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Abstract

Low-temperature nitric oxide (NO) removal by oil palm empty fruit bunch (EFBC) modified with phosphoric acid dehy-
dration, followed by copper oxide (CuO) impregnation is a function of both surface chemical and physical properties of
CuO/EFBC resulting from hydrogen (H,) pre-treatment at different temperatures. Subjecting CuO/EFBC sample to H, pre-
treatment at 400 °C initially reduces the NO adsorption capacity (g) (at C/C, = 0.95) from 1.65 to 1.57 mg/g although the
BET specific surface area (Sgpy) increases from 4.81 to 160 m?/g, due to surface predomination by acidic oxygenated groups
(e.g. carboxyl, lactone and phenolic groups). At 500 °C, g increases to 5.67 mg/g as some of the acidic surface groups are
decomposed and the Sy improves to 466 m*/g. Further increase in the temperature to 600 and 700 °C respectively enhances
the Sgey to 448 and 516 m%/g, and decomposes most of the acidic groups, leaving unsaturated C to react with H and form
stable basic sites e.g. aldehyde, alkane, alkyl and aromatic groups more favourable for NO adsorption, thus giving rise to g
(at C/C,=0.5) to 41.01 and 62.74 mg/g, with stable performance for more than 2 h of experiment. In addition, higher pore
volume, smaller pore size and smaller crystallite size of CuO, Cu,O and Cu;P sites are observed in samples pre-treated at
high temperatures (600 and 700 °C), leading to a condition more auspicious for dissociative NO adsorption.
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Statement of Novelty

The use of non-noble metal catalysts supported on carbon
in low temperature nitric oxide removal is attractive due
to the unique properties of activated carbon. Addition of
metal catalyst however impaired the surface properties
of the carbon support. Systematic investigation of hydro-
gen pre-treatment at 400 to 700 °C revealed significant
enhancement in the chemical and physical properties lead-
ing to higher performance of CuO/EFBC in the removal
of NO, especially at 600 and 700 °C. As such it helps the
preparation of similar systems using carbon as support.

Introduction

The activity of nature and human such as lightning, vol-
cano eruption and combustion of solid fuels in stationary
(factories) and mobile (vehicles) sources emit nitrogen
oxides (NO,) into the atmosphere. The NO, emission
causes many adverse effects to the environment such as
photochemical smog, acid rain and erosion of buildings
and respiratory problems to the living beings. NO emis-
sion control can be performed by flux post-treatment such
as distillation, selective catalytic reduction (SCR), non-
selective catalytic reduction (SNCR), biological degrada-
tion, adsorption etc. One of the most effective technologies
for reducing NO is the SCR method by titanium dioxide
reacting with vanadium catalysts above 350 °C with addi-
tion of ammonia as reductant. However, this technique
has many drawbacks, including high operating tempera-
ture and catalytic efficiency. Most of the efficient cata-
lysts used in SCR are noble metals e.g. Pd, Pt, Ru [1-4]
which have high catalytic activity but are relatively high
in cost. This leads to extensive work being done with non-
precious metals catalysts e.g. Ni, Co, Mn, Cu, La and Ce
[5-10] to improve the catalytic efficiency especially for
low temperature applications. Among these, copper oxide
catalysts are attractive as they exhibited high catalytic
removal of NO at low temperature [11] especially when
using activated carbon as support. However, the nature of
the catalyst catalytic activity has not been fully discovered
because of the complexity of surface chemistry and pore
characteristics of activated carbon. The unique properties
of carbon itself is advantageous over the other supports,
since the functional surface is easily modified with good
mechanical resistance and easily accessible because of low
cost and abundance of precursors. Interestingly, the carbon
itself and metal oxides added to the system can play a role
in reducing the NO emission by adsorption and NO dis-
sociation [12, 13].
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However, addition of metal catalyst impaired the sur-
face properties of the carbon support especially the surface
area and porosity as the metals were dispersed on/inside
the carbon pores, blocking sites for adsorption of gases.
Most studies utilizing carbon as support showed changes
in the surface properties e.g. reduction in BET surface
area and pore properties [5, 14—17] after addition of metal
catalyst. Our preliminary work on NO removal over cop-
per oxide supported on carbonised oil palm empty fruit
bunch waste (CuO/EFBC) [18, 19] also showed signifi-
cant reduction in BET surface area of the carbon support
compared to fresh EFBC. As the surface properties of car-
bon is known to be one of important parameters affecting
adsorption, such problem could degrade the adsorptive
capacity, which in turn also affect dissociative NO adsorp-
tion. It is well discussed that for direct NO reduction to
happen in a catalyst system supported on activated carbon,
NO needs to adsorb on an activated catalyst site, which is
oxygen deficient due to the reaction between the catalyst
site and an unstable carbon site, generated through decom-
position of carbon—oxygen complexes, followed by disso-
ciative chemisorption of adsorbed NO by a neighbouring
carbon site [20]. Interaction of these unstable oxygenated
groups and their derivatives with Cu species, leading to
disintegration of these groups has also been found to cause
the Cu species to become mobile and form copper par-
ticles of relatively larger size and easier to be reduced
[15]. Hydrogen promotion has been performed in several
previous studies [21-24] and is expected to enhance NO
removal in this case. The current work was conducted to
systematically investigate the influence of hydrogen pre-
treatment at varying temperatures from 400 to 700 °C on
the activity of CuO-impregnated carbon in enhancing NO
removal.

Materials and Methods
Sample Preparation

Raw oil palm empty fruit bunch (EFB) was obtained
from a palm oil factory in Nibong Tebal, Malaysia. The
obtained fibrous EFB sample was cleaned to remove dirt
and dried for 24 h in an oven at 110°C. First, the raw EFB
was modified by acid dehydration with 85% phosphoric
acid (H;PO,) (HmBG, Germany) of 99.99% purity at 1:1
ratio of EFB to H;PO, (w/v) and heated for 24 h at 400 °C
in a furnace as described in our work previously [18, 19].
The addition of copper oxide (CuO) onto modified EFB
carbon (EFBC) was conducted using incipient-wetness
method to obtain about 5 wt% of CuO loading. During the
process, the mixture of CuO and EFBC was stirred for 4-5
h, followed by double-boiling at 70 °C until the mixture
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was partially dried. The mixture was then kept at 110 °C
in the oven overnight to remove moisture, before being
sintered in the furnace at 400 °C for 4 h. Lastly, the sample
was sieved to obtain particle sizes between 300 and 600
pm and denoted as CuO/EFBC for further experiment. An
elemental analysis was conducted on digested CuO/EFBC
fresh sample using inductively coupled plasma—optical
emission spectroscopy (ICP-OES) with Perkin Elmer
Avio 500 to determine the actual concentration of copper
(Cu) impregnated on the sample. The result indicates the
presence of 69 x 10° mg/kg of copper on CuO/EFBC cor-
responding to 6.9% Cu loading.

Sample Characterisation

For characterisation of samples involving hydrogen pre-
treated samples, fresh CuO/EFBC samples were initially
treated in a quartz packed bed reactor with 100 mL/min
of hydrogen flow at varying temperatures, i.e. 400, 500,
600 and 700 °C for an hour and then cooled to room tem-
perature under 30 mL/min of helium flow. These result-
ing samples are named as H,-400, H,-500, H,-600 and
H,-700 depending on the temperature used during hydro-
gen pre-treatment.

The investigation on Brunauer—Emmett—Teller (BET)
specific surface area (Sggr) and pore characteristics was
conducted on CuO/EFBC and H, pre-treated samples using
nitrogen adsorption/desorption isotherms at — 196 °C
(Micromeritics ASAP 2020). To make a case, the Sz and
pore characteristics of fresh EFBC was included in the anal-
ysis. The Sgpr was calculated from BET equation and total
pore volume was attained from the N, adsorption isotherm
at P/P, = 0.95, while pore size distribution was determined
using Barrett—Joyner—Halenda (BJH) method. On the other
hand, the morphological properties of CuO/EFBC and all
hydrogen pre-treated samples were evaluated using Scanning
Electron Microscopy with Energy Dispersive X-ray (SEM)
(JEOL JSM-6460LA) at x 1000 magnifications. The sam-
ples were also coated with platinum prior to the SEM-EDX
analysis.

The chemical properties of fresh CuO/EFBC and all
hydrogen pre-treated samples were analysed using FTIR
spectroscopy (Perkin Elmer Spectrum 65 FTIR, USA) by
KBr pellet method within the broad range of 4504000 cm™"
wavelength. In addition, the average crystallite size and
structure of all samples were determined by X-ray diffraction
(XRD) with High Resolution X-Ray Diffractometer Bruker
D8 Advance (Germany) with Cu—Ka radiation (40 kV and
30 mA) in scanning angle between 10° and 90° at 0.01° s~!
scanning rate and 0.5 s step size. The average crystallite size
was estimated using Scherrer Equation [25] as in Eq. (1).

_ Ki
"~ Bcost 1)

where K is the value of the shape factor (K=0.9), 4 is the
X-ray wavelength (1=0.154) and j represents the broaden-
ing of peak at half width or FWHM (full width half maxi-
mum) in radians.

To evaluate the reducibility of all samples, a hydro-
gen-temperature programmed reduction (H,-TPR) was
conducted using chemisorption analyser (Micromeritics
Chemisorb 2720 TPx). Prior to the analysis, 0.025 g of
sample was pre-treated at 300 °C for one hour under flow
0f 99.99% helium at 20 mL/min in order to remove mois-
ture and impurities of adsorbates. The H,-TPR profile was
determined at increasing temperature of 10 °C/min, under
flow of 20 mL/min 10% (vol.) H,/Ar.

In addition, the surface basicity and acidity of all sam-
ples were investigated using carbon dioxide and ammo-
nia-temperature programmed desorption (CO,-TPD and
NH,;-TPD) respectively using the same chemisorption ana-
lyser. Prior to analysis, 0.035 g of sample was pre-treated
at 600 °C with 30 mL/min argon flow for an hour and then
cooled to room temperature under 20 mL/min helium flow
for half an hour. The CuO/EFBC was first saturated with
either CO, or NH; by passing through purified CO, or 5%
(vol.) NH;/Ar at 20 mL/min for 30 min for CO,-TPD or
NH;-TPD analysis respectively.

NO Breakthrough Study

The influence of hydrogen pre-treatment on NO removal
was studied by varying the pre-treatment temperature from
400 to 700 °C under flow of 100 mL/min H, for 1 h, each
subsequently followed by a 2-h NO breakthrough experi-
ment at 100°C using a packed bed reactor made of quartz
cylinder, heated in a tubular furnace (Vecstar, UK). The
reactor was connected to the gas cylinders (30% H,/N,,
0.3% NO/He and He provided by Linde, Malaysia) using
PFA tubing fitted with Swagelok fittings, while gas flow
was controlled by Aalborg mass flow controllers. The
operating parameters e.g. CuO/EFBC bed thickness, ini-
tial concentration of NO and total gas flowrate were kept
constant at 1 cm, 500 ppm and 100 mL/min respectively.
The NO concentrations from inlet bypass and analyser out-
let were measured by a NO-NO2 analyser (TESTO 340,
Germany).

The NO adsorption capacity was obtained by integrat-
ing the fraction of NO removal (1 — C/C,) per minute by
the trapezoidal method [24, 25] as discussed elsewhere
[19] and shown in Eq. 2 below:
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Results and Discussion

Characterisation of CuO/EFBC and H, Pre-treated
Samples

Surface Area and Pore Analysis

Surface area and pore analysis was conducted on all sam-
ples including fresh EFBC to corroborate the effects brought
about by CuO impregnation and H, pre-treatment at differ-
ent temperatures on the physical properties of CuO/EFBC.
Figure 1a compares the N, adsorption/desorption isotherms
of fresh EFBC and CuO/EFBC, while Fig. 1(b) depicts the
isotherms of CuO/EFBC and all H, pre-treated samples
(H,-400, H,-500, H,-600 and H,-700). All samples feature
isotherm curves with a hysteresis loop at the higher rela-
tive pressure region, which is characteristic of Type IV iso-
therm, indicating an indefinite multilayer formation followed
by pore condensation of the capillaries, normally found on
multi porous surfaces i.e. micropores, mesopores, macropo-
res, and on the external surface [26, 27] once a monolayer
coverage is completed at low P/P,. Except for EFBC which
is a classic example of Type IV isotherm, the others seem to
be missing the final saturation plateau which is another typi-
cal feature of Type IV. This indicates that the isotherms may
be a composite of Type IV and Type II, which is character-
ized by indefinite sorption at maximum P/P, normally attrib-
uted by physisorption of gases on nonporous or macropo-
rous adsorbent [28]. The more gradual changes seen at the
beginning of multilayer adsorption especially in samples
pre-treated at higher temperatures of 500, 600 and 700 °C
indicate a significant overlap of the monolayer coverage and
the onset of multilayer adsorption.

In addition, the hysteresis loops of CuO/EFBC (although
not obvious in Fig. 1 due to the lower vertical magnitude of
its curve compared to the others) and H,-400 with a charac-
teristic desorption shoulder are of H3 type, which has also
been referred to samples having pseudo-Type II character
associated with the metastability of adsorption fluid and
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Fig. 1 Nitrogen adsorption/desorption of a fresh EFBC and CuO/
EFBC; b fresh CuO/EFBC and H, pre-treated samples

delayed capillary condensation attributed to the low degree
of pore curvature and non-rigidity of the adsorbents [29]. On
the other hand, the hysteresis loops of CuO/EFBC samples
at higher H, pre-treatment temperatures (H,-500, H,-600
and H,-700) are more of H4 type, which could be equiva-
lent to an H3 loop on the relatively small non-microporous
part of the adsorbent [29]. In addition, the H, pre-treated
samples can be observed to have an open hysteresis loop at
low relative pressures, possibly due to limitations in nitrogen
diffusion into the narrow micropores of the adsorbent [30].

Table 1 summarizes the BET specific surface area (Sggr),
total pore volume and average pore diameter of fresh EFBC,
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CuO/EFBC and H, pre-treated samples. As mentioned ear-
lier, CuO impregnation has indeed lowered the Sgpy of
EFBC from an initial value of 215 to around 4.81 m2/g, total
pore volume from around 0.15 to 0.018 cm>/g, micropore
volume from 0.147 to 0.0002 cm?/g and micropore ratio
from 98.10 to 1.18%. The average pore diameter is also
enlarged from narrow (2.78 nm) to larger mesopores (14.92
nm). Subjecting CuO/EFBC to H, pre-treatment at different
temperatures from 400 to 700 °C raises the Sggr of CuO/
EFBC to 516 m?/g, which is more than double the initial
Sger of CuO/EFBC and enhances the micropore volume,
total pore volume and micropore ratio to 0.126 cm?/g, 0.34
cm’/g and 36.93% respectively. It is important to note that
for H,-400, the Sggr and micropore volume are still much
smaller (160 m?/g and 0.025 cm>/g respectively), while the
average pore diameter is still larger (5.69 nm) compared to
the fresh EFBC samples. H, pre-treatment at higher tem-
peratures between 500 and 700 °C restores the average pore
diameter to ca. 2.6 nm, which is more favourable for NO
adsorption because the diameters of gas molecules are usu-
ally small, around 0.4 to 0.9 nm. The observed changes in
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Fig.2 Pore diameter distribution (PSD) of fresh CuO/EFBC and H,
pre-treated samples

the pore properties of CuO/EFBC due to H, pre-treatment
are initially quite significant at lower temperature (400 °C),
but then become more gradual from 500 °C onwards. In
addition, the pore size distribution (PSD) determined by
BJH method (Fig. 2) shows that while the pore size of CuO/
EFBC and H, pre-treated samples is widely distributed from
2 nm (wider micropore) to 250 nm (macropore region), the
pores are predominantly concentrated within the smaller
sized pore region with diameter around 2—5 nm. The wide
distribution of pore sizes in H,-pre-treated samples could
be one of the reasons for the observed changes in hysteresis
loop from H3 to H4 at higher H, pre-treatment temperatures.

Surface Morphology and Elemental Analysis

The SEM images of fresh CuO/EFBC and H, pre-treated
samples of different temperatures (400, 500, 600 and 700
°C) are presented in Fig. 3a—e respectively at 1000x mag-
nifications. As can be observed in Fig. 3a, the external sur-
face of fresh CuO/EFBC shows irregular pore structure with
flaky attachment of carbon particles, while the hydrogen pre-
treated samples in Fig. 3b—e show more uniform and well-
developed pores, especially at 700 °C, indicating possible
constitution of a new matrix has happened during the H, pre-
treatment stage [31]. The well-defined pore formation seen
in Fig. 3b—e is in good agreement with the high surface area
reported earlier in with the increase in H, pre-treatment tem-
perature. The atomic percentage (at%) of several key surface
elements (carbon, oxygen, phosphorus and copper) obtained
from EDX analysis is shown in Table 2. In general, the frac-
tion of O and P (coming from phosphoric acid activation) on
the carbon surface reduces from around 21.36 to 11.83 at%
and from 18.00 to 4.93 at% respectively, perhaps due to the
decomposition of the surface functional groups containing O
and P when pre-treated with H, at elevated temperatures. In
correspondence to that, the fraction of carbon increases from
54.60 to 77.80 at% while the fraction of Cu slightly reduces
from 6.04 to 5.43 at% at 700 °C. In between the 400 and 700
°C, some fluctuations occur especially on the fraction of P
possibly due to irregularities in the sampling point during
SEM analysis on the different samples.

Table 1 Surface area and pore

L Sample Surface area ~ Micropore vol- Total pore vol- Micropore Average pore
characteristics of fresh EFBC, (mzlg) ume (cm’/ 2) ume (cm?’/ 2) ratio (%) diameter (nm)
CuO/EFBC and H, pre-treated
samples EFBC 215.0 0.1470 0.1500 98.10 2.780

CuO/EFBC 4.814 0.0002120 0.01796 1.180 14.92

H,-400 159.5 0.02462 0.2270 10.85 5.693
H,-500 466.3 0.08537 0.3299 25.87 2.830
H,-600 448.0 0.09715 0.2911 33.37 2.599
H,-700 516.4 0.1257 0.3405 36.93 2.637
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Fig.3 SEM images of fresh CuO/EFBC and H, pre-treated samples

Table 2 Elemental analysis using EDX for fresh CuO/EFBC and H,

pre-treated samples

Sample Surface element (at%)

C o P Cu
CuO/EFBC 54.60 21.36 18.00 6.04
H,-400 62.56 21.45 11.98 4.00
H,-500 64.60 24.60 7.090 3.71
H,-600 64.22 19.24 12.55 3.99
H,-700 77.80 11.83 4.930 5.43
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(b) H,-400

Surface Functional Groups

The FTIR spectra of all samples in Fig. 4 show the presence
of a broad curve between 3700and 3200 cm™' with a dis-
tinctive peak around 3430 cm™!, indicative of O—H bonds
(hydroxyl and phenolic groups) [31, 32]. On the other hand,
two minor peaks observed between 2930 and 2900 cm™!
denote the presence of alkanes and alkyls with possible
C-H (stretching) in all samples. These peaks are sharper
in H,-600 and H,-700 samples, possibly due to their higher
intensity at elevated temperatures. In addition, a broad,
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Fig.4 FTIR spectra for fresh CuO/EFBC and H, pre-treated samples

shallow peak also appears around 24002300 cm™! in CuO/
EFBC and H,-400 spectra, which can be ascribed to weak
bond of nitrile or alkyne with possible C=N (stretching).
This peak is noted to be absent from the spectra of H,-500,
H,-600 and H,-700 samples. Similarly, the peak within
1720 to 1706 cm™!, which can be assigned to carboxylic
acid (C=0OO0H) is also missing from H,-600 and H,-700. In
contrast, the spectra of H,-600 and H,-700 samples display
peaks around 1624 and 1621 cm~! which can be attributed
to C=0 conjugated groups and aromatic rings [31].

Of particular importance are the peaks within 1300
and 800 cm™!, which centre most of the acidic oxygenated
groups and vary quite significantly among the H, pre-treated
samples at low (400 and 500 °C) and high (600 and 700 °C)
temperatures. The peaks around 1250-1150 cm™" generally
attributed to oxidized carbons with lactones, carboxyls and/
or phenolic group can be seen to be more pronounced in
the H,-400 and H,-500 spectra rather than in fresh CuO/
EFBC, H,-600 and H,-700. Other than that, the peak that
appears at 1220 cm™! in all samples (with sharper peak on
H,-400 and H,-500 spectra) can be attributed to phospho-
rus containing groups e.g. polyphosphates or phosphates,
while the narrow peak at 1050 cm™' that appears only on
the H,-400 and H,-500 spectra can be assigned to lactone
and quinone groups. A small vibration that exists below 900
cm~! in CuO/EFBC and more pronounced in H,-400 and
H,-500 is indicative of aromatic rings with possible C—-H
bending. Below 700 cm™', the peaks that appear around 660
cm™" and 530 cm™' could be assigned to Cu-O stretching, an
indication of the presence of CuO in the samples [32, 33].

oC +Cu,0
*CuO e Cu,P

2
*
—%

Intensity / a.u

Lts o . H,-400

™ CuO/EFBC

M

T T T T T T T T T
10 20 30 40 50 60 70 80 90

20/°

Fig.5 X-ray diffractograms for fresh CuO/EFBC and H, pre-treated
samples

The FTIR spectra of both fresh CuO/EFBC and H,
pre-treated samples confirm the presence of acidic oxy-
gen functional groups (carboxylic groups and their deriv-
atives), with more pronounced peak intensity of these
groups being observed on H,-400 and H,-500 samples.
Some of the surface oxygenated groups are missing from
samples pre-treated at elevated temperatures especially
H,-600 and H,-700, due to the reducing hydrogen and
thermal decomposition. The oxygenated surface groups
observed on the surface of the samples are in O—C vibra-
tion of C-0O, C=0, COOH and C-O-P, due to the phos-
phoric acid activation of the precursor material. It has
been well accepted that the presence of these oxygenated
groups is essential as they are unstable O—C groups which
can be easily decomposed and bound to reduced Cu spe-
cies, especially when no external reductant is supplied.
The presence of Cu—O derived species is also evidenced
with significant intensity on the FTIR spectra of H,-400
and H,-500, which are also discovered to be predominated
by oxygenated surface groups. Wang et al. [34, 35] also
reported that the presence of oxygenated surface groups
did not only reduce the temperature of Cu’* reduction,
but also induced high dispersion of copper. On the other
hand, H,-600 and H,-700 are populated by more basic
surface groups in the form of aldehydes, alkanes, alkyls
and aromatic rings.
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Table 3 Crystallite size and structure for fresh CuO/EFBC and H,
pre-treated samples

Sample Crystallite size (nm)  Crystallite structure
CuO/EFBC 41.06 Triclinic

H,-400 48.89 Monoclinic

H,-500 59.57 Monoclinic

H,-600 56.12 Monoclinic

H,-700 24.89 Hexagonal

Crystallite Size and Structure

Figure 5 shows the X-ray diffractograms while Table 3
shows the crystallite size and structure of CuO/EFBC and
H, pre-treated samples. A good agreement between the
experimental diffraction angle (20) and standard diffraction
angle (20) was observed using the standard powder diffrac-
tion cards (JCPDS). The XRD patterns can be seen to change
with increasing H, pre-treatment temperature. At 400, 500
and 600 °C, there are many ill-defined peaks which cannot
be easily distinguished, while at 700 °C, the peaks become
sharper, indicating higher degree of crystallinity. The broad
peak around 20 =20°-30° and a broad hump within 40°-50°
that appear in all samples can be assigned to the plane reflec-
tion of (002) and (100) due to the presence of amorphous
carbon with carbon ring disorderly piled up or agglomerated
[36, 37]. The intensity of the peaks is slightly increased as
H, pre-treatment temperature increases from 400 to 700 °C,
in agreement with the rise in carbon percentage determined
in EDX analysis. These peaks indicate the presence of some
degree of micro crystallinity with turbostratic graphite in
the samples. The increase in the background signal between
peaks at 10 and 20° could also be attributed to the presence
of micropores in the samples, which could scatter the X-ray
beam, causing the increase in background signal [38]. In
addition, the peaks of CuO, Cu,0O and Cu;P can also be
identified from the XRD patterns. Based on JCPDS card of
00-001-1117, peaks that appear around 26 =35.74° (— 111),
38.96° (111), 49.21° (- 202), 53.89° (020) and 68.43° (220)
correspond to the primary reflection phases of CuO [39-41],
while in accordance to JCPDS card of 00-005-0667, peaks
that appear at 20 =35.42° (111), 42.30°(200), 52.46° (211),
69.57° (310) and 73.53° (311) refer to CuO [15, 42, 43] and
Cu® [39, 43]. On the other hand, peaks that appear around
20=45.09° (300), 46.15° (113), 47.29° (212), 59.01° (222),
78.27° (314) and 80.64° (006) can be assigned to copper
phosphide (Cu;P) based on JCPDS card: 01-071-2261 [44],
thus confirm the presence of chemical interaction between
Cu and P groups. The identified copper compounds i.e.
copper oxide, culprite and copper phosphide are essentially
active sites that could play a significant role in the removal
of NO.
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The average crystallite size along the layer planes, L,
obtained by using Scherrer Equation is summarized in
Table 3. As can be seen in Table 3, samples pre-treated at
lower temperatures (400 and 500 °C) show average crystal-
lite sizes of approximately 48.89 and 59.57 nm respectively,
higher than fresh CuO/EFBC'’s crystallite size (41.06 nm),
while with higher pre-treatment temperatures (600 and 700
°C), the average crystallite sizes of the samples are reduced
to 56.12 and 24.89 nm respectively. In addition, H, pre-treat-
ment at the different temperatures also affects the crystal
structure of the samples. Fresh CuO/EFBC exhibits triclinic
crystal structure which then changes to monoclinic when
pre-treated with H, at 400-600 °C and to hexagonal when
pre-treated at 700 °C.

Temperature Program Reduction (TPR)

Figure 6 shows the H,-TPR profile of fresh CuO/EFBC
and H, pre-treated samples within 50 to 750 °C. As can be
observed, fresh CuO/EFBC has a prominent, broad peak of
H, consumption within temperatures of 300-600 °C (with
peak maximum at 467 °C) and another small peak around
650 °C, indicating that the carbonised sample is reducible
within the temperature range. The peak at lower tempera-
tures may be attributed to reduction of surface active sites of
weaker strength including reduction of Cu®* (CuO) to Cu*
(Cu,0) while the second peak may be ascribed to reduction
of stronger surface active sites and consecutive reduction
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of Cu* (Cu,0) to Cu® (metallic Cu) or direct reduction of
Cu?* to Cu® [42, 45]. The non-supported reduction of CuO
species to Cu is recognised as a one-step process that peaks
at about 250 °C [46]. Therefore, the observed higher reduc-
tion temperature of CuO/EFBC indicates the presence of
strong chemical interaction of support and surface actives
sites including Cu, in addition to its dependence on copper
dispersion and the nature of support behaviour [42, 47].

When CuO/EFBC was pre-treated with H, at the different
temperatures, H, consumption peak in TPR profile shrinks
and shifts to lower temperatures around 300-350 °C (first
peak) and within 400—465 (second peak) because of the
decrease in the surface sites available to adsorb H, as the
samples has been subjected to H, pre-treatment beforehand.
In addition, lower amount of H, consumption is required
for reduction of H, pre-treated samples, fluctuating around
0.3-0.8 mmol/g compared to fresh CuO/EFBC (2.001
mmol/g).

Temperature Programmed Desorption (TPD)

The chemical properties of the surface functional groups
available on CuO/EFBC and H, pre-treated samples were
evaluated through carbon dioxide and ammonia tempera-
ture programmed desorption (CO,-TPD and NH;-TPD). In
general, samples with strong adsorption bonds give rise to
higher desorption peaks in TPD whereas the desorption tem-
perature and the peak area (under the curve) represent the
strength and the intensity of basic or acidic sites respectively

CO,- TPD
H,-700

TCD signal / a.u

H,-400

CuO/EFBC

0 100 200 300 400 500 600 700
Temperature / °C

Fig.7 CO,-TPD profile for fresh CuO/EFBC and H, pre-treated sam-
ples

NH3-TPD
H,-700
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TCD signal / a.u

H,-400
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0 100 200 300 400 500 600 700
Temperature / °C

Fig. 8 NH;-TPD profile for fresh CuO/EFBC and H, pre-treated sam-
ples

[48-51]. Based on the CO,-TPD and NH;-TPD profiles in
Figs. 7 and 8 respectively, CuO/EFBC and all H, pre-treated
samples can be observed to have both basic and acidic sites
at different strength and intensity. However, it is unfortunate
that the intensity of the desorption peaks which are located
at temperatures beyond the tested region (50-700 °C), can-
not be fully quantified to differentiate the number of basic
and acidic sites among the different samples.

In CO,-TPD profile of fresh CuO/EFBC, a CO, desorp-
tion peak can be initially seen to appear around 450 °C, with
peak maximum at temperature higher than 600 °C. In H,
pre-treated samples, the onset temperature of the CO, des-
orption peak increases from 500 to 600 °C with increasing
pre-treatment temperatures from 400 to 700 °C, suggesting
that the temperature rise promotes stronger surface basicity
in the samples [44, 53]. This is in line with the decompo-
sition of some acidic oxygenated sites observed in FTIR
spectra at elevated temperatures, giving rise to the presence
of more basic groups. Based on what is measurable below
700 °C, the CO, uptake for fresh CuO/EFBC ca. 983 pmol/g
is found to be higher than that observed for H, pre-treated
samples, which fluctuates from 9 (H,-400) to 378 (H,-500),
28 (H,-600) and 89 umol/g (H,-700) at the different pre-
treatment temperatures. However, as mentioned earlier, these
peaks are incomplete and cannot represent the actual inten-
sity of surface basic sites within the temperature studied.

On the other hand, Fig. 8 shows the appearance of an
NH; desorption peak at 400 °C (with peak maximum around
650 °C), indicating the presence of strong acid sites in fresh
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CuO/EFBC. When pre-treated at 400 °C under H, flow, two
NH; desorption peaks appear on the TPD profile, one at a
lower temperature of 125 °C (which peaks around 225 °C)
and the other at 550 °C, indicating that H, pre-treatment at
400 °C could induce generation of both weak and strong
acid sites in CuO/EFBC [52]. Apparently, the weaker acidic
sites could be removed by an increase in H, pre-treatment
temperatures to 500 and 600 °C as such peaks are no longer
observed on the two samples (H,-500 and H,-600) within
the lower temperature region (less than 400 °C). Other than
that, both samples still exhibit a desorption peak at high
temperature (above 600 °C) indicative of strong acidic sites.
Further increase in the H, pre-treatment temperature to 700
°C regenerates the weak acidic sites which can be seen to
appear at similar temperature of 125 °C (but peaks at 270
°C) on H,-700 TPD profile, in addition to the stronger acid
sites seen in tiny peaks around 420 and 500 °C. Based on
the measurable NH; uptake below 700 °C, H,-400 appear
to have highest surface acidity (1077 umol/g), followed by
H,-700 (291 pmol/g), CuO/EFBC (119 umol/g), H,-600 (12
umol/g) and H,-500 (1 pmol/g). As these values are based
on incomplete peaks, the trend does not explicitly represent
the actual surface acid intensities on the different samples.

1.0+ |
Hf =100 mL/min
0.8 ' C, =500 ppm
T =100°C
0.6 X
(=] [
— T
© i
041 || —=— CuO/EFBC
11 —o— H,-400
0.2 | H,-500
|l —9— H,-600
1 —&—H,-700
0.0 panmanboal oy -y ; ;
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Fig.9 NO breakthrough curves of fresh CuO/EFBC and H, pre-
treated samples

NO Breakthrough Study on CuO/EFBC and H,
Pre-treated Sample

The influence of H, pre-treatment at different temperatures
on NO removal was evaluated by changes in breakthrough
time (at C/C, = 0.05), saturation time (at C/C, = 0.95) and
NO adsorption capacity. Figure 9 shows that within 40 s of
the breakthrough experiment, all samples initially achieved
100% NO removal, but this soon starts to decrease. Hydro-
gen pre-treatment appears to have little influence on break-
through time especially with pre-treatment temperatures
less than 600 °C, as all samples reach breakthrough within
65 s (as listed in Table 4) possibly due to the use of thin
bed depth in all breakthrough experiments. NO removal
of CuO/EFBC and H,-400 achieves bed saturation (C/C,
=0.95) within 200 s (3 min), while the increase in H, pre-
treatment temperatures to 500 °C prolongs the saturation
time to 600 s. Further increase in the H, pre-treatment tem-
perature to 600 and 700 °C remarkably increases the stabil-
ity of NO removal as the adsorbent beds have not reached
saturation even after more than 2 h of experiment. The NO
adsorption capacities achieved at C/C, = 0.95 are 1.65, 1.57
and 5.67 mg/g for CuO/EFBC and H, pre-treated samples
at lower temperatures i.e. H,-400 and H,-500 respectively.
The H,-600 and H,-700 samples show superior performance
in NO removal, with NO adsorption capacity of 41.01 and
62.74 mg/g respectively at C/C_ = 0.50. In a previous work,
activated carbon prepared from sawdust, modified with 10%
metal catalysts i.e. K, Cu, Fe and Ni were found to produce
NO adsorption capacity of 38.80, 34.66, 20.56 and 27.43
mg/g respectively under 500 mL/min flow of 1073 NO, 5
vol% O, at 298K [53, 54].

In general, it can be observed that NO removal has a posi-
tive relationship with the H, pre-treatment temperature. Pos-
sible direct explanation is that the rise in H, pre-treatment
temperature have simply enhanced the active sites available
on the catalyst/carbon. This however may be accomplished
by several ways, e.g. by removing acidic oxygenated surface
groups on the carbon support and thus enhance the carbon
surface properties catalytically and also physically (through
enhancement in the surface area and pore properties) which
are imperative for NO adsorption and/or also modifying

Table 4 Breakthrough time

: - i . Sample Breakthrough  Saturation time at C/  Adsorption capacity at Adsorption capac-
(at C/C, = 0.05), saturation time Co=0.95 (s) C/C, = 0.5 (mg/g) ity at C/C, = 0.95
time (at C/C, = 0.95) and NO C/IC=0.05 (s) (mg/g)
adsorption capacity at C/C = .

0.5 and 0.95 for the different CuO/EFBC 31 203 1.23 1.65

samples H,-400 38 159 1.41 1.57
H,-500 51 598 1.89 5.67
H,-600 60 - 41.01 -
H,-700 62 - 62.74 -
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the copper species to be in oxidation states which are more
favourable for dissociative NO adsorption and reduction
[55-57].

Apparently, the role of H, pre-treatment tempera-
tures in NO removal is not as simple as expected and is
a function of both changes in the surface chemical and
the physical properties of CuO/EFBC. The increase in
surface area and pore of volume undoubtedly would result
in increasing NO removal efficiency [58], while decom-
position of acidic oxygen functional groups at elevated
temperatures has been reported to increase the basicity
of the carbon surface in various studies [59-61]. As NO
species is known to be acidic, it is expected that the pres-
ence of these basic active sites will be able to play a sig-
nificant role in increasing NO adsorption onto the carbon
surface, accompanied by NO dissociation into nitrogen. A
schematic representation of acidic and basic groups at the
different pre-treatment temperatures is shown in Fig. 10.
Based on the FTIR and NH;-TPD results discussed

Fig. 10 Schematic representa-

earlier, H, pre-treatment of CuO/EFBC at low tempera-
tures (400 and 500 °C) is found to enhance predomina-
tion of acidic oxygenated surface groups (e.g. carboxy,
lactone/quinone and phenolic groups). This causes the
NO removal of H,-400 to reduce although the Sgpr and
pore properties (higher pore volume and smaller pore
size) are quite significantly enhanced. At 500 °C, some
of these weak acid sites populating the adsorption surface
are decomposed, while the basicity of the sample, surface
area and pore properties are enhanced, leading to higher
NO removal. More of these acidic groups are decomposed
at 600 and 700 °C, while the H,-600 and H,-700 samples
become more significantly predominated by basic groups,
such as aldehyde, alkanes, alkyls and aromatic groups, in
accordance with the increase in the strength of surface
basicity observed in CO,-TPD profile. The dependence
of surface acidic site decomposition on temperature has
also been reported by several previous studies, showing
that weakly acidic groups (such as carboxylic, anhydrides

H,-400: Highly predominated by acidic

tifgi;)ff:urftfﬁe g:mg)s ?I\;lairlible H, groups of carboxyl, phenolic,
a erent H, pre-treatme 400°C lactones/quinones and (poly)phosphates.
temperatures Nitrile/alkyne group still present in H»-400.
Lactones/
H, pre-treatment at Carboxylic  Quinones Phosphates
lower temperature C=H CO|OH ?'0 C|:O |O:P
Aromatic H, pre-treated CH
CuO/EFBC
Cu=0 T Alkanes/
OH C-O-P Alkyls
Phenol  Polyphosphates
H, H,-500: Moderately predominated by acidic
groups of carboxyl, phenolic,
500°C lactones/quinones and (poly)phosphates.
Carboxylic Lactones Phosphates
COOH C-O C=0 O=P
C=H I I I I C=N
i Nitrile/Alk
Aromatic | gy CuO/EFBC ]\ ferAtyne
I I CH
Cu=0 OH C-0.p  Alkanes/Alkyls
Phenol  Polyphosphates H, H,-600: Moderately predominated by basic
- groups of aldehydes, ketones, alkanes and
600 C alkyls.
Aldehyde Ketones Phosphates
C:IOH (II-O §:0 (I):P
Cc=C 4[ H, pre-treated ]7 CH
H Aromatic I Cu0/ EIFBC Alkanes/
2 pre-treatment at rin alkvyls
higher temperature £ OH C-0-P Y
Phenol  Polyphosphates
H, H,-700: Highly predominated by basic
N groups of aldehyde, ketones, alkanes and
700°C alkyls.
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and lactones) decompose at lower temperatures, while the
strongly acidic groups (such as carbonyl, phenol and qui-
none) decompose at higher temperatures up to 980 °C [60,
61]. The decomposition of these acidic oxygen-containing
groups on the carbon surface during H, pre-treatment at
elevated temperature, will lead to the presence of unsatu-
rated carbons that could react with H,, exhibiting stable
basic sites which would be available to NO dissociation
from gaseous molecules. In the case reported by Radovic
et al. for selective oxidation of CO, pure AC was able to
form superoxide species after pre-treatment with H, at
temperatures higher than 350 °C, while in the presence
of Ag catalyst, the superoxide species were more easily
generated after pre-treatment with H, at lower tempera-
ture of 200 °C [62].

It is also worth to note that phosphorus containing
groups are predominant on samples pre-treated with H,
at 400 and 500 °C, but decreases on samples pre-treated
with H, at 600 and 700 °C. On the other hand, Wang et al.
showed in their case that heat treatment at 400-500 °C
in the presence of hydrogen already caused a remarkable
decrease in phosphorus-containing groups in concomi-
tant with the decrease in oxygen groups from the carbon
surface [24], generating more unstable carbon sites which
could then bind to Cu catalyst and react with NO.

In addition, the presence of different Cu valences on
the carbon support also plays an important role in NO
removal. Previous work showed that CuO (Cu?*) and
Cu,O (Cu*) are more favourable for NO reduction [5],
however, the Cu,O (Cu*) as well as metallic Cu (Cu®
was found to hamper NO reduction over CuO/AC cata-
lysts in the presence of nitric acid [63]. The change in the
valences is well known to be controlled by calcination
temperature, with lower valence of copper species formed
on AC at higher calcination temperature [5, 64]. In this
work, copper was calcined at 400 °C, thus CuO (Cu2+)
and Cu,O (Cu") species are expected to be predomi-
nant, however with H, pre-treatment temperature being
increased to 700 °C, it is possible that the presence of
more lower valence species could be expected. However,
based on the XRD diffractograms showed earlier, cop-
per species of both high and lower valences (CuO, Cu,O
and Cu,;P) are found to be predominant in all H, pre-
treated samples, especially in H,-700. Therefore, it can
be assumed that the influence of copper valency on dis-
sociative NO removal is not significantly different among
the H, pre-treated samples. Other than that, the smaller
crystallite size exhibited by samples pre-treated at higher
temperatures (600 and 700 °C) could also be beneficial
for NO removal efficiency. In a previous work done by
Dong et al. [65] larger CeO, and CuO crystallite size was
found to reduce CuO dispersion and subsequently inhib-
ited CO conversion.

@ Springer

Conclusions

The study investigates the influence of hydrogen pre-treat-
ment at different temperatures on low-temperature nitric
oxide removal by oil palm empty fruit bunch activated car-
bon prepared by modification with phosphoric acid dehydra-
tion, followed by copper oxide impregnation using incipient-
wetness method (CuO/EFBC). Based on characterisation
of fresh and H, pre-treated samples at 400, 500, 600 and
700 °C, it was found that H, pre-treatment mainly affects
the presence of acidic oxygenated groups and the physical
properties e.g. BET surface area and pore characteristics of
CuO/EFBC as well as CuO crystallite size and structure. At
lower H, pre-treatment temperature (400 °C), the surface is
mainly predominated by acidic oxygenated groups which are
decomposed at higher pre-treatment temperatures depending
on their strength, leading to generation of more basic sites
which are favourable for acidic NO removal. Better surface
area and more developed pore characteristics (higher pore
volume and smaller pore size) and smaller average crystallite
size also contribute to better NO removal, especially at high
pre-treatment temperatures, i.e. 600 and 700 °C.
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