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Figure 5. Cyclic absorption performance of DNH solution under different DMAPA concentrations. (a)
24M56H (b) 24D8H48N (c) 27.2D4.8H48N (d) 30.4D1.6H48N (e) Average absorption rates

Figure 5 shows that CO, absorption decreases with increasing cycle numbers for all solutions. In the first
cycle, all four solutions exhibit higher CO, absorption than in following cycles. Among them, the MEA solution
experiences the most significant decline in CO, absorption after multiple cycles. The reduction in CO, absorption
becomes more pronounced as DMAPA concentration increases. However, the 30.4D1.6H48N solution maintains
the highest CO, absorption across multiple cycles. WLS solutions consistently achieve significantly higher CO»
absorption than MEA solutions, with the DNH solution improving CO- absorption capacity by up to 79.9% after
multiple cycles compared to MEA. For average absorption rates, all solutions show a decline after four cycles
compared to initial experiments. However, DMAPA solutions consistently maintain significantly higher average
absorption rates than MEA. After four cycles, the DMAPA solution achieves up to 118.2% higher average

absorption rates than MEA. Moreover, increasing DMAPA concentration positively influences absorption rates.
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These trends are primarily due to undecomposed carbamates formed in cycles two to four, which reduce the

availability of active amine components for CO; reactions, leading to lower CO- absorption than in the first cycle.

Additionally, as cycle numbers increase, the MEA solution accumulates substantial undecomposed carbamates,

further depleting available MEA and causing a progressive decline in CO; absorption [44]. In contrast, the WLS

system maintains higher desorption efficiency with lower residual carbamate concentrations [45]. During

desorption, a higher concentration of DMAPA is regenerated, contributing to superior CO; absorption capacity

compared to MEA. Furthermore, increasing DMAPA concentration enhances CO-, reaction rates, and its effect

outweighs the impact of residual undecomposed carbamates, leading to improved average reaction rates with rising

DMAPA concentration.

Figure 6 (a)-(d) illustrates CO, cyclic loading and desorption efficiency after four absorption-desorption

cycles for MEA solution and various DMAPA concentrations. The results show that CO; loading in the rich

solution increases continuously with cycle numbers for all absorbents. In the MEA system, lean CO, loading

increases steadily, while cyclic CO; loading first rises and then decreases with successive cycles. In contrast, the

DMAPA solution exhibits a slight decrease in lean CO, loading with increasing cycles, while cyclic CO; loading

continues to increase. After four cycles, the 30.4D1.6H48N solution shows a 53.8% improvement in cyclic CO-

loading compared to MEA. The desorption efficiency of DNH solutions slightly improves with more cycles,

though the change remains small. After four cycles, the 30.4D1.6H48N solution demonstrates an up to 36.9%

higher desorption efficiency than MEA solutions. Moreover, increasing DMAPA concentration enhances rich CO,

loading, lean CO; loading, and cyclic CO; loading, though the effect on desorption efficiency is negligible.
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Figure 6. Cyclic desorption characteristics of DNH solution under different DMAPA concentrations. (a)
24MS56H (b) 24D8H48N (c) 27.2D4.8H48N (d) 30.4D1.6H48N

These observations are attributed to the MEA solution's inability to completely decompose carbamates during

desorption. While CO, absorption decreases during absorption, faster carbamate accumulation leads to higher lean

solution CO; loading after desorption, resulting in a continuous decrease in both rich CO; loading and cyclic CO;

loading. In confrast, although complete carbamate decomposition is not achieved in DNH solution, carbamate

stability decreases in water-lean environments, which facilitates easier decomposition under similar conditions.

This leads to significantly lower lean solution CO, loading compared to MEA [46]. As cycle numbers increase,

the decreasing water concentration raises absorbent temperatures during desorption reactions. This promotes

desorption, further reducing DMAPA solution lean CO; loading. Additionally, as shown in Figure 5, although the

CO; absorption capacity of DNH solutions slightly decreases with more cycles, the reduction is minimal. This

results in relatively stable or slightly increasing cyclic CO- loading for DNH solutions, which explains the slight
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improvement in desorption efficiency with increasing cycle numbers.
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Figure 7. Multiple-cycle performance of DNH solution under different DMAPA concentrations

Figure 7 illustrates CO; loading and average absorption rates over multiple cycles for different DMAPA
concentrations. Absorbents with data points closer to the upper right corner exhibit superior cyclic performance.
The results indicate that the DNH solution significantly outperforms the MEA solution in multi-cycle performance,
with improvements observed as DMAPA concentration increases. Specifically, the 30.4D1.6H48N solution
achieves a 68.88% higher multi-cycle average absorption rate and a 40.12% increase in multi-cycle CO; loading
compared to the MEA solution. A comprehensive evaluation of absorption and desorption performance suggests
that DMAPA’s high desorption efficiency leads to greater regenerated DMAPA concentrations after each cycle.
This enables the DNH solution to sustain consistently high average absorption rates and cyclic CO, loading.
Overall, the 30.4D1.6H48N WLS exhibits optimal CO- capture performance, demonstrating strong potential for

practical applications.
3.2 Desorption energy consumption of DNH solution under real engine exhaust conditions

Desorption energy consumption calculations for land-based carbon capture systems often do not accurately
represent absorbent energy consumption patterns in OCC systems. Therefore, modifications to existing land-based

desorption energy calculation methods are required to better capture OCC system energy consumption
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characteristics, allowing for a more intuitive assessment of operational status. The feasibility of OCC systems can
be assessed using COR and RAHR. COR measures the energy utilization efficiency of the engine’s total output
by analyzing the energy consumption of the OCC process. RAHR evaluates the potential for waste heat utilization,

determining how effectively waste heat recovery can reduce additional energy demands.

3.2.1 COR of DNH solution-based carbon capture system under real engine exhaust conditions

Figure 8 presents a comparative analysis of desorption energy consumption between MEA and various
types of water-lean solvents [8-11]. The results demonstrate that all water-lean solvents exhibit lower
desorption energy requirements compared to MEA, highlighting the inherent advantages of water-lean
technology. Among the different types of water-lean solvents evaluated, DNH solvent demonstrates the
lowest desorption energy consumption. The exceptional energy performance of DNH can be attributed to its
optimized composition and thermodynamic properties. The minimal water content and the high boiling points
of both DMAPA and NMP relative fo the desorption temperature result in negligible vaporization losses
during regeneration. Additionally, the lower specific heat capacity of NMP compared to water significantly
reduces sensible heat requirements, while DMAPA's dual-amine structure contributes to reduced reaction

enthalpy compared to conventional amines such as MEA.
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Figure 8. Desorption heat duty of different types of water-lean solvents
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Figure 9 displays the energy consumption and COR of the DNH solution-based carbon capture system.,

derived from exhaust data of a WD10C195-15 four-stroke medium-high-speed diesel engine operating under

different fuel types and conditions. Figures 9(a) and 9(b) show desorption energy consumption under LSFO

conditions, while Figures 9(c) and 9(d) present the results under HSFO conditions.

Figure 9 shows that the desorption energy consumption of DNH solution is significantly lower than that of

the MEA solution. Energy consumption increases proportionally with rising DMAPA concentration but decreases

as engine load is reduced. Regarding COR, the proportion of desorption energy initially increases gradually and

then rises sharply as engine power output decreases. Desorption energy demands remain lower at 100% and 85%

engine loads. A comparison of Figures 9(a)-(b) and 9(c)-(d) indicates slightly higher desorption energy

consumption under LSFO conditions than under HSFO conditions. A comprehensive analysis of Figures 9(a)-(d)

shows that the DNH solution reduces desorption energy consumption by up to 58.49% compared to the MEA

solution. The minimum COR for the DNH solution reaches 11.49%, representing a maximum reduction of 27.70%

relative to the MEA solution. These findings suggest that the DNH solution significantly lowers engine energy

demands, highlighting its strong potential for OCC applications.

Figures 9(a)-(d) also indicate that lower engine load reduces CO, concentration and flow rate in engine

exhaust, leading to decreased CO. capture capacity and. consequently. reduced desorption energy consumption.

However, the reduction in engine power output exceeds the variations in CO, concentration and flow rate, causing

an increase in COR. In terms of fuel type, the higher CO; concentration in LSFO exhaust results in slightly higher

energy consumption in the carbon capture system compared to HSFO conditions.

26



Water-lean absorbent for onboard carbon capture system

Fuel Type: LSFO Fuel Type: LSFO

50 V2 100% 80 A 100% o 75% 100% 2
g Y 75% B 50% 25% 75%

40 B4 50% 50% ~-
]
= [7A L
= 25% s, [ 1302
E. 30 )
! - 120 g
&2, 2
7 | &

- 60
2 10 7 =
= \ ?,’
0 A % 0
MEA 24I)8H48'\ 27. ZIM 8H 48‘4 30.401 6H48\| 24D8H48N  27.2D4.8H48N 30.4D1.6H48N
(a) (b)
Fuel Type: HSFO Fuel Type: HSFO

e V2 1100% 60 LA 100% Do 75% 100% 240
S K 75% R 50% 125% 75%

40- 50% M s =
== et J |
T |V 5% | B ‘ 25 [ 1302
‘é 30 | E)
z - 120 ‘Os
& 201 2
& | | L0 &
Z10- 5 a
] 7

0 /A ‘ s )
MEA 24DSII4S\ 27. 2])4 SHA48N 30.4D1. 6"48\1 24DSH48N  27.2D4.8H48N 30.4D1.6H48N
(c) (d)

Figure 9. Energy consumption analysis of DNH-based carbon capture system under different fuel type. (a.c)
Energy consumption. (b.d) COR and marine engine output

3.2.2 RAHR of DNH solution-based carbon capture system under real engine exhaust conditions

Figure 10 presents the RAHR of the DNH solution-based carbon capture system under different fuel
conditions. The analysis assumes that the engine exhaust temperature decreases to 120°C after passing through the
heat exchanger, with all available waste heat directed to the absorbent for CO, desorption. The results indicate that
the desorption energy requirements of the MEA solution exceed the available engine exhaust waste heat under
both LSFO and HSFO conditions, with a maximum RAHR reaching 208.98% of the available waste heat energy.
In contrast, the DNH solution significantly reduces desorption energy demands, achieving 100% capture efficiency
under all engine conditions solely through waste heat utilization. The minimum RAHR reaches 58.37%,

representing an 82.18% reduction compared to the MEA solution under equivalent conditions, highlighting its
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substantial energy-saving potential. Additionally, the results show that RAHR decreases with increasing engine

load and exhibits a slight increase with higher absorbent concentrations. Furthermore, RAHR under HSFO

conditions remains slightly lower than that under LSFO conditions.

Improved combustion conditions at higher engine loads enhance exhaust energy content and available heat,
which reduces the RAHR. Higher absorbent concentrations increase desorption energy demands, causing a slight

rise in RAHR. Under HSFO conditions, the exhaust gases contain more energy, making more heat available and

further lowering the RAHR.
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Figure 10. RAHR of DNH-based carbon capture system under different fuel type (a) LSFO (b) HSFO

3.3 Reaction mechanism of CO: capture from exhaust gas by DNH solution

3.3.1 Absorption reaction mechanism in CO: capture process using DNH solution

Figures 11(a) and 11(b) show the *C NMR and 'H NMR characterization results of the DNH solution after
absorption experiments. Peak 1 (177.72 ppm) corresponds to the carbonyl group in NMP. Peaks 2-5 (29.44 ppm,
17.00 ppm, 50.02 ppm, 30.84 ppm) correspond to —CH>— and —CHj3 in NMP, while peaks 6-9 (43.91 ppm, 56.13
ppm, 29.38 ppm. 39.48 ppm) represent —CH>— and —CH; in DMAPA and its protonated amine. Peaks 6*-9* are

assigned to —CH>— and —CHj3; in DMAPACOO- and its protonated carbamate, whereas peak 10* corresponds to
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—COO" in DMAPACOO . In the 1H NMR spectra, peaks 11-14 (2.28 ppm, 1.91 ppm. 3.36 ppm. 2.69 ppm)
represent —CH,— and —CHj; in NMP. Peaks 15-18 (2.05 ppm. 2.22 ppm., 1.47 ppm, 2.48 ppm) correspond to
—CH>— and —CHj3; in DMAPA and its protonated amine, while peaks 15*-18* are assigned to —CH>— and —CHj3;
in DMAPACOO- and its protonated carbamate [47]. Additionally, due to the mass fractions of NMP (50%) and
DMAPA (38%), the 1*C NMR peak intensities of DMAPA are generally lower than those of NMP.

Combined analysis of 13C NMR and 1H NMR characterization shows that after 30 minutes of reaction, the
characteristic peaks of DMAPA split into two types: peaks 6-9 and 15-19 representing DMAPA/ DMAPAH, /
Hg, DMAPAH , and peaks 6*-10* and 15*-18* corresponding to DMAPACOO” H, DMAPACOO . As the
reaction progresses, peaks 6-9 and 6*-9* move to the higher field, and peaks 15-18 and 15*-18* move to the lower
field are caused by the protonation of amines. Simultaneously, the intensities of characteristic peaks 6*-9* and
15*-18* increase. Furthermore, no characteristic peaks representing HCOs/COQOs? appear throughout the entire
reaction process.

Figure 11(c) presents the relative free energy of zwitterion formation and proton transfer reactions between
CO; and DMAPA. The results demonstrate that both intramolecular and intermolecular proton transfer reactions
occur simultaneously in the DNH solution, with the energy barrier for intermolecular proton transfer being lower
than that for intramolecular transfer in the NMP environment. This study provides the first quantum chemical
calculation evidence for intramolecular proton transfer reactions [15].[48-49].

The integration of characterization and computational results shows that CO, entering the system is rapidly
absorbed by NMP and reacts with DMAPA to form zwitterions, as described in Eq. (18). Following zwitterion
formation, proton transfer occurs in two directions: intramolecular and intermolecular, as illustrated in Eqs. (19)-

(21). This leads to the appearance of peaks 6-9* and 15-18*. As the reaction continues, the concentrations of

DMAPACOQO- and its protonated products increase, which enhances the intensities of peaks 6-9* and 15-18*.
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Figure 11. Absorption process reaction analysis of DNH solution (a) *C NMR (b) 'H NMR (c) Quantum

chemistry calculations
CO,+DMAPA — DMAPAH,, COO’ (18)
DMAPAH,,,COO™ = H;, DMAPACOO" (19)
DMAPAH, COO +DMAPA — DMAPACOO +H, DMAPA (20)
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DMAPAH,

tCOO™ +H DMAPA = DMAPACOO +H, DMAPAH, 1)

®
As CO; continues to enter the system, the ongoing reaction with DMAPA results in a gradual decrease in

DMAPA concentration. After a period of reaction, CO, reacts with H; DMAPA , as shown in Eq. (22). The

generated zwitterion H DMAPAH,COO™ undergoes further proton transfer reactions. Due to the existing
proton in the tertiary amine group. only intermolecular proton transfer occurs, as shown in Eqs. (23)-(25). The low

water content in the system prevents the hydrolysis of carbamate. Consequently, no HCO;/CQs?- appears in the

solution.

H;, DMAPA+CO, = H, DMAPAH,,COO’ (22)

H;, DMAPAH,,COO +DMAPA = H;, DMAPACOO +H;, DMAPA (23)
H;, DMAPAH;,COO +H,, DMAPA = H;, DMAPACOO +H_, DMAPAH;, 24)
H;, DMAPAH;, COO +DMAPACOO" = 2H,, DMAPACOO" (25)

3.3.2 Desorption reaction mechanism in CO: capture process using DNH solution

Figures 12(a) and 12(b) display the *C NMR and 'H NMR characterization results of the DNH solution after
desorption experiments. The intensity of characteristic peaks 6-10* and 15*-18* decreases as desorption time
increases, almost disappearing by the end of the desorption process. The chemical shifts of peaks 6-9* and 6-9
move to a lower field, while peaks 15-18 and 15*-18%* shift to a higher field.

This occurs because the increasing temperature of WLS after desorption initiation promotes the reverse

reactions of Eqs. (19)-(25). This process consumes significant amounts of H_ DMAPACOO’ and triggers

deprotonation of DMAPA protonated amine, resulting in decreased intensities of peaks 6-10*% and 15*-18*

representing H_, DMAPACOO . The consumed H DMAPACOO™ regenerates into DMAPA, leading to

increased intensities of peaks 6-9 and 15-18 representing DMAPA. Moreover, DMAPA carbamate in DNH solution
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exhibits instability and tends to decompose. Due to the higher boiling point of WLS, higher reaction temperatures

can be achieved after desorption initiation. This leads to rapid consumption of H DMAPACOO™ in DNH

solution, resulting in enhanced desorption efficiency.
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Figure 12. Desorption process reaction analysis of DNH solution (a) *C NMR (b) 'H NMR

3.3.3 Reaction mechanism of CO: capture by DNH solution

Figure 13 illustrates the CO, capture reaction mechanism in the DNH solution. The mechanism of CO-
capture in the WLS system has been clarified through a combined analysis of experimental results, quantum
chemical calculations, and NMR characterization. Upon absorption initiation, CO; is rapidly absorbed by NMP in

the DNH solution through physical absorption, which explains the superior absorption rate of the WLS system.

32



Water-lean absorbent for onboard carbon capture system

DMAPA then reacts with CO, to form zwitterions, which undergo intramolecular and intermolecular proton
transfer to generate protonated carbamate. During desorption, protonated carbamate reacts with protonated amines
to release CO,. The WLS system exhibits excellent desorption efficiency and lower energy consumption, owing

to its lower specific heat capacity, higher boiling point, and enhanced carbamate decomposition in a water-lean

environment.
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Figure 13. CO; capture mechanism in DMAPA water-lean system

4. Conclusions

The CO; capture performance, reaction mechanism, and desorption energy consumption of a novel water-
lean solution for onboard carbon capture under real ship exhaust conditions have been investigated in this study.
The effects of absorbent component concentrations on capture performance were examined through rapid
screening and cyclic experiments. Desorption energy consumption and exhaust waste heat were calculated using
actual engine exhaust test results, and a new method for evaluating desorption energy consumption in OCC systems
under maritime conditions was developed. Moreover, the reaction mechanism between the absorbent and CO; in
the water-lean environment was analyzed using combined *C NMR spectroscopy, 'H NMR characterization, and
quantum chemical calculations.

The results demonstrated that WLS exhibited great capture performance compared to the MEA solution. After

multiple cycles, the DNH solution achieved up to 79.9% higher CO; absorption and 118.2% higher average
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absorption rate compared to the MEA solution. Besides, the cyclic CO; loading capacity increased by 53.8%, and
desorption efficiency improved by 36.9%. The 30.4D1.6H48N solution demonstrated a 68.88% higher average
absorption rate and 40.12% higher cyclic CO; loading capacity compared to the MEA solution over multiple cycles.
Additionally, the physical absorption of CO, by NMP in the DNH solution is non-negligible.

Refined implicit solvent model calculations revealed both intermolecular and intramolecular proton transfer
mechanisms in the DMAPA-CO; reaction. Intermolecular proton transfer reactions showed a higher prevalence in
water-lean environments. The final products of the DNH solution after absorption were identified as protonated
carbamate and protonated amine, with no formation of HCO3;/CO;%. Under water-lean conditions, the unstable
structure and higher boiling point of protonated carbamate led to extensive decomposition of absorption products,
thereby promoting the desorption process and enhancing desorption efficiency.

Furthermore, the implementation of WLS significantly reduced the desorption energy requirement, meeting
the energy demands for 100% capture efficiency under all engine operating conditions. Compared to the MEA
solution, the DNH solution achieved a 58.49% reduction in desorption energy consumption and decreased COR
by 27.70%. The RAHR for WLS is 58.37%, representing an 82.18% reduction compared to the MEA solution
under identical conditions. These results demonstrate the significant potential of WLS in OCC systems through its
remarkable reduction in desorption energy requirements. This study provides substantial theoretical support for
the application of WLS in OCC systems.
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