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Abstract
This report examines several different strategies for creating engineered biochars from waste
lignocellulosic materials with enhanced properties chosen specifically for their potential to
integrate into urban waste processing biorefineries. Specifically, the goal was to improve
capacity for adsorption of phosphates and hydrogen sulfide by chars derived from several
lignocellulosic materials including fiber from anaerobically digested dairy manure (AD fiber),
urban wood residuals, and wheat straw. The impacts on water holding capacity was also
examined as this is an important function for biochar incorporated into soils. In the first
generation (CO2-activated) biochar, a pyrolysis step is followed by an activation step with CO2.
CO2-activated char from anaerobically digested (AD) fiber had phosphate adsorption capacity of
32.4 mg g-1 biochar. The hydrogen sulfide (H2S) adsorption capacity of AD fiber-derived chars
was 51.2 mg g-1. The breakthrough time for adsorption of hydrogen sulfide for AD fiber-derived
char produced at 750℃ compared favorably to commercial activated carbon. Second generation
biochar was produced using “nitrogen doping” (the process of introducing nitrogen functional
groups into a carbonaceous material). When nitrogen-doped char, produced using a single step
process had a phosphate adsorption capacity nearly double that of char produced using a twostep process (110.3 mg g-1 vs. 63.1 mg g-1). Our team also conducted analysis of water holding
capacity with N-doped biochars produced from urban wood residuals (particle board and
compost overs). When raw (non N-doped) char from particle board was blended with Quincy
sand soil at a rate of 10% by weight, water holding capacity more than doubled compared to no
biochar, from 29.9 to 69.6 % by weight. However, N-doping provided little benefit compared to
untreated (raw) biochar, and actually reduced the water holding capacity compared to raw
biochar at higher application rates. Third generation biochars were produced by impregnating
feedstock with metals (Mg, Ca, or Fe) and then using N-doping process to create a metal-Ndoped biochar from both pure cellulose and wheat straw feedstocks. Metal-N doping using Mg
and N together were effective at improving phosphate adsorption capacity for cellulose char to
335 mg g-1, and from wheat straw to 288 mg g-1. With further development, these processes hold
great promise for integration into a municipal biorefinery. For example, activated biochar
derived from AD fiber could be used for H2S removal from AD biogas and phosphate removal
from AD effluent. Chars from could be sold and used to adsorb phosphate from a variety of other
wastewaters or to reduce H2S emissions from compost. Within either of these scenarios, the
resulting phosphate-charged biochar could perhaps be sold as a nutrient-rich soil amendment,
though more information is needed to determine nutrient availability to plants following soil
amendment with these materials.
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1. First Generation Biochars: Physical Activation
with CO2
Authors’ note: This study’s results have been published as
Ayiania M, Carbajal-Gamarra FM, Garcia-Perez T, Frear C, Suliman W, Garcia-Perez M:
Production and characterization of H2S and PO43- carbonaceous adsorbents from anaerobic
digested fibers. Biomass and Bioenergy, January 2019, 339-349.
Haghighi-Mood S, Ayiania M, Jefferson-Milan Y, Garcia-Perez M: Nitrogen Doped Char
from Anaerobically Digested Fiber for Phosphate Removal in Aqueous Solutions, Paper
submitted to Chemosphere, 2019
Portions of this chapter, including figures, were taken directly from these publications.

1.1 Introduction
Anaerobic digestion (AD) is a technology that converts organic wastes (e.g., dairy farm manure)
into methane (Uludag-Demirer et al., 2008). The process relies on a complex mixture of
symbiotic microorganisms (Speece, 1996; Wilkie, 2005). Odor reduction and pathogen control
are other benefits of AD (Holm-Nielsen et al., 2009); however, this process also has its
drawbacks associated with high concentrations of hydrogen sulfide (H2S) in the resulting biogas
and significant amounts of nutrients (phosphorus [P] and nitrogen [N]) in the resulting liquid
effluent (Güngör & Karthikeyan, 2008; Guo et al., 2007; Hobson & Feilden, 1982; Kaparaju &
Rintala, 2011; MacConnell & Collins, 2007; Rico et al., 2007). High H2S concentrations limit
biogas use for internal combustion engines (Pelaez-Samaniego et al., 2017) and the presence of P
and N in the liquid effluent can be an important source of water pollution if not properly
managed (Streubel et al., 2012b; Yao et al., 2011a).
While numerous chemical, physical and biological methods exist for the separation and removal
of phosphorus from AD effluents and H2S from biogas (Kleerebezem & Mendezà, 2002;
Nishimura & Yoda, 1997; Soreanu et al., 2008), many of these solutions are problematic from a
cost perspective, particularly with respect to annual operating and maintenance expenses (Zhao
et al., 2010). Correspondingly, academic research continues with respect to treatment approaches
that can minimize cost concerns, preferably through integrated solutions utilizing internal coproducts from the AD process. Because the problems of H2S removal from biogas and phosphate
(PO43-) removal from aqueous effluents are relevant to addressing issues encountered in AD, it is
sensible to develop carbonaceous adsorbent materials from the AD fibers generated by these
systems. AD fiber can be easily separated and dewatered by screens and screw presses,
producing a solid with approximately 30% dry matter, with significant ash content (Teater et al.,
2011), and suitable for conversion to char (Yao et al., 2011a). Streubel et al. (Streubel, 2011)
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produced a biochar from AD fibers for phosphorus removal from dairy lagoons with an average
of 381 mg L−1 P removal. The carbonaceous materials herein developed from AD fibers will be
used as part of the bio-refinery concept shown in Figure 1. Because sulfur and phosphorus are
plant nutrients, the carbonaceous materials loaded with these compounds have potential to be
commercialized as fertilizers (Latos et al., 2011; Lee et al., 2006; Shang et al., 2013; Yao et al.,
2011b; Zhang et al., 2016).

Figure 1: The Washington State University anaerobic digester biorefinery concept that will make
use of the engineered biochar developed in this work (modified from Smith, 2016; Ayiania et al.,
2019a)

1.2 Materials and Methods
1.2.1 Anaerobically digested fiber collection
Anaerobically digested dairy fiber was collected from George DeRuyter and Sons Dairy Farm in
Outlook, Washington. This dairy farm uses a flush handling system, where the dilute manure
wastewater is sent to a clarifier before entering a mesophilic, 20-day mixed plug flow anaerobic
digester. After digestion, the effluent is sent to a slope screen attached to a dewatering roller,
which presses the effluent for mechanical recovery of digested fibrous solids with an
approximate moisture content of 72 wt. %. A representative portion of the digested fiber was
transferred to Washington State University, where it was partially dried at ambient conditions for
2

one week. The AD fiber was subsequently dried at 103oC for 24 hours, as described elsewhere
(Ferraz et al., 2016). The commercial activated carbon (Darco) used to compare the performance
of our biochar was obtained from Cabot Norit Activated Carbon Americas Inc. (Boston,
Massachusetts).

1.2.2 Production of biochar and physical activation
A series of biochars were obtained by slow pyrolysis and activation with carbon dioxide (CO2) at
temperatures between 350°C and 800°C from AD fiber in a quartz tube furnace reactor of 50 mm
outer diameter (OD) x 44 mm inner diameter (ID) x 1000 mm length (L), (2"D x 40" L) as
shown in Figure 2. In this research we used a particle size of approximately 1 mm. Briefly, the
about 5 g sample was kept in contact with nitrogen gas (N2) inside the furnace for 30 minutes at
25°C. After that, the temperature was increased from 25°C to the expected final temperature
(350 to 800oC) at a heating rate of 10°C per minute. The sample was kept at the final temperature
for two hours. In the first hour the sample was kept under N2. The sample was then exposed to
CO2 for another hour. Flow rates of 500 mL min-1 and 1000 mL min-1 were employed for N2 and
CO2, respectively. Samples were then cooled to temperatures below 25°C under nitrogen gas
before exposure to air. The activated biochar obtained was characterized and used for the
adsorption studies.

Figure 2: A schematic of the lab-scale pyrolysis and activation reactor used in this study. (Ayiania
et al., 2019a)

1.2.3 Anaerobically digested fiber and products characterization
Proximate analysis
Proximate analysis was carried out to determine the moisture content, fixed carbon, volatiles, and
ash content of the biochars. This test was done using a thermogravimetric analyzer (TGA)
SDTA851e (Mettler Toledo, US). Briefly, moisture content was determined as the weight loss
3

after the char was heated in a crucible to 120°C and held at this temperature for 3 minutes under
nitrogen. Volatile matter was determined as the weight loss after the char was heated to 950°C
(under nitrogen) and held for 5 minutes, then cooled down to 450°C. Ash was defined as the
remaining mass after the char was subsequently heated to 600°C and held for 8 minutes under
oxygen flow.
Elemental analysis
Elemental analysis was performed using a TRUSPEC-CHN® (LECO, US) elemental analyzer
(Ferraz et al., 2016). Briefly, 0.15 g samples of biochar were used to determine total carbon (C),
nitrogen (N) and hydrogen (H). The oxygen (O) mass fraction was determined by difference (the
ash content was taken into account for this calculation).
pH
pH was analyzed following the method described elsewhere (Arenas-Lago et al., 2013). A 0.4 g
biochar sample was added to 20 mL deionized water. The suspension was shaken with a
mechanical shaker at 40 rpm for 1 hour and equilibrated for 5 minutes before measuring the pH
with a pH meter (Fisher Scientific Accumet basic AB15).
Gas physisorption analysis for biochar surface area and porosity
Carbon dioxide (CO2) adsorption isotherms were measured at 273 K on micromeritics TriStar II
PLUS Surface Area and Porosity Analyzer (Norcross, GA, USA). Before each analysis, biochar
samples were degassed at 250°C for 18 hours under a vacuum of 0.05—0.1 mbar (the degassing
temperature was chosen based on the production temperature of the biochar to avoid sample
degradation during preparation). Carbon dioxide (CO2) adsorption isotherms were measured
between the partial pressure range of p/po=10-5 to p/po=0.03 using 75 set equilibration points.
Surface area and micropore volumes were estimated for CO2 adsorption using the DubinRadushkevich (DR) equation (Dubinin & Radushkevich, 1947; Dubinin et al., 1947).
Morphological analysis
The biochar surface was visualized by scanning electron microscopy (SEM) using a Hitachi S570 variable pressure instrument. Biochar samples were analyzed before and after adsorption
studies using a magnification range of 200x and 2000x. Due to the conductivity of each sample,
no preliminary metal coating was required.
ICP-MS
After biochar production, all samples were analyzed for the presence of metals. Metal analysis
was conducted based on the method described elsewhere (Pecha et al., 2015), in an inductively
coupled plasma mass spectrometry (ICP-MS; Agilent 7500cx) instrument.
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1.2.4 Adsorption studies
H2S Adsorption
A schematic representation of the experimental set up used is provided in Figure 3. The
adsorption tests were carried out in vertically-oriented polycarbonate tubes (6.35 mm internal
diameter, 250 mm long). In each experiment, 300 mg of activated biochar was packed in the
tube. The tests were conducted at atmospheric pressure and room temperature. A simulated
biogas containing 2000 ppm of H2S, 65 vol. % methane (CH4), and a balance of CO2 was used
for each adsorption trial. H2S was then passed through the column of adsorbent at a rate of 10
mL min-1 of gas. The flow rate of gas was controlled by a volumetric flow meter. A 0.1 N
hydrochloric acid (HCl) solution (500 mL, using domestic water) was employed to humidify the
biogas before reaching the column. The concentration of H2S was monitored using a gas
chromatography analyzer (GC; Varian GC3800, equipped with an Agilent CP-SilicaPLOT 50m
x 0.53mm x 4µm column) with a computer-automated data acquisition program. The
breakthrough concentration was set to be 10% of the initial concentration of H2S. The simulated
biogas used for the analyses contained: 0.1995 vol. % of H2S, 65.020 vol. % of CH4, and 34.78
vol. % of CO2. The activated carbon was allowed to reach saturation before the test was stopped.

Figure 3: Installation used for the H2S adsorption test. (Ayiania et al., 2019a)

Batch Equilibrium studies of phosphate adsorption
Biochar samples produced between 350°C to 700°C were tested for capacity to retain phosphate.
Sodium phosphate buffer solutions were prepared with nanopure water (> 18 MΩ cm), sodium
phosphate monobasic (NaH2PO4), and sodium phosphate dibasic (Na2HPO4) to guarantee a
buffer solution of pH of 7. The concentrations were chosen to represent the range of nutrient
concentrations commonly observed in dairy manure effluents (0, 10, 30, 50, 80 and 100 mg L-1).
Adsorption isotherm models: The experimental results obtained were fitted with the Langmuir
isotherm (see Eq. 1.1) and the Freundlich (see Eq. 1.2) models. Isotherm models can give insight
into the nature of adsorption and scale up of processes.
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The Langmuir model is shown in Eq. 1.1

𝒒𝒒𝒒𝒒 =

(𝑸𝑸𝑸𝑸𝑸𝑸𝑸𝑸𝑲𝑲𝑳𝑳 𝑪𝑪𝒆𝒆 )𝑽𝑽
𝟏𝟏 + 𝑲𝑲𝑳𝑳 𝑪𝑪𝒆𝒆

(𝑬𝑬𝑬𝑬. 𝟏𝟏. 𝟏𝟏)

Where: Qmax (mg g-1) is the maximum saturated adsorption capacity of activated biochar, Ce
(mg/L) is PO43- equilibrium concentration, qe (mg g-1) is the amount of PO43- uptake at
equilibrium, V (L) is the volume of solution, and KL is an equilibrium constant related to the
affinity between the adsorbent and the adsorbate.
The Freundlich model can be mathematically expressed as shown in Eq. 1.2
1�
n

(𝑬𝑬𝑬𝑬. 𝟏𝟏. 𝟐𝟐)

qe = K F Ce

Where: KF is the Freundlich constant (L mg-1), 1/n is a dimensionless Freundlich intensity
parameter, and Ce (mg L-1) is the magnitude of adsorption driving force.

A suspension of 0.2 ± 0.005 g of activated biochar in 25 mL of phosphate buffer solution was
formed. The mixture was then placed on a horizontal mechanical shaker and left for 24 hours
with duplicates for each concentration. After shaking, the suspension was allowed to stand for at
least 2 hours for the particles to settle to the bottom of the tube; the supernatant was later filtered
through a 0.45 µm filter paper. The equilibrium concentrations of the filtrates from the
adsorption studies were measured by a molybdovanadate method using the acid persulfate
digestion method (1.0 to 100 mg L-1) (Hach, 2014a).

1.3 Results and Discussion
1.3.1 Feedstock and Darco activated carbon characterization
Elemental and proximate analyses of the AD fiber used in this study and the commercial
activated carbon used for comparison are shown in Table 1. The values obtained for AD fiber are
comparable to those found by Sheets et al. (Sheets et al., 2015).

1.3.2 Biochar characterization
The yield of biochar obtained from the AD fiber are shown in Table 1. The biochar yield
decreased as the production temperature increased from 350oC to 800oC. This trend is attributed
to the removal of volatiles by pyrolysis reactions and by the removal of fixed carbon by
oxidation with CO2. Pyrolysis is responsible for the weight losses at temperatures below 600oC,
and the reduction in char yield over 600oC is mostly due to char oxidation. The high yields of
char observed at 600oC may be explained by the relatively high content of ash (15.5 wt.%) in the
AD fiber. The presence of ash is known to catalyze biochar oxidation (Smith et al., 2017).
Biochar pH values varied from 8.0 to 12.0 with pH increasing as a function of production
temperature (350oC to 800oC). This observation is of interest as biochar pH is known to impact
6

removal of both hydrogen sulfide H2S and phosphate (Bagreev & Bandosz, 2005; Shang et al.,
2016).
Table 1: Characterization of Darco activated carbon, raw feedstock (anaerobically digested fiber)
and the yield and pH of biochar.
Analysis of Darco Activated Carbon (dry basis)
C

H

N

O*

Volatile

Fixed C

Ash

Sa N2

Saco2

PVmicro

(wt. %)

(wt. %)

(wt. %)

(wt. %)

(wt. %)

(wt. %)

(wt .%)

(m2g-1)

(m2g-1)

(cm3g-1)

54.2

0.7

0.4

1.0

8.9

51.1

40.0

371.8

290.6

0.12

Analysis of raw feedstock (AD fiber) (dry basis)
C

H

N

O*

Volatile

F.C

Ash

(wt. %)

(wt. %)

(wt. %)

(wt. %)

(wt. %)

(wt. %)

(wt. % )

43.1

5.0

2.1

34.3

65.4

19.1

15.5

Yields and pH of biochar
T (oC)

350

400

450

500

550

600

650

700

750

800

Yield
(wt. %)

72

67

61

54

48

42

35

30

23

17

pH

8

9

9.95

9.85

9.95

10.30

10.50

11.35

12.0

12.0

SaN2(m2 g-1)- Surface area obtained by using N2 gas, SaCO2(m2 g-1)- - Surface area obtained by using CO2 gas
PVmicro (cm3 g-1) - Micro pore volume
* Obtained by difference

The elemental analysis of each of the carbonaceous products obtained is shown in Figure 4. The
carbon content of the samples remains almost constant for the AD fiber up to approximately
600oC. In lignocellulosic materials with low ash content, carbon content always increases as the
pyrolysis temperature increases. The lack of important changes in carbon content in our samples
can be explained by its high ash content. The elemental composition of the volatiles seems to be
similar to the elemental composition of fixed carbon plus ash fractions. The carbon content
decreases too between 600oC and 800oC due to the oxidation of the fixed carbon to produce
carbon monoxide (CO) and hydrogen gas (H2) (Sadhwani et al., 2016). The oxygen content
decreases from 19.1 to 5.4 wt. % as production temperature increases. The same effect was not
observed for nitrogen content, which remained essentially constant with increase in temperature
for all biochar samples. This might be attributed to formation of heterocyclic stable nitrogen
7

functionalities such as pyridines and pyrroles (Yang et al., 2016). At 800oC, however, we
observed an important decrease in nitrogen content.
60
C

H

N

O

Weight %

50
40
30
20
10
0
350 400 450 500 550 600 650 700 750 800
Production Temperature( o C)

Figure 4: Elemental composition of biochar produced at different temperatures (350°C -800°C). All
percentage values are based on bone dry weight.

The proximate analysis of the resulting biochars produced (ash content, volatile matter and fixed
carbon) is shown in Figure 5. The ash content in the biochar increases exponentially as
production temperature increases. This can be attributed to the accumulation/concentration of the
mineral elements during the decomposition of the organic constituents. Meanwhile, the reduction
in the fixed carbon at temperatures below 600oC is mostly due to pyrolysis reactions, and at
higher temperatures it is attributed to the activation of the biochar with CO2. The volatile matter
decreased with temperature due to volatilization of organic molecules.
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Figure 5: Ash content, volatiles, fixed carbon and moisture content of studied biochar

1.3.3 Adsorption studies
H2S adsorption studies
The breakthrough results from a thermoseries of activated carbons derived from AD fibers is
shown in Figure 6. The breakthrough time is the point on the curve where the effluent of the
adsorbate reaches its maximum allowable concentration, which often corresponds to the
treatment goal. A longer breakthrough time is preferred. Our results clearly show that the
production temperature highly influenced the biochar's capacity for H2S adsorption. The
breakthrough time increased between 500°C and 750°C (surface area: 210 m2 g-1 to 305 m2 g-1)
from 1.0 to 11.0 hours, respectively, while the commercial activated carbon (Darco) took 3.25
hours to breakthrough.
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Figure 6: Breakthrough curves of H2S on AD fiber biochar pyrolyzed at different temperatures
(500°C to 800°C) (Ayiania et al., 2019a)

Phosphate adsorption studies
The nonlinear isotherm of the adsorption of phosphate (Figure 7) clearly depicts an increase in
the amount of phosphate with respect to temperature from 350oC to 700oC. Adsorption isotherms
were used to describe the relationship between phosphate equilibrium concentration and the
activated biochar at room temperature. Fitting the Langmuir model to our experimental data
enables qualitative assessment the nature of the adsorption process (Foo & Hameed, 2010). The
phosphate adsorption capacity of these biochars is shown in Table 2.

Figure 7: Adsorption isotherm for phosphate (PO43-) from (a) 350oC to 600oC, (b) from 650oC, 700oC
and Darco activated carbon. Symbols represent experimental data and lines represent the model.
Where Qe is the amount of phosphate adsorbed at equilibrium, Ce is the concentration at
equilibrium, and AC350 represent activated carbon produced at 350oC (Ayiania et al., 2019a)
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Table 2: Elemental composition, ash content, yield and phosphate adsorption capacity of biochar
derived anaerobically digested fiber.

T

C

H

N

O

Ash

Yield

(oC)

(%)

(%)

(%)

(%)

(%)

(wt. %)

Langmuir
parameters (mg
g-1)

350

51.8

3.1

2.8

19.1

23.1

72

5.8

400

52.5

2.6

2.6

11.0

31.3

67

6.6

450

52.0

2.1

2.5

11.5

31.9

61

4.9

500

52.8

1.7

2.5

10.4

32.6

54

5.8

550

54.2

1.3

2.4

7.6

34.5

48

4.9

600

53.2

0.9

2.4

7.6

35.8

42

5.9

650

49.5

0.6

2.3

6.0

41.6

35

13.1

700

45.2

0.5

2.3

8.6

43.4

30

37.5

The Mg, Ca and Fe content in the biochar and the amount of phosphate adsorbed are shown in
Table 3. While the phosphate sorption capacity is similar for lower temperature biochars (350oC
to 600oC), the phosphate sorption increases significantly for biochar produced at 650oC and
700oC reaching a maximum adsorption capacity of 37.4 mg PO43- g-1 biochar. This behavior is
explained by the higher ash content in biochar from AD fiber. When studies were conducted
using biochar produced at 750oC, the char completely adsorbed all the phosphate in the aqueous
phase (data not presented). This remarkable performance of biochar produced from AD fiber
could be due to the presence of mineral content forming a carbon nanoparticle structure which
leads to an increase in active sites to retain phosphate. Similar work was done in previous
studies, where Mg, Ca, and Fe were doped on the surface of biochar to improve phosphate
removal performance (Yao et al., 2013a; Yao et al., 2013b; Zhang & Gao, 2013; Zhang et al.,
2012b) and further work on metal N-doped biochar is discussed in chapter 3 of this report. Based
on the results with CO2 activation, 750oC is the best temperature for biochar production for better
phosphate retention.

11

Table 3: Composition of metal content and phosphate adsorption capacity of biochar from
anaerobic digestion fiber produced at different temperatures.

T (oC)

mg PO43- g-1
biochar

mg metal g-1 biochar
Magnesium (Mg)

Calcium (Ca)

Iron (Fe)

Qe

350

15.9

56.2

1.4

5.8

400

21.5

76.1

1.9

6.6

450

21.9

77.4

1.9

4.9

500

22.3

79.1

2.0

5.8

550

23.6

83.6

2.1

4.9

600

24.6

86.9

2.2

5.9

650

28.5

100.9

2.5

13.0

700

29.8

105.3

2.7

37.4

Scanning electron microscopy (SEM) images providing evidence of structural changes after H2S
and PO43- adsorption (Figure 8). Figure 8B (SEM after H2S adsorption) shows an exfoliated
structure due the formation of sulfuric acid; whereas Figure 8C (SEM after PO43- adsorption)
shows a structure attributed to possible precipitation of PO43- on the surface of the biochar due to
the mineral presence.

12

Figure 8: SEM images of biochar before adsorption and after adsorption. (A) is the initial biochar
before test, (B) is after H2S adsorption, (C) is after phosphate adsorption. (Ayiania et al., 2019a)

1.4 Conclusions
The activated biochar produced demonstrated the capacity to adsorb H2S and phosphate. The
production temperature of the biochar had a significant influence on the capacity of the resulting
biochar towards H2S and phosphate adsorption and retention. The adsorption capacity varied
between 21.9 and 51.2 mg g−1 for H2S and between 4.9 mg g−1 and 37.4 mg g−1 for phosphate.
Commercially available activated carbon (Darco-Activated Carbon) studied adsorbed
23.1 mg g−1 H2S and 15.7 mg g−1 PO43−. The ash content and adsorption in micropores are
considered to be the driving forces for these processes. Results of ICP–MS (Inductively coupled
plasma mass spectrometry) show high concentration of Mg, Ca, and Fe, which are known to be
the main components important for the retention of H2S and phosphate. This research shows the
potential of AD fiber biochar as a remediation material. Therefore, this work shows that the use
of activated biochar derived from AD fiber has capacity for H2S removal from AD biogas and
phosphate removal from AD effluent. Also, utilizing the resulting nutrient-rich biochar as
fertilizer has the potential to provide social, economic and environmental benefits. Such a
holistic approach is needed to unleash the great potentials of thermochemical conversion,
anaerobic digestion, and biochar carbon sequestration. Further research is required to standardize
the design rules of biochar, which govern feedstock selection and carbonization conditions,
leading to desired characteristics for specific pollutant removal capabilities.
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2. Second Generation Biochars: Nitrogen Doping
Authors’ note: This study’s results have been submitted or will be submitted for publication.
Ayiania M, Hensley AJR, Garcia-Perez M, McEwen JS: Thermodynamic Stability of
Nitrogen Defects in Carbonaceous Materials from First Principles. Paper Submitted to
Carbon, 2019.
Ayiania M, Hensley AJR, Smith M, Scudeiro L, McEwen J-S, Garcia-Perez M: Core Level
Binding energy for Nitrogen Doped Char: XPS Deconvolution Analysis through
Computational Calculations from first Principles. Paper to be submitted to Carbon, 2019.
Haghighi-Mood S, Ayiania M, Jefferson-Milan Y, Garcia-Perez M: Nitrogen Doped Char
from Anaerobically Digested Fiber for Phosphate Removal in Aqueous Solutions, Paper
submitted to Chemosphere, 2019.
Portions of this chapter, including figures, were taken directly.

2.1 Introduction
2.1.1 Improving phosphate adsorption capacity of biochar using
nitrogen doping
Phosphorus is an essential nutrient for crop growth. However, The release of phosphate from
agricultural soils and chemical fertilizers into surface runoff have increased the level of
phosphate in water resources (Lalley et al., 2016). Excessive phosphorus in natural waters causes
eutrophication and impairs water quality (Boeykens et al., 2017). Moreover, natural reserves of
phosphorus are expected to be exhausted within 100 years (Li et al., 2019) . Therefore, it is
important to develop technologies to remove and recover phosphate from waste streams.
Increasing attention has been paid to develop phosphorus refinery technologies that can recover
phosphorus from waste streams, and reuse it (Novais et al., 2018). Dairy manure is a waste
streams with high nutrient content. Annually, approximately 350 billion pounds of dairy manure
are produced in the US (Cao & Harris, 2010). The economies of scale of dairies offer great
opportunities to develop economically viable alternatives for carbon and nutrient management
(Jiang et al., 2014). There is general agreement that anaerobic digestion (AD) offers the best
opportunities to harness the value of the carbon present in manure through biogas production.
Anaerobic digestion reduces odor, solids, and greenhouse gas emissions from raw manure (Zaks
et al., 2011). However, AD alone does not offer a solution for nutrient management (Jiang et al.,
2014; Streubel et al., 2012a).
Different technologies have been tested for phosphorus removal and recovery such as
crystallization, ionic exchange, precipitation, adsorption, and biological phosphorus removal
(Antunes et al., 2018; Rittmann et al., 2011; Zhang et al., 2013c). The development of new
potential low-cost adsorbents for phosphate recovery has received attention recently (Li et al.,
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2016b). Although several studies have reported using montmorillonite, iron oxides, zeolite,
pumice, coir pith and red mud as potential adsorbents for phosphate, cheaper more effective
adsorbents are required to make phosphate removal economically viable (Chang et al., 2016;
Giménez et al., 2007; Jiang et al., 2013; Karimaian et al., 2013; Krishnan & Haridas, 2008; Li et
al., 2016b; Ye et al., 2015). Char as a low-cost adsorbent has receive increased attention recently.
Biomass derived char (biochar) is a carbon-based, porous material produced via pyrolysis in an
oxygen-limited environment (Antunes et al., 2018; Suliman et al., 2016; Wang et al., 2015b).
Surface functional groups, surface charges and metal content play significant roles in char
adsorption properties through physical or chemical interactions between adsorbent and adsorbate
(Li et al., 2016a; Vikrant et al., 2018; Yin et al., 2018).
Biochar produced from AD fiber can be a cost-effective approach for phosphate removal
(Streubel et al., 2012a). Fiber from AD is not only an inexpensive material, but also it can be
recycled and reduce waste in dairies which is consistent with circular economy concept of a
circular economy (Pan et al., 2015). The surface of biochar is usually negatively charged and
repels negative ions, thus it is difficult to adsorb phosphate (PO43-; (Yin et al., 2018). The
functionalization or modification of raw biochar surface is a promising approach to promote
affinity towards anionic pollutants (Li et al., 2016a). Acidic functional groups (e.g., hydroxyl,
phenol, and carboxyl groups) in char are negatively charged due to the ionization of hydrogen in
the solution; therefore, they attract positively charged ions. Positive, basic functional groups
(e.g., amides, aromatic amines, and pyridinic groups) are good adsorbents for negatively charged
ions (Yin et al., 2017). These basic functional groups can be obtained by “nitrogen doping” ( the
process of introducing nitrogen functional groups into a carbonaceous material). Nitrogen doping
(N-doping) has received much attention recently to improve the performance of carbonaceous
materials in different applications such as adsorption, catalysis, and fuel cells (Wang & Chen,
2015; Yang et al., 2015a; Yu et al., 2018).
Ammonia gas (NH3) could introduce and increase basic nitrogen-containing functional groups on
the surface of adsorbent due to reduction of electron-withdrawing acidic group as well as the
increase in π electron density and/or oxygen-containing basic groups on the carbon surface (Iida
et al., 2013). Yamazaki et al. (2016) treated oxidized polyacrylonitrile fiber with ammonia at
900°C, and ammonization increased the surface area, and adsorption of phosphate significantly.
The phosphate adsorption capacity increased from 1.89 to 16.1 mg g-1 when ammonia was used.
The positive charge of graphitic-N has been found to be effective for adsorption of negative ions
such as phosphate and nitrate (Ota et al., 2013). Machida et al. (2016) conducted ammonia
treatment to increase positively charged graphitic-N on the activated carbon and achieved a
maximum nitrate adsorption capacity of 31 to 37.2 mg g-1.
One of the methods to increase adsorption capacity of char is to generate more pores in the
structure of char in order to have more surface area. Physical activation is used most frequently
in an oxidizing environment to generate micropores. Commercial choices of activation gas
include steam, CO2, air, or their mixtures (Zhang et al., 2004). Gasification of the char either
with steam or CO2 or combination of both results in the removal of carbon atoms, in the process
simultaneously produce a wide range of pores (predominantly micropores) and generate porous
activated carbon (Yang et al., 2010).
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The objective of this research was to evaluate and compare the phosphate adsorption capacity
resulting from several different strategies for production of CO2-activated and N-doped chars
from AD fiber, cellulose, and municipal solid waste fractions. To achieve this goal, a series of
CO2-activated or N-doped chars were produced. In the case of CO2-activated char, a pyrolysis
step is followed by an activation step with CO2. Nitrogen doping occurred through either a twostep process – pyrolysis under N2 gas followed by ammonization (the act of introducing nitrogen
groups in a carbonaceous material via reactions with ammonia gas), or through a one-step
process involving pyrolysis under ammonia gas.

2.1.2 Stability of structures in N-doped biochar
Carbonaceous materials such as graphene, activated carbon, and amorphous carbons, have
garnered great interest in recent years as their physical, chemical, and electronic properties can
be finely tuned through functionalization (Dresselhaus & Dresselhaus, 1981; Duesberg et al.,
2004; Tsang et al., 2007). Such tuning is accomplished by changing the nature of the organic
precursors and the method of activation, which in turn alters the surface chemistry through
incorporation of heteroatoms (e.g., oxygen, hydrogen, sulfur, phosphorus, boron and nitrogen)
(Bandosz & Ania, 2006; Boehm, 1966; Cruz-Silva et al., 2011; Li et al., 2002; Montes-Morán et
al., 2004). Property modification by controlling the surface chemistry of carbon-based materials
has been shown to have tremendous technological implications for enhancing the resulting
products, including n-type graphene-based field effect transistors (Guo et al., 2010; Lin et al.,
2010; Wang et al., 2009; Zhang et al., 2011), electrochemical biosensors (Lv et al., 2012; Lv &
Terrones, 2012; Shao et al., 2008; Wang et al., 2010), lithium-ion batteries anodes (Reddy et al.,
2010; Wang et al., 2011), heterogeneous catalysts (Deng et al., 2011; Geng et al., 2011; Jafri et
al., 2010; Lee et al., 2011; Lefèvre et al., 2009; Lu et al., 2009; Ozaki, 2006; Proietti et al., 2011;
Wu et al., 2011; Xu et al., 2018; Yu et al., 2010; Zhang et al., 2006), wastewater treatment
(Babel & Kurniawan, 2004; Ban et al., 1998; Hu et al., 1999; Kadirvelu et al., 2003; Liu et al.,
2016; Malik, 2004; Wang et al., 2015a; Wang et al., 2008), and trace gas adsorption (Ayiania et
al., 2019a; Costa et al., 1981; Reich et al., 1980; Siriwardane et al., 2001; Tamon & Okazaki,
1996).
The value of nitrogen functionalization of graphene has been clearly demonstrated in three areas
of application. First, nitrogen functionalized graphene has proven to be a great metal free
electrochemical catalyst. It has been extensively used because of its low price, suitable activity
for a variety of redox reactions, broad potential window, and relatively inert electrochemistry
(Lai et al., 2012; Qu et al., 2010; Tian et al., 2014; Wu et al., 2013; Zheng et al., 2013a; Zhou et
al., 2009). Second, in the area of hydrogen storage, graphene is an ideal non-polluting energy
carrier with high energy density. The incorporation of nitrogen defects in graphene alone were
shown to increase H2 storage by 66% (Parambhath et al., 2012) and H2 storage was further
increased to 124% by combining nitrogen functionalization and palladium (Pd) nanoparticles,
where the strong binding of Pd to nitrogen sites maintains the highly dispersed Pd (Giles et al.,
2018; Parambhath et al., 2012). Finally, the superior performance of nitrogen functionalized
graphene at CO2 storage relative to unmodified graphene was attributed to the strong interaction
between nitrogen and CO2 (Kemp et al., 2013; Saleh et al., 2013) with density functional theory
(DFT) revealing strong electrostatic interactions between nitrogen sites and CO2 due to their
strong amphoteric properties (Lee et al., 2015).
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There is a wealth of data on the various applications of nitrogen functionalized graphene.
However, fundamental knowledge connecting the type of nitrogen structures—i.e. graphitic
(direct substitution of a carbon atom within a graphite plane), pyridinic (edge nitrogen within a
six-member ring), pyrrolic (edge nitrogen within a five-member ring) — formed during
functionalization within a range of temperature and pressure conditions is often limited. Such
knowledge gaps at the atomistic level make it difficult to construct experimentally realistic Ndoped graphene computational models and molecularly design suitable materials. Some
computational studies do not justify their choice of N-doped graphene models (Lambin et al.,
2012; Lee et al., 2013; Rad et al., 2015; Zhang et al., 2013a). Other studies, for example,
nitrogen active sites in graphene for oxygen reduction reaction (ORR) in fuel cells, base their Ndoped model surfaces on the simplest, most common nitrogen structures experimentally
observed in an X-ray photoelectron spectroscopy (XPS) analysis of carbonaceous materials
(Bhatt et al., 2017; Kim et al., 2011; Li et al., 2014; Liang et al., 2012; Lu et al., 2017; Ma et al.,
2012; Yan et al., 2012; Yu et al., 2011; Zhang & Xia, 2011; Zheng et al., 2013b). However, these
model choices are complicated by the overlap between the carbon and nitrogen core level
binding energies for different nitrogen functionalities, the many possible nitrogen configurations,
and the difficulty of controlling the specific nitrogen doping configurations in carbon materials.
A number of theoretical studies have explored the stability of different nitrogen configurations in
graphene, but such studies do not consistently examine a wide range of nitrogen functionalities
over different graphene models and their results are obtained at zero Kelvin and vacuum
conditions (Fujimoto & Saito, 2011; Kabir et al., 2016; Yang et al., 2015b; Yin et al., 2016;
Zitolo et al., 2015). Experimentally, nitrogen doping is performed under a wide range of
temperature and pressure variations, which can significantly affect the types and concentration of
nitrogen functionalities incorporated into carbonaceous materials.
In this study, we provide atomistic insight into the most thermodynamically stable nitrogen
functionalities in graphene using density functional theory (DFT). We computed Gibbs energies
of reaction for the formation of different graphitic, pyridinic, and pyrrolic nitrogen functional
groups as a function of temperature and NH3 pressure on pristine graphene and graphene
nanoribbons terminated with either hydrogen or a combination of hydrogen and oxygen. This
includes nitrogen incorporation into carbon vacancies and non-hexagonal lattice structures.
Activation of carbonaceous materials with ammonia has been described in recent years and was
found to act as an activating agent, increasing the porosity of carbonaceous materials with
increasing reaction time and temperature (Chen et al., 2005; Mangun et al., 2001). Phase
diagrams of nitrogen functionalized graphene showed that nitrogen incorporation was exergonic
at graphene edges and that pyridinic functionality was favorable under a wide range of
experimental conditions, but thermodynamically competes with graphitic functionality under
certain circumstances. Knowledge of the pressure and temperature dependence of nitrogen
functionality and concentration in pristine graphene and graphene nanoribbons allows us to
effectively tune the graphene electronic properties via treatment conditions. Overall, our work
allows for the enhanced design of nitrogenated carbonaceous materials with applications in
numerous fields, and the potential to aid in developing process parameters that will add value to
biochar by optimizing it for particular purposes.
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2.1.3 Improving water holding capacity with N-doped biochar
Biochar has been used as an agent for soil improvement and can influence soil properties and
processes. Several studies have shown that the presence of biochar in the soil can increase the
availability of nutrients, microbial activity, water retention, and carbon sequestration, while it
may reduce fertilizer requirements, greenhouse gas emissions, nutrient leaching, and erosion.
The use of biochar in agricultural soils has recently been suggested as an effective tool to reduce
the negative impacts of drought, improving soil water holding capacity (Batista et al., 2018).
Use of biochar is a sustainable option to provide long-lasting improvements in soil fertility
(Lehmann et al., 2003), especially in sandy soils where agricultural production is constrained due
to low water holding capacity and leaching of soil nutrients (Uzoma et al., 2011). Because of its
ability to retain nutrients and to improve soil water holding capacity, biochar soil application can
be used to overcome some of the limitations faced when land farming sandy soils (i.e., additional
requirements for artificial fertilizers and intensive irrigation) providing a promising soil
management option for these conditions. Positive effects of biochar on soil properties and plant
growth in sandy soil are well documented (Basso et al., 2013; Uzoma et al., 2011). Recent
studies have shown that biochar soil additions increase pH of acidic soils, enhance soil cation
exchange capacity (CEC), increase soil water-holding capacity (WHC), modify soil bulk density,
and increase exchangeable basic cations soils (Basso et al., 2013; Novak et al., 2009; Sika, 2012)
The ability of biochar to improve soil WHC is associated with surface area, surface functional
groups, and pore structure of the biochar. The surface area of biochar is generally higher than
sand and comparable to clay. Blending biochar with soil raises the total soil surface area,
allowing the ability of soils to hold water and retain nutrients (e.g., ammonium, nitrate, P, Mg,
and Ca). The presence of polar oxygen-containing surface functional groups raises hydrophilicity
of carbon materials aiding the formation of hydrogen bonds, which in turn will impact the ability
of water to wet biochar surfaces (see Figure 9). The pore structure of biochar is important for its
functionality. The adsorption process occurs mostly in micropores. However, macro and mesopores play important roles in the adsorption process where they act as channel for adsorbate to
reach the micropores [Figure 10; (Mohamed et al., 2016)].

Figure 9: Biochar surface functional groups. Where the red and blue balls represent oxygen and
nitrogen respectively

18

Figure 10: SEM images of douglas fir wood (a), douglas fir bark (b), and hybrid poplar
(c) biochars (magnification 800×, 200× and 300×, respectively) (Suliman et al., 2016)

A few studies exist on the effects of biochar porosity and surface functionalities (oxygen
functionalities) on the hydro-physical properties of a sandy soil. Oxidized biochar has been
demonstrated to increase water retention. The increase in soil water retention when oxidized
biochars were added into the soil can be explained by the increase in the oxygen function groups
on the surface of these biochars. However, little knowledge exists on the effects of nitrogen
functionalities on the WHC of biochar in soil.
In this part of the project, raw biochar and N-doped biochar were produced from two fractions of
municipal solid waste - particle board and compost overs (the large woody fraction remaining
after composting). These biomass sources were chosen to run the WHC analysis due to their
lover concentration in heavy metals compared to other municipal solid waste fractions tested
(Ayania et al. 2019b). When using biochar from municipal solid waste fractions as soil
amendment, it is very important to consider the heavy metal content to prevent contamination to
the soil.

2.2 Methods
2.2.1 N-doped biochar production
Anaerobically digested dairy fiber was separated from a mesophilic mixed plug-flow digester
located at Edaleen Dairy in Lynden, Washington. The AD fiber was air dried to a moisture
content of 8% by weight, and particle size of 1 mm was used for this study. Three different series
of N-doped char were produced from AD fiber, by the use of N2 or ammonia gas at different
stages of the process (Figure 11). 1.) char pyrolyzed under N2 and activated with CO2, 2.) char
pyrolyzed under N2 and activated with ammonia after pyrolysis, and 3.) char pyrolyzed with
ammonia.
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Figure 11: Summary of CO2 activation and nitrogen doping (N-doping) processes used in this
report.

The N-doped char was produced through treating with ammonia at temperatures between 350°C
and 750°C in a quartz tube furnace reactor of 50 mm outer diameter (OD) x 44 mm inner
diameter (ID) x1000 mm length (L) (2"Dx40" L; Figure 12). The heating up period was
conducted under an oxygen free atmosphere by purging the reactor with N2. Briefly, AD fiber
was kept in tubular furnace in contact with N2 for 30 minutes at 25°C. Then, the temperature
increased from 25°C to desired temperatures (350°C to 750°C) at a heating rate of 10 °C per
minute and kept at desired temperatures for two hours. In the first hour, AD fiber was carbonized
under the N2 gas environment. The first series of char (four different chars produced at
temperatures from 350°C to 750°C) were exposed to CO2 to be activated physically for one hour.
The second series were treated by ammonia gas also for one hour. The reaction mechanism can
be seen in Figure 13. Flow rates of 500 mL min-1 for N2 and 1000 mL min-1 for CO2 and
ammonia gas were employed, respectively. The char samples were then cooled down to 25°C
under N2. The third type of char (ADF-ND Whole process) was produced under ammonia at
750°C. Briefly, AD fiber was kept in tubular furnace in contact with Ammonia for 30 minutes at
25°C. Then, the temperature increased from 25°C to 750°C at a heating rate of 10°C per minute
and kept at desired temperatures for one hour. The same whole process method under ammonia
was employed to produced char using cellulose as feedstock.
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Figure 12: Experimental set-up used for the production of N-doped char.

Figure 13: Mechanism for the formation of N-doped carbons.

2.2.2 Phosphate adsorption study
Adsorption isotherm of phosphate on the char was determined by mixing 0.03 g of char with 45
mL of phosphate solutions of different concentrations ranging from 10 to 100 mg·L−1 in the
tubes. Phosphate solutions were prepared by dissolving potassium phosphate monobasic
(KH2PO4, Fisher Scientific) in deionized water. The tubes were shaken in the mechanical shaker
for 24 hours at 25ºC temperature to reach adsorption equilibrium. The samples were then
withdrawn and filtered through a 0.45 μm filter to determine adsorbed phosphate concentrations.
pH of solutions was measured with a pH meter (Mettler Toledo, SevenEasy S20) before and after
phosphate sorption. Phosphate adsorptions were calculated on the basis of the initial and final
aqueous concentrations, which were determined by a molybdovanadate method using the acid
persulfate digestion method (1.0 to 100 mgL-1) (Hach, 2014b).
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2.2.3 Computational methods for determining stability of nitrogen
structures
Density functional theory calculations were carried out using the Vienna Ab Initio Simulation
Package (VASP) (Kresse & Furthmüller, 1996a; Kresse & Furthmüller, 1996b; Kresse & Hafner,
1993). The projector-augmented wave (PAW) method (Hensley et al., 2018; Kresse & Joubert,
1999) was used to model the core electrons (POTCARs released in 2002 for C, N, and O and
2001 for H) and a plane-wave basis set with an energy cutoff of 450 eV were used to model the
valence electrons. To model the electron exchange and correlation, the Perdew-Burke-Ernzerhof
(PBE) functional (Perdew et al., 1996) was applied. Spin polarization was included in all
calculations. The Gaussian smearing method was used to set partial occupancies of bands with a
smearing width of 0.2 eV to facilitate Brillouin zone integration convergence, followed by
extrapolation to zero Kelvin for total energy calculation (Gerber et al., 2010; Isvoranu et al.,
2009). All ground state optimizations used the conjugate gradient method and were considered
converged when relaxed interatomic cartesian forces were smaller than 0.010 and 0.025 eV/Å,
respectively. The energy tolerance was set to 10-7 eV. Calculations for molecules in the gas
phase were performed using an 18 × 19 × 20 Å box using one single k-point, the Gamma point,
to span the Brillouin zone.
Nitrogen functionalization was studied in three different graphene models (Figure 14): a pristine
graphene sheet (14.8 × 14.8 × 20 Å), a graphene nanoribbon with hydrogen terminated edges (17
× 29 × 21 Å), and a graphene nanoribbon with a mixture of hydrogen and oxygen terminated
edges (17 × 29 × 21 Å). The graphene lattice constant was 2.467 Å, consistent with previous
results (Hou et al., 2012; Mehmood et al., 2013; Pulido et al., 2011). The integration of the
Brillouin zone was conducted using a (3 × 3 ×1) Monkhorst-Pack grid(Monkhorst & Pack, 1976)
for pristine graphene, while a (1 × 2 × 3) Monkhorst-Pack grid was used for the graphene
nanoribbon models. All structures were visualized using VESTA (Momma & Izumi, 2011).
The choice of defects here was informed by the work of Smith et al. who demonstrated the
presence of defects such as vacancies, pentagonal and octagonal structures, and nitrogen defects
in amorphous carbons derived from lingo-cellulosic materials (Smith et al., 2016a; Smith et al.,
2016b). The carbon defects studied here were the most populous defects and have been imaged
with High Resolution Transmission Microcopy (HRTEM), a valuable tool to study and generate
defects and monitor structural reconstructions in carbon nanostructures (Rodriguez-Manzo &
Banhart, 2009; Terrones et al., 2000; Ugarte, 1992). Banhart and Krasheninnikov have reviewed,
theoretically and experimentally, how the electron beam of a transmission electron microscope
(TEM) interacts with carbon nanostructures, changing their morphology via the generation,
migration, and reconstructions of defects (Krasheninnikov & Banhart, 2007). Types of defects
include mono- and di-vacancies and stone-wales defects (Chuvilin et al., 2009; Denis, 2013;
Gass et al., 2008; Hashimoto et al., 2004; Lee et al., 2005; Meyer et al., 2008; Warner et al.,
2008). Evidence of such carbon defect structures have also been experimentally demonstrated by
Iijima and coworkers (Hashimoto et al., 2004). Structures found to be common in the preceding
study were examined here.
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Figure 14. Top views of the base model surfaces of pristine graphene, graphene nanoribbon
terminated with hydrogen, and graphene nanoribbon terminated with hydrogen and oxygen with
ether functionality. The black and white lines represent carbon and hydrogen, respectively, while
the red spheres represent oxygen. The red dashed lines show the supercell boundaries.

The stability of all structures was determined via the calculation of Gibbs reaction energy
according to:
∆𝐺𝐺rxn = 𝐸𝐸rxn + ∆𝜇𝜇CH4 − ∆𝜇𝜇NH3 − ∆𝜇𝜇H2 + 𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − 𝐺𝐺𝑣𝑣𝑣𝑣𝑣𝑣,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

(Eq. 2.1)

In this equation, 𝐸𝐸rxn is the zero-point corrected DFT reaction energy for the formation of the
nitrogen doped structure within the specific graphene sheet model. ∆𝜇𝜇𝑖𝑖 is the chemical potential
of the relevant gas phase species, calculated according to:
𝑃𝑃
∆𝜇𝜇𝑖𝑖 (𝑇𝑇, 𝑃𝑃) = ∆𝜇𝜇𝑖𝑖 (𝑇𝑇, 𝑃𝑃0 ) − 𝑘𝑘𝐵𝐵 𝑇𝑇ln � �
𝑃𝑃0

∆𝜇𝜇𝑖𝑖 (𝑇𝑇, 𝑃𝑃0 ) = [𝐻𝐻(𝑇𝑇, 𝑃𝑃0 ) − 𝐻𝐻(0 𝐾𝐾, 𝑃𝑃0 )] − 𝑇𝑇[𝑆𝑆(𝑇𝑇, 𝑃𝑃0 ) − 𝑆𝑆(0 𝐾𝐾, 𝑃𝑃0 )]

(Eq. 2.2)
(Eq. 2.3)

Where 𝑇𝑇, 𝑃𝑃, 𝑃𝑃0 , 𝑘𝑘𝐵𝐵 , 𝐻𝐻, and 𝑆𝑆 are the temperature, pressure, reference pressure (1 bar),
Boltzmann’s constant, and gas phase enthalpies and entropies, respectively. The thermodynamic
data required to calculate the chemical potentials as a function of pressure and temperature was
taken from the JANAF thermochemical tables (Chase et al., 1974). The gas phase composition
was treated as 97 mol% NH3, 1 mol% CH4, 1 mol% H2, and 1 mol% O2.

2.2.4 Water holding capacity
The purpose of this experiment was to determine the effect of the biochar produced (both Ndoped and undoped) on water-holding capacity of a sandy soil. The undoped biochar was
produced under only nitrogen gas whereas the N-doped biochar was obtained by using the two
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step method (pyrolysis under nitrogen gas (N2) and activation under ammonia gas(NH3). Two
feedstocks from municipal solid waste were used (particle board and compost overs (from royal
organics) due to their lower content of heavy metals, compared to other woody fractions of
municipal solid waste. Sandy soil (Quincy sand) was mixed with N-doped biochar and undoped
N-biochar. The experiment set-up is shown in Figure 15. Note that the tests were done in
duplicates and the values reported in Table 9 are mean values.

Figure 15: Experimental set-up for water holding capacity.

The water holding capacity was conducted using the following procedure described elsewhere
(Agvise Laboratories, n.d.). Briefly,
1. Mix 30 g of soil with 2 wt. %, 5 wt. % and 10 wt. % biochar and weigh to the nearest
0.01 g;
2. Add water 50 ml and let drain for 48 hours and later weigh the wet samples;
3. Dry the sample at 105oC for 24 hours and weigh the dry sample; and
4. Calculate the water holding capacity (WHC %) = ((Mwet-Mdry)/Mwet) *100

2.3 Results and Discussion
2.3.1 Nitrogen-doped char from anaerobically digested fiber
Surface area and pore volume at different temperatures resulting from CO2 adsorption of CO2activated and N-doped chars are shown in Figure 16. The surface area and the micropore volume
of the CO2 activated char increased from 156.5 m2 g-1 to 413.1 m2 g-1 and from 0.062 cm3 g-1 to
0.165 cm3 g-1, respectively, as pyrolysis temperature increased. Similarly, the surface area and
the micropore volume of the N-doped char developed from 166.6 to 463.1 m2 g-1 and 0.068 to
0.185 cm3 g-1 as pyrolysis temperature increased. The results indicate that the N-doped chars
have slightly more surface area than CO2-activated chars. Activation of carbonaceous materials
with ammonia and its effect on pore structure has been described in recent years. It was found
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that ammonia acted as an activating agent and increases the porosity of carbonaceous materials
with increasing activation time and temperature (Chen et al., 2005; Mangun et al., 2001).
However, the surface area in the the ADF-ND whole process (or one-step) char decreased as
compared to the other processes.

Figure 16: Surface area of nitrogen-doped chars produced from anaerobically digested fiber
treated by CO2 activation, nitrogen doping (two-step N-doping process: pyrolysis under N2 gas
followed by ammonia activation), or whole process (one-step N-doping process: pyrolysis under
ammonia gas).

Adsorption isotherms of PO43- are shown in Figure 17. In our analysis, we used the four
isotherms commonly used to describe char adsorption capacity (Langmuir, Freundlich,
Langmuir-Freundlich, and Redlich-Peterson):
q=

𝐾𝐾 𝑄𝑄 𝐶𝐶𝑒𝑒

1+𝐾𝐾 𝐶𝐶𝑒𝑒

q = 𝐾𝐾 𝐶𝐶𝑒𝑒 𝑛𝑛
q=

𝐾𝐾 𝑄𝑄 𝐶𝐶𝑒𝑒 𝑛𝑛

1+𝐾𝐾 𝐶𝐶𝑒𝑒 𝑛𝑛
𝐾𝐾 𝐶𝐶𝐶𝐶

q = 1+𝑎𝑎 𝐶𝐶𝐶𝐶 𝑛𝑛

Langmuir

(Eq. 2.4)

Freundlich

(Eq. 2.5)

Langmuir-Freundlich

(Eq. 2.6)

Redlich-Peterson

(Eq. 2.7)

K (L mg-1) and Q (mg g-1) in the Langmuir equation represent the Langmuir bonding term
related to interaction energies and Langmuir maximum capacity, respectively, and Ce (mg·L-1) in
all isotherms is equilibrium solution concentration of the sorbate. K (mg(1-n Ln·g-1), and n
(dimensionless) in Freundlich denote Freundlich affinity coefficient and the Freundlich linearity
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constant respectively. K (Ln mg-n) and n represent the Langmuir−Freundlich affinity parameter
and the index of heterogeneity, respectively. K (L g−1), a (Ln mg-n) and n in Redlich-Peterson
equation are Redlich−Peterson isotherm constants. The adsorption capacities measured are
shown in Table 4. The adsorption capacity of the CO2 activated and N-doped materials increased
in both cases with activation temperatures. The phosphate adsorption capacity increased close to
1.9 times with N-doping.

Figure 17: Phosphate adsorption isotherms of chars produced at 750oC from AD fiber. Where CA
is biochar activated with CO2, while ND is nitrogen-doped biochar.
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Table 4: N-doped chars from AD fiber that has undergone CO2-activation (CA), two-step N-doping
(ND) under a range of temperatures, and one-step N-doping (pyrolysis under ammonia at 750°C).

Process

T(°C) C(%) H(%) N(%) O(%) Ash(%) Yield(wt.%)

Langmuir-Freundlich
phosphate adsorption
capacity (mg g−1 )

CA

350

60.2

3.1

2.5

18.9

15.3

41.4

3.4

CA

450

62.7

2

2.5

14

18.8

35.4

4.9

CA

550

64

1.3

2.3

10.8

21.7

32.7

7.2

CA

650

63.3

0.4

2.4

11.1

22.7

30.6

7.3

CA

750

51.4

0.2

2.9

6.4

39.1

17.2

32.4

ND (2 step)

350

59.6

3.7

2.9

16.8

16.8

39.9

6.3

ND (2 step)

450

62.7

2.6

3

12.9

12.9

35

7.8

ND (2 step)

550

63.9

1.8

5

8.2

8.2

33.2

12.3

ND (2 step)

650

63.3

0.9

8.6

5.6

5.6

31.1

43.6

ND (2 step)

750

60.3

0.7

8.7

1.2

1.3
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63.1

ND (1 step)

750

46.7

0.6

16

4.30

4.3

22.7

110.3

Nitrogen-doped chars were successfully applied to capture phosphate from the aqueous phase.
Chars derived from AD fiber after N-doping exhibited excellent properties in terms of
composition, porous structure, and functional groups, and displayed favorable potential
adsorption properties for phosphate from aqueous solution compared to CO2-activated char. In
this study, ammonia modified the property of the char and acted as a nitrogen source and porecreating agent. Nitrogen doping altered the N configuration in the char surface and resulted in
greater phosphate adsorption. The results show that production temperature plays an important
role on the capacity of the resulting char towards phosphate adsorption. The maximum phosphate
adsorption of the N-doped char was greater than 63 mg g−1 indicating that N-doping can be an
appropriate treatment for to improve the phosphate adsorption of char. When the whole process
was carried out under ammonia, the adsorption capacity increased dramatically (110 mg g-1),
indicating that there is a link between nitrogen content and phosphate adsorption capacity.

2.3.2 Thermodynamic stability of nitrogen functionalities.
The isolated nitrogen dopants on the hydrogen-edge graphene model, all tested structures are
shown in Figure 18. The types of structures tested here are monomerized pyridinic nitrogen
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(P6N-Edge), monomerized pyrrolic nitrogen (P5NH-Edge), monomerized pyrrolic nitrogen
without hydrogen (P5N-Edge), graphitic nitrogen at the edge (GN-Edge), and a graphitic nitrogen
in the ribbon center (GN-Center). According to the DFT reactions energies, P5NH-Edge (𝑬𝑬𝐫𝐫𝐫𝐫𝐫𝐫 =
−𝟎𝟎. 𝟒𝟒𝟒𝟒 eV), GN-Edge (𝑬𝑬𝐫𝐫𝐫𝐫𝐫𝐫 = 𝟎𝟎. 𝟎𝟎𝟎𝟎 eV), and P6N-Edge (𝑬𝑬𝐫𝐫𝐫𝐫𝐫𝐫 = 𝟎𝟎. 𝟎𝟎𝟎𝟎 eV) are the most
favorable nitrogen defect structures. Notably, the DFT energies show that the formation of
nitrogen functional groups is much more favorable at the edge of the hydrogen model than in the
pristine graphene sheet. This is consistent with experiments that show nitrogen incorporation at
the edges of graphene nanoribbons and n-type material upon ammonia exposure under high
temperatures (Wang et al., 2009).

Figure 18: Top views of nitrogenated defects on the hydrogen-edge graphene model. Top panel
shows isolated nitrogen defects (1 nitrogen/20 edge carbon atoms). Species are monomerized
pyridinic edge (P6N-Edge), graphitic nitrogen at the edge (GN-Edge), monomerized pyrrolic
without H (P5N-Edge), monomerized pyrrolic with H (P5NH-Edge), and graphitic nitrogen at the
center (GN-Center).

The effect of temperature and pressure on the thermodynamic stability of the different isolated
nitrogen edge defects is shown in Figure 19.The formation of several of the nitrogen defects on a
hydrogen terminated graphene edge are exergonic. As shown in Figure 19A, the temperature
effects at 1 bar show that P6N-Edge is the most stable defect structure over the entire temperature
range, followed by the non-defect hydrogen-edge graphene and P5NH-Edge. Finally, a
comparison between the GN-Edge and GN-Center results show that, over the entire temperature
and pressure range studied, nitrogen substitution is more favorable on the edge of graphene than
in the center by ~0.5 eV
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Figure 19: Phase diagram of isolated nitrogen functional groups on the hydrogen-edge graphene
model with respect to (A) temperature at 1 bar and (B) pressure at 800 K. The perfect hydrogenedge graphene sheet is the reference structure at ΔG = 0 eV in both graphs.

Nitrogen functionalization of biochar significantly enhances the physical and chemical properties
of these materials, increasing their applicability as sorbents, heterogeneous catalysts, and
electronic components. Being able to selectively induce different nitrogen functionalities via
treatment conditions is key to the design and optimization of such materials. Here, we use
density functional theory to study the thermodynamic stability of nitrogen functionalities in three
graphene structures as a function of temperature and pressure, providing atomistic insight into
the most favorable functionalized configurations. Phase diagrams show that nitrogen
incorporation is most exergonic at graphene edges, with pyridinic groups dominating under the
majority of conditions studied. For all nitrogen functionalities, lower temperatures and higher
pressures result in the greater incorporation of nitrogen into the graphene structures.

2.3.3 Production and characterization of N-doped char from cellulose
There is a growing interest in the production of N-doped carbonaceous materials because of their
excellent properties in a variety of applications such carbon electrodes (Wang et al., 2009),
heterogenous catalysis (Cheng et al., 2019; Deng et al., 2011; Geng et al., 2011; Jafri et al., 2010;
Lee et al., 2011; Lefèvre et al., 2009; Lu et al., 2009; Ozaki, 2006; Proietti et al., 2011; Wu et al.,
2011; Yu et al., 2010; Zhang et al., 2006), adsorption (Adib et al., 2000; Ayiania et al., 2019a;
Chen et al., 2013a; Nandi et al., 2012; Yao et al., 2013a; Yao et al., 2013b; Yao et al., 2012;
Zhang et al., 2013b; Zhang et al., 2012b), and batteries (Alfarra et al., 2002; Chen et al., 2013b;
Frackowiak & Beguin, 2002; Li et al., 2011; Sahu et al., 2015; Shao et al., 2010; Zhang et al.,
2012a). Nitrogen is typically introduced into chars in two ways: (1) carbonizing nitrogencontaining organic compounds (e.g., melamine (Lai et al., 2012; Sheng et al., 2011; Wang et al.,
2013) , 3-methyl-1-butylpyridine dicyanamide ionic liquid (Byambasuren et al., 2016; Liu et al.,
2013)), or (2) treating a carbonaceous material at high temperatures with nitrogen-containing
gases which decompose at reactor temperatures, generating highly reactive radicals (for example,
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using ammonia gas (Chen et al., 2016; Luo et al., 2014; Mangun et al., 2001; Wang et al., 2009)).
These radicals react with the carbonaceous material to form pyridines, pyrroles, graphitic
nitrogen, amines, pyridones, and N-oxides. Nitrogen-containing functionalities are responsible
for an increase in the surface polarity of carbons (Lahaye et al., 1999), and for basicity, since
both pyridines and pyrrole-type structures are considered basic (Lahaye et al., 1999). However,
in general, the acidic/basic character is governed by the heterogeneity of the nitrogen containing
surface groups (El-Sayed & Bandosz, 2002) and also the nitrogen group in the structure of
biochar changes the structural configuration and hence create more actives sites for potential
binding to pollutants
Lignocellulosic materials (e.g., wheat straw, AD fiber) contain cellulose, hemicellulose, lignin
and ash. In order to isolate the effect of the hemicellulose and lignin as found in lignocellulosic
material on phosphate adsorption, it is helpful to use pure cellulose to better understand what is
responsible for phosphate adsorption. In this research, five samples of N-doped chars were
produced via pyrolyzing/carbonizing cellulose under ammonia gas at different temperatures
(500, 600, 700, 800, 850 and 900℃) in order the find the optimum temperature of maximum
nitrogen incorporation in the structure of biochar. This is similar to the ‘one step’ N-doping
described in Figure 11, but at a range of temperatures and with cellulose at a feedstock.
The following analytical techniques were used for the biochar characterization: elemental and
proximate analysis, gas physisorption analysis. Characterization of the resulting chars shows an
increase of the nitrogen content in the samples, where the greatest nitrogen content appears at a
temperature of 800℃ (12.5 wt. %) (Table 5). High surface area was achieved through ammonia
doping of cellulose char with ammonia serving as an activating agent. The surface area analysis
shows an increase in surface area of the biochar as the production temperatures increases (500900oC). The adsorption isotherm for the surface analysis test are shown in Figure 20. Note that
specific surface area and pore volume are commonly determined by measurement of
physisorption of N2 and /or CO2. The maximum surface area (1314 m2 g-1, see Table 6) was
achieved at 900oC. It is worth mentioning that high surface area and pore volume are key biochar
properties that are related to water and nutrient cycling, microbial activity as well as sorption
potential for organic and inorganic compounds as well as gaseous pollutants.
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Table 5: Elemental content of N-doped chars from cellulose.

Dry basis
Samples
C (wt.%)

H (wt. %)

N (wt. %)

O (wt. %)

N-dopedchar_500

86.6

3.1

7.4

2.9

N-dopedchar_600

87.5

2.2

7.8

2.6

N-dopedchar_700

85.4

1.2

11.0

2.4

N-dopedchar_800

84.7

0.9

12.5

1.9

N-dopedchar_900

89.6

0.6

7.6

2.1

o

900 C

B

o

900 C
o

850 C
o

850 C
o

800 C
o

800 C

o

700 C
o

600 C
o

500 C
o

700 C

Figure 20: Adsorption isotherms of nitrogen-doped chars produced from cellulose. (A) is N2
adsorption isotherm and (B) is CO2 adsorption isotherm
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Table 6: Surface area (Sa) and pore volume (PV) of N-doped chars from cellulose.

Sa
Sample
N-dopedchar_500

-

SaCO2
(m2 g-1)
331.7

N-dopedchar_600

-

386.2

0.15

-

-

N-dopedchar_700

453.2

470.9

0.19

0.02

0.21

N-dopedchar_800

934.1

761.0

0.30

0.12

0.42

N-dopedchar_850

1169.9

764.2

0.31

0.20

0.51

N-dopedchar_900

1314.8

793.4

0.32

0.27

0.59

N2
(m2 g-1)

PVmicro
(cm3 g-1)
0.13

PVmeso
(cm3 g-1)
-

PVtotal
(cm3 g-1)
-

2.3.4 Effect of N-doping on water holding capacity
In this part of the project, biochar with and without nitrogen doping was produced from two
fractions of municipal solid waste: particle board (Recovery 1 Inc., Tacoma, Washington) and
compost overs (Royal Organics, Royal City, Washington) using a two-step process (first step is
pyrolysis under N2 and second step is ammonization under ammonia gas). These materials were
chosen for this test because they are part of the municipal solid waste fractions and their heavy
metal content is among the lowest of the municipal solid waste fractions tested in a previous
study (Ayania et al., 2019). The characteristics of these materials are shown in Table 7 and Table
8. The water holding capacity (WHC) of soil and biochar mixtures are shown in Figure 21 and
Table 9. The biochar produced was mixed with sandy soil at 2, 5, and 10 wt. %. The results show
that adding biochar to sandy soil significantly increases the WHC and that WHC increases with
the amount of biochar added. However, an interesting point observed is that in the cases of
particle board at 5 and 10 wt. %, and compost overs at 10 wt. % mixing rates, the N-doped
biochar had less water holding capacity when compared to the undoped biochar. One of the most
important parameters influencing WHC of biochar is the presence of oxygen functional groups.
It has been proposed in the literature that during the formation of the N-doped biochar, the
ammonia reacts with the oxygen functional groups on the biomass during the carbonization
process under NH3, reducing the amount of oxygen groups in the final biochar product. Hence,
fewer oxygen functional groups are available to form hydrogen bonds with water molecules
compared to biochar that has been produced by normal pyrolysis under N2.
Dugan et al. blended three soils from Ghana with three different biochars at rates of 5, 10 and 15
t/ha. Maize Stover biochar mixed with soil E (loamy sand) increased WHC up to 18% at rate of 5
and 10 t/ha, for soil A (sandy loam) up to 10% at the same rates and for soil K (silt loam) up to
12%. In the case of soils mixed at rate of 15 t/ha, the WHC increased up to 12%, 7%, and 7% for
Soil E, A and K respectively. The second biochar used was sawdust biochar, this increased the
WHC for the three soil in values around 12% for Soil E, 8% for soil A, and 9% for soil K at the
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rate of 5, 10 and 15 t/ha. Lastly, charcoal mixed with soil E at three different rates did not show
any variation in the WHC content compared to the WHC for the soil alone. Soil A, at the same
rates retained up to 10% in WHC and for Soil K at rate of 5t/ha the WHC increased up to 18%,
and 15% of WHC for 10 and 15 t/ha, respectively.
In Yu et al. (2013) work, soil (loamy sand) was blended with untreated yellow pine scrap
lumber biochar at different rates from 1 to 10 wt. %. Adding 2 wt. % of this biochar to soil
showed an increase of WHC content up to 3%. For 5 wt. % of biochar WHC increased up to
7.5% and for 10 wt.% biochar increased the WHC up to 16.3%.
In our research, the WHC increased up to 3.1% when Quincy sand soil was mixed with 2 wt. %
of particle board (PB) and compost overs (CO) raw biochar. At mixing rate of 5 wt. % the WHC
content increased up to 20.7% for particle board biochar and 11.1% for compost over biochar. 10
wt. % of biochar blended with soil increased WHC up to 39.7% and for CO up to 27.9%, for PB
and CO, respectively. With N-doped biochar, mixing PB-N-doped char at rates of 2, 5, and 10
wt. %, the WHC content increased up to 4.7%, 16.8% and 26.9%, respectively. Nitrogen-doped
char from CO, mixed at the same rates, raised WHC values up to 7.9%, 14.5% and 14.8%,
respectively.
We can conclude that improvement of WHC in this study was greater than results of other
studies presented above. Is very important select biochar with high surface area, to have the
presence of surface functional groups, and adequate porosity structure. These are the primary
factors to consider when selecting a biochar to use for improvement of soil WHC.

Table 7: Elemental analysis of municipal solid waste fractions

On dry basis (wt.%)
500oC

o

400 C
Samples

C

H

N

O*

C

H

N

Compost overs

76.8

3.3

1.0

12.5

79.9

2.7

1.4

Particle board

82.3

4.0

1.1

11.1

84.4

3.3

1.6

*Obtain by difference

33

O*

600oC
C

H

N

O*

8.9

83.8

1.2

1.0

6.0

10.3

90.50

1.69 1.32 5.01

Table 8: Proximate analysis of municipal solid waste fractions including moisture content (M wt.
%), volatile carbon (VC), fixed carbon (FC), and ash.

On dry basis (wt. %)
400oC
Samples
Compost
overs
Particle
board

500oC

M
wt.%

VC

FC

Ash

M
Wt.%

VC

FC

2.3

21.9

71.7

6.4

3.5

16.2

1.6

32.6

67.1

0.4

1.4

24.5

600oC
Ash

M
wt.%

VC

76.6

7.2

3.6

75.0

0.41

1.1

FC

Ash

9.4

82.6

7.9

12.7

86.7

0.5

Figure 21: Effect of addition of raw and N-doped biochar at 2, 5, and 10 wt. % on water holding
capacity (WHC) of Quincy sand. PB = particle board feedstock, CO = compost overs feedstock.
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Table 9: Effect of biochar from particle board (PB) and compost overs (CO) on water holding
capacity (WHC) of sandy soil.

Sample Name

WHC (%)

Sandy soil

29.9±0.84

Soil+PB 2%
Soil+PB-N 2%
Soil PB 5%
Soil+PB-N 5%
Soil+PB 10%
Soil+PB-N 10%
Soil+CO 2%
Soil+CO-N 2%
Soil+CO 5%
Soil+CO-N 5%
Soil+CO 10%
Soil+CO-N 10%

33.0±2.64
34.9±0.09
50.6±0.58
46.7±0.49
69.6±4.32
56.8±3.34
33.0±0.63
37.8±1.42
41.0±0.63
44.4±3.53
57.8±2.39
44.7±0.34

2.4 Conclusions
The first part of this chapter described the used of anaerobically digested fiber to engineer a
biochar with nitrogen capable of retaining phosphate. This concept was proposed to make use of
the fiber after anerobic digestion to remove phosphate from AD effluent. We found that biochar
with high ash content doped with nitrogen in a two-step process is very effective in nutrient
recovery (63.1 mg g-1). However, using the one step process led to a two-fold increase in the
nitrogen content in the structure of the biochar, doubling the phosphate adsorption capacity of
the biochar (110.3 mg g-1). In the second part of this chapter involved the use of molecular
modeling tools to evaluate the stability of different functional groups present in char. This study
showed that pyridine is the most stable functional group for all ranges of temperatures. Overall,
this work allows for the identification of temperature and pressure combinations that can be
adjusted to affect the distribution of nitrogen functional groups in carbonaceous materials during
the heat treatment nitrogen doping process with potential applications in the areas of filtrant
design, heterogeneous catalysis, adsorbents and electronics. The third part was to study the
production and characterization of nitrogen-doped char from cellulose at different temperatures.
The maximum nitrogen content (12.5 wt. %) was incorporated in the char at a temperature of
800oC and the highest surface area was obtained (1315 m2 g-1) at 900oC. This study provides the
optimum temperature at which we can get maximum incorporation of nitrogen in the biochar
structure. Lastly, biochar produced from particle board and compost overs with and without
nitrogen doping were used to evaluate the water holding capacity of the biochar. Our results
show that biochar mixed with sandy soil increased water holding capacity compared to sandy
soil alone. Interestingly, N-doping reduced the biochar’s water holding capacity at higher
application rates.
35

3. Third Generation Biochars: Nitrogen-Metal Doping
3.1 Introduction
This chapter explores the synergistic effect between metals and nitrogen in biochar in the
removal of phosphate ions. Our previous experience in phosphate retention using AD fiber was
discussed in Chapter 2. In this work we found that more phosphate is been retained on biochar
when both ash and nitrogen content are present in the biochar. We carried out an inductively
coupled plasma mass spectroscopy (ICPMS) analysis to determine the content of the metals
present in AD fiber biochar. We notice that the most prominent metals were Ca, Mg, and Fe.
Other studies in the literature also used Ca and Mg impregnated biomass and the resulting
biochar presented a high capacity to retain phosphate (Yao et al., 2013b; Yao et al., 2011a).
Based on these experiences, we wanted to have a clear understanding of which metals in the ash,
combine with nitrogen, are responsible for the efficient removal of phosphate ions from aqueous
solutions. In order to isolate the effect of the rest of the components of lignocellulosic materials
(cellulose, hemicellulose, lignin and ash). We used pure cellulose as the base feedstock. The
three most prominent metals found in AD fiber were impregnated individually in cellulose. The
objective of this work is to develop design guidelines for biochar production with excellent
properties for phosphate retention. This part of the project evaluates the synergistic effect
between nitrogen functionalities and different metals content on the removal of phosphate ions.

3.2 Methods
3.2.1 Nitrogen metal-doped biochar production
In order to isolate the effect of the other components of the lignocellulosic materials, only
cellulose material was used. A solution of Mg, Ca and Fe was prepared and later mixed with
powdered cellulose (Figure 22). The mixture was then oven dried for 24 hours. In order to
achieve maximum nitrogen incorporation in the structure of biochar, a one-step carbonization
process was carried out under ammonia in a Quartz Tube furnace reactor with 50 mm OD by 44
mm ID at a length of 1000 mm at 800oC, as described in Section 2.2.1 of this report. The
resulting char doped with nitrogen and metals was then characterized and used for phosphate
retention studies, using the methods outlined in Section 2.2.2. Note that this same method was
used for wheat straw.

36

Figure 22: Method used for the production of metal-N-doped chars.

3.2.2 X-ray photoelectron spectroscopy
Analysis using XPS was performed using an AXIS-165 upgraded to an Ultra manufactured by
Kratos Analytical Inc. Achromatic X-ray radiation of 1253.6 eV (MgKα) was used to analyze
each material. All high-resolution spectra were recorded using a pass energy of 40 eV and spot
size of approximately 120 μm. The spectrometer was calibrated against both the Au 4f7/2 peak at
84.0 eV and the Ag 3d5/2 peak at 368.3 eV. The minimum full width at half maximum (FWHM)
for the Au 4f7/2 peak is approximately 0.85 eV, representing the absolute minimum possible
broadness achievable for this configuration. Survey scans have been obtained using a pass
energy of 80 eV and step sizes of 1 eV to determine the overall chemical composition of each
sample. To determine the speciation of carbon, nitrogen and oxygen groups, high resolution
scans of the C 1s, N 1s, O 1s and Mg 2p regions (280-295, 394-404 ,527-538 eV, 45-60 eV
respectively) were collected for each material using 0.1 eV step sizes.

3.2.3 Elemental analysis
Elemental analysis was performed using a TRUSPEC-CHN® elemental analyzer (LECO, U.S.)
(Ayiania et al., 2019b). Briefly, 0.15 g of sample was used to determine total carbon (C),
nitrogen (N) and hydrogen (H) contents. Oxygen (O) mass fraction was determined by
subtracting the ash, C, N, and H contents from the total mass of the sample.
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3.3 Results and Discussion
3.3.1 Biochar from metal and N-doped cellulose
The elemental and proximate analysis of char doped with metals and nitrogen is presented in
Table 10. The presence of metals had a significant influence on the carbonization process. More
nitrogen is being incorporated in the structure of the char, particularly for the Mg-N-char, which
has 15.5 wt. % nitrogen compared to 12.5 wt. % nitrogen for the N-doped char (Table 10).
However, the carbon content decreases dramatically as compared to char without metals. While
the reason for the decrease in carbon content is not entirely clear, it’s possible that the metals
may have had a catalytic effect during the carbonization process.
Table 10: Elemental composition of metal-N-doped char derived from cellulose

Dry basis

Samples
o

N-dopedchar_800 C
o

Mg-dopedchar_800 C
o

Mg-N-dopedchar_800 C
o

Ca-N-dopedchar_800 C
o

Fe-N-dopedchar_800 C

C
(wt.%)
84.7

H
(wt. %)
0.9

N
(wt. %)
12.5

O
(wt. %)
1.9

VC
(wt. %)
10.2

FC
(wt.%)
89.8

Ash
(wt. %)
0.0

65.8

0.8

0.2

5.1

4.4

67.5

28.1

51.5

1.0

15.5

7.8

14.7

61.0

24.2

62.1

0.6

12.9

0.7

11.6

64.5

23.9

69.0

0.8

8.8

2.8

13.6

67.8

18.6

X-ray photoelectron spectroscopy was conducted to see the elements on the surface of the char
and understand the bonding patterns. XPS is a spectroscopy technique to determine the elemental
composition on the surface of the biochar. The X-rays can penetrate up to a depth of 10 nm. The
surface elements present in each biochar are shown in Figure 23. To determine the speciation of
carbon, nitrogen oxygen and magnesium groups, high resolution scans of the C 1s, N 1s O 1s and
Mg 2p regions (280-295, 394-404 ,527-538 eV, 45-60 eV respectively) were collected for each
material using 0.1 eV step size.
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Figure 23: Surface elemental composition on N-doped char (char doped with only nitrogen), Mgdoped char (char impregnated with magnesium), and Mg-N-doped char (char with both
magnesium and nitrogen).

The high-resolution spectra taken for each of the biochars are shown in Figure 24. The spectra
provide useful information on the bonding pattern for the different elements present in the
biochar. Figure 24A shows the spectra of nitrogen. Notice that for the spectra of Char_N (only
nitrogen doping) and Char_Mg_N (impregnated with magnesium and N-doped) both present two
prominent peaks at a binding energy of 398.8 eV and 401.5 eV. These peaks correspond to
pyridinic and pyrrolic nitrogen respectively (Figure 25). However, it can be observed that the
intensity of the spectra for char_Mg_N at 401.5eV decreased compared the Char_N. These
changes noticed might be suggesting that the magnesium in the biochar might be forming a bond
with the nitrogen in the pyrrolic group.

Mg 2p

O 1s

N 1s

Char_Mg

Char_N

char_Mg

char_Mg_N

Char_Mg_N

Char_Mg_N

Char_N

(A)

406

404

(B)

402

400

398

Binding Energy (eV)

396

394

546

(C)

541

536

531

Binding Energy (eV)

526 60

55
50
Binding Energy (eV)
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Figure 24: XPS spectra of N-doped char and Mg-N-doped char. Figure A is the N 1s spectra where
each peak is a different configuration if nitrogen. Figure B is the O 1S where each peak is a
different type of oxygen bonding. Figure C is different types of Mg bonding with oxygen, nitrogen
and carbon.
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Pyrrolic

Pyridinic

Graphitic Nitrogen

Pyridone

N-Oxides

Figure 25: Structural configurations of individually different types of nitrogen within a coronene
model structure. where pyrrolic (edge nitrogen within a five-member ring), pyridinic (edge
nitrogen within a six-member ring), graphitic (direct substitution of a carbon atom within a
graphite plane), pyridone (edge nitrogen within a six-member ring with one carbon double bonded
to oxygen) and N-oxides(edge oxygen double bonded to nitrogen within a six-member ring)

Figure 24B shows how the oxygen is bonded in the structure of biochar. We observed something
very interesting in the spectra. A partially symmetric spectra with an optimum binding energy of
531.8 eV is observed for Char_N and Char_Mg_N. However, looking at the Char_Mg (char
impregnated with magnesium and without nitrogen), two prominent peaks are observed and are
situated at 531.8 eV and 536.5 eV. The peak at 536.5 eV is linked to Magnesium Oxides (MgO).
It is important to mention that when both Mg and N (Char_Mg_N) are present in the biochar the
peak at 536.5 is not observed. With this observation we are hypothesizing that in the presence of
nitrogen the metal (magnesium) prefer to bind to nitrogen over oxygen.
To further confirm our hypothesis, we analyzed the magnesium spectra (Mg 2p) shown in Figure
24C. Obviously, one prominent peak in seem for Char_Mg situated at 56.2 eV. However, for
Char_Mg_N two peak are observed with the peak at 50.2 eV being the most prominent and
might be related to a bond formation between magnesium and nitrogen. This details analysis of
the high-resolution spectra shows that the magnesium in the char prefers to bond with nitrogen
over oxygen. This bonding pattern can be seen in Figure 26.

Figure 26: Molecular scheme of Mg-N-doped chars within a graphene model structure. Where the
first structure is Mg bonded to 4-N within a pyrrolic group. Middle structure is Mg bonded to 3-N
within a pyrrolic group and the last structure is Mg bonded to 4-N within a pyridine group.

The chars containing metals and nitrogen were tested for phosphate adsorption capacity. The
results demonstrate that Mg-N- and Ca-N-doped char had excellent phosphate adsorption
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capacity (335mg g-1 and 178 mg g-1, respectively; Figure 27). However, Fe- N-doped char had
poor capacity for adsorption of phosphate ions. Interestingly, chars with N or Mg alone, did not
have nearly the phosphate adsorption capacity of the Mg-N-doped chars, suggesting a synergistic
effect between metals (specifically, Mg and Ca) and N on the phosphate removal. Figure 28
shows the tubes with phosphate solution after 24 hours of contact with char; the yellow color is
directly proportional to the concentration of phosphate. This provides a visual representation of
the effectiveness of Mg-N-char as compared to chars with Mg or N, alone.

Figure 27: Phosphorus Adsorption Isotherm of metal-N-doped chars derived from cellulose.
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Figure 28: Phosphate adsorption by metal and N-doped biochar derived from cellulose (pyrolyzed
at 800oC) from solutions of varying initial concentrations. The color intensity is directly
proportional to the remaining concentration of phosphate after treatment with biochar for 24
hours, with more intense yellow indicating higher concentrations of phosphate. The photo on the
left shows phosphate concentration after being in contact with N-doped biochar (Char_N). The
photo in the middle shows solutions that have been in contact with Mg-doped biochar (Char_Mg).
The photo on the right shows solutions after contact with Mg-N-doped biochar (Char_Mg_N). The
fact that all test tubes are colorless on the right indicates that this biochar has been very effective
at removing phosphate ions.

3.3.2 Biochar from metal and N-doped wheat straw
We further tested the effectiveness of Mg-N-doped chars by using a lignocellulosic material wheat straw. The material was impregnated with magnesium and later doped with N. The
resulting char showed very high phosphate adsorption capacity (288 mg g-1) compared to the
same material without Mg-N-doping (60 mg g-1; Figure 29). The corresponding adsorption
capacities are shown in Table 11

42

Figure 29: Phosphorus adsorption isotherms of Mg-N-doped chars derived from wheat straw
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Table 11: Result of phosphate adsorption capacity of wheat straw biochar

Biochar Production
Temp.

Max. adsorption capacity of
char towards phosphate

Samples

(℃)

(mg g-1)

Wheat straw

400

18.8

Wheat straw

500

30.8

Wheat straw

600

60.1

Wheat Straw Mg-N

400

136.2

Wheat Straw Mg-N

500

194.8

Wheat Straw Mg-N

600

288.4

3.4 Conclusions
We have evaluated the effect of different metals and nitrogen on the capacity of biochar to
adsorb phosphate. We found that there is a synergistic effect between Mg and Ca with N-doped
char, with the Mg-N- and Ca-N-doped chars providing substantially improved capacity to
remove phosphate ions. In this report we have shown that Mg and Ca are very important metals
to consider when designing adsorbent for phosphate retention. However, these metals do not
possess the complete capacity in biochar to retain phosphate ions without nitrogen in the
structure of biochar. Hence, with the results obtained in this chapter we lay out fundamental
guidelines to design phosphate retention adsorbents from any feedstock
Technically, since these biochars have excellent capacity to retains nutrients, they could be used
for soil amendment. However, biochar for soil amendment should have the capacity to slowly
releases the nutrients to plants (i.e., the nutrient should be bioavailable to plants). Future work
will involve the study of the desorption process to get a mechanistic understanding of how
strongly the nutrients are bonded to the biochar, affecting their bioavailability to plants.
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