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ABSTRACT: In this work, we have focused on the effect of
highly acidic (0.2 M H2SO4), neutral (H2O), and basic (0.2 M
NaOH) solutions with and without the addition of 0.2 M
(NH4)2SO4 on the chemical and structural morphologies of
hydrothermally formed carbon spheres (hydrochar) from
sucrose at 200 °C for 4 h. Hydrolysis product yields without
the addition of (NH4)2SO4 varied considerably (11.34 wt %
H2SO4, 47.81 wt % H2O, and 3.54 wt % NaOH) as did
spherical size (3.34, 4.57, and 6.63 nm for H2SO4, H2O, and
NaOH, respectively). The addition of (NH4)2SO4 increased
product yields considerably in acidic and basic conditions
(27.76 wt % H2SO4 and 14.73 wt % NaOH). Chemically, the
hydrochars had a carbon content between 60 and 70 wt % and oxygen content between 22% and 29% with alcohol groups
(12.29, 15.44, 11.26 atom % for H2SO4, H2O and NaOH respectively) the main oxygen functionality, although carbonyls,
carboxylic acids, and ketones were also present. These oxygen functionalities fluctuated with the presence of (NH4)2SO4, with
reductions in alcohols (1−3 atom %) and ketones (1−3 atom %), and increases in carboxylic acids. Nitrogen was located in
pyridinic, pyrrolyic, and quaternary groups (6.24, 3.22, and 9.41 atom % for H2SO4, H2O, and NaOH, respectively). GC-MS
revealed that levulinic acid was the predominate byproduct.
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■ INTRODUCTION

The development of carbon materials from renewable sources
has been growing in interest in the areas of environmental
science and energy storage as a low-cost, environmentally
friendly, and nontoxic solution to energy storage, carbon
sequestration, environmental remediation, and soil improve-
ment.1−3 As a result, a number of technologies have been
developed to produce novel carbon materials involving
approaches such as high temperature pyrolysis, arc discharge,
chemical vapor decomposition, and hydrothermal treatment.4,5

Additionally, the incorporation of nitrogen into carbon
materials has been shown to contribute to enhanced electrical
conductivity,6 improved oxidation resistance,7 changes in
adsorption properties, and enhanced agronomic perform-
ance.8−11

Each of the aforementioned technologies have been
developed to incorporate nitrogen into the carbon struc-
ture;6,12−16 however, hydrothermal carbonization holds a
particular environmentally advantageous position due to its
simple operation and mild reaction conditions,17 coupled with
the ability to exploit renewable biomass with minimal
pretreatment as a primary feedstock,18,19 representing a
significant energy saving over the entire process in comparison
to other carbonization techniques. Additionally, hydrothermal
carbonization yields a number of useful liquid products, such as
furfurals, aldehydes, and organic acids,20,21 which have the

potential to be reprocessed into biofuels leaving very few waste
products from the carbonization process.22

Currently, the hydrothermal carbonization of simple
monosaccharide and oligosaccharides has been studied largely
under pure water, with minimal investigation performed into
the modification of hydrochar through changes in pH or the
addition of nitrogen into the hydrothermal reaction. Addition-
ally, studies that have focused on pH modification primarily
examined the liquid solution finding that by shifting the pH
toward acidic or basic conditions a significant increase in
organic acid production occurs. Other recent studies in this
field have focused on the effect of various salts on hydrothermal
carbonization, finding that both the nature of the cation and
anion can have a significant effect on the degree of
carbonization, yield, and organic acid production.23,24

Therefore, the aim of this study is to understand the effect of
acidic and alkaline environments on the hydrochar produced by
the hydrothermal carbonization of sucrose using readily
available sulfuric acid and sodium hydroxide and then directly
comparing them to the hydrochar produced from pure water.
As previously stated, the incorporation of nitrogen into the
structure enhances a number of desirable properties for
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carbons, and as such, the potential to nitrogenate the
hydrothermal product using ammonium sulfate will also be
examined under these conditions.

■ EXPERIMENTAL SECTION
Raw Materials and Solution Preparation. A 0.2 M H2SO4 was

prepared from concentrated H2SO4 (Sigma Aldrich, 95−98%).
Similarly, 0.2 M NaOH was prepared from solid NaOH (Sigma
Aldrich, 97% pellets). Nitrogenated solutions were prepared by
dissolving solid ammonium sulfate into electrolytes of 0.2 M H2SO4,
0.2 M NaOH, or water to give a concentration of 0.2 M (NH4)2SO4.
Sucrose was also added to each solution until a concentration of 0.1 M
sucrose was achieved. All solutions were prepared with Milli-Q ultra
pure water (Table 1).
Hydrothermal Treatment. A 350 mL aliquot of the starting

solution was placed in a Teflon-lined steel bomb reactor with an
internal volume of 450 cm3. The bomb reactor was then sealed and
heated in a furnace at 200 °C for 4 h. This temperature was selected
because of the following: (i) A previous study had shown that
maximum nitrogen fixation was achieved at 200 °C in comparison to
lower temperatures.25 (ii) The temperature employed is higher than
the normal glycosidation temperature of sucrose.26 (iii) A pilot study
(results not included) on reaction time revealed that yield did not
substantially increase after 4 h under H2O at 200 °C. After this time
period, the bomb reactor was removed and left to cool to room
temperature for 24 h. The solid products were collected by filtration
and washed with Milli Q ultra pure water until neutral, and then dried
at room temperature to prevent modification of the surface from
exposure to atmospheric oxygen at elevated temperatures. The final
solid product was weighed after drying to obtain the yield. The liquid
phase pre- and post-hydrothermal treatment had its pH tested to
determine the overall acid contribution from the hydrothermal
process.
Structural Determination and Morphology. FTIR Analysis.

Infrared spectra were recorded on a Perkin-Elmer spectrum BX FTIR
spectrophotometer, collected using 128 scans in the wavenumber
range 400−4000 cm−1 with a resolution of 2 cm−1. Samples were
prepared in KBr (>99.99%, Sigma Aldrich) at a mass ratio of 100:1
KBr:hydrochar and pressed into pellets under a pressure of 738 MPa.
Background spectra were recorded between each sample using a blank
KBr disk through air and were used to correct each sample spectrum.
X-ray Photoelectron Spectroscopy (XPS) Analysis. XPS was

performed using a Thermo ESCALAB250i X-ray photoelecton
spectrometer with elemental mapping capability and He UV source.
Elemental Analysis. Elemental analysis was conducted using a

PerkinElmer model PE2400 CHNS/O elemental analyzer with a PC-
based data system, PE Datamanager 2400, and a PerkinElmer AD-6
ultra micro balance. The instrument was run in CHNS and ash mode
in duplicate with a sample size between 1 and 2 mg. Determination of
oxygen was performed by the difference between the total CHNS
found in the sample and the initial weight.
Morphological Analysis. Hydrochars were mounted on aluminum

stubs with double-sided carbon tape and gold coated before being
examined with a Philips XL30 scanning electron microscope (SEM) at
different magnifications. To determine the size distribution of the
synthesized microspheres, the diameters of around 100 particles (as
visualized by SEM) were measured at a set working distance.

TGA Analysis. Thermogravimetric analysis (TGA) was performed
on 4−6 mg of hydrochar in a ceramic alumina pan with a second
reference pan containing 4−6 mg of powdered alumina (α-Al2O3).
The temperature program was set to a rate of 5 °C/min to reach a final
temperature of 1000 °C on a PerkinElmer Diamond TG/DTA.
Experiments were performed under a continuous flow of nitrogen at a
rate of 50 mL/min.

Chromatographic Analysis of Supernatant Liquid. After separa-
tion of the hydrochar from the supernatant liquid, a 1 μL sample of the
filtrate was injected into a Shimadzu GC-MS QF2010 EI/NCI system
fitted with a ZB-5MS column (30 m × 0.25 mm) with a 5% phenyl-
arylene stationary phase. A temperature program was set to rest at 45
°C for 5 min before increasing in temperature at 10 °C/min until 200
°C was reached, where it was again rested for 5 min. Qualitative
compound determination was performed by comparing the resulting
mass spectra to the NIST 07 database. Quantitative analysis was
performed on 5-hydroxymethylfurfural and levulinic acid using
calibration standards prepared from pure samples obtained from
Sigma Aldrich.

■ RESULTS AND DISCUSSION

Yield and Liquid Solution. The yields of hydrochar for the
nitrogenated (HWN, HAN, HBN) and non-nitrogenated (HW,
HA, and HB) hydrothermal solutions are presented in Table 1,
along with the pre- and post-hydrothermal solution pH. The
yield of hydrochar can be seen to vary significantly between
each of the non-nitrogenated solutions, with both the acidic
and basic solutions producing significantly less hydrochar than
the neutral solution. Additionally, significant changes in pH
were observed between the pre- and post-hydrothermal
solutions, with each solution dropping in pH as a result of
hydrothermal carbonization, indicating the production of
organic acids. This result was expected, as the hydrothermal
carbonization of saccharides produces a number of organic
acids, such as acetic, levulinic, formic, and lactic, in addition to
organic decomposition products such as furfurals, aldehydes,
and phenols.20,27

To determine the nature of any organic compounds
remaining in the supernatant liquid, the solutions were
qualitatively analyzed by GC-MS to determine the identity of
any remaining compounds or acids and quantitatively analyzed
for 5-hydroxymethylfurfural (HMF) and levulinic acid due to
the direct relationship between HMF forming either hydrochar
or levulinic acid (Table 2).5,20,21 As a result, levulinic acid was
found in the neutral (3.4 mM), acidic (10.2 mM), and basic
(24.74 mM) solutions in increasing concentrations. Addition-
ally, formic acid was also detected in the acidic solution, while
the basic solution contained formic, acetic, and lactic acids, as
well as levulinic acid.
The increase in concentration of levulinic acid, on top of the

increase in the number of acidic compounds detected, explains
the significant reduction in hydrochar yield in the acidic (HA)
and basic (HB) solutions, as these solutions have clearly shifted
the reaction toward the production of acidic products, which

Table 1. Sample Names, Conditions, Yield, Initial and Final pH of Solutions, Average Carbon Microsphere Size, And Standard
Deviation

hydrochar solution yield (wt %) pH initial pH final H+ produced (moles) average microsphere size (μm)

HW water + 0.1 M sucrose 47.81 5.4 2.43 0.0037 4.57 ± 1.15
HA 0.2 M H2 SO4 + 0.1 M sucrose 11.33 0.95 0.81 0.042 3.34 ± 0.59
HB 0.2 M NaOH + 0.1 M sucrose 3.54 13.12 4.27 0.20 0.63 ± 0.21
HWN water + 0.1 M sucrose + 0.2 M (NH4)2SO4 44.41 5.35 1.72 0.019 4.12 ± 0.95
HAN 0.2 M H2 SO4 + 0.1 M sucrose +0.2 M (NH4)2SO4 27.76 1.23 1.09 0.022 4.39 ± 1.20
HBN 0.2 M NaOH + 0.1 M sucrose +0.2 M (NH4)2SO4 14.73 9.51 2.17 0.0068 6.03 ± 1.94
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subsequently prevents the formation of hydrochar.28,29 Finally,
no HMF is detected in any of these solutions, suggesting that

the reaction has gone to completion, as hydrochar and levulinic
acid are the final outcomes of the hydrothermal carbonization
of HMF.
The addition of ammonium sulfate increased the yield in

both the acidic and basic solutions, whereas very little change
was observed in the neutral solution. Again, similar changes in
pH were observed between the pre- and post-reaction
solutions, indicating the presence of organic acids, although
the initial pH of the basic solution dropped significantly due to
neutralization with NH4

+.
Furthermore, GC-MS analysis of the nitrogenated solutions

revealed that levulinic acid was again present in the final
solution, although the concentration was slightly lower than the
non-nitrogenated solutions. Additionally, HMF was also

Table 2. Qualitative and Quantitative GC-MS Results for
Hydrothermal Solutions Post Reaction

hydrochar
HMF
(mM)

levulinic cid
(mM) other compounds detected

HW 0 3.4 furfural, 5-methylfurfural
HA 0 10.20 formic acid, 5-methylfurfural
HB 0 24.74 acetic acid, formic acid, lactic acid
HWN 33.67 0.99 acetic acid
HAN 27.88 9.58 formic acid, oxalic acid
HBN 17.58 16.66 acetic acid, formic acid, methyl-

pyrazine

Figure 1. SEM images of (a) HW, (b) HWN, (c) HA, (d) HAN, (e) HB, and (f) HBN at 4000×.
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present in the amininated solution, suggesting that the addition
of ammonium sulfate reduces the potential for organic acids to
be formed, and as a result, an increase in hydrochar yield was
observed. The reasoning behind the increase in yield will be
discussed later in correlation with the elemental analysis and
XPS results.
Morphology. The hydrochar materials produced under

each treatment formed spherical particles with diameters
predominately in the 0.5−8 μm range, as evident in the SEM
images in Figure 1 of the non-nitrogenated (HW Figure 1a, HA
Figure 1b, and HB Figure 1c) and nitrogenated (HWN Figure
1d, HAN Figure 1e, and HBN Figure 1f) hydrochars.
Additionally, Table 1 contains the mean and standard deviation
on the diameter and distribution of the carbon microspheres.
These clearly indicate that in addition to yield of hydrochar, the
microspheres in each sample are significantly influenced by the
pH of the hydrothermal solution, which is particularly evident
when comparing the size of HB with any of the other
hydrochars. This size variability is directly related to the acidic
and basic hydrothermal solutions promoting the formation of
organic acids over hydrochar. As hydrochars form through the
processes of nucleation and growth, the increase in organic
acids formed under acidic or basic solutions would reduce the
levels of hydrochar forming precursors from HMF, thus
accounting for the decrease in microsphere size.
Conversely, the nitrogenated hydrochars do not follow the

same size pattern as the non-nitrogenated hydrochars, with
HBN producing the largest microsphere size and the widest
distribution of sizes (3−9.5 μm). The overall increase in size in
HAN and HBN again suggests that the addition of ammonium
sulfate reduces the catalytic effect of acid or base toward the
production of organic acids, allowing increased growth to take
place. Additionally, nitrogen is incorporated into the structure
(Tables 3 and 4), which may have an additional effect of

increasing sphere growth over their non-nitrogenated counter-
parts. Overall, the variation in microsphere size indicates that it
is not only possible to modify the size of the microspheres with
temperature and reaction time, as indicated by Sevilla and
Furtes,21 but also by modifying the initial pH of the solution
and the addition of NH4

+.
Chemical Structure and Analysis. The FTIR spectrum

for sucrose, (NH4)2SO4, and non-nitrogenated and nitro-
genated hydrochars are shown in Figure 2. The bands identified
in the FTIR spectra of sucrose were assigned to (i) 3395 cm−1

to O−H stretch, (ii) 2950 cm−1 to C−H stretch, (iii) 1460−
1200 cm−1 to C−H and O−H deformations, (iv) 1160−1000
cm−1 to C−O stretch, and (v) 960−730 cm−1 to C−H
deformations. The bands identified within the FTIR spectra of
ammonium sulfate were assigned to (i) 3300−3030 cm−1 to
N−H+ stretch and 1419 cm−1 to N−H+ deformation in NH4

+

and (ii) 1120 and 621 cm−1 to SO4 stretch and 1202 cm−1 to
HSO4

−asymmetric SO3 stretch. The primary differences in the
FTIR spectra for sucrose and the hydrochars is the appearance
of peaks at 1705 cm−1 relating to the CO stretch from
ketones, aldehydes, quinones, esters, and carboxylic acids, and
at 1625 cm−1 from aromatic carbon CC ring stretches.
Additionally, peaks at 2900 and 1000−1200 cm−1 are
significantly reduced in the hydrochar samples indicating a
loss of C−H and C−O−C, which is confirmed in the
percentage of C, O, and H contained in sucrose and the
hydrochars (Table 3). Although previous studies have indicated
that hydrochars do contain C−O functional groups,30 hydro-
char is unlikely to contain the same degree of C−O bonding as
sucrose (three C−O−C bonds per molecule).
Examining the differences between the non-nitrogenated and

nitrogenated hydrochars, a major reduction in the peak at 1705
cm−1 can be seen indicating that nitrogenation of the hydrochar
has reduced the formation of CO groups. A minor band at

Table 3. Peak-Fitting Results of XPS C1s, N1s, O1s, S1s, Si1s, and F1s Spectra with Detected Functional Groups under C1s and
N1s

band (eV)

C (atom %) N (atom %)

O
(atom
%)

S
(atom
%)

Si
(atom
%)

F
(atom
%)

284.9 286.2−288.0 287.2−288.1 288.0−289.2 289.0−291.6 389.5 400.5 401.5 532 168.5 98.3 688.3

hydrochar nonfunctional C−OH −CO −COOH −CO3 total pyridinic pyrrolyic quaternary

HW 52.88 15.44 5.03 0.33 2.71 76.39 − − − 22.8 − 0.26 0.57

HA 56.58 12.29 3.76 2.64 2.83 78.1 − − − 20.61 0.1 0.37 0.82

HB 60.54 11.26 4.09 1.31 2.54 79.74 − − − 18.78 − 0.32 1.17

HWN 56.65 12.39 2.29 1.05 2.23 74.61 2.13 1.23 2.88 16.62 0.97 0.44 1.14

HAN 54.68 12.15 3.13 1.4 2.68 74.04 0.71 0.79 1.72 19.55 0.76 0.38 1.05

HBN 61.43 9.34 2.55 1.81 2.07 77.2 6.03 1.44 1.94 12.86 0.36 0.42 0.74

Table 4. Elemental Analysis of Hydrochars and O:C and N:C Ratios Calculated from Elemental Analysis and XPS Data

wt % elemental analysis XPS

sample C H N S O ash empirical formula O:C N:C O:C N:C

sucrosea 42.11 6.48 0 0 51.41 0 CH1.83 O0.92 − − − −
HW 65.725 4.80 <0.05 0.58 28.895 <0.01 CH0.87 O0.33 0.33 − 0.30 −
HA 66.105 4.805 <0.05 0.715 28.375 <0.01 CH0.87 O0.32 0.32 − 0.26 −
HB 70.34 6.17 <0.05 0.865 22.625 <0.01 CH1.05 O0.24 0.24 − 0.23 −
HWN 62.495 6.08 6.7 1.07 24.655 <0.01 CH0.97 N0.091 O0.29 0.30 0.09 0.22 0.08

HAN 63.47 4.69 3.26 1.195 27.385 <0.01 CH0.88 N0.044 O0.32 0.32 0.04 0.26 0.04

HBN 60.135 5.43 10.13 0.98 23.325 <0.01 CH1.08 N0.14 O0.29 0.29 0.14 0.17 0.12
aSucrose values calculated from known empirical ratios and not experimental results.
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621 cm−1 attributed to the SO4 stretch is also observed in each
of the nitrogenated hydrochars but was not present in HA,
indicating that sulfate contained in the structure is most likely
from the addition of ammonium sulfate and not from sulfuric
acid. The region between 3000 and 3500 cm−1, where various
N−H stretching bands are found, was not easily observed in
each of the nitrogenated hydrochars due to the merging of
these bands with the broad O−H stretch, which was highly
pronounced for hydrochars. Additionally, it was noted that
none of the major peaks displayed by ammonium sulfate were
observed in the nitrogenated chars indicating that any nitrogen
groups present are not in the form of NH4

+ salts precipitated
out on the surface but are in fact structurally bound nitrogen
functionalities.
The results of the C1s, N1s, O1s, S1s, Si1s, and F1s peaks

from XPS are presented in Table 2 with the high resolutions
scans of C1s and N1s presented in Figures 3 and 4. The
percentage of nonfunctional carbon (52.88% for HW and
60.54% for HB) and carbon/oxygen functionalities are seen to

change slightly from acid to base, with HW having the lowest
nonfunctionalized carbon content but rich in alcohols (15.44%)
and ketones (5.03%). HA has the highest number of carboxyls
(2.64%) and carbonates (2.83%), whereas HB contained the
lowest level of alcohols (11.26%) but the highest non-
functionalized carbon content.
With the addition of ammonium sulfate, the nitrogenated

hydrochars shown in Table 2 display an overall loss in C−O
functionality on the surface, with HWN displaying the largest
loss of oxygen (5.55%) followed by HBN (4.43%) and last
HAN (1.16%). In HWN and HBN, alcohol and ketone groups
experienced the highest degree of loss, with carbonates
remaining relatively unchanged and carboxyl groups increasing
a small amount. Conversely, HAN lost entire carbonyl groups,
with the other oxygenated functionalities remaining relatively
unchanged.
The elemental analysis for C, H, N, S, O, and ash, calculated

empirical composition, and the O:C and N:C ratios from
elemental analysis and XPS for each of the hydrochars are

Figure 2. FTIR spectrum of sucrose, (NH4)2SO4, and nitrogenated and non-nitrogenated hydrochars.
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displayed in Table 3. The elemental analysis correlates with
previous results that showed that the carbon content increased
to around 50−70%, while the oxygen and hydrogen content
decreased to around 20−30% and 3−5%, respectively.21,31−33
Again, there are subtle differences between each of the
hydrochars, displaying similar elemental ratios to that of the
XPS results.
To examine the difference between oxygen and nitrogen

located in the core or on the surface, a direct comparison of the
O:C and N:C atomic ratios determined by elemental analysis
(core) and XPS (surface) was used (Table 3). In general, the
O:C ratio located at the surface of the non-nitrogenated

hydrochars was less than that of the core, which contradicts the
ratios found in hydrochars made from glucose, cellulose,
fructose, and other saccharides, as these have been found to
have higher degrees of oxygen located at the surface than in the
core. This reversal in oxygen content was also reported by
Sevilla and Fuertes for sucrose, although no reason for its
existence was given.21

In examining the O:C and N:C ratio of the nitrogenated
chars, the same drop in oxygen located within the core and the
surface was observed, although interestingly there is very little
difference between the N:C ratios, suggesting that nitrogen is
fully incorporated throughout the hydrochar structure.

Figure 3. XPS high resolution C1s scans of (a) HW, (b) HWN, (c) HA, (d) HAN, (e) HB, and (f) HBN.
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To compare the nature of the initial and final materials,
thermogravimetric analysis (TGA) of sucrose and ammonium
sulfate are shown in Figure 5. It is shown that sucrose
undergoes three mass loss steps, with the first mass loss (30−
100 °C) due to the removal of surface bound water, the second
mass loss (220−280 °C) due to the decomposition of sucrose
above its melting point of 186 °C,34 and the third mass loss
(300−900 °C) related to the removal of CO and CO2 from the
remaining structure as it becomes increasingly more aromatized
as the temperature increases. In comparison, ammonium sulfate
only displays one mass loss between 300−425 °C, which
contains three decomposition steps,35 i.e.,

→ +(NH ) SO NH HSO H O4 2 4 4 4 2

→ +2NH HSO (NH ) S O H O4 4 4 2 2 7 2

→ + + +3(NH ) S O 2NH 2N 6SO 9H O4 2 2 7 3 2 2 2

Comparing these to the TGA curves for the non-nitro-
genated and nitrogenated hydrochars (Figure 6), it is shown
that the decomposition curves are completely different
indicating that the hydrothermal treatment has completely
incorporated and rearranged the structure of both materials.

To analyze the hydrothermal TGA curves, the mass loss for
the hydrochars needs to be split into three main regions,
namely, 80−110, 250−500, and >500 °C. The first mass loss
region (80−110 °C) is due to the desorption of physisorbed
surface water, the second (250−500 °C) is due to the
rearrangement and decomposition of the furan structure, as
well as loss of surface functionality, and the final mass loss step
(>500 °C) is a result of increasing aromatization of the
hydrochar through the removal of oxygen.
Each of the TGA curves of the non-nitrogenated hydrochars

display similar decomposition shapes with the main mass loss
occurring between 300−500 °C. Despite these similarities, the
actual mass loss is vastly different, with HA and HB losing 10−
30% more mass than HW. As both of these hydrochars contain
lower degrees of carbon/oxygen surface functionalities than
HW, the increase in mass loss must be a result of the
decomposition of the carbon structure, suggesting that the
main structural motif is indeed weaker than in HW.
Interestingly, the nitrogenated hydrochars display almost

identical TGA profiles with mass losses similar to that of HW,
suggesting a similar structural motif across all three nitro-
genated hydrochars and that the incorporation of ammonium
sulfate reduces the negative impact on structure formation
under acidic and basic conditions.

Figure 4. XPS high resolution N1s scans of (a) HWN, (b) HAN, and (c) HBN.
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Effect of pH on Non-Nitrogenated Hydrochars. It has
been previously stated that the autohydrolysis of water into H+

and OH− is responsible for the hydrolysis reactions that take
place under hydrothermal carbonization.21,36 Under neutral
conditions, the concentration of H+ and OH− produced from
water at 200 °C is 2.213 × 10−6 mol/L,37 but under highly
acidic conditions, only H+ would factor into the hydrolysis
reactions, as OH− produced from water would be quickly
neutralized. The opposite would occur in the basic solution,
with H+ being quickly neutralized by the excess of OH−. As a
result, the differences in surface and core oxygen content, yield,
functionality, and size for the non-nitrogenated hydrochars are
a direct result of the increase in H+ or OH− within the solution,
which in turn influenced the competing reaction pathway and
reaction rates of glucose and fructose and their subsequent
decomposition products..
To examine this, the formation of HMF, which has been

shown to form the main furan core, can be used to gauge how
acidic, basic, and neutral solutions effect hydrochar formation.
In terms of reaction rate, fructose not only produces HMF
faster than glucose but also at higher concentrations under
acidic, neutral, and basic environments.38 This is due to glucose
forming HMF primarily through epimerization to fructose, with
its subsequent decomposition to HMF.20 As a result, glucose
produces higher quantities of products such as glycoaldehyde
and 1,6-anhydroglucose. Therefore, it would be reasonable to
assume that the initial hydrothermal structure consists of
decomposition products predominately from fructose, whereas
later stages of the carbonization would incorporate those which
come from glucose decomposition and oxygen depleted
fructose decomposition products,20 thus accounting for the
difference in oxygenation between the core and the surface
under neutral and acidic conditions (HW and HA).
In regards to hydrothermal formation, the aromatized

hydrothermal carbon structure is predominately constructed
through inter- and intra-molecular dehydration, aldol con-
densation, keto−enol tautomerism, and ester reactions,5,21,39 all

of which are acid catalyzed reactions. Thus, it would be
expected that under acidic conditions, the formation of
hydrochar should be greater than under neutral conditions.
As this is not apparent, and a reduction in yield, particle size,
and oxygen content is actually observed, along with the
concentration of levulinic acid increasing considerably, this
suggests that under acidic environments, the decomposition
reactions that occur under hydrothermal conditions are shifted
toward the production of organic acids at earlier stages before
hydrothermal carbonization can take place, thus limiting the
formation of hydrothermal carbons. Although it has been
suggested that the production of organic acids catalyze the
formation of hydrochar,40 this is clearly not evident under both
acidic and basic environments, where an increase in organic
acid production actually decreases the formation of hydrochar
considerably.
This decrease in in yield, size, and oxygen content at both

extremes of the pH scale indicates that the process of
hydrothermal carbonization, in regards to sucrose, is sensitive
to pH, allowing the possibility of carefully controlling the
aforementioned properties and organic acid production
through careful alteration of the initial solution pH.

Effect of pH and Ammonium Sulfate on Nitrogenated
Hydrochars. The addition of ammonium sulfate to the
hydrothermal solutions has a number of effects on the final
hydrothermal product. First, the negative impact of acidic and
basic solutions toward hydrothermal production is decreased,
with an increase in yield and sphere size observed. Second, the
concentration of levulinic acid produced also decreases, and
HMF is found in the final solution, indicating that potentially
the rate of formation of either hydrochar or unwanted side
products is reduced. Finally, overall oxygen content is found to
decrease at a level very similar to the increase in amination
indicating that oxygen functionality is replaced by nitrogen
groups.
The reasoning behind the increase in yield and size is

potentially due to an increase in reactions that lead to
polymerization due to the addition of NH3 as a nucleophile
and the reactivity of nitrogenated compounds. For example,
trans-amination converts primary amines to secondary amines
via

− + ′ − → − − ′ +− −R NH R NH R NH R NH2 2

liberating a reactive NH2
− molecule while joining two R groups

together.41 Additionally, the pyrolinic and pyridinic nitrogen
groups found in the XPS results could be formed through
mechanisms such as the amination of a 1,4-diketone with NH3,
although additional reactions also exist for their formation that
may also be possible under hydrothermal conditions.42 The
quaternary ammonium salts also found under XPS are normally
formed through the alkylation of tertiary amines using a halide
as a leaving group, although under hydrothermal synthesis, a
protonated alcohol may serve instead, allowing its formation.
Overall, further insight is required to ascertain the exact
reactions that are occurring under the influence of nitrogen,
although the difference in nitrogenation could be as simple as
the acid−base effects on the equilibrium between ammonium
sulfate and water, i.e.,

+ ↔ + ++ −(NH ) SO H O 2NH 2H O SO4 2 4 2 3 3 4
2

Thus under acidic conditions, the addition of H+ would shift
the equilibrium left, reducing the available ammonia. The
reverse would occur in base, increasing the concentration of

Figure 5. TGA of sucrose and ammonium sulfate under N2 at 5 °C/
min.

ACS Sustainable Chemistry & Engineering Research Article

dx.doi.org/10.1021/sc4004339 | ACS Sustainable Chem. Eng. 2014, 2, 755−764762



ammonia, which in turn would explain why the concentration
of nitrogen found in the nitrogenated hydrochars increases with
increasing pH.

■ CONCLUSIONS
In summary, pH was found to drastically effect the yield and
morphology of non-nitrogenated hydrochars and under acidic
or basic conditions, although minor differences were observed
between the elemental composition and surface functionality of
each hydrochar in regards to oxygen functionality (22−28%).
Upon addition of ammonium sulfate, yield and size increased,
with nitrogen content increasing 3-fold by changing the pH
from acidic to basic. This increase in nitrogen correlated with a
reduction of oxygen content in the nitrogenated hydrochars,
suggesting that nitrogen attaches preferentially to oxygen in
hydrochar formation, in addition to providing polymerization
reactions to the hydrothermal reaction.
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