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Abstract: The discharge of copper ion (Cu(II)) into natural waters can lead to serious environmental 
and health problems; however, an abundantly porous hierarchical adsorbent, such as faujasite 
(FAU), can rapidly remove unwanted Cu(II). In this research, a hierarchically structured, abun-
dantly mesoporous faujasite (FAU) was fabricated from industrial-waste lithium-silicon powder 
(LSP), with the addition of biochar and graphene oxide (GO) via hydrothermal synthesis without 
high-temperature calcination. The results demonstrated that just a small amount of biochar or GO 
can significantly improve the mesopore volume (0.14 cm³/g) and the Cu(II) adsorption capacity 
(115.65 mg/g) of composite FAU. In particular, careful examination of the properties of the compo-
site FAU showed that the biochar and GO had favorably affected the growth of the zeolite crystals, 
thus promoting the formation of the FAU skeleton structure, ion-exchange sites and Si-OH. The 
composite FAU exhibited superior adsorption capacities and highly effective Cu(II) selectivity. 
Thus, the findings of this study provide a novel and cost-effective avenue for the synthesis of com-
posite FAU with high copper-selective removal capacity. 
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1. Introduction 
Copper (Cu) is used widely in many diverse industries, from infrastructure, mining, 

steel production and transportation, to the manufacture of electronic equipment and var-
ious finishing processes [1,2]. The demand for and utilization of Cu has grown rapidly in 
recent decades as a result of global economic growth[1], which has significantly increased 
the amount of residual copper (mainly copper ions) being deposited in industrial 
wastewater, and thence into the natural environment. Since copper ion (Cu(II)) is a bio-
toxic heavy-metal ion, its presence in natural water can lead to serious environmental and 
health problems and it can diffuse easily from a water environment into various systems 
throughout the ecosystem, such as particulate matter in the air [3], soil [4], riverbeds [5,6] 
and marine sediments [7], resulting in widespread potential harm. Therefore, not only is 
it essential to control the Cu(II) discharge from various sources into the ecosystem, but 
the already present accumulation of Cu(II) must also be effectively removed. 

Numerous technologies are currently used to remove Cu(II) from water, including 
chemical precipitation [8–10], membrane separation [11], electrochemical means [12,13] 
and adsorption [14–16]. Compared with chemical precipitation, the adsorption method 
has a wider range of applications, does not generate secondary pollution and the adsor-
bent after adsorption can also be recycled. The adsorption method also has broader appli-
cation conditions than both the membrane-separation and electrochemical methods, 
along with high removal efficiency, low cost and large-scale suitability. The key to the 
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adsorption method is its choice of adsorbent, and therefore, the development of a low-
cost, highly efficient Cu(II) adsorbent has garnered increasing global attention. 

Zeolite is used extensively for the removal of Cu(II) from water [17–19], and hierar-
chical faujasite (FAU), a type of zeolite with a hierarchical porous structure that is both 
microporous and meso/macroporous [20], has proven to be especially effective for this 
purpose [16,17]. FAU is formed by corner-sharing a silicon/aluminum oxygen tetrahedron 
with interconnected multielement rings to form a network of cavities [17]. This highly 
porous structure features ‘supercages’ of a 1.3 nm diameter and interconnected pores of 
0.74 nm [21], which provide sufficient active sites for separation and catalytic processes. 
However, the small pore size of 1.3 nm also limits the diffusion of reactants in these zeolite 
crystals. Previous literature has proposed mechanisms for Cu(II) adsorption by FAU that 
include physical interception, ion exchange, electrostatic attraction and/or hydroxyl com-
plexation, but these have confirmed that pore diameter is an important factor affecting the 
successful removal of Cu(II) [17]. FAU with wide pores and/or a short diffusion length 
has been shown to achieve higher mass-transfer efficiency [22,23], and mesopores are con-
sidered key to the mass-transfer process [24,25]. Hence, mesopores can improve the dif-
fusion rate as well as the accessibility of micropores inside the zeolite to effectively im-
prove the Cu(II) adsorption performance of FAU [22,26]. 

Space-confined synthesis is an effective method through which to realize control of 
the structure and size of zeolites by introducing an inert matrix into different channels or 
crystal gaps that can confine the direction of crystal growth. According to previous stud-
ies, this method can effectively improve the mesoporosity of FAU, and thus promote the 
mass-transfer process within its pores [27]. Carbon has been widely used as the inert ma-
trix in this approach, and the ideal hierarchical porosity of zeolite has reportedly been 
obtained by calcinating the carbon at high temperature [26,28,29]. However, these meth-
ods require high-temperature calcination to remove the carbon in order to produce new 
pores, a requirement that not only wastes the carbon materials but also consumes energy 
and generates greenhouse gases. Therefore, the development of an environmentally 
friendly, energy efficient and simple approach to space-confined synthesis is crucial. 

In this study, we propose the use of a very small amount of biochar and graphene 
oxide (GO) to improve FAU performance through space-confinement without calcination. 
Industrial-waste lithium-silicon powder (LSP) was used as FAU raw material, which 
greatly reduced the preparation cost, and in addition, utilized a waste resource. The sur-
face chemical properties and pore structure of the biochar were modified via different 
methods, and the influence of the surface properties of both biochar and GO on FAU were 
examined. Finally, the Cu(II) adsorption performance and selective adsorption capacity 
of the composite FAU were evaluated. 

2. Materials and Methods 
2.1. Materials 

The LSP and walnut shell used in this study were obtained from China Lithium Prod-
ucts Technology Co., Ltd. (Chengdu, China) and a local market, respectively. LSP is com-
prised mainly (wt.%) of O (57.67%), Si (22.26%), Al (9.46%), Ca (3.62%), S (3.60%), Fe 
(0.67%), K (0.31%) and trace amounts (0.008–0.16%) of Na, P, Mg, Rb and Mn, among oth-
ers. Phosphoric acid (H3PO4), copper nitrate (Cu(NO3)2·3H2O), 67% nitric acid (HNO3), 
sodium hydroxide (NaOH), sodium aluminate (NaAlO2), sodium silicate 
(Na2SiO3•9H2O), sodium chloride (NaCl) and sodium acetate (CH3COONa·3H2O) were 
purchased from Chengdu Kelong Chemicals Co., Ltd. (Chengdu, China). GO was pre-
pared by Hummers’ method [30], with a surface area and average pore diameter of 7 m²/g 
and 6.44 nm, respectively. 
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2.2. Synthesis of Composite Zeolite 
Walnut shell biochar (WSB) was prepared by mixing the walnut shell powder with 

H3PO4 (weight ratio 1.94:100) via pyrolysis in a microwave oven under N2 flow at 500 W 
for 530 s. Thereafter, 10 g WSB was modified with 100 mL 67% HNO3 (H-WSB) and 200 
mL 0.5 M NaOH (N-WSB), respectively, and stirred at 353 K until dry. The H-WSB mod-
ified with NaOH according to the above method was subsequently designated as HN-
WSB. The samples were washed with deionized water until a neutral pH was reached, 
whereafter they were dried at 378 K. 

The FAU zeolite (Z) was prepared via hydrothermal synthesis, with a Si/Al ratio of 
9, according to the following processes [17]: LSP was treated with 1 mol/L HCl (H-LSP); 6 
g H-LSP and 16.07 g Na2SiO3•9H2O were mixed with NaOH solution (3g NaOH/20 mL 
deionized water). The mixture was aged for 12 h, then hydrothermally treated under 373 
K for 15 h. The samples were washed with deionized water and dried at 378 K. 

The biochar/GO composite FAU was denoted as WSB-Z/H-WSB-Z/N-WSB-Z/HN-
WSB-Z/GZ, of which WSB/H-WSB/N-WSB/HN-WSB/GO was added to the mixed solu-
tion. The HN-WSB-Z and GZ were prepared by introducing 0.05–0.5 g (2.5–25 g/L) of HN-
WSB and 0.01–0.1 g (0.5–5 g/L) of GO into the gel before hydrothermalization, whereafter 
the follow-up work was performed as per the preparation of Z to obtain xHN-WSB-Z and 
yGZ, where x and y refer to the HN-WSB and GO addition per unit volume solution. 

2.3. Physical Characterization 
N2 adsorption–desorption isotherms were collected on a surface area, whereafter po-

rosity analysis (Micromeritics ASAP 2460, Micromeritics, Georgia, USA) was performed 
at −77 K, and the specific surface area (SBET) and micropore volume (Vmic) of the samples 
were calculated via the Brunauer–Emmett–Teller (BET) and t-plot method, respectively, 
while the mesopore volume (Vmes) and mesopore-size distribution were determined via 
the BJH equation. X-ray diffraction (XRD) patterns were obtained using an Empyrean dif-
fractometer (Malvern Panalytical Ltd., Malvern, UK) with CuKɑ radiation (0.02°/s). The 
surface morphologies and elemental components were obtained via scanning electron mi-
croscopy (SEM) (JSM-7500F, JEOL, Tokyo, JPN), while Fourier-transform infrared (FTIR) 
spectroscopy was performed using an infrared spectrophotometer (Nicolet 6700, Thermo 
Fisher Scientific, Waltham, USA), and X-ray photoelectron spectroscopy (XPS) was con-
ducted on an AXIS Ultra DLD spectrometer (Kratos Analytical Ltd., Manchester, UK). 

2.4. Metal-Ion-Adsorption Experiments 
Stock solutions (1 g/L) of Cu(II), Ca(II), Mn(II), Ni(II), Co(II) and Mg(II) were pre-

pared by dissolving Cu(NO3)2·3H2O, Ca(NO3)2·4H2O, Mn(NO3)2(50 wt.% in H2O), 
Ni(NO3)2·6H2O, Co(NO3)2·6H2O and Mg(NO3)2·6H2O in deionized water. Thereafter, 
metal-ion solutions were prepared using appropriate dilutions of the stock solutions. The 
Cu(II) adsorption behaviors of the prepared samples were estimated via batch adsorption 
experiments. Each sample was poured into a 250 mL Erlenmeyer flask containing 50 mL 
Cu(II) solution (20 mg/L) and the mixture was shaken in an isothermal vibrator (298 K) 
for 180 min. This solution was then filtrated through a 0.45 μm membrane filter and meas-
ured by means of an atomic absorption spectrophotometer (AAS, AA-6880, Shimadzu 
Corporation, Kyoto, Japan). The selective adsorption experiments were carried out in 
batch single-metal solutions, Cu(II)-containing two-component metal-ion solutions and 
multicomponent metal-ion coexisting solutions, with 20 mg/L concentration of each type 
of metal ion. All adsorption experiments were carried out in triplicate. 

2.5. Reusability Experiment 
A sample (0.15 g) was added to 750 mL Cu(II) solution (10 mg/L) and the mixture 

was shaken in an isothermal vibrator (298 K) for 180 min. This solution was then filtrated 
through a 0.45 μm membrane filter, and the concentration of Cu(II) in the filtrate was 
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measured via AAS at 324.7 nm. The used sample was regenerated by being washed con-
tinuously with a saturated sodium chloride/2M sodium acetate/hot (333 K) deionized wa-
ter solution until no Cu(II) was detected in the filtrate. The sample was subsequently 
washed with deionized water and dried at 378 K before the next adsorption experiment. 

3. Results and Discussion 
3.1. Effect of Biochar and GO on Crystallization of FAU 
3.1.1. Textural Properties 

The N2 adsorption–desorption isotherms of the samples are presented in Figure 1, in 
which it can be seen that WSB and N-WSB presented type IV isotherms (IUPAC system), 
indicating the existence of mesopores (Figure 1a), further verified by pore-size distribution 
(Figure 1e). Both H-WSB and HN-WSB presented poor pore structures (Figure 1a), with 
pore volumes significantly lower than those of WSB and N-WSB (Figure 1e). The textural 
parameters of the different samples are summarized in Table 1. WSB and N-WSB showed 
high SBET (1032 and 1236 m²/g, respectively) and total pore volume (Vtot, 0.74 and 0.97 
cm³/g, respectively). In Figure 1b, it is evident that the N2 adsorption capacities of biochar 
composite FAUs were affected slightly by different biochars; however, the pore volumes, 
especially those of Vmes, were significantly increased compared with those of Z (Figure 1f). 
It should be noted that the Vmes of HN-WSB-Z prepared by HN-WSB showed the greatest 
increase (0.11 cm³/g), while the N-WSB-Z prepared by N-WSB underwent the smallest 
change (0.01 cm³/g). This indicates that the pore structure of the biochar, when added in 
small amounts, had little effect on the structure of the synthesized FAU. In Figure 1c, it is 
evident that the N2 adsorption capacities of GZ were slightly changed by the addition of 
GO. The pore volumes increased significantly (Figure 1g), with the Vtot and Vmes increasing 
0.13 cm³/g and 0.14 cm³/g (Table 1), respectively. The above results indicate that HN-WSB 
and GO can significantly improve the mesoporous ratio of composite FAU. 

 
Figure 1. The N2 adsorption–desorption isotherm of different biochars (a), different biochar compo-
site FAUs (b), GO composite FAU (c), composite FAUs after adsorbing Cu(II) (d), and the corre-
sponding pore-size distributions (e–h). 

As the diameter of copper hydration ions are greater than 0.838 nm, they can be phys-
ically trapped by an adsorbent with diameters 1.3–1.8 times larger (1.089–1.508 nm) 
[17,31]. After adsorbing Cu(II), the SBET of HN-WSB-Z-Cu(II) and GZ-Cu(II) were found 
to have decreased to 209 and 163 cm2/g, respectively, while the Vmic significantly decreased 
to 0.02 and 0.07 cm3/g, indicating the occupation of micropores by Cu(II). There was a 
slight decrease in Vmes, indicating that Cu(II) had been retained in the mesoporous 
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channels. These results are attributed to the rapid diffusion and physical capture of copper 
ions in FAU zeolite crystal cages due to the highly porous structure. 

Table 1. Textural properties of different samples. 

Samples SBET Vtot Vmic Vmes 
 m²/g cm³/g cm³/g cm³/g 

WSB 1032 0.74 0.08 0.66 
H-WSB 243 0.14 0.07 0.07 
N-WSB 1236 0.97 0.10 0.87 

HN-WSB 87 0.05 0.01 0.04 
Z 347 0.20 0.15 0.05 

WSB-Z 307 0.22 0.14 0.08 
H-WSB-Z 284 0.20 0.13 0.07 
N-WSB-Z 342 0.21 0.15 0.06 

HN-WSB-Z 278 0.28 0.12 0.16 
HN-WSB-Z-Cu(II) 69 0.17 0.02 0.15 

GZ 337 0.33 0.14 0.19 
GZ-Cu(II) 174 0.19 0.07 0.12 

SBET: BET surface area; Vtot: total pores volume; Vmic: micropore volume; Vmes: mesopore volume. 

The SEM image of HN-WSB-Z in Figure 2a shows that the zeolite particles are stacked 
together, and that the crystal gap formed some pores. Compared with Z (Figure S1), the 
crystal gap of HN-WSB-Z increased, which may be related to the fact that the addition of 
HN-WSB-Z promoted the increase in mesopores/macropores. Figure 2c shows the thin 
laminated structure of GO with slight folds. In Figure 2b,d, it is evident that the zeolite 
particles were inlaid with GO in the GZ structure, while the mapped elements (Figure 2e) 
also confirmed the compound structure of GZ. 

 
Figure 2. SEM images of HN-WSB-Z (a) and GZ (b), TEM images of GO (c) and GZ (d), and the 
element-mapping analysis of GZ (e). 
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3.1.2. XRD Analysis 
Figure 3 illustrates the XRD patterns of the different biochars, GO and composite 

FAUs. It can be seen from Figure 3a that none of the different kinds of biochar have a 
significant characteristic peak, which suggests that they are all amorphous. The GO 
showed a characteristic peak located at 9.985°, and the GO layer spacing was calculated 
via Bragg’s Law to be 8.85 Å, which is significantly larger than graphite layer spacing 
(3.370 Å, Figure S2). This indicates that the GO was highly oxidized due to the layer spac-
ing being directly proportional to its degree of oxidation [32,33]. The highly oxidized and 
large layer spacing of GO may be beneficial to the space confinement and structure induc-
tion of zeolite. 

Figure 3b shows that all the composite zeolites in this study presented similar XRD 
patterns, indicating pure FAU (JCPDS No. 38-0238) [17,34]. These results indicate that the 
purity of FAU was not affected by the involvement of biochar and GO in the crystals. 
Compared with Z, the FAU characteristic peaks of all composite FAUs were significantly 
enhanced, thus confirming that the addition of biochar and GO does, indeed, promote the 
growth of zeolite crystals. 

The main diffraction peaks of FAU at 6.176° and 26.930° correspond to the lattice 
plane (111) and (642). The crystallite dimensions (CD) of the composite FAUs with main 
lattice planes of (111) and (642) are shown in Table S1, as calculated using the Scherrer 
equation. HN-WSB-Z had the maximum CD value at the (642) lattice plane, and the CD 
value of its (111) lattice plane was slightly increased compared with that of Z, indicating 
that HN-WSB-Z growth had occurred mainly along the crystal plane perpendicular to 
(642). The CD value of GZ at the (111) lattice plane had increased, but the CD value of its 
(642) lattice plane had decreased, indicating that GZ grew mainly along the crystal plane 
perpendicular to (642). 

 
Figure 3. XRD patterns of GO and different biochars (a); GO composite FAU, different biochar com-
posite FAUs and pure FAU (Z) (b). 

3.1.3. Surface Chemistry 
The FTIR spectra of the biochar, GO and composite FAUs are summarized in Figure 

4. The FTIR spectra of pristine GO show three characteristic peaks, located at 1056 cm−1, 
1583 cm−1 and 1719 cm−1, corresponding to C-O-C stretching, O-C=O stretching and C=O 
stretching, respectively [35,36].The band at around 3400 cm−1, representing the existence 
of O-H functional groups, was observed in both the biochar and GO (for example, -OH 
and -COOH) [37], while the peak at approximately 1576 cm−1 of the biochar was attributed 
to the vibration of -C-O/C-O-C [37]. Furthermore, the observable peaks at 1707, 1527,1335 
and 1243 cm−1 were attributed to the vibration of aromatic C=O/C=O (for example, COOH) 
[37,38], -C-O/C-O-C [37], lactonic [39,40] and phenolic C-O/-COOH [41] functional 
groups, which were detected only in HN-WSB, indicating that the NaOH-HCl modifica-
tion increased the oxygen-containing functional groups on the surface of WSB. The abun-
dant oxygen-containing functional groups on the surface of GO and HN-WSB are 
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beneficial as they attract substances such as aluminosilicate and help to induce their di-
rectional growth along the surface [42,43], thereby achieving the purpose of enhanced 
mesoporosity and improved FAU performance. 

 
Figure 4. FTIR spectra of GO and different biochars (a); GO composite FAU, different biochar 
composite FAUs and pure FAU (b). 

In the FTIR spectra (Figure 4) of the composite FAUs, it is evident that the peaks at 
approximately 3472 and 1642 cm−1 corresponded to the -OH groups related to zeolitic 
structures and those of interstitial bonded water, respectively [44,45]. The band at approx-
imately 1000 cm−1 can be attributed to the antisymmetric stretching vibration of Si-O-Si 
[44], while those in the region of 420-500 cm−1 were assigned to the internal bending vi-
brations of T-O (T = Si, Al) in tetrahedra [44–46]. The intensity of the abovementioned 
peaks (Si-OH, -OH, Si-O-Si and T-O) increased significantly after the introduction of bio-
char and GO in Z, indicating that the carbon material strengthens the structure of zeolites. 
The peaks situated at 751 cm−1 are attributed to the symmetrical stretching of T-O bonds 
(T = Si or Al) [47], while the band at approximately 671 cm−1 is associated with the internal 
symmetric stretching of T-O-T (T = Al or Si) [48]. The bands between 617 and 565 cm−1 are 
related to the D6R formation of the FAU framework [49,50], and the intensity of the peak 
at 565 cm−1 was clearly enhanced in the composite zeolites. The peaks detected only in 
HN-WSB-Z and N-WSB-Z at 1478 cm−1 and 1410 cm−1 belong to the external asymmetric 
stretching of T-O-T and the ring-stretching vibration, respectively [48,51]. In particular, 
the band around 694 cm−1, which belongs to the symmetric stretching of T-O-T, was seen 
only in HN-WSB-Z [48], which indicates that the addition of HN-WSB promoted the for-
mation of the T-O-T structure. 

As can be seen from Figure S3, the peaks at approximately 3478 and 1642 cm−1 on 
HN-WSB-Z and GZ shifted to 3425 (3428) and 1640 (1639) cm−1 on HN-WSB-Z-Cu(II) and 
GZ-Cu(II), respectively, indicating that the adsorption process is related to -OH 
[17,46].After the adsorption of Cu(II) (Figure S3a), the peaks at 1410, 751 and 671 cm−1 
shifted to 1385, 758 and 685 cm−1, respectively, while the peaks at 1478 cm−1 disappeared, 
two additional peaks were detected at 725 and 685 cm−1 on HN-WSB-Z-Cu(II), and the 
peak at 565 cm−1 shifted to 590 cm−1 on GZ-Cu(II). The above changes in the peaks were all 
caused by the stretching of T-O-T [44,52], indicating that the adsorption of Cu(II) resulted 
in a slight distortion of the zeolite skeleton. This may have been due to the exchange of 
sodium ions for copper ions and/or the attraction of the silicon/aluminum-oxygen tetra-
hedral charge [17]. The T-O-T structure of the FAU was enhanced through the addition of 
carbon materials, which is beneficial to the electrostatic attraction of Cu(II). 

The binding energies and relative contents of elements in the different carbon 
material and zeolites by XPS are presented in Table 2. The surface of biochar was found 
to be composed mainly of C and O, while the Na was found only in HN-WSB and N-WSB 
(Figure S4a), possibly introduced through the NaOH modification. Na concentrations 
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were approximately 6.70% and 1.39% (Table 2) in the HN-WSB and N-WSB, respectively, 
which may be beneficial to the formation of zeolite ion-exchange sites. The survey spectra 
of Z were seen to contain peaks centered at 1072.2, 531.8, 102.2 and 74.7 eV for Na (1s), O 
(1s), Si (2p) and Al (2p), respectively (Figure S4b). These peaks observably shifted follow-
ing the introduction of biochar and GO (Table 2). The composite FAUs’ binding energy of 
O (1s), Si (2p) and C (1s) shifted to a higher energy compared with Z and the correspond-
ing carbon material, suggesting that the zeolite experienced a strong interaction with the 
C in carbon material [53,54]. In addition, the Na relative contents of the biochar composite 
FAUs elements were enhanced approximately 0.88–1.82% than that of Z, indicating that 
biochar can promote the generation of ion-exchange sites. 

Table 2. The binding energy (eV) and relative content (wt.%) of elements of different carbon mate-
rials and zeolites via XPS. 

Samples C O Si Al Na Cu 
GO (66.25%) (33.75%) - - - - 

WSB 284.5(81.13%) 533.1(18.87%) - - - - 
H-WSB 285.0(69.93%) 533.1(30.07%) - -  - 
N-WSB 284.7(86.29%) 532.9(12.32%) - - 1071.7(1.39%) - 

HN-WSB 284.9(64.51%) 532.4(28.79%) - - 1071.6(6.70%) - 
Z - 531.8(57.63%) 102.2(23.55%) 74.7(10.51%) 1072.2(8.31%) - 

WSB-Z 285.4(10.13%) 531.9(50.16%) 102.3(20.39%) 74.6(8.98%) 1072.4(10.13%) - 
H-WSB-Z 285.3(15.52%) 532.0(47.47%) 102.3(18.63%) 74.6(9.05%) 1072.3(9.33%) - 
N-WSB-Z 285.1(13.30%) 531.8(48.05%) 102.3(20.38%) 74.2(9.08%) 1072.0(9.19%) - 

HN-WSB-Z 285.1(13.37%) 531.9(45.83%) 102.3(20.76%) 74.4(10.02%) 1072.2(10.02%) - 
HN-WSB-Z-Cu(II) 285.2(14.06%) 532.3(39.13%) 102.5(20.27%) 74.9(11.20%) 1072.5(1.50%) (13.84%) 

GZ 285.1(16.46%) 531.9(50.86%) 102.2(16.74%) 74.2(8.03%) 1072.3(7.90%) - 
GZ-Cu(II) 285.4(17.56%) 532.5(42.26%) 102.7(17.03%) 75.2(10.45%) 1072.9(0.84%) (11.86%) 

As shown in Figure S5a,c, the Cu was observed and the peak areas of Na decreased 
significantly in HN-WSB-Z-Cu(II) and GZ-Cu(II), while the relative contents of the ad-
sorption Cu were 13.84% and 11.86%, and the Na were reduced approximately 8.52% and 
7.06%, respectively (Table 2), suggesting ion exchange in the Cu(II) adsorption. In the Cu 
2p spectra of HN-WSB-Z-Cu(II) and GZ-Cu(II), shown in Figure S5b,d, the peaks at 935.46 
(2p3/2) and 955.37 eV (2p1/2) are assigned to Cu(OH)2 [55], revealing the complexation of 
copper ions with -OH [17]. 

The Si 2p spectra shown in Figure S6 fitted well with three peaks, at 100.9–101.1 eV, 
102.2–102.6 eV and 103.4–103.9 eV associated to the Si-C, Si-O-Si and Si-OH, respectively 
[56–58]. Si-C relative content in the composite FAUs was significantly increased, mainly 
due to the formation of Si-C by the bonding of carbon materials and silicon oxides. This is 
indicative of direct interaction between FAU and the biochar/GO matrix. The relative con-
tent of Si-OH was also enhanced, providing the main sites for copper-ion adsorption [59], 
and the relative contents of Si-OH of composite FAUs were as follows: HN-WSB-Z 
(20.20%) > H-WSB-Z (13.88%) > GZ (13.03%) > WSB-Z (11.55%) > N-WSB-Z (9.47%) > Z 
(7.11%). 

3.2. Batch Adsorption Experiments 
Figure 5a,b show that the Cu(II) adsorption capacities of all the composite FAUs in-

creased, which may have been due to the enhanced mesopore volume, ion-exchange sites 
and Si-OH. As is evident from Table 1 and Figure 1d,h, following the adsorption of Cu(II), 
the Vmic of HN-WSB-Z and GZ decreased sharply, while the Vmes decreased slightly, indi-
cating that the enhanced mesopores, as mass transfer channel, significantly promoted the 
Cu(II) transfer process. The Cu(II) adsorption capacities were as follows: HN-WSB-Z 
(118.96 mg/g) > H-WSB-Z (108.02 mg/g) > GZ (106.70 mg/g) > WSB-Z (104.75 mg/g) > N-
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WSB-Z (95.45 mg/g) > Z (84.10 mg/g), which was the same order as that observed with the 
Si-OH relative contents. HN-WSB-Z showed the maximal Cu(II) adsorption capacity, at-
tributable to the highest relative content of Si-OH, Vmes and ion-exchange sites. 

 
Figure 5. Cu(II) adsorption capacities of biochar and GO (a), Z and composite FAUs (b), composite 
FAUs with different additive amount of HN-WSB (c) and GO (d) (conditions: T = 298 K, t = 180 min, 
C0 = 20 mg/L, dosage = 0.2 g/L). 

The Cu(II) adsorption capacities of the prepared xHN-WSB-Z and xGZ are presented 
in Figure 5c,d. When the weight ratios (x) were changed from 0 to 5 and 0 to 2.5, the ad-
sorption capacities increased obviously, from 84.10 mg/g to 118.96 mg/g and 106.70 mg/g, 
respectively; however, with the change in x from 5 to 25 and 2.5 to 5, absorption capacities 
decreased to 69.95 mg/g and 91.34 mg/g, respectively. 5HN-WSB-Z (i.e., HN-WSB-Z) and 
2.5GZ (i.e., GZ) showed the best adsorption capacities, at 118.96 mg/g and 106.70 mg/g, 
respectively. This is mainly because 5HN-WSB-Z and 2.5GZ have abundant mesopores 
(shown in Table 1 and Figure 1), which could promote the physical and chemical capture 
and transport of copper ions. 

3.3. Adsorption Isotherms and Kinetics 
3.3.1. Adsorption Isotherms 

The Langmuir and Freundlich models were applied for the nonlinear fitting of Cu(II) 
adsorption capacities to equilibrium concentrations by GZ and HN-WSB-Z (Figure 6a). 
The equation of each model is presented in Equations (1) and (2): 

Langmuir: = +  (1)

Freundlich: ln 𝑞 = ln 𝐾 + ln 𝐶  (2)

where Ce (mg/L), qe (mg/g) and qmax (mg/g) are the equilibrium Cu(II) concentration in the 
solution, the equilibrium and the maximum adsorption capacity, respectively. KL 
((mg/g)/(L/mg)1/n), KF (L/mg) and n are the Langmuir constant, and the Freundlich con-
stants are related to the adsorption capacity and adsorption intensity, respectively. 



Water 2022, 14, 2040 10 of 16 
 

 

 
Figure 6. Cu(II) adsorption isotherm fitting curves of GZ and HN-WSB-Z (a); nonlinear fitting of 
pseudo-1st-order and pseudo-2nd-order for Cu(II) adsorption by GZ and HN-WSB-Z (b). (Condi-
tions: T = 298 K, t = 180 min, C0 = 20 mg/L, dosage = 0.2 g/L). 

The fitting parameters are summarized in Table S2. The qe increased significantly with 
Ce until Ce had reached 20 mg/g, and the two models provided a good fitting for the ex-
perimental data, with correlation coefficients (R2) higher than 0.81. In contrast, the exper-
imental data for Cu(II) correlated better with the Langmuir model (Figure 6a), and the R2 
values reached 0.9889 (GZ) and 0.9927 (HN-WSB-Z). Therefore, it is evident that the ad-
sorption of Cu(II) into GZ and HN-WSB-Z adhered to the Langmuir model via mainly 
monolayer adsorption [17,60]. The maximum adsorption values for Cu(II) were 108.68 
mg/g and 115.65 mg/g by GZ with HN-WSB-Z at 298 K, which was relatively excellent 
compared to the other adsorbents (Table 3). 

Table 3. Comparison of maximum Cu(II) adsorption capacities (qmax) by various adsorbents. 

Adsorbents Temperature 
(K) 

qmax 
(mg·g−1) References 

HN-WSB-Z 298 115.65 This work 
GZ 298 108.68 This work 

NaP zeolite 298 62.30 [59] 
Commercial zeolite 298 39.15 [17] 

FAU zeolite 298 94.46 [17] 
Humic acid-immobilized surfactant-modified zeolite 298 19.80 [61] 

Modified montmorillonite 288 29.15 [62] 
Granular sludge-clay 298 2.76 [63] 

Pig bone char with amino functionalization 303 30.50 [64] 
Willow wood 298 11.30 [65] 

Willow wood biochar 298 12.20 [65] 
Cattle manure 298 21.40 [65] 

Cattle manure biochar 298 14.70 [65] 
Titanate nanocomposite 293 13.80 [66] 

3.3.2. Adsorption Kinetics 
The time-dependent Cu(II) adsorption capacities of GZ and HN-WSB-Z are plotted 

in Figure 6b. GZ and HN-WSB-Z both exhibited a rapid uptake of Cu(II) during the initial 
10 min, achieving removal rates of 56.37% and 58.46%, respectively. Subsequently, the 
adsorption rates gradually decreased and adsorption equilibrium was approached at ap-
proximately 180 min, with removal rate and the adsorption capacity reaching 89.95–
91.83% and 93.21–94.74 mg/g, respectively. 



Water 2022, 14, 2040 11 of 16 
 

 

The pseudo-first-order and pseudo-second-order kinetics models were applied for 
the adsorption data fitting of Cu(II) by GZ and HN-WSB-Z (Figure 6b). The equation of 
each model is presented in Equations (3) and (4): 

Pseudo-1st-order: ln(𝑞 − 𝑞 ) = ln 𝑞 − 𝐾 𝑡 (3)

Pseudo-2nd-order: = + 𝑡 (4)

where qt is the adsorbed amounts of Cu(II) at time t (min), while K1 (min−1) and K2 (g (mg 
min)−1) are the rate constants for the two models, respectively. 

The nonlinear fitting of pseudo-first-order and pseudo-second-order models for the 
Cu(II) adsorption process by GZ and HN-WSB-Z are illustrated in Figure 6b, and the rel-
evant parameters calculated from the models are listed in Table S2. Based on the nonlinear 
fitting curve and R2 values, the pseudo-second-order model provided a suitable descrip-
tion for the Cu(II) adsorption by GZ and HN-WSB-Z. The GZ and HN-WSB-Z theoretical 
calculation adsorption capacities (qe,cal) for Cu(II) obtained from the pseudo-second-order 
model were 95.52 mg/g and 96.50 mg/g, respectively, which are close to the experimental 
values of 93.21mg/g and 94.74 mg/g, respectively. 

3.4. Selective Adsorption Capacity 
The presence of other metal ions (such as Ca(II), Mn(II), Ni(II), Co(II) and Mg(II)), 

which are generally also present in wastewater, could potentially alter the Cu(II) removal 
efficiency of GZ and HN-WSB-Z. Therefore, the adsorption capacities of GZ and HN-
WSB-Z in single presented solutions of Cu(II), Ca(II), Mn(II), Ni(II), Co(II) and Mg(II), and 
Cu(II)-containing bimetal-ion solutions and their coexisting solutions were also investi-
gated in this study. As shown in Figure 7a,b, the adsorption capacities of GZ and HN-
WSB-Z for various metal ions were found to be in the following order: Mg(II) < Co(II) < 
Ni(II) < Ca(II), Mn(II) < Cu(II). GZ and HN-WSB-Z exhibited excellent adsorption capaci-
ties for Cu(II), which were at least 1.78 and 1.75 times that of Mn(II) and up to 3.25 and 
9.44 times that of Mg(II). 

The adsorptive selectivities of GZ and HN-WSB-Z for each metal ion from the coex-
isting solutions were evaluated by Equations (5) and (6) [67]: 𝛼 = 𝛼  ×  𝛼        𝛼 = 𝑞 𝐶𝐶 𝑞 = 𝑦 𝑥𝑥 𝑦                                                    (5)

𝑥 = 𝐶∑ 𝐶   ,   𝑥 = 𝐶∑ 𝐶     ,      𝑦 = 𝑥∑ (𝑥 𝛼 )  ,   𝑦 = 𝑥∑ (𝑥 𝛼 )  (6)

where 𝛼  is the separation factor of i with respect to ion k; q and C are the equivalent 
solid-phase and liquid-phase concentrations (mg/L) for ions i and j, respectively; x and y 
are the liquid-phase and the solid-phase equivalent fractions or mole fractions of i and j, 
respectively; i represents the counterion; and j is the presaturant ion. 

As can be seen from Figure 7c,d, GZ and HN-WSB-Z exhibited a high selectivity to-
ward Cu(II) in the Cu(II)-containing two-component metal-ion solutions of at least 1.68 
and 2.16 times that of other metal ions, some of which, such as Mg(II), were not adsorbed 
at all. In particular, GZ and HN-WSB-Z showed outstanding selectivity by adsorbing only 
Cu(II) in the multicomponent metal-ion coexisting solution, despite the existence of mul-
tiple interfering ions in the solution (Figure 7e–f), with the separation factor (Table S3) up 
to 41.44). These results suggest that biochar or GO composite FAUs offer good potential 
as a practically applicable adsorbent for Cu(II) removal. 
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Figure 7. Adsorption capacities of GZ and HN-WSB-Z on Cu(II), Ca(II), Mn(II), Ni(II), Co(II) and 
Mg(II) in single presented solution (a,b), Cu(II)-containing two-component metal-ion solution (c,d), 
multicomponent metal-ion coexisting solution (e,f). (Conditions: T = 298 K, t = 180 min, C0 = 20 mg/L, 
dosage = 0.2 g/L). 

3.5. Reusability of Composite FAU 
The reusability of the HN-WSB-Z was determined via regeneration with NaCl (satu-

rated solution), CH3COONa (2 mol/L) and H2O (333 K). The results showed that NaCl and 
CH3COONa were effective elution agents for Cu(II) desorption from HN-WSB-Z (Figure 
8). After four adsorption–desorption cycles in H2O, the removal of Cu(II) by HN-WSB-Z 
was approximately 32%, indicating that the adsorption of Cu(II) is not effective at high 
temperatures and that physical adsorption is not dominant in the process of adsorption. 
The decreased adsorption capacity of Cu(II) by HN-WSB-Z after hot-water regeneration 
was related to the incomplete elution of copper ions on the HN-WSB-Z, which is at-
tributed to the fact that a large number of copper ions occupy the active sites by forming 
stable chemical bonds with the HN-WSB-Z through ion exchange or complexation. How-
ever, after four adsorption–desorption cycles, the adsorption capacity of HN-WSB-Z regen-
erated with NaCl or CH3COONa remained as high at 94–95%. Both of the two sodium 
salts provided excellent regeneration effects on HN-WSB-Z, and their regeneration per-
formance was better than that of pure FAU [17]. The effective regeneration of HN-WSB-Z 
by sodium salts suggests that ion exchange dominates the adsorption process. The above 
results show that HN-WSB-Z has excellent regenerability and is a promising adsorbent for 
industrial applications. 
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Figure 8. Reusability of composite FAU (HN-WSB-Z) for Cu(II) removal. (Conditions: T = 298 K, t = 
180 min, C0 = 10 mg/L, dosage = 0.2 g/L). 

3.6. Mechanism of Cu(II) Removal by the Composite FAUs 
The BET results showed that composite FAUs with a highly mesoporous structure 

exhibited the physical capture of Cu(II). The FTIR analysis revealed that the Cu(II) ad-
sorption process was related to -OH, which was also confirmed by XPS, suggesting -OH 
complexation with Cu(II). Moreover, XPS results also showed ion exchange to be the main 
mechanism during the adsorption, which was also confirmed by regeneration studies. 

4. Conclusions 
This work has presented the hierarchical construction of abundantly mesoporous bi-

ochar/GO composite FAUs via a facile hydrothermal method. GO and HN-WSB were 
shown to significantly improve the mesopore volume and Cu(II) adsorption capacity of 
the FAU, and the biochar/GO obviously promoted the growth of the FAU crystal, favoring 
the formation of a T-O-T skeleton structure, ion-exchange site and Si-OH in the FAU. A 
suitable description for the Cu(II) adsorption process by HN-WSB-Z and GZ was pro-
vided by a pseudo-second-order model. The adsorptions of Cu(II) onto HN-WSB-Z and 
GZ were observed to obey the Langmuir model of mainly monolayer adsorption, with the 
maximum Cu(II) adsorption values increasing to 115.65 mg/g and 108.68 mg/g, respec-
tively. The adsorption of Cu(II) onto the composite FAUs relies on physical capture, com-
plexation and ion exchange (predominantly). The composite FAUs also showed outstand-
ing selectivity and reusability toward Cu(II), further supporting their potential as prom-
ising candidates for wastewater Cu(II) adsorption applications. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/article/10.3390/w14132040/s1, Figure S1: SEM micrograph and the EDS mapping 
analysis of HN-WSB-Z, GZ and the SEM micrograph of Z; Figure S2: XRD patterns of graphite; 
Figure S3: FTIR spectra of HN-WSB-Z and HN-WSB-Z-Cu(II) (a), GZ and GZ-Cu(II) (b); Figure S4: 
XPS wide scan spectra of GO and different biochar (a), GO composite FAU, different biochar com-
posite FAUs and pure FAU (Z) (b); Figure S5: XPS wide scan spectra of HN-WSB-Z (a) and GZ (c), 
Cu 2p spectrum of HN-WSB-Z-Cu(II) (b) and GZ-Cu(II) (d); Figure S6: Si 2p spectrum of Z (a), WSB-
Z (b), H-WSB-Z (c), N-WSB-Z (d), HN-WSB-Z (e) and GZ (f); Table S1: The crystallite dimensions of 
the main lattice planes of different composite FAUs; Table S2: Kinetics and isothermal adsorption 
fitting data of HN-WSB-Z and GZ; Table S3: 𝛼  of GZ and HN-WSB-Z on multicomponent bivalent 
metal ions. 
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