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Abstract—CO, capture from air using sodium hydroxide solid sorbent in a laboratory scale fluidized bed reactor was
investigated experimentally. The influence of three parameters of temperature, inlet CO, volume percentage and inlet
air flow rate on the CO, removal rate was studied. Experimental results showed that the optimum rate was at 25°C
when the inlet CO, volume percentage was 1%. The results also showed that the adsorption process was reactive, and
the reaction mechanism depended on the reaction temperature. In addition, empirical observation revealed only one
adsorption cycle happened at low temperatures (25-30 °C). As the temperature increased, the second adsorption cycle
occurred and, finally, CO, desorption cycle took place in the range of 90-115 °C.
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INTRODUCTION

CO, capture using diverse sorbents has been one of the most
popular fields of research in recent years. Absorption using amine
solutions is the most popular commercial method to separate car-
bon dioxide [1,2]. However, this technique has some disadvantages
such as high energy consumption for solvent recovery, wide corro-
sion of the apparatus, loss of the solvent via evaporation and accel-
erated degradation of the solvent in the presence of oxygen [3-5].

Lately, CO, chemical adsorption using regenerable solid sorbents
has been investigated as an innovative method [6-13]. In this method,
CO, is efficiently removed from the gas flow due to its reaction
with a solid sorbent. Using solid sorbents has some advantages,
including high capacity of the chemical adsorption, low thermal
capacity, the possibility of producing pure carbon dioxide and envi-
ronmental advantages [6,14-21].

Heat control is required to prevent the formation of hot spots
during the extremely exothermic adsorption reaction in the solid
sorbent process. Fluidized bed reactors can be the best option for
CO, capture by solid sorbents, which has efficient heat and mass
transfer owing to the high contact surface between the gas and solid
sorbent. Also, fluidized bed reactors prevent the formation of hot
zones by making near isothermal conditions due to fast circula-
tion of the particles in the reactor [22-24].

Several processes for CO, capture from air can be found in the
literature. Zhang et al. [25] developed PEI-silica adsorbent for CO,
capture from ambient air in a bubbling fluidized bed reactor. Kian-
pour et al. [7] experimentally investigated CO, capture by carbon-
ation of NaOH in a batch reactor and studied the influence of various
operating parameters on the CO, removal rate. Nikulshina et al.
[14] suggested a thermochemical cyclic process for the continu-
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ous removal of CO, from ambient air in a fluidized bed solar reac-
tor with consecutive CaO-carbonation and CaCO;-calcination steps.
Nikulshina et al. [26] examined the thermodynamics and kinetics
of the pertinent reactions for three selected Na-based closed-mate-
rial cycles for CO, capture from air. Thermogravimetric runs were
made at low CO, concentration (500 ppm) to simulate the capture
of CO, from air.

Based on the authors best knowledge, there is no comprehen-
sive study on CO, capture from air using solid sodium hydroxide
in a fluidized bed. Therefore, we investigated the effect of operat-
ing parameters on CO, capture.

We experimentally investigated low temperature (25-40 °C) CO,
sorption from ambient air of mines and beverage production plants
[27] using sodium hydroxide (NaOH) particles in a fluidized bed
reactor. For centuries, miners have been aware of the occupational
hazard of “black damp;” a condition of low oxygen levels in mine
shafts. It was common for miners to send a candle or mouse into
the mine prior to entering and to watch for the candle to extin-
guish or the mouse to lose consciousness, indicating a lack of oxy-
gen, hence, a poor working environment. Brewers also are con-
fronted with the potential of CO, poisoning. Yeast releases CO, as
a byproduct in the process of fermenting alcohol. A study deter-
mined that they are exposed to 1.08% of CO, over an 8-hour work-
day on average [27]. Nikulshina et al. [26] proposed the following
two reactions (thermodynamic cycles) for CO, sorption using so-
dium hydroxide:

2NaOH_,+CO, ) ¢>Na,COs + H,0

AHjoe x=—1275k] (1)

@

where the forward and the backward reactions represent the car-
bonation and the calcination steps, respectively.

Moreover, in this study the optimal conditions for carbon diox-
ide capture in a fluidized bed using dry NaOH and the effects of

NaOH,)+CO,, <> NaHCO; AHjgg x=—131.5 k]
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Table 1. Chemical composition of the sorbent

Chemical component Weight percent
Sodium hydroxide NaOH 98% wt min
NaCl 0.022% wt max
Na,CO; 0.94% wt max
Na,SO, 1.038% wt max
Fe 5 ppm wt max
Ni pick up 3 ppm wt max

operating parameters have also been investigated.
MATERIALS AND METHODS

Sodium hydroxide was chosen as sorbent due to its ability to
adsorb CO, at ambient temperature with fast kinetics and afford-
able price. CO, gas (Sabalan Gas Co., Iran) and NaOH (Rita Chemi-
cal Raw Material Co.,, Saudi Arabia) were used for all the experiments
with purities of 99.9% and 98%, respectively. Chemical composi-
tion of sorbent is indicated in Table 1.

Shape, bulk density; size, and sorbent particles size distribution
are the key parameters in evaluating fluidization and solid circula-
tion in a fluidized bed process. Chosen bulk density of the sorbent
(1.175 g/ml) was in the recommended range, which is normally
used in fluidized bed processes (higher than 0.8 g/ml) [28]. Size
distribution of the sorbent spherical particles was within the range
of 500-700 pm with a mean size of 600 pm and density of 2,130
kg/m’.

1. Experimental Setup and Procedure

Fig. 1 is a schematic illustration of the fluidized bed experimen-
tal setup. It is consisted of a Pyrex cylinder of 0.07 m in diameter
and 0.5m in height. Flow rate of the mixture of air and carbon
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dioxide was measured with rotameters (Azmoun Motamam Co.,
Tehran, Iran), which were scaled based on the air density at 1 atm
and 20°C, i, 1.2045kg/m’. Then, the mixture was injected into
the inlet of the bed via a gas distributor. Afterwards, 0.1 kg of the
sorbent was added to the reactor and CO, content of the inlet gas
flow was adsorbed by NaOH solid sorbent. The gas mixture was
heated by using a heating element (1 kW), of which the control
temperature was between 25 to 40 °C. The temperatures were meas-
ured by the thermocouples embedded inside the body of the reac-
tor at different parts of the bed. CO, concentration of the outlet
gas flow was determined continuously using a standard gas ana-
lyzer at the exit of the bed.

In the usual procedure of fluidizing solid sorbent particles in a
fluidized bed, the particles are first added to the bed, and then the
gas is blown to fluidize the bed. In the case of sodium hydroxide,
particles adsorb ambient moisture immediately after entering the
bed and become sticky, therefore, making fluidization impossible.
For this reason, in this study; first the gas flow was run through
the bed and then the particles were added.

2. Analysis Methods

A gas analyzer, Testo-327-1 sensor (Testo, Germany), was cali-
brated and used for online CO, monitoring at the outlet of the flu-
idized bed. Resolutions of this instrument for CO, volume percentage
and temperature were 0.01% and 0.1 °C, respectively. Recording
temperature was every 0.3 s using temperature sensors (transmit-
ter type TM-1230) embedded in the reactor. Resolution and response
time of the temperature sensors were 0.5 °C and 5-30's, respectively.
3. Design of the Experiments

Temperature, CO, volume percentage, and air flow rate at three
different levels were considered as the main operating parameters.
Nine experiments were designed to find the optimum experimen-
tal conditions, which are displayed in Table 2. To ensure the repeat-
ability of the results, the experiments were performed at least twice
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Thermocouple

Data Recorder

Fig. 1. A schematic representation of the laboratory experimental setup.
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Table 2. Suggested design of the experiments and its result

Temperature Air flow rate  AC/At  AC/At
Run (°C) PO by (%) (ppmis)
1 25 1.0 14 0.0515 515.2777
2 25 15 15 0.0263 263.9534
3 25 20 16 0.0118 118.7500
4 30 1.0 15 0.0285 285.7142
5 30 1.5 16 0.0257 257.5757
6 30 2.0 14 0.0140  140.9090
7 40 1.0 16 0.0085  85.6353
8 40 1.5 14 0.0156 156.9230
9 40 2.0 15 0.0122  122.2222

and 30 mA, respectively. The XRD patterns were recorded over a
20range between 5° and 90°. The results are displayed in Fig. 2.

RESULTS AND DISCUSSION

1. Determination of the Minimum Fluidization Flow Rate
NaOH sorbent falls into the group-B powders according to Geldarts
fluidization classification [29]. To specify the minimum fluidiza-
tion flow rate, AP (pressure difference) was measured against air
flow rate at ambient temperature. A linear relation was observed
while the bed was static, and there was a constant trend regardless
of further increase in the air flow rate when the bed was being fluid-
ized. According to the results of experiments, a flow rate of about
12m’/hr was considered as the transition point and the minimum
rate required for fluidization. To ensure being in the bubbling fluid-

and the average values were reported.
4. Sorbent Characteristics

Powder X-ray diffraction (XRD) characterization of NaOH sam-
ples was conducted prior to and after CO, sorption using an STOE
STADI-MP (Germany) X-ray diffractometer with Cu-Ke radia-
tion. The accelerating voltage and the applied current were 40 kV

ization regime, an air flow rate was kept to 14 m’/hr during the
adsorption tests.
2. Adsorption Analysis

To ensure a steady state process, the desired bed conditions were
kept constant for around 50's. Then, 0.1 kg of sodium hydroxide
sorbent was added to the bed. During the initial seconds, a slight
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Fig. 2. Sorbent XRD analysis (a) fresh (b) run 1 in Table 2 (one adsorption cycle) (c) run 9 in Table 2 (two adsorption cycles), *: NaOH, [1:

Na,CO;, O: NaHCO;.
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Fig. 3. The result of runs 1-6 of Table 2.

decrease in the ratio of output to input concentration of carbon
dioxide (C,,,/C;,) was observed, but over time, this ratio was reduced
significantly, and at the same time the temperatures along the bed
height increased remarkably. This confirms the exothermic nature
of the chemical reactions, and reveals that chemisorption occurred
in this process. The results of the designed experiments (Table 2)
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are presented in Figs. 3 and 4.

The experiments can be divided into two categories: The first
type of experiments with only one adsorption cycle (runs 1-6 of
Table 2, Fig. 3(a)-(f)), and the second type with three cycles, ie,
two adsorption and one desorption, (runs 7-9 of Table 2, Fig. 4(a)-
(©)). In fact, the second adsorption cycle was formed due to the

Korean J. Chem. Eng.(Vol. 33, No. 4)



1282

S. Naeem et al.

120 716 110 1.4
110 F 100
- : 12
100 F ook
__90F R Py
o t O 8of
o 80F -~ | 1
@ s @ [
3_F 3 °F 1%
N : 5
2 oF 8 of Hos*
£ 60F £ - 4
2 F 2 sof ]
50 F - Jos
40 40 ]
. . o2
30F 30 ]
20:....I...I....l....l-...I-.,.I....I....I..'U 20:....l. ,.I....I....l....l....[-o
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300
Time (s) Time (s)
120 1.4
110
1.2
100
90 1’
o » ]
o 80F 1
e E —os
5 10
g0 1 %
] {1 o
o - —06 5
£ 60 4
k2 i
S0F o4
40 ]
- o2
30F 1
- ' T BT Y T T
20 50 100 150 200 250 300 °
Time (s)

Fig. 4. The result of runs 7-9 of Table 2.

increase in the inlet temperature of the fluidized bed reactor up to
40 °C. These results indicate that the reaction mechanism depends
on temperature. The reaction mechanism at different temperatures
has been described in the section 3.4. (XRD results analysis), com-
pletely. Further proof on temperature dependence of the reaction
can be found in the study by Siriwardane et al. [30]. They employed
novel regenerable sodium-based sorbents for CO, capture. A new
sorbent containing NaOH/CaO was used for CO, capture at a wide
range of temperatures (from ambient temperature to 500 °C). The
amount of adsorbed CO, at room temperature and 315 °C was ap-
proximately 3 and 2.5 mol of CO, per kg of the sorbent, respec-
tively: That means the sorbent has an acceptable CO, sorption capac-
ity at room temperature, but its capacity is different at higher tem-
peratures.
3. Desorption Analysis

Fig. 4(a)-(c) shows that during the tests with two adsorption
cycles (run 7-9 in Table 2), CO, desorption occurred in the tem-
perature range of 90-115 °C. The possible reactions and their tem-
perature ranges were investigated to assess the cause of CO, de-
sorption in these experiments. In addition to carbonation reactions
(1) and (2), which happen at ambient temperature, occurrence of
reactions (3) and (4) with the sodium-based sorbents is also possi-

April, 2016

ble. CO, sorption can be achieved by Na,CO, according to the fol-
lowing reaction [26]:

Na,COy )+ COypy + H,0p ¢>2NaHCOy

AHjge x=—135.5 kJ (3)

Reaction (3) occurs at 50 °C while NaHCO; decomposition (reac-
tion (3-reverse)) proceeds at above 80 °C and completes in the range
of 100-180 °C. With increasing temperature, NaHCO, converts to
Na,COs.

Depending on the chosen CO, sorbent, i.e. NaOH or Na,CO;,
the cycle can be closed by either NaHCO, decomposition (reac-
tion (3-reverse)) or Na,CO; decomposition (reaction (4)) [26]:

Na,CO,<>Na,0+CO, AHjge x=720.7 K] @

Na,CO; decomposition occurs at above 1,600 °C and proceeds in
two steps, but discussion of these high temperature decomposi-
tions is totally beyond the scope of this paper [26,31]. Therefore,
reaction (3-reverse) can take place in the temperature range of 90-
115 °C and transformation of NaHCO, to Na,CO; is the main rea-
son for CO, desorption in some of experiments (run 7-9 in Table
2, Fig. 4(a)-(c)).
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4. XRD Results Analysis

As mentioned earlier, the results are divided into two catego-
ries: The first group had only one adsorption cycle, and the second
group had two adsorption and one desorption cycle. Characteris-
tics of the fresh sorbents, the sorbent used in run 1 in Table 2 (as
the representative of the first group of experiments) and the sor-
bent used in run 9 in Table 2 (as the representative of the second
group) are shown in Fig. 2(a) to (c), respectively.

The XRD analysis of the fresh sorbent is displayed in Fig. 2(a),
where the presence of sodium hydroxide is indicated by the stars.
The XRD analysis of the reactor outflow during run 1 of Table 2 is
depicted in Fig. 2(b). As can be seen, NaHCO, was formed in this
run, which indicates that reaction (2) had happened. However,
according to Fig. 2(c), which displays XRD analysis of the reactor
outflow during run 9 of Table 2, Na,CO; and NaHCO; were pro-
duced, which confirmed that reactions (1) and (2) had occurred.
This could cause the second adsorption cycle in the experiments.
These results indicate that the reaction mechanism depends on tem-
perature. Based on Fig. 2 there is evidence that in both samples
some of sorbent did not react with carbon dioxide, which illustrates
the incomplete conversion of the sorbent.

Zhao et al. [32] stated that the most important issue in deter-
mining the suitability of an alkali metal for CO, capture is recogni-
tion of the carbonation reaction rate and CO, adsorption capacity
of the sorbents. The most stable phase at low temperatures and high
CO, pressures, is MHCO;. Here, M represents alkali metals. When
the temperature is increased, MHCO; is converted to M,CO;, which
is stable over a wide range of pressures and temperatures.

5. The Optimal Conditions

The ratio of AC/At was selected as the optimization criterion.
AC is the difference between CO, concentrations at the input and
output of the reactor and At is the time needed for the gas flow to
pass through the reactor. In fact, AC/At is same as CO, removal
rate. Eq. (7) was used to compute CO, removal rate [7]:

initial CO, concentration - final CO, concentration

AC/At= @)
Cinitial = tﬁnal

where, the initial and final conditions are related to the beginning
of the adsorption process and the minimum peaks (Fig. 3 and 4),
respectively. Note that the absolute value of AC/At was calculated
for all experiments, which is given in Table 2. Furthermore, AC/At
(in ppm per second) is calculated and reported.

For experiments with two adsorption cycles, AC/At of the sec-
ond cycle is reported. A larger AC/At is an indication of a greater
concentration difference in a shorter period of time. Therefore, by
comparing AC/At values of Table 2, run 1 was chosen as an opti-
mal test. The amount of CO, captured by the sorbent was about
2.8 mol/kg. From analyzing the experimental data, AC/At had the
maximum and minimum dependence on temperature and air flow
rate, respectively. The results of the designed experiments and the
effects of the operating parameters on AC/At are demonstrated in
Fig. 5(a) to (c), which show that the conditions of run 1 of Table 2
resulted in the highest value of AC/At and run 1 is the optimal test.
6. The Effect of Operating Parameters
6-1. Temperature

Yi et al. [33] investigated the effect of reactor temperature on CO,
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Fig. 5. The results of the designed experiments and the effect of the
operating parameters on AC/At (a) temperature - air flow
rate (b) temperature - CO, volume percentage (c) air flow
rate - CO, volume percentage.
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Fig. 6. The effect of temperature on AC/At.

removal using NaHCO; sorbent in a fast fluidized bed reactor and
reported that as the carbonation temperature was increased, the
CO, removal decreased. According to Fig. 6, due to the exother-
mic nature of the reactions and the adsorption, AC/At decreased
with increasing temperature. Since both carbonation reactions (1)
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and (2) are thermodynamically favorable at ambient temperature,
a lower temperature is desirable to achieve a higher adsorption
rate. To perform further investigation, two tests were conducted
under specific conditions (CO, volume percentage of 1.5%, air flow
rate of 14 m’/hr, at 50 and 40 °C). Fig. 7 shows that by increasing
temperature to 50 °C, AC/At was reduced. This finding confirms
the negative effect of temperature increment.
6-2. CO, Volume Percentage

The effect of CO, volume percentage on AC/At is shown in Fig,
8, indicating that a higher inlet CO, volume percentage causes a
reduction in AC/At. Both sorbent and carbon dioxide are the reac-
tants, so when the inlet CO, volume percentage is increased the
sorbent cannot adsorb some of the excessive carbon dioxide.
6-3. Air Flow Rate

Yi et al. [33,34] investigated the effect of gas velocity on CO, re-
moval using NaHCO; sorbent in a fast fluidized bed reactor and
reported that the CO, removal decreases as the gas velocity is in-
creased due to the reduction in contact time between the sorbent
and the gas. They also repeated this study using K,CO; sorbent
and reached the same conclusion. In the present work, the effect

April, 2016
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of air flow rate on AC/At is depicted in Fig. 9. As can be seen, a
high inlet air flow rate leads to a reduction in AC/At. This is due
to the shorter gas-solid contact time at higher flow rates.

CONCLUSION

CO, capture using NaOH solid sorbent in a fluidized bed has
been investigated experimentally. The impact of operating param-
eters, ie., temperature, CO, volume percentage, and the inlet air
flow rate on AC/At in the adsorption region, was carefully exam-
ined over time. The results indicate that increasing each of three
operating parameters has a negative effect on AC/At, and tempera-
ture is the most effective one. The results revealed the optimum
value of AC/At ratio in the adsorption region is equal to 0.0515
(%/s) (515.277 (ppm/s)). This value was achieved at a tempera-
ture of 25°C, CO, volume percentage at the inlet of 1% and the
inlet air flow rate of 14 m’/hr. The amount of CO, captured by the
sorbent was about 2.8 mol/kg. In addition, the involved reactions
were temperature-dependent. Consequently; only one adsorption
cycle was observed at low temperatures (25-30 °C). As the tem-
perature increased, the second adsorption cycle occurred and, finally;
CO, desorption cycle took placein the range of 90-115°C. Fur-
thermore, when sodium hydroxide hold-up was 0.1 kg, the inlet
temperature and inlet air flow rate were in the ranges of 25-30 °C
and 14-16 m’/hr, respectively.
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