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A new synthesis method was developed to produce zinc–biochar nanocomposites from sugarcane

bagasse. The modified biochar maintained 1.2 to 2.0 times higher removal efficiency than that of pristine

biochar. FTIR, XPS, BET and SEM were used to analyse the physical and chemical properties of the

composite adsorbent. Batch sorption experiments were carried out to investigate the adsorption

behavior of Cr(VI) by zinc–biochar. Experimental data were better fitted by a pseudo-second-order

kinetics equation and the Freundlich isotherm model. Thermodynamic analysis indicated that the

adsorption process was spontaneous and endothermic. The maximum adsorption of the modified

biochar was observed at pH 2.0 with the sorption capacity of 102.66 mg g�1. The adsorbed zinc–biochar

could be effectively regenerated by 0.5 mol L�1 NaOH solution and the adsorption ability decreased

from 84.16 to 59.75 mg g�1 in the sixth cycle. In conclusion, the porous zinc–biochar showed great

potential advantages in the removal of Cr(VI) from wastewater.

1. Introduction

Heavy metal ions in water systems prove to be a potential threat

to the environment and human beings due to their bio-

accumulation and decomposition difficulty in food chains.1,2

Chromium, one of the widespread heavy metals in the envi-

ronment, has been considered as a priority pollutant by the US

EAP. Cr exists mainly as Cr(III) and Cr(VI) in the natural envi-

ronment, while Cr(VI) is much more poisonous, soluble and

mobile than Cr(III). Moreover, Cr(VI) can be absorbed by hydro-

phytes and leached into groundwater, causing poisonous and

harmful effects on humans. Therefore, the treatment of Cr(VI) in

wastewater has become an exigent environmental issue.

Numerous methods and techniques have been employed to

removal Cr(VI) from the aqueous phase, such as adsorption,

ecological remediation, chemical reduction, redox, and

micellar-enhanced ultraltration.3–8 Among them, adsorption

has been regarded as an effective and straightforward tech-

nology for Cr(VI) removal. Activated carbon, zeolite, iron oxide,

fullerene, graphene, and chitosan are the common materials

used for Cr(VI) removal.9–13 However, these adsorbents may have

some disadvantages including limited ability, oxidability and

aggregation.14 In addition, the high cost of the commercial

materials also hinders its practical and widespread application.

Thus, it is urgent and necessary to nd cost-effective adsorbents

to remove chromium from wastewater.

In recent years, biomass derived biochar has been taken as a

promising adsorbent due to its low cost, wide availability,

favorable surface characteristics for heavy metals and other

water contaminants removal.15–21 Biochar contains a range of

polar functional groups, such as hydroxyl, carboxylic and

amino-groups. The major mechanism of heavy metals adsorp-

tion is electrostatic interaction or ion exchange, and it is greatly

inuenced by the surface charge of the adsorbent material.

Consequently, the modication of biochar, which can increase

the surface charge and enhance the adsorption ability, has

attracted deep attention in recent years. For example, nitration

modied biochar exhibited obviously higher Cu2+ adsorption

effect than the unmodied biochar, the adsorption capacity of

themodied sorbent are ve holds of the pristine one due to the

introduction of amino group.16 Themagnetic iron nanoparticles

modied biochar showed highly removal of Cr(VI) with a high

surface area of 679.4 m2 g�1 and 4.42 wt% of the magnetic

nanoparticles inside.22

Over the past few years, zinc nanometer microstructures

have aroused great interest in the eld of adsorbing material

preparation for the use of wastewater treatment due to their

unique properties, low cost and mild reaction condition.

Recently, many researches have synthesized zinc nano-

structures on functional materials including graphene, acti-

vated carbon, and biochar. For instance, Kikuchi, et al. found

that activated carbon combined with zinc oxide can efficiently

adsorb Pb ions from aqueous solution.23 Ko, et al. found that
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zinc oxide branched carbon bers are potentially useful for the

removal of heavy metal.24 They reported that the modication

process can introduce Zn compound to form colloidal or

nanosized zinc particles on or in the carbon surface aer

pyrolysis. Their ndings provided the possibilities of producing

Zn/biochar adsorbents to remove contaminants from waste-

water effectively.

In this study, a porous zinc–biochar nanocomposites was

produced from sugarcane bagasse for the rst time. Batch

experiments were carried out to study the adsorption behavior

of Cr(VI) using zinc–biochar. The effects of pH and background

ionic strength on the adsorption ability were also investigated.

Furthermore, the desorption/regeneration properties of zinc–

biochar nanocomposites were investigated to determine the

reusability of adsorbent and evaluate the economic feasibility.

2. Materials and methods
2.1. Materials

All chemicals including HCL, NaOH, H2SO4, HNO3, H3PO4,

Zn(NO3)2$6H2O, C3H6O, C13H14N4O, K2Cr2O7 employed in the

experiments were purchased at analytical reagent grade and

without any further purication. Zinc nitration hexahydrate was

obtained from Guangdong Xilong Chemical Co., Ltd. All the

solutions were prepared with high-purity water (18.25 MU cm�1)

from a Millipore Milli-Q water purication system.

2.2. Synthesis of adsorbent

The zinc–biochar nanocomposites was synthesized according to

the process described in the previous literature.25 First, the

feedstock was pretreated using zinc nitrate solution (the mass

ratio was 1 : 1). 20 g of the bagasse powder was added into the

Zn(NO3)2 solution (20%), and then the mixture was shaken at

130 rpm, 30 �C for 24 h. Aer that, the sample was dried in a

vacuum drying oven under the temperature of 60 �C. Then the

Zn(NO3)2-pretreted biomass were pyrolyzed to obtain the

compound Zn/biochar as follow: a dry mixture of zinc oxide and

biomass was heated (at a heating rate of 7 �C min�1) in a tube

furnace up to 450 �C and keep the temperature for 1 h under a

N2 ow rate of 50 mL min�1, then cooled to room temperature.

The obtained biochar was washed with Di water for several

times, air dried and sealed in a desiccator for further experi-

ment tests.

2.3. Material characterization

Function groups of adsorbents involved in the metal removal

were examined by Fourier transform infrared spectrophotom-

eter (FTIR) (Nicolet 5700 Spectrometer, USA). The elements of

the samples were performed by an ESCALAB 250Xi X-ray

Photoelectron Spectrometer (XPS) (Thermo Fisher, USA). The

specic surface area and aperture were determined by the

Brunauer, Emmett, and Teller (BET) (Tri-star 3020, USA) equa-

tion using a gas sorption analyzer and the total pore volume was

measured based on the N2 adsorption–desorption isotherms.

The microscopic features of adsorbents were characterized with

a scanning electron microscopy (SEM) (JSM-7001F, Japan). The

zero point charge of zinc–biochar was determined using Elec-

troacoustic Spectrometer (ZEN3600 Zetasizer UK) varying solu-

tion pH from 1.0 to 9.0.

2.4. Adsorption experiments

Cr stock solution (1000 mg L�1) was prepared by dissolving

analytical grade 2.829 g K2Cr2O7 powder into 1000 mL deion-

ized water. The solutions of different concentrations used in

this study were obtained by diluting the stock solution. All the

adsorption experiments were performed as follows: 0.1 g zinc–

biochar was added to 50 mL Cr(VI) solution in asks. Initial solu-

tion pH was adjusted by HCl or NaOH solution (0.1– 1 mol L�1).

Flasks were shaken at 120 rpm at the needed temperature.

The impact of pH on sorption was conducted by adjusting

the initial Cr(VI) solution (100 mg L�1) ranging from 2.0 to 9.0.

Flasks were shaken at 30 �C for 24 h. Kinetic experiments were

carried out at pH 2.0, 30 �C with 100 mg L�1 Cr(VI) solution. The

residual Cr(VI) concentration was calculated aer designated

time periods (15, 30, 60, 120, 180, 360, 480, 600, 720, 1080, 1440,

2160, 2880 min). Adsorption isotherms and thermodynamic

data were obtained at the temperature of 30, 40 and 50 �C, with

varied initial concentrations (25, 50, 75, 100, 200, 250, 400, 500

mg L�1). For the effect of background ionic strength, the

experiments were studied at pH 2.0, 30 �C and initial Cr(VI)

solution (50 mg L�1) was adjust by different concentrations of

NaCl (0, 0.001, 0.005, 0.01, 0.05, 0.1, 0.5 mol L�1). All the

experiments were carried out in triplicate parallel groups and

the averages dates were recorded.

2.5. Desorption experiment

The feasibility of regenerating zinc–biochar for repeated use

was investigated by using sodium hydroxide as stripping agent.

Desorption experiment was conducted as follows: the adsorbent

which has been used to remove Cr(VI) (500 mg L�1) was added

into 50 mL of 0.5 mol L�1 NaOH solution, shaken at 120 rpm

under 30 �C for 12 h. Then the adsorbent was washed to neutral

by deionized water and collected to reuse.

2.6. Chromium analysis

The Cr(VI) concentration was analyzed using the 1.5-diphe-

nylcarbazide method with a UV-vis spectrophotometer (Pgen-

eral T6 China) at the wavelength of 540 nm. Adsorption

efficiency (qe) and removal percentage (R) were calculated by the

following equations:

qe ¼
VðC0 � CeÞ

W
(1)

R ¼
C0 � Ce

C0

(2)

C0 and Ce (mg L�1) are the initial and equilibrium concentration

of metal ion. V (mL) is the volume of tested solution andW (mg)

is the mass of the modied biochar.
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3. Results and discussion
3.1. Characteristics of adsorbents

3.1.1. FTIR. FTIR spectra for the pristine and zinc loading

biochar (before and aer adsorption) were obtained and shown

in Fig. 1a–c. Typically, the characteristic peak around 3448 cm�1

corresponding to the water stuck in the samples, illustrating

that some hydroxyl groups were formed on the surface of the

two carbon materials.22 The broad band of 1640 cm�1 was

mainly assigned to the stretching vibration of O–H and C]O

stretching vibrations of ester.26 The peak at 1404 cm�1 was

related to COO– groups and the band at wave number of 580

cm�1 due to the C–H bending vibration.27,28 The absorbance

band near 1121 cm�1 was the C–O bending vibration and the

weak peak at about 781 cm�1 was related to the aromatic

compounds.18,29

In short, the groups of H–O–H, OH–, COO–, and C–O

changed a bit aer modication and the change could be

attributed to the introduction of zinc.30–32 The bending vibration

of OH– and COO– shied marginally to the lower wave numbers

aer Cr(VI) adsorption. These changes indicated that the

hydroxyl and carboxyl groups could be the main functional

groups for Cr(VI) sorption. The results were in good agreement

with the previous investigations.18,33,34

3.1.2. XPS. X-ray photoelectron spectroscopy (XPS) was

used to study the surface chemical compositions of the two

carbon material. The principal elements at the surface of the

pristine biochar were carbon (84.12%), oxygen (13.71%),

nitrogen (2.17%), zinc (not been detected because of the

extremely low content) and the zinc–biochar were carbon

(78.6%), oxygen (14.14%), nitrogen (2.41%), zinc (4.86%). The

existence of carbon and oxygen composed the main body of the

two materials. Fig. 2a shows the whole region of the biochar

before and aer modication. As can be seen, two new peaks in

the binding energy of about 1021 � 0.5 eV and 1044 � 0.5 eV

appeared to the modied zinc–biochar, which was attributed to

the photoelectron peaks of Zn 2p3/2 and Zn 2p1/2 respectively, indicating that a certain amount of zinc were successfully added

to the modied biochar. Detailed XPS survey of the regions for

Zn 2p3/2 was shown in Fig. 2b. The Zn 2p3/2 peak at the binding

energy of 1021.5� 0.2 eV was attributed to zinc oxide and the Zn

2p3/2 peak at the BE ¼ 1022.4 � 0.2 eV may be related to zinc

hydroxide.35

Fig. 3 shows the spectra of the C 1s regions for the pristine

and modied biochar. The C 1s XPS spectrum for the modied

biochar can be well tted into four peak components (while the

peak for the pristine biochar was three), which were attributed

to different forms of carbon atoms. The peak observed at

bending energy of about 284.6, 286.1 and 287.9 for the two

carbon materials correspond to C–C (aromatic), C–O (alcoholic

hydroxyl and ether) and C]O (carbonyl), respectively. The

appearance of new peak at the bending energy of 288.9 aer

modication could be assigned to COO– (carboxyl and ester).36

The results suggested that the modied biochar was function-

alized well with COO– groups, which was in agreement with

FTIR results.

3.1.3. BET. Table 1 shows the results of BET analysis of

modied and pristine biochar. As shown in the table, the
Fig. 1 FTIR spectra of (a) pristine biochar and zinc–biochar (b) before

and (c) after adsorption.

Fig. 2 XPS spectra of (a) biochar before and after modification; (b) zinc

2p3/2 of zinc–biochar.
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specic surface areas and total volumes pore of zinc–biochar

(BET¼ 21.28 m2 g�1 and TPV¼ 0.0325 m3 g�1) are much higher

than those of the pristine biochar (BET ¼ 1.98 m2 g�1 and

TPV ¼ 0.0037 m3 g�1).

The isotherm curve (Fig. 4a) showed hysteresis loops in the

relative pressure (p/p0) range from 0.5 to 0.9, demonstrating

that their structures were uniform mesopores. The corre-

sponding pore size distribution (Fig. 4b) clearly indicated that

two carbon materials possessed a same pore size distribution

around the centered of 35 nm. However, a new pore size

distribution centered near 15 nm occurred for zinc–biochar.

The occurrence of new peak might be attributed to the intro-

duction of zinc.

3.1.4. SEM.Morphological changes in the pore structure of

the materials before and aer heavy metal adsorption were

compared by the scanning electron microscopy images. The

SEM images of the carbon materials were shown in Fig. 5a and

b. The surface of the modied biochar particles before Cr(VI)

adsorption (Fig. 5a) was quite rough and highly heterogeneous.

This indicated that the zinc particles could be in nanoakes

form within the biochar mixture, leading to its higher BET

surface areas and total volumes pore. The image of modied

biochar aer Cr(VI) adsorption was shown in Fig. 5b. A thick

layer of the heavy metal ions were accumulated on the surface

and deep within the pores as expected.

3.1.5. Zero point charge. The point of zero charge (pHpzc) is

the pH at which the net charge on the surface is zero. The zeta

potentials of the zinc–biochar were shown in Fig. 6. As seen the

pHpzc of the zinc–biochar was found to be at pH 1.9. Under the

solution pH < pHpzc, the surface of the zinc–biochar was posi-

tively charged, which could lead to a signicant electrostatic

attraction between the Cr(VI) ions and the positively charged

surface. When the solution pH > pHpzc, the surface of the zinc–

biochar acquired a negative charge, which could went against

the Cr(VI) adsorption due to electrostatic repulsion.21

3.2. Comparison experiments

The comparison of removal efficiency by Zn/biochar and pris-

tine biochar was performed by varying the Cr(VI) concentrations

from 20 to 200 mg L�1. As shown in Fig. 7a, the Cr(VI) removal

efficiency of the modied biochar ranged from 95.4% to 55.7%

while the pristine biochar changed from 80.2% and 20.7%,

respectively. Based on the data of Fig. 7a and b indicated that

Fig. 3 C 1s XPS spectra of biochar (c) before and (d) after modification.

Table 1 BET characteristics of modified and pristine biochar

Specic surface area

(m2 g�1)

Pore volume

(m3 g�1)

Average pore

(nm)

Pristine biochar 1.98 0.0037 6.124
Zinc–biochar 21.28 0.0325 7.459

Fig. 4 Nitrogen adsorption–desorption isotherms (a) and pore size

distribution (b) of pristine and modified biochar.
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the removal efficiency of the modied biochar was 1.2 to 2 times

higher than that of the pristine biochar.

The modied zinc–biochar exhibited much higher adsorp-

tion capacity and removal efficiency than the pristine biochar. It

is mainly because that the high-temperature pyrolysis progress

could introduce zinc to form zinc particles on the biochar

surfaces, which can greatly increase the surface area and pore

volume of the adsorbent.

3.3. Effect of solution pH

The solution pH is one of the most important parameters that

signicantly inuence the adsorption process. It affects both

the adsorbent surface charge and the speciation of the adsor-

bate. As observed in Fig. 8, the adsorption capacity increased as

the equilibrium solution pH ranged from 9.0 to 2.0, and

reached the maximum adsorption amount of 45.79 mg g�1 at

the pH of 2.0.

The speciation of hexavalent chromium was depended on

the solution pH. It exists primarily as salts of H2CrO4 (at pHs

less than about 1.0), HCrO4
� (at pHs between 1.0 and 6.0) and

CrO4
2� (at pHs above 6.0).37 The higher adsorption at low pH

may be attributed to the formation of more polymerized

chromium oxide species and the stronger interaction

between the positively charged functional groups of the

adsorbent and the negatively charged chromate ions.37,38

Furthermore, the decreasing tendency of Cr(VI) removal as pH

Fig. 5 Scanning electron micrographs of zinc–biochar (a) before and

(b) after adsorption.

Fig. 6 Zeta potentials of zinc–biochar at different solution pH.

Fig. 7 The comparison (a) and the ratio (b) of Cr(VI) removal efficiency

between the modified and pristine biochar.
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increased was likely caused by the increase of competition

between hydroxide complexes and Cr(VI) species for the

sorption sites on the biochar.18 Therefore, the initial solution

pH 2.0 was used as the optimum pH for the further

experiments.

3.4. Adsorption kinetics

In order to explain the mechanism of adsorption processes,

pseudo-rst-order and pseudo-second-order models were

applied to simulate the experimental kinetic data. The equa-

tions are generally expressed as follows:

ln(qe � qt) ¼ ln qe � k1t (3)

t

qt
¼

1

k2qt2
þ

t

qe
(4)

where qe and qt (mg g�1) represented the sorption amount of Cr(VI)

at equilibrium and at time t, k1 (min�1) and k2 (g mg�1min�1) are

the pseudo-rst-order and pseudo-second-order reacted rate

constant, respectively (Table 2).

The effect of contact time on Cr(VI) adsorption by the

modied biochar was represented in Fig. 8a. As can be seen,

over 80% of the total Cr(VI) adsorption was rapidly happened

within the beginning 10 h, then the subsequent process

(10–48 h) last a long time until the sorption equilibrium was

reached. Results of Cr(VI) sorption kinetics were presented in

Fig. 9b. The correlation coefficient (R2) suggested that the

experimental data tted better to pseudo-second-order model

(R2 ¼ 0.993) than pseudo-rst-order model (R2 ¼ 0.976).

Furthermore, the value of the adsorption amounts of Cr(VI)

adsorbed qe,2 (46.34 mg g�1) calculated from pseudo-second-

order model was more agreeable to the experimental qe (44.93

mg g�1) value. The adsorption process was better represented by

the pseudo-second order model, indicating that the chemi-

sorption of Cr(VI) on zinc–biochar was the rate-limiting mech-

anism.39 Therefore, it was inferred that Cr(VI) ions were

adsorbed onto the surface of zinc–biochar by chemical inter-

action, such as ion exchange and chelating reaction.15

3.5. Adsorption isotherms

The equilibrium adsorption isotherms are essential data to

explain the mechanism of the adsorption. Freundlich and

Fig. 8 Effect of initial solution pH values on Cr(VI) removal by zinc–

biochar.

Table 2 Pseudo-first-order and pseudo-second-order model

parameters for Cr(VI) adsorption on zinc–biochar

Pseudo-rst-order Pseudo-second-order

qe,1
(mg g�1)

k1
(min�1) R2

qe,2
(g mg�1 min�1)

k2
(min�1) R2

35.481 14.921 0.976 46.339 0.021 0.993

Fig. 9 Kinetics of Cr(VI) adsorption onto the zinc–biochar at 303.15 K

(initial Cr(VI) concentration 100 mg L�1; pH: 2.0). (a) Cr(VI) sorption

kinetics data; (b) pseudo-second-order model for Cr(VI) adsorption.

Fig. 10 Freundlich and Langmuir isotherms of Cr(VI) adsorption on

zinc–biochar (Cr(VI) solution volume: 50 mL; adsorbent dose: 0.1 g;

contact time: 24 h; pH: 2.0).
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Langmuir adsorption models were compared to simulate the

adsorption isotherms data.

The Langmuir model:

Ce

qe
¼

1

qmaxKL

þ
Ce

qmax

(5)

where qe and qmax (mg g�1) denote the amount of Cr(VI) adsor-

bed at equilibrium and the maximum adsorption capacity, C0

and Ce (mg L�1) are the initial and equilibrium concentration of

Cr(VI), KL represents the Langmuir binding energies (mg�1).

The Freundlich model:

ln qe ¼ ln KF þ
1

n
ln Ce (6)

where qe (mg g�1) is the adsorption capacity at equilibrium, Ce

(mg L�1) is the equilibrium concentration, KF (mg g�1)(mg L�1)1/n

is the Freundlich constant related to adsorption capacity and n

is the Freundlich linearity constant. The adsorption represents

favorable adsorption condition if n is greater than 1 and less

than 10 (1 < n < 10).

The Cr(VI) sorption isotherms on the zinc–biochar at three

different temperatures are shown in Fig. 10. The relative

parameters obtained from the two models are listed in Table 3.

It could be obviously observed that the correlation coefficient

(R2) values of Freundlich model (0.98, 0.99, 0.98) at all

temperatures were much better than those of Langmuir model

(0.84, 0.91, 0.85). Therefore, the Freundlich model was more

suitable for the adsorption process, indicating that the hetero-

geneity adsorption of the heavy metal ions to the bending sites

which could be attributed to the surface functional groups of

zinc–biochar.40 Moreover, the Freundlich model constant n at

three temperatures were 3.03, 3.23 and 4.01, respectively. The

large value of n explained the stronger interaction between the

zinc–biochar and the Cr(VI) ions. Table 4 presented the

comparison of the maximum Cr(VI) adsorption capacity of

various adsorbents in the previous study. As seen, the prepared

zinc–biochar nanocomposites maintained much higher Cr(VI)

removal performance than many other adsorbent materials

reported in the literature.41–44

3.6. Adsorption thermodynamic studies

The thermodynamic data were simulated by the following

equations:

ln ke ¼ �
DH0

RT
þ

DS0

R
(7)

DG0 ¼ �RT ln ke (8)

where T (K) is the absolute temperature in Kelvin, DS0

(kJ mol�1 K�1) is the entropy change, DH0 (kJ mol�1) is the

enthalpy change, ke was calculated by plotting ln K (K ¼ qe/Ce)

versus Ce and extrapolating Ce to zero, R (8.314 mol�1 K�1) is the

universal gas constant.

Fig. 11 was the estimation of thermodynamic parameters for

the adsorption of Cr(VI) on zinc–biochar. The values of DS0 and

DH0 were obtained by calculating the intercept and slope of the

plot between ln ke versus 1/T, respectively. The maximum

adsorption amount of Cr(VI) was obtained at 323.15 K, and the

maximum adsorption capacity ranged from 82 mg g�1 to 102

mg g�1 as the temperature ranged from 303.15 to 325.15 K. The

rise in sorption capacity was caused by the more frequently

collide and contact between the sorbent and the adsorbent

under higher temperature. The values of thermodynamic

parameters are given in Table 5. The negative values of DG0 at

different temperatures proved that the adsorption process was

feasibility and spontaneous. Furthermore, the decrease in the

DG0 values with the increase temperature indicated that the

Table 3 Constants and correlation coefficients of Freundlich and

Langmuir models for Cr(VI) adsorption onto zinc–biochar

T (K)

Langmuir model Freundlich model

qm
(mg g�1)

KL

(L mg�1) R2
KF

(L mg�1) n R2

303.15 84.87 0.02 0.84 11.28 3.03 0.98

313.15 94.38 0.03 0.91 14.79 3.23 0.99
323.15 96.18 0.10 0.85 25.35 4.01 0.98

Table 4 Comparison of the maximum Cr(VI) adsorption capacity of

various adsorbents

Adsorbents

Adsorption capacity

(mg g�1) References

Claried sludge 26.31 41
Ferric ion-laden char 53.46 42

Fe0/Fe3O4 nanoparticles 55.64 43

Magnetized activated carbon 57.19 44
Zinc–biochar

nanocomposites

102.66 This study

Fig. 11 Plot of ln k
0

versus 1/T for estimation of thermodynamic

parameters for the adsorption of Cr(VI) on zinc–biochar (volume: 50

mL; adsorbent dose: 0.1 g; initial Cr(VI) concentration: 25, 50, 75, 100,

200, 250, 400, 500 mg L�1; pH: 2.0; contact time: 24 h).
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sorption process was favored by the higher temperature. The

changes in standard enthalpy and entropy of the adsorption

process were 71.567 kJ mol�1 and 277.614 J mol�1 K�1,

respectively, and the correlation coefficient (R2) was 0.99. The

positive value of DH0 proved that it is an endothermic adsorp-

tion process and the positive value of DS0 indicated an

increasing randomness at the solution interface during the

adsorption.

3.7. Effect of background ionic strength studies

In this investigation, the common salt, NaCl, was chosen to

study the effect of background ionic strength on Cr(VI) removal.

The ionic strengths were adjusted by 0, 0.001, 0.005, 0.01, 0.05,

0.1 and 0.5 mol L�1 NaCl solutions at 30 �C. As shown in Fig. 12,

the presence of NaCl scarcely inuenced Cr(VI) removal at low

concentrations (0.001 and 0.005 mol L�1). However, it obviously

reduced the removal capacity of Cr(VI) from 92% to 71% and

53% at higher concentrations (0.1 and 0.5 mol L�1). This

phenomenon could be attributed to the following reasons: (1)

Cl� and Na+ were monovalent anions, they could not or only

slightly compete for the adsorption site of zinc–biochar at low

concentration.22 (2) While at high concentrations, the presence

of Cl� and Na+ could hinder the electrostatic between the

charges on zinc–biochar surface and Cr(VI) ions in solution and

also compete with the Cr(VI) ions for surface adsorption sites of

the adsorbent. (3) High concentration of NaCl could improve

the ionic strength of the solution, thus inuencing the activity

coefficient of Cr(VI) and resulting in great decrease of the collide

and contact between the sorbent.45

3.8. Regeneration and desorption analysis

Desorption is another important process reecting adsorption

due to its economical and enhancement value. In this study,

the regeneration of the zinc–biochar was surveyed by using

0.5 mol L�1 sodium hydroxide desorption. The results indicated

that the adsorption ability decreased gradually with the

increasing of cycles, but no less than 59.95 mg g�1 in the sixth

cycle (Fig. 13), showing that zinc–biochar can be regenerated

effectively using sodium hydroxide. The decreasing adsorption

capacity trend could be assigned to the waste of the adsorbent

does during the process and the negative changes of the

materials' physical and chemical properties, such as the

reduction of specic surface area and pore volume and the

weakness of functional groups.

4. Conclusions

In this study, the nano-zinc particles loading biochar was

successfully synthesized as a low-cost and efficiency-effective

adsorbent to remove Cr(VI) from the wastewater. The adsorp-

tion performance was obvious enhanced for batch experiments

and the highest adsorption capacity was 102.66 mg g�1. The

adsorption efficiency was slight inuenced by the solution pH

Table 5 Thermodynamic parameters for Cr(VI) adsorption on zinc–biochar

ln k0 DG0/(kJ mol�1)
DH0

(kJ mol�1)

DS0

(kJ mol�1 K�1) R2303.15 K 313.15 K 323.15 K 303.15 K 313.15 K 323.15 K

1.003 1.217 1.474 �2.527 �3.168 �3.961 277.614 71.567 0.99

Fig. 12 Effect of different concentrations of NaCl on Cr(VI) removal by

zinc–biochar (volume: 50 mL; adsorbent dose: 0.1 g; initial Cr(VI)

concentration: 50 mg L�1; pH: 2.0; contact time: 24 h).

Fig. 13 Sixth consecutive adsorption–desorption cycles of zinc–

biochar for Cr(VI) removal (volume: 50mL; adsorbent dose: 0.1 g; initial

Cr(VI) concentration: 500 mg L�1; pH: 2.0; contact time: 24 h).
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and the maximum adsorption amount was found to be 45.79

mg g�1 at the pH of 2.0. The experimental data was better tted

by the pseudo-second-order and Freundlich models. The

adsorption capacity was signicantly inuenced by the back-

ground ionic strength (high concentrations of NaCl solutions).

Besides, the adsorbent could be regenerated and reused by

sodium hydroxide. XPS analysis indicated that the zinc particles

had been successfully loaded on or into the modied biochar.

In conclusion, this method of synthesizing nano-zinc particles

in a biochar mixture offered new opportunities in nding

effective and economic treatment to removal Cr(VI) and other

heavy metals contaminant from wastewater.
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