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Abstract: Hydrogen sulfide (H2S) should be removed in the early stage of biogas purification as it
may affect biogas production and cause environmental and catalyst toxicity. The adsorption of H2S
gas by using activated carbon as a catalyst has been explored as a possible technology to remove H2S
in the biogas industry. In this study, we investigated the optimal catalytic preparation conditions
of the H2S adsorbent by using the RSM methodology and the Box–Behnken experimental design.
The H2S catalyst was synthesized by impregnating commercial activated carbon (CAC) with zinc
acetate (ZnAc2) with the factors and level for the Box–Behnken Design (BBD): molarity of 0.2–1.0 M
ZnAc2 solution, soaked temperature of 30–100 ◦C, and soaked time of 30–180 min. Two responses
including the H2S adsorption capacity and the BET surface area were assessed using two-factor
interaction (2FI) models. The interactions were examined by using the analysis of variance (ANOVA).
Hence, the optimum point of molarity was 0.22 M ZnAc2 solution, the soaked period was 48.82 min,
and the soaked temperature was 95.08 ◦C obtained from the optimum point with the highest H2S
adsorption capacity (2.37 mg H2S/g) and the optimum BET surface area (620.55 m2/g). Additionally,
the comparison of the optimized and the non-optimized catalytic adsorbents showed an enhancement
in the H2S adsorption capacity of up to 33%.

Keywords: adsorption; adsorbent; purification; H2S removal; response surface methodology (RSM)

1. Introduction

Agricultural industries, livestock ranches, and fuel industries generally generate some
natural wastewaters and wastewaters that have a tremendous effect on the debate and
pollution of water [1]. The anaerobic digestion of natural wastewater and wastewater does
not mitigate this degradation; instead, it creates biogas, fertilized solids, and filtered sewage
for subsequent beneficial use [2–4]. For example, biogas can be efficiently used for heat
and energy substitution for gasoline in transport applications [5]. The biogas composition
typically consists of roughly 40–75% of methane (CH4), 25–40% of carbon dioxide (CO2),
0.5–2.5% of nitrogen (N2), 10–30 ppm(v) of ammonia (NH3), and 1000–3000 ppm(v) of
hydrogen sulfide (H2S) [6,7]. These compositions, however, depend on the differential
sources of the organic substrates.

In practice, the elimination of hydrogen sulfide (H2S) in the oil and gas or biogas pro-
cessing industries remains one of the key obstacles to the sustainable growth of profitable
technologies [8]. H2S is toxic at low concentrations (<1 ppm(v)), impacting the production
of biogas and has life-threatening effects at higher concentrations (500 ppm(v)) [9,10]; hence,
it is imperative to eliminate H2S in the early stages of the purification system [11]. Several
methods have been implemented to eliminate H2S, such as the Clauss technique, which is
primarily used in the oil and gas industries [12] that typically produce high concentrations
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of H2S (>10,000 ppm(v)). Several technologies that are commonly used and commercial-
ized for H2S removal include chemical absorption [13], physical adsorption [14], biological
treatment [15–18], and membrane technology [19,20].

The H2S capture via a biological treatment is efficient and cost-effective; however, it
needs a large upfront investment as compared to the dry-based processes. Even though
this method is an environmentally friendly system, the separation and purification of H2S
may be difficult to carry out. In contrast, the liquid-based and membrane techniques for
H2S removal are not economically or energetically viable technologies [13]. However, the
adsorption technology is the best and superior for H2S removal even at low concentrations
and temperatures [21–23]. Adsorption is the most commonly used technique for both
large-scale and small-scale applications. All of these technologies are summarized and
compared with the most relevant and alternative technology for H2S removal in Table 1.
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Table 1. Summary of different H2S removal technologies.

H2S Removal Technologies Strength Weakness Comments

Clauss process [10]

- Very well-known process.
- Cost is minimal since existing units are

available.

- Tail gas treatment is challenging.
- Mainly used in refineries, natural gas

processing plants, or syngas plants that
require high H2S concentration.

- Most matured process for H2S
purification.

Adsorption [14]

- Widely used mesoporous materials
utilized as adsorbents are low-cost raw
materials.

- Materials have high surface area and
porosity, which leads to optimum
adsorption capacity.

- Normally impregnated with selective
chemicals to enhance the adsorbent
capability.

- Only selective chemicals capable of
capturing H2S gas are used.

- Sulfur bound on the mesoporous materials
degraded the adsorption performance.

- Solid adsorbent should be highly selective
and have high capacity of H2S adsorption.

- Widely used for low H2S concentration.

Absorption
(liquid solution) [24]

- Process based on alkanolamines is
matured and has been perfected over the
last several decades.

- Depends on the interaction strength of the
gas molecules and solvents.

- High regeneration cost required and
inefficient.

- Could cause secondary pollution.

- Developing H2S selective alkanolamines
is a big challenge to overcome the liquid
absorbents.

- Current study focuses on ionic liquid to
improve the absorption performance.

Biological
[15–18]

- Alternative to very costly industrial
methods.

- Environmentally friendly.

- Requires highly sensitive of biological
process to operate effectively.

- Process system requires a special
procedure.

- Purification and separation studies are
challenging.

- New research study for H2S purification
with high improvement potential.

Membrane
[19,20]

- Rarely found membrane technologies
used for H2S separation.

- In term of CO2 separation, the membrane
technology is more economical.

- Presence of H2S gas increases the
separation cost.

- Selective membranes exhibit no significant
difference in permeability.

- Hybrid process involving membrane or
chemical absorption or adsorption can
lead towards an overall better economical
process.
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Adsorption techniques [25–27] to remove H2S typically involve mesoporous materials
(activated carbon, zeolites, and/or silica) that are also widely known as catalysts because
of their surface chemistry, high degree of microporosity, and developed surface area (which
can exceed 1000 m2/g) [28]. On both the macro and nanoscales, these materials may have
crystalline and/or amorphous structures [16], but they can be further changed to adjust
their physicochemical properties, thus improving their adsorption ability against the target
molecules. As commercial activated carbon (AC) is often impregnated to increase the ca-
pacity of the adsorbents to absorb the adsorbates, it is also subjected to surface modification.
The improvement was primarily based on increasing the basic surface area and the porous
structure of the mesoporous materials by using chemical activation methods.

Impregnated adsorbents such as catalytic adsorbents, widely applied several chemi-
cals based on alkalis (NaOH, KOH, and KI) [29–33], carbonate compounds (Cu), transition
metal oxide compounds (Zn, Fe, and Cu), or metal acetic acid compounds (Zn) [14,34] can
be used as solid catalysts or be dispersed as small grains on the surface of a supporting
material. Selecting the precursors of active components as well as any necessary promot-
ers and stirring them in a solvent is the first step in producing a supported catalyst. In
the end, the active metal or precursor from the solvents is dispersed on the adsorbents’
surface. In contrast to raw activated carbon (AC), impregnated adsorbents with both of
these chemicals have a higher specific surface area, smaller particle sizes, and increased
H2S capability [32]. Despite this, a metal-supported catalyst (ZnAc2/CAC) demonstrates
favorable associations between the adsorbent’s capabilities in capturing the adsorbate and
develops better surface area. The dispersion of ZnAc2 on the CAC surface normally acts
as active sites to capture the adsorbate particles efficiently. Moreover, ZnAc2 leads to an
increase in the specific surface area by decreasing the particle size, which results in an
increase in the H2S adsorption capacity, as reported on the basis of the ZnO impregnated
performance [35]. Impregnation from both chemicals (ZnAc2 and ZnO) enhanced the
adsorbent’s capabilities through surface area and adsorption capacities.

For example, a study on the optimization of the CAC performance evaluated the
optimal response using certain factors (molarity, time, humidity, temperature, and pH) and
responses (adsorption capacity, surface area, selectivity, and percentage utilization). All the
information obtained from these factors and responses can be used in an interaction study
to determine the proposed optimization. Normally, the interaction parameters (condition
variables) can be analyzed using two types of methods, namely univariate and multivariate
optimization. Univariates have the slightest remedial effect relative to multivariates because
of the capacity of the univariates to rely on one optimization variable; thus, the multivariate
approach requires a design that adjusts all levels of variables simultaneously. For expository
systems, this phase is crucial and the optimal operating conditions are determined using
complex test designs, the Doehlert lattice (DM), central composite design (CCD), and three-
level designs such as the Box–Behnken design (BBD) [36–38]. The relationship between
the explanatory variables and the response variables [39] can be evaluated graphically by
using the empirical data sufficient for the optimal area, thereby allowing new models to be
developed and identified and the current product designs to be updated [40].

Therefore, in this study, we applied the BBD by using response surface methodology
(RSM) to assess the influence of factors with a minimal number of experiments by evaluat-
ing and controlling the Zn acetate CAC impregnation. The response to the selected factors
determined the H2S adsorption capacity and characterizes the surface morphologies via
the BET surface area of the impregnated CAC on the basis of the BBD recommendation.

2. Materials and Methods
2.1. Adsorbent Preparation

Effigen Carbon Sdn. Bhd, Malaysia, supplied granular commercial coconut activated
carbon (CAC), which was sieved to obtain a particle size in the range of 3–5 mm. The
selected CAC impregnation compound was zinc acetate (ZnC4H6O4), which was pur-



Catalysts 2021, 11, 545 5 of 24

chased from Friendemann Schmidt Chemicals (Malaysia) and used as obtained without
prior purification.

The impregnated CAC surface was prepared with 600 mL of distilled water for a
0.2–1.0 M zinc acetate solvent at 30–100 ◦C. In brief, 350 g of CAC was soaked into the
solvent for 30–180 min before the distribution of the zinc acetate compound on the surface.
The wet CAC was drained and dried at 120 ◦C overnight before being used for H2S
adsorption testing and is indicated as ZnAc2/CAC. Moreover, the design of experiments
(DOE) recommendation was submitted on the basis of the chosen molarity, soaked time,
and soaked temperature for the preparation of the adsorbents.

2.2. Characterization

The surface area and the pore structure were analyzed by a Brunauer–Emmett–Teller
(BET) surface area analysis using Micrometric ASAP 2010 Version 4.0.0. The surface area
was obtained from the measurement of the BET isotherm, while the pore volumes and
the standard pore volumes were calculated at P/Po of 0.98 by using the N2 adsorption
isotherm. Meanwhile, the micropore volume was calculated using the t-plot method. After
degassing for 4 h at 150 ◦C, the textural properties of the sorbents were determined by N2
adsorption–desorption at 196 ◦C with Quantachrome Autosorb 1 ◦C. The exact surface was
extracted from the estimation of the BET.

The surface morphology and the chemical structure characterization for the optimized
and non-optimized adsorbents were analyzed using the CARL ZEISS EVO MA10 and
energy dispersive X-Ray analysis (EDX) with EDAX APOLLO X model. This characteriza-
tion method was used to visualize the details of the adsorbent properties in terms of the
structural morphology and to identify the elemental composition of the materials present
on the surfaces of the adsorbent under an accelerating voltage of 10 kV.

2.3. H2S Adsorption Test

In this study, the H2S adsorption test was implemented using a laboratory-scale set-up
of a single stainless-steel column (height and diameter of 0.3 m and 0.06 m, respectively), as
shown in Figure 1. In brief, 75 g of the impregnated adsorbent (ZnAc2/CAC) was loaded
into the adsorber column and fed in with a commercial mixed gas H2S/N2 (5000-ppm(v)
H2S with balanced N2). The adsorption test operated at ambient temperature, the flow
rate and pressure gauge were mounted at 5.5 L/min and 1 bar. Due to the tolerable range
for the gas exposed to the atmosphere and fuel cell devices, the H2S breakthrough gas
concentration at the outlet stream was set at 5–10 ppm(v) [41–43]. The outlet H2S gas
was detected using a customized portable H2S analyzer (model GC310), which directly
imported the data into the computer program. Then, the adsorption capacity of H2S for each
DOE suggestion was calculated according to the equation reported by Zulkefli et al. [44].
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Figure 1. H2S adsorption system [32]: (a) schematic diagram and (b) experimental H2S adsorption
test set-up.

2.4. Regeneration of Adsorbents

The desorption process for the adsorbents was followed by set-up in a previous study
by Zulkefli et al. [32]. The spent adsorbents underwent a three-step purging process. In the
first step, the spent adsorbents were run through an air blower for 30 min at 150 ◦C and
a flow rate of 100 L/min. Secondly, the same operating parameters were applied to the
column at ambient temperature for 30 min. In the final step, the N2 gas was introduced
into the stream; it was fed at 5.5 L/min for 30 min to purge out and stabilized the active site
on the adsorbent surface before use in the next adsorption operation up to several cycles of
adsorption–desorption.

2.5. Control Factors and Level Selection

It is possible to test the effect of quadratic interactions by using a BBD combined
with response surface modeling and quadratic programming. This experimental approach
used the regression design to show the result as a predictive function of variables with
an impartial and limited variance. In this strategy, the graphical profile illustrates the
summary of the response surface being examined [45]. The effects of three preparation
factors were investigated: (A) ZnAc2 solution molarity (M), (B) soaked time (min), and (C)
soaked temperature (◦C) on the CAC surface as well as the capture of the H2S gas. Two
responses were used, namely the H2S adsorption capacity and the BET surface area, as a
reference to the preparation factors.

The typical variables are coded separately as +1, −1, and 0 for the high, low, and
center points; therefore, the units of the parameters are not relevant. Real variables (Xi) are
coded by direct transformation as follows:

χi =
xi − x0

∆x
i = 1, 2, 3 (1)

where χi is the encoded value of an independent variable, xi is the actual value of an
independent variable, x0 is the actual value of a center point independent variable, and
∆x is the phase shift value of an independent variable [46]. The process factors and factor
levels of the adsorbent preparation state are described in Table 2.
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Table 2. Process factors and factor levels of the adsorbent preparation state.

Factors
Level

−1 0 +1

A Molarity (M) 0.2 0.6 1.0
B Soaked period (min) 30 105 180

C Soaked temperature
(◦C) 30 65 100

The data from the BBD were analyzed by multiple regression to fit the following
quadratic polynomial model:

Y = α0 +
3

∑
i=1

αixi +
3

∑
i=1

αiix2
i +

2

∑
i=1

3

∑
j=2

αijxixj + ε (2)

where Y is the response variables, α0 is the model constant, αi represents the linear
coefficient, αii denotes the quadratic coefficient, αij is the interaction coefficient, and ε is
the statistical error. The least-squares method is used to solve this set of Equation (2). BBD
is a common experimental design for the technique of response surfaces in statistics and is
a type of second-order rotatable or nearly rotatable design based on three-level incomplete
factorial designs. Each design is a combination of a two-level (full or fractional) factorial
design with an incomplete block design [47].

Both combinations for factorial design are placed through a certain number of factors
in each block, while the other factors are held at the central values. The BBD is a good design
for this technique because (1) it enables the calculation of the parameters of the quadratic
model, (2) there are no runs where all the variables are at either +1 or −1 levels, and (3) the
number of experiments (N) needed for the BBD to evolve is defined as follows [48]:

N = 2k(k − 1) + CN (3)

where the number of variables is k and the number of center points is CN. On the basis of
Equation (3), the runs will be reduced to 17 with 3 major variables and 5 times the repetition
in the center point to reduce the magnitude of error (k = 3 and CN = 5). Three conditions
were investigated, namely the molarity state, soaked time, and the soaked temperature;
hence, 17 runs were executed.

2.6. Steps for Process Parameter Optimization

The steps followed for process optimization are shown in the flow chart in Figure 2.
In this optimization, the molarity, soaked period, and the soaked temperature of the
adsorbents were entered as the explanatory variables and the optimal adsorption capacity
with the BET surface area of the adsorbents as the response variable.
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Figure 2. Process optimization.

Step 1. CAC impregnated with ZnAc2 as suggested by the design tools.
Step 2. There were 17 run trials conducted, with the BBD matrix consisting of 12 dif-

ferent level combinations of the independent variables as well as three center point runs
used to fit a second-order response surface and provide a measure of process stability and
inherent variability [49]. The BBD design matrix along with the experimental values of the
responses are shown in Table 2 (in terms of the coded factors).

Step 3. The adsorption capacity was calculated using an H2S adsorption test and was
determined for each of the 17 runs of the adsorbents.

Step 4. The BET surface was determined for each of the 17 runs.
Step 5. RSM simulation, including second-order regression and analysis of variance

(ANOVA), was conducted.
Step 6. The optimal conditions for the different molarities were traced on the basis of

the contour and the surface plots of the RSM simulation.
Step 7. The simulation and experimental results were verified.
Step 8. The standard parameter conditions were duplicated for different molar ratios

and impregnated materials.

3. Results and Discussion
3.1. Box–Behnken Model Evaluation

Based on Equation (3), with three main factors and five replications at the center point
to reduce the magnitude of error (k = 3 and Co = 5), the runs were limited to 17, as detailed
in Table 3. The obtained breakthrough curves for the three soaked periods, i.e., 30, 105, and
180 min, are presented in Figure 3a–c, respectively. The breakthrough curves are shown
in three figures because of the large number of runs and for an easier understanding and
interpretation of the obtained results. Thus, differences between the relative concentrations
of the H2S curves of the runs could be understood more easily. To decide about the
adequacy of the model for the H2S adsorption capacity, three different tests, namely the
sequential model sum of squares, lack of fit test, and model summary statistics, were
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carried out in the present study. The data of the H2S adsorption capacity in this research
were subjected to a regression analysis to estimate the effect of the process variables.

Table 3. Box–Behnken and experimental data of responses’ adsorption capacity and BET surface area.

No. of Run ZnAc2 Molarity, M
(A)

Soaked Period, min
(B)

Soaked Temperature, ◦C
(C)

Adsorption Capacity, mg
H2S/g (Y1)

BET Surface Area, m2/g
(Y2)

1 0.20 105.00 30.00 1.81 842.74

2 1.00 105.00 30.00 2.03 584.01

3 0.60 105.00 65.00 0.47 544.52

4 0.60 30.00 30.00 0.67 765.23

5 1.00 105.00 100.00 0.56 757.80

6 0.20 30.00 65.00 1.75 692.65

7 0.60 105.00 65.00 1.84 737.64

8 1.00 180.00 65.00 1.47 698.38

9 1.00 30.00 65.00 0.58 825.52

10 0.60 30.00 100.0 2.37 198.31

11 0.60 180.00 30.00 1.36 694.21

12 0.60 105.00 65.00 1.48 726.12

13 0.20 180.00 65.00 2.11 612.05

14 0.60 105.00 65.00 2.23 473.72

15 0.60 180.00 100.00 1.70 485.28

16 0.20 105.00 100.00 2.14 555.00

17 0.60 105.00 65.00 0.89 731.88

The results shown in Table 3 can be compared with those of a previous study by
Zulkefli et al. [32]. On the basis of [32], the adsorption capacity and the BET surface area
were obtained at 1.83 mg H2S/g and 656.75 m2/g, respectively, at 0.2 M of ZnAc2, soaked
temperature of 65 ◦C, and soaked period of 30 min. Under similar conditions, the obtained
values in this study were slightly different at 1.75 mg H2S/g and 692.65 m2/g for the
adsorption capacity and the BET surface area, respectively, which was probably because
of the differences in the preparation process. The decrease in the BET surface area in the
adsorbent was caused by the blocking of some micropores with the chemical compound of
ZnAc2. This characterization of the pore structure influenced the adsorption profiles [50,51].
In contrast, the data in Table 3 show similar trends to those reported by Nakamura et al. [52].
The BET surface area decreased with an increase in the ZnAc2 molarity, even though the
BET surface area was slightly different for both cases because of the differences in the
preparation conditions.
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Figure 3. Breakthrough curve of H2S versus ZnAc2 molarity for a constant soaked time: (a) 30 min,
(b) 105 min, and (c) 180 min.

3.2. ANOVA

The results were analyzed using the analysis of variance (ANOVA), a regression
model, coefficient of determination (R2), adjusted R2, coefficient of variation (CV), and
statistical–diagnostic and response plots. The analysis of variance (ANOVA) test is a robust
and common statistical method in different applications. The ANOVA provides a statistical
procedure that determines whether the means of several groups are equal or not. The
Fisher’s variance ratio, F-value, is used to test the significance of the model, individual
variables, and their interactions [53,54]. Mean square (MSS) is the sum of squares divided
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by the degrees of freedom, for each source. The F-value is defined as MSSvariable/MSSresidual
and shows the relative contribution of the sample variance to the residual variance [55]. If
the ratio deviates increasingly from 1, the samples are not from the same population, with
more confidence.

The results of the ANOVA based on experimental data are shown in Figure 4 and
Table 4. The model summary statistics showed that the excluding cubic model was aliased
and the 2FI model was found to have the maximum adjusted R2 values. Therefore, the 2FI
model was chosen for further analysis.

Figure 4. Design matrix evaluation for response surface of 2FI model.

Table 4. Adequacy of model for adsorption capacity response.

Source Sum of Squares DF Mean Square F Value Prob > F

Mean 38.14 1 38.14 Suggested
Linear 1.56 3 0.52 1.36 0.30

2FI 1.35 3 0.45 1.25 0.34 Suggested
Quadratic 0.15 3 0.05 0.10 0.96

Cubic 1.47 3 0.49 0.98 0.49 Aliased
Residual 2.00 4 0.50

Total 44.66 17 2.63
lack of fit

Linear 2.97 9 0.33 0.66 0.72
2FI 1.62 6 0.267 0.54 0.76 Suggested

Quadratic 1.47 3 0.49 0.98 0.49
Cubic 0 0 Aliased

Pure error 2.00 4 0.50

Source Standard Deviation R2 Adjusted R2 Predicted R2 PRESS

Linear 0.62 0.24 0.06 −0.29 8.41
2FI 0.60 0.45 0.11 −0.58 10.29 Suggested

Quadratic 0.70 0.47 −0.21 −3.08 26.64
Cubic 0.71 0.69 −0.22 + Aliased

Next, the ANOVA of the adsorption capacity of H2S is summarized in Table 5. If
the calculated value of F is greater than that in the F table at a specified probability level,
a statistically significant factor or interaction is obtained [56,57]. The F is defined as
F = MSF/MSE, where MSF and MSE are the mean square of factors (interactions) and the
mean square of errors, respectively. The ANOVA test revealed that the factors A, B, and C,
and the interactions A × C and B × C proved to have a statistically significant effect on the
H2S adsorption capacity. The F value is an indication of the level of significance. A higher
F denotes a more significant effect on the response.
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Table 5. Analysis of variance (ANOVA) of adsorption capacity response.

Source Sum of Squares DF Mean Square F-Value F-Value from
Table (p = 0.05) Prob > F

Model 2.91 6 0.49 1.34 3.22 0.32 Not significant
A 1.26 1 1.26 3.48 4.96 0.09
B 0.20 1 0.20 0.57 4.96 0.47
C 0.099 1 0.099 0.27 4.96 0.61

AB 0.070 1 0.070 0.19 4.96 0.67
AC 0.82 1 0.82 2.26 4.96 0.16
BC 0.46 1 0.46 1.29 4.96 0.28

Residual 3.61 10 0.36 0.54 2.98 0.76
Lack of fit 1.62 6 0.27 Not significant
Pure error 2.00 4 0.50
Cor total 6.53 16

We can compare the F-value from the calculations with the F-value obtained from the
F-distribution table with the degree of freedom (DF) from the model and the error to discern
the significance and the adequacy of the model [48]. An effect is statistically significant if
the calculated F-value for the effect is greater than the F-value extracted from the table at
the desired probability level. On the basis of the calculated p-value (prob > F), all the three
factors, namely molarity, soaked period, and soaked temperature, and their interaction
effects were found to be significant (Table 4). The regression equation obtained after the
variance analysis yielded the level of the H2S adsorption capacity. It included a linear
relationship between all the main effects and the response. The final quadratic polynomial
equations in terms of the coded and the actual variables are presented as follows:

Adsorption capacity, Qcoded = 1.50 − 0.40xA + 0.16xB + 0.11xC + 0.13xAxB − 0.45xAxC − 0.34xBxC (4)

Adsorption capacity, Qactual = −0.21 + 0.65xA + 0.008xB + 0.04xC + 0.004xAxB − 0.03xAxC − 0.00013xBxC (5)

As seen in statistical studies, the values of prob > F below 0.05 signify that the model
terms are significant. In this case, as shown in Table 5, models B and AC were significant
with the value of prob > F of 0.05 and 0.03, respectively. The Fisher’s F-value and the
probability value of the regression model were found to be 1.34 and 0.32, respectively.
This implied that the terms in the model had a significant effect on the response. The
tabular F-value with the degree of freedom, DFmodel = 6 and DFerror = 10, respectively,
at the significance level of 0.05 (F0.05,(6,10) = 3.22) was higher than the calculated F-value
(F0.05,(6,10) = 1.34), implied that most of the variation in the response could not be explained
by the regression equation.

Then, the coefficient of determination, R2, indicated the overall predictive capability
of the model. From Table 6, the R2 value of the model was determined to be 0.45. Therefore,
we assumed that 45% of the total variations in the response can be explained by the model.
However, this value of R2 did not necessarily imply that the regression model was a suitable
one. A negative prediction R2 was defined as a better predictor of the H2S adsorption
capacity response for the current model. In this case, an adequate R2 value of 4.40 was more
than 4 as the ratio desirability, which indicated that the model navigated the design space.
As was observed, the adjusted R2 was close to R2, emphasizing the high significance of the
model. Another method to describe the variation of a model is to calculate the coefficient
of variation (CV). While the values presented in Table 5 are not logically significant for the
H2S adsorption capacity, the low value of the coefficient of variation (C.V.% = 40.14) might
reflect the fact that this model could have high reliability and good fitness.
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Table 6. Model reliability analysis of adsorption capacity response.

Source Result

Standard deviation 0.60
Mean 1.50

Coefficient variation (%), C.V 40.14
PRESS 10.29

R2 0.45
Adjusted R2 0.11
Prediction R2 −0.58

Adequate precision 4.40

The response to the BET surface area also suggested the use of the 2FI model for further
analysis through the ANOVA study based on the highest value obtained for the adjusted R2

(0.35). Meanwhile, the F value obtained was an indication of the model significance level.
As presented in Table 7, the 2FI model had the highest F value (2.65) of the considered
models. Moreover, the highest values of the adjusted R2 and the predicted R2 could be a
reason for the suggestion of the use of the 2FI model for further analysis.

Table 7. Adequacy of the model for BET surface area response.

Source Sum of Squares DF Mean Square F-Value Prob > F

Mean 7,813,331 1 7,813,331
Linear 57,607.09 3 19,202.36 1.62 0.23

2FI 68,436.96 3 22,812.32 2.65 0.11 Suggested
Quadratic 10,032.71 3 3344.236 0.31 0.82

Cubic 13,827.22 3 4609.073 0.30 0.83 Aliased
Residual 62,118.94 4 15,529.74

Total 8,025,354 17 472,079.7
Lack-of-Fit Tests

Source Squares DF Square Value Prob > F
Linear 92,296.88 9 10,255.21 0.66036 0.7227

2FI 23,859.93 6 3976.654 0.256067 0.9323 Suggested
Quadratic 13,827.22 3 4609.073 0.29679 0.8270

Cubic 0 0 Aliased
Pure error 62,118.94 4 15,529.74

Source Standard Deviation R2 Adjusted R2 Predicted R2 PRESS

Linear 108.99 0.27 0.10 −0.21 257,363.7
2FI 92.72 0.59 0.35 0.21 167,922.1 Suggested

Quadratic 104.16 0.64 0.18 −0.50 318,296.4
Cubic 124.62 0.71 -0.17 + Aliased

Based on the calculated p-value (prob > F), all the three factors and their interaction
effects were found to be significant, as presented in Table 8. The regression equation
obtained after the variance analysis provided the level for the BET surface area response.
It also included a linear relationship between all the main effects and the response. The
factors A, B, and C, and the interactions A × C and B × C proved to have statistically
significant effects on the BET surface area. The final quadratic polynomial equations of the
coded and the actual variables are presented in the equation below:

BET surface area (coded) = 677.94 + 20.41xA − 73.97xB − 36.22xC − 11.63xAxB + 115.38xAxC − 60.50xBxC (6)

BET surface area (actual) = 957.86 − 443.97xA + 0.74xB − 3.56xC − 0.39xAxB + 8.24xAxC − 0.02xBxC (7)
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Table 8. Analysis of variance (ANOVA) of BET surface area responses.

Source Sum of Squares DF Mean Square F-Value F-Value from Table
(p = 0.05) Prob > F

Model 1.3 × 105 6 2.1 × 104 2.44 3.22 0.10 Not significant
A 3.3 × 103 1 3.3 × 103 0.39 4.96 0.55
B 4.3 × 104 1 4.4 × 104 5.09 4.96 0.05
C 1.0 × 104 1 1.0 × 104 1.22 4.96 0.30

AB 541.25 1 541.25 0.06 4.96 0.81
AC 5.3 × 104 1 5.3 × 104 6.19 4.96 0.03
BC 1.5 × 104 1 1.5 × 104 1.70 4.96 0.22

Residual 8.6 × 104 10 8.6 × 103 2.98
Lack of fit 2.4 × 104 6 4.0 × 103 0.26 0.93 Not significant
Pure error 6.2 × 104 4 1.6 × 104

Cor total 2.1 × 105 16

The Fisher’s F-value and the very low probability value of the regression model
were found to be 2.44 and 0.10, respectively. This implied that the terms in the model
had a significant effect on the response. The tabular F-value with a degree of freedom,
DFmodel = 6 and DFerror = 10, respectively, at the significance level of 0.05 (F0.05,(6,10) = 3.22)
was higher than the calculated F-value (F0.05,(6,10) = 2.44), indicating that the variation in
the response was not significant.

As shown in Table 9, the R2 value obtained was 0.59, which could be assumed to be
59% of the total variation in the BET surface area response. The coefficient of variation
(CV) indicated a lower value than that of the H2S adsorption capacity response, which is
13.68% and had the highest chance for reliability and good fit of the model. The value of
prediction R2 = 0.21 was in reasonable agreement with the adjusted R2 = 0.35. The adequate
precision normally measures the signal-to-noise ratio. As shown in Table 9, the adequate
precision marked at 5.10 and the ratios were more than 4, which indicated that the model
was adequate for navigating the design space.

Table 9. Model reliability analysis of adsorption capacity response.

Source Result

Standard deviation 92.72
Mean 677.94

Coefficient variation (%) 13.68
PRESS 16800

R2 0.59
Adjusted R2 0.35
Prediction R2 0.21

Adequate precision 5.10

3.3. Contour Plots for H2S Adsorption Capacity and BET Surface Area Responses

Response surface plots and contour plots are useful for the model equation image and
perceiving the nature of the response surface. These plots are also useful in the study of
the effect of process variables on the H2S adsorption capacity and the BET surface area
in a wider range of preparation conditions of the adsorbents. Furthermore, they can be
used for designing the optimum conditions for adsorbent synthesis. Equations (5) and
(7) were used to construct the contour plots for the H2S adsorption capacity and the BET
surface area against the molarity, soaked period, and soaked temperature, as shown in
Figures 5 and 6. They depict the interaction of three main factors by keeping the other at
its central level for two types of responses based on the refitted Equations (4) and (5) with
the experimental data.
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Figure 5. Contour plot describing the adsorption capacity response in soaked temperature function of ZnAc2 molarity and
soaked period (Soaked temperature: 65 ◦C).

Figure 6. Contour plot describing the BET surface area response in soaked temperature function of
molarity and soaked period (soaked temperature: 65 ◦C).

As shown in Figure 6, the constant soaked temperature shows the increments of the
H2S adsorption capacity with an increase in the ZnAc2 molarity and the soaked period.
The steepness of the increase in the H2S adsorption capacity ranged from 0.2 M to 1.0 M
for the soaked period of 30 min to 180 min. Figure 6 shows the effect of the interaction of
the factors with the constant soaked temperature on the BET surface area. The decreases
in the molarity with the lowest soaked period resulted in the highest BET surface area of
721.04 m2/g, while at the lowest molarity (0.2 M) and a higher soaked period (>142.50 min),
there was a reduction in the BET surface area.

Figure 7 presents the normal residual probability plot from the least squares fit, with
both the predicted and the experimental data relatively similar to the straight line of 45◦

and the remaining points obeying the normal pattern of distribution. Hence, there was a
high correlation and adequacy of the proposed model to predict the optimal conditions for
preparing a highly efficient H2S adsorbent.
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Figure 7. Normal probability plot: (a) adsorption capacity and (b) BET surface area response.

3.4. Optimization and Validation

The key goal of the optimization process was to identify the variable values at which
the adsorption capacity of the H2S and the BET surface area were optimal. Consequently,
the Behnken configuration box was used to evaluate the best operating mode. Figure 8
displays the proposed model, showing that the highest adsorption capacity was 2.52 mg
H2S/g and the BET surface area was 620.55 m2/g at the optimum molarity of 0.22 M,
soaked time of 48.82 min, and soaked temperature of 95.08 ◦C. The desirability factor was
1.0, as shown in Figure 9, which reflected the most favorable or perfect response value [58].

Figure 8. Optimum conditions according to the BBD statistical method.
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Figure 9. Individual and combined desirability functions.

For a comparison that quantified the acceptability of the model, an experimental study
on H2S adsorption was performed using the suggested optimum parameter conditions.
The catalytic adsorbents were prepared using 350 g of CAC with a 0.22-M ZnAc2 solution
by soaking the CAC for up to 49 min at 95 ◦C. The experimental and theoretical verification
was carried out using two responses, namely the H2S adsorption capacity and the BET
surface area, as shown in Figure 10.

Figure 10. (a) Experimental plot for H2S adsorption and (b) 3D contour plot for optimum theoretical condition for H2S
adsorption study.

The experimental data were collected through the synthesis of adsorbents based on
the optimum parameter conditions as suggested at the end of BBD results. As a result, the
adsorption capacity for H2S was 2.12 mg H2S/ g, whereas the theoretical data suggested a
capacity of 2.52 mg H2S/g. Moreover, the experimental BET surface area was 649.56 m2/g,
and the theoretical BET surface area was 620.55 m2/g. Then, the relative error between
the experimental and the theoretical values was approximately 16.2% for the adsorption
capacity and 4.7% for the BET surface area. Therefore, the results obtained were in the
range of acceptance, as the adsorption capacity and BET surface area were closer at the
optimum condition of the variable for both the experimental and the theoretical data.

3.5. Adsorbent Characterization

Figure 11 presents the SEM images for the exhausted adsorbents for two types of adsor-
bents, namely the optimized (ZnAc2/CAC_O (E)) and the non-optimized (ZnAc2/CAC_N
(E)) adsorbents. The optimized adsorbents were prepared under the optimum conditions
from the Box–Behnken model suggestion. While the non-optimized adsorbents were pre-
pared using a 0.2 M ZnAc2 solution with a soaked period of 30 min at 65 ◦C. Both sample
syntheses were tested with a commercial mixed gas up to the exhausted point and analyzed.
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Next, the samples were assessed to visualize the details of the adsorbent properties in terms
of the structural morphology images and the percentage of the elemental composition
material presence on the adsorbent surface prepared.

Figure 11. SEM analysis of exhausted ZnAc2/CAC adsorbent: (a) ZnAc2/CAC_O (E) and (b)
ZnAc2/CAC_N (E) at 2.5 k × (10 µm).

Table 10 indicates the weight percentage (wt. percentage) of the element composition
in a particular region of the optimized and non-optimized adsorbents for fresh (F), ex-
hausted (E) and after desorption (D) compared to that fresh CAC (without impregnation).
The EDX analysis was conducted on elements C, Ca, Na, K, Zn, O, and S (Table 10). The
C content was different because of the composition of the volume of chemicals coated
on a particular adsorbent surface. The presence of the Ca, Na, and K elements in the
ZnAc2/CAC adsorbents normally observed on the activated carbon as similar data was
obtained in a previous study by Zulkefli et al. [32] and Moradi et al. [48]. Meanwhile, the
difference of concentration between ZnAc2 for optimized and non-optimized adsorbents
were 0.22 M and 0.2 M, respectively, which is about 10% difference. For soaked time and
soaked temperature, the difference was about 18.8 min and 30 ◦C, respectively. Based on
these optimized conditions for optimized adsorbent, the Zn element increased about 80%.
As a result, the ZnAc2/CAC_O (E) had a slightly higher S element by about 50% compared
to that ZnAc2/CAC_N (E) at exhausted adsorbent as shown in Table 10. This could be due
to the presence of higher Zn which can help to improve the interaction between adsorbent
and H2S, and hence more H2S can be adsorbed than the non-optimized adsorbents.

Table 10. Semi-quantitative chemical analysis of selected points in weight percent through EDX
analysis.

Adsorbents C Ca Na K Zn O S

CAC (F) 81.41 3.87 0.25 6.93 0.21 6.35 0.98
ZnAc2/CAC_O (F) 85.75 0.75 0.02 0.43 7.72 5.14 0.19
ZnAc2/CAC_O (E) 79.04 0.49 0.00 0.62 5.14 8.56 6.15
ZnAc2/CAC_O (D) 87.21 0.63 0.00 0.39 6.01 5.53 0.23
ZnAc2/CAC_N (F) 89.24 0.88 0.00 0.38 5.28 3.98 0.24
ZnAc2/CAC_N (E) 86.04 0.37 0.00 0.52 2.84 4.81 5.42
ZnAc2/CAC_N (D) 89.66 0.67 0.00 0.24 4.97 4.16 0.30

In the case of the exhausted adsorbents, the adsorbents were purged through the
process of the desorption of air and N2 gas, revealing the presence of sulfur (S) in the EDX
analysis. The S element appeared on the surface for both optimized and non-optimized
adsorbent as the H2S adsorb during adsorption process. Similar findings were reported
by Isik-Gulsac et al. [59] because of the inclusion of the S element on the surface of the
adsorbents. Based on Table 10, it indicated the increment of S element from the fresh (F)
to the exhausted (E) adsorbents. After the desorption process, the S element decreased
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to almost similar composition with the fresh adsorbent as indicated the physisorption
occurred during the adsorption process.

Meanwhile, based on Table 10, the higher presence of the element composition of
O on the adsorbent was obtained for optimized adsorbent which could be due to the
increment of molarity of ZnAc2. Based on Rodriguez et al., the composition of O normally
had electrostatic interactions between the dipole of H2S, and the ionic field generated by
the charges in O might play a secondary role in accelerating and improving the adsorption
process [60]. Hence, it would enhance the capability of the adsorbent to adsorb the H2S
gas as shown in the higher S element for optimized adsorbent in Table 10. Moreover, the
presence of moisture and oxygen might affect the adsorption capacity of the activated
carbons, and numerous studies have investigated their impact on the H2S uptake. The
presence of oxygen also increased the breakthrough time of H2S adsorption for the latter
adsorbents [61–63].

As shown in Table 11, the analysis of the BET surface area was conducted for the
ZnAc2/CAC_O and ZnAc2/CAC_N adsorbents. In order to determine the specific sur-
face area and the pore size distribution, an analysis was carried out of the N2 adsorp-
tion/desorption for the fresh and the exhausted samples denoted as ZnAc2/CAC_O (F),
ZnAc2/CAC_N (F), ZnAc2/CAC_O (E), and ZnAc2/CAC_N (E). The surface area was
calculated using a BET isotherm calculation, while the pore volume and the average pore
volume were calculated at P/Po of 0.98 through the N2 adsorption isotherm. The pores
included all the micropore, mesopore, and macropore volumes.

Table 11. Porous properties for regeneration of optimized and non-optimized adsorbents.

Adsorbents BET Surface Area,
m2/g

Total Pore Volume,
m3/g (×10−7)

Vmicro/Vtotal
(%)

Pore Size,
Å

ZnAc2/CAC_O (F) 713.81 3.49 0.78 19.33
ZnAc2/CAC_O (E) 649.56 2.92 0.74 18.04
ZnAc2/CAC_N (F) 717.41 3.48 0.77 19.26
ZnAc2/CAC_N (E) 656.75 2.94 0.74 17.93

Upon the adsorption–desorption of H2S, the BET surface area was influenced by
the impregnation of ZnAc2 as chemical compound in CAC and the presence of H2S and
its elements on the adsorbent which cause pores blocking by the H2S components as
previously observed [32]. The optimized adsorbents (ZnAc2/CAC_O) showed a slightly
lower BET surface area than the non-optimized adsorbents (ZnAc2/CAC_N) because of
the different parameter conditions for the prepared catalytic adsorbents. It is suggested the
decrease in the BET surface area could be due to the increase of ZnAc2 molarity used, hence
blocking of some micropores on the adsorbent as mentioned previously. The exhausted
adsorbents also showed a decrease in the BET surface area, total pore volume, volume
ratio, and pore size, as a result of the interaction of H2S with adsorbents which cause a
blocking of the pores.

3.6. Performance of Adsorption–Desorption Cycle

The performance of the adsorbents was investigated through the adsorption degrada-
tion in the adsorption–desorption regeneration cycle. As ZnAc2 composited as a catalyst on
the adsorbents’ surfaces was synthesis and observed the adsorption capacity performance
through adsorption–desorption regeneration cycle. The adsorption capacity was calculated
using the adsorption breakthrough time with the concentration change known as the mass
transfer zone through downwards within the bed till further away from the inlet stream.

The H2S adsorption capacity was compared between the optimized and the non-
optimized adsorbents in order to observe the adsorbents’ performance, as illustrated
in Table 12 and Figure 12. Thus, the optimized adsorbents (ZnAc2/CAC_O) showed
excellent performance based on the adsorption capacity, which was higher than that of
the non-optimized adsorbents (ZnAc2/CAC_N) with an adsorption capacity difference
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of 49.3%. However, the performance of the optimized and the non-optimized adsorbents
exhibited a degradation of up to 16% and 23% in the adsorption capacity throughout the
regeneration cycle.

Table 12. Comparison of adsorption capacity in regeneration of adsorption–desorption H2S.

Cycle Adsorption Capacity, mg H2S/g
ZnAc2/CAC_O

Adsorption Capacity, mg H2S/g
ZnAc2/CAC_N

1 2.12 1.42
2 1.89 1.16
3 1.78 1.09

Figure 12. Regeneration adsorption–desorption curve for (a) optimized adsorbent and (b) non-
optimized adsorbent.

In actual operation, the impregnation of activated carbon could involve physisorp-
tion and chemisorption which are both important for accelerating the adsorption process
through physical forces or to catalyze the oxidation. Since the chemisorption probably
can happen during the adsorption process, the degradation of the adsorbent could oc-
cur [64]. However, in this study, the adsorbent can still be regenerated in several adsorption–
desorption cycles as shown in the capability of the adsorbent to adsorb the H2S in the
following cycles as shown in Figure 12. As discussed in a previous study, the presence
of S elements throughout H2S adsorption–desorption cycle can effectively remove the
S elements on the adsorbent’s surface up to 98% [30]. In this study, based on previous
EDX analysis as shown in Table 10, after the desorption process, the S element decreased
to almost similar composition with the fresh adsorbent as indicated the physisorption
occurred during adsorption process as mentioned previously. However, there are slightly
remaining S elements (as compared to the fresh adsorbent) which could be due to insuffi-
cient desorption process, i.e., non-optimized conditions for the desorption process, and
probably due to complex mechanisms that happen during H2S adsorption-desorption
process. Hence, it probably could lead to a degradation of the H2S adsorption capabilities
for the following cycle of adsorption–desorption [62] as shown in Table 12 and Figure 12.

However, the degradation was low in each cycle, and the H2S adsorption capacity
could be enhanced by using a different desorption method in future works. Therefore, as
proven by the previous characterization study, the performance of the optimized adsorbents
improved the capabilities of the adsorbents as compared to the non-optimized adsorbents.

4. Conclusions

The performance of catalytic adsorbents for H2S captured using the adsorption tech-
nique was examined through the impregnation of ZnAc2 on the activated carbon surfaces.
The optimization was carried out using RSM and the Box–Behnken experimental design to
determine the optimum conditions for the adsorbent synthesis. Several factors and levels
were evaluated, including the ZnAc2 molarity, soaked period, and soaked temperature,
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along with the response of the H2S adsorption capacity and the BET surface area. From
the statistical analysis, the optimum points for ZnAc2 molarity, soaked period, and soaked
temperature were obtained as 0.22 M, 48.82 min, and 95.08 ◦C, respectively. Furthermore,
the optimized adsorbents (ZnAc2/CAC_O) improved the adsorbent efficiency by up to 49%
of the adsorption capacity as compared to the non-optimized adsorbents (ZnAc2/CAC_N).
The optimized ZnAc2 as the active catalyst dispersed onto the microporous materials of
the activated carbon and improve the interaction of H2S on adsorbent during the adsorp-
tion process. It was observed that the S element increase with the exhausted adsorbent
from fresh adsorbent and the S element of optimized adsorbent was higher compared
to that non-optimized. Based on the adsorption–desorption cycle, it was revealed the
adsorbent slightly degraded by referring the calculated H2S adsorption capacity up to
16% and 23% for optimized and non-optimized adsorbents, respectively throughout the
cycles. It is suggested the degradation could be due to insufficient desorption process, i.e.,
non-optimized conditions, and probably due to complex mechanisms that happen during
the adsorption–desorption process. Hence, comprehensive studies are required in the
future to analyze the adsorbent degradation by optimizing the conditions of the desorption
process and analyze the mechanism of adsorption-desorption of H2S on the adsorbent.
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Nomenclature List

χi Encoded value of an independent variable
xi Actual value of an independent variable
x0 Actual value of a center point’s independent variable
∆x Phase shift value of an independent variable
Y Response variable
α0 Model constant
αi Linear coefficient
αii Quadratic coefficient
αij Interaction coefficient
ε Statistical error
N Number of runs
k Number of variables
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CN Number of center points
MSS Mean square
MSF Mean square of factors (interactions)
MSE Mean square of errors
A Molarity
B Soaked period
C Soaked temperature
Q Adsorption capacity, mg H2S/g
R2 Coefficient of determination
DF Degree of freedom
Prob Probability
PRESS Predicted residual error sum of squares
C.V Coefficient variation
F-value Fisher’s variance ratio
Prob > F Probability value
C Outlet concentration
CO Inlet concentration
BET Brunauer–Emmett–Teller
SEM Scanning electron microscopy
EDX Energy dispersive X-ray analysis
CAC Commercial coconut activated carbon
AC Activated carbon
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