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Abstract: In this article, a new hierarchical porous zirconia material with adjustable 

pore size is fabricated by using biomass materials of acacia mangium tannin extract 

(AMTE) and amphiphilic triblock copolymer poly(ethylene glycol)-

blockpoly(propylene glycol)-block-poly(ethylene glycol) (P123) as a dual-template for 

the first time. All the raw materials we used are non-toxic and the synthesis process is 

relatively simple, low-cost, eco-friendly, and reproducible, which is suitable for large-

scale production. Characterization using SEM, N2 sorption isotherm, and Mercury 

intrusion porosimetry indicate that hierarchical porous ZrO2 combining abundant 

mesopores and macropores was synthesized successfully using P123 and AMTE as a 

dual template. Significantly, dual-templated ZrO2 with hierarchical porosity has an 

advantage over single-templated samples in protein adsorption, especially for the large-

sized proteins. Furthermore, the real sample test shows the synthesized material with a 

multidimensional porous structure displays the potential for practical protein 

wastewater treatment. 
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1. Introduction 

Protein substances can be discharged into wastewater during food production and 

leather making, resulting in not only the eutrophication of water but is also a waste of 

resource. Therefore, it is crucial to find suitable materials for adsorption and separation 

of proteins from wastewater, which will provide the possibility for further protein 

purification and utilization in the field of pharmaceutical industry, food processing, and 

biotechnology sectors [1, 2]. Accordingly, significant efforts have been devoted to 

develop adsorbents possessing high adsorption capacity and good separation efficiency. 

Generally, the materials with larger pore diameter like mesoporous (2~50 nm) [3] or 

macroporous (>50 nm) [4] are beneficial for the adsorption of bio macromolecules such 

as proteins, nucleic acids and enzymes. However, the pore diameter of mesoporous 

materials is mostly around 5 nm, limiting the practical application including the 

transport of large sized biomolecules [5]. While, the synthesis of mesoporous materials 

with larger pore diameter have disadvantages such as complicated synthetic procedures 

or expensive template agents, which make them unsuitable for commercial applications 

[6, 7]. Moreover, the macroporous material easily collapse during calcination under 

higher temperature due to the particle’s growth [8, 9]. Therefore, hierarchical porous 

materials have attracted a lot of attention from researchers ever since the first 

macroporous-mesoporous materials were reported in 1998 by Yang et al, which offered 

technological promise for many applications [10]. In order to adsorb and separate bio 

macromolecules, porous materials with mesoporous and macroporous structure are 

desired because the interconnected macropores can promote fast mass-transfer, while 

the mesotexture can enlarge the surface area. In addition, hierarchical porous materials 

can provide better accessibility for adsorbates to the active sites compared with other 

materials with single-sized porous structures [11, 12]. Zirconium oxide, a non-toxic 

conventional metallic oxide, has gained much attention owing to its attractive properties 

like acid-base activity, chemical stability, thermal stability, and biocompatibility [13-

16]. Therefore, preparation of zirconium oxide with multidimensional porosity, 
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combining the advantages of mesopores and macropores, provides promising matrices 

to separate bio macromolecular species. 

Several approaches like the template method are currently available for the synthesis 

of porous structural materials [17, 18]. Surfactant templating agents, such as ionic 

surfactants, nonionic surfactants and fluorocarbon surfactants, are commonly used to 

synthesize ordered micro- and mesoporous materials [19]. For example, Chen et al. [20] 

have synthesized a zirconia film with single mesoporous structure of 3.5 nm by using 

Tween 20 as a template and acetylacetone as a chelating agent, resulting in a material 

with good structural integrity and electrochemical properties. While, With and co-

workers [21] have developed a two-step synthetic method to prepare zirconium oxide 

with defined hierarchical porous structure, among which spherical activated carbon 

acted as an exotemplate and triblock copolymer acted as an endotemplate. The 

synthesized nanoparticle resulted in hierarchical mesopores with maxima at ca. 3 and 

20 nm. 

Normally, the pore size of porous materials based on a single-template of surfactant 

micelles is small, which limits their encapsulation ability for biological 

macromolecules [22]. Moreover, complicated synthetic procedure is the major 

drawback for the synthesis of hierarchical porous materials using a dual-templating 

method. Therefore, we report our research towards a simple and environmentally 

friendly approach to prepare porous nanoparticles with desirable and distinctive 

hierarchical porosity.  

Acacia mangium tannin extract (AMTE), extracted from vegetables, is a polymer of 

catechin units with multiple phenolic groups [23]. It is a templating agent because it 

possesses an amphiphilic nature by virtue of phenolic hydroxyl and sulfonic groups as 

hydrophilic sites and aromatic rings as hydrophobic sites, which can form micelles in 

aqueous solution. Another advantage of using AMTE biomass material as a template is 

its environmental-friendly and sustainable properties in addition to low-cost. Our aim 

is to take advantage of biomass materials like AMTE as templating agents to prepare 

hierarchical porous materials, which can be applied for the adsorption and separation 

of biological molecules. 
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In this study, hierarchical porous zirconia with adjustable porosity was synthesized 

by combining traditional triblock block copolymer Pluronic P123, vegetable tanning 

agent AMTE as dual-templating, and inorganic metal salt zirconium sulfate as metal 

source (Scheme 1). It should be noted that AMTE is not only a templating agent but 

also a polydentate ligand, which can assist in controlling the hydrolysis rate of inorganic 

metal salt due to its capability of forming complexes with metal ions. Meanwhile, P123 

acts as a template for the mesopores and a stabilizing agent for the zirconia framework 

[24]. Compared with conventional single porosity materials, hierarchical porous 

architectures have the superiority in adsorption of larger hydrodynamic sized proteins, 

which provides the potential for the adsorption and regeneration of proteins from 

wastewater. 

 

Scheme 1. Schematic illustration of one-pot process used to synthesize hierarchical porous ZrO2 

materials. 

2. Experimental section 

2.1 Experimental materials  

Triblock copolymer poly (ethylene glycol)-blockpoly (propylene glycol)-block-poly 

(ethylene glycol) (P123) was obtained from Aldrich. The metal source of zirconium 

sulfate (Zr(SO4)2•4H2O) was supplied by Tianjin Guanfu Fine Chemical Research 

Institute Co., Ltd. Biomass template of acacia mangium tannin extract (AMTE) was 

obtained from Sichuan Decision Chemical Co., Ltd., China. The biological protein of 

Lysozyme (Lyz) and Bovine serum albumin (BSA) were supplied by Maya Reagent., 

Ltd and Shanghai Lanji biological Co., Ltd. Sodium dihydrogen phosphate (NaH2PO4) 

and disodium hydrogen phosphate (Na2HPO4) were purchased from Tianjin Tianli 

Chemical Reagent Co., Ltd and Tianjin Kemiou Chemical Reagent Co., Ltd, 
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respectively. Absolute ethyl alcohol was provided by Tianjin Fuyu fine chemical 

industry Co., Ltd. Softening wastewater was obtained from Hebei Dongming Cowhide 

Leather Co., Ltd. 

2.2 Synthesis of hierarchical porous zirconia  

Hierarchical porous zirconia was synthesized by combining P123 and AMTE as dual 

templates and non-toxic Zr(SO4)2 as zirconium source without additional additives. 

Typically, different amounts of P123 and AMTE was dissolved into ethyl alcohol (20 

mL) and deionized water (30 mL) respectively, followed by stirring for 20 min under 

air. Then, different amounts of Zr(SO4)2 was added into the above system and stirred 

for another 3 hours. The solution was then aged for 48 h under 40 ℃ in the oven and 

followed by drying at 60 ℃ for another 24 h. Finally, hierarchical porous zirconia was 

obtained successfully by calcination (250 ℃, 100 min, 1 ℃/min→600 ℃, 4 h, 

2 ℃/min). 

2.3 Characterization  

The thermogravimetric (TG) curve was obtained using a Bruker thermogravimetric 

analyzer from 30 to 800 °C with an increment speed of 10°C min-1 under a nitrogen 

atmosphere. X-ray photoelectron spectra were employed to evaluate the elemental 

composition. The measurement was carried out on X-ray photoelectron spectroscopy 

instrument (XPS, Axis Ultra) with a monochromatic X-rays source (Al Kα, hν = 1486 

eV). X-ray diffraction (XRD, Bruker D8 Advance) patterns were carried out using a 

powder diffractometer with Cu-Kα radiation (45 kV, 45 mA) in the 2θ range of 1~80 °. 

The N2 sorption isotherms were used to evaluate the specific surface areas and relative 

pore parameters by a Micromeretics ASAP 2460. And prior to the experimental 

operation, the ZrO2 samples need to degas for 4 h under vacuum (10-3 Torr, 150 ℃). 

Mercury intrusion porosimetry was used to evaluate the size distribution of 

macroporosity at a pressure range of 2.50~33000.00 Psia, and the measurement was 

carried out on the mercury porosimeter of Auto pore 9500. Scanning electron 

microscopy (SEM) was employed to observe the microstructure of the samples, which 

was operated on a FEI Verios 460 microscope at voltages between 5 and 15 kV. The 

further analysis of the micropore structure was performed by transmission electron 
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microscope (TEM) by FET Tecnai G2 F20 S-TWIN electron microscope. Fourier 

transform infrared spectrophotometer (PerkinElmer Spectrum 100) was employed to 

collect Fourier transform infrared (FT-IR) spectrogram of the samples by KBr tableting 

method in the wavelength range of 4000-200 cm-1. 

2.4 Adsorption experiment 

In order to evaluate the adsorption capacity of hierarchical porous ZrO2 for protein 

with large molecular size, two kinds of proteins of Bovine serum albumin (BSA, 66000 

Da) and Lysozyme (Lyz, 13750 Da) were chosen. Firstly, BSA and Lyz solutions were 

prepared in PBS buffer solution (pH 4.5, 5, 6, 7, 8, 9) to investigate the optimal pH 

adsorption conditions. 0.1 g of ZrO2 was used to adsorb 10 mL protein solution (0.5 

mg/mL) at room temperature for 6 hours. Afterward, the mixture was centrifuged and 

the supernatant was measured by spectrophotometry at the wavelength of 280 nm. The 

adsorption capacity (q) was calculated as below: 

𝑞 =
(𝐶0−𝐶)𝑉

𝑀
                                                       (1) 

where C0, C (g/L) are the initial and equilibrium concentration of protein solution, 

respectively; V (L), M (g) represent the volume of solution and the mass of adsorbent. 

In order to analyze the adsorption behavior of ZrO2 towards proteins, 0.8 g ZrO2 was 

used to adsorb 80 mL Lyz solution at pH 4.5. After different adsorption time points (60, 

120, 180, 240, 300, 360, 480, 600, 720 min), a sample was taken to measure the 

absorbance. The kinetic models of pseudo-first-order (PFO) and pseudo-second-order 

(PSO) were used to fit the experimental data using the following equations [25]: 

𝑙𝑛(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞𝑒 − 𝑘1𝑡                                             (2) 

𝑡 𝑞𝑡⁄ = 1 𝑘2𝑞𝑒
2⁄ + 𝑡 𝑞𝑒  ⁄                                               (3) 

where qe represents the adsorption capacities (mg/g) of ZrO2 samples at equilibrium 

time t (min). k1 (min-1) and k2 (g/mg/ min) are the equilibrium rate constants of kinetic 

models, respectively.  

Adsorption isotherm was another index to evaluate the adsorption mechanism of 

ZrO2 samples on proteins. Different concentration (0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 

mg/mL) of Lyz solutions were used to measure the adsorption capacity of ZrO2. The 
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Langmuir and Freundlich models were carried out to fit experimental data as follows 

[26]: 

𝑞𝑒 = 𝑏𝑄𝑚𝐶𝑒 (1 + 𝑏𝐶𝑒)⁄                                                (4) 

𝑙𝑛𝑞𝑒 = 𝑙𝑛 𝑘 + 1
𝑛⁄ 𝑙𝑛𝐶𝑒                                                (5) 

where Qm (mg/g) represents the saturated adsorption capacity of ZrO2 samples; b 

(L/g) represents the Langmuir constant; k and n are Freundlich constants. 

In order to evaluate the adsorption advantage of hierarchical porous ZrO2 on proteins 

with larger molecular size, the proteins Lyz and BSA were adsorbed by different ZrO2 

materials for 6 h at room temperature. Afterward, the protein solution was centrifuged 

(5000 r/min) and the supernatant was measured by spectrophotometry.  

2.5 Real-sample test 

Finally, leather softening wastewater was used as a real-sample to evaluate the 

practical protein adsorption capacity of the hierarchical porous ZrO2. The adsorption 

process was the same as 2.4. Afterward, the suspension was separated by centrifugation 

for 5 min at a rate of 5000 r/min and the method Coomassie Brilliant Blue G-250 [27] 

was used to measure the protein content of wastewater before and after adsorption. The 

final supernatant was monitored using a UV-vis spectrophotometer at wavelengths 

between 500~800 nm. 

3. Results and discussion 

3.1 Characterization 

3.1.1 Pyrolysis temperature 

Prior to the calcination of the zirconia/templates composites, pyrolysis temperature 

was evaluated to determine the calcination temperature. TG curve of the 

zirconia/templates composite in Fig. 1 shows three stages of degradation in the range 

of 0~800 °C. The first stage (100~200 ℃) corresponds to the volatilization of adsorbed 

water and residual ethanol solvent in the sample. The second stage (450~500 ℃) is due 

to the pyrolysis of the organic template materials (P123 and AMTE) in the samples. 

The mass loss in the third stage (550~600 ℃) is attributed to the removal of SO4
2- ions 

present in the Zr-O framework [28]. There is nearly no weight loss at temperatures 
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higher than 600 ℃, indicating the decomposition tended to completion. Therefore, 

hierarchical porous zirconia was obtained for this research by calcination above 600 ℃.  

 

Fig. 1. TG curve of zirconia/templates composite. 

3.1.2 Chemical composition and crystal structure 

After the preparation of the material, full-survey XPS (Fig.S1a) demonstrates the 

sample contains Zr and O elements with the peaks located at 181.2 eV (Zr 3d) and 528.6 

eV (O 1S) respectively [29]. And two major peaks around 182.1 eV and 184.4 eV in 

Fig. S1b corresponds to the Zr3d5/2 and Zr3d3/2, indicating the synthesis of ZrO2. The 

wide-angle XRD patterns were carried out to evaluate the crystal structure of ZrO2. As 

shown in Fig S1c, the ZrO2 synthesized by P123 only (marked ZrO2-0) shows the 

diffraction peak at a 2θ angle of 30.2°, 34.9°, 50.2°, and 58.9°, indicating the formation 

of tetragonal phase ZrO2 [30, 31]. As for ZrO2-1 (synthesized by using AMTE only), 

the XRD pattern presents a lower-crystallized ZrO2 with mixed tetragonal/monoclinic 

phases [32]. However, the dual templated ZrO2 only exhibits stable tetragonal phase 

ZrO2 (Fig. S1d), indicating the addition of AMTE does not change the crystal structure. 

The small-angle XRD pattern (Fig. S2) shows one single broad diffraction peak at 2θ 

angle of around 1°, which indicates that all the dual-templated samples display typical 

mesostructure [11]. Moreover, the sharp diffraction peak of the ZrO2 material prepared 

with the ratio of 0.01 P123/0.02 AMTE /0.7 Zr(SO4)2 (ZrO2-0.02) suggests a more 

organized mesoporous framework [33]. 

3.1.3 Porosity 

SEM, TEM, N2 sorption isotherm, and Mercury intrusion porosimetry were 

employed to compare the pores structure among all the samples and determine that the 
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dual-templated samples have both mesoporous and macroporous structures. 

From the SEM images in Fig. 2a-e, the architecture of multidimensional pores 

obtained by combining P123 and AMTE as a dual template is evident. In addition, the 

hierarchical porous ZrO2 obtained using 0.02 mol AMTE appears as well-organized 

macropores compared with the other ZrO2 materials synthesized using different AMTE 

content. Moreover, Fig. S3 shows the SEM images of single templated ZrO2 materials. 

It can be clearly observed that although ZrO2-0 shows abundant porosity, the pore size 

is much smaller compared with dual-templated ZrO2. However, ZrO2-1 presents a larger 

pore structure with lower porosity. It can be concluded that both of the single-templated 

samples might show poor application for adsorption of macromolecule proteins due to 

smaller pore size or lower porosity, respectively. Actually, in the synthesis of multiscale 

porous ZrO2, P123 serves as a template for the mesopores and as a stabilizer to maintain 

the ordered structure. AMTE is composed of phenolic hydroxyl and sulfonic groups, 

which can act as complexing agents to prevent the rapid hydrolysis rate of the metal 

source, and further facilitate the formation of well-organized porous structures. 

Moreover, the formation of a macroporous structure can be attributed to the amphiphilic 

nature and formation of micelles in solution. However, excess AMTE results in lower 

porosity as shown in Fig. 2e, which is attributed to the collapse of the pore structure 

during calcination of the organic template. From the SEM images of all the samples, 

the ZrO2-0.02 shows a better pore structure and possesses both mesopores and 

macropores. TEM was employed to elucidate the hierarchical porosity of ZrO2-0.02. 

The pore structure with different sizes can be observed clearly from the low electron 

density spots in Fig. 2f.  
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Fig. 2. SEM image of ZrO2 synthesized using 0.01 mol P123, 0.7 mol Zr(SO4)2 and different content 

of AMTE (a~e: 0.01, 0.02, 0.03, 0.04, 0.05 mol AMTE, respectively, marked ZrO2-0.01, ZrO2-0.02, 

ZrO2-0.03, ZrO2-0.04, ZrO2-0.05, respectively) (f) TEM images of ZrO2-0.02 

The porous properties can be further evaluated using the N2 sorption isotherm. It 

can be seen that all the dual-templated ZrO2 prepared by different content of AMTE 

display similar type Ⅳ isotherms with a remarkable H3 hysteresis loop at a relative 

pressure of 0.4~0.8 p/p0 (Fig. 3a-e), suggesting the existence of mesoporous structure, 

which might be attributed to the effect of P123 [24]. The relative pressure of the 

hysteresis loop tends to increase with the increase of AMTE content, indicating the 

production of larger pores by increasing the amount of AMTE [34, 19]. Fig. 4. shows 

the pore size distribution of the sample. We can observe the increased amounts of 

AMTE from 0.01 mol to 0.02 mol lead to a more uniform pore size distribution. 

However, when the mounts of AMTE increased from 0.03 mol to 0.05 mol a decreased 

uniformity of pore size distribution was observed. The relative pore parameters of ZrO2 

in Table 1 show the surface area gradually decreases and the average pore size increases 

with the increase of AMTE. Combining the analysis of SEM, the sample synthesized 

by 0.02 mol AMTE facilitate more uniform pore size distribution with relatively larger 

surface area and pore diameter. Fig. 5 displays the N2 sorption isotherm and pore size 

distribution of ZrO2 materials synthesized by using P123 or AMTE only as a single 

template. Compared with dual-templated ZrO2 material, it can be clearly observed 

ZrO2-0 material presents the isotherm with H1 hysteresis loop at the relative pressure 

of 0.4, indicating the highly uniform pore size distribution. And the pore size 

distribution curve clearly shows that ZrO2-0 has a higher surface area and smaller 
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average pore size (6.8 nm). The observation in Fig. 5b' and the comparison of pore 

structure parameters in Table 1 indicate that AMTE facilitates formation of larger pore 

sizes but with a lower specific surface area. Therefore, combining P123 and AMTE as 

a dual template can result in hierarchical porosity with a relatively higher surface area. 

 

Fig. 3. N2 adsorption-desorption isotherms of ZrO2 (a~e: ZrO2-0.01, ZrO2-0.02, ZrO2-0.03, ZrO2-

0.04, ZrO2-0.05, respectively) 

 

Fig. 4. the pore size distribution from BJH method of ZrO2 (a~e: ZrO2-0.01, ZrO2-0.02, ZrO2-0.03, 

ZrO2-0.04, ZrO2-0.05, respectively) 
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Fig. 5. N2 adsorption-desorption isotherms of (a) ZrO2-0 and (b) ZrO2-1, respectively;(a') and (b') 

are the corresponding pore size distribution from BJH method of ZrO2 materials 

 

Table 1. The relative pores parameters of hierarchical porous ZrO2.  

Sample SBET (m2/ g) Average pore diameter (nm) Vtot (cm3 /g) 

ZrO2-0 98.3587 6.42 0.1637  

ZrO2-0.01 38.3492 13.63 0.1307 

ZrO2-0.02 26.9814 15.43 0.1041 

ZrO2-0.03 19.5172 14.88 0.0726 

ZrO2-0.04 12.9054 19.05 0.0614 

ZrO2-0.05 12.7972 27.36  0.0768 

ZrO2-1 7.8738 22.60 0.0445 

In order to further prove the existence of macropores of ZrO2-0.02, mercury 

intrusion porosimetry was employed to observe the distribution of pores size. As 

shown in Fig. 6, the average size of mesopores generated by using the P123 template 

is around 17 nm, which indicates a multiscale porous structure has been prepared 

successfully and is consistent with the results from the N2 sorption isotherm. The 

macropores voids generated upon removal of the AMTE from the composite materials 

are 0.06~2.4 μm in diameter. However, the irregular macropore size distribution might 

be attributed to the existence of the branched structure of AMTE and the solvent [24].  



 

13 
 

 

Fig. 6. The pore size distribution of ZrO2-0.02 from mercury intrusion porosimetry 

3.2 Application in protein adsorption  

According to the above characterizations, ZrO2-0.02 possesses hierarchical porosity 

compared with single-templated materials and shows better pore structure compared 

with other amounts of AMTE. Therefore, we choose it as an adsorbent to evaluate the 

application of hierarchical porous ZrO2 materials in protein separation using BSA and 

Lyz (different molecular size) as protein models. Fig. S4 shows the variation of pH and 

protein adsorption capacity. It can be clearly observed that hierarchical porous ZrO2 

possesses maximum adsorption capacity for BSA at pH 5. As for the adsorption of Lyz, 

the adsorption capacity is decreased with increasing pH values. These tendencies are 

attributed to electrostatic interaction during the adsorption process [35].  

3.2.1 Adsorption process and behavior 

Fig. S5a shows the effect of time on Lyz adsorption on ZrO2-0.02. As the results 

indicate, the adsorption process tends towards equilibrium after six hours. Adsorption 

kinetics curve of PFO and PSO models (Fig. 7) were employed to evaluate the 

adsorption rate and process of ZrO2-0.02 with proteins. Table. 2 lists the relative kinetic 

parameters. It can be clearly observed that the PSO model can better describe the 

process of the experiments due to the larger correlation coefficients (R2) and better 

experimental theoretical adsorption capacity (qe), which indicates the chemical 

adsorption process [36]. Fig.S5b exhibits the protein concentration influence of Lyz 

adsorption with ZrO2-0.02, which shows that the adsorption capacity of Lyz with ZrO2-

0.02 is increased from 17.1 mg/g to 45.5 mg/g by increasing the fresh concentration of 

Lyz. And the adsorption isotherms of Langmuir and Freundlich (Fig. 8) are used to 
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analyze the experiment data and protein adsorption behavior. The calculated data of the 

fitted curve are listed in Table 3, from which it can be concluded that the Langmuir 

model is more suitable to fit the experimental data owning to the higher R2 value, 

indicating the homogeneous sorption process between adsorbent and adsorbate [37]. 

FT-IR spectra of Lyz before and after adsorption (Fig. S6) on ZrO2-0.02 shows no 

obvious differences except for the intensity difference due to the presence of porous 

ZrO2, suggesting the stability of the protein molecules during the sorption process. 

 

Fig. 7. Adsorption kinetic data of Lyz onto ZrO2-0.02 fitted by two kinetic (PFO (left) and PSO 

(right)) equations. 

 

Fig. 8. Adsorption isotherms of Lyz adsorption on ZrO2-0.02 fitted by the Langmuir (left) and 

Freundlich (right) models 

 

Table 2. Relative calculated parameters of PFO and PSO kinetic models for Lyz adsorption onto 

ZrO2-0.02 

PFO PSO 

k1 (min-1) qe (mg/g) R2 k2 (g/mg/min) qe (mg/g) R2 

4.05×10-3 11.007 0.91623 8.42×10-4 45.746 0.99956 
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Table 3. Relative calculated parameters of Langmuir and Freundlich models for Lyz adsorption onto 

ZrO2-0.02 

Langmuir Freundlich 

b (L/g) Qm (mg/g) R2 n k R2 

8.02×10-2 49.826 0.9932 4.514 14.701 0.851 

3.2.2 Adsorption advantage of hierarchical porous ZrO2 on macromolecular 

proteins 

Due to the different hydrodynamic size of BSA (3.8×3.8×14 nm3) [38] and Lyz 

(1.9×2.5×4.3 nm3) [39], a mixture of the two proteins acts as the model to confirm the 

hierarchical porosity is more suitable for the adsorption of macromolecular proteins. 

Quantitative measurements using UV-vis spectroscopy was employed to compare the 

adsorption capacity directly among dual-templated ZrO2 (ZrO2-0.02) and the ZrO2 

prepared using P123 or AMTE only (ZrO2-0 and ZrO2-1). The adsorption results are 

shown in Fig. 9. It can be clearly observed that all these three samples show almost 

similar adsorption capacity for Lyz (43 mg/g) but only ZrO2-0.02 has better adsorption 

performance for BSA (35.4 mg/g). This is because the pore size of all three samples is 

large enough to transfer protein with smaller molecular size like Lyz. But only ZrO2-

0.02 possesses both macropores and mesopores, which is more conducive to the mass 

transfer of the larger molecular size of BSA. In addition, compared with some other 

adsorbents used in the literature [Table 4.], our hierarchical porous ZrO2 materials have 

the potential for application in the field of protein adsorption especially for larger 

proteins.  
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Fig. 9. Adsorption capacity of ZrO2 prepared under different conditions towards Lyz and BSA 

 

Table 4. Comparison of adsorption capacity of different adsorbents 

Adsorbing material Adsorbate Contact time Adsorption capacity Refs 

(SA-g-E)-g-APST/SO3H Lyz 180 min 37.68 mg/g [40] 

Agars-PEG-S BSA 180 min 3.2 mg/g [41] 

Lyz-MIP cryogel Lyz 60 min 22.9 mg/g [42] 

Lyz-imprinted QDs Lyz 720 min 33.2 mg/g [43] 

AuNPs-LDH Hb 500 min 42.5 mg/g [44] 

Macro-/mesoporous silica BSA 360 min 16.6 mg/g [37] 

Hierarchical porous ZrO2 Lyz/BSA 360 min 43/35.4 mg/g Present study 

3.2.3 Real sample test  

To investigate the practical protein adsorption capacity of hierarchical porous ZrO2, 

leather softening wastewater was used as a feed solution. As clearly shown in Fig. 10, 

ZrO2-0.02 maintains considerable adsorption capacity for proteins in real-world 

samples due to the obvious reduction of absorbance, which is superior to the sample 

synthesized by using AMTE and P123 as a single template. These results are in 

accordance with the porosity analysis using the N2 sorption isotherm. Therefore, 

hierarchical porous ZrO2 combining the biomass materials of AMTE and P123 as a dual 

template exhibits excellent real-world sample adsorption capability. 
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Fig. 10. UV spectrum of leather softening wastewater. The gray dashed line represents the original 

wastewater before adsorption. The red, orange and blue curves represent the wastewater adsorbed 

by ZrO2-1, ZrO2-0 and ZrO2-0.02, respectively. The reduction of absorbance indicates that the 

proteins were adsorbed by the ZrO2 materials. 

4. Conclusions 

In conclusion, we have developed a dual-templated hierarchical porous ZrO2 

material prepared using a simple and environmentally friendly synthetic route, which 

is reproducible and suitable for large-scale production. While for this research, we 

focused on the preparation of ZrO2 materials. Our approach in combining biomass 

materials and traditional amphiphilic triblock copolymer as dual-templates is versatile, 

making it suitable for extension into the preparation of any porous oxide materials with 

hierarchical porosity. Compared with ZrO2 synthesized using P123 and AMTE as a 

single template, the dual template method is critical for the formation of multi-size 

porous structures, making them excellent candidates for the protein adsorption with 

large molecules. In addition, compared with other adsorption materials, our synthesized 

hierarchical porous ZrO2 material can be used as a candidate to adsorb large-sized 

proteins. The adsorption experiments with protein mixtures and leather softening 

wastewater demonstrate the practical potential of the hierarchical porous ZrO2 materials 

for the adsorption and regeneration of protein from wastewater. 
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