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a b s t r a c t

Water contamination by ammonium (NH4
þ) can present considerable risks to natural ecosystems. This

work evaluates the potential application of biochar, produced from the pyrolysis of digested sludge, to
remove ammonium from water. Anaerobic digester sludge was collected from a municipal wastewater
treatment plant in Alberta, Canada, and individual biochars were produced at 50 �C temperature in-
crements between 350 �C and 550 �C. The chemical characteristics of the resulting biochars were
determined using elemental analysis, scanning electron microscopy (SEM), BET surface area analysis, and
Fourier transform infrared spectroscopy (FTIR). Our findings demonstrate that the biochar yield
decreased with increasing pyrolysis temperature, and biochar produced at 450 �C (BC450) had the
highest ammonium removal capacity due to its higher surface area and functional group density. The
Langmuir isotherm best described the observed ammonium removal capacity by the biochars, indicating
that monolayer chemical adsorption may be the dominating mechanism. Biochar ammonium removal
capacity was 1.2mg NH4eN per gram of biochar in municipal wastewater, which is lower than that
observed in parallel experiments using a synthetic ammonium solution (1.4mg NH4

þ-N/g biochar). This
phenomenon is likely due to competition between ammonia and other containments for sorption to
biochar surface sites. Our results demonstrate for the first time ever that biochar produced from digester
sludge is a promising adsorbent for ammonium removal from municipal wastewater.

© 2018 Published by Elsevier Ltd.
1. Introduction

Ammonium (NH4
þ) is a soluble pollutant in water systems,

influencing potability and causing eutrophication through its role
as an oxygen sink during nitrification (Li and Liu, 2009; Yang et al.,
2007), while its equilibrium gas phase, ammonia (NH3), is a po-
tential threat to fish through protein metabolism inhibition (Stuart
et al., 2010). Adsorption by various adsorbents (e.g., zeolites,
activated carbon and silicates) has been reported to be a promising
approach to remove ammonium from water. For instance, the
adsorption capability of zeolites was measured as 1.4mg/g and that
of NaOH treated activated carbon to be 2.89mg/g (Hina et al., 2015;
Vu et al., 2018), while the maximum adsorption amount of NH3 in
the micropores of nanostructured silica materials could reach
47.6mg/g (Roque-Malherbe et al., 2008).

Biochar, as an emerging “cleaner” substitute for activated carbon
due to its lower pyrolysis temperature and production cost, is
attracting interest with regards to its application in soil remedia-
tion (Alam et al., 2018; Kim et al., 2018; Yang et al., 2018). Recent
studies have demonstrated that biochar produced from solid
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wastes can be efficient adsorbents at removing metal and organic
contaminants from water (e.g., (Inyang et al., 2012; Mohan et al.,
2014; Vithanage et al., 2015)). In particular, organic waste mate-
rials, such as wood chips (Veksha et al., 2014), coconut shells
(Cazetta et al., 2011), wheat straw (Xu et al., 2016) and bamboo (Fan
et al., 2010), as well as inorganic cellular materials, such as coal
cinder (Wang et al., 2016), can be converted to biochar through
pyrolysis (Bridle and Pritchard, 2004; Hospido et al., 2005; Strezov
and Evans, 2009). During pyrolysis, the high organic content of such
waste is transformed and fixed at a stable carbon phase. Previous
studies on the sludge-derived biochar activation process revealed
that the raw material and the pyrolysis temperature are the main
factors influencing biochar quality and quantity (Smith et al., 2009;
Alam et al., 2018). The thermal decomposition of sludge material
under high temperature leads to transport and phase-out of non-
carbon elements, such as volatile compounds (Carey et al., 2015),
resulting in the bonding of liberated carbon atoms as elementary
graphitic crystallites (Smith et al., 2009). The interstices between
the crystallites propagate a rudimentary porous structure,
increasing the porosity and enhancing the adsorption properties of
the resulting biochar (Smith et al., 2009).

Anaerobic digester sludge, which is generated as by-product at
municipal wastewater treatment facilities, is often disposed of in
landfills or by incineration (Lu et al., 2013), or used for land appli-
cation after sufficient treatment (Bright and Healey, 2003). How-
ever, organic matter and nutrients enriched in these biosolids can
be recovered and converted into value-added products, such as
biochar, thereby avoiding the environmental and economic costs of
disposal.

Digested sludge-derived biochars have been found to effectively
adsorb numerous contaminants of environmental concern (Paz-
Ferreiro et al., 2018), such as Pb, Cr and As (Jin et al., 2014; Zhou
et al., 2015), and numerous types of small and large organics
fromwastewater systems (Kacan, 2016; Shi et al., 2014; Silva et al.,
2016; Yao et al., 2013). Digested sludge can be heated at high
temperatures to form biochars that have high porosity (Jindarom
et al., 2007), ion exchange capacity, as well as various surface
functional groups that can facilitate surface chemical reactions
(Chen et al., 2002). Biochar has been studied to remove aqueous
ammonium as well (Hou et al., 2016; Shin et al., 2018; Zhang et al.,
2017) with the adsorption strength varying amongst biochars
produced from different feedstocks and pyrolysis temperatures
(e.g., 15.8mg/g for cotton stalk-biochar and 0.52mg/g for pine
biochar) (Gao et al., 2015; Hina et al., 2015). As far as we are aware,
only two studies (Carey et al., 2015; Li et al., 2018) reported the
application of digested sludge-derived biochar to remove ammo-
nium from aqueous solution. However, the link between pyrolysis
temperatures of biochar and their effects on ammonium sorption is
still unclear.

In this study, we hypothesized that digested sludge-derived
biochars can be used as an alternative to conventional sorbents in
water treatment, particularly considering the competition between
ammonium and other contaminants that are frequently found in
municipal wastewater. We evaluated and compared for the
adsorption capacity of digested sludge-derived biochars at
removing ammonium from aqueous solution and from municipal
wastewater. Different pyrolysis temperatures were used to convert
the sludge into various biochar products. The adsorption processes
were then evaluated using isotherm and kinetics models.

2. Materials and methods

2.1. Preparation of digested sludge

Anaerobic digester sludge was collected from a biological
nutrient removal (BNR) (operated according to the Anaerobic-
Anoxic-Aerobic process) Wastewater Treatment Plant (Goldbar
WWTP) in Edmonton, Alberta, Canada. The sludge sample was air-
dried inside a fume hood at room temperature for one week, then
further dried in an oven at 60 �C for 12 h. The dried sludge sample
was ground (Homemax HL-2570), passed through a 1mm sieve
which selected the biochars with size below 1mm, and sealed in a
container until use.

2.2. Biochar and solution preparation

The dried and sieved sludge was pyrolyzed to make biochar at
50 �C temperature intervals between 350 and 550 �C in a muffle
furnace. To do so, dried, ground, digested sludge (30 g) was
weighed and placed in a crucible. The crucible was covered with
aluminum foil and put into an 800 cm3 quartz reactor inside a
furnace in an N2 flow of 25mL/min. The furnace temperature was
raised at a rate of 5 �C/min. Samples of heated sludge (biochar)
were obtained from the crucible processed at 350, 400, 450, 500,
and 550 �C with 2 h of holding time, cooled in the N2 environment,
weighed, washed with deionized water three times, oven-dried at
60 �C overnight, and then sealed in containers and stored at room
temperature until use. Biochar samples were labeled as BC350,
BC400, BC450, BC500, and BC550 according to the pyrolysis
temperature.

The ability of the biochar produced at different temperatures to
adsorb ammonium was tested in both synthetic ammonium solu-
tions and in raw municipal wastewater (primary effluent). The
water quality was described in our previous research (Nze et al.,
2018) and the average values of major parameters are listed in
Table 2. The wastewater and ammonium solutions were autoclaved
at 121 �C, filtered through a 0.45 mm membrane, and stored at 4 �C
until use.

2.3. Analytical methods

Elements in the digested sludge and the biochar samples were
characterized using an elemental analyzer (Flash 2000 HT Plus). All
the digested sludge and biochar samples were dried for 12 h in an
oven which was set at 60 �C and further cooled down to room
temperature in a desiccator before subjected to measurement.
Surface area and pore size distribution were determined based on
Brunauer-Emmett-Teller (BET) theory by nitrogen (N2) adsorption/
desorption at 77 K using a surface and pore size distribution
analyzer (Autosorb Quantachrome 1MP). Surface morphology
changes in biochar samples before, and after, pyrolysis was inves-
tigated with a scanning electron microscopy, SEM (Philips/FEI
XL30). Surface functional groups were recorded with a Fourier
transform infrared (FTIR) spectrometer in the 560e4000 cm�1

range (Spectrum 100, PerkinElmer Ltd, Bucks, UK). Biochar pro-
duction yield percentages at different pyrolysis temperatures were
determined with a laboratory scale balance (Denver Instrument.
Co., USA) using weight differences between the dried digested
sludge and the biochar that formed after pyrolysis. Ammonium
concentrations were measured with the Ammonium TNTplus vial
test, HR (2e47mg/L NH3eN, HACH®, USA) and a benchtop spec-
trophotometer (DR 3900, HACH®, USA). Biochar pH was deter-
mined by adding biochar samples to fresh distilled water with a
ratio of 1:5, mixing the samples using a bench top shaker for
30min at a speed of 110 rpm, and measuring the pH of the super-
natant using a pH meter (EXTECH EC500).

2.4. Potentiometric titrations of BC450

Since BC450 was selected as the best biochar for ammonium
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removal, to investigate the biochar surface reactivity, BC450 (4 g/L)
was suspended in 50mL nano-pure water, and the mixture was
purged with N2 for 30min to remove CO2. Biochar samples were
titrated with 0.1M NaOH from pH 3 to 10 using a Mettler Toledo
T50 titrator. This process was then followed by titration with 0.1M
HCl from pH 10 to 3 to test the reversibility of biochar proton
binding. The titrator ran dynamically with a 0.5 mMminimum dose
and a 0.15mL maximum dose. Titration data were modelled using
FITEQL 4.0 (Herbelin, 1999) to determine the acidity constants and
the site concentrations for proton-active functional groups on the
biochar surface. A nonelectrostatic surface complexation modeling
(NEM SC) approach was used to fit titration data, using the charge
balance equation,

½Ca � Cb� ¼ ½�Q � þ
h
Hþ

i
þ
h
OH�

i
(1)

where Ca and Cb are the concentrations of acid and base, respec-
tively, ½�Q � is the negative excess charge, ½Hþ� is the concentration
of protons, and ½OH�� is the concentration of hydroxyl ions. The
NEM SC approach considered a discrete number (n) of proton-
active surface functional groups in BC 450 represented generally
by the equilibrium reaction:

≡R � Ln � H04 ≡R � L�n þ Hþ (2)

where ≡R is the macromolecule in BC450 to which surface func-
tional group Ln is attached.

Themass action reaction for the corresponding to the reaction in
equation (2) is defined as:

Ka ¼
h
≡R � L�n

i
aHþ

�
≡R � Ln � H0� (3)

where Ka is the protonation constant, ½≡R � L�n � and ½≡R � Ln � H0�
represent the molar concentration of deprotonated and protonated
surface functional groups, respectively, and aHþ is the activity of
protons in solution.

To calculate the best fit, we modelled the titration data invoking
between one to four (n¼ 1 to 4) discrete surface functional groups
on BC450. The corresponding pKa values and site concentrations
are determined simultaneously. Best-fit models are selected based
on the variance parameter, V(Y), calculated in FITEQL, where values
of 1�V(Y)� 20 are considered good fits (Herbelin, 1999).
2.5. Ammonium adsorption on biochar samples

Ammonium adsorption on BC350, BC400, BC450, BC500, and
BC550 were measured to determine the impact of pyrolysis tem-
perature on biochar ammonium adsorption capacity. Adsorption
experiments were carried out in triplicate. Biochar (2.0 g) was
added to 200mL ammonium solution of 45mg/L NH4

þeN (the
ammonium concentration was selected based on the typical
ammonium concentration in centralized WWTP (Nze et al., 2018))
in a 500mL Erlenmeyer flask, shaken at 100 rpm, and sampled over
a series of contact times from 20 to 1560min at room temperature,
and then filtered through a 0.22 mm membrane. The ammonium
remaining in solution was analyzed using an ammonium test vial
based on the method 10205 HR TNTplus 832 (HACH, Canada). The
ammonium removal percentage and the amount of ammonium
adsorbed on different biochar samples were calculated based on
the difference between initial and final residual concentrations of
aqueous ammonium, as described in equations (4) and (5). The
ammonium removal percentage is expressed as:
ammonium removal percentage ð%Þ ¼ ðC0 � CtÞ
C0

� 100% (4)

where C0 is the initial ammonium concentration (mg/L) in the so-
lution and Ct is the ammonium concentration at time t. The con-
centration of ammonium adsorbed to each biochar was determined
as:

Qt ¼
VðC0 � CtÞ

W
(5)

where Qt is the amount of ammonium adsorbed per unit weight of
biochar (mg/g) at time t, V is the volume (L) of the ammonium
solution, and W is the mass (g) of the adsorbent (Eddy, 2014).
2.6. pH adsorption edge experiments

Ammonium was adsorbed to BC450 as a function of pH to
generate a pH adsorption edge. HCl and NaOH were used to adjust
200mL aliquots of the 45mg/L NH4

þ ammonium solution to pH 2, 4,
6, 8, and 10. Biochar (2.0 g) was then mixed into each ammonium
solution aliquot in 500mL Erlenmeyer flasks, to determine the ef-
fect of pH on the removal of ammonium from solution by BC450.
Ammonium adsorption data were modelled using FITEQL 4.0 to
determine the stability constants of ammonium adsorption to
BC450 ligands. Site concentrations and pKa values of BC450 deter-
mined by potentiometric titration were used to calculate the
binding constants (K) of ammonium adsorption. The NH4

þ- ligand
stability constants were determined according to:

KLn�NHþ
4
¼

h
R � Ln � NHþ

4

i
h
R � L�n

i
aNHþ

4

(6)

where the equilibrium constant is KLn�NHþ
4
, ½R � Ln � NHþ

4 � is the

concentration of the NH4
þ-biochar surface ligand complex, ½R � L�n �

is the concentration of deprotonated ligands on the biochar surface,
and aNHþ

4
is the activity of NH4

þ in solution. The effect of the

adsorbate concentration (initial ammonium concentration 2, 4, 6, 8,
10, 20, 40, and 80mg/L) was also evaluated at solution pH 7.0 and in
the presence of 10 g/L of biochar.
2.7. Adsorption isotherms and adsorption kinetics models

The adsorption isotherm experiments were carried out by
mixing 2 g of biochar sample with 200mL synthetic ammonium
solution of different initial ammonium concentrations (2, 4, 6, 8, 10,
20, 40, and 80mg/L) under constant temperature of 20 �C in an
incubator shaker set to 100 rpm for 24 h. All experiments were
carried out in triplicate. The experimental data were fitted to
Langmuir and Freundlich adsorption isothermmodels, as described
in Equations (7)e(10):

qe ¼ QmKaCe
1þ KaCe

(7)

where Ka is the Langmuir constant that denotes the energy of
adsorption and affinity of the binding sites (L/mg) (Cazetta et al.,
2011; Langmuir, 1918), Qm is the maximum adsorption capacity
(mg/g), and Ce is the unit adsorption capacity in the equilibrium
(mg/L).

Equation (7) can be transformed to linear models:



Table 2
Major parameters of wastewater quality.

COD NH4
þeN NO3

�-N NO2
�-N PO4

3eP

Average Concentration (mg/L) 186 45 0.78 0.07 4.70
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1
qe

¼ 1
QmKaCe

þ 1
Qm

(8)

RL ¼
1

1þ KaCe
(9)

where RL is the separation factor (Langmuir, 1918). The Freundlich
sorption isotherm can be described by:

qe ¼ KFC
1
=nF
e (10)

where KF and nF are Freundlich constants (Freundlich, 1906).
Adsorption kinetics were used to investigate the interaction

between adsorbent and adsorbate. The Lagergren pseudo-first or-
der model (Lagergren, 1898), and a pseudo-second order model
(Blanchard et al., 1984) were used to simulate the adsorption. The
Lagergren pseudo-first order kinetics model is expressed in Equa-
tions (11) and (12):

dQ
dt

¼ k1ðQe � QtÞ (11)

where, k1 is the rate constant of first order sorption (l/min); Qe is
the amount of solute sorbed at equilibrium (mg/g); Qt is amount of
solute sorbed by sorbent at time t (mg/g).

Integration of Equation (11) over the boundary conditions t¼ 0
to t¼ t and Qt¼ 0 to Qt¼Qe yields Equation (12) (Ho and McKay,
1999),

Qt ¼ Qeð1� expð�k1tÞÞ (12)

The pseudo-second order kinetics model to analyze ammonium
adsorption is expressed as:

dQ
dt

¼ k2ðQe � QtÞ2 (13)

where k2 is the rate constant of second order sorption (l/min).
Integration of Equation (13) over the boundary conditions t¼ 0

to t¼ t and Qt ¼ 0 to Qt ¼ Qe yields:

1
Qe � Qt

¼ 1
Qe

þ k2t (14)

Equation (14) can be rearranged to Equation (15) to obtain a
linear relation (Ho and McKay, 1999).

t
Qt

¼ 1

k2Q
2
e

þ k2t (15)
Table 1
Physicochemical properties of raw material and biochars under different pyrolysis temp

Raw BC 350 BC 400

N (w/w%) 5.9± 0.2 3.1± 0.1 2.7± 0
C (w/w%) 34.9± 0.8 22.0± 0.4 19.4±
O (w/w%) 24.8± 0.7 14.9± 0.4 12.7±
H (w/w%) 4.2± 0.1 1.7± 0.1 1.3± 0
C/N ratio 5.95 7.07 7.14
H/C ratio 0.12 0.08 0.07
O/C ratio 0.71 0.68 0.65
Yield (wt%) 70.3± 2.2 64.4±
pH 8.57 8.63
3. Results and discussion

3.1. Biochar yield and elemental composition

Our results demonstrate that the pyrolysis temperature strongly
affected the biochar yield. As shown in Table 1, biochar yield was
negatively correlated with the pyrolysis temperature. The biochar
weight loss for BC350 was 29.7%, which was lower than for BC550
(42.8%). This may be attributed to the carbonization process asso-
ciated with thermal decomposition and gasification of the surface
groups (Li et al., 2018). The reduction of biochar yield became
moderate when temperature increased from 500 �C to 550 �C,
indicating the major carbonization process was almost completed
(Li et al., 2018). The pH of the resulting biochar steadily increased as
the pyrolysis temperature increased, which may be explained by
the decomposition and volatilization of organic acids and phenolic
substances at higher temperature conditions (Shinogi and Kanri,
2003; Zhang and Wang, 2016).

Analyses of the carbonized biochar indicated that elemental
concentrations in the biochar varied with the pyrolysis tempera-
ture (Table 1). Between 350 �C and 550 �C, the total nitrogen (N),
total hydrogen (H) and total oxygen (O) content decreased as the
temperature increased, which may be attributed to the loss of
volatile nitrogen species (NH4

þ and/or NO3
�) which tend to convert

to more stable pyridine compounds at higher temperature. The
temperature increase also led to the reduction in the carbon con-
tent, in agreement with previous studies (Yu and Zhong, 2006). An
increase in the C/N ratio was observed with an increase in pyrolysis
temperature, which indicates carbonization and the conversion
and gasification of organic nitrogen (Lu et al., 2013). The H/C and O/
C ratios represent the degree of aromaticity and polarity, respec-
tively (Table 1). The ratios of H/C (0.04e0.12) and O/C (0.59e0.71)
from sludge-based biochars were slightly higher than the values
reported by Li (Li et al., 2018), in which H/O ratios were 0.03e0.10
and O/C ratios were 0.16e0.54 from the sludge-derived biochars.
This is not an unexpected finding given that both the biosolids
source and pyrolysis procedure varied between studies. The
dehydration process associated with the increased pyrolysis tem-
perature decreased H/C and O/C values gradually (Table 1). The
lower ratios of H/C and O/C also indicate that more aromatic and
less hydrophilic biochar surface at higher pyrolysis temperature.
3.2. Optimal pyrolysis temperature

FTIR analyses show systematic changes in surface functional
eratures (C: Carbon; N: Nitrogen; O: Oxygen; H: Hydrogen).

BC 450 BC 500 BC 550

.1 2.6± 0.1 2.4± 0.1 2.1± 0.0
0.5 18.6± 0.4 17.7± 0.4 15.7± 0.4
0.4 11.9± 0.1 10.9± 0.3 9.2± 0.3
.0 1.0± 0.0 0.8± 0.0 0.6± 0.0

7.16 7.36 7.60
0.05 0.04 0.04
0.64 0.62 0.59

3.6 61.3± 3.6 58.4± 2.8 57.2± 3.0
9.47 10.41 10.60



Fig. 1. (a) FTIR spectra of digested sludge and biochars produced at different pyrolysis temperatures, and (b) ammonia adsorption to biochars produced at different pyrolysis
temperatures.
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groups of anaerobic digested sludge and their biochar series
(Fig. 1(a)). As the temperature increased, gas emission and thermal
decomposition of functional groups caused the sludge to carbonize
and pores to proliferate. After the pyrolysis temperature reached
400 �C, only small differences in structure and functional groups
were observed in biochar samples with further temperature in-
creases. A strong adsorption band was observed from 3700 cm�1 to
3200 cm�1, with a peak maximum at 3249 cm�1. This can be
assigned to eOH stretching (Peng et al., 2016) and NeH groups
comprising proteins. Asymmetric and symmetric stretching in
eCH3 groups at 2924 cm�1 and 2845 cm�1 (Lin et al., 2012),
respectively, were present in the sludge and BC350. Organic ni-
trogen in amines (1240 cm�1) and amides (1530 cm�1) were absent
at temperatures higher than 350 �C, and eCH3 groups were un-
stable at elevated temperatures. The intensity of eOH and eCH3
clearly decreased from BC350 to BC400. Thus,eCH3,eOH, andeNH
groups were unstable at elevated temperatures (Jin et al., 2016). The
small band at 920 cm�1, apparent from 350 �C to 500 �C, indicates
the presence of polysaccharides or phosphodiesters (Gao et al.,
2014). On the other hand, aromatic rings (1642 cm�1) and carbox-
ylic acid (1430 cm�1) were quite stable as the pyrolysis temperature
increased, supporting crystallization. Clay minerals and quartz
(1026 cm�1) remained in the material. Therefore, with the further
carbonization process, BC550 had only a few remaining infrared
bands, corresponding to aromatic, carbonyl and carboxyl groups
(Jiang et al., 2016; Liu et al., 2012), although the aromatic fraction
may increase.

The removal of ammonium from synthetic ammonium solutions
over time using biochar produced at different pyrolysis tempera-
tures is shown in Fig. 1(b). Biochar produced at 450 �C (BC450) had
the highest ammonium adsorption capacity. The maximum
ammonium adsorption capacity for BC450 was 1.4mg/g, similar to
that of biochars produced from other feedstocks (e.g., 1.2mg/g for
maple wood biochar) (Wang et al., 2015), but smaller than base
modified sludge-derived biochar (5.3mg/g) (Carey et al., 2015). This
pattern is likely due to differing biochar surface properties. Due to
the lack of carbonization (Table 1), the biochars pyrolyzed at lower
temperatures (BC350, BC400) had relatively lower ammonium
adsorption capacities. BC450 showed higher ammonium adsorp-
tion capacity as compared to BC350 and BC400, yet BC500 and
BC550 adsorbed less ammonium presumably because of the loss of
surface functional groups from dehydrogenation, dehydration and
condensation (Fig. 1(a)) (Li et al., 2018) and a higher pH (above 10;
Table 1) which caused a decline in ammonium adsorption (Vu et al.,
2017). Similar results of higher pyrolysis temperature not leading to
higher ammonium adsorption capacity were previously observed
(Li et al., 2018).

3.3. Characteristics of BC450

3.3.1. BET surface area and scanning electron microscope analysis
BC450 had the highest ammonium removal capacity, and was

thus selected for further analysis. BET surface areas of digested
sludge and BC450 were 1.92m2/g and 20.86m2/g, respectively.
Depolymerization and total char pore volume increase from
0.364 cm3/g to 0.664 cm3/g were observed and attributed to the
high pyrolysis temperature which caused thermally unstable
compounds in biochar to convert to a gaseous state (Li et al., 2016;
Lua et al., 2006; Marriott et al., 2016).

As shown in Fig. 2, compared to digested sludge, a rough surface
with small holes and pits were observed in BC450. The pyrolysis
temperature of 450 �C appears to have softened the sludgematerial
and caused a release of volatile compounds (i.e., hydrocarbons, CO,
CO2, and H2O) and the crystallization of carbon in the sludge (Zhong
et al., 2016; Zielinska and Oleszczuk, 2016). These observations
agree with the BET surface analysis results (BC450 vs. digested
sludge).

3.3.2. Potentiometric titrations
Acid-base titrations indicated that BC450 had measurable pro-

ton buffering capacity. Fig. S1 and Table S1 show the excess charge
per gram of biochar. There was no difference between forward and
reverse pH titrations, indicating that proton adsorption and
desorption reactions were reversible. The slope in Fig. S1 represents
the rate of ligand deprotonation and buffering capacity at any point
for a given pH. The best-fit protonation model invoked three
discrete surface functional groups, and their modelled pKa values of
those groups suggest that carboxylic, phenolic, hydroxyl, and
lactonic (lactic acid) groups are active in proton adsorption and
desorption (Alam et al., 2018) (Table S1). The FTIR data, presented in
section 3.2, also support the presence of these functional groups.

3.4. Effect of pH and initial ammonium concentration on
ammonium adsorption by BC450

Solution pH and initial ammonium concentration are two
important factors in biochar ammonium adsorption. Fig. 3(a) shows
the amount of ammonium adsorbed on BC450 after 24 h. The final



Fig. 2. SEM image of (a) digested sludge and (b) biochar sample BC450.
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amount of adsorbed ammonium increased significantly (p< 0.001)
as the initial pH increased from 2 to 6, and decreased slightly
(p¼ 0.6) when pH increased to 8. At acidic conditions, the ammo-
nium removal capacity was low, which is attributed to the strong
competition between Hþ and NH4

þ in the solution for adsorption to
biochar surface functional groups. Similar results have been re-
ported by other researchers (Ismail and Hameed, 2014; Kizito et al.,
2015; Moreno-Castilla, 2004; Vu et al., 2017). A significant reduc-
tion (p< 0.05) in ammonium adsorption capacity was observed
when pH reached 10, which is due to the effects of pH on the state
of ammonium, i.e., it converts to NH3 (Vu et al., 2017). Table S2
shows the calculated stability constants of ammonium to the
three BC450 ligand types. Since the model best fit the ammonium
adsorption data by invoking the first two (of three) sites calculated
in the protonation model, it is assumed that ammonium mostly
adsorbs to carboxyl and phenolic functional groups.

Fig. 3(b) shows the effect of the initial ammonium concentration
on ammonium removal by BC450 after 24 h of contact (adsorption
equilibrium). NH4

þ removal efficiencies range between 48% and 58%
at lower initial ammonium concentrations (2e10mg/L), and de-
creases to <20% (p< 0.001) when initial ammonium concentration
reached 80mg/L. This result is plausible since the removal effi-
ciencies of the adsorbate are a function of both the characteristics
and concentration of the adsorbate (Eddy, 2014). The Qe value
increased (p< 0.001) as the initial ammonium concentration
increased until it approximated the adsorption capacity at
Fig. 3. Ammonium adsorption capacity of BC450 versus (a
equilibrium. After the initial NH4
þ concentration reached 40mg/L,

the value of Qe increased more slowly (p¼ 0.001). When the initial
NH4

þ concentration reached 80mg/L, the Qe value was almost the
same as the theoretical adsorption capacity of biochar for ammo-
nium, which was determined by modeling the ammonium
adsorption isotherm as described below.
3.5. Adsorption isotherms and kinetics models

Isotherm models were used to define the relationship between
adsorbate in liquid and solid (Hameed et al., 2008). The biochar
ammonium adsorption capacity was evaluated using the widely
applied Langmuir and Freundlich adsorption isotherm models for
single solute systems (Fig. 4) (Bashir et al., 2018; Cazetta et al., 2011;
Li et al., 2018; Vu et al., 2017, 2018). The Langmuir model is based on
the assumption that adsorption occurs in a complete monolayer on
a homogenous surface (Kannan and Sundaram, 2001; Wang et al.,
2010). The separation factor (RL) is the essential characteristic of
the Langmuir isotherm (Weber and Chakravorti, 1974). Freundlich
isotherms are used to describe heterogenous systems and revers-
ible adsorption (Ozcan et al., 2009), and are conceptually a deri-
vation of the Langmuir model where the adsorption energy
decreases logarithmically as the fraction of occupied sites (Q/Qm)
increases (Limousin et al., 2007). According to Ayoob et al. (2007),
RL represents the ratio of the remaining adsorption capacity over
the total adsorption capacity. The adsorption in the system can be
) initial pH and (b) initial ammonium concentration.



Fig. 4. Isotherm analyses of BC450 ammonia adsorption with (a) the Langmuir model and (b) the Freundlich model.
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evaluated using the RL value, if 0 < RL< 1; otherwise, the RL value
cannot be used to evaluate the adsorption (Cazetta et al., 2011). The
statistically higher R2 value of 0.995 of the Langmuir isotherm
compared with the 0.950 for the Freundlich model indicates that
the Langmuir isotherm fits the experimental data better than does
the Freundlich model, and that the adsorption occurred largely in a
monolayer on the biochar with a nearly homogenous distribution
of binding sites. Further, the RL value of 0.697 is another indication
that adsorption of ammonium from solution onto the digested
sludge biochar is favorable.

Kinetics models were used to investigate the reaction dynamics
Fig. 5. Biochar ammonium adsorption kinetics using (a) the Lagergren pseudo-first
and reaction rates of ammonium adsorption to biochar. The
experimental data were utilized to fit pseudo-first order and
pseudo-second order models with the kinetics parameters shown
in Table S3 and a pseudo-second order model was found to fit
better. According to the pseudo-second order model, the theoret-
ical ammonium capacity of BC450 is 1.52mg/g, which is close to the
value observed in the experimental data (1.4mg/g), indicating the
chemisorption may dominate ammonium removal by biochar. The
intra-particle diffusion plots in Fig. 5(c) show two-stages in
ammonium adsorption by biochar. The first stage corresponded to
the adsorption process from 0 to 600min (t2 value: 0e25) and
order model, (b) a pseudo-second order model, and (c) intraparticle diffusion.



Fig. 6. Removal of ammonium from municipal wastewater by biochars as a function of
pyrolysis temperature.
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represents the intraparticle diffusion step and the rate-limiting
step. In the second stage the adsorption reaches its equivalent
point (known as site saturation), that is, the adsorption and
desorption speeds are the same and equilibrium is achieved.

3.6. Digested sludge biochar treating municipal wastewater

Digested sludge was pyrolyzed at different temperatures and
applied to remove ammonium from municipal wastewater ob-
tained from the GBWWTP (Fig. 6). Before applying the biochar to
themunicipal wastewater, thewastewater was sterilized to prevent
the interference of biological activity with ammonium adsorption.
The overall biochar ammonium removal performance from
municipal wastewater (Fig. 6) was similar to that in the synthetic
ammonium solutions (Fig. 1(b)), yet more fluctuations were
observed from the curves when testing the municipal wastewater.
This was possibly due to the competition for adsorption or binding
sites of biochar from the presence of other contaminants (such as
COD, PO4

3� and NO3
�) in wastewater. Sharp declines in ammonium

adsorption were observed in the first 400e600min for biochars
produced at all 5 pyrolysis temperatures (Fig. 1(b)). Based on pre-
vious kinetics modeling and isotherm results, those declines may
be attributed to limited pore transfer speed and weak interactions
(Eddy, 2014). The relatively large surface pore size and volume in
digested sludge biochar allows for the adsorption of highmolecular
weight organic molecules.

Similar results have been previously reported (Wang et al.,
2016). Most biochar samples had a lower ammonium adsorption
capacity in the municipal wastewater than in the ammonium so-
lution because of interference from other compounds in the
municipal wastewater (Wang et al., 2016). Figure 1(b) and Figure 6
indicate that 450 �Cwas themost effective pyrolysis temperature to
produce digested sludge biochar for ammonium adsorption, and
future experiments with wastewater ammonium adsorption can
benefit by considering this result.

4. Conclusions

In this study, digested sludge was pyrolyzed to improve its
ammonium adsorption capacity. Biochar pyrolyzed at 450 �C
adsorbed ammonium from aqueous solution and municipal
wastewater more efficiently than biochars pyrolyzed at lower and
higher temperatures. Indeed, biochar produced at 450 �C achieved
a balance between optimum pH and reasonable surface functional
group concentrations. The presence of carboxylic and phenolic
functional groups in the biochar was confirmed by FTIR and
potentiometric titrations. Acidic or pH above 10 conditions limited
the digester sludge ammonia removal capacity, and the initial
ammonium concentration is positively correlated with Qe, the
equilibrium sorption capacity. The biochar ammonium adsorption
from municipal wastewater and aqueous ammonium solution fit a
pseudo second-order kinetics model, which suggests that the
process was controlled by chemisorption. Langmuir and Freundlich
isothermswere used to analyze the relationship between adsorbate
and adsorbent at the equilibrium point; the Langmuir model fits
the experimental data better than the Freundlich model, which
indicates that monolayer adsorption on nearly homogenous bind-
ing sites of biochar is the dominant process. We propose, for the
first time ever, that digested sludge biochar can be used as a cost-
effective, on site method to remove ammonium from municipal
wastewater.
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