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Abstract

The gelation of a low valuadded industrial waste, phenolic ¢RO), was successfully
carried out for the first time in the presence of an acid catahdtparaformaldehyd@F),
which is a byproduct of the formaldehyde industry. Therefore, the use of P@PRrdn be
considered a whwin situation andas an attempt to valoaghese ‘wastes' and integrate them
into a circular economyA broad range of formulations has been explored, and the optimal
preparatiorconditions in terms of° D W H bomiodgenefty and yield have been identified for
gelsdried in different ways, leading to xerogels, cryogels and aerpgslsvell as to their
carlobnaceous counterparts after pyrolysis at 900°C. The porous texturedatfeahenaterials
were studied in depth, and the reswtlowed selecing onecarbon xerogel foadsorption
studies ofa reference moleculenethylene blugMB), in the aqueous pha&s Kinetic and
equilibrium measurements, as well as the calculation of associated thermodynamic
parametersallowed elucidatingthe detailed adsorption mechanismsMB in this type of

carbon gel.

Keywords: Carbon gels Water remediation Phenolicoil; Adsorption thermodynamics

Methylene blue
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1. Introduction

Pekala et al.were the first to propose the synthesis géls based on resorcinol and
formaldehyd€1-3]. The principleof gel synthesis is similar to thaf resins, but uses a much
higher dilution of the reaive mixture Among the different types of phenolic resins, resoles

andnovolacs are the mokhown andsynthesisedy].

The polyondensation obuch organic precursond he crosslinking of theaesultant
oligomersgive, in the case of gels, nodulatructures having high surfaeeeaand porosity.
So far, nog of the first gels werdased orresorcinol or phenolwith formaldehyde ashe
crosslinking agens-7]. In this case, the gelati@tep is usually carried out aclosedvessel
under heating (e.g. &5°C). Before closing theystem a catalystis added to the mixf
precursor and croksker. The catalyst can be either acidic or basic (NaOHCRaand HCI
aremost commonly usedpB]. After aperiodvarying froma few hours toseveraldays, the
heating is stopped and the system is ofddre materialghus obtainedare called hydrogels
becauseheir porosity is saturated an aqueous phaséfter drying,the organic gelscan be
pyrolysed to obtaincarboraceousmateriab, whose resultant surface area typically ranges

from 500 t0800 nf g, and can reachvenmore than 2000 Ag™ after activatior{9-11].

Due to the toxicity and high cost of the usual precursors, many researches focused on
greener precursors and crdgikers. Many new? J U Hpt&gursorsuch agannins or lignin
were also usedn combination or not wht classical precursors (e.g. phenotesorcinol),in
order to obtain gel$12-18]. Regarding the crobeker, formaldehyde can beeplaced by
furfural, whichcanalsobe biosourced19-21]. Another approach woulde to usevaste from

the chemical industry to produce high add@tle méaerials such as porous carbon gels

Coal tar is obtained as a4pyoduct of coal carbonisation and it is submitted to different

processes for its conversion into valuable chemicals or light [22{86]. Coal tar distillation
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leads todifferent fractions, phenolic oil (PO) among thefm the best of our knowledge,
thereareonly two studesdealing withgels and carbon gels bas&alPOin the open literature
[27, 28] A low-value PO from the companyBilbaina de AlquitranestSA (BASA, Spain),
mainly containing phenol, coumarone,o,m,pxylene indane indene o,m,pcresol, and
naphthaleneghas beermsedin this workas carbon gel precursdrooking at tle reactivity of
these different components for the synthesis of gels, cansay that the use gfhenolfor
such applicatiorhasalready been well explorednd consistent resultaiere reporteds, 19,
21, 29,30]. Several authorBavealsosynthesied gels using cresol as precurgdi-36]. As

for indene, itcan react with phenol in acidic conditions to give indanylphenol. Some patents
reported that indanylphenol cére used to obtain resins and thass polymerie in acidic
conditions and under heating ¢2@0°C)[37, 38] Coumarone can also react with indene to
form coumaronendene resing39, 40] In addition, coumarone has also besed in the past
to produce phenahodified coumaronéndene resin§4l, 42] Naphhalene can also be fodin

in phenolic oilandis known to react witlepichlorohydrinto form exy that can eventually
polymeriseto epoxyresins[43, 44] If naphthalene is alkoxylated asdbmitted to special
conditions (multstep process, concentrated acid), it can condensatdonitialdehydd45].
The reaction ofpart of the naphthalene the PO used in this avk is thus not excluded
althoughits intrinsic reactivity is probably lower than that of theother chemical species

mentioned above

Thus,POshould besufficiently reactive andhenceworth testing for synthesisingels. The
main difficulties are thedifferent reactivitiesof the various chemicals contained in the
phenolic oil as well as their initial dilutiostatein less orevennonreactive species (indane,
[\OHQH« $adRalge Hhslynthesigng gels based on phenolic @l the hydrophobic
naure of thelatter, whichpreventgpropermixing with formaldehydegenerally in the form of

a 37 wt.% of solutionin water,stabilised byl0% of methanol Therefore a solvenbther than



88 water shoultbe used. Thus, amy studiehaveproposed the useof alcoholsassolvents €.g.
89 n-propanol, propaii-ol or isopropanol]7, 32, 46] In addition the catalyst should also have

90 good solubility vith the solvent anle preferentiallyorganic.

91 Once porous materials are successfully prepared, some applications should be considered.
92 Among them, water remediationis relevant andremains a hot topic. The removal of

93 pollutans from aqueousvastewaters indeeda problem of paramount importaneehethenn

94 the eventof an accidental spilbr for the permanent rewval of chemicals that are not

95 eliminated using @nventionalwater treatment technologies. The removath&fsechemical

96 species can be achieveding nanoporous matersakuch asctivatedcarbons[47], zeolites

97 [48], silicarbased materialsr even organic materialuch asorganic gelg49] or biomass

98 materialg[50-52]. Water pollutant€an beinorganic such as ions of heavy met§i3-55], or

99 organic,such asantibiotics[56, 57] or otherpharmaceutical componenfs8]. Despitethe

100 diversity of pollutant/sorbent systems presenteccimrentresearch worksmethylene blue

101 (MB) remains a reference molecule in the case of preliminary studies of liquid phase
102 adsorption of ionic and organic pollutanis9-61]. Even if many studies preseat the

103 characteristics ofhe MB adsorptionon carbonaaeus materials, onla few reportedthe use

104 of carbon geldor that purposg62, 63} In addtion, the thermodynamic modelssed ©

105 calculate enthalpyand entropy of adsorption are, according to some authors, often misused
106 [64]. The origin of sah errorsin estimatingthermodynamics parameters is due to the-non

107 rigorous evaluation of the equilibrium const§é4].

108 In this study, we successfully prepared carbon gels f@nand their application fothe
109 removal ofpollutans from an agueoushase was testdaly adsorption of MB In addition, ve
110 compard different approache® calculate the thermodgmic adsorption parameteasd we
111 were able to elucidate the detailed adsorption mechanisms of MB in this type of carbon gel

112  Enthalpy and entropy of adsorption weraculated over the full range of concentration and



113  equilibrium coverage and usimgo different methodologies$KH LVRVWHULF PHWKRG D (

114  Hoff equation.

115 2. Experimental

116 2.1. Preparation of organic gels

117 The composition of the phenolic o{PO) provided by Bilbaina de Alquitranes, S.A.
118 (BASA, Spain, used this work for preparing carbon gels given in Table S1
119 (Supplementary materiall.his POmainly contains phenoboumarongindene, mp-cresols
120 and ocresol at the following, respective weight fractiohd:8, 2.34, 11.54, 7.38 and 3.64
121  %. Coumarone, indene and phenol can form resins under specific conf&nkl, 42] In
122 addtion, in presence of Lewis acids (efpCk, AICI3) and alkyl halides (e.glichloroethane,
123 trichoromethaneg)indene can also undergo Fried&laftsreaction and form hypercrosslinked
124  networks[65, 66] For thesereasonstheir respective contents at@ken into account in the
125 reactive fraction.Thus the reactive fraction in thd?O is a priori expected tobe
126  approximatively 40nt. %, becausenaphthalendias not be takemto accounfindane isalso
127 assumed not to reaahderthe chosen synthesis conditipn$he rest of thé®O components

128 areconsideredolvens.

129 The catalystchosen and founduitablefor our system wagaratoluenesulpbnic acid,
130 PTSA (Merck®, synthesis grade, 98)% his is mainly due to ithigh solubility in organic
131 solvents andks strong acidic characteindeed,unlike inorganic salts (i.e., NaOH &iaCQO;)
132  or aqueous solutions containing acidic catalyst, (H€l or HNO3), PTSA is highly soluble in
133 organic solvents.In addition,PTSAis commonly used as catalyst fosslinkingreactions
134 to producenovolacresinsbased on hydrophobic precursors such as cardipl Similar
135 resins weralso successfullgonverted into porous carbon materig@8]. Paraformaldehyde
136 PF (Merck®, synthesis grade, 95 )%which is soluble in isopropanol (Carlo Erba,

137  spectroscopy grade, 99.8%vas useds crosslinker
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For describing the preparation of an organic dgeb et al. suggestedhe use of the
following molar rati: resinforming (possibly phenolicmonomes to catalyst (P/C)resin
forming (possibly phenolic)ymonomersto crosslinker(P/F), and dilution ratio (D = total
number of moles of solvet number of moles of reager, 69, 70] The P/C and P/F ratios
were fixedat aboutl5 and0.55 respectively while D was taken in theange0.5-1.8 The
ratios were calculatethken into accourghenol, coumarone, indene;prcresols and @resol
asresinforming monomersThe P/C and P/F ratios were fixed in order to evaluate only the
effect of the dilution on the textural properties of tieésgA representation of thesatios can
be found inFigure S1 (red dashed linespndTable 1showsthe formulations testedrigure
Sla shows the decrease of the reagent content (PF: total mass of g¢sz@nforming
monomers and paraformaldehyde) téatamass of resin) while the 81shows the linear

increase of D.

The general preparation protocol is now described: isopropyl alcohol (IPA) was first
vigorously stirred with PO during 2 min in a 50 mL kea Then, PTSA was added and
dissolved in the blend by vigorous stirring for 2 to 5 minutes. Finally, paraformaldehyde was
added and the mixture was vigorously stirred once more. At room temperature and in such a
proportion, the solubilisation of parafoatdehyde is very difficult to achieve. Thus, the
stirring was stopped when a large fraction was already dissolved and when the other fraction
was well dispersed (no agglomerates) in the solutiehO(Bnin stirring). During the whole
mixing step, the beakewas covered with an aluminium foil in order to minimise the
evaporation of the solvent and other volatile species (the temperature of the room was also
kept at 15°C for this purpose). Then, the mixtures were poured into test tubes (at 90% filling)
that wee hermetically sealed afterwards, and put in a ventilated oven at 85°C. After 30 min,
the tubes were shaken vigorously by hand to dissolve completely the paraformaldehyde. Then

the samples were left to gel at 85°C for 5 days. The gel formed aBeta¥®s but curing



163

164

165

166

167

168

169
170

171

172

173

174

175

176

177

178

179

180

181

182

continued for 5 days to obtain well polymerised arusslinked materialAfter hardening, the
sample tubes were broken; the gels were cut into centisietd cylinders and washed under
stirring with absolute ethanol (Carlolia®, 99.9%) fol5 days (orbital shaker, 90 rpm, 30°C).
The ethanol was renewed every day. Note that, because noweatgsed in the preparation

process, the resultant materials cannot be called hydrogels but are solvogels instead.

Table 1 Composition of théormulations tested

Formulation Isopropyl Para- Isopropanol
name alcc?holp(yg) formaldehyde (g) PTSA(g) PO(9) fractign ?wt. %)
59 5 3.123 0.64 15 21.04
759 7.5 3.123 0.64 15 28.56
10g 10 3.123 0.64 15 34.77
125¢g 12.5 3.123 0.64 15 39.98
15¢g 15 3.123 0.64 15 44.43
175¢g 17.5 3.123 0.64 15 48.26
209 20 3.123 0.64 15 51.60

2.2.  Drying and pyrolysis of organic gels

Convective dryingleading toxerogels,was carried out in an oven f@r days at B°C.
Since conventionalrging may induceahe collapseof the pores due to capillary forces exerted
at the interface between the solid and the liquid being evaporated, the revaltarmals may

be less porous than desired, and thereforeeamh high specific surface areas

Two other dryingmethodswere thus investigatedto minimise the collapse of the pores.
Cryodesiccation or freezdrying, leading to cryogelsavoids the formation of thé&quid
meniscibut form ice crystainstead.If water ispresentthese crystalmayincrease the pore
size andhereforeproduce materials with a rather coarse porous texture. Morewaekscan
appearin the cryogel and form3megalopore§ P L O O-sizeH \poks).Prior to the
cryodessication, thethanolwas thus exchanged witteither ultrapure water otert-butanol
(tBu) (Acros Organics®, 99.5 %, extra pufej 3 days. The advantage t®u is to avoid the

formation oflargeice crystals in the material while the advantageishgwater is its low

9
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cost. The cryodesiccation was carried ouaiIHETO PowerDry PL6000 freezdryer. First,
the mateals, impregnated with water tBu, were frozen att90°C for 24 h and evacuated at

10 Pafor 3 days.

The last drying method involves a supercritical fluid and leads to aerogelsand
supercritical CQ (critical point 31°C 7.3 MPa) istte most used for this applicatidfirst,the
ethanolwas exchanged with liquid COwhich wa then heatedp to 40°Cin order to reach
supercritical condibns. After this step, the pressure sislowly (0.04 MPa miff) decreased
to pass fronthe supercriticalstateto the gasousstate. In thisvay, no liquid/gas interface
appeas and dryingcan be theoretically achievedthout causingcollapse and damage the
pore structureThus, this method is supposed to preserve the textural properties of the gels.
The processwas carriedout in an Autosamdri815 Tousimi® critical point drier The
exchange oéthanolwith liquid CO, was carried out 4 times befar@singthe temperature
40 °C.Additional details about the supercritical drying procedure can be found elsdW&hlere

[13].

After drying, the materials were pyrogd in a tubularfurnace, using ajuartz tube
(diameter 25 mincontinuously flushedvith nitrogen(100 STP crif minY). The heating rate
wasset at2°C min™ up tothe final temperature (500°C, which was held fah. The later
temperature was selected in order to ensure a high final carbon cigd®, 27]and a
developed texture, which can be analysed by DFT models that were indeed developed for
materials containing quasiclusively carbor{72, 73] The carbon gels were named by a
letter (A for aerogel, C focryogel X for xeroge), followed by the mass of phenolic oil as
indicated in the formulations detailed in Table 1. For instance, X _12.5 is the carbon xerogel
obtained by convective drying of tharganic xerogel called OX_12.5 in the following,
derived fran the formulation 12.% (itself named from the initial amount of IPA that had

been usedjind submitted toarbonisation at 900°C.

10
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2.3. Characterisation

2.3.1.Weight and volumes changes
During pyrolysisa partial gasification of the materidaékesplace, and they therefolese

weight The carbon yield,y, of the pyrolysis is expressed

‘a,.,,\\-\,,,\
;éiéL \NOU”(YIUUHSI‘I’ (1)
A000RDBx

wherem are masses measured before and after pyrolysis.

During drying, the materiatan shrink bothdue topore collapse and desorptiorf the
liquid from insidethe solid matrix (urswelling effect).During pyrolysis, gasedgavethe solid
matrix and thenetwork shrinks furtherin both cases (drying angyrolysis), the radial

shrinkageof the samples is quantified by:

4599(2[6]0005?&&001“3” (2)

lovoroix
where 4 §. . ggpresentshe radial shrinkage for a synthesis step (drying or pyrolysis)|and
stands for the dimeter of the sample (initial @nal).

2.3.2Ultimate analyses

Ultimate analyses of samplésr the determination of their elemental compositere
carried out witha CHONS elementanalyer (Vario El Cube, Elementpas reported elsewhere

[74].
2.3.3Electron microscopy observations

Scanning electron microscopy was used for the determinatidh@P SOHVY PRUSKRORJ
using a FEI QUANTAGB00FEG microscope and a secondary electrons defetdiional

information about the model of the methodolagy be found elsewhefg5].
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2.3.4Gas adsorption

An automatic adsorptiodevice (ASAP 2020, Micromeriticsvas used for the textural
characterisation of carbon gelBhe samples werdegassed under vacuum at 150%dl the
pressurestabilised at about 0-D.4 mPa for more than 48 h. Further degassing was carried out
at the measuringort for at least6 h. The coldand warm volumes were determined after
nitrogen or carbon dioxide adsorption to avoid helium entrapment in the narrowest pores. The
analyses were carried out by nitrogen aadbon dioxide adsorption at196°C and 0°C

regectively. All the data were treated using the Microa®igeftware from Micromeritics.

The surface area calculated by the BrundummettTeller (BET) method,Ager, was
obtained using the BET equation in the appropriate range of relative prgS€)réger was
only determinedo compareour results with those reported in the literature, and not used here
for other calculatiors because of the corresponding whallown underestimationor
overestimationof surface areay the BET equationwhen dealing withmicroporousor
mesoporousnaterials respectivelyThe micropore volumes were obtained using the Dubinin
Radushkevich\{ .pr) equation andwere also given for comparisonwith the literature[77,

78]. The pore size distributions (PSDs) were obtained usieagonlocal density functional
theory (NLDFT) from the Solution of Adsorption Integral Equation Using Splines
(SAIEUS®) routine. SAIEUS® has the advantage of combining both &@ N adsorption
datato obtain more accurate PSP®, 80] The smoothing parametemwas set constant and
equal to 4for all the samples in order to allothe comparison between different PSO%is
value is the most common and the lowdsfinedby the SAIEUS® routine for our set of
samples. The average micropdtg.niprr), mesopordLmes) and totalpore (Lior) Sizes using
NLDFT and volume ¢V) weightingwerecalculated using #81PSD. The NLDFT method was
also used to determirtbe surface are&y.prr by integrating the PSDs over the whole range

of pore sizesThe Barrett, Joyner and Halenda method (BJH) was also used to calculate the

12



255 mesoporous volumes frothe desorption branch of the isotherii@d]. TheBJH results were

256 refined byusingthe Kruk-Jaoniec and Sayaoptimisationmethod[82, 83]

257 Finally, a comparisownf the different modelsvas made: (i)dtal pore volumegsaccording
258 to Gurvich Vp/po=0.98) and NLDOFT; (ii) surface areas, from the BET methanrttithe NLDFT;
259  (iii) microporevolumes,from theDR method and th&ILDFT; (iv) mesoporesolumes,from

260 NLDFT andthedifference betweeNp/p--o9sand the microporeolume fromthe NLDFT.
261 2.3.5.Potentioméic titration

262 The potentiometric titratiofior the determination of the surface chemistrgs applied
263 only to thecarbon gehavingthe most developed textural properteasl synthased with the
264 cheapesprocedure It consisted in the titration of an acidic solution (pH8) of 25 mLin
265 which 1 g of carbonaceous matenaas dispersedefore this initial pH adjustmemtith 0.1
266 mol L HCI, the solution waslegassed during several hours using argon bubbling in order to
267 remove the solubgded CQ. The titration was carried out usisgdium hydroxide (NaOH, 0.1
268 mol L™) as titration agent. In order to obtain a highmber of titratiordata (200 poins), an
269 automatic titration systenTitrando 905, Metrohinwas usedEach point corresponds to the
270 pH value of the solution aftexdding 0.01 mL oNaOH solution. The titratiomurve gave
271 access to the protdminding isotherm which can beanaly®d either by using its first
272  derivative or by using adeconvolutionmodel giving access to theK, distribution of the
273 materid [84].

274
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2.4. Methylene blue adsorption
2.4.1.Kinetics studies

Kinetic studiesof MB adsorptionconsisted in measimg the MB uptake byhe X 12.5
carbon gelup to 25 h, usinga thermostatic batl26°C) under stirring.For that purpose,ma
accurately weighted amou(®) of 12.5 X carbon gel (20 mg) previously died (24 h,
105°C) ,was introduced into conical flasls containing 50 mLof an aqueous solution d#1B
(bi-distilled water, pH C5.8). Theadsorption experiments weperformedby consideringwo

different initial MB concentrations§) of 10 and 90 md. ™.

Thetemporalevolution of the concentration of MB in the solution wasasured during5
h, using a UWVis spectrophotometdt.ambda 35Perkin EIme) at a wavelength of 554 nm,
corresponding to the maximum absorbance of MB. This optimal wavelength was previously
evaluated by measuring the absorption spectrum of an aqueous solui af 10 mg L.
The absorbance data were then converted into concentration using a calibration plot, built for

the MB concentration range from 0 to 10 mg L

During the whole adsorptigorocess, the conical flasks were totally covered by aluminium
foil to avoid MB photedegradation under UV light. After adsorption, appropriate dilutions of
MB solutions were performed for respectihg linearity of Beer/ D P E H U WTh¥ali3dhZe
of pH dift during the experimentvas checked byneasuringthe pHwith a glass electrode
before and after the adsorption proc83se adsorbedmouns at timet and at equilibriumg;

andge, respectively, werealculated asdillows:

l\é L : Qj’.;(?g; I 3)
Ny L2t 4)
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where %; 7% and 7are the initialconcentrationthe concentratioat a giverntime P andthe
concentrations aquilibrium, respectively 8is thevolume ofthe MB solutionand 9 is the

dry weight of carbon gel.

The modellingof the adsorption kineticwas carried out using the psetifitst (equation

(5)) and pseudsecondequation(6)) ordermodels[85]:

b ¢
jl:54 (5)

Z %F M; L Z % F

(6)

where G and G are the rate constants of theeudefirst or pseudesecond order kinetic

models respectively

The quality of the fitwasassessed e determinatiorcoeficient (R2) and the cksquare
(P) value of the associalelinear plots.In addition, the clssical intraparticle diffusion

model was also applig86]. Thecorrespondingquationreads
M L - P2 E 4 (1)
where - (; §s the intraparticle diffusion constant andjs the diffusion resistand&6].
2.4.2. Equilibrium adsorptiostudies

The equilibrium poird were obtained usinfj0 mL of MB solutionwith concentration®f
10 to 180 mgL™ while the amounts of carbon were in trenge of 0.3 to 0.6 ¢ The
equilibration timewas set afive days at least The adsorption experiments were carried out
at three different temperaturedx’C, 25°C and 45°Cand a constant pH (5. The glas
vials containing the suspensgf carbon gel in MB aqueous solution were Keptmetically

sealed angrotected fromight during the whole adsorption process
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Three different adsorption models were selectedundlich Langmuirand Sips The

Freundlich(equation(8)) and the Langmuifequation(9)) adsorption modslread as follows

Joxa 0, :%:° (8)
A, G
Joxd Ongrsrs 9)

where nygs is the adsorbed amount at equilibrium, &g > 0z and - 4 are constantsOz

represents theaximum adsorption capacity anrdgis the Langmuirian equilibrium constant.

The Sips modehklso called_angmuirFreundlichmodel is definedas follows:

Ag Gy Y
Joxdk 0 52— (10)

where 0j, s J and - areconstantsThe isotherms were directly fitted using the Levenberg
Marquardt algorithm implemented in the Matlab® software. The relevance of a specific
model was evaluated lpserving thealues of determinatiocoefficient (R) andChi-square

( B) of the fits

2.4.3. Thermodynamic studies

The free energy of adsorption is defirngdthe following equation

() oxad F46Z«-; (11)

where - is theequilibrium constant while4 and 6 arethe universalgas constarandthe
absolute émperature respectively Sometimesthe equilibrium constant is defined using a
distribution constanfequatiors (12) and(13)). In this case, the distribution constant is defined
as the ratio of the adsorbed amo(mt in mgg™) to theequilibrium concentrationc{, in mg

LY. Another definition of the distribution constames thexdsorbed amountds, in mgL™)

(equation(13)). Some authors suggest that thestngorous method consists Using Cags
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339 instead ofge [64]. Consequently, the definition diie distribution constant given by equation

340 (13) is the only one used here for further investigation.

oL
341 5 (12

oo Qe
342 L% (13
343 The free energy of adsorption is also equal to:
344 ioxd ¢*oxdE 6ixa (14
345 Thus, plotting ¢) ¢ x @S a function of temperatugives access to the enthaliwough the

346 intercept( * g x)0f the linear regressiorgnd the entropy of adsorptiorthrough the slope
347 (Do xke

348 These results were comparedthose obtained using the isosteric methdhsed on the

349 assumptionof thermodynamic equilibrium

350 &) oxa T (19

351 This conditionguaranteeghe validity of theClausiusClapeyronequation. Once derived,

352  ¢*«isobtained74, 87}

il
353 (*oxd FAG@SEA (16)
354 The isosteric heat is defined by:

355 Mool Fé*oxe 17)

356 The isosted heatof adsorptionwas obtainedby plotting the quantityZ *?; as a function of

357 1/T. The equilibrium conditioralso givesaccess to the isosteric entropyaofsorption

358 (S LN (18
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Suchan assumption is only valid at equilibrium andtie expression of the wethown
entropyenthalpy compensation princip[88]. As the range of temperature is likely to be
considered small (i.e15 £45°C), theadsorptiontemperature will be considerg¢d be equal
to theaverage of théhreetemperatureused for theadsorption isotherm§ heisostericheat
andthe entropyof adsorptiorwere bothestimated afterassessmendf the quality of thdit,

usingthe most relevaradsorption model presented above (Langmuir, Freundti&ips).

Some authors report* ¢« @S theenthalpy of displacemenindeed, it refers both to
desorption of solvent molecules (i.e., water) from the adsorbent surface andrgatiadsof
the solute (i.e., MB)89]. In this case, the thermodynamic quantities restdm both a
dilution effect the solvent being desorbed frothe sorbent surface) and an adsorption effect
(the solute beinglesolvated anddsorbed on thsorbent surface)lohnson et al. used similar

terminologyto presenan equation similar to thatsed for thasostericmethod[90]:
Ei- Ljl:0;
ixabled Fo- @T'AQI (19)

where ¢ 3 % Is the displacement enthalpy cdmpound 1 (solvent) by compound 2 (solute)

obtained using the isosteric method? is the volume fraction of compoundin the bulk
phaseand =} is theactivity of thecompound 2n the bulk phaseat constat molar fractionTg)
of solutein the adsorbed phask the assumption of L Q | L Q L W Hsush éyxathvdh Ba@ be

reorganiedand reduced to the followirgguation whichis similar toequation 16) [91].
ixaled F466@"!;—1/D;Aa9 (20)

Thus, the isesteric method must have the characterisiica displacement enthalpy.
Therefore the thermodynamic parametearalculated herere only apparentSuch apparent
thermodynamic parameteage supposed to include bo#sorptionof soluteand desorption

of solvent. Thus, the terms displacemenadsorption will be interchangdghused here.
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382 3. Results and discussion

383 3.1. Main characteristics of solvogedsid carbon gels
384 3.1.1.Colourand homogeneity of solvogels

385 The ¢l synthesismethodis summaried in Figure 1. The gdés hal a colar going from

386 darkbrown toalmostwhite (Figurelb), depending on the amount of solveBelow5 to 7.5 g

387 of isopropanol (229 wt % of theformulatior), demixingoccurred duringyelation,leading

388 to two different phasesitheformulation 5 g(seeFigures S2 and }bAbove 15 g of IPA, the

389 obtained material was also heterogeneous. The concentrations of the precursors of the resin
390 indeed became too low to reach the gel point. As a result, the gel was heterogeneous with
391 some parts resembling agglomerated flakes (seeufatibns 15 g and 17.5 g iigures S2

392 and 1b). Between 7.5 and 15 g of isopropar@%44 wt. %), the gels had homogeneous

(a)

Base of the resin (phenolic oil) Catalyst
OH

U§/f('
ENESE

Phenol PTSA °9 759 1091259 1991750

(p- Toluenesulfonic acid . - - . . ' (c)

Crosslinker Ex 1259 Aero

o-cresol P and mcresolll Paraformaldehyde Ep

D CD|== @issnss i

Coumarone  Indene )i | l“ U ] l '1 : Gels: Aerogels,
' I

cryogels and

( ) Isopropanol Solvogels xerogels
+ other organic solventd |

(Naphtaleng m"”fﬁgﬂﬁﬁjﬁ;“"” n| 85°C, 5 days Solvent exchange
Gelationand curing & drying

393 appearance and a light brown to orange colour.
394  Figure 1. Schemeof thegel synthesis(a) main compounds of phenolic oil; (bhotograph of

395 thesolvogelsn theirteststubes and (c) photograph of the 12.®yanicaerogel
396
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After drying, the aerogelgetaired colours and homogeneitysimilar to their wet
counterpartsDue to the formation of ice crystals and stresses induced by capillary forces, the
cryogels and xerogels sufferedrimkageand cracls, respectively. After pyrolysis, the gels
were blackand had the usual glasswppearance of conventionehrbon ged of phenolic
origin.

3.1.2. Yield and shrinkage

The srinkage of thegels during dryings due toboth thecollapse of the pores aride
evaporation of thesolvent Figure 2a showsthe shrinkage of the different solvogels during
drying. As expected,he shrinkagewas higher for convective drying (xerogels) than for
cryodesiccation (cryogels) and supercritical drying (aerogkelsyvever, when usingnore
than12.5 g ofisopropanalthe shrinkagevas similar for algels, which could bexplained by
the higher rigidity of thepartly phaseseparated (flakéke) structure obtainedsee again
Figure S2) The shrinkage of the gels during the supercritical dryiagslightly higherthan

during cryodesiccatiowith water as solvenabout7.5 %

a. b.
35 |® Xero — 80
4 CryotBu X 70 - B

=30 - * Cryo H20 = E & g B ..
=X = .
=- 25 ° Aero’— e Eﬁ 60 l.!‘ """" ) a l

4 -
% s s =50 ° ° .
] r \ - ’
€20 .
£ \ ®40 | ‘
- 15 - 'S E
© " 5 30 m  Xero
—— ~ w
-] ~ 7]
2 10 - . . ~ 820 - A Cryo tBu
e R S " o CryoH20

5 - _ ~ _ & 8 10
.- L ERE SRR Sy s e Aero
0 T T T T T T 0 T T T T T T
2.5 5 75 10 125 15 17.5 20 25 5 75 10 125 15 175 20
Initial isopropanol mass (g) Initial isopropanol mass (g)

Figure 2. (a) Radialshrinkage,and(b) weight loss during dryingf organic gels, depending

on the amount of isopropyl alcohol in the formulation

The shrinkagehat occurduring the cryodesiccation dependea the solventKigure 2a).
The use of wateinstead of tBulecrease the shrinkage by almost 5%his can be explained
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by the size of the water ice crystalghich are the largesindburstthe material structure, and
which somewhat compensatéhe shinkage occurring during drying due to solvent
desorption For cryodesiccation, the shrinkages of the twe sétmaterials (CryotBu and
Cryo_H,0 in Figure 23 were similar when usingmore thanl5 g of isopropanol irthe

formulation probably due tane higher rigidityof the separated phases mentned above

The weight lossduring drying gives information othe porosity Despitethe different
solvens used inthe differentdrying methods theweightlosseswereremarkablysimilar and
independent of the dryingode(Figure2b). Theweightloss increased from 50 to 85 when
the amount bisopropanol increasefiom 5 t012.5 g. As the shrinkage variedlittle in this
range foraerogels and cryogelg can be concluded that the porosity increasethis range
of isopropanolamounts Above 12.5 g of isopropanol in thermulation the weight loss
decreasedHowever, this indicates thadue to phase separation aamtdeastfor cryogels and
aerogels the porosity decreaseghen theamount of solvent increasédo much At this
point, an assumption can already be made: the materials syrgdesigh an amount of
isopropanol close to 12.5 gjould have themost developed porous textudeie to their

combinedhighestweightloss and lowst shrinkage.

Figure 3 showsboth the carbon yieldndthe radial shrinkagewhen the organic aerogels
have been subjead to pyrolysisA minimum carbon yilel was obtained when using 12.91
isopropanol while he shrinkageshowed opposite behaviour. Maximumshrinkage was

obtained when using0 g ofisopropanol.
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451  Figure 3. Carbon yieldYcarn) andshrinkage during pyrolysis
452 3.1.3. Elemental composition

453 The elemental composition ohethe carbon aerogelas well as that of tworyogels and
454  one xerogel based on the formulation using 12.5 g of IPA are presentddble 2
455  Concerning the latter formulation, the composition of one organic xerogel is also given.

456 Table 2 Elemental composition the gels and of the IRdsganic xerogel

H C N O S
(Wt.%) (wt.%) (wt.%) (wt.%) (wt.%)

OX_12.5 (organic xerogel) 6.2 78.4 0.6 13.6 1.1

After carbonisation

A_75 0.7 955 07 3.1 0.0
A_10 0.7 950 0.8 3.4 0.0
A_125 06 950 05 4.0 0.0
A_15 06 945 0.8 4.1 0.0
A_175 0.7 943 08 4.2 0.0
C_H,0 125 06 947 05 4.2 0.0
C_tBu_125 05 955 0.5 3.5 0.0
X_125 06 947 05 4.3 0.0

457
458 The organicxerogel OX_12.5alreadycontains a high percentage of car@®.4 wt. %)

459 comparable to that ofheé PO. Indeed, i we consideronly phenol, em-p cresolsand
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460 coumarone as reactive species in @@ the elemental composition of the reactive fraction
461 would beC: 77.45 wt. %H: 6.68 wt. %,andO: 15.87 wt. % Thesepercentagearethusvery
462 similar to those of the organic xerogel & 12.5 presented inTable 2. However the
463 percentagef carbon inOX_12.5 isslightly higher tharthe last calculatedsuggestinghata
464  small fraction ofindene could still react. In addition, the presencsutfphursuggestshatthe

465 catalyst (PTSA) coulgartly bereacedwith, or at least, be trapped,ithe solid matrix.

466 The carbon contentn all the other gels, around 95 wt. Yadicates that the maials

467 obtained after pyrolysiseallydeserveEHL Q J QcaAlfohsG 3
468 6DPSOHVY PRUSKRORJ\

469 SEM images Eigure 4a) revealedhe expected nodular structure, very typical of phenolic
470 gels, with nodule sizes far below the micrometre. After digital filtering, binarisation and
471 application of a particle detection routine (ImageJ software), the size distribution of nodules
472  could be olined Figure4b). While largecarbon aggregates (up to 500 nm) can be noticed,

473 the smallest ones have an average Fkasteter close to 150 nm.

b'
= 0.1
z Single nodules
S 0.08 (r80nm)  Small aggregates
o (= 150 nm)
) /
o
c 0.06 .
a Big aggregates
9;.’_ 0.04 (up to 500 nm)
L
[S)
£0.02
"
c
7]
Q o

0 100 200 300 400 500
Feret's diameter of nodules (nm)

Mag= 50.00K X w2000y 3.00 kV WD = 6.0 mm InLens
474

475 Figure 4. (a) SEM imaging otthe X_12.5 carborxeragel, and (b) size distribution of its

476  carbon nodules
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The smallest observable structures are the individual carbon nodules. Their average Feret

diameter is close to 80 nm and is similar to what is observed in other carbon gels derived from

resorcinofformaldehydd92] or tanninsformaldehyde resind 3].

3.1.5. Textural properties

Figure5a showsthe nitrogen adsorptiolesorptionsotherms (at+196°C) made orcarbon

aerogels. The final adsorbaghount, at P/f= 0.98,increasedrom 18 to 187 cthSTPg*

when the amount of isopropandhcreasedrom 7.5 to 12.5 gand decreased @4 cn? STPg

! when 17.5 g ofsopropanohave beemsed

200 KA X A_7.5
¢ Al0 90 |+ A_10
A A_125 Al . o
= 175 1o as A = 80 —: 2:1:5 /x : x
"3: 150 2 A4S ; M: 70 1@ A175 m
=< 125 g; 60
- _
< 100 | S >0
2 940
2 5 30
3 3
<L < 20
= 10
0 T T T T T 0 T T T
0 0.2 . 04 06 038 1 0.01 0.02 0.03
Relative pressure (P/P°) Relative pressure(P/P°)
012 s d.
=< X A_75 | < 00014 * A_T.5
% 01 ¢ A10 | % * A_10
T A A_12.5 ¢ 0.0012 A A_125
< eAls |2 e A_15
v 0.08 o A175 g 0001 @ A_17.5
3 3 0.0008
= =
g 5 0.0006
o o
= £ 0.0004
@ &
g g 0.0002
a a 0

0.5 1 15 2
Pore size (nm)

100

7 12 17 22 27
Pore size (nm)

Figure 5. (a) Nitrogenand (b)carbon dioxideadsorption isothermsf carbon aerogelsand

corresponding (anicroporeand (d)mesopore sizdistributionscalculated byNLDFT.

The N, adsorption isotherms &&_7.5 andA_15 carbon aerogels apre type ka [93],

with anarrow knee at low pressure aag@erfectly horizontal plateawhich is characteristic
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490 of microporoussolids The isothernof A_17.5is acombination oftypes laand 11[93] and

491 showsa sharp knee and nonhorizontal plateauwhich is characteristic of solids with a
492  narrow microporosity andnesoporosity The isotherms oA_10 and A_12.5 are of mixed

493 types laandlV [93]. Indeedthey both exhibit a sharp knee and a hysteresis at relatively high
494  relative pressuresndicatingthe development ofiide mesoporesCarbon dioxide adsorption
495 isotherms Figure5b) give access tahe amount of ultramicroporesd so thus show thdte

496 ultramicroporous volumencreasedwhen the amount ofisopropanol in theformulation

497 increasedto 15g Higher amounts of isopropanotesulted in areduction in the

498  ultramicroporous volume

499 Table 3shows he BET areaAger) of the carbon aerogels. An optimumAger is located
500 betweerformulations12.5 and 15 gwith similar area 593 and 594 mg™, respectively. This
501 observation of an optimum is consistent with the previous analysis efatierms Figures

502 5aand5b).

503 Figure 5¢ presents the micropore size distributions of the carbon aerogels obtained using
504 the NLDFT model applied to bothnitrogen and carbon dioxide adpbon isotherms. The

505 texture isin good agreement with the basic analysis of the isothepresjominantly

506 microporous for mostaterials. In the microporous range, the pore siggibliutions (PSDs)

507 are unimodalith a single peak in thpore size range d3.4-0.6 nm which changes only

508 slightly with the amount ofolver in the formulation However,the PSDsbecamebroader

509 when the amount of isopropanntreased from 7.5 to 12.5amdnarroweragainabove 12.5

510 of isopropanolOnly thecarbon aerogels derived from thé g and 12.5 gprmulatiors hada

511 slightly mesoporous texture with some peaks between 6 and 30 nm but with a very low
512 amplitude Figure 5d). These very low amplitudes confirm tipeedominantlymicroporous

513 natureof thecarbon gel texture
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514 Table 3shows tha®seris much lower (6849 nf g™) thanSuper (192948 nf g*) due to
515 the limitations of the BET method together with the limitations of nitrogen diffusios at
516 196°C. Thus, the combined use of £&hd N adsorption isotherms in the NLDFT model
517 allows a moreaccurate description of the texture, and is more likely to take into account the
518 smallest pores. The total pore volumes obtained according to the Gurvich méghegl &nd
519 those obtained using the 2MILDFT-HS (Vio) were similar, but the DR method, ajgol only
520 to N, adsorption, leads to an underestimation of the microporous volumeQ@®2ni g*)
521 compared to the NLDFT method (0-045 cni g*) that takes also into account the fraction
522 of micropore volume only accessible to £Q.ogically this undezstimation of the
523 microporous volume by the DR method leads to an overestimation of the mesoporous volume
524 (calculated a$/meso= Viot 98 £V _pr) compared to that obtained using the NLDMhds).
525 Therefore, the average micropore sizeobtained using the NLDFT model was considered
526  the most reliable.
527 Table 3. Textural parameters of the carbon gedfculated bylifferent methods.
Textural parameters (classic8llLDFT)
Aget/ SuoeT Vtot_98/ Vtot_NLDFT V.;DR/ V.;NLDFT Vmeso/ Vmeso_NLDFT LO_DR/ Lo (dV)
Materials (m* g7 (cm’ g7) (cm’ g) (e’ g) (nm)
A 75 68 /192 0.04/0.04 0.03/0.04 0.01/0.00 0.52/0.44
A_10 200 /401 0.11/0.11 0.08 /0.09 0.03/0.02 0.50/0.46
A 125 593 /860 0.29/0.29 0.23/0.23 0.06 /0.06 0.47 /0.59
A 15 595 /921 0.24/0.24 0.23/0.24 0.01/0.00 0.46/0.54
A 175 102 /299 0.07/0.07 0.04 /0.07 0.03/0.00 0.47 /0.44
C tBu_12.5 649/948 0.32/0.32 0.25/0.25 0.07 /0.07 0.48 /0.58
C H,O 125 629/908 0.31/0.31 0.24/0.24 0.07 /0.07 0.48/0.60
X 125 620 /891 0.34/0.34 0.25/0.24 0.09/0.10 0.89/0.62
528
529 The PSDs of the materials in the mesopargge were also estimated by applying the BJH
530 methodwith the KJS correction to the data of thetrogen desorption branches of the
531 isotherms Figure S3). Due to the inaccuracy of the BJH method, only the carbon aerogels
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Pore volume (ecm3.g?)

derived from the 10 g formulation gavesults that were consistentth the 2D-NLDFT-HS

method. Indeed, thmaterial A_10 is the aly one having anarrow PSDin the mesopores

range (ith peaks well locateth Figure ). For all the other materials, the low volumes of
mesopores as well as their very broad and dispersed character in terms of PSD make the
application of the BJH methaghsuitable and inconsistent with the results obtauaiti the

NLDFT method.

a. b. c.
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Figure 6. Pore texture of carbon aerogels as a function oftheuntof isopropanol in the

formulation (a) total pore volume\(;t), mesoporevolume {mes9d, mMicroporevolume ).

and total specific are&gf;); (b) average microporel) andmesopore l(mes9 Sizes; and (c)

total average pore sizé«). All the values were obtained using data from the PSD obtained

by application ofthe NLDFT model The pore sizes werealculated using volumedY)

ponderations

Figure 6a shows that the maximum pore volume is reached for A_12.5 while the maximum

of NLDFT surface area is reached for the A 15 material. Indeed, A 12.5 has a lower

microporous volume than A 15, but the latter does not present any mesoporosity. Bigure 6

shows that the largest average micropore size (0.59 nm) was obtained with A_12.5, while the

maximum average mesopores size (15.5 nm) was for A_10. The optimum of average total

pore size_ (around 3.4 nm, see Figure 6¢) corresponds to A_10 and A Tt®Eefore, the
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551 material chosen as the most desirable for liqphdse adsorption of organic molecules was
552 the carbon aerogel A_12.5. This material indeed has the best balance between pore volume,

553 surface area and pore size.
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554

555 Figure 7. Poretextures ofcarbonxerogel, cryogel and aerogaérived fromthe formulation
556 12.5 g Pore size distributionga) in the mcropore range, and (b the mesopore range,
557 according to NLDFT (c) Total pore volumesMy), microporous Y ), mesoporous volumes
558 (Vmesd and NLDFT surface areas; (Qverage mesopore§q{es9, micropore o) and total

559 averagel() pore sizes.

560 When comparing the impact of the drying method for the same formulation 12.5 g, it can

561 be noted that all the isotherms are typdMaFigure S4a).Even if the isotherms exhibit
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similar adsorbed amounts for the different carbon gels, some differences can be seen.
Surprisingly, the carbon aerogel had the lowest adsorbed volumes of all these carbon gels.
According to the C@ adsorption isotherms (Figur@4b), the volumes of ultramicropores
were similar whatever the drying mod&gures 7a and 7b show that the PSDs of the carbon
gels derived from the 12.5 g formulation are comparable despite the different ways of drying
used for their organic precursofithese PSDs are indeed unimodal in the range of micropore

sizes, have similar amplitudes, and the position of their peaks is located-at4645m.

As for the aerogel@Figure5c), the PSDsvere narrow andery similar in shape, position
and amplitudeThe comparison of the main textural characterisfiotal pore volume ah
specific surface area) @frbon aerg xerc, and cryogels can be found Figure 7c andin
Table 3 First, the specific surface areas are similar and irréinge of 860 t®50 nf g*. The
same observation can be maatethe totalpore volums, which are between 0.2%nd 034
cm® g*. Thereforethe dryingmethod hadx moderate effect on the textural properties of the
final carbonmaterials.This is due to theessentidy ultramicroporous nature of the texture of
the gels. Indeedn sucharange of pore sizes, no menisgie formed duringhe drying step
and,therefore it is unlikely that apore collapse mechanisoould occur in such small pores.
Figure7d and Table 3show theaverage pore siz@ the micre and mesporesranges. The

carbonaerogels the materiathatexhibitedthe highest average mesopores size.

Giventhe small differences texture anctonsidering thelrying costithe X _12.5 material

was thus choseto performthe MB adsorption tests
3.1.6. Surface chemistry

Figure 8ashows the protobinding curve,expressed in mmol of NaOH per gram of
carbon gelQ, obtained by treatinghe titration curve of X12.5 The excellent fitobtained
after application of the SaieyK-Dist sdtware is also shownFigure 8b presentshe

distribution of acidity constantsfgfK,) giving access to thpK, andthe quantification othe
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acidc and basic functionalitie§.he curvef(pK,) presents onlywo peaks withpK, maximaat
3.03 and 11.15The pK, distributionshowsthe predominance of strongly basic spede’3

mmol/g atpK, = 11.5,compared to 0.05 mmol/gf strong acidic surface groups, @, =

3.03
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Figure 8. Results of ptentiometrictitration of the carbon xerogel X2.5: (a) protorbinding

curve andb) distributionof acidity constants.

Some surface groups, havingpKa beyond 10 fKa = 11.15) can be noticed on tip&Ka
distribution. Such groups can be assimilated to phenol gi@4psin a lesser extent, other
groups haing pKa between 3 and 7, can also be noticed and are assimilated to carboxylic or

carboxylic anhydride grouppKa= 3.03)[94].
3.2.  MB adsorption properties
3.2.1. Alsorptionkinetics

The pseuddirst and pseudo second order kinetic plots for the solutiontitong initially
10 and 90 md-" of MB (25°C) are presented iffigures 9a and 9b. The linearfit of the
pseudesecond order kinetic model Iéd a poorto fair correlation (R in the 0.790.98 range)
while the pseudsecond order gav@much bettedeterminatiorcoefficient (R very close to
1). This allows concluding that the adsorption kinetics of MiB the X 12.5 carbon gel

follows a pseudsecond order. The low adsorption rates (presentdéle S2 are due to

30



606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

the very small pore size of the materiah @round 0.62 nm andi; around 3 nm). Such
narrow pore sizes slow down the diffusion of MB molecules to their final adsorption site. The
initial rates, ho, are respectively equal to 0.084 and 0.329 rigrgn™ for the solutions

containing 10 and 90 mg'iof MB.

The diffusion of MB molecules follows threegimes represented by)01) and 3 in
Figure 9c. The first regime 0) is quite slow (slope slightly less than that given by regime 1
and might be due to the progressive impregnation of the carbon partyckee Isolution.
Indeed, it can be assumed that the penetration of the solvent (i.e., water) containing the MB
molecules is quite slow due the narrowness of the pores. The diffusion regisslightly
faster Kp in the rangeof 0.5171.405 mg ¢ min*?) and the intercept of its linear equation is
equal to zero. A zero intercept means that the diffusional resistay)ocdufing this period is
almostinexistent Thus, during this period, the molecukdseady adsorbesitill do not slow
down the diffusionof the MB molecules in the liquid phase. In addition, during $keisond
period, the system is still very far from the equilibrium condition, and the MB concentration
remains quite high, which leads to this fast rate, compared to the next, adsorption, step

(regime 2) [86].

After approximatively 200 min of adsorption, the diffusion rate decreased and switched
from regime 1) to regime 2). This transition occurred earlier (around 200 min) in the case of
the 90 mg [* MB solution than for the 10 mgLMB solution (around 300 min). This is due
to a more important steric hindrance induced by the more important adsorbed amount in the
case of the 90 mgtsolution when compared to the 10 mg, land to a rarefaction of MB
molecules in the solution. Conseatly, the diffusion rates decreased from 0.517 to 0.251 mg
g* min®®in the case of the 10 mg'MB solution, and from 1.405 to 0.177 mg min®°in
the case of the 90 mg'LMB solution. A diffusion resistance (narero intercept) also

appeared iboth cases.
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Figure 9. Adsorption kinetics of MB orX_12.5 carbon xerogel: (a) pseufist order plot,
(b) pseudesecondorder plot, (c) intra-particular diffusion plgtand (d)fit of the pseude
second ordeto the adsorbed amouas a function of time for initial MB concentrations of 10

and 90 md_" at25°C;the inset (e) shows the differ@mbetween the two curves

This diffusion resistance was higher when the initial concentration increased due to the
faster initial adsorption rate and the higher adsorbed amount when the initial concentration
was higher. The plot of adsorbed amount as a function of time and itdlingpdecording to
a pseudo second order kinetics show that, after 1500 min (25 h), the equilibrium was reached
at least at 90 % (Figure 9d). Thus, in order to minimise the error on the equilibrium points, the
duration of the adsorption experiment was dixa 5 days. Such duration corresponds to an

error of 2.7% on the equilibrium condition, which is acceptable compared to the combined
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experimental errors on the dilutions, initial concentrations and sample weights. The

parameters of the pseudicst and psudoesecond order are given in Table S2.

The verynarrow micropore size of the X2.5 carbon gel explains the slow diffusion of
MB molecules. Indeed, taking into accodiné molecular sizef MB (| 1.70  0.74 0.33
nm), afterrapid filling of the biggespores the MB molecules can only &le laterally in the
smallest pores (ultramicropore} (Figure 10). In addition and as explained before, the
previously adsorbed molecules inducsteric hindrance effect astbw down the adsorption
and diffusion processMoreover, the methylene blue molecules should desolvate upon
entering the narrowest pores. This necessary desolvation step hinders adf@bhtiand is

this likely to slav down the adsorption process.

MB molecules

[oo8e .,
o

Carbon gel

0.33 nm

L, =0.6 nm

1.70 nm

Figure 10. Schematic diffusion amethylene blue moleculegthin ultramicropores.

3.2.2 Adsorption at equilibrium

Figure 11a showsthe MB adsorption isotherms oie X_12.5 carbon gel A maximum
adsorption capacity of 72.50 nuy* was measuredat 45°C, and it decreased to 47.00 and
34.00 mgL™ when the temperature decreabé¢o 25°C and 15°C, respectively. When the
adsorption is thermodynamicalfavourable(the free enthalpyof displacement isiegative
[96]), this type of behavir possibly indicates an endotherm@locess associatedith

entropydriven adsorptionand displacemen{96, 97] Table S3shows he Langmuir,
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Freundlich and SipparametersSipsmodelbest fittedthe experimental da@? in the range

of 0.9790.997).

a. b.
100 E 288.15K 4 This work
a0 o 298.15K a O from Bestani et al. 2008
. - o
------- b 300 1 More mesoporous carbons @ from Basar 2006
— 80 @® 318.15K ——— 13 A from Grecel et al. 2007
"0 = + from Stavropouloset al. 2005
oo S 400 - ¢ from Yanet al. 2009
‘g' s @ from Tamaiet al. 1996
3 ] O from El Qadzet al. 1996
s 5 300 -
@ T +
3 5 + +
5 B 200 - +
g E Standard activated carbons
< 50T e Langmuir 5
. E 100 -
------- Freundlich =
10 . - o
Sips L
P e =7 This work (298 K)
0 T T T T 0 T T T T T T
0 25 50 75 100 0 500 1000 1500 2000 2500 3000
Equilibrium concentration (mg.L!) BET specific area (mZ2.g%)

Figure 11. (a) Methylene tue adsorption isotherms tie X_12.5 carbon xerogearried out
at different temperatuse (b) Methylene blue adsorption capaciti@s°C +45°C) of various
carbonsfrom the literature[98-104] as a function of BET area, where the sdimks are

sigmoidfunctions

As the temperature increasetie quality of thefit (both throughR? and F values)of the
Langmur model increasedwhile thatof the Freundlich modejot worse (Table S3. This
transition from Freundlich to Langmuir model isexplained bythe fact that at higher
temperaturg the maximum capacityof the material is reached for lower equilibrium
concentrationTherefore the higher the temperature, the narrower the knee of the adsorption
isothermis. Typically, the Freundlich isotherm model gives poor results when the material is
close tothe satuation capacity and when the filling of adsorption sitecreases very fast
with the equilibrium concentration. The fiihg parametes of the three modelare givenin

Table S3

The comparison ahe adsorption capacitgf X_12.5with other carbonaceous materials is
presented inFigure 11b. The X _12.5 carbon gelfits well the trend of classiactivated
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carbons.Unlike most of the materialpresented in thigigurg X_12.5 was synthesed
without any activation or doping. In addi, the precursor consisted a low-value product
(phenolic oil)that may be considered as waskéaterials withmesoporosityexhibit higher
capacities thamsual microporous carban®/ider pores ould allow a better orgaraton of
the adsorbedB moleculesand, consequenthpetter packing on thadsorbent surfacen

addition, the average pore size (around 0.62 nm) allowsadlserptionof a single MB

molecule(1.70 x 0.74 »0.33 nn) betweerthe two wallsof a slitshapedultramicrgpore Such
an adsorptionmechanism due to the pssible permanent pore blockingecrease the

potential maximum adsorption capacity of the material.
3.2.3. Adsorption thermodynamics

The use of equatiofl3) gives access to the equilibrium constaMe chose aequilibrium
centration equal to fhg L™> MB (c. C3.13 10° mol L) and we usethe Sips model to obtain
the adsorbed concentratiangs for the three isotherms,qswas simply obtained by dividing
the number of moles of adsorbed MB by the voluméefsolution.Table 4shows thedree
enthalpies of adsorptioas well as the estimated equilibrium constacdtculated usg

equation B.

Table 4.Equilibrium constants from different estimations and their assadiagte enthalpies.

Temperature

15°C 25°C 45°C

K = CaddCe (dimensionless) 14.95 24.10 30.89
" * ags (kI mol™) -6.5 7.9 9.1

The good quality of the linear regressiallows calculating thechanges ofenthalpy
( Hag9 and entropy B9 during the adsorption proce@xuation(14)). Thevalue of FHags
was close tal7 kJmol™, while that of R84 was equal tB83 Jmol* K. The use of the
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isosteric method(equation (16)) on Sips isotherms(equation (10)), combined to the
enthalpy/entropy compensation principgégiuation(18)), led to similar valuesThe latterwere
indeed close to 25 kdol™ when considering the adsorption enthalpy while the adsarpt
entropy wa close to 83 dnol* K™. The positive values of entropy can aealysedas an
increase in the disorder tfie solvent phase due to desorption of water molecules from the
carbonsurfaceor to desolvation oMB molecules However the observation of a single value

of adsorption enthalpy or entropgt a given equilibrium conceation, is not enough to fully
understand the adsorption process. The assessment of the thermodynamic pashmséters

be carried oubver theentirerange of coverage

Figure 12a presents thadsorption(or displacementgnthalpiesat 298 k)from both the
isosteric PHWKRG DQG W EddathDAbHWw theRahge oflow fractional coverage
(i.e., at 7 P0.2), the isosteric heat becomes negatmedtherefore 'Hags becomes positive)
Thus, it can be assumed that theerall displacement procegsvater desorption and MB
adsorption)is exothermalwithin the range oflow coveragewhile at high coveragethe

aforementioned processaadothermal.
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Figure 12.(a) Enthalpy andsibbs free energy(b) entropy and (c)supposed mechanism of

methylene bluadsorptionat 24°Con the X 12.5 carbon gdlresults obtained usingtherthe

LVRVWHULF P HWHOR &uRtion)W KH

9DQIW

As expected from the enthalpy/entropy compensation principle (isosteric method only), an

opposite behaviour is observed for isosteric adsorption entropies. The gradual increase in

isosteric entropy of adsorption (or displacement) couldiedysed as an increase in water

desorption from the carbon surface as the adsorption proceeds. Thus, the higher the coverage

by MB, the higher water desorption, which initially covers the entire carbon surface.
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Consequently, the MB adsorption and packiwgich should make adsorption improbable, do

not balance the increase in entropy, induced by water desorption and the possible desolvation
of MB molecules. Therefore, at low coverage, MB adsorption follows a classic enthalpy
driven process, which is pob$f due to strong physisorption or even chemical adsorption on
specific sites. Above the low coverage region>(0.2), the adsorption of MB on X_12.5
becomes an entrogyriven process, in which the desolvation of MB molecules and water
desorption from thearbon surface are favoured at high temperature. Such a transition from
enthalpydriven process to entrogdriven process has been evidenced by other authors for the
adsorption of rbutanol/water and benzendieptane on carbon black and silica gel,

respetively [96, 105]

At low coverage, thermodynamic parameters thus obtained, either by the isosteric method
RU E\ WKH 9DQTW "HRslandH &) DftldwRtiige same evolution depending on
coverage (Figure 12a and2 At high coverage, the quantities obtained from the isosteric
PHWKRG VHHP WR GLYHUJH WRZDUGV LQILQLWH YDOXHV
equation seem to converge tole aforemetioned specific adsorption sites are, most likely,
the heteroatoms that are present in the surface groups like phenolpKi.e.,11.15) or
carboxylic and carboxylic anhydride groups (p&a=3.03).0n these specific sites, chemical
adsorption and higy polarised physisorption can take place. Indeed, the MB molecule has a
permanent dipole like the aforementioned surface groups. Consequently, Keesom forces,
complementary to chemisorption, might play a major role in adsorption in this low range of
coverge. A possible adsorption mechanism of the MB molecules on this carbon surface is

proposed in Figure 12c.

In order to verify the validity of theestimation of thethermodynamic parameters, a

comparison wasnadewith different materialsKigure 13). The calculated values, using the
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751 LVRVWHULF PHWKRG RU WKH 9DQYW +RIl HTXDWLRQ DUH V

752  similarities show the robustness of the two methods to compare thermodynamic data.

From:

Liu and Lee 2017

And

Anastopoulosand Kyzas 2016

753
754

755 Figure 13. Entropies versusnghalpies of adsotn of methylene blue on the X2.5 carbon
756  gel, obtainedy the isosteric method{ RU WKH 9D Q W vdemipared With\&dnte Q
757 data from the literaturl 06, 107]

758

759 4. Conclusion

760 The use of phenolic 0il(PO) combined with par@oluenesulpbnic-acid (PTSA)
761 paraformaldehyd€PF) and isopropanollPA) as a solvent allowed synthesiag organic
762 solvogels.The investigations were carried out using a formulation containing 3.12%§ of
763 0.64 g of PTSA, 10 g oPO and different amouns of IPA. The almost exclusively
764  ultramicroporous texture allowed obteig similar textural properties whatever the drying
765 mode(supercritical drying, cryodesiccation, or classical convective dryifitg. formulation
766 with 12.5 g of IPA was selected as the basida carbon xerogel waselected to test and

767 investigatemethylene blue (MB) adsorption
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768 This carbon xerogel lika BET areaof 620 nf g* while its NLDFT surface area wa91
769 m’ g'. MB adsorptionwas slow due to theery narrow poresly = 0.62 nm) and he
770 adsorption capacity of the carbon2&°C was estimateat 47.00 mgy”, in goodagreement
771  with the literature The Sips modelwas the best to fit th®B adsorptionisothermsand he
772  calculation of the thermodynamic parameters usioth conventionaind isosteric methods
773 led to positives values of the change of entr¢pice. = 1 mgL™: 83 J mof* K™%), suggesng
774  thatthe adsorptionof MB in these materials idriven byentropyabove a20% ofcoverage
775 Such entropydriven behaviour can be explainesther by the desolvation of the MB
776  molecules whetthey enter the smallest pores orvegter desorptiofrom the carbon surface
777 Below such limit coverage, the analysis of the thermodynamic parameters suggeshe
778 adsorption process is drivdmy enthalpy Such phenomenon iprobably due to specific

779 adsorption sites, dsteroatoms or defectenthe carbon surface.

780 This studythus reported the first successful acatalysed synthesis of gel basedR@

781 published so far, the only previous work on a similgridaconcerning baseatalysed gels,

782 hence with different characteristicBhe crosslinking agenPF,can also be considered as a
783  by-product of the formaldehyde industfiherefore, the use of PO and PF can be seen as a
784  win-win situation and as an attentptrecover these ‘wastes' and integrate them into a circular
785 economy.The adsorption capacities atite kinetics of thenaterialssynthesised here might
786 be improvedfurther by tuning their textural properties. For instance, ativation step or a

787 prdiminary messtructuration wouldprobablyincrease the porous volume as well as the
788 acceswility of the pores As the precursois PO,an industrial byproduct such steps could

789 beaffordable from an environmental and energy perspective

790
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