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Eva Viglasova**<*, Michal Galambos?, David Divis?, Zuzana Dankova®{, Martin Dano®,
Lukas Krivosudsky*, Christian L. Lengauers, Marek Matik!, Jaroslav Briancin!, Gerhard Soja*"

“Department of Nuclear Chemistry, Faculty of Natural Sciences, Comenius University in Bratislava, Ilkovicova 6, 842 15 Bratislava, Slovakia,
Tel. (+421) 2 602 96 351; Fax: (+421) 2 602 96 273; emails: eva.viglasova@uniba.sk (E. Viglasovd), michal galambos@uniba.sk (M. Galambos)
"Department of Nuclear Chemistry, Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University in Prague,

Brehovd 7, 115 19 Prague, Czech Republic, Tel. (+420) 22435 8230; Fax: (+420) 2 2231 7626, emails: eva.viglasova@uniba.sk (E. Viglasovd);
martin.dano@fifi.cout.cz (M. Dario)

Energy Department, Environmental Resources and Technologies, Austrian Institute of Technology GmbH, Konrad-Lorenz-StrafSe 24, 3430 Tulln,
Austria, Tel. (+43) 1 47654 89362; Fax: (+43) 505 50-3452; emails: eva.viglasova@uniba.sk (E. ViglaSovd), Gerhard.Soja@ait.ac.at (G. Soja)
Department of Inorganic Chemistry, Faculty of Natural Sciences, Comenius University in Bratislava, llkovicova 6, 842 15 Bratislava,
Slovakia, emails: david.divis7@icloud.com (D. Divis), lukas krivosudsky@uniba.sk (L. Krivosudskyj)

*Regional Center Kosice, Geological state Institute of Dionyz Stur, Jesenského 8, 040 01 Kosice, Slovakia,

email: zuzana.dankova@geology.sk (Z. Dankovd)

fnstitute of Geotechnics, Slovak Academy of Sciences, Watsonova 45, 040 01 Kosice, Slovakia, Tel. (+421) 55 7 922 624,

Fax: (+421) 55 7 922 624; emails: matik@saske.sk (M. Matik), briancin@saske.sk (]. Briancin)

8Department of Mineralogy and Crystallography, University of Vienna, Althanstrafle 14, 1090 Vienna, Austria, Tel. (+43) 14277 53243;

Fax: (+43) 14277 853243; email: christian.lengauer@univie.ac.at (C.L. Lengauer)

"University for Natural Resources and Life Sciences Vienna, Institute for Chemical and Energy Engineering, Muthgasse 107,

1190 Vienna, Austria, Tel. (+43) 1 47654 89362; email: Gerhard.Soja@boku.ac.at (G. Soja)

Received 27 August 2019; Accepted 10 February 2020

ABSTRACT

In this study, engineered (chemically modified) biochars (pyrolyzed bamboo biomass) were used
for the removal of oxidized and reduced nitrogen species from an aqueous solution. The physico-
chemical properties of the prepared materials, such as surface functional groups, elemental composi-
tion, morphology, and specific surface area were investigated. The biochar surfaces were covered with
Mg and Fe particles. The particles containing Mg and Fe species were observed in the form of nano-
flakes within the biochar matrix. The efficiency of nitrate and ammonium removal was examined by
sorption studies. The experimental data were fitted with sorption isotherms (Langmuir, Freundlich,
and Dubinin-Raduskievich) and with kinetic models. The obtained data presented a higher sorption
capacity for nitrate removal in the case of the engineered Fe-biochar and the engineered Mg-biochar
compared to unmodified bamboo-based biochar. The maximum sorption capacity of modified
samples decreased in the order Fe-biochar (Q, = 10.35 mg g™'), Mg-biochar (Q, = 9.13 mg g), and
the lowest capacity was found in the unmodified biochar (Q, = 4.41 mg g™). In the case of ammo-
nium removal, unmodified biochar with maximum sorption capacity (Q, = 12.60 mg g™'), was more
efficient than Fe-(Q, = 5.66 mg g), and Mg-engineered biochars (Q, = 3.23 mg g™'). The pseudo-
second-order kinetic model and Langmuir isotherm model proved to be the most appropriate for the
experimental sorption data. In addition, engineered Fe-biochar presented magnetic properties due
to the presence of Fe,O, and therefore, may be easily separated from the reaction mixtures.
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1. Introduction

Groundwater plays a crucial role as a source of drinking
water in rural communities and urban areas throughout the
world. Unfortunately, industrial, and agricultural activities
have increased the formation of inorganic pollutants and
other contaminants, which has raised public concern about
the quality of groundwater [1]. Several sorbents (naturally
occurring biomass-based sorbents, agricultural, or indus-
trial wastes carbon-based materials, ion exchange resins, and
other synthetic organic and inorganic compounds) have been
investigated to remove nitrogen-pollutants from groundwa-
ter, as well as when they are present in anionic forms such as
nitrates [1-3]. The conventional processes used for the elim-
ination of nitrogen-pollutants from water are ion exchange,
reverse osmosis, electro-dialysis [3], and capacitive deioniza-
tion [4]. Nitrogen species, as products of biological processes
in soil and groundwater, may become pollutants if threshold
values are exceeded. The existence of nitrate in soils is related
to the excess use of nitrogenous fertilizers in agricultural
regions. Following heavy rainfall or irrigation, these nitrates
can leach into groundwater and contaminate drinking water
resources [5]. Nitrogen occurs in water in compounds at
various oxidation states and is either inorganically bound
(nitrites, nitrates, and ammonium) or bound in organic com-
pounds. Among the different nitrogen oxidation states, —III,
+III, and +V have significant importance for environmental
behavior and industrial applications. Highly relevant nitro-
gen species in environment are nitrate (NO;) and ammonium
(NH;). High concentrations of nitrogen pollutants in drink-
ing water may cause health problems, such as blue-baby syn-
drome or methemoglobinemia in infants, as well as stomach
cancer in adults, despite the fact that nitrogen is an essen-
tial component for organism growth [1,3,4,6]. According to
the World Health Organization, the safe limit of nitrate con-
centration in drinking water is 50 mg L. Typical domestic
wastewater contains 20-35 mg L™ of total nitrogen, while
ammonium (NH}) is accounted for 70%-82%, and nitrate
(NO;) and nitrite (NOy;) present in a negligible quantity [4].

Biochar, as a black, carbon-rich, porous material, is devel-
oped by pyrolysis of organic biomass under oxygen-limited
conditions. Due to its beneficial properties, such as easy
preparation, eco-friendly, low cost, thermal, and mechanical
stability, as well as a wide range of available input materials,
biochar has attracted increasing attention [7-10]. The wide
range of biochar application includes carbon sequestration,
greenhouse gas emission reduction, land remediation, con-
taminant immobilization, and soil improvement [11-13]. It
causes the reduction of the trace elements bioavailability,
increase organic matter content of composting feedstock,
increases nutrient retention. Also improves homogeneity of
the mixture, increases water holding capacity, adjusts C:N
ratio of compost, raises the temperature, increases microbial
activities, increases buffers soil pH, reduces the concentra-
tion of exchangeable aluminum, modifies water retention,
etc. [14,15]. The chemical and physical properties of biochar
mainly depend on the type of input biomass, prepared feed-
stock, and pyrolysis conditions (e.g., residence time, tem-
perature, heating rate, and reactor type) [16]. Among the
many types of biomass, bamboo biomass as a feedstock has
a lot of advantages, for example, fast growth, high porosity,
a content of carbon, or high strength-weight ratio [17].

In addition to extensive scientific work on the use of
pure biochar for environmental issues, several methods have
also been developed to modify biochar in order to achieve
novel structures or surface properties and to enhance its reme-
diation efficacy and environmental benefits. Development of
inexpensive but efficient adsorbents originating from vari-
ous waste materials could be a promising alternative to the
expensive conventional adsorbents [11,18-20]. The modifica-
tion methods available which have been investigated could
be divided into four main categories, that is, chemical and
physical modifications, impregnation with mineral oxides,
and magnetic modifications [11]. The consequences of modifi-
cations are mainly related to the changes in surface properties
(including surface area, distribution, and charge), functional
groups and the volume of the pores. Biochar’s surface is usu-
ally negatively charged, resulting in a relatively low sorption
capacity of anionic contaminants [21,22]. Based on these facts,
engineered biochars—produced by application-oriented,
outcome-based modification, or synthesis—are developed
as innovative sorbents for the improvement of the environ-
mental quality of contaminated regions, and to decrease
the eco-toxic effects of anionic pollutants [2,7,10,11,19,23].

The main objective of this research was to enhance reme-
diation properties and environmental aspects of engineered
biochar with an obvious impact towards favorable sorption
characteristics for nitrogen pollutants removal.

2. Materials and methods
2.1. Biochar preparation

All chemicals used during the experiments were of ana-
lytical grade quality. The magnesium chloride hexahydrate,
MgCl,-6H,0, and iron(III) chloride hexahydrate, FeCl,-6H,O,
were purchased from Fisher Scientific (Massachusetts, USA)
and used without modification. All chemical solutions were
prepared using deionized (DI) water <0.4 uS cm™, which
was also used to rinse and wash the samples. All reagents
used during experiments were of analytical purity.

Agricultural bamboo waste from greenway golden bam-
boo (Phyllostachys viridiglaucescens) was used as a biomass
feedstock for unmodified biochar (BC-A) and modified
samples Mg-biochar (BC-B), and Fe-biochar (BC-C).

Prior to using the bamboo for preparation of the raw or
modified biochar samples, it was crushed and chopped into
a particle size of 2 cm x 2 cm x 2 cm by a home mixer, washed
several times with DI water to remove impurities and oven
dried at 60°C for 5 h. Sorption studies were performed
with the modeled solutions of nitrogen compounds, by
NaNO, and NH,CI from Sigma-Aldrich (Customer Service
Bratislava Slovakia).

2.2. Engineered biochar preparation

The feedstock of bamboo biomass for biochar prepara-
tion was pyrolyzed at 460°C at a residence time of 2 hin a
rotary furnace. In order to ensure an oxygen-free environ-
ment and uniform heating conditions, nitrogen (N,) was
used as a flush gas. After the pyrolysis, the biochar samples
were ground and sieved into a particle size of 0.5-1 mm.
The material was rinsed several times with DI water, oven-
dried at 80°C for 24 h and then stored at 22°C in polypro-
pylene boxes for sorption and characterization experiments.
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The engineered Mg-biochar was prepared from a mix-
ture containing magnesium chloride hexahydrate, which
was prepared by dissolving 40 g of MgClL,-6H,0 in 60 mL
of DI water and 150 g bamboo biomass. The biomass was
immersed into the prepared MgCl, solution and stirred
for 2 h. The mixture was then oven-dried at 80°C/24 h and
afterwards pyrolyzed at 460°C/2 h. In order to ensure an
oxygen-free environment and uniform heating condi-
tions, nitrogen was used as a flush gas. The engineered
Mg-biochar (sample BC-B) that was prepared by pyrol-
ysis was gently ground and sieved into a particle size of
0.5-1 mm. In addition, the sample was rinsed several times
by DI water, oven-dried at 80°C and stored at 22°C in poly-
propylene boxes for sorption and characterization exper-
iments. The engineered Fe-biochar (sample BC-C) was
prepared in the same manner as engineered Mg-biochar,
however, instead of magnesium chloride hexahydrate, it
contained a solution of iron(III) chloride hexahydrate (40 g
of FeCl-6H,O in 60 mL of H,O).

2.3. Biochar characterization

Physico-chemical characterizations were performed for
all prepared materials. The morphology of the surface was
examined by the field-emission scanning electron microscope
(FE-SEM) of type TESCAN MIRA 3 (Oxford Instruments,
Abingdon, UK), equipped with an energy dispersive X-ray
(EDX) detector.

The change in functional groups of materials was ana-
lyzed by FTIR spectroscopy on a Bruker VERTEX 70 instru-
ment (Massachusetts, USA) by attenuated total reflection
method in the range of 100-4,000 cm™".

Elemental analysis of carbon, hydrogen, nitrogen, and
sulfur was performed using the elemental analyzer Vario
MACRO cube (Elementary Analysensysteme GmbH,
Germany), which was equipped with a thermal conduc-
tivity detector. The combustion tube was set up at 1,150°C
and the reduction tube at 850°C. Sulfanilamide (C = 41.81%,
N=16.26%, H=4.65%, S=18.62%; wt%) was used as a carbon,
hydrogen, nitrogen and sulphur analysis (CHNS) standard.

Thermogravimetric analysis was performed on a Mettler
SDTAS851e (Ohio, USA) from 25°C to 800°C at a rate of 5°C/
min under a helium atmosphere (Messer 6.0, Bratislava,
Slovakia) at a flow rate of 25 mL min™".

The textural properties of the studied samples were
determined from the sorption and desorption isotherms
by the method of physical sorption of nitrogen at -196°C
measured with the NOVA 1200e Surface Area and Pore
Size Analyzer (Quantachrome Instruments, USA). First, the
samples were degassed at 350°C in a vacuum oven under a
pressure lower than 2 Pa for 16 h. The measured data were
processed by the BET (Brunauer-Emmet-Teller) isotherm in
the range of relative pressure of 0.05-0.2 in order to obtain
the value of specific surface area (S,;,) [24]. The values of
external surface (S,) and volume of micropores (V. ) were
calculated from the t-plot method using the Harkins—Jura
standard isotherm [25]. The value of total pore volume (V)
was estimated from the maximum adsorption at relative
pressure close to saturation pressure. The pore size distribu-
tion was obtained from the adsorption/desorption isotherm
using the BJH (Barrett-Joyner-Halenda) method [26].

2.4. Batch sorption experiment

The sorption properties of biochar samples were studied
using the batch equilibrium method. The sorbent batch was
placed into test tubes with a solution containing sorbate with
an exact concentration. The reagents were placed in sealed
bottles and agitated in a laboratory shaker. Experimental
conditions of sorption experiments for NO; and NH; sorp-
tion onto BC: ratio biochar-solution [m:V] = [1:30] (units used
in experiments: g:mL), C;, = 5400 mg L, reaction time 24 h,
25°C £ 1°C. To keep the natural character of the modified bio-
chars, pH was not adjusted. All experiments were performed
in triplicates.

The influence of contact time on sorption was also inves-
tigated. A series of solutions (C, =200 mg L") with the required
amount of material [m:V] = [1:30] (units used in the experi-
ments: g:mL) was prepared. The mixtures were then shaken
in time intervals from 5 min to 24 h with an agitation speed
of 120 rpm at 25°C + 1°C, and followed as well by solid-phase
separation through centrifugation (10 min, 4,000 rpm). The
solutions were filtered by a millex-GP syringe filter unit
with a pore size of 0.22 um. The concentration of un-sorbed
NO; was determined in supernatants immediately by the
Griess spectrophotometric method. The NH; was deter-
mined by the Berthelot spectrophotometric method by UV
Spectrophotometer (EnSpire Multimode Plate Reader).
The amount of nitrate/ammonia absorbed per unit weight
of sorbent was calculated by the difference of the sorbate
concentrations.

2.4.1. Calculations

The amount of nitrate sorbated per unit weight of
sorbent was calculated according to Eq. (1):

C,-C,)V
g, =G 0

m

where g, is the sorption capacity of biochar (mg g™'), C, and
C, are the initial and equilibrated nitrate concentrations
(mg L) respectively, V is the volume of the aqueous solution
(mL), and m is the mass of materials (g).

The equilibrium sorption isotherm expresses the math-
ematical relationship between the quantity of sorbate and
equilibrium concentration of sorbate remaining in the solu-
tion at a constant temperature.

The Langmuir isotherm model [27] is a theoretical
model for monolayer sorption:

CSmax X b X Ceq
Co=r—y @)
(1 +bxC,, )

where C, is the sorption capacity (mol g'), C,  is the
maximum of the sorption capacity corresponding to sites
saturation (mol g7), Ceq is equilibrium concentration (mol L),
and b is the ratio of sorption/desorption rates.

The Freundlich isotherm model is the earliest known
relationship describing the non-ideal and reversible sorption,
not restricted the formation of monolayer [28]:

1

q, =K,C 3)

T MFeq
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where C_ is equilibrium concentration (mg L), g, is the
amount of sorbate in the sorbent at equilibrium (mg g7), K, is
Freundlich isotherm constant (mg g) (L g™)" and n related
to sorption capacity.

The Dubinin—Rudshkevich isotherm model is an empir-
ical model that was initially conceived for the sorption
of subcritical vapors onto microspore solids following a
pore-filling mechanism. It is generally applied to express
the sorption mechanism [29,30].

9.=(q,)exp(-K ") @)

where g, is the amount of sorbate in the sorbent at equilib-
rium (mg g™), g, is theoretical isotherm saturation capacity
(mg g7), € is the Dubinin-Radushkevich isotherm constant
and K ,is the Dubinin—-Radushkevich isotherm constant
(mol? kJ?).

Several models can be used to describe the sorption rate
of a solute onto a sorbent, but the most commonly used
are the pseudo-first-order model by Lagergren [31] based
on solid capacity and the pseudo-second one by Ho and
McKay [32] based on solid-phase sorption, respectively.

A kinetic model for sorption analysis is the pseudo-first-
order rate expression of Lagergren in the form:

d
T=k(2.-9) ©)

Integrating this for the boundary conditions =0 to t = ¢
and g,=0 to g, = g, Eq. (5) may be rearranged for linearized
data plotting as shown by Eq. (6):

kl
6
2,303 ©

log (g, —4,)=1log(q,)-

where k, the rate constant of pseudo-first-order sorption
(1 min™), g, the amount of solute sorbed at equilibrium
(mg g™) and g, amount of solute sorbed on the surface of
the sorbent at any time f (mg g™).

For the pseudo-second-order rate, it is assumed that the
sorption capacity is proportional to the number of active
sites occupied on the sorbent, then the kinetic rate law can
be rewritten as follows:

d
“rek(-a) @

where k, the rate constant of pseudo-second-order sorption
(g mg™ min™), g, the amount of solute sorbed at equilibrium
(mg g™), and g, amount of solute sorbed on the surface of the
sorbent at any time ¢ (mg g™).

The curves of the sorption studies and isotherms were
obtained by SigmaPlot 12.5, (Systat Software GmbH, D-40699
Erkrath).

3. Results and discussion
3.1. Characterization of biochar samples

The slow pyrolysis method was successfully used for
preparation of BC-A (unmodified biochar), BC-B (engineered
Mg-biochar), and BC-C (engineered Fe-biochar) samples.

The product yield of pyrolysis materials was about 50%
of initial dry feedstock weight.

3.1.1. CHNS analysis

Biochar properties such as physical, chemical, and
mechanical strongly depend on conditions of the prepara-
tion process. Results are obtained by engineering biochar,
which is simultaneously optimized for carbon sequestration,
nutrient storage, water-holding capacity, and sorption [33].
The International Biochar Initiative has graded biochar into
three basic classes based on carbon content [34]:

Class 1 biochar (contains 60% of carbon or more),
Class 2 biochar (between 30% and 60% of carbon),
Class 3 biochar (between 10% and 30% of carbon).

The high content of carbon is explained by the fact that
biochar is prepared from plant biomass. Unmodified biochar
(BC-A) belongs to Class 1, whereas the engineered biochars
BC-B and BC-C are Class 2 materials. The lower content of
carbon in the engineered biochars is naturally related to the
sorption of Mg and Fe species on the biochar’s surface, which
caused a decrease in carbon concentration.

3.1.2. Low temperature nitrogen sorption analysis

Detailed analyses of sorption isotherms were performed
to compare the textural properties of the studied materials
and are illustrated in Fig. 1. The volume of the sorbed gas
increased moderately and almost linearly for the BC-A sam-
ple in the entire range of relative pressure. The desorption
isotherm presented an almost equal volume of desorbed
gas in the entire range of relative pressure, and an opened
hysteresis loop was observed. In this case, the studied bio-
char sample is probably macroporous. The BC-C sample
presented a very low value of sorbed/desorbed gas in the
wide range of relative pressure, only a slight increase of
sorbed gas volume was observed for the final section of the
isotherm. The sorption and desorption branches of BC-B
isotherm were horizontal in the wide range of relative pres-
sure and almost parallel. This isotherm is also typical for
slit-shaped pores, and the first part of the isotherm indicates
the presence of micropores. The so-called forced closure of
the hysteresis loop at relative pressure p/p, ~ 0.45 was not
observed. This phenomenon can be connected to the spe-
cific interaction between the diameter and character of pores
(size, eventual type, and charge of surface ions) and nitro-
gen molecule with its quadrupole effect [35]. This sample
showed the highest sorbed gas volume in comparison with
the BC-A and BC-C samples.

The measured data from the sorption isotherm were
processed by BET isotherm to calculate the value of the
specific surface area (Table 2). The engineered Mg-biochar
(BC-B) presented a higher volume of sorbed gas at low rel-
ative pressures (Fig. 1), which also corresponded with its
higher specific surface area in comparison with the BC-A
or BC-C biochars, as well as a higher total pore volume.

The analysis of BC-A unmodified biochar by the low
temperature nitrogen sorption method had required a much
higher sample dose than was possible for the available
apparatus, therefore, the measured data were not sufficient
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Fig. 1. Low temperature nitrogen sorption and desorption iso-
therms of biochars BC-A, BC-B, and BC-C (Table 1).

Table 1

Content (%) of elements by CHNS analysis. unmodified bio-
char (BC-A), engineered Mg-biochar (BC-B), and engineered
Fe-biochar (BC-C)

C H N S
BC-A 80.97 3.89 0.52 0.43
BC-B 47.46 3.01 0.38 0.19
BC-C 44.75 2.05 0.18 0.33

to obtain a satisfactory correlation for the applied BET
method. This fact corresponded with the higher difference
between specific surface area and external surface area as
well. According to the morphology observation described
below, the prepared bamboo-based biochar displayed a
well-developed porosity containing large pores (macro-
pores). Therefore, the nitrogen sorption method was not
very convenient for their characterization, however, it was
still sufficient for comparison of the textural changes after
biochar treatment.
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Table 2
Textural parameters of studied biochars: S, value of specific
surface area; V,, total pore volume; S, external surface area;

tot/

V_ _ volume of micropores
Cro’

mi

Sper (M7g)  V,, (emg) S, (m¥g) V., (cm’/g)
BC-A 28 0.0395 59 0.0000
BC-B 156 0.1382 103 0.0195
BC-C 54 0.0418 3.0 0.0011

The BC-C engineered Fe-biochar showed a very small
volume of sorbed gas across the wide range of relative pres-
sures, which was also related to the low value of external sur-
face area. The negative intercept was obtained by applying
the BET isotherm, therefore, the indicated value of the spe-
cific surface area is not of a physical meaning and should not
be regarded for this sample.

Considering the shape of the BC-A desorption isotherm,
the pore size distribution curves for all studied samples
were obtained from their sorption isotherms (Fig. 2a). A nar-
rower distribution of mesopores, ranging between 12 and
34 nm in diameter and continuing with a broad distribution
in the range of large mesopores and macropores, could be
observed for the BC-A sample. When comparing the results
obtained from the nitrogen sorption measurement and scan-
ning electron microscopy, this sample may be considered
mainly macroporous. The samples BC-B and BC-C pre-
sented a wide distribution of mesopores from 10 nm up to
macropores. To study the porosity of these samples in more
detail, the distribution curves obtained from the desorption
isotherms (excluding the effect of capillary condensation in
mesopores) were compared (Fig. 2b).

The differential distribution curves of pore size (Fig. 2b) for
the engineered biochars BC-B and BC-C, calculated from the
desorption isotherms, showed a significant peak at R =1.9 nm.
This corresponds with the hysteresis loop closure on the
desorption isotherm and does not correspond to the real pores.

The engineered biochars BC-B and BC-C exhibit a
broader distribution in the region of larger mesopores and
macropores (approx. 10-100 nm), so they also partially reach
the macrosphere region that corresponds to the shape of
their sorption isotherms.
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Fig. 2. (a) Differential pore size distribution curves of the analysed biochar samples determined from the sorption isotherm by BJH
method. (b) Differential pore size distribution curves of the BC-B and BC-C samples determined from the desorption isotherm by

BJH method.
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The engineered Mg-biochar BC-B shows two more sig-
nificant maxima at 19.8 and 32 nm, and the engineered
Fe-biochar BC-C maxima is about 46 nm (the upper limit for
mesopores).

3.1.3. Scanning electron microscope analysis, energy
dispersive X-ray analysis

To investigate the surface properties (or morphology)
of the engineered Mg-biochar and engineered Fe-biochar,
SEM observations were used, followed by EDX/SEM exam-
inations. The SEM images of the prepared biochar samples
BC-A, BC-B, and BC-C at a final reactor temperature 460°C
are shown in Fig. 3.

The unmodified biochar BC-A developed high porosity,
presenting longitudinal pores (Fig. 3a) that corresponded
well with the results obtained from the low temperature
nitrogen sorption measurements.

The surface of the BC-B (Fig. 3c) and BC-C (Fig. 3e)
engineered biochars appeared to be rougher compared
with the raw bamboo feedstock (Fig. 3b). The particles con-
taining Mg (Figs. 3c and d) and Fe (Figs. 3e and f) species
were observed in the form of nanoflakes within the biochar
matrix. They were distributed across the surface of the bio-
char (Figs. 3c—f), but did not completely cover the surface
homogeneously. The large pores, having originated from
the vascular bundles of the plant biomass, are considered
to be important for improving the soil quality since they
can provide habitats for microorganisms. They can also
act as release routes of pyrolytic vapours generated in the
process of pyrolysis. Bamboo-based biochar displays good
performance as a sorbent for elements, which can be further
improved by physical or chemical activation processes [17].

The biochar surfaces covered with Mg (Fig. 4) and Fe
(Fig. 5) particles were further investigated by the EDX anal-
ysis. EDX spectra confirmed that the nanoparticles (nano-
flakes) on the surface were mainly composed of magnesium,
iron and oxygen, a chemical composition that characterizes
the engineered Mg-biochar (Fig. 4) and engineered Fe-biochar
(Fig. 5) well. The elevated content of Cl was caused by the
usage of FeCl, and MgCl, as pre-treatment solutions for
feedstock preparation. On the basis of the EDX analysis, it
is possible to roughly estimate the chemical composition of
the samples (at the area of inspection). The molar ratio of Mg
and O (2.6:2.2) in BC-B indicates that Mg is present mostly
as magnesium oxide, MgO. In the case of BC-C, Fe is obvi-
ously distributed into several species. From the known ther-
mal decomposition pathway of FeCl, [36,37], it is possible
for us to suggest that the main components are Fe,O, (major
species), FeOOH, and FeOCl.

Both images of the surface, the EDX spectrum, as well as
the SEM spectrum proved surface biochar modification. The
SEM analysis of the prepared materials showed the existence
of particles on the surfaces of BC-B and BC-C contrary to
BC-A. SEM-EDX demonstrated the existence of Mg-particles
on the surface of BC-B and Fe-particles on the surface of BC-C.

3.1.4. Thermogravimetric (TG) analysis

The thermal decomposition of the unmodified biochar
BC-A and of the engineered biochars BC-B and BC-C was

studied by TG analysis and is shown in Fig. 6. Upon heating,
all materials released some surface water below 100°C. The
unmodified biochar BC-A was then slowly pyrolyzed and
this process accelerated above ~400°C. The total weight loss
of 20% may be ascribed to the loss of sorbed surface water
molecules, due to the decomposition of oxygen functional
groups and disintegration of the carbon skeleton [38]. The
second step of thermal decomposition of the engineered
Mg-biochar BC-B was represented by a sharp and well-de-
fined change in the TG curve, which was accompanied by
a strong exothermic process in the DTA curve (not shown).
We can assume that this process represents the decompo-
sition of the biochar functional groups, similarly to BC-A,
as well as additional calcination of the sample, which may
contain some unreacted MgO precursor such as MgCl, or
Mg(OH)CI [39,40]. The engineered biochars BC-B and BC-C
still contained traces of chlorides (Figs. 4 and 5) even after
combustion at 460°C, as was confirmed by SEM-EDX anal-
ysis. The engineered Fe-biochar BC-C decomposed very
evenly throughout the entire temperature range making it
impossible to distinguish between degradation of the bio-
char component and calcination of residual iron chlorides.
Both composites displayed significantly lower thermal
stability in comparison to pure biochar compared to their
composite with the clay mineral montmorillonite [41-43].

3.1.5. Fourier transform infrared spectroscopy

The FTIR spectra of the biochars BC-A, BC-B, and
BC-C are shown in Fig. 7. The most intensive bands may
be assigned to the stretching vibrations of aromatic C=C
groups (1,585 cm™), C-O groups (broad bands in the region
of ~1,160 cm™) and aromatic C-H groups (870, 808, 752, 742,
and 714 cm™). In the engineered biochars BC-B and BC-C,
the structure of the initial biochar BC-A had obviously col-
lapsed. Neither bands of organic functional groups nor
bands assignable to the M-O vibrations of the oxides were
detectable. The lack of metal oxide vibrations is probably due
to the high dilution of the sample.

3.2. Sorption experiments

Fig. 8 shows the removal efficiencies for NO; and NH}
from aqueous solutions of all investigated biochar samples
(BC-A, BC-B, and BC-C). The sorption characteristics for NO;
and for NH; removal by biochar samples BC-A, BC-B, and
BC-C are detailed in Table 3. The sorption capacity of the
investigated sorbents increased with the increase of initial
concentration of sorbate.

The engineered biochars BC-B and BC-C were more
efficient for NO; removal in comparison with the unmodi-
fied biochar sample BC-A (Fig. 8). The maximum sorption
capacity of modified samples decreased in the order BC-C
(Q,=10.35mg g™), BC-B (Q, =9.13 mg g), and the lowest
capacity for NO; removal was found in the unmodified bio-
char BC-A (Q, = 4.41 mg g™). Typically, the surface of most
unmodified carbon-based materials is negatively charged
[7]. This characteristic limits biochar’s ability for removal of
anionic contaminants. In the case of samples BC-B and BC-C,
however, the sorption capacity increased significantly by
introduction of the Mg and Fe species.
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Fig. 3. Morphology of unmodified biochar (a and b), engineered Mg-biochar (c and d), and engineered Fe-biochar (e and f).

As for the NH; removal, the BC-A unmodified biochar
was more efficient in comparison to the engineered biochars
BC-B and BC-C. The maximum sorption capacity of the bio-
char samples decreased in the order BC-A (Q,=12.60 mg g™),
BC-C (Q, = 5.66 mg g) and the lowest capacity for NH}

removal was observed in the engineered Mg-biochar BC-B
(Q,=3.23 mg g™). Evidently, this is also influenced by the fact
that the sample BC-B forms an alkaline solution upon mixing
in water, and thus a significant portion of NH; is converted
into NH,.
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Fig. 5. EDX spectrum of engineered Fe-biochar (BC-C).

The experimental data of the sorption experiments
with the biochars BC-A, BC-B, and BC-C for both con-
taminants NH; and NO; were modeled by the three most
commonly used isotherms Langmuir, Freundlich, and
Dubinin-Radushkevich. The Langmuir isotherm corre-
sponded with the experimental data best in both cases, for
NO; and NH; removal by all three biochar samples, based
on the regression coefficient (R?). In addition, the calculated
maximum sorption capacities from Langmuir isotherm for
biochar samples corresponded with the experimental val-
ues for NO;BC-A Q =441 mg g'and Q =460 mgg?
BC-B Q,, = 913 mg g*, and Q_ = 10.15 mg g*; BC-C
Q,=1035mg g7, and Q_, = 12.85 mg g'. The experimental
and calculated values of the maximum sorption capacities for
NH; BC-A Q, =12.60 mg g and Q_, = 13.78 mg g"'; BC-B
Q,=323mgg’,and Q =320mgg’; BC-BQ =5.66 mg g,
and Q_ =6.17mg g™
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The Langmuir isotherm is mainly used for cases when
the sorption mechanism is only limited to a monolayer for-
mation between the sorbent and sorbate by the total number
of identical active sites, which are present on the sorbent’s
surface. However, this model has some limitations, such
as the assumption of uniform sorption energies on the sor-
bent surface and the lack of interactions of sorbates on the
same plane of the sorbent surface [19,44].

The data from sorption kinetics showed a rapid uptake
of NH; (Fig. 10) onto BC-A unmodified biochar in the ini-
tial 60 min followed by a slower increase of uptake and
equilibrium. The engineered biochars BC-B and BC-C
were not so efficient for NH; removal from aqueous solu-
tions, on the other hand, BC-A was not a good sorbent for
NO; (Fig. 9) removal. Just like in the case of NH}, the data
from sorption kinetics showed a rapid uptake of NO; onto
BC-B and BC-C engineered biochars within 60 min, followed
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by a slower increase of uptake until equilibrium was
established.

The pseudo-first and pseudo-second-order kinetics
model were applied to simulate the sorption kinetics of NO;
and NHj to the investigated sorbents (Figs. 9 and 10). These
models describe the kinetics of the solid-solution system
based on mononuclear and binuclear sorption respectively,
with respect to the sorbent capacity. The pseudo-second-
order suited these data better, and the results are shown in
Table 4. The sorption process is better described by the pseu-
do-second-order equation, indicating that sorption involved
a chemical reaction in addition to physical sorption. Pseudo-
second-order kinetic model and Langmuir isotherm model
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Fig. 6. Thermogravimetric spectra of biochars: engineered

Fe-biochar (BC-C), engineered Mg-biochar (BC-B), and unmodi-
fied biochar BC-A. The weight losses are shown in wt.%.
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proved the best fit for the experimental adsorption data
via N-pollutants removal by modified biochar, also in the
investigation of other scientist [45,46].

The ability of biochar to sorb various pollutants from
water and its capacity is usually lower compared to other
conventional sorbents, or even biomaterials such as acti-
vated carbon. Therefore, recent studies have modified
biochar to enhance its metal sorption capacity [1-3,7-10].
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Fig. 7. FTIR spectra of biochars: unmodified biochar BC-A, engi-
neered Mg-biochar (BC-B), and engineered Fe-biochar (BC-C).
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Fig. 8. Sorption isotherms of biochar samples BC-A, BC-B, and BC-C for NO; (left) and for NH; (right) removal.
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Table 3
Sorption isotherm characteristics for NO; and for NH, removal
Samples Freundlich Langmuir D-R
K, n R? Q, b R? qs K, R?
BC-ANO;, 0.6727 0.3411 0.9368 4.6054 0.0460 0.9988 3.8826 0.0436 0.9327
BC-B NO;, 0.9191 0.4184 0.9499 10.1499 0.0256 0.9960 7.7386 0.0900 0.9103
BC-CNO; 0.6080 0.5185 0.9690 12.8483 0.0146 0.9948 8.8175 0.2311 0.9099
BC-ANH; 1.2921 0.4595 0.9471 13.78 0.0411 0.9828 10.3054 0.0288 0.9198
BC-B NH;} 1.0370 0.1964 0.8788 3.1967 0.0590 0.9787 2.8780 0.0766 0.8804
BC-C NH; 0.4249 0.4922 0.9471 6.1699 0.0172 0.9940 5.0177 0.2269 0.8954
Table 4
Pseudo-second-order kinetics model of BC-A, BC-B, and BC-C biochars
R 9. ky k,
BC-A 1 7.82 4.05 0.06626
NH; BC-B 0.9999 4 1.06 0.06643
BC-C 0.9997 2.7 0.85 0.01172
BC-A 0.9943 4.74 4.75 0.21134
NO; BC-B 1 8.01 19.76 0.30802
BC-C 1 8.11 38.76 0.58930

The pre-treatment of biomass feedstock for the engineered
biochars preparation resulted changes in their surface prop-
erties, such as the specific surface area, surface charge, func-
tional groups, etc. [7]. However, the modification of BC-A
biochar to BC-B or BC-C caused a decrease of its sorption
capacity for NH;, whereas the potential for NO; removal
has been improved significantly.

Carbon-based sorbents in a powdered form are diffi-
cult to separate from the aqueous matrix, thereby compli-
cating the application for separation technologies [7,19].
Therefore, several methods have been established in order
to produce sorbents with magnetic properties for the facil-
itation of efficient particle separation after the treatment
process [2,20,34,43,45,47]. The engineered Fe-biochar BC-C
(Fe-biochar) displayed good magnetic properties, facilitat-
ing the attraction to a permanent magnet as shown in Fig. 11.
Biochar modified with Fe (BC-C) was considered to be suit-
able in the wastewater treatment process for N-pollutants
removal. However, further research on new materials
that can maintain the high magnetic properties of the bio-
char while preventing the deterioration of its heavy metal
adsorption power is also required in the future. Moreover,
studies concerning the regeneration and reuse of the uti-
lized magnetic biochar should be conducted [19].

However, some of the disadvantages of adsorption are
the high cost of conventional adsorbents, such as widely
used activated carbon, adsorption capacity deterioration
with the increase of cycle numbers, tedious, and time-con-
suming conventional separation methods for the separation
of adsorbent from aqueous solution and the fact that spent
adsorbent can often be considered as hazardous waste.
Development of inexpensive but efficient adsorbents origi-
nating from various waste materials could be a promising
alternative [46,48,49].

4. Summaries

The results of this investigation proved that modifica-
tion of low-cost materials such as biochar, originating from
bio-waste were successfully performed as promising adsor-
bents for N-pollutants removals from aqueous media. The
main objective of this research was to prove the sorption
properties of Fe-Mg-modified biochar toward the nitrogen
pollutant, in order to enhance its application for ground
and waste-water treatment. After the identification of bam-
boo (P. viridiglaucescens) as a suitable, easily obtainable and
inexpensive biomass, raw biochar was produced in a pyrol-
ysis reactor with a nitrogen atmosphere. Chemical modi-
fication was used as a pre-treatment method for the novel
engineered biochars, containing the species of Mg and Fe
in the form of nano-sized particles on biochar’s porous
surface, which were proved in several ways. The prepared
samples of biochar can successfully remove nitrates and to
some extent, ammonium from aqueous solutions as well.
The results showed that the sorption equilibrium was
obtained after 60 min. The experimental data corresponded
well to the pseudo-second-order kinetic model and the
Langmuir isotherm model. The maximum sorption capacity
of raw bamboo biochar was 4.41 (mg g™) for ammonium. For
the anionic nitrate, the maximum sorption capacities of the
engineered biochars were 9.13 (mg g™) for the engineered
Mg-biochar and 10.35 (mg g™') for the engineered Fe-biochar.
The engineered Fe-biochar displayed good magnetic prop-
erties, facilitating the attraction to a permanent magnet.
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Fig. 11. The engineered Fe-biochar sample (BC-C), showing
magnetic properties by attraction to the permanent magnet.
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—  Sorption ratio of sorption/desorption rates
—  Initial concentration

—  Equilibrium concentration

Sorption capacity (Langmuir isotherm)
Maximum of sorption capacity/site saturation
—  DRisotherm constant

—  Freundlich isotherm constant

Sorption capacity (calculations)
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—  Volume of micropore
—  Volume of total pore volume
—  DRisotherm constant
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