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ABSTRACT

Gonzalez, Diego Fernando, Removal of Chromium(V1) and Chromium (111) ions from Agueous

Solution using Bio-char generated from Agricultural Waste Products. Master of Science (MS),

May, 2018, 64 pp., 8 tables, 23 figures, 36 references, 22 titles.

Heavy metals are one of the most persistent and prevalent contaminants in the aquatic
environment. Their removal of chromium from aqueous solution, especially in the hexavalent
form is difficult. New technologies, techniques and/or new materials have been designed in
order to effectively and efficiently remove chromium from the aqueous environment. This
project focuses on the comparison of the effects of pH, time, temperature, binding capacity on
biochar generated from agricultural waste produces vs an amino modified derivative of the
biochar. Pineapple skins were dried, ground, sieved, and pyrolyzed to produce a biochar
material. The biochar was analyzed using FTIR to help characterize the potential binding groups
on the biochar. The batch studies, including pH, kinetics, isothermal, and interference; showed
new precedence of binding activity that was of particular interested in comparison to previous

binding trends observed previously in literature.
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CHAPTER |

BACKGROUND

Pollution of freshwater sources

Freshwater is essential to all forms of life and is perhaps one of the most precious
resources on the planet for the proliferation of living things. According to the United States
Geological Survey only 2.5% of the earth’s total water is considered fresh water. Of the 2.5%
freshwater on the earth approximately 1.2% of the freshwater is surface water, which all living
things depend on for survival [1]. These percentages of fresh water and surface water are
relatively stable through the water cycle; however, different factors contribute to the reduction of
clean freshwater sources. These factors include the following: over consumption, climate
change, and the contamination of water sources. Water contaminates include chemical
contaminates such as inorganic salts, organic species, radioactive species, as well as Biological

contaminates such as bacteria or viruses.

Heavy metals and their inorganic salts have been regarded as one of the more challenging
types of contamination to remove from water. Heavy metals originate primarily from
anthropogenic processes such as manufacturing and industrial activity. More specifically,
chromium contamination of water originates from manufacturing processes such as producing
chrome plating, dyes, pigments, leather tanning, and wood preservatives [2-4]. Heavy metal

contaminates, such as chromium, are a major concern to the aquatic environment and in general



to both environmental and human health. Heavy metal contamination of the aqueous
environment has increasingly occurred over the past few decades through global
industrialization. Scholars such as Forstner and Wittman have claimed that following the
industrial revolution “the efforts of removing man-made pollutants...have been unable to keep
pace with the increasing amount of waste materials...” [4]. Combined with a steady growth in
population there will continue to be an ever increasing demand for methods of water remediation

and purification.

Within the past century, the U.S. Government has passed laws and regulatory acts in an
attempt to curb and to reduce the environmental and human health effects of water pollution.
These acts include the Water Act of 1912, Water Pollution Control Act of 1940. In addition, the
U.S. formed the Environmental Protection Agency (EPA) in 1970, which lead to the
development of the Clean Water Act of 1972, and the Safe Drinking Water Act 1974. These
laws set standards for water and waste treatment. Governmental organizations such as the EPA
have developed maximum contaminate levels (MCLs) for chemical pollutants present in potable

water.

Heavy Metal ions and their effects

There are five traditionally known endocrine disrupting chemicals (EDCs) which are
metals and one semimetal the EDCs include arsenic, cadmium, lead, mercury, and uranium [5].
More recently, manganese and zinc have been added to the list of metals that are known as EDCs
[6]. Inaddition, many metal ions are known as carcinogenic compounds these metals include

cadmium, arsenic, and chromium. The United States Environmental Protection Agency has set a



total (accounting for both Cr (111) and Cr (V1) oxidation states) chromium MCL of 100 pg/L for

drinking water [7].

Chromium is found within the environment primarily in two oxidation states, which are
trivalent chromium (Cr I11) and hexavalent Chromium (Cr V1) [2, 8-13]. It is well known that
Cr(111) is far less toxic than Cr(VI). In fact, Cr(l1l) is essential for natural human processes and
human health. Chromium(lll) is utilized in the body for the processing of sugars, proteins, fat
metabolism, as well Cr(I11) and plays a dietary role at low concentrations (ug/L) [2, 10, 12, 13].
On the other hand Cr(V1) has been shown to have no biological function and is in fact a
carcinogen primarily affecting the lungs. Chromium, in the hexavalent oxidation state, is
generally not naturally found and is generated primarily from industrial processes. The
conversion of minerals into refined metals and composites has given mankind opportunities to
produce different materials and devices; from chrome plated parts on automobiles to electronic
equipment such as cell phones [8, 10, 12]. With the advent of these technologies and devices
there has been a steady increase of chemical waste from their manufacturing, and their usage.
Table 1 shows some of the metal contaminates normally found in water, their MCLs, their

possible health effects from long term exposure, and their potential sources.



Potential Health Effects from
long term exposure

Sources of Contaminate in
drinking water

Skin manifestations, visceral

cancers, vascular disease,
circulatory system, increase risk
of cancer

Erosion of natural deposits; runoff
from orchards, runoff from glass
and electronics production wastes

Kidney damage, renal disorders,
carcinogenic

Corrosion of galvanized pipes;
erosion of natural deposits;
discharge from metal refineries;
runoff from waste batteries and
paints

Dermatitis, Headache, diarrhea,
nausea, vomiting, carcinogenic

Discharge from steel and pulp
mills; erosion of natural deposits

Gastrointestinal distress, Liver
damage, Wilson disease,
insomnia

Corrosion of household plumbing
systems; erosion of natural
deposits

Dermatitis, nausea, chronic
asthma, coughing, carcinogen

Batteries, erosion of natural
deposits, steel piping,
electroplating, catalyst production

Damage to fetal brain, kidney
disease, circulatory system,
nervous system

Corrosion of household plumbing
systems; erosion of natural
deposits

Rheumatoid arthritis, kidney
disease, circulatory system,
nervous system

Erosion of natural deposits;
discharge from refineries and
factories; runoff from landfills and
croplands

MCL
Contaminate | or TT
[mg/L]
Arsenic 0.01
Cadmium 0.005
Chromium
(Total) G
Copper 1.3
Nickel 0.2
Lead 0.015
Mercury 0.002
Selenium 0.05

Hair or fingernail loss; numbness
in fingers or toes; circulatory

Discharge from petroleum
refineries; erosion of natural

problems

deposits; discharge from mines

Table 1: Heavy metal contaminates, their MCL Limits, health effects, and Sources [7].

Water Remediation Methods

With the ever-increasing amounts of pollutants in waters, there is an inherent need to

invent or further develop techniques and/or methods of removing the contaminates generated

from various industrial processes. A recent review, by Azimi et. al., details a vast number of

methods for the remediation of metals in waters [14]. These remediation methods include the

following techniques: adsorption, chemical precipitation, membrane filtration, ion exchange,



electrocoagulation, electroflotation, electrodeposition, photocatalytic, and nanotechnology.
Many of these methods are not effective due to various limitations such as the production costs,
production of waste byproduct, the need for pre/post water treatment, and large startup costs
[14]. However, adsorption technology has shown much promise in the area of water treatment/
remediation. The method adsorption is based on the use of an absorbent, which is a material
with a large surface area that can transfer pollutants between the liquid and solid phases via
surface adhesion, encapsulation, or chemical binding. Chemical precipitation methods are
performed by adding chemicals to waste waters to reduce metal ions to an acceptable limit for
discharge. Alternatively chemical precipitation changes soluble particles into insoluble particles
and forces pollutants to precipitate out of solution where they can be filtered out. Precipitation,
technology often fails to remove trace level pollutants completely and requires large amounts of
chemicals to be added to remove trace amounts; which in turn leads to further purification, of the
newly treated water and higher operating costs [14-16]. Membrane filtration works by flowing
contaminated water through semi-permeable membranes which have different size pores.
Membrane technology has been used by the food and beverage industry and is commonly known
as reverse osmosis [14, 16]. lon exchange works via resins and is based on a reversible
interchange of ions between solid and liquid phases. As mentioned earlier adsorption technology
has shown much promise in recent years. Adsorption or sorption of Cr(I11) and Cr(V1) is the
focus of the present study. The sorption process occurs through one of three types of processes
which include: chemisorption, physisorption, and/or ion exchange. The aforementioned types of
sorption are based on the material’s chemical and are determined through the thermodynamic

processes between the adsorbent and adsorbent.



CHAPTER II

INTRODUCTION

Proposed Biochar Absorbent Materials

The material chosen was based on three main criteria, reduction of the overall
waste from sourcing the material, low relative production cost, and the availability of the source.
Based on the aforementioned criteria, several raw materials were considered which included
grass clippings, corn cob, corn husks, pineapple cores, pineapple tops, and pineapple skins. All
the raw materials was sourced locally and provided potential raw material candidates.
Agricultural by-products were chosen as source materials based on the production and
processing of biochar sorbent that can be derived from the waste biomass or the availability of
the by-products. Pineapple skins were ultimately chosen, as the starting raw biomaterial, due to
its moderately high waste to fruit-product ratio, due to the processed used in the production of
products from pineapples. In addition, there was a relative ease of processing, and uniform
production of waste from pineapple skins which also contributed to its selection as a biomaterial
candidate. A limited amount of waste is produced from the production of the biochar material
which can be collected and repurposed for other applications in energy production and fuels.
The main objective of the present study was to successfully produced and chemically
functionalize the surface of the biochar material, and measure the affinity for Cr (V1) and Cr(l11)
ions in solution. Other studies have successfully produced biochar and have shown the removal

capacity of heavy metal ions from solution. However, many of these studies do not explore the



potential of surface modification of biochar to enhance the binding capacity and efficiency.[3, 8,
10, 17-21]. The primary objective for the nitration and subsequent amination of biochar was to
increase the affinity of the biochar for chromium ions. In particular increasing the affinity of
Cr(VI) to the biochar. In addition, creating a higher affinity for Cr(\V1) ions indicates that
creating a functionalized surface can maintain preferential binding with Cr(VI) while in the
presence of interfering ions. Through successful amination of biochar materials would increase
the promise of these materials functioning in high solute matrices such as sea water and among
other high polluted matrices. Traditionally acids such as Nitric, Sulfuric, and Phosphoric acid
have been utilized to oxidize the surface of the biochar to prepare the surface for chemical
functionalization and produce what is known as Activated Carbon [22]. The problems associated
with blanketed oxidation primarily is the lack of specificity or selectivity with heavily
contaminated solutions or a loss in the selectivity of heavy metals compared to other ions is
decreased. Subsequent to the production of the amino modified material, both the native and
modified biochar was analyzed using spectroscopic techniques, which included Fourier
Transform infrared spectroscopy and energy dispersive spectroscopy. The spectroscopic data
indicates that the surface functionalization of the biochar that was successfully achieved. Batch
studies which included the effects of pH, binding capacity, thermodynamic parameters, as well
as investigating the effects of interferences were performed to provide further chemical
information and material properties of the native and amino modified biochars. The subsequent

results detail the material properties and outcomes from these batch studies.



CHAPTER III

MATERIALS AND METHODS

Synthesis of Native Biochar

To prepare the biochar for reaction and testing, the method listed below was followed.
Pineapples, sourced locally, were washed, cut, and separated into their respective parts. The
skins of the pineapples were placed in a Pyrex glass dish and left to dry in an oven at 65°C,
under air, until the biomass was completely dry (approximately 1 week). Subsequent to drying
the pineapple skins were ground into a fine powder the obtained powder was sieved to pass
through a 125 microns sieve. The sieved powder was then placed in a ceramic crucible and
heated in a tube furnace under an argon atmosphere and heated to 350°C from room temperature.
Once the sample reached 350°C the sample was held at a constant temperature for 1 hour. After
the sample was cooled to room temperature the Biochar was ground again with a mortar and
pestle and weighed for a product yield.

Amino Modification of Biochar

Chemical modification of biochar was performed to determine if modification of the
surface groups would enhance or change the sorption properties of the Biochar. The amino
modified biochar was performed using a method similar to Yang et. al., 2014 [23]. In brief the
method of modification is described as follows. In a 250ml-round bottom flask, 100ml of a
50:50 mixture of HNO3/H2SO4 acids and magnetic stir bar were added. The flask was placed on

an ice-water bath to cool the mixture to between 0 and 4°C. To the cooled mixture of acids, 6.0



grams of previously synthesized biochar was added and the mixture was stirred for 2 hours. This
process should have resulted in the nitration of the surface groups on the biochar. After nitration,
the reaction was cooled to room temperature and the product was separated using vacuum
filtration with a fritted glass funnel and washed with several portions of water and isopropanol.
The isolated powder was dried overnight at 50[] to remove residual moisture. The nitrated
biochar was then placed into a clean three-neck round bottom flask with a magnetic stir bar and
50mL of deionized water was added, which was followed by the addition of 20mL of 15 M
ammonium hydroxide. The reaction was homogenized by stirring for 15 minutes. Subsequent to
homogenization 28g of Na2S204 was added to the mixture and stirred for an additional 24 hours.
Once the reaction time was reached a 120mL aliquot of 2.9 M glacial acetic acid was added to
the flask followed by a 5 hour reflux at 100[]. The sample was then cooled to room temperature
and the product was collected through vacuum filtration. The amino modified biochar was then
dried overnight at 5007J.
FTIR-ATR Analysis

FTIR spectra were collected using a Perkin Elmer Frontier FTIR equipped with a UTAR
(Universal Total Attenuated Reflection) attachment. The FTIR spectrum were collected from
600 cm! to 4000 cm™! with a resolution of 4.0 cm.

SEM/EDS Analysis

SEM data were collected using a Zeiss LS10 EVO SEM microscope equipped with an
EDAX EDS detector. The SEM were collected using a working voltage of 20kV, an operating
current of 2.5A. As well the working distances of the SEM ranged from 6.0 mm to 4.5mm for
the low and high magnification micrographs, respectively. The EDS data were collected using

an operating voltage of 20kV at a working distance of 8.0, the optimum working distance



determined from the SEM-EDS setup. Furthermore, the samples were sputter coated using an
Au-Pd target to enhance sample conductivity to improve the image quality.
Inductively Coupled Plasma — Optical Emission Spectroscopy (ICP-OES) Analysis
All samples obtained from the aqueous reactions, which included pH, time dependency,
thermodynamics, and binding interference studies were analyzed using a Perkin Elmer Optima

8300 DV ICP-OES. Table 2 details the instrumentation parameters used during sample analysis.

Parameter Setting

A 267.16 nm

RF power 1500 W
Nebulizer Gemcone (low flow)
Plasma Flow 15 L/min
Auxiliary Flow 0.2 L/min
Nebulizer Flow 0.55 L/min
Sample Flow 1.50 mL/min
Injector 2.0 mm Alumina
Spray Chamber Cyclonic
Integration Time 20 seconds
Replicates 3

Table 2: ICP-OES operating parameters for the determination of Cr in solution.

10



Optimal pH Determination

The effect of pH on the binding for both Cr(IIT) and Cr(VI) to the native and amino
modified Biochars were tested from pH 2 to pH 5. Solution containing 300 ppb of either Cr(III)
or Cr(VI) were pH adjusted using dilute nitric acid or sodium hydroxide solutions. In the
reactions 4.0 mL aliquots of the pH adjusted Cr solutions were added to clean 5 mL test tube,
which contained 10 mg of the Biochar material. Control samples consisted of either the pH
adjusted Cr(III) or Cr(VI) ions at a concentration of 300 ppb. The control samples were prepared
and treated similarly to the reaction samples. For statistical purposes, the controls and samples
reactions were replicated in triplicate. The reaction samples and control solutions were capped
placed on a bench rocker and equilibrated for an hour at room temperature. Subsequent to
equilibration, the samples and the controls were centrifuged for 5 minutes at 3,600 rpm and the
supernatants were decanted and saved for analysis using ICP-OES.

Time dependency studies

Studies were performed at different time intervals and temperatures to determine the
amount of time required for the binding to occur and to determine the stability of the Cr(III) and
Cr(VI) ions to the native an amino modified biochar materials. The reactions were performed
using a 30 ppm solution of either Cr(III) or Cr(VI) as well as at the optimum binding pH as
determined from the pH study. The pH of the Cr(III) and Cr(VI) solution were adjusted to the
optimum binding solution using either dilute nitric acid or sodium hydroxide. 4.0 mL aliquots of
either pH adjusted Cr(III) or Cr(VI) solutions were extracted and added to clean 5.0 mL tubes,
which containing 10 mg of either the native or amino modified biochar material. Furthermore,
control samples, which contained only the pH adjusted Cr solutions, were treated similarly to the

samples. For statistical quality control/quality assurance purposes, the study was performed in

11



triplicate. The samples and controls were placed on bench rockers and equilibrated at
temperatures of 4°C, 25°C, and 45°C and equilibrated on rockers for the following time
intervals: 5,10,15,30,60,90, 120 min. Subsequent to equilibration, the samples and controls were
centrifuged at 3,600 rpm for 5 minutes and the supernatants were decanted and saved for analysis
using ICP-OES.
Thermodynamic studies

Isotherm studies were performed to obtain the thermodynamic properties of Cr(III) and
Cr(VI) binding to the native and amino modified biochar materials. 10 mg of native biochar was
added to a 5 mL test tube and a 4.0 mL aliquot of either Cr(III) at pH 4 or Cr(VI) at pH 2 was
added. The concentration of the chromium ions were varied to the following concentrations: 0.3,
3.0, 30.0, 90.0 300, and 1000 ppm. Furthermore, control samples, which consisted of either the
pH adjusted Cr(VI) or pH adjusted Cr(III) ions and no biochar, were prepared in triplicated at
each of the afore mentioned concentrations. The samples and controls were capped, placed on a
bench rocker and equilibrated for 1 hour. Subsequent to equilibration the samples and controls
were centrifuged at 3,500 rpm for 5 minutes, the supernatants were decanted and saved for
analysis using ICP-OES. In addition, these reactions were performed at three temperatures,
which were 4.0 °C, 21°C and 45°C, to determine the thermodynamic variables of the binding
process. The same process was performed for the amino modified biochar for comparative
purposes of properties of both biochar materials.

Binding Interference studies

The effects of the presence of secondary ions on the binding of Cr(III) to the native and

modified biochar was determined by spiking 0.3 ppm, 3 ppm, 30 ppm, 300 ppm, and 3000 ppm

solutions of Na*, K*, Ca**, or Mg?* with a Cr(III) concentration of 0.3 ppm. These solutions

12



were then pH adjusted to optimum binding pH. 4 mL aliquots were placed into 5 mL test tubes
containing 10 mg of native or modified biochar. In addition, 4 mL aliquots were also poured
into test tubes without biochar to server as controls. Test tubes were capped and equilibrated for
1 h at room temperature. After the 1 h equilibration the test tubes were centrifuged for 5 min at
3,500 rpm, the supernatants were decanted and saved for ICP-OES analysis. The reaction
procedure was also repeated with solutions that contained a combination of Na*, K*, Ca**, and
Mg?* each at the afore mentioned concentrations. The effects of the presence of interference by
the presence of secondary ions on the binding of Cr(VI) to the native and modified biochar was
determined using anionic species. 0.300 ppm Cr(VI) solutions were spiked with 0.3 ppm, 3 ppm,
30 ppm, 300 ppm, and 3000 ppm solutions of Cl;, NO3*, SO4*, PO4>, SiO3*, or CO3?" ions.
These solutions were pH adjusted to the optimum binding pH and 4 mL aliquots were added to 5
mL test tubes which contained 10 mg of either the native or amino modified biochar. In
addition, 4 mL aliquots were also added to empty test tubes to, which served as reaction controls.
The test tubes were capped and equilibrated on a rocker for 1 h. After the 1 h equilibration the
test tubes were centrifuged for 5 min at 3,500 rpm and the supernatants were decanted and saved
for analysis using ICP-OES. This procedure was repeated with solutions that contained
combined CI', NO3*, SO4>, PO4>, SiO3>, and CO3* to observe the effects of combined anion
interferences on the binding of Cr(VI). All reaction samples and controls were performed in

triplicate for statistical as well as quality assurance and quality control purposes.

13



CHAPTER IV

RESULTS

FTIR-ATR Analysis

Following the production of biochar and chemical modification to generate amino surface
modified biochar, Fourier Transform Infrared Spectroscopy (FTIR) with an Attenuated Total
Reflectance (ATR) attachment was utilized to characterize the chemical modification of the
biochar materials. Figures 1 and 2 show FTIR spectra collected on the native and chemically
modified biochar, respectively. The functional groups on the materials show different stretches
in the FTIR spectrum. The stretches of interest observed in the native biochar were as follows:
760 C-H (Bending), 1110 C-O (Stretch), 1370 N-O (Stretch), 1435 O-H (Bending), 1575
C=C/N-O (Bending), 1980 C-H (Bending), 2165 CN, and 2930 C-H (Stretch). The observed
stretches observed in the FTIR of the amino modified biochar are as follows: 1040 C-N
(Stretch), 1180 C-O (Stretch), 1370 S=0O (Stretch), 1430 O-H (Bending), and 1590 C=C/N-H
(Bending). The visual differences in 1000-1100 cm™ and the 1500-1600 cm™' show that the
functional groups observed are different in intensity and peak shape indicating that the intended

modification achieved was achieved [23, 24].
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Figure 1: FTIR-ATR of Native Biochar
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Figure 2: FTIR-ATR of Amino Modified Biochar

SEM Imaging and Analysis

SEM Imaging was also performed to investigate the morphology of the produced biochar
materials. The morphology shown in the SEM images indicates that the pineapple skin, used to
produce the biochar materials, maintains its cellular structure as can be seen in Figures 3, 4, and

5. These porous tubular structures may play a role in increased surface area binding and porosity.
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The SEM also indicates that the Biochar material lacks in crystallinity and has an amorphous

structure such as is observed with activated carbon or carbon black materials [25-27].

1um EHT = 15.38 kV Signal A = SE1 Date :27 Jun 2016 ZEISS
WD = 6.0 mm Mag= 10.00KX Time :14:14:08

Figure 3: SEM Imaging of Native Biochar
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Figure 4: SEM Imaging of Amino Modified Biochar
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Figure 5: SEM Imaging of Amino Modified Biochar

EDS Mapping and Analysis of Reacted Biochar

In addition, to the SEM imaging, elemental mapping of the biochar materials was
performed using energy-dispersive x-ray spectroscopy (EDS). Figures 6-9 show the SEM image
along with elemental maps of sulfur, oxygen, nitrogen, carbon, and chromium for the native and
amino modified biochar materials after being equilibrated with 100 ppm Cr(VI) and Cr(III)
solutions at pH of 2 and 4, respectively. These characterizations of the native, amino modified,

and the reacted samples were performed to observe and elucidate the possible functional groups
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involved in chromium binding. As can be seen in Figure 6 and 7 the Cr(VI) and Cr(III) appears
to be distributed throughout the entire biochar sample. The homogenous distribution of the
chromium indicates that there is no functional specifically responsible for the binding of the
Cr(VI) and Cr(III) to the native and chemically modified biochar. However, as can be seen in
Figure 8 and 9 the signal in the chromium maps appear where there is also a higher apparent
concentration of signal observed in the map for nitrogen. The correlation may be an indication of
an increase in the binding of the Cr(VI) and Cr(III) occurs at nitrogen species on the surface of
the amino modified biochar. From the combination of the FTIR analysis, which indicated the
presence of the amino functional groups, it may be that the binding is occurring through an

amino group added through the chemical modification.
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Figure 6: EDS Mapping of Native Biochar After Reaction with 100ppm Cr(VI) (pH 2)
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Figure 7: EDS Mapping of Native Biochar After Reaction with 100ppm Cr(III) (pH 4)
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Figure 8: EDS Mapping of Amino Modified Biochar After Reaction with 100ppm Cr(VI) (pH 2)
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Figure 9: EDS Mapping of Amino Modified Biochar After Reaction with 100ppm Cr(III) (pH 4)
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Optimum pH Binding Studies

The results from the pH studies performed in the present study showed a change in the Cr
binding trend changing pH directly affected the binding of the both Cr species. Previous studies
biochar materials exhibit similar binding behavior, which shows Cr(VI) optimally binds at the
lower pHs (pH <2.0) [8, 10, 13, 19-21, 28]. The higher binding at lower pH generally is
explained through surface charge. At low pHs most organic functional groups on the surface are
protonated or positively charged, which attracts the chromate anion from solution and facilitates
the binding. As the pH is increased the surface charge changes and the surface will initially
become a zero changed surface, at the point of zero charge (PZC). Once the pH is increased
above the PZC then the surface becomes negatively charged and in effect repulses the chromate
and eliminates the binding [29]. These surface charge effects are observed in the binding of
metals to minerals, metal oxides nanoparticles, biomass, biochar, as well as activated carbon [11-
13, 29, 30]. The high binding at low pH was observed in the present study with native biochar,
as can be seen in Figure 10. At pH 2 the observed binding was approximately 40% and decreased
to less than 10% at pH 3 and above. However, as shown in Figure 11, after the amino
modification of the biochar a different trend is observed. The optimal binding for Cr(VI) shifts
up in pH to be at pH 3 and remains relatively independent thereafter. Even at pH 2 the binding of
Cr(VI) was observed to approximately double from 40% at pH 2 (native biochar) to 80% binding
for the amino modified biochar. The data indicates a change in the binding mechanism for the
Cr(VI) to the amino modified biochar. This change in the pH dependence in the binding is very
interesting as the biochar becomes able to remove Cr(VI) at more environmentally relevant pHs
and potentially increases the effectiveness of using biochar in real world applications for Cr(VI)

remediation. In addition, the data indicate that the chromium binding to the amino modified
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biochar is not electrostatically controlled. The effects of the amino binding behavior are also

noticed throughout the subsequent studies and trends.

The binding of Cr(III) the trend for both the native and amino modified biochar is
consistent with what has been observed in the literature for similar systems [12, 31]. Figure 10
and 11 shown the binding of Cr(III) to the native and amino modified biochars respectively.
Generally, Cr(III) binds low at low pH and increase with increasing pH, due to electrostatic
attraction and subsequent binding to the biochar. Generally, at low pH a biochar will have all the
oxygen groups protonated, which generally gives a positive surface charge to the biochar
repelling cations in solution from binding [31]. Once the pH is increased above the PZC (point
of zero charge) the surface generally takes on a negative charge. A negatively charges surface

will electrostatically attract the cations from solution which facilitates binding.

The optimum binding of Cr(VI) and Cr(III) to the native biochar was taken to be at pH 2
and pH 4, respectively. Furthermore, the optimum binding of Cr(VI) and Cr(III) using amino
modified biochar was also taken to be at pH 2 and pH 4. The Cr(VI) binding at pH 2 for the
amino modified biochar approximately double the amount binding was observed. All the
subsequent reactions for the native and amino modified biochar were performed at pH 2 and pH

4 for comparisons between the Cr(VI) and Cr(III) binding, respectively.
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Cr(VI) and Cr(III) to the native and amino modified biochars, respectively. The kinetics data for
the binding of the Cr(VI) and Cr(III) to the native and amino modified biochar are presented in
Table 3 and 4. In addition, Tables 3 and 4 show the calculated activation energies determined
from the Arrhenius plots. For the native biochar material, the reaction with either Cr(VI) or
Cr(III) had activation energies of 18.4 kJ/mol and 11.4 kJ/mol respectively. Whereas the
chromium binding to the amino modified biochar material, the Cr(VI) and Cr(III) had activation
energies of 18.4 kJ/mol and 21.2 kJ/mol, respectively. The activation energy for the Cr(VI)
binding to either the native or amino modified biochar was not affected, indicating binding to
both types of materials was consistently through chemisorption, which has been observed to
occur in energy ranges between 8.4 and 83.7 kJ/mol [32]. The binding of the Cr(III) to native
and amino modified biochar also occurs through chemisorption. However, the activation energy
for the binding approximately doubles in magnitude between the native and amino modified
biochars. The increase in the activation energy of binding indicates there are two different types
of chemisorption occurring, which are non-activated and activated. The low activation for the
native biochar at 11.4 kJ/mol, is close to the transition between physisorption and chemisorption,

as well as that observed for ion-exchange.
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Sample Temp (°C) Equation R? | Ea (kJ/mol)
Cr(VI) 4 0.0114x +0.580 | 0.99
Native 25 0.0150x +0.880 | 0.99 18.4
Biochar 58 0.0353x +1.196 | 0.99
Cr(IIT) 4 0.0033x +0.016 | 0.98
Native 25 0.0047x +0.562 | 0.98 11.4
Biochar 45 0.0063x +0.227 | 0.96

Table 3: Reaction Rates for the Sorption of Cr(VI) and Cr(III) with Native Biochar
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Figure 12: Arrhenius Plot using Native Biochar
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Sample Temp (°C) Equation R? | Ea (kJ/mol)
Cr(VID) 4 0.1622x +19.50 | 0.99
amino modified 25 0.0956x + 13.67 | 0.96 18.4
Biochar 40 0.2688x + 18.91 | 0.98
Cr(III) 4 0.0593x +20.03 | 0.99
amino modified 25 0.1311x+22.38 | 0.99 21.2
Biochar 40 0.1957x +24.78 | 0.93

Table 4: Reaction Rates for the Sorption of Cr(VI) and Cr(IIT) with Amino Modified Biochar
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Figure 13: Arrhenius Plot using Amino Modified Biochar

Adsorption Thermodynamics of Biochar Materials

The general Gibbs free energy formula is, as shown in equation 1 below, which can be

used as a base equation to derive different relationships for Gibbs free energy:

AG = AH —-TA

Where AG is the Gibbs free energy of reaction, AH is the enthalpy of the reaction, AS is the

entropy of reaction, and T is the reaction temperature given in Kelvin.
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AG can also be related to the equilibrium constant for a reaction. Sorption or adsorption
reactions are similar to precipitation reactions which have an equilibrium constant, or a constant
between the liquid and solid phases which can be described as kad. In equation 2 below the

relationship between the adsorption constant and AG is presented.

AG = —RTIn(ky)

Where R is the gas constant 8.314 x 10 kJ mol! K™!, T is the temperature at which the study

was performed in degrees Kelvin, and where kq is the distribution coefficient.

By combining equation 1 and equation 2 a third equation is developed which relates the

adsorption to the enthalpy and entropy as is shown in equation 3 below:

AS AH
Inka) = 2= 7

Therefore a plot of the natural log of the distribution coefficient In(kqd) with 1/T (in Kelvin) on
the X-axis generates a liner plot. The slope of the plot is the — AH/R thus the enthalpy of
reaction can be determined by multiplying the slope by —R. The entropy of the adsorption

process is determined by multiplying the intercept of the line by the gas constant (R).

Figures 14 and 15 show the results of the thermodynamic experiments for the binding of
Cr(VI) and Cr(III) to the native and amino modified biochar materials. The data was generated
through isotherm studies. In addition, the binding capacity for Cr(VI) and Cr(III) binding to the
native and amino modified biochar materials was also determined. The isotherm studies were
performed at temperatures of 4°C, 25°C, and 45°C and were found to be best fitted by the
Langmuir isotherm model. Table 5 and Table 6 show the calculated thermodynamic parameters

for the binding of Cr(VI) and Cr(III) to the native and amino modified biochar, which were AG,
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AH, and AS biochar. From the thermodynamic data the Cr(VI) binding to the native biochar was
found to be spontaneous throughout at all three temperatures. In addition, the AG was found to
increase with increasing temperature indicating the binding is an endothermic reaction. The
endothermic nature of the reaction is further supported by the positive value of 15.07 kJ/mol for
AH and the positive value of 63.74 J/mol for the AS of the reaction between Cr(VI) and the
biochar material. However, the binding of the Cr(VI) to the amino modified biochar the AG for
the binding is observed to increase with decreasing temperature indicating a exothermic reaction
is occurring. The AG for the Cr(VI) binding with the native biochar was observed to become
larger with increasing temperature indicating an endothermic reaction was occurring for the
binding process. Although the reaction is spontaneous at the three temperature tested the AG
does become less negative as the temperature is decreasing. The sign on the AH has also
changed to become positive and the observed AH was 15.07 kJ/mol, which is further evidence
that the reaction has become endothermic in nature. Finally, the AS has also changed signs and
has become a 63.74 J/mol. The amino modification has changed the thermodynamics of binding

for Cr(VI) to the amino modified biochar compared to the binding to the native biochar.

The calculated AG of sorption of Cr(III) to the native biochar were all determined to be
positive and were also found to increase with increasing temperature indicating the reaction is
both non-spontaneous and exothermic in nature. The exothermic nature of the reaction is further
supported by the calculated AH of -9.98 kJ/mol, which is indicative of an exothermic reaction.
The calculated AS of -48.6 J/mol indicates the reaction is a non-spontaneous reaction, for the
binding of Cr(III) to the native biochar. The thermodynamics of the binding of the Cr(III) to the
amino modified biochar followed the same trend as the native biochar. From the AG values the

reaction is endothermic in nature; however at low temperature the reaction is spontaneous. The
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AH of binding was found to be -51.52 kJ/mol indicting an exothermic reaction is occurring
during the binding. Also the AS for the sorption was found to be negative -172.12 J/mol

indicating a non-spontaneous reaction is occurring for the sorption.

The values determined for AH and AS of both Cr(VI) and Cr(IIl) binding to amino
modified biochar and consistent with the statement that the Cr(VI) the process is exothermic and
the Cr(IIT) process is exothermic. The binding of Cr(VI) to many different materials including
activated carbons and mineral surfaces has been shown to be an exothermic reaction in the
literature [11, 12, 33]. Similarly the binding of Cr(III) to activated carbons and different metal
oxides and mineral surfaces has also been shown to be exothermic in nature [11, 12, 33]. In
addition, the change in the Cr(VI) from an endothermic reaction to an exothermic reaction may
be due to a reaction between the lone pair of electrons on the amino groups on the amino
modified. The presence of the lone pair of electrons may induce a reduction reaction for the
Cr(VI) bound to the amino modified biochar. The reduction of Cr(VI) to Cr(IIT) during the
binding process has been observed to occur in multiple binding systems involving biomass [30,
34, 35]. In addition, in the presence of sulfur groups and amino groups such as found in L-
Cysteine Cr(VI) has successfully been reduced by 1 electron transfers to Cr(III) [36]. Both
Sulfur and amino groups are present in the biochar and in much higher concentrations in the
amino modified biochar. The mechanism for the binding may be involving a reduction of the
Cr(VI) to Cr(III), which would change the thermodynamics of the process from endothermic to

exothermic.
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Figure 14: Thermodynamics Plot using Native Biochar
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Temp AG AH AS
Sample (°C) (kJ/mol) (kJ/mol) (J/mol)
Cr(VI) 4 -2.52
Native 25 -4.00 15.07 63.74
Biochar 58 -5.97
Native 25 4.49 -9.98 -48.6
Biochar 45 549

Table 5: Thermodynamic Properties of Native Biochar
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Figure 15: Thermodynamics Plot using Amino Modified Biochar
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Temp AG AH AS

Sample (°C) | (kJ/mol) | (ki/mol) | (J/mol)
4 3.97

Cr(VI) Amino 25 196

modified Biochar : -20.63 -60.56
40 -1.88
4 -3.98

Cr(IIT) Amino

modified Biochar 25 0.15 -51.52 -172.12
40 2.11

Table 6: Thermodynamic Properties of Amino Modified Biochar

Binding Capacity of Native Biochar

The binding capacities for the Cr(VI) and Cr(III) adsorption to the native biochar and the
amino modified biochar was determined using isotherm binding studies. The Langmuir equation

in linear form is given in equation 4 below:

1 1 1
—_= —
de qm KaiqmCe

Langmuir isotherm equation (Capacity)

Where, g is defined as the binding at a given concentration (mg/g), qm is the maximum binding
for a given sorbent (mg/g), Ce is the equilibrium constant (ppm), and Ka is a constant based on
the ionic strength, pH, temperature, and among other factors. Form the binding data it was

determined that the Langmuir equation best fitted the experimental data.
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The determined capacities were calculated on the data from three different temperatures
hot, room temperature, and cold. The results of the binding capacities are presented in Table 7
for the native biochar and Table 8 for the amino modified biochar. For the native biochar the
binding was lowest at the low temperature and the maximum binding capacity for Cr(VI) was
under the hot conditions at 58°C with a capacity of 5.06 mg/g chromium per gram of adsorbent
material. Whereas the maximum binding capacity for Cr(III) binding to the native biochar was
observed under the cold conditions with a capacity of 4.61 mg/g. As the temperature increased
the binding capacity was observed to decrease. The difference in binding capacity trend between
the Cr(VI) and Cr(III) ions coincides with the thermodynamic data. The binding process for
Cr(VI) to the native biochar is endothermic in nature whereas the binding of the Cr(III) to the

native biochar is exothermic in nature.

Temp Capacity

Sample (°O) (mg/g)

4 3.45
Cr(VI)
Native 25 4.11
Biochar 58 506
Cr(IIT) 4 4.61
Native 25 4.49
Biochar 45 1.32

Table 7: Binding Capacity of Native Biochar at Different Temperatures

Capacitance of Amino Modified Biochar

The binding capacity of Cr(VI) and Cr(III) to the amino modified biochar was also
determined from the intercepts of the Langmuir isotherms. As with the native biochar the

binding was followed at three different temperature conditions hot, room temperature, and cold.
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These results are based off the use of the amino modified biochar with their respective ion and
temperature conditions. For the Amino-modified Biochar the maximum capacitance for Cr(VI)
was under hot conditions at 45°C with a capacity of 344.83 mg/g. The binding capacity was
noted to increase with increasing temperature. The maximum capacitance for Cr(IlI) occurred
under the hot conditions with a capacity of 34.36 mg/g. Again the binding was observed to
increase with increasing temperature similar to the Cr(VI) binding. This difference in binding
capacity with the respective Cr(VI) and Cr(III) ions confirms the change in the reaction process.
Both the Cr(VI) and Cr(III) have large increases with the amination of the biochar. The Cr(VI)
and Cr(III) observed binding capacities no longer follow a pure adsorption process as indicated
by the thermodynamics of the reactions. The process for binding has changed for both the Cr(VI)
and Cr(III) it is no longer a simple sorption reaction as is observed with the native biochar. The
binding has become a complex formation reaction for both the Cr(VI) and Cr(III), where the
thermodynamics are now a combined processes for the sorption and the formation of the
complex between the amino modified biochar and the Cr(VI) and Cr(III) ions. As mentioned
earlier Cr(VI) can be reduced in the presence of sulfur and amino groups to form Cr(III)
complexes. It is believed that there large increase in the binding on the amino modified biochar
and change in the thermodynamics is a function of the reduction of Cr(VI) to Cr(IIl). This
binding process changes the binding kinetics and the thermodynamics. The Cr(III) binding
changes from the “pure” adsorption process into a facilitated binding process in the presence of
the amino groups on the surface of the amino modified biochar. The facilitated sorption is
involving both the traditional sorption process but also a complex formation. More than likely
the complex formation is the driving force behind the large sorption values observed in the

amino modified biochar. Thus the true thermodynamics of the binding process are not
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measurable through the thermodynamics determined for the sorption and the binding capacities

do not reflect the AG and AH observed for sorption.

Temp Capacity
Sample (°C) (mg/g)
Cr(VI) Amino 4 53.76
modified 25 112.36
Biochar 45 344.83
Cr(IIT) Amino 4 21.32
modified 25 26.95
Biochar 43 3436

Table 8: Binding Capacitance of Amino Modified Biochar at Different Temperatures

Binding Interference Studies

The previous studies were performed under ideal conditions and all solutions were
prepared with the respective Cr ion using 18MQ water to provide a clear picture of the binding
process. However, this is an unrealistic situation for environmental solutions and natural aquatic
systems are very complex containing multiple ions. To account for the presence of multiple ions
the interference studies were performed with the specific intention to observe and determine the
binding effects of similarly charged ions on the binding of Cr(VI) and Cr(III). Common anions
found in aquatic systems include CI, NO*", SO4* (or HSO*), PO4*" (or some protonated form of
the phosphate anion), CO3? (or bicarbonate), and SiO4> (or HSiO%), the forms are pH dependent
and these anions were tested for interference with Cr(VI) binding to the native and amino

modified biochar. Anions were used to test the Cr(VI) binding interferences to the native an
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amino modified biochar materials due to the fact that Cr(VI) is an anion in solution. Whereas
cations were tested for their interferences with the Cr(III) ions as Cr(III) forms a cation in
solution. The common hard cations Na*, K*, Ca?" and Mg?* found in most natural fresh water
aquatic systems were used to test the binding interference of Cr(IIl). In addition, the interference
studies were performed in individual interference studies as well as combined interference
studies which was performed using all the anions in one solution for Cr(VI) and all the cations in
one solution for Cr(II). The results give a understanding possible antagonist or synergistic
effects for the chromium binding within a more naturally found aqueous matrix. In addition, all
reactions were performed at their optimum binding pH as was determined from the pH binding
study. For the native biochar, the anions solutions, were all pH adjusted to pH 2, all of the
anions had a slight antagonistic effect with the overall binding of Cr(VI), compared to the
binding of the Cr(VI) without the anions present. The binding observed in the absence of any of
the anions was approximately 40% binding, which decreased in the interference studies to
between 30 to 38% binding as can be seen in Figures 16 and 17. The amino modified biochar
was relatively unaffected by the interfering anions as can be seen in Figures 18 and 19. In the
binding studies in the absence of interfering ion the binding was approximately 80% and in the
interference study for the most part the binding was observed to be close to 80%. The only
observed antagonistic effect was observed in the solutions with silicate at 100 ppm and 1000

ppm as can be seen in Figure 19.
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Figure 19: Anion Interference Study using Amino Modified Biochar (2)

For the native Biochar, the cation solutions, at pH 4, the monovalent cations had a slight
antagonistic effect with the binding of Cr(III) in the presence of high concentrations of single
valent cations. However, a synergistic effect was observed in the solutions with high
concentrations of divalent cations, the binding was observed to increase, as shown in Figure 20.
The binding in the presence of the high concentration in the presence of the divalent cations
increased from 80% without interferences to approximately 100%. The amino modified biochar
showed slight synergistic effects at low concentrations of the interfering cations. However, at

higher concentrations antagonistic effects were observed. The binding during the pH study, in
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the absence of divalent cationic interferences was around 95% binding whereas in the presence
of high concentrations 300 ppm and 1000ppm of Ca*" and Mg?" the binding of the Cr(III) is

dramatically decreased, as seen in Figure 21.
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Figure 20: Cation Interference Study using Native Biochar
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Figure 21: Cation Interference Study using Amino Modified Biochar

Finally, interference studies of combined anions and combined cations were performed to
determine the effects on the Cr(VI) and Cr(III) binding to the native and amino modified biochar
materials. Figure 22 shows the Cr(VI) and Cr(III) binding results for the native biochar. The
combination of all the anions in solution showed a decrease in binding as the concentrations of
the anions was increased, to be less than 20% at the 1000 ppm concentration of all anions.
Whereas the cation interference combination showed a slight increase in the binding of the
Cr(IlT) in comparison to the pH studies. The results of the Cr(VI) and Cr(I1I) binding to the

amino modified in the presence of the combined interferences are shown in Figure 23. They
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showed slight increases for the Cr(VI) binding up to anion concentrations of 100 ppm. However,
above the 100 ppm the Cr(VI) binding was decreased greatly. Similarly, the binding of the
Cr(III) to the amino biochar in the presence of the combined cations show increasing binding up
to a cation concentration of 100 ppm and then was dramatically decreased thereafter. Both the
native biochar and the amino modified biochar show a preference in the binding of Cr(VI) and
Cr(III) over similar charged ionic species in solution. The Cr(VI) and Cr(IIl) concentrations are
extremely small comparted to the interference concentrations at the 1000 ppm combined cation
reaction give a cation: Cr ratio of 23,425 to 1 and binding of the Cr is still observed. Whereas in
the anion interferences solution at the 1000 ppm concentration an anion: Cr ratio of 16,085 to 1.

Even at the high ratio of anion to Cr(VI) the binding of Cr(VI) is still observed to occur [33].
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Figure 22: Interference Combo Studies using Native Biochar
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52



CHAPTER V

CONCLUSIONS

Through the initial material sourcing to processing and production of the chosen bio-

material; the primary objectives of the present study were

1. To produce a biochar material that was cheap and abundant
2. To chemically modify the biomaterial surface with amino groups
3. To investigate the effectiveness of the biochar for chromium removal

4. To investigate the thermodynamics of chromium binding

The chosen biomass material was pineapple skin for the production of biochar, the advantages of
using pineapple skins for biochar production were the minimal processing of the starting material
and ease of production. The biomass, pineapple skins, also provided advantageous opportunities
for upcycling since the majority of consumers and industries, producing pineapple waste, have
limited recyclable options for this material. Provided with this criteria, the pineapple skin was

highly favorable for biochar production.

Following production of the native and amino modified biochar materials FTIR-ATR,
SEM, and EDS mapping were performed to obtain general function group and surface
morphology information. The results showed that the amino functionalization of the material
surface was successful. The SEM imaging showed the retention of cellular structure despite the

harsh conditions the material was exposed to during grinding and pyrolization; while EDS
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mapping provided a visual representation of elemental correlation in chromium bounded
biochars. These two techniques were supplemental to the FTIR-ATR spectra in confirmation of
both the successful amination of the biochar and the effectiveness of chromium binding from

solution under the various solution conditions.

The pH binding studies for Cr (III) and Cr (VI) with native biochar were consistent with
previous reported studies found in literature. The Cr(III) did not bind well at low pHs whereas
the Cr(VI) did not bind well at high pHs. The optimal binding for Cr (III) was found to occur at
pH 4 whereas the optimum binding for Cr (VI) was found to occur at pH 2. Chemical
modification of the surface of bio-based materials has been shown to change the way metal ions
interact with the surface of a bio-material changing optimal binding pH as well as binding
capacities. The amination or amino modification was performed with the intention of changing
the optimum binding pH of the Cr(VI) as well as the binding capacity. The pH studies with
amino modified biochar and Cr(VI) showed the desired change in the behavior with the effect of
pH. Cr(VI) showed a dramatic change in the pH profile studies, it was found to be almost pH
independent, very high removal values were observed at all pH’s investigated. In addition, the

Cr(IIT) binding occurred at lower pH, and became pH independent above pH 3.

Kinetic and thermodynamic data provided general information about the reactive
properties of the material. A comparison, between the native and amino modified biochar and
their interactions with Cr(VI) and Cr(III) were in agreement with their thermodynamics found in
the literature. The reaction between Cr(III) and the native biochar showed favored binding with
a decrease in temperature, indicating an exothermic reaction was occurring. Whereas Cr(VI)
binding to the native biochar was found to follow a exothermic reaction process, with the binding

increasing with increasing temperature based on the rates of reaction determined from the
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kinetics studies. The activation energy for the Cr(VI) as determined to 18.4 kJ/mol which
indicates a chemisorption process is occurring. Alternatively the Cr(IIl) binding to the native
biochar had an activation energy of 11.4 kJ/mol which, is close to the border between
chemisorption, physisorption, and ion-exchange. The binding of the Cr(VI) ions to the amino
modified biochar followed an opposite trend to the rate of the reaction decreased with increasing
temperature indicating an exothermic reaction was occurring, The activation energy for the
binding of Cr(VI) to the amino modified biochar was determined to be 19.50 kJ/mol. The trend
in the Cr(IIT) remained constant, with an endothermic reaction and a determined activation
energy of 37.90 kJ/mol. The increase in the Cr(III) activation energy indicates a change in the
binding process to a facilitated sorption mechanism. The thermodynamics of the binding
supported the data collected from the kinetics studies. The Cr(VI) binding to the native biochar
was occurring through an endothermic process as the AG values became more negative with
increasing temperature and the AH was positive. Whereas the Cr(III) binding to the native
biochar was endothermic with AG values decreasing with increasing reaction temperature and
the AH of the process was negative. Alternatively, the binding of the Cr(VI) to the amino
modified biochar was observed to have AG values that increased with increasing temperature and
a AH which was negative indicating an endothermic process. The Cr(III) binding to the amino
modified biochar followed the same as the native biochar with AG increasing with increasing
temperature and a negative AH. The binding capacity of the biochar materials were found to be
enhanced after the amino modification of the biochar. The binding capacity increases observed
for Cr(VI) binding to the biochar after amino modification were 20 times or more at similar
temperatures. The binding capacity increases observed for Cr(IIl) binding to the biochar after

amino modification were again 20 at similar temperatures. The combination of the
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thermodynamics data and the binding capacity data indicate that the amino modification has

changed the binding process for Cr(VI) from a simple sorption to potentially a redox mechanism.

The interference studies over all highlighted that certain ions, such as silicates and
phosphates, can have antagonistic effects towards the binding of Cr(VI) to the both the native
and amino modified biochar materials. There were also apparent antagonistic effects of the high
concentration anion matrices, which are supported by the negative effects observed on the
binding in individual anion studies with Cr(VI). Alternatively cation interferences showed some
positive effects on the binding of Cr(III) to the native and amino modified biochar materials.
These effects were only observed at concentrations at or below 100ppm. At concentration above
100ppm were found a negative effect on Cr(III) binding was observed. The change in binding in
the presence of interfering ion indicates that there is a limit of the concentration of interfering
ions before the functional groups biochar become unable to interact as effectively with
chromium ions in solution. However, the Cr(VI) and Cr(IIl) concentrations are extremely small
comparted to the interference concentrations. For example, at the 1000 ppm combined cation
reactions a cation: Cr ratio of 23,425 to 1 and yet binding of the Cr(III) is still observed.
Whereas in the combined anion interferences solution at the 1000 ppm concentration, an anion:
Cr ratio of 16,085 to 1, yet Cr(VI) is still binding. The binding at such high concentrations of

interfering ions indicates some preference to bind Cr over other ions in solution.

Overall, the properties of the native and amino modified biochar materials derived from
the batch studies allows for the understanding of the chemical functionalization process and their
effects on traditional biochar materials. Future study of material types, particle sizes,
pyrolization temperatures, and functionalization techniques will further the depth of

understanding for this specific water remediation technique. The benefits of discovering new
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absorbent materials for water remediation purposes is key in maintaining crucial potable water

supplies around the world.
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