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Abstract
In this study, biochar modified with sulfur nanoparticles (SNPs@BC) was synthesized in terms of providing a low-cost 
adsorbent for cadmium and lead adsorption. Morphology and structure of SNPs@BC were investigated by scanning elec-
tron microscopy (SEM), X-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FT-IR). And also, thermal 
gravimetric analysis (TGA) was used to study the thermal stability of the synthesized adsorbent. The results indicated that 
the biochar surface was successfully coated with sulfur nanoparticles and could improve its performance as a soil amend-
ment or an adsorbent. Cadmium and lead adsorption studies on SNPs@BC exhibited high Langmuir cadmium (97 mg/g) 
and lead (99 mg/g) adsorption capacity, and heavy metal toxicity can be reduced by adsorption of cadmium and lead on 
SNPs@BC. The seed germination rate and seedling growth in cadmium-lead adsorbed SNPs@BC were the same as in the 
cadmium-free and lead-free control groups. This study suggests that SNPs@BC can be used as an efficient and eco-friendly 
sorbent for heavy metal removal.
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1  Introduction

The tremendous progress of industrial activity leads to 
the release of heavy metals such as cadmium (Cd(II)) and 
lead (Pd(II)) into the environment and the contamination 
of water sources and soil [1, 2]. These metals are not bio-
degradable and can accumulate in living organisms and 
cause various ailments, including damage to the central 
nervous or mental systems, reduced energy levels in the 
body, and damage to the lungs, liver, and other major 

organs in human and animals [3, 4]. Low concentrations 
of Cd(II) and Pd(II) are highly toxic and poisonous to 
plants and have no part in plants’ growth and other meta-
bolic processes. They are primarily collected in the roots, 
shoots, and edible parts of the plants. Some plants can 
tolerate a small concentration of them, while some show 
changes in their phenotype, such as a decrease in weight, 
roots, and shoot lengths. Cytotoxicity, inflammation, and 
deterioration have also been observed in plants due to their 
toxicity [5]. This is why it is so important to develop effi-
cient and cost-effective techniques to remove Cd(II) and 
Pb(II) ions from water, wastewater, and soil. There are 
many methods to remove metal ions from aqueous solu-
tions including adsorption, solvent extraction, precipita-
tion, and ion exchange [6–8]. Among the aforementioned 
methods, adsorption techniques are most often considered 
due to their simplicity, high selectivity, high efficiency, 
and low cost [6, 9]. In addition, with these techniques, 
it is important to select the appropriate sorbent, which 
directly affects the efficiency of the adsorption method. In 
this case, biosorbents are more attractive due to the abun-
dance of natural resources and high adsorption efficiency 
for removing heavy metals from the aqueous environment 
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and soil [10]. Biochar is the carbonaceous product which 
produces via the thermal pyrolysis process of organic mat-
ter under inert atmosphere conditions [11, 12]. Due to the 
relative cheapness and universality of feedstock materi-
als such as the wastes of agriculture and forest, biochar 
is a great candidate for conventional remediation agents 
for the removal of different contaminates in the environ-
ment, especially heavy metals [13–15]. However, biochar 
has a highly inert surface, which leads to low adsorption 
capacity for heavy metals. Hence, various modification 
and activation strategies including surface oxidation, 
functionalization, and exploration have been employed to 
improve their efficiency in environmental remediation [16, 
17]. As a result of these modifications and activation, the 
surface sorption sites increased and the ability of biochar 
for removing contamination improved [18]. The capability 
of biochar for the immobilization of heavy metals depends 
on different factors such as the type of feedstock, produc-
tion methods, and processing conditions [18, 19].

Recently, nanotechnology has been enormously utilized for 
the remediation of contaminated ground and surface water, 
sediment, and soil. The nanoparticles are the particles with a 
size in the range of 1.0–100 nm that possess great reactivity 
and large surface area than macroparticles for the removal of 
pollutants [20]. The surface modification of of biochar with 
sulfur nanoparticles increase their ability to remove of heavy 
metals from environmental. Moreover, this combination is 
more noteworthy when the sulfur nanoparticles were synthe-
sized from green materials with great availability.

The survey of previous literatures shows that biochar also 
has the ability to immobilize heavy metals from contaminated 
soil and water [16, 21]. In addition, biochar as an effective 
sorbent possesses of great potential to concentrate toxic heavy 
metals. Other studies also proved that biochar was employed 
in soil and water, could decrease the leaching of heavy metals 
in soil and water, and decrease their absorption by earthworms 
[22, 23]. However, the biological effects of the heavy metals 
adsorbed on biochar need to be studied on growing plants.

In this study, the biochar was synthesized from various 
biomass feedstocks through the thermal pyrolysis processes 
at 500 °C. The biochar surface was oxidized in the pres-
ence of nitric acid. Sulfur nanoparticles were synthesized 
from rosemary leaves’ aqueous extract and then used to 
modify the biochar surface. This biosorbent was used to 
remove Cd(II) and Pb(II) ions from wastewater. The effec-
tive parameters of the adsorption process, including pH, 
initial concentration, adsorbent mass, and contact time, 
have been optimized by the central composite design. In 
addition, adsorption isotherms and the biological effect of 
heavy metal-adsorbed biochar on seed germination and plant 
growth were investigated.

The most important points of this study were (1) the use 
of different biomass feedstocks for the preparation of biochar 
and after characterizing; the optimal biochar was chosen for 
the preparation of final adsorbent (SNPs@BC); (2) rosemary 
was used to prepare sulfur nanoparticles on the surface of 
biochar; the presence of sulfur increases the absorption of 
heavy metals; (3) evaluate the sorption mechanism of heavy 
metals on SNPs@BC; (4) investigate the effects of cadmium 
and lead adsorbed biochar on seed germination and rate of 
plant growth; and (5) assay the capability of biochar of the 
bioaccumulation of cadmium and lead in plants. The sche-
matic illustration of the synthesis and sorption mechanism 
was exhibited in Fig. 1.

2 � Experimental

2.1 � Chemicals and instrumentation

All the used materials were acquired from Merck and 
Sigma-Aldrich and applied without further purification. 
Biochar was derived from five types of biomasses from 
different organic sources including rice straw and stub-
ble, sawdust, alfalfa leaves and stems, potato leaves and 
stems, and palm leaves. The identification of the func-
tional groups in the adsorbent structure was performed 
by analysis of FT-IR spectra which were collected using a 
KBr pellet on a Bruker Tensor 27 Fourier transform infra-
red spectrometer. To study the deposition of sulfur nano-
particles on biochar, X-ray diffraction device (Panalytical, 
Almelo, the Netherlands) using Cu Ka radiation (wave-
length = 1.54 Å) was used. TGA (STA503, Germany) 
was used to study the thermal stability of the synthesized 
sorbent. The morphology of the sorbent was studied by 
scanning electron microscope (SEM) as well as energy-
dispersive X-ray spectroscopy (EDS) (SIGMA VP from 
Carl Zeiss Inc., Jena, Germany).

2.2 � Preparation of leaves’ aqueous extract 
of rosemary

The rosemary leaves were separated, cleaned, and washed 
carefully with distilled water and dried in the open air at 
the laboratory. Leave plant extract was obtained accord-
ing to the present literature available for this plant [24]: 
dried leaves (20 g) were cut into suitable parts and mixed 
with 500-mL deionized water and heated at 80 °C for 10 
min and then were cooled at room temperature, and the 
aqueous extract was obtained by filtration and then centri-
fuged at 1200 rpm to remove solid particles. The filtrate 
was stored at refrigerator for further experimental tests.
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2.3 � Preparation of biochar (BC)

Biochar was derived from five types of biomasses from dif-
ferent organic sources including rice straw and stubble, saw-
dust, alfalfa leaves and stems, potato leaves and stems, and 
palm leaves. After preparing and characterizing of biochar 
(Table S1), the obtained biochar from alfalfa residues at a 
temperature of 500 °C was the best and was used for more 
modification and adsorbing process.

2.4 � Preparation of carboxylated biochar (BC‑CO2H)

To improve the adsorption performance of biochar, carbox-
ylic functional groups on the biochar surfaces increased 
according to our previous research [25], and the biochar 
obtained (2.5 g) was impregnated with HNO3 (100 mL) at 
60 °C for 12 h. Then, the reaction mixture was diluted with 
deionized water (100 mL), and carboxylated biochar was 

separated by sequential centrifugation and dried at 60 °C 
for 10 h.

2.5 � Preparation of sulfur nanoparticle‑doped 
biochar (SNPs@BC)

In this experiment, to prepare a thiosulfate solution, Na2S2O3 
(60 mg) was dissolved in 50 mL deionized. Then, activated 
biochar (30 mg) was added to the mixture and sonicated for 
1 h to yield a biochar-dispersed thiosulfate solution. Then, 
rosemary extract (10 mL) was added to this solution. After-
ward, hydrochloric acid (10%) was added dropwise to the 
reaction mixture under vigorous stirring for the formation 
of the sulfur nanoparticles uniformly on the surface of the 
biochar. The resulting precipitation was centrifugation and 
washed with deionized water and ethanol. Then, it was dried 
in a vacuum oven at 40 °C.

Fig. 1   Schematic illustration of 
synthesis and sorption mecha-
nism of Cd2+ and Pb2+
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2.6 � Sorption experiments

The sorption capability of biochar and SNPs@BC was 
studied with batch sorption experiments. Adsorbents 
(30 mg) were added to 100 mL of Pb2+ (60 ppm) and 
Cd2+ (40 ppm) concentration at ambient temperature, 
respectively. After stirring in a magnetic stirrer for 12 
min, the reaction mixture was filtered immediately, and 
the supernatant was collected for the measurements. 
Concentrations of Pb2+ and Cd2+ in the filtrates were 
determined using an atomic adsorption spectrophotom-
eter (Perkin Elmer Analyst 400). The adsorbed heavy 
metal amounts were calculated based on the difference 
between the initial and final metal concentrations in 
the supernatant. The adsorbent dosage and solution pH 
(adjusted by the addition of HCl (0.1 M) or NaOH (0.1 
M)) on heavy metal adsorption on SNPs@BC adsor-
bent were optimized. Solutions without the sorbent were 
included in the same conditions (concentration, dura-
tion, pH, etc.) as controls.

2.7 � Seed germination, plant growing, 
and bioaccumulation

To assay the seed germination, the same number of grass 
seeds was spread on a filter paper layer moistened with 
DI water in containers with SNPs@Biochar or SNPs@
Biochar + Pb and SNPs@Biochar + Cd (added at the 
rate of 0.1 g/container, Pb and Cd content 13.57 mg/g). 
For experiments, l mL of DI water (blank) and 1 mL of 
lead and cadmium solution of 1.357 mg/mL (contain-
ing the same amount of Cd2+ and Pb2+ as the Cd- and 
Pb-adsorbed biochar) were applied as a control. Each 
experiment was performed three times and incubated in 
the dark at room temperature. Germination percentage 
was achieved after 72 h and germinal length were deter-
mined on the fourth day. In the first step (first 7 days), 
the growth of seedlings was recorded. The t-test one-way 
ANOVA with a significance level of 95% (p < 0.05) was 
utilized for statistical analyses related to the difference 
between the numbers of seeds germinated and seedling 
growing. After 14 days of growth, the harvest of the 
plants was performed and then washed with water and 
dried at 105 °C for 30 min. A method like that of Buss 
et al. was employed to determine the Cd and Pb amounts 
in the dried plants [23]. First, the dried plants were 
weighed, and then the samples were heated in a muffle 
furnace at 550 °C for 10 h. The ashes were digested with 
a HNO3:HCl (4:1, v/v) solution. The Cd(II) and Pb(II) 
amounts in the samples were then determined by ICP-
AES and calculated on a dry weight basis.

3 � Result and discussion

3.1 � Physiochemical properties of BC

In the process of biochar production, the type of biomass 
and the temperature of the pyrolysis process had a signifi-
cant effect on some physical and chemical characteristics 
of biochar [26, 27]. Table 1 shows that the type of biomass 
and the temperature of the pyrolysis process have a signifi-
cant effect on some physical and chemical characteristics 
of biochar. When the temperature of the pyrolysis process 
increased from 300 to 500 °C, the yield of biochar, cation 
exchange capacity (CEC), and bulk density decreased, but 
acidity (pH), electrical conductivity (EC), particle density, 
stable carbon, total nitrogen, porosity, and specific surface 
area increased in the prepared biochar.

Based on the obtained results and all the measured 
parameters, especially the positive aspects of carbon 
fixation, increasing soil organic matter, and the yield of 
biochar for the mass and economic production of this 
material, it could be concluded the biochar obtained from 
alfalfa residues at a temperature of 500 °C was the best 
biochar and can improve the physical and chemical proper-
ties of the soil and the efficiency of nutrient uptake from 
the soil, respectively.

3.2 � Characterization

The investigation of the surface morphology and dimen-
sions of the SNPs@BC was performed by field emission 
scanning electron microscopy (FESEM). The FESEM 
image of SNPs@BC (Fig. 2a, b) shows that the surface 
of SNPs@BC contained of small flakes. This image also 
confirmed the porous structure of SNPs@BC that could be 
derived from the porous structure of raw biomass or was 
formed during the gasification process.

XRD analysis is an effective characterization tech-
nique that confirms the amorphous or crystalline nature 
of SNPs@BC (Fig. 2c). The peak at 2Ө = 20–30° is related 
to the stacking structure of aromatic layers (graphite 002). 
Sharp and non-labeled peaks in SNPs@BC show miscella-
neous inorganic components. The main peaks at 2Ө = 37° 
and 55° are ascribed to the SNPs. The X-ray diffraction 
peak proved that SNPs@BC has a heterogeneous surface.

Thermogravimetric analysis (TGA) was performed to 
exhibit the maximum yield of SNPs@BC (Fig. 2d). This 
maximum biochar yield has a weight loss of 4.33% at 100 
°C during the TGA analysis due to the evaporation of 
moisture/water contained in S-biochar. The rapid weight 
loss increased significantly to 35.29% between 300 and 
400 °C because of the release of the volatiles in SNPs@
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BC. Subsequently, at 400 to 800 °C, the SNPs@BC sample 
slowly lost mass due to the decomposition of cellulose and 
hemicellulose compounds and lignin. Thus, a final residual 
mass of S-biocarbon of 69.77% was obtained.

The results of the element distribution are shown in Fig. 3a. 
Elemental mapping of SNPs@BC confirms the correct syn-
thesis of the adsorbent and the broad and homogeneous dis-
tribution of the sulfur nanoparticles on the biochar surface. As 
shown in Fig. 3b, the EDS spectra of SNPs@BC revealed the 
presence of C (71.76%), N (3.8%), O (6.61%), S (17.11%), and 
other elements. This high sulfur content on the biochar surface 
can increase the efficiency of heavy metal uptake.

4 � Sorption of heavy metals on modified 
biochar

4.1 � Response surface methodology

The effect of significant parameters on the fabricated 
system for achieving the best conditions and designing 
experiments for adsorption of Cd2+ and Pb2+ was evalu-
ated using response surface methodology (RSM). Central 
composite design (CCD) is a conventional way of RSM 
and was utilized for investigation of effective parameters 

Fig. 2   a, b FESEM images of SNPs@BC, c XRD pattern of SNPs@BC, d TGA analysis of SNPs@BC
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Fig. 3   a Elemental mapping and b EDS spectrums of the as-prepared SNPs@BC
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including pH, the concentration of Cd2+ and Pb2+, and 
the mass of sorbent. Based on the full class of CCD, 
each parameter was studied at five levels (± α, ± 1, 0) for 
decreasing the uncontrollable effects (Table 2 and S2). 
The total equation for calculating of the number of experi-
mental tests is N = 2K + 2K + No (where K is the number of 
parameters and No is the number of central points). Based 
on this equation, 30 tests were designed which are shown 
in Table 2 and Table S2. The reproducibility of data and 
experimental error were determined by using the central 
points [28, 29]. The estimated result illustrated a good fit-
ting with the second-order polynomial model as follows:

Y is the predicted response; Xi and Xj are independent 
parameters; n is introduced as the number of parameters; 
bi, bii, and bij are the linear, quadratic, and interaction 
coefficients, respectively; and ei is the residual error [30, 
31]. The independent parameters’ importance and their 
interactions at the 95% confidence level were investigated 
using the analysis of variance (ANOVA). The Fisher test 
value (F-value) at the p-value < 0.05 was calculated for 

Y = b
0
+

n
∑

i=1

biXi +

n
∑

i=1

biiX
2

i
+

n−1
∑

i=1

n
∑

j=i+1

bijXiXj + ei

Table 2   Parameters and 
their levels in the CCD and 
experimental dates for Cd2+

Variables Levels

−α Low (−1) Central (0) High (+1) +α

(X1) pH 3.00 4.25 7.00 8.00 6.75
(X2) Sorbent dose (mg/mL) 5.00 16.25 27.50 38.75 50.00
(X4) Concentration of Cd2+ (ppm) 25.00 10.00 40.00 70.00 55.00
(X5) Time (min) 5.00 8.75 35.00 18.25 20.00
 Run (X1) (X2) (X3) (X4) R
  1 4.25 16.25 55.00 16.25 73.47
  2 4.25 11 16.25 25.00 16.25 80.81
  3 4.25 38.75 25.00 8.75 86.92
  4 5.50 5.00 40.00 12.50 75.23
  5 6.75 16.25 55.00 8.75 58.66
  6 5.50 27.50 10.00 12.50 68.75
  7 5.50 27.50 70.00 12.50 46.11
  8 6.75 16.25 55.00 16.25 59.66
  9 5.50 27.50 40.00 20.00 97.93
  10 5.50 27.50 40.00 12.50 96.87
  11 5.50 27.50 40.00 12.50 95.69
  12 5.50 27.50 40.00 12.50 97.10
  13 5.50 27.50 40.00 5.00 92.82
  14 4.25 38.75 35.00 8.75 73.47
  15 4.25 38.75 85.00 8.75 79.15
  16 5.50 27.50 40.00 12.50 96.13
  17 5.50 27.50 40.00 12.50 96.84
  18 4.25 38.75 25.00 16.25 87.55
  19 6.75 38.75 25.00 16.25 76.42
  20 5.50 27.50 40.00 12.50 97.61
  21 4.25 38.75 55.00 8.75 66.24
  22 6.75 16.256 25.00 8.75 61.73
  23 4.25 16.25 85.00 16.25 78.4
  24 6.75 38.75 55.00 16.25 70.89
  25 4.25 16.25 55.00 8.75 63.32
  26 6.75 16.25 25.00 16.25 59.75
  27 6.75 38.75 25.00 8.75 77.97
  28 3.00 27.50 40.00 12.50 55.78
  29 5.50 50.00 40.00 12.50 93.66
  30 8.00 27.50 40.00 12.50 40.19
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determining the corresponding of the model with each 
parameter.

Based on ANOVA (Table 3 and Table S3), between the 
linear, two factor interaction, and quadratic model, the quad-
ratic model with the following equation, lowest p-value and 
R2, adjusted R2, and predicted R2 closer to one, was fitted 
better to the experimental results (Table 4 and Table S4):

4.2 � Response surface 3D diagram

The pH is a significant factor that effects on adsorption of 
heavy metals in an aqueous solution. At highly acidic con-
ditions (pH 2–3), the surface of SNPs@BC saturated with 
H3O+ ions resulting in a strong repulsion between the posi-
tive charge of biochar surface and metals cations (Cd2+ and 
Pb2+) and decreasing the uptake of metal ions. In addition, 
the numerous H3O+ ions in the solution create competition 
with Cd2+ and Pb2+ ions for the active absorption site on 
SNPs@BC. With increasing the pH value, the surface of 

R = + 0.11 − 0.0073X1 + 0.0057X2

+ 0.055X3 − 0.0028X1X2 − 0.0020X1X3

+ 0014X2X3 − −0.011X2

1
− 0.00019X

2

2
− 0.008X

2

3

SNPs@BC became negative charge and thus electrostatic 
interaction between the metal cationic ions and adsorbent 
surface sites increased. Hence, pH 5.5 was selected as an 
optimum value for further experiments for both Cd2+ and 
Pb2+ ions (Fig. 4a, b and Fig S1a, b).

The modified biochar’s zeta potential was measured at 
pH 6 and resulted in a value of − 37.5 (Fig. S2). This value 
and its sign are connected to the surface charge of colloidal 
particles, with a negative surface charge resulting in a nega-
tive zeta potential. Research suggests that as the environ-
ment becomes more acidic, the surface charge of biochar 
becomes more positive, reaching − 15. Consequently, the 
pHzpc of biochar was chosen to be 5.5 [32]. Further findings 
indicated that the loading of sulfur groups on the biochar 
surface decreased the pHzpc to approximately 4.7 [33]. As a 
result, at a pH greater than the pHzpc, the surface of SNPs@
BC was negative, strengthening the electrostatic interactions 
between metal ions and the adsorbent. Conversely, positive 
charges were created when the pH was less than the pHzpc, 
due to the protonation of functional groups on the sorbent 
surface, which weakened the metal ions-adsorbent electro-
static interactions.

The effect of initial Cd2+ and Pb2+ concentration was 
investigated on adsorption efficiency. According to the 

Table 3   ANOVA for CCD for 
Cd2+ Source Sum of squares Degree of 

freedom
Mean square F-value p-value

Model 7985.11 14 570.36 402.52  < 0.0001 Significant
X1 509.68 1 509.68 359.69  < 0.0001
X2 469.93 1 469.93 331.64  < 0.0001
X3 634.89 1 634.89 448.06  < 0.0001
X4 46.26 1 46.26 32.65  < 0.0001
X1X2 67.98 1 67.98 47.98  < 0.0001
X1X3 81.90 1 81.90 57.80  < 0.0001
X1X4 19.67 1 19.67 13.88 0.0020
X2X3 45.56 1 45.56 32.15  < 0.0001
X3X4 36.24 1 36.24 25.58 0.0001
X1

2 4069.37 1 4069.37 2871.85  < 0.0001
X2

2 257.74 1 257.74 181.89  < 0.0001
X3

2 2644.55 1 2644.55 1866.32  < 0.0001
Residual 21.25 15 1.42
Lack of fit 18.87 10 1.89 3.96 0.0709
Pure error 2.38 5 0.48
Cor total 8006.36 29 Not significant

Table 4   The ANOVA of 
statistical dates for various 
models for Cd2+

Model Std. dev p-value R2 Adj-R2 Pred-R2

Linear 15.93 0.1965 0.2405 0.0806  − 0.0859
2FIa 17.91 0.9908  − 0.1618  − 0.2479  − 5.4439
Quadratic 1.19  < 0.0001 0.9973 0.9949 0.9860 Suggested
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Fig. 4   Response surface 3D diagram for Cd2+
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result of Fig. 4b, d and Fig. S1b, d, the maximum adsorp-
tion efficiency was achieved at an initial concentration of 
40.0 and 60.0 mg/L for Cd2+ and Pb2+, respectively. The 
adsorption efficiency increased with increasing initial con-
centrations because of the increase in driving force used to 
the SNPs@BC with an enhancement in the initial Cd2+ and 
Pb2+concentrations.

The amounts of SNPs@BC adsorbent in the adsorption 
process were evaluated by changing adsorbent amounts in 
the range of 5.0–50.0 mg. As exhibited in Fig. 4a, d and 
Fig. S1c, d, the adsorption efficiency for both metal ions 
increased with S-biochar doses from 27.0 to 30.0 mg for 
both Cd2+ and Pb2+. This increased adsorption efficiency 
is due to the increase in the number of active and vacant 
adsorption sites, the enhancement of the distribution coef-
ficient, and the increase of effective interactions between 
the SNPs@BC and Cd2+ and Pb2+ ions. However, with 

higher adsorbent doses than 30.0 mg, the adsorption effi-
ciency was nearly constant, not considerably different from 
the maximum level.

The effect of contact time on Cd2+ and Pb2+ ions 
adsorption is exhibited in Fig.  4c, d and Fig.  S1d, e, 
illustrating that the adsorption of metal ions increased 
remarkably with time because of the interaction between 
Cd2+ and Pb2+ ions with SNPs@BC and the adsorption 
efficiency achieved about 98.26 and 99.49% within the 
time of 12 min. The quick initial adsorption can be due to 
the abundant availability of pores and functional groups 
on the surface of S-biochar which causes the rapid and 
easy attaching of Cd2+ and Pb2+ ions on the surface of 
S-biochar. However, the adsorption rate decreased gradu-
ally because of the decrease of availability of effective 
sites for occupation and the increased electrostatic repul-
sion between incoming and adsorbed Cd2+ and Pb2+ ions.
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Fig. 5   The linear curve of absorption models onto SNPs@BC
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4.3 � Adsorption isotherms

In the Cd2+ and Pb2+ ion adsorption process on SNPs@
BC adsorbent, Langmuir and Freundlich were utilized to 
investigate adsorption isotherms of Cd2+ and Pb2+ ions 
by SNPs@BC at initial Cd2+ and Pb2+ concentrations of 
10, 20, 30, 40, 60, and 70 and 10, 30, 50, 60, 80, 110, mg 
L−1 at 25 °C and adsorbent doses of 30.0 mg. Langmuir 
isotherm described the monolayer and uniform adsorp-
tion of the target on the surface of the adsorbent, while 
the basis of the Freundlich model is the multilayer and 
heterogeneous adsorption of the target on the adsorbent. 
The Langmuir and Freundlich isotherms follow Eqs. 1 and 
2, respectively, and their curves are shown in Fig. 5.

where Ce is the Cd2+ and Pb2+ equilibrium concentration 
(mg/g) and Qmax is the maximum adsorption (mg/g). KL is 
the equilibrium constant of the Langmuir Eq. (1/mg), while 
Kf is the Freundlich constant (mg/g) [29, 30].

The Langmuir model has a higher correlation coeffi-
cient (R2) and SD than that of the Freundlich model, show-
ing the experimental date fitted better to the Langmuir 
model and Cd2+ and Pb2+ adsorption on the entire SNPs@
BC surface is monolayer and uniform (Table 5, Fig. 5).

(1)log Qe = log Kf +
1

n
log Ce

(2)
Ce

qe
=

1

K lqmax

+

Ce

qmax

A comparison of the values of the Langmuir isotherm 
parameter Qmax obtained in this study with those reported 
in previous studies for the sorption of Cd(II) and Pb(II) ions 
from aqueous solutions using adsorbents was also carried 
out and are presented in Table 6 and showed.

4.4 � Absorption mechanism

The absorption mechanism of Cd2+ and Pb2+ ions by 
the SNPs@BC adsorbent is exhibited in Fig. 6, and the 

Table 5   Kinetic constants of different models for Cd2+ and Pb2+ ions 
adsorption to the SNPs@BC

Isotherm models Parameters Value

Langmuir (Cd2+) Qmax (mg g−1) 97.0
Kb (L mg−1) 3.82
R2 0.9998
SD 3.8

Freundlich (Cd2+) Kf (mg g−1) 60.88
n 6.15
R2 0.9266
SD 4.7

Langmuir (Pb2+) Qmax (mg g−1) 99.0
Kb (L mg−1) 1.60
R2 0.9992
SD 4.3

Freundlich (Pb2+) Kf (mg g−1) 39.47
n 2.56
R2 0.8886
SD 5.1

Table 6   Comparison of adsorption capacities of the various adsor-
bent for removal of Pb and Cd ions

Adsorbent qm (mg.g-1) Ref

Pb(II) Cd(II)

Fe2O3/Oak bark biochar 30.2 7.4 34
BC300 50.41 23.64 35
peanut hull biochar 50.05 6.36 36
banana peels 2.18 5.71 37
cron straw biochar 28.99 38.91 38
mango peel waste 99.0 68.92 39
SNPs@BC 97 99 This study

Fig. 6   FT-IR spectrum of BC, activated BC, SNPs@BC, SNPs@
BC + Pb, and SNPs@BC + Cd
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FT-IR of SNPs@BC before and after absorption of Cd2+ 
and Pb2+ ions is compared in Fig. 6. The broad peak at 
3100–3200 cm−1 is related to stretching vibration of the 
OH. The peaks at 1650 cm−1 are ascribed to the stretching 
vibration of carbocyclic groups, the peak at 1540 cm−1 is 
related to the stretching vibration of C = O, and the car-
bonyl group and the peak at 1803 are attributed to the aro-
matic C–H. After the modification of biochar with SNPs, 
the peak of the bending vibration of C = O and COOH 
groups became weaker, and the aromatic C-H peak did not 
observe. In addition, the peak at 553 cm−1 is appeared and 
related to the asymmetric stretching of sulfate on SO3

2−. 
Carboxylate is polar and can accept and donate both H+ 
and OH− ions because of the presence of carbonyl and 
hydroxyl groups. The complex can be formed between 
Cd2+ and Pb2+ ions and carboxylic groups by replacing 
H+ with Cd2+ and Pb2+ ions. Obviously, the peak intensity 
of the O–H stretching vibration band at 3100–2300 cm−1 
decreased and shifted to a lower wavelength and the peak 
of carboxylic groups at 1650 cm−1 shifted to 1645 and 
1643 cm−1 for Cd2+ and Pb2+, respectively, which confirms 

the successful formation of the complex between Cd2+ and 
Pb2+ ions and the functional groups of SNPs@BC.

4.5 � Seed germination, early growth, 
and bioaccumulation

The comparison of results illustrated that the average 
seedling length in the control groups SNPs@BC, SNPs@
BC + Pb, and SNPs@BC + Cd were, respectively, (32 mL), 
(22 mL), (21 mL), and (20 mL) which did not reach statistical 
significance. Seedling length measurements in soluble lead 
and cadmium groups were (11 mL) and (12 mL), respec-
tively, and these two groups in comparison to the control 
groups, SNPs@BC, SNPs@BC + Pb, and SNPs@BC + Cd 
in terms of seedling length had statistically significant differ-
ences (Figs. 7, 8, and 9). The results showed that the average 
germination rates in soluble lead and cadmium groups were 
90% and 90%, respectively, which was almost similar to the 
control groups, SNPs@BC, SNPs@BC + Pb, and SNPs@
BC + Cd, and they showed no statistically significant differ-
ence. The results of elemental analysis illustrated that high 

Fig. 7   Comparison of the aver-
age biological effects of soluble 
lead (Pb), soluble cadmium 
(Cd), biochar modified with 
SNPs (SNPs@BC), biochar 
modified with SNPs loaded 
with lead (SNPs@BC + Pb), 
and biochar modified with SNPs 
loaded with cadmium (SNPs@
BC + Cd) on germination rate 
and seedling length

a a a
a a a

a

b b

a a a

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

10

20

30

40

50

60

70

80

90

100

Blank pb Cd SNPs@BC SNPs@BC-Pb SNPs@BC-Cd

Germination rate Germinal length

Fig. 8   Biological effects of 
soluble lead (Pb), soluble cad-
mium (Cd), biochar modified 
with SNPs (SNPs@BC), bio-
char modified with SNPs loaded 
with lead (SNPs@BC + Pb), 
and biochar modified with SNPs 
loaded with cadmium (SNPs@
BC + Cd)
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levels of lead and cadmium were found in the soluble lead 
(1.8 mg/g) and soluble cadmium (1.9 mg/g) groups, respec-
tively, while in SNPs@BC + Pb and SNPs@BC + Cd, the 
amount of lead and cadmium was 0.7 mg/g and 0.8 mg/g, 
respectively (Fig. 7, 8, 9 and 10), and in the control and 
SNPs@BC groups, it was very insignificant, and undetect-
able (ICP-AES) detection limit was less than 0.01 mg/L. The 
results of germination, growth, and absorption tests showed 
that biochar modified with SNPs can decrease the toxicity of 
heavy metals and can be added to soil as a remedial agent in 
soils which are contaminated with these metals.

5 � Conclusion

Activated biochar doped with sulfur nanoparticles was 
synthesized for the first time and employed as an efficient 
biosorbent for the adsorption of Cd2+ and Pb2+ ions from 

aqueous solutions. This adsorbent also has the ability to 
decrease the toxicity of heavy metals to plants. The effect 
of four significant parameters including pH, initial Cd2+ 
and Pb2+ concentrations, adsorption dose, and interaction 
time was studied and optimized by CCD based on RSM. 
The significant parameters in the adsorption process were 
determined by ANOVA. The quadratic was the best model. 
Under optimum conditions, the adsorption efficiency was 
obtained 98.26% and 99.49% for Cd2+ and Pb2+, respec-
tively. The adsorption process can well correspond with 
the Langmuir adsorption isotherm. Based on the findings, 
SNPs@BC as a low cost and alternative adsorbent pos-
sesses a high potential and capacity for the adsorption of 
Cd2+ and Pb2+ ions from aqueous solutions and remedia-
tion of soil.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s13399-​023-​05021-y.

Fig. 9   Biological effects of sol-
uble lead (Pb), soluble cadmium 
(Cd), biochar modified with 
SNPs (BB-S), biochar modified 
with SNPs loaded with lead 
(SNPs@BC + Pb), and biochar 
modified with SNPs loaded with 
cadmium (SNPs@BC + Cd)
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Fig. 10   Photo of seedling 
on day 7 under the biologi-
cal effects of blank, soluble 
lead (Pb), soluble cadmium 
(Cd), biochar-modified SNPs 
(SNPs@BC), biochar modi-
fied with SNPs filled with lead 
(SNPs@BC + Pb), and biochar 
modified with SNPs filled cad-
mium (SNPs@BC + Cd)
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