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ABSTRACT

The potential use of raw and expanded perlite as low-cost adsorbents for biogas
purification has been investigated. The thermal expansion of perlite causes a reduction
in the density of silanol groups from 2515.43 to 653.75 OH/nm?; in contrast, the specific
surface area of perlite increased two-fold due to the thermal expansion. To determine
the equilibrium adsorption capacity and the adsorption kinetics batch experiments were
conducted. The adsorption capacities are in the following order: activated carbon (6.8
mg/g) > silica gel (6.6 mg/g) > expanded perlite (5.81 mg/g) > raw perlite (5.6 mg/g)
when compared at the same experimental conditions. The equilibrium adsorption data
showed that perlite can be wused to reduce the octamethylcyclotetrasiloxane
concentration below 28 mg/m® as recommended by leading manufacturers. The
adsorption kinetics of octamethylcyclotetrasiloxane onto raw and expanded perlite
followed the Linear-Driving Force model suggesting that the mass transfer is the rate-
controlling step. In addition to its low cost, expanded perlite has the advantage of
requiring lower desorption temperature (200 °C) for regeneration in comparison to the
reported values for activated carbon (> 400 °C) and fast desorption kinetics (20 min),

which could contribute to a cleaner production of biogas.
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Eng amount of electricity generated from biogas

1. Introduction

The United Nations, in 2015, proposed promoting the use of renewable energy as a
priority of the 2030 Agenda for Sustainable Development (United Nations, 2015), since
there is great potential to use clean and renewable energy in the world, especially in the
use of biomass for the production of biofuels such as bioethanol, biodiesel, and biogas
(Tabatabaei et al.,, 2020). Biogas is generated from organic matter in an anaerobic
environment (Santos et al., 2018). In the world, the United States (US) and Europe are
the main producers of biogas (Scarlat et al., 2018). According to the American Biogas
Council, the US has a potential biogas production from wastewater treatment plants
(WWTP) and landfills. WWTP could generate 2.97 billion Nm®/year of biogas to make
5.6 billion kWh of electricity/year. While the biogas from landfills could amount to 7.47
billion Nm®year to produce 22.5 billion kWh of electricity/year (American Biogas
Council, 2014). In Europe, Germany is positioned as the leader in the production of
biogas, with 94 biogas plants and 120 biogas upgrading plants (including landfill plants)
and upgrading capacity of 1.79 billion Nm®year (Ullah Khan et al., 2017). The Mexican
biogas production from WWTP is estimated to be 0.14 billion Nm®/year, which could
produce 0.332 billion kwWh of electricity/year (IMTA, 2016). The landfill gas potential is
estimated to be 4.97 billion Nm®year, considering 24.91 million tons of waste in landfills

(REMBIO, 2012).



The biogas composition is highly dependent on the origin and the production conditions
such as microorgnisms, temperature, and impurities (Chaemchuen et al., 2016,
Tabatabaei, et al., 2020). Biogas is generally a mixture of 50-70 v% methane, 30-50 v%
carbon dioxide, and <6 v% residual compounds such as water vapor, hydrogen sulfide,
and siloxanes (Poloncarzova et al., 2011). Hydrogen sulfide and siloxanes must be
removed from the biogas to increase the calorific value and avoid damage to the
combustion system (Alvarez-Flérez and Egusquiza, 2015, Kapoor et al., 2020).
Removal of hydrogen sulfide can be achieved by biological treatments that are
inexpensive and environmentally friendly (more extensive review on removal of
hydrogen sulfide by biological treatment can be found in Khoshnevisan et al., 2017). On
the other hand, the siloxanes are undesirable in a gas combustion system due to the
formation of silicon dioxide (Alvarez-Florez and Egusquiza, 2015). The silicon dioxide
solid deposits damage parts of the combustion system such as pistons, cylinder heads,
and valves (Matsui and Imamura, 2010) causing low efficiency and high repair costs
(Ajhar et al., 2010). In WWTP and landfills, typical concentrations of siloxanes in biogas
are between 1-400 mg/Nm?® (Dewil et al., 2006), where octamethylcyclotetrasiloxane
(D4) is the common siloxane compound found (Tran et al., 2019a). Although, there is no
legislation to regulate the amount of siloxanes to avoid damages in the combustion
systems, some recommendations had been made for limiting the concentration of
siloxanes in biogas from 0.3 to 28.0 mg/m*(Gaj, 2017).

There are two types of methods for eliminating siloxanes in biogas: pretreatment
methods and post-purification methods. The first might include direct sludge purging

processes or heat treatment before anaerobic digestion. The second type, which is the



primary method for commercial applications, includes technologies such as adsorption,
absorption, cryogenics, filtration by membrane, catalysis, and biological processes
(Wang et al., 2019). Several publications detail the techniques for eliminating siloxanes
by post-purification methods in which the efficiencies, advantages, and disadvantages
are indicated (Gong et al., 2015; Ruiling et al., 2017; Shen et al., 2018). In general, the
use of some post-purification techniques could reach removal efficiencies greater than
90 %, to achieve such high efficiency implies that the cost of investment and operation
would also be high.

The most common biogas purification technology is adsorption, the use of alumina,
silica gel, activated carbon, zeolites, and polymeric adsorbents have been reported for
removal of siloxanes. Note that the activated carbon is included in all comparisons
because this adsorbent is the most used in the biogas purification process (Cabrera-
Codony et al., 2018). The adsorption process with activated carbon still has some
drawbacks associated with the high regeneration temperatures (400-1000 °C),
incomplete desorption (Giraudet et al., 2014) and, consequently, a high cost (Santos-
Clotas et al., 2019). This study aims to evaluate a low-cost mineral as a new material for
siloxane removal, which has a silicon dioxide composition similar to silica gel,
approximately 80 % (Alkan et al., 2005), and it is three times cheaper than activated

carbon.

2. Materials and Methods

2.1 Adsorbent and characterization



Raw Perlite (RP) and Expanded Perlite (EP) were provided by TERMOLITA (Mexico),
PICACTIF NC 60 activated carbon was supplied by PICA Corp. (France), and silica gel
was supplied by PROLABO (France). The materials were sieved using a mesh No. 20,

and the moisture was removed at 108 °C for 24 hours in a Memmert® oven.

The analysis of Fourier transform infrared (FTIR), X-ray diffraction (XRD), and
thermogravimetry, required RP and EP as powders. Thus, a Rock Lab Benchmill 50
vibratory mill was used to grind them. For the adsorption tests, nitrogen with purity >
99.995 %, hydrogen with purity > 99.999 %, and synthetic air (O, 20 % + 2%) were
supplied by the company Air Liquide (France).

The crystalline structure of the RP and EP was evaluated via an X-ray powder
diffractometer Siemens brand model E04-0012. The functional groups on the surface of
RP and EP were identified using an FTIR analysis performed in an Agilent Technologies
Cary 630 FTIR device, from 4000 to 400 cm™ at a resolution of 16 cm™ triangular
apodization type, Mertz phase-type, with a KBr disk being used as a background. The
morphology of RP and EP was studied by using the images obtained by scanning
electron microscope (SEM) with a JSM 6301F (JEOL®) equipment for classical images,
and a JSM 6400 (JEOL®) coupled to a power dispersion spectrometer (EDS) for the
elemental analysis of the surface. The specific surface area of RP, EP, and silica gel
were obtained by analyzing the N, adsorption-desorption at 77 K carried out in an
Autosorb-1-MP Quantachrome Instruments® (from ENSCR, France) and by using the
BET equation.

The thermogravimetric analysis (TGA) of RP and EP was carried out to determine the

thermal stability of the adsorbents; a TA instruments Q500 thermogravimetric analyzer



was used with a temperature range from 50-850 °C, a heating rate of 10 °C/min, and N,
atmosphere. The density of the silanol groups was estimated from the thermal analysis
following the procedure reported elsewhere (de Farias and Airoldi, 1998). Briefly, the
mass of silanol groups was obtained from the mass loss detected from the
thermogravimetric curve. This mass loss is due to the condensation of two silanol
groups. Then, the density of silanol groups is calculated by dividing the amount of

silanol groups by the perlite surface area.

2.2 Adsorption experiments.

The adsorption tests were carried out at six siloxane D4 initial concentrations. First, 20
puL of D4 (analytical grade, liquid, 98% purity, Sigma-Aldrich) were allowed to volatilize
in a 2 L glass flask. Then, different amounts of D4 vapor (18-104 mL) were taken to be
injected into a second glass flask (2 L), previously flushed with dry air, to obtain the
desired concentration of D4, ranging from 80 to 450 mg/m?>. The adsorption tests were
carried out in 2 L glass flasks, placing 0.154 g of adsorbent material into a steel basket
inside the flask, the particle size used in all experiments was 1 mm, constant
temperature (25 °C), pressure of 1 atm, and a D4 initial concentration from 80 to 450
mg/m® (Figure S1). Each flask was stirred at 700 min™® for 170 h to ensure the
equilibrium was reached. During adsorption experiments, samples were taken for
further analysis of concentration by using gas chromatography. Each sample was
injected into an HP 6890 Series Il gas chromatography system with a flame ionization
detector (FID) to measure the concentration of siloxane D4. The column used was an

HP-624 Special Analysis capillary column (30.0 m x 0.25 mm inner diameter x 1.40 um



film thickness). The inlet temperature was set at 150 °C, oven at 145 °C, and detector at
250 °C. The N, was used as carrier gas at a flow rate of 2.3 mL/min and 17.71 psi. The
injected volume was 0.5 mL with splitless, and the duration of each analysis was 3.4

min. The adsorption capacity was obtained by the mass balance, using Eq. (1):

(14
- m

Eq. (1)

Where q is the adsorption capacity (mg/g), C, is the D4 initial concentration (mg/m?), C
is the D4 concentration at time t (mg/m?), V is the volume (m®), and m is the adsorbent
mass (g). Batch adsorption experiments were carried out by triplicate (coefficient of

variation < 7%) and the adsorption capacity was obtained by the average value of the

three tests.

2.3 Adsorbent Regeneration Studies

The regeneration of EP was studied by carrying out an adsorption experiment with 7.0 g
of EP at an initial concentration of 450 mg/m*® and 25 °C, as described in Sec. 2.2.
When the equilibrium was reached, the flask was insulated and placed on a heating
plate at 200 °C for the desorption of D4 for 10 h. Several samples were taken for further
concentration analysis on GC to obtain the desorption kinetics.

2.4 Mathematical models

For dilute systems, the Henry isotherm model is used (Eq. 2), where there is a linear
relationship between the equilibrium concentration and the equilibrium adsorption
capacity (Cooney, 1998).

qe = KC, Eq. (2)



where K is the Henry constant (m®/g), Ce and ge are the D4 concentration (mg/m°) and
adsorption capacity (mg/g) at equilibrium, respectively.

For the adsorption kinetics, four models were used to predict the evolution of the
adsorption capacity through time. The Elovich kinetic model (Eg. 3) was developed for
gas-solid adsorption systems (Russo et al., 2017) and establishes that the active sites
of the adsorbents are heterogeneous and the mass transfer resistance to be negligible.
q = In(t +t,) —~In(t,) Eq. (3)

Where g is the adsorbed amount at t (mg/g), b is the Elovich constant (g/mg), t,= 1/ab, a
is the initial adsorption rate (mg/g*h) and t is the time (h).

The Ritchie kinetic model (Eq. 4) considers adsorption at specific sites on the surface of

a solid (Ritchie, 1977). The rate of adsorption depends on the fraction of sites that are

unoccupied at time t:

n-1
= (= Dkgt +1 Eq. (4)

where ge and q are the adsorption capacity at equilibrium (mg/g) and the adsorption
capacity (mg/g) at time t, respectively. n is the number of sites on the surface occupied
by an adsorbed gas and is equal to two for second-order reaction kinetics (Altindal et
al., 2014), kr is the kinetic rate constant (1/h), and t is the time (h).

The mass transfer models consider the external mass transfer resistance or the
intraparticle diffusion as the rate-controlling steps. Despite this physical mechanisms,
among the mass transfer models most reported in the literature to describe the
adsorption kinetics of gases and liquids in solid materials (such as carbon dioxide,

nitrous oxide, and acetylene), are the linear driving force (LDF) model (Yao and Tien,



1992) and the Crank model (Crank, 1975), which consider a single adsorption rate. This
rate of adsorption lumps together the external and internal mass transfers.

The LDF model (Eg. 5) assumes that the adsorption rate is proportional to the
difference between the average concentration of adsorbate at the gas-solid interface
C*(t) and the average adsorbate concentration in the adsorbent particle C(t) (Sircar

and Hufton, 2000):

28 = k€ (®) - €] Eq. (5)

The analytical solution of the LDF model is shown in Eq. 6:
=1—efut Eqg. (6)

Where ¢ is the adsorption capacity at time t (mg/g), ge is the adsorption capacity at
equilibrium (mg/g), k. is the effective mass transfer coefficient (1/h), and t is the time (h).
Additionally, the Crank model (Eq. 7) represents the analytical solution of the equation
of the Fick’s second law, when the external mass transfer resistance is negligible. This
model considers that the rate-limiting step is the intraparticle mass transfer, free-solute
adsorbent particle, well-stirred solution of limited volume, and uniform solute
concentration. In Eq. (7), the total amount of solute adsorbed after time t is related to

the total amount of solute adsorbed after infinite time (i.e. at equilibrium) as follows:

a_4 —ye 6a(a+1)exp(—Dsqat/d?
de n=1 9+9a+q2 a?

Eq. (V)
where q is the adsorption capacity at time t (mg/g), ge is the adsorption capacity at
equilibrium (mg/g), d is the diameter of the particle (m), Ds is the effective diffusion

coefficient (m?/h), and t is the time (h). a is the effective volume ratio and is expressed



in terms of the final uptake of solute by Eq. (8), g, represent the non-zero solutions of

Eq. (9):

3qn
tang, = 3+Zq% Eqg. (8)
e _ L

Ve, Tra Eq. ()

The parameters of the isotherm and kinetics models were obtained by non-linear
regression, the Solver® tool of Microsoft Excel was used to minimize the standard error

(Eq. 10), and the coefficient of determination (R?) was also calculated by Eq. 11.

’ 2
SE = (Qe,:lx_p(kieic)al) Eq (10)

_ 2
R2 _ Z(QQ,cal_ qe,BXp) Eq (11)

2
Z(Qe,cal—ﬁe_exp) +X(decal— Qe,exp)z

Where Qeca iS the adsorption capacity at equilibrium calculated by the kinetic model
(mg/g), geexp IS the adsorption capacity at equilibrium from experimental data (mg/g),
deexp 1S the average adsorption capacity at equilibrium obtained from the experimental
data (mg/g), n is the number of experimental data, and k is the number of the model
parameters.

2.5 Removal cost analysis

A simple calculation of the cost associated with the EP and activated carbon usage for
the removal of siloxane was performed. First, the adsorbent mass per hour (m,4s) was
calculated by considering the adsorption capacity (q) of each adsorbent, the siloxane
concentration (C), and the biogas flow rate of 1 m%h (Qpg), as shown in Eq. (12). Then,

the cost of the usage of EP and activated carbon was obtained from Eq. (13).

Maas = (ng)(C)/q Eq. (12)



cost = (mads)(pads)/gbg Eq. (13)
where pags is the price of the adsorbent, and &g is the amount of electricity generated

from biogas.

3. Results and discussion

3.1 Perlite characterization

The examination of the crystalline structure of RP and EP were determined by X-ray
diffraction analysis (Figure 1). A broad peak was observed, centered at 25 degrees (20),
related to the absence of any ordered crystalline structure. Thus, this material could be
considered mainly amorphous (Celik et al., 2013). The surface functional groups were
determined by FTIR analysis (Figure 2). A broad band around 3500 cm™ (A) was
identified, and it is attributed to the stretching mode of O-H groups. In comparison, the
band at 1630 cm™ (B) is characteristic of the bending mode of OH groups of Si-OH and
water molecules adsorbed on the perlite surface. The band at 1386 cm™ (C)
corresponds to the C-H deformation of CH, and CH3 groups (Liu and Huang, 2002). On
the other hand, lower intensity bands were observed at 1200-1000 cm™ (D) and 800 cm’
1 (E) related to the Si-O vibrations of asymmetric Si-O-Si stretching and the Si-O

vibrations of symmetric stretching of Si-O-Al.
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Figure 1. X-ray diffraction patterns of a) raw perlite and b) expanded perlite.
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Figure 2. Fourier transform infrared spectra of the (a) raw perlite and (b) expanded
perlite.

According to Figure 2, the intensity of the absorption bands A, B, C, and E on the EP
surface was more significant than that shown by RP. This behavior could be attributed
to the increase in the exposure of the silanol functional groups after the thermal
expansion process of RP. Silanol groups have been described as adsorption sites for
polar molecules, such as D4, which suggests that both adsorbent materials may exhibit
a potential adsorption capacity of D4 (Sigot et al., 2014).

Also, SEM was used to analyze the morphology and texture of RP and EP (Figure 3). In
general, RP and EP have a rough outer surface and a white vitreous luster due to its
amorphous silica content. Moreover, the RP micrograph (Figure 3 left) reveals a rough

surface with slits of a few micrometers in diameter (< 10um). On the contrary, EP



exhibits shallow grooves about 20-100 um formed by smooth leaves (Figure 3 right) due
to the high temperatures exposition (800-1000 °C) during the thermal expansion

process.

Figure 3. Scanning electron microscopy images of raw perlite (left) and expanded perlite

(right).

SEM/EDS was used to investigate the chemical elements on the surface of RP and EP.
The most abundant chemical elements in both materials are oxygen (O), silicon (Si) and
aluminum (Al), in the form of silicon dioxide and aluminum dioxide (see Table 1).
Additionally, TGA was used to determine the thermal stability of RP and EP (Figure 4).
The TGA curve of RP showed a continuous decrease in weight in the range of (50-800)
°C. The weight loss over the range temperature from 50 to 120 °C is due to the
elimination of the water absorbed on the surface (loss of 0.11 %) and the weight loss
observed up to 800 °C (approximately 3.43 %) can be attributed to the dehydroxylation

of the silanol groups (Roulia et al., 2006).
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Figure 4. Thermogravimetric analysis curve for (a) raw perlite and (b) expanded perlite.

Table 1. Relative elementary composition of raw perlite and expanded perlite.

Element Raw perlite Expanded
(% weight) perlite
(% weight)
O 56.84 55.98
Mg 0.56 0.00
Al 5.18 5.64
Si 23.17 31.81
K 3.02 4.16
Ca 0.22 0.00
Ti 0.83 0.00
Fe 13.91 0.00

Na 0.87 241




The density of the silanol groups was calculated to quantify the dehydroxylation of EP
after been subjected to thermal expansion. The weight loss of RP and EP was
associated to the condensation of the silanol groups distributed on the surface of the
adsorbents (de Farias and Airoldi, 1998). The density of the silanol group was 2515.43
OH/nm? and 653.75 OH/nm? for RP and EP, respectively, showing that the
dehydroxylation process decreases 3.85 folds the number of silanol groups. Due to the
higher amount of silanol groups on the surface of the RP, a greater siloxane adsorption
capacity in this material would be expected when compared with the adsorption
capacity of the EP.

The specific surface area was determined by N, adsorption-desorption on RP and EP
(Figure S2). The adsorption isotherms of RP and EP are type IV (IUPAC classification),
which are characteristic of mesoporous materials. The specific surface obtained by the
BET method for EP was 2.12 m?%g, which is twice the value of RP (1.2 m%g). Again, the
increase in the surface area is due to the expansion process of RP when subjected to
high temperatures (above 700 °C).

The mean pore size of RP and EP is 47.13 A and 43.42 A (Figure S3), respectively,
whereas the D4 molecule size is approximately 10 A. Thus, no resistance to

intraparticle diffusion is expected (Jiang et al., 2016).

3.2 Adsorption Equilibrium
The adsorption capacity at equilibrium was determined as a function of the D4

equilibrium concentration, the adsorption isotherms of RP and EP were carried out with



a fixed amount of 0.154 g of adsorbent, temperature of 25 °C, 1 atm, and an initial
concentration of D4 from 80 to 450 mg/m®.

This study was carried out at low D4 concentration, similar to the values found in biogas
streams at WWTP and landfills (Bak et al., 2019; Tran et al.,, 2019b). At low
concentration, the adsorption isotherms of D4 exhibited a linear behavior, which was
described by Henry’s Law model (Figure 5). The values of the Henry constant for D4
adsorption on RP and EP were 0.1023 and 0.1359 m® D4/g, respectively. The R? values
of Henry model for RP and EP were 0.980 and 0.972, respectively. These results could
be an indication of a stronger affinity between EP and D4 than to RP since the Henry
constant is a measure of the interaction between a molecule and the functional groups

in the adsorbent solid.
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Figure 5. Adsorption isotherm of D4 on raw perlite (77) and expanded perlite (©). The
solid lines represent the Henry Isotherm model. Error bars represent standard deviation

of triplicate measurements.

In contrast, most studies of the siloxanes dynamic adsorption experiments have been
carried out at higher siloxanes concentrations than those commonly found in real biogas
samples. This is to shorten the contact time in the adsorption experiments (Cabrera-
Codony et al.,, 2018; Tran et al., 2019a). The same applies to the few experiments
performed in batch systems (Nam et al., 2013), which prevents comparison between the

adsorption capacity of perlite with other materials already reported (see Table 2).

Table 2. Equilibrium adsorption capacities of several adsorbents reported for the

removal of siloxane D4.

Siloxane Equilibrium adsorption
System
Adsorbent concentration capacity Reference
Configuration .
(mg/m®) (mg/g)
Dynamic Activated carbon 559* 404 (Oshita et al., 2010)
Activated carbon 90
Batch Silica gel 7140 56 (Nam et al., 2013)
Alumina oxide 34
Activated carbon 52
Dynamic 13X Zeolite 400 113 (Sigot et al., 2014)
Silica gel 216
(Cabrera-Codony et
Dynamic Activated carbon 1540 319.9
al., 2018)
Batch Activated carbon 164000* 577 (Santos-Clotas et




al., 2019)
Iron oxide 1.86
Iron oxide hydroxide 1.33
Bench-scale Activated carbon 1822* 5.35 (Bak et al., 2019)
Silica gel 1055.32
Zeolite 1.73
Dynamic Activated carbon 12145 273 (Tran et al., 2019a)
Dynamic Activated carbon 12000 269 (Tran et al., 2019b)
Silica gel 236.2
Dynamic 83820 (Meng et al., 2020)
Modified silica gel 367.1
Raw perlite 5.6
Expanded perlite 5.8
Batch 450 This work
Activated carbon 6.8
Silica gel 6.6

*Calculated at 1atm and 25 °C.

Accordingly, the removal of D4 by silica gel and activated carbon were performed under
the same conditions previously described in Section 2.2. The adsorption capacities of
siloxane D4 followed this order: activated carbon (6.8 mg/g) > silica gel (6.6 mg/g) >
expanded perlite (5.8 mg/g) > raw perlite (5.6 mg/g). The results showed that the EP
adsorption capacity is on average about 0.88 and 0.86 times the adsorption capacities
of silica gel and activated carbon, respectively (Figure 6). These differences are mainly
attributed to the specific surface area of the adsorbent materials (Oshita et al., 2010).
The specific surface area of silica gel is 749.62 m?%g, and the specific surface area of
activated carbon is 1240.0 m?g (Delage et al., 2000), which are much larger values

than those corresponding to RP (1.2 m%g) and EP (2.12 m?g). The specific surface



area of EP could explain why it had a slightly higher siloxane adsorption capacity than
the RP. Moreover, it is assumed that the density of silanol groups on the RP and EP
surface is not directly proportional to the adsorption capacity of siloxanes at low region

D4 concentration.
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Figure 6. Equilibrium adsorption capacity of raw perlite (RP), expanded perlite (EP),
silica gel (SG), and activated carbon (AC). Experimental conditions: 0.154 g adsorbent
mass, 25 °C, 450 mg/m® D4 initial concentration. Error bars represent standard

deviation of triplicate measurements.

3.3 Adsorption Kinetics
The adsorption kinetics of D4 on RP and EP were performed using 0.15 g of each

adsorbent in a batch system at 25 °C, 1 atm, and initial concentration of D4 from (80-



450) mg/m®. As can be seen in Figure 7, there is a rapid increase in the adsorption
capacity in the first 10 h for both adsorbents, followed by a slower increase until
reaching a plateau in approximately 170 h. Additionally, an increase in the adsorption
capacity is observed as the initial concentration of D4 rises, while the equilibrium time
does not depend on the initial concentration. Therefore, the equilibrium time is the same
for all studied experiments at different initial concentrations. For instance, at 80 mg/m?,
the equilibrium adsorption capacities were 1.06 mg D4/g and 0.97 mg D4/g for RP and
EP, respectively; wshile at 450 mg/m® an increase in the equilibrium adsorption
capacities of 81% and 83.3% were obtained for RP and EP, respectively. As the initial
D4 concentration increases, the number of active sites occupied on the perlite surface
increments as well, causing an increase of the adsorption capacity. It is important to
mention that long time is required for RP and EP to achieve equilibrium (170 h), which
can be due to the low specific surface area (< 2 m?/g). Nevertheless, these low-cost
materials can reduce the siloxane D4 concentration to values lower than the

recommended by leading manufacturers ( < 28 mg/m?) (Gaj, 2017).
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Figure 7. Adsorption kinetics of siloxane D4 onto (a) raw perlite and (b) expanded perlite
at several initial concentrations of D4: (@) 80, (a) 140, (m) 200, (©) 280, (») 340, and (1)

450 mg/m?®. Solid lines represent the fitting results of the LDF model.

On the other hand, four mathematical models, including the Elovich, Ritchie, LDF, and
Crank models were tested to predict the adsorption kinetics of D4 onto RP and EP. The
standard error, coefficient of determination, and the model parameters are listed in
Tables 3 and 4 for the adsorption of D4 onto RP and EP, respectively. The Elovich
model is a well-known kinetics model that describes the adsorption kinetics of gas
molecules on solids. Although it has been applied to describe chemisorption kinetics,
the phenomena behind the equation are related to the linear increase in the activation
energy for adsorption with the surface coverage of the adsorbent. The standard errors
and coefficients of determination obtained by the Elovich model are in the range of
0.059-0.336 and 0.970-0.990, respectively. These high values can be due to the fact
that this model have two adjustable parameters. In contrast, when the Crank model was
used, the adsorption kinetics data exhibited the highest SE values, suggesting that the
adsorption of D4 onto RP and EP are not controlled by internal mass transfer. Similarly,
the Ritchie model does not predict well the adsorption kinetics data according to the low
R? obtained values. On the other hand, the LDF model present the highest R? (0.974-
0.993) and the lowest SE values (0.016-0.404) indicating that the mass transfer is the

rate-controlling step.

Table 3. Parameters of adsorption kinetic models of siloxane D4 onto raw perlite.



Elovich Model

Co (mg/m?3) to (h) a (mg/g(h) b (g/mq) SE R2
80 3.742 (+¥1.290) 0.078 (+0.020) 3.411 (+0.246)  0.059 0.974
140 5.236 (+1.891) 0.111 (+0.032) 1.722 (+0.060) 0.067 0.991
200 6.034 (+3.414) 0.122 (+0.044) 1.360 (+0.143)  0.105 0.985
280 8.331 (+1.522) 0.147 (+0.019) 0.819 (+0.032) 0.194 0.982
340 10.519 (+1.758) 0.133 (+0.014) 0.716 (+0.035)  0.149 0.990
450 4.802 (£1.086) 0.335 (+0.051) 0.621 (+0.046) 0.225 0.988

Ritchie Model

Co (mg/m3) K (1/h) SE R2
80 0.061 (x0.008) 0.090 0.923
140 0.052 (+0.006) 0.178 0.920
200 0.049 (x0.007) 0.226 0.908
280 0.045 (+0.003) 0.416 0.888
340 0.040 (+0.002) 0.413 0.895
450 0.053 (+0.004) 0.504 0.925

LDF Model

Co (mg/m3) k. (1/h) SE R2
80 0.034 (x0.003) 0.016 0.998
140 0.029 (x0.002) 0.038 0.997
200 0.027 (x0.001) 0.059 0.995
280 0.027 (x0.001) 0.101 0.994
340 0.024 (+0.001) 0.092 0.996
450 0.029 (x0.002) 0.216 0.989

Crank Model

Co (mg/m3) Ds (m?%h) SE R2
80 1.29x10°° 0.323 0.624
140 1.29x10°° 0.679 0.771
200 1.29x10°° 0.803 0.827
280 1.29x10°° 1.285 0.843
340 1.29x10°° 1.379 0.889
450 1.29x10°° 1.883 0.913

a, to, and b: Elovich constants, Kg: Ritchie kinetic rate constant, K.: effective mass transfer coefficient, Ds: effective
diffusion coefficient, Co: D4 initial concentration, SE: standard error, R? coefficient of determination. The standard
deviations are reported in parentheses.

Table 4. Parameters of adsorption kinetic models of siloxane D4 onto expanded perlite.

Elovich Model

Co (mg/m3) to (h) a ( mg/gh) b (g/mg) SE R2




80 11.824 (+3.608)  0.031 (+0.006) 2.736 (+0.159)  0.044  0.980
140 12.870 (+1.117)  0.052 (+0.005) 1.493 (+0.035)  0.075  0.982
200 24.314 (+6.559)  0.046 (+0.010) 0.887 (+0.074)  0.110  0.979
280 9.350 (+3.985) 0.143 (+0.041) 0.750 (:0.072)  0.186  0.981
340 10.830 (+2.357)  0.146 (x0.023) 0.634 (+0.040)  0.229  0.978
450 4.209 (+1.582) 0.384 (+0.123) 0.618 (:0.064)  0.356  0.970
Ritchie Model

Co (mg/m3) kg (1/h) SE R2
80 0.038 (+0.003) 0.097  0.868
140 0.038 (+0.001) 0.186  0.859
200 0.028 (+0.003) 0.278  0.814
280 0.041 (+0.005) 1.787  0.828
340 0.038 (+0.003) 0451  0.884
450 0.055 (+0.005) 0531  0.929

LDF Model

Co (mg/m3) k. (1/h) SE R2
80 0.020 (+7.39x10%) 0.034  0.987
140 0.020 (+4.86x10) 0.072  0.983
200 0.017 (1.22x10%) 0.118  0.972
280 0.023 (+1.64x10%) 0.091  0.995
340 0.022 (+8.67x10%) 0.161  0.987
450 0.029 (+1.27x10%) 0.404  0.962

Crank Model

Co (mg/m?3) Ds (m%h) SE R2
80 1.37x10° 0.314  0.686
140 1.37x10° 0.574  0.795
200 1.37x10° 0.838  0.869
280 1.37x10° 1459  0.918
340 1.37x10° 1653  0.921
450 1.37x10° 1.885  0.914

a, to, and b: Elovich constants, Kr: Ritchie kinetic rate constant, K.: effective mass transfer coefficient, Ds: effective
diffusion coefficient, Co: D4 initial concentration, SE: standard error, R% coefficient of determination. The standard
deviations are reported in parentheses.

3.4 Adsorbent Regeneration Studies
The regeneration process occurs when a spent adsorbent material is subjected to the
release of the adsorbed species to recover the adsorption sites, but with the minimum

possible alteration of its physicochemical or textural properties. In this study, the



desorption of D4 from EP by thermal regeneration was evaluated at 200 °C. In Figure 8,
it is observed that the mass of D4 desorbed is 0.08 mg, which is equivalent to 40 % of
the total amount of D4 adsorbed on EP.

It is reported that during the desorption of D4 on activated carbon and silica gel, a
chemical transformation of D4 occurs in cyclic oligomers such as
hexamethylcyclotrisiloxane limiting the thermal regeneration due to the closing of pores
and therefore the decrease in the adsorption capacity of siloxanes of the regenerated
material, consequently, silica gel (Sigot et al., 2015) and activated carbon (Tran et al.,
2019a) cannot be used in further adsorption process. In this study, low regeneration
time and temperature were needed for the desorption of D4 from EP, suggesting weak
interactions between the silanol groups at expanded perlite surface and the siloxane

DA4.
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Figure 8. Adsorption-desorption kinetics of siloxane D4 onto expanded perlite.
Experimental conditions: 450 mg/m?® D4 initial concentration, desorption temperature of

200 °C.

3.5 Removal cost analysis

A simple estimation of the costs associated with the usage of EP and activated carbon
for the removal of D4 was made taking into consideration 1 m*h biogas, 130 mg/Nm?®
siloxane concentration (a value commonly found in real samples of biogas), the
adsorption capacity (5.8 and 6.8 mg/g for EP and activated carbon (Gupta et al., 2009),
respectively), and the price of each material (US$ 2.18/kg and US$ 3.3/kg for EP and
activated carbon, respectively). When the D4 initial concentration is 130 mg/Nm?, the
adsorbent mass per hour (m,4s) of activated carbon required for the purification of 1
m°/h of biogas is 0.0191 Kg activated carbon/h (obtained by Eq. 13). Since, 1 m%h can
be converted to 1.4 kWh of electricity (Mitiku Teferra and Wubu, 2019). Thus, the cost
associated to the usage of activated carbon for the removal of 130 mg/Nm? siloxane is
US$ 0.045/kWh (by using Eqg. 12). In the case of EP, the m 4, required is 0.0224 kg
EP/h with a cost of US$ 0.0349/kWh. Although the adsorption capacity of EP is slightly
lower than the activated carbon, its low cost contributes to the economy of the
purification process. This cost could be reduced by using EP in several
adsorption/desorption cycles. It is important to mention that the cost of the thermal
regeneration is not included. Hence, further studies need to be conducted to estimate
the total cost associated to the siloxane removal from biogas that includes thermal

regeneration cost and the reusability of EP.



4. Conclusions and future prospects

In this study, the use of perlite as a low cost and efficient adsorbent for removing
siloxane has been demonstrated. The adsorbent characterization analysis revealed the
morphological nature of RP and EP as amorphous materials with low specific surface
area and mesoporous pore size distribution, but good thermal stability. In addition,
silanol functional groups were identified by FTIR analysis, which are described as
adsorption sites for siloxanes. Furthermore, it was evidenced that the thermal expansion
of EP causes a reduction in the density of silanol groups from 2515.43 to 653.75
OH/nm?; in contrast, the specific surface area of EP increased two-fold due to the
thermal expansion. Also, the isotherm adsorption data were adjusted to Henry's law
model at low D4 concentrations. Similar adsorption capacities were obtained for EP,
RP, silica gel, and activated carbon in the range of 5.6-6.8 mg D4/g. The adsorption
kinetics followed the LDF model suggesting that the mass transfer is the rate-controlling
step. EP could be regenerated at 200°C showing fast desorption kinetics, that could
represent an advantage over activated carbon which requires temperatures higher than
400 °C.

As future work, the selectivity in multicomponent gas samples will be assessed on
dynamic operation. Also, the increase of the specific surface area of perlite will be
investigated by applying physicochemical treatments to enhance the adsorption kinetics
rate. Finally, the comparative techno-economical evaluation of the perlite and activated

carbon for biogas purification will be carried out by life cycle assessment methodology.
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Highlights:

1. The density of silanol groups in perlite decrease 74% after thermal expansion.

2. Perlite has similar siloxane adsorption capacity than activated carbon and silica
gel.

3. Allong time is required for perlite to achieved adsorption equilibrium (170 h).

4. Perlite can reduce siloxane concentration to 28 mg/m*® as recommended by
manufacturers.

5. Perlite showed fast desorption (20 min) and a low regeneration temperature
(200 °C).
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