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Abstract: So far, most of the experimental researchers studying the removal of diesel exhaust
pollutants have done so with simulated exhaust gas, which cannot demonstrate the ability of catalysts
accurately. Because activated carbon (AC) has low price, no secondary pollution, good adsorption
performance, and certain catalytic activity, it has good application prospects in the field of marine
exhaust pollutant removal. In this paper, the removal of particulate matter (PM), carbon monoxide
(CO), and NOx from real exhaust gas by AC was studied. The results show that PM removal efficiency
reached up to 77%, while the pressure drop increased with running time. AC may degenerate
to some extent with the increase of temperature, resulting in a negative removal efficiency of CO.
The denitration efficiency of AC was up to 34.5% without urea, and further increased to 44.8% after
spraying urea, still a distance from industrial applications. In the future, it may be necessary to
install a fan to compensate the reactor or to backwash the reactor to avoid excessive pressure drop.
The thermal stability of the AC also needs to be improved. To increase the denitration performance,
it may be helpful to modify the AC or impregnate other metal oxides.
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1. Introduction

Diesel engines are widely used on ships as the main power and power generation unit. In addition
to CO; causing the greenhouse effect, ship exhaust gas also contains a large amount of pollutants
such as sulfur oxides (SOy), nitrogen oxides (NOy), particulate matter (PM), and carbon monoxide
(CO). [1,2] The International Maritime Organization (IMO) issued Convention of MARPOL 73/78
Annex VI, which lists relevant requirements for SOx and NOy emissions from ship exhaust. Marine
diesel engines generally use heavy fuel oil with a 3.5% sulfur content. This usually results in a
high concentration of PM in the exhaust gas, and causes sulfur poisoning of the selective catalytic
reduction (SCR) catalyst. Low-sulfur fuel and scrubber technologies [3] are generally used to meet the
Convention’s requirements for SOy emissions. If a scrubber is used, the initial investment is relatively
high, and wastewater and waste slag emissions need to be treated. IMO’s survey of 2016 for a global,
low-sulfur fuel supply chain showed that there will be enough low-sulfur fuel oil to meet the needs for
global ships by 2020. Therefore, IMO will enforce the standard of 0.5% sulfur content of marine fuels
for global ships in 2020. As a matter of fact, < 0.1% sulfur content fuel oil has already been enforced for
emission control zones since 2015 [4].

For NOy emissions, exhaust gas recirculation (EGR) [5] and SCR technologies are commonly
used to meet the Convention’s requirements. SCR is an effective post-processing technique with high
efficiency, in which there are mainly vanadium-based, copper-based, and iron-based SCR catalysts.
Iron-based catalysts have a higher denitration efficiency above 300 °C, and the production process is
complex [6,7]. Copper-based catalysts have a high denitration efficiency in the range of ~200-300 °C,
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while its thermal stability and sulfur tolerance are poor [8,9]. Vanadium-based catalysts have a good
thermal stability and sulfur tolerance and high denitration efficiency in a wide temperature range, and
thus are more often used commercially. The issue with vanadium is that its price is relatively high.
In addition, it can cause secondary pollution when expired, as V,Os is highly toxic. Therefore, it is of
interest to find a catalyst with low cost and good denitration ability.

Activated carbon (AC) has a high specific surface area and a variety of oxygen-containing
functional groups, which can effectively adsorb NOy [10-12], and can be used as a SCR catalyst
when NHj exists [13-15]. AC has been used in fossil power plants and steel plants for flue gas
desulfurization, [16-18] denitration [12,19,20], and mercury control [21,22]. Most previous researchers
have used simulated gas to evaluate the desulfurization and denitration performance of AC. Activated
carbon for contaminant removal in real exhaust of marine diesel engines has rarely been reported.
However, simulated gas not only differs in composition from real exhaust, but also does not contain PM,
which can adhere to the catalyst surface, resulting in a great influence on the denitration performance
of the catalyst.

In summary, low-sulfur fuel oil and activated carbon denitration together can be a possible path to
control the emission of multiple exhaust pollutants from marine diesel engines. The goal of this paper
was to study denitration capability of AC under real diesel exhaust gas conditions. As typical marine
diesel engines are too large to study in a lab environment, a 15 kW non-supercharged direct injection
diesel engine was used, although the PM concentration in land-based diesel engine exhaust is lower
than that from a marine diesel engine. The feasibility of activated carbon in the removal of various
exhaust pollutants from marine diesel engines and references for future applications are discussed.

2. Experimental System and Data Processing

2.1. Experimental System and Material

Figure 1 shows the experimental system. The generator (Shandong Huineng Power Equipment
Co., Ltd., 15KVA, Weifang, China) was driven by a diesel engine (Shandong Weichai Power Equipment
Co., Ltd., WP2.1D18E2, Weifang, China) at the rated speed of 1500 r/min. Basic parameters and exhaust
flow of the diesel engine are shown in Tables 1 and 2, respectively. No. 5 National Standard diesel oil
(sulfur content less than 0.01%) was used in the experiment. The output power of the diesel engine
was controlled by an air-cooled electric heating load box. The exhaust gas of the diesel engine passed
through the activated carbon reactor. The structure of the AC reactor is shown in Figure 2. The urea
nozzle was installed in a hole with a diameter of 46 mm at the front of the reactor, and a grid was
installed between the nozzle and the inlet of the reactor to make the urea solution and the exhaust
gas mix more uniformly. Two hole-baffles with 250 mm space were installed in the middle of the
reactor, and the inside was filled with granular activated carbon. The U-type differential pressure
gauge was connected to two holes of 20 mm in diameter. The ammonia for the denitration reaction
was hydrolyzed by the 32.5% mass fraction urea solution. The urea metering pump (Emitec, Lohmar,
Germany) was air-assisted, which has better atomization effect [23]. The molar ratio of NOyx:NH3 was
maintained at 1:1. The basic parameters of the columnar activated carbon (Shanxi Xinhua Activated
Carbon Factory, Taiyuan, China) are shown in Table 3. The element composition of AC is shown in
Table 4. The activated carbon used in each experiment was about 5 kg. The concentration of PM in the
exhaust gas was measured by a diesel particle analyzer (SAXON Junkalor GmbH, SMG 100, Dessau,
Germany). The concentrations of O,, CO, NO, and NO, were measured by a flue gas analyzer (Testo
company, Testo 350, Freiburg, Germany). In each experiment, the power was increased from the idle
load to 15 kW with 3 kW interval. Since the emission of diesel exhaust pollutants was not very constant,
in order to reduce the error, the parameters of interest were continuously measured over a period of
time after the diesel engine was stable at each power point. The concentrations of the pollutants were
the average value at the studied power point. For each power point, the experiment was repeated
three times, and the average value of the contaminant concentrations were taken for each power point.
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Figure 2. Schematic of the activated carbon (AC) reactor.
Table 1. Parameters of diesel engine.
Cvlinder Bore Stroke Compression  Displacement  Air Inlet Power  Rated Speed
y (mm) (mm) Ratio (L) Method (kW) (r/min)
4 85 92 18:1 2.09 Natural 17.5
Table 2. Exhaust flow at different generated power levels.
Power (kW) 0 3 9 12 15
Exhaust flow (Nm3/h) 1193 1055 983 89.9 88.0 82.8
Table 3. Parameters of activated carbon.
Diameter Length Iodine Fire Point Bulk Density SBET Vtotal Vmic D(am)
(mm) (mm)  Value (mg/g) Q) (g/L) (m?%g) (cm®/g) (cm®/g)
10 5.6~11.2 371 456 650 326.491 0.112 2.454

Note: Sper: BET surface area; Vtotal: total pore volume; Vmic: micropore volume D: average pore diameter.

Table 4. Element composition of AC.

Element C o Si Al Ca
Mass percentage (%) 48.07 20.64 8.83 5.75 6.58
Atomic Percentage (%) 64.26 20.71 5.05 3.42 2.64
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2.2. Data Processing

This paper mainly discusses the removal of CO, PM, and NOy by activated carbon. The removal
efficiencies of the three pollutants were calculated by the following Equation:
n= Gin = Cout 1009, (1)
Cin
here, 7 is the removal efficiency of pollutants, %; Cj, is the pollutant concentration of the reactor inlet,
uL/L or mg/Nm3 ; and Coyt is the pollutant concentration of the reactor outlet, uL/L or mg/Nm3.

The NOy in diesel exhaust mainly includes NO and NO,, of which NO accounts for more than
90%, and NO; generally does not exceed 10%. The flue gas analyzer Testo 350 used in this paper can
measure the volume fraction of NO and NO,, and the sum of them is the volume fraction of NOy.
In order to get the urea flow, it was necessary to first calculate the molar flow of NOy, as shown in
Equation (2):

Nox __ 4E X UNOx
Tmol” = 22 4% 1000
NOx

Here, Dol is the molar flow of NOy, mol/h; g is the volume flow of flue gas, Nm?/h; and ooy is
the volume fraction of NOy, uL/L.

To avoid the ammonia slip, the molar ratio of NH3:NOy is generally 1 in practical applications,
which gives Equation (3):

)

NH-
ot = Tovol @3)

here, q%—lk is the molar flow of NH3, mol/h.
The urea solution generally needs three stages to produce NHj3, including evaporation, pyrolysis,
and hydrolysis, which can be simplified to Equation (4).

CO(NH,), + H,0 — 2NHj + CO, )

Therefore, the volume flow of urea with a mass concentration of 32.5% could be expressed as
Equation (5).
1000 x 4\ x M,
CO(NHz), _ Dol CO(NH,),
v 2 % 32.5% X pCO(NHz)Z

©)

here, q‘C,O(NHZ)

PCO(NH,), is the density of the urea solution with a mass fraction of 32.5%, taking 1090 g/L.

2 is the volume flow of urea, ml/h; Mco(NH,), is the molar mass of urea, 60 g/mol; and

3. Results and Discussion

3.1. The Changes of Exhaust Gas Temperature and Pressure Drop

Different engine loads correspond to different sailing conditions of the ship, whether the diesel
engine is used as a main engine or a generator. When it is used as the main engine, the engine load is
generally below 35% (6 kW or less) under maneuvering sailing, around 45% (6-9 kW) under low-speed
sailing, around 75% (about 12 kW) under normal sailing, and 100% (15 kW) under maximum speed
sailing. Large-scale ocean-going vessels generally have three or four diesel engine generators. When a
diesel engine is used to drive a generator, the typical load is 80% to 90% (about 12 kW), regardless of
whether the ship is anchored or sailing. Different exhaust temperatures correspond to different engine
loads. Therefore, whether as a main engine or as a power generation diesel engine, the engine load
and exhaust gas temperature can correspond to different ship working conditions to a certain extent.
The diesel engine used in this paper is a small one and is generally used as a power generation diesel
engine for ships. The engine load is commonly about 12 kW.
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Figure 3 shows the pressure drop of the AC reactor and exhaust temperature changes at different
engine powers. It can be seen from Figure 3 that as the power increased, the exhaust temperature
continuously rose. As part of the heat is lost to the environment, the exhaust temperature after passing
through the reactor was slightly lower. Moreover, when the power was 6 kW, the exhaust temperature
was about 200 °C, and when the power was 15 kW, the diesel engine reached full load, and the
exhaust temperature reached 358 °C at the highest. The pressure drop of the reactor was maintained at
about 210 Pa in the range of 0-9 kW. When the power further increased, the pressure drop increased
significantly, eventually reaching 260 Pa. A possible reason for the pressure increase is that the PM
adsorbed on the surface of the activated carbon gradually increased with time, thus causing a certain
extent of blockage of the exhaust gas passage, thereby causing an increase in the pressure drop. In
practical applications, the activated carbon in the front section of the reactor may be replaced in time
according to the exhaust back pressure recommended by the diesel engine manufacturer, or an exhaust
fan may be installed after the AC reactor.
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Figure 3. Gas temperature and pressure drop changes.
3.2. Effect of AC on PM

Figure 4 shows the changes of PM mass concentration before and after the reactor at different
powers and the PM removal efficiency by activated carbon. Since the diesel engine used in this
paper used a natural air intake mode, the volume of the intake air did not change with the diesel
engine power. However, as the fuel injection amount gradually increased with the engine power, the
theoretical air volume for the fuel oil complete combustion increased. This will result in a gradual
decrease in the O, concentration of the exhaust gas as the power increases, and an increase in the
PM mass concentration due to incomplete combustion. When the power was lower than 6 kW, the
PM concentration of the reactor inlet was lower than 250 mg/Nm?, and with the further increase of
power, the mass concentration of PM increased rapidly. When the power reached 15 kW, the mass
concentration of PM reached 1282.2 mg/Nm?, at which the removal efficiency of PM was 65.4%. The
PM removal efficiencies of the AC reactor were above 60% over the entire power range, and the highest
PM removal efficiency achieved at 9 kW reached 77.0%.
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Figure 4. Effect on particulate matter (PM) concentration by AC reactor.

To date, there has been no report that activated carbon can catalyze the removal of PM. The main
reason for the PM removal in the experiment may be filtration and adsorption by the AC. When the
exhaust gas flows through the gap of the granular activated carbon, its speed and direction changes
greatly. The PM with a larger particle size gradually decreases and eventually deposits. The PM with
smaller particle size will be adsorbed on the surface of the activated carbon. However, it will result
in a gradual increase in the pressure drop of the reactor and will affect the denitration ability of the
AC. In practical applications, it may be necessary to replace the AC in front of the reactor according to
the change of the pressure drop, or to install an exhaust fan after the reactor. The method of diesel
particulate filter (DPF) regeneration may be used. For example, activated carbon can be made into
honeycomb and regenerated by backwashing.

3.3. Effect of AC on CO

The effect of activated carbon on CO at different powers is shown in Figure 5. It can be seen that the
running condition of the diesel engine was unstable at low load (0-6 kW), and the CO concentration in
the exhaust before entering the reactor was relatively high. The diesel engine reached the best working
condition at medium and high load (9 kW and 12 kW), and the CO concentrations also decreased.
However, the CO concentration rose sharply at full load (15 kW), which was due to the increase of
fuel injection at the full load. The lack of air for natural intake diesel engines results in incomplete
fuel combustion. This phenomenon can also be confirmed from the PM change process (Figure 4).
CO may act as a reducing agent to participate in denitration reaction to form CO, under the catalysis
of activated carbon. The removal efficiency of CO by activated carbon decreased with the increase
of power, and even turned negative when the power was 15 kW. This is because the temperature of
the exhaust was low (less than 200 °C) at low power and the adsorption performance of activated
carbon is relatively strong. As the power increased, the temperature of the exhaust gas gradually
increased, and the adsorption performance of activated carbon gradually decreased. However, the
CO removal efficiency turned into —7.5% when the temperature was higher than 300 °C (15 kW). The
activated carbon contains some oxygen-containing functional groups such as carboxyl, lactone, and
phenolic hydroxyl. The carboxyl and lactone groups are decomposed in the temperature range of
200-300 °C [24,25], resulting in AC degradation and the increase of CO concentration. In the future, it
will be necessary to improve the material and production process to increase the thermal stability of
activated carbon.
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Figure 5. Effect of AC on CO.

3.4. Effect of AC on NOy

There are three ways to generate NOy, including fuel NOy, prompt NOy, and thermal NO [26].
Due to the low nitrogen content in diesel fuel, the fuel NOy in diesel exhaust is almost negligible.
Prompt NOy can be produced at relatively low temperatures, but the proportion is generally small.
Thermal NOx accounts for the highest proportion, and the higher the temperature is, the more NOy
will be produced. Figure 6 shows the NOx concentration of the reactor inlet at different powers. It can
be seen from Figure 3 that the temperature of the exhaust gas increased with the power. Therefore, the
concentration of NO gradually increased with the power, and the NO concentration at 15 kW was up
to 1079 uL/L, as shown in Figure 6. It is generally believed that NO can be rapidly converted to NO; in
the flame zone, and the generated NO, can be preserved after being mixed with a cold gas. Therefore,
the ratio of NO,:NO was higher in the low-load operation of the diesel engine. It can be seen from
Figure 6 that the concentration of NO, was high at a low load and the highest was 72.2 uL/L (3 kW),
and then the concentration of NO, gradually decreased with the power. The NOy concentration in the
diesel exhaust at 15 kW was up to 1101 uL/L.
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Figure 6. NOy concentration of AC reactor inlet.

Figure 7 shows the change of NOy concentration at the outlet of the AC reactor when urea is not
sprayed. The dynamic change process and the outlet NOy stability value are shown in Figure 7a,b,
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respectively. During the experiment process, the diesel engine power gradually increased from 0 kW
to 15 kW, and each power point was kept for a certain period of time to ensure that the outlet NOy
concentration was basically stable. It can be seen from Figure 7 that the NO, concentration of the
outlet was very low at low power (0-6 kW), and close to zero at medium and high power (9-15 kW),
indicating that the NO, removal performance of activated carbon was good. The NO concentration
increased gradually with the power in the entire power range. There was a certain degree of NO
reduction compared to the inlet NO concentration. The denitration efficiency was 34.5% at 6 kW.
The AC reacted with O, in the exhaust to form the oxygen-containing functional groups, C¢. These
oxygen-containing functional groups are the main active sites of AC, and are closely related to the
adsorption and catalytic properties of AC [27-30]. AC can be both a catalyst and a reducing agent in
the denitration process. In addition, the reducing CO and CxHy in the exhaust also act as a reducing
agent at the surface active sites of the AC. The possible reactions include Equations (6)—(9).

C+02—Cy (6)
Cr
CO+ NOx — Ny + CO, (7)
C
CxHy + NOx + 02 —5 Ny + HyO + CO, 8)
C
CxHy + NOx + Oy —5 Ny + HO + CO )
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(a) Dynamic change process (b) Stable value

Figure 7. NOy concentration of AC reactor outlet (without urea). (a) Dynamic change process;
(b) stable value.

Figure 8 shows the change of NOy concentration at the outlet of the AC reactor when urea
was injected. Since the urea hydrolysis temperature was above 150 °C [31,32] and the exhaust gas
temperature of the diesel engine used in this experiment was below 150 °C when the power is lower
than 3 kW (shown as Figure 3), no urea was injected into the reactor below 3 kW. According to the
calculation method given in Section 2.2, the injection amounts of urea at different powers in the range
of 6 to 9 kW are shown in Table 5. After the injection of urea, it can be seen from Figure 8 that the NO,
concentration at the outlet was essentially zero, while the NO concentration increased with the power.
The NOx concentration was reduced to some extent, and the denitration efficiency was 44.8% at 15 kW.

Table 5. Urea volume flow at different powers (unit: mL/h).

Power (kW) 6 9 12 15
Urea Flow (mL/h) 146 206 269 345
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At present, the commercial denitration catalyst generally had a high denitration efficiency at
temperatures higher than 200 °C. The exhaust gas temperature was low at low power and urea is
generally not sprayed, resulting in a poor denitration effect at low power. Diesel engines usually run in
a low-power state when ships enter or depart from ports. At this time, exhaust emissions mainly occur
in the ports. The atmospheric pollution caused by this process has a serious impact on the environment.
It is beneficial to utilize the better adsorption ability of AC at low temperatures to initially adsorb
and store NOy. When the ship is at cruising speed, the exhaust gas temperature rises with the power.
Excess urea solution can be sprayed for denitration reaction when the temperature is higher than
the hydrolysis temperature of urea. One way to improve the denitration efficiency is to modify the
activated carbon [33,34] or load with other metal oxides [35,36]. In that case, activated carbon could
serve as a practical solution for marine diesel engine exhaust denitration.

4. Conclusions

Based on the above experiments on the removal ability of coal-based activated carbon under
different conditions, this paper mainly draws the following conclusions:

(1) The removal of PM was mainly by the adsorption and filtration of activated carbon. The PM
removal efficiency of the AC reactor was above 60% in the entire power range, and the highest
PM removal efficiency was 77% at 9 kW. However, the pressure drop of the reactor gradually
increased with the running time. In the future, a fan can be installed after the reactor, or the
granular AC can be made into a honeycomb structure and the regeneration method of DPF
backwashing can be used to prolong the service time.

(2) CO can be used as a reducing agent to participate in the denitration reaction under the catalytic
action of AC. The removal of CO depends on the adsorption of AC. Since the temperature of
the exhaust gas gradually increases with the power, the AC may have a certain degeneration.
It is necessary to improve the thermal stability of AC by material and production process for
practical purposes.

(3) The NOx concentration of the exhaust gas gradually increases with the power. The denitration
ability of AC was poor when urea is not sprayed, and the denitration efficiency was 34.5% at 6 kW.
When urea was sprayed, NH3 was generated by urea hydrolysis. With NHj3 as a reducing agent,
the NO, removal efficiency was close to 100%, and the highest denitration efficiency was 44.8% at
15 kW. Overall, the denitration efficiency of AC was still lower than other denitration catalysts,
and it needs to be modified or loaded with other metal oxides to improve its denitration efficiency.
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