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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Biochar (BC) template mitigates ZIF-8 
agglomeration. 

• BC/ZIF-8 exhibits excellent adsorption 
properties for boron. 

• BC/ZIF-8 has excellent reusable capacity 
for boron. 

• Hydrogen bonding and electrostatic 
attraction have critical roles in boron 
bonding to BC/ZIF-8.  
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A B S T R A C T   

Removing boron (B) from aqueous solution is economically and environmentally important in the treatment of 
many industrial and agricultural wastewater streams. Here, we produced canola straw-derived biochar (BC), a 
low-cost and green adsorbent, as a template to prepare a BC/ZIF-8 (zeolite-like imidazolate framework) com
posite material. We then performed a series of batch experiments and material characterization to evaluate the 
adsorption processes and practical applications of the material. The results showed that the maximum adsorption 
capacity of BC/ZIF-8 for B from a low total dissolved solids (TDS) aqueous solution was 44 mg g-1 (adsorbent 
dosage is 0.5 g L− 1, pH=6, C0 =300 mg L-1). Compared to ZIF-8 alone, the adsorption capacity of B to BC/ZIF-8 
increased by 76%. In the adsorption tests conducted in the low TDS solution, the adsorption process was well- 
represented using a pseudo-first-order kinetics model and the Langmuir adsorption isotherm. Through six 
regeneration cycles, we demonstrated that BC/ZIF-8 remains a robust sorbent for B. Hydraulic fracturing (HF), a 
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key technology for oil and gas stimulation, produces a large amount of flowback and produced water (FPW). BC/ 
ZIF-8 was used to remove boron from FPW, achieving a maximum adsorption capacity of 15.45 mg g-1 (C0 =42 
mg L-1), 5.99% lower than that of pure B solution with similar conditions. Physicochemical characterization of 
BC/ZIF-8 showed that it has a stable structure and suggested that B adsorption to BC/ZIF-8 was primarily due to 
hydrogen bonding and electrostatic attraction between B(OH)4

- and the positively charged BC/ZIF-8 at pH < PZC. 
Our study shows that BC-based metal-organic frameworks (MOFs) have the potential for broader industrial 
applications and water treatment.   

1. Introduction 

Hydraulic fracturing (HF) is a key technology that injects a large 
volume of water into a low-permeability reservoir to create fractures to 
enhance the natural gas and oil yield. HF combined with horizontal 
drilling is a widely used and efficient technology for unconventional oil 
and gas extraction [1]. However, flowback and produced water (FPW), a 
by-product during the HF process, may cause adverse effects on aquatic 
organisms in the event of fluid releases at the surface [2–5]. FPW 
comprises inorganic elements released by the interaction between HF 
fluid and the formation rocks as well as organic contaminants (e.g., 
polycyclic aromatic hydrocarbons and other organic compounds) from 
both hydrocarbons and HF fluid chemical additives [6–8]. B is a critical 
element in HF process and in FPW, which is present in HF in the form of 
a B cross-linking agent guar gum [9]. However, residual B in the FPW 
may be a potential pollutant in the event of a spill and it also leads to 
undesirable crosslinks of guar gum or macromolecules during operations 
[10–12], impeding the reuse of the FPW for subsequent HF operations, 

Reported methods for removing B in solution include chemical pre
cipitation [13], ion exchange [14], reverse osmosis [15], and adsorption 
[8]. Adsorption could be a cost-effective method of recovering B, 
particularly if the adsorbent can be recycled. The B adsorption capacity 
of various adsorbents has been investigated, including natural poly
saccharides [16–18], carbon aerogels [19], nanomaterials [20,21], 
metal oxides [22], layered double hydroxides [23], and membrane 
materials [24]. Among them, metal-organic framework materials 
(MOFs) have the advantages of both organic and inorganic adsorbents 
because they are self-assembled by metal ions/clusters and organic li
gands [25–27]. Meanwhile, the porosity of MOFs is often greater than 
other adsorbents and can be controlled by changing the manufacturing 
conditions [28]. Particularly, a MOF with a zeolite-like imidazolate 
framework (ZIF-8) is widely used in photocatalysis, gas separation, and 
adsorption [29–31], which is prepared by using Zn(II) as the metal node 
and 2-methylimidazole as the organic ligand [32,33]. ZIF-8 has been 
shown as an ideal adsorbent for treatment of aqueous trace elemental 
contamination due to its desirable physical and chemical properties, 
such as high crystallinity, elevated porosity, large specific surface area, 
and excellent hydrothermal stability in water [34–36]. However, ZIF-8 
nanoparticles are prepared using traditional synthetic methods, which 
often leads to particle agglomerate that can reduce the number of 
available adsorption sites [37,38]. 

Graphene oxide (GO) [39], SiO2 [40], and films [41] have been 
combined with ZIF-8 to mitigate the agglomeration of ZIF-8. This effect 
is attributed to metal coordination between the abundant 
oxygen-containing groups on the surfaces of these materials with the 
metal centers of ZIF-8 [42]. However, GO and SiO2 are expensive and 
the latter is harmful to health, and films preparation process is compli
cated. Biochar (BC) produced at modest pyrolysis temperatures has an 
aromatic surface that contains a variety of oxygen-containing functional 
groups (e.g., -COOH, -OH, -CHO) [43–47]. Indeed, the abundant func
tional groups and high specific surface area of BC may also be capable of 
mitigating ZIF-8 agglomeration. Besides, the dissociation of 
oxygen-containing functional groups and negatively charged surface 
may facilitate the distribution of Zn(II) on the surface of BC [48]. In 
addition, the raw materials of biochar come from a wide range of 
low-cost sources (including agricultural waste and municipal sludge), so 

using BC can benefit waste management [49]. Currently, few reports 
have been reported using BC to mitigate ZIF-8 agglomeration. 

In this study, we used BC as a carrier for ZIF-8 to develop a BC/ZIF-8 
MOF composite material and investigated its B adsorption capacity in 
FPW. We conducted several cycles of B adsorption and regeneration, and 
then characterized the physiochemical properties of BC/ZIF-8 before 
and after adsorption to understand the specific mechanisms underpin
ning B adsorption. Ultimately, we aim to develop a new material to 
recover B from a variety of wastewater streams that has broad industrial 
applications. 

2. Materials and methods 

2.1. Workflow and materials 

We developed BC/ZIF-8 using an in-situ growth method and imple
mented an integrated approach to investigate BC/ZIF-8-B interactions 
(Fig. 1). Zinc nitrate hexahydrate (Zn(NO3)26H2O), 2-methylimidazole, 
methanol, ethanol, boric acid, hydrochloric acid (HCl), and sodium 
hydroxide (NaOH) were purchased from Chron Chemicals Inc (Chengdu, 
China). All chemicals used in the experiments were of analytical grade 
(AR). A canola straw BC was prepared using an in-house method (Sup
plementary Information). We prepared ZIF-8 nanocrystals by referring 
to the previously reported synthesis method of ZIF-8 [37] and loaded 
them on BC; 0.774 g Zn (NO3)26H2O and 0.21 g BC were dissolved in 60 
mL methanol and stirred slowly for 6 h. Then, 0.789 g 2-methylimida
zole was dissolved in 60 mL methanol and mixed with the Zn 
(NO3)26H2O-BC solution. After stirring the resulting solution for 12 h, 
the product was washed with methanol and subsequently dried at 70 ◦C 
for 12 h to obtain the BC/ZIF-8 composite material. 

2.2. Characterization of BC/ZIF-8 

2.2.1. X-ray diffraction 
An X-ray diffractometer (X’Pert PRO MPD, PANalytical B.V., 

Netherlands) was used to characterize the crystal structure of BC/ZIF-8 
composites. The sample was placed on a glass slide and kept at the same 
level as the working surface (Cuλ=0.154 nm), using Cu Kα radiation, an 
accelerating voltage and a current of 40 kV and 40 Ma, respectively. A 
scanning step size of 0.0167◦/step, a dwell time of 12 s, a rate of 0.1◦/ 
min, and measurements were conducted between 2θ values of 5–70◦. X- 
ray analysis and other experiments were all done at Southwest Petro
leum University in China. 

2.2.2. FTIR spectroscopy 
To determine the near surface bonds of the BC/ZIF-8 composite 

material, we used a Nicolet 6700 Fourier Transform Infrared Spec
trometer (Thermo Scientific, USA) to determine changes in functional 
groups of the adsorbents. The samples were uniformly ground with dry 
KBr at a ratio of 1:200 and were pressed into the disc at a pressure of 
10 MPa for 1 min 

2.2.3. TGA and DTG analysis 
A TGA/DSC 3 + (Mettler, Switzerland) instrument was used to 

conduct the Thermo Gravimetric Analysis (TGA) to investigate the 
thermal stability of adsorbents. The Derivative Thermogravimetric 
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(DTG) analysis curve was obtained by the first derivative of the TGA 
curve with respect to temperature (or time). With N2 as the protective 
gas, the heating rate was 10 ◦C/min and the temperature range was from 
30◦ to 800◦C. 

2.2.4. Scanning electron microscope (SEM) analysis 
A Hitachi Regulus 8100 Scanning Electron Microscopy (Hitachi, 

Japan) was used to image changes in the morphology of adsorbents. The 
sample was attached to conductive tape and coated with gold prior to 
SEM analysis. 

2.2.5. Surface area and porosity analysis 
The specific surface area and pore size distribution of BC/ZIF-8 were 

measured using an automatic specific surface and ASAP2460 porosity 
analyzer (Micromeritics Instrument Corp, USA) using BET analysis. The 
N2 adsorption isotherms of the three samples were measured at 77 K. 
The samples were degassed under vacuum at 150 ◦C for 8 h. 

2.2.6. XPS analysis 
A K-Alpha X-ray Photoelectron Spectrometer (XPS) (Thermo Scien

tific, USA) was used to analyze the elemental composition and valence 
state of the surfaces of the adsorbents. Monochromatic Al Kα 
(1486.8 eV) radiation was used as the excitation spectrum, the test tube 
voltage was 15Kv, and the test tube current was 10 mA during XPS 
measurements. 

2.2.7. Zeta potential measurement 
Zeta potential was measured by the phase analysis light scattering 

method with Zeta PALS 190 Plus (Brookhaven, USA). Charged particles 
move under the action of an applied electric field, and the movement of 
the charge causes the scattered light to shift in frequency (Doppler shift). 
Using the spectral drift analysis technology, the electrophoretic mobility 
of the particles is obtained, and the Zeta potential is calculated using 
Henry’s equation [50] (Eq. 1). 

Ue = 2εzf(ĸa)/3η (1)  

where Ue is the electrophoretic mobility; ε is the dielectric constant; η is 
the absolute zero shear viscosity of the medium; f(ĸa) is the Henry 
function; and ĸa is a measure of the ratio of the particle radius to the 
Debye length. 

2.2.8. Particle size analysis 
The particle sizes of BC and BC/ZIF-8 were measured by a Laser Light 

Scattering System BI-200SM (Brookhaven, USA). The size of BC and BC/ 
ZIF-8 was measured by static light scattering at the temperature of 
25 ℃, pressure of 0.1 MPa, laser intensity of 150–500 kcps, and wave
length of 535 nm. 

2.3. Batch experiments of B adsorption on BC/ZIF-8 

A B stock solution of 1000 mg L-1 was prepared from boric acid and 
deionized water. The concentrations used in subsequent experiments 
were all obtained by diluting the B stock solution. After adsorption 
reached equilibrium, the supernatant was filtered through a 0.22 µm 
nylon membrane. 

The equilibrium adsorption capacity (Qe) and removal rate (% 
removal) of B was calculated by Eqs. (2) and (3): 

Qe = (C0-Ce)V/m (2)  

% Removal = (C0-Ce) × 100/C0 (3) 

Where C0 (mg L-1) refers to the initial B concentration; Ce (mg L-1) is 
the B concentration after equilibrium adsorption of B on BC/ZIF-8; V 
(mL) is the volume of B solution; m (g) is the mass of adsorbent. 

2.3.1. Boron adsorption as a function of adsorbent concentration 
The B adsorption behavior was studied as a function of different 

adsorbent concentrations (0.2, 0.5, 1, 2, 3, 5, 8 g L-1). The initial con
centration of B was 300 mg L-1, the initial pH was 6, the adsorption time 
was 24 h and the adsorption temperature was 298 K (~25 ◦C). 

2.3.2. Boron adsorption as a function of solution pH 
The pH edge of B adsorption onto BC/ZIF-8 was performed over a pH 

range of 3–11. The solution pH was adjusted by adding small aliquots of 
1 M hydrochloric acid and 1 M sodium hydroxide. The pH edge was 
performed at an adsorbent concentration of 0.5 g L-1 and an initial B 
concentration of 300 mg L-1 at room temperature (~25 ◦C). After 24 h 
of adsorption, samples were collected for B analysis. 

2.3.3. Boron adsorption kinetics 
The adsorption kinetics experiments were performed at room tem

Fig. 1. Experimental design of this study, including material synthesis, material characterization, batch adsorption experiments, and field trial.  
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perature (~25 ◦C) at an initial B concentration of 300 mg L-1 and an 
adsorbent concentration of 0.5 g L-1. The pH of the kinetics experiments 
was fixed at 6, and samples were collected for B analysis after 1, 4, 9, 19, 
34, 54, 94, 154, 244, 364, 604, and 1440 min of reaction respectively. 
The pseudo-first-order kinetic model (Eq. 4) and pseudo-second-order 
kinetic model (Eq. 5) are mathematical models used to describe 
adsorption kinetics. 

Qt = Qe
(
1-e-k1t) (4)  

Qt = k2Q2
e t
/
(1 + k2Qet) (5)  

Where Qe (mg g-1) is the equilibrium adsorption capacity of BC/ZIF-8 for 
B; Qt (mg g-1) is the adsorption capacity at any time; k1 (min-1) is the 
pseudo-first-order equilibrium rate constant; k2 (g mg-1 min-1) is the 
pseudo-second-order equilibrium rate constant. These two models were 
applied to model the adsorption kinetics data. 

2.3.4. Boron adsorption isotherm 
Boron adsorption as a function of initial B concentrations (40, 80, 

100, 200, 300, 400, and 800 mg L-1) were performed at 298 K (~25 ◦C) 
for 24 h. The adsorbent concentration was 0.5 g L-1, and the pH of the 
adsorption process was fixed at 6. The Langmuir isotherm model (Eq. 6) 
and the Freundlich isotherm model (Eq. 7) were used to fit the data using 
the following equations: 

Qe = QmKLCe/(1 + KLCe) (6)  

Qe = KFC
1

nF
e (7)  

Where Qm (mg g-1) is the maximum adsorption capacity of the mono
layer; Qe (mg g-1) is the equilibrium adsorption capacity of BC/ZIF-8 for 
B; Ce (mg L-1) is the B concentration after equilibrium adsorption of B on 
BC/ZIF-8; KL is the Langmuir constant; KF is the Freundlich constant for 
the adsorption capacity; 1/nF is the Freundlich constant for the 
adsorption strength. 

2.3.5. Boron adsorption as a function of temperature 
Boron adsorption onto BC/ZIF-8 was investigated at 298 K (~25 ◦C), 

308 K (~35 ◦C), and 318 K (~45 ◦C). At each adsorption temperature, 
the adsorption condition was the same as for the adsorption isotherm 
experiments described above, where the initial concentrations of B were 
40, 80, 100, 200, 300, 400, and 800 mg L-1, the adsorption pH was 6, 
and the adsorption time was 24 h. The Gibbs free energy (ΔG), enthalpy 
(ΔH), and entropy (ΔS) were calculated by Eq. (6) and Eq. (7). 

lnKP = ΔS/R-ΔH/RT (6)  

ΔG = ΔH-TΔS (7)  

Where KP is the distribution constant; R is the gas constant (8.314 J mol- 
1 K-1); T(K) is the temperature. 

2.4. Reuse capacity 

The regeneration performance of BC/ZIF-8 was investigated through 
6 cycles of experiments. The B-loaded BC/ZIF-8 (BC/ZIF-8-B) and 0.5 M 
NaOH/ethanol solution were added to the conical flask at a mass ratio of 
1:20. After shaking for 12 h at 160 rpm at room temperature, the BC/ 
ZIF-8-B was washed three times with ethanol and was dried at 343 K 
(~70 ◦C) for 12 h to obtain a regenerated adsorbent. During these ex
periments, the pH was 6, the initial B concentration was 300 mg L-1, the 
temperature was 298 K (~25 ◦C), the oscillation frequency was 160 rpm 
and the adsorption time was 24 h. 

2.5. Boron recovery from FPW 

To investigate the B removal capacity from FPW by BC/ZIF-8, we 
collected FPW from a wastewater storage pond from a shale gas well in 
Southwest China in July 2021. Before conducting the adsorption ex
periments and elemental profiling, the insoluble particles were removed 
by passing the fluid through 0.22 µm membranes. The elemental con
centrations of sodium (Na), potassium (K), calcium (Ca) and magnesium 
(Mg) cations in HF-FPW were measured using atomic absorption spec
troscopy (AAS) (East & West Analytical Instruments, Beijing, China). 
Sulfate was determined by barium chromate spectrophotometry (INESA, 
Shanghai, China), and the concentration of dissolved inorganic carbon 
was determined by titration. For adsorption experiments, we used both 
FPW and a control group comprised of B in deionized water (B con
centrations were prepared to be the same as the FPW). To conduct an 
adsorption experiment, 10 mg of BC/ZIF-8 was suspended in 20 mL of 
the FPW and or the control group solution. The adsorption pH was set to 
6, experiments were conducted at room temperature, and samples were 
filtered for analysis after 24 h. 

3. Results and discussion 

3.1. Characterization of BC/ZIF-8 

As shown in Fig. 2a, XRD results show that peaks of graphene layer 
stacking (002) with an ordered hexagonal structure (100) appeared in 
the XRD pattern of BC, indicating that BC has a graphitized structure 
[51–54]. No difference was observed between the spectra of synthesized 
ZIF-8 and the standard ZIF-8, indicating that there is no crystal structure 
change during ZIF-8 synthesis. The corresponding peaks are 7.334◦, 
10.379◦, 12.72◦, 18.026◦, and 26.665◦, corresponding to (011), (002), 
(112), (222), (015) on the simulated ZIF-8 [37], respectively. The peaks 
in the XRD pattern of the synthesized ZIF-8 were sharp, indicating that 
the synthesized ZIF-8 is well-ordered. There is very little difference be
tween the XRD spectra of BC/ZIF-8 and ZIF-8 indicating that ZIF-8 grew 
tightly and uniformly on BC, and BC has no significant effect on the 
crystallization of ZIF-8. The XRD patterns of BC/ZIF-8-B and BC/ZIF-8 
on the XRD patterns are similar, which indicates the crystallinity of 
the BC/ZIF-8 was stable during the adsorption process. As shown in 
Figs. 2b, 2c and 2d, compared with ZIF-8, all the diffraction peaks of 
BC/ZIF-8 are shifted to the left, indicating that ZIF-8 is successfully 
loaded on BC. In addition, all the diffraction peaks of BC/ZIF-8-B are 
shifted to the right compared with ZIF-8. The overall shift of the 
diffraction peak is attributed to the change of the crystal plane spacing 
caused by the introduction of other substances into the ZIF-8 [55]. The 
stable structure is promising for the repeated reuse of BC/ZIF-8 in field 
wastewater treatment operations. 

Changes in the apparent morphologies of the materials during the 
adsorption process were observed by SEM and are summarized in Fig. 3. 
The SEM images show ZIF-8 was loaded on BC without profound 
agglomeration. The average particle size of ZIF-8 is about 31.9 nm and 
the average particle size of ZIF-8 in BC/ZIF-8 is about 132.9 nm (Fig. 4). 
The cause of the ZIF-8 particle size increase is electrostatic interaction 
[56]. The negatively charged BC, as the carrier of ZIF-8, has electrostatic 
attraction with Zn2+, which allows ZIF-8 to grow on its surface. Mean
while, the structure of BC/ZIF-8 is stable after B adsorption, which is 
also consistent with the XRD analysis. Fig. 3d shows that C, N, O, Zn and 
B appear in BC/ZIF-8-B, indicating a uniform adsorption process. The 
percentage of C, N, O, and Zn in BC/ZIF-8 are shown in Table 1. By 
theoretical calculation (Supplementary Information), the proportions of 
ZIF-8 and BC in BC/ZIF-8 were 38.3% and 61.7%, respectively. 

We analyzed TGA and DTG (Fig. 5) to compare the thermal stability 
of BC/ZIF-8 and ZIF-8. The first stage of weight loss of ZIF-8 was below 
479 ◦C with Tmax peak at 306 ℃, which was primarily due to the loss of 
bound water, and that for BC/ZIF-8 was below 347 ◦C with Tmax peak at 
246.5 ℃ primarily due to the loss of bound water and hemicellulos [57]. 
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The second stage of weight loss of ZIF-8 was between 479 ◦C and 700 ◦C 
with Tmax peak at 586 ℃. The weight loss of ZIF-8 in this stage was 
mainly caused by the cleavage of coordination bonds of metal nodes Zn 

(II) and the decomposition of organic ligands[58]. In comparison, the 
second stage of weight loss of BC/ZIF-8 was between 347 ◦C and 655 ◦C 
with Tmax peak at 516 ℃, which was mainly caused by the 

Fig. 2. (a) X-ray diffraction patterns of BC, ZIF-8, BC/ZIF-8, simulated ZIF-8 and BC/ZIF-8-B; the diffraction peak of ZIF-8 shifted after adding BC with (b) 2θ＜8◦, (c) 
2θ＝9–14◦, (d) 2θ＝17–20◦. 

Fig. 3. SEM images for the comparison of surface morphologies of BC/ZIF-8, and BC/ZIF-8-B, (a) (b) SEM image of BC/ZIF-8, (c) SEM image of BC/ZIF-8-B, (d) The 
elemental mapping of C, N, O, Zn and B on BC/ZIF-8-B nanoparticles. 
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decomposition of ZIF-8 components and the cellulose and lignin of BC 
[57,59]. The third stage of weight loss of ZIF-8 was above 700 ◦C with 
Tmax peak at 772 ℃ and of BC/ZIF-8 was above 740 ◦C, which involves 
the combustion of BC and the thermal decomposition of ZIF-8 [60]. Both 
materials lost 47% in all three stages. These results indicate that the 
synthesized BC/ZIF-8 has good thermal stability. 

The BET surface area results of BC, ZIF-8 and BC/ZIF-8 are given in  
Fig. 6. Type IV adsorption-desorption isotherms were used to accurately 
model adsorption to the mesoporous structure of the materials [61,62]. 
The specific surface area of canola straw BC was 14.12 m2 g-1, which is 

consistent with canola straw BC surface areas previously reported [63]. 
The specific surface areas of ZIF-8 and BC/ZIF-8 were 1317.74 m2 g-1 

and 729.16 m2 g-1, respectively. However, the adsorption capacity of 
BC/ZIF-8 is larger than that of ZIF-8 (Fig. 8a), which may be due to the 
enhanced interaction of boron and adsorbate by nanostructure hybrid
ization [38]. The BET analysis (Fig. 6b) showed that the pore size of 
ZIF-8 is not homogenously distributed and pores of approximately 200 Å 
are dominant in ZIF-8. By comparison, the pore size of the BC/ZIF-8 is 
more homogenously distributed and pores at 200 Å are substantially 
reduced during modification. The fraction of pores with 20–40 Å in 
BC/ZIF-8 increased and are higher than that in ZIF-8, indicating modi
fication generated some relatively small pores compared to that in ZIF-8 
(Fig. 6b, inset plot). For BC/ZIF-8, this result may indicate that some 
large macromolecular species may be blocked by the pores of BC/ZIF-8, 
resulting in higher selectivity for B. The particle sizes of BC and 
BC/ZIF-8 are shown in Figs. 6c and 6d. The particle size test results of BC 
show that there is an absorption peak at 4024.9 nm, which indicates that 
the average particle size of BC is 4024.9 nm. The absorption peak of 
BC/ZIF-8 appears at 7103.9 nm, suggesting that the average particle size 

Fig. 4. SEM images (a) and particle size distribution (b) of ZIF-8; SEM images (c) and Particle Size Distribution (d) of BC/ZIF-8.  

Table 1 
Elemental composition of BC/ZIF-8.  

Elements Wt% 

C  71.43 
N  10.84 
O  6.82 
Zn  10.91  

Fig. 5. TG-DTA curves of (a) ZIF-8 and (b) BC/ZIF-8.  
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of BC/ZIF-8 is 7103.9 nm. The larger particle size of BC/ZIF-8 than BC is 
caused by the growth of ZIF-8 on BC, which is consistent with the results 
of XRD and SEM characterization. 

3.2. Boron adsorption 

3.2.1. Adsorbent dosage 
Fig. 7a shows the impact of sorbent concentration on B adsorption 

onto BC/ZIF-8. While increasing adsorbent dosage resulted in an 
increased B removal rate, it decreased the equilibrium adsorption ca
pacity (Qe). For example, at an adsorbent concentration of 8 g L-1, BC/ 
ZIF-8 had an 11% improvement in removal rate but had a Qe that was 
78 mg g-1 lower than at an adsorbent concentration of 0.2 g L-1. Among 
them, 0.5 g L-1 BC/ZIF-8 had the largest increase in B removal rate and 
adsorption capacity. Considering the cost, the optimal concentration of 
the BC/ZIF-8 for B adsorption was around 0.5 g L-1. Increasing the 
adsorbent concentration increased the overall net specific surface area 
and adsorption sites, with the overall effect being enhanced B removal 
from the solution. The low adsorption capacity was probably because 
increasing adsorbent concentration led to the blocking of adsorption 
sites due to the particle aggregation [64]. 

3.2.2. Initial pH 
The B adsorption capacity to BC/ZIF-8 initially increased with an 

increase in pH from 3 to 6, and subsequently decreased as the pH 
increased to 11 (Fig. 7b). The zeta potential results (as shown in Fig. 7b) 
show the point of zero charge (PZC) of BC/ZIF-8 is ~9.03, which in
dicates that the surface of BC/ZIF-8 is positively charged at pH < 9.03 
and negatively charged at pH > 9.03. The adsorption capacity reached a 
maximum at pH = 6, which was 44 mg g-1. Under acidic conditions, 
reduced pH leads to ZIF-8 dissolution [65]. With an increase in pH (>6), 
the deprotonation of B aqueous species led to B being more negatively 

charged and a lower electrostatic attraction between BC/ZIF-8 and B 
aqueous species, thus, reducing adsorption capacity. 

3.2.3. Adsorption kinetics 
The adsorption of B as a function of time is illustrated in Fig. 8a. The 

adsorption capacity of ZIF-8 and BC/ZIF-8 on B reached a plateau after 
approximately 300 min. The adsorption capacity of B on BC/ZIF-8 was 
44 mg g-1, which was higher than that of ZIF-8 (25 mg g-1). To further 
explore the kinetics of B adsorption by ZIF-8 and BC/ZIF-8, the pseudo- 
first-order kinetics model and pseudo-second-order kinetics model were 
used to fit our adsorption data (the parameters of the B adsorption ki
netics models are presented in Table S1). The pseudo-first-order kinetics 
model better reproduces the experimental data for both ZIF-8 and BC/ 
ZIF-8 adsorption of B. According to previous studies, the adsorption of 
B by ZIF-8 and BC/ZIF-8 is likely controlled by diffusion [66,67]. 

3.2.4. Adsorption isotherms 
The amount of B adsorption increased with both higher initial con

centration of B and adsorption temperature (Fig. 8b). The Langmuir and 
Freundlich isotherm adsorption model fits are shown in Figs. 8c, 8d, 8e 
and 8f (for detailed parameters of the models, see Table S2). According 
to the linear regression coefficient, the Langmuir isotherm model better 
reproduces the adsorption behavior of B on ZIF-8 and BC/ZIF-8. Based 
on previous studies, the Langmuir isotherm indicates that B adsorption 
on ZIF-8 and BC/ZIF-8 was of a monolayer type on a uniform surface 
[53,68,69]. 

3.2.5. Adsorption thermodynamics 
Negative values of ΔG at all tested temperatures (298 K: 

− 0.588 kJ mol-1, 308 K: − 0.682 kJ mol-1, and 318 K: − 0.929 kJ mol-1) 
suggest that the adsorption of B by BC/ZIF-8 was a spontaneous process. 
ΔH was positive (4.438 kJ mol-1) which indicates that the adsorption of 

Fig. 6. (a) N2 adsorption-desorption isotherms of BC, ZIF-8 and BC/ZIF-8, (b) pore size distribution of BC, ZIF-8 and BC/ZIF-8, the particle size of BC (c) and BC/ZIF- 
8 (d). 
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B on BC/ZIF-8 was an endothermic process, while ΔS in positive value 
(16.867 kJ mol-1) which indicates a good affinity of B onto BC/ZIF-8 
[70]. The positive ΔS suggested that dispersion of the adsorbent and 
the randomness of the solid-liquid interface increased as a function of 
increasing adsorption temperature [71]. Based on the negative ΔG 
values and positive ΔH and ΔS values, the adsorption of B on BC/ZIF-8 
was mainly driven by the entropy effect [21]. 

3.3. Cycle testing 

The promise of high recyclability of the BC/ZIF-8 material was 
revealed by performing 6 cycles of B adsorption and desorption (Fig. 9). 
After the 6th cycle, the equilibrium adsorption capacity decreased by 
9.94% from the first adsorption. After 6 cycles of B adsorption onto BC/ 

ZIF-8, the BC/ZIF-8 had a persistent equilibrium adsorption capacity of 
40 mg g-1, displaying 90.06% of the original adsorption capacity. As 
shown in Fig. 10, the main peak of ZIF-8 remains in the XRD pattern 
after the 6th adsorption and desorption, which indicates that BC/ZIF-8 
has good stability. The surface area of BC/ZIF-8-B decreased to 
391.89 m2 g-1 after six sorptions, and the surface area increased slightly 
to 453.73 m2 g-1 after desorption with NaOH/ethanol solution. Based on 
the Q value, the regeneration performance of BC/ZIF-8 was higher than 
the carbon aerogel described by Sun et al. [19], nanocomposites syn
thesized by Zhang et al. [20], and polymers synthesized by Amin Abbasi 
et al. [72]. The persistent adsorption capacity of the BC/ZIF-8 is likely 
due to the structural stability of the ZIF-8 as indicated by the XRD, TGA 
and DTG analyses. From pH and adsorption strength perspectives, most 
of the B species are trigonal boric acid at pH = 6, but the bond strength 

Fig. 8. (a) The adsorption kinetics of B on ZIF-8 and BC/ZIF-8; (b) the adsorption isotherms of B on ZIF-8 (dashed line) and BC/ZIF-8 (solid line); (c) Langmuir curve 
of B adsorption by ZIF-8; (d) Langmuir curve of B adsorption by BC/ZIF-8; (e) Freundlich curve of B adsorption by ZIF-8; (f) Freundlich curve of B adsorption by BC/ 
ZIF-8. Error bars represent standard deviations (n = 4). 
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between triangulated boric acid and hydroxyl groups is weak [73]. This 
weak bonding may lead to the high reuse capacity observed in our study. 

3.4. Adsorption mechanisms 

The adsorption performance of a material is related to its pore 
structure and surface functional groups. ZIF-8 has a diameter of ~11.6 Å 

and is formed by splicing six-membered rings (~3.4 Å) and four- 
membered rings. However, the four-membered ring is too restricted to 
allow guest molecules to pass through [74]. To evaluate the transport 
capacity of the two forms of boric acid to pass through the six-membered 
ring of ZIF-8, we calculated the size of trigonal boric acid (H3BO3

0) and 
tetrahedral boric acid (B(OH)4

- ) using the software Multiwfn [75]. We 
found that the pore size of tetrahedral boric acid anion ≈ 3.39 Å was 
smaller than the pore size of ZIF-8 (3.4 Å) [33] and the size of triangular 
boronic acid ≈ 3.4 Å was similar to that of ZIF-8. This pore size analysis 
suggests that trigonal boric acid and tetrahedral boric acid anion may 
diffuse directionally into the interior of ZIF-8 due to the pore size of 
ZIF-8 (conceptual model is presented in Fig. S2). 

We further analyzed the FTIR spectra of BC, ZIF-8, BC/ZIF-8, and BC/ 
ZIF-8-B to explore the mechanisms of B adsorption (Fig. 11a). Overall, 
the bands were similar among ZIF-8, BC/ZIF-8 and BC/ZIF-8-B, which 
were substantially different from BC. This indicated that the surface 
functional groups from the original BC were largely masked by in situ 
growth of ZIF-8 on the BC surface. The O-H asymmetric stretching vi
brations at 3500 cm-1 were observed for all samples [76], which in
dicates the presence of hydroxyl groups (-OH) in BC, and the formation 
of Zn-OH due to the defects of Zn-O during the preparation of ZIF-8 [38, 
77]. Compared with ZIF-8, the band intensity in the spectrum of 
BC/ZIF-8 was enhanced at 3500 cm-1, suggesting BC may contribute 
additional hydroxyl groups for complexation. As shown in Fig. 12, so
lution aqueous species mainly exist in the form of trigonal boric acid 
under acidic conditions, and mainly exist in the form of tetrahedral boric 
acid under alkaline conditions. The -OH groups at the surface of BC and 

Fig. 7. (a) Adsorption capacity and removal rate of B by BC/ZIF-8 with B concentrations ranging from 0.2 to 8.0 g L-1. (b) Adsorption capacity at different initial pH 
values and relationship between zeta potential of BC/ZIF-8 and solution pH values. 

Fig. 9. The reacted BC/ZIF-8 was recovered and washed with NaOH/ethanol 
solution after each of the 6 desorption cycles. Error bars represent the standard 
deviation (n = 4). 

Fig. 10. (a) X-ray diffraction pattern of the sixth adsorption and desorption of BC/ZIF-8-B. (b) N2 adsorption-desorption isotherms of the sixth adsorption and 
desorption of BC/ZIF-8-B. 
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Zn-OH on BC/ZIF-8 possibly account for B adsorption by forming 
monochelate, bichelate or tetradentate complexes under acidic condi
tions [78]. In addition, when pH<PZC, the surface of the nanocomposite 
is positively charged, which facilitates the binding of B(OH)4

- through 
electrostatic attraction. At low pH, B(OH)4

- may bond to the protonated 
(-OH2+) surface of the BC/ZIF-8 by Lewis acid-base interactions, 
although B(OH)4

- is not the dominant aqueous species at low pH [79]. At 
high pH, by Lewis acid-base interactions, the electron-deficient aqueous 
species H3BO3

0 may bond to the deprotonated (-O-) functional group at 
the surface of BC/ZIF-8, and increased concentrations of B(OH)4

- may 
also lead to the formation of Zn-O-B coordination with Zn(II) [79,80]. 
Notably, the concentration of B(OH)4

- is substantially higher at condi
tions where pH > PZC, which may cause its electrostatic repulsion from 
the negatively charged surface of BC/ZIF-8. At the experimental pH 
value (pH=6), trigonal boric acid accounts for about 99.94% and 
tetrahedral boric acid accounts for about 0.06% of the total aqueous 
species. Therefore, hydrogen bonding (-OH complexation) and electro
static attraction may serve as fundamental forces in the adsorption of B 
by BC/ZIF-8. This is also reflected in FTIR, where intensity of the band at 
3500 cm-1 in the BC/ZIF-8-B spectrum is reduced compared to BC/ZIF-8, 
likely caused by the formation of complexes between the hydroxyl 
groups (-OH) and H3BO3

0 and B(OH)4
- [81]. The band intensities at 

950 cm-1 associated with asymmetric stretching of B-O in tetrahedral 
boric acid anions [82] and 1413 cm-1 associated with the asymmetric 
stretching of B-O in trigonal boric acid [78] were enhanced after B 
adsorption. This indicates that both trigonal and tetrahedral boric acids 

were successfully adsorbed by BC/ZIF-8. In addition, bands associated 
with Zn-N at 416 cm-1 were consistently observed in the spectra of 
BC/ZIF-8 and BC/ZIF-8-B. Owing to the core structure of the ZIF-8, the 
zinc ion is linked to the N in 2-methylimidazole, the consistent presence 
of Zn-N indicates that the surface structure of the ZIF-8 is relatively 
stable [83]. 

Based on the XPS analyses (Fig. 11b), sub-peaks of each of the pri
mary peaks in the wide scan spectra are presented in Fig. S1. The peaks 
at 1045 eV, 1022 eV, 531 eV, 398 eV, 285 eV, 139 eV and 89 eV 
correspond to Zn 2p1/2, Zn 2p3/2, O 1s, N 1s, C 1s, Zn 3s and Zn 3p, 
respectively [84]. In the C 1s spectrum, the sub-peak at 285.36 eV was 
likely associated with C––O from -COO- functional groups of BC, which 
is also confirmed in the FTIR spectra [44]. The sub-peaks at 398.78 eV 
and 399.56 eV in the N 1s spectrum were likely associated with C-N and 
C––N in 2-methylimidazole. A peak associated with B appeared at 
190 eV after the composite captured B. After BC/ZIF-8 adsorbed B, the 
Zn 2p peak moved to higher binding energy, which indicates that Zn was 
involved in the adsorption reaction [85]. 

3.5. Adsorption of B in HF-FPW 

We performed adsorption experiments on the B adsorption capacity 
of BC/ZIF-8 to investigate B removal capacity in a complex system. FPW 
has high ionic strength with various elements and organic constituents 
(full profiling is presented in Table 2). Of particular interest, the B 
concentration in the FPW is 42 mg L-1. As shown in Fig. 13, the removal 
rate of B in FPW by BC/ZIF-8 is 18.36% (equilibrium adsorption ca
pacity was 15.45 mg g-1), which is 5.99% lower than the control group 
(pure B solution with a concentration of 42 mg L-1). Compared with 
other inorganic materials such as Fe3O4 [21], MgO [22], fly ash [86] and 
ZIF-8 [87], the synthesized BC/ZIF-8 has the highest B removal 
efficiency. 

The reduced B adsorption in FPW relative to the pure B solution is 
likely caused by ion competition for adsorption and elevated ionic 
strength [88]. For many minerals, elevated ionic strength may reduce 
the adsorption efficiency [89,90]. At pH = 6, the positively charged 
surface of BC/ZIF-8 and coexisting anions exerts some influence on the 
adsorption of B in BC/ZIF-8 through the electrostatic attraction [91]. 
Anions in FPW may form surface complexes with Zn in the BC/ZIF-8, in 
the same way that zinc ions and carbonates form Zn-O-C(O)- [65], and 
occupying Zn-OH hinders its formation with B to form Zn-O-B. The in
fluence of organics in FPW may be limited due to their overall low 
concentrations (Table 2). 

4. Conclusions 

In this study, we synthesized BC/ZIF-8 and tested its ability to 

Fig. 11. (a) Fourier transform infrared spectra (FTIR) of BC (black), ZIF-8 (green), BC/ZIF-8 (blue) and BC/ZIF-8-B (red); (b) X-ray Photoelectron Spectrometry (XPS) 
wide scan spectra of BC/ZIF-8 (red) and BC/ZIF-8-B (blue). 

Fig. 12. Conceptual model of the possible mechanisms of B adsorption by BC/ 
ZIF-8, including (1) hydrogen bonding, (2) electrostatic attraction, (3) Lewis 
acid-base interactions, (4) electrostatic repulsion and (5) Zn-O-B coordination. 
The dissolved borate species are determined using Visual Minteq. 
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remove B from water (C0 =300 mg L-1) and FPW (C0 =42 mg L-1). Re
sults showed high B adsorption capacities in both clean (44 mg g-1) and 
complex (FPW) solutions (15.45 mg g-1). Compared to ZIF-8, the 
adsorption capacity for BC/ZIF-8 increased by 76%. The adsorption of B 
to BC/ZIF-8 was a spontaneous but endothermic process, and its kinetics 
were the best fit by a pseudo-first-order kinetics model and the Langmuir 
adsorption isotherm. Through six regeneration cycles, we demonstrated 
that BC/ZIF-8 has a good reuse capacity when applied for B adsorption. 
By comparison, the B removal rate in FPW was 5.99% lower than that of 
the control group (pure B solution at similar conditions) due to ion 
competition and the elevated ionic strength decreases the electric field 
around the charged particle surface. Physicochemical characterization 
showed that BC/ZIF-8 has a stable structure, suggesting that hydrogen 
bonding (-OH complexation) and electrostatic attraction are the 
fundamental forces in the binding of B to BC/ZIF-B. The BC/ZIF-8 
composite allows for more sustainable use of wastes due to the reuse 
of waste biomass to produce BC, and shows the promise of broader in
dustrial applications and water treatment using BC/ZIF-8. 

CRediT authorship contribution statement 

Mina Luo wrote the paper with inputs from all authors. Chunmei 
Zhu, Qingmei Chen, Fang Song conducted the experiments. Weiduo 
Hao, Zhengtao Shen, Kurt O. Konhauser, Daniel S. Alessi edited the 
paper. Cheng Zhong edited the paper and supervised the project. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data Availability 

Data will be made available on request. 

Acknowledgement 

This research was supported by the Opening Project of Oil & Gas 
Field Applied Chemistry Key Laboratory of Sichuan Province 
(YQKF202108). The work described in this paper was partially sup
ported by a fellowship award from the Research Grants Council of the 

Hong Kong Special Administrative Region, China (HKUST PDFS2223- 
6S03), awarded to C.Z. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.colsurfa.2022.130504. 

References 

[1] Y. He, Estimation of fracture production and water breakthrough locations of 
multi-stage fractured horizontal wells combining pressure-transient analysis and 
electrical resistance tomography, J. Pet. Sci. Eng. 194 (2020), 107479, https://doi. 
org/10.1016/j.petrol.2020.107479. 

[2] E.J. Folkerts, T.A. Blewett, P. Delompré, W.T. Mehler, S.L. Flynn, C. Sun, Y. Zhang, 
J.W. Martin, D.S. Alessi, G.G. Goss, Toxicity in aquatic model species exposed to a 
temporal series of three different flowback and produced water samples collected 
from a horizontal hydraulically fractured well, Ecotoxicol. Environ. Saf. 180 (2019) 
600–609, https://doi.org/10.1016/j.ecoenv.2019.05.054. 

[3] C. Zhong, J. Li, S.L. Flynn, C.L. Nesbø, C. Sun, K. von Gunten, B.D. Lanoil, G. 
G. Goss, J.W. Martin, D.S. Alessi, Temporal changes in microbial community 
composition and geochemistry in flowback and produced water from the duvernay 
formation, ACS Earth Space Chem. 3 (2019) 1047–1057, https://doi.org/10.1021/ 
acsearthspacechem.9b00037. 

[4] C. Zhong, C.L. Nesbø, G.G. Goss, B.D. Lanoil, D.S. Alessi, Response of aquatic 
microbial communities and bioindicator modelling of hydraulic fracturing 
flowback and produced water, FEMS Microbiol. Ecol. 96 (2020), https://doi.org/ 
10.1093/femsec/fiaa068. 

[5] C. Zhong, C.L. Nesbø, K. Gunten, Y. Zhang, X. Shao, R. Jin, K.O. Konhauser, G. 
G. Goss, J.W. Martin, Y. He, P. Qian, B.D. Lanoil, D.S. Alessi, Complex impacts of 
hydraulic fracturing return fluids on soil microbial community respiration, 
structure and functional potentials, Environ. Microbiol. 1462–2920 (2022) 16009, 
https://doi.org/10.1111/1462-2920.16009. 

[6] R. Bondu, W. Kloppmann, M.O. Naumenko-Dèzes, P. Humez, B. Mayer, Potential 
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