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Graphical Abstract

Understanding the Catalytic Chemisorption of the Cyanogen Chloride via Breakthrough Curve and Genetic
Algorithm

Jaeheon Lee, Jaekyung Bae, Junemo Koo, Keunhong Jeong, Sang Myeon Lee, Heesoo Jung, Min-Kun Kim



Highlights

Understanding the Catalytic Chemisorption of the Cyanogen Chloride via Breakthrough Curve and Genetic
Algorithm

Jaeheon Lee, Jaekyung Bae, Junemo Koo, Keunhong Jeong, Sang Myeon Lee, Heesoo Jung, Min-Kun Kim

• Hydrolysis of CK within the metal-triethylenediamine complex was deeply studied

• TEDA accelerated the catalytic reaction of metal with CK by forming a water complex

• Breakthrough experiment and reaction-convection-diffusion equation were compared based on the genetic algo-
rithm

• First study to analyze chemisorbed breakthrough behavior in depth
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Abstract

This study investigated the catalytic chemisorption of cyanogen chloride(CK) with a metal(ASZM) – triethylene-
diamine(TEDA) complex. XPS data, IR spectra, and DFT calculations demonstrated that the synergetic catalytic
hydrolysis of CK by ASZM-TEDA is kinetically favorable, with the enhanced reactivity of water on the catalyst as
the primary cause for the accelerated catalytic hydrolysis. To validate the results, ASZM-TEDA was impregnated into
activated carbon beads to form a packed-bed reactor for this breakthrough experiment. The proposed species-transport
equation parameters were fitted using the genetic algorithm, and the correlation between parameters was compared.
The study concludes that TEDA can affect the diffusivity for overall mass transfer-related reactions and accelerate the
catalytic reaction of metal with CK. This study is the first to describe chemisorbed breakthrough with catalyst reaction
in-depth and provides insights into the optimized ratio between TEDA and metal complexes. This methodology can
be applied to various breakthrough experiments with chemical reactions.

Keywords: Cyanogen Chloride, Chemisorption, Machine Learning, Genetic Algorithm, Breakthrough Curve

1. Introduction

Cyanogen chloride (CK) is a highly volatile and toxic chemical asphyxiant that interferes with the body’s ability
to use oxygen [1, 2]. It has a low molecular weight, and although pure activated carbon has a high surface area and
extended pore network, its contribution alone to removing CK is insufficient. Therefore, the catalytic destruction of
CK requires extensive investigations [3]. Useful for military purposes, such as for personal protection gas masks, metal
ions impregnated into activated carbon to create active surface sites improve the adsorption ability of CK from the air
[2]. Since World War I, activated carbon impregnated with copper and chromium salts, stabilized by an ammonia
complex (ASC), have been used. ASC is a well-known and effective adsorbent of CK and hydrogen cyanide [2, 4, 5].
However, as chromium compounds are toxic and have associated environmental regulations, ASC has been replaced
with copper, zinc, molybdenum, and silver metals with triethylenediamine (1,4-diazabicyclo[2,2,2] octane, TEDA)
complex is impregnated into activated carbon (ASZM-TEDA) [6]. Considering CK adsorption, several papers report
copper, zinc salt, and TEDA performs the function of hydrolysis chemical adsorption [2, 4, 6]. However, the specific
interactions and synergism of these species are still debated [7]. The TEDA or metal-impregnated activated carbon
is also broadly used for hazardous materials adsorption such as NO2, SO2 [8], dimethylsulfoxide [9], NH3 [10], and
methyl iodide [11, 12, 13]. It is confirmed that optimum ratios of impregnated carbon can enhance the adsorption
capacity with almost irreversible chemical adsorption.

Most adsorption studies are based on physical adsorption (physisorption). A normal breakthrough curve, in which
only physisorption occurs, shows a symmetrical curve similar to a sigmoid function [14, 15, 16]. Especially, recent
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studies analyzed the symmetrical breakthrough curve using the mass transfer and dispersion effect in the fixed-bed
adsorber [17] or Bohart-Adams, Thomas, and Yoon-Nelson model [18, 19, 20] to analyze the kinetics and breakthrough
performance inside the reactor. However, for chemical adsorption (chemisorption), relatively few studies describe the
reaction mechanism and the breakthrough curve, owing to the complicated reactions involved. Certain studies show the
breakthrough curve for the chemisorbed H2S, which has a slightly different shape than the normal physisorption graph.
In particular, the curve shows a flatter curve after the inflection point of the breakthrough curve. In our experiment,
the CK breakthrough curve shows a similar curve to that of H2S. However, previous work on H2S focused on the
position before the inflection point, which does not include the asymmetrical points of the breakthrough curve [21,
22, 23]. Focusing on the impregnated activated carbon, recent studies showed the physical and chemical adsorption
mechanisms by analyzing the breakthrough and gas uptake analysis [11, 24]. H2S chemisorption mechanism through
CuO was confirmed using the multiple desulfurization and regeneration steps breakthrough experiments [24]. Also,
the chemical adsorption-based removal of methyl iodide was confirmed by analyzing gas uptake and breakthrough
performances and applying mass transfer zone fraction to analyze the inflection points in the breakthrough curve [11].
Even though there are several studies describing the chemisorption phenomenon using the breakthrough test, it needs
more clear description to understand the gas species transport and breakthrough experiment in the packed-bed system.

In this study, activated carbon beads impregnated with various metal and TEDA combinations were synthesized
to perform the breakthrough experiment with a packed-bed reactor. A uniform size of activated carbon beads was
selected for numerical analysis. Possible reaction mechanisms were proposed based on the results from X-ray photo-
electron spectroscopy (XPS) and infrared (IR) spectroscopy of the initial and the final materials after the reaction with
CK and pure ASZM metal and TEDA. To validate the mechanism, the density functional theory (DFT) calculation was
performed first, and then the species transport equation for the system was revised, including the reactor reaction, and
compared with the resulting breakthrough curve. As CK has limited information about adsorption and reaction proper-
ties due to its toxicity, tangibly reasonable physical parameters for the reaction were found using the genetic algorithm
(GA). The governing equation must be solved over time to apply a GA. Therefore, by using the Crank–Nicolson finite
difference method (FDM) with the tridiagonal matrix algorithm, the partial differential equation for species transport
was solved and applied to the GA. Finally, the proposed mechanism was validated using experimental and modeling
data. This work is the first to describe the breakthrough curve behavior of chemisorbed materials with catalyst reaction
and analyze the mechanism of hydrolysis of CK using the breakthrough curve and species transport phenomena.

2. Experimental

2.1. Synthesis

2.1.1. Reagents
Zinc oxide (ZnO, ≥99.0%), copper(II) carbonate basic (CuCO3·Cu(OH)2, ≥95%), silver nitrate (AgNO3, ≥99.0%),

ammonium molybdate tetrahydrate ((NH4)6Mo7O24·4H2O, ≥99.0%), ammonium carbonate ((NH4)2CO3, ≥30.0%
NH3 basis), ammonia solution 30%, and 4-diazabicyclo[2.2.2]octane (TEDA, ≥99.0%) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Activated carbon beads were purchased from PureSphere (Nonsan, South Korea). All
chemicals were used as received without further treatment.

2.1.2. Preparation of metal impregnation solution
For the metal impregnation (ASZM) solution, a mixture of 3.11 g of ZnO, 4.35 g of CuCO3·Cu(OH)2, 0.04 g

of AgNO3, 1.84 g of (NH4)6Mo7O24·4H2O, and 9.0 g of (NH4)2CO3 were dissolved in 15.0 mL of 30% ammonia
solution. To lower the viscosity of the solution, up to 100 mL of distilled water was added. The solution was stirred at
25 ◦C for at least 12 h.

2.1.3. Impregnation of metals and TEDA
Metal-impregnated activated carbon beads (ASZM-AcB) were synthesized using the incipient wetness method.

First, approximately 3–5 mL of ASZM impregnation solution was mixed with 1.5 g of activated carbon beads accord-
ing to the desired concentration. To proceed with uniform impregnation, ASZM solution was added <1 mL at a time
and mixed with a spatula. The mixture was then dried in an oven under vacuum at 100 ◦C for 3 h and 130 ◦C for 1
h. After cooling the mixture at room temperature, TEDA was mixed with ASZM-AcB and placed in a rotary flask.
The flask was placed in a rotary evaporator with a 60 ◦C water bath and sealed to prevent the sublimation of TEDA.
After reacting for 6 h, the sample (ASZM-T-AcB or ATAB) was cooled for 30 min and stored. The naming convention
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“ATAB-MMMTT” was used for the various samples in this paper. The first three digits indicate the loaded Cu weight
percent relative to carbon weight (MM.M%), and the next two digits indicate the loaded TEDA weight percent relative
to carbon weight (TT%). The specific notation of each sample used in this paper is presented in Table S1.

2.2. Characterization
Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) analysis were performed on

a JSM-IT500HR scanning electron microscope (JEOL, Tokyo, Japan) equipped with an Xplore EDS detector (Oxford
Instruments, Abingdon, UK) with acceleration voltages ranging from 5 to 10 kV. X-ray photoelectron spectroscopy
(XPS) was performed using Nexsa G2 (Thermo Scientific, Waltham, MA, USA). Nitrogen adsorption measurements
were performed at 77 K using an ASAP 2020 system (Micromeritics Instrument Corp., Norcross, GA, USA). Before
analysis, the samples were degassed at 363 K for 2 h under a vacuum. The nitrogen isotherm data were used to
calculate the specific surface area using the Brunauer–Emmett–Teller (BET) method and pore size distribution using
the DFT model. The TEDA loading amount was quantified based on the MIL-DTL-32101 extraction method [25].
Each sample was extracted three times with methanol and analyzed by a gas chromatograph with a flame-ionized
detector (GC 6850, Agilent Technologies, Madison, WI, USA) [11].

2.3. Breakthrough and pressure drop experiments
A breakthrough experiment with a fixed bed was performed to verify the proposed model for CK adsorption.

The schematic diagram of breakthrough experiments is shown in Fig. S1, and the operating conditions are presented
in Table S2. The test tube had an inner diameter of 3.9 mm and was temperature-controlled. Materials for the
breakthrough experiments were packed to a height of 2 cm. To control the feed concentration and humid condition of
CK to 4000 mg/m3 and RH 80% respectively, 20000 mg/m3 of CK was diluted with humid nitrogen gas with a ratio
of 4 : 1. For testing, a large volume of inlet gas with a vent line was used to control inlet concentration. To protect
the liquefaction of humid CK, all tubes were temperature-controlled. A gas chromatograph (GC 7890B, Agilent
Technologies, Madison, WI, USA) with a flame-ionized detector (FID) was used to quantify the breakthrough amount
of CK. A 6-port valve system was used for injecting outlet gas to the FID detector without disturbing gas flow through
the test tube. The 6-port valve system contained one inlet connected to the outlet of the test tube. A volumetric flow
rate of 42.3 mL/min was controlled with a mass flow controller (MFC) for outlet flow from the gas chromatograph
(GC) valve system. Pressure drop measurements were performed using a differential pressure meter (testo510, Testo,
PA, USA) by attaching at the top and bottom of the tube with various bed depths and linear velocities.

2.4. DFT calculation
All the calculations were performed using Gaussian 16 software [26], DFT level of B3LYP (Becke’s three-

parameter hybrid exchange functional with LYP correlation functional), and the basis set of 6-31++G(d, p) for C,
H, O, N, and Cl atoms. The Double-ζ LanL2DZ basis set for Cu was used with the inclusion of effective core potential
and associated pseudo-potentials with Grimme correction, which was reported to successfully compute the hydration
of CuCO3Cu(OH)2 complexes [27]. Further, auto-fitting was implemented for the basis sets, and an ultra-fine grid was
exploited for two-electron integrals with symmetry being turned off via external command. Geometry optimizations
of all reactants and products were performed using the DFT. To ensure that the geometries computed featured min-
imum energies and to obtain the molecular energies, subsequent harmonic frequency calculations were performed at
the same level of theory and using the same basis sets. All potential energies were proven to be global minima after
checking that no imaginary frequency was found in the frequency calculations. A natural population analysis (NPA)
study was implemented using the NBO 3.1 version, which is included in the Gaussian 16 software.

2.5. Species transport equation
Based on the mole balance and in terms of the molar flux in the 1D system, (Wz) can be written as

−
∂Wz

∂z
+ rA =

∂c
∂t

(1)

where rA is the rate of reaction per unit volume, and c is the concentration of species.
Then, the molar flux can be written for a fixed coordinate system, based on Fick’s first law, as follows

Wz = −D
dc
dz
+ cu (2)
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where D is the diffusivity and u is the velocity of the species in z direction.
Therefore, the basic form of the reaction–convection–diffusion equation can be derived by substituting the molar

flux in the mole balance

∂c
∂t
+ u
∂c
∂z
− D
∂2c
∂z2 − rA = 0 (3)

Transport phenomenon due to mass transfer resistance regarding the adsorption rate on the particles can be assumed
using the linear driving force (LDF) model [28, 29, 30], and this equation is given by

∂c
∂t
+ u
∂c
∂z
− D
∂2c
∂z2 +

(
1 − ϵ
ϵ

)
ρb
∂q∗

∂t
− rA = 0 (4)

where ϵ is the bed porosity and ∂q̄/∂t = kLDF(q∗ − q∗). kLDF is the mass transfer coefficient based on the LDF
model, ρb is the bed density, q∗ is the adsorbed-phase concentration in equilibrium, and q∗ is the adsorbed-phase
concentration. For the q∗, among various adsorption isotherms, three representative isotherms, Langmuir, Freundlich,
and Henry (linear) isotherms, can be used and are written as follows.

q∗ = qm
bc

1 + bc
q∗ = KFc1/n

q∗ = KLc (5)

where qm is the maximum adsorbed amount in Langmuir isotherm, b is Langmuir isotherm coefficient, KF is
Freundlich isotherm coefficient, n is Freundlich correction factor, and KL is linear isotherm coefficient. With the bed
depth L, boundary conditions for the above mass balance equation are as follows.

c = c0; (z = 0, t > 0)
∂c/∂z = 0; (z = L, t > 0) (6)

Initial conditions for the above mass balance equation are given by

c = c0; (z = 0, t = 0)

q∗ = 0; (0 < z ≤ L, t = 0)
c = 0; (0 < z ≤ L, t = 0) (7)

2.6. Non-linear regression using the Genetic Algorithm

To validate the reaction models proposed from the experiment results and find the parameters of the proposed
species transport equation, non-linear regression was performed based on the GA between breakthrough experiment
data and the solution of a partial differential equation. GA is a revolutionary algorithm inspired by the process of
natural selection [31]. GA is a powerful and flexible technique for solving optimization problems, including non-
linear large-search space problems [32, 33, 34]. All partial differential equations (PDEs) were substituted using the
Crank–Nicolson FDM using the time and location-stepping approach and the tridiagonal matrix algorithm (Thomas
algorithm). The rearranged PDEs were then solved using Python [35]. Detailed derivations are provided in Supple-
mentary information.

In this study, to track the effects of the reaction properly, the experimentally controlled conditions (feed concen-
tration, velocity, temperature, and porosity of the packed-bed reactor) were assumed as constant. For the GA setting,
the PyGAD library was used [36]. Each PDE solution has a different breakthrough graph trend; thus, the solution
of the governing species transport equation as a function of time at the outlet (c(t)|z=L) was selected as the regression
function. In addition, the squared error between the simulated value (h(t)) and experiment value (yt) at time t was
calculated and used as a loss function, and the sum of the weighted loss function was used as a cost function for
regression. The breakthrough point is the most important feature; therefore, it is weighted more than the other points.
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The cost function was used as a fitting function in the GA. After the parameter estimation, the correlation between
parameters was calculated using SPSS Statistics software [37].

Regression function : h(t) = c(t)|z=L from
∂c
∂t
+ u
∂c
∂z
− D
∂2c
∂z2 +

(
1 − ϵ
ϵ

)
ρb
∂q∗

∂t
− rA = 0

Loss function : L(h(t), yt) = (h(t) − yt)2

Cost function : J(h) =
n∑

i=0

ωiL(h(ti), yi) (8)

3. Results and Discussion

3.1. Physical characterization

Fig. S2 shows the activated carbon beads with different size magnitudes. The average diameter of the activated
carbon beads was 389.59 ± 15.65 µm. The surface of the activated carbon beads is exceptionally smooth, and the
metals and TEDA may not have been evenly impregnated; therefore, to observe the cross-section of the particle after
impregnation, the particles were cold-mounted, and SEM-EDS analysis was performed. Fig. S3 shows the SEM-
EDS images of the activated carbon beads, ASZM-only-impregnated activated carbon beads, and ASZM-TEDA-
impregnated activated carbon beads. EDS mapped data revealed that all metals and TEDA were evenly distributed
along the surface and cross-section. In addition, EDS analysis enabled the calculations of the weight percent of
each element and are presented in Table S3. ATAB-00000, which is pure activated carbon, contained only carbon
and oxygen. ATAB-06000, which the ASZM solution impregnated, contained nitrogen (from ammonium) and metals
(copper, zinc, molybdenum, and silver). ATAB-06010, which ASZM and TEDA impregnated, showed a slight increase
in the carbon and nitrogen ratio due to TEDA. To see the pore structure of the activated carbon beads, Brunauer-
Emmett-Teller (BET) surface area and total pore volume at P/P0 = 0.95 were calculated based on nitrogen adsorption
isotherms and pore size distribution analysis (Fig. S4, Table S4). Fig. S4a and S4b show the nitrogen adsorption
isotherms at 77K, and Fig. S4c and S4d show the pore size distribution of the samples. The pure activated carbon
bead (ATAB-00000) had a BET surface area and total pore volume of 1674.45 m2/g and 0.81 cm3/g, respectively.
Using the DFT calculation, the activated carbon bead had pores at 0.73 nm, with a broad pore between 1.0 and 4.0
nm. TEDA-only impregnated activated carbon beads, ATAB-00005 and ATAB-00010 showed specific surface areas
of 1417.36 and 1327.85 m2/g with pore volumes of 0.68 and 0.65 cm3/g, respectively. It shows a small decreasement
in surface area with uniformly covered pores. ASZM only impregnated activated carbon beads, ATAB-03000, ATAB-
06000, and ATAB-09000 showed specific surface areas of 1140.39, 1112.45, and 1011.91 m2/g with pore volumes
of 0.48, 0.50 and 0.44 cm3/g, respectively. Compared with TEDA-only impregnated carbon, metal mainly covers
the pore over 1.5 nm, and the surface area decreased more. The ASZM-TEDA impregnated activated carbon beads,
ATAB-03005, ATAB-06005, ATAB-06010, ATAB-06015, and ATAB-09005 showed specific surface areas of 1040.16,
904.45, 815.88, 627.13, and 903.74 m2/g with pore volumes of 0.45, 0.41, 0.38, 0.29, and 0.42 cm3/g, respectively.
These results indicate that after the metal and TEDA impregnation, the specific surface area decreased by impregnated
molecules covering the micro and meso pores [11].

3.2. Reaction of CK

To analyze the bifunctional effects of ASZM and TEDA-impregnated activated carbon, each component was im-
pregnated and the reaction at each site was analyzed. After analyzing the adsorption properties of each site, both
components were impregnated and the bifunctional properties of the ASZM and TEDA-impregnated activated carbon
for CK adsorption were analyzed.

3.2.1. Reaction of CK with TEDA
Fig. 1a shows the IR spectra of TEDA before and after the reaction with CK. The peaks at 2750–3500 cm-1

were ascribed to the amine group in TEDA. The main differences between the two samples were peaks at 2400–2700
cm-1 and 2136 and 2215 cm-1. As shown in Fig. 1c, TEDA can exist in three forms due to protonation in humid
conditions[38, 39].
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(a) (b)

(c)

(d)

Figure 1: (a) IR spectra of TEDA before and after the reaction with CK; (b) CK breakthrough curve of TEDA
impregnated activated carbon; (c) Protonation of TEDA; (d) Reaction between TEDA and CK.

Due to the CK adsorption experiment being performed in humid conditions, the peaks at 2400–2700 cm-1 appeared
owing to the protonated TEDA. Furthermore, the peaks at 2136 and 2215 cm-1 were attributed to – N – C ––– N vibrational
transitions[40]. Therefore, the adsorption of CK on TEDA can be assumed as the following reaction (Fig. 1d) [41, 42].

From the IR spectrum analysis, the possible reaction mechanism between TEDA and CK was determined. To
analyze the transport phenomenon, TEDA-impregnated activated carbon beads were used, and the packed-bed-based
breakthrough test was performed. Fig. 1b shows the breakthrough curve of TEDA-impregnated activated carbon
beads. The reaction stoichiometry between TEDA and CK was calculated based on the breakthrough curve [7].

Table 1: CK breakthrough data for TEDA-impregnated activated carbon beads.

Sample Mass TEDA loading CK adsorption Subtract CK contributions
(mg) (mmol) (mmol) from carbon alone (mmol)

ATAB-00000 131.4 0 0.0576 -
ATAB-00005 155.5 0.066 0.1379 0.0730
ATAB-00010 154.7 0.106 0.1697 0.1077

Table 1 shows that the TEDA-only sample reacted with approximately 1 mol of CK per 1 mol of TEDA. Con-
sidering that the reaction between CK and TEDA is chemisorption with a total LTEDA of TEDA sites and that TEDA
concentration is represented by [∗], the equation for the total number of sites is as follows.

LTEDA = [∗] + [CK∗] (9)

If the reaction mechanism between CK and TEDA with a reaction rate constant kTEDA satisfies the following equation
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CNCl + ∗
kTEDA
−−−−→ CN∗ + Cl− (10)

the reaction rate can be written as

d[CNCl]
dt

= −ρbkTEDA[CNCl][∗]

= −ρbkTEDA[CNCl](LTEDA − [CN∗]) (11)

d[CN∗]
dt

= kTEDA[CNCl](LTEDA − [CN∗]) (12)

Finally, the reaction part of Eq. 4 can be written based on the above TEDA-involved reactions.

rTEDA = −ρbkTEDAc(q∗∗ − q∗∗)

∂q∗∗

∂t
= kTEDAc(q∗∗ − q∗∗)

q∗∗ = Total TEDA amount (13)

with the boundary (Eq. 6) and initial (Eq. 7) conditions. And additional initial condition is q∗∗ = 0 (0 < z ≤ L, t = 0).

3.2.2. Reaction of CK with metals
Fig. 2a shows the IR spectra of the dried ASZM solution powder before and after the reaction with CK. Commonly,

the ammonium from ammonium carbonate absorbs strongly in the range 3100–3300 cm-1 owing to antisymmetric and
symmetric stretching [43]. The main differences between the two peaks are indicated in Fig. 2a. The broad peak at
2750–3750 cm-1 indicates the – OH and – NH group. C – O stretching appeared at 1100 and 1062 cm-1 (alkyl cyanates)
[43, 44]. Furthermore, the C – O – H bending peak was observed at 1387 cm-1 [43] and the – C ––– N peak was observed
at 2066 cm-1 [45]. Therefore, the IR analysis confirmed the reaction product cyanic acid (HOCN). As presented in Fig.
2c, cyanic acid easily changed to its tautomer isocyanic acid (HNCO), and the – –N –– C –– O peak slightly appeared at
2100–2200 cm-1. Furthermore, the peak for the N – H bend at 1619 cm-1 also increased after the reaction with CK.

To observe the chemical reaction between the ASZM solution and CK, XPS analysis was performed. The wide-
scan survey XPS spectra show that ASZM powder included the basic metals and solvent, and CK-reacted ASZM
powder adsorbed some chlorine from CK (Fig. S5a). Within the XPS data, Cu 2p, Zn 2p, and C 1s indicate that the
XPS spectra were very similar before and after the reaction. The convolution of Cl 2p3/2 (197.9 eV) and 2p1/2 (199.5
eV) shown in Fig. 2d, indicate that chlorine was chemically bonded with the dried ASZM solution as NH4Cl [46].
Fig. S5b shows the convolution of Cu 2p3/2 XPS spectrum. The XPS peak of ASZM and ASZM-CK at 932.6 eV
indicate Cu/Zn composite [47]; thus, the peak for Cu(OH)2 was observed at 934.2 eV [48] and the peak for CuCO3
was observed at 935.1 eV [49]. Fig. 2e shows the convolution of N 1s XPS spectrum. The peak at 396.4 eV was
assigned to N – Mo bonding [50, 51], and the peak at 397.4 eV denoted a nitrogen interaction with metal [49]. The
peak for C – NH2 was observed at 399.3 eV [52], and the ammonium ion appeared at 401.5 eV [53]. For CK-adsorbed
ASZM samples, the peaks for N – Mo bonding and N – metal bonding decreased, and a peak at 397.6 eV was observed,
indicating the presence of cyanide compounds [54]. Fig. 2f shows the O 1s XPS spectrum. The peaks at 530.0, 531.1,
531.7, and 533 eV are assigned to ZnO, C – O, Cu(OH)2, and C –– O (from CuCO3), respectively [55]. As seen from
the spectrum, the peak for ZnO significantly decreased, and the peak for C – O increased, indicating cyanic acid
formation. Fig. S5c shows the XPS spectrum of Zn. The peaks at 1021.3, 1021.6, and 1022.1 eV indicate the Zn – N
(from metal and ammonium interaction), Cu/Zn composite, and Zn – O, respectively [47, 56]. The peak decrease in
both oxygen and zinc XPS spectra suggests that Zn2+ acted as an oxidizing agent and co-catalyst with Cu2+ [4, 57].
C 1s XPS (Fig. S5d) showed a C – C peak at 284.3 eV, C – O peak at 285.3 eV, and C –– O peak at 289 eV [58]. After
the CK adsorption, an additional C ––– N peak was observed at 287.3 eV [59]. Mo 3d XPS (Fig. S5e) did not show
significant peak changes. Molybdenum functions to increase HCN residence times under humid conditions and does
not participate in the reaction with CK [4].

Combining IR and XPS data, if the reaction between CK and metals is a catalytic reaction and the non-volatile
product HOCN is formed, the reactions can be written as follows [57].
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(a) (b)

(c)

(d) (e) (f)

Figure 2: (a) IR spectra of the dried ASZM solution powder before and after the reaction with CK; (b) CK break-
through curve of ASZM-impregnated activated carbon beads; (c) Cyanic acid and its tautomer isocyanic acid; (d)–(f)
XPS data of the dried ASZM solution powder before and after the reaction with CK.

CNCl
H2O
−−−−→
Metals

HOCN + HCl

2 HCl + (NH4)2CO3 −−−→ 2 NH4Cl + H2CO3

H2CO3 −−−→ CO2 + H2O (14)

The IR and XPS spectrum analysis determined the possible reaction mechanism between ASZM and CK. ASZM
impregnated activated carbon beads were used to analyze the transport phenomenon, and the packed-bed-based break-
through test was performed. Fig. 2b shows the breakthrough curve of ASZM–impregnated activated carbon beads
with different impregnation ratios. At low concentrations of ASZM solution, the breakthrough point was similar to
that of pure activated carbon beads. After the breakthrough point, the curve feature differed from the reference and
indicated the extra reaction with CK. When the ASZM concentration increased after the breakthrough point, it fol-
lowed the standard breakthrough curve with a sigmoid-like graph. However, after reaching a certain point, when the
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outlet concentration had not yet reached inlet concentration and saturation occurred, the outlet concentration slightly
and linearly increased. Furthermore, the breakthrough points and curves were similar if the ASZM concentration was
higher than a certain number. The results indicate that the reaction between CK and ASZM solution was catalytic,
confirming the previously written reaction mechanism. Based on the proposed mechanism, the rate expression is writ-
ten as follows for separable deactivation kinetics, assuming a second-order decay with a decay rate constant kd and
time-dependent activity coefficient a(t).

−rmetal = ρbkmetala(t)c (15)

rd = −
da
dt
= kda(t)2 (16)

Therefore, the reaction part of Eq. 4 can be written based on the above ASZM-involved reactions.

rmetal = −ρbkmetala(t)c

−
da(t)

dt
= kda(t)2 (17)

with the boundary (Eq. 6) and initial (Eq. 7) conditions. And additional boundary condition is a(t) = 1 (z > ut).

3.2.3. Reaction of CK with metals and TEDA
Fig. 3a shows the IR spectrum of the TEDA–impregnated dried ASZM solution powder before and after the

reaction with CK. After the reaction with CK, the main differences between the peaks are highlighted in Fig. 3a. Due
to TEDA and CK interaction, the peaks at 2058 and 2210 cm-1 were attributed to – N – C ––– N vibrational transitions.
Due to ASZM solution and CK interaction, peaks at 1062, 1287, and 1619 cm-1 were attributed to alkyl cyanates,
C – O – H, and N – H bend, respectively. The peaks at 3100–3300 and 3551 cm-1 were assigned to – OH bonds, which
appeared more significantly compared with that of the TEDA or ASZM–only impregnated carbon.

XPS analysis was performed to discover the reaction between TEDA–impregnated dried ASZM solution and CK.
Fig. S6a shows the wide-scan XPS survey spectrum. Compared with the reaction of CK with ASZM, most of the
elements show similar results. Fig. 3b shows the spectrum of Cl 2p, which similarly deconvoluted to 197.9 and 199.5
eV, indicating NH4Cl [46]. For Cu 2p, all peaks shifted approximately 0.1 eV compared to the CK reaction with ASZM
due to TEDA impregnation (Fig. 3c). Peaks were attributed to Cu/Zn composite, Cu(OH)2, and CuCO3 at 932.7, 934.3,
and 935.2 eV, respectively [47, 48, 49]. Similar to that of Cu 2p, the N 1s peaks shifted approximately 0.1 eV compared
to the CK reaction with ASZM (Fig. 3d). The peak for N-Mo bonding was observed at 396.5 eV [50, 51], N-metal
at 397.6 eV [49], C – NH2 at 399.5 eV [52], ammonium ion at 401.6 eV [53], and – NR3 corresponding to TEDA at
402 eV [60]. After the CK reaction, the nitrogen and metal bonding peak decreased, and both the cyanide compound
peak at 397.6 eV and – NR3 peak at 402 eV significantly increased. These results indicate that a reaction occurred
between TEDA and CK. Fig. S6b shows the O 1s XPS spectrum. The oxygen peak also shifted 0.1 eV compared to
that of the dried ASZM solution powder case. The peaks at 530.1, 531.2, 531.8, and 533.1 eV were assigned to ZnO,
C – O, Cu(OH)2, and C –– O (from CuCO3), respectively [55]. Fig. S6c shows the Zn 2p XPS spectrum. All peaks were
shifted slightly compared to that of the CK reaction with ASZM. The peaks at 1021.4, 1021.8, and 1022.2 eV indicate
Zn – N, Cu/Zn composite, and Zn – O [47, 56]. Similar to that of the reaction between ASZM and CK, the oxygen and
zinc XPS peaks of ZnO showed that Zn2+ reduced to Zn [4, 57]. C 1s XPS (Fig. S6d) shows the C – C, C – O, and
C –– O peaks at 284.3, 285.3, and 289 eV, respectively [58]. Furthermore, due to TEDA, the C – N peak at 286.6 eV
was observed [58]. After the CK adsorption, similar to that of the ASZM reaction with CK, an additional C ––– N peak
appeared at 287.3 eV [59]. In addition, similar to that of the ASZM-only reaction with CK, Mo 3d XPS (Fig. S6e) did
not show significant peak changes.

The IR and XPS analysis show the possible reaction between ASZM-TEDA and CK. ASZM and TEDA were
impregnated with activated carbon beads for more precise analysis, and the breakthrough test was performed. Fig.
3e and 3f show the breakthrough curves of ASZM and TEDA-impregnated activated carbon beads with different
impregnation ratios. Compared to that of TEDA-only or ASZM-only impregnated activated carbons, the breakthrough
point shifted significantly, indicating that ASZM and TEDA have bifunctional reactions with CK. The nitrogen atom
in TEDA interacted with water owing to its hydrophilic characteristic [61], indicating that TEDA retained the water
ligand from the metal ion complex [57], which helped the metal act as a catalyst for the hydrolysis of CK. Similar
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(a)

(b) (c) (d)

(e) (f)

Figure 3: (a) IR spectra of the TEDA-impregnated dried ASZM solution powder before and after the reaction with
CK; (b) –(d) XPS data of the TEDA-impregnated dried ASZM solution powder before and after the reaction with CK;
CK breakthrough curve of ASZM and TEDA-impregnated activated carbon with different (e) ASZM; (f) TEDA ratio.

to that of the ASZM-only-impregnated activated carbon breakthrough curve in Fig. 2b, deactivation kinetics for the
catalyst reaction were observed.

Based on the TEDA-only and ASZM-only reactions (Eq.13 and 17), the overall species transport equation for the
ASZM and TEDA-impregnated activated carbon can be written as
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∂c
∂t
+ u
∂c
∂z
− D
∂2c
∂z2 +

(
1 − ϵ
ϵ

)
ρb
∂q∗

∂t
+ ρbkTEDAc(q∗∗ − q∗∗) + ρbkmetala(t)c = 0 (18)

with the boundary and initial conditions as follows.

c = c0 (z = 0, t ≥ 0)
∂c/∂z = 0 (z = L, t > 0)

a = 1 (z > ut) (19)

q∗ = 0 (0 < z ≤ L, t = 0)

q∗∗ = 0 (0 < z ≤ L, t = 0)
c = 0 (0 < z ≤ L, t = 0) (20)

3.3. Simulation and numerical modeling

3.3.1. DFT calculation

(a)

(b)

Figure 4: Hydrolysis reaction energy coordinates on CK by two different Cu(II) complexes. Red arrows with red-
colored numbers indicate the NPA charges. (a) Hydrated CuCO3Cu(OH)2; (b) Hydrated CuCO3Cu(OH)2-TEDA.

To demonstrate the synergetic catalytic hydrolysis of CK by ASZM–TEDA, an investigation was conducted into
the energetic reaction mechanism stemming from the copper complex predominantly deposited on the activated car-
bon surface. CuCO3Cu(OH)2, which was employed in this study, and its supplementary coordination with a single
water molecule has been recently and successfully simulated using DFT [27]. The coordinated water molecule on
the CuCO3Cu(OH)2 complex was simulated, and its energy was subsequently calculated. Moreover, the hydrolysis
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reaction of CK by the coordinated water (activated nucleophile) was simulated, revealing an exothermic energy of
2.78 kcal/mol (Fig. 4a), which implied a facile forward reaction and corroborated the experimental findings.

Additionally, TEDA was incorporated into the CuCO3Cu(OH)2 complex, yielding analogous energy efficiency
(Fig. 4b). Upon examining the reaction mechanism for both cases, the hydrolysis reaction was determined to be
more facile when originating from the CuCO3Cu(OH)2-TEDA complex. Furthermore, water complexation is crucial
for the accelerated hydrolysis reaction deriving from CuCO3Cu(OH)2-TEDA. The hydrolysis reaction facilitated by
CuCO3Cu(OH)2-TEDA was kinetically more favorable than that for the catalytic process. Consequently, supplemen-
tary calculations and analyses utilizing natural population analysis were performed.

Notably, the larger negative value (indicated by red-colored numbers, –1.031 vs. –0.986 in Fig. 4) on the oxygen
atom in water within the CuCO3Cu(OH)2–TEDA complex provides a successful explanation for the enhanced reac-
tivity of water on the catalyst due to the additional complexation of TEDA. This ultimately substantiates the primary
reason for the accelerated catalytic hydrolysis of CK by ASZM-TEDA.

3.3.2. Species transport equation modeling
The breakthrough data were fitted using the GA based on the governing equation proposed with the experimental

data. Before the simulation, pressure drop measurement with different linear velocities and packed bed depths was
performed. And the Ergun equation (Eq. 21) was used for calculating the bed porosity [62, 63, 64].

−
∆p
L
=

150µL
D2

p

(1 − ϵ)2

ϵ3
u +

1.75Lρg

Dp

(1 − ϵ)
ϵ3

u2 (21)

where ∆p is the pressure drop, L is the bed depth, µ is the viscosity of the gas, ρg is the density of the gas, Dp is
the particle diameter, ϵ is the porosity and u is the velocity of the gas in z direction. Based on the pressure drop
measurement results (Table S5) and physical characterization results, ϵ = 0.39 was calculated and used for the packed
bed porosity. Feed concentration was 4g/m3, and the linear velocity was 5.9cm/s based on the experiment setup (Table
S2). As GA is a population-based method [65] and the initial range can affect the final results, numerical settings for
each parameter was first determined based on the previous studies and books [22, 64, 66]. The range for diffusivity was
0 ∼ 10−4, all rate constant were 10−6 ∼ 10−2, isotherm coefficient was 100 ∼ 103, and maximum chemisorption site
was 100 ∼ 101. To obtain better results, all parameters (ξ) were first divided into the float number (α) range between
1 and 9.99, and the integer exponent term (β) with the base 10 (i.e., ξ = α × 10β). Therefore, each parameter needed
two solutions, and the algorithm found both solutions to create a parameter. Especially, as all of the samples for the
breakthrough test have different densities (Table S6), new value k′ = ρbk was used for the reaction rate coefficient in
simulation. After the fitting, the value is divided by the density to find the k. After finishing each cycle, the range
of the integer exponent term was narrowed to more accurately represent information obtained from the simulation.
The sum of squares regression, total, and error of each data point was calculated and used as a fitness function. Each
dataset was fitted with this process with over 2000 generations and performed over 50 cycles.

Fig. 5 shows the fitted breakthrough curve overlapped with experiment results, and Table S7 shows the parameters
estimated based on the GA used for the curve fitting. Fig. 5 presents the dataset and simulation results, which show
very similar curve features. From the proposed species transport equation for each reaction (Eq. 13, 17, and 18), the
diffusivity term remained because it was not determined if diffusive flux was negligible or not. However, after several
cycles of GA, the diffusivity coefficient for ASZM-only impregnated carbon was approximately 10−20. Therefore, the
diffusivity term was ignored for ASZM-only impregnated carbon simulations. Also, if the final results of diffusivity
show less than 10−9, the values were approximated to 0. To analyze the contribution of each component for CK
adsorption, scaling analysis [64, 67] was additionally performed based on the simulation result.

Table 2: Scaling analysis of various CK breakthrough experiment

CK reaction ∂c
∂t u ∂c

∂z D ∂
2c
∂z2

(
1−ϵ
ϵ

)
ρp
∂q∗
∂t

∂q∗∗
∂t kmetala(t)c

pure carbon ∼ O(10−6) ∼ O(10−3) ∼ 0 ∼ O(100) - -
TEDA only ∼ O(10−6) ∼ O(10−3) ∼ O(10−5) ∼ O(10−1) ∼ O(100) -
metal only ∼ O(10−6) ∼ O(10−3) ∼ 0 ∼ O(10−1) - ∼ O(10−2)

metal and TEDA ∼ O(10−6) ∼ O(10−3) ∼ 0−O(10−6) ∼ O(10−1) ∼ O(10−1) ∼ O(10−1 − 100)

Table 2 shows the order of magnitude of each component with respect to CK reaction materials. Compared with
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(a) (b)

(c) (d)

Figure 5: Fitted data based on the proposed reaction of CK with (a) TEDA; (b) ASZM solution; (c)–(d) ASZM-
TEDA-impregnated activated carbon beads.

reaction terms and other terms, the scaling analysis confirmed that the reaction terms are dominant in CK adsorption.
In the pure carbon case, the physisorption term was dominant. Whenever TEDA is added, CK chemisorption on TEDA
is relatively dominant for CK adsorption. As Fig. 1b shows, the breakthrough time for pure carbon was around 18
min, but the existence of TEDA increased the breakthrough time to 27 min (ATAB-00005) and 33 min (ATAB-00010).
However, when metal is added, the metal decreases the LDF parameters and slightly increases breakthrough perfor-
mance due to metal catalytic reaction. As Fig. 2b shows, the breakthrough time slightly increases when the metal
is impregnated. Significantly, after the breakthrough, the curve shows a second slope, which is mainly affected by
catalytic decay. When decay term (kd) is not applied, as Fig. S7a shows, catalytic reaction decomposes CK and sat-
uration point changes. However, when catalytic deactivation is applied, the breakthrough curve shows an extra slope
which also can be observed in experimental results. In the case when both metal and TEDA are impregnated to carbon,
with a small amount, it does not show a significant difference, and each reaction term shows a similar contribution
(∼ O(10−1)) for CK breakthrough (ATAB-03005). But when more metal is impregnated, the order-of-magnitude of
catalytic reaction term increased (∼ O(100)) with TEDA chemisorption term decreased (∼ O(10−2)). This also indi-
cated that TEDA accelerates the catalytic hydrolysis of CK by the ASZM-TEDA complex. To see the contribution of
each reaction term to the breakthrough curve, additional analysis was performed using the ATAB-06005 simulation
result (Fig. S7b). Only the LDF term, mainly a physical adsorption term, shows a typical physical adsorption break-
through curve with symmetric features. When the TEDA term was applied, the breakthrough time shifted, and as the
TEDA reaction site was continuously blocked over time, it reached to LDF breakthrough curve. When the metal term
was applied, the breakthrough time slightly shifted, and because of the deactivation term discussed in Fig. S7a, the
second slope can be observed in the breakthrough curve. Finally, when both metal and TEDA reaction terms were
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applied to the simulation, it shifted more breakthrough time with the other slope. These experimental and simulation
results confirm that chemisorption with TEDA shifts the breakthrough time, and catalytic chemisorption with metal
affects the slope after the breakthrough. But as there is a limited surface that can cover with metal and TEDA, it has
an optimized ratio to obtain the best performance.

To clarify the monotonic relationship between two variables, Spearman’s ρ correlation was applied. Table S8
shows the correlations between parameters results from the SPSS Statistics software. As shown in Table S7 and S8,
the most significant feature is the diffusivity coefficient (D). The diffusivity coefficient increased as the TEDA active
site (q∗∗) increased, implying that the reaction with TEDA is more likely diffusion-dominated, and the reaction with
metal is more likely convection-dominated. From the correlation between the mass diffusivity (D) and TEDA reaction
coefficient (kTEDA), the TEDA reaction with CK was also relevant to mass transfer-based reactions. Focusing on the
TEDA and metal reaction, the co-existence of TEDA and metal decreased the TEDA reaction but increased the metal
reaction with CK. This result indicates that the function of TEDA converts from CK adsorption to supporting the CK
reaction with metal by binding the water molecules. Lastly, the high correlation between the TEDA reaction site (q∗∗)
with the metal reaction coefficient (kmetal) and the deactivation coefficient (kTEDA) implies that TEDA highly affects the
reaction of CK with the metal complex. With the DFT results (Fig. 4) and correlation results (Table S8), it is obvious
that in the presence of water, metal complex, and TEDA have a synergic effect on reaction with CK.

4. Conclusions

In this study, the chemisorption of cyanogen chloride (CK) with an ASZM metal and TEDA complex was analyzed.
Before and after each catalytic powder reaction with CK, the XPS and IR spectra were observed and possible reaction
mechanisms were derived. From the spectral data, CK directly reacted with TEDA to form TEDA-CN and with a
metal present, the metal acted as a water catalyst to convert CK to cyanic acid. To validate these mechanisms, DFT
calculation was performed. The synergetic catalytic hydrolysis of CK by ASZM-TEDA was demonstrated through
an investigation into the energetic reaction mechanism of the CuCO3Cu(OH)2-TEDA complex. The hydrolysis reac-
tion facilitated by CuCO3Cu(OH)2-TEDA was found to be kinetically more favorable, with the enhanced reactivity
of water on the catalyst due to the additional complexation of TEDA, which was the primary cause for the acceler-
ated catalytic hydrolysis. For further applications, such as in gas masks, and to validate the previous results, ASZM
and TEDA were impregnated into activated carbon beads. These impregnated activated carbon beads were packed
into a tube to form a packed-bed reactor for a breakthrough experiment. Derived mechanisms were applied to the
reaction–convection–diffusion-based species transport equation, and the solution was compared with the result from
the breakthrough experiment. Non-linear regression was performed using the GA, and the correlation between param-
eters was compared using the SPSS software. The numerical modeling and overall experiment data imply that TEDA
can affect the diffusivity for the overall mass transfer-related reaction. Furthermore, TEDA can accelerate the catalytic
reaction of metal with CK by forming the water complex; however, the deactivation rate of the catalyst reaction of
metal is also affected. With this work, the optimized ratio between TEDA and ASZM–metal complexes for gas masks
can be easily obtained. Furthermore, as this work is the first to analyze chemisorbed breakthrough behavior in depth,
this methodology can be applied to various breakthrough experiments with chemical reactions.
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Nomenclature

a(t) : time-dependent catalytic activity
b : Langmuir isotherm coefficient (m3 · kg−1)
c : gas concentration (kg · m−3)
D : diffusivity (m2 · s−1)
Dp : particle diameter (m)
ϵ : bed porosity
k : rate constant (s−1)
kd : catalyst deactivation constant (s−1)
KF : Freundlich isotherm coefficient (kg1−1/nm3/n · kg−1)
KL : Linear isotherm coefficient (m3 · kg−1)
kLDF : LDF model mass transfer coefficient (s−1)
kmetal : CK and metal reaction rate constant (m3 · g−1s−1)
kTEDA : CK and TEDA reaction rate constant (m3 · g−1s−1)
L : bed depth (m)
LTEDA : total TEDA sites (g · kg−1)
µ : viscosity of the gas (Pa · s)
n : Freundlich correction factor
∆p : pressure drop in packed bed (Pa)
q∗ : maximum physisorbed amount on the bed per unit mass (kg · kg−1)
q∗ : physisorbed amount on the bed per unit mass (kg · kg−1)
q∗∗ : maximum chemisorbed amount on the bed per unit mass (g · kg−1)
q∗∗ : chemisorbed amount loading on the bed per unit mass (g · kg−1)
qm : maximum adsorbed amount in equilibrium
ρb : bed density (kg · m−3)
ρg : density of the gas (kg · m−3)
rA : reaction rate of species A (kg · m−3s−1)
rd : catalyst deactivation reaction rate (s−1)
rTEDA : reaction rate of CK and TEDA reaction (kg · m−3s−1)
rmetal : reaction rate of CK and metal reaction (kg · m−3s−1)
u : linear velocity (m · s−1)
Wz : molar flux (kg · m−2s−1)
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Table S1: Composition of the Prepared Samples with respect to carbon weight

Sample Cu (%) Zn (%) Mo (%) Ag (%) TEDA (%)

ATAB-00000 0.0 0.0 0.0 0.0 0.0
ATAB-00005 0.0 0.0 0.0 0.0 5.0
ATAB-00010 0.0 0.0 0.0 0.0 10.0
ATAB-03000 3.0 3.0 1.2 0.030 0.0
ATAB-03005 3.0 3.0 1.2 0.030 5.0
ATAB-06000 6.0 6.0 2.4 0.061 0.0
ATAB-06005 6.0 6.0 2.4 0.061 5.0
ATAB-06010 6.0 6.0 2.4 0.061 10.0
ATAB-06015 6.0 6.0 2.4 0.061 15.0
ATAB-09000 9.0 9.0 3.6 0.091 0.0
ATAB-09005 9.0 9.0 3.6 0.091 5.0
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Figure S1: Schematic diagram of CK breakthrough test

Table S2: Breakthrough operating conditions.

Condition Value

Test tube temperature 24 ◦C
Relative humidity 80%

Test flow rate 42.3 mL · min−1

Bed depth 2 cm
Feed Concentration 4000 mg · m−3
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(a) (b)

Figure S2: SEM images of activated carbon beads at the magnitude of (a) 50 and (b) 200
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(a)

(b)

(c)

Figure S3: SEM-EDS images of polished and cold-mounted (a) activated carbon beads (b) ASZM (c) ASZM and
TEDA impregnated carbon beads

Table S3: Element weight percent of each material.

Element ATAB-00000 ATAB-06000 ATAB-06010

C 91.31 ± 0.16 78.07 ± 0.83 80.85 ± 0.87
O 8.69 ± 0.16 11.45 ± 0.27 9.81 ± 0.21
N - 3.61 ± 1.00 4.16 ± 1.00
Cu - 2.35 ± 0.13 2.66 ± 0.12
Zn - 2.78 ± 0.11 2.37 ± 0.10
Mo - 0.89 ± 0.08 0.72 ± 0.07
Ag - 0.85 ± 0.07 0.63 ± 0.06
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(a) (b)

(c) (d)

Figure S4: (a)-(b) Nitrogen adsorption isotherms at 77K and (c)-(d) pore size distributions for the materials

Table S4: Surface area and total pore volume of the samples

Sample S BET (m2 · g−1) VT (cm3 · g−1)

ATAB-00000 1674.45 0.81
ATAB-00005 1417.36 0.68
ATAB-00010 1327.85 0.65
ATAB-03000 1140.39 0.48
ATAB-03005 1040.16 0.45
ATAB-06000 1112.45 0.50
ATAB-06005 904.45 0.41
ATAB-06010 815.88 0.38
ATAB-06015 627.13 0.29
ATAB-09000 1011.91 0.44
ATAB-09005 903.74 0.42
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(a)

(b) (c)

(d) (e)

Figure S5: XPS data of dried ASZM solution powder before and after the reaction with CK
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(a)

(b) (c)

(d) (e)

Figure S6: XPS data of TEDA-impregnated dried ASZM solution powder before and after the reaction with CK
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Table S5: Pressure drop measurement result

Height (cm) Flow (sccm) Linear Velocity (cm · s−1) Pressure Difference (Pa)

1

10 1.40 24.0
20 2.79 35.0
25 3.49 45.0
30 4.19 52.0
40 5.58 69.0
50 6.98 83.0

2

10 1.40 46.0
20 2.79 73.0
25 3.49 84.0
30 4.19 101.0
40 5.58 129.0

3
10 1.40 78.0
20 2.79 123.0
25 3.49 152.0

Table S6: Mass and density of experiment samples

Sample mass (mg) ρb (kg · m−3)

ATAB-00000 131.4 550.0
ATAB-00005 155.5 650.9
ATAB-00010 154.7 647.5
ATAB-03000 157.9 660.9
ATAB-03005 176.5 738.7
ATAB-06000 167.3 700.2
ATAB-06005 190.8 798.6
ATAB-06010 198.6 831.2
ATAB-06015 218.4 914.1
ATAB-09000 162.4 679.7
ATAB-09005 201.3 842.5

Table S7: Fitted parameter based on the proposed reaction of CK with samples

Sample D kLDF KL kTEDA q** kmetal kd
(m2 · s−1) (s−1) (m3 · kg−1) (m2 · g−1 s−1) (g · kg−1) (m2 · g−1 s−1) (s−1)

ATAB-00000 ≈ 0 4.17×10−4 2.44×103 - - - -
ATAB-00005 3.89×10−4 3.64×10−5 4.09×103 4.46× 10−2 2.58 × 101 - -
ATAB-00010 6.86×10−4 1.58×10−5 5.30×103 2.30× 10−2 5.08 × 101 - -
ATAB-03000 ≈ 0 6.63×10−5 2.58×103 - - 2.75×10−5 9.65×10−4

ATAB-03005 8.57×10−5 8.08×10−6 7.71×103 1.63× 10−2 1.82 × 101 2.23×10−4 9.83×10−3

ATAB-06000 ≈ 0 7.63×10−6 8.91×103 - - 2.23×10−5 1.37×10−4

ATAB-06005 ≈ 0 7.50×10−6 7.29×103 7.69× 10−3 8.01 × 100 9.83×10−4 8.09×10−3

ATAB-06010 8.63×10−8 7.20×10−6 5.04×103 9.68× 10−3 3.52 × 100 6.12×10−4 6.81×10−3

ATAB-06015 1.29×10−6 6.55×10−6 2.56×103 5.18× 10−3 4.50 × 100 1.87×10−4 2.11×10−3

ATAB-09000 ≈ 0 1.13×10−5 8.85×103 - - 1.82×10−5 9.33×10−5

ATAB-09005 ≈ 0 7.11×10−6 2.95×103 3.81× 10−3 8.76 × 100 5.01×10−4 4.41×10−3
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(a) (b)

Figure S7: (a) Catalytic deactivation effect in breakthrough curve; (b) Reaction term effect in breakthrough curve

Table S8: The Spearman’s ρ correlations between fitted parameter (1-tailed)

D kLDF KL kTEDA q** kmetal kd

D Correlation Coefficient 1 .015 -.005 .829* .776** .218 .546
Significance Probability - .483 .494 .011 .002 .302 .081

kLDF Correlation Coefficient 1 -.136 .929** -.154 -.524 -.310
Significance Probability - .345 .001 .326 .091 .228

KL Correlation Coefficient 1 .429 .042 -.310 -.167
Significance Probability - .169 .451 .228 .347

kTEDA Correlation Coefficient 1 .643 .100 .800
Significance Probability - .060 .436 .052

q** Correlation Coefficient 1 .683* .854**

Significance Probability - .031 .003
kmetal Correlation Coefficient 1 .857**

Significance Probability - .003
kd Correlation Coefficient 1

Significance Probability -
* Correlation is significant at the 0.05 level
** Correlation is significant at the 0.01 level
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Numerical analysis using Crank-Nicolson finite difference method

Nomenclature

a : time-dependent catalytic activity
c : gas concentration (kg · m−3)
D : diffusivity (m2 · s−1)
ϵ : bed porosity
L : bed depth (m)
kc : catalytic reaction rate constant (m3 · g−1s−1)
kd : catalyst deactivation constant (s−1)
kL : LDF model mass transfer coefficient (s−1)
KL : Linear isotherm coefficient (m3 · kg−1)
kT : chemical adsorption rate constant (kg · g−1s−1)
q∗ : maximum physisorbed amount on the bed per unit mass (kg · kg−1)
q∗ : physisorbed amount on the bed per unit mass (kg · kg−1)
q∗∗ : chemisorbed amount loading on the bed per unit mass (g · kg−1)
qT : maximum chemisorbed amount on the bed per unit mass (g · kg−1)
ρb : bed density (kg · m−3)
u : linear velocity (m · s−1)

Figure S8: Basic setup for numerical analysis (Blue: unused part of the bed, Orange: used part of the bed)

The governing equation for numerical analysis is the following.

∂c
∂t
+ u
∂c
∂z
− D
∂2c
∂z2 +

(
1 − ϵ
ϵ

)
ρb
∂q∗

∂t
+ ρb
∂q∗∗

∂t
+ ρbkcac = 0 (S1)

where,
∂q∗

∂t
= kL(KLc − q∗) (S2)

∂q∗∗

∂t
= kT c(qT − q∗∗) (S3)

da
dt
= −kda2 (S4)
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Define Crank-Nicolson parameters as follows.

∂c
∂t (i, j)

=
ci+1

j − ci
j

∆t

∂c
∂z (i, j)

=
ci

j+1 − ci
j−1

4∆z
+

ci+1
j+1 − ci+1

j−1

4∆z

∂2c
∂z2 (i, j)

=
ci

j+1 − 2ci
j + ci

j−1

2 (∆z)2 +
ci+1

j+1 − 2ci+1
j + ci+1

j−1

2 (∆z)2

ξ(i, j) =
ξi+1

j + ξ
i
j

2
; (ξ = c, q∗, q∗∗, a)

(S5)

and define additional parameters to simplify the equations.

α =
u∆t
4∆z

; β =
kL∆t

2
; γ =

kd∆t
4

; δ = β
1 − ϵ
ϵ
ρb; λ =

D∆t
2(∆z)2 ; ζ =

kT∆t
2
ρb (S6)

Then the governing equations (S1-S4) can be rewritten as follows.

(α − λ)ci+1
j+1 +

1 + 2λ +
KLδ

1 + β
+

(
qT − q∗∗

i
j

)
ζ + ρbkc


−1 +

√
8γai

j + 1

4γ


 ci+1

j − (α + λ)ci+1
j−1

= −(α − λ)ci
j+1 +

1 − 2λ −
KLδ

1 + β
−

(
qT − q∗∗

i
j

)
ζ − ρbkc


−1 +

√
8γai

j + 1

4γ


 ci

j − (α + λ)ci
j−1 +

2δ
1 + β

q∗
i
j (S7)

q∗
i+1
j =

KLβ

1 + β
(ci+1

j + ci
j) +

1 − β
1 + β

q∗
i
j (S8)

q∗∗
i+1
j = qT ζ(ci+1

j + ci
j) +

(
1 − ζ(ci+1

j + ci
j)
)

q∗∗
i
j (S9)

ai+1
j = −ai

j +

−1 +
√

8γai
j + 1

2γ
(S10)

To solve the above governing equations, introduce the tridiagonal matrix algorithm (Thomas algorithm). The
Thomas algorithm can be used for the following matrix.



b1 c1 0
a2 b2 c2

a3 b3
. . .

. . .
. . . cn−1

0 an bn





x1
x2
x3
...

xn−1
xn


=



d1
d2
d3
...

dn−1
dn


(S11)

This matrix can be transformed as follows.

1 c′1 0
1 c′2

1
. . .

. . . c′n−1
0 1





x1
x2
x3
...

xn−1
xn


=



d′1
d′2
d′3
...

d′n−1
d′n


(S12)
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where,

c′i =

ci/bi i = 1
ci/(bi − aic′i−1) i = 2, 3, 4, · · · , n − 1

(S13)

d′i =

di/bi i = 1
(di − aid′i−1)/(bi − aic′i−1) i = 2, 3, 4, · · · , n − 1

(S14)

Then, the solution can be written as,

xi =

d′i i = 1
d′i − c′i xi+1 i = 2, 3, 4, · · · , n − 1

(S15)

So, to apply the Thomas algorithm, write the matrix form of the governing equation as,

1 0

−(α+λ) 1+2λ+ KLδ
1+β +

(
qT−q∗∗

i
2

)
ζ+ρbkc

 −1+
√

8γai
2+1

4γ

 α−λ

−(α+λ) 1+2λ+ KLδ
1+β +

(
qT−q∗∗

i
3

)
ζ+ρbkc

 −1+
√

8γai
3+1

4γ

 . . .
. . .

. . . α−λ
0 −1 1





c0
ci+1

2
ci+1

3

...
ci+1

n−1
ci+1

n


=



1 0

α+λ 1−2λ− KLδ
1+β −

(
qT−q∗∗

i
2

)
ζ−ρbkc

 −1+
√

8γai
2+1

4γ

 −(α−λ)

α+λ 1−2λ− KLδ
1+β −

(
qT−q∗∗

i
3

)
ζ−ρbkc

 −1+
√

8γai
3+1

4γ

 . . .
. . .

. . . α−λ
0 1 −1




c0
ci

2
ci

3

...
ci

n−1
ci

n

 +
2δ

1 + β



0
q∗

i
2

q∗
i
3

...
q∗

i
n−1
0


(S16)

If we want to calculate unknown values in position j in time i + 1, starting from the initial condition of unknown
values at time 0, RHS of equation S16 can be treated as dn described in equation S11. Therefore, we can now solve
the governing equation at time i + 1.
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