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Abstract

Removal of dissolved sulfide contaminants from exquis model solution using bio-
derived porous graphitic carbon (PGC) impregnatdth w-MnO, was investigated. The
composite adsorbent was synthesized using the chémet deposition method wherein MnO
was deposited on carbon walls through an in-siactien between permanganate and ethanol.
Formation of transition metal oxide of manganesehim form of birnessite nanoparticles on
interconnected PGC cell structure was confirmedr&ysmission electron microscopy, scanning
electron microscopy, elemental analysis, and X-B#fyaction characterization studies. The
composite nanomaterial was tested for sulfide rexhdvom aqueous solution at various
conditions, including the pH, adsorbent dosagdiainsolution concentration, and contact time.
Adsorption results demonstrated an excellent adisorgapacity of ca. 90% within 20 minutes
of contact time at 298 K. Equilibrium data colletttom batch adsorption experiments fitted
well with the Langmuir isotherm model (K= 190 L/mg; B = 0.99). The maximum adsorption
capacity of the composite was estimated as 526.3Sfig at highly alkaline conditions
compared to ca. 340 mg/g for &MnO, adsorbent. Adsorptive oxidation of sulfides on
composite MN@PGC adsorbent was found to be controlled by themidorption process in
accordance with the pseudo-second-order reactiaein@haracterization of spent adsorbents
revealed that sulfide was removed through adsa@ptixidation resulting in the formation of
agglomerated particles of metal sulfate complexas elemental sulfur. Analysis of reaction
mechanism revealed that both Mn@nd PGC played a role in the adsorptive oxidatbn
sulfides to CaS@and elemental sulfur.

Capsule:  3-MnO,/PGC nanocomposite synthesized using a facile tin-giet deposition

technique exhibited superior sulfide uptake capacit
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1. Introduction

Effluents released from coke and steel industqedp and paper, petroleum refinery,
municipal wastewater treatment plants, and animalbhandries have been found to contain
dissolved hydrogen sulfide ¢8), bisulfides (HS, and sulfide ions & (Kociolek-Balawejder
and Wilk, 2011) which are oftegrouped together and referred as “sulfides”. Reafsgulfide
contaminated water for industrial applicationsasesely restricted due to the undesired reaction
of sulfide components with metal and metal oxidekis results in the formation of metal
sulfides in which induces sulfide corrosion of pipes and processing equipment. The dissolved
sulfide compounds in wastewater can also be raletsdhe gaseous phase agSHthereby
compounding the adverse environmental effects lfitiss even at lower concentrations (Wilk et
al., 2020). With the increase of sour gas fieldsamd around the middle eastern countries,
generation and subsequent release of sulfide comased wastewater pose a serious
environmental concern. Thus, removal of sulfideaheins from refinery wastewater, preferably
to a concentration below 0.2 ppm, is critical natyofor safer discharge into aquatic bodies
(Vaiopoulou et al., 2005), but also to develop awmstble industrial practices in refinery plant
operations.

The presence and distribution of different ionie@ps of hydrogen sulfide in wastewater
primarily depend on solution pH. Thompson et a®98) reported that at lower pH values (5-6),
the predominant sulfide species remains to be auégdrogen sulfide (%), and with a
slight increase in pH (7-9), the solution primagiyntains bisulfides (HBalong with sulfide ($
) ions. However, at higher solution pH (>10), theycsulfur species present in the solution are

the reduced species of sulfuf; Bns.
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Removal of sulfide ions from wastewater could béieed by various techniques,
including filtration after liming and recycling (fga et al., 2005), neutralization (Tamersit and
Bouhidel, 2020), recuperation of sulfides and re{ll@@manowsky et al., 1984), precipitation of
sulfides by iron salts (Chen et al., 2018; Firealet2008), oxidation by oxidizing agents with or
without catalysts (Heideman et al., 1984), anddgmlal detoxification of sulfides (Marais et al.,
2020; Mestrinelli et al., 2016). Among these tegluess, direct oxidation of sulfides by oxidizers
has been researched using different oxidizing agkke HO,, KMnO, and ozone. Although
H>0; is the widely used oxidizer in practice, direahmval of sulfides from water using KMnO
is also well-known (Cadena and Peters, 1988; Detinahd FitzPatrick, 1983; Willey et al.,
1964).

Sulfide oxidation reaction by KMn{xan follow different complex pathways depending
on the conditions encountered. For example, inaibgence of oxygen, permanganate directly
oxidizes hydrogen sulfide. On the contrary, in &eresystems, sulfide oxidation proceeds by
reaction with oxygen to form various sulfur compdsrin addition to Mn@ As the reaction
continues, Mn@ acts as an oxygen-transfer catalyst and assistsfurther sulfide
oxidation. However, this process converts sulfisies elemental sulfur in addition to other by-
products like agglomerated Ma@hat needs to be subsequently removed by filmatibereby
increasing the energy demand. Yao et al. demoesdtrdtat the rate of sulfide oxidation in
seawater is significantly enhanced ®WInO, through the formation of surface complexes (Yao
and Millero, 1993). The spent MaGand the oxidized MnOOH are insoluble in alkalinedioim
and hence favours ease of separation from waste(¥teika et al., 2006).

Adsorption has gained increased attention due wergorocess energy demand and
substantial capability in removing trace quantitefscontaminants, including heavy metals

(Burakov et al., 2018), and sulfide ions (Bonolet2016; Li et al., 2017; Soto et al., 2011) from
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wastewater. Traditionally, activated carbon synttezsfrom coal and various biomass materials,
mainly cellulosic and microbial origin (Gupta et,&015; Lu et al., 2020; Suhas et al., 2016) has
been employed as adsorbents due to its high pyprasd surface area. However, large-scale
treatment using activated carbon remains challgngecause of the low selectivity of carbon
towards sulfide ions. Different carbon materialkeliporous carbon, carbon nanotubes and
fullerene have been extensively used for advanastment of wastewaters (Gupta and Saleh,
2013). Recently, graphene-based material has hemessfully utilized as an adsorbent in the
field of nano sciences (Amiri et al., 2018; Mone@alal., 2018), specifically for environmental
remediation (Achazhiyath Edathil et al., 2019; ltaak, 2017). This led to the development of
carbon-based composite adsorbents surface funkzedavith various metal oxides that cater to
the removal of specific contaminants. AnchoriyinO, on carbon structures would facilitate
separation of spent adsorbents, in addition to idhog enhanced adsorption capacity and
improved mechanical and chemical stabiliany techniques have been proposed in the
literature for in-situ synthesis @&MnO,, including precipitation using KMnQand different
alcohols (Subramanian et al., 2008). Detailed sgithstudies conducted by Subramanian et al
(Subramanian et al., 2008) revealed that the maoglgaand the oxidized state of Mn deposited
on carbon walls depends on the type of alcohol.udsihg the surface manoeuvring property of
alcohols, nanostructured-MnO, is formed by nucleation, aggregation and coaleszeof
particles.

During recent times, the superior physical propserof porous graphitic carbon have
been exploited for numerous industrial applicatjospecifically as adsorption and separation
media (Chai et al., 2012; Gokulakrishnan et al.1120Stein et al., 2009). Novel synthesis
technigues have focussed on the design of poroubormra structures with surface

functionalization, offering increased adsorptiorpaeity, high selectivity, and low density. A
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substantial amount of research has focussed onlopévg sustainable wastewater treatment
techniques by employing bio-derived porous carbatenml. Among numerous bio-derived
carbon, sodium alginate derived from brown seawe®sl shown great potential as a carbon
precursor for various energy and environmental iagibns (Srinivasan, 2013). Our previous
work investigated sulfide removal from aqueous oiu using porous graphitic carbon
synthesized from alginate, and the results confirtiie enhanced adsorptive capacity of PGC
for sulfides (Edathil et al., 2017). In the presstuidy, the superior oxidative propertyseMnO,

in conjunction with highly selective and enhancddaaptive capacity of porous graphitic carbon
derived from a natural polymer, sodium alginateraalized through Mn@PGC composite
adsorbent. In-situ synthesis MnO, using KMnQ, and ethanol on porous graphitic carbon
through a wet chemical deposition techniqgue hasnbeemonstrated. The complex
interconnected hierarchical porous carbon strucawenly distributed wittb-MnO, could be
expected to facilitate electron transfer and oxdsalfides to elemental sulfur and sulfates. The
efficacy and suitability of the adsorbent are eatdd by determining the removal efficiency and
maximum uptake capacity of sulfide species. Ascthraposite adsorbent is synthesized from bio
derived PGC, the applicability of the adsorbent gatfide removal from aqueous solution is

further encouraged.

2. EXPERIMENTAL SECTION
21. Materials

Alginic acid calcium salt, potassium permanganatg] ethanol were purchased from
Sigma Aldrich, USA, and sodium sulfide (}$9H0) was obtained from Fisher Scientific. All
chemicals were of analytical grade and hence usewt further purification. Deionized water

was used in the preparation and dilution of alusohs. Sulfide model solutions were prepared
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by dissolving crystals of N&-9HO in deionized water and passing nitrogen gas tmdav
oxidation of sulfide. Various concentrations of fgld solutions were prepared by further

diluting the prepared model solution with deionizeater.

2.2.  Synthesisof PGC, MnO,, and MnO,-PGC Composites

First, porous graphitic carbon (PGC) was synthesikg annealing and subsequent
carbonization of alginic acid calcium salt as déx in our earlier work (Edathil et al., 2017).
To prepare the MnPGC composites, equal quantities of KMn&hd PGC were added to 60
ml of distilled water under magnetic stirring tofoa homogeneous distribution of the precursor
solution. After stirring for 30 minutes, 20 mL ahanol was added dropwise and the suspension
was stirred for 12 h at room temperature to alldewsgrowth of MnQ nanopatrticles on the
carbon. The obtained composite particles were fittened and washed repeatedly with enough
guantities of DI water until the pH reached 7. Timal product abbreviated as Mp®GC was
dried at 353 K overnight and stored for further.uBesides, pure MnOparticles were also
prepared using a similar approach, but in the alesef PGC. The synthesized samples were
used as adsorbents directly for all the adsorpgxeriments performed in this study. Fig. S1 in
supplementary section illustrates the experimem@atedure used in this study for the synthesis

of pure and composite adsorbents based on wet chkda@position technique

2.3. Material Characterization

The surface morphology and microstructure of tisogbents before and after sulfide
adsorption were analyzed using FEG Quanta 250 suaetectron microscopy (SEM) and FEI

Tecnai G20 transmission electron microscopy (TERWor to the SEM analysis, adsorbent
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particles were sputter-coated with a conductiverdayf gold-palladium (Au/Pd, 3 nm thickness).
The zeta potential of the adsorbent samples wassuresé using Zeta PALS instrument
(Brookhaven Instruments Corporation, USA), and eletal analysis was recorded using energy
dispersive X-ray spectrometer (Oxford-EDX, UK) dit to the SEM. Further, the crystalline
structure of the adsorbent materials was determungidg analytical X'Pert PRO Powder

Diffractometer (Cu-k radiation 1.5406 A°, 40 kV, 40 mA) in thé ange of 5°-80°.

24. Adsorption Experiments

Batch adsorption experiments were conducted byngda certain mass of synthesized
adsorbent to about 10 ml of aqueous sulfide solgtivith different initial concentrations
ranging from 1 mg/L to 200 mg/L in 50 ml stoppermhical flasks. The mass of the adsorbent
was varied between 3 and 11 g per 10 ml of sudioletion to simulate the change in dosage
conditions. The flasks were placed in a shakingewhath (Daihan, Korea) maintained at 298 K
and subjected to continuous agitation at 140 rptih @quilibrium was attained. It is later shown
in the study that the optimum contact time to reaghilibrium for all cases was around 180 min.
Sulfide concentrations before and after the adsorgirocess were measured and analyzed, as
demonstrated in section 2.5. All the tests werdéopered in duplicates. Based on the initiabC
and residual equilibrium concentrationsQpercent removal, and adsorbent uptake capatity a
equilibrium (q) were calculated, as shown in our previous worklafgil et al., 2017).
Additionally, adsorption experiments were condud@ddifferent contact times (from 1 to 240

min) at fixed process conditions of 200 mg/L idisalfide concentration, 298 K, and pH 12.

2.5. Measurements of Sulfide
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To measure the initial and residual dissolved idalfconcentration in the aqueous
solution, 200 pL of pipetted samples were analyrssdg LCK 653 sulfide detection kit on UV-
vis Spectrophotometer (DR5000, Hach Lange) by ththyhene blue method. The sulfide test is
based on the reaction of sodium sulfide with N, inethyl-p-phenylenediamine oxalate to
directly form methylene blue complex. The intengifythe blue color, as measured by the UV-
vis spectrophotometer using Test kit 653 is assutmdx® directly proportional to the amount of

sulfide present in the original sample (E. Shepjpad H. Hudson, 2002).

3. RESULTSAND DISCUSSION

3.1. Adsorbent Characterization

The morphology and microstructure of the synthesamsorbents, includinggMnO, and
MnO,-PGC composites, were observed using Scanningr&tedlicroscopy images, refer Fig.
1(a) and 1(e). In addition, EDX data presented iopp E(b) and 1(f) serve to determine the
elemental composition of the adsorbents. The sarfaorphology of6-MnO, exhibited both
dense nanosized patrticles in a size range of 100i&0and micro-sized balls. EDX spectraof
MnO, revealed the presence of both manganese and oxydbntrace quantities of other
elements from the coating process. With the additibPGC, it could be noticed that the porous
interconnected microstructure of carbon acts asascbbuilding block upon whicla-MnO;,
nanoparticles are deposited. The EDX spectra of MPGC revealed the distinct pattern peaks
of magnesium in addition to the peaks of carboryger, and calcium which are the major
constituent elements present in the PGC. The deexis of all these elements in the obtained
EDX results clearly proves the formation of MMBPGC composites. The SEM images of spent
(sulfide adsorbedy-MnO, and MnQ-PGC composite has been illustrated in Fig. 1(c) hfy)

with the corresponding EDX results in Fig. 1(d) d(#). It could be noted that following the
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adsorption process usingtMnO,, the adsorbent surface underwent structural clzragel
predominantly displayed small aggregates of eleatesulfur and sulfate nanoparticles,
suggesting successful adsorption/oxidation of delfiThe presence of Na and S in the EDX
results, see Fig. 1(d) further confirms that séfitas been oxidized to sodium sulfate and/or
elemental sulfur. The composite adsorbent also sHaWwe presence of irregular particles with
an aggregated surface on both the carbon wallsslisas/on the surface of Mp@anoparticles.
Furthermore, EDX spectra of sulfide-adsorbed WHRGC shows a characteristic peak for sulfur
particles along with carbon, oxygen, and calciutede results further confirm the successful
adsorptive oxidation of sulfide on the surface bé tadsorbent to calcium sulfate and/or

elemental sulfur.

10
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Fig. 2. Transmission Electron Microscopy (TEM) images oftbgsized (ap-MnO, and (b)

MnO,-PGCcomposite.

To better understand the changes in morphologidgatostructure induced by in-situ
composite synthesis, TEM micrographssdfinO, and MnQ-PGC composite were recorded at
higher magnifications and are shown in Fig. 2(aJ atb). TEM images 08-MnO, (Fig. 2(a))
revealed the nanoscale architecture of Mmp@rticles with significant agglomeration, which
agrees well with the SEM results. The latticedarspacing is 0.7 nm corresponding to the (110)
plane ofs6-MnO, (Subramanian et al., 2008). On the other handritbe noticed from the TEM
image of MnQ-PGC composite that the MaManopatrticles are interconnected and uniformly
distributed on the surface of the PGC. Along wité lattice fringe of 0.336 nm indexed to (002)
plane of graphitic carbon, the composites also #lotlve lattice fringe spacing corresponding to
the (110) plane 086-MnO,. Furthermore, the presence of microcrystalline a@onof calcium

nanoparticles (indicated by the red circle) thatfarmed by the special 'egg-box’ structure of the

12



188 alginate precursor containing organic calcium salés observed in the TEM image of the

189  composites (Edathil et al., 2017).

190
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Fig. 3: X-ray diffractograms of various fresh and spetgabents.
191 Fig. 3 shows representative X-ray diffractogramsboth fresh and spent composite

192 adsorbents in addition to fresh and sp&MnO, adsorbents and raw PGC. In porous graphitic
193  carbon, the prominent Bragg reflection observedal®? 44°, and 54° corresponds to the (002),
194 (101) and (004) planes of the graphitic carbon ma{dCPDS file number 41-1487).
195 Additionally, the diffractogram also showed the gmece of calcium oxide and calcium
196  hydroxide particles in the carbonaceous matrix. diffeactogram of6 or Birnessite type Mn©
197 (JCPDS no. 43-1456) showed characteristic diffoacipeaks at 12.8°, 24.8°, 37.6°, and 66.4°
198  attributed to (001), (001), (111) and (311) plankesthe diffractogram of fresh MnEPGC

199 composite, the position of the main diffraction lped graphitic carbon an8-MnO, was well

13



200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

retained. On the other hand, XRD of sulfide adsdrbéeVinO,, and MnQ-PGC composite
clearly indicated the presence of additional peaikls higher intensity. The oxidation of sulfide
components by-MnO, and MnQ-PGC to elemental sulfur could be confirmed by phesence

of predominant peaks (labeled by ™ in Fig. 3) obsérat 23.3°, 36.2° and 39.5° that correspond
to the (222) plane of orthorhombic sulfur havingsBucture (JCPDS 74-1465). Moreover, the
XRD of spent3-MnO, showed the presence of additional peaks at 132.5° and 48.9°
(labeled by# in Fig. 3) corresponding to the (111), (200) aBdQ) planes of sodium sulfate
(N&SQOy). However, the diffractogram of sulfide adsorbedh@®4PGC composites showed
dominant peaks at 29.5° and 49.3° related to th2)(and (600) planes of CagGndicating the
formation of calcium sulfate complex (labeled byn Fig. 3). The presence of additional peaks

in spent adsorbents further verifies that oxidatbeulfide ions has occurred.

3.2.  Adsorption of Sulfidelonsby Synthesized Adsorbents
3.2.1. Effect of Solution pH

The effect of solution pH on sulfide removal fromuaous solution was investigated
under identical conditions (G 202 mg/L, m = 0.01 g, t = 180 min, T = 298 K} fmth MnQ
and MnQ-PGC composites. Adsorption experiments were perdrat different pH values in
the range of 3 to 12, and the corresponding adebreenoval efficiencies are illustrated in Fig.
4. The data indicates that the adsorption behawibboth the adsorbents was not affected by the
solution pH, and the percent removal was marginatjer for the Mn@PGC composite than

MnO, nanoparticles. In aqueous solutions, sulfides Inarist in the form ofH,S,,, HS™ and

aq:
S2~ ions. Under strongly acidic conditions with pH <s6fides are mainly present in the form of

H,S.q andHS™, while it contains negligibl&*~ions. Whereas at higher pH > 6, the aqueous

14



223 solution predominantly contair*~ along with HS~ions, and the concentration #fS~ions

224  further increase
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Fig. 4: Effect of pH on sulfide removal using differemtsarbents.

225 under strongly alkaline conditions (pH 9 to 12)eTdbtained pH results clearly indicates that the
226  adsorptive oxidation of sulfide by Mp@nd MnQ-PGC was not hindered by adsorption sites as
227  well as the competitive adsorption. Henceforth, adsorption process of sulfide is found to be
228 less affected by initial solution pH, inferring thhe developed composite adsorbent holds the
229 potential to effectively adsorb sulfide from aqueosolution at all pH. Zeta potential
230 measurements were carried out with the aim of wwtdeding (1) the pronounced selective

231 adsorption characteristic exhibited ®Vn0O, and MnQ-PGC for sulfide species, (2) the effect

15



232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

of surface charge on sulfide adsorption, and H8)dtability of the system. It was interesting to
observe that both adsorbents exhibited high surfi@gative charge at all solution pH. Since the
surface charge of the as-prepared adsorbents wgsivee in the experimental pH range as
indicated by the Zeta potential (Fig. 4), most ljkehemisorption is caused by an electron
transfer reaction with the surface-active sitee Zéta potential ai-MnO, ranging from -25 to -
40 mV was caused by the presence of MnO groupsherstirface o6-MnO,. MnO,-PGC
composite also showed high negative surface changemay be attributed to the presence of
carboxyl and hydroxyl groups obtained from the rag¢ge molecules in addition to the MnO-
groups fromd-MnO, particles. Even though the absolute values ofzttta potential for both
these adsorbents under the investigated pH range () were high (suggesting its good
stability in the colloidal state), the compositeshibited slightly higher sulfide removal
efficiency. This could be attributed to the bettecessibility of the active sites owing to the
interconnected porous structure of the carbon. Tthesactive functional groups present on the
surface of the developed adsorbents were belieavée tess affected by the initial solution pH,
thereby contributing to the extraordinary adsomptefficiency showcased all pH conditions.
Henceforth, all further adsorption experiments weaeried out at the original solution pH of

12.06.

3.2.2. Effect of lonic Strength

The possible presence of background salts indeulfiontaining industrial wastewater
tends to form complex metals that might competdn wiilfide species for available adsorption
sites. The influence of ionic strength on sulfigemoval efficiency by the nanocomposite

adsorbents was assessed through the addition of &&CCaC] to the sulfide solution. The

16
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concentration of background electrolytes in thefidgel solution was varied from 0 to 1 M.
Adsorption studies were conducted in a batch mo@detemperature of 298 K, adsorbent dosage
of 1 mg/L, and initial sulfide concentration of 208g/L. Adsorption results as shown in Fig S2,
showed no significant change in removal efficieaftgr the addition of background electrolytes

to the sulfide solution.

3.2.3. Effect of Adsorbent Dose

The effect of adsorbent dose on sulfide adsorptipn MnO, and MnQ-PGC
nanocomposite has been presented in Fig. 5. Expetsmwere performed at the following
conditions: initial sulfide concentration of 202 fag180 min, 298 K, and a solution pH of
12.06. Adsorbent mass was varied between 2.5 andg2that corresponds to a dosage of 0.25
g/L to 2 g/L. It can be noticed that the removdicegncy increases with adsorbent dosage till ca.
1 g/L, at which point the efficiency reaches a maxin. The initial increase in removal
efficiency is a direct result of increased contautface area, more specifically the active sites
offered by the adsorbent. However, with furtheréasing the adsorbent dosage, the effective
surface area is significantly affected, resultimgni overlapping or aggregation of sulfide
molecules near the adsorption site (Ahluwalia almgah 2007). As a result, all the active sites
are not fully utilized, thereby leading to a dese& the adsorption capacity, as evidenced in the

SEM images, refer Fig. le.
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Fig. 5: Effect of adsorbent mass on sulfide removal usliffgerent adsorbents.

3.2.4. Effect of Initial Sulfidelon Concentration

The amount of sulfide ions adsorbed is proportignaontrolled by the initial
concentration of sulfide ions in the solution makiba crucial parameter for sensitivity analysis.
All the parameters adsorbent dosage (1 g/L), agitdime (180 min), temperature (298 K), and
pH (12.06) except initial concentration were kephstant. The effect of initial ion concentration
(varying from 0 to 600 mg/L) on equilibrium adsagpt capacity and removal efficiency of
sulfide ions on the adsorbent is shown in Fig. 6.shown, sulfide removal efficiency for the
MnO, nanoparticle sample exhibited a gradually decngasiend till 300 mg/L, beyond which a
sharp decrease could be noticed. A similar trenddcte observed for the nanocomposite

sample, however, less pronounced.

18



800 gwrw—m

700 | \ \ ol

600 - | \ %0

. L 70
—a -

500 2
s "60 -
D " -
£ 400 - - 50
@ 4 / | g
o - K

300 . / - 40
1 30
200 |
] /l 20
100 A MnO, |

- 10

[ = PGC-MnO,|

0.’.'1'l'l'l'l'l'l'l'l'l'l'l0

0 50 100 150 200 250 300 350 400 450 500 550 600
Initial S concentration (mg/L)

Fig. 6: Effect of initial sulfide solution concentratioon sulfide removal using different

adsorbents.

284 Contrastingly, with an increase in initial sulfiden concentration, an increase in
285 adsorption capacity for both samples could be edtid@he steady increase could be attributed to
286 the increased local concentration gradient of delions between the solid and aqueous phase
287 that subsequently results in higher sulfide ionafien at the surface area and maximum
288 utilization of the available active sites (Barkaaét 2013). However, when the active sites are
289  saturated with sulfide ions, the equilibrium ads$iom capacity remains constant. The maximum

290 adsorption capacity is significantly higher for tbemposite (505 mg/g) in comparison to the
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291  MnO; nanopatrticle (ca. 310 mg/qg), thereby indicating plositive impact of introducingMnO,

292  particle into the interconnected morphology of pleeous graphitic carbon.
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Fig. 7: Effect of contact time on removal efficiency amutake capacity.
293  3.2.5. Effect of Contact Time
294 In order to determine the time required for achgviadsorption equilibrium, it is

295  significant to assess the influence of agitatiometion adsorption capacity and efficiency. Fig. 7
296 depicts the effect of agitation time on the adsorpof sulfide ions over MNn@PGC adsorbent at
297  fixed conditions of initial concentration (202 mgy/ladsorbent dosage (1 g/L), temperature (298
298 K), and pH (12.06). At the early stages of adsorptft<20 min), a rapid increase in removal

299 efficiency and adsorption capacity could be obsrnBeyond 20 minutes, the effect gradually
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diminished until it displayed no significant incsea beyond 120 minutes. The residual
concentration at 180 min was found to be approaigatbout 0.8% of that obtained after 240
min. Accordingly, a quasi-equilibrium condition wassumed to have been reached at 180 min,
and henceforth all succeeding batch experimentg wenducted for 180 min. The pronounced
increased rate at early stages could be attrildotéte availability of abundant vacant active sites
on the adsorbent. As adsorption proceeds, sulbds gradually occupy the vacant sites at a
much slower rate until a point of saturation. Tleeréased sorption rate is possibly due to the
larger diffusion path lengths deeper into the dosior pores where the sulfide ions encounter
higher mass transfer resistance. No significanhgban sulfide concentration was observed

after 180 min as all sites have been occupiedgegndibrium is established.

3.3. Adsorption Kinetic Studies

To evaluate the adsorption rate and elucidate éhetion mechanism of sulfide ions on
MnO,-PGC composites, experimental data were analyzieg tise frequently employed kinetic
models, including pseudo-first-order (PFO), psesdoend-order reaction (PSO), and
intraparticle diffusion (IPD) models. In a well-géafed batch system, the resistance offered by
the film is negligible in comparison to the adsarbmternal microstructure (surface and pore).
The diffusion mass transfer can be captured bypgarant diffusion coefficient that ensembles
the different steps involved in the intraparticifugion process. The behavior of intraparticle
diffusion could be explained by the Weber & Moingra-particle diffusion model (IPD) as: (Dil

et al., 2016; Nekouei et al., 2015; Weber and Mob63)

qt= kit0>4+ C (1)
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wherek; is the intra-particle diffusion rate constant (mghir’>) andC is the empirical constant
(mg/g). The value of depends on the film boundary layer thickness wheadarger value o€
represents a significant effect of the boundaryelagn adsorbate diffusion (Kannan and
Sundaram, 2001). Typically, the rate-controllingpstis deduced by analyzing the linear
relationship between, andt®®, as shown in supplementary file Fig. S3. It cambtced that
the experimental data exhibits three differentdimparts (I, Il, Ill), each possibly indicating
different stages of intra-particle diffusion. Thiesf part refers to the least-resistive external
surface adsorption or macro-pore diffusion, theosdcpart to the relatively less-accessible
mesopores, and the third part to micropore diffagiGheng et al., 2013). It is evident that the
linear part of the diffusion curve (step |I) doed pass through the origin, and therefore the
diffusion process might not be solely controlledadny specific stage but is probably influenced
by multiple steps. The corresponding rate constangsintercept for the three parts are denoted
as ki, Cq, ki, and kg, and are summarized in Table 1. It can be notad ttre rate constants
gradually decrease from 16.72 mg/g.Mitstep 1) to 3.94 (step II) to 0.09 (step 1), simby
indicating increasing diffusion resistance with firegress of the adsorption process. Stage | is
predominant when there are numerous vacant sitéiseiradsorbent particle during the initial
stages. However, during stage 2, most of the asites on the surface are saturated, and hence
intra-particle diffusion is limited by the interionesopores. Finally, at the last step, the sulfide
ions diffuse towards micropores and establish diiiln between the solid and dissolved
phases. Moreover, the increasing value of intérd@pindicates the deviation from the

dominating rate-controlling mechanism as a redutih® increasing boundary layer thickness.

Kinetic data analysis using pseudo-first and seamdér reaction models is frequently

employed to determine how fast adsorption equiitrivould be achieved. For the PFO reaction
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model, adsorption rate constaRkt)(was determined by plotting(q. — q;) against t for sulfide
ion adsorption on Mn@PGC composite at an initial concentration of 20g/lmand 298 K.
Values of equilibrium loadinggi) and second-order rate constak) (for the PSO model was
obtained from a linear plot of/q; versust,refer to supplementary file Fig. S4. Model
parameters, including rate constants and equihirioading, were obtained through linear
regression, and the accuracy of the fit was evetlidtom the regression coefficient R
Further, in order to assess the error propagatenigh linearization, the constants were also
evaluated using non-linear forms of the model equatand compared with the results from
linear forms. A summary of model equations, alorit whe regressed parameters from different
models, have been compiled in Table 1. It coulchbiced that both PFO and PSO reaction
models predict experimental data reasonably walle@denced by the high values of the
regression coefficient. Despite the good fit of BeO linear model, the values of both constants,
namely rate constant and equilibrium capacity, vasly different from the PFO non-linear and
PSO model estimates. It should be remembered hleaPEO model is applicable only during
initial adsorption stages and high adsorbate smiutoncentration (Wang and Guo, 2020), and
thus employing it for larger time frames would iedusignificant error. The low value of
equilibrium adsorbent loading estimated by the BR@ar model could be a direct consequence
of extending the model for a wider time step. Thevalues estimated by the PSO linear and
non-linear models are in good agreement with theeementally calculated equilibrium loading

values Qe exp)-
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Table 1: Summary of kinetic model equations and parametek4nO,-PGC composite

de (MY/g) ,
Model Equation Rate constants R
Je exp Je, cal
Linear IN(1-(q0e)) = -kt ki= 0.04 +0.0018 56.4+0.9 | 0.954
PFO 201.9
Non-linear q= op(1-€% 9 ki= 0.86 + 0.02 184.9+2.1| 0.90
Linear t/q = t/qe + (1/kge) ks= 0.0028+0.0005 204.1+0.6 | 0.999
PSO 201.9
Non-linear |  g= (kge) t/(1+kget) ks= 0.0065+0.0009 194.7+1.1] 0.96
ki = 16.72+1.2
0.99
C1=111.74%2.1
IPD - a=kt"+C 201.9
kiz = 3.94%1.5 0.77
kis = 0.09+0.05 0.79
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34. Adsorption |sotherms

The experimental data of adsorption isotherms waralysed using three different
models, namely Langmuir, Freundlich, and Temkine T¢tandard mathematical equations
describing the models could be found widely inrétare, and hence is not presented in this
work. Isotherm parameters were estimated by linegression analysis and are listed in Table
S1 along with the corresponding model equations.sAswn, the value of the regression
coefficient for the Langmuir model equation is 0fé®both MnQ and composite samples. It is
an implication that sulfide ion adsorption on bahmples follows a monolayer adsorption
process with no interaction between the adsorbddaules. MnG-PGC Comparing the value of
Langmuir adsorption constarit;() between Mn@and composite sample, it can be inferred that
the affinity of sulfide ion adsorption on MnQs higher than that of MnE&PGC composite.
However, due to increased surface area, the PG(pasita possesses significantly higher
adsorption capacity than Ma@anopatrticle. The applicability of Freundlich isetm for sulfide
adsorption on Mn® and PGC composite was also tested and validated isotherm
experimental data. The solution concentration grilte coefficient (1/n) value of 0.05 for MpO
sample strongly indicates favourable adsorptionweéleer, the linear regression coefficient for
the MnGQ-PGC composite sample was 0.69, which is signiflgasmaller than that of the
Langmuir model. Similarly, the regression coeffitidor the Temkin adsorption model is far
from unity indicating a non-linear relationship Wween Inq, and InC.. Therefore, sulfide ion
adsorption on Mn@PGC composite follows monolayer adsorption, andsthLangmuir
adsorption isotherm is more suitable for modelimg ¢quilibrium process. Based on the results,

the maximum sulfide adsorption capacity on M#RC composite was estimated to be 526.3

25



374  mg/g. Compared with other sulfide adsorbents ptesen literature, it can be seen from Table 2

375 that MnQ-PGC exhibited superior adsorption capacity.

Table 2: Comparison of sulfide adsorption capacities fofedént adsorbents

Initial Adsor ption
Adsor bent Concentration  capacity Reference
(ppm) (mg/g)
Granular ferric hydroxide 19.8+0.6 29.1+0.6 (Sun et al., 2014)
(GFH)
Alg/lron Oxide-NP 64.3 136.9 (Pal et al., 2018)
Activated Carbon (AC) - 0-1000 58.8 (Hariz and Monser, 2014)
500°C
PGC 45 149.25 (Edathil et al., 2017)
(Achazhiyath Edathil et al.,
GSH Composites elesiSD BlO 2019)
(Achazhiyath Edathil et al.,
CeO-NiAl-LDHs coated 0.1 M 181.15
activated carbon 2019)
MnO;, nanoparticle 0-450 303.03 This work
MnO,PGC 0-600 526.32 This work
376 3.5. Reaction Mechanism
377 The MnQ-PGC composite was employed for sulfide removabiider to exploit the

378 advantages of the oxidative nature of Mn&hd the surface functionality of PGC offered by
379 oxygen functional groups. To further understande thmechanism involved in

380 adsorption/oxidation, it is of great importance understand the elementary reaction step
381 involved in the dissolution of crystalline hydraitEN&S in water. In aqueous alkaline solution,

382  dissolution of NaS solution yields sulfide§§g], bisulfides[HS;4] and aqueous #$ [H,S,q]
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(Linkous et al., 2004). Thus, the interaction oe tHissolved sulfur species with oxygen
functional groups present on the PGC and the Mm&hoparticles results in the distribution of
sulfides oxidation products over the composite aumut surface Th€(0") a4s) SPeCies which is
the oxygen-containing active sorption site andédical of the form C (O*) on the carbon
surface, are believed to be responsible for theessful adsorptive oxidation of sulfide to
different species such as elemental sulfur andwalsulfate. When aqueous hydrogen sulfide
ions contact the graphitic carbon surface, it ugdes oxidative decomposition to produce sulfur
atoms. Sulfur atoms react in a substitution reactiith the C(O) surface complex and in an
addition reaction with radical C* to form C-S corapés and continue until the formation of
elemental sulfur chains 5 The possible redox reaction involved in the fation of elemental

sulfur by PGC is illustrated as below:

HS™+ C(O*)(ads) - S(ads)+ OH™

1
HaS(ads) + C(0")ags) = 5 Se”+ H0 +C”
In aqueous medium, bisulfidé€$lS~) reacts with the oxygen functional groups to fornfusu
oxides,S0;(ags) andSO3(ags) and is as evidenced in the literature (Brazhnykl.e2007; Lemos
et al., 2012). These sulfur oxides further reachwvater resulting in the formation of sulfate
ions §037) that continues to react with calcium metal ionsspnt in the PGC matrix to form

calcium sulfates. XRD further confirms the preseoic€aS0,.

HS™+3 C(o*)(ads) — SO (ads)t OH™
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SO02(ads)t C(0%) (ads) = SO3(ads) +C*
SO3(ads) +H20 — 2H*+50,”
S0,% +Ca2* - CaS0,0.5H,0
The production of elemental sulf{83] by MnQ, proceeds through a series of surface complex

formation initiated by the adsorption of H8nto the manganese oxide surface followed by

oxidation as illustrated below:
S+ 2MnO0;(a4s)+ 2H,0 —» + 2MnOOH + SO+ 20H~
With MNnOOH as catalyst,

S2~+ 2H,0 + 0, — 2S°+ 40H"
- 2 1 0
Mnoz(ads)+ HS™ - Mn +(ads)+ 2H,0 +§ Sg
Mn?* (345)+ 2H20 <> Mn(OH)5(aq5)+ HY
ZMD(OH)z(ads)"' 202<—> ZMnO(OH)Z(adS)

ZMHO(OH)Z(ads) <> MnOZ(adS)* + H20

The adsorbed HSons also participate in redox reactions to formirgermediate metal
surface complex MnS that could undergo two differ@mmpetitive reaction pathways to form
elemental sulfur and sulfates through the formatibmero-valent sulfur intermediate (Herszage

and dos Santos Afonso, 2003).
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Mnoz(ads)+ HZO d MnOH2+(ads)
MnOH?* (445)+ HS™ = MnS(aq5) + H,0
MnS(aas) + H;0 > MnOHy(aqs) + S°

2+ 2+
MnOH; 445y > MnOH @®f“+Mn ()

S+ HS™ - HS;
HS; + 7S — Sg + HS™

MnOHZ(ads) + Mns(ads) + MHOH2+(adS) - 5042_ + BMHOHZ(ads)

S0,* +Na?* = — NaS04,q,

(aq)
Oxidation of Sga, HS;q and H,S,qspecies by Mn@PGC composites was experimentally
verified by the presence of sulfate in the forntalicium sulfate and elemental sulfur from XRD
analysis. Results from EDX also confirm the papttion of MnQ in the oxidizing reaction
resulting in the formation of various sulfur specién addition, with the deposition of Ma®@n
PGC, the maximum adsorption capacity was signiflgagnhanced when compared to bare
PGC, which was reported to be 149.2 mg/g (Edathile 2017). The high values of solid
adsorbent loading and negligible liquid phase douiim concentrations at low sulfide initial
concentration conditions are an indication of tlemfation of metal complexes, including
calcium sulfate wherein the rate of adsorptionasy\high relative to the rate of desorption. The
results obtained from XRD and EDX well support twnbined effect of PGC and Ma®@n
oxidation of sulfide molecules. However, technigtesdesorbing the sulfide contaminants from
the adsorbent needs to be investigated before eeg@nd reuse of spent adsorbent could be

envisaged.
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CONCLUSION

The feasibility of employing the MnE&PGC composite adsorbent for the removal of
hazardous sulfide components from aqueous systeaasnwvestigated through batch adsorption
studies at different process conditions. MifIC nanocomposite adsorbents were synthesized
via the in-situ chemical wet deposition method gsRGC derived from calcium alginate as
carbon precursor. The synthesized fresh composiespent adsorbent were examined using
TEM, SEM, EDX and XRD and revealed that the surfasedification of PGC by Mn©
nanoparticles helped in drastically enhancing tkelative capability of bare carbon. It was
found that the removal efficiency of the adsorbgas not affected by the solution pH; however,
it was dependent on the initial sulfide ion concatmbn. Kinetic studies inferred that adsorption
of sulfide ions by Mn@PGC composite was well-described by pseudo-seoothel kinetic
model, confirming that chemisorption controlled tlewerall rate of sulfide sorption.
Experimental isotherm data confirmed the suitabiit the Langmuir model for describing the
equilibrium conditions, and the maximum adsorptiapacity was estimated to be 526.3 mg/g,
significantly higher than that of PGC. Results aonéd that the high adsorption capacity could
be attributed to the reactivity of bounded Mn@nd oxygen atoms present on the active sites of
PGC with interconnected morphology that oxidizedfid® contaminants to sulfates and
elemental sulfur. In summary, the excellent adsegptharacteristics demonstrate that the
MnO,-PGC composites can serve as an adsorbent materisfmove hazardous sulfide

contaminants from aqueous solution.
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