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A B S T R A C T   

Ammonia solutions are widely used solvents for CO2 capture. However, a significant disadvantage of these 
solvents is secondary pollution of the purified gas stream by desorbed ammonia. In this work, α,ω-diols, and 
colloidal silica have been proposed to reduce this undesired effect. Ammonia solutions with the addition of 
ethylene glycol (EG), 1,3-propanediol (PRD), 1,4-butanediol (BUD), 1,5-pentanediol (PED), or 1,6-hexanediol 
(HED) and ammonia solution with the addition of diol and colloidal SiO2 were tested. The concentration of 
CO2 and NH3 in the exhaust gas was continuously measured during the experiments. Based on the recorded 
measurements, the number of moles of CO2 absorbed and the number of moles of NH3 lost were calculated. Mass 
transfer coefficients for CO2 absorption and NH3 desorption were also determined. The studies showed that CO2 
absorption occurred faster in ammonia solutions with EG, PRD, BUD, and HED, and the CO2 loading was higher 
than in pure NH3 solution. The most effective additive improving CO2 absorption was BUD, followed by HED. 
SiO2 particles improved slightly the absorption efficiency in most of the tested diol solutions. All diols used 
inhibited the escape of ammonia, with PED having the most effective effect. However, adding silica particles 
effectively inhibited ammonia escape in all tested systems.   

1. Introduction 

The world has become increasingly concerned due to the rising levels 
of CO2 in the atmosphere. The high concentration of CO2 in the atmo
sphere contributes to global warming and it also leads to the melting of 
polar ice caps, exacerbates food shortages and insecurity, and renders 
our planet increasingly inhospitable for both humans and other living 
organisms [1,2]. Despite the efforts of researchers actively engaged in 
ongoing studies and implemented technologies, the results of these ac
tions have not been as effective in mitigating CO2 concentrations as 
anticipated. The causes behind escalating CO2 levels can be categorized 
into two main sources: human activities and natural processes [3,4]. The 
primary contributors to CO2 emissions include natural phenomena like 
the weathering of carbonated rocks, volcanic eruptions, and biological 
respiration. Nevertheless, these natural processes do not significantly 
elevate CO2 concentrations compared to the impact of human activities. 
Notably, numerous studies have pointed to a 20% increase in CO2 
emissions over 42 years, primarily attributed to fossil fuel combustion, 

making it the predominant human-induced source of CO2 increases in 
the atmosphere [5]. 

In ongoing efforts to reduce carbon footprint and mitigate the im
pacts of climate change, various methods were explored. Some of these, 
like photosynthesis and the natural occurrence of acid rain, are inherent 
processes in our environment. On the other hand, there are developed 
greenhouse gas reduction methods to minimize their concentration in 
the atmosphere. Among these methods, a large group are the processes 
of carbon capture, utilization and storage [6]. All proposed solutions 
require CO2 capture. There are three options for CO2 capture: 
post-conversion, pre-conversion and oxy-fuel combustion [7]. During 
pre-conversion capture, absorption in chemical and physical solvents as 
well as adsorption by porous organic frameworks is most often used, 
while post-conversion capture is carried out using processes such as 
physical and chemical absorption, adsorption, membrane separation, 
cryogenic separation, or separation with using microbial/algal systems 
[7,8]. However, the principle of oxy-fuel combustion involves the use of 
pure oxygen in processes, thanks to which an almost pure stream of CO2 
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is obtained after the process [7]. Ideas for utilization and storing CO2 are 
very diverse and include solutions such as turning carbon dioxide into 
beverages, injecting it deep within the Earth’s crust and storage in saline 
formation, CO2 enhancement oil recovery, and the use of CO2 as a re
agent for the production of various chemical compounds [9]. Examples 
of important chemicals produced from CO2 are urea, methanol, cyclic 
and linear carbonates, carboxylic acids, esters, lactones, concrete, 
polymers, and fine chemicals [10,11]. Additionally, technologies are 
being developed to manage carbon dioxides and calcium-rich wastes, e. 
g., post-distillation liquid from the Solvay process, metallurgical slag 
from steel production, cement industry waste, gypsum waste, ash from 
paper sludge, and oil shale ash to the production of calcium carbonate 
[12]. All these attempts contribute to reducing CO2 levels and offer 
prospects for sustainable solutions in the fight against climate change 
[13]. 

Among the proposed carbon dioxide capture methods, absorption is 
one of the most established technologies [14]. This process can be car
ried out using physical solvents such as dimethyl ether of polyethylene 
glycol utilized in Selexol process, methanol used in Rectisol method, and 
fluorinated solvents, in which only the dissolution of the absorbed 
component occurs in the entire volume of the solution, or as chemical 
absorption when a reaction occurs between the absorbed compound and 
the component(s) of the liquid phase. Solvents used in chemical ab
sorption are solutions of amines (e.g. monoethanolamine MEA, dieth
anolamine DEA, methyldiethanolamine MDEA), ammonia, potassium 
carbonate, and ionic liquids. 

Currently, most CO2 capture technologies are based on absorption in 
amine solutions. However, ammonia has recently been indicated as a 
promising solvent for these applications. The selection of this absorbent 
is based on its cost-effectiveness, stability, resistance to degradation in 
the presence of oxygen and sulfur oxide, reduced energy consumption, 
and exceptional carbon capture efficiency. However, the main challenge 
with this solvent is the high volatility of ammonia and the tendency to 
escape during gas flow. This results in the loss of a critical component of 
the absorbent and contributes to secondary pollution, necessitating 
additional operations to recover ammonia from the gas stream after 
absorption [15]. 

Hence, miscellaneous strategies are used to reduce the presence of 
ammonia in the separated gas. The foremost methods of inhibiting 
ammonia escape include scrubbing techniques such as water washing 
and acid washing, optimization of absorber operation minimizing 
ammonia desorption, and utilization of various organic and inorganic 
additives, causing ammonia retention in the solvent [14]. The absorp
tion of ammonia in water or acid is a very effective method of removing 
this component from gases, but it requires additional installations for 
gas purification and solvent regeneration. Process optimization includes 
fine-tuning parameters such as ammonia concentrations in the solution, 
managing pH levels, adjusting reaction temperatures, and monitoring 
CO2 loading and partial pressure [14,16]. Another strategy being 
developed is the utilization of inhibitors of ammonia escape from the 
absorbent. Inorganic additives are metal ions that form complexes with 
ammonia, e.g., Cu2+, Ni2+, Zn2+, Co2+ [17–19]. On the other hand, 
organic compounds that slow down the escape of ammonia are primarily 
compounds containing hydroxyl groups [20,21]. Recently, research has 
been carried out on new biphasic absorbents for CO2 capture [22–24]. 
Their unique operation is based on two immiscible liquid phases for
mation after CO2 absorption, differing significantly in CO2 concentra
tion. These solvents can be obtained, among others, by mixing a solution 
of amine and alcohol or poly(ethylene glycol) dimethyl ether. It has been 
shown that compounds containing hydroxyl groups can increase the 
overall mass transfer coefficient during absorption and benefit solvent 
regeneration [24]. A new approach to improving CO2 absorption is the 
application of nanofluids, i.e., liquids containing nanoparticles [25]. 
Research shows that even a small concentration of nanoparticles in the 
absorbent can significantly increase the rate of CO2 absorption [26]. 
Moreover, recently published studies conducted using an ammonia 

solution containing colloidal SiO2 particles also confirmed the positive 
effect of this type of particle on the absorption process [27]. Fine SiO2 
particles at a concentration in the range of 0.01%− 0.15% considerably 
reduced the escape of ammonia. 

In this research, selected diols and colloidal silica were employed to 
increase the CO2 absorption rate and to prevent the escape of ammonia 
during carbon capture in ammonia solutions. The following α,ω-diol 
homologs: 1,2-ethane diol (ethylene glycol, EG), 1,3-propanediol (PRD), 
1,4-butanediol (BUD), 1,5-propanediol (PRD), and 1,6-hexanediol 
(HED) were used as organic additives. Previous research has consis
tently indicated that organic additives with a higher number of hydroxyl 
groups exhibit superior inhibition of ammonia escape compared to those 
with fewer hydroxyl groups [20]. In addition, molecules in which the 
hydroxyl groups are separated from each other have a beneficial impact 
during the absorption of CO2 in ammonia solutions. The novelty of this 
work is showing the influence of diols with different carbon chain 
lengths on the carbon dioxide absorption rate. Moreover, the effect of 
combined additives, i.e., organic compound and fine particles, on the 
rate of carbon dioxide absorption in ammonia solutions and the reduc
tion of ammonia escape has not been previously tested. Therefore, in 
these studies, we assumed that the presence of diols and fine solid par
ticles could have a synergistic effect on CO2 capture in NH3 solutions. 

2. Materials and methods 

2.1. Reagents 

Absorbent used in these experiments were prepared from water ob
tained by reverse osmosis and 25% ammonia solution (POCH, Poland). 
Carbon dioxide gas was purchased from Linde Gas, Poland. The 
following α,ω-diols were added to absorbent solutions: 1,2-ethane diol 
(99.0%, Chempur, Poland), 1,3-propane diol (99.0%, Thermo-Scientific, 
Germany), 1,4-butane diol (99.0%, Acros-Organics, Taiwan), 1,5- 
pentane diol (98.0%, Thermo-Scientific, Spain), and 1,6-hexane diol 
(97.0%, Thermo-Scientific, Germany). These substances were referred 
to as organic additives. Some experiments used Silica Aerosil® 200 
(>99.8%, Evonik, Germany). 

The methodology employed in this study centers around the liquid- 
gas reaction mechanism. Within the mini reactor, a liquid solution 
comprising ammonia (NH3), additives, and nano-silica (SiO2) is metic
ulously prepared in accordance with predetermined quantities to ensure 
uniformity. To achieve consistent dispersion of nanoparticles in the so
lution, nanosilica undergoes a 30-minute ultrasonic treatment. Subse
quently, a gas mixture composed of carbon dioxide and air is introduced 
into the reactor. The theoretical reaction time, calculated based on the 
mole ratios of ammonia and carbon dioxide, serves as the time limit for 
complete reaction. Once the ammonia and carbon dioxide have under
gone full reaction, the flue gas valve is sealed. These experiments are 
conducted under conditions of room temperature and atmospheric 
pressure. 

2.2. Apparatus and methods 

2.2.1. CO2 absorption experiments 
Carbon dioxide absorption measurements and inhibiting ammonia 

escape were carried out in the bubble reactor with a volume of 0.5 dm3 . 
A sparger made with sintered glass for even gas dispersion throughout 
the solution was used in the reactor. The proper distribution of the gas in 
the ammonia solution was created by the deep and vertical insertion of a 
gas distributor into the solution. The flow rate of the gas mixture was set 
by mass controllers at 0.5 dm3/min with the CO2 volume fraction in air 
equal to 0.15. Gas components were mixed within an in-line mixer 
before being introduced into the reactor. The outlet gas with unabsorbed 
CO2 and desorbed NH3 was diluted in the mixing chamber with the fresh 
air to maintain concentrations below the predetermined operating limit 
of gas sensors. The diaphragm pump rotation speed controlled the 
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volume gas flow rate through the chamber. The CO2 and NH3 concen
tration in the diluted gas stream was analyzed by the infrared CO2 sensor 
Gravity produced by DFRobot and the electrochemical NH3 sensor from 
the SGX Sensortech An Amphenol Company, respectively. The sensors 
were placed in separate Teflon chambers to limit the adsorption of the 
analyzed compound and avoid its undesirable transformation. The sig
nals from gas sensors were recorded using an analog-to-digital con
verter. The Arduino MEGA 2560 Rev3 control module was used to 
control automatically the custom-built system. The complete arrange
ment for the carbon dioxide absorption setup is presented in Fig. 1. 
Based on the calibration, the signals from the sensors were used to 
determine the concentration of ammonia and carbon dioxide in the 
outlet gas stream as a volume fraction. 

Aqueous solutions of ammonia with NH3 concentration of 1.5 mol/ 
dm3 were used as solvents for CO2 absorption. The concentration of diols 
added to the solvent was 0.3 mol/dm3, and the amount of added silica 
was 0.05 wt%. The amount of used SiO2 was selected based on previ
ously conducted tests, in which the best effect of slowing down the 
escape of ammonia was achieved for this concentration [27]. To obtain a 
stable dispersion during measurements, the initial suspension of SiO2 
particles in water was prepared and sonicated in an ultrasonic bath for 
30 min. Then the right amount of commercial ammonia solution, 
organic additive and the rest of the water were added to obtain the 
assumed concentrations of ammonia in the tested solvent. The volume of 
the tested absorbent was 0.300 dm3 in each experiment. CO2 absorption 
in a tested solvent was carried out for 60 min pH of solutions were 
measured during CO2 absorption. 

2.2.2. Determination of physical properties 
Density measurements of ammonia solutions with organic additives 

were made using a DMA 1001 density meter (Anton Paar). Before each 
series of measurements, calibration was performed using ultrapure 
water and air. The dynamic viscosity of the solutions was determined in 
a Brookfield LVDV-II + rotational viscometer equipped with an attach
ment for small-volume samples. The surface tension of the used solution 
was measured using the tensiometer Krüss K11 applying the Wilhelmy 
plate method [28]. Before surface tension measurement, calibration was 
performed in ultrapure water. Each measurement was repeated a min
imum of three times. 

3. Result and discussion 

3.1. Physical properties of solvents 

The basic physical properties of solvents significantly impact the 
mass transfer during both the absorption and desorption processes. 
Therefore, the solutions’ density and viscosity were determined and the 
obtained values are in Table 1. 

The measured density and viscosity of the used ammonia solution 
without and with dioles do not significantly vary. However, diol solu
tions differ in their surface activity. In the case of ethylene glycol, 1,3- 
propanediol and 1,4-butanediol, The increase in the number of carbon 
atoms in the diol molecule resulted in a slight decrease in the surface 
tension of the solutions. However, pentanediol and hexanediol reduced 
the surface tension of aqueous ammonia solutions from 69.6 to 51.8 and 
56 mN/m, respectively. Similar surface properties of α,ω-diols were 
obtained for their aqueous solutions (without ammonia) [29,30], and 
the lowest surface tension characterized aqueous solutions containing 
PED [31]. 

3.2. Carbon dioxide absorption 

The change in carbon dioxide concentration in the gas outlet stream 
over time is shown in Fig. 2 and Fig. 3. The recorded CO2 concentration 
output curves in the gas stream can be divided into three ranges. The 
initial period is very short, lasts about 40 s, and is characterized by the 
absence of carbon dioxide in the exhaust gas. This is due to the fact that 
all introduced CO2 has been retained in the ammonia solution. Addi
tionally, the gas must flow through the entire measuring system 

Fig. 1. Flow diagram of CO2 absorption system: (1) the air cylinder equipped with a pressure gauge and valve, (2) the CO2 cylinder equipped with pressure gauges 
and valves, (3) the adsorption column with NaOH, (4) the bubble reactor, (5) the pump, (6) and (7) the air mass flow controllers, (8) the CO2 mass flow controller; (9) 
the gas mixer, (10) the ammonia sensor, (11) the pH sensor, (12) the carbon dioxide sensor, (13) the connector, and (14) the computer. 

Table 1 
Physical properties of the used solvents at room temperature (23 ◦C).  

Solution ρ, kg⋅m3 µ, mPa⋅s σ, mN⋅m− 1 

Control 989.48 1.04 69.6 
EG 991.86 1.05 68.2 
PRD 990.87 1.05 67.6 
BUD 990.02 1.08 65.6 
PED 989.97 1.05 51.8 
HED 989.13 1.07 56.0  
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immediately after starting the measurement. In the second period, a 
rapid increase in CO2 concentration at the outlet from the absorber is 
visible. During this period, the differences in the output curves for the 
used organic additives are significant. The largest increase in CO2 con
centration at the beginning of this period was for the ammonia solution 
without additives and in the presence of 1,5-pentanediol. The CO2 
concentration increased the least after adding 1,4-butanediol and 1,6- 

butanediol. A similar course was observed for absorption in solvents 
with fine silica particles. In the next stage, the reactor operation is 
established, i.e. CO2 is supplied to the absorber, part of the CO2 is 
reacted, and the CO2 not used in the reaction leaves the system in the 
flowing air stream. A practically constant absorption rate is observed for 
ammonia solution without additives and in the presence of ethylene 
glycol and propylene glycol. The longest absorption period 

Fig. 2. The outlet mole fraction of CO2 released from the solution containing organic additives: (a) control (without additives), (b) EG, (c) PRD, (d) BUD, (e) PED, (f) 
HED utilized. 
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characterized by a fixed CO2 concentration in the exhaust gas was 
recorded for a pure ammonia solution (the end of stable period occurred 
after approximately 2200 s). In the case of measurements with silica 
particles, a constant absorption rate in the third range occurs for the 
ammonia solution without organic additives and with the addition of 
ethylene glycol. Then, at the final time of these experiments, the CO2 

concentration in the outlet gas slowly increased. In the tests made with 
1,4-butanediol, 1,5-propanediol, and 1,6-hexanediol, the third absorp
tion period was characterized by a slow increase in CO2 concentration in 
exhaust gases throughout the investigated range of time. 

Based on the molar stream of air introduced into the absorber and the 
concentration of CO2 in the inlet and outlet streams at define time of 

Fig. 3. The outlet mole fraction of CO2 released from the solution containing organic additives and fine SiO2 particles: (a) without diols; (b) EG; (c) PRD; (d) BUD; (e) 
PED; (f) HED. 
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experiments, the efficiency of CO2 capture in the tested absorbents was 
calculated as: 

αCO2 =
nin,CO2 − nout,CO2

nin,CO2
• 100% =

Δn CO2

nin,CO2
• 100% (1)  

where: αCO2 is the efficiency of carbon dioxide capture, nin,CO2 is the 
number of moles of carbon dioxide introduced to the absorber, and 
nout,CO2 is the number of moles of carbon dioxide flowing out with the 
exhaust gas from the absorber and Δn CO2 is the number of moles of 
carbon dioxide remaining in the absorber. 

The total molar flux of introduced CO2 can be determined as: 

Qin,CO2 = QairYin,CO2 (2)  

where Qair is the molar flux of air, Yin,CO2 is the relative mole fraction of 
carbon dioxide in the inlet gas. 

The total molar flux of absorbed CO2 at given time can be calculated 
from: 

QCO2 = Qair
(
Yin,CO2 − Yout,CO2

)
(3)  

where Yout,CO2 is the relative mole fraction of carbon dioxide in the outlet 
gas. 

To determine the absorbed number of moles of CO2 during the entire 
process time, the total CO2 mole flux should be multiplied by the 
measuring time intervals and integrated. 

The obtained results of CO2 capture efficiency in the tested solvents 
are presented in Table 2. 

The efficiency of CO2 capture by ammonia solutions in the presence 
of the tested glycols was higher than in the NH3 solution without ad
ditives. The only exception to this rule is the ammonia solution con
taining 1,5-pentanediol, in which the number of moles of absorbed CO2 
was 8% lower compared to the control absorbent. The most effective 
CO2 absorbent was the NH3 solution with the addition of 1,4-butanediol 
(71.7% CO2 absorption efficiency) and with the addition of 1,6-hexane
diol (66.7% CO2 absorption efficiency). Comparing the obtained results 
of CO2 capture in solutions without and with the addition of fine silica 
particles, it can be seen that the presence of SiO2 in the used concen
tration 0.05 wt% does not significantly affect the efficiency of CO2 
removal from the gas stream for most of the organic additives tested. 
Only the CO2 absorption was higher by approximately 6% in the 
ammonia solution with the addition of 1,5-pentanediol while these 
changes were not greater than 2% in the presence of other additives. 

Considering the surface tension of the solvents used (Table 1), the 
impact of this parameter on the CO2 absorption rate is unclear. The 
reduction of surface tension for EG, PRD, BUD, and HED is correlated 
with the increase in the absorption rate, while in the case of PED, the 
opposite trend is observed. Other studies also do not explain the influ
ence of this physical property of the solution on the absorption process. 
On the one hand, reducing surface tension favors the formation of 
smaller gas bubbles in the bubble system, and then the interfacial sur
face area increases [32]. At the same time, adsorbed surfactant mole
cules can promote absorption and facilitate CO2 transfer through the 

interface [33]. However, other results showed, that the adsorption of the 
surfactant at the gas-liquid interface can reduce or eliminate interfacial 
turbulence and place a surfactant barrier that makes it difficult to 
transfer the ingredient from the gas phase to the liquid phase, which 
reduces the absorption rate [34]. 

Based on the obtained results of the CO2 absorption rate in the tested 
solvents, the volumetric mass transfer coefficients were determined. For 
this purpose, the model proposed by Atzori et al. was adopted [35]. The 
CO2 mass transfer from the gas phase to the liquid phase depends on the 
driving force of the CO2 absorption, i.e., the difference in the partial 
pressures of this component in the gas phase and the liquid phase 
therefore the molar flow rate of CO2 can be expressed as: 

NCO2 = KG
(
pG,CO2 − pL,CO2

)
(4)  

where NCO2 is the molar flow rate of carbon dioxide, KG is the overall 
mass transfer coefficient of carbon dioxide, pG,CO2 and pL,CO2 are partial 
pressures in the gas phase and liquid phase, respectively. 

For the tested system, the average partial pressure of CO2 in the gas 
phase was determined as the logarithmic mean value as proposed Ma 
et al. [16]: 

pG,CO2 = P
yin,CO2 − yout,CO2

ln yin,CO2
yout,CO2

(5)  

where P is the total pressure in the system, yin,CO2 and yout,CO2 are mole 
fractions of CO2 in the inlet and outlet gas stream, respectively. 

The partial pressure of carbon dioxide in a liquid phase depends on 
the concentration of free CO2 in the liquid CL,CO2 and the Henry’s con
stant HCO2

L : 

pL,CO2 = CL,CO2HCO2
L (6) 

To calculate the Henry’s constant, the “NO2 analogy” was applied: 

HCO2
L = HNO2

L

(
HCO2

w

HNO2
w

)

(7) 

The dependence of Henry’s constant on temperature (T) for NO2 

absorption in ammonia solution HNO2
L is given by [36]: 

HNO2
L =

(
0.155+ 8.17 • 10− 3 • CNH3

L

)
• 106exp

(

−
0.00115

T

)

(8)  

where CNH3
L is the concentration of free ammonia in the solution. 

The Henry’s constant for NO2 absorption in water HNO2
w was deter

mined from the equation [37]: 

HNO2
w =

105

1.9
exp

[

− 1400
(

1
T
−

1
298.15

)]

(9)  

and the Henry’s constant for CO2 absorption in water was calculated as 
[37]: 

HCO2
w =

104

3.4
exp

[

− 2400
(

1
T
−

1
298.15

)]

(10) 

The concentration of free CO2 was determined based on the number 
of moles of CO2 absorbed in the tested solvent volume. The constants of 
reactions occurring in aqueous solutions in the presence of carbon di
oxide and ammonia were taken in the calculations [35]: 

H2O⇆OH− +H+ (11)  

CO2 +H2O⇆HCO−
3 +H+ (12)  

HCO−
3 ⇆CO2−

3 +H+ (13) 

The concentration of free NH3 was calculated using the dissociation 
constant of the reaction [35]: 

Table 2 
Efficiency of CO2 capture (αCO2) and overall volumetric mass transfer coefficient 
of carbon dioxide absorption (KGa) in ammonia solutions with the tested 
additives.  

Solution αCO2, % KGa⋅104, mol⋅m− 3⋅s− 1⋅Pa− 1 

without SiO2 with SiO2 without SiO2 with SiO2 

Control 59.3 58.3 1.00 0.99 
EG 62.2 63.8 1.09 1.14 
PRD 64.2 64.2 1.17 1.09 
BUD 71.7 73.5 1.34 1.47 
PED 51.3 57.0 0.87 0.93 
HED 66.7 67.4 1.22 1.28  
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NH3 +H2O⇆NH+
4 +OH − (14) 

The molar flow rate of CO2 NCO2 depends on the total molar flux 
QCO2determined from Eq. (3) and the gas-liquid interface area A: 

NCO2 =
QCO2

A
=

QCO2

aVL
(15)  

where a is a specific surface area (in the unit solution volume), and VL is 
the volume of solution used in the experiment. 

By combining relationships (3) – (15), the volumetric mass transfer 
coefficient for CO2 absorption KGa was determined. The values obtained 
for the tested systems are in Table 2. As expected, the highest values of 
volumetric mass transfer coefficients were obtained for ammonia solu
tions containing 1,4-butanediol and 1,6-hexanediol, and the lowest 
values for ammonia solutions with 1,5-pentanediol. The addition of SiO2 
particles did not significantly affect this coefficient. The obtained KGa 
values in the tested ammonia solutions of concentration 1.5 mol/dm3 

are higher than those determined in a similar system but in ammonia 
solutions with a lower concentration (0.53 mol/dm3) [27]. This is 
consistent with the research results presented by other researchers, as an 
increase in NH3 concentration increases the absorption rate and higher 
values of volumetric mass transfer coefficients [16,38,39]. 

Based on the obtained results of CO2 absorption in ammonia solu
tions with tested additives, it can be concluded that the presence of EG, 
PRD, BUD, and HED diols significantly improves the efficiency of carbon 
dioxide absorption. Under the tested conditions, after 1 h, the highest 
amount of CO2 was captured in the solution containing BUD, which 
absorbed 0.31 mol of CO2 per mol of NH3. However, in the ammonia 
solution without any additives, the loading was 0.25 mol CO2 per mol 
NH3. The addition of fine SiO2 particles to solutions from EG, PRD, BUD, 
and HED slightly increased the amount of CO2 removed from the gas 
stream. The best result was also obtained in the solution with BUD when 
the CO2 loading was 0.32 mol CO2 per mol NH3. The positive impact of 
the increase in the carbon chain length on the CO2 absorption rate in the 
tested systems for EG, PRD, BUD, and HED is due to several factors. First, 
these molecules reduce gas bubble size by adsorbing on the gas-liquid 
interface, which results in a higher surface of mass transfer. Moreover, 
the longer carbon chain length in the diol results in a better effect on 
inhibiting the escape of ammonia and will be discussed in Chapter 3.3. 
Solutions containing PED exhibited different behavior, as the addition of 
this organic compound resulted in deterioration of CO2 capture and 
slower absorption. Anomalies in the properties of aqueous solutions of 
this diol have been previously reported, e.g., surface tension of aqueous 
solutions. A comparison of the relative CO2 loading in the tested solu
tions after 1 h of absorption is shown in Fig. 4. The relative CO2 loading 

was calculated as: 

γCO2 =
ΔnCO2,ad − ΔnCO2,contr

ΔnCO2,contr
• 100% (16)  

Where ΔnCO2,ad and ΔnCO2,contr are the number of moles of carbon dioxide 
captured in the solvents with additives and pure ammonia solution, 
respectively. 

3.3. Ammonia desorption 

Changes in the concentration of ammonia in the outlet gas from the 
absorber over time are presented in Figs. 5 and 6. Two ranges can be 
distinguished on all recorded curves, characterizing the escape of 
ammonia. In the first stage, the maximum ammonia concentration is 
initially reached, then the ammonia content in the exhaust gas decreases 
quite quickly. In the second stage, after approximately 1000 s, the 
ammonia concentration in the gas decreases very slowly. The observed 
course of the ammonia concentration in the exhaust gas over time can be 
related to the pH of the solution. At the beginning of the experiment, the 
pH of the solution is high and is approximately 11.6. Therefore, the 
equilibrium of the NH3 dissociation reaction (Eq. 14) is shifted towards 
the formation of free ammonia, and this intensifies its escape from the 
solution. As the absorption of CO2 in the solution progresses, the pH of 
the solvent decreases, which causes the lowering of the free NH3 con
centration in the solution, and the concentration of ammonium ions 
increases. This causes the amount of desorbed ammonia to decrease 
significantly. 

Based on the molar flux of air introduced into the absorber and the 
concentration of ammonia in the outlet stream at define time of exper
iments, the relative ammonia desorption was calculated as: 

βNH3 =
nout,NH3

nin,NH3
• 100% (17)  

where: βNH3 is the relative ammonia desorption, nout,NH3 is the number of 
moles of ammonia desorbed during gas flow, and nin,NH3 is the number 
of moles of ammonia introducing to the reactor with the define volume 
of solvent. The obtained βNH3 values are collected in Table 3. 

Based on these results, it can be concluded that the highest desorp
tion of NH3 from solvents was in pure ammonia solution. BUD and HED 
showed only slight slowdowns in ammonia escape, and PED had the best 
properties in inhibiting this phenomenon. However, a significant 
improvement in retaining ammonia in the absorbent was when silica 
was added to the solvents. During CO2 absorption in all tested solvents 
with SiO2, the escape of ammonia was lower than in solutions without 
the addition of solids. The highest reduction in desorption was achieved 
for a pure ammonia solution, and the absolute least amount of NH3 
escaped when PED was in the solution. 

The ammonia molar flux was calculated as follows: 

QNH3 =
(
Yout,NH3 − Yin,NH3

)
Qair (18)  

where QNH3 is the molar flux of ammonia, Qair is the molar flux of air, 
Yout,NH3 and Yin,NH3 are relative molar fractions of ammonia in the outlet 
and inlet gas streams, respectively. 

During gas flow through the NH3 solution, ammonia desorption oc
curs from the liquid phase to the gas phase. The mass transport rate can 
be calculated using the equation: 

NNH3 = KL
(
CL,NH3 − CG,NH3

)
(19)  

where KL is the overall mass transfer coefficient in a liquid phase, CL,NH3 

is the concentration of free ammonia in the solution and CG,NH3 is the 
equilibrium concentration of ammonia with the respect to its content in 
the gas phase. The concentration of free ammonia in the solution was 
calculated based on the dissociation constant of ammonia and the pH 
value. The equilibrium concentration was determined from Henry’s law, 

Fig. 4. Relative CO2 loading after 1 h of carbon dioxide absorption in the 
tested solutions. 
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in which the partial pressure of ammonia was the arithmetic mean of the 
NH3 concentration in the gas stream at the inlet and outlet of the 
absorber [16]: 

CG,NH3 =

(
yin,NH3 + yin,NH3

)

2
P

HNH3
w

(20)  

where yin,NH3 and yin,NH3 are the mole fraction of ammonia in the inlet 
and outlet gas streams, P is the total pressure, and HNH3

w is the Henry’s 

constant determined from the equation [37]: 

HNH3
w =

1
0.59

exp
[

− 4200
(

1
T
−

1
298.15

)]

(21) 

The molar flow rate of ammonia during the desorption from the 
liquid to the gas phase can be calculated as: 

Fig. 5. NH3 concentration (in mole fraction) in the gas flowing out during CO2 absorption in ammonia solution: (a) without additives; (b) with EG; (c) with PRD; (d) 
with BUD; (e) with PED; (f) with HED. 
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NNH3 =
QNH3

A
=

(
Yout,NH3 − Yin,NH3

)
Qair

aVL
(22) 

Using Eqs. (18) – (22), the volumetric mass transfer coefficients KLa 
were calculated for the tested systems, and the values are presented in 
Table 3. 

A comparison of the effectiveness of ammonia retention in the 
presence of the tested diols and SiO2 is shown in Fig. 7. The relative NH3 

desorption inhibition of the additives used was determined as: 

γNH3 =
nNH3,contr − nNH3,add

ΔnNH3,contr
• 100% (23)  

where nNH3,contr is the number of moles of ammonia that escaped from 
the control solution (without additives), and nNH3,add is the number of 
moles of ammonia desorbed from the solution containing additives. 

Analyzing the data presented in the graph, it can be concluded that 

Fig. 6. NH3 concentration (in mole fraction) in the gas flowing out during CO2 absorption in ammonia solution containing 0.05 wt% colloidal SiO2: (a) without diols; 
(b) with EG; (c) with PRD; (d) with BUD; (e) with PED; (f) with HED. 
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PED had the best inhibitory effect among the diols used, and HED was 
the least effective. In all tested systems, SiO2 particles intensely slowed 
down the escape of ammonia. The silica particles inhibited the escape of 
NH3 from the pure ammonia solution and the solution with the addition 
of PED most effectively. A correlation can be between carbon dioxide 
absorption and ammonia desorption in these solutions, i.e., both slower 
CO2 absorption and NH3 desorption were observed in pure ammonia 
solution and the PED solvent. 

The influence of solid particles on the mass transfer rate is not clearly 
explained [40]. Most often, it is indicated that an increase in the con
centration of solid particles reduces the value of the volumetric mass 
transfer coefficient. However, an increase in the mass transport rate was 
observed for low solid concentrations (up to 5% vol.) [41,42]. This is 
because solid particles in the liquid phase can cause opposing effects. 
Firstly, they affect the viscosity of the suspension. Furthermore, in 
non-uniform flows, increasing the concentration of solid particles may 
intensify the coalescence of bubbles, which leads to a reduction of the 
gas-liquid interface. On the other hand, when some of the particles move 
to the surface of the gas bubbles, it leads to the formation of local tur
bulence and an increase in the mass transfer coefficient on the liquid side 
[40,43]. Moreover, in the case of a solution containing ammonia, its 
adsorption on the silica surface [44] may slow down its desorption from 
the liquid to the gas phase. 

4. Conclusions 

Ammonia solutions as an absorbent for carbon dioxide capture have 
many advantages over the most commonly used MEA solutions. First of 
all, ammonia is not easily degraded, requires less energy than processes 
involving amines, and the equipment does not rust. However, one of the 
most serious disadvantages of this solvent is its high volatility, which 
causes ammonia to escape when the gas flows through the absorbent. 

Therefore, this research focused on searching for a way to reduce the 
degree of ammonia escape by adding selected α,ω-diols and the addition 
of fine silica particles. Two series of solvents based on ammonia solu
tions were tested: i) with ethylene glycol (EG), 1,3-propanediol (PRD), 
1,4-butanediol (BUD), 1,5-pentanediol (PED), and 1,6-hexanediol 
(HED) and ii) solutions containing, in addition to diols, SiO2 particles. 
The studies showed that CO2 absorption occurred faster in ammonia 
solutions with EG, PRD, BUD, and HED, and the CO2 loading was higher 
than in pure NH3 solution. However, solutions with PED were charac
terized by a lower CO2 absorption rate and a lower CO2 loading after a 
fixed time. The most effective additive improving CO2 absorption was 
BUD, followed by HED. SiO2 particles improved slightly the absorption 
efficiency in most of the tested diol solutions. 

All diols used inhibited the escape of ammonia, with PED having the 
most effective effect. However, adding silica particles was a very effec
tive inhibitor of ammonia escape. The presence of colloidal SiO2 slowed 
the escape in all systems tested, and the reduction was over 20% 
compared to the pure ammonia solution. The highest impact was 
measured in the NH3 solution with PED and without additives, i.e., 51% 
and 48% relative reduction in NH3 desorption, respectively. 

Taking into account the effect of the additives used on the absorption 
of CO2 and the effectiveness of inhibiting the escape of NH3 from the 
solution, the best combination tested is the use of BUD and SiO2. The 
addition of this diol and colloidal SiO2 resulted in an increase in CO2 
loading by 26% and reduced ammonia desorption by 26%. 
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