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ABSTRACT OF THE DISSERTATION 

PRODUCTION AND CHARACTERIZATION OF TWELVE DIFFERENT 

BIOCHARS AND EVALUATING THEIR EFFECTS ON SOIL HEALTH AND 

PLANT GROWTH 

by 

Shagufta Gaffar 

Florida International University, 2020 

Miami, Florida 

Professor Krishnaswamy Jayachandran, Major Professor 

 Biochar has been a topic of growing interest in the scientific community. It is a 

product derived from carbon rich organic materials through the process of pyrolysis. It has 

received wide attention as a means to improve soil fertility and crop productivity, absorb 

pollutants in soil, and sequester carbon to mitigate climate change. Recent research on 

biochar explores its impacts on the environment with particular focus on use as a soil 

amendment in agriculture. The variation in biomass type and production temperature 

influences the variation in the environmental and agronomic outcomes of biochar 

application which makes it possible to design biochar with specific properties to achieve 

desired goals. Therefore, the advanced understanding of biochar is of utmost importance. 

The present research was aimed to produce and characterize twelve biochars from 

feedstocks consisting of invasive plant species along with native plants and agricultural 

residues made at two different production temperatures. Furthermore, the present study 

explored the potential of these biochars as amendments to remove pesticide from soil, thus 

reducing further groundwater pollution. The effects of the biochars on plant growth, soil 
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microbial population and soil enzyme activities were also investigated. Laboratory studies 

were conducted to characterize the biochars and also to evaluate their effect on pesticide 

retention. A study of potted plants was done to observe how biochars influenced plant 

growth as well as soil microbial and enzyme activities. Results indicated that the 

production temperatures and type of feedstocks greatly influenced the physicochemical 

properties of the biochars which subsequently affected  their performance. It was found 

that the type of feedstocks had greater effects on biochar performance than the selected 

production temperatures. The knowledge from the study will be beneficial to determine the 

integration of these biochars as an approach towards sustainable agricultural practice and 

in climate mitigation.   
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CHAPTER 1 INTRODUCTION 

1.1 Background 

Recently in the scientific community biochar has been a topic of growing interest. 

It is a product derived from organic materials rich in carbon. Biochar has the potential as a 

soil conditioner for carbon sequestration, waste management and energy production. 

Research on biochar explores its impacts on the environment with particular focus on use 

as a soil amendment in agriculture. Knowledge of biochar came from the ‘Terra Preta’ soils 

in the Amazon, where the practice of slashing and charring forest trees and other biomass 

led to the development of the dark and fertile soil along with the capacity for long lasting 

carbon storage (Sombroek et al., 2003; O’Neill et al., 2009).   

Biochar is obtained through the process of pyrolysis which involves thermal and 

chemical decomposition of biomass in limited or zero supply of oxygen. It is one of the 

products of pyrolysis that yields a surplus of energy as heat or biofuel. The type of 

feedstock, pyrolysis temperature, and method of pyrolysis cause variation in the 

composition of biochars (Ippolito et al., 2012). A variety of biomass types have been 

successfully used for biochar production consisting of agricultural and forestry by-products 

(such as straw, nut shells, rice hulls, wood chips, wood pellets, tree bark, and switch grass), 

industrial by-products (such as bagasse from the sugarcane industry, paper sludge, and 

pulp), animal wastes (such as chicken litter, dairy and swine manure), and sewage sludge 

(Mylavarapu et al., 2013) (Figure 1.1). The use of organic waste and agricultural residue 

as potential feedstocks for biochar production can be an effective strategy for waste 

management. 
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Figure 1. 1 Different Types of Biochars with feedstocks (Online image). Major, J. (2008). https://biochar-
international.org/biochar-feedstocks/ 

Burning fossil fuels, excessive tillage in agricultural fields and destruction of 

forests have resulted in the movement of carbon from the lithosphere and biosphere to the 

atmosphere faster than photosynthesis can remove it, such processes are therefore carbon 

positive (Lehman et. al., 2006). Approximately 15% of the total global greenhouse gas 

emissions can be attributed to agriculture (Baumert, 2005). However, this is only a 

calculation for direct emissions, such as nitrous oxide, carbon dioxide, and methane. 

Indirect emissions from agriculture are estimated to be an additional 12% (Scialabba et al., 

2010). Approximately 600 million to 1 billion metric tons of carbon can be sequestered 

annually through the restoration of degraded soils (Lal and Bruce, 1999). Biochar has the 

potential to be carbon negative, that is its production and application have the potential to 

turn the carbon dioxide removed from the atmosphere by plants into a solid carbon that 

will stay solid (and out of the atmosphere) for a sufficiently long time (Lehman et. al., 

2006) (Figure 1.2). Biochar is considered extremely stable and may remain in soils for long 
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periods of time, estimated between one hundred to several thousand years (Novak et al., 

2009).  

 

Figure 1. 2 Biochar as a potential carbon negative technology (Online image). Biochar Solutions Inc. (2011). 
https://images.app.goo.gl/De7jmBSN5S7cFuT87 

 

 

Figure 1. 3 Benefits from Biochar (Online image). Tylor, P. (2015). 
https://deepgreenpermaculture.com/2015/03/15/biochar-ancient-origins-modern-inspirations/ 
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Benefits from amending soils with biochar are multidimensional (Figure 1.3). 

These benefits include minimizing nitrous oxide and methane emissions, minimizing 

leaching of nutrients to groundwater, and reducing contaminant levels in soil (Lehmann et 

al., 2006; Glaser et al., 2009; Spokas et al., 2009; McHenry, 2010; Mylavarapu et al. 2013; 

Fidel et al., 2019). The net greenhouse gas (GHG) impact associated with biochar 

application to soil is influenced by the process and type of biochar produced as well as the 

soil condition (Ippolito et al., 2012). Kammann et al. (2012) showed that peanut hull 

biochar produced at high temperatures caused less release of CO2, N2O, and CH4 compared 

to those produced at low temperatures. Furthermore, pyrolysed products are protected from 

rapid microbial degradation allowing secure sequestration of carbon, thereby offering 

substantial potential for mitigation of greenhouse gas emissions (Lehmann et al., 2006; 

Spokas et al., 2009). Biochar has the ability to influence soil nutrient availability and crop 

production (Graber et al., 2010; Major et al., 2010), and soil microbial activity (Warnock 

et al., 2007; Steiner et al., 2008). A recent review of biochar articles by Spokas et al. (2012) 

stated that application of biochars have led to positive results in agricultural production. 

Although there have been some reports of no crop yield benefits (Schnell et al. 2012; de 

Malo Carvalho et al., 2013; Tammeorg et al., 2014) or even negative yield responses 

(Ippolito et al. 2012; Velez et al., 2018). Therefore, it is important to understand how 

biochars can influence crop yield. These multidimensional outcomes have triggered 

interest in the combined use of biochar for soil fertility improvement and carbon 

sequestration.  
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1.2 Research Objectives 

The purpose of my research was to produce and characterize biochars and to 

investigate their potentiality in reducing water pollution by removing pesticide from the 

soil, and to further observe their effects on plant growth, soil microbial population and 

enzyme activities as an soil amendment in agricultural setting.  

The specific objectives were  

 To produce and characterize twelve biochars made from six different feedstocks 

consisting of invasive plant species along with native plants and agricultural 

residues at two different production temperatures 

 To evaluate the potential of these biochars in effectively removing Atrazine 

(pesticide) from the soil 

 To observe how these biochars can influence Jalapeno pepper plant growth and 

yield 

 To investigate the influence of these biochars on soil bacteria and fungi population, 

root colonization by arbuscular mycorrhizal fungi and enzyme activities in soil 

1.3 Significance of the study 

In the current agricultural scenario, where certain practices accidentally lead to the 

damage the on the environment, it is critical to find ways to mitigate problems and protect 

the environment while assuring food security. Biochar has the potential to improve soil 

quality that can promote food production along with improving the environment. The 

variation in biomass type and production temperature influences the variation in the 

environmental and agronomic outcomes of biochar application which is further affected by 

the type of soil, plants and climatic conditions. The first and crucial step to understanding 
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biochar behavior relies on the knowledge of biochar properties which is possible to achieve 

through their careful characterization. From there, it is possible to evaluate the 

environmental and agronomic impacts of biochar applications. Limited information is 

available on the use of invasive plant species as feedstocks for potential biochar production 

and their influence on pesticide retention, plant growth and soil microbial population. The 

main purpose of the present study was to include invasive plant species along with native 

plants and agricultural residues as potential feedstocks for biochar production as an 

effective strategy towards waste management and to evaluate the performance of these 

biochar applications in agricultural settings. Results from the current study will be 

beneficial to determine the integration of these biochars as successful amendments in 

agricultural management strategies. 
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CHAPTER 2 PRODUCTION AND CHARACTERIZATION OF BIOCHARS  

Abstract 

Application of biochar to soils have the potential to improve crop growth and the 

quality of the environment including soil conditions. The properties of biochar greatly 

influence their performance and the type of feedstocks and pyrolysis temperature impact 

the biochar properties. The present study was conducted to produce and characterize 

biochars made from diverse feedstocks at different pyrolysis temperatures that can help to 

determine their potential use. Twelve biochars were made from six different feedstocks 

consisting of Australian pine (Casaurina equisetifolia), Brazilian pepper (Schinus 

terebinthifolius), coconut husk (Cocos nusifera), cypress (Taxodium distichum), loblolly 

pine (Pinus taeda), and pecan shell (Carya illinoinensis) which were pyrolyzed at 

temperatures 350°C and 500°C. The biochars were categorized on the basis of the 

feedstock and production temperatures. The ash content (50%), fixed carbon content 

(70%), and pH (10%) of the biochars significantly (p < 0.05) increased with increasing 

pyrolysis temperature. An increase in total carbon content, specific surface area (SSA) and 

total pore volume (TPV) of the biochars were also observed at higher temperature. As the 

temperature increased from 350°C to 500°C the moisture content and volatile matter (VM) 

content of the biochars decreased significantly (p < 0.05) whereas the decrease in cation 

exchange capacity (CEC) and average pore size of the biochars were not significant. 

Coconut husk produced biochars that had higher VM content (12-21%), moisture content 

(3.5-9.5%), pH (8-30%), and CEC (16-163%) than the biochars made from the remaining 

five feedstocks. 
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2.1 Introduction 

Biochar is the carbonaceous solid residue obtained by pyrolysis. The process of pyrolysis 

involves thermal and chemical decomposition of biomass in limited or zero supply of 

oxygen.  Biochar is typically produced at temperatures between 300°C–1000°C (Glaser et 

al., 2001). Three products are generated at varying amounts during the pyrolysis process: 

solid (char and/or ash), liquid (bio-oil or tar) and gas (syngas or producer gas). Depending 

on the product quantity and quality goals, each process uses different reaction conditions 

(temperature, pressure, heating rate, residence time, reactive or inert atmosphere, purge gas 

flow rate, etc) to optimize the production of one or more specific products (Ippolito et al., 

2012). The type of biomass, pyrolytic process, and pyrolytic conditions influence the 

properties of the resulting biochars and biochar properties influence the environmental and 

agronomic impacts of biochar applications (Ippolito et al., 2012). Biochars with a highly 

aromatic composition may best be suited for long-term carbon sequestration because of 

their recalcitrant nature (Warnock et al., 2007). The degree of aromatic condensation in 

biochars is believed to be related to recalcitrance in the environment, carbons in dense 

aromatic structures are more resistant to oxidation and few microorganisms have enzymes 

capable of breaking down such bonds (Warnock et al., 2007). In general, the high the 

pyrolysis temperatures biochar with carbon in a stable form. Biochar with large amounts 

of carbon in poly-condensed aromatic structures is obtained by pyrolyzing organic 

feedstocks at high temperatures (500ºC to 700ºC), but also have fewer ion exchange 

functional groups as a result of dehydration and decarboxylation, potentially limiting their 

usefulness for retaining soil nutrients sufficient for enhanced crop growth. Biochars 

produced at low temperatures have been considered more suitable as soil conditioners. At 
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low temperatures (250ºC to 400ºC) biochars have high yield recoveries and contain more 

C=O and C-H functional groups that can serve as nutrient exchange sites after oxidation.  

Biochars can be made from the thermochemical processing of almost any 

carbonaceous material. One contributing factor to the feedstock variety is the desire to use 

locally available agricultural residues. The use of materials including agricultural wastes, 

forestry residues, dead biomass, urban yard waste, municipal solid wastes, etc. that do not 

compete with food production and would otherwise decompose must be taken into 

consideration as potential feedstocks for the sustainable production of biochar (Lehman et. 

al., 2006; Mylavarapu et al., 2013). Invasive plant species are often considered as a great 

threat to the agricultural ecosystem by competing with native species for resources and 

even altering the chemical properties of the soil where they grow. A recent report indicated 

that the U.S. alone spends about $3 billion in an effort to prevent, control, and eradicate 

invasive plant species (Johnson et al., 2017). A major problem in dealing with invasive 

species, in addition to the cost involved in their management, has to do with their removal, 

extraction, and the sustainable management of the waste (residual) products. Application 

of biochar made from invasive plants can be an incentive to deal with these noxious plants 

(such as Casaurina equisetifolia, Schinus terebinthifolius, Melaleuca quinquenervia, etc.) 

in a profitable way. Moreover, the high temperature of the pyrolysis process can sterilize 

the invasive plants which can contribute to preventing further spread of these biological 

pollutants.  

The characterization of biochars is an important initial step to understand the 

production specifics and application mechanisms in the environment including soil 

systems. A number of techniques have been used to characterize biochars. Use of some 
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form of proximate analysis is prevalent in biochar literature which is used to differentiate 

between volatile and fixed carbon. The proximate analysis is a thermogravimetric method 

traditionally considered the most basic for determining char quality where moisture, 

volatile matter, ash and fixed carbon content are analyzed. The second most common 

analysis and one that is critical to further characterizations is the measurement of carbon, 

hydrogen, oxygen and nitrogen content, also known as elemental analysis. One way of 

measuring the degree of aromaticity is from the oxygen to carbon ratio (O/C) and hydrogen 

to carbon ratio (H/C).  The total or ultimate analysis of a char includes information from 

both the elemental and the proximate analysis. Since pH affects so many physical, chemical 

and biological properties of soil, being able to predict the pH effects of biochar is critical 

to choosing the right biochar for the right application. It is also important to determine the 

cation exchange capacity (CEC) of biochars for studies related to nutrient as well as organic 

and inorganic pollutants in soil.  

The objective of the current study was to combine invasive plant species with native 

plants and agricultural residues as potential feedstocks for biochar production and 

characterize twelve different biochars made from a total of six different feedstocks at two 

different temperatures. 

2.2 Materials and Methods 

2.2.1 Production of Biochars  

A total of twelve biochars were produced from six different feedstocks which 

included Australian pine (Casaurina equisetifolia), Brazilian pepper (Schinus 

terebinthifolius), coconut husk (Cocos nusifera), cypress (Taxodium distichum), loblolly 

pine (Pinus taeda), and pecan shell (Carya illinoinensis) at temperatures 350°C and 500°C 
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(Figure 2.1). The biochars were pyrolyzed at the USDA-ARS station in Florence, South 

Carolina, USA. Australian pine and Brazilian pepper are invasive plant species in South 

Florida which have been listed on the Florida’s Noxious Weed list (UF-IFAS, 2012). These 

two feedstocks were collected from Possum Trot located in Miami, Florida, USA. Coconut 

was collected from LNB farm also located in Miami and the husk was separated at the 

laboratory in Florida International University (FIU). Loblolly pine and cypress are native 

to the southeastern United States. These feedstocks along with pecan shell were provided 

by USDA-ARS at Florence, South Carolina. Pecan shell and coconut husk were selected 

as feedstocks from agricultural residues. All feedstocks were oven dried at 70°C for 24 

hours prior to pyrolyzing. The biochars were denoted on the basis of the feedstock and 

production temperature, for instance, AP350 indicated Australian pine derived biochar 

pyrolyzed at 350°C or AP500 indicated Australian pine derived biochar pyrolyzed at 500°C 

and so on.  

2.2.2 Characterization of Biochars  

Biochar yield, defined as the amount of biochar produced at each pyrolysis 

temperatures, was calculated as: 

  Biochar Yield (%) = (MBiochar/MFeedstock) × 100  

where, MBiochar is the mass (g) of biochar and MFeedstock is the mass (g) of feedstock, both 

on a basis of dry weight. Proximate analysis, a combination of moisture, volatile matter 

(VM), ash, and fixed carbon (C) content of the biochar, used to measure char quality was 

conducted following the ASTM proximate analysis method for wood charcoals (ASTM 

D1762-84, 2007) in the laboratories at FIU using a Fisher Scientific isotemp muffle 

furnace.  
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Figure 2. 1 Images of the twelve different biochars; AP350 & AP500 = Australian pine derive biochar 
pyrolyzed at 350°C and 500°C, BP350 & BP500 = Brazilian pepper derived biochar pyrolyzed at 350°C and 
500°C, CH350 & CH500 = Coconut husk derived biochar pyrolyzed at 350°C and 500°C, Cy350 & Cy500 
= Cypress derived biochar pyrolyzed at 350°C and 500°C, L350 & L500 = Loblolly pine derived biochar 
pyrolyzed at 350°C and 500°C, P350 & P500= Pecan shell derived biochar pyrolyzed at 350°C and 500°C. 

Moisture was measured as the mass lost at 105°C. Approximately 1.0 g of ground 

biochar sample was taken in pre-weighed crucible cups and placed in the muffle furnace at 

105°C for 2 hours. The crucibles with samples were cooled and weighed. The percentage 

of moisture in the samples was calculated as follows:  

                                                  Moisture, % = [(A – B)/A] x 100 

Where, A = grams of air-dried sample used, and 

           B = grams of sample after drying at 105°C 
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The VM content was measured as the mass lost at 950°C. The crucibles containing 

the samples used for the moisture content determination were covered with lids and placed 

in the muffle furnace at 950°C for six minutes. After the crucibles with samples cooled, 

the weight was recorded. The percentage of VM content in the samples was calculated as 

follows:  

                                                Volatile matter, % = [(B – C)/B] x 100  

Where, B = grams of sample after drying at 105°C 

            C = grams of sample after drying at 950°C 

Ash content was measured as the mass remaining after heating at 750°C. The 

crucibles containing samples dried at 105°C were placed uncovered in the muffle furnace 

at 750°C for 6 hours. Weight of the cooled crucibles with samples were determined. The 

percentage of ash content in the samples was calculated as follows:  

                                                Ash content, % = (D/B) x 100  

Where, B = grams of sample after drying at 105°C 

            D = grams of residue 

Fixed C, which corresponds to the stable carbon fraction of the sample was 

determined as:  

  Fixed C, (%) = [1 – (ash content + VM content)] × 100 

The pH of the biochar samples was measured in a 1:20 (w/v) biochar/deionized 

water mixture using a Denver instrument pH meter. The cation exchange capacity (CEC) 

was analyzed by a modified NH4
+ acetate compulsory displacement method (Gaskin et al., 

2008). An amount of 0.2 g biochar was leached with 20 ml deionized (DI) water for five 

times, followed by further leaching with 20 ml of 1 M sodium (Na+) acetate (pH 7) solution 
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for five times. The biochar samples were then washed with 20 ml of ethanol for five times 

to remove any excess sodium. Finally, the sodium on the exchangeable sites of the biochar 

was displaced by 20 ml of 1 M ammonium (NH4
+) acetate (pH 7) solution for five times 

and the leachates were stored at 4°C prior to analysis. The CEC of the biochars were 

calculated from the sodium displaced by ammonium using a Perkin Elmer inductively 

coupled plasma- optical emission spectroscopy (ICP-OES) instrument. Biochar samples 

were sent to Galbraith Laboratories, Inc., Tennessee, USA for elemental (carbon, 

hydrogen, nitrogen, oxygen, and sulfur content) analysis. The Micromeritics Tristar II 

surface area and porosity analyzer (Micromeritics, Georgia, USA) at the Department of 

Mechanical and Materials Engineering, FIU, was used to measure the Brunauer-Emmett-

Teller (BET) surface area, pore volume, and average pore size of the biochars. All samples 

were prepared in triplicates.  

2.2.2 Statistical analysis 

Statistical analysis was performed using a statistical analysis system (SAS 9.4 and 

JMP pro 14). Results were expressed as means and standard errors. Any differences 

between the mean values at p < 0.05 were considered statistically significant. 

 2.3 Results and Discussion 

Detailed information on biochar yield, proximate analysis, and physiochemical 

properties are presented in Tables 2.1 and 2.2 which show considerable variation between 

the twelve different biochars used in this study. Yield (%), VM (%), and moisture (%) 

content  of the biochars produced from pyrolysis of the six different feedstocks (Australian 

pine, AP; Brazilian pepper, BP; Coconut husk, CH; Cypress, Cy; Loblolly pine, L; and 

Pecan shell, P) decreased significantly (p < 0.05) as the temperature increased from 350°C 
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to 500°C (Table 2.1). The average yield reduction (about 18%) of the biochars with 

increasing pyrolysis temperature was owing to the dehydration of hydroxyl (OH-) groups 

and thermal degradation of ligno-cellulose structures (Antal and Gronli, 2003; Novak et 

al., 2009). Average VM and moisture content were reduced by 18% and 50%, respectively, 

with increasing pyrolysis temperature. Previous studies reported that during the pyrolysis 

process the major component contributing higher char yield is the lignin contents, whereas, 

hemicelluloses and cellulose contents are mainly responsible for higher VM content of the 

biochar (Sugumaran and Seshadri, 2009; Maia et al., 2011; Sugumaran et al., 2012). Higher 

pyrolysis temperature can increase the degree of aromatization (Chen et al., 2016) and 

cause higher loss of gas products, tar oil, and low molecular weight hydrocarbons [such as 

methane (CH4), ethane (C2H6), and propane (C3H8)] (Domingues et al., 2017) which 

potentially reduce the VM contents of the biochars produced. The reduction in VM was an 

indication of greater pore formation on the biochars at higher pyrolysis temperatures 

(Lehman and Joseph, 2009). Pores produced in high temperature biochars serve as a 

potential habitat for microorganisms (Brewer et al., 2009; Downie et al., 2009) and offer 

higher sorption ability of organic compounds in soil (Chen et al., 2008; Cabrera et al., 

2011). The presence of VM can be either favorable (Elad et al., 2010; Graber et al., 2010) 

or harmful (Jones et al., 2011) to different microbial communities in soil depending on the 

composition. The VM contents can act as a source of the substrate along with carbon and 

energy for soil microorganisms which tend to improve soil fertility (Khodadad et al., 2011; 

Jindo et al., 2014). 
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Table 2. 1 Yield, proximate analysis and selected physicochemical properties of the twelve different biochars made at two production 
temperatures.  

    Proximate Analysis      

Sample 
 

Feedstock 
Temp.† 

(°C) 

Biochar 
Yield 
(%) 

Volatile 
Matter 

Content 
(%)

Ash 
Content 

(%) 

Moisture 
Content  

(%) 

Fixed C 
(%) 

pH 
CEC‡ 

(cmol kg-1) 
SSA§ 

(m2 g-1) 

TPV¶ 
(cm3 
g-1) 

Average 
pore size 

(nm) 

AP350 Australian pine 
(Casaurina 
equisetifolia) 

350 41.00 79.24±2.39AB 5.32±1.11B 5.85±0.09ABCD 15.44±3.50B 8.58±0.03C 16.31±5.50A 0.98±0.07 0.003 12.46 

AP500 500 33.10 61.35±5.67ABC 10.19±0.91A 2.81±0.19DE 28.46±6.59AB 9.37±0.03B 8.19±1.43A 2.59±0.29 0.006 9.40 

BP350 Brazilian 
pepper 
(Schinus 
terebinthifolius) 

350 41.60 66.47±9.32ABC 2.06±1.00CD 4.40±0.47BCDE 31.48±8.32AB 7.72±0.08DE 8.47±2.51A 0.57±0.08 0.002 12.26 

BP500 500 33.00 55.80±3.79BC 4.02±0.02BC 1.96±0.98E 40.18±3.82AB 9.65±0.02AB 7.92±2.30 A 2.29±0.26 0.008 14.60 

CH350 Coconut husk 
(Cocos 
nusifera) 

350 47.20 85.05±2.45A 3.74±0.48BC 8.81±0.81A 11.21±1.97B 9.40±0.09B 16.32±3.46A 0.89±0.15 0.003 13.31 

CH500 500 40.30 79.37±1.48AB 8.88±0.38A 4.96±0.92BCDE 11.75±1.85B 9.89±0.10A 12.04±1.07A 1.94±0.22 0.004 7.99 

Cy350 Cypress 
(Taxodium 
distichum) 

350 37.70 72.75±1.17ABC 0.55±0.05D 6.51±0.57ABC 26.71±1.22AB 7.11±0.01G 10.55±0.20A 0.41±0.07 0.001 10.01 

Cy500 500 30.00 62.66±7.56ABC 1.59±0.11CD 2.45±0.52E 36.76±7.67AB 7.67±0.01DE 9.18±2.46A 4.18±0.47 0.002 2.39 

L350 Loblolly pine 
(Pinus taeda) 

350 39.60 71.31±6.00ABC 1.70±0.10CD 3.46±0.46CDE 26.98±6.11AB 7.63±0.05EF 8.51±1.84A 0.30±0.06 0.001 12.81 

L500 500 32.20 48.59±7.53C 3.20±0.19BCD 2.36±0.56E 48.21±7.73A 7.84±0.01DE 7.93±4.34A 5.21±0.56 0.004 3.13 

P350 Pecan shell 
(Carya 
illinoinensis) 

350 46.80 68.04±4.12ABC 2.18±0.12CD 6.83±0.09AB 29.78±4.24AB 7.36±0.02FG 6.14±1.18A 0.36±0.05 0.001 14.56 

P500 500 39.20 56.33±1.12ABC 3.82±0.29BC 3.50±0.50CDE 39.85±1.42AB 7.94±0.03D 4.66±1.41A 2.14±0.34 0.002 4.41 

Sample abbreviations are the same as in Figure 2.1.  
†Temp. = Production temperature 
‡‡CEC = Cation exchange capacity   
§§SSA = Specific surface area   
¶¶TPV = Total pore volume  
Numbers are mean ± standard error. 
Means within a column followed by the same letter are not significantly different at p < 0.05.
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Table 2. 2 Elemental composition and atomic ratio of the twelve different biochars.  

 
     Atomic ratio of the elements 

in biochar 

Sample Carbon
(%) 

Hydrogen
(%) 

Nitrogen
(%) 

Oxygen
(%) 

Sulfur 
(%) 

H/C‡ O/C§ (N+O)/C¶ 

AP350 64.93 4.00 0.94 21.80 0.07 0.06 0.34 0.35 

AP500 66.65 3.07 1.10 15.66 0.04 0.05 0.23 0.25 

BP350 67.54 3.97 0.5 20.89 0.11 0.06 0.31 0.32 

BP500 77.37 3.04 0.51 11.76 0.13 0.04 0.15 0.16 

CH350 66.69 4.02 0.51 22.81 0.03 0.06 0.34 0.35 

CH500 67.00 3.01 0.69 18.29 0.03 0.04 0.27 0.28 

Cy350 76.10 4.39 0.5 17.31 0.01 0.06 0.23 0.23 

Cy500 83.59 3.39 0.5 11.11 0.04 0.04 0.13 0.14 

L350 67.71 4.25 0.5 17.13 0.09 0.06 0.25 0.26 

L500 79.47 3.52 0.5 12.97 0.08 0.04 0.16 0.17 

P350 68.45 3.59 0.5 22.85 0.04 0.05 0.33 0.34 

P500 78.96 3.21 0.5 12.10 0.03 0.04 0.15 0.16 

Sample abbreviations are the same as in Figure 2.1.  
‡H/C = Ratio of hydrogen and carbon  
§O/C = Ratio of oxygen and carbon  
¶(N+O)/C = Ratio of nitrogen and oxygen with carbon  
 

Ash content of the biochars significantly (p < 0.05) increased with increasing 

pyrolysis temperature, likely because the ash mainly remains in the solid fraction and 

increasing temperature increase the concentrations of minerals and combusted organic 

residues (Cao and Harris, 2010). Increase of more than twice in ash content of the biochars 

was observed as the pyrolysis temperature increased from 350°C to 500°C (Table 2.1). Ash 

is an important factor that influences the sorption behavior of hydrophobic organic 

compounds (HOCs) which can block surface sorption sites in biochar or make it difficult 

to access because of their interactions with inorganic moieties (Zhang et al., 2013; Deng et 

al., 2014).  

Similar to ash content, an increase in pyrolysis temperature also significantly 

increased the fixed C content of the biochars. An increase in pyrolysis temperature from 
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350°C to 500°C had resulted in about 70% increase (significant at p < 0.05) in fixed C 

content of the biochars (Table 2.1) mainly because higher pyrolysis temperature can reduce 

overall biochar mass (Ronsee et al., 2013).  

An average 10% increase of biochar pH with increased pyrolysis temperature 

possibly resulted from the gradual removal of acid functional groups [such as carboxylic 

(-COOH), phenolic (-C6H5), and carbonyl (-C=O) group] from biochar surface and 

relative increase of ash contents. Biochars with pH in the alkaline range have the potential 

for neutralizing or increasing the pH of acidic soils (Sohi et al., 2010; Deng et al., 2014) 

which in turn provides a more favorable habitat for plants and microbes (Gaskin et al., 

2008; Spokas et al., 2012). A study conducted by Novak et al. (2009) in South Carolina, 

USA showed that an application of 2% pecan shell derived biochar (produced at 700°C) 

significantly increased the soil pH from 4.8 to 6.3. An increase in soil pH can also facilitate 

enhanced germination (Cornelissen et al., 2018) and is often considered as a positive 

predictor for biochar impact on plant growth (Solaiman et al., 2012).  

Cation exchange capacity (CEC) of the biochars decreased with increased pyrolysis 

temperature, however, no significant difference was observed (Table 2.1). As discussed 

earlier, increase in temperature resulted in the loss of oxygen-containing groups, such as, 

hydroxyl (OH-), carboxylic (-COOH), and carbonyl (-C=O) groups which resulted in the 

decrease of the biochar CEC (Song and Gao, 2012; Zornoza et al., 2016; Domingues et al., 

2017; Batista et al., 2018). The CEC was also found to be associated with O/C ratios (Table 

2.2), where a high O/C ratio produced a high CEC value. In a recent study, Zhao et al. 

(2017) found a positive relationship between the O/C ratio and CEC of the biochars (Apple 

tree; Malus pumila) produced at a temperature range of 300°C to 600°C. In another study 
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conducted in Brazil, Batista et al (2018) used Cocos nusifera (coconut shell), Citrus 

sinensis (orange peel), Elaeis guineensis (palm oil bunch), Saccharum officinarum 

(sugarcane bagasse), and Eichhornia crassipes (water hyacinth) feedstocks to make 

biochars at 350°C and found that low O/C ratios are associated with low CEC of the 

biochars. The CEC of biochars have the potential to retain nutrients in the soil (Domingues 

et al., 2017). High CEC biochars can also be beneficial for the remediation of cationic trace 

elements found in contaminated soil (Cao et al., 2009; Houben et al., 2013; Cayuela et al., 

2014).  

Specific surface area (SSA) and total pore volume (TPV) of the biochars were 

numerically increased (but not significant at p < 0.05) with higher temperatures. However, 

the average pore size of different biochars decreased with increased charring temperature 

with an exception for biochars made from BP where the average pore size increased at 

500°C. The decomposition of cellulose and hemicelluloses, removal of pore blocking 

substances, destruction of aliphatic alkyls and ester groups, exposure of the aromatic lignin 

core, thermal cracking, and formation of vesicular bundles or channel structures have been 

considered responsible for the high SSA and TPV in biochar with increasing pyrolysis 

temperature (Chen and Chen 2009;  Ahmad et al. 2012; Li et al. 2013; Rafiq et al. 2016; 

Zhao et al. 2017). The condensation reaction of organic compounds causes the decrease in 

biochar pore size with increasing pyrolysis temperature (Giudicianni et al., 2013). Biochars 

having high SSA and TPV are considered as potential agents for the sorption of organic 

compounds in the soil (Chen et al., 2008; Cabrera et al., 2011).  

The biochars had both carbonized (such as volatile matter, carbon content, H/C, 

O/C ratio) and non-carbonized (such as ash content) fractions (Tables 2.1 and 2.2), 
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indicating that the biochars were heterogeneous (Chen et al. 2008; Cao et al. 2009). It was 

observed that C(%) content of the biochars increased while the H(%) and O(%) contents 

decreased as the pyrolysis temperature increased from 350°C to 500°C (Table 2.2). The 

increase in C content was the result of the high carbonization and high degree of carbon 

clustering in the aromatic structures as a result of increase in temperature (Novak et al., 

2009; Keiluweit et al., 2010). The reduction in H content was relatively small because of 

an increase in temperature and almost negligible for the different feedstocks. All the 

biochars contained a relatively small amount of N (%) which ranged from 0.5% to 1.1% 

and the N content remained relatively stable with very little change regardless of 

temperature and feedstock. The elemental composition of the biochars was used to 

calculate the atomic ratio for each biochar (Table 2.2). The H/C, O/C, and (N+O)/C ratios 

for all biochars decreased as the pyrolysis temperature increased. The elemental ratio of 

H/C is used to evaluate the degree of carbonization and aromaticity of the biochar and is 

linked to the long-term stability in the environment (Schmidt and Noack, 2000). The low 

values represent a high degree of carbonization and aromaticity (Chun et al., 2004; Chen 

et al., 2005). A decrease in O/C and (N+O)/C ratios indicate the reduction in biochar 

polarity (Chen et al., 2005). An increase in aromaticity and a decrease in polarity reflect 

higher sorption capacity of the biochars (Chen et al., 2005). Hydrophobic carbon can 

provide more sorption domains for HOCs, and aromaticity and pore-filling are positively 

correlated with aromatic carbon contents (Teixidó et al., 2011; Yang et al., 2011; Deng et 

al., 2014). 

Among the different feedstocks, coconut husk (CH) biochars had the highest yield 

(1-10%), VM content (12-21%), moisture content (3.5-9.5%), pH (8-30%), and CEC (16-
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163%) than the biochars made from the remaining five feedstocks. Comparing the twelve 

biochars, it was found that CH350 biochar had the highest (significant at p < 0.05) VM 

(85%) and moisture content (8.81%) (Table 2.1). Higher biochar yield from coconut husk, 

which can be considered as an agricultural residue (or waste), makes it an excellent 

feedstock for manufacturing abundant biochar in a cost-effective way. The high pH (9.40 

to 9.89) content of CH biochars makes it an useful liming material in acidic soils and the 

high CEC (12.02 to 16.32 cmol kg-1) can be effective in removing inorganic and organic 

contaminants from the soil. High pore volume and pore size of biochars made from 

Brazilian pepper (invasive in South Florida, USA) would also be very useful for the 

sorption of organic compounds and an excellent habitat for soil microorganisms. 

The principal component analysis (PCA) biplot of biochar properties is presented 

in Figure 2.2. The PCA biplot is a combination of the PCA score and the loading plot. 

Principal component 1 (PC1) and principal component 2 (PC2) explains 48% and 21% of 

the total variance for the results. For PC1, the main contributing parameters were O content, 

O/C, and (N+O)/C ratios, whereas, pH, ash content, TPV, H content, and N content were 

the main contributing parameters for PC2. The angle between vector ash content, N 

content, and pH was very small which indicates the existence of a strong positive 

correlation between these variables. Similarly, O content, O/C, (N+O)/C, VM content, 

SSA, and average pore size had a strong positive correlation. Vectors positioned about 90 

degrees to each other were not correlated. Therefore, ash, pH, N content had no relation 

with VM content, O content, O/C, (N+O)/C, and average pore size. Vectors that were 

situated at 180 degrees angle were negatively correlated. Therefore, SSA had a strong 



 
 

22 
 

negative correlation with O content, O/C, (N+O)/C, VM content, and average pore size. 

Similarly, TPV and H content were negatively correlated. 

 

Figure 2. 2 Principal component analysis of the parameters measured for the characterization of biochars. 
PC1 explains 48% of the variance which is mainly a combination of O content (%), O/C and (N+O)/C ratios. 
PC2 in mainly a combination of pH and ash content (%) and explains 21% of the variance. 

The parameters from the PCA analysis was also used for hierarchical cluster 

analysis of the biochars (Figure 2.3). Biochars made at 500°C were different from the ones 

made at 350°C. Among the biochars made at 500°C, AP500 and CH500 were clustered 

together reflecting maximum similarity than the rest. For biochars made at 350°C, Cy350 

and L350 showed more similarity than the remaining biochars. The hierarchical clustering 

is helpful in further explaining similar effects from biochar applications.  
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Figure 2. 3 Hierarchical cluster analysis of the biochars based on the parameters from principal component 
analysis. Biochars with similar characteristics are clustered together. Sample abbreviations are the same as 
in Figure 2.1.  

2.4 Conclusion 

The data presented show that the pyrolysis temperature and the type of feedstock 

strongly influenced the physicochemical properties of the biochars. Higher pyrolysis 

temperatures resulted in biochars with higher ash content, pH, specific surface area and 

pore volume. The increase in pyrolysis temperature decreased the moisture and volatile 
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matter content, cation exchange capacity and the average pore size of the biochars. 

Variation in the physicochemical properties of the biochars greatly influence their potential 

in improving the environment as a soil conditioner and amendment including its role in 

reducing pollution.  It is possible to produce biochars with distinct characteristics aimed 

for specific purposes. Therefore, it is important to characterize biochars prior to its 

application to achieve satisfactory outcomes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

25 
 

CHAPTER 3: EFFECT OF DIFFERENT BIOCHARS ON THE ADSORPTION AND 

DESORPTION OF ATRAZINE IN SOIL 

Abstract 

Biochar, produced from pyrolyzed biomass, has increasingly been considered as a 

cost-effective agent to reduce the loss of organic contaminants from soil profile through its 

high sorption potentiality. Application of biochars in agricultural soil is expected to reduce 

groundwater contamination of atrazine, a widely used herbicide in the U.S., and therefore, 

sustain environmental quality and reduce human health issues caused by atrazine. The 

present study was conducted to investigate the comparative ability of twelve different 

biochars made from six feedstocks at two production temperatures to remove and retain 

atrazine in an organic rich soil. The biochars were categorized by feedstock type and 

production temperatures. Soils were amended with 2% (w/w) of the different biochars. 

Freundlich isotherms were used to explain the adsorption and desorption behaviors of 

atrazine in soil. The biochar amendments significantly affected the adsorption of atrazine 

compared to the unamended soil. It was found that coconut husk produced the most 

effective biochars (CH350 and CH500), which adsorb 8-12% more atrazine than soils 

without biochar (unamended). In Particular, among all 12 biochars, CH350 performed the 

best (Kd ads = 13.80, KOC = 153.63, Kd des = 16.98) and had significantly higher (p < 0.05) 

adsorption than unamended soil possibly resulting from the highest cation exchange 

capacity of CH350 (16.32 cmol kg-1). Additionally, biochars made from plant species 

native to South Florida, USA (loblolly pine and pecan shell) had 7-10% higher sorption of 

atrazine compared to the biochars produced from non-native invasive species (AP and BP) 

suggesting that biochars produced from native species perform better in the same 
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agroclimatic regions where they grow. The overall Kd des values for atrazine desorption 

were found to be greater than the Kd ads for the adsorption indicating a considerable amount 

of the atrazine that was adsorbed by the biochar amended soils were retained following 

desorption.   

3.1 Introduction    

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-trithemazine) is one of 

the most commonly used herbicides (triazine group) in the United States to control pre- 

and post-emergence broadleaf weeds (Stellaria media, Taraxacum officinale, Lespedeza 

cuneata, etc.) in agricultural production. Herbicide accounted for approximately 59% of 

the total pesticide used in the U.S. agricultural sector and about 64 to 74 million pounds of 

atrazine was used for agricultural purposes in the U.S. in 2012 (Atwood and Paisley-Jones, 

2017). Atrazine application was reported to benefit about $2.9 billion every year for corn 

production in the U.S. (Bridges, 2011). However, atrazine can remain in the soil for several 

days to months when applied (ATSRD, 2003), and often break down relatively quickly by 

soil microorganisms (such as Arthrobacter, Nocardioides) which as a result easily 

contaminate ground and surface water systems. In recent decades, atrazine and its 

metabolites, namely, desethyl-atrazine [DEA; 2-amino-4-chloro-6-(isopropylamino)-s-

triazine], deisopropyl- atrazine [DIA; 2-amino-4 chloro-6-(ethylamino)-s-triazine], and 

hydroxyl-atrazine [HA; 2-hydroxy-4-(ethylamino)-6-(isopropylamino)-s-triazine] have 

been commonly detected in soil, drinking water aquifers, shallow groundwater,  and in 

surface water (Barbash et al., 2001; Sun et al., 2010; Lima et al., 2011). This is an 

imperative area of concern, because atrazine has been recognized as an endocrine disruptor 

in humans (Lasserre et al., 2009), also having adverse effects on the immune and central 
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nervous systems of other mammals and aquatic invertebrates (Hayes et al. 2002; 2006; 

2010). Several studies have shown that the adverse health effects of atrazine include 

increased risk of intrauterine growth retardation, reduced semen quality, and spontaneous 

abortions in humans, as well as demasculinization and hermaphrodism in frogs (Arbuckle, 

2001; Hayes, 2002; 2006; 2010). Therefore, a viable issue remains to control the 

availability of atrazine in soil solution and their fate and transport in natural water 

resources. Sorption, a common physiochemical process, is an effective solution for 

controlling the loss of hydrophobic organic compounds (HOCs) like atrazine in the 

environment. Biochar, a byproduct of thermal pyrolysis of carbon-rich biomass, is often 

used as a soil amendment in agricultural fields (Laird et al., 2009; Lehmann and Joseph, 

2009; Yao et al., 2010) and has the potentiality to adsorb HOCs when applied and thus 

reduce their loss from the soil profile. Biochar is also an effective agent for accumulating 

soil organic C (SOC) and reducing greenhouse gas emissions from the field (Lehmann et 

al., 2006; Glaser et al., 2009; Spokas et al., 2009; McHenry, 2010; Fidel et al., 2019), 

influencing soil nutrient availability and crop production (Graber et al., 2010; Major et al., 

2010), and soil microbial activity (Steiner et al., 2008). Adsorption is usually the first 

process that begins straightaway when pesticides are applied to the soil. One of the 

important factors influencing the effectiveness of biochars for pesticide retention is 

pyrolysis condition (Mesa and Spokas, 2011). Increasing pyrolysis temperature can 

increase surface area, C content, and aromaticity of the biochars along with the decrease in 

polarity, oxygen, and hydrogen contents (Ahmad et al., 2014, Chen and Chen, 2009, Chen 

et al., 2012). Consequently, the potential of biochars to sorb organic contaminants increase 

making it a unique adsorbent (Ahmad et al., 2014; Khorram et. al, 2016). However, 
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biochars produced at low pyrolysis temperatures (250°C to 400°C) are characterized by 

high polarity and the amount of oxygen-containing functional groups on its surfaces, and 

consequently, an effective agent to remove inorganic/polar organic contaminants (Novak 

et. al., 2009; Ahmad et al., 2014; Gai et al., 2014). The surface functional groups, 

aromaticity, and negative surface charge of biochars can increase the sorption capacity via 

π (lone pair electrons)-π, π-π electron donor-acceptor (EDA) interactions, hydrogen 

bonding, hydrophobic binding, and electrostatic effects (Zhu et al., 2005; Sun et al., 2013; 

Fang et al., 2014; Xiao and Pignatello, 2015; Zhang et al., 2018). On the other hand, 

atrazine can function as a π electron donor and both as an H-bond donor and acceptor (Sun 

et al., 2010, Deng et al., 2014, Ahmad et al., 2014). Thus, biochar can be an effective means 

to mitigate atrazine contamination in the environment. Study on the effect of different 

biochars made from feedstocks consisting of invasive plant species on atrazine sorption 

behavior has not been adequately investigated in the past. Therefore, the objective of the 

study was to investigate the effects of different biochars made from feedstocks that include 

invasive plant species along with native plants and agricultural residues on the adsorption 

and desorption of atrazine as an effective means for removing pesticides from the 

environment.  

3.2 Materials and Methods 

3.2.1 Soil collection and analysis  

 The soil (0-5 cm depth) was collected from the garden research plot (25.7540° N, 

80.3801° W) at Florida International University (FIU). Soil samples were then air-dried, 

passed through a 2 mm sieve, and homogenized prior to use. Soil textural class was 

analyzed by the hydrometer method using a Fisher brand ATSM 152H soil hydrometer, 
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the method quantitatively determines the proportions of sand, silt, and clay in soil as 

determined by their settling rates in an aqueous solution using a hydrometer. Soil pH was 

measured in a 1:2 (w/v) soil/deionized water mixture using Denver instrument pH meter.  

The organic matter (OM) content was determined by the loss on ignition (LOI) method 

with a Fisher Scientific isotemp muffle furnace (at 550°C) and the organic carbon (OC) 

content was calculated from the OM content. Total carbon (C) and nitrogen (N) content of 

the soil was measured using a Leco TruSpec CN analyzer. The selected physicochemical 

properties of the soil are presented in Table 3.1.  

Table 3. 1 Physical and chemical properties of soil. 

Parameters Mean Values 

pH 7.52±0.04 

Carbon (%) 9.90±0.55 

Nitrogen (%) 0.55±0.03 

OM (%)§ 15.49±0.34 

OC (%)§ 8.98±0.20 

Sand (%) 76.44 

Silt (%) 21.65 

Clay (%) 1.91 
§OM = Organic matter content 
§OC = Organic carbon content 
 Numbers are mean ± standard error 

3.2.2 Properties of chemicals used in this study  

 Analytical grade of atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-

trithemazine) with > 98% purity was purchased from Cayman Chemical, Michigan, USA. 

It has an aqueous solubility of 33 mg L-1 at 22°C and pH 7, a logPow of 2.82, and a pKa 

value of 1.7 (US-EPA, 2009; Mandal and Singh, 2017). A stock solution of 20 mg L-1 of 



 
 

30 
 

atrazine was prepared in deionized water. High performance liquid chromatography 

(HPLC) grade methanol and water were purchased from Fisher Scientific, Pennsylvania, 

USA.   

3.2.3 Biochars used in the study  

The twelve biochars used in this study were produced from six feedstocks which 

included Australian pine (Casaurina equisetifolia), Brazilian pepper (Schinus 

terebinthifolius), coconut husk (Cocos nusifera), cypress (Taxodium distichum), loblolly 

pine (Pinus taeda), and pecan shell (Carya illinoinensis) pyrolyzed at temperatures 350°C 

and 500°C and denoted using feedstock and production temperature. The biochars have 

been characterized in chapter 2 of this study and selected physicochemical properties are 

listed in Tables 2.1 and 2.2.  

3.2.4 Adsorption and desorption experiments  

 Adsorption of atrazine in soil with and without biochar amendments was measured 

using the batch equilibrium method (OCED, 2000). Ten ml of atrazine solutions with initial 

concentrations (Ci, mg L-1) ranging from 1 and 15 mg L-1 were added to centrifuge tubes 

containing 5.0 g of unamended soil and soils amended with 2% (w/w) of the twelve 

biochars. Suspensions were shaken at 120 rpm for 24 hours in a platform shaker at 20 ± 

2°C and centrifuged at 1500 rpm for 20 minutes. The supernatants were filtered through a 

0.45µ membrane using a syringe and stored at 4°C until analyzed. Desorption experiments 

were carried out after adsorption using the samples that had the maximum initial pesticide 

concentration (15 mg L-1) by replacing half of the supernatant solution with deionized 

water. Equilibrium concentrations (Ce, mg L-1) of atrazine in the supernatants were 

analyzed using Agilent 1260 infinity high performance liquid chromatography (HPLC) 
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instrument. The HPLC was equipped with a diode array detector and a Hypersil Green 

ENV C18 analytical column (150 × 4.6 mm, 3 µm). The mobile phase consisted of 

methanol/water (50:50, v/v) mixture and the detector was set at 222 ± 2 nm. All samples 

were prepared in triplicates.  

The amount of pesticide adsorbed was calculated as, 

Cs = (Ci-Ce) × V/M 

where, V = the volume of pesticide solution added (ml) 

            M = mass of adsorbent (g)  

The amount of pesticide desorbed was calculated as the difference between the amount of 

pesticide determined in the solution after the desorption experiment and the amount of 

pesticide remaining from the adsorption experiment.  

The percentage of pesticide adsorbed was calculated as, 

Adsorption (%) = [(Ci-Ce)/Ci] × 100 

The percentage of pesticide desorbed was calculated as the ratio between the amount of 

pesticide desorbed and the amount adsorbed at equilibrium.  

All the adsorption and desorption isotherms were fitted using the Freundlich equation,  

Cs = Kf. Ce 1/n  

where Cs = amount of pesticide adsorbed (mg kg-1) 

            Ce = equilibrium concentration of pesticide (mg L-1) 

            Kf and 1/n are empirical constants 

Kf is the sorption coefficient which indicates the sorption capacity of pesticide and 1/n is 

the slope isotherm which reflects the sorption intensity (1/n = 1 represents a linear isotherm 

curve). The values of Kf cannot be compared due to variation in 1/n values. Therefore, Kd 
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is estimated as the ratio between the amount of pesticide sorbed and the equilibrium 

concentration of 1 mg L-1. The estimated Kd values were further normalized to the organic 

carbon (OC) content of the soil to quantify KOC values, 

KOC = (Kd/%OC) × 100 

The KOC values are used to predict pesticide sorption because OC is usually considered to 

be the primary soil component responsible for the sorption of pesticides (Krutz et al., 2003). 

The hysteresis coefficient was determined as, H = (1/ndes)/(1/nads), which gives information 

about the reversibility of adsorption. 

3.2.5 Statistical analysis  

Regression analysis was performed on adsorption and desorption isotherms. 

Statistical analysis was performed using a statistical analysis system (SAS 9.4 and JMP pro 

14). Results were expressed as means and standard errors. Any differences between the 

mean values at p < 0.05 were considered statistically significant. 

3.3 Results and Discussion 

3.3.1 Physiochemical properties of the soil  

 The soil used in the study had high OM content (>15%) possibly because the soil 

was collected from garden plots which had compost incorporated and residues from 

previous cropping season (Table 3.1). The soil was slightly alkaline (7.52) with a loamy 

sand texture. 

3.3.2 Adsorption-desorption isotherms of Atrazine 

The Freundlich adsorption-desorption isotherm was used in the study to describe 

partitioning of atrazine between the biochar/soil solution and in the solid surface. The 

adsorption-desorption isotherms (Figures 3.1 and 3.2) helped understand the nature of 
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interactions between atrazine and soils with and without biochar amendments. The 

adsorption isotherms were well fitted by the Freundlich equation. The correlation 

coefficients, r2, ranged from 0.96 to 0.99 for soils amended with AP350, CH350, CH500, 

Cy350, Cy500, L350, L500, and P350 biochars and r2 was between 0.73 to 0.77 for soils 

amended with AP500, BP350, BP500, and P500 biochars.  

The 1/nads values of atrazine adsorption in the unamended soil and biochar amended 

soils were less than 1, suggesting that the adsorption isotherms were nonlinear and L-type 

(Table 3.2; Figures 3.1 and 3.2). The L-type isotherms generally indicate that adsorption is 

strongly dependent on the initial solution concentration and there is a decrease in 

adsorption at higher solution concentrations of the pesticide (Cabrera et al., 2011; García-

Jaramillo et al., 2014). An increase in the degree of isotherm nonlinearity and L-type 

isotherms reflected that pore-filling was the primary mechanism for the sorption of atrazine 

by the biochar amended soils (Cabrera et al., 2011; García-Jaramillo et al., 2014). Soils 

amended with biochars made from cypress (Cy), loblolly pine (L), and pecan shell (P) at 

350°C had 1/nads values greater (0.60, 0.60, and 0.60, respectively) than that of the 

unamended soil (0.59). But all other biochar amended soils had 1/nads values lower than 

that of the unamended soil, suggesting that these biochars had more condensed sorption 

domain to enhance affinity for atrazine (Deng et. al., 2014).  
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Figure 3. 1 The adsorption-desorption isotherms for atrazine calculated in soil without biochar. 

The biochar amendments significantly influenced the adsorption of atrazine 

compared to the unamended soil. Overall, the Kd ads values, which indicate the sorption 

affinity for atrazine (high value means higher affinity) were higher in biochars made from 

AP, CH, and L at 350°C and 500°C, and from BP, Cy, and P at 500°C than the unamended 

soil (Table 3.2) likely because of higher SSA, TPV, and aromaticity (low H/C ratio) of 

those biochars (Tables 2.1 and 2.2).  
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Figure 3. 2 The adsorption-desorption isotherms for atrazine calculated in soil amended with the twelve different biochars at 2% (w/w). AP350 & AP500 
= Australian pine derived biochar pyrolyzed at 350°C and 500°C, BP350 & BP500 = Brazilian pepper derived biochar pyrolyzed at 350°C and 500°C, 
CH350 & CH500 = Coconut husk derived biochar pyrolyzed at 350°C and 500°C, Cy350 & Cy500 = Cypress derived biochar pyrolyzed at 350°C and 
500°C, L350 & L500 = Loblolly pine derived biochar pyrolyzed at 350°C and 500°C, P350 & P500= Pecan shell derived biochar pyrolyzed at 350°C and 
500°C.
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Lower Kd ads values of biochars made from BP and Cy at 350°C than the unamended soil 

suggest that these biochars may not be a viable option for atrazine adsorption in agricultural 

soils. The Kd ads values can vary greatly in soil as a consequence of the influence of various 

soil components. Since soil OC is considered to be the primary soil component controlling 

the sorption of pesticide, the Kd ads values were further normalized to KOC values for 

predicting better sorption behaviors of atrazine. The normalization assumes that OM is the 

primary soil property controlling adsorption, otherwise, there will be variation in the Koc 

values (Krutz et al., 2003). Greater KOC values of biochar amended soils than that of the 

unamended soil suggest that the biochars exhibit higher sorptivity to pesticide than the soil 

OC (Zhang et al., 2010; Hao et al., 2013). The KOC values of soils amended with biochars 

made from AP, CH, and L at 350°C and 500°C, and from BP, Cy, and P at 500°C were 

greater than that of the unamended soil (Table 3.2) emphasizing greater affinity for atrazine 

by these biochars than the soil OM. Out of the 12 biochars, the KOC value for CH350 was 

significantly (p < 0.05) higher than the unamended soil. The KOC values of atrazine 

adsorption to biochars were in the range of 1 to 1.5 times higher than adsorption to soil. 

The addition of biochars in soils may have resulted in the increase of OC in soil which in 

turn, enhanced the adsorption of atrazine in the biochar amended soils. Similar results were 

observed in studies conducted by Hao et al. (2013) in China using corn cob biochars made 

at temperatures ranging from 350°C to 650°C. Soil amended with biochars made from BP 

and Cy at 350°C had KOC values lower than that of the unamended soil, indicating possible 

interference of the higher OM content of soil in the sorption of atrazine by these biochars. 

The presence of OM in soils can decrease the sorption of organic compounds by biochar 

by blocking biochar pores or competing for biochar surface adsorption sites (Pignatello et 
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al., 2006; Koelmans et al., 2009; Qui et al., 2009; Yu et al., 2011; Delwiche et al., 2014). 

Application of biochars made from CH and L at 350°C and 500°C, from AP at 350°C, and 

from Cy and P at 500°C increased the overall percentage of adsorption of atrazine in soil, 

with CH350 biochar amended soil having the highest (Table 3.2).  

Table 3. 2 Adsorption parameters for atrazine in unamended soil and soils amended with 
the twelve different biochars at 2% (w/w). 

Treatment Kf ads
‡ 1/nads

§ Freundlich  r2 Kd ads
¶ KOC

# Adsorption (%) 

Soil 9.12±1.07 0.59±0.04 0.99 9.12BCDE 101.53 BCDE 
73.24-93.44 

(81.25)†† 

Soil + AP350 10.47±1.15 0.47±0.06 0.96 10.47ABCDE 116.56 ABCDE 
75.77-97.63 

(83.09) 

Soil + AP500 9.17±1.48 0.43±0.14 0.77 9.17E 102.09 E 
58.72-98.96 

(79.20) 

Soil + BP350 8.32±1.45 0.42±0.19 0.72 8.32CDE 92.63 CDE 
52.26-98.28 

(76.73) 

Soil + BP500 9.33±1.45 0.36±0.15 0.73 9.33CDE 103.87 CDE 
54.51-98.73 

(77.72) 

Soil + CH350 13.80±1.02 0.52±0.02 0.99 13.80A 153.63 A 
80.96-100.0 

(90.31) 

Soil + CH500 10.96±1.02 0.54±0.02 0.99 10.96ABC 122.02 ABC 
75.03-100.0 

(87.05) 

Soil + Cy350 7.94±1.05 0.60±0.03 0.99 7.94DE 88.40 DE 
71.35-93.99 

(78.52) 

Soil + Cy500 11.40±1.07 0.40±0.03 0.99 11.40ABCDE 126.92 ABCDE 
71.32-98.90 

(83.97) 

Soil + L350 11.39±1.12 0.60±0.07 0.98 11.39BCDE 126.80 BCDE 
80.10-95.48 

(85.42) 

Soil + L500 12.30±1.15 0.33±0.05 0.96 12.30ABCD 136.93 ABCD 
76.84-99.65 

(85.12) 

Soil + P350 9.12±1.02 0.60±0.02 0.99 9.12CDE 101.53 CDE 
72.24-93.01 

(80.82) 

Soil + P500 13.49±1.48 0.52±0.21 0.75 13.49AB 150.18 AB 
78.45-97.18 

(87.53) 

Treatment abbreviations are the same as in Figure 3.2.  
‡Kf ads = Freundlich sorption coefficient 
§1/nads = Freundlich slope constant 
¶Kd ads = Sorption coefficient estimated from the Freundlich sorption isotherms at equilibrium concentration 
(Ce) of 1.0 mg L-1  
#KOC =(Kd ads/%OC) x 100, Sorption coefficient (Kd ads) normalized to the organic carbon (OC) content of the 
soil  
††Number in parentheses is the average adsorption by each treatment across the entire range of pesticide 
concentration 
Numbers are mean ± standard error 
Means within a column followed by the same letter are not significantly different at p < 0.05. 
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The results suggest that coconut husk (CH) had the highest adsorption (%) of 

atrazine among the six feedstocks followed by loblolly pine (L) and pecan shell (P) 

compared to the unamended soil (Table 3.2). Only Brazilian pepper (BP) feedstock had 

lower (5% but not significant at p < 0.05) atrazine adsorption than unamended soil for this 

experiment which was likely due to the very low CEC that was observed in biochars from 

BP feedstocks (Table 2.1). Overall, the atrazine adsorption capacity of biochars made from 

loblolly and pecan (native to Southeastern U.S.) was 7-10% higher than biochars made 

from Australian pine and Brazilian pepper (non-native to Florida and invasive species) 

emphasizing that biochars produced from native plant species performed better in the same 

agroclimatic regions where they grow. Biochars from loblolly pine and pecan shell has 

been documented as effective adsorbents of organic compounds in previous studies (Jung 

et al., 2013; Komnitsas et al., 2016; Pan, 2020). Among all twelve biochars, CH350 

performed best and had about 1.2 times higher (p < 0.05) adsorption than unamended soil 

possibly resulting from the highest CEC of CH350 (16.32 cmol kg-1). Mandal et al. (2017) 

also observed that biochars (Oryza sativa, rice straw) with higher CEC resulted in higher 

adsorption of atrazine and imidacloprid pesticides. Coconut tree is very common in the 

tropical climate of Florida, USA, and specifically in South Florida (due to the shoreline 

and sea beaches), the abundance is much higher than other parts of the state. Therefore, it 

was assumed that large quantity biochar production from coconut husk in South Florida 

would be an effective solution of atrazine adsorption for other agricultural settings in the 

U.S.  
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Desorption isotherms were also adequately described by the Freundlich adsorption-

desorption equation indicated by the correlation coefficient (r2) values that ranged between 

0.62 to 0.97 (Table 3.3).  

Table 3. 3 Desorption parameters for atrazine in unamended soil and soils amended with 
the twelve different biochars at 2% (w/w). 

Treatment Kf des
‡ 1/ndes

§ Freundlich r2 Kd des
¶ H# 

Desorption 
(%) 

Soil 10.00±1.22 0.62±0.07 0.96 10.00 1.07A 3.52 

Soil + AP350 11.48±1.15 0.49±0.07 0.94 11.48 1.04AB 2.69 

Soil + AP500 10.72±1.35 0.45±0.17 0.70 10.72 1.05B 2.30 

Soil + BP350 10.00±1.41 0.43±0.19 0.62 10.00 1.02AB 3.19 

Soil + BP500 10.96±1.38 0.38±0.16 0.66 10.96 1.06 A 3.12 

Soil + CH350 16.98±1.12 0.48±0.18 0.70 16.98 0.92AB 2.11 

Soil + CH500 15.85±1.09 0.54±0.11 0.79 15.85 1.00AB 6.03 

Soil + Cy350 8.71±1.12 0.64±0.08 0.95 8.71 1.07AB 2.82 

Soil + Cy500 12.30±1.09 0.42±0.04 0.97 12.30 1.05AB 2.66 

Soil + L350 12.02±1.09 0.61±0.06 0.97 12.02 1.02AB 4.94 

Soil + L500 13.49±1.12 0.35±0.05 0.95 13.49 1.06AB 4.45 

Soil + P350 9.77±1.12 0.63±0.08 0.96 9.77 1.05AB 2.26 

Soil + P500 15.85±1.41 0.53±0.21 0.68 15.85 1.02AB 1.20 

Treatment abbreviations are the same as in Figure 3.2. 
‡Kf des = Freundlich sorption coefficient 
§1/ndes = Freundlich slope constant 
¶Kd des = Sorption coefficient estimated from the Freundlich sorption isotherms at equilibrium concentration 
(Ce) = 1.0 mg L-1  
#H = (1/ndes)/(1/nads), Hysteresis coefficient  
Numbers are mean ± standard error 
Means within a column followed by the same letter are not significantly different at p < 0.1. 

Larger Kd des values indicate a greater proportion of the pesticide is retained by the 

biochar amended soils following the desorption experiment compared to the unamended 

soil. (Krutz et al., 2003; Ghosh and Singh, 2013). Overall Kd des values for atrazine were 

16% higher than Kd ads values showing a considerable amount of the atrazine that was 

adsorbed by the biochar amended soils were retained following the desorption experiment. 

Since the Kd des values of soils amended with biochars made from AP, CH, and L at 350°C 
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and 500°C, and from BP and P at 500°C were higher than the unamended soil (Table 3.3), 

it can be assumed that these biochars retained higher amount of adsorbed atrazine than the 

unamended soil.   

The Freundlich 1/ndes values represent the nonlinearity of the desorption isotherms 

and are an index for the desorption intensity. The difference between desorption and 

adsorption isotherms for soils with and without biochars is indicative of hysteresis. 

Hysteresis provides information on the reversibility of adsorption which is crucial in 

determining the mobility of the pesticides in the soil profile. The hysteresis index (H), 

calculated as the ratio between 1/ndes and 1/nads, is positive when the value is less than 1 

and is negative when it is greater than 1. Positive hysteresis was observed in soil amended 

with coconut husk biochar (CH), where, the H value for CH350 biochar amended soil was 

less than 1 (Table 3.3) implying that it was difficult to desorb atrazine that had already been 

sorbed by this biochar. The hysteresis that occurred may be the result of the irreversible 

binding of atrazine on biochars in sorption sites or because of the entrapment in the porous 

structure of biochars, which made it difficult for the atrazine molecule to be washed out 

(Bhanderi et al., 1996; Yu et al., 2006). In the present study, the 1/ndes values were slightly 

higher than the 1/nads values for the unamended soil and soils amended with biochars made 

from AP, BP, Cy, L, and P biochars, resulting in H values higher than 1. Therefore, 

negative hysteresis was observed in these cases indicating that the rate of desorption was 

slightly higher than the rate of adsorption. In general, the adsorption mechanism greatly 

influences hysteresis. After being adsorbed, some amount of the adsorbate may further 

react with the adsorbent surface (involving several interaction mechanisms) depending on 

their properties and the number of heterogeneous adsorbing sites on biochars and soil with 
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different adsorption energies (Raman et al., 1988; Ghosh and Singh, 2013). The percentage 

of desorption for soil amended with biochars made from CH at 500°C and from L at 350°C 

and 500°C were higher than the unamended soil (Table 3.3). The sorption of atrazine is 

pH-dependent and desorption increases with an increase in pH (Liu et al. 1995; Ghosh and 

Singh, 2013; Deng et al. 2014). The pH of CH500 (9.89), L350 (7.63), and L500 (7.84) 

biochars were higher than the unamended soil (7.52), which may have attributed towards 

the higher percentage of desorption observed by these biochars (Table 2.1). The lowest 

percentage of desorption was observed in P500 biochar amended soil (1.20%), which had 

the second highest adsorption (Tables 3.2 and 3.3), indicating that this biochar was able to 

retain the maximum amount of the adsorbed atrazine, which can help in reducing further 

surface and ground water contamination. Therefore, pecan shell (P), which is considered 

as an agricultural waste, can also be considered an effective feedstock for the mass 

production of biochar that can be used to reduce atrazine contamination in the environment.  

3.4 Environmental Implications 

Despite causing surface and groundwater contaminations, Atrazine is still one of 

the most widely used pesticides in the world. In fact, it is the second most commonly used 

pesticide in the U.S. agriculture and its sale at present is still steadily maintained at 70–80 

million pounds per year (Grube et al., 2004). The maximum contaminant level (MCL) for 

atrazine in drinking water established by US-EPA is 3.0 µg/L and the European Union 

requires the MCL below 0.1 µg/L for a single pesticide in drinking water. As atrazine has 

a half-life of one to twelve months in the environment and can persist in soil for up to a 

decade (Naseri et al. 2009), it has been frequently detected in Spanish, European and 

American surface and groundwater resources at concentrations many times above the 
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0.1 μg L− 1 groundwater quality standard for individual pesticides or 0.5 μg L− 1 for the 

sum of several pesticides (Sun et al., 2010; Barco-Bonilla et al., 2013; Moreno-Gonzalez 

et al., 2013; Mandal and Singh, 2017). It is well known that atrazine is a highly mobile 

toxic to aquatic organisms, plants, and human beings (Lasserre et al., 2009). The use of 

biochar as an adsorbent offers great potential for removing pesticides from the environment 

in an efficient and cost-effective manner. A study conducted in Minnesota, USA  by Spokas 

et al. (2009) reported the high adsorption capacity of 5% (w/w) sawdust biochars produced 

at 5000C to atrazine and acetochlor in a sandy loam soil sample. Results from Delwiche et 

al. (2014) using biochars made from pine wood chip pyrolyzed between 300°C to 550°C 

resulted in a decrease in the leaching of atrazine from a homogenized soil column by 52%. 

A study conducted in China by Deng et al. (2014) using manioc waste derived biochars at 

750°C showed that the addition of biochars to soil increased the sorption of atrazine by 

about 17.5 times.  Huang et al. (2018) conducted a study in China using biochars made 

from sugarcane at 500°C, where the addition of biochars increased the adsorption of 

atrazine by 27% in a moist soil with a low level of total organic carbon while it increased 

by 32% in a paddy soil with high total organic carbon. In all studies, the high adsorption 

of atrazine was attributed to the high SSA, porous structure, and aromaticity of the 

biochars. It is evident that biochars produced from different feedstocks have various 

physiochemical properties that greatly influence the sorption capacity for pesticides. In 

general, the high SSA, carbonaceous nature, hydrophobicity, and porous structure of the 

biochar play an important role in effectively influencing the sorption of pesticides. In the 

current study the CEC of the biochars, in addition to SSA, TPV, and aromaticity influenced 

the higher adsorption of atrazine. Despite the high indigenous SOM, the biochar 
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amendments enhanced the adsorption of atrazine as indicated by the KOC values. The higher 

observed adsorption by biochars made from AP, CH, and L at 350°C and 500°C, BP, Cy 

and, P at 500°C than unamended soil indicate the effectiveness of these biochars in 

retaining atrazine thus reducing further surface and ground water contamination. The 

current study shows that out of the six different feedstocks, CH and P derived biochars 

performed best as reflected by the comparatively higher adsorption capacity and low 

desorption percentage, respectively. The results from the study demonstrate that the use of 

invasive plant species (AP and BP) and agricultural residues (CH and P) for the production 

of biochars and its application will provide a cost-effective and eco-friendly approach to 

deal with pesticide contamination in the environment.   

3.5 Conclusion      

Atrazine is a very effective and widely used herbicide in the U.S. and generates 

higher economic return from crop production when applied in agricultural fields. However, 

it is highly mobile and can easily be lost from the soil profile to subsequently cause 

groundwater contamination. A significant amount of atrazine concentration in drinking 

water resources were reported which has the potentiality to cause human health issues and 

several environmental quality problems. The current study assessed the effects of biochars 

produced from various feedstocks and their comparative ability to retain atrazine in the soil 

surface. Agricultural waste materials are often difficult to manage, and it was found that 

biochars made from coconut husk (a waste product of coconut) performed best for 

controlling the sorption behavior of atrazine in the soil. Other biochars from native plant 

species (loblolly pine and pecan shell) also performed well and about 7-10% better in 

increasing atrazine adsorption compared to biochars from invasive plant species 
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(Australian pine and Brazilian pepper) which indicates that climatic conditions may have 

more effect on the performance of the biochars in agricultural soil. The biochar 

amendments significantly influenced the adsorption of atrazine compared to the 

unamended soil. Cation exchange capacity and specific surface area were the two major 

properties of the biochars that contributed towards their potentiality in atrazine sorption 

isotherms. The results indicate that type of feedstocks and agroclimatic conditions had 

greater effects on biochar performance than the production temperature of those biochars.  
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CHAPTER 4: INVESTIGATING THE EFFECT OF TWELVE DIFFERENT BIOCHARS 

ON THE GROWTH OF Capsicum annuum ‘JALAPENO’, SOIL MICROBIAL 

POPULATION, AND ENZYME ACTIVITY 

Abstract 

In recent years biochar is being applied extensively to agricultural soils because of 

the potential influence on plant productivity, microorganisms, and enzyme activity in soil. 

This study was conducted to observe the effects of twelve biochar treatments (made from 

six different feedstocks at 350°C and 500°C) on Jalapeno pepper (Capsicum annuum 

‘Jalapeno’) growth, soil bacteria and fungi population, mycorrhizal fungi root colonization 

and soil enzyme activity. The biochar treatments did not significantly influence the growth 

and yield of Jalapeno pepper plant compared to the control, however there was significant 

difference in the influence among different biochar treatments. Biochars made from 

Brazilian pepper at 500°C (T6) performed best in affecting plant growth and yield. An 

overall increase in the bacteria (10%) population with a decrease in fungi (8%) population 

in soil resulted from the effects of biochar treatments (p < 0.05) over the entire growing 

period of Jalapeno.  The treatments containing biochars made from coconut husk (T7 and 

T8) had the highest number of  bacteria colonies in soil collected at 40 days after planting 

(DAP) Jalapeno which was 9.5% significantly (p < 0.05) higher than the bacteria colonies 

observed in the control (T2). However, at 90 DAP a 3.8% reduction in bacteria population 

was observed in soils treated with these biochars, possibly resulting from the unfavorable 

effects of the comparatively high volatile matter content of these biochars. Treatments 

containing biochars made from Brazilian pepper at 350°C (T5) and biochars made from 

loblolly pine at 350°C (T10) resulted in a 12% and 8%, respectively, increase in fungi 
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population compared to the control at 90 DAP. Treatments containing coconut husk 

biochars (T7 and T8), loblolly pine biochar (T9 and T10), cypress biochars (T11 and T12), 

and pecan shell biochars (T13 and T14) resulted in 159%, 169%, 203%, and 179%, 

respectively, significantly (p < 0.05) higher root colonization by AM fungi in comparison 

to the control (T2). The treatment containing cypress biochars made at 350°C (T11) 

showed the significantly highest (3.5 times) alkaline phosphatase enzyme activity in soil 

compared to the control (T2). β-N-acetylglucosaminidase enzyme activity in soils was 

significantly higher (19 times) compared to the control (T2) caused by the treatments 

containing Brazilian pepper biochars made at 500°C. (T6). However, there was no 

significant effect of  biochar on the β-1-4-glucisidase enzyme activity in soil.  The specific 

sorption behavior (specific surface area, cation exchange capacity), pore structure (total 

pore volume, average pore size), pH, ash and volatile matter content were the major biochar 

properties that influenced the effects of the biochar treatments. The type feedstock had 

greater effect on the biochar performance than the selected production temperature.  

4.1 Introduction 

As a soil conditioner biochars have the ability to affect plant growth by supplying 

and more importantly retaining nutrients and by improving soil physical and biological 

properties (Downie et al., 2009). However, the effectiveness of biochars for enhancing 

plant production depends not only on the type of soil, crops, climatic conditions (Blackwell 

et al., 2009; Obia et al., 2016) but also is influenced by the properties of the biochars (Van 

Zwieten et al., 2009; Cayuela et al., 2014; Jeffery et al., 2011). The inherent variability of 

biochars due to different feedstock and production conditions implies a high variability of 

their effect on soil properties and productivity (Novak and Busscher, 2013; Zhao et al., 
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2013). As a result, the effects of biochar on crop production are rather variable (Borchard 

et al., 2014; Jeffery et al., 2011; Schultz and Glaser, 2012).  

Soil organism activity is crucial to maintaining soil conditions and enhancing plant 

development. Biochar pores serve as a habitat to soil microorganisms such as bacteria (size 

range from 0.3 to 3 mm), fungi (2–80 mm), and protozoa (7–30 mm) (Zackrisson et al., 

1996; Pietikainen et al., 2000; Warnock et al., 2007; Quilliam et al., 2013; Jaafar et al., 

2014) and also protect them from predators (Zackrisson et al., 1996; Warnock et al., 2007). 

Biochar macropores (> 200 nm) represent majority of the protected microbial habitats due 

to the size to accommodate bacteria, although biochar also contains micropores (< 2 nm) 

and mesopores (2–50 nm) that could store water and dissolved substances that are needed 

for microbial metabolism (Quilliam et al., 2013). The abundance and size of these pores 

depends on the production temperature of the biochar as well as biochar feedstocks 

(Shaaban et al. 2014). 

The effects of biochar on soil fungi and especially mycorrhizal fungi have received 

greater attention. A study conducted by Ishii and Kadoya (1994) showed that biochar can 

have positive effects on the abundance of arbuscular mycorrhizal (AM) fungi. In another 

study by Warnock et al. (2007) it was found that AM fungi were positively affected by 

biochar. However, some studies have also found that biochar can negatively affect AM 

fungi abundance (Gaur and Adholeya, 2000; Birk et al., 2009; Warnock et al., 2010). 

Microbially produced extracellular enzymes are important for organic matter 

decomposition and nutrient cycling for microbial as well as plant uptake (Burns et al., 

2013). Therefore, the influence of biochar on activities of soil extracellular enzymes is 

important. Studies reveal variable effect of biochars on extracellular enzyme activities 
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(Bailey et al., 2011; Awad et al., 2012; Paz-Ferreiro et al., 2012; Ameloot et al., 2013; 

Masto et al., 2013). The influence of biochar on soil enzyme activity depends on the 

interaction of substrate and enzyme with biochar, that is, sorption and desorption of 

substrates on biochar cation and anion exchange sites, binding of extracellular enzymes to 

the biochar surface and is related to the porosity and surface area of biochar (Lammirato et 

al., 2011). Biochar with greater porosity and surface area is expected to reduce extracellular 

enzyme activity, since functional groups on such biochar would tend to bind substrates and 

extracellular enzymes, thus interfering with the rate of substrate diffusion to the active site 

of enzyme catalysis (Bailey et al., 2011; Lammirato et al., 2011).  

Similar to plant response, the variability in biochar properties together with the 

variation in soil types strongly affect microbial and enzyme activities in soil, thus, warrants 

intensive research to better understand the role of different biochar applications. Even 

though a number of studies have been conducted on biochar amendments in soils, the use 

and effect of biochars on plant and soil microorganisms in organic rich soils have been 

little studied. Therefore, this study was designed to investigate the plant and microbial 

response and enzyme activity in an organic rich soil, following the addition of twelve 

biochars from different feedstocks.  

4.2 Materials and Methods  

4.2.1 Biochars used in this study 

The twelve biochars used in this study was produced from six feedstocks pyrolyzed at 

temperatures 350°C and 500°C. The feedstocks consisted of Australian pine (Casaurina 

equisetifolia), Brazilian pepper (Schinus terebinthifolius), coconut husk (Cocos nusifera), cypress 

(Taxodium distichum), loblolly pine (Pinus taeda), and pecan shell (Carya illinoinensis). The 
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biochars were denoted based on the feedstock and production temperature, such as AP350 indicated 

Australian pine derived biochars pyrolyzed at 350°C and so on. The biochars have been 

characterized in chapter 2  and selected physicochemical properties are listed in Table 4.1.  

4.2.2 Site description and Experimental design 

  The potted experiment was conducted at the Organic Garden shade house (25.7540° N, 

80.3801° W) located near the nature preserve at Florida International University (FIU), Miami, FL, 

USA, between 22 March and 25 June 2019. Treatments for this study were laid out according to a 

randomized complete block design (RCBD). Treatments consisted of T1 = No Biochar + No 

Hoagland’s nutrient solution (HNS), T2 (Control) = No Biochar + HNS, T3 = AP350 + HNS 

(Australian pine derived biochar pyrolyzed at 350°C), T4 = AP500 + HNS (Australian pine derived 

biochar pyrolyzed at 500°C), T5 = BP350 + HNS (Brazilian pepper derived biochar pyrolyzed at 

350°C), T6 = BP500 + HNS (Brazilian pepper derived biochar pyrolyzed at 500°C), T7 = CH350 

+ HNS (Coconut husk derived biochar pyrolyzed at 350°C), T8 = CH500 + HNS (Coconut husk 

derived biochar pyrolyzed at 500°C), T9 = L350 + HNS (Loblolly pine derived biochar pyrolyzed 

at 350°C), T10 = L500 + HNS (Loblolly pine derived biochar pyrolyzed at 500°C), T11 = Cy350 

+ HNS (Cypress derived biochar pyrolyzed at 350°C), T12 = Cy500 + HNS (Cypress derived 

biochar pyrolyzed at 500°C), T13 = P350 + HNS (Pecan shell derived biochar pyrolyzed at 350°C), 

T14 = P500 + HNS (Pecan shell derived biochar pyrolyzed at 500°C). Each treatment had 5 

replications. Details of the experimental lay out is presented in Figure 4.1.  
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Table 4. 1 Selected physicochemical properties of the twelve different biochars used as treatments for the pot experiments.  

Sample 
Volatile 
Matter 

(%) 

Ash 
(%) 

 
pH 

CEC‡ 

(cmol kg-1) 
SSA§ 
(m2/g) 

TPV¶ 
(cm3/g) 

Average 
pore size 

(nm)
Carbon (%) Nitrogen (%) 

AP350 79.24 5.32 8.58 16.31 0.98 0.003 12.46 64.93 0.94 

AP500 61.35 10.19 9.37 8.19 2.59 0.006 9.40 66.65 1.10 

BP350 66.47 2.06 7.72 8.47 0.57 0.002 12.26 67.54 0.5 

BP500 55.80 4.02 9.65 7.92 2.29 0.008 14.60 77.37 0.51 

CH350 85.05 3.74 9.40 16.32 0.89 0.003 13.31 66.69 0.51 

CH500 79.37 8.88 9.89 12.04 1.94 0.004 7.99 67.00 0.69 

L350 71.31 1.70 7.63 8.51 0.30 0.001 12.81 67.71 0.5 

L500 48.59 3.20 7.84 7.93 5.21 0.004 3.13 79.47 0.5 

Cy350 72.75 0.55 7.11 10.55 0.41 0.001 10.01 76.10 0.5 

Cy500 62.66 1.59 7.67 9.18 4.18 0.002 2.39 83.59 0.5 

P350 68.04 2.18 7.36 6.14 0.36 0.001 14.56 68.45 0.5 

P500 56.33 3.82 7.94 4.66 2.14 0.002 4.41 78.96 0.5 

Sample abbreviation are as follows 
AP350 & AP500 = Australian pine derived biochar pyrolyzed at 350°C and 500°C; BP350 & BP500 = Brazilian pepper derived biochar pyrolyzed at 350°C 
and 500°C; CH350 & CH500 = Coconut husk derived biochar pyrolyzed at 350°C and 500°C; Cy350 & Cy500 = Cypress derived biochar pyrolyzed at 350°C 
and 500°C; L350 & L500 = Loblolly pine derived biochar pyrolyzed at 350°C and 500°C; P350 & P500 = Pecan shell derived biochar pyrolyzed at 350°C 
and 500°C 
‡CEC = Cation Exchange Capacity 
§SSA = Specific surface area   
¶TPV = Total pore volume
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Figure 4. 1 Experimental layout of the shade house experiment. Treatments are as follows: 
T1 = No Biochar + No Hoagland’s No.2 basal salt solution (HNS) 
T2 (Control) = No Biochar + HNS 
T3 = AP350 + HNS (Australian pine derived biochar pyrolyzed at 350°C) 
T4 = AP500 + HNS (Australian pine derived biochar pyrolyzed at 500°C)  
T5 = BP350 + HNS (Brazilian pepper derived biochar pyrolyzed at 350°C) 
T6 = BP500 + HNS (Brazilian pepper derived biochar pyrolyzed at 500°C)  
T7 = CH350 + HNS (Coconut husk derived biochar pyrolyzed at 350°C)  
T8 = CH500 + HNS (Coconut husk derived biochar pyrolyzed at 500°C)  
T9 = L350 + HNS (Loblolly pine derived biochar pyrolyzed at 350°C) 
T10 = L500 + HNS (Loblolly pine derived biochar pyrolyzed at 500°C) 
T11 = Cy350 + HNS (Cypress derived biochar pyrolyzed at 350°C)  
T12 = Cy500 + HNS (Cypress derived biochar pyrolyzed at 500°C) 
T13 = P350 + HNS (Pecan shell derived biochar pyrolyzed at 350°C)  
T14 = P500 + HNS (Pecan shell derived biochar pyrolyzed at 500°C) 
Treatments were arranged in a randomized complete block design (RCBD). Each treatment had 5 
replications. 
 

4.2.3 Soil collection and preparation 

  Soil used for this study was collected from the garden research plot at FIU. It is 

classified as a Krome loamy-skeletal, carbonatic, hyperthermic lithic Udorthent, according 

to the USDA-NRCS Soil Series Classification Database (Velez et al., 2018). The soil had 

a pH of 7.52 and consisted of 9.9% carbon, 0.55% nitrogen, 15.5% organic matter, 76% 

sand, 22% silt and 2% clay. The research plot soils received compost produced onsite at an 

undetermined rate. Cover crops were also incorporated into the soil. These attributed to the 

high organic matter content of the soil. The soil collected in March 2019 was passed 

through a 4 mm opening sieve, homogenized and amended with the twelve different 

biochars. Soils received biochars at the rate of 22.5 t/ha soil (1%, w/w). Approximately 6 

Replications Treatments 
R1 T9 T5 T10 T4 T6 T2 T14 T7 T8 T1 T13 T3 T11 T12
R2 T13 T3 T4 T11 T5 T6 T1 T8 T10 T2 T14 T12 T9 T7 
R3 T6 T2 T8 T13 T4 T5 T3 T14 T12 T9 T11 T11 T7 T1 
R4 T1 T4 T14 T3 T10 T11 T5 T12 T13 T8 T7 T7 T6 T9 
R5 T8 T14 T5 T6 T4 T13 T11 T1 T3 T10 T9 T9 T2 T12
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kg of soil (dry weight basis) was lightly packed into 2-gallon nursery pots (7.6 L). Miracle 

grow (20N:8.7P:16.7K) was added as starter fertilizer at the time of planting seeds in the 

pots and approximately 500 ml of Hoagland’s No.2 basal salt (with macro- and micro-

nutrients) solution (HNS) (Johnson et al., 1996) was also added to each pot twice a week 

to eliminate nutrient limitations over the course of the growing period. Water was added 

every other day except on days when there was rain. Pots consisting treatment T1 did not 

receive any starter fertilizer or HNS.  

4.2.4 Potted plant experiment and plant parameter analysis 

Jalapeno pepper (Capsicum annuum ‘Jalapeno’) was used as the plant for this study. 

It is one of the popular crops grown in Florida, USA. The U.S. demand for Jalapeno rises 

every year because of the growing popularity of ethnic cuisine (Ozores-Hampton and 

McAvoy, 2014) . The low calories and rich vitamins, minerals, fiber, antioxidants and 

bioactive compounds in Jalapeno are reported to have many health benefits including 

reduced risk of death due to cardiovascular diseases, tumor development and cancer 

(Agudo et. al., 2007; Nomura et. al., 2008; Liu et. al., 2000). Four seeds per pot were placed 

a few centimeters apart and about an inch deep on 22 March 2019. After seedlings emerged 

the plants were thinned to one per pot. To evaluate the effects of the biochar treatments on 

plant, selected parameters were measured throughout the growing duration of Jalapeno 

using methods adapted from Gravel et al. (2013) and Liu et al. (2019). Plant height (cm) 

and number of leaves were measured at 4, 6, 8, 10, 12 and 14 weeks after planting (WAP). 

Height was measured from the first cotyledon’s node as a reference point to the uppermost 

leaf node. The average leaf chlorophyll content was measured using Soil Plant Analysis 

Development (SPAD) 502 Plus Chlorophyll meter at 6, 8, 10, 12 and 14 WAP. Fruits were 
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harvested 90 days after planting (DAP). Yield was recorded from the weight (fresh) and 

number of fruits per treatment. The plants were removed from pots at 14 WAP and the 

leaves, branches and roots were collected for analysis. Roots were washed thoroughly to 

remove soil prior to any experiment. All samples were oven dried at 70°C for 72 hours to 

estimate leaf, branch, shoot and root dry biomass weight.  

4.2.5 Enumeration of soil microbial population 

Microbial population were estimated by modified dilution spread plate method 

(Bey, 2001). Soils used for this study were collected at 40 DAP and 90 DAP. Soil dilutions 

were made using sterile saline solution (0.85% NaCl) and vortex shaker was used for 

dispersion. Bacteria were cultured at three dilutions (10-4, 10-5, 10-6) with two replicates 

each on tryptic soy agar (TSA) media. Fungi were cultured at three dilutions (10-3, 10-4 and 

10-5) with two replicates each on corn meal agar (CMA) media containing streptomycin to 

limit bacterial growth. Plates containing 30-300 colonies were counted manually after 24 

hours of incubation at 28°C for bacteria and after 7 days for fungi. The colony forming 

units (CFU) were calculated using the following formula: 

 CFU/g soil ൌ
number of colonies ൈ dilution factor

volume of culture plate ሺmlሻ ൈ dry weight of soil ሺgሻ
 

4.2.6 Estimation of arbuscular mycorrhizal (AM) fungi root colonization 

The degree of arbuscular mycorrhizal (AM) fungi colonization in the root samples 

was performed following a modified method by McGonigle et al. (1990). At the end of the 

Jalapeno growth period, the roots of each plants were carefully washed in a 2 mm sieve to 

remove all remaining soil particles. Twenty-five thin root fragments were removed from 

fresh root samples and submerged in micro centrifuge tubes containing 10% potassium 
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hydroxide solution (KOH). The tubes were placed in the oven at 70ºC for 2 hours prior to 

rinsing with deionized (DI) water. Since the roots were clean and already white, bleaching 

was not conducted. The roots were then stained by adding a 0.5% Trypan 

blue/lactoglycerol solution in the tube and placed in the oven at 70ºC for 30 minutes. 

Finally, the samples were thoroughly washed to remove any excess blue stain. Each set of  

25 roots was placed horizontally on a microscopic slide containing a drop of lactoglycerol 

solution. Each root was examined under a compound microscope and recorded for 

colonization which was indicated by the visual presence of any three structures: hyphae, 

vesicles, or arbuscules. The percentage of AM fungi colonization was calculated by the 

following formula:  

AM Fungi Root Colonization ሺ%ሻ ൌ
Number of colonized roots

25
 ൈ 100 

4.2.7 Estimation of soil enzyme activity 

Soil enzyme activities for β-1-4-glucisidase (C), alkaline phosphatase (P), and β-

N-acetylglucosaminidase (N) enzymes were conducted using the fluorescent model 

substrate 4-methylumbelliferone (MUF) assay (Sinsabaugh et al, 1997; Hoppe, 1993; 

Chrost and Kambeck, 1986). The soils collected at 90 DAP (during harvest) were used for 

this analysis. The substrates used for each of these enzyme assays were MUF-β-D-

glucoside (MUF-C), MUF-phosphate (MUF-P), and MUF-N-acetyl-β-D-glucosaminide 

(MUF-N). Enzyme activity was determined from the difference between the amounts of 

fluorescent substrate liberating during incubation time (tf) from time zero (t0). The amount 

of substrate liberated per gram of dry soil was determined by comparison to standard curves 
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generated using known concentration of MUF substrates. Synergy HT Multi-Mode 96 well 

Plate reader was used to conduct this experiment. 

4.2.8 Statistical analysis 

Statistical analysis was performed using a statistical analysis system (SAS 9.4 and 

JMP pro 14). The differences between each treatment and the control as well as between 

treatments were evaluated using a one-way analysis of variance (ANOVA) followed by 

Tukey’s honestly significant difference (HSD) post hoc test for the effect of biochars on 

plant shoot and root dry biomass, yield, AM fungi root colonization and soil enzyme 

activities. A two-way ANOVA for the effect of biochar and sampling time on plant height, 

number of leaves, SPAD values and soil microbial population was performed. Results were 

expressed as means and standard errors. Any differences between the mean values at p < 

0.05 were considered statistically significant. 

4.3 Results and Discussion 

4.3.1 Effect of treatments on plant parameters 

The effect of different treatments on Capsicum annuum ‘Jalapeno’ plant growth 

and yield are presented in Figures 4.2 and 4.3, and Table 4.3. The interactive effect of 

treatment and sampling time was not significantly different for plant height, number of 

leaves and SPAD values (Table 4.2). A lack of significance in the interaction suggests the 

sampling time did not influence the effects of the treatments on the plant parameters and 

vice versa, although the  treatments and sampling time separately were influential on the 

above-mentioned plant growth parameters. In some plants the biochar treatments resulted 

in a decrease in plant height, number of leaves and SPAD values compared to the control 

(T2) but the effect was not significant. 



 
 

56 
 

 

Table 4. 2 The p values for the main and interaction effect on treatment and sampling time 
for plant height, leaf number and SPAD values for Capsicum annuum ‘Jalapeno’ during 
the entire growing season.  

Sources of Variation Plant Height 
(cm) 

Number of  
Leaves 

Leaf SPAD  
Value 

Treatment 0.0001* 0.0005* 0.0001* 

Sampling time 0.0001* 0.0001* 0.001* 

Treatment × Sampling time 0.0419 0.6322 0.608 
*= Significant at p < 0.05. 
 

The biochar treatments did not have any significant effect on the above ground 

(leaf, branch and shoot) biomass dry weight (g) and below ground (root) biomass dry 

weight (g) compared to the control (T2), however there was significant difference among 

the biochar treatments in their effects (Table 4.3). Plants that received treatment T6 

(containing Brazilian pepper biochars made at 500°C) had the highest shoot  (45%) and 

root (43%) dry weight compared to the rest of the treatments. The effect from T6 was 

significantly higher than the plants receiving treatment T12 (containing cypress biochars 

at made 500°C) but not from the control (T2). Some of the biochar treatments caused a  

reduction in shoot and root biomass dry weight but no significant difference from the 

control was observed. Particularly, plants that received the T12 resulted in the lowest 

amount of shoot and root biomass dry weight. There was an increase in the shoot to root 

ratios of the plants receiving biochar treatments compared to the control. 
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Figure 4. 2 Effect of different treatments on (a) plant height and (b) number of leaves throughout the growing 
season of Capsicum annuum ‘Jalapeno’. Treatment abbreviations are the same as in Figure 4.1. Error bar 
represents standard error of mean values. WAP = Weeks after planting.  

 

Figure 4. 3 Comparison of soil plant analysis development (SPAD) chlorophyll meter value of the leaves 
throughout the growing season of Capsicum annuum ‘Jalapeno’. Treatment abbreviations are the same as in 
Figure 4.1. Error bar represents standard error of mean values. WAP = Weeks after planting.  
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The variation among the biochar treatments significantly influenced the number 

and fresh weight (g) of Jalapeno fruits but the difference was not significant compared to 

the control. Plants that received treatments T3 (containing Australian pine derived biochar 

at 350°C), T6 (containing Brazilian pepper derived biochar at 500°C), T9 (containing 

loblolly pine derived biochar at 350°C), and  T11 (containing cypress derived biochar at 

350°C) produced 9%, 33%, 25%, and 20%, respectively, higher number of fruits than the 

control (not significant at p < 0.05). Plants treated with T11 were found to have the 

maximum fresh weight of fruits which was almost double than the average weight of fruits 

from all the remaining treatments. The effect of T11 on fruit weight was significantly 

higher than the plants receiving T12 (containing cypress derived biochar at 500°C) (Table 

4.3) but not from the control (T2). Treatments T3 (containing Australian pine derived 

biochars at 350°C), T4 (containing Australian pine derived biochars at 500°C), T6 

(containing Brazilian pepper derived biochar at 500°C), T9 (containing loblolly pine 

derived biochar at 350°C),  T11 (cypress derived biochar at 350°C) and T14 (pecan shell 

derived biochar at 500°C) produced fruits that had fresh weights that were 18%, 19%, 38%, 

20%, 44% and 25%, respectively, higher than that produced from plants receiving the 

control (T2), but not significant at p < 0.05. Similar to shoot and root biomass dry weight, 

plants treated with T12 resulted in the lowest number and fresh weight of fruits. 
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Table 4. 3 Effect of different treatments on plant leaf, branch, shoot and root dry weight, fruit number and fruit fresh weight.  

Treatment 
Leaf  

Weight (g) 
Branch 

Weight (g) 
Shoot  

Weight (g) 
Root  

Weight (g) 
Shoot to Root 

Ratio 
Number of 

Fruits 
Fruit Weight (g) 

T1 1.736±0.28B 1.55±0.23C 3.29±0.48C 1.12±0.22C 3.17 1.33±0.29C 10.96±2.21C 

T2 6.42±0.94A 4.90±1.11AB 12.06±2.11AB 3.46±0.95A 2.75 9.20±1.08AB 71.76±13.17AB 

T3 4.33±1.17AB 4.06±1.08ABC 8.39±2.23ABC 2.98±0.70ABC 2.73 10.00±1.87AB 84.98±15.20ABC 

T4 5.31±1.29A 4.98±1.38A 10.29±2.66ABC 3.48±0.85A 2.94 9.00±1.96AB 85.23±11.84AB 

T5 4.00±0.71AB 3.74±0.72ABC 7.74±1.40ABC 2.59±0.39ABC 2.92 5.75±1.03ABC 48.35±14.79ABC 

T6 7.26±0.73A 6.63±0.69A 13.90±1.34A 4.71±0.39A 2.94 12.25±1.70A 98.66±8.28A 

T7 5.9±0.85AB 5.13±0.86ABC 11.03±1.71ABC 3.74±0.61AB 2.97 8.25±0.75ABC 54.49±9.26ABC 

T8 4.76±0.73AB 4.35±0.92ABC 9.11±1.62ABC 3.06±0.58ABC 3.02 5.40±1.21ABC 48.16±10.37ABC 

T9 6.20±0.75A 6.04±0.73A 12.24±1.48AB 4.19±0.48A 2.91 11.50±1.19AB 85.57±16.00ABC 

T10 5.17±0.58AB 4.87±0.97AB 10.04±1.52ABC 3.78±0.66A 2.74 9.00±1.73AB 71.82±15.50ABC 

T11 6.04±0.77A 5.75±0.62A 11.79±1.35AB 4.21±0.42A 2.78 11.00±1.34A 103.30±12.84A 

T12 2.29±0.27B 1.92±0.32BC 4.21±0.58BC 1.44±0.23BC 2.99 2.80±0.58BC 22.47±6.05BC 

T13 5.14±1.04AB 5.28±1.20ABC 10.42±2.16ABC 3.79±0.91AB 2.85 6.40±1.60ABC 65.74±16.82ABC 

T14 4.35±0.83AB 3.67±0.73ABC 8.03±1.54ABC 2.91±0.65ABC 2.90 8.40±1.33AB 89.63±13.35AB 

Treatment abbreviations are the same as in Figure 4.1. Values are expressed as mean ± standard error. Means within a column followed by the same letters 
are not significantly different at p < 0.05.
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Biochar can have positive, negative, and even no effect on plant growth (Gaskin et 

al., 2010; Major et ai., 2010; Dunlop et al., 2015; Vaughn et al., 2015; Guo et al., 2018). 

The effect of biochar on plant growth depend on several factors including type of biochar, 

applicate rate, soil properties and plant species (Alburquerque et al., 2014, Yu, et al. 2020). 

In this study no significant effects of the biochar treatments were observed on plant growth 

and yield compared to the control. A study conducted by Tammeorg et al. (2014) using 

spruce (Picea abies (L.) H. Karst.) derived biochar made at 550-600°C also found no 

significant effects of biochar on the growth and yield of wheat. Similarly, de Melo 

Carvalho et al. (2013) observed no distinct effect of biochar made from Eucalyptus sp. at 

400-500°C on rice yield. Generally, improved plant growth and yield have been attributed 

to improved structure, pH conditions, water, and nutrient availability in soil due to biochar 

addition (Lehman and Joseph, 2009; Sun et al., 2014, Akca and Namli, 2015). Even though 

soil nutrient levels were not measured in this study the properties of biochar including pore 

structure, specific surface area (SSA), and cation exchange capacity (CEC) can contribute 

towards the retention and slow release of nutrients to soil that can be conducive to the 

observed increase in shoot and root biomass dry weight and fruit yield of the Jalapeno 

pepper plants (Table 4.1) (Chan et al., 2008; Blackwell et al., 2010; Ding et al., 2016). 

Additionally, biochar can serve as a fertilizer by supplying certain macro- and micro- 

nutrients to soil which may be present in the ash fraction during the production of biochar 

(Altland and Locke, 2013; Caroline et al., 2016; Liu et al., 2019). Biochar can also 

influence the bacterial diversity which can enhance nitrogen mineralization, thus 

improving plant nutrition and growth (Weidner et al., 2015; Caroline et al., 2016). Lower 

plant biomass weight and yield can be attributed to the higher volatile matter (VM) content 
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(> 23%), C/N ratio and pH of the biochar (Deenik et al., 2010; Lenze and Ippolito, 2012; 

Gravel et al., 2013; Velez et al., 2018; Liu et al., 2019). High C/N ratios can cause higher 

nitrogen immobilization and result in decreased  nitrogen availability and uptake by plants. 

Availability of macro- and micro- nutrients needed for plant growth can be reduced by the 

high pH of biochar (pH > 8). Toxic substances (e.g., phenols, furans, and oligosaccharides) 

can be present in biochars, specially biochar made from woody feedstock, and this can 

severely affect the plant growth (Gundale and DeLuca, 2007; Deenik et al., 2010). The 

high VM content, C/N ratio and pH observed in some of the biochars may have been 

responsible for the reduced growth and yield in plants receiving those treatments (Table 

4.1). This study found that the biochars made from Brazilian pepper at 500°C performed 

best in affecting the overall growth and yield of Jalapeno pepper plants.  

4.3.2 Enumeration of soil microbial population 

The estimates of soil microbial population (colonies) based on dilution spread plate 

counts are presented in Figure 4.4. The effect of treatment, sampling time, and the 

interaction between treatment and sampling time on bacteria and fungi population in soil 

was significant (p < 0.05) (Table 4.4). The treatments containing biochars made from 

coconut husk (T7 and T8) resulted in the highest number of bacteria colonies in soils 

collected at 40 days after planting (DAP) Jalapeno. This was 9.5% (significant at p < 0.05) 

higher than the number of bacteria colonies observed in the control (T2). These treatments 

also resulted in 19%, 11%, 13%, 15% and 8%, respectively, significantly higher bacteria 

colonies than the treatments containing Australian pine biochars (T3 and T4), Brazilian 

pepper biochars (T5 and T6), loblolly pine biochars (T9 and T10), cypress biochars (T11 

and T12), and pecan shell biochars (T13 and T14).  
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Table 4. 4 The p values for the main and interaction effect on treatment and sampling time 
for bacterial and fungal population in soil. 

Sources of Variation Bacteria Fungi 
Treatment 0.0001* 0.0001* 
Sampling time 0.0001* 0.0001* 
Treatment × Sampling time 0.0001* 0.0001* 

*= Significant at p 0.05. 

 

 

Figure 4. 4 Effect of different treatments on (a) bacteria and (b) fungi population in soil 40 days and 90 days 
after plating Capsicum annuum ‘Jalapeno’ based on dilution plate counts. Treatment abbreviations are the 
same as in Figure 4.1. DAP = Days after planting.  

Soils containing treatments from Australian pine biochars (T3 and T4) resulted in 

the lowest number of bacteria colonies, particularly treatment T4 (biochars made from 

Australian pine at 500°C) had the significantly lowest (14%) compared to control (T2) at 
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40 DAP soils. There was an overall average 10% increase (p < 0.05) in the bacteria 

population in soils collected at 90 DAP from soils at 40 DAP for most of the treatments 

including the control. However, coconut husk biochar treatments (T7 and T8) resulted in a 

3.8% reduction (not significant at p < 0.05) in bacteria population (Figure 4.4) at 90 DAP 

soils than the 40 DAP soils, possibly resulting from the toxicity of the comparatively high 

volatile matter (VM) content of these biochars (Table 4.1). Compared to the control (T2), 

soils treated with Australian pine biochars (T3 and T4), Brazilian pepper biochars (T5 and 

T6), pecan shell biochars (T13 and T14), coconut husk biochars at 350°C (T7), and cypress 

biochars at 500°C (T12) resulted in a slightly higher (an average 2%) bacteria colonies in 

90 DAP soils. Treatment T10 (containing loblolly pine biochars made at 350°C) had the 

lowest number of bacteria colonies at 90 DAP soils, which was significantly lower  (7%) 

than soils treated with T5 (containing Brazilian pepper biochars made at 350°C) but the 

difference was not significant compared to the control (T2). 

Similar to bacteria population, the fungi population was also significantly 

influenced by the effect of treatment, sampling time, and the interaction between treatment 

and sampling time (Table 4.4). The treatments T4 (containing Australian pine biochars 

made at 500°C), T6 (containing Brazilian pepper biochars made at 500°C), T9 (containing 

loblolly pine biochars made at 350°C) and T14 (containing pecan shell biochars made at 

500°C) resulted in significantly higher number of fungi colonies in soils collected at 40 

DAP when compared to the control (T2), which was 7%, 8%, 8%, and 6% higher, 

respectively. Treatment T9 also had a 8%, 24%, 10%, 20%, and 7%, respectively, 

significantly higher fungi colonies compared to treatments containing Australian pine 

biochars made at 350°C (T3), Brazilian pepper biochars made at 350°C (T5), coconut husk 
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biochars made at 350°C and 500°C (T7 and T8), loblolly pine biochars made at 500°C 

(T10), and cypress biochar made at 350°C and 500°C (T11 and T12). Among the different 

biochar treatments T5 resulted in the lowest number of fungi colonies at 40 DAP soils, 

which was significantly lower (15%) than the control and the remaining biochar treatments, 

except T10 (containing loblolly pine biochars made at 500°C). There was an overall 

average 8% decrease (p < 0.05) in the fungi population in soils collected at 90 DAP from 

soils at 40 DAP for most of the treatments including control, except for T5 and T10 treated 

soils, where 12% and 8% increase were observed, respectively. The average pore size of 

the Brazilian pepper derived biochars in treatment T5 and the total pore volume (TPV) of 

loblolly pine derived biochar in treatment T10 may have influenced higher fungi 

population in soil. The soils treated with T12 (containing cypress biochar made at 500°C) 

had a significantly higher (7%) fungi population compared to the control (T2) at 90 DAP 

soils. Considering the rest of the biochar treatments, T12 (treatments containing biochars 

made from cypress at 500°C) resulted in a 5%, 6% and 18%, respectively, significantly 

higher fungi population than T5 and T6 (treatments containing biochars made from 

Brazilian pepper at 350°C and 500°C), T9 (treatment containing loblolly derived biochars 

at 350°C), and T13 and T14 (treatments containing biochars made from pecan shell at 

350°C and 500°C) in 90 DAP soils. The high specific surface area (SSA) and likely positive 

effect of the VM content of cypress biochar at 500°C (T12) may have played a role in the 

observed higher fungi population. Soils containing treatments from pecan shell biochars, 

particularly T13 (containing pecan shell biochars made at 350°C) resulted in the lowest 

number of fungi colonies which was significantly lower (11%) than the control (T2) at 90 
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DAP soils possibly resulting from the low TPV of these biochars that could have exposed 

more fungi to predators.  

The physicochemical properties of biochar, as well as the biochar-induced changes 

in soil physicochemical properties can alter the activities of soil microorganisms. In this 

study it was observed that there was an increase in bacteria population whereas a decrease 

in fungi population by the effects of the different biochar treatments. A study conducted 

by Jones et al. (2012) using biochars made from European ash tree (Fraxinus excelsior L.), 

European beech tree (Fagus sylvatica L.) and European oak tree (Quercus robur L.) at 

450°C also observed an increase in bacterial growth with an inhibition in fungal growth. 

Similar results were also found by Chen et al. (2013) using biochars made from wheat 

(Triticum aestivum) at 350-550°C. Several factors can contribute to the change in microbial 

population in soil caused by the effect of biochar. The porous structure of biochar can 

potentially provide a habitat for bacteria and fungi as well as protection from predators 

(Ezawa et al., 2002; Saito and Marumoto, 2002; Warnock et al., 2007; Thies and Rillig, 

2009). The relatively larger sized fungi can be restricted to live on the surface and in the 

macro pores of biochars, whereas relatively smaller sized bacteria can live inside the micro 

pores.  This may result in higher chances of protection for the bacteria than the fungi from 

predators, especially on the smaller pores. The biochar itself or biochar modified soil can 

sorb toxins thus lowering the toxicity to microbes and enhancing microbial population in 

soil (Kasozi et al., 2010; Chen et al., 2012). The addition of biochar increases the organic 

carbon content in soil which improves the retention and accessibility of nutrients to soil 

microbes (Lehmann et al., 2011). The organic compounds (VM content) present in biochar 

during production may suppress some members of the microbial community and promote 
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others (Kolton et al., 2011; Lehmann et al., 2011). The microbial growth can be influenced 

by the pH of the biochar or the biochar modified soil (Marstorp et al., 2000; Chen et al. 

2013; Graber et al., 2014). A neutral or slightly alkaline condition is favorable for bacterial 

growth but reduces fungal growth (Rousk et al., 2009). Another major component that can 

affect microbial population is the ash content of the biochars (Lehmann et al., 2011). As 

previously mentioned, the ash content includes macro- and micro- nutrients which can be 

available for microbial uptake. In this study the variable levels of VM content, ash content, 

pH and pore structure of the biochars influenced changes in bacteria and fungi population, 

where higher pH and pore structure favored higher bacteria population over fungi 

population (Table 4.1).  

4.3.3 Estimation of root colonization by arbuscular mycorrhizal (AM) fungi 

The biochar treatments significantly affected the arbuscular mycorrhizal (AM) 

fungi colonization in the Jalapeno plant roots (Table 4.5). Plant roots that received 

treatments containing coconut husk biochars (T7 and T8), loblolly pine biochar (T9 and 

T10), cypress biochars (T11 and T12), and pecan shell biochars (T13 and T14) resulted in 

159%, 169%, 203%, and 179%, respectively, significantly (p < 0.05) higher root 

colonization by AM fungi than the control (T2). The control (T2) also had the lowest 

percentage of root colonization by AM fungi. It can be noted that among the different 

biochar treatments, the ones containing Australian pine derived biochars had the lowest 

percentage of root colonization, which was significantly lower than the remaining biochar 

treatments, except for treatments containing Brazilian pepper derived biochars. 
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Table 4. 5 Effect of different treatments on arbuscular mycorrhizal (AM) fungi root 
colonization during Capsicum annuum ‘Jalapeno’ production.  

Treatment 
AM Fungi Root 

Colonization (%) 

T1 34.0±1.15BCD

T2 21.0±5.26D

T3 29.0±3.42CD

T4 28.8±3.88D

T5 47.2±6.74ABCD

T6 44.8±1.96ABCD

T7 53.6±6.25ABC

T8 55.2±3.20AB

T9 57.6±3.71AB

T10 55.2±3.44AB

T11 61.6±4.31A

T12 65.6±2.04A

T13 59.2±2.65AB

T14 58.0±4.76ABC

Treatment abbreviations are the same as in Figure 4.1. Numbers are expressed as mean ± standard error. 
Means within a column followed by a different letter are significantly different at p <  0.05. 
 

There are several ways biochar could affect AM fungi colonization in plant roots 

including protection in the biochar pores from grazers, change in soil physicochemical 

properties and nutrient availability, change in soil microbial population that support AM 

fungi colonization, sorption of signaling compounds or detoxification of allelochemicals 

that inhibit AM fungi colonization (Warnock et al. 2007; Elmer and Pignatello, 2011). 

Although the present study was not designed to explain the relative importance of the 

above-mentioned mechanisms, the study shows that biochar may have caused an increase 

in AM colonization through the sorption behavior (CEC and SSA) and pore structure of 

the biochars and by enhancing soil microbes that favor AM colonization.  
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4.3.4 Estimation of soil enzyme activity 

Significant changes in enzyme activities for alkaline phosphatase and β-N-

acetylglucosaminidase enzymes were observed in soils by the different biochar treatments 

whereas there was no significant influence in the β-1-4-glucisidase enzyme activity (Figure 

4.5 and Table 4.6). Soils that received treatment T11 (containing cypress biochars made at 

350°C) showed the highest (3.5 times) alkaline phosphatase enzyme activity compared to 

the control (T2) (significant at p < 0.05). Soils treated with T13 (containing pecan shell 

biochars made at 350°C) resulted in the lowest alkaline phosphatase enzyme activity, 

which was significantly lower (98%) from the soils that received biochar treatment T11 (p 

< 0.05) but the difference was not significant compared to the control (T2). The effect of 

treatment T6 (containing Brazilian pepper biochars made at 500°C) on β-N-

acetylglucosaminidase enzyme activity in soils was 19 times significantly higher compared 

to the control (T2). A relatively low activity was observed for β-1-4-glucisidase enzyme 

and β-N-acetylglucosaminidase enzyme whereas higher activity for alkaline phosphatase 

was found in soils treated with different biochars.  

Table 4. 6 The p values for the effect of different treatments on the β-1-4-glucisidase (for 
carbon), β-N-acetylglucosaminidase (for nitrogen), and alkaline phosphatase (for 
phosphorus) enzyme activities in soil. 

Sources of 
Variation 

β-1-4-glucisidase 
β-N-
acetylglucosaminidase 

Alkaline 
phosphatase 

Treatment 0.5845 0.0099*  0.0001* 
*= Significant at p < 0.05. 
 

A Number of factors influence the effect of biochar on soil enzyme activity. 

Changes in nutrient availability and microbial population by biochar addition could affect 

soil enzyme activities (Waldrop et al., 2000; Marschner et al., 2003). As a huge portion of 
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carbon is present in a stable form in biochar it may not act as a stimulant to enzyme activity 

in soil, therefore, comparatively lower β-1-4-glucisidase activity can be observed by 

different biochar applications (Wu et al., 2013). Soil enzymes and the substrates can 

become sorbed to biochar particles (CEC, SSA and the pore structures of the biochars) and 

reduce or even inhibit enzyme activity in soil (Bailey et al. 2011; Lammirato et al., 2011).  

 
Figure 4. 5 Effect of different treatments on β-1-4-glucisidase, β-N-acetylglucosaminidase, and alkaline 
phosphatase enzyme activities in soil using the fluorescent model substrate 4-methylumbelliferone (MUF) 
assay. Treatment abbreviations are the same as in Figure 4.1. 

Phosphatase enzyme activity is pH dependent and the high pH of biochars can influence 

the higher alkaline phosphatase activity in soil (Acosta-Martínez and Tabatabai, 2000). In 

this study the relatively higher phosphatase activity can be attributed to the higher pH of 

the biochars (Table 4.1). The relatively low activity observed for β-1-4-glucisidase enzyme 

and β-N-acetylglucosaminidase enzyme may have resulted for the biochar SSA and pore 

structure that caused inhibition of enzyme activity through sorption of the enzymes or even 

the substates to biochars. The comparatively lower SSA and TPV of cypress biochars made 
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at 350°C can be considered responsible for the higher activity observed in soil alkaline 

phosphatase enzyme (Table 4.1). On the other hand, the relatively lower CEC observed in 

Brazilian pepper biochars made at 500°C were conducive for higher β-N-

acetylglucosaminidase enzyme activity in soil (Table 4.1). Biochars made from Brazilian 

pepper and cypress also enhanced the bacteria population in soil which may have indirectly 

influenced the higher enzyme activities in soils treated with these biochars.  

4.4 Conclusion  

This study found that the biochars did significantly affect the soil bacteria and fungi 

population, AM fungi root colonization and soil enzyme activities but no significant effect 

on the Jalapeno pepper growth and yield was observed. As potted plant growth cycles are 

relatively short, this might have been a limiting factor for adequately investigating the 

effects of biochars on Jalapeno. Applying this study on a field scale and measuring soil 

properties will allow for better evaluation of the effects of the biochars on plant growth. 

The results suggest that the sorption behavior (CEC and SSA), pore structure (TPV and 

pore size) of the biochars played important role in affecting microbial population in soil 

along with the possible indirect effects from the ash and VM content of the biochars. The 

enzyme activities in soil were also influenced by sorption behavior, pore structure and ash 

content of the biochars as well as potential effects from enhanced bacteria population in 

soil. The characteristics of biochars vary profoundly depending on the type of feedstock 

and pyrolysis temperature which in turn greatly influence the biochar application 

outcomes. Therefore, it is important to carefully select feedstocks and pyrolysis process to 

produce biochars in order to meet specific goals. In this study the type of feedstocks had a 
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greater influence on the biochar performance than the selected production temperatures. 

CHAPTER 5 SUMMARY AND CONCLUSION 

The application of biochars in agricultural settings is a key to sequestering carbon 

along with improving soil quality. The properties of biochars and their effectiveness in 

various applications vary widely because of the type of feedstocks and production process. 

Biochar characterization is necessary in determining the behavior of biochars, therefore, is 

crucial in developing biochars with specific characteristics to meet specific goals. The type 

of soil, plants and climatic conditions further influence the effectiveness of biochars. More 

research is needed for better understanding these interactions to select appropriate biochars 

to successfully meet application objectives. In this study, Australian pine and Brazilian 

pepper (plant species invasive to South Florida) along with coconut husk and pecan shell 

(agricultural residues) were included as potential feedstocks for biochar production as a 

means to better manage invasive species and wastes. Results from this study showed that 

increase in pyrolysis temperature increased the aromaticity, ash content, pH, specific 

surface area and pore volume and decreased the moisture and volatile matter content, cation 

exchange capacity and the average pore size of the biochars. In this study the aromaticity, 

surface area,  pore structure and cation exchange capacity of the biochars were conducive 

in their ability to remove pesticide and also enhance microbial population in soil. The 

biochar made from coconut husk and pecan shell performed the best for controlling the 

sorption of atrazine in soil. Among the different feedstocks the biochars made from 

Brazilian pepper influenced overall growth and yield of Jalapeno pepper plants and the 

fungi population in soil. Australian pine derived biochars also enhanced pepper yield and 

soil fungi population. Similar to pesticide retention, coconut husk derived biochars resulted 
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in higher root colonization by arbuscular mycorrhizal fungi. The results from this study 

demonstrate that the use of the invasive plant species- Australian pine and Brazilian pepper, 

and the agricultural residues-coconut husk and pecan shell as feedstocks for biochar 

production and subsequent application will provide a cost-effective and eco-friendly 

approach in agricultural settings. More research need be conducted to explore how these 

biochars will affect other agricultural crops grown locally and elsewhere, and perhaps in 

different agroclimatic regions to achieve both local and global benefits. 
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