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Abstract—Biological wastewater treatment produces biowaste (sludge), which contains a high portion of organic mat-
ter. The organic matter comes from microorganisms, and the biowaste can be converted into biochar, a carbon-rich,
fine-grained, and porous substance. Granular sludge from upflow anaerobic sludge blanket contains more organic mat-
ter (80 wt% of dry matter) and carbon content (>50% of organic matter). In this study, iron impregnated biochar was
prepared to remove arsenic (As) and phosphate, oxyanionic pollutants, from the aqueous phase. The iron impregna-
tion of biochar was executed in a one-step by pyrolyzing the biowaste in the presence of Fe instead of conventional
two-step, i.e., biochar production after then modification. The granular sludge biochar and activated sludge biochar did
not adsorb at all As and phosphate. The adsorption capacity of granular sludge biochar was enhanced via iron impreg-
nation, and the iron-impregnated granular sludge biochar removed 10.37 mg PO; /g, 11.5mg As(V)/g, and 6.1 mg
As(I1I)/g, respectively. Therefore, the one-step process enhanced the adsorption capacity and reduced processing time

for the adsorbent synthesis.
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INTRODUCTION

Organic wastes have been issued environmentally since the ocean
dumping was banned [1]. In the Republic of Korea, more than
100,000 tons of organic waste is being generated per year, of which
more than 60,000 tons (58%) is sewage sludge [2]. The sludges,
one of the organic wastes, are generated in biological wastewater
treatment facilities, and several attempts have been made to treat
or recycle the sludge [3-5]. Sludge is divided into three categories:
aerobic, anaerobic, and anaerobically digested sludge. Aerobic sludge
is produced from the activated sludge process operated under aer-
obic condition, which is generally treated in an anaerobic digester,
and anaerobically digested sludge is a residual sludge after anaero-
bic digestion. The anaerobic sludge is generated from the anaero-
bic treatment process operated under anaerobic conditions, and
upflow anaerobic sludge blanket (UASB) is one of the anaerobic
treatment processes. The sludge produced from the biological waste-
water treatment process has a high organic content, and this organic
material is mostly composed of microorganisms.

The sludge is one of biomass, which can be converted to biochar
via the pyrolysis under little or no oxygen condition [6,7]. Biochar
has high carbon content, fine-grained, large surface area of the porous
structure, and carbon negative effect to reduce or save carbon [8-
10]. In addition, biochar has an excellent capacity to adsorb organic
pollutants or heavy metals in soil and water [11,12]. Surface modi-
fication is a common choice to enhance the adsorption capacity,
especially, iron with strong affinity to anions has been used to in-
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crease the adsorption capacity for oxyanionic pollutants [13-17].
However, biochar has been modified after biomass is pyrolyzed,
which means that two-step processes are required to prepare modi-
fied or impregnated biochar. Even though the modification is ef-
fective to enhance the adsorption capacity, the modification of bio-
char requires additional energy based on the thermal treatment [14-
17]. Therefore, a simple process to modify the biochar is needed.

Arsenic (As), one of most toxic anionic pollutants in the water
system, threatens humans and the ecosystem, and phosphate causes
eutrophication [18, 19]. Therefore, pollutants should be discharged
to the water stream after appropriate treatment [20-25]. Inorganic
As has two different oxidation states in nature: As(III) (arsenite)
and As(V) (arsenate). Above pH 2.2, As(V) exists as anionic forms
such as H,AsO;, HAsO? and AsO.". On the other hand, As(III)
is neutral from, H;AsOs, below pH 9.2 [26-30]. Therefore, the ad-
sorption capacity of As(V) is higher than that of As(III) for most
iron-based materials and biochar at the range pH of the water sys-
tem in nature [31].

In this study; granular sludge with a high portion of organic mat-
ter produced from UASB was used to prepare biochar, and the bio-
char was impregnated with iron oxides prepared by one-step py-
rolysis to enhance the adsorption capacity of biochar. The adsorption
characteristics of As and phosphate onto the biochar were evaluated.

MATERIAL AND METHODS

1. Materials

The biomass (granular sludge) from UASB and dewatered acti-
vated sludge were obtained at a food wastewater treatment pro-
cess located in Jeonju, Jeollabuk-do, Republic of Korea. NaAsO,
(Sigma-Aldrich, USA), Na,HAsO, (Sigma-Aldrich, USA), KH,PO,
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Table 1. Composition of raw sludges and biochars

Carbon (%) Nitrogen (%) Hydrogen (%) Organic matter (%) Biochar yield
Granular sludge (GS) 44.1 8.5 7.1 87
Activated sludge (AS) 10.2 2.8 1.2 38
Granular sludge biochar 52.3 81 4.6 0.60
Activated sludge biochar 121 27 0.8 0.80

(Junsei, Japan), and FeCl; (Kanto Chemical, Japan) were used with-
out further purification.
2. Biochar and Iron Impregnated Biochar

Granular sludge and activated sludge were pyrolyzed at 300 °C
for 3 hours in a furnace under nitrogen environment. To prepare
iron impregnated biochar (IMB), the granular sludge was pretreated
with a solution of 2.25 M FeCl, in a 1: 1 ratio for 2 hours, after then
dried at 105 °C for 4 hours. The pretreated biomass was pyrolyzed
at 500 °C with a heating rate of 4 °C/min for 3 hours in a furnace
under nitrogen environment. Elemental composition of sludges
and biochar was analyzed by an elemental analyzer (EA, Fisons,
USA), X-ray diffraction spectroscopy (XRD, Panalytical, Holland)
was used to identify the structure of the IMB, and to identify the
iron on the surface of IMB by scanning electron microscope (SEM,
JEOL, Japan).

3. Adsorption of Phosphate and Arsenic

A mass of 0.1 g of IMB was mixed with 45 mg P/L in an over-
head shaker (Finepcr, Korea) at 40 rpm. At the desired time inter-
val, the solid was separated from the mixture using a 0.45um
syringe filter. The concentration of phosphate in the filtrate was
measured by UV-VIS spectroscopy (HS-3300, Humas, Korea) [18,
32]. A mass of 0.1 g of IMB was mixed with 30 mL of 50 mg As/L
solution of As(IIT) and As(V) in an overhead shaker (Finepcr, Korea)
at 40 rpm. At the desired time interval, the aqueous phase was
separated from the solids using a 0.45 um syringe filter, and the
concentration of As in the filtrate was analyzed by an inductively
coupled plasma optical emission spectroscopy (ICP-OES 720, Agi-
lent, USA).

Adsorption kinetics of phosphate and As were fitted with pseudo-
first-order model (PFO) and pseudo-second-order model (PSO).
The PFO is a widely used rate equation for adsorption of solids
and liquids, and expressed s follows [33].

In(q.—q,)=Inq,+k;t

The PSO is a rate equation based on chemisorption, and expressed
as follow [34,35].

t 1 t
= > +—
q: kzqe 9e

where q,, q, t, k;, and k, are adsorbed amounts of target pollut-
ants (i.e.,, phosphate and As) at equilibrium state (mg/g), adsorbed
amounts of target pollutants at any time t (mg/g), time (h), PFO
rate constant (/h), and PSO rate constant (g/mg/h).

RESULTS AND DISCUSSION

1. Characteristics of Sludges and Biochars
Elemental composition and organic matter content of two slud-
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ges and biochars derived from the sludges are shown in Table 1.
The granular sludge contains an 87 wt% of organic matter, and the
organic matter consists of 44.1 wt% of carbon and 8.5 wt% of nitro-
gen; activated sludge has a 38 wt% of organic matter; and the organic
matter consists of carbon and nitrogen of 10.2 wt% and 2.8 wt%,
respectively. The granular sludge is an anaerobic microbial commu-
nity; which is the reason for higher organic matter content and more
carbon. Activated sludge has relatively high mineral content because
of the fine soil particles in the activated sludge process. Granular
sludge has higher organic matter content than activated sludge, and
thus granular sludge is more suitable biomass for production of
biochar [36]. However, because inorganic substances are known to
be involved in the adsorption of various pollutants [37], it is ex-
pected that the inorganic substances in the activated sludge contrib-
ute to the adsorption of target pollutants. The biochar yield through
pyrolysis of granular sludge and activated sludge at 300 °C is 0.60,
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Fig. 1. SEM image (a) and XRD spectra (b) of iron impregnated bio-
char prepared using granular studge from UASB process.
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0.80, respectively. It is well known that biochar yield increases with
the mineral content of biomass [11,38]; therefore, the yield of acti-
vated sludge is higher than that of granular sludge. In addition, a
significant portion of organic matter in granular sludge is gasified
or converted to oil during the pyrolysis. The gas evolution during
the pyrolysis helps to generate porous structure in the biochar, and
SEM images show the porous structure of IMB (Fig. 1(a)).

XRD analysis shows that iron exists as a form of goethite, ex-
pecting that IMB adsorbs efficiently anion pollutants such as phos-
phate and As (Fig. 1(b)) [39]. To evaluate the amount of iron on
the surface of IMB, the IMB was repeatedly washed until no more
iron was observed in the washed solution; the amounts of iron in
the washed water were analyzed, and the residual iron content was
22 mg Fe/g biochar. The granular sludge biochar and activated
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Fig. 2. Adsorption of kinetics of phosphorus onto biochar fitted with
(a) PFO and (b) PSO kinetic models.

Table 2. Kinetic parameters for the adsorption of As and phosphorus

sludge biochar did not adsorb at all As and phosphate because the
biochar did not have any functional group to adsorb the anionic
substances. Even though the biomasses were pyrolyzed at two dif-
ferent temperatures, 300 °C and 500 °C, the biochars did not remove
As and phosphate. Therefore, it is required to modify the biochar
for the enhancement of the adsorption capacity.
2. Adsorption Kinetics of Phosphate onto IMB

The adsorption of PO; onto the IMB rapidly increases until 10
hours, then gradually increases. After 24 hours, the adsorption of
PO;  reaches an equilibrium (Fig. 2). When phosphorus exists as
a form of PO; in the water, phosphate is adsorbed onto the IMB
via the chemical adsorption between iron oxides and PO; . Con-
sidering regression coefficient, PSO describes well the adsorption
kinetics of PO;  (Table 2), which indicates that the adsorption is
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Fig. 3. Adsorption of kinetics of As(V) and As(III) onto biochar fit-
ted with (a) PFO and (b) PSO kinetic models.

Pseudo-first-order (PFO)

Pseudo-second-order (PSO)

k, (hr'") Qo (mgle) k, (g/mg/hr) Qe (mgie) r
Phosphate 0.194 9.3 0.870 0.0712 10.9 0.987
As(V) 0.067 11.5 0.965 0.0064 13.6 0.938
As(III) 0.111 53 0.508 0.0046 6.3 0.927
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chemical adsorption because PSO is based on chemisorption [34].
The adsorption capacity of PO; from the adsorption kinetic test
was 10.4 mg PO; /g, which is higher than the adsorption capaci-
ties of biochars for PO;  reported in the literature [15,40,41]. The
biochar treated with ferric oxide on the cotton stalk adsorbed 0.963
mg PO; /g [13], and the relatively high adsorption capacity of IMB
shows the effectiveness of the IMB to remove phosphorus.

3. Adsorption Kinetics of Arsenic onto IMB

The adsorption kinetics of two As species with different oxida-
tion state was investigated using As(V) and As(III). The adsorp-
tion of As(V) increases gradually, after 48 hours reaching 11.5 mg
As/g biochar (Fig. 3). Additionally, the pH of the solution was low-
ered to 3.2 from initial pH of 8.0, which implies that H,AsOj is a
dominant species of As(V). The lower pH results from the release
and hydrolysis reaction of ferric from the biochar [42], and the
lower pH decrease the adsorption capacity of IMB.The PFO de-
scribed well the adsorption of As(V) based on the correlation coef-
ficient, indicating that the adsorption is physical adsorption.

The amounts of As(III) adsorbed onto the IMB increased to 6.1
mg As(III)/g, and the equilibrium pH decreased to 3.6 from the
initial pH of 8.9 after 48 hours. Considering the equilibrium pH,
the dominant species of As(IIl) is a neutral form. That is the main
reason for the lower adsorption of As(II) compared to As(V) be-
cause there is no electrostatic interaction between the neutral form
of As(Ill) and IMB [31]. The PSO described well the adsorption
of As(III) (Table 2), implying chemical adsorption. On the surface of
IMB, As(V) exists as forms of =FeHAsO}, =FeHAsO, ", =FeH,AsO,,
and =FeHAsO? and As(Ill) adsorbes as forms of =Fe,AsO;,
=FeH,AsO,, =FeHAsO;, =Fe,AsO?, and =Fe,HAsO, [26,43]. Gen-
erally, As(V) is adsorbed onto iron oxides surface via chemisorp-
tion, and As(III) is removed by physical sorption. Even though the
phenomenon is opposite in this study, the regression coefficients
are not significantly different, and both models describe the adsorp-
tion [44].

The adsorption capacity of IMB for As(V) and As(III) was com-
pared to that of other adsorbents containing iron (Table 3). The
less adsorption capacity for As(III) compared to As(V) was observed
in other iron oxide materials. Therefore, to improve the adsorption

Table 3. Comparison of adsorption capacity for phosphate

capacity of the IMB for As(III), additional ways should be consid-
ered, including oxidation of As(III) to As(V) other oxidizing mate-
rials.

CONCLUSIONS

The adsorption characteristics of As and phosphate by iron-
impregnated biochar (IMB) derived from UASB were studied. The
granular sludge from UASB has higher content of organic matter
and carbon than activated sludge discharged from the same plant.
The impregnation was executed in a one-step process by pyrolyz-
ing the biowaste in the presence of Fe. The sludge biochars did not
adsorb As arsenic and phosphate because the biochars did not have
any functional groups to adsorb oxyanionic As and phosphate. The
adsorption capacity of As and phosphate was enhanced by the
impregnation of iron, the IMB removed 10.4 mg PO; /g, 11.5mg
As(V)/g and 6.1 mg As(Ill)/g for As(III). This result shows that
the one-step process of IMB preparation enhances the adsorption
capacity of biochar for As and phosphate.
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