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accumulate along the ecological chain, resulting in seri-
ous threats to all species in nature, especially to human 
[2, 3]. Heavy metals pollution mainly comes up with 
industrial waste generated by battery manufacturing, 
mining, electroplating and oil refining. Therefore, to con-
trol heavy metals pollution in a real sense, the wastewater 
contaminated by heavy metal ions must be disposed of 
before discharge, meeting the government standards for 
the allowance limit [4].

Many techniques, such as adsorption [5], coagula-
tion-flocculation [6], electrochemical treatment [7] and 
chemical precipitation [8], were used to eliminate heavy 
metal ions from wastewater. Considering the efficiency 

Introduction
Nowadays, facing the worse environment condition 
caused by discharge of wastewater containing multiple 
pollutants, especially toxic heavy metals, environmental 
pollution and control has gradually become a big chal-
lenge for human [1]. The inherent non-degradable nature 
of heavy metals makes them be persistent and gradually 
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Abstract
Wastewater contaminated by heavy metal ions poses serious threats to the ecosystem, needing to be well 
disposed of. In this study, reduced graphene oxide@titanate hybrids (rGOTHs) are synthesized to efficiently 
remove heavy metals from wastewater in batch and fixed bed systems. The size of prepared rGOTHs is large as 
hundreds of microns, which is beneficial for separation and application in batch and fixed bed system. In the 
batch studies, rGOTHs exhibits the fast adsorption rate and high adsorption capacity towards heavy metals, in 
which the adsorption kinetic and isothermal are best fitted to Pseudo-second-order kinetic model and Langmuir 
model, respectively. The maximum adsorption capacities of rGOTHs for Pb(II), Cd(II) and Cu(II) are 530.5, 201 and 
130.5 mg/g at 298 K and pH 5, respectively. In addition, the exhausted adsorbent can be easily regenerated in 
alkaline hydrothermal process and the high removal efficiency is almost reserved after six cycles. Moreover, rGOTHs 
presents higher selective adsorption towards Pb(II) than other ions. Adsorption mechanisms are revealed to be ions 
exchange, electrostatic interaction, and coordination. In the fixed bed experiments, the effective treatment volume 
of rGOTHs-loaded column reaches to 2760 BV (15.45 L) for single Pb(II) polluted battery manufactory wastewater 
and 2280 BV (12.76 L) for multiple heavy metal polluted estuary effluent, before Pb(II) concentration exceeds 
the discharge limit of 1 mg/L. Our study demonstrates the great potential of rGOTHs to be applied in practical 
treatment of wastewater contaminated by heavy metal ions.
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and cost, adsorption is one of the wildly accepted tech-
niques in the laboratory and practical application [9, 10]. 
In recent years, many novel and high-efficient nanoma-
terials such as MOF, COF, mesoporous metal oxides and 
titanate have been developed to purify the wastewater 
contaminated by heavy metal ions [11–14]. However, 
those nanomaterials are portable in the environment 
and difficult to separate and reclaim, which gives rise to 
high hazard to the ecosystem [15, 16]. Moreover, nano-
sized adsorbents suffer from severe pressure drop in col-
umn processes, which hinders their practical application. 
Hence, nanomaterials are generally loaded on large scale 
supports, such as zeolite, activated carbon and alumi-
num, to enhance the reclaim ability and applicability [17, 
18]. Unfortunately, the hybrids are suffering a significant 
loss of adsorption efficiency towards target heavy met-
als due to the poor affinity of traditional porous supports 
and sever aggregation of impregnated nanoparticles 
[19]. Therefore, there is a need to devise ways of fabri-
cating novel hybrids with large size and high adsorption 
capacity.

Graphene oxide (GO) is an attractive nanomaterial to 
fabricate hybrids for pollutants elimination due to their 
fascinating features, such as thin 2D plane structure, 
light weight, large specific surface area and abundant 
oxygenated function groups [20]. In recent years, GO-
based hybrids are proved to be excellent adsorbents for 
the three main reason [21]: (I) The utilization of GO 
nanosheets as support templates to carry nanoparticles 
can reduce their serious aggregation, promoting the 
proper distribution of active functional sites [22, 23]; (II) 
GO nanosheets can be used as building block to form 3D 
composites with massive morphology, which is beneficial 
for reclaim from water and application in fix bed [24]; 
(III) GO nanosheets themselves show high affinity to 
many pollutants [25]. For example, SiO2/graphene com-
posite was prepared and exhibited maximum adsorption 
capacity as 113.6 mg/g towards Pb(II) [26]; Huang et al. 
feasibly prepared Magnetic graphene oxide/MgAl-LDH 
and the optimal removal capacity towards Pb(II), Cd(II) 
and Cu(II) reached 192.3, 45.05 and 23.04 mg/g respec-
tively [27]; Lellala et al. fabricated Fe3O4-N-doped GO 
composites by sol-gel assisted microwave method and 
this novel adsorbent can remove Pb(II), Cd(II), Cu(II), 
Zn(II) and Ni(II) with adsorption capacities of 190, 67, 
95, 100 and 85  mg/g respectively, under optimal condi-
tion [28]. However, the adsorption capacity of those GO-
based hybrids is still lower than expected. The adsorption 
efficiency of GO-based hybrid towards heavy metal 
needs to be put forwards by designing novel composites.

Titanates nanomaterials are well known as nano-
adsorbent with high performance in eliminating the 
heavy metals from wastewater due to their excellent 
ion-exchange capacity, large specific surface area and 

abundant -OH group [29–31]. However, few works focus 
on fabrication novel GO-titanate hybrids for high-effi-
ciency adsorption of heavy metals from wastewater in 
batch and fixed bed systems [32]. Herein, novel reduced 
graphene oxide@titanate hybrids (rGOTHs) were fabri-
cated through two step procedures and performed well 
in removing heavy metals from wastewater in both batch 
and fixed bed systems. The objectives of this research 
were: (I) to adequately characterize the microstructure of 
rGOTHs with advanced techniques; (II) to systematically 
investigate the adsorption behaviors of rGOTHs towards 
heavy metals; (III) to reveal the adsorption mechanism 
of rGOTHs towards heavy metals by spectroscopy anal-
yses. This novelty of this study lies in development of 
the novel rGOTHs with high performance, which could 
feasible elimination of heavy metal from wastewater in 
both batch and fixed bed systems. With proper synthesis 
protocol, GO nanosheet and titanate nanosheets formed 
into novel 3D hybrid, not only retaining the high adsorp-
tion capacity towards heavy metal, but also enhancing 
the applicability through macro-sized morphology.

Materials and methods
Materials, reagents, and characterization
The details of materials and chemical reagents were 
presented in supplementary information. All chemical 
reagents were of analytical grade and with no further 
purification. The details of characterization, including 
scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), X-ray diffraction (XRD), X-ray 
photoelectron spectroscopy (XPS), Fourier transform 
infrared spectroscopy (FTIR) and thermogravimet-
ric analysis (TGA) were illustrated in supplementary 
information.

Synthesis of reduced graphene oxide@titanate hybrids 
(rGOTHs)
Firstly, the graphene oxide (GO) solution was prepared 
by a modified Hummer’s method. The prepared GO were 
thoroughly washed with water and ethanol, then re-dis-
persed into solution of 400 mL ethanol and 5 mL H2O 
(containing 250 mg GO and 0.3 g of Hydroxypropyl cel-
lulose). Afterwards, 15 mL of tetrabutyl titanate (TBOT) 
were dissolved into 50 mL of ethanol, then added drop-
wise into the GO suspension. The temperature of sus-
pension was heated to 80 °C and maintained for 100 min, 
during which TBOT was hydrolyzed to Ti(OH)x and 
coated on GO nanosheets. The precipitates were col-
lected by centrifugal separation with 320 mL of ethanol 
and 320 mL of water three times, respectively. The col-
lected precipitates were dispersed in 30 mL NaOH solu-
tion (1 M), then stirred for 30 min and transferred into 
50-mL autoclave (containing 0.8  g dry mass of precipi-
tates). Then, the autoclave was sealed and heated at 160 
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℃ for 6 h. After cooling to room temperature, the prod-
ucts were rinsed with 320 mL of water and 320 mL of 
ethanol three times, respectively. The final products were 
obtained by lyophilization of dispersing solution (100 
mL), denoted as rGOTHs15. In comparison, 5 mL or 10 
mL of TBOT were dissolved into 50 mL of ethanol, then 
added dropwise into the GO suspension. Afterwards the 
subsequent synthesis followed the procedure of rGO-
THs15, the obtained products were denoted as rGOTHs5 
and rGOTHs10, respectively.

Batch adsorption experiments
The batch adsorption experiments were conducted to 
investigate adsorption behaviors of Pb(II), Cd(II) and 
Cu(II) onto rGOTHs using a constant temperature incu-
bator (130  rpm, 25  °C) with 50 mL conical flasks. The 
detailed batch adsorption experiment conditions were 
presented in supplementary information.

Fixed bed adsorption experiments
Fixed bed column packed with rGOTHs (2  g placed in 
one column) was utilized to dynamiclly process artificial 
battery wastewater containing Pb(II) (30.548 mg/L), Na+ 
(16.67  mg/L), K+ (6.511  mg/L), Ca2+ (68.2  mg/L), Mg2+ 
(12.265 mg/L) and estuary effluent from industries areas 
containing Pb(II) (29.33 mg/L), Cd(II) (7.42 mg/L), Cu(II) 
(21.3 mg/L), Zn(II) (25.6 mg/L), Na+ (296.2 mg/L), Ca2+ 
(64.21  mg/L), Mg2+ (39.13  mg/L), separately. The pH of 
two synthetic wastewater was adjusted to 5.0 prior to 

application. The residual concentrations of heavy metals 
were measured by ICP-OES (ICP-5000, Focused Photon-
ics, Inc., China).

Results and discussions
Characterization of rGOTHs composites
The prepared GO nanosheets possessed ultrathin and 
wrinkled 2D structure (Fig. S1) and were applied as sup-
ported template for synthesizing rGO@titanate hybrids 
(rGOTHs). The SEM images (Fig.  1a-c) showed that all 
rGOTHs are three-dimensional sheet-stacked compos-
ites with large size of hundreds of microns. According 
to the XRD patterns (Fig. 1d), characteristic peaks of all 
rGOTHs clearly occurred at 2θ = 9.2°, 24.6°, 26.7° and 
47.5°, which can be assigned to (001), (201), (003), (020) 
respectively of sodium trititanate (NaxH2-xTi3O7·H2O) 
[33, 34]. In comparison, the characteristic peak at 11.37° 
for (002) graphene oxide was decreased, indicating 
the reduction of graphene oxide [35]. As shown in Fig. 
S2, comparing with GO, the FTIR spectrum of rGO-
THs appended two new adsorption bands at 887 and 
454  cm-1, corresponding to Ti-O stretching vibration 
and [TiO6] octahedron vibration of titanate materials 
[17], while disappeared adsorption bands at 1732  cm-1, 
and inherited attenuate adsorption bands between 1638 
and 1000 cm-1. Those changes indicated the combination 
of GO and titanate, and the existence of oxygenic func-
tional group on the surface of GOTNs [36]. From TGA 
curves (Fig.  1e), as GO can be thoroughly removed in 

Fig. 1  SEM image of (a) rGOTHs15, (b) rGOTHs10 and (c) rGOTHs5; (d) XRD patterns, (e) TGA curves and (f) Pb(II), Cd(II), Cu(II) adsorption capacities of all 
rGOTHs
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the thermal process above 500 °C, the content of titanate 
in rGOTNs5, rGOTNs10 and rGOTNs15 were deter-
mined to be 55.5%, 65.9% and 73.3%, respectively. With 
the increase of titanate content, rGOTHs showed bet-
ter adsorption capacity. As shown in Fig. 1f, the adsorp-
tion capacity of rGOTHs15 is 460.1  mg/g, 196.5  mg/g 
and 91.2 mg/g for Pb(II), Cd(II) and Cu(II) respectively, 
which are better than rGOTHs5 (increased 22.9%, 16.7% 
and 12.3%) and rGOTHs10 (increased 8%, 4.8% and 1%). 
Considering the adsorption capacity of each rGOTHs 
composite, rGOTHs15 is chosen to be the best adsorbent 
for adsorption of heavy metal ions.

The elemental mapping images and EDX from SEM 
(Fig. S3) suggested the existence and homogenous distri-
bution of C, O, Na and Ti elements in rGOTHs15. The 
fitting analysis based on BET revealed the specific surface 
area, total pore volume and pore diameter of rGOTHs15 
are 10.6 m2 g-1, 0.013 cm3 g-2 and 3.6  nm, respectively 
(Fig. S4). The combination between rGO and tita-
nate is further proved by TEM (Fig. S5), where titanate 
nanosheets (distinctive lattice distance of 0.79 nm) with 
few layers (4–10) are supported on rGO. Furthermore, 

rGOTHs15 can easily be quickly separated from aqueous 
solution by sedimentation, owing to intrinsic large parti-
cle size (Fig. S6). Considering the high adsorption capac-
ity and easy separation, the potential of rGOTHs15 in 
treatment of heavy metal contaminated wastewater was 
promising.

Adsorption kinetics and isotherms
The adsorption kinetics experiments of Pb(II), Cd(II) 
and Cu(II) on rGOTHs15 were carried out and investi-
gated by pseudo-first order model and pseudo-second 
order model. The results are shown in Fig. 2; Table 1. The 
adsorption behaviors of Pb(II), Cd(II) and Cu(II) on rGO-
THs15 shows similar tendency as their adsorption rate is 
rapid in the first 30 min and slowing down beyond 30 min 
(Fig. 2a). The pseudo-second order model (Fig. 2b) shows 
better correlation coefficients than the pseudo-first order 
model (Fig. S7), indicating chemisorption and surface 
complexation might be the rate limiting step for Pb(II), 
Cd(II) and Cu(II) adsorption on rGOTHs15.

Figure  3 presents the adsorption isotherms of Pb(II), 
Cd(II) and Cu(II) on rGOTHs15. With the initial heavy 
metal concentrations increasing, the adsorption capac-
ity of rGOTHs15 towards Pb(II), Cd(II) and Cu(II) is 
increased until saturated. The L-type isotherms with sat-
urated adsorption capacity implies the adsorption sites 
on rGOTHs15 are limited and the adsorption behavior 
aligns well with the Langmuir model, which describes 
adsorption as a monolayer coverage on a homogeneous 
surface. Moreover, according to the detail parameters 
given in Table 2, the Langmuir model fits better with the 
adsorption isotherm data for Pb(II), Cd(II) and Cu(II) 
on rGOTHs15 than Freundlich model, suggesting that 
the adsorption process was predominant monolayer. 
Herein, the monolayer adsorption model is favored for 

Table 1  Kinetic parameters for the adsorption of Pb(II), Cd(II) and 
Cu(II) by rGOTHs15 at 298 K
Kinetic models Parameters Pb(II) Cd(II) Cu(II)
Pseudo-first-order kinetic 
model

k1 (h-1) 1.186 1.072 1.080
qe, cal

a (mg/g) 67.1 63.5 42.5
R2 0.8856 0.9094 0.8521

Pseudo-second-order kinetic 
model

k2 (g/(mg·h)) 0.0412 0.0622 0.0571
qe, cal (mg/g) 155.7 131.6 96.8
R2 0.9991 0.9990 0.9988
qe, exp

b(mg/g) 148.4 132.8 91.9
a Model simulated equilibrium capacity of Pb(II), Cd(II) and Cu(II)
b Experimental equilibrium uptake of Pb(II), Cd(II) and Cu(II)

Fig. 2  (a) Adsorption kinetics for adsorption of Pb(II), Cd(II) and Cu(II) on rGOTHs15 in batch experiments and (b) the linear pseudo-second model fitting
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rGOTHs15, which is coincidence with many rGO-based 
and titanate-based adsorbents [37–39]. The calculated 
maximum adsorption capacity of rGOTHs15 at 298  K 
are 530.5, 201, 130.5 mg/g (2.56, 1.79, 2.03 mmol/g) for 
Pb(II), Cd(II) and Cu(II), respectively. The larger adsorp-
tion capacity of rGOTHs15 for Pb(II) than Cd(II) and 
Cu(II) in the same conditions indicated the higher affinity 
for Pb(II).

The adsorption capacities of as-prepared rGOTHs15 
for Pb(II), Cd(II) and Cu(II) are similar to that of titanate 
nanomaterials (Table S1). When compared with vari-
ous graphene oxide-based adsorbents cited in Table  3, 
the as-prepared rGOTHs15 is more effective, which 
demonstrates its potential in eliminating heavy met-
als from wastewater. The high loading mass of titanate 
and outstanding cation-exchanging ability guarantee the 
superior performance of rGOTHs than the specific alter-
natives like GO-zirconium phosphate or Fe3S4/rGO.

Effects of pH and coexisting ions
Generally, the environmental conditions, such as pH, 
greatly affect the adsorption performance of adsorbents 
to remove heavy metals. In a solution with different pH, 
both the species of heavy metals and the properties of 
adsorbents (especially surface charge) can be affected. 
The pH of heavy metals solution was controlled from 2 to 
6 to conduct the adsorption experiments of rGOTHs15. 
As shown in Fig.  4a, the removal ratio of three heavy 
metals increase with an increasing pH and reached maxi-
mum at pH 5 (98.7%, 87.0% and 64.96% for Pb(II), Cd(II) 
and Cu(II), respectively). When pH at 6, the adsorption 
capacities of rGOTHs toward Pb(II), Cd(II) and Cu(II) 
are similar to that of pH at 5. When the solution pH is 
2, rGOTHs15 shows extremely low sorption ratio for 
Cd(II) and Cu(II), while attaining only 40.4% for Pb(II). 
The increasing H+ could compete the active sites on 
rGOTHs with Pb(II), Cd(II) and Cu(II). However, rGO-
THs still have a higher capability to remove Pb(II) in rela-
tively strong acid condition. The results also indicate that 
extremely strong acid treatment could be applied to elute 
rGOTHs15 after adsorption.

Common cations and natural organic matters such 
as Na+, K+, Ca2+, Mg2+, Cl-, SO4

2- and humic acid (HA) 
always exist in the aquatic systems, so investigating the 
influence of coexisting ions and HA on adsorption abil-
ity of rGOTHs15 towards Pb(II), Cd(II) and Cu(II) was 

Table 2  Isothermal parameters for the adsorption of Pb(II), Cd(II) 
and Cu(II) by rGOTHs15 at 298 K
Isotherm models Parameters Pb(II) Cd(II) Cu(II)
Langmuir qmax (mg/g) 530.5 201.0 130.9

KL(L/mg) 0.155 0.690 0.437
R2 0.997 0.998 0.989

Freundlich KF ((mg/g)·(L/mg)1/n) 111.6 114.3 66.0
n 3.305 6.998 5.662
R2 0.996 0.799 0.826

Table 3  The adsorption capacities of Pb(II), Cd(II) and Cu(II) on recently reported graphene oxide-based adsorbents
Sorbents Conditions Maximum sorption capacities (mg/g) References

pH Temperature Pb Cd Cu
Fe3O4/SiO2-GO 6 45 °C 385.1 128.2 [22]
SiO2/graphene 6 25 °C 113.6 [26]
3D GO/TiO2 5.2 25 °C 199.2 [40]
SH-graphene bio-spongea 5.3 21 °C 101 103 [41]
SA-PAM/GO hydrogel 5.3 21 °C 240.7 68.7 [42]
GO/MgAl-LDH/Fe3O4 5–6 25 °C 192.3 23 45.1 [27]
Fe3O4/NGOb 6 25 °C 190 67 95 [28]
rGO-PDTC/Fe3O4

c 6 25 °C 147.1 116.3 113.6 [43]
Fe3S4/rGO 6 25 °C 285.7 [44]
GO-zirconium phosphate 6 25 °C 363.4 232.2 328.56 [45]
rGO@Titanate hybrids 5 25 °C 530.5 201.0 130.5 This study
a Containing Alginate/rGO/Fe3O4 composite; b NGO: N-doped graphene oxide; c PDTC: polydithiocarbamate

Fig. 3  Adsorption equilibrium isotherm for adsorption of Pb(II), Cd(II) and 
Cu(II) on rGOTHs15, and the fitting by Langmuir and Freundlich model
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performed. Figure  4b-d demonstrates that coexisting 
Na+, K+, Ca2+, Mg2+ have limited impact on adsorp-
tion ability of rGOTHs15 towards Pb(II). Compared to 
monovalent Na+, K+, the divalent Ca2+, Mg2+ influences 
significantly on the removal capacity of rGOTHs15 
towards Cd(II) and Cu(II), due to the stronger competi-
tion of divalent ions on active adsorption sites. Moreover, 
increasing concentration of coexisting ions would also 
decrease the adsorption capacity of rGOTHs15 towards 
Cd(II) and Cu(II). Fig. S8a-b exhibites the effect of Cl-, 
SO4

2- and HA on adsorption process. Cl- and SO4
2- have 

little effect on adsorption capacity of rGOTHs15 towards 
Cd(II) and Cu(II). HA promotes the adsorption capacity 
of rGOTHs15 towards Pb(II), Cd(II) and Cu(II), while the 
positive effect is more obvious when the concentration 
is 1 mg C/L than 10 mg C/L. It can be assumed that the 
formation of HA-Metal complex on the surface of rGO-
THs promote the adsorption in the lower concentration 
of HA, but high concentration of HA may result in the 
instability of HA–Metal colloid molecular [46].

Recycling performance
The recycling ability is critical to evaluate the applicabil-
ity of adsorbents. In this study, 0.1 M HCl was applied to 
elute rGOTHs15 loaded with Pb(II), Cd(II) and Cu(II). 
Since Na+ in rGOTHs15 is consumed by ions exchange 
during the adsorption process, regeneration was con-
ducted in 1 M NaOH hydrothermal treatment. As shown 
in Fig. 5, the sorption ratio of Pb(II), Cd(II) and Cu(II) are 
94.0%, 80.7% and 65.5%, respectively, after six cycles. The 
excellent recycling ability proved that rGOTHs15 can be 
applied in sewage treatment.

Effect of initial concentration and dosage on competitive 
adsorption
The mixed heavy metals solution (Pb(II), Cd(II), Cu(II), 
Zn(II) and Ni(II)) with same initial concentration (30–
200  mg/L) was prepared to evaluate the performance 
of rGOTHs15 in competitive adsorption. As shown in 
Fig.  6a, with increasing ions concentration, rGOTHs15 
possesses enhanced adsorption capacity towards Pb(II), 

Fig. 4  Effect of pH (a) and coexisting ions on adsorption ability of rGOTHs15 towards (b) Pb(II), (c) Cd(II) and (d) Cu(II)
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while a declines was observed towards the other four 
heavy metal ions. As shown in Table  4, comparing the 
distribution ratio of specific heavy metal ions (DM(II)), the 
affinity of the heavy metals on rGOTHs15 was in the fol-
lowing order Pb(II) > > Cd(II) ≈ Cu(II) > Zn(II) > > Ni(II). 
The affinity order may be ascribed to the differences in 
ionic radius and hydration energy. Metal ions with lower 
hydration energy have smaller hydrated ionic radius 
and are more likely to depolarize both from the hydra-
tion shell of metal ions and the sorbent surface [47, 48]. 
Furthermore, the selectivity coefficients βPb(II)/M(II) at all 
initial concentrations are markedly greater than 1 and 
exhibit a rapid escalation with an increase in initial con-
centration, indicating a pronounced preference of rGO-
THs15 for Pb(II) in solutions containing multiple metals 
[49].

A certain mass of rGOTHs15 cannot remove all heavy 
metals to reach the strict standard of discharge limit, so 

Table 4  Competitive adsorption of Pb(II), Cd(II), Cu(II), Zn(II), and Ni(II) on rGOTHs15 with different initial concentration and adsorbent 
concentration
Dos-age (g/L) Heavy metal ions 30 mg/L 50 mg/L 100 mg/L 150 mg/L 200 mg/L

D β D β D β D β D β
0.333 Pb(II) 83.09 - 42.68 - 10.18 - 5.855 - 8.692 -

Cd(II) 1.743 47.67 0.679 62.88 0.122 82.74 0.04 145.9 0.017 507.1
Cu(II) 1.306 63.63 0.638 66.91 0.225 45.26 0.036 162.8 0.032 273.9
Zn(II) 1.232 67.46 0.487 87.66 0.074 137.5 0.027 217.3 0.010 806.6
Ni(II) 0.525 158.3 0.172 247.7 0.029 345.4 0.008 698.8 0.0015 5576

C0 (mg/L) 1 g/L 2 g/L 3 g/L 4 g/L 5 g/L
D β D β D β D β D β

30 Pb(II) 109.4 - 78.75 - 217.4 - 247.4 - 269.5 -
Cd(II) 6.319 17.31 47.11 1.672 99.99 2.175 171.8 1.439 149.7 1.800
Cu(II) 4.472 24.45 40.81 1.930 100.6 2.162 148.5 1.665 133.8 2.015
Zn(II) 3.918 27.91 40.29 1.954 54.84 3.965 166.7 1.483 109.4 2.462
Ni(II) 1.747 62.61 13.73 5.735 20.98 10.36 65.63 3.768 55.92 4.818

Fig. 6  (a) Effect of initial concentration and (b) dosage on competitive adsorption of Pb(II), Cd(II), Cu(II), Zn(II) and Ni(II) by rGOTHs15

 

Fig. 5  Recycling performance of adsorption of Pb(II), Cd(II) and Cu(II) by 
rGOTHs15
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different dosages of rGOTHs15 were applied to dispose 
of Pb(II), Cd(II), Cu(II), Zn(II) and Ni(II) mixed solu-
tion with initial concentration of 30  mg/L. The residual 
heavy metals were measured and shown in Fig. 6b. When 
3 g/L dosage was applied, the residual concentrations of 
the five heavy metals can meet the minimum standard set 
by the World Health Organization (WHO) and Environ-
mental Protection Agency (EPA) [50]. With increasing 
dosage in a multi-metal solution, the distribution ratio 
DM(II) of five heavy metal ions were increasing (Table 4), 
indicating the potential of rGOTHs15 in simultaneously 
removing multiple heavy metal ions. In the multi-metal 
system, rGOTHs15 adsorbed Pb(II) as the first priority 
followed by the other heavy metals.

Adsorption mechanism
FTIR and XPS were conducted to explain the interac-
tion mechanism between rGOTHs15 and heavy met-
als. From Fig. 7a, FTIR spectrum of rGOTHs15 shows a 
clear peak at 887  cm-1, which represents the four-coor-
dinated Ti-O stretching vibration with Na+ coordinated 
to the non-bridging oxygen atom structure (-TiO(ONa)2) 
[51]. The disappearance of this peak after Pb(II), Cd(II) 
and Cu(II) indicates that the interlayer structure of rGO-
THs15 is changed, implying that ions exchange between 
Na+ in rGOTHs15 and heavy metal ions has occurred in 
aqueous solution. Further characterization by XPS con-
firms the ion exchange process (Fig.  7b), where the Na 
1s peak of rGOTHs disappears and corresponding Pb 4f, 
Cd 3d and Cu 2p peaks appear after adsorption of Pb(II), 
Cd(II) and Cu(II). Apart from ion exchange, the oxygen-
containing groups of rGOTHs15 play an important role 

Fig. 7  (a) FTIR spectra, (b) XPS survey and (c) high resolution spectra of O 1s of Pb(II), Cd(II), Cu(II)-sorbed and raw rGOTHs15
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in the adsorption process. As the high-resolution scans 
for O 1s (Fig. 7c), for rGOTHs15, the peaks at 531.5 eV, 
529.8  eV, 532.7  eV and 533.3  eV can be assigned to the 
lattice oxygen Ti(IV)-O, Ti(III)-O, surface Ti-OH and 
C-O associated with GO, respectively [32, 52]. The three 
peaks associated with Ti-O show a significant transfor-
mation, suggesting the existence of electrostatic adsorp-
tion towards heavy metals with electrons donated by 
oxygen atoms. Notably, the shift of above peaks are more 
prominant after Pb(II) adsorption (moved to 529.0  eV, 
530.8  eV and 532.3  eV). The results suggest that rGO-
THs15 possessed the stronger interaction to Pb(II) than 
Cd(II) and Cu(II). The binding energy of C-O (533.3 eV) 
is slightly increased to 534.1  eV, 534.1  eV and 533.8  eV 
after adsorption of Pb(II), Cd(II) and Cu(II) respectively, 
indicating that the oxygen-contain groups from rGO 
components contribute to the removal of heavy metals by 
coordination.

Treatment of simulated actual battery and estuary 
wastewater
Dynamic adsorption treatment to two simulated actual 
wastewater from Wuhan Intepower Co. Ltd, China [53] 
and Cochin estuary, Kerala state, India [54] were con-
ducted with rGOTHs15-packed fixed bed column (2  g 
placed in one column). The heavy metals concentrations 
are given in Sect. 2.4. The column is 12 mm in diameter 
and 100 mm in length with quartz wool plugging in the 
end. The effective bed volume was calculated to be 5.6 
mL. The empty bed contact time (EBCT) was main-
tained at 4 min (flow rate of 1.4 mL/min) by a peristal-
tic pump. The flow rate, empty bed contact time (EBCT), 
and bed volume for the fixed-bed column experiments 
were selected based on practical relevance, adsorption 

kinetics, and scalability considerations. The chosen val-
ues align with those reported in previous studies [18].

As shown in Fig.  8a, for single Pb(II) polluted battery 
manufactory wastewater, the effective treatment volume 
are 2520 BV (14.11  L) and 2760 BV (15.45  L) for Pb(II) 
under the discharge limit of 0.1 mg/L and 1 mg/L, while 
the corresponding breakthrough capacity was 215.5 mg/g 
and 236.1  mg/g, respectively. For multiple heavy metal 
polluted estuary effluent (Pb(II), Cd(II), Cu(II), Zn(II)), 
rGOTHs15-packed column exhibits selective adsorp-
tion towards Pb(II) among other coexisting metal ions, 
with effective treatment reaching 1980 BV (11.08  L) 
and 2280 BV (12.76  L) for Pb(II) under the discharge 
limit of 0.1  mg/L and 1  mg/L, while the corresponding 
breakthrough capacity were 162.6 mg/g and 187.2 mg/g, 
respectively (Fig.  8b). Under the discharge limit, the 
effective treatment volume are 420 BV (2.35 L) for Cd(II), 
360 BV (2.01  L) for Cu(II), 360 BV (2.01  L) for Zn(II), 
respectively. rGOTHs15 possesses more superior per-
formance in column dynamic adsorption treatment than 
traditional activated carbon adsorbent, showing great 
potential in its practical application.

In the fixed bed system, our rGOTHs-packed column 
can endure high flow rates, pressure drops and prolonged 
exposure to harsh chemical environments. As shown in 
Fig. S9, the exhausted rGOTHs-packed column exhibits 
no obvious structure damage and the microstructure of 
rGOTHs also shows no change, implying the excellent 
mechanical stability of rGOTHs in the fixed bed system. 
However, when scaling up to commercial applications, 
the scalability of rGOTHs preparation should be taken 
into consideration.

Fig. 8  Breakthrough curves of heavy metals removal by rGOTHs15-packed column process: (a) removal of Pb(II) from simulated battery wastewater, (b) 
removal of Pb(II), Cd(II), Cu(II) and Zn(II) from simulated industrial area estuary wastewater
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Conclusions
In this study, rGO@titanate hybrids were synthesized by 
alkaline hydrothermal process of graphene oxide sup-
ported Ti(OH)x. The prepared rGOTHs could be feasibly 
separated after adsorption by precipitation and suitable 
for batch and fixed bed adsorption, owing to the large 
size as hundreds of microns. More importantly, rGOTHs 
nanocomposites presented fast adsorption rate and high 
adsorption capacity towards heavy metals from wastewa-
ter. The removal efficiency could be almost reserved even 
after six cycles. FTIR and XPS studies proved that ion 
exchange, electrostatic interaction and coordination were 
the main adsorption mechanism for the adsorption of 
heavy metals. rGOTHs presented high selective adsorp-
tion towards Pb(II) than other ions. In summary, rGO-
THs possessed high efficiency, excellent recyclability and 
feasibility of fixed bed process in removing heavy metals 
demonstrating great potential for practical application 
in wastewater treatment. However, lack of real heavy 
metals-contaminated wastewater samples and parameter 
optimization such as flow rate, empty bed contact time 
(EBCT), and bed volume in fixed-bed column, hinder the 
commercial application of rGOTHs at present. This will 
be further studied in our future work.
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