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enhancing the removal rate for all the studied metal 
ions. In addition, the prepared composite showed a 
suitable selectivity for  Pb2+ from  Zn2+, and  Cd2+ co-
existed solution.
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Introduction

Nuclear fuel cycle creates extensive amounts of aque-
ous waste solutions polluted with different heavy met-
als. Some toxic heavy metals like zinc  (Zn2+), lead 
 (Pb2+), and cadmium  (Cd2+) cause serious and toxic 
effects on the living environment.  Cd2+,  Zn2+, and 
 Pb2+ ions exist in industrial and radioactive waste. Cd 
has various radioisotopes, among which 109Cd with a 
half-life of 462.9 days. It is applied in nuclear reac-
tors as control rods and shields to absorb neutrons 
(Aglan et  al. 2014). It also has an important role in 
producing nickel–cadmium (Ni–Cd) rechargeable 
batteries and has been used as a corrosion-protection 
coating for iron and steel. General industrial uses 
for cadmium, include alloys, batteries, solar cells, 
pigments, coatings (electroplating), and plastic sta-
bilizers (Carolin et  al. 2017a, b). Zinc presents in 
wastewater streams generated from many industries, 
such as steel works, the electroplating process, and 
intermediate-level active waste (Ali and Ache 1985). 

Abstract Herein, we investigated a new strategy to 
modify the graphene oxide (GO) with sodium algi-
nate (SA) using tetraethylorthosilicate (TEOS) as a 
binding agent. The graphene oxide-sodium alginate 
composite was highly loaded with carboxylate (–
COO−Na+) groups, which permitted fast and efficient 
interaction with the metal ions. Therefore, the pre-
pared composite was employed as an efficient adsor-
bent to uptake some heavy metals from an aqueous 
solution. The as-synthesized GO-SA was character-
ized by various advanced techniques before and after 
the removal process. The analysis of the experimen-
tal data showed that the Langmuir model fits well the 
adsorption data with maximum adsorption capaci-
ties of 887.21, 161.25, and 139.62 mg   g−1 for  Pb2+, 
 Zn2+, and  Cd2+, respectively. Moreover, the GO-SA 
presented a good regeneration and reuse ability, 
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Adding Zn to nuclear reactors greatly reduces corro-
sion processes, including stress corrosion cracking. 
Lead is highly toxic and can harm the nervous sys-
tem and kidneys.  Pb2+ has several sources, includ-
ing effluents from battery manufacturing, painting 
pigment, steel industries, fuel production, coating 
industries, and explosive manufacturing. Since  Pb2+ 
effectively absorbs electromagnetic radiation of short 
wavelengths, it is utilized as a protective shield-
ing around nuclear reactors for gamma rays, particle 
accelerators, and X-ray equipment. It is also used as 
containers for transporting and storing radioactive 
materials (Dodd 2020). Numerous trials were car-
ried out to remove various heavy metal ions from 
the aqueous solution using the adsorption approach. 
Rodríguez et  al. (2020) studied the removal of alu-
minum (Al) and copper (Cu) from acid mine drain-
age wastewater. They found that the decoration of GO 
with zinc oxide (ZnO) nanoparticles can remove the 
Al and Cu from acidic water (pH 4) with an adsorp-
tion capacity of 19.9 mg  g−1 for  Al3+ and 33.5 mg  g−1 
for  Cu2+ over 30 min. Katubi et al. (2021) succussed 
in adsorption of 636.94  mg   g−1 of Pb-ion onto 
 MnFe2O4/GO composite at pH 7, and the optimum 
contact time was 30 min. Li et al. (2020) investigated 
the preparation of graphene oxide/chitosan (GO/CS) 
complex and its behavior for adsorption of  Cu2+, 
 Pb2+, and  Cd2+ ions from simulated wastewater. Their 
results showed that the one gram of GO/CS compos-
ite could adsorb 60.7 mg of  Cu2+, 48.7 mg of  Pb2+, 
and 32.3 mg of  Cd2+ at a time of 90 min and pH 6. 
Pourbeyram (2016) studied the modified GO surface 
with zirconium and phosphate to synthesize graphene 
oxide–zirconium phosphate (GO-Zr-P) nanocompos-
ite. He observed that the prepared composite (GO-Zr-
P) could achieve maximum adsorption capacity for 
 Pb2+ (363.42  mg   g−1),  Cd2+ (232.36  mg   g−1),  Cu2+ 
(328.56 mg  g−1), and  Zn2+ (251.58 mg  g−1) at pH 6 
and after 20 min contact time. Removal of  Pb2+ from 
aqueous solution using a nanocomposite of ZnO/GO 
has been investigated by Ahmad et  al. (2020). They 
reported that at pH 5 and after 160 min mixing time, 
the ZnO/GO possessed a maximum adsorption capac-
ity of 418.78 mg   g−1 for  Pb2+. Bagheri et al. (2020) 
evaluated the prepared rGO-Fe0/Fe3O4-PEI nano-
composite for  Pb2+ and  Cd2+ removal. Their find-
ings showed that the maximum adsorption capac-
ity reached 60.24 mg  g−1 for  Pb2+ and 54.47 mg  g−1 
for  Cd2+ at pH 6 and 60 min of contact time. Kong 

et al. (2020) studied the adsorption of  Pb2+ and  Cu2+ 
on GO-terminated hyperbranched amino polymer-
carboxymethyl cellulose ternary nanocomposite (GO-
HBP-NH2-CMC). They reported that the maximum 
adsorption capacity of GO-HBP-NH2-CMC towards 
 Pb2+ is 152.86  mg   g−1 and  Cu2+ 137.48  mg   g−1 at 
pH 5 and mixing time 240 min. Removal of  Pb2+ has 
been studied by partially r-GO-Fe3O4 composite from 
aqueous solutions by Guo et  al. (2018). They found 
that one gram of the nano adsorbent can interact with 
373.14 mg of  Pb2+ at pH 6 within 10 min. Yang et al. 
(2020) employed the oily sludge pyrolysis residue for 
decontaminating the heavy metal from synthetic flo-
tation wastewater. The experimental results showed 
that the maximum uptake of the used adsorbent for 
 Cd2+ (106.16  mg   g−1),  Pb2+ (140.65  mg   g−1), and 
 Cu2+(128.04  mg   g−1) at pH < 7.5 and contact time 
45  min. Ge and Ma (2015) used microwave irra-
diation to fabricate triethylenetetramine-modified 
graphene oxide/chitosan (TGOCS). The affinity of 
TGOCS towards  Cr6+ from the aqueous solution was 
219.5 mg  g−1.

Sodium alginate (SA) is an anionic lin-
ear polysaccharide based on alternating blocks 
of β-(1 → 4)-linked d-mannuronic acid (M) and 
α-(1 → 4)-linked l-guluronic (G) residues. With a 
high density of free hydroxyl and carboxyl groups 
located over the alginate backbone, these make the 
SA highly reactive and amenable to chemical modifi-
cations and complexation. On the other hand, the GO 
was found as nanosheets with one C-atom thickness 
and various O-function groups distributed over the 
GO nanosheet surface. Several studies were investi-
gated in order to combine the GO and SA; Yu et al. 
(2019) prepared hydrogel beads composed of poly-
vinyl alcohol (PVA)/GO-SA via crosslinking in a 
saturated solution of saturated boric acid and  CaCl2. 
They observed that PVA and SA molecules were 
bonded with GO layers via H-bond, which causes 
significate disorder in the layered structure of GO. In 
addition, with the increase in the GO dose, the hydro-
gel beads lose their ballbility and network structure, 
enhancing their permeability and adsorption capac-
ity towards  Pb2+ (279.43  mg   g−1). Yu et  al. (2021) 
employed the vacuum filtration technique to fabricate 
a self-support composite membrane formed from 
GO/SA/1, 2-Propanediamine (PDA) for adsorption 
of  Pb2+. The adsorption experiments revealed that 
the equilibrium adsorption was reached after 20 min. 
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Moreover, according to Langmuir, the maximum 
adsorption capacity for  Pb2+ was 189.25  mg   g−1. 
He et al. (2020) investigated a novel hydrogel adsor-
bent consisting of yttrium-immobilized-graphene 
oxide-alginate (Y-GO-SA) for removal of adsorp-
tion of  As5+ and tetracycline (TC). The adsorption 
process was pH-dependent. The maximum adsorp-
tion capacities obtained were 273.39  mg   g−1  (As5+) 
and 477.9 mg  g−1 (TC). Jiao et al. (2016) prepared a 
porous aerogel structure from sodium alginate/gra-
phene oxide (SA/GO) using an in-situ crosslinking 
and freeze-drying strategy. As a reinforcing filler, 
the addition of GO enhances various properties of 
the obtained SAGO aerogel, such as porous struc-
ture, mechanical strength, elasticity, and compression 
strength. Refer to the Langmuir isotherm, the maxi-
mum removing capacities for  Cu2+ (98.0 mg  g−1) and 
 Pb2+ (267.4 mg  g−1). Zhou et al. (2018) employed the 
hydrothermal polymerization of lignin, SA, and GO 
in an aqueous solution to form 3D porous composite 
(PG/L/SA). The results obtained from the adsorption 
experiments showed that the PG/L/SA achieved max-
imum adsorption ability of  Cd2+ and  Pb2+ of 79.88 
and 226.24  mg   g−1, respectively. Pan et  al. (2018) 
used a sacrificial template of polystyrene particles to 
form porous calcium alginate/graphene oxide com-
posite aerogel (mp-CA/GO). They observed that the 
(mp-CA/GO) possess suitable adsorption capacities 
towards  Pb2+ (368.2  mg   g−1),  Cu2+ (98.1  mg   g−1), 
and  Cd2+ (183.6 mg  g−1), and adsorption equilibrium 
achieved after 40 min.

Based on the abovementioned information, the 
scientists used various strategies to prepare the GO/

SA hydrogel (porous structure, beads, layer, aerogel, 
etc.). The preparation of these composites required 
multi-steps. Moreover, a part of the bind sites was 
consumed by crosslinking or shieling interior in the 
bulk gel. As a result, the time for reaching equilib-
rium will be elongated, and the adsorption capacity 
will be reduced.

In this work, a modification of the GO surface 
with SA using TEOS as a bridge to link the hydroxyl 
groups of GO and SA was suggested. This man-
ner will provide an extra and efficient binding site 
(–COO−Na+) available for highly rapid chelating of 
the heavy metal ion. The as-prepared GO-SA com-
posite was characterized by different techniques and 
applied to remove  Pb2+,  Zn2+, and  Cd2+ from the 
aqueous solution using the batch technique.

Experimental

Materials and instrumentation

See supplementary materials.

Preparation of GO and GO-SA composite

The GO was synthesized according to our previ-
ous strategy (Abd-Elhamid et al. 2018). The GO-SA 
was fabricated via a simple mixing approach, see 
Scheme 1. In detail, 4 g of SA was added to 1000 mL 
distilled water under stirring until the solution 
became clear. Thereafter, GO (0.15 g) was appended 
to the alginate solution at constant stirring to form a 

Scheme 1  The schematic preparation of GO-SA adsorbent
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homogeneous GO-alginate suspension solution (a). 
In another beaker, an alcoholic solution of TEOS 
was prepared separately by adding 5  mL TEOS to 
25  mL absolute ethanol solution (b). Then, solution 
(b) was drop-wisely added to the solution (a), and 
the final solution was kept stirring for 48 h at 60 °C. 
The resulted viscous solid was separated by filtration, 
washed several times with distilled water, and stored 
for further use.

Batch adsorption of heavy metals

A stock solution of 1000 mg  L−1 was prepared by dis-
solving proper amounts of every metal ion in double-
distilled water. A batch sorption experiments were 
conducted in order to study the parameters that affect 
the sorption of  Pb2+,  Cd2+ and  Zn2+, such as shak-
ing time, pH, v/m, initial metal concentration, and 
temperature, where the optimized conditions were 
determined and repeated three times. A 2.8  mg of 
GO-SA was added to glass bottles containing 5  mL 
of definite concentrations of  Pb2+,  Cd2+, and  Zn2+, 
then mixed and shaken in a thermo-stated shaker 
bath adjusted at 25 °C. The pH values were adjusted 
by adding a 0.1  mmol solution of  HNO3 or NaOH. 
Different parameters were investigated, including the 
effect of shaking time (1–30  min), pH (1–8), initial 
metal ion concentration (25–150  mg  L−1) for  Cd2+ 
and  Zn2+, (200–1000 mg  L−1) for  Pb2+, and tempera-
ture (25–65  °C). The metal concentration was spec-
trophotometrically determined with a Shimadzu dou-
ble beam spectrophotometer using 4-(pyridyl-2-azo) 
resorcinol (PAR) (Marczenko 1976). Batch experi-
ments were done by shaking 2.8 mg of the prepared 
graphene oxide alginate with 5 mL of the metal ions 
solution in a thermo-stated shaker bath adjusted at 
25 °C to achieve an adsorption equilibrium condition. 
This process was repeated three runs and the aver-
age value was used as the M-ion concentration in the 
aqueouse solution. The removal percentage (R%) of 
 Pb2+,  Cd2+, and  Zn2+ at equilibrium was calculated, 
as given in Eq. 1.

where  Co and  Ce are the initial and equilibrium con-
centrations (mg  L−1) of the metal ions in solution, 
respectively.

(1)R% =

(

C
o
− C

e

C
o

)

∗ 100

Characterization

See supplementary materials.

Adsorption kinetics study

See supplementary materials.

Adsorption isotherm

See supplementary materials.

Thermodynamic study of adsorption

See supplementary materials.

Results and discussion

Characterization

TEM and SEM

The TEM images of the GO layer appear as a sin-
gle and highly transparent sheet (Abd-Elhamid et al. 
2018). After modification of the GO surface with 
alginate, the GO-SA composite layer appears to be 
dusk and cloudy, see Fig. 1a–c, which may be due to 
the modification with alginate. The volume of Fig. 1c 
was increased (see Fig. S1) to clearly demonstrate the 
layered structure of the composite.

The morphological structure of the GO-SA com-
posite was determined with the SEM technique. 
Figure  1d–h presents the SEM photographs of the 
GO-SA at various magnifications. At low magnifica-
tions, the composite appears as fully separated dis-
tributed particles, as shown in Fig. 1d. Moreover, the 
volume of the image (Fig.  1d) is enlarged, and the 
limits of GO-SA composite layers were detected with 
red arrows, as seen in Fig.  2S. With the increase in 
the magnification power, the layered structure became 
clearer, and cracks appeared on the composite sur-
face, Fig.  1e, f. At higher magnification, the cracks 
could be detected clearly in a separated bulky struc-
ture, which may refer to the dried SA that coated the 
GO surface Fig. 1g, h.

However, the morphology of the composite was 
different after the adsorption of the metal ions, see 
Fig. S3. Moreover, the resulted composite-metal 
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(GO-SA-M) morphological structure depends on 
the type of the adsorbed metal ions. After adsorp-
tion of Pb-ions, the GO-SA-Pb complex seems like 
layers with particles deposited on its surface. While 
in the case of adsorption of Cd-ions, the structure 
of the GO-SA-Cd complex is not greatly altered 
from the original composite. Moreover, at adsorb-
ing of Zn-ions, the yielded GO-SA-Zn complex 
looks alike a great agglomerated bulky structure. 
The alteration of the morphological structure of the 
composite after the adsorption process may indicate 
that the adsorption of the selected metal ions is by 
crosslinking adsorption mechanism.

FTIR

The chemical structure of the GO and modified GO 
(GO-SA) were characterized by the FTIR spectra 
(Fig.  2a). The GO possessed bands were typically 
observed in our previous work (Abd-Elhamid et  al. 
2018) at 3433   cm−1, 1635   cm−1, 1398   cm−1, and 
1033   cm−1, referring to O–H stretching, O–H bend-
ing, and COOH and C–O stretching, respectively 
(Febrianastuti et al. 2019).

After modification of GO by the alginate 
and TEOS as a crosslinker, the GO-SA showed 
bands at 3434   cm−1 (adsorbed water and O–H 

a b c
Layered
structure

d e f

g h

Fig. 1  TEM (a–c) and SEM (d–h) images for alginate modified graphene oxide (GO-SA)
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stretching), 2923   cm−1  (CH2 group), bands at 1740 
and 1347   cm−1 belongs to vibration modes of C–O 
bond related to the COOH groups. The peaks at 
1625 and 1413   cm−1 correspond to the asymmetric 
and symmetric stretching modes of carboxylate salt 
groups (–COONa), respectively (Nigiz 2020). The 
peaks in rang 1100–1000  cm−1 assigned to the (C–O, 
Si–O, and C–O–C stretching) of the GO, TEOS, and 
glycoside bonds in the polysaccharide, respectively 
(Fig.  2a). This big difference in the FTIR spectra 
between the GO and GO-SA may be affirmed the 
modification process.

After adsorption of metal ions, FTIR spectra of 
GO-SA-M (M =  Pb2+,  Cd2+ or  Zn2+) complexes dif-
fered from the GO-SA spectrum. Where the intensity 
of the bands in the region 1740–1100 highly weaken 
(Allouss et al. 2020). These observations may be due 
to the complexation interaction between the various 
functional groups of the GO-SA composite and the 
M-ions (Cui et al. 2015), see Fig. S4.

TGA 

Thermogravimetric analysis of the GO and GO-SA 
composite was investigated to detect the influence 
of the modification step on the thermal proper-
ties of the prepared composite. The TGA graph of 
the GO and GO-SA composite was presented in 
Fig. 2b. As obtained in our previous research (Abd-
Elhamid et  al. 2018), four degradation steps were 
presented for GO decomposition (Fig. 2b), namely, 

(i) liberation of the surface moisture evaporation 
(19.6%) at a temperature of 28–88  °C, (ii) releas-
ing of adsorbed water (4.07%) at 88–158  °C, (iii) 
decomposition of oxygenated function groups –OH 
and C–O–C (20.50%) at 158–215 °C, and (iv) pyrol-
ysis of –COOH at 215–320 °C, see Fig. 2b.

On the other hand, upon linking the GO with 
alginate via silane bonding, the thermal characters 
of the synthesized composite (GO-SA) extremely 
differed from that related to the GO. The thermo-
graph for GO-SA showed seven pyrolysis stages, 
as illustrated in Fig.  2b. Therefore, the existence 
of the alginate assembled on the GO-surface mini-
mized the quantity of the adsorbed moisture and 
bounded surface water. Where the GO-SA release 
8.00% moisture at temperature (78  °C), which is 
lower than that of the GO, see Fig.  2b. This phe-
nomenon is due to the functionalization process 
consumes the hydroxyl (–OH) on the GO surface. 
These (OH) groups were the responsible for bound-
ing with high moisture amounts via H-bonding. 
Moreover, the partial ionic bond between the Na-
ion of the alginate carboxylic group will attract low 
amounts of moisture molecules. On the other hand, 
the amount of intermolecular water by the GO-SA 
(7.22%), which evaporated at T = 181  °C, was 
larger than that shown for GO (Fig.  2b). This may 
be attributed to the properties of the alginate hydro-
gel to retain extra water molecules within its chain, 
which require a higher temperature to release them 
(Ablouh et al. 2019; Gopalakannan et al. 2016).

Fig. 2  a FT-IR spectrum of 
GO and GO-SA composite 
and b Thermogravimetric 
diagram of GO and GO-SA 
composite

a b
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Moreover, Liu et al. (2015a, b) demonstrated that 
SA started to decompose from 202 to 289  °C; this 
might be referred to the break of glycosidic bonds, 
dehydration, decarboxylation, and decarbonylation 
of the alginate. Herein, GO-SA composite smoothy 
degrades, and its weight is reduced by 25.20% at 
181–268  °C, 14.20% at 268–335  °C, 11.24% at 
335–472 °C, and 28.00% at 472–603 °C. This behav-
ior may be ascribed as the alginate chains modified 
the GO freely extend in the space, and these chains 
gradually pyrolyzed. Moreover, the alginate chains 

may be crosslinked with a silane linker, this will 
enhance the thermal properties of the prepared 
composite.

EDS analysis

The EDS is an important device required to detect the 
elements related to the prepared sample. The TEM-
EDS mapping of the GO-SA composite showed that 
the GO-SA composite is composed of C, O, Si, and 
Na elements, and these elements are homogeneously 

Fig. 3  a TEM- EDS 
mapping of GO-SA and 
b SEM–EDS analysis for 
GO-SA composite, GO-SA-
Pb complex, GO-SA-Cd 
complex and GO-SA-Zn 
complex

a

b

C O

Si Na
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distributed over the analyzed area, as presented in 
Fig. 3a.

The use of SEM–EDS for analysis of the compos-
ite (GO-SA) that was prepared by employing GO, 
SA, and TEOS, confirmed the presence of C, O, Si, 
and Na atoms in the analyzed sample. By blend-
ing the composite materials with the M-ion (Pb, Cd, 
and Zn) solutions. The EDS analysis detected the 
appearance of Pb, Cd, and Zn and the absence of Na 
in the analysis data of the analyzed samples. These 

results confirm that the adsorption process proceeded 
through the cation exchange mechanism, Fig. 3b.

Adsorption experiments

Effect of contact time

The relation between removal percent (%R) against 
contact time is illustrated in Fig. 4a. From this figure, 
it is clear that the removal percent (%R) is quite fast 
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Fig. 4  Effect of a contact time on removal percent (%R), 
b 2nd order kinetic model of  Pb2+  ([Pb2+] = 200  mg 
 L−1, Dose = 2.8  mg, v = 5  mL, pH = 5, T = 25  °C) 
 Cd2+([Cd2+] = 50  mg  L−1, Dose = 2.8  mg, v = 5  mL, pH = 5, 
T = 25  °C) and  Zn2+([Zn2+] = 50  mg  L−1, Dose = 2.8  mg, 
v = 5  mL, pH = 5, T = 25  °C) from aqueous media. c Effect 
of the initial solution pH on the removal percentage (% R) 
from aqueous solution of  Pb2+(t = 1  min,  [Pb2+] = 200  mg 
 L−1, Dose = 2.8  mg, v = 5  mL, T = 25  °C)  Cd2+(t = 1  min 

 [Cu2+] = 50 mg  L−1, Dose = 2.8 mg, v = 5 mL, T = 25 °C) and 
 Zn2+(t = 1 min,  [Zn2+] = 50 mg  L−1, Dose = 2.8 mg, v = 5 mL, 
T = 25 °C) form aqueous media. d metal ion concentration on 
removal percent, e Langmuir isotherm plot, f Freundlich iso-
therm plot of  Pb2+(t = 1 min, Dose = 2.8 mg, v = 5 mL, pH = 4, 
T = 25  °C)  Cd2+(t = 1  min, Dose = 2.8  mg, v = 5  mL, pH = 7, 
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pH = 5, T = 25 °C) form aqueous solution
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and reached equilibrium within 1.0 min shaking. The 
highly rapid sorption kinetics of the studied heavy 
metal ions may refer to either surface complexation 
or strong chemisorption of these heavy metals on the 
GO-SA surface (Liu et  al. 2015a, b), and the sepa-
rated layer structure of the GO-SA as appeared in the 
TEM analysis, see Fig. 1a–c.

To kinetically assess these results, the second-
order kinetic equation was applied (see supplemen-
tary materials). The results obtained are given in 
Fig. 4b. The relation coefficient and other parameters 
were calculated from the linear relation between t 
and t/qe and summarized in Table S2. We noted that 
the  R2 ≥ 0.995 (close to unit). Moreover, the cal-
culated  (qcal, mg  g−1) for all tested metal ions were 
greatly close to the adsorption capacity values meas-
ured from experiments  (qexp, mg  g−1). Therefore, we 
suggested that the adsorption kinetics followed the 
pseudo-second-order kinetics model, and the adsorp-
tion rate was mainly described via the chemical 
adsorption process.

Effect of solution pH

In the sorption process, the pH values of the aqueous 
solution are considered an important factor. Where 
the variation in the solution pH induces the behavior 
of adsorbent surface-active groups and the nature of 
the adsorbate species. Here, we adjusted the pH val-
ues according to the nature of heavy metals to avoid 
precipitation. It was found that the removal efficiency 
of the GO-SA is high dependence on the pH value of 
the contaminated solution, see Fig. 4c. At low pH val-
ues, the removal efficiency (%R) is relatively low and 
sharply increases with further increase in the solution 
pH. This behavior may be attributed to the GO-SA 
composite possesses carboxylated  (COO−Na+) 
groups on its surface, and these groups were respon-
sible for the interaction with the contaminated spe-
cies. Therefore, at low pH, the concentration of  H+ is 
high and will block the active adsorption site against 
the heavy metal. Conversely, by increasing the pH 
value, the number of the  H+ ion will be minimized, 
and the surface-active groups  (COO−) become highly 
ionized, which provides a favorable sorption site for 
the heavy metal ion (Wang et al. 2016; Huang et al. 
2018), see Scheme S1.

Further, the EDS analysis, before and after the 
adsorption of M-ions (Pb, Cd and Zn) from the 

aqueous solutions using GO-SA are given in Fig. 3b. 
From this figure, we observed that, after the adsorp-
tion process, there was appearance of Pb, Cd and 
Zn and absence of Na in the obtained EDS analysis. 
This result showed that the adsorbed M-ions (Pb, 
Cd and Zn) substituted the Na from the carboxy-
late  (COO−Na+) groups. In addition, the IR spec-
tra of FTIR given in, Fig. S4, showed a new band at 
450  cm−1, related to the M–O bond stretching vibra-
tion (Małecka and Łącz 2008). Based on the previ-
ous observations, it is concluded that the M-ions, Pb, 
Cd and Zn adsorbed on the GO-SA through cationic 
exchange mechanism, see Scheme S1.

Effect of initial metal ion concentration

The metal ion concentration plays a vital role in 
retarding the mass transfer resistance among the 
aqueous and solid phases (Nurhajawarsi et al. 2018). 
The influence of the initial metal ion concentration on 
the removal percent (%R) was studied using the batch 
approach in rang (200–1000  mg  L−1) for  Pb2+ and 
(25–150  mg  L−1) for  Cd2+ and  Zn2+ (Fig.  4d). It is 
obvious that the GO-SA uptake efficiency decreases 
with a further increase in the initial concentration of 
the metal ion. This manner indicates that at a low 
initial concentration of the metal ions, the number of 
metal ions is relatively low compared with the num-
ber of available active surface functional groups. 
While at a high initial concentration of metal ions, 
the number of metal ions will be high compared 
with the available binding sites at the composite sur-
face. Therefore, the adsorption percent (%R) tends to 
decrease (Taamneh et al. 2017).

Numerous isotherm models have been employed 
to fit the experimental results. Among these, Lang-
muir and Freundlich models are the most applied 
(see supplementary materials) in order to describe 
the interaction behavior between the metal ions and 
the used composite GO-SA (Fig. 4e and f). The cal-
culated parameters and correlation coefficient  (R2) 
revealed in the used models are listed in Table 1. The 
 R2 values related to the Langmuir model were > 0.98, 
which is higher than that of the Freundlich isotherm 
for all studied metal ions. This result clarifies that 
the Langmuir model is more suitable for represent-
ing the experimental data. Moreover, according to 
the Langmuir model, the GO-SA composite presents 
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the maximum adsorption capacities (mg  g−1);  Pb2+ 
(884.96),  Cd2+ (134.23), and  Zn2+ (155.04), see 
Table 1.

Effect of (v/m) ratio

The effect of changing the v/m (L/g) ratio on the 
sorption of  Pb2+ (600 mg  L−1),  Cd2+ (100 mg  L−1), 
and  Zn2+ (100 mg  L−1) from the aqueous solution on 
GO-SA is performed out at a v/m range of 1.79–0.357 
L/g. The obtained results are given in Fig.  5a, from 
which it is apparent that the sorption efficiency for all 
studied metal ions decrease with further increase in 
the v/m ratio. This manner is attributed to the num-
ber of the available active sites that are sufficient to 
adsorb most adsorbate species at a low v/m ratio. As 
the v/m ratio increases, the number of the metal ion in 
the solution increases while the number of the bind-
ing sites maintain constant. Therefore, many adsorb-
ate species remain in the aqueous solution after the 
adsorption process; hence, the uptake efficiency will 
be reduced (Abu Elgoud et al. 2019).

Effect of solution temperature

The impact of aqueous solution temperature 
(25–65 °C) on the removal percent (%R) of the exam-
ined heavy metal ions on the GO-SA composite was 
presented in Fig.  5b. It was noted that the sorption 
efficiency of all studied metals was increased with an 
increase in the solution temperature from 25 to 65 °C. 
This is due to the increase in the solution temperature 
will enhance the movement of the metal ion species 
from the bulk of the solution to the adsorbent surface, 
leading to an increase in the complexation chance 
between the metal ion and the surface functional 
groups.

For exploring the thermodynamic parameters, 
(see supplementary materials), the adsorption pro-
cess of the selected metal ions on the GO-SA com-
posite, free energy, entropy, and enthalpy were 
determined, referring to Fig.  5c. The values of 
parameters were calculated and listed in Table  2. 
The negative values of ΔG indicate that all metals 
studied were spontaneously sorbed on the GO-SA 
surface. The positive values corresponding to ΔH 
and ΔS (Table 2) imply the endothermic adsorption 
process as well as the affinity of the composite to 
adsorb the metal ion with the increase in the ran-
domness of the system.

Regeneration- reuse

The adsorption–desorption behavior of the adsorbent 
material is a key index to estimate the suitability of 
the adsorbent employment in actual sewage manage-
ment. In this regard, a definite amount of the adsor-
bent was utilized to adsorb the studied metal ions. 
After achieving equilibrium, the supernatants were 
separated, and the %R was calculated. The GO-SA-M 
material was washed with solutions of 5.0 mL (0.5 M 
HCl) to remove all sorbed metal ions and regenerate. 
The composite was then treated with 5.0 mL (0.5 M 
NaOH) and finally with 5 mL (distilled water) for the 
next use (see Scheme S1). As presented in Fig.  5d, 
GO-SA showed excellent reproducibility for adsorb-
ing  Pb2+,  Cd2+, and  Zn2+ over five adsorption/des-
orption experimental runs. However, it is noted that 
the removal efficiency of the regenerated composite 
of all studied metal ions was enhanced compared to 
the original composite. This result may be attributed 
to the regeneration solutions activating extra bind-
ing sites and making them available for adsorption of 
more metal ions.

Table 1  Langmuir and Freundlich constants for adsorption of 
 Pb2+(t = 1  min, Dose = 2.8  mg, v = 5  mL, pH = 4, T = 25  °C) 
 Cd2+(t = 1  min, Dose = 2.8  mg, v = 5  mL, pH = 7, T = 25  °C) 

and  Zn2+(t = 1  min, Dose = 2.8  mg, v = 5  mL, pH = 5, 
T = 25 °C) form aqueous solution

Mz+ qexp, mg  g−1 Freundlich parameters Langmuir parameters

Kf, mg  g−1 n R2 Qo, mg  g−1 b, mL  mg−1 RL R2

Pb2+ 887.21 184.17 4.26 0.977 884.96 0.018 0.217 0.983
Cd2+ 139.62 54.79 4.91 0.906 134.23 0.204 0.089 0.999
Zn2+ 161.25 29.27 2.81 0.919 155.04 0.067 0.229 0.995
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Fig. 5  Effect of a v/m ratio on sorption of  Pb2+ (t = 1  min, 
[Pb] = 600  mg  L−1, v = 5  mL, pH = 4, T = 25  °C), 
 Cd2+(t = 1  min, [Cd] = 100  mg  L−1,v = 5  mL, pH = 7, 
T = 25  °C)  andCo2+(t = 1  min, [Zn] = 100  mg  L−1,v = 5  mL, 
pH = 5, T = 25  °C) form aqueous media. b temperature 
on the removal percent and c thermodynamic parameters 
of  Pb2+(t = 1  min, [Pb] = 600  mg  L−1, Dose = 11.2  mg, 
v = 5  mL, pH = 4, T = 25  °C)  Cd2+(t = 1  min, [Cd] = 100  mg 
 L−1, Dose = 11.2  mg, v = 5  mL, pH = 7, T = 25  °C) and 
 Zn2+(t = 1 min, [Zn] = 100 mg  L−1, Dose = 11.2 mg, v = 5 mL, 

pH = 5, T = 25 °C) form aqueous solution. d the number of the 
re-use cycles of the GO-C on the removal percentage of  Pb2+ 
(t = 1 min, [Pb] = 600 mg  L−1, Dose = 14 mg, v = 5 mL, pH = 4, 
T = 25 °C),  Cd2+(t = 1 min, [Cd] = 100 mg  L−1, Dose = 14 mg, 
v = 5 mL, pH = 7, T = 2 °C) and  Zn2+(t = 1 min, [Zn] = 100 mg 
 L−1, Dose = 14  mg, v = 5  mL, pH = 5, T = 25  °C) from aque-
ous media. e Selective removal of Pb (II) from metal ion 
mixture from aqueous solution.  [Mz +] ([Pb] = 600  mg 
 L−1, [Cd] = 100  mg  L−1, [Zn] = 100  mg L.−1, v = 10  mL, 
Dose = 0.014 gm, pH = 1, t = 1 min, T = 25 °C)

Table 2  Thermodynamic 
parameters for sorption of 
 Pb2+,  Cd2+ and  Zn2+ ions

T (K) ΔG (kJ/mole) ΔH(kJ/mole) ΔS (J/mole/K)

Pb2+ Cd2+ Zn2+ Pb2+ Cd2+ Zn2+ Pb2+ Cd2+ Zn2+

298 − 25.70 − 24.41 − 22.68
308 − 26.95 − 26.04 − 23.78
318 − 28.20 − 27.68 − 24.88 11.52 24.27 10.18 124.89 163.35 110.26
328 − 29.44 − 29.31 − 25.99
338 − 30.69 − 30.94 − 27.09
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Selectivity behavior towards  Pb2+

Based on the adsorption experiment results, the selec-
tivity of  Pb2+ adsorption by GO-SA was assessed 
relative to  Cd2+ and  Zn2+. These metal ions could be 
considered competitive species during the adsorption 
of  Pb2+ from acidic aqueous solution at pH 1 contain-
ing  Cd2+ and  Zn2+, as present in Fig.  5e. The affin-
ity of the GO-SA adsorbent towards the tested metal 
ion in order  Pb2+ (57.21%) >  Cd2+ (10.65%) >  Zn2+ 
(8.21%) from initial metal ion concentration 600, 100, 
and 100  mg  L−1, respectively. The previous results 
implied that the GO-SA own an excellent ability to 

select removal of  Pb2+ from metal ion mixture solu-
tion at pH 1. Based on Pearson’s hard/soft acid/base 
(HSAB) theory,  Pb2+ could be classified as a softer 
acid than other metal ions  (Cd2+ and  Zn2+) attrib-
uted to its significant water binding energy and 
higher radius of hydrated ions. On the other hand, the 
COO– groups act as soft bases in GO-SA, which eas-
ily interact with the soft metal  Pb2+, resulting in nota-
ble selectivity for  Pb2+ adsorption (Zhou et al. 2022; 
Ge et al. 2016).

Moreover, the affinity order of GO-SA excellent 
agreed with the electronegativity of the metal and 
first stability constant of therelated metal hydroxide 

Table 3  Adsorption capacities of different adsorbents of  Pb2+,  Cd2+ and  Zn2+

Adsorbate Adsorbent qo(mg/g) References

Pb2+ (GO–Zr-P) nanocomposite 363.42 Pourbeyram (2016)
Zinc oxide/graphene oxide nanocomposite 418.78 Ahmad et al. (2020)
rGO-Fe0/Fe3O4-PEI nanocomposite 60.24 Bagheri et al. (2020)
Graphene oxide-terminated hyperbranched amino polymer-carboxymethyl 

cellulose ternary nanocomposite
152.86 Kong et al. (2020)

Oily sludge pyrolysis residue 140.65 Yang et al. (2020)
Graphene Oxide/Sodium Alginate/1, 2-Propanediamine composite mem-

brane
189.25 Yu et al. (2021)

Sodium alginate/graphene oxide aerogel 267.4 Jiao et al. (2016)
3D porous graphene/lignin/sodium alginate composite 226.24 Zhou et al. (2018)
A porous calcium alginate/graphene oxide composite aerogel 368.2 Pan et al. (2018)
EDTA-GO 508.4 Cui et al. (2015)
Functionalized graphene (GNSPF6) 406.4 Deng et al. (2010)
GO 35.6 Lee and Yang (2012)
GO–TiO2 65.6 Lee and Yang (2012)
GO-SA 887.21 This work

Cd2+ rGO-Fe0/Fe3O4-PEI nanocomposite 54.47 Bagheri et al. (2020)
Oily sludge pyrolysis residue 106.16 Yang et al. (2020)
3D porous graphene/lignin/sodium alginate composite 79.88 Zhou et al. (2018)
Functionalized graphene (GNSPF6) 73.42 Deng et al. (2010)
GO 14.9 Lee and Yang (2012)
GO–TiO2 72.8 Lee and Yang (2012)
RGO–Fe(0)/Fe3O4 1.91 Bhunia et al. (2012)
GO-SA 139.62 This work

Zn2+ GO 30.1 Lee and Yang (2012)
GO–TiO2 88.9 Lee and Yang (2012)
Mango peel 28.2 Iqbal et al. (2009)
Magnetite (MG) 33.95 Abdus Salam and Adekola (2018)
Baobab fruit shell (BB) 29.20 Abdus Salam and Adekola (2018)
Magnetite–baobab composite (MB) 38.25 Abdus Salam andAdekola (2018)
GO-SA 161.25 This work
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(Dastgheib and Rockstraw 2002). Since, the higher 
electronegativity of heavy metal ions, the stronger 
attraction of the heavy metal ions on the negatively 
charged GO-SA surface. Therefore, the complexation 
ability of heavy metal species with surface oxygen-
ous functional groups(–COO−) was also one possible 
adsorption mode, and the speciation of heavy metal 
ion species was determined by the stability constants. 
The above affinity order was very consistent with the 
first stability constant of the associated metal hydrox-
ide  (Me2+  +  OH−  ↔ Me(OH)+; log K1 = 7.82, 4.17, 
4.4 for Pb(OH)+, Cd(OH)+ and Zn(OH)+, respec-
tively) (Peng et al. 2017).

Comparison with other adsorbent materials

The efficiency of SA modified GO as an adsorbent 
for removal of  Pb2+,  Cd2+ and  Zn2+from aqueous 
solution was estimated by comparing the adsorp-
tion capacity with other adsorbent materials in the 
literature presented in Table 3. The data showed that 
GO-SA has a highly feasible capacity for the sorption 
of studied metal ions compared with other adsorbent 
materials. Therefore, GO-SA composite could be 
used as a highly effective adsorbent for the removal of 
these metals from the aqueous solutions.

Conclusion

In this paper we succeeded to modify the GO with 
highly active biopolymer (SA) through mild condi-
tions. The as-synthesized composite (GO-SA) was 
characterized by TEM, SEM, FTIR, Raman, TGA 
and EDX. The activity of the GO-SA was evaluated 
using batch adsorption process of different heavy 
metal. Based on the maximum adsorption capaci-
ties of the GO-SA the best adsorption conditions 
towards different metal ions were;  Pb2+(t = 1  min, 
Dose = 2.8  mg, v = 5  mL, pH = 4, T = 25  °C); 
 Cd2+(t = 1  min, Dose = 2.8  mg, v = 5  mL, pH = 7, 
T = 25  °C) and  Zn2+(t = 1  min, Dose = 2.8  mg, 
v = 5 mL, pH = 5, T = 25 °C). Under these conditions 
Langmuir isotherm model recorded that, the GO-SA 
achieve maximum adsorption capacity 887.21, 161.25 
and 139.62 mg  g−1 for  Pb2+,  Zn2+ and  Cd2+, respec-
tively. Moreover, the GO-SA represents excellent 
regeneration ability with enhancing the removal effi-
ciency over five reuse runs. In addition, the GO-SA 

composite can selectively adsorb  Pb2+ from low acid 
of pH = 1.0 in presence of  Cd2+ and  Zn2+.
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