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Abstract

Three biochars (BC) were produced from Vietnamese biomass (acacia wood chip, rice husk,
and bamboo) using Top Lid Up-draft Drum (TLUD) technology. The resulting biochars were
characterized using a suite of state-of-the-art methods to understand their surface area,
morphology, cation exchange capacity, and surface chemistry as a basis for determining their
utility for application in agriculture in Vietnam. Adsorption experiments for ammonium (NHa*-
N) and heavy metal (Zn?*) in artificial aqueous solutions were conducted to assess the
adsorption capacity of the various biochars. The mechanism of adsorption was assessed via
the isotherm models (Langmuir, Freundlich, Temkin), the kinetic models (Lagergren-first order
and pseudo-second order models) and the intraparticle diffusion model. Then, a real
wastewater (landfill leachate) with various pollutants was used to test the adsorption capacity
of the biochar under environmental conditions. Biochar surface areas (measured by BET)
decreased in the order wood BC (479.34 m?/g) > bamboo BC (434.53 m?/g) > rice husk BC (3.29
m?2/g). Meanwhile, cation exchange capacity (CEC) followed the opposite trend, being rice
husk BC (26.70 Cmol/kg) > bamboo BC (20.7 Cmol/kg) > wood BC (13.53 Cmol/kg) indicating a
correlation between surface are and absorption capactiy. The morphology, as shown in SEM
images corresponds with the area, showing a rough surface with pores for wood BC, a hollow
honeycomb-like structure for bamboo BC, and smooth surface for rice husk BC. All three
biochars produced were alkaline, with pH values around 10. The surface chemistry, measured
by FTIR, indicated that carboxyl and hydroxyl groups or CO3% group were observed for all three
biochars, but PO and SiO> groups were only present in rice husk and wood BCs. The surface

function groups played an important role for the adsorption of the biochars.

The differences in physicochemical properties resulted to various adsorption capacities

among the biochars. For example, the adsorption capacity for NH4*-N was in the order rice



husk BC > bamboo BC > wood BC, and the adsorption process was governed by surface
functional groups, cation exchange, and intraparticle diffusion. In comparison, the adsorption
for Zn?* was in the order bamboo BC > rice husk BC > wood BC, and the the organic groups
(carboxyl and hydroxyl groups), and inorganic groups (CO3%, PO4%) mainly controlled the
adsorption (rather than ion exchange). There was a strong increase in adsorption for NHs*-N
with increasing adsorbate concentrations (20-320 mg/L), while the Zn?* adsorption was slowly
enhanced at adsorbate concentrations higher than 60 mg/L. However, the adsorption of both
the adsorbates onto the three biochar occurred via the mechanism described as multilayer

formation on a heterogeneous surface.

The findings of the experiments for the wastewater (landfill leachate with concentration of
NH4*-N up to 1790.18 mg/L) indicated that the single biochars had an excellent adsorption for
NH4*-N with an order as for rice husk BC (44.06 + 1.55 mg/g) > bamboo BC (40.41 + 0.95
mg/g) ~ wood BC (38.90 + 1.78 mg/g). Interestingly, the binary and ternary biochars also
showed a good adsorption for NHs*-N, but not significant difference (p > 0.05) among them
with the adsorption fluctuating between 39.89 and 43.10 mg/g. In addition, the ternary
biochar (1:1:1) used for column test showed to be effective for NHs*-N removal with 43.69 +
2.15 % removed after the leachate gone through the filter four times with flow rate 1 mL/min.
However, the adsorption capacity of the single biochars was still lower than the theoretical
maximum adsorption for NH4*-N due to the adsorption competitions of other cations (Ca?*,
Mg*, Na*) in the leachate. In particular, all the biochars (including binary and ternary biochars)
did not adsorb K* ions in the leachate, while K* ions from the biochar surface were observed
to exchange into the exited solvent to participate in the cation exchange process for the
adsorption. Hence, the three biochars demonstrated to have good adsorption for NH4*-N

(especially rice husk BC), while bamboo BC was identified as the best choice for Zn?* removal.
p y
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The information presented in this thesis will be shared with local farmers in Vietnam to help
them select the most efficient biochar to use for their specific needs in water purification

and/or soil fertilization utilizing existing local biomass and local production methods.
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Chapter 1. Introduction

1.1. Historical use and definition of biochar

Soils containing high black carbon content, such as from biochar, have long been of interest
to researchers investigating its benefits for soil fertility. The historical use of black carbon for
soil enrichment to enhance agricultural cultivation has been observed in several regions
around the world. The anthropogenic soil known as Terra Preta de Indio (Glaser et al, 2001) is
a famous example, which occupied about 50,000 ha in Central Amazonia in Brazil (Smith, 1980)
and has been aged as 8,000 years old (Wiedner and Glaser, 2015). These black carbon soils
are more fertile, measured as containing higher carbon content (44.9 gC/kg), higher pH (pH =
5.5), and higher Cation Exchange Capacity (CEC =150 mmol/kg) compared with the nearby
Oxisols (Glaser et al., 2000). The carbon black containing-soils also contain higher microbial
populations than those of surrounding soils (O’neill et al., 2009). Figure 1.1 shows an example

soil profile, illustrating the organic rich and black-carbon loadedk nature of the Terra Preta de

Indio soil compared to the surrounding soils.

Figure 1.1: The profiles of fertile Terra Preta (left) and nutrient poor Oxisol (right) (Glaser et

al., 2001).



Similar soils were found in Australia, which were named Terra Preta Australis by Downie et al.
(2011). These soils had charcoal present as a thick layer and the total carbon content (4.7%)
was observed to be higher than that of adjacent soils (only 0.7%). This trend was also found
for the contents of other nutrient elements such as nitrogen, phosphorus, potassium, and
calcium. Particularly, the C from charcoal in the soils was mainly aromatic and has been dated
between 650 and 1609 years before present (BP) (Downie et al., 2011). In Europe, the study
of Gerlach et al. (2006) indicated the ages of charcoal and black carbon related to human
activities in the soils of the Lower Rhine Basin in Northwest Germany as being from the
Mesolithic (9500-5500 BC") to the Medieval Ages (500-1500 AD). In Asian countries, the
carbon age of charred residues in paddy soil in China formed by the farming method known
as Fire—Flooding used by former farmers to remove weeds and rice residues was dated to
about 5,900 BP (Hu et al., 2009). The black carbon from rice husk was also used for rice
cultivation in Japan and other countries for several thousand years (Ogawa and Okimori,
2010). Thus, the presence of the ancient black carbon in the soil up to the present day means
that it plays a key role in the formation of carbon sinks. However, the charred materials used
historically were mainly produced by open-fire processes without oxygen control. The
traditional technologies of charcoal production, such as pits, earth mounds, brick and metal
kilns (Duku et al., 2011) were crucial innovations in the controlled use of fire and the early
development of pyrolysis (Brown et al., 2015). Pyrolysis relates to the degradation of biomass

materials by thermochemical conversion processes without oxygen supply (Bridgwater, 1994).

During pyrolysis, the components of biomass, such as cellulose, hemicellulose and lignin,
undergo various reactions, including cross-linking, depolymerisation, and fragmentation
(Duku et al., 2011). The products of pyrolysis include syngas, liquid (oil or bio-oil or bio-crude

oil), and a complex solid known as “biochar” (Bridgwater, 1994, Spokas et al., 2012a). Hence,



biochar is the carbon-rich solid product formed from biomass materials by thermochemical
process under limited or no oxygen supply (Lehmann and Joseph, 2015, Joseph et al., 2010,
Mukherjee and Zimmerman, 2013b, Paethanom and Yoshikawa, 2012). Unlike charcoal and
other black carbon, the formation of biochar and it’s application is intended to provide soil
enrichment and environmental management (Lehmann and Joseph, 2015). In particular,
biochar is recalcitrant to decomposition due to it's condensed aromatic structure (Joseph et
al., 2010). Various thermochemical technologies, such as carbonization, pyrolysis, gasification,
and hydrothermal processing have been adopted to convert biomass into fuel (Boateng et al.,
2015, Kumar and Gupta, 2009), and a residual product in all these processes is biochar (Regmi

et al.,, 2012).

Table 1.1. Pyrolysis technologies and products of pyrolysis conversion.

Thermochemical Other Gas Liquid Solid Main products
parameters % % %

Carbonization Air tightness, 60-75 3-5 10-35 Charcoal and gas

(300-1200 °C) residence time

Pyrolysis for bio-oil Heating rates, 2040  40-70 10-25 Bio-oil
(400-600 °C) residence time,

gas flow rates

Pyrolysis for biochar  Residence time, 40-75  0-15 20-50  Biochar
(300-700 °C) heating rates

Gasification Oxidizing media, 85-95 0-5 5-15 Syngas
(500-1500 °C) equivalence ratio

Source: Boateng et al. (2015)



Among these technologies, pyrolysis is normally used to produce biochar (Aller, 2016). By
strict control of the production conditions, an advanced conversion system can regulate the
physicochemical properties of the biochar resulting from various feedstocks to meet specific
requirements (Spokas et al., 2012a). In addition, the biochar properties also are linked with
the characteristics of the original feedstock, and are affected by post-processing steps, such
as formation of biochar nanoparticles (Wang et al., 2013a), biochar/y-Fe,03 composite (Zhang

et al., 2013), and biochar/AIOOH nanocomposites (Zhang and Gao, 2013).

1.2 Physicochemical characterization of biochar

Biochar (BC) can be produced from various feedstocks and under a variety of pyrolysis
conditions (temperature, residence time, and heating rate). Feedstock characteristics and
pyrolysis parameters impact on the physicochemical properties of the resulting biochar.
Different feedstocks have been used to produce biochar, such as grass (Brewer et al., 2009),
agricultural residues such as soybean stover and peanut husk (Ahmad et al., 2012), corncob
(Budai et al., 2014), and biochars have also been derived from biowastes including sewage
sludge (Lu et al., 2013, Hossain et al., 2011, Méndez et al., 2013c), manure (Park et al., 2011,
Kotodynska et al., 2012), and compost (Pellera et al., 2012). The biochars derived from grass
biomass were shown to have low BET surface area and nutrient elements, but different types
of grass gave various values of these parameters. For instance, BET surface area of giant reed
biochars (produced at temperatures between 300 - 500 °C) fluctuated between 2.58 m?/g and
3.04 m?/g (Zheng et al., 2013), while witchgrass biochars produced by slow pyrolysis, fast
pyrolysis, and gasification at 500 °C ranged from 21.6 m?/g to 50.2 m?/g (Brewer et al., 2009).
However, a low content of nitrogen (N) was observed (below 1.0%) for all these biochars.
Biochars produced from agricultural residues were also reported to have low BET surface area.

In fact, the values were observed to range from 0.8 m2/gto 27.1 m?/g for sugarcane bagasse



and peanut hull BCs produced at temperatures between 300-600 °C (Yao et al., 2012), and
4.59 - 4.82 m?/g for wheat straw BCs made at temperatures between 300-500 °C (Tatarkova
et al,, 2013, Song et al., 2012). The same trend (of about 10-fold variation in surface area) was
observed for biochars formed from manure and sewage waste. For example, BET surface area
of the biochars produced from poultry and turkey litter (Cantrell et al., 2012, Park et al., 2011)
and pig and cow manure (Kotodyriska et al., 2012) fluctuated from 2.46 to 66.7 m?/g. In
comparison, sewage sludge biochars (300-700 °C) were in range between 4.10 m?/g and 54.05
m?/g (Méndez et al., 20133, Yuan et al., 2013, Zieliiska and Oleszczuk, 2015, Wagqas et al.,
2014). In contrast, biochars created from bamboo and wood biomass normally have higher
BET surface areas. According to Sun et al. (2014), the values of BET surface areas of bamboo
and wood BCs (600 °C) were 375.5 m?/g and 401 m?/g, respectively. Similar values were
observed for 600 °C bamboo BC by Ding et al. (2010), while a higher value (517.28 m?/g) was
reported by Yang et al. (2014) for bamboo BC pyrolyzed at 1000 °C. The ash content of biochars
also depends on the initial feedstocks. Thus, the properties of biochar depend not only on the

biomass sources, but are also influenced by the pyrolysis temperature.

The effect of pyrolysis parameters on biochar properties was reported by several previous
studies. The pyrolysis products are greatly affected by temperature and residence time. For
example, increasing the pyrolysis temperature from 300 to 500°C reduced the yield of pine
wood biochar from 60.7% to 14.4%, but increased the content of carbon from 63.9% to 90.5%
(Kim et al., 2012). Increased carbon content was also reported by Gaskin et al. (2008a) and
Sun et al. (2014) for bamboo BCs. In contrast, there was a decrease of carbon content (C) for
sludge biochars produced at increasing temperatures (Yuan et al., 2013, Méndez et al., 201343,
Lu et al., 2013, Hossain et al., 2011). A similar trend was observed by Cantrell et al. (2012) and
Kotodynska et al. (2012) for manure biochars. The decrease of C content in these cases may

be attributed to the feedstocks having high content of volatile compounds (Zornoza et al.,
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2016) which are easily lost during the pyrolysis process. The reduction of hydrogen (H) and
oxygen (O) content of biochars resulting from higher production temperatures was supported
by (Kim et al., 2012). For instance, more than 62% of H and 85 % of O were volatized from the
original manure feedstocks during a pyrolysis process at 700 °C (Cantrell et al., 2012). The loss
of these elements was attributed to the cleavage and cracking of weak bonds present in the
biochar structure (Demirbas, 2004), which indicated that the carbon content of biochar
increased with increasing pyrolysis temperature (Chen et al., 2012). Thus, the molar ratios of
H/C and O/C are normally used to access the degree of aromaticity and polarity of a biochar
(Gai et al., 2014). In fact, the decrease of H/C from 1.05 (in pine wood) to 0.08 (in the biochar)
during pyrolysis at 700 °C indicates an increase of the aromatic content with increasing
temperature (Ahmad et al., 2013). In contrast, the increase of the O/C ratio of wheat BCs from
0.29 (300 °C) to 0.05 (700 °C) was attributed to the wheat surface having a low affinity for
water (Chun et al., 2004). In particular, a recent study has also used the molar O/C ratio to
predict biochar stability in soil (Spokas, 2010). According to Spokas (2010), when the molar
O/C ratio is higher than 0.6 the biochar will have a half-life of less than 100 years. Half-lives
of between 100 — 1000 years correspond to biochars having a molar O/C ratio between 0.2
and 0.6, whereas a half-life of longer than 1000 years is classified for biochars having the O/C

ratio under 0.2.

Another parameter especially affected by pyrolysis temperatures is the BET surface area. In
fact, the surface area of biochars produced from poultry and turkey litters increased from 2.60
to 66.70 m?/g when the pyrolysis temperature was increased from 350°C to 700 °C (Cantrell
et al., 2012). Similar extremely high increases in surface area were seen for several biochars
derived from agricultural residues such as soybean stover and peanut shell BCs increased from

3 m?/g (300 °C) to 448 m?/g at 700 °C (Ahmad et al., 2012). However, a decrease of BET surface



areas with increasing pyrolysis temperature was reported for safflower seed BCs above 600
°C (Onay, 2007), sugarcane bagasse BC produced at temperatures higher than 450 °C (Yao et
al., 2011), and maize stalk, rice and cotton straw BCs produced above 900 °C (Fu et al., 2011).
This trend is the result of structure ordering, and a decrease in micropores and increase in
macropores due to volatile bubble development (Onay, 2007). The ash and pH values of
biochars have been seen to increase with increasing formation temperature (Zornoza et al.,
2016, Yuan et al., 2011). A low ash content was observed for biochars produced from wood
(Kimetal., 2012) and bamboo (Hernandez-Mena et al., 2014) as compared to biochars derived
from sludge which have an ash content in the range 52.28 - 88.07 % (Hossain et al., 2011, Chen
et al., 2014). A similar trend was seen for biochars derived from agricultural residues such as
rice husk BC (Claoston et al., 2014, Paethanom and Yoshikawa, 2012) and corn stover BC (Lee
et al., 2010). Neutral or alkaline values of biochar pH are reported for most studies. For
instance, pH values were in the range of 6.66 — 8.88 for rice husk BCs produced at 350-650 °C

(Claoston et al., 2014) or 7.7 — 11.32 for soybean stover at 300 — 700 °C (Ahmad et al., 2012).

Cation exchange capacity (CEC) is an important parameter for biochar functionality, and is
connected to its ability to sequester nutrients and pollutants. This parameter indicates the
adsorption capacity of biochar for plant nutrients such as NH4*-N (Gai et al., 2014) or heavy

metal pollutants such as Pb (Ding et al., 2014). However, CEC values fo

a range of biochars were reported to decrease with increasing pyrolysis temperature
(Claoston et al., 2014, Song and Guo, 2012, Gaskin et al., 2008a, Budai et al., 2014, Gai et al.,
2014). According to Gai et al. (2014), CEC values were 4.0 — 5.1, 38.3 — 68.6, and 7.2 — 8.5
Cmol/kg, respectively for biochars derived from wheat straw, corn straw, and peanut shell
where all were produced at 400 - 500 °C, and which was higher than that of biochars of similar

compositions produced at 600 -700 °C. Higher CEC values were also seen for both corncob
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and miscanthus (BCs 350 — 475 °C) compared to those pyrolyzed above 470 °C (Budai et al.,
2014). The reduction of CEC with increasing temperature is caused by the increased loss of
surface acidic functional groups such as phenolic, carboxylic, and lactonic acids at higher
temperatures (Wang et al., 2013b). A similar decrease of acidic functional groups with
increasing temperature was observed by Zornoza et al. (2016). However, Chen et al. (2014)
found that the CEC of biochar formed from sewage sludge at 800-900 °C (CEC = 126.62 - 247.51
Cmol/kg and O/C = 0.115 — 0.119) was higher than for those produced at 500-700 °C (CEC =
30.81 - 76.75 Cmol/kg and O/C = 0.300 — 0.449 ). This finding contradicts the report of Lee et

al. (2010) who showed a correlation between O/C and CEC of the biochar.

1.3 Biochar for soil enrichment

Investigation of the physicochemical properties of biochar is important in order to assess its
applicability for soil enrichment. The addition of biochar was shown to increase the pH for
several soils. According to Yuan et al, soil pH of an acidic Ultisols (pH = 4.3) soil incubated with
biochar derived from leguminous straws (soybean, peanut, faba (fava) bean, and mung bean)
increased from 0.59 to 1.05 pH units, while non — leguminous straw (canola, corn, wheat, rice
straw, and rice husk) BC resulted in pH increases from 0.18 to 0.66 pH units. The increase of
soil pH by addition of biochar was reported by Yamato et al. (2006) for garden and grass farm
soils in Indonesia, by Liu et al. (2014) for paddy soil in China, and by Van Zwieten et al. (2010)
for Ferrosol soil in Australia. In particular, strong pH increases were observed for Norfolk
acidic soil (from 5.9 to alkaline pH region) when six biochars derived from peanut hull, pecan
cell, poultry litter, and switchgrass were applied (Novak et al., 2009). The soil acidity is mainly
caused by exchangeable AI3* and H* in the soil. Thus, improvement of soil pH values (reduction
of acidity) is due to the functional groups (hydroxyl, carboxyl, and carbonyl groups) on the

biochar surface binding strongly with AI** (Lee et al., 2010) to form complexation cations. In



addition, alkaline cations (Ca?*, Mg?*, K*, Na*) are released from biochar to neutralize soil
acidity (H*) as a result of the binding of Al3*, thus soil pH increases (Yuan and Xu, 2011). For
instance, the concentration of exchangeable AI** was reduced from 2 Cmol/kg to below the
limit of detection in Ferrosol soil enriched with paper mill waste biochars (Van Zwieten et al.,
2010), while the exchangeable H* content of acidic Ultisol soil was reduced from 5.95 to 2.62
Cmol/kg after mung bean straw biochar was applied (Yuan and Xu, 2011). The pH decrease
lead to an improvement in the available nutrients for plants grown in the soil, particularly
phosphate (P). According to Yamato et al. (2006), the content of available P increased from
22.0 mg/kg (control) to 80.2 mg/kg when using Acacia wood waste - derived biochar combined
with chemical fertilizer compounds (15N-15P-15K) was applied to soil used to grow maize. In
addition, the nutrients (P, K, Ca, Mg, Na and micronutrients) of biochar are themselves an
important nutrient source to increase the available nutrients in soil. The nutrients were
reported by Zornoza et al. (2016) for pig manure (PM) and cotton residues (CR) BCs, by Gaskin
et al. (2008a) for poultry litter (PL), peanut hull (PH), and pine chip (PC) BCs, and Chen et al.
(2014) for municipal sewage sludge mixed with pine bark (SP) BC, which is presented in Table
1.2. The contents of the plant nutrient elements are varied and depend on the feedstocks. The
biochars produced from pig manure, poultry litter, and sludge had higher contents of the
nutrient elements than those from cotton crop residues and peanut hull. Although Cu and Zn
are known as heavy metals, their contents are still in the range of allowed thresholds of

biochar standards (IBI, 2015).



Table 1.2. The total elemental content of a range of biochars pyrolyzed at 400 °C and 500 °C

with all other conditions being equal. PM = Pig manure; CR = Cotton residues; PL = poultry

litter; PH = peanut hull; PC = pine chip and SP = sludge mixed with pine bark.

Sample P Ca Mg K Cu Zn
mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg
PM-400 44.53 97.7 18.66 22.14 79.35 604.9
PM-500 46.45 100.0 20.43 24.13 95.37 554.5
CR-400 7.30 76.7 18.75 63.33 14.13 59.1
CR-500 7.09 77.7 18.88 65.25 12.47 65.7
PL-400 30.1 42.7 10.07 51.1 805.0 628.0
PL-500 359 524 12.90 58.6 1034.0 752.0
PH-400 1.83 4.62 2.19 15.2 16.0 35.0
PH-500 1.97 5.12 2.50 16.4 19.0 37.0
PC-400 0.15 1.71 0.60 1.45 25.0 15.0
PC-500 0.14 1.85 0.59 1.45 9.0 18.0
SP-500 18185.58 59286.90 14736.07 8518.52 202.44 -

Biochar amendment of soil not only improves soil fertility, but also sequesters the soil carbon.

Zimmerman (2010) indicated that the carbon loss (degradation) rate from soil enriched with

biochars (400 °C, C = 58.6—78.6 %) produced from oak, pine, cedar, bubinga, gamma grass,

and sugarcane were calculated to range from 7 to 27 % C after 100 years, and the half-life of

these biochars was estimated to span from 370 — 23,800 years. The presence of biochar in soil

affects the soil biogeochemistry as a result tof the natural oxidation of biochar. The oxidation

of biochar leads to the formation of O-containing functional groups (e.g. acids) and thus

increases the surface negativity (Cheng et al., 2008), which also results in an increase in soil

CEC. The soil CEC increase reported by Nigussie et al. (2012) was from 27.22 Cmol/kg (soil

without biochar) to 31.61 Cmol/kg (soil + 5 tons corn stalk BC/hectare (ha) and 33.69 Cmol/kg

10



(soil + 10 ton corn stalk BC/ha). The same trend, but lower values, was also reported by Ndor

et al. (2015), Cornelissen et al. (2013), and Jien and Wang (2013).

Table 1.3. Improvement of soil properties resulting from biochar application. OC = ratio of

0O/C; CEC = Cation exchange concentration.

Biochar pH ocC P K CEC Reference
Greenwaste BC-450°C v v v 4 v Chan et al. (2008b)
Poultry litter BC-450°C v v v v v Chan et al. (2008a)
Reed BC - 500°C X v X v - Dai et al. (2013)

Sow manure BC-500°C v v v v v

Pineapple peel-500°C v v v v v

Maize stalk BC - 500 °C v v v X v Nigussie et al. (2012)
Wood BC — 700 °C v v - - v Jien and Wang (2013)
Wood BC - 450 °C v v X X - Jones et al. (2012)
Cow manure BC-500°C v v v v v Uzoma et al. (2011)
Cassava stem BC v v v 4 - Yang et al. (2015)

Thus, the improvement of pH, surface negativity, and CEC of soil following addition of biochar
plays an important role in conferring soil with increased ability for heavy metal immobilization
and nutrient retention. Further understanding of the specific mechanisms of action, and
correlation of structure and activity will support the selection of optimal biochar parameters

to address specific needs.
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1.4 Effect of biochar on nutrient retention and heavy metal remediation.

The effect of biochar on nutrient retention was reported by several previous studies.
Assessment has mainly focused on the adsorption capacity of biochar for ammonium (NH4*-
N) which is known to be unstable in soil due to the ability of Nitrosomonas bacteria in soil to
transform it into nitrite (NO2") and then nitrate (NOs’) by Nitrobacter and Nitrosolobus bacteria
respectively (Trenkel, 2010). The goal when using biochar as an adsorbent is to keep N in the
ammonium form for longer and thereby to reduce the loss of N via NOs", which is easily
leached, or the production of nitrous oxide (N2O) a known as a greenhouse gas, by
nitrification. In fact, the adsorption of NH4*-N by biochar depends on the type of biochar, and
the concentration of NH4*-N in the solution. For example, Takaya et al. (2016) found that
municipal waste biochar produced at 400 — 450 °C had adsorption capacity up to 137.3 mg/g
for NHa-N from a solution containing 1000 mg NH4*-N/L, while presscake waste BC produced
at the same temperatures had NH4*-N adsorption capacities in the range 128.3 — 146.4 mg/g.
Much lower adsorption (2.45 — 3.50 mg/g) was observed for corncob biochar (produced at
400°C) added to 20 — 60mg NH4*-N/L solution (Vu et al., 2017). The same trend was reported
for twelve biochars (400 — 700 °C) produced from agricultural residues (corn straw, wheat
straw and peanut shell), which showed higher adsorption by corn straw BC (1.6 - 2.3 mg/g)
than wheat straw BC (0.6 — 0.9 mg/g) and peanut shell BC (0.6 - 1.2 mg/g) at 50 mgNH4*-N
solution (Gai et al., 2014). In contrast, the findings of Gao et al. (2015) were in the range 15.8

—17.4 mg/g for corncob and peanut shell BCs (300 — 600 °C) from a 50 mgNH4*-N solution.

The effect of the initial concentration of adsorbate (NH4*-N) on the adsorption capacity of
adsorbent (biochar) was proven by the findings of Zhou et al. (2015), which indicated that the
adsorption capacity of bamboo biochar increased from 0.50 to 1.68 mg/g when the initial

NHa4*-N concentration was increased from 2 to 60 mg/L. The increased adsorption capacity at
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higher available adsorbate concentrations is also supported by the study of Kizito et al. (2015)
who assessed the NH4*-N adsorption capacity of wood BC and rice husk BC using an artificial
solution (NH4Cl) and leachate from a biogas plant where the initial NH4s*-N concentration
ranged from 250 to 1,400 mg/L. The results indicated that the adsorption capacity of the
biochars for the artificial solution was higher than for the leachate, and wood BC exhibited
better adsorption than rice husk BC. In fact, the NH4*-N adsorption capacity of wood BC
increased from 11.35 to 54.86 mg/g with increasing concentration of NH4Cl in the artificial
solution and from 9.73 to 42.02 mg/g with increasing concentration of NH4*-N in the leachate,
while rice husk BC increased from 10.51 to 47.14 mg/g and 9.17 to 37.63 mg/g in the artificial
solution and leachate, respectively with similar increases in NH4*-N concentration (Kizito et

al., 2015).

In contrast, however, Yu et al. (2016) found that the biochars derived from biogas residues
(pig manure and straw) had higher NH4*-N adsorption capacity (19.16 — 26.82 mg/g) for biogas
leachate compared to the artificial solution (11.36 — 13.66 mg/g). These findings were also
supported by Sarkhot et al. (2013) for the mixed hard wood BC. According to Sarkhot et al.
(2013), these findings show that the cations (Ca?*, Mg?*, K*, Na*) and dissolved organic matter
in the leachate helped to increase the NH4*-N adsorption. Biochar can retain 78 to 91 % of the
adsorbed NH4*-N during desorption in DI water, which indicates that the adsorbent is a perfect

potential precursor material to recover nutrient ions from leachate (Sarkhot et al., 2013).
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Table 1.4. NHa4*-N adsorbed by various biochars and initial NH4*-N concentration.

Biochar Adsorption Initial NH4*-N Reference

(mg/g) concentration

Qe Omax ~ Mg/L
Corn cob - 400 °C 1.09 15.3 1000 mg/L Zhang et al. (2014)
Corn cob - 600 °C 0.90 12.8 1000 mg/L
Corn cob - 300 °C 130 217.4 500 mg/L Gao et al. (2015)
Cotton stalk - 300 °C 110 202.5 500 mg/L
Corn straw - 450 °C 0.75 1.53 40 mg/L Liu et al. (2013)
Corn straw - 500 °C 2.12 12.04 50 mg/L Gai et al. (2014)
Peanut shell - 300 °C 130 243.3 500 mg/L Gao et al. (2015)
Peanut shell - 450 °C 1.00 1.58 40 mg/L Liu et al. (2013)
Peanut shell - 500 °C 0.73 9.92 50 mg/L Gai et al. (2014)
Oak wood -600-650 °C 1235 - 1000 mg/L Takaya et al. (2016)
Presscake waste 600-650°C 163.2 - 1000 mg/L
Municipal waste 600-650 °C  128.3 - 1000 mg/L
Giant reed - 300 °C 1.35 2.10 200 mg/L Zheng et al. (2013)
Giant reed - 350 °C 0.90 1.43 200 mg/L
Giant reed - 400 °C 0.62 1.04 200 mg/L
Wheat straw - 500 °C 0.63 4.68 50 mg/L Gai et al. (2014)
Mixed hardwood -300 °C 2.80 - 1000 mg/L Sarkhot et al. (2013)
Mixed hardwood -300 °C 5.3 - 1000 mg/L"

*NHa*-N in diary manure effluent

Exploiting the adsorption capacity for NH4*-N in aqueous solution, biochar has been used to
assess the nutrient retention ability of soil. According to Ding et al. (2010), addition of 0.5%
bamboo BC to a surface soil layer (20 cm) decreased the loss of NH4*-N via leaching by 15.2%,
while the reduction was 11.% for wood BC (Laird et al., 2010). The results of Huang et al.
(2014a) indicated that cassava stem BC added into soil increased N fertilizer uptake by rice,
which lead to the reduction of NH4*-N loss (9-10 %). The increase in N uptake by plants was

also observed by Taghizadeh-Toosi et al. (2012) by applying pine wood chip BC to soil.
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Figure 1.2. Example reactions of a carboxyl group located on a biochar surface with ammonia

(NHs) (Spokas et al., 2012b).

The adsorption of NH4*-N onto biochar is governed by chemical adsorption via CEC (Gai et al.,
2014) supported by cations (Ca%*, Mg?*, Na*, and K*) on the surface of the biochar, or via
exchange of electrons between ammonia and carboxyl groups (shown schematically in Figure

1.2) to form an ammonium salt or amide (Spokas et al., 2012b).

The adsorption capacity of different biochars towards a range of heavy metals has been
assessed. In general, biochar produced from manure had higher adsorption capacity for heavy
metals than biochar from other biomass (see Table 1.5). For example, Chen et al. (2011) found
that the adsorption capacity of wood BC and corn straw BC was 11.0 and 4.54 mg/g for Zn?*,
and 12.52 and 6.79 mg/g for Cu?*, respectively. In contrast, Kotodyriska et al. (2012) reported
that the adsorption of pig manure BC (produced at 600 °C) was 80.88 mg/g for Zn?* and 94.71

mg/g for Cu?*.

In addition, Xu et al. (2013a) observed that dairy manure BC had much higher adsorption (in
the range 32.24 — 54.43 mg/g) for Zn?*, Cu?*, and Cd?* compared to rice husk BC which was in
range 4.19 — 7.78 mg/g for these heavy metals. Low adsorption for Zn?* and Cu?* was also

described by Chen et al. (2011) for other agricultural waste such as corn straw BC (11.0 and
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12.52 mg/g) and hard wood BC (4.45 and 6.79 mg/g), respectively. Similar results for wood

BCs were reported by Fristak et al. (2015), Ding et al. (2016), and Han et al. (2013). However,

other agricultural waste-derived biochars, such as sesame straw (Park et al., 2016), wheat

straw (Bogusz et al., 2015), and buffalo weed (Yakkala et al., 2013) were observed to have

good adsorption capacities for heavy metals, especially buffalo weed BC (see Table 1.5).

Table 1.5. Adsorption capacity of heavy metals onto various biochars.

Biochar Adsorption capacity Reference
(mg/g)
Cu2+ Zn2+ Cd2+ Pb2+
1. Biochars produced from manure
Pig manure 400 °C 75.49 64.96 106.01 175.29 Kotodynska et al. (2012)
Pig manure 600 °C 97.71 80.88 116.71 229.98
Cow manure 400°C 7495 62.43 113.50 212.95
Cow manure 600°C 81.92 64.01 122.11 227.95
Diary manure 200 °C - - - 132.69 Cao et al. (2009)
Diary manure 350 °C - - - 93.56
Diary manure 350°C 35.52 32.24 54.43 - Xu et al. (2013a)

2. Biochars produced from weed and agricultural residues

Buffalo weed 700 °C -
Rice husk 350 °C 4.19
Sesame straw 700 °C 55

Wheat straw 700°C ~ 25.51

Corn straw 600 °C 12.52

6.57
34
40.18
11.0

11.63
7.78
86
30.88

3. Biochars produced from wood and bamboo

Hard wood 450 °C 6.79

Wood chips 500 °C 2.50
Hickory wood 600 °C 2.64
Hard wood 500 °C 0.38

Bamboo 500 °C -

4.54
0.97
0.71
0.07
14.42

1.99
0.20

8.04

333.33
28.98
102

Yakkala et al. (2013)
Xu et al. (2013a)
Park et al. (2016)
Bogusz et al. (2015)
Chen et al. (2011)

Chen et al. (2011)

Fristak et al. (2015)

Ding et al. (2016)

Han et al. (2013)

Alamin and Kaewsichan (2015)
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Although, there were different adsorption capacities for the different heavy metals among the
biochars tested, most biochars indicated a preference to adsorb Pb?* over other heavy metals.
According to Park et al. (2016), the adsorption preference of Pb?* over Zn?*, Cu?*, and Cd?**
was due to Pb%* having a higher hydrolysis constant and atomic weight, a smaller hydrated
radius, and bigger Misono softness value than the other heavy metal ions. The small hydrated
radius of Pb?* (4.01 A) compared to Cd?* (4.26 A) or Zn?* (4.30 A), and the fact that Pb?* is
known as a hard Lewis acid (while Cd**is a soft Lewis acid) leads to Pb?* having a higher affinity
for the functional groups such as carboxylic and phenol groups (hard Lewis bases) on the
surface of biochar (Park et al., 2016). In addition, the pKy value (negative log of hydrolysis
constant) of Pb?* (7.71) was lower than that of Cd** (10.1) and Zn?* (9.0), which demonstrated
that Pb?* was more preferable in terms of adsorption, forming inner sphere surface
complexation, than the others. In addition, the higher electronegativity value of Pb?*(2.33)
compared to Cd?* (1.69) resulted in Pb%* having a higher adsorption affinity than Cd?* for

biochar (Yakkala et al., 2013).

Despite the different feedstocks, the biochars preferentially adsorbed Pb2* from aqueous
solution rather than the other metals (Cu?*, Zn%*, and Cd%*). However, there were various
adsorption mechanisms for these metals onto the biochars pyrolyzed from different
biomasses. Accordingto Xu et al. (2013a), the adsorption of Cu?*, Zn?*, Cd?* and Pb?* onto rice
husk BC was mainly via complexation of metals by phenolic groups on the biochar surface, and
did not occur via precipitation with PO43, except for Pb?*(< 6.7%). In contrast, 70 - 100 % of
these metals adsorbed onto diary manure BC was observed to be involved in metal —

phosphate (PO4*) precipitation.

Utilizing their strong adsorption capability, the effectiveness of different biochars to
remediate soils contaminated with heavy metals was evaluated. The effect of biochar on

heavy metal bioavailablity depends on the biochar type as well as the metals present in the
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soil or water. In fact, the reduction of bioavailable Zn, Cd, and Pb was 87, 71, and 92%,
respectively for soil amended with miscanthus BC (Houben et al., 2013) or 31.9 % for Cu and
66% for Zn following bamboo BC application to soil (Yang et al., 2016b). The reduction of
soluble Zn?*, Cd%** and Pb?* was also observed for rice husk, rice straw, and bran biochars
(Zheng et al., 2012) and following application of hard wood BC onto contaminated soils by
Beesley et al. (2010). Similar to the findings in aqueous solution, the preferential adsorption
of Pb to biochar compared to both Zn and Cu was also exhibited in biochar — amended soil
(Houben et al., 2013). This preference might be related to the higher affinity of Pb for surface
functional groups (carboxylic and phenolic) of aged biochar (Houben et al., 2013). Therefore,
Pb showed the least mobilization compared to Zn and Cd in mining soil amended with
sugarcane straw BCs (Puga et al., 2016), or the decrease in bioavailable Cu and Pb was greater
than that of bioavailable Zn and Cd for contaminated soil to which bamboo and rice straw BCs
were applied (Yang et al., 2016b). The reduction in the mobilization and availability of heavy
metals as a result of adsorption to BC leads to the reduction of heavy metal uptake to plants.
The observation of Namgay et al. (2010) indicated that the application wood BC onto the soil
significantly decreased the availability of heavy metals (As < Zn < Cd < Cu < Pb) to maize plants.
The same trend was observed for corn plants cultivated on mining soil to which conorcapus
biochar was added (Al-Wabel et al., 2015). In fact, the concentration of heavy metals in shoots
of maize decreased to 28% for Zn, 60% for Cu, 53.2 % for Cd, and 51.3% for 5% (w:w) the

biochar applied into the soil compared to the soil without biochar (Al-Wabel et al., 2015).
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1.5 Context and objective of this thesis

Vietnam is known as an agricultural country with tropical weather. The biomass residues
remaining after harvesting of crops (rice straw, corncob, corn straw etc.) or from processing
plants (wood chips, rice husk, bamboo, coffee husk, coconut peel and shell etc.) are currently
used for cooking, are burnt or are left to decompose on the field rather than being turned into
novel low cost products like biochar for soil enrichment, water purification, anodes for
batteries or others. The tropical weather in Vietnam causes rapid decomposition of organic
matter in soil and loss of numerous nutrients (particularly N) via runoff, leaching, and
emission. In soil, N nutrient mainly incorporates with soil organic matter (humic and fulvic
acids), thereby the rapid decomposition leads to N loss from soil. Consequently, the use
effectiveness of N fertilizer do not ecceed 50% (pulished in Vietnamese). In addition, due to
limited management and treatment technology, some regions of the country face a highly
polluted environment by wastewater and landfill leachate containting high contaminants
(NH4*-N and heavy metal) which leads to pollute water and agricultural soils. Thus, turning the
residues from agriculture and waste treatment into low cost novel products is necessary to
solve the constraints and prevent further pollution.

Biochar was proved as a novel product for NHs*-N and heavy metal adsorptions. These role
were reported by several studies which were on the literature review. However, the
adsorption mechanisms for these adsorbates are still on debate, particularly the adsorption
occurred by homogenous or heterogenous surface on mono and/or multilayer and by physical
and/or chemical dasorption. Thus, this thesis aimed to systematically explore the utility of
various Vietnamese biomass residues to produce biochar for nutrient capture to reduce the
nutrient loss and create soil carbon sink due to slow decomposition, and use for water
purification. The overall objective is thus to understand the connection between their

physicochemical properties for fertiliser efficiencies in terms of ammonia adsorption capacity,
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and/or water purification capabilities as determined by retention of heavy metal (Zn) and
other pollutants, in order to design optimal biochar properties for use in fertilization as direct
amendment to capture nutrient (NH4*-N) or coating to control the nutrient release and loss,
and for mitigation of environmental pollution for water and soil. The working hypothesis for
the thesis was that specific characteristics of the biochar would correlate with specific

adsorption behaviours allowing for optimization of the biochar selection for maximal effect.

1.6 Thesis organization

There are 7 chapters in this thesis, organized as shown in Figure 1.3). Several important
guestions are addressed to determine the optimal biochar type, sourced using the locally
available top drum down draft method, and local feedstuffs, for application in fertilization

capture and water purification.
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Introduction

(Chapter 1)

Methods
(Chapter 2)

A

Characterization of

biochars

(Chapter 3)

Biochar for NH4*-N Biochar for Zn?* Biochar for water

capture adsorption purification

(Chapter 4) (Chapter 5) (Chapter 6)

Conclusion ¢

(Chapter 7)

Figure 1.3. lllustrated diagram of the thesis chapters and their interrelationships.

The assessment tools include the physicochemical characterizations of biochars (Chapter 3),
elucidation of the connection between the biochar properties and their functionalities for
fertilizer (NH4*-N) capture (Chapter 4) and heavy metal (Zn?*) adsorption (Chapter 5), and

application for water purification (Chapter 6). The four results chapters are designed and
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presented in the format of publications, and have been compiled to form the body of this

thesis. The inter-relationships between the thesis chapters are illustrated in Figure 1.1.

The first paper, Chapter 3 of the thesis, titled “Physicochemical Characterization of Biomass
Residue—Derived Biochars in Vietham”, was submitted to the MDPI journal “Soil Systems”.
This chapter describes in detail the physicochemical properties of the three biochars produced
from the different feedstocks (wood, rice husk and bamboo) that are utilised throughout the
thesis. The aims of Chapters 4 and 5 are to understand the connection between the biochar
properties and their functionality for plant nutrient capture and heavy metal pollution
remediation. Chapter 4 is formatted as the second paper entitled “Adsorption of ammonium
nitrogen (NH4*-N) ions onto various Vietnamese Biomass Residue—derived Biochars (wood,
rice husk and bamboo)”. Chapter 5 presents the third paper named “Removal of Zinc (Zn**) by
various Vietnamese Biomass Residue—derived Biochars (wood, rice husk and bamboo) from
Aqueous Solution”. The main objectives of both these chapters are to identify the adsorption

capacities of the biochars and their adsorption mechanisms for NH4*-N and Zn?*, respectively.

The findings of Chapters 4 & 5 provide basic knowledge for using the individual biochars and
a mixture of biochars together for water purification (landfill leachate), which is demonstrated
in Chapter 6. This chapter also has a paper format and is entitled “Pollutant Removal from
Landfill Leachate by various Vietnamese Biomass Residue—derived Biochars (wood, rice husk
and bamboo): Bath and Column Study”. All methodologies utilised in the thesis are described
in Chapter 2. A concluding chapter (Chapter 7) has been formed to connect the key findings
of each paper/chapter into a comprehensive framework and conclusion. The integrated
results represent a significant contribution towards understanding the utility of each of the

biochars for the different potential applications, and the factors to consider when selecting a
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biochar for a particular purpose. The conclusions also provide some suggestions for further

investigation of the applicability of the biochars in real or field scenarios.
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Chapter 2. Biochar production and general methodology

2.1 Biochar production

2.1.1 Biomass feedstock collection

The feedstocks used for this study were collected from small processing factories in a suburb
of Hanoi city, Vietnam. The wood and bamboo residues were chopped into suitable pieces to
fit into the Top-Lid Updraft Drum (TLUD) equipment (see section 2.1.2 below) which was used
to produce the biochars. In each case, the biomass was air-dried and then packed into plastic
containers and stored in the biomass sample storage unit of the Soils and Fertilizers Research

Institute, Hanoi, Vietnam prior to undergoing the pyrolysis process.

2.1.2 Biochar production equipment

The TLUD equipment was designed by Prof. Joseph Stephen (University of New South Wales,
Australia) with the outline drawing illustrated in Figure 2.1. The TLUD in this study was made
from a metal barrel (208.190 L, height 0.87 m, diameter 0.58 m) with a 20 cm diameter
chimney (see Figure 2.2). The construction of the TLUD was conducted by Prof. Joseph
Stephen (New South Wales, Australia) and Dang Duc Khoi (Population, Environment and
Development Centre, Vietnam). The TLUD technology design and construction were

supported by the project “Piloting Pyrolytic Cookstoves and Sustainable Biochar Soil
Enrichment in Northern Vietnam Uplands”, reference code 03-V-387. The TLUD was

designed to allow control of heat and pyrolysis time for reproducible biochar production to
facilitate study of the resulting biochar, yet be simple enough to be applied in the field by

small farmers in northern Vietham
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Figure 2.1. lllustrative geometry of the TLUD used for biochar production in this thesis.

This TLUD was initially used to access the applicability of this new technology as a means to
develop widespread local biochar production in northern Vietnam, as an alternative to the
current practice of burning the rice straw on the fields after harvesting. The equipment was
successfully run by the famers to turn rice straw and other residues (rice husk and plant
branches) into biochar at household scale, and the biochar was subsequently applied to soil
to support rice and vegetable growth as well as being mixed with farm yard manure for

composting.
38



Top of drum with secondary air holes and 20 cm
diameter chimnev

Bottom of drum with 100 air holes (d=8mm)

Figure 2.2. The TLUD designed from a metal barrel.

2.1.3 Biochar production

The three different biochars (wood chip, rice husk and bamboo) were produced
simultaneously in a TLUD that has been modified to allow the use of various feedstocks in
parallel, resulting in biochars produced under identical conditions. The feedstock materials
were put into the drum in parallel layers of about 20 cm thickness to ensure uniformity in
temperature for each feedstock. The final layer was wood, as wood keeps the flame and heat

for a long time, and thus is used to reduce the smoke formed during the pyrolysis process.

A fire was started at the top of the biomass material and then the lid and chimney were placed
on top, once a flame was established. The flame burned off, when it moved to the middle of
the TLUD. A sandy material was used to cut off the air (see Figure 2.3), which led to burn off
of the flame. The total pyrolysis process took approximately 3 hours, then the lid was removed
and water was sprayed inside the drum to cool off the biochar. Upon cooling, the layers of
biochar can be removed and separated. After that, 1kg of each biochar from wood (WBC), rice

husk (RBC), and bamboo (BBC) biomass was stored in air tight plastic bags and shipped to the
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University of Birmingham (UoB), UK. Then, the samples were stored in plastic bottles sealed
with caps and kept in the UoB lab at room temperature. All studies in this thesis were

performed using the same batch of the three biochars.

4. Reducing air 5. Cutting air off 6. Biochar product

Figure 2.3. The pyrolysis process for biochar production using the TLUD equipment.

2.2 Experimental methodology

2.2.1 Biochar characterisation

BET surface area:

Surface area was determined by the Brunauer, Emmett, and Teller (BET) method (Brunauer et
al., 1938a). The method is based on Langmuir’s theory for monolayer molecular adsorption
up to multilayer adsorption with the hypotheses that physical adsorption of gas molecules
onto a solid occurs in layers, with no interaction between each adsorption layer. A Surface

Area Analyzer (model SA 3100) was used for this analysis. Approximately 1g of biochar
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(adsorbent), sieved through a 2mm mesh, was loaded into the vessel. Prior to the
determination of the adsorption isotherm, outgassing was conducted to remove the physically
adsorbed substances from the adsorbent at 250 °C for three hours. After degassing was
complete, the sample vessel was weighed to determine exactly the weight of the adsorbent,
which was used for BET surface analysis. Then, nitrogen gas (adsorbate) was admitted into
the sample vessel at cryogenic temperature by the gas adsorption technique. The pressure in
the sample vessels was measured for each volume of the gas added until the adsorbate and
adsorbent are in equilibrium. The surface area of the samples was measured by plotting the
data as a straight line with y= 1/v[(Po/P)-1] and x=P/Po following equations (equations 1 and

2):

N E(Pi) + L (equation 1)

where Py and P are the equilibrium and the saturation pressure of the adsorbate, Vis the
volume of adsorbed gas, and Vi, is the volume of the monolayer-adsorbed gas, C is the BET

constant, and:

C=exp (%) (equation 2)

where E; and Ej are the heats of adsorption for the first and higher layers, respectively.
A total surface area Sget,total and a specific surface area Sger were estimated using the following

equation (equation 3):

VimNs

S _ _ Stotal
BET, total ™ v

and SBET_T (equation 3)

where N is Avogadro's number, s is the adsorption cross section of the adsorbing species, and

o is the mass of adsorbent (g).
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Proximate analysis:

Moisture, ash, and volatile matter were analysed by the method of the American Society for
Testing and Materials Standard —D1762-84 (Standard, 2009). Moisture was measured by the
loss of weight when fixed masses of the biochars were heated in the oven at 105°C for 2 hours.
Volatile mater was determined by the weight loss as the biochars were heated at 950°C for 6
minutes. Ash was obtained after continuously heating the samples up to 750°C for 6 hours.
Fixed carbon was calculated as the remainder after ash, moisture, and volatile matter were
measured and subtracted from the total sample dry weight.

Elemental analysis (C, N, H, O):

The biochar samples, sieved through a 2mm mesh, were loaded into a tin capsule and placed
into an autosampler drum to remove any atmospheric nitrogen. The sample was then put into
a vertical quartz tube and heated at 1,000 °C with constant helium flow and pure oxygen in
order to combust (oxidize) the sample completely. The gas mixture containing the three
components (C, N, H) from the oxidation step was separated via a chromatographic column
and detected by a thermoconductivity detector. The elemental analyzer used was a Carlo Erba

EA1110 Model, Italy. The total O was calculated following the ASTM method as follows:

O (%w/w) = 100 — ash (%w/w) — C (%w/w) — N (%w/w) — H (%w/w)

pH:

The pH of the biochars was determined using the method of Rajkovich et al. (2012). The
biochar samples (1g), sieved through a 2mm mesh, were mixed with distilled (DI) water (25
mL) in a 50mL centrifuge tube with a lid. The mixtures were put on an orbital table shaker and
shaken for 1.5h to ensure good contact between the water and the biochar’s internal surface.
Then, the solvent was stirred again using a steel spatula and the pH of the solvent was

continuously measured using a calibrated Thermo Orion 3 star pH meter.
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Cation Exchange Capacity (CEC):

CEC determination was based on the method of Rajkovich et al. (2012). The exchangeable
cations on the surface of the biochar samples were measured by saturating 1.0 g of the
biochar, sieved through a 2mm mesh, mixed with 50 mL of 1N CH3COONHa (pH=7) in Falcon
centrifuge tube (50mL) with a lid, and the mixture solutions were shaken on a shaker table
overnight which ensured that the biochar surfaces were sufficiently wetted. After shaking,
the solution was filtered by corning bottle — top vacuum filter system (pore size = 0.22 um,
Sigma — Aldrich) and then an additional 40 mL of the 1M CH3COONH4 was added to each, and
then immediately extracted by filtration. Next, 60 mL of ethanol (80%) was used to wash all
unbound NH4* from around the samples. After that, 50 mL of 1N KCI solution was added to
the mixtures to which were kept for 16 h in order to reach equilibrium during which time the
NH4* absorbed to the biochar was completely replaced by K*, then immediately another 40
mL of 1N KCl was added for subsequent replacement. The sample solutions containing NH4*
(which had been displaced by K* during the extraction steps) were quantified by lon
Chromatography (Dionex DX500). For this, the samples were diluted 25 times, which brought
the NH4* concentration into the range of the standards (0, 0.5, 5, 10, 20, 50 mg NH4*/L and
not more than 100 mg NH4*/L as per the requirements of the machine. After that, the
sample/standard solution was poured into the 5mL AS40 polyvials to reach two thirds full, and
the filter cap was pressed into each vial. The vials were added into the Autosampler (AS40) of
the machine for analysis. The analysis process ran 9 samples (3 replicated of wood BC, 3

replicates of rice husk BC, and 3 replicates of bamboo BC) and it took 22 mins per sample.

Scanning electron microscopy (SEM):

Small pieces of the initially produced biochar were selected and further dried at 60 °C in an

oven overnight. Then, 4-5 small pieces (4-5 mm) of each biochar sample were coated with 10
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nm Au/Pt film by a Cressington SC7640 sputter coater and kept in a desiccator overnight. A
scanning electron microscope (Philips ESEM XL30 FEG model) operating at accelerating
voltages of 10-20 kV was used to image the biochars. 5 images of each biochar were taken

with dimensions and magnifications as shown in Table 2.1.

Table 2.1. Dimensions and magnifications for the SEM images of the biochars.

Dimension 20 um 50 um 100 um 200 pm 500 um

Magnification x 1000 x 500 x 200 x 100 x50

Functional group analysis:

The FTIR analysis is relied on the vibrations of atoms of molecules. When infrared radiation
was passed through the sample (biochar), the infrared spectrum of the sample was recorded.
And the fraction of the incident radiator adsorbed at a specific energy was also determined.
The peak in the adsorption spectrum at the energy was corresponded to the vibration
frequency of the sample molecule. In order to conduct this analysis, approximately 0.5 g of
each biochar, sieved through a 2mm mesh and then dried at 60°C for 24h, was used for Fourier
Transform Infrared (FTIR) analysis. The FTIR spectra of the biochar samples were measured
using a Varian 660 spectrometer. The spectra were an average of 32 scans at 4 cm™ resolution

from 4000—400 cm™ region.

2.2.2 Assessment for the effectiveness of biochar for fertilizer capture

Methodology:

The adsorption ability of the biochars for fertilizer (represented as NH4*-N) was evaluated by
adsorption experiments. The experiments included different dosages of biochars (0, 0.25,
0.50, 1.0, and 2.0 g), various initial concentrations of NH4*-N (0, 20, 40, 80, 160, 320 mg/L),

and different contact times (30, 60, 90, 120, 240, and 480 mins) in order to probe the optimal



conditions. The data of the different initial concentrations experiment were assessed using
the Langmuir, Freundlich and Temkin isotherm models to identify whether the NHs*-N
adsorbed onto the biochars as a monolayer or/and multilayer and whether the adsorption
was onto a homogeneous and/or heterogeneous surface. The results of the contact time
experiment were evaluated using Pseudo-first order and Pseudo-second order models in
order to determine whether the adsorption was controlled by physical adsorption and/or
chemical adsorption. In addition, the intraparticle diffusion model was used to investigate the
diffusion mechanisms of NH4*-N onto the porous biochar particles. All of the models utilised
are fully described in Chapter 4.

Set up of adsorption experiments:

e The biochar dosage experiments:

The different dosages of biochar (0, 0.25, 0.5, 1.0, 2.0 g) were mixed with NH4*-N solution (40
mL, NHz*-N =40 mg/L, pH =7), see Table 2.2 for full details, and then the mixtures were shaken
for 24 hours (400 rpm), after which extraction of the biochar absorbed NH4*-N was carried out

as described below:

Table 2.2. Experimental treatments for assessment of the impact of biochar dose on the

effectiveness of adsorption of N-containing fertilizer.

Biochar Treatments for one replicate

Og DIl water Dl water Dl water 0
0.25g 0.25gWBC+NH4*-N | 0.25gRBC+NH4*-N | 0.25gBBC+NHs*-N Control
0.5g 0.5gWBC+NH4*-N 0.5gRBC+NH4*-N 0.5gBBC+NH4*-N Control
1.0g 1.0gWBC+NHs*-N 1.0gRBC+NHs*-N 1.0gBBC+NH4*-N Control
2.0g 2.0gWBC+NH4*-N 2.0gRBC+NHs*-N | 2.0gBBC+NH4*-N Control

Control: WBC + DI water, RBC + DI water, BBC + DI water. Note the volume was 40 mL in all

cases. WBC = Wood biochar; RBC = rice husk biochar; BBC = bamboo biochar.
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The aim of this experiment was to indentify the suitable dose of biochar for adsorption with

the NH4*-N concentration in range of 0 -40 mg/L.

e The NH4*-N concentration experiments:

0.5 g of each biochar was mixed with 40 mL of NH4*-N solution with various concentrations
(NH4*-N =0, 20, 40, 80, 160, 320 mg/L, pH=7) as per Table 2.3. The mixtures were then
shaken for 24 hours (400 rpm), following which extraction of the biochar absorbed NH4*-N
was carried out as described below.

Table 2.3. Experimental treatments for assessment of the impact of NH4*-N concentration on

the effectiveness of biochars for adsorption of N-containing fertilizer.

NH4*-N Treatments for one replicate

0 (control) WBC+DI water RBC+DI water BBC+DI water
20 mg/L 0.5gWBC+NH4*-N 0.5gRBC+NH4*-N 0.5gBBC+NH4*-N
40 mg/L 0.5gWBC+NH4*-N 0.5gRBC+NH4*-N 0.5gBBC+NH4*-N
80 mg/L 0.5gWBC+NH4™-N 0.5gRBC+NH4™-N 0.5gBBC+NH4™-N
160 mg/L 0.5gWBC+NH4*-N 0.5gRBC+NH4*-N 0.5gBBC+NH4*-N
320 mg/L 0.5gWBC+NH4™-N 0.5gRBC+NH4*-N 0.5gBBC+NH4™-N

The aim of this experiment was to create the data for the isotherm models (Langmir,
Freundlich, and Temkin models, see chapter 4) which determined the adsorption of NH4+-N

onto biochar by mono and/or multi layers on homogenous and/or hecterogenous surface.

e The contact time experiments:

0.5g of the biochars was added into 40 mL of NH4*-N solution (40 mg/L, pH=7), and then the
suspension was shaken at 400 rpm for the desired times (30, 60, 120, 240, and 360 mins) as
per Table 2.4, after which extraction of the biochar-absorbed NH4*-N was carried out as

described below.
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Table 2.4. Experimental treatments for assessment of the impact of contact time on the

effectiveness of biochars for adsorption of N-containing fertilizer.

Time Treatments for one replicate

30 mins | 0.5gWBC+NHs*-N 0.5gRBC+NH4*-N | 0.5gBBC+NHa4*-N Control
60 mins | 0.5gWBC+NH4*-N | 0.5gRBC+NH4*-N | 0.5gBBC+NH4*-N Control
120 mins | 0.5gWBC+NH4*-N 0.5gRBC+NH4*-N | 0.5gBBC+NH4*-N Control
240 mins | 0.5gWBC+NH4*-N 0.5gRBC+NH4*-N | 0.5gBBC+NH4*-N Control
360 mins | 0.5gWBC+NHs*-N 0.5gRBC+NH4*-N | 0.5gBBC+NH4*-N Control

Control: WBC + DI water, RBC + DI water, BBC + DI water.

The data of these experiments were fited by Pseudo-first order and Pseudo-second order

models (see chapter 4) to identify the adsorption mechanism for NHas*-N, and intrapartical

diffusion model (see chapter 4) to determine the diffusion steps of NH4*-N onto biochar.

Steps in the adsorption experiments:

The biochars were crushed using a pestle and mortar and sieved (0.5 mm mesh) to obtain a

uniform particle size between 500-800 um as per the method of Hollister et al. (2013). All

experiments were conducted in triplicate at room temperature (22 £ 0.5 °C), and the mixtures

were shaken using an orbital shaker at 400 rpm for the desired times (e.g 24h or 30 min).

Then, the supernatants were filtered through an acrodisc syringe filter (0.20 um) as shown in

Figure 2.4, and analysed for remaining NH4*-N content.

ey o

1. NH4*-N solution added to biochar 2. The mixture being shaken

Figure 2.4. Steps in the biochar adsorption experiments.

3. The mixture being filtered



After filtering, the supernatant was used to determine the concentration of adsorbent (NH4*-
N) by lon Chromatography (Dionex DX500). Three blank samples (DI water) were run at the
beginning and end of every run. The adsorption capacity (mg/g) and % removal were

calculated using equations (2.1) and (2.2), respectively.

- (Co:jx)v (21) and %removal= CZ-CX x 100 (22)

where C, is the initial concentration of adsorbate (40 mg/L of NH4*-N or as added), C«is the
concentration of adsorbate at the contact time; V (L) is the volume of the adsorbate; and m is

the mass of adsorbent (g).

Method limitation:

The neutral pH (pH = 7) of the NH4*-N solution may impact on the the transformation of NH4*-
N to NHs3 which was emited during the experiment. And the amount of NOs transformed from

NH4*-N was also measured in this experiment.

2.2.3 Evaluating the adsorption capacity of biochar for heavy metal pollutants

Methodology:

The biochar-adsorbed-heavy metal (Zn?*) concentration was evaluated by various adsorption
experiments. The experiments had a similar set-up to those for the NH4*-N adsorption
including different dosages of biochars, various initial concentrations of Zn?*, and different
contact times. The isotherm models (Langmuir and Freundlich), the kinetic models (Pseudo-
first order and Pseudo-second order models), and the intraparticle diffusion model were also

used to identify the adsorption mechanism of the heavy metal onto the biochars.
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Set-up of the adsorption experiments:

-The biochar dosage experiment: The different dosages of biochar (0, 0.25, 0.5, 0.75, and 1.0

g) were mixed with Zn?* solution (40 mL, Zn?* = 60 mg/L, pH =5.5) as indicated in Table 2.5,

and then the mixture was shaken for 24 hours.

Table 2.5. Treatments used to investigate the effect of biochar dosage on Zn?* adsorption.

Biochar Treatments for one replicate
Og DI water DI water DI water 0
0.25g 0.25g WBC + Zn?* | 0.25g RBC + Zn?* | 0.25g BBC + Zn** Control
05g 0.5g WBC + Zn?* 0.5g WBC + Zn?* | 0.5g WBC + Zn?* Control
0.75g 0.75g WBC + Zn** | 0.75g WBC + Zn?* | 0.75g WBC + Zn?* Control
10g 1.0g WBC + Zn?* 1.0g WBC + Zn?* | 1.0g WBC + Zn?* Control

Control: WBC+DI water, RBC+DI water, BBC+DI water.

These experiments aimed to indentify the suitable dose of biochar for adsorption with the

Zn?* concentration in range of below 60 mg/L.

-The Zn?* concentration experiment: 0.5 g of biochar was mixed with 40 mL of Zn?* solution

with various concentrations (Zn%* =0, 20, 40, 60, 80, 160, 320 mg/L, pH=5.5) as shown in Table

2.6. The mixture was then shaken for 24 hours.

Table 2.6. Experimental

concentrations.

treatments to

investigate the effect of different NHa*-N

Zn** conc. Treatments for one replicate

0 mg/L (control) | WBC + DI water RBC + DI water BBC + DI water
20 mg/L 0.5g WBC + Zn?* 0.5g WBC + Zn?* 0.5g WBC + Zn?*
40 mg/L 0.5g WBC + Zn?* 0.5g WBC + Zn** 0.5g WBC + Zn?*
80 mg/L 0.5g WBC + Zn?* 0.5g WBC + Zn?* 0.5g WBC + Zn?*
160 mg/L 0.5g WBC + Zn?* 0.5g WBC + Zn** 0.5g WBC + Zn%*
320 mg/L 0.5g WBC + Zn?* 0.5g WBC + Zn** 0.5g WBC + Zn?*
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The aim of this experiment was similar to the NH4+-N adsorption as creating the data for the
isotherm models (Langmir, Freundlich, and Temkin models, see chapter 5) which determined
the adsorption of Zn2+ onto biochar by mono and/or multilayer on homogenous and/or

hecterogenous surface.

-The contact time experiment: 0.5g of the biochars was added into 40 mL of Zn?* solution (60
mg/L, pH=5.5), and then the mixture was shaken for the desired times (30, 60, 90, 120, 150,

240 mins) as per Table 2.7.

Table 2.7. Treatments for the contact time experiment.

Time Treatments for one replicate

30 mins 0.5g WBC + Zn?* 0.5g WBC + Zn?* | 0.5g WBC + Zn?* Control
60 mins 0.5g WBC + Zn?* 0.5g WBC + Zn?* | 0.5g WBC + Zn?* Control
90 mins 0.5g WBC + Zn?* 0.5g WBC + Zn?* | 0.5g WBC + Zn?* Control
120 mins | 0.5g WBC + Zn?* 0.5g WBC + Zn?* | 0.5g WBC + Zn?* Control
150 mins | 0.5g WBC + Zn?* 0.5g WBC + Zn?* | 0.5g WBC + Zn?* Control
240 mins | 0.5g WBC + Zn?* 0.5g WBC + Zn?* | 0.5g WBC + Zn?* Control

Control: WBC + DI water, RBC + DI water, BBC + DI water.

Alike the NH4*-N experiments, the data of these experiments were used to fit the kinetic
models (Pseudo-first order and Pseudo-second order models, see chapter 5) to identify the
adsorption mechanism of biochar for Zn?*. The data were also used for the intrapartical

diffusion model (see chapter 5) to determine the diffusion steps of Zn?* onto biochar.

Carrying out the adsorption experiments:

All steps were conducted as described for the NH4*-N experiments. After the filtration step,
the Zn?* concentration of the filtered solution was measured by Flame Atomic Adsorption
Spectrometry (Perkin Elmer AAnalyst 300 model) with various Zn?* standards (0, 0.25, 0.5,1.0
and 2 ppm ). All experiments were conducted in three replications. The adsorption capacity
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and % removal of Zn?* by the biochars were calculated as per the equations presented for the

NHa*-N experiments (see section 2.2.2).

2.2.4 Pollutant removal from landfill leachate by biochar

Methodology:

In this study, the adsorption capacity of the three biochars was assessed through experiments
with real landfill leachate containing complex pollutants rather than the artificial solutions
described above with single adsorbates like or Zn?*. The main objectives were to evaluate how
the NHs*-N adsorption onto the biochars was affected by the competition from other
adsorbates (Ca?*, Mg*, K* and Na*) in the leachate, and to elucidate which cations on the
surface of the biochar participated in the cation exchange to facilitate the NH4*-N adsorption.
The adsorption capacity and % removal were evaluated via equilibrium and column

experiments.

Set up of the equilibrium adsorption experiment:

The equilibrium adsorption experiments of the single biochar and mixed biochars using the
leachate were similar to the equilibrium experiments with NH4*-N and Zn?* model solutions.
0.5g biochar was mixed with 40 mL of the leachate, and the mixture was shaken on the shaker
for 24h at room temperature (22 + 0.5 °C) as shown in Table 2.8. After that, the solvent was
filtered through an acrodisc syringe filter (0.20um). The filtrate was diluted 50 — 75 times with
DI water, to produce solutions whose analyte concentrations were in the range of the
standard curve (0.5, 1, 5, 10, 20, 50 mg/L of NH4*-N, Ca?*, Mg?*, K*, and Na*) before being

analyzed by lon Chromatography machine (Dionex DX500 model).
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Table 2.8. Treatments for the leachate adsorption by biochar.

Treatments for single biochar | Treatments for mixed biochars

1. Landfill leachate 4. Wood BC + rice husk BC + leachate

2. Wood BC + leachate 5. Rice husk BC + bamboo BC + leachate

3. Rice husk BC + leachate 6. Bamboo BC + wood BC + leachate

4. Bamboo BC + leachate 7. Wood + rice husk + bamboo BCs + leachate

Set up of the biochar column experiment:

In this study, mixed biochar (wood BC + rice husk BC + bamboo BCin a 1:1:1 ratio) was packed
into glass chromatography columns (30.48 cm length, 2.54 cm inside diameter). After that, the
mixture was washed with DI water to remove any impurities before the leachate was flowed

through.

Equipment preparation The dirty being removed The leachate being filtered

Figure 2.5. Conducting the biochar filter for the landfill leachate.

Then, 750 mL of the leachate was passed through the column with a flow rate of 1mL/min.
The process was periodically stopped at the end of the day, and the solution after passing the
column each day was kept in the fridge for use in the process the next day. The process was
undergone for four days, which means the initial leachate was passed through the column
four times. The samples of each day were collected and diluted to 50 — 75 times with DI water

to ensure the analyte concentrations in the filtrates fell within the range of the standards
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(calibration curve). Then, the diluted samples were analyzed for the cations (NH4*-N, Ca?*,

Mg?*, K*, and Na*) by lon Chromatography machine(Dionex DX500 model).

2.2.5 Statistic analysis
Excell 2013 and IPM SPSS statistic 22 sorfwares were used for statistic analysis for the data of

the experiments of this thesis.
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Abstract

This study compares the physico-chemical characteristics of three different types of biochar
produced from biomass residues in Vietnam as a basis for optimising their application in water
purification and soil fertilisation. Wood biochar (WBC), rice husk biochar (RBC), and bamboo
biochar (BBC) were produced under limited oxygen conditions using equipment available
locally in Vietnam, known as a Top-Lid Updraft Drum (TLUD). The resulting biochars were
characterised using a suite of state-of-the-art methods to understand their morphology,
surface chemistry and cation exchange capacity. Surface areas (measured by BET) for WBC
and BBC were 479.34 m?/g and 434.53 m?/g, respectively, significantly higher than that of RBC
which was only 3.29 m?/g. The morphology as shown in SEM images corresponds with the
BET surface area, showing a smooth surface for RBC, a hollow surface for BBC, and a rough
surface for WBC. All three biochars produced alkaline, with pH values around 10, and all have
high carbon contents (47.95 - 82.1 %). Cation exchange capacity (CEC) was significantly
different (p<0.05) among the biochars, being 26.70 cmol/kg for RBC, 20.7 cmol/kg for BBC,
and 13.53 cmol/kg for WBC, which relates to the cations (Ca, Mg, K) and functional groups
with negative charge (carboxyl, hydroxyl) present on the biochar surfaces. The highest

contents of Ca, Mg and K in rice husk BC may explain its highest CEC values. Thus, although
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the biochars were produced by the same method, the various feedstocks lead to quite
different physico-chemical properties. Ongoing work is linking these physico-chemical
properties to the biochar efficiencies in terms of ammonia capture capacities for use as
fertilisers, and for adsorption of heavy metals (Zn, Cu) or water filtration, in order to design

optimal biochar properties for specific applications.

Key words: physico-chemical characteristics, biochar, BET surface area, SEM, total carbon, CEC,

FTIR, feedstock

1. Introduction

Biochar is the carbonized product gained by pyrolysis of biomass under restricted or absent
oxygen conditions (Mukherjee and Zimmerman, 2013, Paethanom and Yoshikawa, 2012), but
without an activation step and thus differs from so-called activated carbon (Qiu et al., 2009).
The justification for carbonization through pyrolysis is to avoid the negative influences on
human health and the environment that result from direct (in field) burning of biomass
residues which releases carbon dioxide, one of the most important greenhouse gases (Al-
Wabel et al., 2013). Biomass-derived biochar is formed via a complex process (Kim et al.,
2012), but the reaction mechanism of biomass pyrolysis can be described as occurring mainly

via three steps (Demirbas, 2004) as follows:

Stage 1: Biomass Heat foisture + Dry residues

.
Stage 2: Dry residues (Volatile and Gases) + Pre-biochar
Heat

—

Stage 3: Pre-biochar a5t  (Volatile and Gases) + Biochar

55



The first step is loss of moisture from the biomass, which becomes dry feedstock by heating.
Then pre-biochar and volatile compounds are formed. In the last step, chemical compounds
in the biosolid rearrange and form a carbon-rich solid product known as biochar. The volatiles,
are either condensable such as bio-oil, or noncondensable gases (Duku et al., 2011) known as
syngas, including hydrogen (50%), carbon dioxides (30%), nitrogen (5%), methane (5%), and
others (Sohi et al., 2009). As a result of its aromatic structure (Schmidt and Noack, 2000)
biochar can be recalcitrant to microbial decomposition and mineralization (Zheng et al., 2010)
which leads to its persistence in soil for hundreds of years (Zheng et al., 2010). In fact, biochar
found in dark soil known as ‘Terra Preta soil’ in Amazonia was reported as being about 500-
2,500 years old (Neves et al., 2003) while biochar found in ocean sediment was estimated to

date from 2,400 to 13,000 years ago (Masiello and Druffel, 1998).

The benefits of biochar were demonstrated by several previous research efforts. For instance,
wood biochar applied into a Colombian savanna Oxisol increased available Ca and Mg
concentrations and pH, and reduced toxicity of Al (Major et al., 2010). In addition, biochar
improved soil structure (Jones et al., 2011) created a carbon sink in soil (Sohi et al., 2010) and
reduced CHs emissions (Liu, 2011). Hale (2013) reported that biochar can absorb NH4*-N via
cation exchange, thereby reducing the leaching of nitrogen fertilizer from soil (Huang et al.,
2014). Interestingly, biochar can be recalcitrant to microbial attack (Lehmann and Rondon,
2006) while compost or plant biomass are rapidly decomposed to greenhouse gases (CHa,
C0,), especially in tropical regions (Jenkinson and Ayanaba, 1977). Thus, the application of
biochar has a positive effect on soil fertility, particularly in tropical regions (Joseph and
Lehmann, 2009). However, several studies have found no or negative influences of biochar
application. For example, in calcareous soils, biochar did not improve pH or available P and

cations (Lentz and lppolito, 2012). Additionally, greenhouse gas emission (CO;) was increased
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for an Inceptisol type soil to which wood biochar produced at 350°C was applied (Ameloot et
al.,, 2013). These disadvantages may relate to biomass type and conditions of biochar

production, and soil type.

Pyrolysis conditions impact on the physicochemical characteristics of the biochar (Angin, 2013,
Abo-Farha et al., 2009, Novak et al., 2009). For example, Méndez et al. (2013) observed that
the ash content, pH, and BET surface area increased, while CEC, volatile matter and
microspore area declined in biochar produced from sewage sludge at 600 °C compared to
biochar prepared at 400 °C. On the other hand, a dramatic increase from 0.007 m?/g to 274
m?2/g in micropore (defined as being < 2 nm) area was observed for biochars derived from
Cottonseed hull when the pyrolysis temperature increased from 650 °C to 800 °C (Uchimiya
et al., 2011). Decreases in total N, organic carbon (OC), and CEC were also found in poultry
litter biochar when the pyrolysis temperature rose from 300 °C to 600 °C, while the opposite
trend was seen for pH and BET surface area (Song and Guo, 2012). Similar trends also were
observed by (Mukherjee et al., 2011) and Chen et al. (2008) who explained that at low
temperature (<300 °C) compounds containing -OH, aliphatic C-O and ester C=0 groups were
removed from the outer surface, while volatile matter shielding or connecting to aromatic
cores were destroyed or partly emitted at higher temperatures (>300 °C). Thus, micropores
dominating the biochar surface are filled by volatile compounds, which are emitted during
pyrolysis as the temperature increases (Mukherjee et al., 2011) and dramatically enlarge the

surface area of the resulting biochar (Cheng et al., 2008).

The biomass materials used for biochar production also have a major influence on the
resulting biochar properties (Mukome et al., 2013). For instance, wood and grass biomass-

derived biochar normally contain low nutrient elements, in part due to emissions of nitrogen
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during the pyrolysis process, so the resulting biochar has much lower N content than fertilizers
(Cantrell et al., 2012). Song and Guo (2012) reported that biochars formed from waste wheat
straw and tree leaves contained higher organic carbon (OC) content (64% - 73.9%) than that
of poultry litter-derived biochar (36.10%) produced at the same temperature (400 °C). In
addition, the different original biomass affects the morphology of the resulting biochar; for
instance, the exoskeleton of tracheids (elongated cells in the xylem of vascular plants that
serve in the transport of water and mineral salts) was an important contributor to structure
for wood biochar, while a heterogeneous structure resulted from chicken manure biochar
(Joseph et al., 2010). The CEC and pH of poultry litter-produced biochar were observed to be

higher than those of pine chip biochar and peanut hull biochar (Gaskin et al., 2008).

The properties of biochar are not static once formed: the environmental conditions following
biochar application were also found to affect biochar properties (Nguyen and Lehmann, 2009).
Surface oxidation of biochar particles was observed to occur when the biochar was applied
into soil (Liang et al., 2006) resulting in an increase of between 10% and 16% in surface
negative charge (carboxyl groups) of biochars (350-600 °C) derived from corn stover residues
and oak wood when applied under alternative water regimes (i.e. wet and dry conditions)
(Nguyen and Lehmann, 2009). However, aliphatic groups (CH2, CHs) were decreased by 18-
42% in the wet conditions, and by 4-30% in the dry conditions (Nguyen and Lehmann, 2009).
Cheng et al. (2006) reported that abiotic oxidation governed the increase of negative surface
charge and CEC of wood biochar (black locust) in soil, rather than biotic oxidation (microbial
activities). Surface oxidation increased over time, progressing from phenolic groups to
carboxylic groups, which were the main (cation) adsorption sites of the biochar (Cheng et al.,
2006). Yang et al. (2016) reported that the content of C=0 and COOH groups of walnut shell

biochar incubated with FeCls or kaolinite was enhanced 2.0 and 2.5 times, respectively,
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compared with the fresh biochar. The surface groups of the fresh biochars were negatively
charged and so adsorbed only cations (NH4*) via CEC (Mukherjee et al., 2011). However, the
O-containing groups of biochar could react with soil cations such as Al**, Fe3*/Fe?*, Ca%*, Mg**
to form organometallic complexes (Yang et al., 2016) and therefore could adsorb nutrient

anions such as NOsz’, POs* (Mukherjee et al., 2011).

Biochar application has thus been shown to have positive effects on the physico-chemical
properties of soil. However, as different biomass and pyrolysis conditions give various biochar
characteristics, which have different effects on soil properties and plants, it is not always clear
what the optimal biomass composition should be for specific local applications. Vietnam, for
example, has tropical weather leading to highly decomposed soil organic matter, and has high
rain annual fall causing severe erosion and leaching. Currently, the agricultural and forestry
residues in several regions in Vietnam are burnt or left to decompose in the fields, which
results in carbon dioxide release from the biomass into the atmosphere. Therefore, turning
the biomass into biochar will bring more benefits for soil enrichment and reduce the
environmental impact of agriculture. Hence, the objectives of this study were to identify the
physicochemical properties of three different biochars formed from acacia wood chip, rice
husk, and bamboo by the Top-Lid Updraft Drum (TLUD) technology, a biomass production

method commonly used in this region.
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2. Materials and methods

2.1 Biochar production

¢ Materials for biochar production:

The biomass residues used for biochar production in this study were collected from small
processing factories in a suburb of Hanoi city. The feedstocks include acacia wood chip, rice
husk and bamboo. The wood and bamboo were chopped into suitable pieces to fit into the
Top-Lid Updraft Drum equipment and air-dried before the pyrolysis process. According to
Nasser and Aref (2014) the chemical composition of acacia wood is 48% of cellulose, 22%
hemicelluloses, and 30% lignin, while rice husk contains 28-38% cellulose, 9-20% lignin, and
18.8-22.3% SiO,.(Guo et al.,, 2002) In comparison, bamboo is 47.5% cellulose, 15.35%
hemicelluloses, 26.25% lignin, and 0.7% silica.(Hernandez-Mena et al., 2014)

¢ Technology of biochar production:

The TLUD technology was inherited from the project ‘Piloting Pyrolytic Cookstoves and
Sustainable Biochar Soil Enrichment in Northern Vietnam Uplands’ (Grant Agreement No 3-V-
048). It consisted of a barrel (208.190 L, height 0.87 m, diameter 0.58 m) with a chimney,
which is described in detail in Figure 1. The three different biochars were produced
simultaneously in a TLUD that has been modified to allow the use of various feedstocks in
parallel, resulting in biochars produced under identical conditions. The materials are put into
the drum in parallel layers of about 20 cm thickness to ensure uniformity in temperature for
each feedstock. The final layer is wood, as wood keeps the flame for a long time, and thus is
used to reduce the smoke formed during the pyrolysis process. A fire is started at the top of
the material and then the lid and chimney are placed on top, once a flame is established. After
the biochar starts to form, small amounts of water are injected inside the drum via the 16 hole

(d =5 cm) and 8 hole (d =5 cm) rows in order to maintain a temperature between 400 — 550
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°C. The total process takes about 3 hours, then the lid is removed and water is sprayed inside
the drum to extinguish the fire and cool the biochar. Upon cooling, the layers of biochar can
be removed and separated. After that, 1kg of each biochar from wood (WBC), rice husk (RBC),
and bamboo (BBC) biomass was stored in air tight plastic bags and shipped to the University
of Birmingham, UK. Finally, the samples were kept at room temperature in the lab for analysis.
The samples were characterized through BET surface area, Scanning Electron Microscopy
(SEM), Fourier transform infrared spectroscopy (FTIR), elemental and proximate analysis, and
CEC, with reference to the COST Action guidelines for standardisation of biochar analysis

(Bachmann et al., 2016) where appropriate.

Large chimney,
d=20cm, h=
100cm

The frame to fix
the chimney

Handles

O 16
100mm . . . . ne row,

holes, d=5 cm

1 row with 8 holes, d=5 cm \L

Stirrup, width . . .

50mm, diameter 1 cylinder, h=60 cm,
1.6mm, caulked ’\ d=7 cm, and one
around the bottom row with 6 small
part of the lid 1 row with 6

holes, d=1 holes. Bottom is
rm open.

Legs, can use 3-4
bricks

\

100 holes with d=8mm at bottom

Figure 1: Modified TLUD for biochar production.
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2.2 Analysis methods

pHu20 analysis:

Biochars, sieved through a 2mm mesh, were analyzed for pH using the method of (Rajkovich
et al., 2012). Briefly, distilled water, with ratio of biochar to DI water of 1:25 (w/v), was added
to the biochar and the mixture was shaken for 1.5h to ensure good contact between the water
and the biochar’s internal surface. Then, the solvent was stirred again by steel spatula and pH
of the solvent was continuously measured using a Thermo Orion 3 star pH meter.

Cation exchange capacity (CEC):

CEC was determined using the method described in (Rajkovich et al., 2012). In brief, 1.0 g of
the biochar sieved through a 2mm mesh was saturated with 50 mL of 1N CH3COONH4 (pH=7)
and the mixture solution was shaken on a shaker table overnight which ensured that the
biochar surfaces were sufficiently wetted. After shaking, the solution was filtered by vacuum
filter (0.22 um) and then an additional 40 mL of the 1IN CH3COONH4 was added and then
immediately extracted by the filtration. Next, 60 ml of ethanol (80%) was used to wash all
unbound NH4* from around the samples. The biochar samples were placed into a glass beaker
and 50 mL of 1N KCl was added. The solution was kept for 16 h in order to reach equilibrium
during which time the NH4* absorbed to the biochar was completely replaced by K*, then
immediately another 40 mL of 1N KCl was added for a subsequent extraction. The solutions
containing NHa4* which replaced by K* were quantified by lon Chromatography (Dionex DX500)
using 6 standards (0, 0.5, 1.0, 5.0, 10.0, 20, 50 mg/L of NH4").

Scanning electron microscopy (SEM):

Small pieces of initial biochar were selected and further dried at 60 °C in an oven overnight.
Then, 4-5 small pieces of each biochar sample were coated with 10 nm Au/Pt film by a

Cressington SC7640 sputter coater and kept in a desiccator overnight. A scanning electron
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microscope (Philips ESEM XL30 FEG model) operating at accelerating voltages of 10-20 kV was

used to image the biochars.

BET surface area:

Surface area was determined by the Brunauer, Emmett, and Teller (BET) method (1983). The
method is based on Langmuir’s theory for monolayer molecular adsorption to multilayer
adsorption with the hypotheses that physical adsorption of gas molecules onto a solid occurs
in layers, with no interaction between each adsorption layer. A Surface Area Analyzer (model
SA 3100) was used for this analysis. Approximately 1g of biochar (adsorbent), sieved through
a 2mm mesh, was loaded into the vessel. Prior to the determination of the adsorption
isotherm, outgassing was conducted to remove the physically adsorbed substances from the
adsorbent at 250 °C for three hours. After degassing was complete, the sample vessel was
weighed to determine exactly the weight of the adsorbent, which was used for BET surface
analysis. Then, a known volume of nitrogen gas (adsorbate) was admitted into the sample
vessel at cryogenic temperature by the gas adsorption technique. The pressure in the sample
vessels was measured for each volume of the gas added until the adsorbate and adsorbent
are in equilibrium. The surface area of the samples was measured by plotting the data as
straight line with y= 1/v[(Po/P)-1] and x=P/Po following equations (equations 1 and

2):(Brunauer et al., 1938)

1 C-1(P 1 .
Py = T(E) + " (equation 1)

where Py and P are the equilibrium and the saturation pressure of the adsorbate, Vis the

volume of adsorbed gas, and Vi, is the volume of the monolayer-adsorbed gas, Cis BET

constant, and:

C =exp (%) (equation 2)

where E; and E; are the heats of adsorption for the first and higher layers, respectively.



A total surface area Sger totar and a specific surface area Sger were estimated using the following

equation (equation 3):

VmNg Stotal

SBET total = and  Sggr = (equation 3)

where N is Avogadro's number, s is the adsorption cross section of the adsorbing species, a is
the mass of adsorbent (g).

Proximate analysis:

Moisture, ash, and volatile matter were analysed by the method of the American Society for
Testing and Materials Standard (ASTM standard —D1762-84). Approximately 1g of biochar,
sieved through a 2mm mesh, was added into a porcelain crucible and the moisture content
was calculated from the loss in weight at 105 °C in the oven for 2h. After that, the crucibles
used for moisture measurement were heated to 950 °C in a muffle furnace for a period of 6
minutes to measure volatile mater. Ash content was then calculated from the loss in weight
of the samples contained in the crucibles (used for volatile matter) following heating at 750
°C for 6h.

Elemental analysis (C, N, H):

5mg of biochar, sieved through a 2mm mesh, was loaded into a tin capsule and placed into an
autosampler drum to remove any atmospheric nitrogen. The sample was then put into a
vertical quartz tube and heated at 1,000 °C with constant helium flow and pure oxygen in
order to combust (oxidize) the sample completely. The gas mixture containing the three
components (C, N, H) from the oxidation step was separated via a chromatographic column
and detected by a thermoconductivity detector. The elemental analyzer used was a Carlo Erba
EA1110 Model, Italy. The total O was calculated following the ASTM method as follows:

O (%w/w) = 100 — ash (%w/w) — C (%w/w) = N (%w/w) — H (%w/w) (equation 4).
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Total P, Ca, Mg, and K:

Total P, Ca, Mg, K were measured after biochar (0.5g) was put into a porcelain crucible heated
to 500°C over 2 h, and held at 500 °C for 8 h for dry combustion. The sample was then moved
into the combustion vessel. Next, 5 mL HNO3z was added to each vessel and the samples were
digested by a heating block at 120°C until dryness (5h). The tubes were allowed to cool before
adding 1.0 mL HNOszand 4.0 mL H,0,. After that, samples were preheated to 120°C to dryness,
and then dissolved with 1.43 mL HNOs3, made up with 18.57 mL deionized water to achieve 5%
acid concentration, sonicated for 10 min, and filtered. The total P was measured by
spectroscopy using a UV-Vis 2000 model with quartz cuvette at A=725 nm with 6 standards (O,
0.02, 0.04, 0.06, 0.08, 0.1 mg P20s5/100mL) to establish the standard curve. Ca and Mg were
titrated by EDTA (0.01 M) with murexide (the ammonium salt of purpuric acid) indicator for
Ca and Eriochrome Black T for Mg, and K was analyzed by Flame Atomic Adsorption
Spectroscopy (FAAS 2900 model) with 4 standards (0.25, 0.5, 1.0, and 2.0 mg K/L).

Surface functional group analysis (Fourier-transform infrared -FTIR) spectroscopy):
Approximately 0.5 g of biochar, sieved through a 2mm mesh and dried at 60°C, was used for
FTIR analysis. The FTIR spectra of the biochar were measured using a Varian 660 spectrometer.
The spectra were an average of 32 scans at 4 cm™ resolution from 4000-400 cm™ region.
Statistical analysis:

Microsoft office excel 2007 was used for determination of standard deviation (SD) and IBM

SPSS statistic 22 software was used for ANOVA analysis.

3. Results and discussion

3.1 Elemental components

The biochar samples were analyzed in duplicate for C, H, N, P, K, Ca, and Mg, whereas O was

calculated using equation 4 shown in section 2.2 above. The data are presented as mean + SD
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(standard deviation) in Table 1. Results indicate that all three biochars had high carbon
content, and that there was a difference (p<0.05) among the biochars. Wood BC had the
highest value (82.10 £ 0.21 %C), while rice husk BC was lowest with only 47.82 + 0.18 %C. A
high carbon concentration is an important property of biochar for soil enrichment. Nitrogen
(N) accounted for a very low proportion in the ultimate analysis, with similar values (p>0.05)
for all three biochar samples with N in the range 0.62 + 0.06 - 0.72 £ 0.02% N in the order rice
husk BC < wood BC < bamboo BC. Hydrogen content was also low and similar across the three
biochars, ranging from 2.07 £ 0.04) % to 2.33 (£ 0.01%) H, with wood BC < rice husk BC =
bamboo BC. Unlike the carbon content, the oxygen content of rice husk and bamboo were
similar (p>0.05), fluctuating between 8.25 + 0.28% and 8.86 + 0.02%, whereas wood biochar
oxygen was 12.93 + 0.16%. There was no statistical difference of phosphorous (P.0s) content
(p>0.05) among the biochars nor for potassium (K) or magnesium (Mg), although the absolute
values varied. However, the Ca content of rice husk BC (2.37 £ 0.18 %) was significantly
different (p<0.05) in comparison with those of wood BC (0.65 *+ 0.06%) and bamboo BC (0.57

+0.01%)

Table 1. Elemental composition of the three different biochar samples.

Parameters Wood BC Rice husk BC Bamboo BC
C, % 82.10+0.21 ¢ 47.82+0.18a  80.27 +0.08 b
H, % 2.33+0.01a 2.07 £0.04 a 2.07 £+0.04 a
N, % 0.71 +0.05 a 0.62 +0.06 a 0.72 +0.02 a
0, % 12.93 +0.16 a 8.25+0.28 b 8.8610.02 b
P,% 0.22#0.21a 0.22 +0.20 a 0.88+0.13 a
K,% 1.58 +0.62 a 1.89 +0.63 a 0.47 £0.13 a
Ca, % 0.65 +0.06 a 2.37+0.18 b 0.57 £0.01 a
Mg,% 0.21 +0.05 a 0.26 +0.10 a 0.14 +0.03 a
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The biochars produced from plant residues normally contain a low portion of nutrient
elements (Cantrell et al., 2012). The loss of H and N via volatile matter is related to the degree
of carbonization during pyrolysis, explaining in part the low H and N values (Bagreev et al.,
2001). Cantrell et al. (2012) reported that H and N contents in initial biomass were volatised
50-85% and 21.4%-77.5%, respectively, when pyrolysis temperatures increased from 350 °C
to 700 °C. However, N content can be preserved in biochar due to the transformation of the
amine functionality in the original feedstocks into pyridine-like compounds during pyrolysis
(Bagreev et al., 2001). The very low N contents determined here (Table 1) suggests that most

were volatilised, and that low pyridine functionality can be expected from the FTIR analysis.

3.2 Proximate analysis, pH and CEC of the biochar samples

Samples were run in duplicate for moisture, volatile mater, and ash proportions, and in
triplicate for pH and CEC. The results are shown in Table 2 and are presented as mean + SD.
The data indicate that the biochars were all alkaline with pH values ranging from 9.51 (+ 0.02)
to 10.11 (£ 0.04) in the order Rice BC < Bamboo BC < Wood BC. Several previous studies
proved that the alkalinity of biochar is attributed to the presence of alkaline metals such as
Ca, Mg, and K (Song and Guo, 2012, Gundale and Deluca, 2006) carbonate (CaCOs and
MgCOs), and organic functional groups (Yuan et al., 2011). This is consistent with the data
from Table 1, where the Rice husk BC had the highest values of Ca, Mg and K, and the Bamboo
BC having the lowest concentrations of each. The pH is known as a pivotal parameter of soils,
which impacts on available nutrients and plant growth (Lee et al., 2013). Thus, the high pH of
these biochars suggests their suitability for use as soil amendments to ameliorate acidic soils
(Lee et al., 2013) which may also contain aluminium, iron and manganese which can be toxic
to crops and cause nutrient (P, Mo, Mg, Ca) deficiencies in several soils (Yuan et al., 2011). For

example, Fe?* is toxic to rice when soil pH<5.0 due to excessive Fe?* uptake. A high Fe?* content
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in soil can also lead to poor root oxidation due to accumulation in the rhizosphere of H>S and

FeS which inhibit respiration (Yuan et al., 2011).

The ash content of the biochars, as determined by the ASTM method, shows significant
differences among the various biochars (p<0.05). The largest proportion of ash was found in
the rice husk BC, with 41.24 (+ 0.49) % ash, while the lowest was observed for wood BC (1.93
1 0.03 %). Rice husk BC has been reported previously to have a relatively high ash content,
e.g., 54.0% (Shen et al., 2014) which is due to the biomass having lower abundance of lignin,
e.g., 9-20% (Guo et al., 2002) as compared to woody residues, e.g., 20-40% (Sharma et al.,
2004). In addition, biochar with higher ash contents was found to correspond to lower values
of fixed carbon, as reported in several previous studies.e.g(Yargicoglu et al., 2015).
Interestingly, although there were significant differences (p<0.05) in both the ash and fixed
carbon (rice husk BC < bamboo BC < wood BC) proportions among the biochars, their volatile
matter values were similar (p>0.05), ranging between 45.61 (+ 0.54) % and 48.72 (+ 3.22) %
(rice husk BC < wood BC < bamboo BC). The low fixed carbon content of rice husk BC (7.82 +
0.10 %) means that this material is less resistant to biotic decomposition and thus has a shorter
existence in soil (Yargicoglu et al., 2015). However, rice husk BC’s high pH and CEC are useful

properties for soil enrichment (Budai et al., 2014).

Table 2. CEC, pH, and composition of the three biochars.

Parameters Wood BC Rice husk BC Bamboo BC
pH 10.11 +0.04a 9.51+0.02 a 9.94 +0.02 a
CEC, Cmol/kg 13.53+0.65a 26.70%1.57c 20.77 £1.21b
Moisture,% 5.4510.03 a 5.371+0.05a 6.11+0.11 a
Volatile,% 46.68 +1.68 a 45.61+0.54 a 48.72 +3.22 a
Ash,% 1.93+0.03 a 41.24+0.49c 8.08 £0.20 b
Fixed carbon,% 4594 +1.68c 7.820.10a 37.09%3.32b
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There were significant differences of CEC values among the three biochars (p<0.05). In fact,
rice husk BC had the highest CEC with 26.70 Cmol/kg, while bamboo and wood BC were 20.77
Cmol/kg and 13.53 Cmol/kg, respectively. A high CEC indicates the ability of biochar to adsorb
cationic nutrients (e.g. Ca?*, Mg?*, NH4*, K*) and thus high CEC biochars reduce the leaching of
these nutrients along a soil profile (Song and Guo, 2012). CEC depends on the presence of
negatively charged surface functional groups (Essington, 2015) and other sources like metal
hydroxides and silica phytoliths in biochar ash (Harvey et al., 2011). In addition, ageing and
oxidization of biochar surface following application in the environment (soil) contributes to
increased CEC values (Cheng et al.,, 2006), thus enhancing the adsorption and retention

capacities of soil for nutrient cations (Yuan et al., 2011).

3.3 FTIR spectroscopy

FTIR spectra of wood, rice husk, and bamboo BCs are shown in Figure 2. The characteristic
vibration was interpreted based on Stuart (2004) and (Oz¢imen and Ersoy-Mericboyu, 2010).
The band at 2922 cm™ of both bamboo and wood BC refers to the aliphatic C-H stretching of
alkenes. The O-H stretching of carboxylic acids in the three BCs is observed in the region of
2588-2532 cm™, while O—H and P-H stretching of ester compounds are assigned in the range
of 2362-2348 cm™. The bands that appear at around 2160 cm™in rice husk and wood BC are
attributed to aliphatic isonitrile —N=C stretching, C=C stretching of alkynes, as well as Si-H

stretching of silicon compounds.
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Figure 2. FTIR spectra of the three different biochars in the range 4000 — 400 cm™.

The C=C stretching bands of aromatic compounds of the biochars appeared in the range 1587-
1550 cm™!, whereas aromatic C=C stretching and C-H bending bands are assigned between 875
cm and 872 cm™. Interestingly, there was one band near 1430 cm™ for rice husk BC only,
suggesting silicon attachment to the ring of benzene. Bands in the range of Si-O-Si asymmetric
stretching (1000-1130 cm™) were observed for both wood BC (1069 cm™) and rice husk BC
(1058 cm?). This finding was in contrast with the report of Nasser and Aref (2014) who found
no Si content in wood BC from six Acacia species in Saudi Arabia. In addition, CO3% groups
were also represented in the bands at 872 cm™ for wood BC and bamboo BC or at 875 cm™
for rice husk BC, while the bands appearing in the range of 950-1100 m for wood BC (1069
m-1) and rice husk BC (1058 m) are assigned to PO43 ions. In the range 1069-1058 cm?, C-O
stretching bands of alcohols and phenols and aliphatic C-O stretching of esters were found in

wood and rice husk BC, but were not present in bamboo BC. The bands observed between
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803-796 cm™ for all three biochars were associated with NH, wagging and twisting of amines,
and aliphatic symmetric P-O—C stretching. Similarly, =C-H bending of alkynes and C-S
stretching bands were assigned in the range of 700-600 cm™ and were present in all three
biochars. Thus, the three biochars were dominated by the aromatic structure (Fang et al.,
2014) which results from the transformation of cellulose, hemicelluloses, and lignin and
protein present in the parental feedstocks (Cantrell et al., 2012, Keiluweit et al., 2010) to form
condensed structures via aromatization (Harvey et al., 2011) during the pyrolysis process. This
is consistent with the alkaline pHs found for all three biochars. Additionally, carboxylic acid,
alcohol, phenol, and amine functional groups were found to have formed on the biochar
surfaces, which play an important role in cation and anion adsorption capacity of biochar, and

indeed is consistent with the original biomass components.

3.4 BET and SEM

The BET surface area of the three biochars is presented in Figure 3, with values varying
significantly with different parental biomass (p<0.05). The biochar produced from rice husk
has the lowest BET surface area of 3.29 + 0.02 m?/g while bamboo and wood biochar both
resulted in higher values of 434.53 + 2.79 and 479.34 + 0.88 m?/g, respectively. The low value
of surface area of rice husk BC corresponds with its less complicated morphology as indicated
in the SEM images (Figure 4 c & d), compared to wood and bamboo BCs (Figure 4). In genaral,
the surface area of biomass biochar is increased by the development of a porous system
during the pyrolysis process (Paethanom and Yoshikawa, 2012). However, the high ash
content of rice husk (41.24%, see Table 2) can result in blocking of the pores (Yargicoglu et al.,
2015) which contributes to the reduction in surface area. In addition, softening, melting,
fusing, and carbonizing during pyrolysis process, which can result in significant blocking of the

pores, also causes a decease of the surface area values (Fu et al.,, 2011). According to
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Rouquerol et al. (1994) biochar porosity was characterized by the International Union of Pure
and Applied Chemistry (IUPAC) as micropores (<2 nm), mesopores (2-50 nm), and macropores
(>50 nm). In fact macropores do not contribute to the measured surface area, while meso-

and micropores do (Lee et al., 2013).

Scanning electron microscopy (SEM) was used to characterize the morphology of the three
biochar samples. The pore shape, size and morphology are visualised by SEM, providing
information on the structure of the three biochars after pyrolysis of the different biomasses.
Figure 4 shows representative images of each biochar, at two different magnifications (20um
X 1000 um and 200 pum x 100 um). These pictures demonstrate the difference in porous
structure among the biochars. In fact, the surface of the wood biochar has a complicated and
rough surface with hollow structure (Figure 4a) and various pores (Figure 4b), representative
of volatile compound release (Cetin et al., 2004). In contrast, the morphology of rice husk
shows elongated hollow regions (resembling the shape of a boat) (Figure 4d) with one side
having rough surface formed by mostly closed vesicles in rows, which were presumably
formed by the melting of lignin while transporting the volatiles towards the surface (Sharma
et al., 2002) and cracking and polymerization of hydrocarbons (Septien et al., 2013). In
addition, there are crystals of inorganic salts present as individual particles and soot particles
(Septien et al., 2013) covering the surface (figure 4c). In contrast, the other side of the wood
biochar (Figure 4d) was observed as a smooth surface. Liu et al. (2010) reported that the
melting and fusion process of lignin and other small organic molecules could be the cause of

smooth surface formation.
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Figure 3. BET surface area of three different biochars.

Several mineral crystals (Figure 4a) were observed on the surface of rice husk BC. Septien et
al. (2012) proposed that the mineral grains moved to the surface and then coalesced after
fusion or re-condensed volatiles. Interestingly, the porous structure did not show on the SEM
images of rice husk BC, while this parameter plays a key role in surface area of biochar,
particularly, mesopores and micropores (Lee et al., 2013). In addition, a porous system serves
as habitat for soil microorganisms such as bacteria, fungi, and protozoa which interact with
the rhizophere to improve the ability of plant for nutrient uptake (Thies and Rillig, 2009). Thus,
these limitations suggest that risk husk BC may be less suitable as a soil nutrient, due to the
lower BET surface area of this biochar. In comparison, bamboo BC (Figure 4e & f) had a special
morphology, appearing as a hollow honeycomb-like structure with various pore sizes. The
volatile compounds released quickly during the pyrolysis process created an internal
overpressure and led to the coalescence of small pores, which lead to inner cavities and a
more open structure (Guerrero et al., 2005, Onay, 2007). Such open pores with dominant
micropores are the main source of this biochar’s high surface area (Sharma et al., 2002). Thus,
the complicated surface structure of both wood BC and bamboo BC allows them to have

higher BET surfaces than rice husk BC.
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Figure 4. SEM photographs of biochar samples, (a, b) wood BC, (c, d) rice husk BC, and (e, f)
bamboo BC. Magnifications are included in the images, all of which were taken from the same

sample orientations.

3.5 Optimising the biochar selection for specific applications

The detailed characterisation of the biochars presented here is the first step in an ongoing
project to support local agriculture in Vietham by optimising the functional capacity of
biochars through selection of the most suitable biomass or combination of biomass sources
to produce biochars with the desired functional characteristics depending on the intended
application. Thus, where the goal is improvement of soil quality, for example via providing a
carbon sink or encouraging colonisation by microorganisms the set of desired BC properties

needed would be different than those required for applications such as binding of heavy
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metals or other toxicants or indeed for soil conditioning via enhanced retention of vital
nutrients. Table 3 below presents an initial analysis of the BC properties required for the three
main applications of interest in this work, and a first mapping of the physical-chemical
properties of the three biochars analysed here (wood, risk husk and bamboo) to these
requirements. Subsequent work will confirm experimentally that the properties identified in
theory as correlating with key functional behaviours, which translate in practice to assessing
the ammonium-nitrogen binding and heavy metal binding capacity of the different biochars
and correlating these with key physico-chemical properties driving the reactive potential of

the biochars.

Table 3: Summary of the BC properties required for different applications and an initial

assessment of the suitability of the different BCs match to these properties.

Environmental application Wood BC Rice BC Bamboo BC
Improving soil quality (C sink)
- High C content 4 X v
- Low Ash content v X v
- Alkaline pH v v v

) v X v
- High surface area
- Highly porous structure (habitat for v X v

microrganisms and water holding
capacity)

Binding of heavy metals (remediation)
- Alkaline pH v v v
- High CEC X v v
- High surface area j ‘)i :
- Alcohol groups / phenols / esters v v %
- Acidic groups (COO-, CO3%) v v X
- Other groups (PO4*)
Retention of nutrients (fertilisation)
- High CEC X v v
- High Surface area v X v
- Porous structure v X :;
- Acidic groups (COO-, COs%) j : X
- Other groups (PO4*, Si-O-Si)
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4. Conclusions

The comparison of three biochars, from different biomass sources widely available in Vietnam
(i.e. Acacia wood, rice husk and bamboo), produced using a pyrolysis approach indicated
important differences of the physicochemical properties among the biochars produced under
identical conditions. The high carbon content and alkaline pH of the three BCs makes them
suitable for creating a carbon sink and improving the pH of acidic soils, as well as theoretically
providing the capability to reduce mobility of toxic metals by precipitation. The immobility of
heavy metals governed by changes pH in soil amended with biochar was reported by precious
studies (Park et al., 2011). The formation of metal hydr(oxide), carbonate, and phospate
precipitates are one of possible mechanisms for the immobility of the metals (Park et al.,
2011). Testing of the metal mobility reduction of the biochars is underway and will be

reported separately.

CEC and BET surface area are important parameters determining the adsorption capacity of a
BC for ion nutrients or heavy metals, so the high CEC values (rice husk BC) and BET surface
area values (bamboo BC and wood BC) are useful for soil enrichment and environmental
mitigation. The values of CEC relate to cation binding capacity (CaZ*, Mg?, K*, Na*) and
functional groups on surface, while BET surface area corresponds to surface morphology, as
observed by SEM. The complex morphology with variously sized pores present in bamboo and
wood BC not only serves as habitat for microorganisms (Zackrisson et al., 1996, Rillig and Thies,
2012), but also potentially improves the water holding capacity of soil (Basso et al., 2013, Yu

et al.,, 2013).

Thus, the detailed characterisation of the biochars is the first step towards optimisation of the

selection of biochars for specific applications, as part of an ongoing project to support local

76



agriculture.  Indeed, it might be that mixtures of different biomass sources could be

developed to fully optimise the functionality of the BCs for a range of agricultural applications.
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Abstract

This study evaluates adsorption of ammonium nitrogen (NH4*-N) ions onto various biochars
produced from biomass residues in Vietnam as a function of their physicochemical
characteristics. Three biochars, including wood biochar (WBC), rice husk biochar (RBC), and
bamboo biochar (BBC), were produced under limited oxygen conditions using Top-Lid Updraft
Drum technology at temperatures of 450-550°C. Physicochemical characterization (BET
surface area, Cation exchange capacity (CEC), Scanning Electron Microscopy, Fourier
Transform Infrared Spectroscopy) of the biochars was performed in order to link their porosity
and surface functional groups with their NH4*-N capture capacities. The adsorption capacity
was evaluated using various parameters such as adsorbent dosage, contact time, and initial
adsorbate concentration. The equilibrium adsorption data were analyzed by Langmuir,
Freundlich and Temkin adsorption isotherm models. The Freundlich model best describes the
adsorption of NHs*-N onto the three biochars. The capacities of the biochars for NH4*-N
adsorption were in the order RBC > BBC > WBC, which correlates with their overall CECs. The
Lagergren-first order and pseudo-second order models were also used to evaluate the kinetics
of adsorption, and the adsorption data of NH4*-N showed a good fit with the later model.
Thus, the experimental data indicates that all three Vietnamese agricultural residue-derived

biochars are suitable for maximising NH4*-N adsorption from aqueous solutions (e.g. from
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fertiliser application), with rice husk BC being especially effective. The increased adsorption
capacity of RBC correlated with its having the highest CEC despite having the lowest surface
area, suggesting that surface chemistry plays the greatest role in the NH4*-N adsorption of all

the physico-chemical parameters investigated.

Key words: Adsorption, biochar, ammonium, physico-chemical characterization, equilibrium

adsorption, and adsorption kinetics

1. Introduction

Ammonia compounds in water have attracted increasing intention around the world for their
influence on drinking and waste water, and aquaculture. Ammonia is present in water in two
forms, either unionised ammonia, NHs, or as the ammonium cation, NH4* (Chien, 1992). The
nitrogen sources resulting in water pollution mainly result from industrial and agricultural
activities like food, rubber and fish processing, steel and leather production, animal
husbandry, and fertilizer application (Le Leuch and Bandosz, 2007, Zhu et al., 2012), and from
aquaculture. In agriculture, nitrogen fertilizer applied as urea — CO(NH3); is widely used due
to its high N content (46% N), low manufacturing costs, and easy shipping (Hagin and Tucker,
1982). However, the main problem of this product is the low use efficiency, with 40-70% of
the applied nitrogen lost to the environment (Wu and Lui, 2007) via leaching, volatilization,

run off, and erosion (Bouwman and Boumans, 2002).

High ammonia concentrations in drinking water can have harmful impacts on human health,
while in industrial wastewater ammonia is linked to oxidation of the pipe systems draining the
wastewater (Halim et al., 2013), and excessive amounts in lakes and rivers with slow flow is a

major cause of eutrophication (Zhu et al., 2012) and is toxic for fish (Chien, 1992). Hence,
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several studies have focussed on approaches for removal of ammonia from aqueous solution.
The methods employed for ammonia removal from wastewater include ion exchange by
natural zeolite (Alshameri et al., 2014, Malovanyy et al., 2013, Thornton et al., 2007),
bioadsorption by biofilm (Sabbah et al., 2013, Qiao et al., 2010), ozone treatment (Schroeder
etal.,, 2011, Tanaka and Matsumura, 2003), and adsorption by carbon nanotubes (Moradi and
Zare, 2013), synthetic zeolite (Otal et al., 2013, Arslan and Veli, 2012) or low cost materials
such as wheat straw or volcanic tuff (Ma et al., 2011, Maranon et al.,, 2006). Among the
potential methods, adsorption is considered to be a promising technology for removal of
ammonia contaminants from wastewater (Zhu et al., 2012). From the various porous solids
described, low-cost adsorbents known as biochar (BC), the carbonized product gained by
pyrolysis of biomass under restricted or absent oxygen conditions (Mukherjee and
Zimmerman, 2013a, Paethanom and Yoshikawa, 2012) present a prospective option for
industrial or household-scale removal of pollutants. Advantages of biochar include their
porous structures, high surface area, and negative surface charge, and the fact that it can be
produced in kilns on-site by small farmer groups in developing countries utilising materials

that would otherwise simply be burned.

Removal of ammonia from aqueous solution by biochar was assessed by several researches
using biochars produced from different feedstocks. The results showed that different kinds
of biochar gave various adsorption capacities. For example, Zeng et al. (2013) reported that
biochar produced from four phytoremediation plants at high temperature (700°C) had higher
adsorption capacity for ammonia than those produced at lower temperatures (500-600°C),
while the opposite trend was observed by Wang et al. (2015c) for oak sawdust BCs (300-
600°C). The effect of various concentrations of HNO3s used to modify the surface of corncob
BC on NHa*-N adsorption was reported by Vu et al. (2017) with the best ratio of BC/HNO3

found to be 1:5 (w/v). Thus, although BC has been shown to be effective for ammonia
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adsorption, the mechanism for the adsorption is still not fully understood. Surface-chemistry
driven adsorption was assumed as the mechanism for most studies, but whether NH4*-N is
adsorbed on biochar as a monolayer or multilayer on homogenous and/or heterogeneous

surfaces is still under debate.

Vietnam is known as an agricultural country: agriculture accounted for 17% of GDP in 2014
and employs nearly half of the workforce (World Bank, 2006). Biomass residues like wood
chips, sawdust, rice husk, and bamboo are abundant by-products of processing plants in
Vietnam. According to statistics from the Ministry of Agriculture and Rural Development
(Vietnam), average rice production in Vietnam from 2011-2015 was around 43 million tons,
which corresponds to around 8 million tons of rice husk discharged in this 4 year period. These
discharged by-products are normally used for cooking, as bedding for animals or are left for
decomposition in fields, rather than being turned into novel products like biochar for industrial
and agricultural applications. In recent years, several research efforts in Vietnam have
investigated the potential application of these products, particularly evaluating their
effectiveness for water purification, as waste water treatment has become a hot issue in some
region, but the results are still limited. Hence, in this work, three selected typical Viethamese
biomass sources were turned into biochar and evaluated for (ammonium) adsorption as a
function of their physicochemical characteristics. The goal of this research was to provide
evidence-based recommendations to local farmers on the selection of the appropriate

biomass to convert to biochar in order to achieve specific treatment goals.

2. Materials and Methodology

2.1 Biochar preparation and characterization

Three biochars from Acacia wood chip, rice husk, and bamboo were produced by TLUD

technology under limited oxygen condition, as described in section 2.1 of Chapter 2. The
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biochars were extensively characterized in terms of their pH, CEC (cation exchange capacity),
BET surface area, FTIR (Fourier-Transform Infrared Spectroscopy) for surface chemistry,
proximate and element analysis. All three biochars were alkaline with pH = 9.51-10.11. CEC
decreased in the order rice husk BC (26.70 Cmol/kg) > bamboo BC (20.77 Cmol/kg) > wood BC
(13.53 Cmol/kg), while the opposite trend was observed for BET surface area. Measurement

methodologies were described in detail in section 2.2.1 of Chapter 2.

2.2 Adsorption experiments

The stock solution with 500 mg/L of NH4*-N was prepared by dissolving NH4Cl in distilled
water. Solutions for adsorption experiments with the three biochars were diluted from the
stock solution, with exposure concentrations (20 — 320 mg/L) selected to ensure
concentrations much higher than the normal concentration of ammonia (0.2 mg/L) in surface
water (Organization, 2004a). The pH of the experimental solutions was adjusted to a constant
value (pH=7) by adding small volumes of 0.1M NaOH or 0.1M HCI, and measured by a pH
meter (Thermo Orion 3 star model). The adsorption experiments were conducted including
different dosages of adsorbents (biochars), various initial concentrations of adsorbate (NH4*-
N), and different contact times. The initial concentration of NH4*-N (40mg/L) in solution for
the experiments of biochar mass and contact time was chosen based on the experiments of
Zhu et al. (2012). In the first experiment assessing the effect of biochar concentration, 0, 0.25,
0.50, 1.0, and 2.0g of biochar were added into falcon tubes and mixed with 40mL of NH4*-N
(40 mg/L, pH=7). Then, the tubes were put on an orbital shaker and shaken at 300 rpm for
24h hours at ambient temperature (22 + 0.5°C). After the desired time, the solution was
centrifuging at 5,000 rpm for 10 mins, and the supernatant was filtered using an acrodisc

syringe filter (0.20 um) after which the NH4*-N concentration in the filtered solution was
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measured by lon Chromatography (Dionex DX500 model) and calculated using a standard

curve determined using standard solutions of 0.5, 1, 5, 10, 20, 50 mg/L of NH4*-N.

For the second set of experiments, assessing the effect of NH4*-N concentration on the
absorption efficiency, 0.5g biochocar was added into falcon tubes and mixed with 40 mL of
NHs*-N (pH=7) with various concentrations (0, 20, 40, 80, 160, 320 mg/L of NH4*-N), and
shaken for 24h at 300 rpm at room temperature (22 + 0.5 °C). Other steps were the same as

in the first study, to measuring the NH4*-N concentration remaining on solution.

In the final set of adsorption experiments, assessing the effect of adsorption time, 0.5g biochar
mixed with 40mL NH4*-N (40 mg/L, pH=7) was shaken for the desired times (30, 60, 90, 120,
240, and 480 mins), and then each sample was centrifuged and filtered as described above to
evaluate the adsorption capacity of biochar as a function of the contact time. Other steps

were similar to the above two experiments.

All the experiments were conducted in triplicate, and data were presented as mean * SD
(standard deviation). The NHa*-N adsorption at equilibrium qe, at a specific incubation time gz

and the proportion of removal (%) were calculated using the follow equations.

Equations 1 and 2 describe the equilibrium experiments:

.= @ (1) and %removal =% x100 (2)

where C, are the initial concentration of adsorbate (40 mg/L of NHs*-N), Ce is the
concentration of adsorbate at equilibrium (i.e. at 24h where no further change in the
concentration in solution occur); V (L) is the volume of the adsorbate; and m is the dosage of

adsorbent (g).

Equations 3 and 4 describe the contact time experiments:
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.= _(Co;:t)v (3) and %removal =% x 100 (4)

where C, and C; are the initial and time t concentrations of NHa*-N (i.e. C: is the concentration

of NHs*-N at time t); V (L) is the volume of the adsorbate; and m is the dosage of adsorbent

(8).

Data Analysis

Langmuir isotherm, Freundlich isotherm, and Temkin isotherm models were used to evaluate
the data of adsorption of NH4*-N in order to provide insights into the adsorption process and

arrangement of the adsorbed NH4*-N on the biochar surfaces.

The Langmuir model (Langmuir, 1917) was successfully used to simulate the adsorption
isotherms of adsorbate onto solid. Langmuir theory assumes that sorption occurs at a surface
with homogenous adsorption sites, without interactions between the adsorbed molecules and
with constant heat of adsorption for all active sites of the adsorbent (Chowdhury et al., 2011,
Gupta et al., 2010). Additionally, the maximum adsorption is associated with a monolayer
impregnated with molecules of adsorbate on a homogeneous adsorbent surface (Long et al.,

2008). The model equation (5) was described as follows:

1 1 1 1
de  Amax qmaxKL Ce

(5)

where ge (mg/g) is the adsorption capacity at equilibrium, Ce (mg/L) is the concentration of
adsorbate (remaining in solution in our measurements) at equilibrium, C, (mg/L) is initial
concentration of adsorbate, K. (L/mg) is the Langmuir adsorption constant relative to the
adsorption energy, and gmax (mg/g) is the maximum monolayer adsorption capacity of the

adsorbent. Values of K. and gmax are calculated by plotting 1/qe versus 1/Ce.
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The Freundlich isotherm (1906) was used to predict multilayer adsorption on a heterogeneous
surface between liquid and solid phases. The theory of the Freundlich isotherm assumes that
the adsorbate molecules are adsorbed onto a heterogeneous surface via a multilayer of
adsorbent (Long et al., 2008) and that the heat of adsorption is not equally distributed to all
the adsorption sites (Chowdhury et al., 2011). The equation is presented in Equation 6, as

follows:
1
Inqe=HInCe+InKF (6)

where ge (mg/g) is the adsorption capacity at equilibrium, Ce (mg/L) is the concentration of
adsorbate at equilibrium, C, is the initial concentration of adsorbate, KF (mg/g) is the
multilayer adsorption capacity, 1/n is the intensity of adsorption. Values of Kr and 1/n are

calculated by plotting Inge versus InCe.

The Temkin isotherm is based on the assumption that the adsorption heat impacts all
molecules in a solid layer and increases linearly due to the interaction between adsorbent and
adsorbate. The equation for this model was described by Chowdhury et al. (2011) as indicated

in Equation 7 below:

RT RT
qe=F InA+FInCe (7)
where ge (mg/g) is the adsorption capacity in equilibrium, Ce (mg/L) is the equilibrium
concentration of adsorbate, B=RT/b (J/mol) is the Temkin constant related to adsorption heat,

A (L/g) is the equilibrium constant of binding related to the maximum energy of binding.

Values of A and B are calculated by plotting ge versus InCe.
Kinetics of adsorption:

Pseudo-first order and Pseudo-second order models were used to evaluate the mechanism of

solid adsorption. The equations (8 and 9, respectively) are below as follows:
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qt szﬁ** qe

In(qe—qt) =Inq,.-kit (8) and

where g: (mg/g) is the amount of adsorbate (NH4*-N in this case) adsorbed onto the biochar
at time t (min), ge (mg/g) is the adsorption capacity at equilibrium, ki (min) and ka2 (g/mg min)
are the Pseudo-first order and Pseudo-second order rate constants, respectively. ge* is
calculated from a plot of In(ge-qt) versus t, while ge+ is obtained from a plot of t/qg: versus t.
Thus, gex and qe** are called ge-cain and Qe-ca2 as they are the calculated values as opposed to

the experimentally determined ones.
Intraparticle diffusion model:

An Intraparticle diffusion model, based on the theory of Weber and Morris (1963), was used
to evaluate the diffusion mechanisms and rate controlling steps in the adsorption of NH4*-N

onto the different biochars. The equation is given as:

q,=kigt™?+ C (10)
where kiq is the rate constant of the intraparticle diffusion (mg/g min/2), and C is the

thickness of the boundary layer. C and kiq are calculated from the plot of gt versus t%/2,
3. Results and discussion
3.1 Effect of biochar mass on ammonium adsorption

The data showing the effect of biochar concentration (adsorbent mass) on NHa4*-N adsorption
are presented in Figure 1. In this study, various concentrations of each of the three biochars
were added into NH4*-N solutions with initial concentration of 40mg/L and pH=7 to investigate
the adsorption capacity of the different biochars for NH4*-N. The results show that the
adsorption capacity of the three biochars decreased with increasing biochar dosages (see
Figure 1). In fact, when adsorbent dosages increased from 6.25 g/L to 50 g/L, the adsorption

of NH4*-N onto wood BC, rice husk BC and bamboo BC decreased from 2.49 + 0.02 mg/g to
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0.57 £ 0.07mg/g, 2.75 £ 0.14 mg/g to 0.51 + 0.004 mg/g, and 2.52 + 0.67 mg/g to 0.50 + 0.02
mg/g, respectively. This finding corresponded with the results of Zhu et al. (2012). This
phenomenon could be explained by the fact that as the biochar mass increased the total
adsorption sites on the biochar surface increased with increased biochar mass, while the NH4*-
N concentration in the initial solution was constant, and thus not all binding sites were

occupied over the timescale of the experiment.

3,5 4 - 80
3,0 | ¥ /. - 70
2 5 ] 5& —9 [~ 60

T 50 | - 50

%D ’ —o—Wood BC (mg/g) Rice husk BC (mg/g) | 40

1,5 - —¥—Bamboo BC (mg/g)  —®—Wood Bc (%)

o Rice husk BC (%) —e—Bamboo BC (%) - 30
1,0 T [ 20
0,5 - - 10
0,0 T T T T T 0

0 10 20 30 40 50 60

Concentration of BC (g/L)

Figure 1: Effect of adsorbent (biochar) concentration on NH4*-N adsorption, where the
concentration of NH4*-N was constant at 40 mg/L, plotted as adsorption at equilibrium, ge,
(left hand axis) and as the proportion of initial NH4*-N removed (%) on the right hand axis. N=3

in all cases.

The relative adsorption abilities of the three biochars varied with increasing dosage. For
example, when the mass of biochar was between 6.25g/L and 25g/L, the adsorption capacity
of three biochars were in order rice husk BC > bamboo BC > wood BC. However, when
concentration of biochar was higher 25g/L, the adsorption of the biochars was similar (see
Figure 1). The effect of biochar concentration on % removal was in contrast with the
adsorption ability, with % removal increasing linearly with increasing dosage of biochar. This

trend also was reported in the study of Zhu et al. (2012). It could be seen in Figure 1 that when
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the biochar concentrations rose from 6.25g/L to 50g/L, the percentage of NH4*-N removal
increased from 37.85 £ 0.76% to 69.71 * 9.22% for wood BC, from 42.96 + 2.17% to 63.29 +

0.54% for rice husk biochar, and from 44.09 + 0.72% to 60.95 *+ 4.39% for bamboo BC.

3.2 Effect of Ammonium Concentration on Adsorption Capacity of Biochars

The effect of initial NHa*-N concentration with a constant adsorbent value (12.5g/L) on
adsorption ability and % NH4*-N removal of the biochars is illustrated in Figure 2. The results
are in contrast with the effect of adsorbent dosages. In fact, the adsorption capacity of biochar
for NH4*-N increased dramatically with increasing initial NH4*-N concentration, while %
removal of NH4*-N was increased initially and then decreased. When the initial concentration
of NH4*-N was increased from 20mg/L to 40mg/L, % removal of NH4*-N by the three biochars
showed a sharp increase, with the order being rice husk BC (45.79 + 9.21 - 56.00 + 3.47%) >
Bamboo (38.15 + 4.30 — 47.86 + 2.42%) > wood BC (30.83 + 4.44 — 41.19 + 2.19%).
Interestingly, the % NH4*-N removal by both rice husk BC and wood BC reached a peak at
40mg/L of NH4*-N, and gradually declined with higher concentrations. In contrast, % removal
of bamboo continuously rose and reached the highest value (51.23 + 4.70%) at around 70mg/L
of NH4*-N. Hence, the concentration of NH4*-N at 40mg/L provided maximal removal for both
wood BC and rice husk BC at dosage of 12.25g/L, while 60- 80 mg/L of NH4*-N were optimal
for bamboo BC at the dosage. Note that the concentrations testes here are much higher than
typical water concentrations in Vietnam, including the Lower Mekong Basin where total
ammonia ranged from 0.013 mg/L to 1.3 mg/L, with maximum values (i.e. greater than 1 mg/L)
for all the sites in the swamps of Laos (Chea et al., 2016), suggesting that biochar would be

able to continuing removing ammonia over extended periods before being saturated.

96



- 55

10 1 [ 50

g - - 45
® - 40 g
& = o o
E 6 - s - 35 €
— —n g
3 - 30 R

47 - 25

——Wood Bc (mg/g) Rice husk BC (mg/g) | 20

2 - —¥—Bamboo BC (mg/g) —=—Wood Bc (%) L 15

: Rice husk BC (%) —e—Bamboo BC (%)
O T T T T T T T T 10
0 40 80 120 160 200 240 280 320 360

Dose of adsorbant (mg/L)

Figure 2. Effect of adsorbate concentration on adsorption capacity of the three biochars at a
biochar concentration of 12.5g/L, plotted as adsorption at equilibrium, ge, (left hand axis) and

as the proportion of initial NH4*-N removed (%) (right side axis). N=3 in all cases.

The order of % removal among three biochars also changed with increasing initial
concentration of NH4*-N. For instance, % removal was in order bamboo BC > rice husk BC >
wood BC for NH4*-N concentrations from 60 mg/L to 130 mg/L, whereas this order was
reversed (rice husk BC > bamboo BC > wood BC) at NH4*-N concentrations higher than 130
mg/L, although wood BC was always the lowest. Thus, the increase in adsorption capacity of
the three biochars with increasing initial absorbant concentration plays an important role in
nutrient retention and waste water treatment, particularly when N fertilizers have just been
applied into soil or wastewater at high NH4*-N concentrations. Extremely high concentration
of NH4*-N in wastewater was reported by previous studies, such as 1635 - 1810 mg/L in landfill
leachate of Kyungjoo City in South Korea (Im et al., 2001) or 2070 - 2540 mg/L in the municipal

solid waste of Seville in Spain (Luna et al., 2007).
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3.3 Effect of contact time on Ammonium Adsorption by Biochars

Adsorption capacity and % removal of NH4*-N by the three biochars was affected by contact
time, as presented in Figure 3. It has been observed that the trends of adsorption and NH4*-
N removal by the three biochars were quite different with increasing contact time. As contact
time was increased from 30 to 480 mins, the adsorption ability of wood BC was nearly in
equilibrium (1.27 + 0.01 mg/g) after 30 mins, and after that mainly kept stable. In contrast,
there was an increase in adsorption for rice husk BC from 1.38 + 0.02 mg/g to 1.75 + 0.02 mg/g
in the period of 30-60 mins, and absorption was then nearly unchanged during 120 - 480 mins.
The sharp increase of adsorption for the initial time (60 mins) for rice husk BC could be the
result of the high NH4*-N in solution and the large number of available adsorption sites on the
adsorbent surface. The high initial concentration of NH4*-N (40 mg/L) increased the driving
force and collisions between the biochar and adsorbate-NHs*-N (Hou et al., 2016), and the
available adsorption sites (CEC and functional groups) were attractive to NHs*-N ions. Thus,
the adsorption process of rice husk BC for NH4*-N took place in more than one stage - a rapid
adsorption step initially when there were lots of binding sites, an intermediate binding rate as

sites became harder to find, and equilibrium when the on and off rates were equal.
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Figure 3. Effect of contact time on adsorption capacity of biochar, plotted as adsorption at t
time, qt, (left axis) and as the proportion of initial NH4*-N removed (%) (right axis). Biochar

concentrations were 0.5g and the initial NH4*-N concentration was 40 mg/L. N=3 in all cases.

However, the opposite results were observed for bamboo BC when contact time increased.
For example, the highest adsorption was obtained during the initial period of 30-120 mins with
values between 1.71 + 0.03 mg/g and 1.75 + 0.004 mg/g. There was a significant decline in
adsorption from 1.75 + 0.004 mg/g to 1.43 + 0.01 mg/g when the contact time increased from
120 to 240 mins. After that, a slight increase occurred during 240 — 480 mins before reaching
equilibrium. The main reasons for these phenomena could be described as follows. Bamboo
BC was found to have a comb-like structure with a highly porous distribution (see
supplemental data showing Scanning Electron Microscopy images of the bamboo biochar
compared to the rice husk and wood). So, during the initial stage of adsorption (<120 mins),
NH4*-N ions could move quickly into macro and meso-pores by diffusion of the concentration
gradient, where they may have been trapped by physical adsorption and adsorbed by negative
charges on the bamboo biochar surface. According to Wang et al. (2015b), mesopores

occupied 90% of the total porous system of bamboo BC, where the physical adsorption mainly
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occurred. However, our data suggest that surface chemistry effects, resulting arising from
functional groups with negative charge mainly governed ammonium adsorption, rather than
physical adsorption by surface area or porous structure as reported previously. More detailed
mechanisms of adsorption of ammonium to the three biochars are explained in the sections

on adsorption isotherms and adsorption kinetics.

3.4 Adsorption Isotherms

Isotherm models of Langmuir, Freundlich, and Temkin were used to describe the association
between the initial concentration of dissolved adsorbate (NHs;*-N) and the content of
adsorbate adsorbed onto the surface of biochar from aqueous solutions at equilibrium at a
certain temperature (22 °C) and pH (7.0). The analysis of data for NH4*-N adsorption to biochar
is necessary for identification of which equations are suitable to fit and describe the results.
Particularly, these parameters could explain for the physicochemical properties of the
adsorbent surface responsible for adsorbate adsorption at a fixed temperature and pH. All
the parameters fitted by the three models are given in Table 1, and an illustration (Figure 4)
was modified from Medved and Cerny (2011) for the assumed adsorption of Langmuir

isotherm (Figure 4a) and Freudlich isotherm (Figure 4b).
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Table 1. Langmuir, Freundlich, and Temkin constants for NH4*-N adsorption to the three

biochars studied (wood BC = WBC, rice husk BC = RBC, and bamboo BC = BBC).

Biochar Langmuir model (Eq5) Freundlich model (Eg6) Temkin model (Eq7)
Omax Ky R2" Ke 1/n R2"* B A R2"™
WBC -8.09 |-0.28 |0.9295 |0.04 0.985 | 0.9658 | 2.64 -2.66 |0.9114
RBC 88.50 | 6.73 0.9111 |0.14 0.801 | 0.9489 | 2.80 -2.31 | 0.8994
BBC -12.55 | -0.64 | 0.9425 | 0.08 0.911 | 0.9460 | 3.06 -2.51 | 0.9109

Note: gmax and K., Keand 1/n, A and B were described in equation (5), (6) and (7) above,
respectively. R2*, R?**, and R?"*" were obtained by the plotting described in equation (5), (6) and

(7) with data from Figure 2.

The results indicated that the Langmuir and Temkin models are not suitable for exploring
NH4*-N adsorption onto the biochars due to the low linear regression (R? values) and several
parameters such as gmax, Ki, and A having negative values. Although having a low R? value (R?
=0.9111), the maximum adsorption of rice husk BC for NH4*-N was estimated by the Langmuir
model being 88.50 mg/g. In contrast, the experimental data is better explained by the
Freundlich isotherm for the adsorption of ammonium for all biochars. Accordingto Baocheng
et al. (2008) and Oztiirk and Bektas (2004), Kr could be used to compare the adsorption

capacity among the three biochars as when Ce=1, the K¢ value concurs with ge.

_—> Surface diffusio W—» Surface diffusion

n

_/__> [ [ f [ i
Pore diffusion Pore diffusion

— Surface diffusion

] Al 5.rface diffusion

a) Monolayer adsorption on homogenous  b) Multilayer adsorption on heterogeneous surface

Figure 4. An illustration of NH4*-N ions adsorbed onto biochar surfaces as a monolayer (a) or
a multilayer (b). Multilayer adsorption is more likely on heterogeneous surfaces such as

biochar.
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As shown in Table 1, the Kf values of the three biochars were in the order rice husk BC >
bamboo BC > wood BC, meaning that rice husk biochar had the highest adsorption ability for
NHz*-N. In addition, the values of n and 1/n were used to classify the adsorption isotherm
(Asiagwu and Owamah, 2013, Bhandari and Xu, 2001). The favourability of the adsorption
process is evaluated by the magnitude of n, while 1/n, is a heterogeneous factor that indicates
the adsorption intensity of the adsorbent (Huang et al., 2014b). The n values (calculated from
1/n values from Table1) of the three biochars were in the order rice husk BC (1.25) > bamboo
BC (1.09) > wood BC (1.05) and all were higher than 1 which means favourable adsorption
(Huang et al., 2014b). The values of 1/n were between 0 and 1, which showed high adsorption
intensity (Hou et al., 2016). Thus, it could be concluded that the adsorption of NH4*-N onto
each of the three biochars involved multilayer coating, and available adsorption sites on the
surface of the biochars were distributed randomly rather than uniformly. These findings were
also supported by Zeng et al. (2013) for twelve biochars produced at different temperatures
(500°C, 600°C, and 700°C) from four phytoremediation plants, and by Hale et al. (2013) for
corncob BC (300-350°C). However, our results were in contrast with Wang et al. (2015c) for
oak sawdust BC (300-600°C), Vu et al. (2017) for modified corncob BC (400°C), and Kizito et
al. (2015) for mixed wood BC and rice husk BC (600°C), suggesting that the biomass structure
and surface chemistry and the resulting biochar surface chemistry and structure play an
important role. The oak sawdust and mixed wood and rice husk BC results were well fitted
with the Langmuir isotherm which means that adsorption of NH4*-N by the adsorbents was
related to monolayer formation with constant heat of adsorption for all sites on a
homogeneous surface. Interestingly, Saleh et al. (2012) reported that the NH4*-N adsorption
by peanut biochar (produced at 450°C) was attributed to both monolayer and multilayer

adsorption on heterogeneous surface, while Gao et al. (2015) found that multiple mechanisms
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could govern NH4*-N adsorption due to neither the Langmuir model nor the Freundlich model
being suitable for data of peanut shell BC, corncob BC and corn stalk BC (300°C, 450°C, 600°C).
Thus, the different initial biomass and various pyrolysis temperatures may result in differences
of NH4*-N adsorption onto biochar. More detail of the adsorption mechanisms are described

in sections 3.5 and 3.6.

3.5 Adsorption Kinetics

Adsorption kinetics studies are widely used to understand the mechanisms involved in
adsorbent and adsorbate interactions. Adsorption processes depend on the physicochemical
characteristics of the adsorbent as well as the migration of the adsorbate (mass transfer). In
order to predict the adsorption mechanism of NH4*-N to the different biochars, Pseudo-first
order and Pseudo-second order models were used to investigate the adsorption kinetics. The
best fitting model was evaluated based on both the linear regression coefficient (R?) and the
Je-cal Value, i.e., the calculated value of adsorption at equilibrium. The parameters calculated
from the two models are presented in Table 2. It can be seen that the Pseudo-first order
model did not fit the experimental data. The values of ge-cat of wood BC (0.09 mg/g) and rice
husk BC (0.02 mg/g) were extremely low compared to the experimental values, while ge-cai1,
K1, and R¥" values of bamboo BC are absent in Table 1 due to its experimental data being not
suitable for plotting In(ge-qt) versus t. Thus, the graph plotting the Pseudo-first order fit to the

data was not presented.
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Table 2. Rate parameters for the adsorption of NH4*-N onto the various biochars (wood BC=

WABGC, rice husk BC = RBC, and bamboo BC = BBC).

Biochar | ge-exp | Pseudo - first order Pseudo - second order | Intraparticle diffusion
qe- Kl Rz* qe_ Kz R2 * % Kid C RZ***
call cal2

WBC 1.36 | 0.09 | 0.002 | 0.9912 |1.33 |0.24 0.9999 | 0.013 |1.57 | 0.9189
RBC 1.85 | 0.02 | 0.002 | 0.3158 |178 |0.13 0.9998 | 0.086 |1.71 | 0.7339
BBC 1.53 |- - - 1.40 |-0.06 |0.9982 |-0.084 | 1.99 | 0.6863

Note: Ge-caiz, K1 and R?>" were obtained by plotting equation (8); Ge-caiz, K2 and R?™ were
calculated from the plot of equation (9); Kis, C and R?*"*" were determined from the plot of

equation (10). The data used for all these plots was from Figure 3.

In contrast, the Pseudo — second order model fit the data of NH4*-N adsorption onto three
biochars with high correlation coefficients (R> > 0.998 see Figure 6). In addition, the ge-cal
values obtained from the model also agreed with the experimental Qe-exp Values, particularly
for wood BC and rice husk BC. This supports the assumption that the rate-limiting step of
NH4*-N adsorption onto the three biochars may be governed by chemical adsorption, which
involves covalent forces arising from sharing or exchanging electrons between adsorbent and
adsorbate (Ho and McKay, 1999, Kumar et al., 2010) and CEC. These findings correspond well
to the physicochemical properties of these biochars (see supplementary data) in which rice
husk BC had the lowest BET surface area but the highest CEC. In addition, alongside hydroxyl
and carboxyl groups, the Si-O-Si groups on rice husk BC (see supplementary Table S1) also
played an important role as ammonium adsorption sites, which was proven by (Yu et al.,
2016). Hence, rice husk BCs adsorption capacity was higher than those of bamboo BC and
wood BC (see Table 2) which had higher BET surface areas but lower CEC values than rice husk.

The adsorption of NH4*-N by biochar related to CEC was reported by Zeng et al. (2013) for
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biochars from phytoremediation plants and Vu et al. (2017) for corncob BC. Thus, it can be
concluded that the adsorption of NHs*-N ions onto the three biochars assessed here was
affected by functional groups with negative charge on surface and CEC rather than surface
area. This is also in agreement with other previous studies (Saleh et al., 2012, Wang et al.,

201543, Takaya et al., 2016).
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Figure 5. Plotting t/q: versus t of Pseudo — second order data from the dataset plotted in Figure
3 assessing the effect of exposure time on the absorption amount to reveal the kinetics of

adsorption.

3.6 Intraparticle diffusion model

Since the diffusion mechanism could not be identified by either the Pseudo — first order or
Pseudo — second order models (Chen et al., 2010, Hameed et al., 2008, Radnia et al., 2011),
the intraparticle diffusion model was also used to investigate the diffusion of NH4*-N into the
three biochars. In order to understand the actual process involved in the adsorption of NH4*-
N ions onto the porous system of biochar, a model (Equation 10), described by Weber and

Morris (1962), was used as empirically it has been found that most adsorption process depend
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on t¥2 rather than being linearly related to time t. If a plot of q: versus t*/2 is linear and passes
through the origin, intraparticle diffusion is the sole rate limiting step in the adsorption
process (Foo and Hameed, 2012). In fact, the plot (see Figure 7) did not pass via the origin,

which means the adsorption process occurred via more than one step.

A B C

Biochar particle Bulk solution External film NH;-N Internal pore diffusion and adsorption

Pore diffusion

Adsorption
e

External suface Inaccessible fraction Inaccessible pore  Accessible pore  Desorption Surface diffusion

Figure 6. Assumed biochar geometry and the interparticle diffusion model for analyte
adsoprtion. Part A illustrates an entire biochar particle. Part B illustrates the porous
distribution with accessible pores (e.g., 30 nm) and small inaccessible pores, and assumed
inaccessible fractions are shown in darker colour. Part C shows the internal pore diffusion,

adsorption, and assumed desorption.

The diffusion process was illustrated in Figure 6 which was developed by integrating ideas of
Zhang et al. (2016), Luterbacher et al. (2013), and Medved and Cerny (2011), and suggests
that adsorption of NH4*-N ions underwent four main continuous steps (Worch, 2012) as

follows:
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Step 1: NH4*-N ions are transported from the bulk solution to the boundary layer (external
film) located around the biochar particles.
Step 2: After the transport to the external surface of biochar, transport through the film
occurs as external diffusion or film diffusion.
Step 3: Then transport into the interior of biochar particles, called intraparticle diffusion or
internal diffusion by pore diffusion and/or surface diffusion (see Figure 4) occurs.
Step 4: The energetic interaction (overcoming of the activation energy) between NHs*-N
ions and adsorption sites occurs, driven by the chemisorption processes.
The rate of an adsorption process is normally governed by the film and/or intraparticle
diffusion due to the fact that the first and fourth steps occur quickly (Worch, 2012). The plots
of gt versus square root t (t/2) for the three biochars are illustrated for the intraparticle

diffusion of the three biochar (Figure 7), and the fitting parameters are given in Table 2.
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Figure 7. Intraparticle diffusion plots for NH4*-N ions adsorbed onto the porous adsorbents,

i.e. the three biochars studied here. Data is replotted form Figure 3.
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It could be seen that the plots (Figure 7) did not pass through the origin, so intraparticle
diffusion was not the sole rate—limiting step. The first sharp portion (see Figure 7) is attributed
to the diffusion of NHa*-N ions through the boundary layer (film) to the external surface of the
biochar, and It was took place during the initial ~30 mins (around 5 min'/2). The second part
(5- 11 min¥/2 or 30 -120 mins) describes the process of intraparticle diffusion (pore diffusion
and/or surface diffusion) of NH4*-N ions in porous system or on surface of the biochars.
According to Worch (2012), the mass transfer into the interior of the adsorbent particles
mainly occurs in the macropores (>50 nm) and mesopores (2-50 nm), while the adsorption
take place in the microspore volume (<2 nm). The porous classification was followed
the International Union of Pure and Applied Chemistry (Rouquerol et al., 1994). Thus, the
porous structures of wood BC and bamboo BC (see SEM in supplementary data) may facilitate
intraparticle diffusion. The final step was observed from 120 mins (11 min/2) onwards, which
was the final equilibrium stage when intraparticle diffusion began slowly due to thee low
concentration of adsorbate in solution (Cheung et al., 2007) and their being no more available
adsorption sites. For bamboo BC, the complex structure (see supplementary data) and porous
distribution and surface impacted on the diffusion process. The fast attainment of equilibrium
in the period of 5- 11 min/2 or 30 -120 mins 30-120 was relative to the initial rapid adsorption
uptake occurring in macropores and mesopores where there was a high rate of diffusion
(Medved and Cerny, 2011). After that (11 min¥/2 or 120 mins), the diffusion (surface diffusion
and pore diffusion) decreased due to the macropores and mesopores being filled by the
adsorbate (presented in the Figure 7) which restricted the diffusion in microspores (branched

pores).

108


https://en.wikipedia.org/wiki/International_Union_of_Pure_and_Applied_Chemistry

4, Conclusions

The three biochars produced from biomass residues in Vietnam showed good adsorption
capacity for NHs*-N in aqueous solution, especially rice husk BC. The adsorption of NHs*-N
onto the biochars was governed by chemical adsorption (CEC, surface functional groups)
rather than physical adsorption (surface area), and took place in a manner consistent with the
heterogeneous surface with multilayer adsorption model. The biochar adsorption increased
with increase of adsorbent concentration, which is important for ensuring its suitability for
practical use in water purification and nutrient capture. In addition, biochars with high
stability of aromatic carbon and adsorption of NH4*-N by the adsorbents via chemical
adsorption (e.g., CEC and hydroxyl, carboxyl and O-Si-O surface functional groups) may be
suitable for use as novel amendments for soil enrichment or fertilizer coating, known as slow
release fertilizer to reduce the nutrient loss via leaching and/or emission (NOy) . Particularly,
the high silicon (18.8 — 22.3 % SiO;) content in rice husk biomass (Guo et al., 2002) which was
converted to Si-O-Si groups or converted into aromatic rings of carbon (Si-CeHs) of the biochar,
plays a key role not only in nutrient capture but also recovery and return of organic Si sources

to soil.
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Abstract

Removal of Zinc (Zn?*) from aqueous solution by various biochars (BC) produced from biomass
residues in Vietnam, including acacia wood chip, rice husk, and bamboo, was assessed. These
residues were pyrolized by Top-Lid Updraft Drum (TLUD) technology under limited oxygen
conditions. The impact of various parameters, such as adsorbent (biochar) dosages, contact
time, and initial adsorbate (Zn%*) concentration, were investigated in order to assess the
adsorption capacity of the three biochars for Zn?* representing one of the important heavy
metals of high toxicity to aqueous organisms and thus whose levels in drinking water need to
be strictly controlled. The experimental data was analyzed by the Langmuir and Freundlich
models which indicated that the adsorption isotherm of Zn?* to all three biochars was well fit
by the Freundlich model. The adsorption capacity was in the order bamboo BC > rice husk BC
~wood BC, and a pseudo-second order model was suitable to describe the adsorption kinetics
of Zn?* onto the three biochars. The results indicated that all three biochars are good for
removal of Zn?* from aqueous solution, with bamboo BC being especially efficient (removal of
96 - 98% Zn?* for Zn?* concentrations in the range 40-80 mg/L). The adsorption was governed
by organic groups (-COOH, -OH") on the biochars which formed complexes and chelates, and
via precipitation with inorganic groups (COs?%, PO4?%) present on the biochars, rather than by
ion exchange.

Key words: Adsorption, biochar, Zinc, functional groups, inorganic groups, adsorption

isotherms, adsorption kinetic
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1. Introduction

Contamination of aqueous environments by Inorganic pollutants is a considerable concern for
many countries (Shaheen et al., 2013). These problems have been occurring especially in
developing countries where wastewater and solid waste treatments or recycling are limited
due to the lack of affordable treatment technologies and suitable management processes.
The presence of heavy metals in the environment leads to toxicity to aqueous flora and fauna
(Nadeem et al., 2006, Mohan et al., 2007), and may cause impacts to human health via the
food chain (Abo-Farha et al., 2009). According to Srivastava and Majumder (2008), metal
elements having atomic weights in the range 63.5 — 200.6 g/mol (or Daltons) and having a
speciific gravity higher than 5.0 are called heavy metals. One of those metals that has
attracted significant research is Zinc (Zn), because both plants and humans require some Zn
for growth, but too much is extremely toxic. In fact, the most important role of Zn in both
plants and humans is related to the activities of several enzymes (Kabata-Pendias, 2010, Dali-
Youcef et al.,, 2006). However, excess Zn in humans leads to toxicity and effects such as
vomiting, dehydration, electrolyte imbalance, abdominal pain, nausea, lethargy, dizziness and
lack of muscular coordination (Dali-Youcef et al., 2006), while in plants the consequences of
excess Zn include decreased growth and chlorosis (loss of their green colour from leaves)
(Kabata-Pendias, 2010). Hence, the level of Zn in drinking water is limited to 3 mg/L
(Organization, 2004b) to ensure that sufficient is available to meet the bodily needs, but that

there is no risk of accummulation and toxicity.

The sources of Zn released into wastewater or soil environments are mainly from industrial
activities such as steel production or mining activities (Mohan and Singh, 2002, Kabata-
Pendias, 2010). Several technologies have been developed to control or remove heavy metal

and other pollutants before they are discharged into environment, including chemical
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precipitation (Gonzalez-Munoz et al., 2006, Alvarez et al., 2007, Chen et al.,, 2009), ion
exchange (Doula, 2009, Abo-Farha et al., 2009, Hui et al., 2005), membrane filtration (Samper
et al., 2009, Landaburu-Aguirre et al., 2010, Barakat and Schmidt, 2010), coagulation and
flocculation (Hankins et al., 2006, Heredia and Martin, 2009, Duan et al., 2010), and adsorption
(Karnib et al., 2014, Mubarak et al., 2013, Kotodynska et al., 2012). Among these methods, the
latter is now known as a potential approach for the removal of heavy metals using various
adsorbents such as activated carbon (Moreno-Barbosa et al., 2013, Depci et al., 2012, Kobya
et al., 2005), carbon nanotubes (Lu and Chiu, 2006, Moosa et al., 2016, Cho et al., 2009), and
biochar (Beesley and Marmiroli, 2011, Han et al., 2013, Chen et al., 2011). However, activated
carbon and carbon nanotubes are costly for application, so low—cost products such as biochar

bring advantages especially for developing countries.

Biochar (BC) is mainly produced from biomass residues at both industrial and local levels, and
can be recycled and re-used numerous times. The key feature of biochar that makes it useful
for heavy metal adsorption is that it carries a lot of negative charges (Yuan et al., 2011, Yao et
al., 2011) which arise mainly from acidic functional groups (-COOH, -OH") on the biochar
surface. In addition, biochar also contains several inorganic groups (CO3*, PO4*) which
combine with heavy metals to form precipitates. Therefore, the heavy metal removal by
biochar combines ion exchange arising from the high Cation Exchange Capacity (CEC) of
biochars with precipitation by inorganic groups to form metal salts, and chelation or
complexation of metals by surface organic groups. Therefore, the adsorbent is attractive to

study for water purification and soil enrichment.

Heavy metal (Zn?*) removed by biochar from aquatic environments has been assessed by
several studies. For example, Kotodynska et al. (2012) used pig and cow manure-derived

biochars to assess the adsorption of Cu?*, Cd?*, Pb?*, and Zn?*, and found that complexation

119



and precipitation mainly governed the heavy metals adsorption, with the adsorption capacity
(ge) being 50.42 - 80.88 mg/g for Zn?*; 74.95 - 94.71 mg/g for Cu?*; 79.55 - 122.11 mg/g for
Cd?*, and 153.76 - 229.98 mg/g for Pb?*. Lower adsorption capacity was observed for Zn** and
Cu?* with 6.79 and 4.54 mg/g respectively for hard wood BC and 12.52 and 11.0 mg/g
respectively for corn straw BCs by Chen et al. (2011), while the biochars produced from beech
wood chips and garden green waste residues adsorbed only 0.97 - 2.23 mg/g Zn?*, 1.99-7.80
mg/g Cd?*, and 2.5 — 3.65 mg/g Cu?* in studies by Fristak et al. (2015). Although the different
biochars had different adsorption capacities, their experimental data were well fit by the
Langmuir model which means that the adsorption resulted in formation of a monolayer on a
homogenous surface. In contrast, optimal fitting with the Freundlich model was observed by
Mubarak et al. (2013) for magnetic biochar, Komkiene and Baltrenaite (2016) for Scots pine
and Silver birch BCs (produced at both 450 °C and 700 °C), and for five biochars produced from
sugarcane bagasse, eucalyptus forest residues, castor meal, green pericarp of coconut, and
water hyacinth (Doumer et al. (2016)). Hence, although biochar was found to be effective for
removal of heavy metals and most studies proved surface-chemistry driven adsorption,
whether the adsorption occurred on homogenous and/or heterogeneous surfaces by a
monolayer and/or multilayer is still under debate, and indeed may be dependent on specific

features of the biochar and its originating biomass.

Vietnam is a developing country with significant pollution issues and emerging
industrialisation. Industrial production has been replacing agricultural production in several
regions. Many benefits arise from the industry, but the country is faced with a polluted
environment whose protection and remediation is limited by lack of management expertise
and available cost-effective treatment technology. For example, an environmental accident in
2016, the so-called Formosa incident whereby waste water was discharged from Ha Tinh

Formosa Steel of Taiwan's Formosa Plastics Corp in Ha Tinh province of Vietnam, resulted in
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pollution of more than 125 miles of the Vietnamese coast and the death of 255 tons of fish
and 64 tons of clams. However, pollution of waste water can be reduced by several of the
methods mentioned above, particularly low-cost adsorbents such as biochar which can be
produced from biomass residues. These by-products are abundant in the country, with readily
available biomass including wood chip, rice husk, and bamboo formed after processing of the
respective plants. For instance, around 8 million tons of rice husk were discharged annually
(2011- 2015) from average rice production of 43 million tons (statistics from the Ministry of
Agriculture and Rural Development, Vietnam). In fact, the feedstocks are normally used for
cooking, as bedding for animals or are left for decomposition, while turning them into novel
products like biochar for water purification or agricultural applications is still limited. Hence,
in this work, three selected biomass were turned into biochar adsorbents with the aim of
evaluating their effectiveness for pollutant removal using the heavy metal Zinc as an exemplar,
and correlating adsorption efficiency with their physicochemical characteristics to understand

the mode(s) of binding to the different biochars.

2. Materials and Methodology

2.1 Biochar preparation and characterization

The technology known as TLUD was used to produce the three biochars from acacia wood
chip, rice husk, and bamboo under limited oxygen conditions at a temperature between 450°C
and 550°C. The physicochemical characterization of the biochars was described in detail in
Chapter 3. In summary, BET surface area values were observed to follow the order rice husk
BC (3.29 +0.02 m?/g) < bamboo BC (434.53 +2.79 m?/g) < wood BC (479.34 +0.88 m?/g). This
trend was consistent with their morphology (as determined by Scanning Electron Microscopy)
such as the rough outer surface and smooth inner surface for rice husk BC, the comb-like

structure evident in the bamboo BC, and the hollow structure of the wood BC. In contrast, the
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opposite trend was seen for CEC with rice husk BC (26.70 Cmol/kg) > bamboo BC (20.77
Cmol/kg) > wood BC (13.53 Cmol/kg). Carboxyl and hydroxyl functional groups were observed
for all the biochars, while Si-O-Si asymmetric stretching was evident in the Fourier
Transformed Infrared (FTIR) spectra of both wood and rice husk BC. Interestingly, silicon
attachment to the ring of benzene (Si-CsHs) was only apparent in rice husk BC. As per several

previous studies, the three biochars had alkaline pHs ranging from 9.51 + 0.02 to 10.11 + 0.04.

2.2 Biochar adsorption experiments

The stock solution (500 mg Zn?*/L) was formed by dissolving Zn(NOs),.6H,0 in distilled water,
and this was used to prepare the Zn?* solutions for adsorption experiments with various Zn%*
and biochar concentrations. The experimental solutions were adjusted to pH 5.5+0.2 by 0.1M
NaOH and/or 0.1M HCI. The adsorption of Zn?* onto the biochars was evaluated through
methods modified from Kotodyriska et al. (2012) and Xu et al. (2013b) with systematic
variation of the initial concentrations of adsorbate (5g biochar mixed with 40mL of 0, 20, 40,
60, 80, 160, and 320 mg Zn?*/L and shaken for 24h), different dosages of adsorbent (0, 0.25,
0.75, and 1.0 g of the BC mixed with 40mL of 60mg Zn*?/L and shaken for 24h), and different
contact times (0.5g biochar mixed with 40mL of 60mg Zn*?/L and shaken for 30, 60, 90, 120,
150, 180, and 240 mins). The suspensions were shaken on orbital shaker at 300 rpm to reach
the desired times at ambient temperature (20 + 0.5 °C). At the appointed time, the
suspensions were centrifuged at 5,000 rpm for 5 mins and the supernatants filtered by
acrodisc syringe filter (0.20 um). The Zn?* concentration in the filtered supernatant was
measured by Flame Atomic Adsorption Spectrometry (Perkin ElImer AAnalyst 300 model) with
various standards (0, 0.25, 0.5, 1.0 and 2.0 ppm Zn?*). All the experiments were conducted in
thriplicate. The Zn?* adsorption onto biochar at equilibrium (qe), at t time (qt), and the

proportion of removal (%) were calculated using the equations presented below.
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For equilibrium experiments:

q, = @ (1) and %removal =% x 100 (2)

where C, and Ce are the initial and equilibrium concentrations of Zn?*; V (L) is the volume of
the adsorbate (Zn?* in this case); and m is the mass of adsorbent (biochar in this case) (g).

For the contact time experiments:

— (Co'Ct

‘ T)V (3) and %removal = %xmo (4)

where C, (mg/L) and C: (mg/L) are the initial and time t concentrations of Zn%*; V (L) is the

volume of the adsorbate solution; and m is the dosage of adsorbent (g).
Data analysis

The Langmuir isotherm and Freundlich isotherm models were used to evaluate the adsorption
of Zn?* onto the three biochars. The theory of Langmuir (1917) assumes that adsorption of an
adsorbate onto an adsorbent take place as a homogenous surface monolayer (Long et al.,
2008) with constant adsorption heat for all active sites and no interactions between the
adsorbed molecules (Chowdhury et al., 2011, Gupta et al., 2010). The model equation is as

follows:

1 1 1 1
— (5)
de  Amax qmaxKL Ce

where ge (mg/g) and gmax (Mg/g) are the adsorption capacity of the adsorbent and the
maximum monolayer adsorption capacity of the adsorbent in equilibrium, respectively; K.
(L/mg) is the Langmuir adsorption constant relating to the adsorption energy; Ce (mg/L) is the

concentration of the adsorbate at equilibrium.
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The theory of Freundlich (1906) assumes that the adsorbate molecules adsorb onto the
adsorbent as a heterogeneous multilayer (Long et al., 2008) with unequal adsorption heats

for the adsorption sites (Chowdhury et al., 2011). The equation is described as follows:
1
Inqe=HInCe+InKF (6)

where ge (mg/g) and Ce (mg/L) are the adsorption capacity of adsorbent and concentration of
adsorbate in equilibrium, respectively; 1/n is the intensity of adsorption; and Kr (mg/g) is the

Freundlich affinity coefficient.
Adsorption Kinetics:

The adsorption mechanism of porous adsorbents can be assessed by Pseudo-first order and
Pseudo-second order models to understand the adsorption kinetics. The equations with linear

form are shown, respectively as follows:

| = k.t (8 d ‘. ! t 9
n (qe_exp-qt) = nqe-ca|1- 1t ( ) an q_t_ kzqg_cam ¥ qe_calz ( )

where Qge-exp (Mg/g) is the experimentally obtained adsorption capacity of adsorbent at
equilibrium; q: (mg/g) is the amount of adsorbate adsorbed onto the biochar at time t (min);
ki (min') and k2 (g/mg min) are the Pseudo-first order and Pseudo-second order rate
constants, respectively; ge-cann is calculated from plots of In(ge-caii-gt) versus t, while Qge-cai2 is

obtained from plots of t/q: versus t.

Intraparticle diffusion model:

The intraparticle diffusion model, based on the theory of Weber and Morris (1963), was
used to evaluate the diffusion mechanisms of the porous adsorbents. The equation is given

as:
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qtzkidt1/2+ C (10)

where kiq is the rate constant of the intraparticle diffusion (mg/g min%/2), and C is the thickness

of the boundary layer. Cand kiq are calculated from the plot of gt versus t'/2,
3. Results and discussion
3.1 Effect of Zinc concentration on the adsorption capacity of biochars

The impact of different initial Zn?* concentrations on adsorption ability and % Zn?* removal of
the biochars at a constant adsorbent value (12.5g/L) is shown in Figure 1. The results indicated
that the Zn%* adsorption onto the three biochars increased as the initial Zn?* concentration
increased. In fact, there was a sharp increase in the adsorption for bamboo BC when the
adsorbate concentrations rose from 20 mg/L to 80 mg/L, while this trend occurred for rice
husk and wood BCs at Zn?* concentration lower than 40 mg/L. The adsorption to the three
biochars slowed down gradually at the higher concentrations (e.g., > 80 mg Zn%*/L for bamboo
BC or > 40 mg Zn?*/L for both wood BC and rice husk BC). Interestingly, all three biochars had
similar adsorption abilities when the Zn?* concentrations were lower than 40mg/L, while at
the the higher Zn?* concentrations the adsorption capacity followed the order bamboo BC >

wood BC “~ rice husk BC for.
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Figure 1: Effect of initial adsorbate (Zn?*) concentration on Zn?* adsorption by biochar, where
the biochar concentration was constant at 12.5 g/L, plotted as adsorption at equilibrium, qe,

and as the proportion of initial Zn?* removed (%).

The Zn?* removal (%) by the biochars, however, had an opposite trend compared to the
adsorption (see Figure 1). In fact, although the % removals showed a dramatic decrease, the
Zn?* total (mg) removed by the biochars (12.5g/L) increased with enhancing the initial
concentrations (see Table 1). For instance, when increasing the adsorbate concentration from
20 mg/L to 320 mg/L, the total amount of Zn?* removed by both wood BC and rice husk BC
was similar and increased from 19.76 + 0.50 mg/L to 70.18 + 3.40 mg/L. The increase in the
total amount of Zn?* removed also was observed for bamboo BC but with higher amounts,

rising from 19.95 + 0.02 mg/L to 128.30 + 3.11 mg/L based on 12.5g biochar.
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Table 1. The mass of Zn?* removed by biochar at the various initial Zn?* concentrations.

Zn2+

Wood BC Rice husk BC Bamboo BC
initial
Conc Removal?, Removal?, Removal3,
(mg/L) Ce, mg/L mg Ce, mg/L mg Ce, mg/L mg
20 0.24+0.05 19.76+0.05 0.07+0.01 19.93+0.01 0.05%0.02 19.95+0.02
40 3.13+0.07 36.87£0.07 3.71+0.25 36.2940.25 0.08+0.00 39.92+0.00
60 15.23+0.69 44.77+0.69 15.91+0.76 44.09+0.76 1.16+0.08 58.84+0.08
80 32.43+0.71 47.57+0.71 32.75%#0.1.26 47.25%1.26 3.37+0.42 76.63+0.42
160 105.55+1.02 54.45+1.02 107.04%+4.74 52.96%4.74 53.74+0.53 106.26%0.53
320 249.82+3.40 70.18+3.40 254.38+1.15 65.62+1.15 191.70+3.11 128.30+3.11

Note: The biochar concentration was constant (12.5g/L); Ce (mg/L) was the Zn’** concentration

in the filtered supernatant. The Zn’** removal*?43 (mg) was calculated for 12.5qg biochar (total).

Interestingly, the biochar concentration of 12.5 g/L for both wood BC and rice husk BC could
remove 99% of the Zn?* in the solution containing 20 mg Zn%*/L, while 90-92% removals were
observed for the solution of 40 mg Zn?*/L, which nearly meets the requirement for drinking
water quality, which require values <3.0 mg Zn%*/L (Organization, 2004b), where the residual
Zn** concentrations were 3.13 + 0.07 mg/L for wood BC and 3.71 + 0.25 mg/L for rice husk BC
following incubation for 24 hours. In contrast, bamboo BC (12.5 g/L) could remove more than
98% of Zn?* (the residual Zn?* concentrations = 0.05 + 0.02-1.16 + 0.08 mg/L) from the 20 and
40 mg/L solutions, resulting in water that was fully compliant with the drinking water
requirements, whereas 96% removal (residual Zn?* concentration 3.37 + 0.42 mg/L) was seen
for the solution with initial concentration of 80 mg Zn?*/L (see Figure 1 & Table 1). Hence,
bamboo BC is better able to remove heavy metal (Zn?*) at higher contamination levels than

wood or rice husk BCs.
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3.2 Effect of biochar dosage on Zinc adsorption

The results of Zn?* ion adsorbption onto the three biochars at various biochar masses are
shown in Figure 2. The results indicate that increasing the concentrations of biochar actually
decreases the adsorption effectiveness of all three biochars for Zn?* at the Zn?* concentrations
evaluated. These trends were similar to several previous reports, such as Chen et al. (2011)
for hard wood and corn straw BCs, Kotodynska et al. (2012) for pig and cow manure BCs or
Pellera et al. (2012) for rice husk, olive pomance, orange waste, and compost BCs (for Cu?*
adsorption). For example, when the adsorbent dosage increased four-fold from 6.25g/L to
25g/L, the Zn?* adsorption onto wood BC and rice husk BC decreased by half from 4.06 + 0.27
mg Zn2*/g biochar to 2.06 + 0.01 mg Zn**/g biochar, while the adsorption reduction of bamboo

BC was even greater going from 6.97 + 0.12 mg Zn?*/g biochar to 2.35 + 2.16 mg Zn?*/g biochar.

8 _ —
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Figure 2: Effect of adsorbent (biochar) concentration on Zn?* adsorption at constant Zn?*
concentration (60 mg/L), plotted as adsorption at equilibrium, qe, and as the proportion of

initial Zn?* removed (%).
The trend of Zn?* removal (%) increased with increacing adsorbent concentration. For

instance, there was a sharp increase in the Zn?* removal for the three biochars when the

adsorbent mass was increased from 6.25 g/L to 12.5 g/L. Beyond 12.5 g/L biochar, the %
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removal remained stable at around 98% for bamboo BC at biochar contents > 12.5 g/L, while
% removal by both wood BC and rice husk BC decreased gradually. These results indicated
that the adsorbent dosage of 12.5g/L was a turning point of adsorption for the biochars for
60mg/L of adsorbate, and for this reason 12.5 g/L was chosen as the biochar dosage for the
subsequent experiments in this study. Note however, that this would need to be reconfirmed

if higher absorbate concentration solutions were to be remediated, e.g. wastewater sludge.

The adsorption mechanism of Zn?* onto the biochar remains unclear. In fact, rice husk BC has
the highest CEC (26.70 + 1.57 Cmol/kg and the lowest BET surface area (3.29 m?/g), but had
similar adsorption capacity as wood BC whose CEC is much lower at 13.53 + 0.65 Cmol/kg and
whose BET surface area is much higher at 479.34 m?/g. Additionally, the removal and
adsorption capacity of all three biochars were similar when the biochar concentration reached
25g/L. Further analysis of the data was thus performed to shed light on the adsorption

mechanisms.

3.3 Effect of contact time on Zinc adsorption by biochars

The effect of contact time on adsorption capacity and % removal of Zn?* by the three biochars
is presented in Figure 3. The data showed that the adsorption capacity and removal of Zn?*
by the three biochars were quite different, and followed the order bamboo BC > rice husk BC
> wood BC with increasing contact time. There was a fast adsorption for Bamboo BC in the
first period (30 mins) with 90.64 + 1.75 % of Zn?** removed, and the removal increased slowly

(an additional 4.15 * 1.49 %) after 240 mins before reaching equilibrium.
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Figure 3. Effect of contact time on biochar adsorption capacity, plotted as adsorption at time
t, qi, and as the proportion of initial Zn?* removed (%). Adsorbent and adsorbate

concentrations were 0.5g and 60 mg/L, respectively.

In contrast, wood BC and rice husk BC both showed a gradual increase, although higher
adsorption was seen for the later. The removal of Zn?* by rice husk BC in the first 30 mins and
after 240 mins was 50.43 £ 7.01 % and 67.59 + 1.28 %, respectively, while only 52.19 + 1.28
% of the adsorbate was removed over 240 mins by wood BC. Interestingly, although the same
biochars were used for NH4* adsorption experiments, the adsorption trend for Zn%* was
different than that of NH4* during the contact time experiments. Thus, it could be concluded
that the adsorption capacity depends not only on the adsorbents but also the adsorbate type,

as different adsorption mechanisms are available.

3.4 Adsorption Isotherms

The Langmuir and Freundlich Isotherm models are normally used to describe the relationship
of the initial concentration of adsorbate (Zn?*) in solution and the adsorbate content adsorbed
by the adsorbent (biochar) at equilibrium at a certain temperature and pH. The Zn?*adsorbed

onto the biochars was analyzed to identify which model best describes (fits) the adsorption of
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adsorbate onto the biochar surface: i.e., whether the adsorption results in monolayer or
multilayer formation according to the theory of the two models. The Zn?* adsorption isotherm
was constructed using the data of the effect of initial concentration of Zn?* which ranged from
20 mg/L to 320 mg/L on adsorption, as presented previously (Figure 1). The fitting parameters

obtained from the two models are shown in Table 1.

Table 2. Langmuir and Freundlich constants derived from the data for Zn?* adsorption onto

the three biochars studied (wood, rice husk and bamboo).

Adsorbent Langmuir model Freundlich model
qmax KL RZ* KF 1/n RZ**
Wood BC 4.02 2.62 0.9257 2.17 0.16 0.9668
Rice husk BC 3.82 1.03 0.9030 2.35 0.14 0.9924
Bamboo BC 7.62 5.63 0.8981 4,73 0.15 0.9915

Note: qmax Ki, and R¥" were obtained by plotting 1/qe versus 1/Ce (equation 5), while K¢, 1/n
and R¥"*were calculated from a plot of Inge versus InCe (equation 6), respectively, using the

data from Figure 1.

The parameters indicated that the Freundlich model (R?=0.9668-0.9924) is a better fit to the
data than the Langmuir model (R?=0.8981-0.9257), as indicated by the linear regression
values. The gmax values of the Langmuir model, calculated from the plot of 1/qe versus 1/Ce
were also lower than the ge values from experiments (see Figure 1). In addition, the
heterogeneity coefficient (1/n) of the three biochars was in the range between 0 and 1, which
indicated favourable adsorption (Radnia et al., 2011). This trend was also supported by
Mubarak et al. (2013) for magnetic biochar, Komkiene and Baltrenaite (2016) for biochars
produced from Scots pine (P. Sylvestris L.) and Silver birch (B. bendula) plants (at 450 °C and
700 °C), Doumer et al. (2016) for five biochars produced from sugarcane bagasse, eucalyptus

forest residues, castor meal, green pericarp of coconut, and water hyacinth. However, these
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findings were opposite to several previous studies which supported a Langmuir model to
explain the adsorption of the heavy metal (Zn?*) to biochars, such as Chen et al. (2011) for
hardwood BC (450 °C) and corn straw BC (600 °C), Kotodynska et al. (2012) for pig and cow
manure BCs (400 °C and 600 °C), Han et al. (2013) for swithgrass and wood BC (500 °C), Fristak
et al. (2015) for beech wood chip BC and garden waste green residue BC (500 °C). Thus,
biochars produced from different biomasses and at various temperatures were found to have
different adsorption capacities and adsorption mechanisms for Zinc. In this study Zn%
adsorption onto the three biochars was best fit using the Freundlich model, which means that
the adsorption occurred as a heterogeneous surface multilayer. The mechanism for the Zn?*

adsorption by biochar will be explained in more detail in Sections 3.5 & 3.6.

3.5 Adsorption Kinetics

The adsorption mechanism of the adsorbate (Zn?*) by the biochars was evaluated through
adsorption kinetics studies. Two kinetics models were investigated, a Pseudo-first order and
a Pseudo-second order model, were used to identify the adsorption mechanism. Both linear
regression coefficients (R?) and ge-cal Values are normally used to assess the goodness of fit of

kinetics models. The parameters obtained from the two models are shown in Table 2.

Table 3. Rate parameters for the adsorption of Zn?* onto the three biochars (wood BC = WBC,

rice husk BC = RBC, and bamboo BC = BBC)

Biochar Pseudo first order Pseudo second order Intraparticle diffusion

Qe-exp | Qecal | K1 R2 Qe-cal | K2 R2 Kid C R?

WBC 3.58 | 1.88 | 0.002 |0.9792 |2.64 | 0.017 |0.9897 |0.064 | 1.46 | 0.9487
RBC 3.53 | 133 | 0413 |0.9885 |3.45 | 0.016 |0.9979 |0.086 | 1.98 | 0.9834

BBC 471 | 0.32 | 0.003 |0.9232 |4.58 |0.110 | 1.0000 |0.019 |4.28 | 0.9260
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It can be seen that the pseudo first order model did not fit well to the experimental data (data
from Figure 3). This finding was proven by the ge-cal values (0.32-1.88 mg/g) which were
observed to be much lower than the experimental values (ge-exp = 3.58-4.71 mg/g), and the
linear regression coefficient values (R?=0.9232-0.9885) were lower than those obtained from
the pseudo second order model (RZ = 0.9897-1). In contrast, the values of Qe-cal (2.64-4.58
mg/g) calculated from the pseudo second order model were similar to the experimental
values, and the R? values were higher than those of Pseudo first order model, particularly for
bamboo BC (R?= 1). The high correlation coefficients (> 0.9897) suggest that the Pseudo

second order model could be applied for the entire adsorption process in all three biochars.

Furthermore, it could be concluded that the rate-limiting step of the adsorption of Zn?* onto
the biochars was controlled by chemical adsorption occurring on the heterogeneous biochar
surface as a result of multilayer adsorption. These findings were also supported by Kotodyriska
et al. (2012) for pig and cow manure BCs, by Chen et al. (2011) for hard wood BC and corn
straw BC, and by Mubarak et al. (2013) for magnetic biochars. According to Kotodynska et al.
(2012), inner-sphere complexation, i.e., ions binding directly to the surface with no
intervening water molecules, and precipitation were responsible for the Zn?* adsorption to
the biochars, while electrostatic-driven ion exchange played essentially no role in the

adsorption process.
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Figure 4. Plot of In (ge-gt) versus t by using data of g+ (mg/g) and t (mins) from Figure 3, and qe-

exp (Mg/g) from Table 2) and fitting with the Pseudo — first order model

According to Xu et al. (2013a), heavy metal ions formed the complexation with negatively
charged surface functional groups (e.g. hydroxyl groups) was reported by and/or precipitate
with PO43> and COs? groups. All of these organic and inorganic groups were reported to be
present in the three Vietnamese biochars studied here (see section 3.3 in chapter 3). The
negligible adsorption of Zn?* via electrostatic cation exchange was evidenced by rice husk BC
which had the highest CEC (26.70 +1.57 Cmol/kg) in comparison with wood BC (13.53 +0.65
Cmol/kg) and bamboo BC (20.77 £1.21 Cmol/kg), but which had a similar adsorption capacity
as wood BC (see Figures 1 & 2). These findings were opposite to the adsorption behaviour of
the same three biochars for NH4*-N, which was adsorbed in the order rice husk BC > bamboo
BC > wood BC, indicating that depending on the nature of the pollutant to be remediated
different biochars will be more or less suitable, depending on the mechanism of adsorption

and the surface functionalization of the specific biochar. Clearly, adsorption via cation
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exchange was not the driving factor governing the adsorption of Zn?* onto the three

Vietnamese biochars.

120 -
100 - vy =0,3792x + 8,6118
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Figure 5. Plot of 1/q: versus t (data from Figure 3) fit using the pseudo — second order model.

3.6 Intraparticle diffusion

Intraparticle diffusion is normally investigated in order to understand the diffusion mechanism
of an adsorbate onto a porous adsorbent like biochar. Thus, the Weber and Morris model
(Equation 10) was used to stimulate the adsorption process of Zn?* ions onto the biochars, by
plotting gt versus t'/2. If the plot is linear and passes through the origin, intraparticle diffusion
is the sole rate limiting step in the adsorption process (Foo and Hameed, 2012). However, the
plot did not pass via the origin (see Figure 6), so the adsorption process of Zn?* onto the
biochars by intraparticle diffusion occurred in more than one step. The intraparticle diffusion
of Zn?* adsorbed onto the three biochars was presented in Figure 6 and the model fitting

parameters are shown in Table 2.
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Figure 6. Intraparticle diffusion plots for Zn%* ions adsorbed onto the biochars. The value of gt

and the square root of t (t*/2) were calculated using values from Figure 3.

It could be seen that the first steep increase (see Figure 6) during the initial 30 mins (around
5.5 min%/2) was the diffusion of ZnZ* ions through the boundary layer (film) which surrounds
the biochar particles to the external surface of the biochar. After that, the pore diffusion
and/or surface diffusion (intraparticle diffusion) of Zn?* ions in the porous system of the
biochars took place over 30-60 mins (around 5.5 -7.7 min/2) for bamboo BC, and over 30-150
mins (around 5.5 -13.4 min'/2) for both rice husk and wood BCs. Worch (2012) reported that
intraparticle diffusion mainly occurs in the macrospores (>50 nm) and mesopores (2-50 nm)
of biochars, whereas the microspore volume (<2 nm) as per the classification of
the International Union of Pure and Applied Chemistry (Rouquerol et al., 1994) is attributed
to adsorption. The final steps in the Zn%* absorption were observed to be the slowdown of the
diffusion which occurred after 60 mins (7.7 min/2) for bamboo BC, while after 150 mins (7.7
min®/2) for both rice husk and wood BCs. The decrease of the diffusion was caused by the low
concentration of adsorbate in solution (Cheung et al., 2007) and the porous system

(macrospores and mesopores) becoming filled by adsorbate. In comparison, the diffusion of
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Zn?* onto the biochars was different compared to that of NH4* (see Hien et al, 2018b) from
which it may be concluded that diffusion depends not only on the structure of the adsorbent
but also on the nature and chemistry of the adsorbent. In this case, bamboo BC had the biggest
boundary layer (Ci=4.28) and the lowest rate constant for intraparticle diffusion with ki=0.019
(see Table 2), but it had the highest adsorption capacity for Zn?*. Thus, the increase of

thickness of boundary layer enhanced the driving force of adsorption process.

4. Conclusion

The biomass residue—derived biochars from Vietham showed good results for adsorption of
Zn?* from aqueous solution, especially bamboo BC. The data for Zn?* adsorption onto the
biochars fit the Freundlich model and thus occurred as a heterogeneous multilayer adsorption
to the surface. The process was governed by chemical adsorption, mainly based on
complexation (organic groups) and precipitation (inorganic groups) rather than via the
classical cation exchange. The adsorption capacity of the three biochars for Zn?* was in the
order bamboo BC > wood BC ~ rice husk BC. The biochar adsorption increased with increasing
adsorbent (biochar) concentrations for the three biochars, while only the adsorption to
bamboo BC increased as the concentration of adsorbate (Zn?*) increased. The results in this
study indicated that the biochars produced from wood, rice husk, and bamboo biomass area
promising adsorbents for heavy metal removal from wastewater, particularly bamboo BC. In
fact, bamboo BC (12.5g/L) could remove 96% of Zn?* from the aqueous solution containing
Zn?* concentration up to 80 mg/L (see section 3.1). In addition, bamboo biochar also proved
to have a significant removal capacity for textile dyes (Yang et al., 2014, Mui et al., 2010). Thus,
bamboo biochar is a promising product as a low cost and eco-friendly adsorbent for removing

multiple contaminants from aqueous solution.
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Abstract

Biochars produced by Top-Lid Updraft Drum (TLUD) technology from Vietnamese biomass
residues including acacia wood chip, rice husk, and bamboo were investigated for their
performance as low cost adsorbents for landfill leachate remediation. Equilibrium (batch) and
column experiments were conducted to assess the adsorption capacity and efficiency of
removal of NHs*-N and other cations from the leachate by the three biochars individually, their
binary mixtures (wood + rice husk BCs, wood + bamboo BCs, rice husk + bamboo BCs), and a
1:1:1 mixture of the three biochars. The data indicated that all three biochars were individually
good for ammonium (NH4*-N) adsorption. The highest adsorption (P<0.05) belonged to rice
husk BC (44.06 + 1.55 NH4*-N mg/g) in comparison with both bamboo BC (40.41 + 0.95 NH4*-
N mg/g) and wood BC (38.90 + 1.78 NH4*-N mg/g) which were similar in the adsorption (p >
0.05). Meanwhile, the adsorption of NH4*-N onto the binary mixtures was not significantly
different (p>0.05), which fluctuated between 39.89 + 1.76 and 43.10 + 2.22 mg/g. Finally,
NH4*-N removal by the bichar column (wood + rice husk + bamboo BCs) was 43.69 + 2.15 % at
a flow rate of 1 mL/min after four days (12 hours per day) with the solution passed again for
4 times (four days). Particularly, the NH4*-N adsorption capacity of the individual biochars
under the competitive conditions (landfill leachate) was higher than their CEC (Cation

Exchange Capacity) values, which means that cation exchange was not the main mechanism
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to govern the adsorption. In addition, K* ion on the surface of the biochars was found the main

cation to exchange with the cations (NH4*-N, Ca%*, Mg?*, and Na*) in the landfill leachate.

Key words: Biochar, landfill leachate, NH4*-N, adsorption, CEC, remediation

1. Introduction

Landfill is one of the common methods to be used for managing the disposal of municipal solid
waste (Kurniawan et al., 2006). The advantages of this method include its low cost, simplicity,
and potential for landscape restoration following mineral workings (Aziz et al., 2011).
However, the decomposition of the organic waste after landfilling by hydrological and
chemical reactions (Azmi et al., 2016) and percolation of rainwater results in the production
of the highly polluted solution known as “leachate” (Kurniawan et al., 2006). Landfill leachate
has a complex mixture of pollutants such as organic matter, sodium, and heavy metals, as well
as having high alkalinity (bicarbonate and carbonate) as reported by previous studies (Shehzad
et al., 2016, Aziz et al., 2010, El-Salam and Abu-Zuid, 2015). For example, Amr et al. (2013)
reported that the landfill leachate in Malaysia had chemical oxygen demand (COD) of 2,025
mg/L , biochemical oxygen demand (BODs) of 93 mg/L and 810 mg/L of NH3-N. Even higher
values were observed in landfill leachate from South Korea with COD of 24,400 mg/L, BODs of
10,800 mg/L, NH4*-N at 1,682 mg/L and 3,160 mg/L of CI" (Im et al., 2001). According to Foo
and Hameed (2009), landfill leachate is normally classified into three ages: < 5 years (young),
5 — 10 years (medium), and > 10 years (old), and the ratio of BOD/COD is commonly used to
indicate the age (Ahmed and Lan, 2012). A BOD/COD ratio in range of 0.5 - 1.0 indicates a
young leachate, 0.1 — 0.5 indicates a medium leachate, and less than 0.1 is typical for old

leachates.
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The combination of the various compounds at high concentration makes the remediation of
landfill leachate challenging, especially given the need to remove all of the pollutants at the
same time. Several methods have been used for leachate treatment, which were reviewed by
Renou et al. (2008). For example, aerobic (Li and Zhao, 2001, Orupold et al., 2000, Matthews
et al., 2009), or anaerobic (Uygur and Kargi, 2004, Kennedy and Lentz, 2000, Lin and Chang,
2000) biological treatments were used due to their low cost, simplicity, and reliability (Renou
et al., 2008). In general, biological methods are evaluated in terms of their COD removal
efficiency due to the fact that biodegradable compounds are removed (ElI-Gohary and Kamel,
2016), but the removal efficiency of ammonia by these approaches was very low (less than
20%) because of the high salinity and the presence of inhibitory compounds such ammonia
(Di laconi et al., 2006). The high ammonia concentration normally observed in medium and
old landfill leachates significantly inhibits the microbial activity, which leads to reduced COD
removal efficiency (EI-Gohary and Kamel, 2016). Thus, a combination of physicochemical
remediation processes are needed to decrease the presence of ammonia before biological

treatment is applied (Li and Zhao, 2001, EI-Gohary and Kamel, 2016).

The combination of physical and/or chemical treatments has widely been used to reduce the
pollutant concentrations of the leachate, which includes flotation (Zouboulis et al., 2003),
coagulation — flocculation (Monje-Ramirez and De Velasquez, 2004, Tatsi et al., 2003),
chemical oxidation (QURESI-II et al., 2002, Steensen, 1997), air stripping (Marttinen et al.,
2002, CHEUNG et al., 1997), and adsorption (Kargi and Pamukoglu, 2004). Among these
methods, adsorption is considered to have several advantages (Azmi et al., 2016) such as the
low initial cost, easy recovery, reusable adsorbent, and design simplicity (Bhatnagar et al.,
2013). Adsorption via a superior adsorbent (activated carbon) has been proven as one of the

most effective treatments (Azmi et al., 2016, Kargi and Pamukoglu, 2004). However, the high
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cost for production (Azmi et al., 2016) and non-renewable sources (coal) are the main

limitations for using this product for the treatment and remediation of leachate.

Nowadays, the utilization of the low cost adsorbent known as biochar, produced from biomass
residues (wood, rice husk, bamboo, corncob, etc.), has been receiving considerable attention.
In fact, Shehzad et al. (2016) reported that the biochar produced from sea mango removed up
to 95.1% of the colour, reduced COD by 84.94% and NH3-N by 95.77%. A very high
effectiveness of E.coli removal (96%) by soft wood biochar has also been observed by Mohanty
and Boehm (2014). Li et al. (2016) indicated that a biotrickling filter packed with palm wood
biochar removed 80% of ammonium and 68% of phosphorus from the wastewater having high
nitrogen (NHs*-N = 10,000 mg/L and phosphorus (PO4> = 2,500 mg/L) contents. In addition,
the biochar filter was reported to have a significantly higher COD removal compared to
activated carbon for wastewater having COD concentrations higher than 500 mg/L (Huggins
et al., 2016). However, although the adsorption of NH4*-N onto biochar was proven to be
controlled by multiple mechanisms (Gao et al., 2015), which of them is the main driver or
governs the adsorption is still a topic of controversy. For example, Gai et al. (2014) and Zheng
et al. (2013) supported that CEC predominantly governed, but Takaya et al. (2016) showed
that oxygen — containing functional groups on the biochar surface were more involved rather
than CEC. This suggests that the mechanism may be biochar biomass specific. Moreover, most
of the studies to date have assessed the effect of a single biochar on the adsorption rather

than mixed biochars, which may have different (or combination) mechanisms of adsorption.

This study assessed the utility of single biochars versus mixed biochars for pollutant removal
(NH4*-N and other cations) from the landfill leachate by both batch (equilibrium) and column
experiments. In addition, the adsorption results were used to evaluate the role of CEC of

biochar for the process as well as which of cations on particle biochar surface participates on
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that. The biochars were produced from acacia wood, rice husk, and bamboo residues which

are known as redundant agricultural waste in Vietnam.

2. Materials and Methodology

2.1 Biochar preparation and characterization

The three biochars were produced from acacia wood chip, rice husk, and bamboo by The TLUD
(Top-Lid Updraft Drum) technology at a temperature between 450°C and 550°C. The main
physicochemical characteristics of these biochars were summarised on Table 1. In fact, the
three biochars were alkaline with pH ranging from 9.51 - 10.11, and had high carbon content,
particularly wood BC (82.10 %) and bamboo BC (80.27 %). The CEC values was in order as rice
husk BC (26.70 Cmol/kg) > bamboo BC (20.77 Cmol/kg) > wood BC (13.53 Cmol/kg). In
addition, the highest ash content was also observed for rice husk BC (41.24 %), while wood BC
and Bamboo BC contained only 1.93 % and 8.08 %, respectively. In contrast, BET surface was
observed to this opposite trend with the order as wood BC (497.34 m?/g) > bamboo BC (434.53
m?2/g) > rice husk(3.29 m?/g). Their morphology (SEM — Scanning electron microscopy) and
surface function groups (FTIR - Fourier-transform infrared (FTIR) spectroscopy) were

described in detail in Chapter 3.
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experiments (mean of 3 replications, £ STDEV).

Table 1. Characteristics of the three biochars used for the bath and column leaching

Characteristics Wood BC Rice husk BC Bamboo BC
pH 10.11 +0.04 9.51 +0.02 9.94 +0.02
C, % 82.1010.21 47.82 +0.18 80.27 +0.08
H, % 2.3310.01 2.07 +0.04 2.07 +0.04
N, % 0.71 £0.05 0.62 £0.06 0.72 +0.02
0, % 12.93 +0.16 8.25 +0.28 8.86 +0.02
P20s, % 0.51 0.21 0.50 £0.20 0.19 +0.13
K, % 1.58 +0.62 1.89 +0.63 0.47 +0.13
Ca, % 0.65 +0.06 2.37 +0.18 0.57 +0.01
Mg, % 0.21 +0.05 0.26 +0.10 0.14 +0.03
CEC, mmol/kg 13.53 +0.65 26.70 £1.57 20.77 £1.21
BET surface are, m?/g  497.34 +0.88 3.29 £0.02 434,53 £2.79
Moisture, % 5.45 +0.03 5.37 +0.05 6.11 +0.11
Ash, % 1.93 +0.03 41.24 +0.49 8.08 +0.20
Volatile mater, % 46.68 £1.68 45.61 +0.54 48.72 £3.22
Fixed carbon, % 45.94 +1.68 7.82 +0.10 37.09 £3.32

2.2 Landfill leachate

Landfill leachate was collected from Pound Bottom landfill (Salisbury, Wiltshire SP5 2PU) on
Tuesday 6th June 2017 and stored in a 1 m3 plastic tank outdoors at University of Birmingham.
The pH of the leachate was recorded as alkaline (8.68 * 0.5), and the concentration of
ammonium (NH4*-N) was determined to be 1790.18 + 2.53 mg/L. The exchangeable cations
(Ca?*, Mg?*, K*, and Na*) in the leachate were also measured, with their values being 366.02 +
0.12 mg/L for Ca?*, 156.85 + 0.02 mg/L for Mg?*, 256.44 + 0.01 mg/L for K*, and 1614.14 +0.11
mg/L for Na*. The initial concentrations of the exchangeable cations in the leachate will be

compared to those in the solution after adsorption by the biochars, to determine the
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effectiveness of the biochars at remediating the landfill leachate and to identify the

mechanism of adsorption of ammonium by the biochars.
2.3 Experimental set-up
2.3.1. Equilibrium adsorption experiment

The adsorbent (0.5g) was added into plastic falcon tubes (50 mL) and mixed with the landfill
leachate (40 mL). Next, the mixtures were placed on an orbital shaker and shaken at 300 rpm
for24h at ambient temperature (20 + 0.5 °C) to equilibrate. After that, the mixtures were
centrifuged at 5,000 rpm for 5 mins and the supernatant filtered through Acrodisc syringe
filters (0.20um). Then, the filtered solutions were diluted 100 times with DI water to ensure
that the analyte concentrations were within the range of the standard curve (0.5, 1, 5, 10, 20,
50 mg/L of NH4*-N, Ca?*, Mg?*, K*, and Na*). The concentration of NH4*-N, Ca%*, Mg?*, K*, and
Na* in the filtered solution were measured by lon Chromatography (Dionex DX500 model),

and calculated using equations (1) & (2):

— (Co_ce)v
m

% (1) and  %removal = = x 100 (2)

where C, and Ce are the initial and equilibrium concentrations of the cations in the leachate;

V is the volume of the leachate (L) ; and m is the mass of adsorbent (g).
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2.3.2 Adsorption filter experiment

<+— Landfill
leachate

<+—— Wool layer
I I I <«+— Mixed biochars
<+—— Wool layer

<+— Exited solution

Figure 1. Biochar columns (filters) for pollutant removal from landfill leachate.

The column test is a kind of leaching experiment, which is normally used to investigate the
filtering process of adsorption materials (substrates) for the leaching solution. In this study, a
continuous flow of landfill leachate was leached through mixed biochars (wood + rice husk +
bamboo BCs) packed in glass chromatography columns (30.48 cm length, 2.54 cm inside
diameter). The three biochars were mixed well with ration 1:1:1 (w:w:w) before the packing.
Dry packing was chosen rather than wet packing to prevent floating and nonuniform
distribution of the biochar layers (Mohanty et al,). The mixed biochar packing was shown in
Figure 1. Then, DI water was used to wash impurities from the biochars before the leachate
solution was passed through. Each column was a separate composition, which presented for
one replication. Thus, the solution passed through only one column with 4 times (four days

with 12 hours per day). The experiment was carried out in three replications. The flow rate
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was controlled to 1 mL/min (Mohanty and Boehm, 2014), and the experiment was periodically
stopped at the end of the day by turning off the pump and storing the solutions in the fridge
(Sprynskyy et al., 2005). Analysis sample was also periodically collected from the exit solution
when the process was stopped (at the end of each day). The solution was kept in the fridge
and injected into the tank again (Figure 1) the next experimental day. The concentrations of
NH4*-N, Ca?*, Mg?*, K*and Na* in the samples were analysed by lon Chromatography (Dionex

DX500 model), and then calculated using equations (3) & (4).

For the column experiments:

= @ (3) and %removal = % x 100 (4)

o

dt

where C, (mg/L) and C:(mg/L) are the initial and time t concentrations of the cations; V is the

volume of the adsorbate solution (L); and m is the mass of adsorbent (g) packed in the column.

2.3.3. Data analysis

The data experiments were analyzed by Excell 2013 and IBI SPSS statistic 22 sorfwares.

3. Results and discussion

3.1 The adsorption capacity of biochar in the equilibrium study

The adsorption capacity of each biochar assessed singly for NH4*-N in the landfill leachate is
presented in Figure 2. The data indicated that the three biochars had good adsorption capacity
for ammonium (NHas*-N) for the leachate solution containing a high NH4*-N concentration. In
fact, the values were in the order rice husk BC (44.06 + 1.55 mg/g) > bamboo BC (40.41 + 0.95
mg/g) ~ wood BC (38.90 + 1.78 mg/g), and the % removals corresponded to 30.76 + 1.08, 28.28
t+ 0.66, and 27.16 + 1.30 %, respectively. The statistic analysis indicated that the NH4*-N

adsorption of rice husk BC was significant difference (p < 0.05) with both the wood BC and
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bamboo BC. Meanwhile, bamboo BC and wood BC were observed to have the similar
adsorption capacity (p > 0.05) for NH4*-N in the landfill leachate. However, the adsorption
capacity of these three biochars for the cation (NH4*-N) was monitored only in range of 0.47 -
9.90 mg/g when the experiments conducted with the artificial solution containing single
NHa*cation with concentrations from 20 to 320 mg/L (Hien et al, 2018). Thus, the adsorption
capacity of the three biochars strongly depends on the initial NH4*-N concentration. The wood
BC and rice husk BC were also observed to have good adsorption capacity for NHs*-N from
wastewater of pig manure biogas which had an ammonium concentration of 1,400 mg/L
(Kizito et al., 2015), with the adsorption capacity of wood BC (42.02 mg/g) being higher than
that of rice husk BC (37.63 mg/g). The effect of initial NH4*-N concentration on biochar
adsorption capacity was also evident from the results of Yu et al. (2016) which indicated that
pig manure BC and straw BC had NHa*-N adsorption values of only 27.04 and 20.24 mg/g,
respectively, for wastewater from pig manure biogas having NH4*-N concentration of 855 +

12.64 mg/L.

>0 38,90 a 44,06 d 40,41 ab

40

30

20

10

Wood BC Rice husk BC Bamboo BC

Qe (mg/g) =% removal

Figure 2. Effect of various biochars on NH4*-N adsorption and removal (rice husk BC > bamboo
BC ~ wood BC, p < 0.05). Data are mean values + standard deviation. The same letters indicate

no significant difference (p<0.05).
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The NHa*-N adsorption was also assessed through mixed biochars (Figure 3) to assess whether
the combination of characteristics would enhance the adsorption capacity. The data indicated
that the adsorption of three binary mixtures of biochars including wood + rice husk BC;
bamboo + rice husk BC; and a ternary mixture of wood + rice husk + bamboo BC for NH4*-N in
the leachate had similar values (p > 0.05) which fluctuated between 42.37 + 1.35 and 43.10 +
2.22 mg/g. The % removals were observed around 30 %. Although, the mixture of wood +
bamboo BC had NH4*-N absorption efficiency of 39.89 + 1.76 mg/g, and % removal of 27.86 +
1.23 %, there was not different with the adsorption values of the other mixture (p > 0.05). The
effectiveness of the mixed biochars for adsorption NH4*-N from diary effluent with NH4*-N
concentration up to 1,000 mg/L was also assessed by Sarkhot et al. (2013), but the adsorption
capacity was only 5.3 mg/g for the mixed wood biochars (300 °C) produced from maple, aspen,
choke cherry, and alder. Thus, rice husk BC was a good adsorbent to mix with other biochars

for pollutant removal.

50 Qe (mg/g) =% removal

43,01 cd 43,10 cd
45 39,89 ab 42,37 cd

40
35
30
25
20
15
10

wood+rice husk BC wood+bamboo BC bamboo+rice husk wood+rice
BC husk+bamboo BC

Figure 3. Effect of mixed biochars on NH4*-N adsorption and removal. Data are mean values +

standard deviation. The same letters indicate no significant difference (p<0.05).
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The above results showed that the three biochars and their mixtures produced from acacia
wood, rice husk, and bamboo residues had good adsorption capacity for NHs*-N from landfill
leachate. However, the adsorption capacity was still lower than the maximum adsorption
capacity (gmax = 88.50 mg/g for rice husk BC), which was calculated from the Langmuir model
(Hien et al, 2018). Similarly, Kizito et al. (2015) also reported that wood BC and rice husk BC
had maximum adsorption capacities of 44.64 and 39.80 mg/g, respectively, which are higher
than the values at equilibrium adsorption as described above (42.02 and 37.63 mg/g,
respectively).

Table 2. Absorption of the other exchangeable cations competing with NH4*-N for adsorption

to the BC samples. Data are mean values + standard deviation.

Biochar NH4*-N Ca®* Mg?* K* Na*
9e (Mg/g)

WBC 3890+1.78 1594+0.99 2.01+0.24 -2.06+0.30 -2.75+0.82
RBC 4406 +£1.55 21.39+0.12 1.60+0.05 -20.27%+3.12 7.74+0.52
BBC 40.41+0.95 23.75+0.64 -0.78+0.04 -30.49+0.47 11.23+1.32
WBC+RBC 43.01+0.46 21.11+0.50 1.98+0.45 -2.47+0.47 15.58 + 0.21
WBC+BBC 39.89+1.76 21.86+1.25 1.46+0.38 -19.20+2.43 10.88+0.66
BBC+RBC 43.10+2.22 8.70+x0.24 1.73+0.14 -21.77+0.19 4.20+0.19
WBC+RBC+BBC 42.37+1.35 21.46+1.05 -0.7210.24 -26.35+1.18 8.59+0.59

WBC = wood BC; RBC =rice husk BC; BBC = bamboo BC

In addition, Yu et al. (2016) showed that the maximum NH4*-N adsorption was recorded at
44.64 + 0.60 mg/g for wood BC and 39.80 + 0.54 mg/g for rice husk BC as compared to the
adsorption of 27.04 and 20.24 mg/g at equilibrium, respectively for wastewater of pig manure
biogas (NH4*-N concentration = 855 + 12.64 mg/L). Hence, the reduction of ammonium
adsorption onto biochar may come from the competition of other cations in the wastewater.

In fact, the effect of other cations was complicated, as shown in Table 2. For example, Ca?*
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and Mg?* in the leachate were also adsorbed onto wood BC (15.94 + 0.99 and 2.01 £ 0.24 mg/g
respectively), while K* and Na* on the surface of the biochar was exchanged into the exiting
solution. The exchangeable values of the two cations (K* and Na*) were 2.06 + 0.3 and
2.75.0.82 mg/g, respectively. By contrast, in the wood + rice husk BCs, wood + bamboo BCs,
and bamboo + rice husk BCs only K* was found to be displaced by the NH4*-N adsorption, while
bamboo BC and the mixed ternary biochar both Mg?* and K* were found to be exchanged and
released into the leachate solution. Interestingly, none of the biochars adsorbed potassium
cation (K*), even though there was a high concentration (K* = 256.44 + 0.01 mg/L) in the
leachate. The highest exchanged K* concentration was recorded for bamboo BC (30.49 + 0.47
mg/g), while the lowest was wood BC (2.06 + 30 mg/g). Thus, ammonium adsorption to the
biochars involved cation exchange with displacement particularly of potassium cations.
According to Yu et al. (2016), K* nearly vanished from both pig manure BC and straw BC, while
Ca%*and Mg?* strongly declined after the adsorption. In addition, the important role of Ca®*
and Mg?* for NH4*-N adsorption was also reported in the results of Zheng et al. (2013). Thus,
the findings of Yu et al. (2016) and Zheng et al. (2013) about Ca?* participation in exchange for
the adsorption of NH4*-N was opposite with the results presented here. In addition, the NH4*-
N adsorption capacity of the three biochars via cation exchange converted from their CEC
values (wood BC = 13.53 Cmol/kg, rice husk BC = 26.70 Cmol/kg, and 20.77 Cmol/kg) was 2.44
mg/g, 4.81 mg/g, and 3.74 mg/g, respectively. These values indicated that the NH4*-N
adsorption through the CEC of the biochars occupied only 6.27 % for wood BC, 10.92 % for
rice husk BC, and 8.49 % for bamboo BC in comparison with the total (wood BC = 38.90 mg/g,
rice husk BC = 44.06 mg/g, and bamboo BC = 40.41 mg/g), which means that the CEC of the
biochars did not play a major role in the NH4*-N adsorption. Hence, the major portion of the
adsorption may have mainly occurred via the adsorption to the organic functional groups

(carboxyl and hydroxyl groups) and inorganic groups (COs%, PO4*, SiO2) of the biochars. The
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NH4*-N adsorption being driven by the functional groups present on the biochars was also
supported by Takaya et al. (2016) and Yu et al. (2016). Particularly, Yu et al. (2016) reported
that not only SiO, groups but also CO3% groups are involved in the adsorption of NHs*-N. In
addition, Takaya et al. (2016) suggested that soluble organic matter on surface biochar also
possibly participates in the adsorption of ammonium. The adsorption of Ca?* and Mg?*, and
Na* onto the adsorbents may involve the formation of complexes or mineral salts with surface

functional groups of the biochar (see Figure 4).

3.2 Effect of biochar column on NHs*-N adsorption

The effectiveness of biochar for landfill leachate treatment performance was assessed in
column filters (Figure 1). Based on the results of the equilibrium adsorption experiments, the
mixture of the three biochars was used to assess whether the pollutant removal efficiency
could be enhanced by combining (layering) the biochars. The concentration of NH4*-N and
other cations, such as Ca%*, Mg?*, K*, and Na*, was measured every day during the experiment,
which aims to calculate the % NH4*-N adsorption and removal (Figure 3), and identify which

of the cations are participating in the adsorption (Table 3).

6,50 45
6,00 40
205,50 35 2
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2 Time (day) 3

Figure 4. Dynamics of NH4*-N adsorbed by the biochar in the column experiment over four

days.
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The data indicated that the NH4*-N adsorption capacity of the column increased with
increased time. In fact, the NHa4*-N adsorption gradually increased from 5.11 + 1.31t0 6.32 +
1.33 mg/g when the leachate had flowed through the filter for 4 times (4 days with 12 hours
per day). In addition, the % removal showed a similar trend, and increased over time from
34.99 + 2.03 % (the first day) to 43.69 + 2.15 % (the fourth day), which corresponded to the
concentration of ammonium (NHs*-N) in the effluent solution decreasing from 1,128.34
0.24 mg/L (the first day) to 980.80 + 0.26 mg/L (the fourth day). Thus, the amount of NH4*-N
removed from the landfill leachate by the biochar filter at a flow rate of 1 mL/minute after 4
days was 809.38 mg/L compared with the initial concentration of the leachate (1790.18 mg/L).
The adsorption capacity of the column was lower than that of equilibrium experiment (see
Table 2), which was due to effect of flow process and the amount of adsorbent packed into
the column. The flow rate affected the diffusion of NH4*- N from the bulk solution into the
porous system of biochar particles, while the amount of biochar related to competition among
the adsorption sites available on the biochar surface. Hence, a suitable flow rate and an
appropriate times for re-circulation of the influent are needed to increase the contact time of

the adsorbates with the adsorbents.

The competition of the other cations on the surface of the biochar and in the leachate with

NH4*-N adsorption is shown in Table 3.
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Table 3. Absorption of the other exchangeable cations competing with NH4*-N adsorption.

Data are mean values + standard deviation.

Time NH4*-N Ca®* Mg?* K* Na*
q: (mg/g)
Dayl 511+1.31 0.33+£0.12 -0.13 £ 0.05 -2.88+0.65 3.81+0.94
Day2 5.20+1.48 0.48+0.14 -0.06 £ 0.01 -2.63+0.63 3.71+£1.00
Day3 5.93+1.43 0.61+£0.10 -0.26 £ 0.05 -3.40+0.19 3.55+1.05
Day4d 6.32+1.33 0.91+£0.36 0.03+0.01 -2.40+0.68 3.7310.66

The data in Table 3 indicated that the cations competed with NH4*-N adsorped onto the mixed
biochar column showed a similar trend to the mixture of three biochars in the equilibrium
experiment (see Table 2). In fact, both Ca?* and Na* ions in the landfill leachate (Ca%*= 366.02
mg/L; Na*= 1614.14 mg/L) were adsorbed onto the biochar in the column with 0.33 - 0.91
mg/g and 3.55 — 3.81 mg/g, respectively. In contrast, the biochar did not adsorb K* and Mg**
(except the day 4) from the leachate. For example, K* and Mg?* ions on the biochar surface (in
the column) were exchanged into the effluent solution with 2.63 — 3.40 mg/g, and 0.06 — 0.23
mg/g. Thus, NH4*-N, Ca?*, and Na* from the leachate were adsorbed onto the filter during the
experiment, meanwhile the K* and Mg?* of the biochars were mainly exchanged into the

exiting solution.

3.3 Adsorption mechanisms of biochar with cations in the leachate

The adsorption mechanisms of the various biochars with the cations present in the landfill
leachate is presented schematically in Figure 4. The illustration was compiled from
mechanisms proposed by Ding et al. (2014), Spokas et al. (2012b), and Zhou and Chen (2001).
The results indicated that the adsorption of NH4*-N and the other cations from the leachate
onto the biochar particles may involve several processes. The first adsorption mechanism was

controlled by the intraparticle diffusion (1), which was proven in Chapter 4 for NH4*-N),
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particularly with wood BC and bamboo BC both of which were shown to have sophisticatedly
porous structures (see section 3.4 of Chapter 3). In this mechanism the NH4*, Ca?*, and Na*
cations diffused from the bulk solution to the external film surrounding the biochar particles
before moving to the external surface by film diffusion, and then being transported into the
particles by porous diffusion and/or surface diffusion. The second proposed mechanism
utilises the NHs in the leachate as a Brownsted and/ or Lewis acid (2) which reacts with
functional groups (carboxyl and hydroxyl groups) on surface of the biochars to form

ammonium salt or amide (Spokas et al., 2012b).

2.NHs reacting with organic groups
3.NHjs reacting with SiO;

:NH3 :NH3

| NHat
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Figure 5. Schematic of the geometry of the cations present in the landfill leachate adsorbed

onto a biochar particle.

A third potential adsorption mechanism involves NHs reacting with SiO2 (3) which was

confirmed to be present on the surface of the rice husk and wood BCs (see section 3.3 of
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Chapter 3), to create SiO, — NH3 complex or H,NSiOOH molecules (Zhou and Chen, 2001). For
rice husk biomass, the SiO, content was in range 18.8 — 22.3% (Guo et al., 2002), which
explained the good ammonia adsorption of rice husk BC. In addition, NH4* ions combined with
the other inorganic groups such as P04 and CO3% to form ammonium salts (5). The cation
exchange was the final adsorption mechanism for NH4*-N, which exchanged with cations (K*,
Mg?*, and Na*) on the biochar surface (6). Meanwhile, the adsorption of Ca%*, Mg?*and Na*
onto the three biochars was related to cation exchange (6), complexation (4), precipitation of
mineral salts with the inorganic groups (5), and intraparticle diffusion (1). The formation of
the salts, particularly via Ca?* and Mg?* reacting with PO43- was also supported by (Mukherjee

et al. (2011)).

4. Conclusion

The three biochars and their 1:1:1 mixture had the good adsorption capacity for NH4*-N and
Ca?* as well as Na* from the leachate. The adsorption occurred through various processes
which related to the surface functional groups (organic and inorganic groups), cation
exchange, and intraparticle diffusion. Particularly, the results indicated that the contribution
of CEC of the biochars for the NH4*-N adsorption was only 6.27 — 10.92 % of the adsorbed
NHa*-N total. That means the high concentration of adsorbate (NH4*-N = 1790.18 mg/L in the
leachate exceeds the adsorption ability of the biochars via CEC (cation exchange). But, the
findings for the important role of K* ions of the biochars for NH4*-N adsorption may give good
research ideas for enriching and controlling this cation (K*) on the biochar surface for
participation of the cation exchange with NH4*-N. In addition, although competing strongly
with NH4*-N, the adsorption of Ca?*, Mg?* and Na* from the leachate onto the biochars is the

valuable findings for using the biochas for remediation of these metals in the waste water.
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Chapter 7. Conclusion

7.1 General conclusion.

Biochar has been receiving attention as a green soil amendment and environmental
adsorbent. Various kinds of biomass were studied as potential materials for biochar
production. In this case, agricultural residue (rice husk) and forestry wastes (wood chips and
bamboo) were used to create the biochars which demonstrated various characterizations and
several potential benefits. For example, biochars produced from wood and bamboo biomass
had low ash content, but high BET surface area, high carbon content, and sophisticated
morphology (hollow structure for wood BC and comb-like structure for bamboo BC).
Meanwhile, rice husk BC demonstrated low BET surface area corresponding to smooth
morphology and low carbon content, but high ash content and CEC value. The FTIR results
indicated that the surface functional groups such as carboxyl and hydroxyl groups or CO3%
group were observed for all the three biochars, but PO4* and SiO2 groups were only showed
for rice husk and wood BCs. The hollow structure may serve a good inhabitant for
microorganism, water holding capacity and relate to adsorption by intraparticle diffusion,
while high CEC plays an important role in adsorption via cation exchange. Particularly, the
functional groups act as negative sites which attracts cations to form surface complex. The
differences in physicochemical properties brought the various adsorption capacity and
mechanisms among the biochars. The adsorption mechanisms for the cations were illustrated
in the Figure 1 of this section. In fact, although bamboo and wood BCs had higher the BET
surface area than that of rice husk BC, the adsorption capacity of the biochar for single NH,4*-
N ion in aqueous artificial solution was in order of rice husk > bamboo BC > wood BC. In

addition, data analysis by the isotherm and kinetic models indicated that chemical process
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(surface functional groups, CEC, and intraparticle diffusion) governed the adsorption rather
than physical adsorption, and the adsorption was taken place on heterogeneous surface by
multilayer. Particularly, the NH4*-N adsorption of the three biochars was strongly based on
the initial adsorbant concentration. In addition, the different morphology structure of biochar

resulted to the various times for the equilibrium adsorption among them.

2.NHjs reacting with organic groups
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Figurel. Shematic of the geometry of the cations (NHs* and Zn?*) adsorbed onto a biochar

particle.

In contrast, the adsorption for Zn?* by the adsorbents was different with NH4*-N, with the
order as bamboo BC > rice husk BC > wood BC, and only the adsorption capacity of bamboo
strongly increased with increasing initial concentrations of Zn?*. In addition, the similar
equilibrium adsorption was observed for the three biochar, which was taken place after one

hour. However, the adsorption of the adsorbates onto the three biochars was also governed
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by the chemical processes occurring on heterogeneous surface by multilayer the organic
groups (carboxyl and hydroxyl groups) form complexation and chelation, and precipitate with

inorganic groups (COs%, PO4?) mainly controlled the adsorption rather than by ion exchange.

Although, the three biochars had good adsorption for ammonium (NH4*-N), the adsorption
was only assessed single biochar with artificial solution having single adsorbate and lower
concentration than the real wastewater like the landfill leachate (NH4*-N up to 1790.18 + 2.53
mg/L). Therefore, the adsorption capacity of the three biochars and their mixture was
evaluated for the multi pollutants in the leachate by equilibrium and filter experiments. The
results indicated that although having adsorption completion of the other cations (Ca?*, Mg?*,
Na*), the NH4*-N adsorption was increased up to 44.06 mg/g for rice husk BC, 40.41 mg/g for
bamboo BC, and 38.90 mg/g for wood BC. Particularly, their binary and ternary mixtures also
showed good NH4*-N adsorption with in range of 39.98 — 43.10 mg/g. Interestingly, the other
cations like Ca?*, Mg?*, and Na* in the leachate was also adsorbed by several biochars, which
completed with the NH4*-N adsorption. In contrast, K* ion on the biochars surface mainly
participated in the cation exchange for the NH4*-N adsorption, and the CEC contributed not to
exceed 11% of the total NH4*-N adsorption. Hence, the results in this study indicated that all
the three biochars and their mixture are prospective products for nutrient capture and
environmental alleviation for wastewater having high ammonia concentration. Meanwhile,

bamboo BC are good product using for reduction of heavy metal pollution like Zn.

7.2 Suggestions for future research

- The biochars need to be tested with real contaminated solutions containing various heavy
metals in order to assess the effect of adsorption competition. The landfill leachate likely had
numerous metals present, but testing this was beyond the scope of the current thesis due to

time limitations.
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- Desorption experiments should also be set up to evaluate the retention ability of the biochars
for NH4*-N, which could give important data for designing slow release fertilizer or controlled
release fertilizer. A balance would need to be struck between strong retention to reduce loss
during heavy rainfall events, for example, and too strong retention that might prevent the re-

release of the ammonium back into the soil / plants as needed.

- The various particle sizes of biochar should be tested for adsorption, which helps to identify
suitable particles for use purposes. Additionally, the sequence of the layers, and the ratios of
the different layers in the column experiments could be varied to optimize the removal of
cations that compete with ammonium adsorption initially, for example, or to tip the balance
further away from cation exchange towards other mechanisms that favor ammonium (or

other required nutrient / pollutant) absorption.

- The ex-situ experiments need to set up in the field to evaluate the effects over the long term,
and to optimize the recirculation versus continuous flow, and the optimal rate of percolation

of the leachate through the biochar to reach the maximum adsorption capacity.
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