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ABSTRACT:

Biochars have shown a great potential to treat stormwater runoff contaminated with heavy metals due to
their favorable physical and chemical characteristics. Biochar materials were produced from pyrolysis of
oak free and wood at 400°C and 450°C respectively, and their Zn adsorption behavior from aqueous
solutions were evaluated to assess their applicability as a filter media for stormwater treatment. Two
adsorption isotherm models, Freundlich and Langmuir, were used to fit the batch-scale experimental data.
The kinetics of Zn adsorption was investigated under two contrasting physical condition (stagnant vs.
agitated). The adsorption isotherm was better fitted with the Langmuir model (R2 = 0.99) than the Freundlich
model (R2 = 0.62-0.72). Oak tree biochar (~ 21,400 mg kg-') outperformed wood biochar (~ 6,100 mg kg!) in
the Zn adsorption due to higher molar ratio of oxygen to carbon in the oak free biochar. The Zn adsorption
by the biochars were less effective under stagnant condition, suggesting that external energy for agitation is
needed when considering biochar as a stormwater filter media. Overall the kinetics data of Zn adsorption
fitted well with the pseudo-second order model (R2 = 0.99), indicating that chemisorption was dominant
mechanism for the Zn adsorptfion onto the biochars. This study highlights a potential for biochar to be an
effective adsorbent to remove In with relatively short contact time for stormwater and industrial
applications.
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1. INTRODUCTION

Urban stormwater runoff often can contain a broad
range of pollutants such as excessive amounts
of nufrients, heavy metals, and pefroleum
hydrocarbons washed off from impervious
surfaces (Aryal et al., 2010; Reddy et al., 2014).
Discharge of these pollutants into local waterways
can disrupt aquatic ecosystems and cause harmful
effects to public health and drinking water supplies
(Gaffield et al., 2013). Mitigation of non-point source
(NPS) pollution has been challenging in the United
States (US) and other countries. According to the US
Environmental Protection Agency, the NPS pollution
has been a major source of water quality
impairments in US (USEPA, 2002).

Zinc (Zn) concentrations in urban runoff are often
found fo be high due fto its vast usage. Major
sources of Zn loss intfo stormwater include the heavy
use of galvanized materials for many outdoor uses
such as gutter systems, drainage pipes, and platfing
systems (Van der Perk, 2013). Worn automobile tires
can also contribute to Zn release into stormwater
while the tires begins to wear off. (Golding, 2008).
Various treatment methods such as chemical
precipitation, ion exchange, membrane separation,
flotation, evaporation removal, and adsorpfion on
activated carbon (AC) have been used to remove
heavy metals from wastewater (Barakat, 2011).
Most of these methods are often expensive and
ineffective in low concentration range (< 100 mg L)
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which might occur in stormwater (Kurniawan et al.,
2006; Perez-Martin et al., 2008). The most cost-
effective method for removing heavy metals out of
solution is considered to be adsorption by agro-
based waste materials (Demirbas, 2008). Biochar is a
carbon-rich product produced by the combustion
of biomass such as wood, manure, or crop residue
in an oxygen-limited environment (pyrolysis). By the
charring the biomass, much of the carbon becomes
“fixed"” info a more stable form and therefore can
minimize carbon dioxide emission tfo the
atmosphere from decaying organic matter. When
the biochar is applied to soils, the carbon can be
effectively sequestered while improving soil structure
and fertility (Liang et al., 2008). In addition, biochar
has been viewed as a low-cost filter media to
remove inorganic and organic pollutants in water
due to ifs highly porous structure and reactive
surfaces (Ahmad et al., 2013; Mohan et al., 2014).
This study evaluated two biochar materials
derived from oak tree and wood in removing Zn
from aqueous solution as a stormwater filter media.
Study  objectives were to 1) determine
physicochemical and morphological characteristics
of the biochar materials, 2) determine the
effectiveness of Zn adsorption onto the biochar
materials through batch isotherm, and 3) determine
parameters for adsorption kinetics of Zn onto the

biochar materials under stagnant and agitated
conditions. Our results discusses the potential
applications of the biochars toward aqueous Zn
removal in stormwater based on our batch
adsorption and kinetics experiments.

2. MATERIAL AND METHODS

2.1 Biochar materials

Two commercially available biochars produced
from oak tree and wood pyrolyzed at 400°C and
450 °C, respectively, were obtained for this study
(Gangwon charmsoot company, Hoengseoug-gun,
Korea). For each of the biochar materials, the
elemental composition (C, H, N, S, and O) of
biochars was determined on the dry basis by an
elemental analyzer (Flash EA 1112 series, CE
instruments, UK). The pH of biochars was measured
using a pH metfer in a 1:10 (w/v) suspension in
deionized (DIl) water. Specific surface area of the
biochars were measured via N2 adsorptfion
multilayer theory using an ASAP-2020M analyzer
(Micromeritics Instrument Corp., USA). The data
were fitted to the BET (Brunauer-Emmett-Teller)
equation in order to calculate the surface area
(Park et al., 2015) (Table 1). Pore volume was
estimated from N2 adsorption at P/Po ~ 0.5.

Table 1. Selected physicochemical and structural properties of wood and oak tree biochars.

Properties

Oak Tree biochar

Wood biochar

Physicochemical

C% 88.71 89.84
H % 121 242
0% 9.72 7.52
N % 0.36 0.23
S% 0.00 0.00
Molar H/C 0.16 0.32
Molar O/C 0.08 0.06
pH 10.2 9.9
Structural
Surface area (m? gt) 271 476
Pore volume (cm® g?) 0.12 0.21
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2.2 Adsorption isotherm

Batch Zn adsorption isotherms were determined
similar fo the method of Kang et al. (2009). Briefly,
0.45 g of biochar material was equilibrated in test
tubes with 36 mL (1:80 solid-to-solution ratio) of zinc
sulfate heptahydrate (ZnSO47H20) containing O, 1,
2.5, 5,10, 25, 50, and 100 mg Zn L1 in DI water with
two replications. During preliminary test, oak tree
biochar was found to be very effective in removing
Zn out of solution at 100 mg L1. For the oak free
biochar, higher doses were added at 250 and 500
mg L. The samples were shaken for 48 h on an end-

to-end shaker at 90 oscillations min'! and
supernatants  were  filtered through  0.2-um
membrane filters. The filtrates were analyzed

according to USEPA Zincon Method (Cleceri et al.,
2012). Zincon is dry powder form of 2-carboxy-
2'hydroxy-5'sulfoformazyl benzene indicator. In the
analysis, Zn in the sample is complexed with
cyanide. Adding cyclohexanone causes a selective
release of Zn. The Zn reacts with zincon indicator to
form a blue-colored complex directly proportion to
the amount of Zn in the sample. Results were
measured at a wavelength of 620 nm through a
benchtop spectrophotometer (HACH DR39%00,
Loveland, CO, USA).

The amount of Zn adsorbed by the biochar
materials (g, mg kg') was determined by:

q=(CV-CcV)/M [1]

where Co is the concentration of Zn in input solution
(mg L?'), V is the volume of liquid (L), C is the
concentration of Zn in solution after the 24-h
equilibration fime, and M is the mass of biochar (kg).
The mean Zn adsorption data from two replicated
samples were fitted to the Langmuir model because
this macroscopic model fits the L-type curve,
generatfing quantitative parameter related to the
maximum Zn sorption capacity (McBride, 1994).

q = (Smax KiC)/(1 + KiC) [2]
where Smax is the maximum Zn sorption capacity
(mg kg'!') and K. is an affinity constant related to
bonding energy (L mg'). These parameters were
determined with a linearized form of the Langmuir
equation:

C/q = 1/(KiSmax) + C/Smax [3]
A linear regression of C/q against C yields that the
slope equals 1/Smax and the intercept equals
1/(KSmex). The coefficient of determination (R2) was
calculated from the linearized form.
The Freundlich model was also used to fit our
experiment data (Spark, 2003):

q=Ke(O'm  [4]

where Kr is the adsorption constant (mg kg') and n
is an empirical constant related to the intensity of
adsorption (L kg'). These parameters were
determined with a linearized form of the Freundlich
equation with R,

logq=IlogKr+1/nlog C [5]

A linear regression of log g against log C yields that
the slope equals 1/n and the intercept equals log
K.

2.3 Adsorption Kinetics

The adsorption kinetics of aqueous Zn by the
biochars was studied based on the contact time
under two contrasting physical conditions: agitated
condition vs. stagnant condition. These conditions
were tested to compare Zn adsorptfion onfo the
biochars with (agitated) and without (stagnant)
external energy input. Samples in duplicates were
prepared by adding 10 g of each biochar in 800 mL
of 50 mg Zn L solution (1:80 solid-fo-solution rafio) at
room tfemperature. The stagnant condition was
achieved by leaving the samples with no agitation
while the agitated samples were prepared on an
end-to-end shaker at 90 oscillations min-'. A small
aliguot of samples (~ 30 mL) was withdrawn at 1, 4,
24, and 48 h under each of the conditions. The
collected samples were filtered through 0.2-upm
membrane filters and analyzed for Zn. The collected
kinetics data were fitted with a linearized form of
pseudo-second order reaction (Plazinski et al.,
2009):

t/q=1/(kq) +t/q. [7]

where g and ge are the amounts of Zn adsorbed
(mg kg'!) onto the biochar at various time, t, and at
equilibrium, respectively, and k2 is the rate constant
of the pseudo second-order model for In
adsorption (kg mg! h'l). A linear regression of t/qg
against t yields that the slope equals 1/ge and the
intercept equals 1/(kz2ge?). Initial sorption rate (gi in
mg kg h') was calculated from the intercept of
eq. [7] when t approaches 0 (Ho and Ofomaja,
2006).

qi = k2q<? [8]

3. RESULTS AND DISCUSSION

3.1 Properties of biochar materials

The properties of tested biochar materials are
presented in Table 1. Wood biochar (476 m2 g)
showed higher surface area than oak free biochar
(271 m2 g'1) probably due to higher pyrolysis
temperature effect while both has similar C content
(Mukome and Parikh, 2015). Pore volume in wood
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biochar was about two-fold greater than that in oak
tree biochar reflecting higher pyrolysis temperature
with wood biochar. However, pore diameter was
similar between the biochar materials. The pH
values (9.9 to 10.2) of the biochars were alkaline
probably due to the release of alkali salts from
feedstock during the pyrolysis process (Ahmad et
al., 2012, Kim et al., 2013). The molar ratio of
hydrogen to carbon (H/C) often used as a proxy for
aromaticity was two-fold higher in wood biochar.
This result indicated that a greater degree of
carbonization in wood biochar occurred as H is
primarily associated with the organic matter in
biomass (Uchimiya et al., 2010; Tan et al., 2015). The
lower molar ratio of oxygen to carbon (O/C) in
wood biochar suggested that the surfaces of wood
biochar were more aromatic and less hydrophilic
due to higher extent of carbonization and loss of
polar functional group at higher pyrolysis
temperature (Chen et al., 2012a, b; Ahmad et al.,
2012; Kim et al., 2013).

3.2 Adsorption isotherms

The Langmuir and Freundlich equations are classical
models for adsorption isotherm. Both of these
equations were implemented to graph the
adsorption data for the wood and oak tree

biochars. The corresponding R?> were 0.99 for
Langmuir model but much lower for Freundlich
model (R2 = 0.62 - 0.72). Langmuir model was
chosen due to its best fit to experimental data
(Fig.1). The Langmuir isotherm assumes monolayer
adsorption of adsorbate on a homogenous surface
of adsorbent (McBride, 1994). Our result is in
agreement with Chen et al. (2011) who reported
that the Langmuir model (R2 ~ 0.99) for In
adsorption data fitted better than the Freundlich
model (R?2=0.86 - 0.94).

The value of Smax for oak tfree biochar (21,440
mg kg!) was 3.5-times greater than that for wood
biochar (6,069 mg kg') (Table 2, Fig. 1). The
adsorption mechanisms of heavy metals onto
biochars include ion exchange, electrostatic
aftraction, chemical precipitation, and
complexation with functional groups on biochar
surfaces (Ahmad et al., 2013; Tan et al., 2015). In
particular, oxygen-containing functional groups in
biochars such as carboxyl, hydroxyl, and
phonologic surfaces are critical in binding metal
ions through electrostatic attraction, complexation,
and/or co-precipitation. In this study, higher O
content and molar O/C ratio in the oak tree biochar
compared to wood biochar (Table 1) was likely the
key factor resulting in greater adsorption of Zn.

Table 2. Determination of the parameters for the Freundlich and Langmuir adsorption models.

Adsorption model Parameter Oak tree biochar Wood biochar
Langmuir Equation y =0.00005x + 0.00013 y =0.00016x + 0.00036
(R2=0.99) (R2=0.99)
Smax (Mg L) 21440.41 6069.64
K (L mgh) 0.35 0.45
Freundlich Equation y =0.56391x + 3.51207 y =0.59942x + 3.11592
(R2=0.62) (R2=0.72)
K (mg kg?) 3251.41 1305.92
n (L kg?) 1.77 1.67

3.3 Adsorption Kinetics

Rapid Zn adsorption to the oak free biochar was
observed within 1-h of contact time, reducing its
initial concentration (Co = 50 mg L) up to 97 %
under agitated condition (Fig. 2). Oak free biochar
under stagnant condition also reduced Zn
concentration by 96 % after 48 h of contact time.
Wood biochar was relatively ineffective in reducing
Zn concenfration even under agitated condition.
Agitation is an important parameter in adsorption

phenomena, influencing the distribution of the
solute in the bulk solution and the formation of the
external boundary fim (Kyzas, 2012). The rate of
aqueous Zn removal in this study was clearly
improved by agitation in both biochar materials,
indicating that the agitation was likely to reduce the
boundary-layer resistance. Therefore, proper mixing
energy input is likely to be required to maximize
adsorption of Zn onto the biochars.
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Figure 1. Zn adsorption isotherm fitted with the  Figure 2. Change of Zn concentration ratio (C/Co) as a

Langmuir model. function of reaction time. Note that C and Co denote Zn
concentrations at time (h) and Zn initial concentrations
(=50 mg L), respectively.
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The sorption rate of Zn to the biochars was initially rapid and slowed down as equilibrium was approached
(Fig. 2). In general, sorption process is mainly controlled by the sorbate to sorbent transport, fim diffusion
through the boundary layer, intraparticle diffusion of ions or molecules, and chemisorption (Alberti et al.,
2012). Our kinetics data fitted well with the pseudo-second order chemical reaction (R2 = 0.99), suggesting
that chemical reaction and/or chemisorption was a significant rate-limiting step (Table 3). The initially rapid
sorption of Zn in the oak free biochar may be attributed to the interaction with the O-containing surface
functional groups and then slow diffusion of Zn into the inner surfaces of biochar was likely to occur. For
instance, the value of gi was highest in the oak tree biochar under agitated condition (2,916 mg g h)
while the wood biochar under stagnant condition yielded the lowest gi (14 mg g! h1). This result suggested
that contact time for Zn removal in filter media containing oak tree biochar could be much shortened.

Table 3. Determination of the parameters for the pseudo second-order model.

Physical condition Parameter Oak tree biochar Wood biochar
Stagnant Equation y =0.0155x + 0.0054 y =0.0194x + 0.0733
(R?=0.99) (R?=0.99)
de (Mg kg™) 64.33 51.44
ks (kg mg* h?) 0.0449 0.0052
gi (mg kgt h'h) 185.66 13.65
Agitated Equation y = 0.0155x + 0.0054 y = 0.0151x + 0.0003
(R?=0.99) (R2=0.99)
ge (Mg kgt 66.28 58.04
k. (kg mg' h?) 0.6638 0.0079
gi (mg kg* h't) 2916.40 26.72
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4. SUMMARY AND CONCLUSION

Adsorption of heavy metals from agueous solution
plays an important role in designing stormwater
tfreatment systems. Two biochars materials tested in
this study showed contrasting Zn adsorption
capacity with the oak free biochar being much
more effective than wood biochar. Oak ftree
biochar has significantly higher O/C molar ratio and
this was likely fo conftribute to the greater adsorption
of Zn. Oak tree biochar showed immediate sorption
of Zn at initial sorption stage within 1-h reaction time,
which makes this biochar more favorable as a filter
media. To improve the adsorption of Zn onto the
biochars, proper agitation is recommended for ifs
best performance. Our study highlights a potential
for biochar to be an effective adsorbent to treat Zn-
contaminated stormwater with relatively short
residence time.
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