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Abstract: Hydrogen sulfide is present in active or extinct volcanic areas (mofettas). The habitable
premises in these areas are affected by the presence of hydrogen sulfide, which, even in low
concentrations, gives off a bad to unbearable smell. If the living spaces considered are closed
enclosures, then a system can be designed to reduce the concentration of hydrogen sulfide. This
paper presents a membrane way to reduce the hydrogen sulfide concentration to acceptable limits
using a cellulosic derivative-propylene hollow fiber based composite membrane module. The
cellulosic derivatives considered were carboxymethyl-cellulose (NaCMC), cellulose acetate (CA),
methyl 2-hydroxyethyl-cellulose (MHEC), and 2-hydroxyethyl-cellulose (HEC). In the permeation
module, hydrogen sulfide is captured with a solution of cadmium that forms cadmium sulfide,
usable as a luminescent substance. The composite membranes were characterized by SEM, EDAX,
FTIR, FTIR 2D maps, thermal analysis (TG and DSC) and from the perspective of hydrogen sulfide
air removal performance. To determine the process performances, the variables were: the nature of
the cellulosic derivative—polypropylene hollow fiber composite membrane, the concentration of
hydrogen sulfide in the polluted air, the flow rate of polluted air, and the pH of the cadmium nitrate
solution. Pertraction efficiency was maximum for the sodium carboxymethyl-cellulose (NaCMC)-
polypropylene hollow fiber membrane, a hydrogen sulfide concentration in the polluted air of 20
ppm, polluted air flow rate of 50 L/min, and a pH of 2 and 4.

Keywords: hydrogen sulfide separation; polluted air; composite membranes; sodium
carboxymethyl—cellulose; cellulose acetate; methyl 2-hydroxyethyl-cellulose; 2-hydroxyethyl-
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1. Introduction

Among the nonmetal hydrides (NMHx) only water is liquid and, of course, non-toxic. The other
hydrides of non-metals are gases with variable toxicity [1-3]. Of these, hydrogen sulfide is
particularly important, which can appear in the environment both naturally (active or extinct
volcanoes) [4-7] and as a result of human activity [8-15]. Among the sources originating from human
activities, most notable are: anaerobic decomposition [8], fertilizers nitrogenous [9], treatment plants
[10], effluents treatment plants [11], dye and dye intermediates, [12], sugar and distillery [13],
pesticides [14] and pulp and paper limekiln [15].

Hydrogen sulfide is undesirable both in industrial processes (corrosion being the main cause)
[16,17] and in contact with humans (toxicity being predominant) [18-20].

One of the ways of interpreting the effect of hydrogen sulfide in contact with humans is shown
in Figure 1 [21,22].
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Figure 1. Dependence of hydrogen sulfide action on humans, according to its concentration in the
air.

Considering the undesirable action both on industrial installations and on humans, researchers
have focused on the elimination of hydrogen sulfide or its derivatives (mercaptans, thiophene etc.)
from various gaseous or liquid environments [23-25].

There are various ways of removing hydrogen sulfide: absorption [26], adsorption [27],
electrochemical degradation [28], photochemical degradation [29], catalytic degradation [30] or
biodegradation [31-33]. All the presented elimination processes are non-regenerative, and the
resulting products are: sulfur, in reductive processes, and sulfur oxides in oxidative processes [34,35].

One of the ways to remove hydrogen sulfide is represented by membrane processes, which can
be reducing or oxidizing, but also recuperative, hydrogen sulfide being fixed in compounds with
practical utility [36-42]. Membrane techniques use polymeric [43], inorganic [44], composite [45] or
liquid [46—48] membranes.

The applications of membrane and membrane techniques are in continuous development, being
applied both in the separation processes of dispersed systems and gas mixtures [49-54]. In the last
decade biopolymers such as chitosan or cellulosic derivatives present in various composite
membranes are tested in sulfur gas separation processes [55-58].

In this paper, we start from the results obtained previously and study composite polypropylene
hollow fiber—cellulosic derivatives (sodium carboxymethyl-cellulose, cellulose acetate, 2-methyl-
hydroxyethyl-cellulose and hydroxy—ethyl-cellulose), hydrogen sulfide is recuperatively separated
from the gas mixture, being fixed as cadmium sulfide in the composite membrane module.

2. Materials and Methods

2.1. Materials

The materials used in the present work were of analytical purity. They were purchased from
Merck (Merck KGaA, Darmstadt, Germany): Cd (NOs): tetrahydrate (308.48 g/mol), dimethyl
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formamide (DMF), sodium sulfide (NazS) [78.0452 g/mol (anhydrous)], hydrogen sulfide, sodium
hydroxide, and nitric acid [58].

The cellulosic derivatives-sodium carboxymethyl-cellulose (NaCMC), cellulose acetate (CA),
methyl 2-hydroxyethyl-cellulose (MHEC), and 2-hydroxyethyl-cellulose (HEC) (Table 1) [59] were
purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).

Table 1. The characteristics of the tested cellulosic derivatives and the obtained membranes.

Polypropylene hollow
Cellulosic derivatives . Molar fiber—cellulosic
Chemical formula . . L.
(Cell-D) weight derivatives
membrane symbol
sodium
carboxymethyl- 90,000
cellulose (NaCMC) P1
cellulose acetate (CA) 50,000 P2
methyl 2—- P
hydroxyethyl- T n/a P3
cellulose (MHEC) o]
(CaHONH
OCH,
_ - P4
2-hydroxyethyl . o 90,000
cellulose (HEC) ‘I Y .
- |
(CaHOWH Lo

The tubular dialysis membranes were provided by Visking (Medicell Membranes Ltd., London,
UK) [57].

An MQuant® sulfide test (Merck Millipore from Merck KGaA, Darmstadt, Germany), and a
Sulfide Test photometric Spectroquant® (Merck KGaA, Darmstadt, Germany) were used [58].

The hollow fibers polypropylene support membranes (PPSM) were provided by GOST Ltd.,
Perugia, Italy [60].

The purified water, characterized by a conductivity of 18.2 uS/cm, was obtained with a RO
Millipore system (MilliQ® Direct 8 RO Water Purification System, Merck, Darmstadt, Germany)
[61,62].

2.2. Preparation of Cellulosic Derivatives—Polypropylene Hollow Fiber Membrane

The cellulosic derivatives (NaCMC, CA, MHEC, and HEC) with the characteristics indicated in
Table 1, were solubilized in a mass concentration of 4%, in dimethylformamide without traces of
water. For this, the glass vessel, in which the dimethylformamide and the corresponding amount of
polymer were introduced, is closed tightly (the possibility of absorbing water vapor from the working
atmosphere is eliminated) is placed in an ultrasonic bath (Elmasonic S, Elma Schmidbauer GmbH,
Singen, Germany) for 24 hours, thus observing the complete solubilization and obtaining the
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polymeric dispersion [63]. The obtained solutions are subjected to centrifugation, then they are kept
in closed glass vessels for 24 hours to remove bubbles.

Obtaining cellulosic derivatives—polypropylene hollow fibers composite membranes is carried
out in the module shown in Figure 2 [64], as follows:

e  The solution of cellulosic derivative in dimethylformamide (DMF) is introduced through the
outside of the polypropylene hollow fibers in the membrane module (MM);

e  Water is introduced through the inside of the polypropylene hollow fibers;

e  The two phases are contacted in the membrane module resulting in the composite membrane
by phase inversion [61], cellulosic derivative dispersion in DMF and aqueous DMF solution;

e  After carrying out the obtaining procedure, the membranes are washed with pure water, by
introducing water between the cellulosic derivative-polypropylene hollow fibers composite

membranes;
e  Four types of composite membranes were obtained, symbolized as in Table 1 (P1, P2, P3 and
P4).
water + DMF |
water
+DMF

- ‘ RP

MM

Cellulose derivative
+DMF derivative

Figure 2. Schematic presentation of the installation for the preparation of composite membrane: MM
— membrane module; DMF — dimethyl formamide; RP — recirculation pumps. [64].

2.3. Permeation Procedures

The composite membranes thus obtained were characterized by scanning electron microscopy
(SEM), Energy Dispersive X-ray Spectroscopy (EDAX), thermal analysis (TG and DSC), Fourier
Transform Infra-Red spectroscopy (FTIR) and FTIR 2D maps, being prepared for the permeation tests
of the air — hydrogen sulfide gas system (Figure 3) [58].

The separation installation of hydrogen sulfide from air (Figure 3) works like this:

e  The gaseous mixture is made by dispersing hydrogen sulfide coming from a source that allows
a precision dosing of +0.1% in volumetric percentages, by mixing with air dosed in the specific
bottle;

e  After mixing, the air containing hydrogen sulfide is homogenized by passing through a 5.0 m
serpentine (6) and slows down in chamber 7;

e  The air polluted with hydrogen sulfide is introduced into the permeation module (1) through
the composite membranes (2);

e The cadmium nitrate solution (receiving phase) is introduced through the outside of the
composite membranes using pump 3;

e  Separators 4 and 5 collect any gaseous mixture that will be captured in hatch 8 with sodium
hydroxide.
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Figure 3. Schematic presentation of the laboratory installation for hydrogen sulfide sequestration
from a gaseous mixture: 1 — membrane contactor; 2 — composite hollow fiber membranes; 3 — pump
for metal ions acidic solutions; 4 and 5 — gas-liquid separator; 6 — homogenization; 7 — quiet room;

8 — sodium hydroxide hatch. [58].

The pertraction efficiency (PE%) for the species of interest (hydrogen sulfide) using the
concentration of the solutions [65] was calculated as follows, equation (1):

PE(%) = (co—cf)/cox100, 1)

cs being the final concentration of the solute (hydrogen sulfide) and co the initial concentration of
solute (hydrogen sulfide).

The measurements were made using MQuant® sulfide test (Merck Millipore from Merck KGaA,
Darmstadt, Germany), and Sulfide Test photometric Spectroquant® (Merck KGaA, Darmstadt,
Germany) [57].

The measurements were independently validated using an Oldham MX 21 gas detector (MX 21
Plus Multigas, Arras, France) equipped with electrochemical sensors, and a H2S Model 3000RS
Analyzer (MultiLab LLC, Bucharest, Romania) [58].

After retaining the hydrogen sulfide in the cadmium solution following the permeation of the
polluted air with hydrogen sulfide on the P1 membrane, the cadmium sulfide membrane (P5) is
obtained. Wet cadmium sulfide is recovered from the composite membranes resulting in sample P6.

2.4. Equipment

The microscopy studies, scanning electron microscope (SEM) and high-resolution SEM (HR
SEM), were performed using a Hitachi S4500 system (Hitachi High-Technolo- gies Europe GmbH,
Mannheim, Germany) [66].

Thermal characterizations were carried out using a Netzsch STA 449C Jupiter apparatus
(NETZSCH-Geratebau GmbH, Selb, Germany) [62].

Spectroscopy Bruker Tensor 27 FTIR with a Diamond Attenuated Total Reflection- ATR (Bruker)
was used for spectrometric study in the range of 500 to 4000 cm™ [59].

FTIR 2D maps were recorded with a Nicolet iSS0R FTIR microscope and Nicolet iZ10 Module
Part (Thermo Fisher Scientific Inc., Waltham, MA, USA), with DTGS detector, in the wavenumber
range 4000-600 cm™! [67].

UV-VIS analysis was performed on a Spectrometer CamSpec M550 (Spectronic CamSpec Ltd.,
Leeds, UK) [66].

Another device used was ultrasonic bath (Elmasonic S, Elma Schmidbauer GmbH, Singen,
Germany) [61].
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3. Results and Discussions

Closed habitable spaces in areas with natural hydrogen sulfide emanation (mofettas, volcanic
areas) were not considered for artificial improvement of breathable air. The only method used is to
disperse the polluted air and refresh it with a new one.

However, the natural background is close to the limit of respiratory tract irritation, and therefore
a more effective measure would be to close the respective spaces and treat the air using known
methods, of which adsorption or absorption would be the most convenient.

In the present paper, we propose a new way of retaining hydrogen sulfide from closed habitable
premises by using membrane-based permeators and the hydrogen sulfide fixation reaction with
cadmium ions in acidic aqueous solution (2):

Cd? + 2H20+ H25—> CdS + HsO* )

The acidic aqueous solution does not affect the formation of cadmium sulfide, which is stable in
acid medium up to pH 2 [58].

The composite membranes proposed to be used in the permeation module (Figure 3) are
obtained by impregnating polypropylene hollow fiber membrane support with cellulosic derivatives
by the method illustrated in Figure 2.

The obtained composite membranes required morphological, structural characterization and the
determination of process performances in the retention of hydrogen sulfide in the aqueous solution
of cadmium ions.

Morphological characterization was carried out by scanning electron microscopy (SEM) and
two-dimensional Fourier Transform InfraRed maps (2D FTIR maps).

The compositional characterization was carried out by analyzing the surface of the composite
membranes, before and after the hydrogen sulfide retention process, by Energy Dispersive X-ray
Spectroscopy (EDAX) and in the whole membrane by FTIR.

A special place of the study is thermal gravimetric analysis (TG) and differential calorimetric
scanning (DSC), as it is proposed to use the membranes used in the process of making reflective road
markings.

3.1. Morphologic and Structural Characterization

3.1.1. Morphologic Characterization

In order to determine the in-section and on the surface morphology of the composite
membranes, one centimeter of the cellulosic derivative—polypropylene hollow fibers composite
membrane is prepared, which is fractured and covered with a thin film (approx. 50 nm) of gold.

The diameter of sodium carboxymethyl-cellulose-polypropylene hollow fiber membrane (P1)
(Figure 4a) is about 350 pm, with walls of approx. 20-30 pum, confirming the data obtained previously
[57,58]. The surface of the composite membrane (Figures 4b, 4c and 4d) shows relatively evenly
distributed pores with a diameter of about 1-2 um. Figures 4d and 4e show the coverage of the
polypropylene hollow fiber support with the cellulosic derivative, both on the surface of the fiber
and inside the pores. The obtained data can also be observed for samples P2, P3 and P4 (see Figures
51, S2 and S3 in the Supplementary Material).
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Figure 4. Scanning electron microscopy for sodium carboxymethyl-cellulose—polypropylene hollow
fiber membrane (P1): (a) composite membrane section; (b) membrane surface at 20,000
magnification; (c¢) membrane surface at 40,000x magnification; (d) membrane surface at 80,000
magnification; and (e) membrane surface at 160,000x magnification.
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After use in the hydrogen sulfide separation process and capture as cadmium sulfide on the
sodium carboxymethyl-cellulose—polypropylene hollow fiber membrane (P5), SEM is performed for
the membrane section (Figure 5a) in which the layer of cadmium sulfide can be observed.

On the surface of the 'sodium carboxymethyl-cellulose—polypropylene hollow fiber' membrane
(P5) the sizes of cadmium sulfide nanoparticles were presented (Figures 5b, 5c, 5d and 5e). At
160,000 resolution cadmium sulfide nanoparticles are measurable (Figure 5e).

200 ym

Zpm

WD HFW det — 500 nm
x 10.0 mm 1.86 ym ETD
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Figure 5. Scanning electron microscopy for sodium carboxymethyl-cellulose—polypropylene hollow
fiber membrane after using hydrogen sulfide in the separation process and capturing as cadmium
sulfide (P5): (a) composite membrane section; (b) membrane surface at 20,000x magnification; (c)
membrane surface at 40,000x magnification; (d) membrane surface at 80,000x magnification; and (e)
membrane surface at 160,000x magnification.

3.1.2. Structural Characterization

For sodium carboxymethyl—cellulose-polypropylene hollow fiber membrane, the FTIR spectrum
was obtained (Figure 6a), which allowed the choice of wave numbers for the creation of 2D maps. As
can be seen in Figure 6b the spectra of the four composite membranes (P1, P2, P3 and P4) are relatively
closed and the differences were illustrated in Figures 5S4, S5 and S6 (see the Supplementary Material).
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Figure 6. Fourier Transform Infra-Red (FTIR) spectra for: (a) composite membrane P1; and (b) the
four samples P1, P2, P3 and P4.

Analyzing the spectra obtained for the four cellulosic derivatives—polypropylene hollow fiber
composite membranes (Figure 6), the following wave numbers were chosen to create the 2D maps:

e 3386 cm (-O-H stretching vibration from cellulose)
e 2950 cm™! (C-H stretching vibration from PP and cellulose)
e 1639 cm™ (C-O stretching vibration from cellulose)
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e 1170 cm™ (C-C stretching vibration from PP and cellulose)

Figure 7 shows the 2D maps for the composite membrane P1, and the supplementary material

provides the information for the membranes P2, P3 and P4 (see Figures S7, S8 and S9 in the
Supplementary Material).

(d)

®

Figure 7. FTIR 2D maps for sodium carboxymethyl-cellulose—polypropylene hollow fiber membrane:
(a) the video image; (b) 2D image at wavenumber 3386 cm™; (c) 2D image at wavenumber 2950 cm™;
(d) 2D image at wavenumber 1639 cm™; and (e) 2D image at wavenumber 1170 cm™; (f) color scale.

The 2D maps show a varied distribution of the cellulosic derivative on the membrane surface:
from 50% (in blue) in the center of the image center, to 90% (orange to red) in the sides (Figures 7b, c,
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d and e). The way the colors are distributed suggest that the cellulosic derivative enters the membrane
pores in the area where they are more abundant. It is worth noting that in all 2D maps the coloring
of the areas is close. Similar information is provided by the 2D maps of the composite membranes P2,
P3 and P4.

The structural characterization of the composite membranes (P1, P3 and P5) was completed with
analysis through Energy Dispersive X-ray Spectroscopy EDAX (Figure 8).

The EDAX spectrum for the composite membrane sodium carboxymethyl-cellulose-
polypropylene hollow fiber membrane (P1) (Figure 8a) highlights the composition in carbon, sodium
and oxygen.

keV
(@)
|
CK
AuM
oK AWM Aum
1 2 3 4 5 6
keV
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Figure 8. Structural characterization of composite membranes by EDAX for membranes: (a) P1; (b) P2
before the hydrogen sulfide retention process; and (c) P5 after retention of hydrogen sulfide as
cadmium sulfide.

The EDAX spectrum for the methyl 2-hydroxyethyl-cellulose (MHEC)—polypropylene hollow
fiber membrane (P5) composite membrane (Figure 8c) shows that carbon and oxygen elements are
present.

The EDAX spectrum for the composite membrane sodium carboxymethyl-cellulose-
polypropylene hollow fiber membrane, after retention of hydrogen sulfide as cadmium sulfide (P5),
indicates the presence of sodium carbon, sulfur, and cadmium. The strong presence of cadmium and
sulfur shows that the cadmium sulfide almost completely covers the composite membrane, which is
also confirmed in Figure 5.

3.2. Thermal Characterization

The thermal analysis TG-DSC for the precursors was performed with a Netzsch STA 449C
Jupiter apparatus. The cut samples (~4 mg) were placed in an open crucible made of alumina and
heated with 10 K/min from room temperature up to 650 °C, under the flow of 50 mL/min dried air.
An empty alumina crucible was used as reference.

Samples P1-P4 (Figures 9a and 9b) have a similar thermal behavior due to presence of
polypropylene fibers in their composition. The details necessary for the interpretation of the thermal
diagrams are provided by the additional Figures S10, S11, S12 and S13 (see Supplementary Material),
being presented next. The samples are losing around ~2.1-2.9% up to 200 °C due to solvent
elimination and degradation of less stable terminal moieties. The endothermic effect recorded on the
DSC curve in this temperature interval is caused by the melting of the polypropylene in the range
154-156 °C.
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Figure 9. Thermal diagrams for the four composite membranes (P1, P2, P3 and P4): (a) integral
diagram; (b) onset diagram.

After 200 °C the degradation by fragmentation of polymer backbone and oxidation of the
fragments is recorded. The overall DSC effect is exothermic, indicating the dominance of oxidation
reactions over the fragmentation of polymer chain.

Up to 415 °C the samples are completely degraded, the exothermic effect from 380-390 °C being
assigned to the burning of the residual carbonaceous mass.

Table 2. Principal numerical data from thermal analysis for P1-P4 samples.

T5% T10% T50% Mass loss % Melting onset Melting peak Exothermic effect

Sample o) o0y (C) RT-200°C °C) °C) °C)
P1 235 264 322 2.88 155.2 164.6 384.1
P2 230 252 325 2.12 154.4 163.5 379.5
P3 227 260 346 2.48 155.7 162.6 385.8
P4 224 247 331 2.50 154.8 163.6 389.3

The details of the interpretation of Figure 11 are depicted in the thermal diagrams in the
supplementary material (Figures S14a and b) and presented below. After the process, the sodium
carboxymethyl-cellulose—polypropylene hollow fiber membrane (P5) (Figure 11) being wet with the
test solution, is losing the present solvent up to 200 °C. In this interval, the melting of the fibers is
observable at 154.7 °C [68,69], with a melting enthalpy of 25.01 J/g.
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The degradation of the polymer backbone starts after 200 °C by fragmentation and oxidation as
previously reported in [57,70]. The oxidation process of the organic fragments is associated with the
exothermic effect from 381.7 °C, while the burning of the residual carbonaceous mass is assigned to
the exothermic peak from 482.0 °C.

A small exothermic effect at 683.2 °C is associated with a mass increase of 0.32% and can be
attributed to the oxidation of CdS to CdSOs and related species, as proven by CdS thermal analysis

[71,72].
TG I% DSC /(mW/mg)
100 __,_..T.f.’.(?.w
14
90
[1] P5.dsu 12
80 TG
-~ DSC
70 [2] P6.dsu 10
TG
60 DSC 8
’ ) - ol 6
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30 2
20l 210
100 200 300 400 500 600 700 800

Temperature /°C

Figure 11. The TG-DSC curves for P5 sample (membrane P1 after retention hydrogen sulfide as
CdS).

The P6 sample (CdS obtained in the hydrogen sulfide retention process on the membrane P1)
(see Figure 12) exhibits a mass loss of 9.10% up to 175 °C, which can be assigned to residual
humidity/crystallization water. The process is accompanied by a weak endothermic process on the
DSC curve, with the minimum at 92.2 °C. The sample is losing 3.42% of its initial mass between 175-
350 °C in an oxidative event, as indicated by the double exothermic peaks on the DSC curve, at 231.1
°C and 249.3 °C. This can imply simultaneous elimination of water and oxidation of CdS or obtaining

of CdO by equation (3):
2CdS + 302 = 2CdO + 2502 3)
as reported before [71].
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Figure 12. The thermal analysis (TG and DSC curves) for sample P6 (CdS from retention hydrogen
sulfide on membrane P1).
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The mass increase of 8.60% in the interval 350-740 °C indicates a further oxidation to CdSOs or
other species (CdsS3Os; Cd(S207)) [71]. The oxidation process is accompanied by a strong and broad
exothermic effect on the DSC curve, with maximum at 616.5 °C.

After 740 °C the compound starts to decompose, losing 12.07% of its mass up to 900 °C, literature
proposing some reactions like (4) and (5) [71,72].

2CdS + 302 = 2CdO + 2502 (4)

CdS + CdSOs =2CdO + 250: (5)

Thermal data show that sodium carboxymethyl—cellulose-polypropylene hollow fiber
membrane (P5) after process can be used by heating it up to 200 °C, when both the polymer material
and the cadmium sulfide retain their properties, but the polymer material dehydrates and melts, and
nanometric cadmium sulfide is dehydrated.

The polymeric material containing nanometric cadmium sulfide could be used in the
manufacturing process of reflective materials, including road ones.

3.3. Performance Processes for Hydrogen Sulfide Recuperative Separation

In this part of the work, the results of hydrogen sulfide retention from closed rooms, rooms in
residential houses or hotels are presented.
The study parameters were chosen as follows:

e  Volume of polluted air 5.0 m3;
e  Surface of the composite membrane 0.1 m?
e  Composite membranes cellulosic derivative—polypropylene hollow fiber:

sodium carboxymethyl—cellulose—polypropylene hollow fiber (P1)
cellulose acetate-polypropylene hollow fiber (P2)

methyl 2-hydroxyethyl-cellulose-polypropylene hollow fiber (P3)
2-hydroxyethyl-cellulose-polypropylene hollow fiber (P4)

O O O O

e  Hydrogen sulfide concentrations of: 20 ppm, 40 ppm and 60 ppm;
° Hydrogen sulfide flow rates: 50 L/min, 100 L/min and 150 L/min;
e  pH of cadmium nitrate receiving phase solution: 0, 2, 4 and 6.

3.3.1. Influence of the Nature of the Composite Membrane Nature on the Hydrogen Sulfide
Pertraction Efficiency

Probably operating in the most unfavorable working conditions — concentration of hydrogen
sulfide (60 ppm), flow-rate (150 L/min), maximum operating time of 85 minutes and pH = 6 — the
sodium carboxymethyl-cellulose-polypropylene hollow fiber (P1), cellulose acetate-polypropylene
hollow fiber (P2), methyl 2-hydroxyethyl-cellulose-polypropylene hollow fiber (P3) and 2-
hydroxyethyl-cellulose—polypropylene hollow fiber (P4) membranes have the behavior indicated in
Figure 13.

The pertraction efficiency over the entire time interval decreases in the order: sodium
carboxymethyl-cellulose—polypropylene hollow fiber membrane (P1) >> cellulose acetate-
polypropylene hollow fiber membrane (P2) > methyl 2-hydroxyethyl-cellulose—polypropylene
hollow fiber membrane (P3) > 2-hydroxyethyl-cellulose—polypropylene hollow fiber membrane (P4).
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Figure 13. The variation of pertraction efficiency (PE%) as a function of time for the following
membranes: sodium carboxymethyl-cellulose-polypropylene hollow fiber (P1), cellulose acetate—
polypropylene hollow fiber (P2), methyl 2-hydroxyethyl-cellulose-polypropylene hollow fiber (P3),
and 2-hydroxyethyl-cellulose-polypropylene hollow fiber (P4).

Because the membrane sodium carboxymethyl-cellulose—polypropylene hollow fiber (P1) has
the best pertraction efficiency, it will be chosen for the continuation of the study by varying the other
parameters.

3.3.2. Influence of Hydrogen Sulfide Concentration on Hydrogen Sulfide Pertraction Efficiency

The concentration of hydrogen sulfide in the polluted air is the determining parameter for
bringing the polluted air to bearable values and affecting health as little as possible.

In the conditions of some areas with mofettas or extinct volcanoes (e.g., Covasna-Harghita area,
Romania) the concentration of hydrogen sulfide in homes near the generating sources is between 1.0
ppm and 50.0 ppm.

For the study of the pertraction variation (PE%), depending on the operating time using the
composite membrane (P1) (Figure 14), three concentrations of hydrogen sulfide were chosen, which
are at the limit of respiratory tract irritation (20 ppm, 40 ppm and 60 ppm). The membrane used was
sodium carboxymethyl-cellulose-polypropylene hollow fiber (P1), the working flow was 150 L/min,
the pH of the cadmium nitrate solution equal to 2 and the cadmium nitrate concentration 10! mol/L.
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Figure 14. The variation of the pertraction efficiency depending on the operating time, at hydrogen
sulfide concentrations of 20, 40 and 60 ppm, for the membrane sodium carboxymethyl-cellulose—
polypropylene hollow fiber (P1).

The obtained results show that the efficiency of the separation increases with the decrease in the
concentration of hydrogen sulfide in the polluted air. Also, the results suggest operating in two or
three permeation modules in series, or recirculating air through the module until cadmium is
depleted from the cadmium nitrate receptor phase.

3.3.3. The Influence of the Flow Rate of the Air Polluted with Hydrogen Sulfide, on the Efficiency of
Hydrogen Sulfide Pertraction

The flow rate of the hydrogen sulfide polluted air is conditioned by the volume of the premises
subjected to the experiment and the time in which we want to bring the concentration of hydrogen
sulfide to bearable olfactory limits.

In Figure 15, for a concentration of 60 ppm, pH = 2 in the receiving phase, the volume of air in
the considered enclosure (premise) of 5.0 m3 and the composite membrane P1, it is observed that a
small flow favors the efficiency of hydrogen sulfide pertraction the operating time reaches two hours
for the flow rate of 50 L/min and over two hours at the flow rates of 100 L/min and 150 L/min.

100 |
80
60 ¢
PE (%)
40
20 | 50L/min
il = 100L/min
e | 50L/min

10 20 30 40 50 60 70 80 90 100 120

Time (min)

Figure 15. The variation of hydrogen sulfide pertraction efficiency as a function of time and flow rate
of polluted air for the composite membrane P1, air volume of 5 m?3, concentration of 60 ppm and pH=2
in the receiving phase.

The work flow is also conditioned by the need to pass through the pertraction module, at least
once, the entire air volume of the considered room.

3.3.4. The Influence of the pH of the Cadmium Nitrate Solution on the Hydrogen Sulfide Pertraction
Efficiency

The pH of the receiving phase of cadmium nitrate with a concentration of 0.1 mol/L influences
the efficiency of hydrogen sulfide pertraction (Table 3). The conditions in which data were obtained
are: composite membrane (P1) surface 0.1 m?, hydrogen sulfide concentration 20 ppm, work flow 50
L/min, operating time 2 hours, and the volume of treated polluted air 5 m?3.

Table 3. Dependence of hydrogen sulfide pertraction efficiency on the pH of the receiving phase.

pH of receiving phase 0 2 4 6
PE (%) 86.3 98.3 97.2 89.6
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The results show that the optimal operating pH range is between 2 to 4. At low pH, cadmium
sulfide does not reach the precipitation pH, and at high pH it precipitates simultaneously with
cadmium sulfide and cadmium carbonate resulted from cadmium ions and the carbon dioxide from
polluted air. A further increase in pH is undesirable because the hydroxyl ions that precipitate the
cadmium hydroxide will enter the competition.

Following the pertraction experiments of hydrogen sulfide from the polluted air, through
sodium carboxymethyl-cellulose—polypropylene hollow fiber membrane (P1), with a cadmium
nitrate receptor phase at pH 2, working flow rate of 50 L/min, at a working time of 2 hours, the
membrane covered with cadmium sulfide (P5) (Figure 16) is obtained, suitable for thermal treatment
(melting) and obtaining reflective material.

— My O0r -

Figure 16. Scanning electron microscopy (SEM) for membrane P1 coated with cadmium sulfide
following hydrogen sulfide pertraction in a cadmium nitrate solution: (a) membrane section after the
hydrogen sulfide recovery process as CdS; (b) membrane view at 100x resolution; (c) membrane view
at 500x resolution; and (d) membrane view at 1000x resolution.

4. Conclusions

Treating polluted air with hydrogen sulfide is an important problem for the residential premises
in areas with mofettas or extinct volcanoes.

This paper presents the results of hydrogen sulfide removal from an enclosure with a defined
volume using cellulosic derivative-polypropylene hollow fiber composite membranes. All
membranes obtained were characterized by SEM, EDAX, FTIR, 2D FTIR maps and thermal analysis
(TG, DSC). Among the four prepared membranes: sodium carboxymethyl-cellulose—polypropylene
hollow fiber (P1), cellulose acetate—polypropylene hollow fiber (P2), methyl 2-hydroxyethyl-
cellulose-polypropylene hollow fiber (P3), and 2-hydroxyethyl-cellulose—polypropylene hollow
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fiber (P4) the best results of hydrogen sulfide pertraction and capture in a receiving phase of cadmium
nitrate solution were obtained with the composite membrane P1.

The optimal operating conditions are: flow rate of 50 L/min of air polluted with 20 ppm
hydrogen sulfide, pH between 2 and 4 for the receiving phase of cadmium nitrate of concentration
0.1 mol/L.

The membrane covered with cadmium sulfide is recommended for heat treatment (melting) and
obtaining reflective material for road markings.

Supplementary Materials: The following supporting information can be downloaded at: Preprints.org, Figure
S1: Scanning electron microscopy for cellulose acetate—polypropylene hollow fiber membrane (P2); Figure S2:
Scanning electron microscopy for methyl 2-hydroxyethyl-cellulose (MHEC)-polypropylene hollow fiber
membrane (P2); Figure S3: Scanning electron microscopy for 2-hydroxyethyl—cellulose (HEC)-polypropylene
hollow fiber membrane (P2); Figure S4: Fourier Transform Infra-Red (FTIR) spectra for P2 composite membrane;
Figure S5: Fourier Transform Infra-Red (FTIR) spectra for P3 composite membrane; Figure S6: Fourier Transform
Infra-Red (FTIR) spectra for P4 composite membrane; Figure S7: FTIR 2D maps for cellulose acetate—
polypropylene hollow fiber membrane; Figure S8: FTIR 2D maps for methyl 2-hydroxyethyl-cellulose —
polypropylene hollow fiber membrane; Figure S9: FTIR 2D maps for 2-hydroxyethyl-cellulose —polypropylene
hollow fiber membrane; Figure 510: Detail of thermal diagrams for P1; Figure S11: Detail of thermal diagrams
for P2; Figure S12: Detail of thermal diagrams for P3; Figure S13: Detail of thermal diagrams for P4; Figure S14:
Zoomr-in detail for Figure 11, in case of P5; Figure S15: Detail of thermal diagrams for P5.
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