricultural 
waste shows potential for eliminating heavy metals from 
water. Converting agricultural wastes into silicon nano
particles results in two advantages: repurposing waste 
materials and creating a potent and eco-friendly adsor
bent for removing heavy metals. SiNPs possess distinc
tive characteristics, such as their elevated surface area 
and reactivity, which render them well-suited for adsorp
tion purposes. The utilization of agricultural wastes as a 
starting material for silicon nanoparticle production by 
concept of sustainable development and waste valoriza
tion. The production of silicon nanoparticles from agri
cultural waste to remove heavy metals shows great 
promise in tackling environmental pollution issues. 
SiNPs have been developed as efficient adsorbents for 
removing heavy metals from contaminated water due 
to their simplicity in synthesis, financial viability and 
ease of surface changes. They have shown high levels 
of selectivity and absorption capability, but there is still 
a need for improvement in heavy metal adsorption in 
aqueous solutions.

Further research is needed to improve biocompatibil
ity and environmental sustainability and scale up labora
tory operations. Currently, there is a lack of research on 
this topic and effective techniques for recovering nano- 
sorbents in their active form are needed. Additionally, 
successful adsorption requires SiNPs with a significant 
surface area. The optimal synthesis technique, surface 
coating composition and geometric arrangement of 
SiNPs will help to produce the right size and surface 
area. In the future, SiNPs could be functionalized into 
magnetic particles, increasing their reusability and effec
tiveness in wastewater treatment. This review finding, 
could open the way for heavy metal contamination 
remedial measures, which pose a serious issue to 
mankind and also answers the question in future 
research wherein new technologies might be developed 
to trap and capture metal ions adsorbed silica nanopar
ticles safely from water medium. It greatly helps to 
reduce the burden of water pollution in polluted sites, 
especially in economically underdeveloped countries 
and costs could also be reduced for adopting these tech
nologies as green-derived silica nanoparticles could be 
cost-effective.Ta
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