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ABSTRACT
Humic acid is a class of naturally occurring molecules composed of large sheetlike regions of cyclic aromatic hydrocarbon networks with surface and edge functional
groups including phenols, carboxylic acids, and epoxides. These naturally occurring
molecules are found in brown coal deposits near lignite formations. Humic acid has
gained attention from the scientific community as a precursor for graphene. Graphene is a
2-dimensional honeycomb structure of fully unsaturated carbon atoms that has
exceptional material properties and inherent aromaticity. Graphene’s incredible
properties are matched by the difficulty associated with reproducibly manufacturing it on
a large scale. This issue has limited the use of graphene for commercial applications. The
polar functional groups of humic acid contribute to the hydrophilic nature of the
molecule, limiting its miscibility in any alkyl-based solvent. Surfactants containing long
alkyl chains can affect the miscibility of the molecule in an organic solvent. Surfactants
are often difficult to remove from the system. It is theorized that alkylation of the
functional sites of humic acid can affect the hydrophilic nature of the molecule, and
effectively enable its dispersion into organic solvents without simultaneous incorporation
of surfactants. This dissertation investigated the amidation and esterification of humic
acid molecules extracted from leonardite. The resulting change in the modified humic
acid dispersibility in organic solvents and its potential usage as a fuel additive were
evaluated.
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Butyl, hexyl, octyl, and decyl amide-modified and ester-modified humic acids
were synthesized. These products were characterized to confirm successful chemical
reaction through thermogravimetric analysis, Fourier-transform infrared spectroscopy,
and scanning electron microscopy. The decyl-modified humic acids remained suspended
in kerosene mixtures for longer than 1 week. Other organo-humic acids showed varying
degrees of flocculation. The modified humic acid samples were diluted with kerosene to
identify the influence on combustion properties. Butyl-modified humic acid samples
decreased the molar enthalpy of combustion. Hexyl, octyl, and decyl-modified humic
acids improved the combustion values. Decyl amide-modified humic acid showed the
largest improvement of these mixtures with a 0.9% increase from the expected molar
enthalpy of combustion with a loading percentage of 0.36% in kerosene. Octyl amidemodified and octyl ester-modified humic acid mixtures were prepared in 0.05, 0.1, and
1% loading percentage dilutions to study the effect of modified humic acid loading
percent on combustion properties. The 0.1% dilution showed the largest increase of the
expected molar enthalpy of combustion by 1.14% and 0.4% for amide-modified HA and
ester-modified HA, respectively.

xvi

I. INTRODUCTION
Humic Acid
Humic acid (HA) is a class of molecules that lacks a discrete atomic structure or
conformation. The differences between molecules within this class vary as a function of
the properties of the environment in which they are formed.1 Networks of partially
unsaturated carbon rings and oxygen-containing terminal regions are the underlying
commonalities. The definition of HA is clarified with comparison to its sister molecule,
fulvic acid (FA). HA molecules remain effectively suspended exclusively in an alkaline
aqueous environment; FA remains suspended in acidic and alkaline aqueous
environments. These molecules are distinguished by their ratio of carbon to oxygen. HA
has a larger ratio of carbon to oxygen than FA.2 Variation of composition and structure
implies there is no specific molecular weight associated with HA. Gel permeation
chromatography and filtration through membranes of varying sizes indicate molecular
weights up to 100 kDa for HA.3 An example of HA is shown in Figure 1.

Figure 1: Generalized humic acid structure. Aromatic, aliphatic, and functional groups around the
perimeter of the molecule are shown.

1

The first documented extraction of HA from peat occurred in the late 18th century.
Achard used alkaline extraction and acidification. The product was collected as a black
amorphous solid.1 This material would be termed “humic acid”. Deeper levels of the peat
contained larger percentages of HA by mass when compared to surface layers. This
discovery contributed to the belief that decomposition of organic material is the source of
HA. The scientific community has not agreed upon the definitive mechanism for HA
formation. Three pathways are considered likely. The “lignin theory”, proposed by
Waksman in 1932, involves the chemical decomposition of lignin via microorganisms,
including conversion of methoxy groups to hydroxyphenols and oxidation of aliphatic
chains to create carboxylic acids.4 The “polyphenol theory” is based on the
polymerization of aromatic cyclic diones to form large macromolecules.2 Phenol
aldehydes or acids are released as products of microorganism reactions with lignin (or
non-lignin materials such as cellulose) and converted to quinones. This theory was
popularized by Stevenson in 1982.2 The third proposed mechanism dates back to the
earliest days of humus chemistry and consists of the polymerization of amino acids and
sugars that are formed as products of microorganism metabolism within the soil.2 The
polyphenol theory has become the most widely accepted mechanism for HA formation.
Researchers believe all three pathways likely contribute to HA formation. Figure 2 is a
diagram highlighting the processes for the three different pathways.5

2

Figure 2: Pathways of humic acid formation.

HA used for this research project was extracted from a material known as
leonardite. Leonardite is a naturally-occurring type of humate mineraloid, found in
various locations worldwide. During coal mining processes, leonardite covers lignite
(brown coal). It is removed and discarded. Leonardite is considered a waste product of
coal mining.6 HA is extremely inexpensive. Leonardite is composed of HA, FA, and
humus substances (HS). HS are solid particulates that will not remain suspended in acidic
or alkaline aqueous solutions. Leonardite utilized for this experiment was obtained from
North Dakota. Leonardite from mines in North Dakota is found between layers of clay.
Impurities leeching into the leonardite from surrounding horizon layers is minimized.
Leonardite obtained from these regions is more pure than peat originating from topsoil.

Comparison of Humic Acid to Graphene and Graphene Oxide
HA is similar in its composition and characterization to materials such as
graphene and graphene oxide (GO). GO is synthesized in a laboratory setting via the use
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of processes such as the modified Hummers method.7 This process involves the synthesis
of graphitic oxide by adding graphite powder to heated acid solutions and the addition of
potassium persulfate (K2S2O8) and phosphorous pentoxide (P2O5). This graphitic oxide is
exfoliated into graphene oxide sheets by addition to cold acid solutions, the addition of
potassium permanganate (KMnO4), and sodium nitrate (NaNO3). After removing the
solid unreacted graphite through centrifugation, the remaining suspension contains GO
flakes.8 Shown below in Figure 3 is an example of the structure of a GO molecule.

Figure 3: Graphene oxide structure. Aromatic and functional groups are shown.

Based on its hydrophobic matrix and hydrophilic edge functionality, GO has an
amphiphilic nature.9 The basal plane and polar edge groups are similar to HA. Carbon to
oxygen ratios are similar according to energy dispersive X-ray spectroscopy (EDS)
results. In Figure 4 and Table 1 are images and EDS results for HA and GO, respectively.

4

Figure 4: SEM images of humic acid and graphene oxide.

Table 1: EDS analysis of humic acid (spot 1 from A in Figure 4) and graphene oxide.

Pristine graphene has incredible electrical and thermal conductivity but is very
challenging to manipulate.10 The degree of van der Waals interaction between graphene
sheets causes irreversible aggregation. It is a challenge to suspend graphene in most
solvents.11 GO contains oxygenated functional groups that allow for dispersion in various
solvents. It is a more appealing option for larger scale applications than graphene. The
modification of GO has been performed by several research groups. Park et al.
incorporated magnesium and calcium ions into GO to enhance the mechanical properties
of paper via hardening from carboxylate-ion interactions.12 Ma et al. and Kamat et al.
incorporated silver and gold into graphene oxide for antibacterial and catalytic
enhancements, respectively.13,14 This requires precise and time-consuming preparation of
5

GO. HA is very easy to isolate with a simple alkaline extraction process. GO and HA also
have a similar number of functional groups. HA functional groups include carboxylic
acids and phenols; GO contains these and additionally epoxides and aldehydes. Modified
HA holds promise and has not been extensively studied outside of soil enrichment and
cleansing.
The similarities between graphene, GO, and HA allow meaningful conclusions to
be drawn about methods and results obtained from graphene and GO experiments with
regard to potential HA investigations.

Current Humic Acid Research and Applications
Agricultural Additive
Plant growth and yield are a function of the soil quality and availability of
nutrients. HS, FA, and HA directly and indirectly impact soil quality and nutrient uptake
for plants.15 HS indirectly affects aeration, water retention, bacterial growth, aggregation,
porosity, and nutrient availability.16 The processes which a plant utilizes to intake and
transfer HS is directly affected by the presence of HA. Tahir et al. collected two Raisalpur
soil samples (calcareous Haplustalf) and two Guliana soil samples (non-calcareous
Haplustalf) in Pakistan to study the effect of lignite-derived HA on wheat growth and
nutrient uptake.17 Alkaline extraction of HA from the lignite was performed using 0.5 M
sodium hydroxide (NaOH). The HA was dissolved into distilled water and incorporated
into the soil samples by means of a foliar spray. Four concentrations of HA were
prepared using 0, 30, 60, and 90 mg HA/kg of soil. Each HA-soil sample had three wheat
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plants that were harvested after 30 days. The wheat shoot fresh weight, dry weight, and
height were recorded for each sample. An increase in wheat yield was observed when
humic acid was incorporated into the soils at medium application rates. The medium
dosage (60 mg/kg of soil) of HA showed the largest improvement of 10%, 25%, and 18%
for plant height, shoot fresh weight, and shoot dry weight, respectively. Nitrogen uptake
was significantly affected by HA soil content while phosphorous and potassium were not.
The medium dosage showed a nitrogen increase in the plants of 76% compared to the
control soil sample with no HA. Both calcareous and non-calcareous soil showed that HA
incorporation enhanced wheat growth and nutrient uptake, but higher rates of HA
application had a negative impact relative to lower rates of HA application.

Soil Remediation
Soil quality has a substantial impact of the environment and society because it is
in continuous contact with water and air.18 Polluted soil can lead to the contamination of
the atmosphere, fresh and saltwater supplies.19 The causes of soil pollution vary from
industrial spills to leaking storage systems to oil fires.20 Pollutants associate with soil
components based on low-energy binding, and disruption of that association can be
incorporated into the environment and impact the food chain.21-23 Soil remediation is a
process which removes these contaminants and restores the viability of the soil. HA can
act as an environmentally friendly surfactant in soil remediation processes. Conte et al.
compared the efficacy for contaminant removal of leonardite-derived HA obtained from
North Dakota, Triton X-100 (TX-100), and sodium dodecyl sulfate (SDS).24 Two soil
samples (A and B) from a highly polluted industrial area named Cengio in Italy were
collected, dried, and filtered through a 2 mm sieve. HA was extracted from leonardite
7

using 0.1 M NaOH to adjust the pH to 7. The HA solution was filtered and then freezedried before use for remediation. 10 gram soil samples were then washed with 100 mL
solutions of either purified water, 4% (w/v) SDS, 4% (v/v) TX-100, or 10 mg/L HA. The
samples were shaken for 24 hours in a rotary shaker. The solid portion of the solutions
was collected via centrifugation at 10,000 RPM for 10 minutes and dried at 40 oC. The
collected solids were then suspended in a 100 mL acetone/hexane (1:1) mixture and then
either sonicated for 12 minutes at 55 Watts, or placed in Soxhlet filters and refluxed for
48 hours. Averaged results from the sonication and Soxhlet remediation treatments of
Soil A showed that SDS, TX-100, and HA had a 51%, 60%, and 59% improvement in
polycyclic aromatic hydrocarbon removal (PAH) compared to the distilled water
remediation results. Soil B contaminant removal for SDS, TX-100, and HA showed a
53%, 33%, and 43 % higher PAH removal compared to water. The evaluation concluded
that HA was as effective as the synthetic surfactants TX-100 and SDS in removal of soil
contamination, without their inherent biotoxicity.

Metal Removal
Toxic metal ions found in water pose serious health concerns for those who
consume it. These metals bioaccumulate in living organisms when they are absorbed
faster than they are metabolized, and they lead to an inability of the central nervous
system to function as well as causing damage to other vital organs.25 This leads to a
demand for novel methods that remove these toxins quickly, effectively, and safely. The
functional groups inherent to HA’ structure possess a large capacity to form complexes
with metal ions.26 Incorporation of HA into solutions containing toxic metals reduces the
metal content following filtration of the HA. Liu et al. demonstrated that metal removal
8

using HA could be improved by adsorbing HA onto magnetite nanoparticles (iron
oxide).27 HA also acts an effective stabilizing agent for the magnetite particles by
preventing their aggregation.28 The HA-decorated magnetite nanoparticles showed an
improvement for toxic metal removal and can be removed from the water via the use of
an external magnetic field. The HA coating prevented oxidation of the magnetite
particles. This maintained an effective magnetic response of the particles. 93 - 98% of
heavy metals studied (copper cadmium, mercury, and lead) were removed by the HAdecorated iron oxide nanoparticles in the range up to 100 mg/L. The iron oxide control
group was not as effective.

Fuel Enhancement
Many approaches to reduce the rate of fuel consumption in private and military
applications and prolong the lifespan of available fuel sources include additive
incorporation in fuel supplies. This is a simple approach to enhancing fuel performance,
but it can have deleterious effects.29 Fuel additive benefits include improved
performance, increased combustion enthalpy, reduced pollution levels, and decreased
cost of energy generation.30 Fuel additives that enhance heat of combustion are nano or
micro-scale metal particles such as aluminum/aluminum oxide and titanium-boron
alloys.31-33 Larger inorganic particle additives can cause ignition delay, reduced
combustion rates, and incomplete combustion.34 Large carbon-based nanomaterials such
as HA undergo complete combustion to produce carbon dioxide (CO2) and carbon
monoxide (CO). A highly aromatic basal plane imparts a high aspect ratio to HA
molecules. The large surface area to volume ratio and accessibility to surface functional
9

groups may catalyze combustion through stabilizing intermediates formed during
combustion reactions.35

Modification of Humic Acid and Carbonaceous Materials
Ester/Ether Modification of Humic Acid
Garcia-Diaz et al. utilized microwave radiation to functionalize HA and FA with
esters and ethers of varying chain lengths for the purpose of soil remediation.36 Typical
soil remediation is performed via surfactant-based cleansing. These surfactants are often
toxic. The group believed that microwave heating would result in a cleaner synthesis,
higher yield, and product quality based on results of previous research groups.37-39 For
ether modification, the HA and FA were suspended in a solution containing a quaternary
ammonium salt (Aliquat 336), potassium hydroxide, alkyl bromides of varying chain
length, and tetrahydrofuran as the solvent. The reactants were brought to reflux
temperature, stirred for an unspecified length of time, washed with ethanol, and dried in a
vacuum oven at 60 oC overnight. For ester modification, HA and FA were mixed with
methanesulfonic acid and refluxed and stirred at 70 oC for 3.5 minutes in excess alcohol
of varying chain length. The products were characterized by Fourier-transform infrared
spectroscopy (FTIR) and 1H/13C nuclear magnetic resonance (NMR). Ester and ether
modifications increased total petroleum hydrocarbon extraction by HA and FA by 18%
and 24%, respectively.
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Alkyl-Modified Graphene Oxide
Highly-ordered nanocomposites containing graphene are appealing due to pristine
graphene’s properties. Stable Pickering emulsions are a popular approach to synthesizing
nanostructures based on the level of control the user has over micellar volume.40 This
dictates the size of the structure. For example, GO can self-assemble at the micellecontinuous phase interface to generate graphene-based sheets of a specific size.41,42 Fei et
al. modified GO to synthesize an emulsion stabilizer and identify the impact of alkyl
chain length on the properties of the reverse micelle emulsion.43 Polystyrene was
synthesized using emulsion polymerization where GO was used as the stabilizing agent.
pH conditions where this was effective were limited. GO flakes were synthesized using
the Hummers method. Functionalized GO was prepared by refluxing ultrasonicated
flakes of GO with hexylamine, dodecylamine, or octadecylamine in ethanol at 90 oC for
20 hours with stirring. The amine-functionalized GO (Am-GO) was dispersed in toluene
using ultrasonication. Water was added to the toluene with varying pH and salt levels.
Microscopy measurements and contact angles were used to verify the efficacy of the
method. GO functionalized with octadecylamine maintained a stable 65% emulsion of
water at a concentration of 1 mg/mL graphene oxide in toluene. The group studied the
supercapacitor performance of polyaniline formed via emulsion polymerization using
their new Am-GO as a stabilizing agent. The modified GO was stable at many pH levels.
The emulsion remained intact during the entire polymerization process. Capacitance
values were improved for this version of polyaniline. A capacitance of 585 F g-1 was
obtained for the modified GO-stabilized polyaniline product, compared to 405 F g-1 for
the unmodified GO-stabilized polyaniline product.

11

Functionalized Graphene as a Fuel Additive
Alternative fuel additives are needed to reduce the environmental impact of
traditional fuel combustion, enhance combustion reaction kinetics, and improve energy
density.6 Low concentration suspensions of colloids offer an appealing opportunity as
fuel additives. They can act as catalysts and improve the fuel combustion
performance.44,45 Sabourin et al. incorporated low-oxygen content graphene sheets into
nitromethane for combustion enhancement.34 Functionalized graphene sheets were
formed by oxidizing graphite flakes using nitric acid, sulfuric acid, and potassium
chlorate in what is known as the Staudenmaier method. The graphite sheets were
exfoliated by placing the powders under argon in a tube furnace at an unspecified high
temperature. The release of CO2 gas within aggregates caused exfoliation. The ratio of
carbon to oxygen was calculated to be 22:1 for the functionalized graphene sheets
(FGS22). Nitromethane mixtures were made containing fractions of FGS22, porous silica,
or aluminum oxide nanoparticles. Combustion was performed to compare the variation in
burn rate relative to mass fraction of the additives. Ignition rates and combustion were
improved by incorporation of all additives in relation to pure nitromethane. The weight
percentage of FGS22 needed to match the improvement from SiO2 or aluminum oxide
nanoparticles was slightly greater than 10% of the weight needed of the non-FGS22
additives. The FGS22 mixture showed a burn rate improvement of 175% over pure
nitromethane, with a loading percent of 0.5%.
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Graphite Oxide as a Fuel Additive
The military relies on petroleum fuels. They have a vested interest in highefficiency usage of this resource. The United State Marine Corps and Department of the
Navy conserve energy through improving fuel performance via additives.46 The Navy set
several energy goals in 2009 to reduce the department’s environmental fingerprint and
decrease energy dependence by 2020.47 B. O. Carrol determined the effects of graphene
and graphite oxide on NATO F-76 diesel fuel combustion properties.48 Graphite oxide
(GrO) was synthesized by the use of the modified Hummer’s method, and graphene was
created by thermal exfoliation of the synthesized graphite oxide at 1000 oC for 10
minutes in a tube furnace. GrO is an aggregated stack of GO sheets.49 The obtained
powders were dispersed in aliquots of F-76 diesel fuel in weight loading percentages of
0.1, 1, 2, and 3%. These samples were sonicated for 5 minutes each after initial
dispersion. Differential scanning calorimetry (DSC), thermogravimetric analysis (TGA),
and cetane analysis were performed on these samples.
DSC analysis involves heating samples slowly and observing thermodynamic
transitions, while combustion measurements utilize rapid sample heating rates to
determine enthalpic properties. F-76 showed an energy output of 16.805 J/g. F-76 fuel
containing GrO showed an energy output increase for all sample loading percentages.
0.1, 1, 2, and 3% GrO mixtures showed energy outputs of 40.80, 52.89, 73.61, and 48.12
J/g respectively. At temperatures between 400- 600 oC the 1, 2, and 3% mixtures showed
an endothermic spike indicating heat was absorbed by the mixtures. The graphene loaded
mixtures showed inconsistent results. 0.1, 1, 2, and 3% graphene mixtures showed energy
13

outputs of 45.61, 13.73, 75.68, and 2.60 J/g respectively. The 0.1 and 2% mixtures
showed similar results for both the GrO and graphene mixtures. GrO and graphene
mixtures showed a decrease in output when the loading percentage was increased from 2
to 3%.
TGA analysis consists of heating samples and measuring the resulting weight
change. F-76 mixtures showed nearly complete mass reduction in a single step, occurring
at 180 oC. GrO powder showed mass reduction in TGA analysis between 180 and 260 oC
and again above 550 oC. The mass reduction at the lower temperatures was attributed to
loss of oxygen-containing groups, and the reduction at higher temperatures was attributed
to the decomposition of aromatic regions of GrO.
Southwest Research Institute conducted cetane analysis and net heat of
combustion determinations.48 Cetane analysis is the measure of the combustion rate and
compression necessary for ignition of a fuel. F-76 net heat of combustion was 43.122
MJ/kg. The 0.1% GrO and graphene loaded mixtures showed net heat of combustion
values of 42.702 and 42.709 MJ/kg respectively. The cetane numbers were determined to
be 48.6, 48.5, and 49.9 for F-76, 0.1% GrO, and graphene respectively. A small decrease
in net heat of combustion from addition of GrO and graphene, and relatively similar
cetane values, indicated there was no conclusive evidence of improvement by addition of
GrO or graphene to F-76.
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Dispersion of Modified Graphene Oxide in Nonpolar Solvents
Graphene sheets do not easily disperse in solvents with low surface tensions.
Flocculation of the sheets occurs rapidly unless a stabilizing agent is added to the
suspension.50 Kerosene is a nonpolar liquid composed of hydrocarbon chains of varying
length and has a low surface tension value of approximately 25 mN/m.51 Materials that
act as effective fuel additives must have the ability to disperse and remain suspended in
nonpolar solvents.
J. Tessonnier et al. grafted decane chains onto reduced graphene oxide sheets to
study the effect of alkylation on the dispersibility of the sheets in a variety of solvents.52
Graphite oxide that had been reduced (RGO) via thermal treatment was activated using nbutyl lithium, and reacted with 1-bromodecane. The solution was heated to 70 oC for a
period of 4 hours to induce alkylation at the activated sites on the graphite oxide surface.
Cold methanol was used to neutralize the excess n-butyl lithium. Multiple liquid-based
extractions were performed with distilled water to remove salts and purify the product.
After filtration, the obtained powder was dried at 60 oC overnight. The product obtained
was decane-modified RGO (C10-RGO). The solvents that were employed for dispersion
efficiency evaluations were dimethyl sulfoxide (DMSO), dimethyl formamide (DMF),
chloroform (CHCl3), ethanol (C2H6O), methanol (CH4O), water, toluene (C7H9) , heptane
(C7H16) , and decane (C10H22).
Alkylation improved GO suspension time from several hours to indefinitely stable
for DMSO, DMF, and CHCl3. C2H6O, CH4O, C7H9, C7H16, and C10H22. TGA analysis of
RGO and C10-RGO and showed that only temperatures above 600 oC caused significant
mass loss for the RGO. The C10-RGO showed mass loss of 19% over the temperature
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range of 150 – 500 oC. Weight loss occurring over this large temperature range indicated
that the decane chains were successfully bonded to the RGO surface and not just
adsorbed.

Research Purpose
Development of novel HA derivatives is the primary focus for this dissertation
research. Butyl (C4), hexyl (C6), octyl (C8), and decyl (C10) amide and esterfunctionalized HA are synthesized using a simple reflux reaction. Synthesized product
quality is verified via FTIR, TGA, scanning electron microscopy (SEM), and energy
dispersive X-ray spectroscopy (EDS) analysis. The effect of functional group chain
length on dispersibility in organic mixtures is a pivotal aspect of this research. The
effectiveness of modified HA suspension in kerosene is an influential property that
dictates its quality as a fuel additive. Increasing carbon chain length of the functional
group increases molecular hydrophobicity. Increased hydrophobicity allows for
prolonged HA dispersibility in organic mixtures. The dispersibility of the modified HA
derivatives in organic mixtures is evaluated via success of organic extraction and timedependent flocculation analysis.
Amide and ester-functionalized HA effect on kerosene mixture enthalpy of
combustion is the secondary focus. These mixtures are composed primarily of 1-K
kerosene and small volumes of organic solutions used during synthesis reactions. The
major benefits to fuel performance include catalytic enhancement of combustion
reactions and an increase in combustion energy. The incorporation of HA derivatives into

16

fuel sources such as kerosene could result in an inexpensive and easily incorporated fuel
additive. Modified HA effect on combustion enthalpy is studied via bomb calorimetry.
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II. EXPERIMENTAL METHODS
Humic Acid Extraction from Leonardite Powder
HA was extracted from Agro-Lig Leonardite® produced by Amcol-BioAg using
the standard method developed by the International Humic Substance Society by Lamar
et al. with minor variations.53 HCl (12 M) and NH4OH (14 M) were purchased from
Sigma-Aldrich® and used as purchased.
Leonardite powder (20 g) was mixed into deionized water (1L) using a stir plate
for one hour. A pH meter was calibrated using pH 7 and pH 10 buffer solutions.
Concentrated ammonium hydroxide (NH4OH) was added to the water and leonardite
mixture until the pH was 11. The mixture was stirred for a period of at least 12 hours.
The pH was measured again and readjusted to a pH of 11 using NH4OH (14M). The
resulting dispersion was centrifuged at 3,000 x g for 10 minutes to remove any solid
precipitate (humus). A pH meter was calibrated using pH 7 and pH 4 buffer solutions.
The supernatant containing extracted HA was acidified using hydrochloric acid (HCl;
12M) with mixing until a pH of 1 was attained. The dispersion was allowed to settle for a
minimum of 6 hours to allow the HA to completely precipitate. The supernatant
containing FA was discarded. The precipitate was washed using deionized water and
concentrated HCl in a 1:1 ratio, and centrifuged at 3,000 x g for 10 minutes to collect the
precipitate. This cleaning process was repeated twice. The precipitate was dried in a
vacuum oven at 70 oC for a period of 24 hours.
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Amidation
Butylamine (99.5%), hexylamine (99%), octylamine (99%), decylamine (95%),
glass wool, and 3Å 8 - 12 mesh molecular sieves were purchased from Sigma-Aldrich®
and used without further purification.
HA (100 mg) was exfoliated in deionized water (1 mL) via bath sonication for a
period of 10 minutes. Alkylamine (10 mL of butylamine, hexylamine, octylamine, or
decylamine) was added to the dispersion. The dispersion was transferred to a 50 mL
round bottom flask. Molecular sieves (3 Å, 8 - 12 mesh, ca. 6 g) were dehydrated in a
vacuum oven at 100 oC for 24 hours. A small portion of glass wool was inserted into the
lower portion of a glass condenser, and the molecular sieves were added above the glass
wool to capture water as it was generated from the reaction. The dispersion was heated to
a temperature between 160 – 170 oC and stirred for 96 hours. The dispersion was
removed from the hot plate and allowed to cool to room temperature. Figure 5 below is a
description of the mechanism for amidation. The ammonium complex with heat reacts
with the carboxylic acid to form an amide. R represents the HA molecule, R’ represents
the alkyl chain of the amine, and Δ represents thermal energy.
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Figure 5: Thermal amidation mechanism. Amide formation achieved through excess heating of a solution
containing an amine and a carboxylic acid.54

Amide-modified HA dispersions were mixed with 10 mL aliquots of deionized
water in a separatory funnel. The aqueous portion was discarded. The initial extraction
purification attempt for the butyl amide (C4A) modified product failed. The C4A-HA
reaction was repeated and the original product was kept for combustion evaluations
without additional purification. Absorption of water by the amide product would interfere
with proper combustion evaluations. For analysis techniques requiring powders such as
FTIR and TGA, organic extractions were dried in a vacuum oven at temperatures near the
solvent’s boiling points for a minimum of 12 hours. All drying temperatures were kept
below 180 oC to avoid decomposition of any HA functional groups.

Esterification
1-butanol (99%), 1-hexanol (98%), 1-octanol (99.5%), and 1-decanol (98%) were
purchased from Sigma-Aldrich® and used without further purification.
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Deionized water (5 mL) was basified using 1 drop of 14 M NH4OH (approximate
pH 10). Purified HA (100 mg) was dispersed into the solution with mixing via a magnetic
stir plate. Alcohol (65 mL of methanol, ethanol, butanol, hexanol, octanol, or decanol)
was added to the dispersion. The dispersion was transferred to a 250 mL single-neck
round bottom flask. The dispersion was mixed and heated to reflux with a condenser for
one hour. 12M HCl (ca. 0.5 mL) was added to acidify the dispersion to induce Fischer
esterification. The dispersion was kept at reflux and mixed for a period of 6 - 48 hours.
Figure 6 shows the mechanism for esterification where R represents the HA molecule and
R’ indicates the alkyl chain of the alcohol reactant and ester product.

Figure 6: Fischer esterification mechanism. Esterification of a carboxylic acid in an acidic environment.55

Upon reaction completion, heating was terminated, the condenser was removed,
and the mixture was allowed to cool to room temperature. The reaction mixture was
washed with deionized water. The aqueous portion was discarded and the organic portion
was retained. The rinsing of the reaction mixture was repeated twice. For analysis
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requiring powders such as FTIR and TGA, a volume of organic portion was dried in a
vacuum oven at temperatures near the solvent’s respective boiling points for a minimum
of 12 hours. All drying temperatures were kept below 180 oC to avoid decomposition of
any HA functional groups.

Preparation of Modified Humic Acid Mixtures for Combustion Analysis
The amide-modified HA solutions and ester-modified HA dispersions were
diluted with 1-K kerosene to create mixtures of modified HA loading percents of
approximately 0.36% (w/w) based on TGA analysis. Dilutions of octyl amide (C8A)
modified HA and octyl ester (C8E) modified HA were performed to create mixtures with
loading percentages of 0.05, 0.1, and 1% (w/w). All dilutions were made based on mass
measurements. After diluting the solutions with 1-K kerosene, each solution was
sonicated in a bath sonicator for a period of 15 minutes.

Flocculation Analysis
5 mL of each of the kerosene-diluted mixtures were placed into glass test tubes
and sonicated via bath sonication for 15 minutes. Images were collected of the
appearance of the mixtures immediately after sonication, 1 hour after sonication, 8 hours
after sonication, 24 hours after sonication, 48 hours after sonication, and 168 hours after
sonication.
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FTIR Characterization
A Bruker Tensor Solid State FTIR was used to analyze all dried modified HA
powders. The pure HA or the other dried samples (1 mg) were mixed with anhydrous
potassium bromide (KBr, 100 mg). The powders were crushed and mixed using a mortar
and pestle. The powder was pressed into a thin film using a pellet press. The samples
were analyzed using the wavenumber range 400 to 4000 cm-1, for 16 - 32 scans, with a
resolution of 4 cm-1.

SEM Characterization
SEM was performed using a Helios Nanolab 400 SEM. Samples were prepared
for analysis by ultrasonication of small volumes at amplitudes of 40 – 60% for a period of
1-5 minutes. 1-10 drops of the samples were drop-cast or spin-cast onto silicon coupons,
and dried in a vacuum oven at temperatures near their respective solvent’s boiling point
for a period of 12 hours prior to characterization. Operating parameters for the SEM
varied based on image quality. Typically, secondary electron detection, a 10 KV
operating voltage, and an amperage of 0.34 nA were used for analysis.

TGA for Mass Reduction Patterns
A TA Q50 General Purpose ThermoGravimetric Analyzer (TGA) was used for all
TGA measurements. A platinum pan was used to hold all samples during analysis. The
pan was flame-cleaned using a propane torch between samples to prevent contamination.
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2-20 milligram samples of the modified HA powders were analyzed. Pure HA was also
analyzed. The heating program was set to heat from room temperature to 100 oC and hold
temperature for 20 minutes, then heat to 225 oC and hold temperature for 20 minutes,
then heat to 450 oC and hold temperature for 20 minutes, then finally heat to 1000 oC. All
heating ramps were designated to heat at a rate of 20 oC per minute.

TGA for Humic Acid Loading Percent Determination
40 mL aliquots of the ester-modified HA dispersions were heated to temperatures
near their respective solvent boiling points while mixing for 8-12 hours until a final
volume of 2-5 mL remained. The amide-modified HA dispersions were not boiled to
smaller volumes prior to TGA analysis since their initial loading percentages were
already large enough for dilution with 1-K kerosene. To determine the loading percentage
of modified HA in the solutions, 25-55 mg liquid samples were analyzed via
thermogravimetric analysis. The temperature ramp was set at a rate of 20 oC per minute,
and the final temperature was 20 oC above the boiling point of the solvent used for the
modification of the HA, and was held for 30 minutes. Solutions composed partially of
decanol and decylamine were heated only to temperatures of 220 oC to avoid
decomposition of oxygen-containing functional groups during loading percentage
determination. The average of the final 40 weight measurement data points was taken as
the percentage of modified HA in solution.
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Bomb Calorimetry
Crown® 1-K Kerosene was purchased from a local home improvement retailer
and was used without further purification for all combustion mixtures. Benzoic acid
pellets and naphthalene pellets were purchased from Sigma Aldrich® and used as
received. A Parr® 1341 Plain Jacket Bomb Calorimeter and 1108 CL combustion bomb
vessel were used for all combustion experiments. The following combustion procedure
was adapted from the Texas State University Department of Chemistry and Biochemistry
Chemistry 3245 Laboratory Manual.56
10 cm long sections of Parr® 45C10 fuse wire were used for each sample’s
ignition. Pellets of benzoic acid were used as the standard to determine the calibration
constant for the calorimeter setup. The pellets were prepared for combustion by heating
the fuse wire using a 9V battery and pressing the wire into the center of the pellet. The
mass of the fuse wire prior to combustion was recorded. The mass of the fuse wire
affixed to the pellet was recorded. The difference between these masses was the exact
mass of the pellet after being affixed to the fuse wire. The fuse wire was secured to the
bomb vessel electrodes, and the vessel was sealed. The vessel was filled with O2 gas to
10 atmospheres and then vented to purge the vessel of other gases. The vessel was then
filled with O2 gas to a pressure of approximately 27 atmospheres. The bomb vessel was
placed in the calorimeter reservoir and connected to the electrodes of the bomb jacket.
The reservoir was filled deionized water (2 L) measured using a volumetric flask. The
temperature of the water reservoir was allowed to stabilize for a minimum of 5 minutes.
A high precision thermometer was used to determine that the water bath temperature
remained constant for at least 3 minutes. The electrode wires were then connected to the
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fuse detonation unit, and the sample was combusted. Water bath temperatures were
documented every thirty seconds. The final temperature of the water bath after
combustion was taken as the highest temperature attained during the 3 minute
stabilization period after the combustion was complete. The mass of any residual fuse
wire that was not combusted was recorded. The internal energy of combustion for
benzoic acid was used as a standard to determine the calorimeter constant using the
following equation57:
𝑚
−[( 𝑀 ) ∆𝑈𝑚 + 𝑚′ ∆𝐸𝐹𝑒 ]
−𝑞
𝐶=
=
∆𝑇
∆𝑇𝑠𝑢𝑟
Where C is the calorimeter constant, q represents the heat transfer to the water bath, ΔT is
the temperature change of the water bath, m is the mass of the benzoic acid pellet M is
the molar mass of benzoic acid, ΔUm is the molar internal energy of combustion for
benzoic acid, m’ is the mass of fuse wire used, and ΔEFe is the energy of combustion per
gram of the fuse wire. The internal energy of combustion for a sample was calculated by
using the average calorimeter constant from 3 trials of benzoic acid combustion, and the
temperature change of the water bath by using the equation below57:
𝑀
∆𝑈𝑚 = − ( ) (𝐶∆𝑇𝑠𝑢𝑟 + 𝑚′ ∆𝐸𝐹𝑒 + 𝑚′′∆𝐸𝐻𝐴 )
𝑚
Where M is the molar mass of the liquid (or average molar mass of the mixture), m is the
mass of the mixture, m’’ is the mass of modified HA in the mixture combusted, and ΔEHA
is the energy of combustion for pure humic acid in kJ/g. The molar enthalpy of
combustion (ΔHm) was then obtained by using the following equation57:
∆𝐻𝑚 = ∆𝑈𝑚 + 𝑅𝑇(∆𝑛𝑔 )
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Where R is the gas constant 8.31447 x 10-3 kJ K-1mol-1, T is the ambient temperature, and
Δng is the final moles of gas created from complete combustion of the reactants minus the
initial moles of gas consumed during complete combustion. The accuracy of the
calorimeter constant value was verified by combusting pellets of naphthalene and
comparing the calculated ΔHm with the known ΔHm of naphthalene, found in literature.
For liquid sample combustion trials, the calorimeter crucible was cleaned with
acetone and its initial mass documented. The length of fuse wire used was typically 12.5
cm, and the exact mass was taken prior to combustion. Masses of liquid samples ranging
from 200 milligrams to 500 milligrams were transferred directly into the calorimeter
crucible. The fuse wire was connected to the vessel electrodes and then positioned so that
as much of the wire was submerged in the sample volume as possible. The mass of the
remaining fuse wire and the mass of the crucible after combustion were recorded. The
mass of residue in the crucible was subtracted from the total mass of liquid combusted.
Pure Crown 1-K Kerosene was combusted three times and the average ΔHm was
calculated.
Approximately 200 mg of pure HA was pressed into a pellet and cleaved into 3
portions. Each portion was wrapped with fuse wire and combusted. The total calories
generated from combustion of the HA pellets were calculated as the product of the
temperature increase for the water bath and the mass of the volume of water in the water
bath (1995 ± 0.5 grams). The calories created from fuse combustion were subtracted from
the total calories generated. The value for calories resulting from HA combustion were
then converted to kilojoules, and then to kilojoules per gram of humic acid combusted.
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Each mixture containing modified HA was combusted in the bomb calorimeter
three times. The molar mass for kerosene was estimated to be 170 g/mol, which is the
molar mass of dodecane. The boiling point of kerosene (180 oC) and distillation
temperature both support an average molar mass similar to dodecane. The average molar
mass value for the mixtures of kerosene and alcohol/amine were calculated as the product
of the mass fraction of kerosene and its molar mass added to the product of the mass
fraction of the alcohol or amine and its respective molar mass. The theoretical ΔHm
values for each solution were also calculated as the product of the mass fraction of
kerosene and the average experimental ΔHm value for kerosene added to the product of
the mass fraction of the alcohol or amine and its ΔHm value obtained from literature
sources. The ΔHm values for each alcohol and amine used are shown below in Table 2.

Table 2: ΔHm for alcohol and amine reactants. The decylamine ΔHm was determined as described below.

Butylamine
Hexylamine59
Octylamine59
Decylamine

ΔHm (kJ/mol)
-3018.5 ± 1.1
-4292.8
-5635.38 ± 0.96
-6927.23 ± 18.83

Butanol60
Hexanol61
Octanol61
Decanol62

-2670.4 ± 0.42
-3984.37 ± 0.44
-5294.0 ± 0.6
-6619.0 ± 8.0
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The ΔHm value for decylamine was determined empirically since a suitable
literature source containing its ΔHm could not be found. A calculation similar to that used
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for average molar mass was used for the value of the change in moles of gas for the
combustion reaction, Δng. The complete combustion reactions for all samples that were
utilized for bomb calorimetry are shown below, and their respective Δng values are listed.

Butanol:

C4H10O(liquid) + 6O2(gas) → 4CO2(gas) + 5H2O(liquid)

Δng = -2

Hexanol:

C6H14O(liquid) + 9O2(gas) → 6CO2(gas) + 7H2O(liquid)

Δng = -3

Octanol:

C8H18O(liquid) + 12O2(gas) → 8CO2(gas) + 9H2O(liquid)

Δng = -4

Decanol:

C10H22O(liquid) + 15O2(gas) → 10CO2(gas) + 11H2O(liquid)

Δng = -5

Butylamine: C4H11N(liquid) +

Hexylamine:C6H15N(liquid) +

Octylamine: C8H19N(liquid) +

31

O2(gas) → 4CO2(gas) +
4

11

H2O(liquid) + NO2(gas) Δng = -2.75

2

43

15

4

2

O2(gas) → 6CO2(gas) +

H2O(liquid) + NO2(gas) Δng = -3.75

55

19

4

2

Decylamine:C10H23N(liquid) +

O2(gas) → 8CO2(gas) +

67

O2 → 10CO2(gas) +
4

29

23
2

H2O(liquid) + NO2(gas) Δng = -4.75

H2O(liquid) + NO2(gas) Δng = -5.75

III. RESULTS AND DISCUSSION
Humic Acid Extraction
The attempted extraction of pure HA in 50 mL alkaline water mixed with 50 mL
kerosene is shown below in Figure 7. The kerosene (and non water-soluble alcohols in
following extraction images) constitutes the lighter fraction of the mixture on top of the
aqueous fraction which has a higher density than all the organic solvents studied. The HA
remained in the aqueous portion of the volume. The miscibility of water with 1-K
kerosene is negligible, and original volumes of HA in water mixture and kerosene
remained the same after the attempted extraction.63

Figure 7: Extraction attempt of pure humic acid into kerosene. Pure humic acid in 50 mL of alkaline water
mixed with 50 mL of 1-K kerosene.
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AMIDE-MODIFIED HUMIC ACID SAMPLES
Extraction
The extraction results of the C4A, hexyl amide (C6A), C8A, and decyl amide
(C10A) modified products are shown below in Figure 8. The C4A-modified HA showed
almost no HA transfer to the organic layer. This suggests that either little to no amidation
occurred for this reaction, or that the length of the butylamide carbon chains grafted onto
the HA was not long enough to allow for effective suspension in the organic solvent.
TGA results support the former possibility. Although the C4A-modified HA didn’t show
any extraction into the organic portion, an additional synthesis reaction of C4A-modified
HA was performed. The resulting HA was kept in butylamine instead of washing with
water. This solution was retained for additional characterization to ensure a more
complete comparison of all amide-modified HA products to the ester-modified HA
products. The C6A- modified and C8A-modified products showed a complete transfer to
the organic layer and appeared continuous. The C10A-modified HA extraction showed
significant brown coloration of the aqueous layer, indicating an incomplete extraction of
HA. This indicates that a fraction of the C10A-modified HA did not react to the extent
necessary to allow for dispersion in a nonpolar environment. The organic layer did appear
continuous.
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Figure 8: Extraction purification of amide-modified humic acid samples. A) C4A-modified HA, B) C6Amodified HA, C) C8A-modified HA, D) C10A-modified HA with 10 mL of the respective obtained product
solutions (upper mixture portion) and 10 mL of deionized water (lower mixture portion).

Flocculation Analysis
Mixtures with similar percentages of amide modified HA included dilution of the
concentrated samples with 1-K kerosene based on the percentage of modified HA weight
remaining after removal of the solvent during TGA analysis. The actual mass percentage
compositions of solvent and kerosene for all the amide-modified HA samples are shown
below in Table 3.

Table 3: Amide-modified humic acid loading percent data for combustion mixtures. The original starting
percentages of modified humic acid in their respective solvents as determined by TGA analysis, the
percentage of solvent used in the mixture, the percentage kerosene used in the mixture, and the percentage
of modified humic acid of the resulting mixture.
Butyl Amide-Modified HA
Hexyl Amide-Modified HA
Octyl Amide-Modified HA
Decyl Amide-Modified HA

Original HA Loading %
7.80
5.18
7.62
10.51

% Solvent
4.63
7.10
4.72
3.42

% Kerosene
95.37
92.90
95.28
96.58

Resulting HA Loading %
0.36
0.37
0.36
0.36

Liu et al. determined that small loading percentages (<< 1 mg/mL) of RGO or
graphene can be effectively suspended in organic solutions with sonication.64 Based on
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the final loading percentages of the dilutions, the mass of modified HA ranged from 2.5 –
3 mg/mL. This is larger than the loading percentages which can stay suspended from
sonication. Suspension is presumably occurring due to modified HA – mixture
interaction, and not Brownian motion.
The amide-modified HA samples and their dispersion efficacy with respect to
time are shown below in Figure 9. The initial appearance of the amide-modified samples
showed some variation in color. The C4A and C8A-modified humic acid have a lighter
initial appearance compared to the C6A and C10A-modified samples. The C4A-modified
HA mixture likely began to agglomerate immediately, but this is unlikely for the C8Amodified which may have not been effectively sonicated compared to other mixtures
based on its coloration. 1 hour after sonication the C4A-modified HA mixture was nearly
colorless, implying all HA had flocculated. The C6A-modified mixture also began to lose
coloration. The C8A and C10A-modified mixtures appeared similar to their initial
appearance after sonication. After 8 hours, the C6A and C8A-modified mixtures appeared
nearly identical in color, indicating some flocculation had occurred in the C6A-modified
HA mixture. The only change in appearance over the next 160 hours was the slight loss
of color for the C4A and C8A-modified HA mixtures, otherwise the color of the other
mixtures remained unchanged. The C10A-modified HA mixture had minimal flocculation
throughout the entire timespan.
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Figure 9: Flocculation analysis images of amide-modified humic acid mixtures. [Left to right] The C4A,
C6A, C8A, and C10A-modified humic acid samples at A) time = 0 hours, B) time = 1 hour, C) time = 8
hours, D) time = 24 hours, E) time = 48 hours, F) time = 168 hours.

FTIR Characterization
The FTIR spectra for the amide-modified HA samples are shown below in Figure
10. The aliphatic C-H stretching vibration at 2930 cm-1 is distinct in the C4A-modified
HA sample spectrum. The C=O carbonyl stretch for the C4A-modified HA is at
approximately 1700 cm-1. The large sp2 hybridized C=C alkene stretch is at 1620 cm-1.
The carbonyl peak is more evident relative to the aromatic alkene peak as the amide
chain length increases. Based on the spectra and other data, the butylamine was likely not
as effective for thermal amidation of HA. This is likely the explanation for the
inconsistency in the FTIR spectrum compared to other spectra.
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Figure 10: FTIR spectra of amide-modified humic acid samples. The intensity values have been adjusted
for comparison purposes.

The peak positions for the alcohol stretch (O-H), the sp2 and sp3 carbon stretch (CH), and the carbonyl stretch (C=O) are shown below in Table 4.

Table 4: FTIR peak positions of amide-modified samples. Peak positions for the alcohol stretch (OH), sp 2
and sp3 stretch (C-H stretch), and the carbonyl stretch (C=O).
Peak Position (cm⁻ ¹) Pure Humic Acid
O-H Stretch
3400.08
C-H Stretch
2930.66
C=O Stretch
1686.48

Butyl Amide
3384.38
2930.66
1695.04

Hexyl Amide
3400.05
2926.36
1703.59

Octyl Amide
3382.93
2926.36
1703.59

Decyl Amide
3400.05
2926.36
1709.30

The alcohol peak for the pure HA seems to have a slightly higher wavenumber
than the C4A and C8A-modified HA samples. The C-H peak appears at approximately
2930 cm -1 for all the samples. The carbonyl peak position increases from C4 (1695 cm-1)
to C10 (1709 cm-1) amide-modified samples. The sp2 hybridized carbon to carbon double
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bond peak is very distinct between 1550 - 1650 cm-1, and the carbon to oxygen vibrations
peaks at 1100 and 1390 cm-1 are also present to a lesser degree in all spectra. This is in
agreement with similar peaks in previous FTIR characterization of GO.65 The C10Amodified HA spectrum shows little to no alcohol peak. The C6A and C8A-modified
alcohol and C-H peaks are nearly identical, and their transmission baselines have similar
slopes. This may indicate that the extent of amidation of the HA may have varied with
increasing amine chain length, or that a combination of effects including limited
amidation HA with longer alkyl chains resulted in similar FTIR peaks for the various
amide-modified HA samples. Since HA’s structure inherently varies, it could be directly
related to a lower percentage of available carboxylic acid sites in the specific sample.

TGA Results
Shown below in Figure 11 is the TGA analysis of pure humic acid. The weight
percentage is shown by the blue line and 1st derivative of weight loss is shown by the
orange line. There are two distinct peaks in the 1st derivative of weight loss showing high
rates of mass reduction. These are followed by a consistent mass reduction from 260 700 oC. No weight loss occurs until approximately 900 oC. The first peak showing large
rates of mass reduction is at 65 oC, where adsorbed water begins to be removed. The
second is at 245 oC where the labile oxgen functional groups are pyrolyzed. These are
converted to CO and CO2 gas at around 200 oC.66 The pattern of weight loss is similar to
those reported in literature for highly-aromatic HA.67-69 Alternatively, HA composed
primarily of aliphatic components with low degrees of aromaticity show a greater mass
reduction, with final masses of less than 20% of the starting mass of HA above
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temperatures of 600 oC. J. David et al. identified larger overall TGA mass reduction
percentages for HA originating from topsoil, consisting of a lower degree of aromatic
character.70

Figure 11: TGA ramp for pure humic acid. Weight percentage relative to temperature (blue line), and the
1st derviative of weight loss relative to temperature (orange line).

A representative ramp and isotherm of pure humic acid is shown below in Figure
12. In Table 5 below, the TGA are the mass reduction percentages for 3 samples of HA
for each temperature range between isotherm temperature points, their average, standard
deviation, and standard error values.
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Figure 12: TGA ramp and isotherm of pure humic acid.

Table 5: TGA mass reduction percentages for pure humic acid. Percentage lost for temperature ranges
between isotherm points, the average values, standard deviation, and error for three humic acid samples.

Mass Reduction %
Humic Acid
Trial 1
Trial 2
Trial 3
Average
Standard Deviation
Error

0-100 ⁰C
6.13
6.84
7.82
6.93
0.85
0.49

100-225 ⁰C
23.35
24.14
23.41
23.63
0.44
0.25

225-450 ⁰C
21.52
18.37
19.24
19.71
1.63
0.94

450-1000 ⁰C
18.26
13.41
13.89
15.18
2.67
1.54

The largest mass reduction of 23.63% appears in the 100 - 225 oC range. The
second largest mass reduction of 19.71% occurred between 225 - 450 oC. The standard
deviation of mass reduction for the water loss and pyrolysis of oxygen groups were low
at 0.848% and 0.439% respecively. Aliphatic decomposition occurs between 225 - 450
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C, as supported by K. Kavithaa et al. who found degradation of polymer chains attached

to nanoparticle surfaces at the same temperature range.71 The standard deviations for
mass reduction for alkyl chain decomposition and aromatic chain decomposition were
larger at 1.628% and 2.674% respectively. This information indicates that the greatest
inherent variation between HA samples originate from varying HA percent compositions
of aliphatic groups and the degree of aromaticity in the sample. The average mass
percentage remaining of humic acid at 1000 oC was 34.5%.
Shown below in Figure 13 is the comparison of the weight loss profiles of the
various amide-modified HA samples obtained from the TGA, as well as pure HA. The
weight loss percentages for all samples for the various temperature ranges of the TGA
program are shown below in Table 6.
The TGA analysis for the C6A, C8A, and C10A-modified HA samples follow a
similar pattern. The C4A-modified HA weight loss pattern is unique. The C4A-modified
HA follows a pattern similar to the original HA, with approximately 30% weight lost
before temperatures above 225 oC. This is attributed to the incomplete amidation of HA
with butylamine due to the low boiling point of the solvent (77 oC) and its inability to
remain in the liquid phase at reflux temperatures necessary (160 oC) to induce thermal
amidation. The C4A-modified HA did show an increase in weight lost in the 225 - 450 oC
temperature range of 12% more than humic acid. 12.45% weight was lost from 450 1000 oC for the C4-modified HA, which was greater than the weight lost for the larger
amide chains in this range.
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Figure 13: TGA mass reduction profiles for amide-modified humic acid samples. The heat program
ramped from room temperature to 1000 oC. Isotherm temperatures of 100, 225, and 450 oC with 20 minute
hold times.

Table 6: TGA mass reduction percentages for amide-modified humic acid samples. Percentage lost for
pure humic acid and the amide modified HA samples analyzed from the temperature ranges of 0 - 100 oC,
100 - 225 oC, 225 - 450 oC, and 450 - 1000 oC.

Mass Reduction %
Humic Acid

0-100 ⁰C
6.93

Butyl Amide-Modified HA
Hexyl Amide-Modified HA
Octyl Amide-Modified HA
Decyl Amide-Modified HA

4.67
0.62
0.80
0.25

100-225 ⁰C 225-450 ⁰C 450-1000 ⁰C
23.63
19.71
15.18
28.91
2.50
1.83
4.43

31.77
48.11
70.22
86.15

12.45
8.32
4.26
8.52

The C6A, C8A, and C10A-modified HA samples lost less than 1% weight from 0 100 oC. This implies that almost no moisture was adsorbed on the dried samples between
the drying process and TGA analysis. The weight lost in the 100 - 225 oC temperature
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range was less than 5% for all the longer chain amide samples. The majority of this
weight loss occurs at or close to 225 oC, this is due to the pyrolysis of the labile oxygenbased functional groups such as phenols and unreacted carboxylic acids. The extent of
amidation based on these percentages appears to be 81 - 92% of the total carboxylic acid
sites. A distinct increase in weight lost with respect to amide chain length is apparent for
weight lost in the 225 - 450 oC region. C6A-modified HA lost 16.34% more of its
respective total weight than C4A-modified HA. C8A-modified HA lost 22.11% more of
its respective weight than C6A-modified HA. C10A-modified HA lost 15.93% more of its
respective weight than C8A-modified HA. The weight loss for the 450 - 1000 oC
temperature range was less than 13% for these samples.
The percentage of weight loss from 225 - 1000 oC can be taken with respect to the
molar mass of the amide chains decomposed (approximately 72, 100, 128, and 156 g/mol
for C4A, C6A, C8A, and C10A-modified HA respectively) to compare the expected mass
reduction based on chain length. Based on the mass reduction percentages of 44.1, 56.4,
74.5, and 94.7%, the obtained ratios are 0.58, 0.56, 0.58, and 0.61 for C4A, C6A, C8A,
and C10A-modified HA. The similarity between ratios indicates that the weight loss
percentages are reasonable compared to the expected increase of mass reduction based on
longer amide chain decomposition.
The concentration determination TGA trials for all of the amide-modified HA
and kerosene mixtures are shown below in Figure 14.

41

Figure 14: TGA mass reduction profiles for amide-modified humic acid mixture loading percentage
determination.

The average percentage of amide-modified HA in these samples was 7.16%. The
C6A-modified sample had the lowest percent of 5.18%, and the C10A-modified HA
mixture had the highest percent of 10.51%. There does not appear to be a distinct pattern
of weight loss for the amide-modified samples. This can be attributed to large TGA
temperature ramp rates relative to solvent evaporation rates. The C6A and C10A-modified
HA mixtures show the most similar patterns with significant weight loss below the
solvent boiling point and slower rates of weight loss near the ending temperature of the
TGA program. The C4A-modified HA mixture shows a consistent weight loss rate for the
entire heating process. C8A-modified HA mixture loses a significant amount of weight,
around 18%, after the TGA has reached its isothermal temperature.
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SEM Characterization
In Figure 15 are SEM images of a HA particle at different stage tilt angles. The
particle dimensions are approximately 1200 nm x 800 nm x 100 nm. The sheet-like
morphology inherent to HA extracted from leonardite can be seen in the images. In the
image from a tilted stage angle, the sheet appearance is more pronounced near the edge of
the particle, where more than one layer can be seen on the far end of the particle and
separated layers can be seen on the side of the particle closest to the detector.

Figure 15: SEM images of a humic acid particle. Images collected at A) 0 degrees stage tilt and B) 52
degrees stage tilt.

The images of C4A, C6A, C8A, and C10A-modified HA particles are shown below
in Figure 16. The C4A-modified HA aggregate appears to be composed of much smaller
sheets that vary from 200-800 nm in length and width. The C6A and C8A-modified
particles appear to be uniform and are composed of large sheets stacked directly on top of
each other. These are limited examples of the images obtained. All samples had a

43

distribution of larger sheet particles and other particles composed of many smaller HA
sheets aggregated into similar shapes. The C10A-modified product could not be
completely dried without reaching temperatures that induced decomposition of the
oxygen containing functional groups, above 225 oC. The sample appeared primarily as
small droplets of decylamine (containing amide-modified HA) on the silicon wafer. To
analyze the HA component of the sample, a focused ion beam with a gallium source was
used to mill into the droplets and leave the HA behind by removal of the gelatinized
decylamine. The focused ion beam was operated at 30 kV at an amperage of 0.28 nA for
a period of 2 minutes to remove the decylamine. This amperage and duration of ion beam
exposure was determined by varying exposure times until an acceptable amount of
decylamine removal was attained without milling into the silicon substrate. The darker
regions of the image represent the sheet size, and appear to be in good agreement with
traditional sheet sizes of approximately 300 - 700 nm in lateral dimensions. The edges of
the sheets appear to have bright small spots that appear to be crystalline. These spots are
most likely composed of unreacted alcohol or oxygen containing species stabilized by
ionic interaction with cations such as ammonium or sodium salts in small quantities from
extraction processes.
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Figure 16: SEM images of amide-modified humic acid samples. A) C4A-modified humic acid, B) C6A modified humic acid, C) C8A-modified humic acid, D) C10A-modified humic acid.

EDS Results
The EDS results for the amide-modified HA samples are shown below in Table 7.
The excitation region induced from this method is not limited to any specific region of
the sample but is instead a tear-drop shape penetrating the sample and the substrate up to
depths of greater than 1 micrometer. In an attempt to reduce this effect, many of the EDS
measurements were taken while the sample was at a 52o angle relative to the incident
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beam of electrons. This should cause more excitation of the sample as opposed to
accumulation of secondary electron signals originating from the substrate.
The C10A-modified HA sample does not appear in the table since it had to be ionmilled to show the modified humic acid morphology. If EDS had been performed on the
C10A-modified HA the error would be too large to report since the HA sheet thickness
would be small relative to the excitation region induced via the electron source of the
SEM, meaning the majority of the signal would come from the silicon substrate. If the
sample had not been exposed to the ion beam, then EDS analysis would have yielded
information primarily from gelatinized decylamine and still would not give accurate
results for the modified HA. There is a decrease in C/O ratio as amide chain length
increases, which is unexpected. This may be caused by sterically favored interactions
between smaller amine chains and HA binding sites, resulting in a higher carbon to
oxygen ratio for smaller chains. Additional EDS characterization is necessary to support
this postulation. Oxygen and nitrogen are both present in similar percentages, which is a
good indication that approximately half of the carboxylic acid oxygen atoms were
replaced by nitrogen. This indicates successful amidation of the HA.

Table 7: EDS analysis of amide-modified humic acid samples. The table shows carbon, oxygen, and
nitrogen atomic percentage content, standard error values, the carbon to oxygen ratio, its standard error
value, the carbon to nitrogen ratio, and its standard error value.
Pure Humic Acid

% Carbon Standard Error % Oxygen Standard Error % Nitrogen Standard Error C/O Ratio Ratio Error C/N Ratio Ratio Error
79.44
1.90
20.56
1.90
N/A
N/A
3.86
1.02
N/A
N/A

Butyl Amide-Modified HA 78.18
Hexyl Amide-Modified HA 80.41
Octyl Amide-Modified HA 69.17

2.00
1.29
2.40

10.19
11.77
18.29

0.98
1.04
3.24

11.63
7.82
12.54
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1.08
0.47
1.22

7.67
6.83
3.78

0.99
1.00
0.70

6.72
10.29
5.52

0.73
0.77
0.49

Bomb Calorimetry
Accurate results from bomb calorimetry require calibration and determination of
the calorimeter constant and verification of the quality of the data by performing
combustion experiments on materials with established ΔHm values. The calorimeter
constant was calculated to be 10.2448 kJ/oC, with a standard deviation of 0.0086 as
calculated by using benzoic acid pellets for combustion. The value for the ΔHm for
naphthalene was calculated to be -5155.80 kJ/mol with a standard deviation of 2.91. This
value is in agreement with the literature value for ΔHm for naphthalene of -5153.89
kJ/mol as determined by M. R. Holdiness.72 Combustion values, standard deviations, and
standard errors for pure kerosene, decylamine, and HA are shown below in Table 8.

Table 8: Combustion energy data for reaction components. Combustion energy values, standard deviation,
and standard error values for kerosene, decylamine, and humic acid.

Pure K-1 Kerosene
Decylamine
Pure Humic Acid

Combustion Energy (kJ/g)
-45.97
-44.04
-14.33

Standard Deviation Standard Error
0.08
0.05
0.28
0.16
0.05
0.03

The combustion energy of -14.33 kJ/g (or MJ/kg) is comparable to that of pure
lignite (coal) which is -20.8 kJ/g.73 The obtained combustion energy value for kerosene is
between the listed lower heating value and higher heating value for commercial kerosene
of -43.1 MJ/kg and -46.2 MJ/kg.74 This value was converted to -7814.24 kJ/mol (based
on the assumed molar mass of 170 g/mol as previously discussed) for use in calculations
to determine hypothetical ΔHm values for mixtures.
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In Figure 17, the relationship between percent variation from hypothetical
combustion values and amide chain length is shown. In Table 9, the hypothetical ΔHm
mixture values, average obtained ΔHm values, percent variation, standard deviations,
standard error, and percent error values for the amide-modified HA samples are shown.

Figure 17: Amide-modified humic acid chain length effect on mixture ΔHm. Amide chain length is shown
on the x-axis and the percent variation from hypothetical ΔHm values and their associated error ranges are
shown on the y-axis.

Table 9: ΔHm data for amide-modified humic acid mixtures. The hypothetical mixture ΔHm, average
obtained ΔHm values, percent difference, standard deviation, standard error value, and percent error for all
amide-modified humic acid products.

Hypothetical ΔHm (kJ/mol)
Butyl Amide-Modified HA
-7591.70
Hexyl Amide-Modified HA
-7563.42
Octyl Amide-Modified HA
-7711.74
Decyl Amide-Modified HA
-7782.81

Obtained ΔHm (kJ/mol) % Difference Std. Dev.
-7518.98
-0.96
35.89
-7578.69
0.20
11.55
-7772.17
0.78
22.97
-7853.09
0.90
18.83

48

Error
20.72
6.67
13.26
10.87

% Error
0.27
0.09
0.17
0.14

The obtained average ΔHm for the C4A-modified HA mixture showed a decrease
from theoretical ΔHm value by almost 1 percent. The C6A-modified HA improved
performance by approximately 0.2%. The C8A-modified sample improved the ΔHm the
by an increase of 0.78%. The C10A-modified HA improved the theoretical value by
0.90%. The relationship appears to be asymptotic, implying that there is a limit to the
degree of combustion enhancement achievable based on increasing carbon chain length
of the amide.
In Table 10 are the values for combustion residue left in the crucible after set of
combustion trials.

Table 10: Combustion residue data for amide-modified humic acid mixtures.
Average Carbon Residue (g) Standard Deviation Standard Error
Pure 1-K Kerosene
0.0012
0.0002
0.0001
Butyl Amide-Modified HA
0.0018
0.0003
0.0002
Hexyl Amide-Modified HA
0.0014
0.0009
0.0005
Octyl Amide-Modified HA
0.0016
0.0008
0.0004
Decyl Amide-Modified HA
0.0009
0.0001
0.0001
.

There was no clear trend in combustion residue relative to alkyl chain length of
the amide-modified samples. The lowest value for combustion residue was produced by
the C10A-modified product. The error associated with the scale used was listed as 1 mg,
and none of the values are separated by more than +/-1 mg from the average carbon
residue left from the pure 1-K kersosene. Incorporation of the modified HA did not have
any significant impact on reducing combustion residue.
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To determine the effect amide-modified HA loading percentage on the ΔHm, the
C8A-modified HA was used to make four solutions of varying loading percent. The
percent loading of the solutions was 0.05, 0.1, and 1% (in addition to the results of the
0.36% mixture mentioned previously). The results of the combustion experiments are
shown below in Figure 18. The values of the theoretical ΔHm, obtained ΔHm, percent
variation between the theoretical and obtained values, standard deviation, standard error,
and percent error are shown in Table 11.
The relationship between amide-modified HA loading percentage and effect on
combustion is complex based on the trend shown in Figure 19. Metallic nanoparticles
tend to increase energy density as nanoparticle loading increases, and metal oxide
nanoparticles tend to decrease energy density as nanoparticle loading increases.75 The
amide-modified HA appears to increase ΔHm initially and then decrease ΔHm at a linear
rate. The smallest loading percentage of 0.05% increased the molar ΔHm by nearly 0.6%,
but this was less than the increase shown by the 0.1% loading percentage, which was
approximately 1.15%. As loading percentage increases, it appears to hinder combustion
efficiency. The 1% loading percentage showed the smallest increase over expected values
at only 0.14%. This could be attributed to a limited accessibility to oxygen functional
groups on HA sheets, which catalyze combustion. When aggregation is induced by
reduction of free solvent volume between HA sheets, a larger percentage of these
functional groups are obstructed during combustion. The data suggests that smaller intraparticle solvent volume is detrimental to combustion efficiency. Excess intra-particle
solvent volume appears to limit combustion efficiency by reducing the total number of
HA sheets in solution to stabilize combustion intermediates.
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Figure 18: Varying loading percentage effect on mixture ΔHm for octyl amide-modified humic acid.
Loading percentage is shown on the x-axis and percent variation of obtained combustion values from
hypothetical ΔHm values and their associated error ranges is shown on the y-axis.

Table 11: ΔHm data for varying loading percentages of octyl amide-modified humic acid mixtures. HA
loading percentages, the hypothetical ΔHm, the average obtained ΔHm, the percent difference between the
values, the standard deviation of the obtained values, their error, and percent error.

Octyl Amide-Modified HA % Hypothetical ΔHm (kJ/mol)
0.05
-7800.61
0.1
-7786.71
0.36
-7711.74
1
-7535.12

Obtained ΔHm (kJ/mol) % Difference Std. Dev.
-7845.78
0.58
14.29
-7876.00
1.15
1.33
-7772.16
0.78
22.97
-7545.84
0.14
2.86

Error % Error
8.25
0.11
0.77
0.01
13.26
0.17
1.65
0.02

The values for combustion residue for varying C8A-modified HA loading
percentage combustion are shown below in Table 12.
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Table 12: Combustion residue data for varying loading percentages of octyl amide-modified humic acid
mixtures. HA loading percentage, average remaining carbon residue after combustion, the standard
deviation, and standard error values for varying loading percentages.
Octyl Amide-Modified HA % Average Carbon Residue (g)
0.05
0.0018
0.1
0.0012
0.36
0.0016
1
0.0025

Standard Deviation
0.0004
0.0004
0.0008
0.0004

Standard Error
0.0001
0.0002
0.0004
0.0002

All combustion residue values for varying C8A-modified HA loading percentages
were nearly within 1 mg of each other. The 3 larger loading percentages show an increase
in residue as percent loading increases. The 0.05% mixture does not follow that pattern.
The incorporation of the C8A-modified humic acid had no significant impact on reducing
combustion residue.

ESTER-MODIFIED HUMIC ACID SAMPLES
Extraction
The extraction results of the short alkyl chain esterification products are shown
below in Figure 19. The short alkyl chain ester-modified products include methyl ester
(CE), ethyl ester (C2E), and butyl ester (C4E) modified HA. The CE and C2E-modified
HA products displayed minimal HA extraction to the organic portion. This portion
appeared discontinuous and contained bubbles. The C4E-modified product showed that
almost the entirety of the HA transferred to the organic portion. The interface appeared
discontinuous. An increase in reaction time from 6 hours to 48 hours resulted in a
complete transfer of the HA to the organic portion for the C4E. A continuous organic
layer without bubbles was observed (D in Figure 19). The increase in reaction time for
52

the CE and C2E products did not improve HA transfer or organic layer consistency. The
CE and C2E products were not characterized any further based on this observation.
Presumably, poor incorporation into organic solutions limited their viability as fuel
additives.

Figure 19: Extraction purification of short chain ester-modified humic acid samples. A) CE-modified HA,
B) C2E-modified HA, C) C4E-modified HA (6 hour reflux), D) C4E-modified HA (48 hour reflux).

Extraction results for the C4E, hexyl ester (C6E) , C8E, and decyl ester (C10E)modified HA products are shown below in Figure 20. The C6E and C10E-modified HA
samples showed an incomplete transfer of the HA to the organic layer, with the C10Emodified sample having a more pronounced residue left behind in the aqueous layer. The
HA remaining in the aqueuous portion was either unreacted or only partially estermodified and was not dispersible in the organic solvent. This is similar to the extraction
results for the C10A-modified HA. The C10E sample contained bubbles along the upper
level of the organic layer initially after mixing.
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Figure 20: Extraction purification of long chain ester-modified humic acid samples. A) C4E-modified HA,
B) C6E-modified HA, C) C8E -modified HA, D) C10E-modified HA.

Flocculation Analysis
The ester-modified HA samples were diluted 1-K kerosene based on the
percentage of HA remaining after the original HA loading percent was determined via
TGA analysis. The starting percentages, mass percentage compositions of solvent and
kerosene, and the resulting ester-modified HA percentages are shown below in Table 13.

Table 13: Ester-modified humic acid loading percent data for combustion mixtures. The original starting
percentages of ester-modified humic acid in their respective solvents as determined by TGA analysis, the
percentage of solvent used in the new dilution, the percentage kerosene used in the new dilution, and the
resulting percentage of modified humic acid of the new dilution.

Butyl Ester-Modified HA
Hexyl Ester-Modified HA
Octyl Ester-Modified HA
Decyl Ester-Modified HA

Original HA Loading %
2.51
3.36
1.85
3.65

% Solvent
14.42
10.88
19.66
10.00

% Kerosene Resulting HA Loading %
85.58
0.36
89.13
0.37
80.34
0.36
90.00
0.37

The ester-modified HA mixture flocculation analysis images are shown below in
Figure 21. Initial appearances of the solutions immediately after sonication are similar.
One hour later the C4E and C6E-modified HA samples displayed poor dispersibility in the
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nonpolar mixtures due to significant HA flocculation. The C6E-modified HA mixture
appeared lighter in color than its C4E counterpart. The C8E-modified HA displayed a
slight degree of flocculation at 1 hour. At 8 hours after sonication, the C8E-modified HA
appeared notably lighter in color while the C4E and C6E-modified aliquots showed little
change from the previous image. The C10E-modified product looked nearly identical to
its appearance immediately after sonication. At 24 hours the C4E-modified HA showed a
decrease in coloration as did the C6E-modified HA. At 168 hours the C8E-modified HA
showed additional flocculation of HA, but the C10E-modified HA appeared to still be
effectively dispersed in solution.

Figure 21: Flocculation analysis images of ester-modified humic acid mixtures. [Left to right] The C4E,
C6E, C8E, and C10E-modified humic acid aliquots at A) time = 0, B) aliquots at time = 1 hour, C) aliquots at
time = 8 hours, D) aliquots at time = 24 hours, E) aliquots at time = 48 hours, F) aliquots at time = 168
hours.
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FTIR Characterization
In order to measure the impact of an increase in reflux time, HA was estermodified with butanol for a period of 6 hours and a period of 48 hours (shown in Figure
22 as the blue and orange line, respectively). The increase in reflux duration decreased
the intensity of the peak at 3200 cm-1 and increased the intensity of the peak at
approximately 1715 cm-1 relative to the peak at 1620 cm-1. The decrease in absorption
around 3200 cm-1 could be attributed to a more complete conversion of the carboxylic
acid and alcohol functionalities to esters.

Figure 22: FTIR spectra of 6 hour and 48 hour reflux of butyl ester-modified humic acid. 6 hours (blue
line) and 48 hours (orange line) reflux times are shown.
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The increase of intensity around 2400 cm-1 is attributed to gaseous carbon dioxide
(CO2) present in the chamber of the instrument. A background scan is performed prior to
measurement and subtracted from the sample scan, but unless the chamber is purged with
inert gas this peak can be difficult to remove. The sp2 and sp3 C-H stretch peaks are
similar for both spectra. The small shoulder peak at 1715 cm-1 for the 6 hour reflux can
be attributed to carboxylic acid carbonyls. This peak shifts to the left and becomes more
pronounced relative to the peak of absorption around 1625 cm-1 for the 48 hour reaction
because of the increase in ester carbonyl content. The 1625 cm-1 peak is indicative of the
sp2 hybridized C=C aromatic stretch.
Shown below in Figure 23 is the comparison of the FTIR spectra for the estermodified HA samples and pure HA for comparison. The peaks for sp2 and sp3 C-H
stretch at 2930 cm-1 and carboxylic acids/esters become more pronounced from HA to
C4E-modified HA, and then substantially larger for C6E, C8E, and C10E-modified HA due
to the increase in carbon content from longer ester chains.
The peak positions for all the ester-modified HA samples are shown below in
Table 14.
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Figure 23: FTIR spectra of ester-modified humic acid samples. The intensity values have been adjusted for
comparison purposes.

Table 14: FTIR peak positions for ester-modified humic acid samples. Alcohol (O-H), sp2 and sp3 (C-H)
stretch, and carbonyl (C=O) peak positions.

Peak Position (cm⁻ ¹) Pure Humic Acid
O-H Stretch
3400.08
C-H Stretch
2930.66
C=O Stretch
1686.48

Butyl Ester
3447.16
2927.09
1709.31

Hexyl Ester
3421.46
2927.79
1715.01

Octyl Ester
3430.02
2927.79
1715.01

Decyl Ester
3427.16
2924.93
1722.14

The absorbance of the alcohol peak at 3400 cm-1 varies slightly from pure HA to
ester-modified HA with an apparent wavenumber increase in all esters. The C-H stretch
appears at 2930 cm-1 and is essentially identical for C6E, C8E, and C10E-modified HA.
The carbonyl peak at about 1685 cm-1 for pure HA increases in wavenumber from C4
(1709 cm-1) to C10 (1722 cm-1) ester-modified HA samples.
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TGA Results
In Figure 24 the weight loss profiles of the various ester-modified HA samples
obtained from the TGA and pure HA are shown. In Table 15, the percentage weight loss
values for the various ester-modified samples for the specified temperature ranges are
shown.
The percentage weight loss patterns for all ester-modified samples are similar. A
small amount of weight, less than 5%, is lost at 100 oC or lower due to adsorbed water
removal. This percentage is higher than the weight lost for the amide-modified HA
samples in this temperature range. This is reasonable because a decrease in oxygen
content of the humic acid due to the replacement of carboxylic acids with amides should
also decrease the dried samples’ affinity for moisture adsorption on the sample surface. A
larger weight percent, between 5 – 14%, is lost between 100 – 225 oC. Ester-modified
HA samples lost 21 – 60% of the weight that HA lost in the 100 -225 oC range. This
implies a carboxylic acid to ester conversion efficiency of 40 - 79%. The C4E and C10Emodified HA showed better carboxylic acid to ester conversion than the C6E and C8Emodified HA.
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Figure 24: TGA mass reduction profiles for ester-modified humic acid samples. Samples were heated from
room temperature to 1000 oC. Isotherm temperatures included 100, 225, and 450 oC with 20 minute hold
times.

Table 15: TGA mass reduction percentages for ester-modified humic acid samples. Percentage lost for
pure humic acid and ester-modified humic acid samples analyzed from the temperature ranges of 0 - 100
o
C, 100 - 225 oC, 225 - 450 oC, and 450 - 1000 oC.

Mass Reduction %
Humic Acid

0-100 ⁰C
6.93

Butyl Ester-Modified HA
Hexyl Ester-Modified HA
Octyl Ester-Modified HA
Decyl Ester-Modified HA

3.58
2.68
4.22
1.76

100-225 ⁰C 225-450 ⁰C 450-1000 ⁰C
23.63
19.71
15.18
5.18
14.26
8.76
5.11

41.01
38.54
40.39
51.11

21.07
16.02
19.65
18.31

The most significant percent weight loss occurs between 225 – 450 oC (38 –
51%). There is not a distinct trend from C4E to C10E-modified HA in percent weight lost
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at this range. C10E-modified HA has the largest percent loss, suggesting the largest
increase in aliphatic characer occurred in this sample. All of the ester-modified products
show an increase in weight lost in this region compared to the original HA.
The percentage of weight loss from 225 - 1000 oC was taken with respect to the
molar mass of the ester chains decomposed as a ratio (molar masses of approximately 74,
102, 130, and 158 g/mol for C4E, C6E, C8E, and C10E-modified HA respectively). Based
on the mass reduction percentages of 62.08, 54.56, 60.04, and 69.42%, the obtained ratios
are 0.8389, 0.5349, 0.4618, and 0.4394 for C4E, C6E, C8E, and C10E-modified HA. The
C6E, C8E, and C10E-modified ratios are similar. The C4E ratio is significantly higher.
This would indicate that the C4E-modified HA had a much higher conversion efficiency
of carboxylic acid groups to esters.
The explanation for the C4E-modified product having a larger weight loss for
ester chain decomposition due to the better miscibility of butanol with water than the
other alcohol chains should be addressed. The miscibility of butanol with water is 74.4
g/L, while hexanol, octanol, and decanol miscibility are 6.26, 0.58, and 0.032 g/L
respectively.76 The acid-driven esterification of the product causes HA to flocculate in
solution. In the esterification reactions, a 3-phase reaction system consists flocculated
HA, the alcohol, and water. This limits the alcohol interaction with the HA. Butanol is
primarily found in the aqueous portion of the mixture. The partitioning hinders the
esterification process. The butanol and hexanol miscibility with water makes the reaction
system closer to a 2-phase system. Reduced reflux time and temperature necessary to
attain higher percentage conversion of the carboxylic acid groups to esters may be
utilized.
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The percent weight loss for ester-modified HA samples from 450 – 1000 oC was
between 16 – 21%. Smaller size aromatic regions begin to decompose at the lower end of
this temperature range while larger size aromatic portions begin to decompose between
800 - 1000 oC. There is not a notable trend for this region. The percentage of carboxylic
acids and extent of aromaticity for each HA sample varies and may be the cause for the
lack of distinct trends.
The HA loading percent determination TGA trials for all of the ester-modified
HA products are shown below in Figure 25.

Figure 25: TGA mass reduction profiles for ester-modified humic acid mixture loading percentage
determination.
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The average percentage of modified HA in these samples was 2.84%. They
ranged from 1.85% for C8E-modified HA to 3.65% for C10E-modified HA. The weight
loss patterns are similar for all samples. The C8E-modified product lost weight at a
slower rate than the C10E-modified product.

SEM Characterization
The images of C4E, C6E, C8E, and C10E-modified HA particles are shown below
in Figure 26. The plate-like morphology appears to be consistent between samples. There
is variation in aggregate size and orientation. The C4E-modified sample appears as
interconnected sheets and some pseudo-spherical particles. The C6E sample appears
flatter and thicker by comparison. The C8E and C10E samples appear to grow larger
laterally than smaller chain ester-modified HA, and maintain a similar thickness.
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Figure 26: SEM images of ester-modified humic acid samples. A) C4E-modified humic acid, B) C6Emodified humic acid, C) C8E-modified humic acid, D) C10E-modified humic acid.

EDS Results
In Table 16, the energy dispersive X-ray spectroscopy (EDS) values for carbon
and oxygen atomic composition, associated error values, carbon to oxygen ratio, and ratio
errors for the original HA and ester-modified HA samples are listed. These calculations
consider carbon and oxygen and negate values obtained for silicon (substrate). If a large
silicon oxide layer was present on the substrate, a control measurement was taken. The
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additional oxygen content was subtracted from the oxygen values obtained from the
humic acid. EDS is not a quantitative measurement.

Table 16: EDS analysis of ester-modified humic acid samples. Carbon and oxygen content, standard error,
carbon to oxygen ratio, and its standard error value.
Pure Humic Acid

% Carbon
5.50

% Oxygen
11.17

Standard Error
1.02

C/O Ratio
0.49

Standard Error
0.57

Butyl Ester-Modified HA
Hexyl Ester-Modified HA
Octyl Ester-Modified HA
Decyl Ester-Modified HA

90.73
93.17
88.68
85.99

9.27
6.83
11.32
14.01

1.32
1.24
0.45
0.80

9.79
13.64
7.83
6.14

1.83
1.24
0.45
0.39

The carbon percentage increases as chain length increases with the same degree of
esterification for each experiment. All of the carbon atomic percentage compositions
increased compared to HA, though not with respect to chain length. The highest
percentage of carbon was found in the C6E-modified product. This product had the
largest weight loss percentage for the TGA analysis in the temperature range of 100 - 225
o

C, where the carboxylic acids are converted to CO and CO2. C4E and C10E-modified HA

had the smallest weight reductions in this range implying better carboxylic acid to ester
conversion. Only the C4E-modified HA has EDS results that are in agreement with this.
The C10E-modified HA EDS does not follow that trend. These EDS results can vary due
to the inaccuracy of the measurements and the inherent inconsistency in carbon and
oxygen content of any humic acid sample. Greater accuracy can be achieved by obtaining
as many measurements as possible. Some of these results are based on data points taken
from a limited number of particles.
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Bomb Calorimetry
In Figure 27, the percent variations from hypothetical ΔHm values for the C4E,
C6E, C8E, and C10E-modified HA products are recorded. In Table 17, the theoretical ΔHm
values for the mixtures, the obtained ΔHm values, the percent difference, standard
deviation of the measurements, standard error, and percent error for all trials are
recorded.
The ester-modified trend initially shows a negative impact on combustion
enthalpy for the C4E. The performance decreased by almost 3%. The C6E-modified HA
mixture product improved ΔHm by approximately 0.3%. The C8E improved the
performance by 0.13%. The C10E-modified HA improved performance by 0.55%. The
trend is not asymptotic, as the amide-modified HA trend was, implying that there may
have been a factor that contributed to poor performance of the C8E-modified HA. The
percentage error is not significantly large. A factor that lead to poor performance may
have originated from the synthesis quality of the C8E-modified HA. All ester-modified
HA mixtures on average performed worse than the amide-modified HA samples.
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Figure 27: Ester-modified humic acid chain length effect on mixture ΔHm. Ester chain length is shown on
the x-axis, percent variation of obtained ΔHm values from hypothetical ΔHm values and their associated
error values are shown on the y-axis. The black diamonds indicate the data points and the dashed red line
indicates the overall trend.

Table 17: ΔHm data for ester-modified humic acid mixtures. Hypothetical ΔHm values, average obtained
ΔHm values, the percent difference, the standard deviation, error, and percent error.

Butyl Ester-Modified HA
Hexyl Ester-Modified HA
Octyl Ester-Modified HA
Decyl Ester-Modified HA

Hypothetical ΔHm (kJ/mol)
-7071.06
-7398.14
-7315.12
-7692.40

Obtained ΔHm (kJ/mol) % Difference Std. Dev.
-6862.67
-2.95
54.70
-7375.41
0.28
2.28
-7325.01
0.14
9.13
-7735.33
0.56
5.60

Error % Error
31.58
0.45
1.32
0.02
5.27
0.07
3.23
0.04

In Table 18, the combustion residue values for the ester-modified HA sample
combustion trials are shown.
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Table 18: Combustion residue data for ester-modified humic acid mixtures.
Average Carbon Residue (g) Standard Deviation Standard Error
Pure 1-K Kerosene
0.0012
0.0002
0.0001
Butyl Ester-Modified HA
0.0016
0.0002
0.0001
Hexyl Ester-Modified HA
0.0017
0.0004
0.0003
Octyl Ester-Modified HA
0.0020
0.0003
0.0002
Decyl Ester-Modified HA
0.0006
0.0003
0.0002

All combustion residue values for the ester-modified HA loading percentages
were within 1 mg of each other. The standard deviation values for combustion residue
from ester-modified HA samples appear lower on average than the amide-modified HA
sample combustion residue values. C10E-modified HA had the lowest residue after
combustion. No clear trend was apparent in these values.
To determine the effect of modified HA loading percentage on the ΔHm, the C8Emodified HA was used to make four solutions of varying loading percent. Comparison to
the C8A-modified HA was made. The percent loading of the solutions was 0.05, 0.1, and
1% (and the results from the original 0.36% C8E-modified HA mixture). The results of
the combustion experiments are shown below in Figure 28. The values of the theoretical
ΔHm, obtained ΔHm, percent variation between the theoretical and obtained values,
standard deviation, standard error, and percent error are in Table 19.
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Figure 28: Varying loading percentage effect on ΔHm for octyl ester-modified humic acid.

Table 19: ΔHm data for varying loading percentages of octyl ester-modified humic acid mixtures.
Hypothetical ΔHm values, the average obtained ΔHm values, the percent difference, the standard deviation,
standard error, and percent error.

Octyl Ester-Modified HA % Hypothetical ΔHm (kJ/mol)
0.05
-7746.12
0.1
-7677.86
0.36
-7315.12
1
-6425.23

Obtained ΔHm (kJ/mol) % Difference Std. Dev.
-7722.87
-0.30
9.78
-7709.19
0.41
10.61
-7325.01
0.14
9.13
-6331.90
-1.45
32.28

Error % Error
5.65
0.07
6.12
0.08
5.27
0.07
18.63
0.29

The trend shown in the graph is nearly identical to the trend shown for the C8Amodified HA performance with respect to loading percentage. The graph is shifted lower
due to poorer overall enhancement of the fuel mixture. The lowest and highest loading
percentages of C8E-modified HA showed a decrease in ΔHm compared to the theoretical
values, at -0.31 and -1.46% respectively. The 0.1% percent solution showed the highest
percent improvement at an increase of 0.4% over the theoretical ΔHm value. The
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significant decrease of percent variation from 0.36% to 1% loading suggests that higher
levels of modified HA loading negatively impact effective combustion processes.
In Table 20, the combustion residue values for the C8E-modified HA sample
combustion trials are listed.

Table 20: Combustion residue data for varying loading percentages of octyl ester-modified humic acid
mixtures.
Octyl Ester-Modified HA % Average Carbon Residue (g) Standard Deviation Standard Error
0.05
0.0012
0.0004
0.0002
0.1
0.0014
0.0007
0.0004
0.36
0.0020
0.0003
0.0002
1
0.0033
0.0010
0.0006

As C8E-modified HA percent loading increased, there was an increase in
combustion residue. It does not appear to be significant, with an increase of only 2
milligrams from 0.05% and 1% loading. The standard deviation for the 1% loading
mixture combustion residue was the highest of all deviations recorded. This was the sole
set of combustion residue values that displayed a linear relationship between chain
length/loading percentage and combustion residue.

Fuel Additive Performance Comparison
Shown below in Table 21 is a legend showing the meaning of the symbols used to
compare the results of each modified HA sample. Shown in Table 22 are the symbols
indicating the quality of each modified-HA sample for each of the characterization
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techniques performed for this project, and the average overall quality rating (3 being the
highest rating) for each sample.

Table 21: Symbol legend for fuel additive quality determination. The significance of the symbols used for
quality comparison in Table 22 with respect to each characterization method performed.
Symbol

Degree of
Organic
Extraction
Little to no
extraction

Duration of
Organic
Dispersion
Suspended < 1
hour

++

Majority of
HA extracted

Suspended for 18 hours

+++

All HA
extracted

Suspended > 168
hours

+

FTIR Extent of
Reaction
Poor reduction of
OH/CH peak
Moderate
reduction of
OH/CH peak
Excellent
reduction of
OH/CH peak

TGA Alkyl
Weight Loss
Trend
Poor alkyl
modification

EDS Extent of
Reaction
Low C/O and
C/N ratios

Combustion
Enthalpy
Enhancement
Negative impact on
enthalpy

Moderate alkyl
modification

Moderate C/O
and C/N ratios

0 - 0.5% enthalpy
improvement

Excellent alkyl
modification

Excellent C/O
and C/N ratios

More than 0.5%
improvement

Table 22: Fuel additive quality determination. The values shown in the final row are the averages of the
symbol values for each sample with respect to the number of characterization methods performed for that
sample.
Characterization Type
Degree of Organic Extraction
Duration of Organic Dispersion
FTIR Extent of Reaction
TGA Alkyl Weight Loss Trend
EDS Extent of Reaction
Calorimeter Enthalpy Improvement
Overall Quality of Sample

Butyl Ester Hexyl Ester Octyl Ester Decyl Ester Butyl Amide Hexyl Amide Octyl Amide Decyl Amide
+++
++
+++
++
+
++
+++
++
+
+
++
+++
+
++
++
+++
+
+++
+++
+++
++
++
++
++
++
+
+
+++
+
++
++
+++
++
+++
++
+
++
++
+
N/A
+
++
++
+++
+
++
+++
+++
1.67
2.00
2.17
2.50
1.33
2.00
2.17
2.60

The comparison of results show that the larger chain alkyl modified samples
performed better on average than their smaller chain counterparts. Increased chain length
did not improve the degree of extraction. A reduction in solvent - HA interaction may
have limited the extent of ester or amide modification due to the significant differences in
rheology between larger alkyl chain solvents and water. Dispersion efficacy was optimal
for the larger chain modified-HA samples. All of the amides showed moderate
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conversion based on FTIR characterization. The O-H to C-H peaks were nearly identical
for all samples. The trend for the O-H to C=O peak intensities was more linear with
respect to chain length. TGA weight loss analysis showed the largest percentage of
attached alkyl chains for the C10 products. The EDS results for the C10A-modified HA
could not be obtained and therefore were not included in the table for comparison. The
calorimeter results were poor for the C4-modified HA samples, moderate for C6 and C8modified HA, and optimal for C10-modified HA samples.
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IV. CONCLUSIONS

Effective amidation and esterification of HA using amines and alcohols of
increasing carbon content was performed using a simple synthetic approach. Extraction
of the modified HA from an aqueous/organic mixture using water and the amine or
alcohol solvent appeared to be more successful for C6 and C8-modified HA samples. The
C4A-modified HA sample showed no extraction and both C10-modified HA samples
showed incomplete extraction.
The expectation that longer ester and amide alkyl chain lengths would improve
dispersion in the solutions appeared to be correct but not predictable. The C6E-modified
HA mixture showed early onset flocculation. The C6A-modified HA mixture remained
suspended. Dispersion efficacy for C4-modified HA products was very poor. Dispersion
of the C8-modified HA products was good but showed some flocculation after several
hours. Dispersion of the C10-modified HA products was successful. After one week
almost no flocculation occurred.
TGA results showed an increase in carbon chain loss for ester and amidemodified HA samples compared to HA at 225 – 450 oC. Covalent bonding to carboxylic
acid sites to form the ester or amide is consistent with the TGA. The trend for an increase
in carbon chain weight percentage was true for the amide products. EDS results showed
larger C/O or C/N ratios for the modified HA products compared to pure HA. An
increase in C/O or C/N ratios for longer chain esters and amides was not definitive. The
qualitative nature of EDS and the high level of error in atomic percentage estimates
contributed to the lack of consistency.
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The effect of modified HA as a fuel additive in 1-K kerosene indicated that C4modified HA products had a negative effect on ΔHm. Their tendency to flocculate
immediately and decrease surface oxygen-containing group to volume ratios upon
aggregation compromised performance. C6-modified HA showed a small increase in ΔHm
values. C8-modified HA performed better for the amide product when compared to the
ester product. The C8E product performed slightly worse than the C6E product. C10modified HA showed the largest percent increase from hypothetical ΔHm values.
Increased carbon chain length improved the percent variation of ΔHm values, but not in a
linear fashion. The relationship appears to be asymptotic for the amide-modified HA
mixtures. The ester-modified HA mixtures showed an increase in ΔHm from C4E to C6E,
then a decrease from C6E to C8E, then an increase again from C8E to C10E. Varying
loading percentage of the modified-HA showed that either the smallest loading
percentage of 0.05% or the highest loading percentage of 1% had a slight increase on
ΔHm values for the amide-modified HA mixtures, or a negative impact for the estermodified HA mixtures. The 0.1% and 0.36% showed a greater improvement on the ΔHm
of the mixtures, with the 0.1% loading having the maximum improvement between
loading percentages. The 0.1% solution was about 1.5 to 3 times better than the 0.36%
solution.
The comparison of modified HA quality indicates that the C10-modified HA
products are the most viable option for effective incorporation into fuel for enhancement
of fuel combustion. Their long-term suspension and increase of combustion energy at
small loading percentages shows promise for fuel enhancement. The cost-effective nature
of modified HA materials makes it a promising fuel additive.
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Parameters such as reflux time, reflux temperature, ambient reaction gaseous
atmosphere, and extraction method should be optimized to maximize ester or amide
yield. This would improve the quality of the final modified-HA product. Further
combustion trials would benefit this research. Dilutions of the C4, C6, and C10-modified
HA samples ranging from 0.01% to 2% could be utilized to identify the maximum
increase in ΔHm and further the understanding of the relationship between loading
percentage, dispersibility, and the relationship between loading percentage and
combustion enthalpy. Large volume fuel combustion analysis would also allow for more
definitive evaluation of combustion residue created by combustion of kerosene mixtures
containing modified-HA additives.
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SEM IMAGES
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