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Abstract Biochars derived from the straws of rice,
soybean, and peanut were prepared and modified with
aluminum [Al(III)]. These modifications shifted zeta
potential–pH curves of the biochars in a positive-value
direction and changed surface charge of biochars from
negative to positive under acidic conditions. The iso-
electric points for 0.6 M Al(III)-modified rice, soy-
bean, and peanut straw biochars were 8.0, 7.8, and 7.5,
respectively. Electrostatic attraction of the positively
charged surfaces on Al(III)-modified biochars to arse-
nate [As(V)] enhanced its sorption. The sorption of
As(V) by these Al(III)-modified biochars was investi-
gated in batch experiments. Al(III)-modified biochars
had greater sorption capacity under acidic conditions
compared with corresponding unmodified biochars.
While unmodified biochars sorbed negligible amounts
of As(V), their Al(III)-modified forms sorbed 445–
667 mmol kg−1 at pH 5.0, which were predicted by the
Langmuir equation. Modifications with 0.3 M Al3+ im-
proved sorption capacity of As(V) on soybean straw
biochar to 445 mmol kg−1, which was further increased
by 50% after modification with 0.6MAl3+. These As(V)
sorption capacities of biochars modified with 0.6 M Al3+

were larger than those of Fe/Al oxides determined at the
same pH, which were <500 mmol kg−1. Thus, biochars
modified with 0.6 M Al3+ could substitute Fe/Al oxides

used for water purification. However, the sorption of
As(V) by the Al(III)-modified biochars increased with
decreasing suspension pH. Thus, As(V) removal by
Al(III)-modified biochars is suggested to be conducted
under acidic conditions, but at pH>4.0.

Keywords Al(III)-modified biochar . Sorption
of arsenate . Crop straw . Zeta potential

1 Introduction

Arsenic (As) is a toxic element for humans, animals,
and plants. Inorganic As is usually present as species of
arsenate(V) and arsenite(III) in natural environments.
Both forms are often present in either reduced or oxi-
dized environments because of their relatively slow re-
dox transformation (Sadiq 1997; Smith et al. 1998).
Metal mining and smelting produce large amounts of
As-containing wastewater that can pollute surface and
ground water (Lu et al. 2005; Zhang et al. 2009; Wang et
al. 2011). Many countries have stringent standards for
As discharge in effluent. In China, the standard for As
discharge in industrial effluent is 0.5 mg L−1 (GB 8978–
1996). For drinking water, a lower limit of 0.01 mg L−1

is suggested byWorld Health Organization (WHO 2011)
and the Chinese Ministry of Health (GB 5749–2006).

Therefore, it is necessary to remove As from waste-
water prior to discharge into water bodies. Removal of
As from aqueous solutions via sorption is a simple meth-
od known to be relatively low-cost and is thus used to
purify water. The removal efficiency of As via sorption
mainly depends on the choice of sorbents employed. Iron
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(Fe) and Al oxides such as amorphous Fe hydroxide, γ-
Al2O3, goethite, hematite, and ferrihydrite are normally
used as sorbents to remove As(V) from aqueous solu-
tions (Fendorf et al. 1997; Arai et al. 2001; Catalano et al.
2007; Blanchard et al. 2012). In very recent times, syn-
thetic magnesium (Mg)/Fe-layered double hydroxides,
binary mixed oxides of Fe and silicon, and Fe(III)- and
Al(III)-modified montmorillonite have been used as sor-
bents to remove As(V) (Luengo et al. 2011; Park and
Kim 2011; Mahmood et al. 2012; Zhou et al. 2012).
Biomass and natural red soil have been used as low-
cost materials for As removal (Rajapaksha et al. 2011;
Pontoni and Fabbricino 2012). However, recent attention
has been given to biochars with sufficient suitability and
selectivity for removal of toxic As from aqueous streams
(Mohan et al. 2007).

Biochars have ample oxygen-containing functional
groups on their surfaces and carry a large amount of
negative charge (Yuan and Xu 2012). Hence, repulsion
by negatively charged surfaces of biochars to As(V) an-
ions may diminish As(V) sorption by biochars. Indeed
increased concentrations of As in the pore water of a
moderately contaminated urban soil were recorded after
it had been amended with 30 % (v/v) hardwood-derived
biochar (Beesley and Marmiroli 2011; Beesley et al.
2011), probably due to pH effects or competitive sorption
processes (Beesley et al. 2011; Borchard et al. 2012).

To improve As(V) sorption surfaces of bamboo
charcoal and activated carbon were modified with Fe
(Liu et al. 2010, 2012), but not with Al. Similarly, Al
oxides also have great sorption capacity for As(V) as
mentioned above. To our knowledge, there are no
reports of sorption of As(V) by Al(III)-modified
biochars. The objectives of the present study were to
prepare Al(III)-modified biochars and to examine their
sorption capacity for As(V).

2 Materials and Methods

2.1 Biochar

Straws of rice, soybean, and peanut were collected from
cropland in a suburb of Nanjing, China. These straws
were air-dried at room temperature and ground to pass a
1-mm sieve. The ground straws were then placed in
ceramic crucibles, each covered with a fitting lid, and
pyrolyzed in a muffle furnace. The pyrolysis tempera-
ture was raised to the selected value of 350 °C at a rate of

approximately 20 °C min−1 and held constant for 4 h
(Yuan and Xu 2012), then the biochar was allowed to
cool to room temperature and ground to pass a 1-
mm sieve. The basic properties of the biochars are
listed in Table 1. The biochar production rate was
calculated using the following equation: Production rate
(%)=(WeightBiochar/WeightPlant material)×100. Ash con-
tents of the biochars were determined by a modified
ASTM method (D-1762-84) involving measurement
of weight loss following combustion of about 10 g of
each biochar in a ceramic crucible at 750 °C for 6 h
(Peng et al. 2011).

The pH of the biochar was measured in deion-
ized water at a 1:5 wt/wt ratio. The biochar sam-
ples were each thoroughly mixed and allowed to
equilibrate for 1 h. The pHwas then measured using an
Orion 720 pH meter. The total C and N contents of
the biochar were determined using a Leco CN-2000
analyzer (Leco Corp, St. Joseph, MI, USA) at
1,200 °C. The CEC for the biochars was measured
by a modified ammonium acetate compulsory dis-
placement method (Gaskin et al. 2008). The detailed
procedures of the method were presented in a previ-
ous report (Yuan et al. 2011).

To modify soybean straw biochar, 20 g of the
biochar was added into 200 mL of 0.3 M Al3+ (as
AlCl3) solution with magnetic stirring, and then
suspension pH was adjusted to 7.0 with 0.5 M
NaOH and maintained for 2 h. After standing at 25 °C
for 48 h, the solid was separated from solution by
centrifugation at 3,880×g with a Sigma 3–16 centrifuge
(SciQuip Ltd, Shrewsbury, UK). The Al(III) -modified
soybean straw biochar was washed with deionized
water once and then with ethanol until free of chlo-
ride ions (tested by 0.1 M AgNO3). The Al(III)-
modified biochar was air-dried and ground to pass
a 1-mm sieve. Similarly, the biochars generated from
the straws of soybean, peanut, and rice were reacted
with 0.6 M Al3+ (as AlCl3) to obtain 0.6 M Al(III)-
modified biochars.

The surface area of biochars and Al(III)-modified
biochars was determined using an analyzer model
ASAP2020 (Micromeritics Instrument Corporation,
Norcross, Georgia, USA). The BET surface areas were
evaluated from the N2 adsorption isotherms by apply-
ing the BET equation in the relative pressure (P/P0)
range of 0.05–0.35, and taking the average area occu-
pied by a molecule of N2 in the completed monolayer
to be equal to 16.2 Å2.
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2.2 Determination of Zeta Potential of Biochar

Samples of 0.045 g of biochars and Al(III)-modified
biochars (0.054-mm sieve) were placed in separate
250-mL conical flasks, and 180 mL of 0.1 mM NaCl
solution was then added to each flask. Aliquots were
adjusted to pH values in the range of 4.0–9.0 (i.e., 4.0,
5.0, 6.0, 6.5, 7.5, 8.0, and 9.0) with NaOH or HCl. The
suspensions were dispersed ultrasonically for 1 h at 25±
1 °C in a bath-type sonicator at a frequency of 40 kHz
and a power of 300 W. After equilibration of 48 h, their
zeta potentials were measured using Zetaplus 90
(Brookhaven Instruments, New York, USA). Final pH
values were determined to plot the relationship between
zeta potential and pH values.

To investigate effect of As(V) on zeta potential of
Al(III)-modified biochars, these biochars were
suspended in 0.1 mM NaH2AsO4 and treated as
presented above.

2.3 Sorption Experiments

Various concentrations of NaH2AsO4 in the range of
0.3–1.2 mM (i.e., 0.3, 0.4, 0.5, 0.6, 0.8, 1.0, and
1.2 mM) were prepared in background solution of
0.01 M NaNO3 and adjusted to pH of 5.0 using HCl
or NaOH. Samples of 100 mg of the biochar and
Al(III)-modified biochar were weighed in duplicate
into 250-mL polyethylene bottles. Then, 100 mL of
NaH2AsO4 solutions of varying concentrations were
added to each bottle. The suspension pH values were
again adjusted to 5.0 with HCl or NaOH. For equili-
bration, suspensions were shaken with a reciprocating
shaker in a constant-temperature water bath at 25±
1 °C for 2 h and stored for 12 h prior centrifugation
at 3,880×g for 10 min with a Sigma 3–16 centrifuge
(SciQuip Ltd, Shrewsbury, UK). The amount of As(V)
sorbed by biochar was calculated from the difference
between the concentration of As added and that
remaining in the equilibrium solution.

To examine the effect of pH on sorption of As(V),
0.8 mM NaH2AsO4 solution was prepared and adjust-
ed to pH in the range of 3.5–6.5 (i.e., 3.5, 4.0, 5.0, 5.5,
6.0, and 6.5). Then, 100 mg of Al(III)-modified
biochar was added into 100 mL of the solution, and
the same procedures were used to determine sorption
of As(V). After centrifugation, final pH values of
solutions were measured. The As(V) in the solution
was determined, and the amount of As(V) sorbed was
calculated using the methods mentioned above.

The concentration of As(V) in solutions was
determinated by hydride generation–atomic fluores-
cence spectrometry with AFS 9700 (Beijing KCHG
Instrument Ltd, Beijing, China). Fresh sodium boro-
hydride solution (10 g L−1) was supplemented daily
with 0.1 M NaOH, and 1.2 M HCl was used as the
carrier.

2.4 Data Processing

The Langmuir equation is normally used to fit the
sorption isotherms of ions by different sorbents, and
was also used in this study:

C=Q ¼ 1= KQmð Þ þ C=Qm

Where C is the equilibrium concentration of As(V)
in solution (in millimolar), Q is the amount of As(V)
sorbed (in millimoles per kilogram), Qm is the maxi-
mum amount of As(V) sorbed (in millimoles per kilo-
gram), and K is a constant related to binding strength.

3 Results and Discussion

3.1 Zeta potential of Al(III)-Modified Biochars

The zeta potential is the potential in the sliding plane
of colloidal particles, and its value and sign are related
to surface charge of the particles (Hunter 1981) that
depends on solution pH. Zeta potential values were

Table 1 Basic properties of biochars produced from crop straws of rice, soybean, and peanut (Data are means ± standard errors)

Biochar pH CEC
(cmolc kg

−1)
Surface area
(m2 g−1)

Total C
(g kg−1)

Total N
(g kg−1)

Yield (%) Ash (%)

Soybean straw biochar 9.02±0.05 98±3 1.0±0.2 541±3.3 36.2±1.5 32.5±2.3 23.3±2.3

Peanut straw biochar 8.88±0.06 81±2 2.1±0.5 410±2.5 24.6±1.6 39.4±2.5 40.9±2.9

Rice straw biochar 7.69±0.03 152±3 19.3±1.1 425±3.1 16.5±1.1 33.3±2.1 40.3±3.1
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measured as a function of solution pH for the biochars
from soybean, peanut, and rice straws and the corre-
sponding Al(III)-modified biochars. The zeta potential
values for non-modified biochars were negative in the
pH range studied (Figs. 1 and 2), indicating that the
biochar particles carried negative charges on their sur-
faces. The zeta potential of the biochars became more
negative with increased pH, suggesting increased nega-
tive charge on the biochars with increasing pH. There
are ample oxygen-containing functional groups on
biochars (Yuan and Xu 2012), and deprotonation of

these functional groups creates negative charge on
biochar surfaces (Tong et al. 2011; Yuan et al. 2011).

When soybean straw biochar was modified with Al3+,
its zeta potential changed to a positive value direction,
which was more pronounced by 0.6 M Al3+ than by
0.3 M Al3+ (Fig. 1). However, the isoelectric points
(IEPs; i.e., pH when zeta potential is zero) for all
Al(III)-modified soybean straw biochars were >7.
When peanut and rice straw biochars were modified
by 0.6 M Al3+, their zeta potential shifted to pos-
itive values direction; hence, their surface charge
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changed from negative to positive below IEP that were
>7 (Fig. 2). Thus, improved sorption of As(V) on both
biochars modified with Al3+.

3.2 Sorption of As(V) by Biochars and Their Al(III)-
Modified Forms

The sorption capacities of three 0.6 M Al(III)-modi-
fied biochars for As(V) were consistent with the order
of their IEPs. The greater IEP of the Al(III)-modified
rice straw biochar and subsequent greater positive
charge on its surface led to greater sorption capacity
for As(V) compared to 0.6 M Al(III)-modified peanut
and soybean straw biochars.

The amount of As(V) sorbed by non-modified soy-
bean straw biochar was negligible, in the range of 0.9–
17.0 mmol kg−1 (Fig. 3). The repulsion by negatively
charged surfaces of biochar to the anions of arsenate was
one of main reasons for negligible sorption of As(V),
probably due to competitive sorption processes or pH

effects. Dissolved organic carbon or ash released by
biochars may affect sorption of anions on biochars
(Borchard et al. 2012; Oh et al. 2012). Surface modifi-
cations with Al3+ multiplied surface areas (Tables 1 and
2) and induced formation of positively charged surfaces
that have electrostatic attraction to anions of arsenate.
The larger surface area of the Al(III)-modified biochars
provided more physical potential of sorption sites for
As(V) and thus increased their sorption of As(V) com-
pared with non-modified biochars. Moreover, increasing
densities of Al3+ bonded to biochar surfaces enhanced
sorption of As(V) (Fig. 3).

The Langmuir equation fitted the sorption data well,
with all correlation coefficients (R2)>0.997, and thus
could be used to describe sorption of As(V) by Al(III)-
modified biochars. Compared to non-modified biochars,
sorption capacity (Qm) and binding strength (K) of
As(V) were larger for Al(III)-modified biochars
(Table 2).

Sorption of As(V) on peanut and rice straw biochars
modified with 0.6 M Al3+ were also examined (Fig. 3);
both biochars sorbed similar amounts of As(V) as de-
termined for soybean straw biochar modified with 0.6M
Al3+ (Fig. 3). Therefore, the three 0.6 M Al(III)-modi-
fied crop straw biochars could be used as adsorbents to
remove As(V) from aqueous solutions.

As(V) sorption has been studied using a variety of
sorbents; however, Fe(III) and Al(III) (hydr)oxides
have been used in most studies. In the present study,
the sorption capacity of As(V) on biochars modified
with 0.6 MAl3+ was >645mmol kg−1, which was larger
than these of <500 mmol kg−1 on γ-Al2O3, goethite,
gibbsite, and allophane at pH 5.0 (Arai et al. 2001;
Violante and Pigna 2002). Therefore, Al(III)-modi-
fied crop straw biochars are more efficient to remove
As(V) from aqueous solutions than pure Al(III) and
Fe(III) (hydr)oxides.
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Table 2 Parameters of Lang-
muir equation for Al(III)-modi-
fied biochars (Data are means ±
standard errors)

Biochar Qm (mmol kg−1) K R2 Surface area (m2 g−1)

0.3 M Al-modified soybean straw
biochar

444.7±9.9 30.2±2.7 0.997 72.7±2.7

0.6 M Al-modified soybean straw
biochar

645.9±20.9 77.5±2.5 0.998 89.0±3.5

0.6 M Al-modified peanut straw
biochar

645.9±20.9 51.7±1.7 0.998 39.9±1.5

0.6 M Al-modified rice straw
biochar

666.7±0 75.0±0 0.998 63.9±2.7
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3.3 Effect of pH on Sorption of As(V) and Sorption
Mechanisms

Sorption capacities for As(V) of the three Al(III)-mod-
ified biochars decreased with rising pH (Fig. 4), which is
in line with sorption of As(V) on Fe/Al oxides (Arai et
al. 2001). The decrease in positive surface charge led to
less electrostatic attraction of the biochars to As(V) and
thus their decreased sorption of As(V). However, under
acidic conditions, these Al(III)-modified biochars had
relatively high sorption capacity. At pH<4.0, some Al

hydroxides can dissolve and release Al3+ into solution
(Li et al. 2005). Therefore, As(V) removal by Al(III)-
modified biochars was suggested to be conducted at
pH>4.0.

The effect of As(V) sorption on zeta potential of
Al(III)-modified biochars was examined for investiga-
tion of sorption mechanisms of As(V) on Al(III)-modi-
fied biochars. The sorption of As(V) on the three Al(III)-
modified biochars shifted their zeta potentials in a
negative-value direction (Fig. 5), suggesting that specif-
ic sorption of As(V) occurred on the surfaces of the
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Al(III)-modified biochars. Thus, the change of zeta po-
tential of Al(III)-modified biochars due to As(V) sorp-
tion indicated that As(V) formed chemical bonds with
Al(III)-modified biochar surfaces and subsequently
some negative charge of arsenate was transferred to
the surface of the biochars. The shift of zeta potential
of γ-Al2O3 due to sorption of As(V) was observed by
Arai et al. (2001), and the reduction of positive surface
charge on ferrihydrite caused by sorption of As(V) was
also reported previously (Jain et al. 1999). These reports
were consistent with the observations for Al(III)-modi-
fied biochars in the present study, which suggested that
As(V) was sorbed by Al(III)-modified biochars through
a similar mechanism to that in pure Fe/Al oxide systems.
The formation of chemical bonds of arsenate on Fe and
Al oxides has been confirmed through X-ray absorption
in fine structure spectroscopic studies (Fendorf et al.
1997; Arai et al. 2001; Catalano et al. 2007). In the
present study, the As(V) sorbed by Al(III)-modified
biochars mainly reacted with Al hydroxides and formed
inner-sphere complexes on the surfaces of the biochars.

4 Conclusions

Compared to non-modified biochars, their Al(III)-mod-
ified forms sorb larger amounts of As(V). Thus can be
used as efficient sorbents to remove As(V) from aqueous
solutions at pH<7.0. The sorption of As(V) by Al(III)-
modified biochars decreased with rising pH. As(V) re-
moval by Al(III)-modified biochars was suggested to be
conducted under acidic conditions, but at pH>4.0.
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