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Abstract
Waste foundry sand (WFS), an industrial waste mainly comprising silicon dioxide was used to generate low-cost and 
efficient adsorbents for the expulsion of toxic pollutants from water through adsorption. The WFS was converted into 
particles by top–down approach followed by subsequent activation and functionalization. Activated sand particles 
(ASPs) with –OH groups and amino-functionalized sand particles (AFSPs) with –NH2 groups were synthesized and 
fully characterized using FESEM, EDX, ATR-FTIR, XRD, TGA, and BET analyses. The adsorption capacities at 
experimental conditions for cationic dyes namely methylene blue(MB), malachite green(MG), methyl violet (MV), 
rhodamine B(Rh B) were 38.16, 26.31, 55.24 and 35.84 mg g−1 while for anionic dyes namely methyl orange (MO), 
patent blue VF(PB VF), quinoline yellow(QY), reactive Red 2(RR 2) were 7.28, 4.63, 7.84 and 6.91 mg g−1 as well 
as for metal ions namely Cd(II)), Ni(II)), Co(II)), and Cr(VI)were 23.81, 43.06, 17.03 and 3.47 mg g−1 respectively. 
The adsorption equilibrium isotherms optimally fit the Langmuir isotherm model, indicating homogeneous surfaces 
and monolayer adsorption. A pseudo-second-order model showed a strong agreement with the experimental data, thus 
identifying chemisorption as the rate-limiting step. Additionally, these particles were verified to be reusable for a 
minimum five adsorption–desorption cycles without loss of efficiency.
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1  Introduction

Metal casting foundry industries produce waste foundry 
sand (WFS) as a solid waste material. WFS is classified as 
a hazardous waste material that may cause critical health 
problems [1, 2]. Massive growth of the foundry industry 
makes it an alarming issue at the global level. Industries 
choose the most straightforward approach to tackle these 
potential problems by reducing waste sand and recovery at 
the source [3]. However, WFS cannot be completely nul-
lified. The conversion of WFS into value-added products 
and its recycling can be important strategies to tackle the 
problem. The benefits of such approaches will save natural 
resources, energy and environment [4].

Water contamination has emerged as one of the critical 
global challenges in the twenty-first century [5, 6]. For 
removing contaminants from potable water, several tech-
niques have been developed, namely, adsorption [7–12], 
flocculation [13], coagulation [14, 15], electrolysis [16], 
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biodegradation [17, 18] and photocatalytic degradation 
[19–23]. However, each of these processes has its flaws 
and limitations such as inefficient operation, toxic waste 
formation, the requirement for specific chemicals, large 
amounts of sludge production and excessive energy 
usage. Adsorption is a physicochemical interaction where 
atoms, ions or molecules get adsorbed or connected on 
the outer layer of the solid surface. The removal of pol-
lutants via adsorption is preferred owing to its simplicity, 
operational ease, cost effectiveness [24] and no second-
ary pollution. Adsorbent materials can be easily regener-
ated [25], are not affected by toxic pollutants and they 
enable fast operating speeds [26], smooth operations and 
high efficiency [27]. Furthermore, no intermediate by-
products are produced during adsorption, which reduces 
the chances of secondary pollution [28]. Adsorption is 
thus widely used for industrial effluent treatment [29]. 
Several industrial effluents contain dyes for example, 
those from textile, paper, rubber, plastics, paints, print-
ing or leather industries [30–33]. Metallurgical and metal 
plating industries lead to heavy metal pollution [34, 35]. 
Many industries such as electroplating, textile, tanning 
and batteries discard their wastewater directly in fresh 
aqueous streams [36]. Adsorption removal of pollutants 
by using efficient and low cost adsorbents will benefit 
effluent treatment processes in such industries.

In this study, WFS-derived adsorbent materials 
were developed via size reduction using the top–down 
approach to obtain the particles followed by their activa-
tion and chemical functionalization with suitable groups. 
The adsorbent materials were successfully used to remove 
cationic and anionic dyes as well as toxic heavy metal 
ions from water. The significant features of the work are 
exclusion of the pH adjustment procedure in the adsorp-
tion removal of pollutants, the capability of adsorption of 
both organic and inorganic pollutants by the developed 
adsorbents and importantly the possibility of the recovery 
of the adsorbed dyes. The results demonstrate the adsorp-
tion removal capacity, reusability and chemical stability 
of the adsorbent material for several model pollutants 
used in the study. The adsorbents can be reused after sev-
eral cycles without considerable loss in adsorption capac-
ity. The findings of this study provide important insights 
for developing low- or no-cost advanced materials for 
water purification. The complete experimental design 
covering wide range of pollutants and development of a 
functional material based adsorbent. This work signifies 
the possibility for recovery of different dyes and advance-
ment in the field of development of highly efficient yet 
low cost adsorbents for water purification technology. 
This approach also provide an alternative solution to the 
alarming waste sand disposal issue faced by the foundries 
worldwide.

2 � Experimental

2.1 � Chemicals and Materials

Sodium hydroxide (NaOH, 99%) and 3-aminopropyltrieth-
oxysilane (APTES, 99%, Sigma-Aldrich) were used for the 
activation and functionalization of sand particles, respec-
tively. The cationic dyes used were methylene blue (MB, 
C16H18ClN3S, Thermo Fisher Scientific India Pvt., Ltd.), mal-
achite green (MG, C23H25ClN2, Basic Green 4, Certified, C.N. 
DcMg-11), methyl violet (MV, C25H30ClN3, Poona Chemical 
Laboratory), and rhodamine B (Rh B, C28H31ClN2O3, Moly-
chem India Pvt., Ltd.). The anionic dyes used were methyl 
orange (MO, C14H14N3NaO3S, Loba Chemie Pvt., Ltd.), 
patent blue VF (PB VF, C54H62CaN4O14S4, Sigma-Aldrich), 
quinoline yellow (QY, C18H13NO5/8/11S1/2/3Na1/2/3, Sigma-
Aldrich), and reactive Red 2 (RR 2, C19H9Cl2N6Na3O10S3, 
Sigma-Aldrich). Heavy metal ions sources included cad-
mium sulfate (3CdSO4.8H2O, s.d. fine-Chem Ltd., Mumbai), 
nickel sulfate (NiSO4.6H2O, Thomas Baker Pvt., Ltd.), cobalt 
nitrate (Co (NO3)2 6H2O, 99%, Thomas Baker Pvt., Ltd.), 
and potassium dichromate (K2Cr2O7, 99.5%, Loba Chemie 
Pvt., Ltd.). All chemicals used were analytical grade reagents. 
Ethanol was used for the desorption experiments. All solu-
tions were prepared in deionized water.

2.2 � Instruments and Methods

Field emission scanning electron microscopy (FESEM, 
Tescan, Micra3) was used to study the morphology of 
sand-based composite particles. Functional group detec-
tion was performed using Attenuated Total Reflection 
Fourier-transform infrared spectroscopy (ATR-FTIR, 
Lambda, Australia) by using sample (10 wt.%) pressed 
into KBr pellets. Advanced ATR-FTIR baseline correction 
was applied to all spectra in the range of 4000–500 cm−1. 
The Brunauer–Emmett–Teller (BET, Quantachrome 
NOVA 1000e, USA) instrument was used to investigate 
the surface area and pore size distribution of the samples. 
The crystal structures and phases of sand particles were 
studied using X-ray diffraction (XRD, Brucker, D2 Phased 
diffractometer) using CuKα radiation with wavelength of 
1.5406 Å. Thermo gravimetric analyses (TGA) were car-
ried out on a Q500 model from TA instrument by heat-
ing samples at a rate of 10 °C/min up to 900 °C under a 
nitrogen flow and from 25 to 800 °C in an air atmosphere. 
The concentrations of the dyes were determined by using 
a PC-based double beam spectrophotometer (2202–SYS-
TRONICS); the readings were taken at 25 to 30 °C. The 
concentrations of the metal ions were determined by 
using an atomic absorption spectrophotometer (AAS, AA 
S-263–SYSTRONICS) at room temperature.
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2.3 � Methods for Activation and Functionalization 
of Sand Particles

2.3.1 � Sand Collection and Pre‑treatment

WFS samples were collected from various sites. The metal 
impurities in these samples were removed by using a strong 
magnet and then the samples were washed 4 to 5 times with 
double distilled water to remove water-soluble and floating 
impurities.

2.3.2 � Size Reduction By Ball Milling

The washed WFS samples were subjected to ball milling 
under specific optimized conditions with 12 stainless steel 
balls at approximately 450–500 rpm for 30 min. The ball-
milled sand was washed 7 to 8 times with double distilled 
water to remove any remaining coal or other impurities. 
After washing, the samples were dried in oven at 70 °C 
overnight.

2.3.3 � Synthesis of Activated Sand Particles (ASPs)

The ball-milled and washed sand particles were activated by 
treatment with a strong base. The particles were dispersed 
in 100 mL of a 1 M aqueous solution of NaOH. The disper-
sions were stirred continuously using a magnetic stirrer at 
60–70 °C for approximately 12 h. ASPs were recovered by 
centrifugation at 5000 rpm and then washed 4 to 5 times 
with double distilled water and dried in the oven for 24 h 
at 100 °C [37].

2.3.4 � Synthesis of Amino Functionalized Sand Particles 
(AFSPs)

The ASPs were dispersed in 100 mL ethanol with vigorous 
stirring. During stirring, 2.5 mL of APTES was added to the 
central vortex of the solution. This suspension was stirred 
for 3 h at room temperature. At the end of the reaction, the 
stirring was stopped, and the particles were allowed to settle 
down. The supernatant was discarded, and the sand particles 
were washed 2 to 3 times with ethanol. The achieved AFSPs 
were dried at 70 °C for 3 h [37].

2.3.5 � Dye Adsorption Experiment

The optimized adsorbent quantities of ASPs and AFSPs 
were added in cationic or anionic dye solutions. The suspen-
sions were stirred using a magnetic stirrer, the centrifugation 
process supernatant was recovered in a cuvette by using a 
syringe and analyzed at 400–800 nm by UV–visible spec-
troscopy. The absorbance was noted after every 15 min and 
this procedure was carried out until maximum adsorption.

2.3.6 � Dye Desorption Experiments

Dye desorption (or recovery) experiments were carried 
out on sand particles recovered from the dye adsorption 
experiments. Desorption experiments were performed 
by adding ethanol to the recovered ASPs and AFSPs. 
The suspensions were stirred using a magnetic stirrer. 
Supernatants were recovered after centrifugation, and 
their absorbance were checked to confirm the reac-
tions of adsorbents and dye recoveries. Five successive 
adsorption–desorption cycles were performed on the 
sand particles.

2.3.7 � Metal Adsorption Experiments

The optimized adsorbent quantities of AFSPs were added in 
Cd(II), Ni(II), Co(II), and Cr(VI) metal ion solutions. The 
AFSPs were kept in the solutions for approximately 3 h to 
ensure complete or maximum adsorption. The concentra-
tions of Cd(II), Ni(II), Co(II), and Cr(VI) ions in the solu-
tions before and after adsorption were monitored by AAS. 
The concentration was noted after every 30 min and this 
procedure was carried out for 180 min.

3 � Results and Discussion

The waste sand particles were subjected to ball milling 
to obtain microparticles by top-down approach. The size 
reduced particles were treated with NaOH for activation 
and for generation of OH groups. The surface morphology 
of particles was changed after activation/functionalization. 
The activation process created large number of hydroxyl 
groups on the surface of particles which were used in the 
next step for the functionalization. The aminopropyl trieth-
oxy silane (APTES) was used for the amino functionaliza-
tion of the sand particles. The hydrolysis condensation of 
APTES molecule happens on the surface of sand particles 
and that imparts amino groups to the particles. Both these 
surface treated particles were fully characterized by various 
characterization techniques before testing them as adsor-
bents. The chemical structures of cationic and anionic dyes 
used in this study are shown in Figs. S1 and S2.

3.1 � FESEM Analysis

The elemental compositions, surface textures, and mor-
phologies of the samples were determined using FESEM. 
The morphologies, sizes, and compositions of parti-
cles influence the physical properties of the adsorbents. 
A higher surface area leads to higher available area for 
adsorption. The FESEM analysis revealed the morphol-
ogies and textures of the WFS (Fig. 1 A and B), ASPs 
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(Fig. 1 C and D) and AFSPs (Fig. 1 E and F). The FESEM 
images showed the formation of unevenly shaped particles 
with rough surfaces [38].

3.2 � EDX Analysis

The EDX spectrum was used to determine the elemental 
compositions of the ASPs and AFSPs (Table 1). The EDX 
spectrum of ASPs showed major peaks for four elements, 
namely, Si, O, C, and Al (low) (Fig. 1 G). The EDX spec-
trum of AFSPs showed major peaks for Si, O and C with an 

Fig. 1   FESEM images of waste 
sand particles (A, B), ASPs, (C, 
D) and AFSPs (E, F) and EDX 
spectra of (G) ASPs and (H) 
AFSPs

Table 1   Composition of sand particles

ASPs Elements Weight (%) Atomic (%)
Si 33.51 21.46
O 52.64 59.17
Al 1.66 1.10
C 12.13 18.27

AFSPs Si 21.63 13.71
O 49.84 52.09
C 17.53 23.24
N 11.00 10.96
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additional peak of N that confirmed successful amino func-
tionalization (Fig. 1 H).

3.3 � ATR‑FTIR Analyses

The presence of amino groups on surface of sand particles in 
AFSPs was confirmed using ATR-FTIR spectroscopy. For 
AFSPs, four distinct peaks at approximately 1074, 1631, 
781, and 1481 cm−1 (Fig. S3), which represent Si–O–Si 
stretching frequency, hydrogen bond peaks, and the pres-
ence of NH2 groups (N–H bending) respectively. Spectral 
analyses of all three sand particles showed silanol groups 
on the surfaces of sand particles (shoulder at ∼981 cm−1). 
AFSPs showed two distinct absorption peaks, 2927 and 
2922 cm−1 (CH stretching), confirming the presence of 
CH2 groups. A similar peak at approximately 2927 cm−1 
was observed in GSPs and ASPs. GSPs, ASPs, and 
AFSPs all showed a characteristic peak at approximately 
1071  cm−1 (Si–O–Si bond of the siloxane backbone). 
This indicates that the GSPs retained the main backbone 
of sand after activation (ASPs) and functionalization 
(AFSPs) [39–41]. Spectral analysis was performed again 
after adsorption. The peak at 1621 cm−1 representing the 
O–H bending vibration mode of physisorbed water mol-
ecules was also observed. N–H stretching overlapped with 
the stretching vibrations of O–H groups at approximately 
3484  cm−1. Thus, hydrogen-bonded Si–OH and OH of 
physisorbed water molecules and the NH2 groups were 
integrated into a broad peak at 3482 cm−1 [42].

3.4 � TGA Analyses

TGA analysis was performed to further verify the presence 
of –OH and –NH2 groups in ASPs and AFSPs. ASPs and 
AFSPs were gradually heated from 25 to 800 °C. AFSPs 
exhibited two steps of weight loss (Fig. S4). The first weight 
loss of 1.94% occurred at approximately 70 °C for ASPs 
and AFSPs. It was attributed to the physically adsorbed 
water molecules and ethanol. AFSPs clearly showed one 
further weight loss of 2.60% between 350 and 850 °C, and 
there was no weight loss in ASPs. This approximate 2% 
difference indicates the presence of an additional functional 
group, which is attributed to the presence of amino groups. 
The TGA results confirm that the surfaces of ASPs were 
successfully modified by APTES [39].

3.5 � BET Surface Area Analyses

The surface area and porosities of materials are the primary 
factors that determine the adsorption capacity. BET surface 
area analyses revealed the specific surface area and pore size.

Using N2 adsorption isotherms, adsorption curves for 
both ASPs and AFSPs were calculated [42]. The adsorption 

isotherms are presented in Fig. S5 which shows that the 
adsorption curves of all samples possess long straight line 
portions. At the starting point of the straight line, the adsorp-
tion is attributed to the capacity of the monolayer adsorption. 
For both ASPs and AFSPs, the long straight line portion of 
the adsorption curve was used to calculate the surface area 
[43]. Surface area analyses indicated that the specific surface 
area of the grafted sand (ASPs and AFSPs), as determined 
by the Brunauer–Emmett–Teller (BET) method, was 99.64 
and 32.04 m2 g−1 with pore volume and pore radius of 18.29 
and 18.24(Å) respectively.

3.6 � XRD Analysis

XRD analysis revealed the crystallinity of the ASPs and 
AFSPs, showing distinct diffraction peaks (Fig. 2). The 
characteristic peaks of ASPs were at 20.90°, 26.66°, 35.67°, 
36.69°, 39.53°, 40.37°, 50.27°, 60.11°, 50.18°, 68.01°, 
68.61°, while those of AFSPs were at 20.87°, 25.62°, 26.65°, 
36.59°, 39.63°, 40.42°, 40.57°, 45.98°, 50.12°, 54.19°, 
60.13°, 68.01°, and 68.39°. The absence of crucial inter-
mediate peaks indicates the purity of sand particles, and 
the high peak intensities and sharpness of the XRD peaks 
indicate the good crystallinity [44]. The data matches with 
JCPDS (33–1161 card number) for silica quartz.

4 � Use of Sand Particles as Dye Adsorbents

As ASPs and AFSPs are negatively (due to the presence of 
–OH groups) and positively (due to the presence of –NH2 
groups) charged respectively, their use as potent adsorbents 
for cationic and anionic dyes was hypothesized. Cationic and 
anionic dyes typically have high affinities toward negatively 

Fig. 2   XRD analysis of ASPs and AFSPs
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and positively charged groups. Thus, cationic and anionic 
dyes get adsorbed on ASPs and AFSPs because of negatively 
charged surface –OH groups and positively charged NH2 
groups respectively.

4.1 � Optimization of Adsorbent Amounts

The first step for utilizing ASPs and AFSPs as adsorbents 
was to determine the lowest possible adsorbent amount 
to achieve quantitative removal of dyes. Cationic MB 
and anionic MO dyes were used (120 min, 550 rpm on 
a magnetic stirrer) to determine the optimum adsorbent 
amounts of ASPs and AFSPs, respectively. We started 
with 0.1 g adsorbent amount and gradually increased it to 
0.250 g where satisfactory adsorption was achieved. With 
increase in the amounts of ASPs and AFSPs, the percent-
age removal of MB and MO increased. For 0.250 g of 
ASPs and AFSPs, the percentage removal of MB and MO 
was up to 99.99 and 99.78% (Fig. S6). Thus, the absorbent 
amount was fixed at 0.250 g for subsequent experiments. 
These optimized conditions for maximum adsorption are 
shown in Table S4.

4.2 � Dye Removal Efficiency of ASPs and AFSPs

The experimental parameters (0.250 g, 120 min, 550 rpm) were 
determined and the adsorption removal was tested using ASPs 
and AFSPs for different cationic dyes such as MB, MG, MV, 
and Rh B and anionic dyes such as MO, PB VF, QY, and RR 2. 
The concentrations of the dyes were determined using UV–vis-
ible spectroscopy. The solutions of cationic dyes showed visible 
change in color after the adsorption experiments (Fig. 3A, B, 
C and D). We observed that the color of MB, MG, MV and 
Rh B solutions changed from dark sky blue, violet, blue and 
pink turned to colorless indicating complete adsorption. In 
all the adsorption experiments, the decrease in absorbance 
maxima for MB, MG, MV and Rh B were analyzed at 664, 
617, 590, 556 nm indicated that adsorption was increased with 
time. Similarly, the anionic dyes showed visible changes in 
color after adsorption experiments (Fig. 4A, B, C and D). 
We observed that the color of MO, PB VF, QY, and RR 2 
solutions changed from orange, dark sky blue, yellow, red 
turned to colorless indicating complete adsorption. In all the 
adsorption experiments, the decrease in absorbance maxima 
of MO, PB VF, QY and RR 2 were analyzed at 466, 636, 412, 
and 539 nm indicate that adsorption was increased with time.

Fig. 3   UV–visible absorption spectra of cationic dye solutions at different time intervals: (A) MB, (B) MG, (C) MV, and (D) Rh B at pH 7.3 and 
time 120 min
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Using these absorbance values, equilibrium concentra-
tions of dyes were determined. The adsorbents at equilib-
rium time was calculated using the following equation [45]:

Co and Ce are the initial and equilibrium concentrations 
of dyes, respectively. The removal efficiencies of cationic 
and anionic dyes are shown in Fig. 5 and 6, respectively. The 
data shows removal efficiency of cationic dyes such as MB, 
MG, MV and Rh B were 99.99, 99.57, 99.59, and 99.69% 
and for anionic dyes such as MO, PB VF, QY, and RR 2 
were 99.78, 99.87, 99.86 and 99.98% respectively.

4.3 � Adsorption Isotherms of ASPs and AFSPs 
for Dyes

The ASPs and AFSPs can achieve quantitatively dye removal 
efficiencies, the adsorption capacities was determined. For this 
purpose four different adsorption isotherms models namely, 
Langmuir, Freundlich, Temkin, and Elovich were tested.

(1)% Removal eff iciency =
(Co − Ce)

Co
x100

4.3.1 � Langmuir Isotherms

The Langmuir isotherm model is best suited for the homo-
geneous surface formation of monolayer with no interaction 
between the adsorbed ions. Langmuir adsorption isotherm 
is expressed using Eq. (2) [46]:

where qm (mg g−1) is the maximum adsorption capacity, 
KL (L mg−1) is the Langmuir constant, qe is the equilibrium 
amount, and Ce is the equilibrium concentration. Values of 
qm and Langmuir constant KL were calculated from the Ce/
qe vs. plot (Ce with 1/qm slope and 1/KLqm intercept). Lang-
muir dimensionless separation factor RL was determined 
using Eq. (3):

The value of RL is between 0 and 1, it indicates favorable 
adsorption, RL > 1 indicates unfavorable adsorption, RL = 1 

(2)
Ce

qe
=

Ce

qm
+

1

KLqm

(3)RL =
1

1 + KLCe

Fig. 4   UV–visible absorption spectra of anionic dye solutions at different time intervals: (A) MO, (B) PB VF, (C) QY, and (D) RR2 at pH 6.9 
and time 120 min
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Fig. 5   Dye removal efficiencies 
of cationic dyes upon interac-
tion with ASPs: (A) MB, (B) 
MG, (C) MV, and (D) RhB at 
pH 7.3 and time 140 min

Fig. 6   Dye removal efficiencies of anionic dyes upon interaction with AFSPs: (A) MO, (B) PB VF, (C) QY, and (D) RR2 at pH 6.9 and time 
140 min
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indicates linear adsorption, and RL = 0 indicates an irrevers-
ible adsorption process.

4.3.2 � Freundlich Isotherm

The Freundlich isotherm model is best suited for hetero-
geneous surfaces where adsorption is multi-layered, with 
different energies for different adsorption sites. The linear 
form of Freundlich isotherm is expressed using Eq. (4) [23]:

where Kf (L g−1) is the Freundlich constant related to the 
adsorption capacity and n indicates the intensity of adsorp-
tion, qe (mg g−1) and Ce (mg L−1) are the amount adsorbed 
and equilibrium concentration of cationic dyes such as MB, 
MG, MV, and Rh B and anionic dyes such as MO,PB VF, 
QY, and RR 2.

4.3.3 � Temkin Isotherm

The Temkin isotherm model focuses on the indirect inter-
actions between adsorbate and adsorbent; it represents lin-
ear reduction in the energy based on coverage. The Temkin 
isotherm clarifies the circuitous associations between the 
adsorbate and the adsorbent. These interactions lead to lin-
ear decrease in the heat of molecules in the adsorbate layer 
with coverage. The Temkin adsorption isotherm is expressed 
using Eq. (5) [23]:

where KT (L mg−1) is the equilibrium binding constant cor-
responding to the maximum binding energy, b is the heat of 
adsorption, R is the universal gas constant, and qe and Ce 

(4)lnqe = lnkf +
1

n
(lnCe)

(5)qe =
RT

b
lnKT +

RT

b
lnCe

are the equilibrium amount and equilibrium concentration 
respectively. The plot of qe vs. lnCe yielded a linear, from 
its slope and intercept the constant KT and b were evaluated.

4.3.4 � Elovich Isotherm

The Elovich isotherm is expressed as a multilayer adsorption 
system, and the Elovich adsorption isotherm is expressed 
using Eq. (6) [23]:

where KE is the Elovich constant; the maximum adsorption 
capacity can be calculated from the graph of ln (qe/Ce) vs. 
qe using the intercept and slope.

4.4 � Adsorption Capacities for ASPs and AFSPs

The most suitable isotherm model is determined by the 
linear regression coefficient (R2). The value of R2 closer 
to 1 indicates the most suitable isotherm model. We calcu-
lated isotherm constant values using the slopes and inter-
cepts to identify the adsorption mechanism and calculate 
the adsorption capacity (Tables 2 and 3 for cationic and 
anionic dyes respectively).For both anionic and cationic 
dyes, among all four isotherm models, the Langmuir model 
showed the highest values of R2, indicating monolayer 
adsorption. Other isotherm models were excluded as they 
show deviations from linear graphs (a higher number of 
intercepts away from the trend line).The adsorption capac-
ity of ASPs for MB was calculated as 38.16 mg g−1 using 
Langmuir isotherm (R2 = 0.99). The Langmuir model 
showed a straight line from 0 to 3.4 mg L−1 (Fig. S7 A). 
Other isotherm models showed deviations from the linear 
graph (Fig. S7 B, C, and D). The adsorption capacity of 

(6)ln

(

qe

Ce

)

= ln
(

KEqm

)

−
1

qm
qe

Table 2   Isotherm constants of adsorption of cationic dyes on ASPs

Dyes Langmuir Freundlich Temkin Elovich

Methylene Blue (MB) KL (L mg−1) 0.134 KF (L g−1) 35.58 KT (L mg−1) 2.9579 × 1011 KE (L mg−1) 7.0274 × 1054

qm (mg g−1) 38.16 n 40.0 B 0.041 qm(mg g−1) 0.132
R2 0.9962 R2 0.9725 R2 0.9598 R2 0.9601

Malachite Green (MG) KL (L mg−1) 0.14 KF (L g−1) 35.49 KT (L mg−1) 7.79574 × 1041 KE(L mg−1) 1.21973 × 1047

qm (mg g−1) 26.31 n 28.57 B 0.051 qm(mg g−1) 0.047
R2 0.965 R2 0.9543 R2 0.8057 R2 0.724

Methyl Violet (MV) KL (L mg−1) 0.08 KF (L g−1) 73.28 KT (L mg−1) 2.1544 × 1050 KE (L mg−1) 2.5998 × 1066

qm (mg g−1) 55.24 n 24.75 B 0.059 qm(mg g−1) 0.047
R2 0.9951 R2 0.9798 R2 0.9783 R2 0.8023

Rhodamine B (RhB) KL (L mg−1) 0.09 KF (L g−1) 34.88 KT (L mg−1) 1.6213 × 1025 KE(L mg−1) 3.89022 × 1037

qm (mg g−1) 35.84 n 24.94 B 0.084 qm(mg g−1) 0.06
R2 0.9949 R2 0.9638 R2 0.9249 R2 0.9541
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ASPs for MG was calculated as 26.31 mg g−1 using Lang-
muir isotherm (R2 = 0.97). The Langmuir model showed 
a straight line from 0 to 2.0 mg L−1 (Fig. S8 A). Other 
isotherm models show deviations from the linear graph 
(Fig. S8 B, C, and D). The adsorption capacity of ASPs 
for MV was calculated as 55.24 mg g−1 using Langmuir 
isotherm (R2 = 0.99). The Langmuir model shows a straight 
line from 0 to 4.5 mg L−1 (Fig. S9 A). Other isotherm 
models showed deviations from the linear graph (Fig. S9 
B, C, and D). The adsorption capacity of ASPs for Rh B 
was calculated as 35.84 mg g−1 using Langmuir isotherm 
(R2 = 0.99). The Langmuir model showed a straight line 
from 0 to 3 mg L−1 (Fig. S10 A). Other isotherm models 
showed deviations from the linear graph (Fig. S10 B, C, 
and D). The collective results are shown in Table S4.

Similarly, the adsorption capacity of AFSPs for MO 
was calculated as 7.28 mg g−1 using Langmuir isotherm 
(R2 = 0.95). The Langmuir model showed a straight line 
from 4.5 to 8.5 mg L−1 (Fig. S11 A). Other isotherm models 
showed deviations from the linear graph (Fig. S11 B, C, and 
D). The adsorption capacity of AFSPs for PB VF calculated 
as 4.63 mg g−1 using Langmuir isotherm (R2 = 0.92). The 
Langmuir model showed a straight line from 0 to 4.3 mg 
L−1 (Fig. S12 A). Other isotherm models showed deviations 
from the linear graph (Fig. S12 B, C, and D). The adsorption 
capacity of AFSPs for QY was calculated as 7.84 mg g−1 
using Langmuir isotherm (R2 = 0.97). The Langmuir model 
showed a straight line from 6 to 9 mg L−1 (Fig. S13 A). 
Other isotherm models showed deviations from the linear 
graph (Fig. S13 B, C, and D). The adsorption capacity of 
AFSPs for RR 2 was calculated as 6.91 mg g−1 using Lang-
muir isotherm (R2 = 0.95). The Langmuir model showed a 
straight line from 6 to 9 mg L−1 (Fig. S14 A). Other isotherm 
models showed deviations from the linear graph (Fig. S14 
B, C, and D). The collective results are shown in Table S4.

4.5 � Kinetic Study of Dyes

The adsorption capacities of ASPs and AFSPs for individual 
dyes were calculated, and the adsorption mechanism was deter-
mined using kinetic models. Two kinetic models were used 
to study the uptake rate of cationic dyes on ASPs and anionic 
dyes on AFSPs, namely, pseudo-first-order (Lagergren, 1898, 
Y.S. Ho, 2004; Eq. (7)) [27], and pseudo-second-order (8) [27], 
kinetic models.

where qe and qt (mg g−1) represent the amount of dye 
adsorbed at equilibrium and at time t, and k1 (min−1) is the 
rate constant. The plot of log (qe—qt) versus t gives the val-
ues of k1,

where the amount of dye adsorbed at equilibrium and at time 
t is qe and qt, respectively. K2 is the pseudo-second-order 
rate constant (g mg−1 min−1). The values of K2 and qe for the 
pseudo-second-order model were determined from the intercept 
and the slope of the plot of t/qt vs. t. This equation does not 
consider the concentration of the adsorbate, and the adsorption 
rate depends only on the adsorption capacity. In such cases, 
chemisorption is considered as the rate-limiting step.

Similar to determining the adsorption capacities of the 
ASPs and AFSPs for different dyes, kinetic equations and 
coefficient values (R2) were calculated. This implies that 
the pseudo-second-order kinetic model showed values of 
R2 closer to 1 for all cationic and anionic dyes (Tables S1 
and S2, respectively). The Fig. S15–S22A and B rep-
resent the pseudo-first-order and pseudo-second-order 

(7)log
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)

= log
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qe
)

−
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1
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2
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)
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Table 3   Isotherm constants of adsorption of anionic dyes on AFSPs

Dyes Langmuir Freundlich Temkin Elovich

Methyl Orange (MO) KL (L mg−1) 1.361 KF (L g−1) 178.1 KT (L mg−1) 6.2364 × 1022 KE (L mg−1) 5.69202 × 1047

qm (mg g−1) 7.28 n 54.05 B 0.1808 qm(mg g−1) 0.092
R2 0.953 R2 0.917 R2 0.9139 R2 0.58

Patent Blue VF (PB VF) KL (L mg−1) 1 KF (L g−1) 37.33 KT (L mg−1) 3.705 × 1057 KE(L mg−1) 9.38303 × 1034

qm (mg g−1) 4.63 n 60.98 B 0.037 qm(mg g−1) 0.064
R2 0.927 R2 0.803 R2 0.6204 R2 0.466

Quinoline Yellow (QY) KL (L mg−1) 1.244 KF (L g−1) 179.7 KT (L mg−1) 1.12696 × 1025 KE (L mg−1) 5.19307 × 1038

qm (mg g−1) 7.84 n 60.61 B 0.166 qm(mg g−1) 0.115
R2 0.97 R2 0.873 R2 0.913 R2 0.806

Reactive Red 2 (RR2) KL (L mg−1) 7.266 KF (L g−1) 71.01 KT (L mg−1) 2.41437 × 1031 KE(L mg−1) 2.56637E × 1014

qm (mg g−1) 6.91 n 80.65 B 0.652 qm(mg g−1) 1.501
R2 0.952 R2 0.761 R2 0.847 R2 0.229
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kinetic model graphs, respectively; clearly, more inter-
cepts are seen on the line graph for the pseudo-second-
order kinetic model. Thus, we confirm that the pseudo-
second-order model was the most suitable for the 
adsorption kinetics (R2 = 0.99).

4.6 � Reusability of the Adsorbent (Desorption 
Experiment Result)

The findings of this study confirmed that ASPs and AFSPs 
are suitable for adsorbing various dyes. To determine the 
reusability of the particles, ASPs and AFSPs used in the 
adsorption capacity measurement experiment were tested 
for several adsorption cycle. To reuse adsorbent, adsorbed 
dyes on the surfaces of ASPs and AFSPs were removed by 
extraction in ethanol. The leached dye concentrations were 
checked by using a UV–visible spectrophotometer. Experi-
mental results of the desorption experiments were exactly 
opposite to those of the adsorption experiments (Fig. 7 and 
8). Both cationic and anionic dyes were recovered using 
ethanol which is the best solvent for the dyes. To deter-
mine the reusability of the sand derived adsorbents, the 
entire process of adsorption–desorption was repeated for 

five times using the same sand particles. The regeneration 
study was conducted for one adsorption experiment were 
reused up to five cycles for adsorption removal of dyes 
(Figs S23 and S24 for ASPs and AFSPs, respectively).This 
proved that the ASPs and AFSPs are excellent reusable 
adsorbents for cationic and anionic dyes.

5 � Use of AFSPs as Adsorbent for Removal 
Metal Ions

The testing of AFSPs for removal of metal ions, we choose 
Cd(II), Ni(II), Co(II), and Cr(VI) as model pollutants due 
to their common occurrence and toxic nature. Keeping the 
experimental conditions same as those for adsorption of 
dyes for metal ions (0.250 g, 180 min, 550 rpm on a mag-
netic stirrer), adsorption removal efficiencies of AFSPs 
were calculated. Similar to dyes, the amount of metal ions 
adsorbed on the surface of AFSPs increased with time. 
The removal efficiencies using fresh AFSPs was ranged 
between 60–100% (Fig. S25) for selected metal ions. The 
metal removal efficiency at equilibrium time was calcu-
lated using Eq. (9):[45]

Fig. 7   Recovery of dyes after adsorption removal (A) MB, (B) MG, (C) MV, and (D) Rh B from ASPs
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where Co and Ce are the initial and equilibrium concen-
trations of metal ions respectively. The metal ions Cd(II), 
Ni(II), Co(II), and Cr(VI) were 100, 95.71, 98.50 and 
56.14% respectively. The optimized conditions for maximum 
adsorption are shown in Table S4.

5.1 � Adsorption Isotherms Study of Metal Ions

Adsorption isotherm models were applied for metal ion 
adsorption to determine the adsorption capacities of AFSPs. 
Linear graph intercepts were considered for calculating the 
coefficient of variation (R2). Similar to dyes, among all four 
isotherm models, Langmuir model showed the highest val-
ues for R2, which is also evident from the isotherm plots 
indicating a monolayer adsorption process. We calculated 
isotherm constant values using the slopes and intercept 
to identify the adsorption mechanism and calculated the 
adsorption capacities (Table 4).

The adsorption capacity of AFSPs for Cd was calculated 
as 23.81 mg g−1 using Langmuir isotherm (R2 = 0.97). The 

(9)%Removal ef f iciency =
(Co − Ce)

Co
x100

Langmuir model showed a straight line from 0 to 2.6 mg 
L−1 (Fig. S26 A). Other isotherm models showed deviations 
from the linear graph (Fig. S26 B, C and D). The adsorption 
capacity of AFSPs for Ni was calculated as 43.06 mg g−1 
using Langmuir isotherm (R2 = 0.95). The Langmuir model 
showed a straight line from 0 to 7.9 mg L−1 (Fig. S27 A). 
Other isotherm models showed deviations from the linear 
graph (Fig. S27 B, C and D). The adsorption capacity of 
AFSPs for Co was calculated as 17.03 mg g−1 using Lang-
muir isotherm (R2 = 0.97). The Langmuir model showed a 
straight line from 0 to 9 mg L−1 (Fig. S28 A). Other isotherm 
models showed deviations from the linear graph (Fig. S28 
B, C and D). The adsorption capacity of AFSPs for Cr 
was calculated as 3.47 mg g−1 using Langmuir isotherm 
(R2 = 0.97). The Langmuir model showed a straight line 
from 4.3 to 9.2 mg L−1 (Fig. S29 A). Other isotherm models 
showed deviations from the linear graph (Fig. S29 B, C and 
D). The collective results are shown in Table S5.

5.2 � Kinetic Study of Metal Ions

Similar to the adsorption of dyes, both kinetic models were 
studied for the adsorption of metal ions. Pseudo-first-order 

Fig. 8   Recovery of dyes after adsorption removal (A) MO, (B) PB VF, (C) QY, and (D) RR2 from AFSPs



Silicon	

1 3

and pseudo-second-order kinetic model graphs are shown 
in Figs. S30–S33 A and in Figs. S30–S33 B respectively. 
Table S3 shows the values for the metal ions obtained from 
the slopes and intercepts. The adsorption process followed 
the pseudo-second-order kinetic model (R2 = 0.99). Thus, 
chemisorption was considered the rate-limiting step.

5.3 � Elemental Composition of AFSPs After Adsorption

During EDX analysis, it was confirmed that the elemen-
tal composition of AFSPs shows Si, O, and C, and an 

additional peak of N. The same characterization was car-
ried out to verify the adsorbed metal ions. The EDX spec-
trum for Cd demonstrates two additional sharp peaks at 
3.3 and 4.1 keV corresponding to Cd (Fig. 9A). Compared 
with standard AFSPs spectrum, subsequent increase in 
C, Si, and O was observed. Low quantities of Na and Cd 
were also seen. This result revealed that the adsorption 
of Cd also triggered the adsorption of other metal ions.

Similar to Cd, the EDX spectrum for Co showed an addi-
tional peak at 0.9 keV (Fig. 9B). The composition of sand 
particles after adsorption of metal ions is shown in Table 5. 

Table 4   Langmuir, Freundlich, Temkin and Elovich isotherm parameters for metal ion adsorption by AFSPs

Metal ions Langmuir Freundlich Temkin Elovich

Cadmium (II) KL (L mg−1) 0.1836 KF (L g−1) 156.24 KT (L mg−1) 3.13 × 1014 KE (L mg−1) 5.495 × 10+4

qm (mg g−1) 23.81 n 34.84 B 0.285 qm(mg g−1) 0.5098
R2 0.9671 R2 0.9188 R2 0.9165 R2 0.9212

Nickel (II) KL (L mg−1) 0.2437 KF (L g−1) 1.1256 KT (L mg−1) 1.0492 KE(L mg−1) 4.8027 × 10+4

qm (mg g−1) 43.06 n 2.16 B 8.8698 qm(mg g−1) 0.5755
R2 0.9710 R2 0.907 R2 0.9663 R2 0.9694

Cobalt (II) KL (L mg−1) 0.271 KF (L g−1) 85.507 KT (L mg−1) 67.09515 KE (L mg−1) 1.91 × 10+5

qm (mg g−1) 17.03 n 6.2112 B 1.538 qm(mg g−1) 0.8332
R2 0.9403 R2 0.7957 R2 0.7895 R2 0.9109

Chromium (VI) KL (L mg−1) 3.42 KF (L g−1) 158.49 KT (L mg−1) 8.1517 × 1021 KE(L mg−1) 1.91 × 10+5

qm (mg g−1) 3.47 n 52.632 B 0.179 qm(mg g−1) 0.8331944
R2 0.9987 R2 0.7925 R2 0.7888 R2 0.8169

Fig. 9   EDX spectra of (A) 
AFSPs after adsorption of Cd 
(II), (B) AFSPs after adsorp-
tion of Co (II), (C) AFSPs after 
adsorption of Ni (II), and (D) 
AFSPs after adsorption of Cr 
(VI)
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The EDX spectrum of Ni showed an additional peak at 
0.8 keV (Fig. 9C). The EDX spectrum for Cr also showed a 
corresponding peak at 0.8 keV (Fig. 9D).

5.4 � Reusability of AFSPs as Adsorbents for Metals

The study of adsorbents was conducted successfully for five 
cycles with 60–100% ± 0.24% adsorption efficiency (Fig. S34) 
using adsorption–desorption cycles of AFSPs. For every 
cycle, the adsorbent was reused by washing with slightly basic 
water. No considerable loss in adsorption capacity confirmed 
the reusability of AFSPs as potent adsorbents for metal ions.

6 � Conclusions

WFS-derived adsorbents prepared by size reduction fol-
lowed by functionalization showed excellent adsorption effi-
ciencies against various types of pollutants such as cationic 
and anionic dyes and heavy metal ions. Almost quantitative 
removal of most of the model pollutants used was achieved. 
The equilibrium data were well described in the Langmuir 
model, indicating monolayer adsorption. Kinetic data were 
adequately fitted by the pseudo-second-order kinetic model, 
predicting chemisorption as the adsorption mechanism. The 
success of adopting any experimental procedure on an indus-
trial scale depends on the easy procurement and processing 
of raw materials, ease of maintaining operational parameters, 

and optimal use of key materials. High removal efficiencies 
and adsorption at room temperature are essential factors for 
industrial adoption for effluent treatment process. The adsor-
bent materials developed in this work are reusable without 
substantial loss of removal efficiencies. Thus, ASPs and 
AFSPs are potentially good alternative adsorbents for low-
cost water purification technology, especially for industries 
where effluents have to be processed throughout the day. The 
proposed method supports circular economy, waste reduction 
and the idea of best from waste. The potential applications 
of the materials developed in this study can be extended to 
remove various other dyes and metal ions as well as pollut-
ants from other classes from water.
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Table 5   Composition of sand particles after adsorption of metal ions

Elements Weight (%) Atomic (%)

AFSPs -after adsorption of 
Cd(II)

Si 15.13 8.74
O 47.41 51.47
N 4.45 1.10
C 22.71 32.84
Cd 10.30 5.85

AFSPs- after adsorption of 
Co(II)

Si 32.14 21.41
O 55.13 64.47
N 3.97 5.30
C 4.55 7.09
Co 4.21 1.73

AFSPs -after adsorption of 
Ni(II)

Si 19.29 12.50
O 50.98 57.99
N 5.30 6.88
C 9.95 15.07
Ni 14.48 7.93

AFSPs -after adsorption of 
Cr(VI)

Si 19.59 11.58
O 62.06 64.40
N 6.18 7.32
C 12.06 16.66
Cr 0.11 0.04
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