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Abstract

Ball milling was used to fabricate a nanocomposite of 20% hickory-biochar (600°C) and 

80% expanded vermiculite (20%-BC/VE). This novel adsorbent had much higher As(V) 

removal efficiency from aqueous solution than ball-milled biochar (bm-BC) and ball-milled 

expanded vermiculite (bm-VE). Characterization of these adsorbents showed that enhanced As(V) 

adsorption was ascribed to much larger surface area and pore volume (2–6 times), notable changes 

in crystallinity, activation of cations, and increased functional groups in the nanocomposite 

compared with its pristine counterparts. The As(V) adsorption process by the nanocomposite 

fitted well with the pseudo-second-order kinetics model and Langmuir isotherm model, with a 

maximum adsorption capacity of 20.1 mg g−1. The 20%-BC/VE best performed at pH about 6. 

The adsorption efficiency was not sensitive to the competition of NO3
−, Cl−, SO4

2 − , as well as the 

coexistence of humic acid. However, the adsorption capacity for As(V) was significantly reduced 

by coexisting with PO4
3 − . The 20%-BC/VE composite can potentially serve as a superior low-cost 

adsorbent for As(V) removal in real world applications.

Capsule:

Nanocomposites fabricated from proper proportions of biochar and vermiculite through ball 

milling effectively remove arsenic from aqueous solutions
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1. Introduction

Arsenic (As) is a ubiquitous “metalloid”, abundantly distributed in the continental crust of 

the earth at concentrations of about 1.5–2 mg/kg (National Research, 1977). High arsenic-

bearing parent rock weathering and volcano eruption are the source of most naturally 

occurring arsenic. Anthropogenic activities such as smelting and mining activities, the 

use of pesticides and herbicides, and the paint and cosmetic industry have resulted in 

elevated levels of arsenic in soil, atmosphere, hydrosphere and biosphere (Singh et al., 

2015). It is reported that anthropogenic emissions of arsenical compounds amount to 

24,000 tons per year, three times higher than natural emissions (Benbrahim-Tallaa and 

Waalkes, 2008). Arsenic pollution has caused global human health concerns due to its high 

carcinogenicity and pathogenicity for respiratory and immune system, and even lethality. 

Dermal lesions, cardiovascular disease, liver disease, neuropathy, and cancer are originally 

recognized adverse effects caused by arsenic exposure (National Research, 1999, 2001). The 

contamination of drinking water and food are two major human exposure pathways to As. 

It is reported that most of the global rice-producing regions are contaminated with high As 

concentration (Suriyagoda et al., 2018), which is partly due to irrigation with high As water.

Inorganic arsenic is characterized with stronger mobility and toxicity than organic arsenic 

(Huang and Matzner, 2006). The toxicity of arsenite (As(III)) is considered to be about 60 

times larger than arsenate (As(V)) (Sattar et al., 2019). Naturally, As(III) is unstable due 

to oxidation caused by environmental factors such as pH and redox potential. Sugawara 

and Kanamori (1964)) showed that As(V) accounts for 80% of total arsenic in ocean water. 

Oxidation strategies, including photochemical oxidation, photocatalytic oxidation, biological 

oxidation, are common methods used to transform As(III) to less toxic As(V) (Gude et al., 

2018; Lu et al., 2019; Shumlas et al., 2016).

The removal of arsenic in solution by adsorption is currently the most studied and the most 

widely used method among different arsenic treatments (Singh et al., 2015). Iron oxides 

(Aredes et al., 2013), magnesium oxide (Liu et al., 2011b), and aluminum oxide (Li et al., 

2016b), are promising adsorbents for As remediation, for their high treatment capacities. 

Expanded vermiculite (VE) is commercially used as plant breeding substrate and possesses 

excellent adsorptive and coagulative properties (Miner, 1934). VE is an inexpensive, natural 

phyllosilicate material, featuring a sandwiched structure with large internal surface area, 

high cation exchange capacity, and high negative charge on the silicate layers (Tuchowska 

et al., 2019). Hence, it has been widely studied for adsorption of cationic dyes and heavy 

metals (Basaleh et al., 2019; Malandrino et al., 2011). The abundance of metallic oxides 

such as aluminum, magnesium, and iron in vermiculite, enables its potential for arsenic 

remediation (A. Saleh et al., 2016; Manning and Goldberg, 1996).
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Impregnating adsorbents on support materials can improve As adsorption performance and 

reduce costs (Tuchowska et al., 2019; Zhang et al., 2004). Biochar as a novel adsorbent 

derived from pyrolysis of waste carbonaceous biomass, has drawn substantial attention for 

its large specific surface area, abundant functional group, and porous structure (Hu et al., 

2015). It is also reported that ball milling is a viable and cost-effective technique that 

utilizes mechanical energy to grind pristine materials into nanoscale particles to enhance its 

physicochemical and sorptive properties (Lyu et al., 2018). Our preliminary trials confirmed 

that ball-milled vermiculite-biochar nanocomposite possesses strong affinity to anionic dye 

Red (RR120) (Figure S1). However, there are no reports in the literature about ball-milled 

vermiculite-biochar composite as an adsorbent to treat arsenic-containing wastewater.

In this work, biochar-vermiculite nanocomposites of different ratios were fabricated via 

ball milling. The adsorption efficiency of these adsorbents was studied through batch 

experiments. The main objectives of this work are to: (1) characterize the physicochemical 

properties of ball-milled vermiculite, biochar, and their nanocomposites, (2) determine the 

optimal biochar and vermiculite weight ratio (BC/VE) for As(V) adsorption, (3) evaluate the 

As(V) adsorption kinetics and isotherm of the BC/VE nanocomposites, and (4) investigate 

the influences of pH, anionic competition, and dissolved humic acid, on As(V) adsorption 

onto vermiculite-biochar nanocomposites.

2. Materials and methods

2.1 Materials

The raw VE was obtained from Low’s Garden Center as an ordinary horticultural substrate. 

The main components of the vermiculite are SiO2, Al2O3, MgO, Fe2O3, K2O, and CaO 

(A. Saleh et al., 2016; Gencel et al., 2014). The VE were rinsed twice with deionized 

(DI) water (18.2 MΩ) (Nanopure water, Barnstead) and dried at 80ºC in an oven until the 

sample weight remained constant. Commercial hickory wood chips were purchased from 

Cowboy Charcoal, LLC (Stockton, CA). The wood was chopped and sieved to about 2 mm 

long with a mechanic mill (Thomas-Wiley, model 4). Sodium arsenate dibasic heptahydrate 

(Na2HAsO4·7H2O), humic acid, hydrochloric acid (HCl), and sodium hydroxide (NaOH) 

are all analytical pure grade, and purchased from Fisher Scientific.

2.2 Preparation of adsorbents

The biochar (BC) was fabricated from the crushed hickory wood chips following the 

procedure of Zheng et al. (Zheng et al., 2019a). Briefly, the crushed hickory wood chips 

were heated at 105 °C for 0.5 h, and then pyrolyzed by a tube furnace (Olympic 1823HE) at 

600 °C under reducing atmosphere (N2) for 1 h. The obtained BC was rinsed with DI water, 

and heated in an oven at 80°C to remove moisture until reaching a constant weight.

The ball-milling method described by Lyu et al. was used to synthesize VE and BC 

composites (Lyu et al., 2018). About 1.8 g raw material was placed within agate jars (500 

mL) with beads (diameter ¼6 mm, 180 g), and then placed in a planetary ball mill machine 

(PQ-N2, Across International, New Jersey, USA). The operation parameters of the ball 

mill machine were set at 300 rpm for 12h with rotation direction altered every 0.5 h. The 
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pristine BC, VE, and the BC/VE mixtures at weight ratios of 1:9, 1:4, 3:7, and 2:3 were 

ball milled under the same milling conditions. The ball-milled particles were denoted as 

bm-BC, bm-VE, 10%-BC/VE, 20%-BC/VE, 30%-BC/VE, and 40%-BC/VE, whereby the 

percentages are BC contents in the composite. All the samples were stored separately in 

sealed containers for future use.

2.3 Characterization of adsorbents

To detect the microscopic structure of BC, VE and their composites, a field emission 

scanning electron microscopy (SEM; HITACHI, S-4800) equipped with an energy-

dispersive X-ray spectroscopy (EDS; Horiba, EMAX) was used. The X-ray diffraction 

(XRD) analysis was performed to identify the crystallographic structure using a goniometer 

D8 ADVANCE Theta/Theta X-ray power diffractometer (Bruker Corporation, Karlsruhe, 

Germany), in a scanning range of 10 to 80° (2Ɵ) with a step size of 0.02°. The 

specific surface area (SSA), pore size and volume of the composites were measured 

using a Micromeritics AsAP 2460 instrument, according to Nitrogen adsorption-desorption 

method, Brunauer-Emmett-Teller (BET) and Barrett–Joyner–Halenda (BJH) theories. X-ray 

photoelectron spectroscopy (XPS, ESCALAB 250) was used to investigate the composition 

and speciation of surface elements, at the mode of Al anode X-ray exciting source (Al 

Kα=30 eV, step size=0.05eV). Fourier transform infrared spectra (FTIR) of the samples 

were recorded using a Bruker Vector 22 FTIR spectrometer (OPUS 2.0 software) (Zhang et 

al., 2013b). AB-250 pH meter (Accumet, Fisher Scientific, USA) was used to measure the 

solution pH.

2.4 Arsenic adsorption experiments

Stock solution of As (V) at 1 g L−1 was prepared by dissolving 4.16 g Na2HAsO4·7H2O 

into 1L DI water. This stock lotion was diluted with DI water to obtain various solution 

concentrations required in the following batch experiments.

The arsenic sorption capacity of the ball-milled BC/VE composites at varying mixing ratios 

along with the raw-BC, bm-BC, and raw-VE samples was examined by mixing 50 mg 

BC/VE with 50 mL arsenic solutions (20 mg L−1) in 68 mL conical centrifuge vessels 

at room temperature (25± 0.5 °C). The mixture was shaken at 220 rpm on a mechanical 

shaker for 48 h. Then the mixtures were immediately filtered through 0.45 μm nylon 

membrane filters. The arsenic concentrations in solutions were determined using ICP-OES. 

The adsorption capacity of adsorbents was calculated based on the initial and final arsenic 

concentrations in aqueous solutions. The experiment was replicated twice with additional 

experiments conducted whenever the relative difference was larger than 5%.

The rest of the batch experiments were conducted on the BC/VE composite having the 

highest As(V) adsorption capacity in a similar fashion as the above. Adsorption kinetics 

experiments were sampled at specific time intervals (i.e., 0, 0.083, 0.167, 0.5, 1, 2, 5, 10, 

12, 24, 36, 48, and 56 h). Isotherm experiments were examined with arsenic concentrations 

ranging from 1 mg L−1 to 200 mg L−1. The effect of solution pH was determined by varying 

the initial solution pH from 4 to 8. The anionic competition was determined by adding the 

same number of moles of sulfate ions (SO4
2 − ), nitrate ions (NO3

−), chloride ions (Cl−), and 
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phosphate ions (PO4
3 − ) with As(V). The effect of humic acid was examined by adjusting the 

humic acid concentration to 1, 5, 8, 10 mg L−1. The details of the fitting adsorption kinetics 

and isotherm models were listed in the supporting information (S1, S2).

3. Results and discussion

3.1 Effects of the BC/VE weight ratio on arsenic removal capacities

In order to optimize As(V) adsorption efficiency, the ball-milled BC/VE nanocomposite 

in different weight ratios was examined and compared with their pristine counterparts 

(Figure 1). The raw-BC, bm-BC, and raw-VE samples had no adsorption of arsenic, 

while ball milling enhanced the ability of raw-VE to adsorb As(V). The ball-milled 

BC/VE nanocomposites were much more effective in adsorbing As(V) than bm-BC and 

bm-VE, suggesting positive synergy with ball milling. A comparison among the BC/VE 

nanocomposites (BC weight ratio of 10%−40%) showed that the 20%-BC/VE possessed the 

highest adsorption capacity for As(V), 6.89 mg g−1, which was 47.3%, 15.6%, and 79.7% 

higher than that of 10%-BC/VE, 30%-BC/VE, and 40%-BC/VE. Since 20% biochar was the 

optimal weight ratio, the 20%-BC/VE nanocomposite was explored further in subsequent 

characterization and batch sorption experiments.

3.2 Characterization of materials

Table 1 lists the BET parameters of raw-BC, bm-BC, raw-VE, bm-VE, and 20%-BC/VE. 

The specific surface area (SSA) and pore volume (PV) of 20%-BC/VE were in between 

those of bm-BC and bm-VE. The SSA and PV of bm-VE were 2.866 m2 g−1 and 0.0188 

cm3 g−1, respectively, similar to the results (SSA=9 m2 g−1, PV=0.0072 cm3 g−1) in previous 

research of other VE samples (Silva et al., 2018). Ball milling reduced the SSA and PV 

of VE, likely caused by the destruction of the 2:1 crystalline structures of magnesium 

aluminum silicate in VE (Liu et al., 2011a; Shen et al., 1996). The mechanical activation by 

ball milling might have resulted in the storage of excess enthalpy and enhanced the reactivity 

of the material, which are beneficial to the adsorption of As(V) (Aglietti and Lopez, 1992; 

Li and Hitch, 2016). The addition of a small amount of BC particles dramatically increased 

the SSA and PV of the BC/VE composites compared with bm-VE, likely due to the 

contribution of the porous BC particles (Jin and Dai, 2012). The pore size of 20%-BC/VE 

sample was between that of bm-BC and bm-VE. The pore size distribution information 

is exhibited by the method of dV/dlog(W) Pore Volume vs. Pore Width (Figure 2S). The 

addition of BC significantly increased the pore size distribution of the 20%-BC/VE particle 

in the range of less than 15 nm, and remarkably produced large pores with the size of 60 nm. 

This suggests that ball milling can extrude BC particles into the interlayer of VE (Li et al., 

2016a).

SEM-EDS analysis was used to characterize the surface morphology and microstructure 

of the adsorbents. The images show that the bm-BC particles were approximately 0.5 um, 

i.e., 5 to 10 times smaller than the median diameters of bm-VE particles (Figure 2a and 

c). These ultrafine particles were attached on the surface of larger bm-VE particle in the 

20%-BC/VE sample (Figure 2(e)). To further evaluate the distribution of BC in the hybrid 

adsorbent, SEM-EDS was employed to characterize the element content. Compared with the 
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EDS-spectra of bm-VE, 20%-BC/VE sample was rich in carbon and nitrogen, indicative of 

successful incorporation of BC into the hybrid particles (Figure 2(d and f)).

The XRD analysis was used to identify the mineral and metal components in bm-BC, 

bm-VE, and 20%-BC/VE samples. As shown in Figure 3 (a), only the XRD pattern of 

bm-VE sample shows the strong peaks at 27° and 7°. And SiO2 (quartz and silicon 

oxide), AlPO4 (Berlinite), Al2Si2O5(OH)4·2H2O (Halloysite), and KMg3(Si3Al)O10(OH)2 

(Phlogopite) were identified in raw-VE through standard curve comparison (Yao et al., 

2016). Only broad diffraction peaks with low intensity were identified in bm-BC (Zheng 

et al., 2019b). However, there were no obvious diffraction peaks in the XRD pattern of 

20%-BC/VE in spite of 80% VE in the nanocomposite, suggesting that ball milling with BC 

reduced VE’s mineral crystallinity and thus might increase the surface mineral adsorption 

sites. This result suggests that the nanocomposite of two raw materials fabricated by ball 

milling caused notable changes to the crystallinity of VE.

The absorption peaks of FTIR spectrums within 400–3400 cm−1 were used to determine the 

particular functional groups in bm-BC, bm-VE, and 20%-BC/VE. As shown in Figure 3 (b), 

the stretching vibration bands at around 3431 cm−1 and the absorption peak at 1656 cm−1 

of bm-VE can be ascribed to -OH and H-O-H of the structure water molecule (Basaleh et 

al., 2019). The C-H and C=C asymmetrical stretching vibrations appeared at 2359 and 2330 

cm−1 (Alzaydien, 2016). The peak at 759 cm−1 was regarded with the bending vibration 

of Al-OH. The bands detected at 1057, 691, and sharp peak at 465 cm−1 were assigned 

to the stretching mode of Si-O, Si-O-Si, and Si-O-Mg groups (A. Saleh et al., 2016). The 

addition of biochar did not cause a noticeable change in the FTIR spectrum of 20%-BC/VE 

comparing with the bm-BC. Only two new strong peaks at 1588 and 1423 cm−1 appeared, 

which might correspond to the two peaks at 1580 and 1429 cm−1 of biochar. The 1588 cm−1 

peak could be assigned to the stretching mode of aromatic N-H/C=C/C=O groups, while 

the 1429 cm−1 peak could be identified as C–N stretching group (Basaleh et al., 2019). 

In addition, the broaden bending vibration at about 3320 cm−1 might be assigned to the 

increasing of O-H/N-H groups bending deformation introduced by biochar (Ben Ticha et al., 

2016). The overall result indicates that incorporating biochar into vermiculite by ball milling 

increased the amounts of functional groups in the adsorbent.

The characteristic binding energy of XPS spectra of the bm-BC, bm-VE, and 20%-BC/VE 

is shown in Figure 3 (c), confirming that the ball-milling process enriched the chemical 

composition of the nanocomposite. High-resolution C 1s spectra of 20%-BC/VE is 

presented in Figure 3 (d) while O 1s spectra of 20%-BC/VE and C 1s spectra of bm-BC are 

included in supporting information (Figure S3). The presence of C species in the synthesized 

composite is evidenced by the same intensity peak of C 1s spectrum at binding energy 

285 eV in bm-BC and 20%-BC/VE, which can be attributed to C-H (Oswald et al., 2017). 

The obviously different intensity range at binding energy 294.51 eV and 292.89 eV in 

20%-BC/VE can be respectively assigned to π-electron and π-π* shake-up satellite band of 

graphitic carbons (Aguirre-Araque et al., 2019; Faheem et al., 2016). The separate peak at 

283.71 eV in 20%-BC/VE can be assigned to chemical bonds Al-O-C (Liu et al., 2016).
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3.3 Adsorption kinetics and isotherm

The adsorption kinetics of As(V) onto 20%-BC/VE is illustrated in Figure 4a. After rapid 

rate in the initial 12 h, As (V) adsorption slowed down and did not reach adsorption 

equilibrium until about 36 h. Three kinetics models were explored (S1, supporting 

information), and the pseudo-second order kinetics model matched the experimental data 

slightly better (R2=0.99) than the pseudo-first order kinetics model (R2=0.978), and the 

simple Elovich model (R2=0.984) (Figure 4a). The equilibrium adsorption capacity (qe) 

predicted by the pseudo- first and second order models were 6.5 mg g−1and 7.5 mg 

g−1, close to the experimental data (6.9 mg g−1). The reported qe of As(V) onto different 

adsorbents are summarized in Table 2.

The Elovich model is a useful tool in describing sorption on highly heterogeneous adsorbent 

surface (Pęgier et al., 2019). The predicted plot of the Elovich model suggested that 

the adsorption mechanisms of As(V) onto 20%-BC/VE were not only influenced by 

physisorption, but also controlled by the chemisorption (Vithanage et al., 2016). Thus, the 

adsorption rate can be controlled by both number of active sites on the surface of adsorbent 

and intra-particle diffusion process inferred from the two segments of simulation plot of 

the inter-particle diffusion model using kinetics adsorption data versus t0.5 (Figure 4b) 

(Vasudevan et al., 2016).

The obtained experimental data fitted well to both Langmuir and Freundlich isotherm 

models (S2, Supporting information) with R2 values ranging from 0.955 to close to 1 

(Figure 4b). The predicted the maximum adsorption capacity (qm) of As(V) onto 20%-

BC/VE was 20.1 mg g−1. The 20%-BC/VE has excellent adsorption efficiency for As(V) 

removal compared with different adsorbents reported in the literature (Table 2).

The enhanced As(V) adsorption ability of the ball-milled BC/VE nanocomposite can be 

attributed to following two perspectives. First, ball milling proper proportion of BC particles 

into the interlaminar structure of VE may increase its interlayer distance to expose the 

exchangeable anions and positively charged surface sites, which can promote the adsorption 

of As(V) through ion exchange and electrostatic attraction, respectively. Excessive BC, 

however, would fill the interlayer space of VE, hindering the adsorption of As(V). Second, 

ball milling may initiate cationic activation of Ca/Fe/Al/Mg minerals (Mn + ) that exist in 

the crystal cells of VE to serve as the adsorption sites for As(V). The interactions between 

As(V) and the activated minerals can be expressed as (Wang et al., 2018):

S − Mn + + n
i − 3HiAsO4

i − 3
S − Mn + ⋯(HiAsO4

i − 3) n
i − 3

(1)

S − Mn + ⋯(OH−)n + n
i − 3HiAsO4

i − 3
S − Mn + ⋯(HiAsO4

i − 3) n
i − 3

+ n(OH−)

(2)

Li et al. Page 7

Chemosphere. Author manuscript; available in PMC 2024 August 26.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



where S denotes the surface of the nanocomposite and i = 0, 1, or 2.

3.4 The influence of pH, coexisting anions, and soluble organic matter

The initial pH of testing solution affects the speciation distribution of As(V) ions, namely 

H2AsO4
−, HAsO4

2−, and AsO4
3−. Figure 5a shows their relative percentage at varying 

solution pH calculated by the open source software Visual MINTEQ (31). For solution 

pH range of 2–6, the predominant As(V) species are H2AsO4
− and H3AsO4 and the 

percentage of H2AsO4
− increases as solution pH increases. For solution pH range of 

6–8 the predominant As(V) species are H2AsO4
− and HAsO4

2−, and the percentage of 

HAsO4
2− increases as solution pH increases. Because the surface of BC/VE nanocomposites 

is variably charged depending on solution pH, the electrostatic attraction between As(V) 

species and the 20%-BC/VE adsorbent also changes with solution pH. Figure 5b shows that 

As(V) adsorption increased from 5.62 mg g−1 to 7.12 mg g−1 as pH value increased from 4.0 

to 6.0, likely corresponding to the increase in H2AsO4
− and decrease in H3AsO4. In contrast, 

further increase in the initial pH reduced As (V) adsorption. At pH 8.0, As(V) adsorption 

capacity was only 5.43 mg g−1. The optimal initial pH of 6.0 for As(V) removal is consistent 

with previous studies (Chammui et al., 2014; He et al., 2018; Jeon et al., 2018).

The 20%-BC/VE adsorbent was examined in the presence of humic acid (1, 3, 5, 8, and 

10 mg L−1). The results indicated that humic acid has no obvious inhibitory effect on 

As(V) adsorption (Figure 5c). In other words, the tested adsorbent possesses good selective 

adsorption performance for As(V). It might be due to the size exclusion effect that HA 

macromolecules were too large to diffuse into the interlayers/pores of the nanocomposite.

The coexisting anions were documented to decrease the As(V) adsorption due to the 

competition for electrostatic attraction (Li et al., 2016a; Navarathna et al., 2019). However, 

our results indicated that the effects of coexisting SO4
2 − , NO3

−, Cl− of the same moles 

with As(V) were insignificant (Figure 5d). Previous studies have also noted that the 

effects of coexisting anions on As(V) removal, though decreasing following the order 

of SO4
2 − > NO3

− > Cl−, are minimal until exceeding a critical concentration e.g., SO4
2 −

concentration at 50 times of As(V) (Chammui et al., 2014). However, the presence of 

PO4
3 −  at the same concentration with As(V) reduced As(V) adsorption by about 50%. The 

strong effect of phosphate on As(V) adsorption is because both arsenate and phosphate 

are tetrahedral oxyanions and they compete for adsorption sites in solution (Manning and 

Goldberg, 1996).

4. Conclusions

We can conclude that the 20%-BC/VE nanocomposite can serve as a superior adsorbent 

for As(V) adsorption, with 20.1 mg/g As(V) Langmuir isotherm capacity. This ball 

milled nanocomposite possessed much higher SSA and PV (2–6 times) than their pristine 

counterparts. The incorporation of biochar into the hybrid particles caused notable changes 

to the crystallinity of VE and activated the cations for enhanced adsorption performance 

for As(V). The 20%-BC/VE best performed at pH 6, and As(V) was not influenced by the 

presence of humic acid and anion competition (NO3
−, Cl−, SO4

2 − ) except for PO4
3 − .
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Figure 1. 
As(V) sorption capacity onto BC/VE composites in different weight ratios and raw 

materials.
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Figure 2. 
SEM images of (a) bm-BC, (c) bm-VE, and (e) 20%-BC/VE, and EDS spectra of (b) 

bm-BC, (d) bm-VE, and (f) 20%-BC/VE samples.
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Figure 3. 
(a) XRD patterns, (b) FT-IR spectra, (c) XPS survey sacn of bm-BC, bm-VE, and 20%-

BC/VE, (d) C1s XPS spectra of 20%-BC/VE.
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Figure 4. 
(a) Adsorption kinetics of As(V) adsorption onto 20%-BC/VE, (b) kinetics of As(V) 

adsorption (vs. squre root of time), and (c) isotherms of As(V) adsorption onto 20%-BC/VE. 

The red lines are simulations of various models.
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Figure 5. 
(a) As(V) speciation simulated using Visual MINTEQ(Version 3.1). Effects of (b) initial 

solution pH, (c) humic acid concentration, and (d) coexisting anion on the adsorption of 

As(V) by 20%-BC/VE.
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Table 1.

Properties of the adsorbents.

Samples Surface Area (m2 g−1) Pore Volume (cm3 g−1) Pore Size (nm)

raw-BC 214.6219 0.0094 1.1403

bm-BC 286.4478 0.0995 0.5874

raw-VE 4.8858 0.0272 29.8226

bm-VE 2.8660 0.0188 35.5583

20%-BC/VE 16.0779 0.0466 12.9292
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Table 2.

Reported As(V) adsorption capacities of various adsorbents.

Adsorpent Kinetics model qe (mg g 
−1)

Isotherm 
model

qm mg g 
−1)

Initial 
concentration 
(mg l−1)

pH Reference

Maghemite nano 
particles

2h, Pseudo 1st and 
2nd order NA Langmuir and 

Freundlich 4.64 1 7 (Park et al., 2008)

Magnetite- 
maghemite 3h, two steps 4.85 Langmuir 6 2 6.5 (Chowdhury et al., 

2010)

Biochar/γ -Fe2O3
24h, Pseudo 2nd 
order 3.525 Langmuir 3.147 50 NA (Zhang et al., 2013a)

ZVI-RO ZVISG 48h, Pseudo 2nd 
order

15.87
6.94 Langmuir 15.58

7.92 25 NA (Bakshi et al., 2018)

Peanut shell 
biochar

Pseudo 1st and 2nd 
order 4.76

Langmuir, 
Freundlich, and 
others

7.94 5 5.4 (Sattar et al., 2019)

20%-BC/VE 48h, Pseudo 2nd 
order 6.5 Langmuir 20.1 20 This study
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