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ARTICLE INFO ABSTRACT

Keywords: Edible white-rot mushrooms are organisms that are cultivated at an industrial scale using wood-based substrates.
Spent m“_ShrOf’m Su_bStrf“e The mushroom industry has an estimated annual production of 34 Mt of edible mushrooms, and approximately
Phosphoric acid activation 70 wt% of the substrate is left as waste known as spent mushroom substrate (SMS). The huge volumes of SMS
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Reactive orange-16 adsorption
Effluents

generated by mushroom farms hinder proper recycling, meaning that combustion or open-field burning are
common disposal practices. This paper shows a concept that could help reduce the environmental impact of the
mushroom industry. SMS from the cultivation of shiitake mushroom was used as a carbon precursor for the
production of nitrogen-doped activated biochar that was used to remove reactive orange-16 (RO-16) azo dye
from water, as well as contaminants from two synthetic effluents and real sewage water. Melamine was used as a
nitrogen dopant and phosphoric acid as an activating agent. Samples without the addition of melamine were
used for comparison. The doping/impregnation process was carried out in one-step, followed by pyrolysis at 700
and 900 °C for 1 h. BET, Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and scanning electron
microscopy (SEM) were used for the characterization of the biochars. The specific surface area of the doped
samples was slightly lower, i.e., 1011 m?/g (SMS-700 °C), 810 m?/g (SMS-700 °C + N), 1095 m?/g (SMS-
900 °C), and 943 m?/g (SMS-900 °C + N). Raman spectroscopic analysis showed that the N-doped biochars had
more defective carbon structures than the non-doped ones. XPS analysis showed that doping with melamine led
to the formation of N-functionalities on the surface of the biochar particles. The kinetics of adsorption were well
represented by the Avrami model. The adsorption isotherms were well-fitted by the Liu model. The maximum
adsorption capacities (Qmax) of RO-16 were much higher for the N-doped biochars, i.e., 120 mg/g (SMS-700 °C),
216 mg/g (SMS-700 °C + N), 168 mg/g (SMS-900 °C), and 393 mg/g (SMS-900 °C + N). N-doped biochar
samples were more effective for the removal of contaminants from synthetic effluents and sewage water. N-
doped biochar produced at 900 °C showed good recyclability. This work concludes that SMS is a valuable waste
that could be used for the production of activated carbon and that N-doping helped to improve the adsorption
performance to a great extent.

1. Introduction quality biomasses from the paper, timber, food, agricultural and
forestry industries, and in most countries, incineration and landfilling

According to statistics, only in the EU the present availability of are used as the main routes of disposal. Wastes such as these do not need
cellulosic biomass residues is 225 Mtonnes/yr, and the projected to be seen as a disposal problem but as a sizable opportunity to produce
amount by 2030 is 223 Mtonnes/yr [1]. These wastes include low- sustainably added-value products that could help to reduce the

* Corresponding author.
E-mail address: Alejandro.Grimm@slu.se (A. Grimm).

https://doi.org/10.1016/j.jwpe.2023.104435
Received 7 June 2023; Received in revised form 12 October 2023; Accepted 13 October 2023

Available online 21 October 2023
2214-7144/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:Alejandro.Grimm@slu.se
www.sciencedirect.com/science/journal/22147144
https://www.elsevier.com/locate/jwpe
https://doi.org/10.1016/j.jwpe.2023.104435
https://doi.org/10.1016/j.jwpe.2023.104435
https://doi.org/10.1016/j.jwpe.2023.104435
http://creativecommons.org/licenses/by/4.0/

A. Grimm et al.

environmental impact associated with their elimination [2]. White-rot
mushrooms are organisms that are cultivated on substrates made of
lignocellulosic materials. They secrete different types of enzymes that
allow them to use lignin, cellulose and hemicellulose as carbon sources.
Cultivation of these types of mushrooms has been done for hundreds of
years for food and traditional medicine purposes. The estimated world
annual production of edible mushrooms is approximately 34 Mtonnes,
with a 30-fold increase since 1978 [3]. In well-managed mushroom in-
dustries, after harvest of the mushroom fruit bodies, around 70 wt% of
the substrate is left as a waste known as spent mushroom substrate
(SMS) that today has no commercial value and is usually used as fuel [4],
but could be used for better purposes such as the production of carbon-
based adsorbents for water treatment. The degradation of lignin and
hemicellulose caused by this type of mushroom is usually larger
compared to cellulose [5], and this can give SMS some advantages
compared to regular biomasses.

Today's rising advances in civilization lead to an ever-increasing
need for effective technology to remove harmful contaminants from
wastewater as well as water abstracted for human consumption. Dyes
and pigments are colourants that are widely used in the textile, leather,
paper and plastic industries, and represent a group of chemicals that can
cause serious problems when they come in contact with aquatic eco-
systems [6]. Among colourants, reactive azo dyes are a group of syn-
thetic chemicals that are chiefly used in the textile industry, which is
among the anthropogenic activities that most use and pollute water [7].
Studies have found that a large amount of the dyes used in dying pro-
cesses end up in wastewater [8], which in countries with poor envi-
ronmental legislation is discharged into rivers that are sometimes used
for irrigation in agriculture. Under natural environmental conditions,
azo dyes do not degrade, and when dye-loaded wastewater is released
into the environment affects the entire ecosystem [9,10]. The presence
of azo dyes in the soil has negative effects on seed germination and root
development of plants as well as microbial communities [11]. In
developing countries is also common that drinking water sources are
affected by industrial activities [12], and research has shown that water-
soluble azo dyes can cause bladder and liver cancers in humans [13,14].

The most effective methods to remove water-soluble pollutants from
water, even at very low concentrations, are based on adsorption with
materials such as activated carbon. The latter is commonly made using
biomass wastes such as coconut shells [15], fruit stones [16], and wood
sawdust [17], among others. The processes by which organic pollutants
are removed by the activated carbon are usually associated with pore-
filling, van der Walls forces, and surface functionalities. In recent
years, research work has implemented the concept of heteroatom doping
to broaden the spectrum of biochar applications. Doping processes with
elements such as nitrogen (N) are among the most used; however, the
influence of nitrogen functionalities on the removal of azo dyes from
aqueous solution has been comparatively little studied. Among works
published in the literature are those from Liu et al. [18], who studied N-
autodoped carbons developed from fish waste that were found to be
effective adsorbents for the removal of acid orange-7; and Peng et al.
[19], who studied the effect of N-doping of ordered mesoporous carbons
on the adsorption of acid black-1. In principle, the process is based on
the incorporation of functional groups attached to the carbon frame-
work, which change the surface chemical properties and improve the
adsorption performance.

This paper focuses on the characterization of nitrogen-doped acti-
vated biochars produced using SMS from the cultivation of shiitake
mushrooms. SMS samples were doped with melamine (C3HgNg), and
phosphoric acid (H3PO4) was used as a chemical activator to generate a
porous carbon matrix. Activated doped biochars were produced by py-
rolysis at 700 °C and 900 °C. The carbons were characterized using X-ray
photoelectron spectroscopy (XPS), Raman spectroscopy, and surface
area analysis (BET). The effectivity of the N-doped activated carbons to
remove azo dyes from aqueous media was determined using reactive
orange-16. The efficiency of the carbons to remove contaminants in
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realistic conditions was tested using synthetic effluents and sewage
water that was obtained from a communal wastewater treatment plant
located in northern Sweden.

2. Materials and methods
2.1. Raw materials

Spent mushroom substrate (SMS) from the cultivation of shiitake
(Lentinula edodes) was obtained from previous work [20]. The SMS
used here was based on alder wood (Alnus incana [L.] Moench) sawdust
used as the main raw material for growing the mushroom. Blocks of SMS
were ground using a hammer mill and sieved afterwards. A fraction with
a particle size of 2-3 mm was chosen as carbon precursor. Melamine
(99.9 %, Sigma-Aldrich) was used as a nitrogen-dopant and phosphoric
acid (50 % water solution, Merck KGaA, Germany) as a chemical acti-
vator. Reactive orange-16 (RO-16) from Sigma-Aldrich was used as a
model azo dye for adsorption experiments.

2.2. Doping and activation process

The doping and impregnation process was carried out in one step.
The precursor, N-dopant and P-chemical activator were mixed using a
weight ratio of 1 SMS: 0.5 melamine: 5 H3PO4. Samples made using a
weight ratio of 1 SMS: 5 H3PO4 were used for comparison. The mixtures
were kneaded to obtain a homogeneous paste and let soak for 6 h at
ambient temperature. Afterwards, the samples were dried at 60 °C for
15 h. Next, samples were pyrolysed at 700 °C and 900 °C using a
stainless steel reactor heated externally by a muffle furnace (Carbolite
Gero ELF 11/14). The temperature of the reactor was increased from
room temperature to the final treatment temperature at a heating rate of
10 °C/min and kept for 1 h. Nitrogen gas was used to keep an inert at-
mosphere during pyrolysis. After the treatment, the furnace was turned
off and the samples were allowed to cool down to room temperature.
The resulting biochars were washed with boiling distilled water until
neutral pH and finally dried in an oven at 105 °C overnight.

2.3. Characterization of the activated biochars

The textural characterization of the samples was carried out using a
Tristar 3000 sorptometer (Micrometrics Instrument Corp., Norcross, GA,
USA). The Brunauer-Emmett-Teller (BET) principle was used to calcu-
late the specific surface area (SSA) of the samples, and the Barrett-
Joyner-Halenda (BJH) model was used to obtain the pore volume and
pore size distribution. The sample's graphitization degree was calculated
from their Raman spectra, measured using a Bruker Bravo spectrometer
(Bruker, Ettlingen, Germany). Samples were ground using an agate
mortar and pestle and then scanned in the 300-3200 cm™! spectral
range. The spectra were processed in OPUS (version 7) by baseline
correction (64-point rubberband), smoothing (13-point) and vector
normalisation in the range 350-2100 cm . Surface functionalities were
identified by X-ray photoelectron spectroscopy (XPS) analysis. The
spectra were obtained using a Kratos Axis Ultra DLD device equipped
with an Al K, X-ray source operated at 150 W. Survey spectra were
obtained at a pass energy of 160 eV, and individual photoelectron lines
were acquired at 20 eV. The value for the point of zero charge (pHp,c) of
each biochar was obtained by plotting the measured zeta potential value
with the pH measured via a Zetasizer Nano ZSE 3700 (Malvern Instru-
ment Co., Malvern, UK) at 22 °C varying the pH from 2 to 10.

2.4. Bach adsorption experiments and regeneration studies

All the carbons used for adsorption experiments had an average
particle size of 1-2 mm. Adsorption experiments were performed using
RO-16 aqueous solutions with concentrations of 30-1200 mg/L. The
effect of the adsorbent dosage was measured by contacting dye solution
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(100 mg/L, pH 6) with adsorbent doses of 0.5 to 5 g/L. The solutions
containing the adsorbent were agitated at 22 °C for 5 h using an orbital
shaker (IKA KS250). Afterwards, the solutions were left to rest for 5 min
to let the carbon particles precipitate. The residual concentration of the
dye in the solution was quantified by UV-Vis spectrophotometry using a
Shimadzu 1800 device at a Apax of 494 nm calibrated using standard dye
solutions.

The effect that the pH of the dye solution has on the removal capacity
of the biochars was determined at room temperature using dye solutions
with a concentration of 100 mg/L and pH ranging from 2 to 10 that were
contacted with 1 g/L of each biochar. The pH of the solutions was
adjusted with HCl or NaOH. Solutions containing the biochar samples
were agitated for 5 h, after that the biochar was separated and quanti-
fication of the amount of dye removed was carried out as previously
described.

Kinetic studies were performed at room temperature using a carbon
dose of 1 g/L and a dye solution with a concentration of 100 mg/L and
pH 6. The amount of the dye removed from the solution by the carbon
was measured periodically between contact times of 1 and 480 min
using the procedure previously described.

Equilibrium isotherm measurements were carried out at room tem-
perature by contacting each biochar (1 g/L) with solutions of RO-16
(30-1200 mg/L, pH 6). The samples were agitated for the time needed
to reach the equilibrium as was previously determined in the kinetic
measurements. The amount of the dye remaining in the solution was
determined as already described.

The amount of the dye removed from the solution (Eq. (1)) expressed
as q (mg/g), and the percentage of removal (Eq. (2)) expressed in per
cent, were used to quantify the adsorption performance.

G-C

9e Te*V (€9)

Ci - Ce
Removal <%) = IOO*T (3]

i

where, ¢, is the dye adsorption capacity expressed in mg dye/g adsor-
bent, C; and C, are the initial and final concentrations of the dye in the
solution expressed in mg/L, V is the volume of the dye solution used in
each measurement expressed in L, and m is the mass of the biochar
sample expressed in grams.

For regeneration studies, biochar samples were first saturated with
RO-16 and then washed with water to remove any unadsorbed dye.
Then, the saturated samples were dried overnight in an oven at 70 °C.
Since this dye shows its highest adsorption capacity under acidic con-
ditions, a basic eluent, i.e., 0.25 M NaOH +20 % EtOH, was used. The
saturated and dried biochars were put in contact with the eluent and
then agitated for 4 h to promote the liberation of the adsorbed RO-16
molecules. The desorbed RO-16 was separated from the biochar by
centrifugation. Again, the biochars were washed with water to remove
the eluent and dried overnight in an oven at 70 °C. This procedure was
repeated until five cycles were completed. The adsorption capacity (q)
was measured at each cycle.

Experiments mentioned above were carried out 3 times, and average
values with standard deviation are reported.

2.5. Removal of contaminants from synthetic effluents and real sewage
water

The produced N-doped and non-doped biochars were tested for their
ability to remove contaminants from water in realistic conditions.
Laboratory-made aqueous effluents (Table 1) made of different dyes and
inorganic compounds, as well as real sewage water were used for this
characterization. The sewage water was obtained from a wastewater
treatment plant located in Umed, Sweden. The plant uses mechanical,
biological and chemical processes to treat wastewater that comes mainly
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Table 1

Effluent compositions and concentrations.
Compounds Concentration (mg/L) Amax (Nm)

Effluent-A Effluent-B

Acid red-18 50 50 507
Reactive orange-16 50 50 494
Reactive blue-4 50 50 595
Methylene blue 50 50 668
Evans blue 50 50 468
Phenol red 50 50 550
Crystal violet 50 - 590
Methyl red 50 - 507
Bismarck Brown - 50 468
Methyl orange - 50 522
Sodium dodecyl sulphate 25 25 -
Sodium sulphate 25 25 -
Ammonium chloride 20 25 -
Sodium acetate 20 25 -
pH 5.4 5.2 -

from households. Raw sewage water was collected after the mechanical
treatment where all kinds of insoluble coarse materials were removed.
The treated sewage water was collected after the chemical treatment
where iron chloride flocculant was used to remove all kinds of solid
particles before the water was returned to a river nearby the facility.
Both the raw and the treated sewage water samples were filtered before
adsorption experiments to remove solid particles that interfered with the
measurements.

The total amount of contaminants removed by each biochar was
determined based on the integrated area under the UV-Vis 190-800 nm
spectral range of the tested adsorbates before and after the treatment
with the biochars. The area under the spectra was calculated using the
OriginPro 2020 software.

3. Results and discussion
3.1. Textural analysis of the produced activated biochars

The Ny isotherms for the activated biochar samples (Fig. 1) can be
classified as type IV, according to IUPAC classification [21]. Type IV
isotherms exhibit a hysteresis loop suggesting a high presence of mes-
opores [22,23]. However, the high N, uptake at low partial pressure
suggests the presence of microporous features in the carbon structure.
What is observed in Ny curves is corroborated by the pore size distri-
bution curves of the carbons shown in Fig. 1. The porous carbon struc-
ture is composed of a fraction of pores with diameters of up to 2 nm
(micropores) and a big fraction of less than 5 nm (small mesopores).
Non-doped samples exhibited fractions with bigger mesopores
compared to the doped materials. It seems that the melamine doping
created smaller mesopores compared to the non-doped samples. Such
differences in pore size distribution in the prepared carbons could lead
to better adsorptive properties. To further evaluate the porosity features
of the materials, the BET surface areas were accessed (Table 2). The
results show that the SSA of both biochars was high; however, the
melamine doping provoked a small reduction in BET surface areas at
both pyrolysis temperatures. The same trend was observed in other
works dealing with N-doping of similar precursors [24]. The areas ob-
tained by the authors were 1086 and 1003 m?/g, for non-doped and
nitrogen-doped biochars, respectively.

3.2. Scanning electron microscopy (SEM) analysis

SEM was used to observe the effect of temperature and melamine
doping on the biochars' morphologies. The micrographs corresponding
to the biochars' surface at 5 K of magnification are shown in Fig. 2. The
SEM images show that both temperature and melamine doping yielded
carbon materials' surfaces with different features. The sample SMS-
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Fig. 1. N, adsorption isotherm and pore size distribution for the N-doped and non-doped biochars.

Table 2
Textural properties of the N-doped and non-doped biochars.
SMS- SMS-700 °C SMS- SMS-900 °C
700 °C +N 900 °C +N

Surface area
BET SSA (mz/g) 1011 810 1095 943
Micropore area 117 412 181 372
(m?%/g)
Micropore area (%) 12 51 16 39
Mesopore area (m?/ 893 398 915 571
g)
Mesopore area (%) 88 49 84 61

Pore volume
Total pore volume 1.03 1.08 1.43 0.89
(em®/g)
Micropore volume 0.05 0.21 0.09 0.19
(cms/g)
Micropore volume 5 19 6 21
(%)
Mesopore volume 0.98 0.87 1.34 0.70
(em®/g)
Mesopore volume 95 81 94 79
(%)

Pore size
Average pore width 4.08 5.31 5.23 3.76
(nm)

700 °C presented a less rough surface but with several small pores
(highlighted in the red rectangular shapes, Fig. 2a). The doped biochar
pyrolysed at 700 °C (SMS-700 °C + N) presented a much rougher surface
compared to the non-doped (SMS-700 °C), what can be related to the
effect of melamine doping that created more physical defects and

micropores on the biochar. The same behaviour was observed in the
biochars pyrolysed at 900 °C. The sample SMS-900 °C exhibited a very
rough but cohesive surface while SMS-900 °C + N exhibited a more
defective morphology. Carbon materials rich in defects are reported to
be suitable adsorbent materials because the defects can act as adsorptive
sites [24,25].

3.3. Raman spectra

Raman spectroscopy is considered one of the most informative
methods for evaluating the structural perfection and degree of order/
graphitization of bio-based carbon materials. The Raman spectra of each
non-doped and N-doped biochar (Fig. 3) show the D-peak that arises due
to the broken symmetry of the hexagonal structure of the carbon atoms.
Defects in the lattice are caused by the asymmetry, also due to the
carbon atom sp® hybrid configuration, represented by a disordered and
amorphous defective structure. The second peak at around 1600 cm™?
(G-peak) is characteristic of carbon atom sp? hybrid configuration,
related to the crystalline graphite structure. The area ratio between the
D and G peaks (Ap/Ag) gives information about the level of order/dis-
order, also called the degree of graphitization, of the carbon structure.
As is shown in Fig. 3, the doping process led to an increase in the Ap/Ag
ratio at both pyrolysis temperatures, meaning that the structure of the
carbon matrix in doped carbons contains a larger amount of defects,
which is corroborated by the SEM analysis (Fig. 2). Carbons with
defective structures can lead to better adsorption performance [2,24].

3.4. X-ray photoelectron analysis

XPS analysis was performed to identify the elements present at the
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Fig. 2. SEM images of the SMS-700 °C (a), SMS-700 °C + N (b), SMS-900 °C (c), and SMS-900 °C + N (d) at a magnification of 5 kX.

surface of the biochars, as well as their chemical state. Only the biochars
produced at a pyrolysis temperature of 900 °C were subjected to the XPS
analysis due to their better performance in the adsorption tests (see
following sections). The survey spectra and atomic concentrations of all
elements found at the surface of the biochars are given in Fig. 4 (a, b)
and Table 3, respectively. XPS analysis revealed the presence of C, O, N,
and P on the surface of both non-doped and N-doped biochars. The non-
doped sample had also small amounts of Fe and Cr, which are contam-
inants from the reactor used for pyrolysis. The content of N in the N-
doped biochar was more than 3 times higher than in the non-doped.

The N 1s spectra are presented in Fig. 4 (c, d). The signal of the non-
doped biochar was decomposed into two forms of nitrogen, and that of
the N-doped biochar was decomposed into five. The non-doped biochar
presented two main peaks at 399.1 and 401.3 eV, related to pyrrolic-N
and graphitic-N states. On the other hand, the N-doped biochar (SMS-
900 °C + N), presented five main peaks highlighting the effectiveness of
the N-doping in introducing N atoms in the biochar structure. The five
peaks are at 398.2eV (pyridine-N), 399.5eV (pyrrolic-N), 400.9eV
(graphitic-N), 402.5eV (C-NH3), and 405.4eV (oxidized-N), respec-
tively. This demonstrates that the doping with melamine led to the
formation of N-functionalities on the surface of the biochar particles that
may play an important role in the removal of contaminants from
aqueous solutions.

3.5. Effect of the adsorbent dose on RO-16 removal

The study of the effect of adsorbent dosage in any adsorption process
is an important step to evaluate the efficiency and suitability/applica-
bility of the adsorption process on a real industrial scale. Fig. 5 shows the
effect of biochars' doses (ranging from 0.5 to 5 g/L) on RO-16 (C, of 100
mg/L) removal by non-doped and N-doped biochars.

The curves show that the doped biochars led to much better results
with a lower amount of adsorbent dose compared to the non-doped. For
instance, for the biochars prepared at 700 °C, the non-doped reached 54
% with 2 g/L of biochar, while N-doped reached 90 % with the same
dose (2 g/L). The samples made at 900 °C had even better results;
employing 2 g/L, the non-doped removed 76 % of the RO-16, while the
N-doped carbon (SMS-900 °C + N) removed 100 %. One can see that the
amount of dye removed from the solution does not follow the surface
area of the biochars (Table 2), meaning that the surface functionalities
created on the carbon surface during the doping process played an
important role in the adsorption mechanism.

Although 2 g/L was shown to be the most effective dose (based on
SMS-900 °C + N results), for the following experiments a mass of 1 g/L
was selected. At 1 g/L a dye removal of 72 % was achieved (with a q
equal to 72 mg/g) (see Fig. 5b), compared to 2 g/L which gives a dye
removal of 100 % and a q equal to approximately 50 mg/g. Using 1 g/L
instead of 2 g/L leads to a reduction in the amount of used adsorbent of
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Fig. 3. Raman spectra of the N-doped and non-doped biochars.

50 % and an increase of approximately 30 % in the q. In summary,
increasing the adsorbent amount is not justified economically speaking.

3.6. Point of zero charge (pHp,.) and effect of pH

The pHp, is an important measurement for the determination of the
charge of an adsorbent, which helps to understand the interaction be-
tween adsorbent and adsorbate. Only the biochar samples pyrolysed at
900 °C were analysed here due to their better RO-16 adsorption per-
formance. The pHy,. of the SMS-900 °C and SMS-900 °C + N biochars
was performed to understand the effect of the N-doping on the biochar's
surface properties. The pHp,. indicates the point where the biochar's
surface potential is equal to zero, but also that for values below pHyyc,
the biochar surface is positively charged, and above will be negatively
charged [28,29]. The effect of N-doping on surface zeta potentials of the
biochars in relation to the pH of solution are compared in Fig. 6a. The
PHp;c of SMS-900 °C + N sample was 4.7, being higher than that of the
non-doped sample (SMS-900 °C, pHp,. = 3.7). The doping of biochar
with nitrogen due to its low electronegativity (3.04) compared to oxygen
(3.44), affects biochar surface chemistry and isoelectric point. pH's <
PHpzc would be favourable for the RO-16 anionic dye adsorption. This
suggests that the nitrogen-doped sample (SMS-900 °C + N) is positively
charged at pH below 4.7, which favours the removal of anionic RO-16
[30].

Together with pHyy,, the pH of the solution also has a huge impact on
the removal of dyes because it influences both adsorbent-adsorbate
charges and their abilities to bind through electrostatic interactions.
Only the biochar samples pyrolysed at 900 °C were analysed due to their
better RO-16 adsorption performance. Fig. 6b shows the results of the
RO-16 adsorption capacity measurements at pH's from 2 to 10.

The removal of RO-16 was highest at pH 2.0; at pH < pHy,, the RO-
16 anionic dye adsorption is facilitated when the concentration of pro-
ton is high, and it decreases with the increased pH due to the protonation
of amino groups on the surface of the biochars [31,32]. Literature shows
that anionic dyes, such as RO-16, have their uptake rate increased at
lower pH, mainly due to the electrostatic interactions [33]. In acid
conditions, probably, the van der Waals interactions and H-bonding
become dominant in the adsorption mechanism [34].

Since in normal cases, effluents such as sewage water and similar
have a pH that is around 5 to 8, the kinetic and equilibrium measure-
ments in the following sections were made at the natural pH of deionised

water, i.e., 6.

3.7. Kinetics of RO-16 adsorption on the biochars

The adsorption kinetics gives important information to understand
the processes by which the contaminant in the solution is removed by
the adsorbent. The non-linear pseudo-first order (PFO), pseudo-second
order (PSO) and Avrami-fractional order (AFO) kinetic models were
applied to the experimental measurements [35,36]. The models' suit-
ability was statistically evaluated through Rgdj and SD values. Mathe-
matical expressions are given in the supporting information. The model
that presents the best fitting to the experimentally measured points has
the smaller SD and the higher Rgdj values, which statistically suggest a
smaller disparity between experimental and theoretical q values given
by the models.

The kinetic measurements and parameters from each model are
shown in Fig. 7 and Table 4, respectively. The same trend was observed
for all adsorbents, a fast uptake RO-16 amount within 60 min, followed
by a slow increase until equilibrium is achieved at approximately 200
min. According to the parameters obtained from each model (Table 4),
the AFO showed to be the most adequate to describe the experimental
results for all carbons. AFO is a widely employed model to study the
kinetics of the adsorption process and its suitability means a highly
complex kinetic adsorption process with several pathways and mecha-
nisms [37,38].

The intra-particle diffusion process was accessed to further study the
kinetic process regarding the influence of mass transfer. The curves
show that the adsorptive process involving the biochars and RO-16
possesses three stages (see Fig. 7 c, f). The first stage is the longest for
all carbons and this stage is attributed to the RO-16 molecule's transport
towards biochar adsorbent surfaces [39]. Since the biochars are highly
porous with very high surface area, it is reasonable that this first stage
takes a longer time. In addition, the doped biochar presented a first stage
longer than the non-doped, which can be due to the higher number of
active sites introduced by the nitrogen doping that can offer high
resistance to liquid permeation [40]. The second stage is a fast process
and it can be related to intra-particle diffusion [39]. The biochars are
rich in pores larger than the RO-16 molecule and this can justify the
faster diffusion of the dye molecules into the porous adsorbent. The third
stage can be related to the final equilibrium stage, in which the intra-
particle diffusion slows down due to the low RO-16 concentration in
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’b) Survey spectra for SMS-900 °C + N
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Fig. 4. XPS survey spectra (a, b) and deconvoluted N 1s peaks (c, d) of the N-doped and non-doped biochars produced at 900 °C.

the liquid and the further diffusion of RO-16 into the very small pores
until the equilibrium is reached [41]. The intra-particle kinetic curves
show three well-defined linear stages, which indicate that the adsorp-
tion of RO-16 on the biochars is controlled by the resistance mass
transfer [39].

The contact time for subsequent RO-16 adsorption tests was set at 6 h
(360 min) to ensure that the contact time was sufficient for attaining
equilibrium.

3.8. Equilibrium isotherms of RO-16 adsorption

Equilibrium isotherms are widely employed to understand the
adsorption process and interaction between the adsorbate and the
adsorbent. In this work, three isotherm models including Langmuir,
Freundlich, and Liu, were employed to understand the adsorption of RO-
16 by the biochars. The mathematical expressions of each model are
given in the supporting information.

The equilibrium curves and the parameters obtained from each
model are shown in Fig. 8 and Table 5, respectively. The Rgdj and SD
values were used to judge the suitability of the models. Thus, Liu gave

the lowest SD and highest Rgdj values for all four biochars (non-doped
and N-doped), which means that it is the most suitable model for
describing the equilibrium isotherms for RO-16. It also means that the
maximum adsorption capacity values obtained from the Liu model were
closer to those found experimentally. The maximum RO-16 adsorption
capacity for the N-doped biochars was higher than that of the non-doped
(Table 5). The Langmuir and Liu models possess lower SD and higher
Rgdj when compared to the Freundlich model, suggesting that the
adsorption of RO-16 on biochars prepared in this work has a more ho-
mogeneous characteristic on monolayers than a heterogeneous process
[42,43].

3.9. Comparison of biochars qmax With other adsorbents in the literature
data

Table 6 compares the maximum RO-16 adsorption capacity (qmax)
obtained in this work to literature values for different types of adsor-
bents. The qmax of the SMS-900 + N is among the best performances
compared to the other adsorbents. In the work of Abdulhameed et al.
[44], chitosan-tripolyphosphate/titanium dioxide nanocomposites were
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Table 3
XPS surface elemental analysis of the non-doped and N-doped biochars pro-
duced at 900 °C.

Element SMS- SMS- Nitrogen Forms of Reference
900 °C 900 °C + state nitrogen
(at.%) N (at.%)

C 69.4 84.1

(0] 25.5 10.8

N 1.3 4.1

P 3.8 1.3

Ca 0.4 0.2

Fe 2.4 Traces

Cr 0.6 No

C/N 53.4/1 20.5/1

N 1s peaks BE

(eV)

398.2 0.89 Pyridinic
nitrogen

399.1-399.5 0.75 0.73 C-N-C Pyrrolic [26,27]
nitrogen

400.9-401.3 0.57 1.53 C-N"H-C Graphitic [26,27]
nitrogen

402.5 0.44 C-NH3

405.4 0.51 NO, Oxidized [26,27]
nitrogen

used for the removal of RO-16 from water, and a qmax value of 618.7 mg/
g was obtained. Although this adsorbent presented a higher qmax value
than the SMS-900 + N biochar (392.9 mg/g), its synthesis cost is higher
than the biochars produced in this work using waste from the mushroom
industry (SMS). Thus, taking into consideration the adsorbent produc-
tion cost, N-doped SMS-based carbons can be seen as an effective and
cheap option for the treatment of dye-polluted water.

3.10. Mechanisms of adsorption

Based on the results obtained from the characterization of the bio-
chars and adsorption tests, a possible adsorption mechanism can be
proposed (Fig. S1 in supporting information). The removal of the dye
from the solution was achieved by a combination of physical in-
teractions, known as pore filling, which is related to the specific surface
area of the adsorbent, together with other mechanisms such as chemical
interactions including electrostatic, hydrogen bonding, n-n and Lewis
acid-base interactions [31-34]. Since the specific surface area of the
biochars was high, physical adsorption was probably the main
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contributor to the removal of the dye from the solution. However, even if
the specific surface area of the non-doped activated biochars was higher
than the N-doped ones (Table 2), the N-doped biochars resulted in a
much higher maximum adsorption capacity (Table 5). This means that
the surface functionalities introduced by the dopant agent (melamine),
as shown by the XPS analysis (Fig. 4 and Table 3), probably increase the
electrostatic interactions between the adsorbent and the RO-16 dye,
which in turn improved the adsorption performance. In summary, the
doping process with melamine on the carbon matrix probably contrib-
uted to forming a positive charge on the surface of the biochar that in-
crease the electrostatic attraction with negatively charged -SO3 groups
of the RO-16 molecule leading to an improvement in the adsorption
performance.

3.11. Treatments of synthetic effluents and sewage water

So far, the adsorption results proved that the prepared biochars
exhibited remarkable efficiency in removing a single dye (RO-16) from
aqueous solution. Thus, the applicability of the biochars in treating
synthetic wastewaters (made of several dyes and inorganic compounds,
Table 1), as well as raw and treated sewage water collected from a
communal sewage water treatment plant was accessed.

The UV-Vis absorption spectra 190 to 800 nm before and after the
batch-contact adsorption (Fig. 9) were recorded for all biochars. The
overall percentage of removal of contaminants from the solution was
calculated by integrating the area under the absorption band 199-800
nm.

For the synthetic effluents A and B, the adsorption process was car-
ried out at 22 °C, a pH of approximately 6.0 (slightly acidic), and an
adsorbent dosage of 1.0 g/L. For Effluent A, the attained percentages of
removal were 54 % (SMS-700 °C), 62 % (SMS-700 °C + N), 56 % (SMS-
900 °C), and 68 % (SMS-900 °C + N). For effluent B, the reached per-
centages of removal were 50 % (SMS-700 °C), 59 % (SMS-700 °C + N),
53 % (SMS-900 °C), and 64 % (SMS-900 °C + N). This shows that the
doped biochars had improved outcomes for treating the laboratory-
made effluents, following the previous adsorption results made with a
single dye.

The raw and treated samples of sewage water were only treated with
the biochars produced at 900 °C due to their better performance in
previous tests. The types of contaminants present in these samples were
previously analysed by Gentili & Fick [53], and Lindberg et al. [54].
Organic matter rich in nitrogen and phosphorus, pharmaceuticals, and
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T
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Fig. 5. Effect of the adsorbent dose on the removal of RO-16 for samples pyrolysed at 700 °C (a) and 900 °C (b). Conditions: initial dye concentration = 100 mg/L,

PH = 6, temperature = 22 °C.



A. Grimm et al. Journal of Water Process Engineering 56 (2023) 104435

[_Isms-900°C
[ ]sms-900°C +N
12
a) 9. b) 100 95.3
6 L] SMS-900 °C + N 84.9
0\ sod ] 77.3
711
67.3 66.6
- —~ =0
: 5 60
] £ 514
- = 45.3
%- & 44.6 44.3
40
o SMS-900 °C -
-12 4 20
-15
-18 T T T T 0
2 4 6 8 10 2 4 6 8 10
pH i

Fig. 6. pHpzc (a) and Effect of the pH (b) on the RO-16 removal onto biochars produced at 900 °C. Experimental conditions: temperature = 22 °C, initial dye
concentration = 100 mg/L, contact time = 5 h, dosage of adsorbent = 1 g/L.
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Fig. 7. Reactive orange-16 kinetics of adsorption curves onto SMS-based biochars. Experimental conditions: temperature = 22 °C, initial dye concentration = 100
mg/L, initial pH = 6.0, dosage of adsorbent = 1 g/L.

different salts are the main contaminants in this type of water. The contaminants.
wastewater collected after the treatment works carried out at the plant
contained very small amounts of contaminants detectable by UV-Vis
analysis. The results show that the percentage of removal of contami-
nants present in both samples was higher when using the doped biochar.
For the raw sewage water, the percentage of removal was 68 % (SMS- cations to make the process economically sound. Five adsorption-
900 °C) and 82 % (SMS-900 °C + N). For the treated sewage water, the desorption cycles were carried out. An amount of 50 mg of adsorbent
percenFage. of removal was 47 % (SMS-900 °C) and 48 %, (SMSQOO C+ was saturated with a RO-16 solution with a concentration of 500 mg/L
N), which is reasonable because the treated water contains just traces of (pH 6). Only the biochars that showed the highest adsorption capacity, i.
organic contaminants, and probably a part of what is present is not e., SMS-900 °C and SMS-900 °C + N were used for this test. The results
detectable by UV-Vis analysis. It is important to highlight that all car- from the regeneration tests are shown in Fig. S2 in supporting
bons tested presented satisfactory removal capacity, indicating their

s R A i X . information.
good suitability for treating effluents rich in organic and inorganic Tt was observed that the adsorption capacity of the N-doped and non-

3.12. Regeneration studies

The reusability of the adsorbent is important for real-world appli-
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Table 4
Kinetic model parameters for adsorption of reactive orange-16.
SMS- SMS- SMS-700 °C SMS-900 °C
700 °C 900 °C +N +N
Pseudo-first-order
Qe (Mg/g) 33.49 41.94 57.95 66.34
k; (1/min) 0.0203 0.0152 0.0166 0.0193
R 0.975 0.961 0.961 0.964
SD (mg/g) 1.928 3.015 4.085 4.552
Pseudo-second-
order
qe (mg/g) 37.84 48.41 66.39 75.41
ko (g/mg min) 6.833 E-4 3.859 E-4 3.111 E-4 3.216 E-4
Rgdj 0.993 0.982 0.978 0.991
SD (mg/g) 1.068 2.035 3.041 2.386
Avrami fractional
order
Qe (mg/g) 35.77 49.63 65.64 75.25
ka (g/mg min) 0.016 0.0087 0.011 0.0122
n 0.683 0.601 0.618 0.608
R 0.997 0.996 0.992 0.999
SD (mg/g) 0.652 0.964 1.875 0.688

doped biochars slightly decreased with the regeneration cycles, but they
maintained a relatively good adsorption capacity after four cycles. For
the SMS-900 °C biochar, the adsorption capacity at the first cycle (131
mg/g) was reduced to 64 mg/g at the end of the fifth cycle. For the SMS-
900 °C + N biochar, the adsorption capacity in the first cycle (155 mg/g)
was reduced to 85 mg/g in the fifth cycle. These losses of performance
during cycling are probably due to mechanical damage of the porous
carbon structure or dye molecules sized in small pores. These results
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indicate that the N-doping process yielded an adsorbent with satisfac-
tory recyclability that could be reused multiple times.

4. Conclusions

Nitrogen-doped activated biochars were developed from hardwood-
based spent substrate from the cultivation of shiitake mushrooms.
Melamine was used as a dopant and H3POy4 as an activation agent. The

Table 5
Equilibrium isotherm model parameters for adsorption of reactive orange -16.
SMS- SMS- SMS-700 °C SMS-900 °C
700 °C 900 °C +N +N
Langmuir
Qmax (Mg/g) 133.3 145.4 195.2 245.4
Ki, (L/min) 0.0064 0.0088 0.0131 0.012
Rgdj 0.987 0.981 0.982 0.976
SD (mg/g) 4.811 6.443 8.954 13.29
Freundlich
Kr ((mg/g) (mg/ 8.536 13.49 23.93 31.34
L)El/“)
ng 2.591 2.942 3.251 3.334
Rgdj 0.906 0.957 0.943 0.952
SD (mg/g) 13.03 9.733 15.92 17.76
Liu
Qmax (Mg/g) 120.4 168.1 216.2 392.9
Ky; (L/mg) 0.0081 0.0059 0.0099 0.0024
Nii 1.287 0.764 0.788 0.501
Ry 0.993 0.986 0.986 0.979
SD (mg/g) 3.501 5.496 7.914 11.96
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Fig. 8. Reactive orange-16 adsorption equilibrium curves onto SMS-based biochars. Experimental conditions: temperature = 22C, pH 6.0, dosage of adsorbent =1 g/

L, contact time = 6 h.
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Table 6
Maximum adsorption capacities (qmax) for reactive orange-16 using different adsorbents.
Adsorbents Spgr (m%/ Qmax (Mg/ T pH Adsorbent dosage Maximum adsorbate concentration used Ref.
8) 2) [§9) (g/L) (mg/L)
Chitosan-TPP/TiO, nanocomposite 2.75 618.7 40 4.0 4.5 n.d [44]
Mesoporous carbon from fish scales 213.82 114.2 50 7.0 1 400 [45]
Coffee waste and red mud composite 12.3 144.8 50 2.0 2.5 300 [46]
Paper sludge activated carbon 640 178.0 30 2.0 1 350 [47]
Phyllanthus reticulatus activated carbon 124.7 67.93 30 2.0 1 60 [48]
Chitosan-glyoxal/fly ash/Fe304 composite 3.31 112.5 40 4.0 1 200 [49]
Landfill sludge biosorbent n.d 159 25 2 10 5000 [50]
Magnetic chitosan-polyvinyl alcohol blend (Fly ash ~ 0.564 123.8 30 4.0 0.6 200 [51]
modified)
Sawdust-based activated carbon 900 510.3 25 2.0 2.5 2000 [52]
SMS-700 °C 1011 120.4 22 6.0 1 1200 This
work
SMS-900 °C 1095 168.1 22 6.0 1 1200 This
work
SMS-700 °C + N 810 216.2 22 6.0 1 1200 This
work
SMS-900 °C + N 943 3929 22 6.0 1 1200 This
work
—— Effl. A, diluted 5X — Effl. B, diluted 5X
—— Effl. A after treat. with SMS-700 °C, diluted 5X —— Effl. B after treat. with SMS-700 °C, diluted 5X
44 - - - Effl. A after treat. with SMS-700 °C + N, diluted 5X 4 - - - Effl. B after treat. with SMS-700 °C + N, diluted 5X
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Fig. 9. Adsorption of contaminants from synthetic effluents and sewage water using SMS-based activated biochars. Conditions: temperature of 22 °C, initial pH of
approximately 6.0 (effluent A and B), pH 7.2 (raw sewage water), pH 8.3 (treated sewage water), dosage of adsorbent 1 g/L.

doping/activation process was carried out in one step. Samples without
the addition of melamine were used for comparison. Pyrolysis was
carried out at 700 °C and 900 °C for 1 h. The produced biochars were
tested for their performance during the removal of reactive orange-16
(RO-16) from water solutions, a mixture of contaminants from syn-
thetic effluents, and real sewage water. Compared to the non-doped
samples, the N-doped biochars had a lower SSA, more defective car-
bon structures, and a larger number of N-functionalities on their surface.
For both the non-doped and N-doped biochars, the removal of RO-16

11

was strongly affected by the pH. The kinetics of adsorption were well
represented by the Avrami fractional order model, and the adsorption
isotherms were well fitted to the Liu model. The maximum adsorption
capacities (qmax) of RO-16 were higher for the N-doped biochars, i.e.,
120 mg/g (SMS-700 °C), 216 mg/g (SMS-700 °C + N), 168 mg/g (SMS-
900 °C), and 393 mg/g (SMS-900 °C + N). The mechanism of adsorption
of RO-16 is ruled by the pore filing process, electrostatic interactions,
hydrogen bonding, and n-n and Lewis acid-base interactions. N-doped
biochars were more effective for the removal of contaminants from
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synthetic effluents and sewage water. N-doped biochar produced at
900 °C showed good recyclability.
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