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The nutrient removal in the wastewater treatment plant is a critical step before the treated water is either
recycled or discharged into natural water bodies. The current work provides a low-cost and environmentally
sustainable nitrogen recovery approach from wastewater using biosolids-derived biochar. The biochar, produced
from the pyrolysis of biosolids, was tested for NH4-N adsorption from a synthetic wastewater sample via a batch
adsorption experiment and compared with biomass-derived biochar, cation exchange resin, zeolite, and activated
carbon. The adsorption capacity of biochar produced at 500 °C was around 1.8 mg g~* for an initial NH{-N
concentration of 50 mg L', which was half of the cation exchange resin and zeolite given the presence of
sulfonate (-SO3H) and -OH groups on their surface to exchange H' ion with NH4-N ion. The external surface
layer and intra-particle diffusion were the rate-controlling steps of the adsorption process, as reflected in the
kinetic modelling results, where a pseudo first-order model could best describe the evolution of adsorption. The
presence of active sites with varied affinities towards NH4-N adsorption on the heterogeneous surface of the
adsorbent and the occurrence of multilayer adsorption were implied by the acceptable fitting of isotherm
experimental data to Freundlich and Temkin models, respectively. Biosolids-derived biochar may be an attractive
adsorbent for ammonium recovery from wastewater in a circular economy concept.

1. Introduction

The wastewater that enters the wastewater treatment plant (WWTP)
mainly consists of domestic and industrial wastewater. Domestic
wastewater includes urine stream, faeces, grey water, and toilet flushing
water (van der Hoek et al., 2018). Human urine contains approximately
85-90 % of nitrogen, 80-90 % of potassium, and 50-80 % of phosphorus
present in domestic wastewater (Xu et al., 2018). Nitrogen in human
fresh urine typically presents in the form of urea, which gets converted
to ammonium nitrogen (NHZ-N) due to the bacteria present in urine and
ammonia (NHs) gas through enzymatic hydrolysis. The influent (urine
and other wastewater streams) in the WWTP contains nitrogen domi-
nantly in the form of NHZ-N (Kundu et al., 2022). In the WWTP, NH4-N
in wastewater is converted to nitrate nitrogen (NO3-N) and nitrite ni-
trogen (NO3-N) which is further converted to Ny gas through

nitrification-denitrification processes and released Ny back to the at-
mosphere (Beckinghausen et al., 2020; Rahimi et al., 2020).

The nutrient removal in WWTP is a critical step before the treated
water is either recycled or discharged into natural water bodies (Pronk
and Koné, 2009). The regulations are becoming more stringent recently
and limits to nutrient discharge have been reduced significantly in the
last three decades (Pronk and Koné, 2009). For instance, the regulatory
limits for discharging nitrogen in rivers in Australia are <1 mg L7}
ammonia and <50-100 mg L™ total nitrogen, depending on the site and
those in China are <5 mg L™! ammonium and <15 mg L! total nitrogen
(AMPC, 2022; Du et al., 2015). The US EPA has imposed a nitrogen
discharge limit of 1-3 mg L~! (Nayak et al., 2021). For WWTP, it is
becoming extremely hard to keep the wastewater treatment at low costs
with changing regulations and increased nutrient loading and contam-
inants in the wastewater (Preisner et al., 2021). More importantly, the
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current focus of most of the water utilities is on nutrient removal and not
nutrient recovery in their existing treatment process. Therefore,
considering the stringent discharge regulations, rapid increase in
nitrogen-based fertiliser demand, and associated environmental emis-
sions (~935 million tons CO, annually (Safie and Zahrim, 2021)), the
focus has been shifted to nitrogen recovery.

The existing nutrient recovery methods available or currently under
development for recovering nitrogen from wastewater such as ammonia
stripping, electrochemical methods, and membrane-based technologies
are either expensive or require significant infrastructure upgradation in
the existing WWTP (Kundu et al., 2022). Therefore, water industries are
looking for an alternative low-cost technology, which can be installed
without any significant changes in the existing process and infrastruc-
ture and support the circular economy.

The sorption-based techniques using cation exchange resin, zeolite,
and activated carbon adsorbent are considered promising wastewater
treatment options due to their several advantages, such as accessibility,
simplicity in operation, feasible reactor designs and economics over
other technologies, and have proven suitability for nitrogen recovery
from wastewater (Bhatnagar and Sillanpaa, 2011). Cation exchange
resin and zeolite are the most common commercial adsorbents, which
have been investigated widely for nitrogen recovery from wastewater
(Chen et al., 2019; Han et al., 2021; Safie and Zahrim, 2021; Sanchez
and Martins, 2021; Tarpeh et al., 2018) and exhibited 0.7-85 mg g’l
and 0.24-23.7 mg g~ ! nitrogen adsorption, respectively, depending on
the type of adsorbent, initial nitrogen concentration and adsorption
process conditions.

Recently, biochar-based sorption techniques have received immense
research interest to the scientific community and water industries for
nutrient recovery from wastewater due to several advantages (Chang
et al., 2023; Li et al., 2021; Zhao et al., 2022): (i) it is produced from
widely available feedstocks through a simple process, (ii) its low pro-
duction cost lowers the overall biochar cost, (iii) it has excellent physico-
chemical properties, including high functional groups, cation exchange
capacity, carbon content and porosity and (iv) it can fix up to ~2.57 tons
of CO;, per ton of biochar. Apart from these, nitrogen-loaded biochar can
be used as a nitrogen-based fertiliser for soil conditioning which can
enhance crop growth (Shang et al., 2018) and reduce the dependency on
the synthetic nitrogen fertiliser.

So far, biomass-derived biochars have been widely investigated to
recover nitrogen in the form of ammonium from synthetic wastewater
(mainly representing flushed urine stream) or real urine (Chang et al.,
2023; Chen et al., 2021; Dai et al., 2020; Li et al., 2021; Shang et al.,
2018; Simha et al., 2018; Wang et al., 2022, 2020; Xu et al., 2018; Xue
et al., 2019; Yin et al., 2017). The use of biosolids biochar, produced
from biosolids in the WWTP premises, instead of biomass biochar can
bring more benefits to the water industries by avoiding the transport
cost of biochar from the pyrolysis plant to WWTP site and managing
biosolids in a circular way. The physico-chemical properties of biosolids-
derived biochar may significantly be different from those of biomass-
derived biochar which indicates the need for studying biosolids-
derived biochar-based adsorption process.

To this point, only a few studies have focused on using biosolids or
sewage sludge or faecal sludge-derived biochar for nitrogen recovery
(Bai et al., 2018; Beckinghausen et al., 2020; Carey et al., 2015; Li et al.,
2018; Tang et al., 2019). However, these studies exhibited nitrogen re-
covery from ammonium-only solution, which is not representative of
wastewater. A recent study (Yu, 2022) used dewatered municipal
sludge-derived biochar for NH7-N recovery from real fresh urine (not
representative of wastewater) without any benchmarking of sludge-
derived biochar with other adsorbents. Therefore, it would be inter-
esting to investigate how biosolids-derived biochar performs for NHZ-N
adsorption from real wastewater or synthetic wastewater compared to
the well-studied biomass-derived biochar and other commercial adsor-
bents. The role of other adsorbate molecules in wastewater on NHj-N
adsorption using biosolids-derived biochar is still unknown.
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Therefore, the present study is looking to recover nitrogen from
wastewater at a centralised level using biochar derived from biosolids
and biomass. The idea is to then directly use this nitrogen-loaded bio-
char as a fertiliser for land application. The aims of the current work are
to (i) investigate the performance of biosolids-derived biochar for
ammonium adsorption from synthetic wastewater, representative to real
wastewater at WWTP, (ii) benchmark the biosolids-derived biochar
against zeolite, ion exchange resin, biomass biochar and activated car-
bon for ammonium adsorption, (iii) study the effects of heavy metals and
drugs on the ammonium adsorption performance of biosolids-derived
biochar and (iv) derive adsorption kinetics and isotherms for
biosolids-derived biochar adsorbent. The current work represents a truly
circular economy concept and is expected to be an environmentally
sustainable and cost-efficient method for nitrogen recovery from
wastewater.

2. Materials and methods
2.1. Materials and chemicals

Biosolids were supplied by the Southeast Water Mount Martha
WWTP, Victoria, Australia. Oak wood was purchased from a local store
in Victoria, Australia. Zeolite, activated carbon, Caffeine, and Zinc
precursors were purchased from Sigma Aldrich, Australia. Cation ex-
change resin (AG® 50 W-X8, 200-400 dry mesh size, 63-150 pm wet
bead size, 8 % cross-linkage, hydrogen form) was purchased from Bio-
Rad, Australia. Primary effluent at WWTP was synthesised using the
composition in Table 1 as reported in the literature. The concentrations
of the wastewater compositions were similar to the average concentra-
tion in primary effluent from South East Water treatment plant.
Ammonium chloride (NH4Cl) was added to the synthetic wastewater
solution to prepare various concentrations of ammonium. All these
chemicals as wastewater constituents were purchased from Sigma
Aldrich, Australia in analytical grade and used as received.

2.2. Biochar preparation and characterisation of adsorbents

2.2.1. Biochar production

Biochar samples from biosolids and biomass (Oak wood) were pro-
duced via slow pyrolysis. Biosolids and biomass were dried in an oven at
105 °C for 24 h, and ground in a mill to the size range of 300 to 500 pm
for biochar production. The pyrolysis experiments were conducted in a
muffle furnace (Barnstead Thermolyne 30400). The biosolids and
biomass samples were then weighed into crucibles with tight lids and
placed in the muffle furnace. Biosolids and biomass samples were heated
in the furnace at a heating rate of 20 °C min? to pyrolysis temperature
(500 and 700 °C) under a nitrogen environment and the samples were
kept at pyrolysis temperature for 3 h. The biochar samples inside the
furnace were then cooled down naturally to room temperature avoiding
any exposure of air to the hot samples. The cooled biochar samples were
collected and weighted for biochar yield estimation and finally stored in

Table 1
Composition of the synthetic wastewater (Pramanik et al., 2020).

Component Concentration (mg L™
Glucose 100
Peptone 100
Potassium dihydrogen phosphate 17.5
Magnesium sulphate 17.5
Sodium acetate 225
Ferrous sulphate 10
Sodium chloride 150
Sodium nitrate 10
Calcium carbonate 100
Kaolinite 10
Urea 35
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a desiccator for characterisation and adsorption experiments. The bio-
char yield was estimated as ~40-45 %, depending on the feedstock and
temperature.

Biochar characteristics may be significantly affected by any fluctu-
ation in pyrolysis temperature (Siri¢ et al., 2022); therefore, delicate
self-control of the whole process conditions is needed. Biosolids pyrol-
ysis at 400 °C exhibited significantly lower carbonisation compared to
that of 500 °C, as observed in the Authors’ previous study (Patel et al.,
2019). The lack of sufficient carbonisation of biosolids during pyrolysis
is expected to lower the NH-N adsorption capacity of biochar produced
from the respective pyrolysis temperature (Tang et al., 2019). Therefore,
the current study considered biochars produced from the pyrolysis of
biosolids at 500 and 700 °C.

2.2.2. Adsorbents characterisation

The surface functional groups of adsorbents were analysed using
Fourier-transform infrared spectroscopy (FTIR) spectra of the adsor-
bents. The FTIR spectroscopic analyses of adsorbents were performed in
absorbance mode with a wavenumber range of 4000-600 cm ™! using a
PerkinElmer FTIR Spectrometer (Spectrum 100, USA).

The Brunauer-Emmett-Teller (BET) surface areas of adsorbents were
estimated from the nitrogen gas adsorption-desorption isotherm data of
the adsorbents using a Micromeritics ASAP 2400 instrument at 77 K.
Before adsorption-desorption isotherm analysis, the adsorbent samples
were first degassed at room temperature in slow-mode for 30 min under
vacuum and then at 150 °C in fast-mode for 24 h under vacuum.

2.3. Batch adsorption experiments

2.3.1. Benchmarking experiments

NHZ-N adsorption experiments from the synthetic wastewater were
performed at room temperature using biosolids/biomass-derived bio-
char. NHj-N adsorption performance of biosolids/biomass-derived
biochar adsorbent was compared and benchmarked with other adsor-
bents (i.e., zeolite, activated carbon, and ion exchange resin) for nitro-
gen recovery from the synthetic wastewater. The experiments were
performed for initial NHJ-N concentrations of 5 and 50 mg L™ and
contact time of 5 and 24 h with a shaking speed of 180 rpm. All
adsorption experiments were conducted by adding 1 g of each adsorbent
to 100 ml of the prepared wastewater. After adsorption, the solution was
centrifuged, and the supernatant was analysed using HACH Nitrogen-
Ammonia Reagent Set, TNT, AmVer (Salicylate), High Range kit to
determine the concentration of NHZ-N. The capacity of adsorbents for
ammonium adsorption and ammonium removal efficiency were calcu-
lated using the following equations (Al nami and Hossan, 202.3):

Cyo—Cy)V
m
. Co—C,
Removal efficiency (%) = ——— x 100 2)

0

where Q. is the adsorption capacity (mg g~ 1), Co and Ci (mg L 1) are the
initial and final ammonium concentration in the aqueous phase
respectively, V denotes the batch volume (L’l), and m is the dried
weight of adsorbent (g).

2.3.2. Investigating the role of other adsorbate molecules

NHJ-N adsorption performance of biosolids-derived biochar from
the synthetic wastewater was further investigated in the presence of
heavy metal (Zinc) and drug (Caffeine), as only Zinc and Caffeine were
in considerable concentration in South East Water primary effluent. The
experiments were performed at 50 mg L ™! NHZ-N concentration for 24 h
with shaking at 180 rpm. The concentration of Zinc and Caffeine was
maintained at 0.05 mg L™, considering the concentration in real
wastewater.
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2.3.3. Adsorption experiments for kinetics study

NH{-N adsorption kinetics data were correlated for biosolids-derived
biochar using different models. The experiments were conducted at
room temperature using synthetic wastewater of NH4-N concentration
of 50 mg L™ for different adsorption times ranging from 0.5 to 24 h with
shaking at 180 rpm.

2.3.4. Adsorption experiments for isotherms study

NH{-N adsorption isotherms were derived for biosolids-derived
biochar using different isotherm relations such as Langmuir, Temkin,
and Freundlich models. The experiments were conducted at room tem-
perature using synthetic wastewater of different initial NH4-N concen-
trations ranging from 5 to 100 mg L ™! for 24 h with shaking at 180 rpm.
Adsorption time was selected as 24 h for ensuring the equilibrium.

2.4. Adsorption kinetics and isotherms models

In this study, four kinetic models such as Pseudo first order, Pseudo
second order, Elovich, and intra-particle diffusion models and three
isotherm modes such as Freundlich, Langmuir, and Temkin isotherm
models were considered to analyse the kinetics and isotherms of NH4-N
adsorption using biosolids-derived biochar, as shown in Table 2 (Zhou
et al., 2017). The linear and non-linear regressions were performed in a
Microsoft Excel spreadsheet to fit the adsorption kinetic and isotherm
models with experimental adsorption data. The coefficient of correlation
(R?) was also determined from the regression analysis to explore the
applicability of isotherm and kinetic models and to explain the
adsorption mechanism.

3. Results and discussion
3.1. Characterisation of adsorbents

BET surface area of adsorbents was determined as in this order:
activated carbon (1000 m? g’l) > zeolite (609 m? g’l) > biosolids
biochar produced at 700 °C (90 m? g~1) > biomass biochar produced at
500 °C (51 m? g’l) > cation exchange resin (35 m? g’l) > biosolids
biochar produced at 500 °C (32 m? g’l). These values demonstrate that
all of these porous materials can be morphologically appropriate media
to embed adsorbate molecules. However, the density of functional
groups with its direct influence on the electron-cloud distribution of the
surface did not follow the same order. The FTIR analysis results (Fig. 1)
for all adsorbents used in this study revealed that cation exchange resin
presented multiple functional groups on its surface for NHZ-N

Table 2
Kinetic and isotherm models considered in this study.
Model type Model name Equation
Kinetic model Pseudo first order d
k-
Pseudo second order d
d_% =k (Q — Q)°
Elovich d
d—Q; = aexp( — bQ;)
Intra-particle diffusion Q =Kit'2+¢C
Isotherm model Freundlich Qe = Kfci’/“
Langmuir _ C.
Q = ke,
Temkin

@ -Tmac)
br

Q. = adsorption capacity at equilibrium time, Q; = adsorption capacity at time t,
K; = rate constant of pseudo-first order, K, = rate constant of pseudo-second
order, a = rate constant of chemisorption, b = constant of the surface
coverage, K; = intra-particle diffusion rate constant, t = time, C = a constant, K¢
= Freundlich constant, C. = equilibrium concentration, Q, = maximum
adsorption capacity, K;, = Langmuir constant, R = universal gas constant, T =
temperature (Kelvin), by = Temkin constant and A = equilibrium bond constant.
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Fig. 1. FTIR analysis of biomass/biosolids-derived biochars and other known adsorbents.

adsorption. In contrast, activated carbon had no distinctive functional
groups on its surface. This might be due to the decomposition of all
functional groups during the preparation (i.e., thermal treatment) of
activated carbon.

Sulfonated, carbonyl/ester, and carboxyl groups were the major
peaks of cation exchange resin adsorbent. The resin is strongly acidic
given the presence of the sulfonic acid (—SOsH) functional group, thus
potentially can be a good candidate for NHf-N adsorption due to the
exchange of H' ion in —SO3H with the ammonium ion, as sulfonic acid
group acts as a proton donor. The ion exchange capacity for the -SO3H
group was found to be relatively high because the sulphonic acid group
readily dissociates at neutral pH (Castillo-Cervantes et al., 2019) to ex-
change the H" ion with the ammonium ion. No further cation exchange
is expected to happen on a site after ammonium is adsorbed. There was
also a high absorbance for carbonyl (C—=0 bond) followed by carboxyl
(C(=0)OH) groups. According to density functional theory, the carbonyl
group was found to have a higher adsorption energy value and shorter
bond distance for ammonium ion adsorption (Yin et al., 2022). This also
clearly underlines the dependence of NH;-N adsorption on the type of
functional group.

Zeolite also possessed a few distinctive functional groups at wave-
numbers of 3450, 1621, 1015 and 705 cm™, attributed to O—H
stretching vibration, O—H bending vibration of H,O molecules in the
zeolite voids, asymmetric and symmetric stretch vibration of T-O-T
bonds where T is the tetrahedrally bonded Si or Al, respectively
(Bakatula et al., 2015; Wisniewska et al., 2020). As seen, the inherent

functional group of zeolites may need to exclusively be designed for
ammonium adsorption because only its hydroxyl group can play a role in
adsorption.

The functional groups of biochars produced in the present work are
consistent with the other biochars in the literature (L. Liu et al., 2021a;
Reza et al., 2020). Biomass-derived biochar had two peaks at around
1220 and 1550-1710 cm ™}, which are ascribed to -CO, -C=C bonds in
carbonyl and carboxylic functional groups. Depolymerisation and
dehydration reactions are the main pathways during the pyrolysis of
lignocellulosic biomass through which C=C bonds, carbonyl and car-
boxylic functional groups are formed (Chia et al., 2012). In biosolids-
derived biochar, a peak was observed between 1100 and 1000 cm™!
within the fingerprint region, which can be assigned to the C-O-C bond
stretching of the lignin ethers (Pattnaik et al., 2018). The peak in the
range of wavenumbers from 1480 to 1410 cm ' belongs to the
stretching of C—H as a result of cellulose and hemicellulose deformation
(Tayibi et al., 2020). The study also compared the intensity of peaks for
the biosolids biochar derived at 500 and 700 °C and showed that the
absorbance value for all peaks diminished at higher temperatures which
is in accordance with the previous study (Reza et al., 2020). Despite of
increasing the BET surface area by almost three times (90 vs 32 m?g™1),
the useful functional groups were destroyed at 700 °C compared to those
at 500 °C. Biosolids biochars also had a number of small peaks between
2000 and 2500 cm ™! attributed to -C=0 stretching bond in the ketene
(Reza et al., 2019).
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3.2. Benchmarking of biosolids-derived biochar with other adsorbents

Fig. 2 compares the performance of various adsorbents for ammo-
nium uptake at two initial concentrations of 5 and 50 mg L ™! and contact
times of 5 and 24 h. As expected, resin outperformed its counterparts in
removing ammonium from synthetic wastewater given its desired sul-
fonated functional groups followed by zeolite and biochar. The
adsorption mechanisms of ammonium mainly include ion exchange
between NHj-N and functional groups (sulfonate groups, hydroxyl
groups, and protons of C—H) on the biochar surface, complexation of
NHZ-N in carboxyl groups, and electrostatic attraction (R. Liu et al.,
2021b). Very interestingly, activated carbon with the highest BET sur-
face area showed the lowest affinity for ammonium uptake, clearly
revealing that the capacity of adsorption entirely depends on the type
and density of functional groups rather than the surface area.

In all experiments, higher initial concentration favoured the
adsorption performance. The improved performance in the case of resin
was more distinct compared with the other five adsorbents, with its
adsorption capacity reaching nearly 4 from 0.5 mg g~'. The higher
initial concentration provides a higher concentration difference between
the solution and the adsorbent surface or an increased affinity towards
active sites (Delaila Tumin et al., 2008). In other words, a higher driving
force is provided at a higher initial ammonium concentration, helping
overcome the mass transfer resistances of the adsorbate molecules from
the aqueous phase to the active sites in the solid phase (Pandey et al.,
2010). Moreover, this suggests that the adsorption of ammonium from
non-diluted wastewater is preferred, meaning that ammonium is better
to be adsorbed at the source level i.e., urinals rather than centralized
wastewater treatment plant. It is noteworthy that a higher adsorption
capacity means a lower consumption of adsorbent, thereby lowering
both operating and capital costs.

Lastly, it is evident from Fig. 2a that extending the contact time from
5 to 24 h has a dramatic effect on the adsorption using biochar, with a
little effect for resin and zeolite. This should not be misunderstood that
adsorption by resin or zeolite was not time-dependent. The results
demonstrated that the adsorption reached its equilibrium in <5 h and at
a much faster rate, therefore prolonging the experiment would be un-
reasonable. For adsorption processes with long contact time similar to
adsorption by biochar, normally the intra-particle diffusion may
partially or wholly dominate the uptake mechanism (Chen et al., 2021).
Therefore, the ammonium ions took a longer time to diffuse through the
pores of biochar due to the slow pore diffusion process (Cui et al., 2016).
It can also be observed that the nitrogen adsorption using biochar
derived from biosolids is in accordance with previous literature (Fig. 2b)

4.5
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(Carey et al., 2015; Han et al., 2021; Tang et al., 2019).
3.3. Effect of initial concentration and adsorption time

Fig. 3 exhibits the dependence of the adsorption capacity of
biosolids-derived biochar at 500 °C (BSBC_500) on the initial concen-
tration of NHZ-N and contact time. As discussed in the previous section,
typically a higher initial concentration and a longer contact time would
lead to a higher adsorption capacity. For the initial concentration in the
range of 5 to 100 mg L™ (Fig. 3a), there was a logarithmic correlation
between capacity and initial concentration, where the adsorption ca-
pacity appeared to reach a plateau at a higher concentration. This
highlights the possibility of the occurrence of multi-layer adsorption
where the active sites get nearly saturated at an increased initial con-
centration of 80 mg L1 and further increase to 100 mg L™} cannot
substantially improve the capacity comparable to the previous intervals.
Removal efficiency constantly decreased as the initial concentration
increased which is expected as there will be more NHj-N molecules in
the solution that were not adsorbed.

On the effect of contact time, as it is clear from Fig. 3b, the capacity
gradually increased with time until it reached the equilibrium state after
approximately 24 h from the start of the run. The higher initial
adsorption was associated with a large number of vacant active surface
sites of biochar during the initial stage which gradually reduced with
adsorption time. This distinctly highlights the importance of diffusion of
NHj-N molecules into the biochar porous structure. If the BET surface
area could be increased by maintaining the density of functional groups
on the surface, its capacity for ammonium adsorption could also
meaningfully increase. To accelerate the process, the active sites must
come to the surface and be readily accessible and available for adsorp-
tion. It is also worth noting that the capacity after 12 h was almost 90 %
of the equilibrium capacity. One should decide here whether to continue
the process for another 12 h to attain the full capacity. Economic con-
siderations also play a key role in this situation as prolonging the run can
double the capital investment.

3.4. Effect of heavy metal and drug on nitrogen NH4-N adsorption

In order to also investigate the effect of the presence of other
adsorbate molecules in the solution along with ammonium, Zinc, and
Caffeine with a concentration of 0.05 mg L! (Hubeny et al., 2021) were
added to the solution as model compounds. Fig. 4 shows that the vari-
ation of nitrogen adsorption in the presence of Zinc and Caffeine using
biosolids-derived biochar was as low as ~3-4 %. This is mainly due to

16
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Fig. 2. (a) Adsorption of ammonium from synthetic wastewater using various adsorbents and (b) comparison of the current study with previous literature (Box chart:

literature data).
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the very low concentration of these additional pollutants which cannot
compete with ammonium to occupy the active sites. Although the main
components available in the wastewater (Table 1) were added to the
solution, further study on the identification of other potential adsorbate
molecules including antibiotics, dyestuff, and other heavy metals is still
needed. This would provide a more comprehensive picture of to what
extent ammonium is competitively adsorbed.

3.5. Kinetics of NHJ-N adsorption by BSBC_500

The kinetic experimental data is provided in Fig. 5 for a range of O to
24 h, where it follows a logarithmic trend. The regression analysis re-
sults revealed that all three kinetic models can acceptably fit the
experimental data, however pseudo first order model was in the best
agreement with the experimental data with an R? value of 0.992. Table 3
shows the parameters of three NH}-N adsorption kinetic models. The
pseudo first-order model assumes that NHj-N adsorption using
biosolids-derived biochar can occur in two stages, such as an external
film layer adsorption followed by an intraparticle diffusion adsorption.
According to the pseudo first-order model, at any time during the

25
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Fig. 5. Kinetic experimental data and fitting with known kinetic models.

Table 3
Kinetic parameters for NH4-N adsorption on BSBGC_500.
Model Parameter (Unit) Value R?
1st order Q. (mgg™) 1.97 0.992
k; (1/h) 0.13
2nd order Q. (mgg™) 2.68 0.982
ko (g/mg.h) 0.04
Elovich a(mgg Lh) 0.35 0.977
b (g/mg) 1.20

process, the rate of adsorption is directly proportional to the distance
from equilibrium i.e., the difference of saturation capacity and capacity
at time t (Rodrigues and Silva, 2016). The adsorption kinetic parame-
ters, such as adsorption rate, adsorption rate constant and equilibrium
adsorption capacity will be helpful for designing the column for
continuous adsorption and scale-up process development.

The intra-particle diffusion model was also investigated for a further
in-depth understanding of the mechanism of ammonium ion’s move-
ment towards biochar adsorbent and the rate-controlling step affecting
the NH4-N adsorption kinetics. It is evident in Fig. 6a that the single-
stage model fitting curve (R? = 0.961) did not pass through the origin,
indicating that the particle diffusion was not the only rate-controlling
mechanism. The other mechanisms such as external surface layer
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Fig. 6. Intra-particle diffusion model fitting with experimental data (a) single stage fitting and (b) multi-stage fitting.

diffusion can also affect the rate-controlling step. Fig. 6b shows the
multilinearity of adsorption, indicating that the adsorption of NH}-N
occurred in two stages. The regression coefficient of the 1st and 2nd
stages was 0.987 and 0.964, respectively which was also in agreement
with that the rate-controlling step was governed by two adsorption
mechanisms. The first sharp stage (up to 12 h) was attributed to the
external surface diffusion mechanism (Abodif et al., 2020), indicating
the interaction of functional groups of biochar’s external surface with
NHZ-N. The 2nd stage was the gradual adsorption stage, where the
intraparticle diffusion was the rate-controlling step for NH4-N adsorp-
tion by biochar. This model provides insightful information on the dy-
namics of NHZ-N adsorption.

3.6. NHj-N adsorption isotherms for BSBC_500

As shown in Fig. 7, the values of ammonium adsorption using
biosolids-derived biochar at various initial concentrations were deter-
mined. Adsorption isotherm data present how the adsorption process
moves forwards and demonstrates how effectively an adsorbent can
eliminate the adsorbate molecules from an aqueous solution (Marzbali
et al., 2016). The efficiency of BSBC_500 adsorbent to remove NH4-N
ions from synthetic wastewater was investigated via the trend of
adsorption isotherm data.

The results of the linear regression of the above-mentioned models
revealed the model with the best fit. As can be seen from Fig. 7, the
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Fig. 7. Experimental data for isotherm study and fitting with known

isotherm models.

experimental data were in better agreement with the Freundlich
isotherm model with an R? value of 0.986. This would mean that
BSBC_500 has a heterogeneous surface on which active sites have varied
affinities towards NHJ-N adsorption. Table 4 shows the parameters of
three models for the NHJ-N isothermal adsorption data. Temkin
isotherm model could also well fit the experimental data, suggesting that
most probably multilayer adsorption is taking place. This was also
evident from the inferior fit of the Langmuir isotherm model, ruling out
the monolayer adsorption hypothesis.

4. Future directions and business recommendations

The current study explored a promising pathway for NH;-N capture
from wastewater in the WWTP using biochar produced from the
WWTP’s own biosolids in the plant premises. Therefore, the following
objectives can be logical routes to continue the present study and to
develop a scale-up adsorption process.

e Optimisation of process parameters (i.e., biochar dosage, concen-
tration, pH) for nitrogen adsorption using biosolids-derived biochar.
Exploring the cost-effective routes of functionalising the biochar for
retaining high functional groups and increasing cation exchange
capacity.

Studying the effect of high concentrations of heavy metals and drugs
and other pollutants.

Derivation of kinetics and isotherms for nitrogen recovery from real
wastewater.

Biochar bed adsorption column study and developing a detailed
techno-economic analysis for a hypothetical or real WWTP.
Potential applicability of nitrogen-loaded biochar as fertiliser.

5. Conclusions

This paper benchmarks the NH4-N adsorption by biosolids biochar
with zeolite, resin, activated carbon and biomass biochar. At an initial
NHZ-N concentration of 50 mg L™! with 24 h adsorption time, biosolids-
derived biochar adsorbed 1.8 mg NH4-N g~! adsorbent which was
nearly half of the cation exchange resin and zeolite. External surface

Table 4
Isotherm parameters for NH4-N adsorption on BSBC_500.
Model Parameter (Unit) Value R?
Freundlich Ke (L/8) 1.00 0.986
n 5.35
Langmuir Qm (mgg™h) 1.94 0.762
Ky (L/8) 1.69
Temkin b (kJ/mol) 10.15 0.967
A (L/g) 89.68
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layer diffusion was the governing step in the early stage of NH4-N
adsorption while intra-particle diffusion was the main mechanism in the
later stage of adsorption. Isotherm data modelling also showed the
heterogeneity of biosolids biochar surface and the occurrence of multi-
layer adsorption. The NHj-N-loaded biochar can be a potential slow-
release fertiliser for agricultural purposes as it will reduce the con-
sumption of synthetic nitrogen-based fertiliser to a certain extent, which
is an energy and emission-intensive approach. Therefore, biosolids-
derived biochar can be a future attractive option for NH4-N recovery
from wastewater in a circular way.
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