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Poplar pretreated by steam explosion was used as an adsorbent to 
simulate the adsorption process of nickel ion in wastewater. The result of 
kinetics suggested that the pseudo-second-order model was well suited to 
describing the adsorption of nickel ion. Through controlled adsorption, 
steam-exploded poplar was recycled after Ni2+ adsorption and then 
reduced to carbon-supported nickel catalyst (NiC700). Spectrum analyses 
of Fourier transform infrared spectrometry (FTIR), X-ray diffractometry 
(XRD), X-ray photoelectron spectrometry (XPS), Brunauer Emmett-Teller 
(BET) surface area, and electrochemical tests were applied to study the 
properties of the NiC700 relative to the control carbonized materials 
having no Ni (C700). The FTIR analysis revealed that there were chemical 
interactions and ion changes between OH, C–H, C=O, and heavy metal 
ions in the bio-adsorption process of nickel. The surface area of NiC700 
was 1480 m2/g. The presence of Ni nanoparticles in NiC700 after reduction 
was confirmed by the XRD and XPS analyses. Electrochemical 
impedance spectroscopy (EIS), photocurrent (IT), and Mott Schottky curve 
results revealed that the conduction band potential of NiC700 (ECB, NiC700) 
was -0.10 eV vs. RHE (reversible hydrogen electrode) as an n-type 
semiconductor, and the Ni-doped carbon fiber exhibited certain 
electrophotocatalytic activity due to the nickel modification.  
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INTRODUCTION 
 

Because nickel is a hard, heavy metal with good corrosion resistance, nickel or its 

alloys are widely used in the electroplating industry. High amounts of nickel electroplating 

wastewater and nickel-containing wastewater are produced every year (Sulaiman and 

Othman 2017; Su et al. 2020). Relatively modest concentrations of Ni in water (> 10 µg/L) 

have toxic effects on human health. Because it is environmentally friendly, has a low cost, 

consists of a simple process, and has a good treatment effect, the adsorption method stands 

out from traditional treatments. 

Agricultural and forestry waste is a large green biomass resource that produces 

approximately 700 million tons of crop straw every year in China, 70% of which is rice 

straw, wheat straw, and corn straw. The need for a method to create new high value-added 

products has become particularly urgent. Bio-based products are green and environment-

friendly. In spite of the amount of energy consumed in the preparation of bio-based 

materials, bio-based materials are more in line with the requirements of sustainable 

development and environmental protection than petroleum-based materials. Many 

bioadsorbents have been employed to control heavy metal ions. Many studies have found 

that the structure of biomass and the pretreatment process have a great impact on the 

physical and chemical properties of carbon materials (Woolf et al. 2010; Qian et al. 2015). 
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Steam explosion is an alternative pretreatment technology in the field of biomass 

conversion. Conducted under high temperature and high pressure, the hydrogen bond 

inside the cellulose is broken and new hydroxyl groups are released, which results in the 

increase of the specific surface area of cellulose and the adsorption capacity of the 

explosive products (Ballesteros et al. 2002; Panda et al. 2007; Darmawan et al. 2016). In 

this way, the solvent molecules can easily enter into the fiber structure, and the infiltrated 

solvent can fully contact with cellulose, which promotes the adsorption capability of 

catalyst and the conversion of carbon materials.  

Nickel-supported catalysts can be used as key materials in many fields (Liu et al. 

2018; Li et al. 2019). As the demand for clean and renewable fuels continues to increase, 

the importance of bio-oil hydrofining has become more prominent. A nickel-supported 

catalyst composed of rice husk activated carbon and nickel can be used to catalyze the 

hydrodeoxidation of vanillin to 4-methylguaiacol. Ni, Fe, and other metals can be used as 

catalysts for the graphitization of carbon materials, which can reduce the graphitization 

temperature of carbon materials (Li et al. 2011; Liu et al. 2015). The concept of 

intermetallic compound provides a research direction for carbon materials doped with 

polymetallic particles (Gong et al. 2020). In recent years, heteromaterials bonded by 

transition metals and carbon have shown high ability to OER (Song et al. 2020). Nickel 

catalyst supported on activated carbon has better desulfurization performance at low 

temperature than those of original activated carbon samples and metal carrier system 

(Selvavathi et al. 2008). Similarly, the preparation of Ni-based metal catalysts supported 

on non-noble metals is a feasible route for ethanol fuel cells (Shi et al. 2016).  

Exploring the appropriate size of adsorption materials that are easily separated, can 

effectively adsorb heavy metal ions, and can proceed to the next step to realize the high 

value application of heavy metals and adsorption materials is the goal of several researchers 

or enterprises. In this study, steam-exploded poplar wood was used as an adsorbent for the 

removal of nickel ions in aqueous solution. The mechanism of adsorbing the catalyst (Ni) 

for steam-exploded materials was considered via the adsorption kinetic model (Azizian 

2004; Berber-Mendoza et al. 2018; Khulbe and Matsuura 2018). Structural features of 

NiC700 and C700 were characterized and extensively compared by spectroscopic analyses, 

which included Fourier transform infrared spectrometry (FTIR), X-ray diffractometry 

(XRD), X-ray photoelectron spectrometry (XPS), Brunauer Emmett-Teller (BET) surface 

area analysis, and electrochemical tests. In addition, steam-exploded poplar wood can be 

used as a biofunctional material that is an excellent adsorbent and a good catalyst carrier. 

 

 

EXPERIMENTAL 
 

Materials  
Poplar was steam exploded at 213 °C for 5 min. The compositional analysis of 

steam-exploded poplar (SEP) on a dry basis was carried out as described to determine the 

glucan (71.7%), xylan (4.0%), and lignin (13.0%) contents. All standards and chemical 

compounds, which included xylose, glucose, arabinose, and cellulose, were 

chromatography grade and procured from Sigma-Aldrich (Shanghai, China). Nickel 

chloride hexahydrate was analytical grade and procured from Sinopharm Chemical 

Reagent Co., Ltd. (Shanghai, China). 
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Adsorption Kinetics Experiment 
To investigate the adsorption kinetics, 0.1 g of steam-exploded poplar was screened 

to the range 40-mesh to 60-mesh and immersed in 50 mL of an aqueous solution of nickel 

with a concentration of 4.5257 g/L. The flasks were sealed and continuously stirred in an 

air bath at 50 °C. Solutions of 2 mL in volume were removed at 20 min intervals and diluted 

into 50 mL with water. The concentrations of nickel in the solutions were then measured 

by flame atomic absorption spectrophotometry (AA-6300C, Shimadzu Corporation, 

Kyoto, Japan). The amount of Ni adsorption at time t (qt) was calculated using the 

following equation (Eq. 1), 

m

VCC
q t

t

)( 0 −=
         (1) 

where qt is the uptake of Ni2+ (g/g), C0 and Ct (g/L) are the concentrations of Ni2+ in the 

solution initially and at time t, respectively, V is the volume of the solution (L), and m is 

the total mass of the sorbent (g) used in Ni sorption (He et al. 2013). 

 

Nickel-supported Catalyst Preparation 
Steam-exploded poplar prepared at 213 °C for 5 min by steam explosion adsorbed 

with nickel ions (SEP-Ni) was pyrolyzed. The following conditions were employed. The 

temperature was increased at a rate of 5 °C/min under nitrogen protection, and the 

feedstock was held for 3 h at 700 °C. Then it was cooled to room temperature inside the 

furnace. The carbon material was referred to as NiC700. As a control, the carbon material 

was prepared from steam-exploded poplar under the same conditions and referred to as 

C700 (Fig. 1). 

 

 
Fig. 1. Schematic illustration of the formation of NiC700 and the C700 composite 

 
Biochar Characterization 

The crystal structures of the samples were analyzed by XRD using an X-ray 

diffractometer (Ultima IV, Rigaku Corporation, Tokyo, Japan) with Cu Ka radiation 

operated at 40 kV and 30 mA. The chemical composition was analyzed via XPS using an 

ESCALAB 250 analyzer (Thermo Scientific, Waltham, MA, USA) with a monochromated 

Al Ka X-ray source. The FTIR analysis was performed using a Fourier transform infrared 

spectrometer (Vertex 70, Bruker, Karlsruhe, Germany) using the KBr pellet technique. The 

N2 adsorption-desorption isotherm measurements were performed with a BELSORP-mini 
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II instrument (APSP2020, Micromeritics, Norcross, GA, USA) using the BET method 

(Alam et al. 2018).  

 

Electrochemical Characterization 
All electrochemical measurements were conducted on a computer-controlled CHI 

660E electrochemical workstation (Chenhua Instrument, Shanghai, China) with a 

conventional three electrode system, which included a Pt wire counter electrode, an Hg / 

HgO reference electrode, and an indium tin oxide (ITO) working electrode. The 10 mg 

powder sample was dispersed in 1 mL ultra-pure water / ethanol solution, and then 50 L 

of Nafion ethanol solution was added. The system was exposed to ultrasonic vibrations for 

30 minutes to form a uniform suspension, then 30 L suspension were dripped on ITO 

glass and dried at room temperature. The base solution for the photoelectric test was 0.5 M 

sodium sulfate solution, the bias voltage was 0 V, the illumination interval was 30 s (the 

light was turned on for 30 s and then turned 30 s) with over four cycles, and the light source 

was a xenon lamp (> 420 nm). The frequency range of the electrochemical impedance 

spectroscopy (EIS) test was 0.1 Hz to 100 kHz, and the electrolyte was a potassium 

ferricyanide solution (2.5 mmol/L of potassium ferricyanide and 0.1 mol/L of KCl). The 

test frequency of the Mott-Schottky curve was 1000 Hz, the potential range was -1 V to 1 

V, and the base solution was a 0.5 M sodium sulfate solution. 

 

 

RESULTS AND DISCUSSION 
 

Adsorption Kinetics 
Adsorption kinetics play a key role in determining the adsorption rate and 

efficiency of heavy metals in aqueous solution (Ruan et al. 2016; Yin et al. 2018). The 

curves of Ni2+ concentration are shown in Fig. 2. The kinetics of Ni2+ adsorption on steam-

exploded poplar obtained by batch adsorption time were studied with an initial 

concentration of 4.5257 g/L at 50 °C. 

To understand the detailed characteristics of the adsorption, three known kinetic 

models, which were the pseudo-first-order equation, the pseudo-second-order equation (Ho 

and McKay 1999), and the Elovich equation were used to fit the kinetic experimental data. 

The three non-linear form expressions were calculated as follows,  
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where qe and qt are the amount of dye adsorbed (mg/g) at equilibrium and at t time (min), 

respectively, k1 is the pseudo-first-order equilibrium rate constant (L/min), k2 is the pseudo-

second-order equilibrium rate constant (g/mg × min), α (g/g × min) is the initial adsorption 

rate constant, and β (g/g×min) is a constant related to the activation energy of adsorption 

from the Elovich equation.  
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Table 1 shows the estimated kinetic parameters and coefficients of determination 

(R2) of the three models (Origin, OriginLab, v.2019b, Northampton, MA, USA). The value 

of R2 (0.822) from the pseudo-first-order model was particularly low, which suggested that 

the adsorption process did not conform to the pseudo-first-order kinetic model. Through 

the linear fitting of Elovich equation, the initial adsorption rate constant α (0.059g/g × min) 

and the constant β related to adsorption activation energy β (22.88g/g × min), but the value 

of R2 (0.755) in Elovich equation were obtained, which indicated that this equation could 

not well describe the process of nickel ion adsorption by steam-exploded poplar.  

 

 
 

Fig. 2. The adsorption of Ni2+ onto steam-exploded poplar: (a) Pseudo-first-order kinetics;  
(b) pseudo-second-order kinetics; (c) Elovich equation 

 

Table 1. Adsorption Kinetic Parameters of Pseudo-first-order Model, Pseudo-
second-order Model, and Elovich Equation for Ni2+ Adsorption by Steam-
exploded Poplar 

Model 
k1 

(min-1) 
k2 

(g / g × min) 
α 

(g / g × min) 
β 

(g / g × min) 
R2 

Pseudo-first-order 0.011    0.822 

Pseudo-second-order  0.163   0.999 

Elovich Equation   0.059 22.88 0.755 
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The value of R2 (0.999) from the pseudo-second-order model suggested that the 

pseudo-second-order model was well suited to describe the adsorption of nickel ion by 

steam-exploded poplar (Hubbe et al. 2019, 2021). The results indicated that chemical and 

physical adsorption simultaneously are occurring and that diffusion into a network of pores 

is likely to be the rate-controlling factor. 

 

FTIR Analysis 
The FTIR analyzer was used to identify the functional groups on the SEP samples’ 

surface, which are shown in Fig. 3. The FTIR spectra showed strong absorption at 3415 

cm-1, which was attributed to stretching of the phenolic and aliphatic hydroxyl groups. The 

C-H stretching and asymmetric vibrations of CH3 and CH2 absorption appeared at 2921 

cm-1. The infrared absorption peaks at 1738 cm-1, 1507 cm-1, and 1374 cm-1 were associated 

with the xylan in hemicellulose, the benzene ring in lignin, and the C-O-C in cellulose, 

respectively (Reddy et al. 2018). Two strong absorption peaks at 1060 cm-1 and 1035 cm-

1 belonged to the stretching vibration of C-O in C3 and the stretching vibration of C-C in 

C6, respectively.  

After the adsorption of nickel ions, the position and intensity of the hydroxyl group 

(approximately 3415 cm-1) changed compared to the pre-adsorption state. Peaks at around 

2921 cm-1 that were related to the C-H functional group changed after the bio-adsorption 

of nickel using SEP. The results showed that there were chemical interactions and ion 

changes between OH, C–H, C=O, and heavy metal ions in the bio-adsorption process of 

nickel (Foroutan et al. 2019). 

 

 
 

Fig. 3. The FTIR spectra of SEP, SEP-Ni, and NiC700  

 

BET Analysis 

Nitrogen adsorption was performed for the NiC700 and C700 samples to evaluate 

the permanent porosity (Fig. 4). The isotherm of NiC700 was a reversible type II isotherm, 

which is one of the main characteristics of mesoporous materials. The surface area of 

NiC700 was calculated as 1480 m2/g using the BET model. Compared to the specific 

surface area of C700 (789 m2/g), the adsorption of nickel ion played an important role in 

the increase of the specific surface area of carbon material.  
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Fig. 4. BET of NiC700 and C700 

 
XPS and XRD Analysis 

The structure and chemical compositions of the NiC700 and C700 were examined 

using XRD and XPS, respectively. Figure 5 shows the XRD pattern of the NiC700 sample 

compared to C700. All of the peak reflections in the diffraction pattern of NiC700 matched 

well with Ni reference data. The XRD pattern of NiC700 and C700 contained a broad 

diffraction peak at about 23.07° and a weak peak at 43.39°, which were ascribed to the 

(002) and (100) planes of carbon, respectively (Zhong et al. 2018).  

 

 
 

Fig. 5. The XRD pattern of NiC700 and C700 
 

The sharp peak at approximately 26.38° indicated that there was high crystallinity 

of carbon (the high-level graphitization of carbon), which could possess better corrosion 

resistance to harsh alkaline electrolytes than amorphous carbon. In contrast, at 
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approximately 44.48°, 51.76°, and 76.36°, three diffraction peaks of nickel metal were 

determined in the NiC700 sample, and the corresponding crystal planes were (111), (200), 

and (220), respectively (Cao et al. 2014). The NiO diffraction peak was not observed. This 

indicated that, when the nickel-based activated carbon catalyst was calcined in an inert 

atmosphere at 700 °C, the NiO was reduced to nickel by the reducing substance (Kim et 

al. 2018). These results indicated the successful formation of highly dispersed nickel 

particles on the surface of carbonized steam explosion fiber. 

The chemical states of NiC700 and C700 were examined by XPS, which was used 

to characterize the Ni oxidation state. The XPS spectrum of NiC700 demonstrated the 

presence of C, O, and Ni elements. In contrast, C700 contained only C and O (Fig. 6a). 

The split peaks of the C1s spectrum demonstrated that the surface of NiC700 contained 

different C bonds, which included C=C/C-C, C-O, C=O, and O-C=O bonds located at 

284.33 eV, 285.33 eV, 286.33 eV, and 287.33 eV, respectively. These findings indicated 

the presence of carbon and hydrophilic oxygen functionalities (Zhou et al. 2015). This was 

also verified by the O1s spectra (Fig. 6b) that had typical peaks of -C=O bonds (533.2 eV), 

-C-O bonds (532.1 eV), and Ni-O-C bonds (530.9 eV). The formation of Ni-O-C bonds 

could improve the affinity of Ni nanoparticles to carbon substrate. The high resolution XPS 

spectrum of Ni2p (Fig. 6d) contained two peaks centered at 855.3 eV and 861.4 eV that 

were assigned to Ni2p3/2 and Ni2p1/2, respectively (Zhong et al. 2018), which confirmed 

the presence of Ni nanoparticles in NiC700 after reduction (Li et al. 2019). 

 

 
 

Fig. 6. The XPS spectra of NiC700 and C700: (a) survey XPS spectrum; High resolution XPS 
spectrum of (b) C1s, (c) O1s, and (d) Ni2p 
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Electrochemical Performance Analysis 
The electrochemical performances of NiC700 and C700 were characterized 

systematically (Li et al. 2019). Mott-Schottky testing is a common method to test the 

electrochemical performance of semiconductor materials by using electrochemical 

workstation. The type and flat band potential of semiconductors can be determined by the 

Mott-Schottky test. The redox ability of the catalyst was related to the position of the 

valence band of the conduction band. To estimate the conduction band edge potentials, the 

flat band potentials of the samples were investigated via a Mott-Schottky plot (Fig. 7a). 

Notably, NiC700 is an n-type semiconductor because it has a positive slope in the Mott-

Schottky plot (Wen et al. 2017). In general, the ECB for n-type semiconductors is close to 

the flat band (Zong et al. 2008). As Fig. 7a shown, the EFB, NiC700 was 0.10 eV vs. RHE, 

which can be obtained by intercept on the abscissa. For n-type semiconductors, the flat 

band (FB) potential is 0.2 eV higher than the conduction band (CB) potential (Zheng and 

Zhang 2018). From this, it can be calculated that the ECB, NiC700 was -0.10 eV vs. RHE. 

 

 
 

Fig. 7. The electrochemical performances of NiC700 and C700: (a) Mott Schottky plots 
(Frequency = 1000 Hz, potential range = -1 V to 1 V, and the bottom solution = 0.5 M sodium 
sulfate solution); (b) Electrochemical impedance spectroscopy (test frequency range = 0.1 Hz to 
100 kHz, and the electrolyte = potassium ferricyanide solution); (c) IT photocurrent (base solution 
= 0.5 M sodium sulfate solution, bias voltage = 0 V, and illumination interval = 30 s 
 

The effects of cathode internal resistance effects were examined by conducting EIS 

measurements. Figure 7b shows that the Nyquist plots of the cathode gave information on 

the charge transfer characteristics. In general, a smaller arc radius indicates higher charge 

transfer efficiency (Zou et al. 2017). A semicircle was observed for the NiC700 cathode, 

which indicated higher interfacial charge transfer and a more effective separation of 

carriers. In addition, the electrochemical performance of the electrodes is affected by the 
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content of Ni in the carbon. In addition, the photocurrent response of the NiC700 sample 

in Fig. 7c reflected that there was efficient separation, and the photo-excited e-/h+ pairs of 

NiC700 had long lifetimes (Reddy et al. 2017). The transient photocurrent responses of 

NiC700 were examined to determine the clean energy generation properties of the prepared 

sample. Figure 7c shows that the electrode generated photocurrent that had a reproducible 

response to on/off cycles under visible light irradiation. Clearly, the Ni-doped carbon fiber 

exhibited a certain photocurrent density, which demonstrated the enhancement of visible 

light electrophotocatalytic activity via the nickel modification. 
 

 

CONCLUSIONS 
 

1. Steam-exploded poplar was studied as an adsorbent for the removal of nickel ions in 

aqueous solution, and further carbonization into nickel-rich catalyst was a feasible 

method of application. The kinetic model of the adsorption process confirmed pseudo-

second order kinetics. The FTIR results showed that there were chemical interactions 

and ion changes between OH, C-H, C=O, and heavy metal ions in the bio-adsorption 

process of nickel. The isotherm of NiC700 was a reversible type II isotherm, and the 

surface area was 1480 m2 / g, which was larger than that of C700 (789 m2 / g). 

2. In addition, the adsorbed Ni ions were evenly distributed across the NiC700 surface, 

which was confirmed by XRD and XPS. The adsorption of Ni2+ was recycled to nickel-

rich catalyst, which had certain visible light electrophotocatalytic activity. The steam-

exploded poplar adsorbed nickel ions were converted to nickel catalyst, which 

substantially increased their value. 
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