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Abstract 

Phytoremediation is a biological remediation technique where plants take contaminants 

from the soil into their biological structure. This technique removes pollutants from the 

ground leaving the grown biomass requiring disposal or additional treatment. Ideally, the 

biomass is converted to a valuable product. The aim of this study is to recover a solid 

biomass fuel from plants used for phytoremediation on high salinity soils. This will entail 

the application of pretreatments on Phragmites Australis, the plant type used, in order to 

render it suitable for combustion in a cement kiln. Presently, the combustion of the biomass 

is considered as a sustainable pathway to low carbon fuels in cement manufacturing 

industry. The investigation characterized Phragmites Australis by energy content (16.29 

MJ/kg raw) and salt content (3.81%) using conductivity measurements. In order to lower 

the salt content, a series of washing experiments were performed followed by analytical 

testing to determine the suitability of the fuel produced. Further analysis consists of thermal 

analysis by TGA and calorimetry as well as conductivity measurements Best results 

observed were 88% chloride removal and 56% ash content decrease. Subsequent 

dewatering steps were performed to reach a 15% moisture content in final product. The 

results were used to a preliminary process design for the treatment of biomass produced 

via phytoremediation of high salinity soils. 
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Chapter 1 

Introduction 

Climate change has received increasing attention with most countries aiming to reduce their 

greenhouse gas (GHG) emission levels by 2030 through reducing reliance on fossil fuels. The Paris 

Agreement itself may even fall short of stated goals of holding the earth’s temperature increase to 

less than 2oC (Rogelj, 2016). The dominant source of GHGs are fossil fuels, hydrocarbons 

previously isolated from the surface environment. Fossil fuels are combusted with oxygen (O2) to 

generate heat that can be either used directly or converted into another energy form, e.g. mechanical 

or electrical. The use of fossil energy sources inevitably results in the release of carbon and 

hydrogen into the atmosphere in the form of carbon dioxide (CO2) and water vapor (H2O), both 

greenhouse gases. Greenhouse gases are those that absorb and emit infrared radiation in the 

wavelength range emitted by earth and include carbon dioxide (CO2), methane (CH4), nitrous oxide 

(N2O), ozone (O3), chlorofluorocarbons (CFCs), and hydrofluorocarbons (HFCs) (Jana, 2011). 

Characteristics such as absorptivity of the gas for IR radiation, its atmospheric lifetime, and its 

concentration in atmosphere determine its contribution to greenhouse gas effect (Khalil, 1999). 

Khalil states that CO2 has a life time of 250 years in the atmosphere which makes it the main driver 

of climate change compared to water vapor (H2O) with shorter life time. Figure 1.1 represents a 

two-year record of global atmospheric carbon dioxide concentration before July 2020 in which the 

latest reading has been 413.5 ppm and the peak is 417 ppm in June 2020 (C. D. Keeling, 2001).  
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Fig. 1.1. Two-year global record of CO2 concentration until June 2020 (C. D. Keeling, 2001) 

It can be perceived from Fig. 1.1 that CO2 concentration varies over time. This variation takes place 

due to the role of plants in the carbon cycle; photosynthesis, in which plants take up CO2 and release 

O2 is accomplished during the growing season (May-October), while respiration dominates during 

colder months of the year. However, the increase between peaks over a year is anthropogenic. To 

provide scale, levels of CO2 in the atmosphere were 290 ppm in 1900 reaching 315 ppm by the start 

of the Mauna Loa record in 1958. 

In order to reduce emissions, energy sources are required that do not result in a net increase in 

atmospheric CO2 concentrations. Biomass is a possible substitute for fossil fuels in energy system 

(Pires, 2011). Biomass is loosely defined as matter composed primarily of carbon, hydrogen and 

oxygen generated through the process of photosynthesis (McKendry, 2002). Biomass is considered 

a renewable resource that can directly be converted to useful products (bioenergy and biofuel) using 

thermochemical conversion technologies. Plant biomass used for cellulosic biofuel production is 
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primarily vegetative tissue, produced when the plant synthesizes chemicals by drawing energy from 

the sun and carbon dioxide and water from the environment, while releasing oxygen (Demura, 

2010). These technologies form various fuels and chemicals from ligno-cellulosic feed-stocks, 

hence they play a key role in ensuring the cycle of biomass production and consumption includes 

satisfying human needs for energy and chemicals (Liu, 2012). Biomass residues and biomass 

wastes can both be utilized for energy production but any mitigating effect of climate change will 

be dependent on global availability of the fuel for substitution. The global plant biomass on land is 

estimated to be about 600 GtC, whereas the marine biomass contains only about 3 GtC (1 

GtC= 1015 g carbon), while net primary productivity is about 60 GtC year−1 on land, and 50 GtC 

year−1 at sea (Kheshgi, 2000). However, biomass substitution needs deep investigation on its 

resources and conversion methods for utilization. 

Biomass resources include wood and wood wastes, agricultural crops and their waste byproducts, 

municipal solid waste, animal wastes, waste from food processing, aquatic plants and algae 

(Gavrilescu, 2005). Biomass as an alternative energy resource, however, can be divided into four 

main categories: wastes, forest products, energy crops and aquatic plants. Wastes include 

agricultural production wastes, agricultural processing wastes, crop residues, mill wood wastes, 

urban wood wastes, and urban organic wastes. Forest products include wood, logging residues, 

trees, shrubs and wood residues, sawdust, bark etc. from forest clearings. Energy crop include short 

rotation woody crops, herbaceous woody crops, grasses, starch crops (corn, wheat and barley), 

sugar crops (cane and beet), forage crops (grasses, alfalfa and clover), oilseed crops (soybean, 

sunflower, safflower). Aquatic plants include algae, water weeds, water hyacinth, reed and rushes 

(Ciubota-Rosie, 2008). It is important to note that traditionally, biomass referred to food crops and 

forestry waste for construction and paper. Depending on the type, texture and composition of 

biomass, the treatments and processing methods for its consumption in energy sector differ. 



 

4 

 

Once harvested, biomass requires conversion into desirable end products. There are five general 

pathways for the thermochemical conversion of biomass to useful end products: combustion, co-

firing, pyrolysis, gasification, and liquefaction (Patel M. a., 2016). All of these pathways release 

some or all of the stored energy within biomass directly as heat via combustion and convert the 

remainder into solid (e.g., charcoal), liquid (e.g., bio-oils), or gaseous (e.g., synthesis gas) fuels via 

pyrolysis, liquefaction, or gasification. Patel (2016) describes the various pathways as follows. 

Biomass combustion is the most common method in which three main stages of drying, pyrolysis 

and oxidative reduction happen. Co-firing biomass is a partial substitution, where burning biomass 

and coal or indirectly by gasifying biomass first to produce cleaner fuel gas that is then burnt with 

coal in a generation boiler. Pyrolysis is a thermal decomposition process, which converts biomass 

into solid charcoal, liquid (bio-oil), and gases at elevated temperatures in the absence of oxygen. 

Biomass gasification takes place with heating in the presence of a reduced oxygen (O2) supply 

(typically 35% of the O2 demand for complete combustion) or suitable oxidants such as steam and 

CO2 and converts carbonaceous biomass into combustion gases (e.g. H2, CO, CO2, and CH4). 

Finally, liquefaction is a low-temperature (300-400℃) and high pressure (40-200 bar) thermo-

chemical process during which biomass degrades into fragments of small molecules in water or 

another suitable solvent (Zhang, 2010). Fig. 1.2 presents the impact of the relative coefficient factor 

() on the thermal biomass degradation process. Relative coefficient factor is the ratio of the actual 

coefficient of the amount of oxygen supplied in the process to the value of this coefficient at total 

combustion at atmospheric pressure (=/c). Complete combustion of biomass takes place at 

stoichiometric amounts of oxygen/air (c). Actual coefficient of the amount of oxygen () is the 

ratio of mass of oxygen supplied in the process of thermal degradation to the amount of biomass. 

The process of thermal decomposition varies from torrefaction (200-300℃) to pyrolysis (500-

800℃) and further through gasification (800-1000℃), to complete combustion of biomass, 

depending on the relative coefficient of the amount of oxygen (Hu, 2019). 
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Fig. 1.2. Impact of the amount of oxygen or air consumed expressed by oxygen factor on 

thermal biomass degradation process 

The previous thermochemical techniques were characterized using temperature and oxygen 

availability. Two other important parameters are weight percent water (wt%) and ash content. An 

important point for this work is that only feed-stocks with water contents up to 60% can be directly 

processed by combustion (Nussbaumer, 2003). Nussbaumer states that, constituents other than C, 

H, and O in feed stream generate a non-combustible component termed ash as a final product of 

combustion. Other minor constituents produce separate reactions. For example, Nitrogen (N) is the 

source of fuel NOx emissions, while potassium (K) and Chlorine (Cl) become components of the 

ash fraction if not volatilized and emitted as hydrogen chloride (HCl) (Ren X. a.-H., 2017). High 

fuel NOx emissions from biomass furnaces in addition to thermal NOx emissions from wood 

combustion in particular shows higher environmental impact in this regard compared to waste 

combustion and even natural gas or light fuel oil furnaces (Nussbaumer, 2003). Depending on the 

type of biomass resource, the ash content differs, and because of problems in the equipment like 

fouling, slagging and corrosion; biomass fuels with low ash content are preferred. Elements such 

as K, Na, Cl and S are mostly responsible for challenges associated with high ash levels (Vassilev 
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S. V., 2019). Slagging is defined as combination and formation of sintered particles on heating-

machine surfaces, while fouling is the deposition of ash in steam generators immersed in flue gases 

below melting point of the fuel, and hot corrosion takes place when sulphate compounds with low 

melting point in hot gases come in contact with hot machinery surfaces (Bryers, 1996). 

During biomass processing, inorganic matter and some ash-forming elements may cause 

technological and environmental problems. A review article (Vassilev S. V., 2017) states that 

common ash-forming elements in biomass include alkali earth metals, among which, minerals or 

phases of certain ash-forming elements can cause increased volatilization and formation of 

dangerous compounds. They increase fine particulate emissions, cause high amount of active and 

low temperature melts leading to sintering, fouling, agglomeration, slagging and corrosion in 

construction materials. These low-grade materials can be used in energy sector but only after 

applying upgrading techniques to improve performance (Abelha, 2019). Abelha (2019) lists the 

following common techniques for fuel upgrading that have been proved to have significant 

improvements on quality: dry inert and oxidative torrefaction, hydrothermal carbonization, steam 

explosion, use of additives and washing for removal of alkali compounds.  

It is reasonable to expect that the trace impurities in biomass will be a function of the soil in which 

it grew. For instance, the uptake of ash components in reed canary grass are dependent on their soil 

type, i.e. heavy clay soils cause high ash content while it is lower in plants grown in humus rich 

soils (Burvall, 1997). This reasonably reaches an extreme when biomass is grown on contaminated 

lands or dedicated landfill sites. 

Landfills or contaminated lands have the potential to produce leachate overtime, which can 

contaminate downstream lands and require mitigation to avoid affecting the local environment. 

Plants can be planted in the leachate zone to absorb pollutants, a process known as 

phytoremediation. Phytoremediation utilizes the potential of the natural or actively managed soil–
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plant system to detoxify and degrade toxic elements in the leachate (Jones et al, 2006). Plants can 

be used as filters in constructed wetlands, hydraulic barriers to create upward water flow in the root 

zone, preventing contaminants leaching into the underground water, enhance biodegradation of 

organic pollutants by microbes in their rhizosphere and degrade organic pollutants directly via their 

own enzymatic activities (Nwoko, 2010). The wide variety of plants in the natural world suggest 

that different species will be better suited to specific pollutants. 

Phytoremediation with the use of salt tolerant plants is well suited for revegetating saline soils as 

well as removing excess concentrations of salts, in particular the chloride compounds (Jesus, 2015). 

Phragmites Australis (P. Australis), a type of low-grade energy content biomass or common reed 

is a large enduring halophytic grass species which can effectively extract chloride and remediate 

salt impacted soils (McSorley K., 2016). P. Australis use in phytoremediation results in standing 

biomass loaded with salt that must be harvested in order to prevent decomposition and return of the 

salt to the surface environment. Utilization of this perennial plant as biomass energy is an 

alternative for harvesting it followed by landfilling or other forms of disposal. McSoreley (2016) 

demonstrated that P. Australis can grow in cement kiln dust (CKD) stockpile runoff. Salt tolerant 

halophytes usage as a means of phyto-desalinization has been explored as a potential remediation 

method to avoid salt release into the adjacent environment. This plant has shown to be successful 

in phytoextraction of potassium chloride (KCl) from CKD landfills.  

CKD is a by-product generated during cement production process with global production estimated 

at 30 million tonnes annually (El-Attar, 2017). It consists of micron-sized particles composed of 

calcium carbonate, silica, and calcium oxide, as well as alkali sulfates and chlorides (depending on 

the composition of the local limestone) (Kunal, et al, 2012). Landfilling this by-product causes soil 

salinity, and high concentration of salts may affect surrounding water sources and contaminate 

aquatic ecosystems (McSorley K., 2016). Therefore, CKD disposal management strategies have 

come under scrutiny to remediate landfill areas. 
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To date, neither P.Australis disposal after saturation and harvest from CKD landfill, nor its 

usefulness as fuel in energy production has been investigated in literature (Abhilash, 2011). Due to 

the salinity, which is mainly chloride accumulation in the form of sodium and potassium chlorides 

(McSorley K., 2016), the maintenance problems such as sintering, fouling and hot corrosion present 

due to the presence of ash-forming elements has rendered it unsuitable for direct combustion 

(Davidsson, 2002). Davidsson (2002) states that several studies have shown leaching methods to 

be effective in removing chloride salts, and reducing the release of alkali during combustion. 

However, the feasibility of large-scale washing of P. Australis prior to combustion in industrial 

conversion systems is unknown. 

Leaching conditions seem to play crucial roles in leaching alkali from biomass, yet the interaction 

effects of leaching parameters on fuel properties has remained unreported. This study contains the 

first studies to investigate the effect of leaching parameters in terms of liquid to solid (L/S) ratio or 

volume of water as the washing agent, time of contact, temperature on properties including energy 

content. The results will determine the yield of potassium and sodium salt from water leaching 

based on various operational parameters.  

The use of halophytes after soil remediation has been addressed in terms of composting, 

compaction, direct disposal and liquid extraction (Abhilash, 2011). Converting P. Australis to a 

biofuel, is an alternative to disposal, after chloride extraction and harvesting from CKD 

downstream landfill. The aim of this study is to assess the feasibility of converting P. Australis to 

a source of biofuel. This will be accomplished through a combination of experimental work and 

process modelling. Following this introduction, chapter two provides a literature review of the 

production of cement, CKD disposal and phytoremediation, the significance of biomass 

substitution for fuels and its needs for upgrading and related pretreatments and conditions. Chapter 

three explains the methodology in terms of sampling P. Australis, design of washing experiments, 

materials and experiments procedures, and employed analytical techniques. Chapter four 
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investigates the results obtained from performed procedures on biomass samples, salt extraction 

efficiency, and impact of washing parameters on properties of biomass including ash content, 

moisture content and heating value. Finally, chapter five applies the major findings and conclusions 

from the thesis to begin the consideration of a process of biomass utilization for combustion in 

cement plants in future. 
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Chapter 2 

Literature Review 

This chapter provides a literature review of the production of cement and the inevitable by-product, 

CKD, its landfilling and resulting soil salinity, phytoremediation as a solution for resulting leachate, 

upgrading halophyte plants for combustion through leaching and dewatering steps, feasibility of 

leachate desalination and biomass energy substitution in cement plant. 

2.1 Cement Production 

One of the largest industries in North America and throughout the world is the cement industry 

(Adaska, 2008). Cement production accounts for a significant proportion of non-fuel materials 

manufacture as other construction materials. Worldwide cement production accounted for 

approximately 4.2 billion metric tonnes in 2019 (Garside, 2019). Cement is the binding agent in 

concrete and most mortars, which are important construction materials. The industry standard 

product, termed Ordinary Portland Cement or OPC, is made primarily from finely ground clinker 

with 10 wt% of gypsum. Clinker is produced in a high temperature pyro process and is composed 

predominantly of calcium silicate minerals that is formed through the decomposition of limestone 

and subsequent reaction of clays and other materials bearing iron, aluminum and silica (Van Oss, 

2003). A schematic summary of production process is shown in a process graph in Fig. 2.1. Given 

the counter current flow of combustion gases and fine solids, dust exits the stack of the kiln and 

must be collected. 
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Fig. 2.1. Manufacture of Ordinary Portland Cement 

The collected material is termed cement kiln dust (CKD) and, as mentioned, is a by-product of the 

cement manufacturing process (Adaska, 2008). The physical and chemical properties of CKD 

depend on the raw materials used and type of collection process at each plant. The dust collected 

from the same kiln and producing the same cement type will typically have a relatively consistent 

composition (Miller, 2000). CKD is mainly a mixture of partially calcined and unreacted raw feed, 

clinker dust and ash, enriched with alkali sulfates, halides and other volatiles. Adaska (2008) states 

that alkalis, chlorides and sulfates are concentrated in the dust. Table 2.1 provides chemical analysis 

of CKD found in literature. 

Table 2.1. Sample chemical compositions of CKD in literature 

Chemical 

compound 

Composition (wt%) in CKD 

(Najim, 2014) (Miller, 2000) (Ahmari, 2013) 

CaO 60.5 42.0 72.2 

SiO2 18.9 11.0 24.8 

Al2O3 4.1 3.9 1.2 
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MgO 1.9 3.6 1 

Fe2O3 4.3 2.0 0.9 

K2O 1.5 0.6 0.1 

Na2O 0 0 0.09 

High salt content in CKD prevents its re-introduction into the kiln and as a result, it has often been 

landfilled, not typically sent to a commercial or municipal landfill, but rather stored on site. These 

CKD landfills are one of the contributors to anthropogenic soil and water salinization due to their 

leaching out of salts to surrounding groundwater. This results in a negative impact on plant growth, 

and causes toxicity and nutrient imbalances (Yun, 2019). It can also reduce the amount of CO2 

exchange and photosynthesis in plants and cause considerable leaf injury due to high potassium 

chloride concentration leached from dust into the groundwater (Darley, 1966). It is also a toxic 

threat for aquatic organism as the highly mobile ions leach into groundwater and eventually reach 

local water bodies (McSorley K., 2016). 

Preventing the release of salts to the environment means industries that landfill high salt content 

materials, including the cement industry, have to manage disposal sites and to remediate any 

contaminated areas. To reduce CKD landfilling, several approaches have been applied, i.e., it has 

been utilized as a cost-effective soil stabilizer (under appropriate conditions), for example 

stabilizing roadbeds in Oklahoma, US (Miller, 2000), or in cement mortar and concrete (Siddique, 

2006). However, not all cases removal and reuse of CKD are feasible, and that is where 

phytoremediation with the use of salt tolerant plants could serve as a low cost remediation strategy 

to both re-vegetate the landfills as well as remove excess concentrations of salts, in particular the 

chloride ions (McSorley K., 2016).  
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2.2 Phytoremediation 

Remediation of saline-alkali soils by biological means is a prudent soil conservation strategy, 

because it is a sustainable ecosystem design in which plants are utilized to degrade and detoxify 

metals, hydrocarbons and chlorinated solvents (Han, 2013). Phytoremediation can be used to 

rehabilitate sodic and saline-sodic soils (soils with predominant amounts of sodium) by cultivating 

Na-hyper-accumulating halophytes. Halophytes are a wide range of plant species that grow 

naturally on coastal and inland saline areas such as salt marshes and salt deserts, which can survive 

in salt concentration equal to or greater than that of seawater (Ravindran, 2007). It is based on the 

capacity of such species to accumulate Na+ ions in their shoots (Jlassi, 2013). Shoots are the above-

ground part of the plant that embody stem and leaves.  

Phytoremediation has typically been applied on naturally salinized soils, in areas such as Asia, 

Africa, or Australia (M. Ajmal Khan, 2008). The ability of six types of  halophytes to reduce salinity 

in the upper 40 cm of soil has been evaluated (Ravindran, 2007). They reported a significant 

decrease in electrical conductivity from 4.9 to 1.4 mS/cm in soil after a 120-day culture. A recent 

paper related an applicable and in situ remediation for chloride contaminated sites utilizing P. 

Australis (McSorley K., 2016). The common reed, P. Australis is an emergent vegetation found in 

wetlands around the world (Vasquez, 2006) that has been used for phytoextraction of metals (Ali, 

2002) and chloride from CKD (Yun, 2019).  

P. Australis or common reed is reported as a source of high amounts of lignin and cellulose that 

absorb many heavy metal ions as well as salts from aqueous solution (Southichak, 2006). McSorley 

et al.  have undertaken a study on P. Australis feasibility to extract chloride from a 30-year-old 

CKD landfill (McSorley K., 2016). The plant was shown to accumulate over 24 ± 2.2 mg Cl-/g 

tissue on average (dry weight). This species was separately measured to remove 77 ± 5 kg of 

chloride from the soil annually (280 ± 164 g/m2, 2 km2 area)  (Yun, 2019).  It is claimed to be a low 
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cost, low maintenance in situ remediation strategy without disrupting the ecosystem (McSorley K., 

2016).  

2.3 Clinker Production & Biomass Substitution 

Production of clinker, the main component of cement, needs considerable demand of thermal 

energy for calcination of calcium carbonate and heating the raw meal up to 1450 ℃ (Galvez-

Martos, 2014). For the processes of forming clinker from limestone and clay oxides dried at 100 

℃, the theoretical energy demand is between 1590 and 1840 kJ/kg clinker (Locher, 2015), while 

the real amount is significantly higher, because of the energy consumption for the evaporation of 

water and heat losses from preheater and kiln and clinker cooler (Galvez-Martos, 2014). Galvez-

Martos et al. (2014) calculated the average energy demand from about 150 plants worldwide as 

between 3.25 and 3.51 MJ/kg clinker. Others place a cement plant’s specific energy use at about 

3.2 MJ/kg of clinker manufactured (Mastorakos, 1999). The common type of energy used in the 

process comes from solid fossil fuels (coal and petcoke) which contributes 67% to the total 

environmental impact of cement manufacture, in terms of greenhouse gasses 40% of the CO2 

emitted by cement industry belongs to combustion of fuels in the kiln and 50% to chemical process 

(Bosoaga, 2009). According to global warming potential results, the carbon footprint of cement 

production is reduced by co-processing of waste-derived fuels and raw materials (Galvez-Martos, 

2014). It has been calculated that each 1% substitution of energy input in cement industry by waste 

reduces the carbon footprint of American and European cement by about 1.65 kg CO2 per tonne of 

cement (Boesch, 2010). 

Biomass is a type of solid fuel providing approximately ~14% of the world’s energy needs and 

ranking fourth as an energy resource worldwide (Demirbas, 2004). Given the proximity of CKD 

landfills to cement plants, conversion to a biofuel seems a logical answer with add on benefits of 

low carbon fuels. As net annual whole plant production for P. Australis was estimated to be ~10 
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kg/m2/year (Hocking, 1989), and ~12 kg/m2/year in Lafarge Cement Manufacturing Plant in Bath, 

Ontario, (McSorley K., 2016). A production rate of ~10-12 tonne/year/km2 can be estimated for a 

vegetation site area. 

2.4 Biomass Upgrading and Combustion 

As discussed before, biomass can play a role in climate change mitigation as a source of renewable 

energy. Comparing to fossil fuels, environmental pollution and health risk of biomass energy 

utilization is lower; however, many drawbacks from its undesirable properties render it to 

upgrading. Firstly, physical properties, biomass has high bulk volume, thus its use causes higher 

transportation, storage and utilization costs (Van der Stelt, 2011). Secondly, due to its higher 

oxygen content, hydrophilic nature and high moisture content, the unit energy content of biomass 

is generally lower. Finally, biomass is difficult for size reduction to reduce into small and 

homogeneous particles due to its high fibrous composition (Akhtar, 2018). Table 2.2 compares 

bulk density and energy content of several types of biomass and coal for comparison. 

Table 2.2. Properties of some biomass type with coal for reference 

material HHV (MJ/kg) 

Bulk density 

(kg/m3) 

Energy content 

(MJ/m3) 

Reference 

Hardwood 4.4 230 1,012 (McKendry, 2002) 

Softwood 5.2-5.6 180-190 936-1064 (McKendry, 2002) 

Bagasse 19.4 80 1552 (Patel B. a., 2011) 

Poplar 18.5 340 6290 (McKendry, 2002) 

Switchgrass 17.4 323 5620 (McKendry, 2002) 
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Coala 15-30.5 1300-1506 19,500-46,000 (Ju, 2017) 

a) from low rank Lignite to high rank Bituminous and Anthracite as highest rank coal 

Ash deposition and corrosion in heat transfer during combustion of  low quality coals such as 

Lignite which are essentially closer to biomass (Song, 2018), are similar to plant-based fuels in 

energy production are usually accompanied by maintenance problems such as sintering, fouling 

and hot corrosion, which are largely due to presence of potassium and chlorine. Hot corrosion 

occurs in machinery that are in contact with hot gas from burning fuel containing potassium (K), 

sodium (Na), Sulphur (S), etc. or exposed to various salts (Gao, 2008). In every plant, alkali metals 

are present as nutrients and counter ions. Potassium, for instance, can be found generally in annual 

and short-life crops (Baxter, 1998). Depending on the resource of biomass, plant species or part of 

plants, used fertilizers and pesticides, contamination and growing conditions, the composition of 

biomass is vastly varied. As a result, the composition and properties of biomass as well as its 

behavior during thermal treatment have been investigated in literature in order to explain 

advantages and disadvantages of using biomass as biofuel. An extended overview (Vassilev S. V., 

2015) lists the main advantages of biomass for biofuel application related to their compositions. It 

states that high values of ash, N, S, Si and trace elements are some of the major disadvantages, 

while high values of water soluble nutrients and alkaline-earth elements, e.g. Mg and Ca, are 

considered positive properties. 

Studies have investigated upgrading methods for enhancing biomass for use as an alternative for 

fossil fuels for energy production. Their main focus was on removal of alkali compounds and 

improve undesirable properties such as ash. As 90% of the alkali in biomass is water soluble or ion 

exchangeable, its release causes the formation of salt compounds on boiler surfaces or fluidized 

beds (Baxter, 1998). Therefore, pretreatment processes are applied before biomass utilization to 

improve not only the quality of the fuel but also to reduce detrimental effects on maintenance.  
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The most common used pretreatment techniques include water washing, acid washing, 

and torrefaction (Chen, 2017). Torrefaction is a thermo-chemical pretreatment method performed 

at 200-300℃ and atmospheric pressure in the absence of oxygen and makes the biomass dried and 

loose in fibrous structure. The result is an increase in the grindability and energy density of the 

subjected biomass and a destruction of its hygroscopic nature (Bergman, 2005). Water washing and 

acid washing are similar pretreatments, in which biomass is rinsed, immersed or washed with a 

washing agent in order to remove its soluble compounds. Washing has been shown to be applicable 

for ash removal depending on the agent type and structure of biomass (Hong, 2009). 

A literature review on the effects of washing pretreatment on problems of biomass combustion has 

been undertaken based on lab-scale studies (Gudka, 2016). It concluded that washing with water 

reduces the ash content of fuel. The efficiency of removal was noted to decrease with increase in 

particle size, but it increases significantly with water temperature rise. However, the impact of 

washing on heating value is negligible. It is likely because of the fact that higher levels of ash 

removal leads to higher energy content as the total energy is conserved unless combustible matter 

is washed away. Finally, Gudka et al. (2016) conclude that the reduction of Cl and S by water 

washing significantly modifies corrosion in boiler components and related environmental 

problems. However, the issue of S removal is less critical in cement kilns, as large presence of Ca 

in the feed can react to form anhydrite (CaSO4). 

Others investigated the effect of water washing on fuel properties in six kind of herbaceous and 

woody plants. In their study (Deng, 2013), they submerge and soak 12.5 gr of biomass sample in 

sieve cloth into 1L of DI water (L/S ratio=80) for 3 hours in three different temperatures of 30, 60 

and 90℃ and subsequently air dry for several hours. From results, it is reported that the ash contents 

decrease, the volatile matter contents increase, and the amounts of potassium, sulfur and chlorine 

decrease greatly, while the higher heating values of samples are increased slightly (~2.61%). Deng 
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et al. (2013) conclude that as the removal efficiencies of K and SiO2 increases by temperature rise. 

On the other side, reduction of ash contributes to a slight increase in heating value (MJ/kg) and 

therefore, as water temperature rises, the relative energy loss increases for all the samples as heating 

water consumes energy thus reducing net energy available. Deng et al. (2013) reported Cl removal 

results were different in each plant sample: up to 90% in all temperature for straws, 45% in corn 

stalk with a negative effect of temperature, around 80% in cotton stalk with benefit of temperature 

rise and 60% removal was the best result for rice hull obtained in 60°C. It is worth noting that none 

of these biomass samples were halophytes. 

In another study, water washing treatment on an agricultural waste with L/S ratio of 20 made 

improvement in its characteristics (Iáñez-Rodríguez, 2020). The washing was performed by stirring 

samples in water continuously for one hour and in different temperatures of 40, 60 and 80°C. The 

ash content reduced by 46% after a washing in 80℃, which suggests high temerature washing 

increases ash removal, particularly Fe, Na, Si and Cl compounds based on the data presented in 

paper. 

The effect of triple washing and single step soaking on removing alkali contents in sorghum, a 

cereal grain is inquired in another research (Carrillo, 2014). Each experiment has been performed 

on 1 kg chopped biomass (8cm) in cloth bags with 7.6 L tap water under ambient temperature (L/S 

ratio= 7.6). The washing duration was 45 seconds for each step, while the soaking treatment lasted 

for 1 hour. Subsequently, the samples are hung on the side of a plastic container for 24 hours 

(gravity drainage) and dried in a 50℃ oven for three days. No explanation is available on drying 

method, although three-day drying by low temperature may not be practical. Analytical tests are 

done after milling treated biomass show reduction of 14% in ash content by single wash, 19% by 

double wash,  and 20% after triple wash with the results from soaking comparable to the triple 

wash. They also state that lignin content in all samples increases up to 53%, which is resulted from 
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its insolubility in water. As water soluble components are omitted from the fuel, the same amount 

of lignin results in higher percentage. Heating value increases about 3.2 % in MJ/kg after single 

wash with an inverse correlation with ash content (14-20% reduction) and positive correlation with 

lignin content, but there is no difference among number of washing (Carrillo, 2014). About 

halogens removal, the triple washed treatment made the greatest reduction in chlorine by 73%, 

while soaking results were similar to a double wash, removing 66%. Finally, Carrillo et al. (2014) 

explain the need of leachate analysis to determine its potential use as fertilizer for feedstock 

production in a closed loop system. 

The impact of water leaching on biomass investigated in several studies verifies that ash content of 

biomass is reduced as well as K, Na and Cl in salt content. This has led to an increase in heat content 

on a unit mass basis as the inert fraction is reduced (Vassilev S. V., 2019).  

In other work on biomass upgrading by washing and torrefaction (Abelha, 2019), multiple a variety 

of biomass species (roadside grass, Wheat Straw, Miscanthus, and Spruce Bark) were washed with 

tap water in pilot scale 25 kg/hr biomass washing installation. The facility mixes the feedstock with 

water at 50℃ with two subsequent washing steps, each a duration of 15 min. Mixing conditions 

are enhanced mechanically, feedstock was immersed in water during pretreatment with L/S ratio 

of 10. In a second bin, the material is rinsed with fresh water, thermally dried by an installation 

consisting of drying walls with heated air to a moisture content below 15%. Their results show that 

the washing step is effective on the removal of 90% Cl and 60-80% K. However, as the washing 

agent used was tap water containing 10-50 mg/L chloride, their results may be slightly lower. 

In another study (Davidsson, 2002), wheat straw and wood waste samples were washed with 

different medium, water and acetic acid. The release of alkali compounds during subsequent 

pyrolysis were compared. They rinsed 0.1 g of biomass samples with 5 or 20 ml of deionized water 

(L/S 50-200) at room temperature and for acid washing they immersed same mass of fresh sample 

for 4 hours in 5 ml of acetic acid for acid leaching. The acetic washed samples were oven dried 
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prior to pyrolysis. According to their results, the reduction in alkali release is 70-75%, after acid 

leaching in the pyrolysis taking place at 200-500℃, while it is ~30% after washing with water, 

regardless of volume. At 600-1000 ℃, water washing is more effective leading to over 90% alkali 

removal. Comparing results for type of samples, it can be concluded that washing techniques should 

be effective for biomass with high ash content; grass and herbaceous fuels, while woody biomass 

appears to limit the effect of washing procedure on alkali bound removal (Davidsson, 2002). They 

do not report any investigations on energy content of biofuel. 

An experimental study on P. Australis as biomass energy source is presented in the literature (the 

sample was not used for phytoremediation) (Patuzzi, 2013). In his study, feedstock was 

characterized by the following sampling procedure. After harvesting, the moisture content, ash 

content, elemental composition and lower heating value (LHV) of the collected samples were 

determined. Subsequently, STA analysis (simultaneous thermogravimetric analyser, a technique 

that combines both thermogravimetry (TG) and differential scanning calorimetry or DSC) was 

applied to samples over a temperature range of 30 to 1000oC. They have divided their samples into 

four categories of plants origin; i.e. China or Italy, and plants parts; i.e. leaves and stems. Their 

results show a two-step thermal degradation of biomass, in which water loss is followed by an 18% 

mass loss at ~290oC and another 45% at ~370℃. Also, the residual mass in air that shows ash 

content is between 6.5 to 13.2% for different samples, taken as the mass remaining above 700℃. 

Patuzzi (2013) reported the LHV values between 16.8-18.8 MJ/kg dry. LHV (lower heating value) 

is the amount of energy recovered not including condensation of water vapor in the exhaust gases.  

Despite previous effort being made on upgrading biomass, a detailed experimental analysis on the 

conditions of washing procedure on P. Australis grown on CKD for use as a biofuel source has yet 

to be done. The major purpose of the present literature review is to evaluate the properties and 

significance of leaching conditions on water soluble compounds in biomass (salts bounds), organic 

matter, ash content, NOx emissions, and heat value of the final treated feedstock. 
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Table 2.3. Summary of water leaching conditions and results on ash removal  

Reference Method L/S ratio temperature time Comments 

(Deng, 2013) submerge 80 30, 60, 90°C 3 hr 
~90% K in high 

temperature 

(Iáñez-

Rodríguez, 

2020) 

Stirred 20 40,60,80°C 1 hr 
46% Ash removal in 

high temperature 

(Carrillo, 2014) Triple wash 

7.6 

(each step) 

25°C 

45 s  

(each step) 

73% ash removal by 

last wash 

(Carrillo, 2014) soak 7.6 25°C 1 hr 73% Cl, K, Mg, Ca 

(Abelha, 2019) 2x soak 10 50°C 15 min (each) 90% Cl , 80%K 

(Davidsson, 

2002) 

Rinse 50-200 25°C - 
30% alkali removal 

regardless of volume 

2.5 Dewatering 

In biomass utilization, water content is one of the important criteria, as it improves combustion 

efficiency and operation, increases steam generation significantly, reduces excess air, needs smaller 

fuel handling equipment, reduces its microbiological degradation and transportation costs. While 

measured moisture content of a variety of materials may vary from 10 and 15% in municipal solid 

waste to 40-65% in herbaceous materials, softwood, and pulp and paper, it is critical in combustion 

and gasification (Roos, 2008). Roos (2008) explains that some type of gasifiers require less than 

55% moisture content for operation and the optimum value for wood-fired incineration is much 

less, 10-15%.  

As said above, alkali compounds are water soluble and can be removed by leaching of the biomass 

which usually remains a wet bulk biomass and not suitable for combustion. In some industries such 

as sugar rehydration and mechanical dewatering reduce the moisture content as well as alkali 
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removal in bagasse that may be done by replicate pressings by weights (Turn, 1997). Mechanical 

dewatering by centrifuge and compartment type filter press is utilized for dewatering biomass 

commonly sewage sludge to increase its total solid fraction from 3-5% to 20%, but commonly 

further decrease in water content above 45% are done through thermal drying (Spliethoff, 2004). 

However, energy demand for thermal drying methods increases, as the target moisture content 

becomes less. Spliethoff lists thermal drying methods to superheated steam dryers, fired rotary 

dryers, flash dryers, cascade dryers and microwave dryers. Most of them such as flash and cascade 

dryers are cost effective in large scales, with high maintenance costs and the recovery of energy in 

such methods is difficult. Superheated steam dryers are very efficient in low-pressure operation 

conditions, but are only sufficient for small particle size biomass. Open-air drying is another 

approach for low water content feedstock, due to its slow operation speed and dependency on 

biomass particle size and weather conditions.  

2.6 Leachate Desalination 

So far, alkali removal from biomass with water as washing agent and dewatering biomass has been 

introduced. Here, desalination of residual water or leachate is discussed. Membrane desalination or 

MD is one of treatment methods for seawater, industrial wastewater and brine. In some processes, 

purification happens by gradient of vapor pressure across a porous membrane (Seo, 2018). Seo et. 

al. state that this situation is created by two parallel flows: a hot feed solution and permeate stream. 

Water vapor is formed at the interface of the membrane’s hot feed side and is transported to the 

opposing cold permeate side. In their study, a cm-scale graphene film is utilized as a membrane 

with nanoscopic features on its surface. The membrane was directly exposed to NaCl feed solution 

(70g/L NaCl) 4L of feed and 1 L of distillate were used, in the high temperature gradient 

(ΔT = 70 °C) measurements, the feed solution temperature was 90 °C, while the distillate 

temperature was 20 °C. This was followed by measurement of water vapor flux and salt rejection 

to identify the purification of water. 99.99% salt rejection after 72 hour  was reported. 
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2.7 Salt Solubility 

Chloride removal by water washing is suggested in the literature for improvement of biomass 

(Baxter, 1998). As such, knowing their solubility in water, which help to remove and control 

chlorides is important.  

Water is an excellent solvent for chlorides. Solubility is defined as the maximum amount of 

substance that can be dissolve in 100 gr water at 25°C, which is 36 gr for sodium chloride and 34 

gr for potassium chloride. In general, all solids become more soluble with increasing temperature, 

but solubility curves show the maximum mass of solid that will dissolve in 100 gr water at a 

particular temperature to give a saturated solution (John Holman, 2001).  

Reliable solubility data for multicomponent systems is required for optimization of aqueous 

industrial brines (Farelo, 1993). Farelo et al. presents binary and ternary solubility data for NaCl-

KCl-H2O system in the temperature range of 293-360K. They compare their experimental results 

for binary systems with previous data published. Following graphs depict solubility data of NaCl 

in NaCl/H2O and KCl in KCl/ H2O system from 293 to 363K investigated in several literature data. 

 

Fig. 2.2. Solubility of NaCl in the System NaCl/H2O and KCl in the system KCl/H2O, 

adapted from (Farelo, 1993) 

Experimental solubility data for ternary systems in literature are presented in following figures.  
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Fig. 2.3. Solubility of NaCl in the System of NaCl/KCl/H2O adapted from (Farelo, 1993), 

Temperature of water vs molality of NaCl (mol/kg water) 

 

Fig. 2.4. Solubility of KCl in the System of NaCl/KCl/H2O adapted from (Farelo, 1993), 

Temperature of water vs molality of KCl (mol/kg water)  
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Chapter 3 

Methodology 

3.1 Sampling and Experiments 

Samples of P. Australis were collected from cement kiln dust (CKD) stockpile at the Lafarge 

Cement Manufacturing Plant in Bath, Ontario in August 2019. The field site (Area D in Fig. 3.1) 

which is located west-southern and adjoining to Bath Creek road is an approximately 3 km2 area 

that receives drainage from the entire CKD landfill and the only planted species present in site is 

P. Australis (McSorley K. a., 2016). Water flows eastward into the town of Bath and into Lake 

Ontario. Following figure shows areas A-E described as: A) Southern Fill Area (SFA), B) 

Northern Fill Area (NFA), C) Surface Water Detention Pond, D) Study site E) Bath Creek (OW = 

overburden well locations, SW = surface well locations). For scale purposes, the study site (D) 

measures ~3km2 and ~1 km2 is vacant of vegetation. 

 

Fig. 3.1. Cement kiln dust landfill at the Lafarge Cement Manufacturing Plant in Bath, ON. 

Photo adapted from (McSorley K. a., 2016) 
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Shoots of P. Australis plant were harvested in random triplicate groups of  30 cm × 30 cm square 

areas and placed in labelled plastic bags. The vegetation area was divided into three hypothetical 

regions; i.e. left, right and in front of the drainage to randomize the sampling, and each group of 

harvested triplicates belong to one of these regions. The bags were maintained in freezer prior to 

further analysis1.  

Samples were collected as part of an experimental program whose aim was to characterize their 

suitability as a combustion fuel after various washing procedures. This was accomplished by 

quantifying the heating value, residual salt level, ash content and NOx emissions. Washing 

pretreatments were applied to P. Australis samples in the laboratory and then taking conductivity 

measurements and other thermo-analytical techniques including calorimetry. The experimental 

procedure was designed to investigate the effect of three washing variables: the liquid to solid ratio 

(L/S), water temperature, and residence time. The liquid washing residuals were analyzed by 

electro-conductivity (EC) meter to determine the total dissolved solids (TDS) of the residual water, 

solids in leachate were measured by evaporation, and the residual biomass solids subjected to TGA 

analysis for a proximate analysis while the heat content was measured using a calorimeter. A 

schematic of the experimental program is presented below in Figure 3.2. 

 

Fig. 3.2. Schematic overview of washing treatments for phytoremediation biomass 

 

1 Testing was performed only on left side samples, further analysis on other samples was not possible due 

to laboratory restrictions associated with COVID19. 
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3.2 Design of Experiments 

An experimental design is a plan for collecting data and an integral component of quality 

improvement which supports improvement in process design and process operation. During a 

process investigation, design of data collection is essential after identifying objectives (here: higher 

energy content and lower salt content) and it can be followed by analyzing the data collected and 

re-identify new objectives. A two-level factorial design is meant to provide information about main 

effects for experiments involving many factors/variables (k). The two-level factorial design is 

improved by adding several runs at the center point of the design. Having replicates enables 

estimation of inherent noise variation (Montgomery, 2013).  

The experimental procedure has been designed to investigate the effect of the three variables on 

salt removal and combustion properties. Thus, while the aim is measuring the salt content and heat 

content, the variables will be volume, temperature, and duration of contact of the biomass with 

water. A factorial design was used for designing a set of experiments with multiple parameters, 

each varied between an upper and lower level. Based on factorial design model with three (3) 

parameters and two (2) limits, a total of eight points (23) are provided at which all of the variables 

are fixed at their maximum and minimum value (Table 3.1). Another set of experimental conditions 

at center point for all the variables are investigated in triplicate, resulting in a total number of 11 

experiments.  It is worth mentioning that all experiments were performed on one plant for 

homogeneity in results. 

High and low levels for each factor should be designed from preliminary investigations, process 

understanding and objectives. For assessing limits on L/S ratio, the initial salt of biomass was 

calculated based on values in the literature. McSorley K. A. (2016) states that the average ratio of 

(Na++K+)/Cl- in P.Australis is 1.6, that converts to 39.2 mg Na++K+ based on 24 mg Cl-/gr dry 

weight  (McSorley K. a., 2016). As the ratio of K+/Na+ =32.7 is also reported by (McSorley K. A., 

2016), total initial salt content based on dry weight in 1 gr un-processed tissue is 75.49 mg (2.95 
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mg NaCl and 72.54 mg KCl). Based on the solubility data presented in Fig. 2.2, the required volume 

of water to dissolve this amount at 20℃ is 0.2mL.  

For lower L/S limit, it was observed that at least 10 mL of water is required to submerge a 1gr 

sample of biomass. Therefore, the lower limit for L/S ratio in this test series was set to 10 resulting 

in 25 mL water for a sample of 2.5 gr biomass. (This mass was chosen as a sufficient amount for 

tests after wash, 2 gr is needed for two calorimetry tests and 80 mg for TGA). 

According to Fig. 2.2the solubility of sodium chloride and potassium chloride is 8.95 and 8.5 gr in 

25 mL water respectively, which are well above the required amount for this amount of sample 

considering the estimated initial salt content of 188.72 mg in 2.5 gr P. Australis based on literature 

data. Upper limit for L/S variable was set to 40, the average effective L/S found in the literature 

review with considerations for lower energy requirement for heating the water in hot leachings. 

Looking to the salt solubility versus temperature for KCl and NaCl graphs (Fig. 2.2, Fig. 2.3, Fig. 

2.4), the lower and upper limits for temperature were set to be 20 and 80℃ respectively, as the 

change of salt solubility out of this range, specifically before 20℃ and after 80℃ for NaCl is 

negligible. The highest ash removal was reported at 80°C in literature review and higher ash 

removal over this temperature are  (Deng, 2013),  (Iáñez-Rodríguez, 2020). In terms of energy 

consumption, heating water to 80℃ with L/S=40 needs 10 kJ/gr heat, while biomass heat content 

is only ~16 kJ/gr. 

The lower and upper limit for contact durations time were set from literature review summarized 

in Table 2.1. Minimum soaking time for biomass reported was 15 minutes while the upper limit 

was set to 60 minutes. In addition, this study focused on the effect of multiple duration times on 

ash/salt removal and longer contact times were investigated through multiple washes. Table 3.1 

shows the design of experiments based on two-level factorial design including runs at center points 

(23+3=11).  
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Table 3.1. Design of experiments based on factorial design model 

Number of Run Temperature (◦C) L/S ratio Time (min) 

1 80 40 60 

2 80 40 15 

3 80 10 15 

4 80 10 60 

5 20 40 15 

6 20 40 60 

7 20 10 60 

8 20 40 15 

9 50 25 37.5 

10 50 25 37.5 

11 50 25 37.5 

The effect of multiple washing of biomass on the objectives was also of interest, however, as 

experiments on multiple washings would benefit by first identifying optimum conditions through 

the factorial design, different set of experiments were performed on same biomass described in 

section 3.3.1. 

3.3 Experiment Procedure 

The harvested P. Australis plant was first milled into micro grain size with SP Scienceware Micro-

Mill grinder (Bel-Art Products, USA). Samples of 2.5 grams were prepared to be soaked in de-

ionized (DI) (EC=1.02 µS/cm) water under conditions stated in Table 3.1. The temperature was 

controlled by placing soaking container in a heated water bath (Thermoscientific, AquaBath 

Model2343, USA). After the specified soaking time for each test, each biomass sample was gravity 

filtered (fine porosity and slow flow rate), weighed with an analytical balance (Denver Instrument 

SI-114, USA, d=0.1 mg) and placed in the oven (Isotemp Oven, Fisher Scientific, USA) to be dried 
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for TGA and calorimetry tests. The wash liquid’s electrical conductivity was measured by 

Electroconductivity meter (CON 6 Acorn series, Oakton, USA) and then 10 mL was collected and 

dried in the oven in order to measure the mass of remained solid residue in the leachate (by 

analytical balance, d=0.1 mg). These results were compared to data for total dissolved salt (KCl 

and NaCl ) in water versus EC that were generated as part of this work, Fig. 3.5. 

TGA tests were also performed on the solid residue after washing and drying. The amount of ash 

was evaluated from the dried biomass after soaking, which can be compared with the initial ash 

content of the biomass and quantify the total amount of ash removed from the fuel by washing. 

Additionally, bomb calorimetry (by bomb calorimeter Emerson design, Parr 6200) was performed 

to assess the energy of combustion as part of the final determination of best pretreatment conditions 

to obtain the optimum point between removing salt and maximizing energy content of biomass. 

Obviously, more salt removal leads to more unit energy, however considering processing energy 

and steps is of importance for suggesting a practical method. 

3.3.1 Multiple Washing 

In order to investigate alternative washing sequences, a series of multiple wash tests were 

performed on the same mass of sample using in the factorial design. In these sets, the same sample 

would be washed multiple times without dewatering between sets. EC and evaporation 

measurements were taken after each wash along with TGA tests on the residual solids. Two 

conditions were investigated, soaking and rinsing. Soaking is defined as preventing the wash water 

from draining immediately under gravity while rinsing allows for immediate gravity drainage.   

3.3.1.1 Soaking 

In these experiments, five (5) samples of 2.5 gr each were mixed with 25 mL deionized water at 

room temperature. The mixture was contained in a 100mL beaker for 15 minutes and the separated 

using gravity filtration. The design was such that sample 2 was soaked again after filtering from 

step 1 with same volume and temperature of water, sample 3 was soaked two more times and 
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samples 4 and 5 were soaked a total washing step number of 4 and 5 times respectively. This 

procedure is depicted in Fig. 3.3. After the specified number of soaks were complete, the sample 

underwent a final gravity filtration (fisher brand filter paper, 1-5 µm particle retention), was dried 

at 60oC and sent for TGA and calorimetry testing. 

 

Fig. 3.3. Schematic diagram of multiple washing procedure 

Similar to main experiments, EC of the liquid residual was measured and then a 10 mL sample was 

dried in the oven. The residual mass was recorded for the solid residue leached out from biomass 

into water (which was assumed to be salt and organic matter for main experiments). The filtered 

biomass was analyzed by TGA after being dried in an oven.  

3.3.1.2 Rinsing 

In order to investigate very short duration contact with water, another set of treatment were done 

by rinsing the samples with de-ionized water. In these experiments, the sample was placed in a 

cone filtration system (Fig. 3.4). The wash water was the poured directly over the sample contained 

in an ultrafine cone filter paper (fisher brand, 1-5 µm particle retention) with water separation by 

gravity occurring immediately. Otherwise, the experimental procedure was the same as reported in 

section 3.3.1.1. The measurements, such as conductivity measurements and TGA on the liquid and 

solid residuals, were also performed similar to soaking tests.  
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Fig. 3.4. Schematic of rinsing biomass 

3.4 Analytical Techniques 

3.4.1 Electroconductivity 

In water industry and where else the concentration of salt in solution is of importance, total 

dissolved solids (TDS) measurement are required. However, as it is not easily measurable except 

under controlled laboratory conditions, electrical conductivity (EC) reading is a common 

alternative method that is utilized that depends on a correction factor or relation between TDS and 

EC (Walton, 1989). Walton states that the conversion factor range for NaCl is typically 0.47-0.5 

ppm/(S/cm) in EC-meters: This can be calculated according to the following equation 

TDS(ppm)=EC(µS/cm) × 0.5 or TDS (ppm)= EC (mS/cm) × 500.  

Although the conversion factor is not stable for all of the samples, it seems to be more accurate low 

concentration solutions according to Waslton (1989). In that paper, it is shown that TDS-EC 

relationship is nonlinear, even for a series of standard single salt KCl solutions, and similar results 

have been obtained using other salts. However, it is said that nor TDS evaporation method, neither 

EC measurement are as straightforward as are often assumed, and both contain potential errors.  
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3.4.1.1 Standardization 

Given the fact that total dissolved solid is not easily measured, a common alternative method is to 

utilize the simple permeate electrical conductivity (EC) reading and multiply by a standard 

correction factor to obtain the required TDS result (Walton, 1989). For this work, a custom 

standardization was established. Multiple standard solutions of NaCl and KCl dissolved in water 

were prepared, their concentration was plotted versus the EC measurement results of each, as 

shown inFig. 3.5. As the temperature effect on EC has been shown to be 2.2 % per 1 ◦C, all of the 

measurements were performed at room temperature.   

 

Fig. 3.5.  EC correlation in ppm (µmol salt/mol solution) with intercept set to zero 

The data presented in Fig. 3.5 also contains a linear trend line and as EC of deionized water was 

1.02 µS/cm which was negligible,  the y-axis intercept  was set to zero, R2=0.99. This attempts to 

account for the fact that the D.I. water is expected to have no salt dissolved in it. Actual 

measurements of the D.I. water produced a result of 1.2×10-3 mS/cm. Using this value as the y-

intercept produced a small change in R2 and slope values.  
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For conversion of EC readings in washing experiments to concentration of chloride in leachate 

following equation is used. Mole fractions of NaCl and KCl are calculated based on initial salt of 

plant presented in section 3.2.  

µmol salt

mol solution
= 0.05 × (169.25 × EC) +  0.95 × (65.566 × EC) Equation 3.1 

3.4.2 Bomb Calorimetry 

Thermochemistry deals with the measurement and calculation of the heat absorbed or released in 

chemical reactions. Available thermochemical data for organic compounds in literature often come 

from combustion experiments (Pedley, 2012). A bomb calorimeter is a laboratory analytical device 

that is designed to determine the internal energy and enthalpy of combustion, which are usually 

high values of the order of hundreds of kcal or kJ per mole with an accuracy of 0.01 percent. It 

consists of a high-pressure stainless-steel vessel charged with pure O2 the submerged inside a pail 

filled with 2 litter of water. A pair of electrodes attached to a fuse provides contact with the 

specimen. Electrical ignition of this fuse provides the means of initiating combustion of the sample 

that oxidizes inside a small metal pan. The change in internal energy of the system is the quantity 

of heat exchanged with the surroundings based on first law of thermodynamics, here measured by 

the temperature increase in the water.  

There are some correcting considerations to the experimental heat of combustion. The heat released 

in a bomb calorimetry does not originate only from the combustion of the chemical of interest. In 

the experiment on biomass, three side reactions must be taken into account for this matter; the 

combustion of Naphthalene used to make the biomass grains adhesive for making the pellet, the 

combustion of part of the fuse used for electrical ignition, and the reaction in which the nitrogen in 

the air trapped in the bomb reacts with oxygen and water vapor to produce nitric acid. HNO3 

contribution can be calculated from its molar heat of formation and the amount of the bomb after 

the combustion and then titrate the washing with an alkali solution. 
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The following procedure was used for the Calorimetry experiments.  

1) A sample pellet of approximately 1 gr was made using “Pellet Press” apparatus. To do so, 

0.5 gr of biomass and 0.5 gr naphthalene was measured, placed in apparatus and the 

pressure was increased to 2000 psi. The mass of the pellet was measured afterwards and 

mass loss during palletization was noted. 

2) A length of precut and premeasured cotton fuse was attached to the pellet by looping the 

thread over the ignition wire and twisting it several times to maintain shape. The fuse must 

bear against the top of the pellet to initiate combustion. 

3) 1 mL of distilled water was added to the bottom of the bomb to serve as a sequestering 

agent and absorbent and to ensure that the nitric acid is dissolved. 

4) The bomb was closed, filled with gaseous oxygen, and placed inside the calorimeter’s 

bucket. 2L of water was poured into the bucket. Ignition lead wires were inserted into the 

terminal sockets on the bomb head. After this, the calorimeter is ready to conduct the test 

5) The information provided by machine after test were recorded for later calculations and 

applying considerations mentioned above. 

6) The bomb washing was titrated with base solution (NaOH) and indicator fluid to calculate 

NOx emissions.  
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3.4.3 Thermo-gravimetric Analysis (TGA) 

Thermogravimetric Analysis (TGA) is a laboratory method for performing a proximate analysis 

and measures weight changes in a material with temperature. Proximate analysis of fuel determines 

the moisture content, the percentage of the material that burns in a gaseous state (volatile matter), 

in a solid state (fixed carbon) and the percentage of inorganic waste material (ash) in solid fuels. 

This method is used to show the ratio of combustible to incombustible constituents.  In TGA, the 

sample contained in the pan of a sensitive analytical balance is heated under a flowing atmosphere 

(inert or reactive) and the weight change is recorded.  

For this purpose, 15-20 mg of P.Australis is heated up to 800℃ with a heating rate of 10℃/min 

and the TGA instrument (Q50, TA instruments, USA) continuously weighs the sample as it 

decomposes. The output is a data set along with a graph of measured weight percentage of 

decomposed mass versus temperature. In the data set, moisture content is the total mass loss below 

150 ℃. The mass remained after combustion in air atmosphere and after heating in nitrogen 

atmosphere provides ash content and [fixed carbon+ash] respectively.  

 

Fig. 3.6. Proximate analysis from thermal analysis curves in air and inert atmosphere 
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Volatile matter can be calculated by subtracting the mass loss at 800oC in N2 atmosphere from the 

water content. It can also be achieved from nitrogen graph by knowing exact temperature of 

decomposition. This temperature can be obtained from derivative thermogravimetry (DTG) curve. 

DTG is a type of thermal analysis in which the rate of material weight changes upon heating is 

plotted against temperature, and used to simplify reading the weight versus temperature. This curve 

can be obtained from the normal TGA curve by dividing the mass change per measurement 

increment by the duration of the measurement increment for each adjacent pair of data points.  

3.5 Dewatering Experiments 

Washing experiments produce a biomass sample saturated in water. To reach suitable moisture 

content in processed biomass, wet samples after washing were exposed to multiple dewatering 

techniques such as mechanical, vacuum filtering and Nitrogen drying in order to find the most 

efficient method/methods that result in least moisture content in biomass before combustion. 

Firstly, samples of 2.5 gr wet biomass (~75-78 wt% water/dry basis) were prepared by soaking 

grinded P.Australis in 25 mL deionized water at room temperature. After washing treatment 

samples were placed in Buchner funnel and vacuum filtered from 5 to 30 in Hg. For mechanical 

dewatering, metal weights of 0.5, 1 and 2 kg were used to apply compression pressure of 3.46 to 

24.22 kPa (0.5 to 3.5 kg) to bulk biomass (Fig. 3.7).  

 

Fig. 3.7. Compressing and vacuum filtration of washed biomass 
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This method was performed in combination with vacuum filtration, such that the weight were 

placed above a plastic disc over the bulk biomass in Buchner funnel. The plastic disc was used to 

support the mass and provide more uniform pressure. Subsequently, the mechanical dewatering 

systems were disconnected and nitrogen drying was applied on compressed biomass, 

experimenting different flow rates of 1, 2, and 5 L/min nitrogen for 100, 50 and 20 minutes 

respectively. Mass of samples was the measured and put in the oven to determine final moisture 

content.   
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Chapter 4 

Results 

In this chapter, the effects of washing and dewatering treatments on P. Australis plant properties is 

presented. For this purpose, first the data for raw biomass before treatment is presented followed 

by data collected after treatment. 

4.1 Raw P. Australis Properties 

For determining initial salt in raw feed before washing, a sample of 1 gr P.Australis was soaked in 

250mL deionized water at room temperature for a period of one week and EC of the solution was 

recorded every 5 minutes for the first 2 hours and then once per day. EC readings were converted 

to ppm with through Equation 3.1. The results are depicted in Fig. 4.1.  

 

Fig. 4.1. Initial salt content of P. Australis over a one-week soak 

Given that EC stabilized over this period, it seems that all of the salt has leached into solution. Final 

salt content after one week is calculated 38.1 mg salt/gr P. Australis (dry basis) or 3.81 wt%, with 



 

40 

 

mole fraction of 0.05 NaCl and 0.95 KCl. Assuming all chlorine has leached out from biomass over 

one week, this is the initial salt content of P.Australis plant prior to washing experiments. 

Secondly, for comparing other properties of raw feed with washed samples’ results, its heat content 

(MJ/kg) and nitrogen content of emitted gas after combustion was tested by bomb calorimetry 

machine. For 30 standard tests, the mean values are 16.29 ± 0.83 MJ/kg P.Australis and 1.7 ±0.56% 

Nitrogen/1 gr P.Australis. Thermo-gravimetric analysis (TGA) were also performed on samples of 

same plant. 15-20 mg of biomass was tested with both air (30 times) and inert (nitrogen) gas (10 

times) to 800℃, with heating rate of 10℃/min. Fig. 4.2 displays gradual mass loss (wt. %) during 

thermal examination and on secondary axis, rate of material mass changes upon heating is plotted 

against temperature. 

 

Fig. 4.2. Proximate analysis of raw P. Australis in air, average of 30 tests 

 

Proximate analysis of P.Australis covers the determination of moisture, volatile matter, fixed 

carbon, and ash in biomass. From data provided in Fig. 4.2, the moisture content can be achieved 

by the total mass loss below 150 ℃ which is 4.53%. The peak of dm/dT graph at 300 ℃ indicates 

total mass loss of volatile matter and moisture content. By subtracting moisture% from this number, 
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volatile matter is calculated 31.24%. The mass remained after combustion in air atmosphere 

provides ash content, which is 8.65% here. Finally, fixed carbon can be calculated 55.58% by 

subtracting all three values from total 100%. Next Figure shows same analysis on raw biomass in 

nitrogen over 800℃ heating for 10 tests. 

 

Fig. 4.3. Proximate analysis of raw P. Australis in nitrogen, average of 10 tests 

 

The peak of dm/dT graph in Fig. 4.3 is also around 300 ℃, 334℃ to be exact, and indicates volatile 

matter of 37.56% from black graph. Also moisture content was calculated 4.63 from this set of 

data. The results of 40 tests performed in both atmosphere are summarized in Table 4.1. 

Table 4.1. Proximate Analysis of raw P. Australis 

 Average(350°C) Average (790°C) Std. dev. 

Moisture (%) 4.58 4.58 0.84 

Volatile Matter (%) 50.51 73.43 2.47 

Fixed Carbon (%) 36.26 13.34 2.27 
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Ash (%) 8.65 8.65 1.56 

According to Fig. 4.1, the biomass contains 3.81% salt , while ash content is 8.65±1.56%, therefore 

in results gathered from washed samples it is expected that the reduction in ash may correspond to 

salt loss. Ash contents below 3.28 will mean loss of components other than salt. 

4.2 Exploratory Experiments 

As mentioned in chapter 3, eleven (11) exploratory experiments based on a factorial design with 

changing conditions as shown in Table 3.1 were applied on 2.5 gr samples of P. Australis. 

Experiments at different combinations of the following three factors had been conducted: x1: soak 

temperature, x2: solid to liquid ratio and x3: soak duration. Temperature was varied from 20-80oC, 

L/S ratio of 10-40 and wash times from 15-60 minutes. 

The values of these variables in coded form appear in Table 4.2, with -1 corresponding to a low 

value, +1 corresponding to high value and 0 corresponding to center point (last three experiments 

inTable 3.1). A dataset of factorial design objectives (electro-conductivity measurements of 

leachate, ash content, heat content and NOx emissions of washed biomass) has been collected. 

Table 4.2. Results of washing exploratory experiments on P.Australis 

Test # 

x1 

Temperature 

(℃) 

x2 

L/S 

ratio 

x3 

Time 

(min) 

EC 

(mS/cm) 

Residual 

Solids 

(mg) 

Ash 

content 

(%) 

Heat 

Content 

(MJ/kg) 

Nitrogen 

(wt. %) 

1 +1 +1 +1 3.43 203.00 5.94 16.38 1.32 

2 +1 +1 -1 3.19 211.00 4.98 16.19 3.02 

3 +1 -1 -1 4.56 163.75 6.45 16.84 1.64 

4 +1 -1 +1 4.75 125.00 6.52 17.08 2.08 

5 -1 +1 -1 2.72 100.00 6.53 16.98 1.81 

6 -1 +1 +1 3.11 132.00 6.99 15.65 1.87 

7 -1 -1 +1 6.95 133.50 6.92 15.67 1.62 
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8 -1 -1 -1 6.36 97.00 6.75 17.55 1.37 

9 0 0 0 4.05 181.88 7.25 17.56 1.78 

10 0 0 0 4.07 193.13 8.07 17.35 2.43 

11 0 0 0 4.01 186.88 6.04 16.44 2.09 

 

Given that collected data hardly correlate with each other, the analysis of a factorial design suggests 

following approach. For each target variable (EC, residual solids, ash content, heat content and 

nitrogen content), we need to study all of the effects, i.e., the main effects x1, x2, and x3; the first 

order interaction effects x1x2, x1x3, and x2x3; and the higher order interaction effect x1x2x3. The 

effects are evaluated using the following definitions: 

• Main effects 

Effect of factor= (average response at high level) – (average response at low level).  

For i=1, 2, 3 then  

𝒆𝒇𝒇𝒆𝒄𝒕 𝒐𝒇 𝒙𝒊 =  (𝒂𝒗𝒈. 𝒓𝒆𝒔𝒑. 𝒂𝒕 𝒙𝒊 = 𝟏) – (𝒂𝒗𝒈. 𝒓𝒆𝒔𝒑. 𝒂𝒕 𝒙𝒊 = −𝟏) Equation 4.1 

• First-order interaction effects 

𝐼𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑥𝑖 𝑎𝑛𝑑 𝑥𝑗  =  (𝑎𝑣𝑔. 𝑟𝑒𝑠𝑝. 𝑎𝑡 𝑥𝑖𝑥𝑗 = 1)– (𝑎𝑣𝑔. 𝑟𝑒𝑠𝑝. 𝑎𝑡 𝑥𝑖𝑥𝑗 = −1) Equation 4.2 

• Higher-order interaction effect 

𝐼𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑥1, 𝑥2, 𝑥3

=  (𝑎𝑣𝑔. 𝑟𝑒𝑠𝑝. 𝑎𝑡 𝑥1𝑥2𝑥3 = 1)– (𝑎𝑣𝑔. 𝑟𝑒𝑠𝑝. 𝑎𝑡 𝑥1𝑥2𝑥3 = −1) 

Equation 4.3 

• Significance of effects 

Replicate runs represent additional, independent trials, which repeat runs to estimate inherent noise 

variance. Variance of inherent noise is calculated as follows: 

𝝈𝟐 =
𝟏

𝟐
∑[(𝒓𝒆𝒔𝒑𝒐𝒏𝒔𝒆 𝒂𝒕 𝒄𝒆𝒏𝒕𝒆𝒓 𝒑𝒐𝒊𝒏𝒕)

− (𝒂𝒗𝒈. 𝒓𝒆𝒔𝒑. 𝒂𝒕 𝒂𝒍𝒍 𝒄𝒆𝒏𝒕𝒆𝒓 𝒑𝒐𝒊𝒏𝒕𝒔)]𝟐 

Equation 4.4 
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Precision of effects can be calculated by knowing their variance: 

Estimated Variance of calculated main effect =
4σ2

2𝑘
 Equation 4.5 

in which k is the number of parameters under investigation, here k=3 (temperature, L/S, time) 

The precision of the interaction effects is the same as for the main effects: 

Estimated Variance of calculated interaction effect =
4𝜎2

2𝑘
 Equation 4.6 

For clarifying if an effect is statistically significant, we need to calculate following term: 

T-test is a hypothesis test, in which absolute value of effect over root of variance is compared 

against t-value. This test statistic follows a sampling distribution. Probability distribution plots 

display the probabilities of obtaining test statistic values. At an arbitrary confidence level, t-test 

allots related t-value from a probability distribution plot to testing the statistical significance. For 

example, the 97.5% confidence interval defines a range of values that one can be 97.5% certain 

contains the population mean. The effect is said to be significant at a confidence level if: 

|Calculated Effect|

√𝐸𝑠𝑡. 𝑉𝑎𝑟 ( 𝐶𝑎𝑙𝑐. 𝐸𝑓𝑓. )
> 𝑡𝑐𝑜𝑛𝑓𝑖𝑑𝑒𝑛𝑐𝑒 𝑙𝑒𝑣𝑒𝑙 

Equation 4.7 

  

t-value at 97.5% confidence interval equals 3.182, so the effect is said to be significant at a 97.5 % 

confidence level if the left hand side of the equation above is greater than 3.182 and vice versa. In 

following sub-sections, the effect of experiment parameters on outputs of Table 4.2 is computed 

and their significance at 97.5% confidence level is verified. 

4.2.1 Salt in solution 

The washing step is expected to dissolve salt from the biomass and leave it in solution. This can be 

quantified by electro-conductivity measurements on the leachate, which can be converted to ppm 
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of salt in solution by Equation 3.1. This provides the concentration of salt extracted by washing in 

leachate. Table 4.3 provides mentioned data of 11 solution. 

Table 4.3. Calculated concentration of salt in solution in exploratory experiments based on 

EC readings 

Test# 

EC 

(mS/cm) 

ppm 

(µmol Cl-/mol water) 

salt in solution 

(mg) 

1 3.43 242.67 94.09 

2 3.19 225.69 87.50 

3 4.56 322.62 31.27 

4 4.75 336.06 32.57 

5 2.72 192.44 74.61 

6 3.11 220.03 85.31 

7 6.95 491.71 47.66 

8 6.36 449.97 43.61 

9 4.05 286.54 69.43 

10 4.07 287.95 69.78 

11 4.01 283.71 68.75 

Mass of extracted salt in leachate after each washing in eleven experiments is calculated and listed 

in Table 4.3. The analysis of fractional designs computes the effect of each of parameters on total 

salt mass in solution as an output comparing to other parameters. The effects of parameters and 

effects of interactions on salt extraction are calculated based on Equation 4.1, Equation 4.2, and 

Equation 4.3. Average response at center point is 69.32 that gives 𝛔𝟐 = 0.27  from Equation 4.4. 

Significance at 97.5% confidence level is summarized in Table 4.4. 
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Table 4.4. Calculated effects of washing parameters on salt concentration in leachate 

Effect Property Calculated Effect 
|Calculated Effect|

√𝐸𝑠𝑡. 𝑉𝑎𝑟 ( 𝐶𝑎𝑙𝑐. 𝐸𝑓𝑓. )
 Significant 

x1 T -1.44 3.89 Yes 

x2 L/S 46.60 125.83 Yes 

x3 t 5.66 15.28 Yes 

x1x2 T, L/S 12.28 33.15 Yes 

x1x3 T, t -1.72 4.63 Yes 

x2x3 L/S, t 2.99 8.06 Yes 

x1x2x3 T, L/S, t -0.34 0.92 No 

The value of  calculated effect/variance in Table 4.4 is compared with t97.5%=3.182 and therefore the 

effect of all parameters (Temperature, L/S ratio and soak time) are significant. Higher extracted 

chloride content results are observed in larger L/S ratio, low temperature and longer contact time, 

which explain positive effects of L/S and time and negative effect of temperature. L/S with largest 

absolute value of calculated effect seems to be the most significant factor on salt removal. 

Maximum salt present in solution (94.09 mg salt) has been observed in 80℃, L/S=40 and 60 

minutes. Also, according to results on interaction effects, it can be concluded that L/S ratio and 

temperature together effect on salt extraction in the second order after L/S mere effect. 

4.2.2 Residual Solids Measurements 

After each washing test 10 mL of residual liquid was collected and dried in the oven in order to 

measure the mass of remained solid residue in the leachate (by analytical balance, d=0.1 mg). 

Following Table depicts results on exploratory experiments.  
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Table 4.5. Calculated effects of washing parameters on Mass of remained solids 

Effect Property Calculated Effect 
|Calculated Effect|

√𝐸𝑠𝑡. 𝑉𝑎𝑟 ( 𝐶𝑎𝑙𝑐. 𝐸𝑓𝑓. )
 Significant 

x1 T 60.06 15.07 Yes 

x2 L/S 13.84 3.47 Yes 

x3 t -21.19 5.32 Yes 

x1x2 T, L/S -42.10 10.56 Yes 

x1x3 T, t -71.67 17.98 Yes 

x2x3 L/S, t -53.91 13.53 Yes 

x1x2x3 T, L/S, t -35.50 8.91 Yes 

Calculated effects and factorial analysis show significance in all parameters at 97.5% confidence 

level. As expected, these results from exploratory experiments align with results obtained from salt 

recovered in solution. Similarly, L/S has positive effect but in second order. Temperature is the 

most effective and mass of residuals is higher in higher temperatures. By comparing these values 

to total recovered salt from solution, it can be seen that residual solids not only contain recovered 

salt but also organic matter. Color of leachate observed after hot washing implies effect of 

temperature. The color of leachates after 20℃ leaching was light yellow, while it had turned to 

light brown at 50℃ and brown in 80℃. (see appendix) 

4.2.3 Ash content 

The ash contents of washed eleven samples were measured using TGA with air. A similar 

computation was performed on the amount of ash content of washed samples and the effects of 

parameters and significance are summarized in Table 4.6. 
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Table 4.6. Calculated effects of washing parameters on ash content of washed samples 

Effect Property 

Calculated 

Effect 

|Calculated Effect|

√𝐸𝑠𝑡. 𝑉𝑎𝑟 ( 𝐶𝑎𝑙𝑐. 𝐸𝑓𝑓. )
 Significant 

x1 T -0.825 1.14 No 

x2 L/S -0.55 0.76 No 

x3 t 0.415 0.57 No 

x1x2 T, L/S -0.475 0.66 No 

x1x3 T, t 0.1 0.14 No 

x2x3 L/S, t 0.295 0.41 No 

x1x2x3 T, L/S, t 0.15 0.21 No 

As compared to t-value at 97.5% confidence level, all the effects are insignificant.  This is 

reasonable as salt is a smaller fraction of total mass comparing to ash. Based on the variability in 

Table 4.1, washing away 100 mg of material does not effect on total ash of biomass. This is 

reasonable as the salt content will be a function of the groundwater flow, location within the 

stockpile, and manually sampling conditions, whereas, the normal ash content is related to the 

biological properties of the species itself. Additionally, the plant samples were divided into many 

pieces and TGA is a destructive testing that is not able to test same samples in multiple trials. 

In order to establish baseline data, thirty (30) TGA tests in air were performed on raw biomass 

samples. These provide an average value for P. Australis ash content before treatment. The 

following Fig. 4.4 shows histogram of results on ash content of raw samples compared with 

washed. To obtain a normal distribution of results, each sample was tested two times by TGA 

except samples washed in center point conditions that were already repeated. This led to total 

number of 19 tests in air for washed samples. 
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Fig. 4.4. Effect of washing on weight percent ash in raw and washed samples of P. Australis 

Comparison between histograms of ash % results from TGA analysis 

The results shown in Fig. 4.4 demonstrate a more random behavior with respect to raw ash content 

while a more typical Gaussian or normal distribution for the ash content of the washed samples. 

The mean for raw is not obvious on the left hand side with no equal specific test value, while mean 

for the washed is the peak value. A change of 2.15% in ash content of 2.5g of biomass is 53.75 mg 

of mass loss which aligns to average total salt loss (64 mg) from all 11 experiments. 

4.2.4 Energy content 

Heat content (MJ/kg) was the third target of exploratory experiments. The computation of the 

effects of three washing parameters on heat content are shown in Table 4.7. 

Table 4.7. Calculated effects of washing parameters on heat content of washed samples 

Effect Property 

Calculated 

Effect 

|Calculated Effect|

√𝐸𝑠𝑡. 𝑉𝑎𝑟 ( 𝐶𝑎𝑙𝑐. 𝐸𝑓𝑓. )
 Significant 

x1 T 0.16 0.38 No 

x2 L/S -0.485 1.15 No 

x3 t -0.695 1.65 No 
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x1x2 T, L/S -0.19 0.45 No 

x1x3 T, t 0.91 2.16 No 

x2x3 L/S, t 0.125 0.3 No 

x1x2x3 T, L/S, t -0.15 0.36 No 

Similarly, comparing results with t=3.182 at 97.5% confidence level all the effects seem 

insignificant. This is reasonable, because salt is functionally inert in the calorimetry test, and should 

not affect the energy stored in the organic matter. Removal of inert matter should increase the 

energy content per unit mass as a smaller fraction of the total mass is inert even though the total 

mass is reduced in proportion to the salt dissolved.  

 Fig. 4.5 represents histograms of heat content measurements on raw and washed P. Australis. 

 

Fig. 4.5. Effect of washing on heat content in raw and washed samples of P. Australis  

It is shown in these histograms that the average heat content of raw P. Australis before treatment 

is 16.29 MJ/kg with highest frequency in the 16.25 to 16.75 MJ/kg bin. As discussed above, 

washing parameters have not affect this parameter directly and the 2.5% increase in mean value of 

washed samples (16.7 MJ/kg) has inverse correlation with mass loss. Unit energy can be calculated 
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for 2.5 gr sample of raw biomass with energy content of 16.29 MJ/kg to be 0.0407 MJ. After 64 

mg salt removal, total mass of sample will be 2.437gr. Dividing unit energy by this mass leads to 

exact energy content of 16.29 MJ/kg for washed biomass. 

Conservation of mass dictates that there is less fuel to put into the kiln and that the “lost” mass is 

in the wash water and may yet release to the environment. According to Fig. 4.5, raw biomass 

energy is 16.29 MJ/kg and ash removal of 24.85% (from 8.65 to 6.5) is resulted from washing. 

Energy content should remain constant after washing, i.e. for the 91.35% raw biomass (combustible 

portion without ash fraction) energy content is 17.83 MJ/kg, and ash content of  6.5% after washing 

is a fraction of smaller total mass. This also means that for a total 100 gr raw material, 91.35 g 

combustible portion is available and this changes to 93.5% after washing. Thus, total mass after 

washing is 
91.35𝑔𝑟

93.5%
= 97.7 𝑔𝑟, meaning that 2.3gr of total mass is lost during washing. Hence, 2.3% 

decrease in total mass increases energy content of MJ/kg by 2.5% with washing pretreatment, while 

unit energy remains constant. 

Table 4.8 presents the proximate analysis over all the samples.  Based on average values of volatile 

matter, fixed carbon and nitrogen, mass loss during treatments can be calculated. The value of 

higher heating value (HHV) from proximate analysis can be calculated by correlation available in 

literature for solid fuels based on a variety of biomass studies (Parikh, 2005).  

𝐻𝐻𝑉 (
𝑀𝐽

𝑘𝑔
) = 0.3536 × 𝐹𝐶 + 0.1559 × 𝑉𝑀 + 0.0078 × 𝐴𝑆𝐻 Equation 4.7 

This equation was derived using a wide variety of biomass types where FC 1.0–91.5% fixed carbon, 

VM 0.92–90.6% volatile matter, and Ash 0.12–77.7% ash content in wt% on a dry basis (Parikh, 

2005). Parikh lists the average absolute error of this correlation as 3.74%. Yet, P.Australis may be 

an outlier of this correlation. 
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Table 4.8. Comparison Raw Samples vs. Washed Samples’ Proximate Analysis 

Calculated HHV has slight difference with measured average value of energy content, however 

energy content of washed is still higher than raw sample similar to actual energy contents achieved 

from calorimetry. This increase corresponds to ash reduction, reduction of volatile matter and as a 

result more fixed carbon percentage in total remained biomass. Ash reduction correlates with salt 

removal (average 64mg) and reduction in volatile matter is a result of organics leach to hot water 

which aligns with average mass organics in residual solids (92 mg). 

4.2.5 NOx Emissions 

Next target of exploratory experiments is investigation of emitted NOx. Emitted NOx produced 

from the reaction of nitrogen compounds in biomass and oxygen gases in the air during combustion 

is measured after running bomb calorimetry tests. The computation of the effects of three washing 

parameters on NOx emissions in terms of wt.% of nitrogen in biomass are shown in Table 4.9. 

sample 

Raw Samples Washed Samples 

average  Std. dev. No. of tests average  Std. dev. No. of tests 

Proximate Analysis 

Moisture (wt%) a 4.58 0.84 40 4.65 1.09 38 

Volatile Matter (%) 73.43 2.47 10 70.98 2.66 19 

Fixed Carbon (%) 13.34 2.27 10 15.32 2.25 19 

Ash (%) 8.65 1.56 30 6.50 1.31 19 

HHV b (MJ/kg) 16.23 - - 16.53 - - 

a The post washing value represents the residual moisture content after overnight drying at 80oC. The average moisture content 

after washing was 82.4% after gravity filtration. 
b Based on Equation 4.7 from (Parikh, 2005) 
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Table 4.9. Calculated effects of washing parameters on NOx formation of washed samples 

Effect Property 

Calculated 

Effect 

Calculated Effect

√𝐸𝑠𝑡. 𝑉𝑎𝑟 ( 𝐶𝑎𝑙𝑐. 𝐸𝑓𝑓. )
 Significant 

x1 T 0.35 1.51 No 

x2 L/S 0.33 1.42 No 

x3 t -0.24 1.03 No 

x1x2 T, L/S -0.02 0.08 No 

x1x3 T, t -0.39 1.71 No 

x2x3 L/S, t -0.58 2.53 No 

x1x2x3 T, L/S, t -0.49 2.12 No 

Similarly, comparing results with t3,0.025=3.182 at 97.5% confidence level all the effects seem 

insignificant. This is reasonable because washing parameters do not affect NOx formation during 

fuel combustion directly, yet washing treatment effect on salt removal affects this matter. For 

deeper understanding, mean Nitrogen wt.% in emissions of washed and raw biomass is compared.  

Fig. 4.6 represents histograms of nitrogen emission measurements on raw and washed P. Australis. 

 

Fig. 4.6. Comparison between histograms Nitrogen% results from bomb calorimetry 

The nitrogen emission in the raw samples appear to follow a normal distribution, with highest 

frequency at 1.875-2.125%. Although, washed histogram does not follow a normal pattern, it has 
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highest frequency at 1.875-2.125% bin, same as raw histogram. However, overall mean value is 

1.91% which is higher than mean value in raw samples (1.7%).  It can be observed that pre-

treatment resulted in higher conversion of N-compounds in biomass to NOx compounds. This is 

reasonable, because ash-forming elements specifically Ca and K are reported to have catalytic 

effect on formation of NH3 and HCN (NOx precursors) during de-volatilization of biomass, as  

potassium has been reported of promoting the formation of NH3 and inhibiting the release of HCN  

(Ren, 2013). It was depicted in section 4.2.1 of washing effect on salt removal from biomass that 

in all samples washing reduces KCl in biomass. Therefore, decreasing K content by washing has 

led to 12.35% increase in conversion of biomass N-compounds to NOx (probably more HCN 

because of lack of prohibiting effect of K) in washed samples compared to raw. 

This is also reasonable by considering salt removal and ash reduction, N-compounds remain 

constant resulting in a higher percentage of less total mass. 

Next figure presents the ash content results of 11 washed samples versus their heat content. As 

shown, red and blue points show results for high and low temperatures with labels formatted as 

(L/S ratio , time of soak) and replicates depict medium conditions. 
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Fig. 4.7. Ash vs. Heat content for washed samples 

It can be seen that combining the higher values of washing parameters causes the maximum ash 

content among washed samples (8.42%) and all lower limits lead to highest energy content 

(17.55MJ/kg). However, one of replicates has same value for both, hence this graph basically 

depicts that natural variability dominates parameters. 

 

Fig. 4.8. Mass of residual solids vs. salt recovered from washed samples 
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In Fig 4.8 , higher temperature in first order and longer contact time has led to higher residues, 

while high L/S values result in more salt recovery, similar conclusion as outcome of factorial 

analysis. 

4.3 Multiple Washing 

The exploratory experiments were shown effective for transferring the salt on the phragmites to the 

washing liquid by average salt removal of 64 mg.  In the experiments presented above, the 

separation process was gravity filtration, which produced a solid mass of 81.4 wt% H2O. This is a 

mass dominated by water, which will contain chloride ions in an amount equivalent to the 

concentration in the wash water. In previous section best salt removal (37.64 mg/1 gr P.Australis) 

was observed in high temperature and L/S ratio for longer contact time. Average salt recovered 

from L/S=10 was 40mg, while this increased two times in L/S=40. This suggests L/S=20, which 

for longer contact time, sequential washes are introduced. The washing took the form of multiple 

soaking and rinsing steps. Here soaking is defined as preventing the wash water from draining 

immediately under gravity while rinsing allows for immediate gravity drainage.  The temperature 

is set to low level (20℃), as high temperatures led to organic matter leaching. 

4.3.1 Soaking 

Five samples (2.5 gr each) of raw P. Australis were soaked multiple times in 25 mL deionized water 

at 20oC for a time of 20 minutes: 15 minutes soaked in water (each) and subsequently gravity 

filtered for 5 minutes. The sample number corresponds with the number of washing steps, e.g. 

sample 2 was washed twice (Fig 3.4). EC of the leachate was measured and then 10 mL of it was 

dried in oven to measure the material leached out from biomass into water (assumed to be salt and 

organic matter for previous 11 experiments). The filtered biomass was analyzed by TGA after being 

dried in oven. Following Table shows the EC readings from soaking tests. 
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Table 4.10. EC readings of multiple soaked samples

Wash 

Sample’s EC (mS/cm) 
Mean 

(mS/cm) 

EC1 EC2 EC3 EC4 EC5 

1 6.36 6.21 5.97 5.88 5.24 5.93±0.43a 

2  3.56 3.07 3.22 2.97 3.21±0.26 

3   1.24 1.25 1.11 1.19±0.08 

4    0.59 0.47 0.53±0.08 

5     0.199 0.199 

a Mean ± Standard Deviation 

Average results of EC, salt concentration based correlation with EC derived from Equation 3.1, 

moisture and ash content of multiple soaking experiments are provided in Table 4.11. Moisture 

content was measured by placing the entire sample in oven over night and ash content by analysing 

10 mg in TGA in the presence of oxygen gas. 
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Table 4.11. Comparison of EC and Salt Content of Samples after Soaking 

No. of 

washing 

EC 

(mS/cm) 

Salt in leachate  

 (average ppm) 

Moisture content 

(wt%) 

Ash content 

(%) 

1 5.93 419.69 80.37 6.75 

2 3.21 226.75 82.36 5.66 

3 1.2 84.82 84.13 5.28 

4 0.53 37.43 85.79 5.07 

5 0.2 14.08 88.13 4.82 

Assuming the initial salt content of 38.1 mg/g P. Australis from Fig. 4.1, a sample of 2.5 g biomass 

will contain 95.25 mg or 1.29 mmol salt (5% NaCl and 95% KCl) and converting this to moles: 

average amount of initial Cl- before extraction or potential for extraction after leaching is 929.39 

ppm. The extraction percentage after each step is: 45.16 , 24.4, 9.13, 4.03 and 1.51% by the last 

time of soaking. Total extracted salt after five steps is 84.22% of initial salt or 32.08 mg/g 

P.Australis. These values are as recorded and do not consider residual salinity in pore-water. 

Between each step of soaking, the samples were not rinsed, therefore retained water contains the 

salt concentration of the previous soak. In these experiments, 2.5g of biomass at 5 wt% water 

entered and after gravity filtration, the sample contained 80-89 wt% water (moisture content of 

biomass after each soaking is listed in Table 4.11). This equals to 10-20.2 mL of water contained 

in the sample. It is assumed that each soak mixes the retained pore water from previous step with 

fresh water from the next soak. 

The effect of residual salt in the porewater trapped in the sample can be readily calculated. Below 

is a sample calculation for determining the additional salt removed after the second soak/rinse.  

𝑃𝑜𝑟𝑒𝑤𝑎𝑡𝑒𝑟 𝑆𝑎𝑙𝑡 = 𝑚𝑠𝑎𝑚𝑝𝑙𝑒 (
1

1 − 𝑀𝐶
− 1) × 𝐸𝐶1 × 𝑓𝑐𝑜𝑛𝑣 ×

1

18
×

74

106
 

Equation 4.8 
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 𝑨𝒅𝒅. 𝑺𝒂𝒍𝒕 = [
𝑽𝒘𝒂𝒔𝒉

𝝆𝒘𝒂𝒕𝒆𝒓
+ 𝒎𝒔𝒂𝒎𝒑𝒍𝒆 (

𝟏

𝟏−𝑴𝑪
− 𝟏)] × 𝑬𝑪𝟐 × 𝒇𝒄𝒐𝒏𝒗 ×

𝟕𝟒

𝟏𝟖×𝟏𝟎𝟔
− 𝑷𝒐𝒓𝒆𝒘𝒂𝒕𝒆𝒓 𝑺𝒂𝒍𝒕 Equation 4.9 

in which, 74 is molar weight of 5% NaCl and 95% KCl, 18 is molar weight of water, and fconv is 

conversion factor obtained from Equation 3.1. 

𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑖𝑛 𝑒𝑎𝑐ℎ 𝑠𝑡𝑒𝑝(%) =  
𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝐶𝑙 (𝑔𝑟)

𝑠𝑢𝑚 𝑜𝑓 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝐶𝑙 𝑖𝑛 𝑓𝑖𝑣𝑒 𝑠𝑡𝑒𝑝𝑠 (𝑔𝑟)
× 100 

Equation 4.10 

In the following Table, Salt recovered (mg)/1 gr P.Australis and extraction % are calculated based 

on porewater calculations. 

Table 4.12. Salt Recovery from Soaking 

No. of washing 

Salt recovered (mg)/ 

gr P.Australis 

Extraction % 

1 10.65 51.7 

2 6.39 31.0 

3 2.29 11.1 

4 0.96 4.7 

5 0.32 1.6 

total 20.61 100 

4.3.2 Rinsing 

As an alternative to soaking the biomass, another set of treatments were done by rinsing the samples 

with water over a cone filter (fine Fisher brand filter paper) with particle retention of 1-5µm (Fisher 

Scientific, Canada). The duration of each rinse step was 5 minutes from adding water to last drop 

out from filter paper (soaking with less contact duration). The analysis steps were similar to soaking 

tests. Table 4.13 shows the EC readings from rinsing tests. 
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Table 4.13. EC readings of multiple rinsed samples 

wash 

Sample’s EC (mS/cm) 
Mean 

(mS/cm) 
EC1 EC2 EC3 EC4 EC5 

1 1.007 1.098 1.076 1.06 1.06 1.06±0.03 

2  3.33 2.88 3.11 3.1 3.105±0.16 

3   1.498 1.5 1.48 1.49±0.01 

4    1.19 1.17 1.18±0.01 

5     0.499 0.499 

The average results of EC, salt concentration, moisture and ash content are shown below in Table 

4.14. ppm values are calculated by fconv from Equation 3.1. 

Table 4.14. Comparison of EC and Salt Content of Samples after Rinsing 

No. of 

washing 

EC (mS/cm) 

(average)  

Salt in leachate 

( average ppm) 

Moisture content 

(wt%) 

Ash content (%) 

1 1.06 75.03 61.27 8.3 

2 3.105 219.68 69.29 6.2 

3 1.498 105.61 73.24 5.4 

4 1.18 83.49 75.67 4.4 

5 0.499 35.30 76.86 3.8 
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Also similar to calculations on soaking samples, without considering the pore water effect, for 

assumed 95.25 mg initial salt in samples for five trials, the extraction percentage after each step is: 

8.07, 23.64, 11.36, 8.98 and 3.8%. Overall, 55.85% salt, or 20.66 mg salt / 1 gr P. Australis is 

removed on average through five step rinsing with one-third of it through second rinse. 

The extraction percentage and salt recovery calculated by two methods are compared in Table 4.15. 

Table 4.15. Salt Recovery from Rinsing 

No. of washing 

Salt recovered (mg)/ gr 

P.Australis 

Extraction % 

1 2.64 15.3 

2 7.42 42.9 

3 3.45 20.0 

4 2.66 15.4 

5 1.11 6.4 

total 17.27 100.0 

This set of multiple wash experiments can also be proposed as a means of assessing upper and 

lower limit for L/S ratio as variable for exploratory experiments design. Highest salt removal was 

achieved after soaking with 83% recovery after two steps. This would suggest same conclusion 

from exploratory experiments that L/S=20 is practical.  



 

62 

 

 

Fig. 4.9. Mass of salt recovered per 1gr P.Australis in two washing techniques 

Unlike soaking results, rinsing does not wash as much salt as soaking in the first step. The 

advantage of rinsing would be in shorter processing time and moderately lower moisture contents.  

From this set, we also can claim a logic for time independency of biofuel upgrading in fixed L/S 

ratios. With total contact time of 5 minutes in rinsing and 20 minutes in soaking, there is little time 

dependency. While more than 90% salt removal is achievable through three steps of soaking, 

rinsing can recover 78% of salt in three steps. Ash content as a criterion for representing sum of 

organic matter and salt remained in solid residue has been reduced significantly in both approaches.  

 

 

Fig. 4.10. Comparison of residuals’ moisture content in soaking and rinsing 
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4.4 Residual Solids Measurements 

The analysis of the concentration of residual solids in leachate was also performed on the multiple 

soaking and rinsing experiments discussed in section 4.3. The following table presents results of 

evaporation test on leachates after multiple washing compared with the results of porewater 

calculations in soaking section 4.3.1. For comparison, volume of solution is same (25 mL) for both 

cases. 

Table 4.16. Mass of remained solid after evaporation on leachate in multiple washings 

compared with mass of salt recovered 

No. of washing 

Soaking Rinsing 

Residual solids 

(mg) 

Salt recovered 

(mg) 

Residual solids 

(mg) 

Salt recovered 

(mg) 

1 27.00 26.63 6.50 6.60 

2 13.75 15.98 17.00 18.55 

3 13.00 5.73 9.25 8.63 

4 10.25 2.40 7.64 6.65 

5 3.50 0.80 3.11 2.78 

The results from Table 4.16 partly align with increase and decrease in salt content through washing 

steps. However, mass of salt recovered in third to fifth soaking steps is noticeably lower than the 

measured solid residues from leachate. Assuming organic matter is not conductive and EC values 

only represent salt matter, it seems that organic matter is leaching out in multiple soakings. 

4.5 Dewatering Tests 

After completion of the rinsing or soaking separation process, the chloride content of the biomass 

will at some point be at an acceptable level but the moisture content is too high for combustion. In 

order to produce a usable fuel, subsequent dewatering steps are required. The may include 
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mechanical and thermal dewatering methods, both of which are investigated here in the form of 

vacuum filtration, gravity compression and passive air drying.  

The results for a single set of vacuum filtration of wet biomass are present in Table 4.17. These 

experiments can be considered an initial indication of vacuum filtration performance. Initial washed 

samples (containing ~75-78 wt% water) were prepared by soaking 2.5 g of ground P. Australis in 

25 mL deionized water at room temperature. By subtracting water content of filtered sample from 

initial recovered water was calculated. Maximum dewatering after vacuum filtering observed in 25 

in Hg (Full vacuum=30 in Hg), and more water removal was not applicable as pressure did not 

reach total vacuum of 30 in Hg and mere filtering until 25 in Hg does not seem useful. Each step 

was performed 3 times. 

Table 4.17. Moisture content results after vacuum filtering wet biomass 

Vacuum pressure 
Initial moisture 

content (%) 

Final moisture content 

(%) 

Fraction of water 

removed (%) 

5 in Hg / -17 kPa air 78 67 ± 3 42.7 

10 in Hg / -34 kPa air 78 42 ± 4 79.6 

15 in Hg / -51 kPa air 78 42 ± 3 79.6 

25 in Hg / -84 kPa air 75 40 ± 1 77.8 

In order to reduce moisture content closer to the required 15 wt% H2O limit (Roos, 2008), a  second 

set of dewatering experiments, compressing with metal weights and vacuum filtering at the same 

time are shown in Table 4.18. (Mere compressing was not practical and not performed). In this 

case, a maximum of 42.33% water was removed after applying 3.5 kg weight above the bulk wet 

biomass in the Buchner funnel and vacuum filtering to 15 in Hg or -51 kPa air pressure. The 3.5 kg 

mass was equivalent to 24 kPa of pressure. 
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Table 4.18. Moisture Content results after vacuum filtering and compression 

Max. Vacuum 

pressure 

Compression 

pressure 

Initial moisture 

content 

Final moisture 

content (%) 

Fraction of water 

removed (%) 

25 in. Hg / -84 kPa 

air 
3.46 kPa (0.5 kg) 78 51 ± 6 70.7 

25 in. Hg / -84 kPa 

air 
10.37 kPa (1.5 kg) 78 48 ± 4 73.9 

15 in. Hg / -51 kPa 

air 
17.28 kPa (2.5kg) 75 40 ± 5 77.7 

15 in. Hg / -51 kPa 

air 
24.22 kPa (3.5kg) 78 36 ± 4 84.1 

This set of experiments show that the combination shows a mild improvement, from 79.6% water 

removal to 84.1% in one case of 15 in Hg combined with 24.22 kpa compression , but decreasing 

from 77.8% to 73.9% water removal at 25 in. Hg. In higher pressures, vacuum would reach lower 

levels of in Hg. As a result, higher vacuum shows lower results. In order to investigate the optimum 

conditions, ten replicates were performed with 3.5 kg weights and 15 in Hg vacuum. The mean 

water removal (%) was 84.35 ± 6.9, which led to a final moisture content of 35.67 ± 6.9 after 

compressing. 

For further reduction in moisture content, the compressed biomass was exposed to dry gas at 

different flow rates. The flow rates were 1, 2 and 5 L/min nitrogen gas for 100, 50 and 20 minutes 

(each done in triplicate). This design provided 100L of gas at three different bulk velocities. The 

objective was to remove the remainder of the water to reach 15% using passive evaporation. 

Efficiency is calculated based on the maximum carrying capacity of air at 20℃ is 17.3 mg H2O/L 

(Lide, 2003). The bulk velocity of nitrogen flow is its volumetric flow rate divided by area of the 

base of the Buchner containing wet biomass sample. The residence time is calculated by dividing 

biomass thickness by the bulk velocity. As shown below, as the evaporation rate increase by using 

lower flow rates, efficiency improves coordinately and results in lower final moisture content in 
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biomass fuel. Bulk velocity has negative correlation with efficiency. The results are present in 

Table 4.19. 

Table 4.19. Nitrogen drying results on ~35% moisture content wet samples (2.5 gr dry) 

N2 Flow (L/min) 5 2 1 

Drying time (min) 20 50 100 

Final MC (%) 

 
28.11 ± 1.29 21.39 ± 0.29 17.79 ± 1.17 

avg. water loading 

(mg/L) 
1.89 ± 0.6 2.25 ± 0.5 6.26 ± 0.8 

Efficiency (%) 10.97 ± 3.45 13.01 ± 2.86 36.19 ± 4.6 

Water removal rate 

(mg/min) 
6.48 ± 0.6 4.5 ± 1.01 6.26 ± 0.8 

Bulk velocity (m/s) 68.55 ± 1.07 27.54 ± 0.37 13.89 ± 0.11  

Residence time (s) 2.92 × 10-5 7.26 × 10-5 0.001 

 

Finally, 1 L/min flow rate of nitrogen for 100 min with highest efficiency of 36.19 ± 4.6 % drives 

final moisture content to 17.79 ± 1.17%. This value is sufficiently low for consideration as a biofuel 

and 15% could be reached by flowing and additional 86 L of N2. Following figure shows the 

relation between average water loading versus nitrogen flow rate with starting point at 17.3 mg/L 

moisture carrying capacity. Based on this relation, at 0.2 L/min flow rate water loading would be 

9.6 mg/L or 1.92 mg water/min could be evaporated, while 6.26 mg/L water is being removed at 

1L/min rate of nitrogen for 100 minutes. As there is a trade-off between saturating each L of gas 

and its flow, rate of water removal (mg/min) can be calculated for each flow rate and maximum 

removal is achieved from the graph (second axis). Maximum water removal rate is calculated to be 

reached by 3 L/min nitrogen flow rate with amount of 7.837 mg/min. Therefore, for reaching final 

moisture content of 15% at this drying rate, the wet biomass needs to be dried for a total drying 

time of 93 minutes. 



 

67 

 

 

Fig. 4.11. Average water loading versus nitrogen flow rate 

4.6 Summary of Experimental Results 

Water leaching experiments under different conditions were performed on a type of biomass used 

in the cement industry produced during phyto-remediation, P. Australis. The fuel quality 

improvement through pre-washing was investigated with a view to using the clean biomass as a 

low carbon fuel.  

• From the data on salt composition in aqueous residual liquids after leaching, it can be 

concluded that chloride content of the fuel can be reduced. High limit temperature (80℃), 

high L/S ratio of 40, and long contact time (60 min) were shown to be the significant factors 

on salt removal, with 99% decrease from initial amount of 38.1 mg/gr P.Australis. L/S ratio 

was the most significant factor, while temperature and time were significant in next orders. 

Low limit temperature also was shown to prevent organic matter leach in washing. The 

color of leachate tend to brown in higher temperature washings and proximate analysis on 
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volatile matter and factorial analysis on residual solids showed leaching of organics in high 

temperature.  

• For multiple wash, in soaking  51.7% salt removal was observed in only one 20-minute 

step, and almost 95% in three subsequent steps. However, because of salt content’s time 

dependency for leaching, rinsing did not show as high salt yields as soaking. For rinsing, 

total recovery was 78% after three-step procedure. 

• Although exploratory experiments showed no direct effect on ash removal, decreasing 

alkali compounds by washing resulted in 24.85% decrease in average ash content over 11 

experiments with changing conditions which corresponds to 2.3% total mass loss. Highest 

removal result (3.8% ash content or 56% decrease from initial amount) was observed after 

five time rinsing. This value reached 4.82% after five-step soaking (44.28% decrease). 

Analysis of residual solids pointed that organic matter leaches after third soaking. 

• Energy content of biomass after washing was increase 2.5% in average, but this was likely 

a result of 2.3% mass loss during washing and total energy unit remains almost constant. 

• Observations on NOx formation after combustion depicted 12.35% increase in conversion 

of N-compounds in biomass to NOx due to KCl removal. Lower potassium in washed 

biomass has increased release of HCN because of lack of prohibiting effect of K on HCN 

formation. 

• It was also concluded that for dewatering treated biomass, compression to almost 25 kPa 

and vacuum filter to 15 in. Hg followed by Nitrogen drying provided a pathway to reach 

an acceptable dried biomass (15% moisture content) after washing pretreatment. Maximum 

water removal was calculated to be reached at 3L/min nitrogen rate, which provides desired 

dry biomass after 93 minutes drying.   
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Chapter 5 

Process Modelling and Advanced Concepts 

In this chapter, a preliminary consideration of the scale of utilizing biomass as a source of energy 

in cement plant is investigated. The drying process of upgrading the plants in terms of separating 

P. Australis into biomass, salt and water is presented. The analysis will consider biomass production 

on the square kilometer (1 km2) scale.  

5.1 Biomass Substitution 

Production of clinker, the main component of cement, needs considerable demand of thermal 

energy for calcination of calcium carbonate and heating the raw meal up to 1450 ℃ (Galvez-

Martos, 2014). For the processes of forming clinker from lime and clay oxides dried at 100 ℃, the 

theoretical energy demand is between 1590 and 1840 kJ/kg clinker (Locher, 2015), while the real 

amount is significantly higher, because of the energy consumption for the evaporation of water and 

losses via radiation from preheater and kiln and clinker cooler (Galvez-Martos, 2014). Galvez-

Martos et al. (2014) have calculated the average energy demand from about 150 plants worldwide 

between 3250 and 3510 kJ/kg clinker. The common type of energy used in the process comes from 

solid fossil fuels (coal and petcoke) which contributes 67% to the total environmental impact of 

cement manufacture, of which 40% of the CO2 emitted by cement industry belongs to combustion 

of fuels in the kiln, 50% to chemical process, and almost 10% to ancillary energy uses (Bosoaga, 

2009). According to global warming potential results, the carbon footprint of cement production is 

reduced by co-processing of waste-derived fuels and raw materials (Galvez-Martos, 2014). Boesch 

et al. calculate that each 1 % substitution of energy input in cement industry by waste reduces the 

carbon footprint of American and European cement by about 1.65 kg CO2 per tonne of cement 

(Boesch, 2010). 
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Given the proximity of CKD landfills to cement plants, conversion to a biofuel seems a logical 

answer with add on benefits of low carbon fuels. The Lafarge plant in Bath, Ontario already uses 

waste biomass, e.g. old railway ties, as a low carbon fuel and so the infrastructure is already in 

place. Net annual whole plant production for P. Australis was estimated to be 10-12 kg/m2/year 

based on published data (Hocking, 1989) (McSorley K. a., 2016). For total 2 km2 (2×106 m2) 

vegetation area shown in Fig. 3.1, a production rate of ~20-24 kt/year can be estimated. According 

to reports available in literature, the harvesting yield of biomass during spring to fall differs from 

55-80% (Adler, 2006). Therefore, a conservative average ~13.5-16 kt of P.Australis could be 

harvested annually from the CKD landfill site at Bath, Ontario. 

A cement plant’s specific energy use is about 3.2 MJ/kg of clinker manufactured (Mastorakos, 

1999), and average heat content of processed P. Australis according to Fig. 4.5 is 16.7 MJ/kg. 

Therefore, each kg of clinker requires 0.19 kg of dry biomass or 0.25 kg of biomass at 15 wt.% 

water. The resulting energy density for the 15 wt.% water biomass is 12.77 MJ/kg, slightly higher 

than the 12 MJ/kg minimum (Khafhafera, 2017). For a typical manufacture rate of 1Mt clinker per 

year, 250 kt treated P.Australis /year is required comparing to 196 kt/year raw Phragmites with 

energy content of 16.3 MJ/kg dry basis. The energy calculations above do not include any energy 

consumption associated with growing, harvesting or processing the raw biomass into sufficiently 

small sizes for washing. 

5.2 Process Model 

The process of converting raw P. Australis, loaded with salt, into a useable fuel will be a multi-

stage process. Based on the net annual harvested biomass at Lafarge (16 kt), and considering 8000 

working hours per year, the process would have to treat 2 t/hr of biomass. A preliminary block flow 

diagram of P. Australis treatment is presented in Error! Reference source not found..  
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Fig 5.1. Block flow diagram of biomass treatment 

After harvesting, P. Australis (moisture content ~5 wt.% / dry basis) is cut into shreds and is stored 

for further treatment. Following mass balance is calculated based on 2 t/hr P. Australis harvested. 

The design is based on conditions leading to best results of washing and drying achieved in lab-

scale. As best salt removal in experimental scale was observed after two subsequent soakings, 

biomass is soaked two times in water at 20℃ for total time of 40 minutes with L/S ratio of 10 for 

each. Based on previous trials, 51% of salt is recovered after first stage, 31% after the latter, and 

6% after dewatering (total salt recovery of 88%) and the moisture content of washed biomass will 

reach to 0.8-0.82 after each wash. The leachates are directed toward filtration unit, which is able to 

desalinate water with nano graphene type of membranes technology explained in literature review 

(section 2.6. Leachate Desalination). For dewatering purpose, wet biomass is vacuum filtered and 

compressed to reach moisture content of 0.35 and excess water (Filtrate) is directed to filtration. 

Last step is air drying to meet required limit of 15 wt.% water in biomass for fuel processing 

preparation.  

5.2.1 Mass & Energy Balance 

The mass fractions of water and salt in leachates from washing and dewatering is listed in Table 

5.1. 
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Table 5.1. Flow rates and Properties of washing process model 

Flow mass rate (t/hr) salt content (kg/t) moisture content 

Feed 2 20.4 0.05 

Wet biomass 1 9.5 2.07 0.80 

Wet biomass 2 10.56 1.29 0.82 

Wet biomass 3 2.92 1.29 0.35 

Leachate 1 12.5 1.69 - 

Leachate 2 18.94 0.32 - 

Filtrate 7.63 0.32 - 

 Final dry biomass 2.24 1.29 0.15 

Recovered water 39.05 0.02 - 

Recovered Salta 0.03 1000 - 

Air 23.92 - - 

a98% recovery by graphene nano filters in desalination unit 

 

In the introduced process with 88% salt recovery, 29.07 kg/hr salt is recovered from 2 t/hr 

P.Australis and the salt content of final product is 0.13%. Unit Wash 1 with 51% efficiency recovers 

12.5 t/hr leachate containing 21.09 kg/hr salt. Wet biomass exited from this unit enters second wash 

with 31% recovery efficiency and produces 18.94 t/hr leachate containing 6.11 kg/hr salt. In 

mechanical dewatering section, moisture content of biomass reaches 35% and Filtrate is recovered 

containing 2.46 kg/hr salt. All three leachate flows are introduced to desalination unit with nano 

graphene membranes. The efficiency of this unit is 98% for 72 hr and recovers total amount of 

29.07 kg/hr salt and 39.05 t/hr pure water (0.002wt% salt) that can be fed to unit wash1 and 2. Wet 

biomass is air dried with 1t/hr ambient air flow and is ready for fuel processing with standard 

conditions of 15% moisture content and 0.13% salt content. Final product is 2.24 t/hr treated 
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biomass (wet basis) or 1.9 t/hr (dry basis). For 1 ton water content in final wet biomass fed to air 

drying, 44.46 ton air is required (17.3 mg/L moisture capacity). Processing time will be 2 days. 

Table 5.2. Operation Units Properties 

Operation Unit Processing Time Bulk Volume 

Wash 1 20 min 25 m3 

Wash 2 20 min 25 m3 

Air Drying 2 days 10 m3 

Filtration 3 days 4 L 

 

Filtration unit works based on two parallel flows : a hot feed solution and permeate stream. The 

feed should be heated to 90℃ before introduction to desalination unit. This demands 11.5 MJ 

energy for 39 ton/hr feed at ambient temperature. 

Many aspects to this project, harvesting and fuel processing in particular, are beyond the scope of 

this work. Harvesting is a necessity and data likely does not exist for P. Australis although other 

bio-energy plants, such as switch grass, have been heavily studied.  

Harvesting will require energy and financial sources. Data from switch grass is $40/Mg or $40/t 

(Sokhansanj, 2009), which can be converted to $2.4/GJ, slightly higher than coal prices. These do 

not include any costs associated with the salt recovery process. The consideration of biofuels would 

require additional revenue streams to offset costs with the obvious sources being sale of salt and 

avoidance of carbon taxes. This procedure claims to substitute 6.4% energy input in cement 

industry. As each 1 % substitution of energy input in cement industry by waste reduces the carbon 

footprint by about 1.65 kg CO2 per tonne of cement (Boesch, 2010) , the result is 10.56 kg reduction 

in CO2  emissions per tonne of cement. For annual production capacity of 1 Mt/year, this converts 

to 10.56 kt of CO2. Considering petcoke as energy supplier in cement industry at 30 MJ/kg energy 
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content and carbon footprint of (44/12)=3.67 kg CO2/kg petcoke, this model prevents of 16 k t CO2 

emissions per year.  This is a revenue stream of $528,000 per year as CO2 is supposed to be $50/t 

CO2 in 2022, in addition to avoided fuel ($2/GJ), which contributes to $1,362,000. Other product 

of this model, 232 t/year salt (96% KCl) valued at $500/tonne adds another $111,360 depending 

on the purity needed for end use. 

In summary, the present study has investigated potentiality of an upgrading system for biomass 

after phytoremediation to be utilized as a biofuel in cement industry. It was claimed to use the 

harvested biomass for multipurpose benefits; salt recovery, and CO2 reduction. The utilization of 

introduced procedure can be expanded to all CKD landfills to benefit environment in terms of soil 

remediation as well.  
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Appendix 

Master Schematic of Experiments 

 

Color Variation of Leachates after Washing 
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