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ABSTRACT

The ferrocene-based Schiff bas€8 was synthetized by reaction of
ferrocenecarboxaldehydk with 4-aminoantipyrin€2. However, the reaction df with
hydroxylamine affords ferrocenecarboxaldehyde oxdm@ompounds and4 were fully
characterized by IRH, *C and DEPT-135 NMR spectroscopy, elemental analgads
also by single crystal X-ray diffraction. Compour8land4 were used to remove anionic
methyl blue dye from wastewater. The results esflaédl that both compounds have high
adsorption capacity towards methyl blue. Langmdsaaption capacity of compourd
(464 mmol/g) is much higher than that of compod193 mmol/g) at 25°C. The
kinetics data was fitted well pseudo-second-ordedeh Thermodynamic studies show
that the adsorption of methyl blue onto compouhdvas endothermic, while its
exothermic in case of adsorption onto compodndhe process was spontaneous for
both compounds.



Keywords:Ferrocene-based Schiff base, Ferrocenecarboxaldetwime; Single crystal
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1. Introduction

The extended use of synthetic dyes and the consequelogical contamination due to
release of wastewater polluted with dyestuffs bexamcritical issue nowadays [1].
Those dyes are non-biodegradable and display highadility to light, heat, and
oxidizing agents [2]. Methyl blue dye (MB) is useddifferent industrial applications
such as textiles, packaging materials, paper ptsdpaints, magnetic toners, color fiber,
highlighters and inks [3,4,5]. Wastewater contagnilyestuffs has been considered as a
serious environment offender, because of its toxitd biological systems and the
damage on the public’s health [6]. Hence, removVdlazardous dye (MB) is significant.
Among recycling technologies and various waterffmation, adsorption is considered a
promising method in treatment of water contamindiedlyes. Advantages of adsorption
are relatively cheap operation, ease separatian filker, non-introduction of toxicities
and highly selective for the chemical pollutant e@ndonsideration.

Currently, compounds containing ferrocene (Fc) tyoieave been of considerable
interest for their application in environmental [pbn remediation of both organics and
inorganics. Because ferrocene is electron rich iarmén lose an electron to form Fc
[4,7], it can be regenerated by obtaining an ebectwvhich may allow it mitigate the
repulsion in the adsorption process. Hence, thesedene-based compounds can provide
enhanced affinity and adsorption capability towaotutants [7].

On the other hand, oximes, HO-N=CRRre valuable and simple reagents containing
the O—N=C fragment, which can be added to nitiglarids, to form a variety of nitrogen
containing compound<.g. iminoacylated [8,9], amidines [10], carboxamidesdl][1
phthalocyanines [12], or 1,3,5-triazapentadieneisgd13].

This work attempts to assess the effects of femedwmsed Schiff bas& and

ferrocenecarboxaldehyde oxirdewith respect to the kinetics and adsorption isaothe



parameters of MB dye from aqueous solution as aeinfod wastewater remediation

process.
2. Experimental Section
2.1. General methods

Reagents and solvents were obtained from SigmaehldiH, **C and DEPT-135 NMR
spectra (in CDG) were measured on Bruker Avance |l HD 600 MHz desd™
Magnet) spectrometer at ambient temperatiiie*C and DEPT-135 chemical shifis)
are expressed in ppm relative to TMS. Infrared spgd00-4000 ci) were recorded on
an Alpha Bruker FT-IR instrument in KBr pellets.

2.2. Synthesis of ferrocene-based Schiff Bafem ferrocenecarboxaldehydeand 4-

aminoantipyrine2

To a solution of ferrocenecarboxaldehyll¢?2.33 g, 10.88 mmol) in methanol (10 mL)
was added 4-aminoantipyrir®(2.21 g, 10.88 mmol) and the mixture was reflufadl
h. The precipitate formed was then filtered off déinel filtrate was evaporatéual vacuoto

furnish the pure ferrocene-based Schiff bageca. 80% yield (Scheme 1).

Trans-4-(ferrocenylideneamino)-1,5-dimethyl-2-pHelty-pyrazol-3(2H)-oneJ) [14]

IR (cm™): 1642 (C=N), 1598 (C=C)H NMR (CDCk), §: 2.42 (s, 3H, El;C), 3.11 (s,
3H, CH3N), 4.23 (s, 5H, El), 4.42 (s, 2H, B, 4.75 (s, 2H, ), 7.32 (s, 1H, E,),
7.47 (s, 4H, @), 9.52 (s, 1H, G4)=N). *C NMR (CDCE), J: 10.3 CHsC), 36.2
(CH3N), 68.2 CHrc), 69.4 CHgo), 70.6 CHrc), 82.3 Cro), 120.1 (MeC£), 124.0 CHa),
126.6 CHa), 129.1 CHa), 135.0 Ca), 150.5 (M€=C), 159.8 C(N)=0), 161.2
(C(H)=N). Analysis calculated for £H,:FeNsO: C 66.18, H 5.30, N 10.52%; found: C
66.11, H 5.39, N 10.61%.



2.3. Synthesis of ferrocenecarboxaldehyde oxirfrem ferrocenecarboxaldehydeand

hydroxylamine hydrochloride

To a solution of hydroxylamine hydrochloride (0€3L1.97 mmol) in methanol (10 mL)
was added sodium carbonate (0.63 g, 5.98 mmol).riixéure was stirred for 5 min.
Then, ferrocenecarboxaldehyde(2.33 g, 10.88 mmol) was added and the reaction
mixture was stirred at room temperature for 12 he TPprecipitate formed was then
filtered off and the filtrate was evaporatéd vacuo The product was washed with
hexane (10 mL) to afford the pure ferrocenecarletajde oximed in ca. 85% yield
(Scheme 2).

Ferrocenecarboxaldehyde oxim® [15]

IR (cm%): 3195 (OH), 1630 (C=N)H NMR (CDCk), 6: 4.25 (s, 5H, Elr), 4.38 (s, 2H,
CHro), 4.57 (s, 2H, o), 8.02 (s, 1H, G4)=N). **C NMR (CDC}), 6: 67.6 CHro), 69.3
(CHro), 70.1 CHg), 76.1 Cr), 150.0 C(H)=N). DEPT-135 NMR (CDG), &: 67.6
(CHRro), 69.3 CHEo), 70.1 CHge), 150.0 C(H)=N). Analysis calculated for gH11FeNO:
C 57.68, H 4.84, N 6.11%; found: C 57.60, H 4.8%.19%.

2.4. Adsorption studies

Methyl blue dye (MB), (CI No. 42780) was purchasesim Sigma-Aldrich and used as
model of azo dye, its chemical structure was shiwiig. 1. All adsorption experiments
were done using doubly distilled water. A weigh@dng of3 and/or4 was added in a
number of 100 mL conical flasks followed by addB8rgL of doubly distilled water and 3
mL of MB (2 x 10* M). The conicals were put in water shaker therato@dnitronic OR
Selecta) at 25 £ 0.2 °C and 60 rpm. At predeterthiimae intervals, th& and/or4 was
removed from the solution and the concentrationasfadsorbed MB was determined by
measuring the absorbance of the solutioh.,g@t = 585 nm using Perkin Elmer UV/Vis

Spectrometer Lambda 35. The adsorption capagitwag calculated by Eq. (1):

Je=(Co—CeV/m (1)



Where, C, and C, are the initial and equilibrium concentrations (mo?) of MB,
respectivelyV is the volume (mL) of MB solution, arma is the mass (g) of adsorbent
used.

The same experiment was done at 20, 30 and 40 %¥X).@espectively, to investigate the

effect of temperature.
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Fig. 1. Chemical structure of MB.

2.5. Crystallography of ferrocene-based Schiff b&sand ferrocenecarboxaldehyde
oxime4

The crystals 08 and4 were obtained from methanol by slow evaporatidre @rystals of

3 and4 were measured at room temperature on a D8 QUESKeBmDiffractometer
using Mo Ko (A = 0.71073) radiation. Th&pex3[16] program package was used for cell
refinements and data reductions. Multi-scan abgwrptorrection SADABS$ [17] was
applied to the intensities before structure sotutithe structures were solved by intrinsic
phasing method using trf&HELXT[18] software. Structural refinement was carried o
usingSHELXL-201718]. The NOH group was disordered over two sitélh occupancy
ratio of 0.75/0.25. The N-O distances in the twsodiered fragments were set to be
similar. Furthermore, the oxygen atom O7B was agstd so that its {Jcomponents

approximate to isotropic behavior. All H-atoms wepesitioned geometrically and



constrained to ride on their parent atoms, with €-B.93 A, O-H = 0.82 A, and {4 =

1.2-1.5W¢q (parent atom). The crystallographic details ararsarized in Table 1.

Table 1 Crystal Data 08 and4.

3 4

empirical formula  GH»FeN;O C,1Hi1FeNO
Fw 399.27 229.06
temp (K) 293(2) 293(2)
AR) 0.71073 0.71073
cryst syst Monoclinic Monoclinic
space group Rz P2/c
a(A) 7.478(10) 10.4141(8)
b (A) 17.45(2) 7.6611(6)
c(A) 14.48(2) 12.1001(10)

° 101.15(3) 95.271(3)
V (A% 1854(4) 961.31(13)
VA 4 4
Peac(Mg/m’) 1.430 1.583
UK a) (mm?) 0.830 1.529
No. refins. 36700 15009
Unique refins. 3354 1765
GOOF (F) 1.10 1.101
Rint 0.078 0.0691
R2% (I = 20) 0.0375 0.0366
wR2’ (I > 20) 0.0950 0.0617

*R1=Z|Fol - FllZIFol. ® WR2 = E[w(Fo* —F)?) Z[w(Fo*)] "

3. Results and discussions

3.1. Synthesis of ferrocene-based Schiff Baead ferrocenecarboxaldehyde oxime

The reaction of ferrocenecarboxaldehydewith 4-aminoantipyrine2 in reluxing

methanol furnishes the ferrocene-based Schiff Basea. 80% yield (Scheme 1).
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Scheme 1 Synthesis of ferrocene-based Schiff badeom ferrocenecarboxaldehyde

and 4-aminoantipyring.

Compound3 was fully characterized by IRH and**C NMR spectroscopy, elemental
analysis and also by single crystal X-ray diffrant(Fig. 2).

The IR spectrum of compourgidoes not show the typical carboxaldehyde C=0 fznd
ca. 1750 cn' and displays a new strong band at 1642 @hthe formed imine C=N
group. In the'H NMR spectrum, the B=N proton is detected @ 9.52 ppm; the"C
NMR resonances at159.8 and 161.2 ppm confirm the presence of the@(N)=0)

and imino C(H)=N) moieties, respectively.



Fig. 2. Crystal structure of ferrocene-based Schiff [fase

On the other hand, the reaction of ferrocenecailbdekgdel with hydroxylamine in
methanol, at room temperature, affords ferrocemesaldehyde oximel in ca. 85%
yield (Scheme 2).

I |
<> H

Na,CO4
Fe + NH,OH.HCI Fe
MeOH

<<57 rt., 12 h
1

Scheme 2 Synthesis of ferrocenecarboxaldehyde oxdhfieom ferrocenecarboxaldehyde

1 and hydroxylamine hydrochloride.

Compound4 was fully characterized by IRH, **C and DEPT-135 NMR spectroscopy,

elemental analysis and also by single crystal Xeiffyaction (Fig. 3).



The IR spectrum of does not show the typical C=0 bandtat1750 cni and displays
new strong bands at 3195 and 1630*amne to hydroxyl (OH) and imine (C=N) groups,
respectively. In théH NMR spectrum, the E)=N proton is detected at8.02 ppm. The
13C NMR resonance ai 150.0 ppm confirms the presence of the imi@§H)=N)
moiety. The DEPT-135 NMR shows the presence ofsieal até 150.0 ppm which

indicates that it concerns the tertiary carbon afG(rl)=N).

Fig. 3. The thermal ellipsoid plot of ferrocenecarboxalgtte oximed at 50% probability
level. The neighboring molecules are linked togethea disordered N-O-H groups (the
second component, N1B-O7B-H7B, is omitted for tjariHydrogen bonds: O7-H7:
0.82 A, HTIN1* 2.09 A, OTIN1* 2.809(5) A, O7-HIN1* 145.6, O7B-H7B: 0.82 A,
H7BIN1B* 2.04 A, O7BIN1B* 2.753 (12) A, O7B-H7BN1B* 145.0. Equivalent

positions: # -x+1,-y+1,-z+2.
3.2. Effect of contact time

The effect of contact time on the adsorption of gkeblue dye (MB) by3 and/or4 is
presented in Fig. 4. For both adsorbents, the abmfusdsorbed MB was increased with
an increase in time up to 40 min #182%) and 60 min in case 8f(54%). When the
contact time was up to 60 min and 120 min 4oand 3, respectively, the adsorption

reaches equilibrium. It indicated that the shortaot time is enough to adsorb 83% of



MB on 4 and 60% or8. Moreover, Fig. 4 shows that the adsorption capaxi4 (0.129
mol g is higher than that & (0.094 mol &) towards MB. The maximum adsorption
efficiency % of MB on various other adsorbents régm in the literature is shown in
Table 2. The oxime species are known to undergortarization to form nitrones [21].
Hence, the oxime Fc-C(H)=N-OH# (Fc = ferrocenyl) undergoes isomerization in agseo
solution to furnish the nitrone tautomer Fc-C(HJ2H)-0” 4'. This resulting cationic
center in4’ facilities the cation-anion interaction with anior{MB) [22]. As a result,
compound4 shows higher adsorption capacity towards MB tl&anHowever, the
adsorption of MB or8 is due to ther-r interaction between the benzene rings of MB and
benzene ring ir8. To illustrate the adsorption mechanism, the psdirdt-order, the
pseudo-second-order and intraparticle diffusiorebmodels were employed [23]. The
equations of the three kinetic models are giveaga. (2), (3), and (4), respectively.

log(ge — d) = log G — (k/2.303) t (2)
t /g = 1koQe” + t/ge 3)
G =kpt'2+ C (4)

Where @ @ are the adsorption capacity (mot')gat time t and at equilibrium,
respectively. k is the pseudo-first-order equilibrium rate constémin™), k; is the
pseudo-second-order rate constant (mohan™). k, represents the intraparticle diffusion
rate constant (mol/g mif) andC is a constant (mol§) giving information about the
boundary layer thickness. The slopes and the epescof each linear plot are used to
calculate the kinetic parameters for MB adsorptidhe results are listed in Table 3.
Clearly, the pseudo-first-order model has high elation coefficient (R~ 0.996 for4
and R ~ 0.937 for3) but the calculated equilibrium adsorbed capacitijies €eca) are
far away from the experimental valuegefy), suggesting that this model don't fit the
adsorption of MB onto botl3 and 4. The correlation coefficients obtained from the
pseudo-second-order model are higher than thatsefigo-first-order model and very
closely to unity, indicating that the feasibility pseudo-second-order kinetics model to

describe the adsorption process of MB on ®#nd4. The good agreement between the



experimental data and pseudo-second-order canefulie supported by the similar
values of the experimentaje{y,) and the calculated{,) from the kinetics equation.

For each adsorbent, the plotgpivs. t2

yields two intersected straight segments, Fig. 5.
The two intersected segments appeared in this roontinat adsorption takes place
through two stages, a bulk diffusion followed byraparticle diffusion [24]. The plot has
zero intercept fod and away from passing through the origin in cds& adicating that
the intraparticle diffusion was the rate-contralistep for4 and not sole rate-controlling
step in3. So, the interactions of MB with the boghand4 are best represented by a
second order process with intraparticle diffusievhile liquid film diffusion is not

playing any major role [25].

Table 2 Comparison of the maximum adsorption efficienmythe adsorption of MB
onto various adsorbents reported in literature.

Adsorbent Adsorption efficiency % reference
Magnetic charcoal 64 [19]
Graphene oxide 58 [20]
Reduced graphene oxide 85 [20]

Compound3 60 This work

Compound4 83 This work




Table 3 Kinetics data with their correlation coefficie(R?) for the adsorption of MB
onto3 and4 at 20 °C.

Model Parameters Adsorbents
3 | 4
Pseudo-first order ge (102mol g*) 7.28 10.6
ke (min™) 0.037 0.076
R 0.937 0.987
Pseudo-second ordel O ca (102 mol gY) 9.94 13.6
O exp (107 mol g*) 9.38 13.1
kz (10° g mor* min™) 1.05 0.213
g 0.999 0.999
Intra-particle kp1 (10 mol g* min®) 1.25 2.42
diffusion R? 0.969 0.991
kp2 (10°mol g* min®) 2.90 1.22
R 0.975 0.795
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Fig. 4. Effect of contact time on the adsorption of MB3®and4 (0.006 g) at 25°C and
pH=7.G=2x10*M.
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Fig. 5. Intraparticle diffusion plot for adsorption of M&to3 and4 (0.006 g) at 25°C
and pH=7.6=2x 10" M.

3.3. Adsorption isotherm

The effect on the initial MB concentration on thasarption capacity on b$ and/or4
was investigated and evaluated with the Freundbcdd Langmuir isotherms. The
calculated parameters of the Freundlich and Langmudels associated with the
correlation coefficient Rare presented in Table 4. Both models describedasly and
quite well the experimental data. The maximum golsam capacity (gay Of 4 has
higher than3. Also, the value of (g of 4 was decreased with the increase of
temperature while increased in cas@.0f his indicates that the adsorption was favorable
at high temperature in case $fand at low temperature f& The Freundlich constant
(1/n) was less than unity for both adsorbents whigblied that the adsorption of the MB
onto 3 and/or4 was favorable and also a possibility of multilagelsorption onto the
active heterogeneous adsorption sites of them [26feover,4 has higher K than3
reflecting the higher adsorption 4towards MB thar8 [22].



Table 4. Isotherm parameters and the correlation coefftcig? for the adsorption of MB
dye onto3 and4.

Model Paramete TemperatLe (K)
29¢ 303 313
3 4 3 4 3 4
Langmuil | QOmax (Mmol/g’ 193 464 236 254 296
K, x 10 (L/mg) 23.3 4.29 20.6 6.16  16.8 7.52
R? 0.993 0.988 0.995 0.979 0.998 0.996
Freundlish| 1/n 0.315 0.601 0.290 0.429 0.281 0.394
Ke x 10° (mol/g) 4.61 143 2.54 16.7  3.96 12.3
R? 0.952 0.997 0.968 0.936 0.951 0.994

3.4. Thermodynamic parameters

Equilibrium data obtained at three different tenapeares (20, 30 and 40 °C) were used to
estimate the thermodynamic parameters of adsorpBdrbs free energy changaG®),
enthalpy changeAH°), and entropy changa®°) for the adsorption of MB ontd and/or

4 were estimated using the following Egs. (5), é)d (7):

Ka=(Ge/ Co) (5)
In (Kg) = AIR = AHYRT (6)
AG®= AH® — TAS )

WhereKg is the distribution coefficient of the adsorbeRt,(8.314 J mat K*Y) is the
universal gas constant, and T (K) is the absoktgoerature of the solution. The values
of AH® andAS® can be obtained from the slope and intercept @fvéin’t Hoff plot (Eq.
(6)), respectively. The determined values\éf’, AS’ andAG® are given in Table 5. The
negative AH® for MB-4 system suggests that the adsorption is exothemvhide the




positive AH® in case of MB3 indicates the endothermic nature of the adsoriuh its
low value indicates the adsorption to be physicahature. The two adsorbents have
negative AG° means spontaneous adsorption in the temperatige ratudied [27].
Moreover, the negative value afc° decreased with increasing temperature, indicating
that the spontaneous nature of adsorption of MB praportional to the temperature
[28]. However, positivAS’ is refers to the increasing of randomness atalié/solution
interface through the adsorption process. The dseriAS’ value of4 compared to that

of 3 confirms the higher ability of towards MB adsorption theh[22].

Table 5. Thermodynamic parameters of MB adsorbed Graad4.

Adsorbent| Temp/K| Kgx 107 Lg" | AH/ kJmoL* | AG/kJmoL" | AS/ Jmol’K™
293 61.71 -21.26 129.6
3 303 77.24 16.714 -22.55
313 77.80 -23.85
293 109.2 -14.18 -22.53 28.53
4 303 75.51 -22.82
313 95.67 -23.10

4. Conclusions

Ferrocene-based Schiff badand ferrocenecarboxaldehyde oxitherere synthetized, in
very good yields, by reaction of ferrocenecarboghidiel with 4-aminoantipyrin€ or
hydroxylamine, respectively. Compour@lsand4 were fully characterized by IRH, **C
and DEPT-135 NMR spectroscopy, elemental analysdsatso by single crystal X-ray
diffraction. Both 3 and 4 are good adsorbents for MB from water. The adsmipt
capacity of4 was higher than that @ due to the electrostatic interaction between
cationic nitrogen center id and the anionic MB. The adsorption kinetic wasnfibio
confirm pseudo-second-order. The adsorption behaaold be described by Langmuir
and Freundlich isotherms. Furthermore, the adsmrgbrocess is spontaneous for both
adsorbents and exothermic #and endothermic in the case3of

Appendix A. Supplementary data



CCDC 1812968 and 1812970 f@& and 4, respectively, contain the supplementary
crystallographic data. These data can be obtaneeddf chargeia http://dx.doi.org/....... ,
or from the Cambridge Crystallographic Data Centi2,Union Road, Cambridge CB2
1EZ, UK; fax: (+44) 1223-336-033; or e-mail: depg@ccdc.cam.ac.uk. Supplementary
data associated with this article can be found, tire online version, at
http://dx.doi.org/.........
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HIGHLIGHTS

* Ferrocene-based Schiff and ferrocenecarboxal dehyde oxime were synthetized and fully
characterized.
* Adsorption efficiency of both compounds toward methyl blue dye was examined.

* Kinetics and thermodynamic parameters of the adsorption process were studied.



