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Abstract

In this work, carbon dioxide uptake value by acetylene by-products was evaluated through two types of carbonation
reactions. In the first reaction, solid acetylene by-products were reacted with a simulated effluent CO2 gas (10% CO2 and
90% air) and the maximum uptake value of carbon dioxide per unit mass of reacted solids was calculated. In the second
reaction, the mixed solid acetylene by-product with distilled water at a specific mass to volume ratio was reacted with the
same effluent CO2 gas to compare the maximum CO2 uptake value with the first reaction. It was found that a superior CO2
uptake in the case of G-S-L reaction with a value of 0.34 g CO2/g ABP over that found in the case of G-S system of 0.14 g
CO2/g ABP. The fresh (unreacted) and treated acetylene by-products from both reactions were analyzed to study the effect of
carbonation process on solids morphology, average particle size and carbon content. The structural and chemical characteristics
of the fresh and carbonated acetylene by-products were investigated using X-ray diffraction, scanning electron microscopy and
thermogravimetric analysis. The fresh acetylene by-products showed a major structure of portlandite crystals. All carbonated
products exhibited a calcite crystal structure but with different morphology and particle size for each specific chemical reaction.
c⃝ 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer-review under responsibility of the scientific committee of the 6th International Conference on Advances on Clean Energy Research, ICACER,
2021.

Keywords: Acetylene by-products; Carbonation; CO2 uptake value; Solid waste; Waste utilization

1. Introduction

Previously, industrial wastes were considered to be a problem and load on the manufacturing economy [1]. New
investigations prove that these wastes could be successfully utilized in new chemical reactions and have a positive
industrial or environmental impact [2,3]. As an example, alkaline wastes have a significant feature of high pH value
which makes them an excellent choice for CO2 sequestration processes [4,5]. Dual beneficial could be achieved;
the first is decreasing the impact of greenhouse gasses and the second is the neutralization of the unstable and high
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Nomenclature

ABP Acetylene by-product
G-S Gas and solid carbonation system
Vun The volume of unreacted CO2 gas (L)
V total The total volume of CO2 fed to the system (L)
F Gas flow rate (L/min)
t Total time of carbonation (min)
CO2%in feed gas Volumetric % of CO2 in the feed gas
MWCO2 CO2 molecular weight (g/mol)
DW Distilled water
G-S-L Gas, Solid and liquid carbonation system
Vreact The volume of reacted CO2 (L)
CO2% CO2 reading by the gas analyzer
dt Time increment (min)
UptCO2 The uptake value of CO2 gas (gCO2/g APB)
VMol CO2 gas molar volume (L/mol)
ABPmass Acetylene by-product mass (g)

reactivity solid wastes into more stable and useful products. Recently, industrial wastes such as phosphor–gypsum,
steel slag/dust, and fly ash have been examined for CO2 sequestration. Though, special pretreatment such as thermal
activation and acid dissolution may be required due to the low reactivity of such waste materials [5,6].

Acetylene synthesis by-product, which is also known as lime sludge, are produced by hydrolysis reactions of
calcium carbide (CaC2) on the form of aqueous slurry [7]. The collected by-products are mainly consisting of
calcium hydroxide (strong alkaline) with a mass percentage around 85% [5]. Accordingly, the utilization of these
products in the CO2 sequestration process considered to be a promising and sustainable alternative of the synthesized
CO2 adsorbent and sorbent materials. In this work, the reaction of acetylene by-products (ABP) with CO2 gas will
be carried out based on the gas–solid (G-S) or gas–solid–liquid reactions, to determine the maximum CO2 uptake
value based on the adsorption and absorption reactions, where the (G-S-L) reaction phase may play a significant
role in determining the extreme CO2 uptake value.

2. Methodology

2.1. Acetylene by-product (ABP) samples

Samples of acetylene by-product were collected from Arabian Industrial Gases Co., Ras Al-Khaimah, UAE. The
samples were first dried at 105 ◦C for 6 h, next, the samples were grinded to have fine particles (∼90 µm). The
samples were then characterized and used in the experiments.

2.2. Experimental procedure and setup

The schematic diagram of the carbonation process and systems setup is illustrated in Fig. 1. For the G-S-L
reaction, Fig. 1(a), a plexiglass vessel in which the solid samples and distilled water mixture was exposed to a
continuous flow of the gas. For the G-S reaction, Fig. 1(b), a plexiglass reactor with a distributor plate from the
bottom enable the gas to interact with solid sample particles loaded initially inside the reactor system. The gas
used in both reactions is a carbon dioxide with air gas mixture (10% CO2 and balance volume is air), and the gas
flow rate was controlled by mass flow controller unit. The output gas stream from both systems were directed to a
CO2 gas analyzer (Model 600 Series-Nondispersive infrared). The treated solid samples were then collected after
each reaction, dried, grinded and then characterized as done to the feed samples using X-ray diffraction (XRD),
Thermogravimetric analysis (TGA) and scanning electron microscopy (SEM). In the G-S-L system, the plexiglass
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Fig. 1. A schematic diagram for the (a) G-S-L system; (b) G-S system.

vessel was filled with constant solid to liquid ratio mixture of the solid sample and distilled water (40 g ABP: 400
ml DW), while in the G-S system, the plexiglass reactor was filled only with solid sample of acetylene by-product
with a mass of 40 g ABP.

For both systems (G-S & G-S-L), the chemical reactions were carried out at room temperature (23 ◦C) and
atmospheric pressure (1 atm). The pH level was measured before and after the carbonation process. The CO2-air
gas mixture flow rate was controlled to be 1.0 L/min. The CO2 uptake value with time was recorded by integrating
the function of CO2 capture with the carbonation reaction time, as explained in the next section, until the state of
full saturation is reached (CO2 capturing of 0%). After full saturation with CO2 gas for both systems, the treated
solid samples were collected and dried at 105 ◦C for 6 h to be ready for the analysis

2.3. CO2 uptake value calculation

The CO2 gas analyzer provides readings in volume percentages which could be converted to equivalent value in
term of CO2 uptake. The uptake value represents the mass of CO2 that has been consumed over the mass of ABP
used in each system (mass of CO2 sequestered in g/mass of ABP in g). Accordingly, to find the uptake value for
each system the following calculations are followed [4,8]. First, to calculate the unreacted CO2 volume, Eq. (1) is
used:

Vun = F
∫ t

0

CO2%
100

dt (1)

Then, the total volume of CO2 which was fed to the system is calculated according to Eq. (2)

Vtotal = F ×
CO2%in f eed gas

100
× t (2)

To calculate the sequestrated CO2 by ABP in each system, following equation is used:

(Vreact ) = Vtotal − Vun (3)

The volume of CO2 sequestrated is then converted to mass through molar volume relationship and divided by the
mass of ABP to have the CO2 uptake value according to the following equation:

U ptCO2 (gCO2/g AB P) =

(
Vreact

VMol
× MWCO2

)
÷ AB Pmass (4)

3. Results and discussion

3.1. Carbon dioxide uptakes via gas–solid–liquid and gas–solid systems

In the G-S-L system, the introduced CO2 gas will react with the alkaline metal content of the ABP in the soluble
ionized carbon dioxide form (HCO−1

3 (aq) and CO−2
3 (aq)) and insoluble gaseous form (CO2 (g)) [9]. On the other hand,
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Fig. 2. CO2 uptake values for G-S-L and G-S system with time.

in the G-S system, the insoluble gaseous form of carbonate dioxide is the only form of CO2 in the reaction media.
Consequently, CO2 with its different forms reacts with the active alkali metal oxide and hydroxide in the G-S-L and
G-S system. It is worth to mention that in the G-S-L system; more calcium hydroxide form is available due to the
presence of water which converts a part of the metal oxide to a metal hydroxide form. The high initial alkalinity of
ABP solids promotes the CO2 sequestration due to the acidic nature of CO2 molecules, and during reaction, the pH
value will be gradually decrease until full saturation with CO2 molecules will be reached and no more sequestration
is observed. The experimental CO2 uptake value was then calculated according to Eqs. (1)–(4) and found to reach
0.34 g CO2/g ABP for the G-S-L system and 0.14 g CO2/g ABP for the G-S system, as shown in Fig. 2. It is clear
that the maximum CO2 uptake value could be reached in the G-S-L system and this can be explained and related
to the effect of liquid phase in improving the diffusion of CO2 inside the reaction media. Additionally, higher mass
transfer and low diffusion resistance are contributed to the presence of different forms of the reactive carbon dioxide
molecule and metal reactive components compared to the only gaseous form of CO2 in the G-S system [10].

3.2. Fresh and reacted ABP solid characteristics

The chemical composition of fresh ABP sample was determined using inductively coupled plasma (ICP-AES); it
was found that CaO content to be around 86% and MgO, FeO, Al2O3, and SiO2 to be around 0.17%, 0.06%, 1.3%,
and 2.5%, respectively. The solid samples were also characterized using X-ray powder diffraction (XRD) and showed
that it mainly comprised Portlandite with unreacted carbon in the form of graphite [11]. Thermogravimetric analysis
(TGA) showed three thermal degradation temperature ranges of 150 ◦C, 400–620 ◦C, and 620–900 ◦C, which
corresponded to the removal of water, Portlandite decomposition [12], and release of carbon dioxide, respectively.
The external morphology of fresh ABP samples as examined by scanning electron microscopy (SEM), Fig. 3, shows
that APB particles are aggregates of small, irregularly stacked calcium oxide and hydroxide crystals [13].

The XRD analysis for the carbonated ABP samples from both systems exhibited calcite crystal structures [14]
compared to the portlandite crystal in the fresh ABP, as shown in Fig. 4. The analysis confirms that the carbonation
system is only affected the morphology and size distribution of the calcite crystals. This was indicated by the minor
changes in the peak intensity at each operated system [15]. The SEM analysis for the carbonated ABP samples by
the G-S-L system showed a mixture of singular elongated rods and agglomerated spheroidal particles [16] with an
average size of 0.32–2.08 µm as shown in Fig. 5(a), while the carbonated solids by the G-S system showed a calcite
particle size of 0.59–1.34 with scalenohedral morphology and no spheroidal particles as indicated by Fig. 5(b).

4. Conclusions

Carbon dioxide uptakes by high alkalinity acetylene by-products (ABP) in a gas–solid and gas–solid–liquid
reaction systems have been examined. The same operating conditions of ABP mass, carbon dioxide-air mixture
composition and flow rate were conducted in two different reactor systems, (Gas–Solid) and (Gas–Solid–Liquid),
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Fig. 3. SEM images showing the morphology of the ABP fresh solid particles.

Fig. 4. X-ray diffraction graphs of carbonated ABP samples at G-S-L and G-S systems over 2θ = 5◦–70◦.

Fig. 5. SEM images showing the morphology of the carbonated ABP in the (a) G-S-L and (b) G-S systems.

to detect the change of CO2 uptake with time. The fresh acetylene by-products showed portlandite crystals while the
reacted ones showed the calcite crystals. Different morphology and particles size were observed for each reaction; in
the (G-S) system, a calcite particle with scalenohedral morphology was observed, while in the (G-S-L), a mixture
of singular elongated rods and agglomerated spheroidal particles were detected. A maximum CO2 uptake value
for the gas–solid–liquid reaction of 0.34 g CO2/g ABP was recorded and explained by the higher diffusion, mass
transfer and ions concentration, and 0.14 g CO2/g ABP of G-S system. Additional examination regards the effect
of carbonation conditions such as different gas flow rates, temperatures and initial pH are still essential to have full
evaluation of the carbon dioxide uptakes for the two-proposed system (G-S & G-S-L). The focus of the future work
will be to carry out a full statistical analysis to optimize each system for high carbon dioxide uptakes.
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